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Abstract
Background Cell-cycle regulators are mutated in approximately 40% of all cancer types and have already been linked to 
worse outcomes in non-small cell lung cancer adenocarcinomas treated with osimertinib. However, their exact role in osi-
mertinib resistance has not been elucidated.
Objective In this study, we aimed to evaluate how the CDK4/6-Rb axis may affect the sensitivity to osimertinib.
Methods We genetically increased the level of CCND1 (Cyclin D1) and reduced the levels of CDKN2A (p16) in two differ-
ent adenocarcinoma cell lines, PC9 and HCC827. We also retrospectively evaluated the outcome of patients with epidermal 
growth factor receptor-mutated advanced non-small cell lung cancer depending on their level of Cyclin D1 and p16.
Results The modified clones showed higher proliferative capacity, modifications in cell-cycle phases, and higher migra-
tory capacity than the parental cells. Cyclin D1-overexpressing clones were highly resistant to acute osimertinib treatment. 
CDKN2A knockdown conferred intrinsic resistance as well, although a longer time was required for adaption to the drug. In 
both cases, the resistant phenotype was epidermal growth factor receptor independent and associated with a higher level of 
Rb phosphorylation, which was unaffected by osimertinib treatment. Blocking the phosphorylation of Rb using abemaciclib, 
a CDK4/6 inhibitor, exerted an additive effect with osimertinib, increasing sensitivity to this drug and reverting the intrinsic 
resistant phenotype. In a group of 32 patients with epidermal growth factor receptor-mutated advanced non-small cell lung 
cancer, assessed for Cyclin D1 and p16 expression, we found that the p16-deleted group presented a lower overall response 
rate compared with the control group.
Conclusions We conclude that perturbation in cell-cycle regulators leads to intrinsic osimertinib resistance and worse patient 
outcomes.

Key Points 

Overexpression of CCND1 or knockdown of CDKN2A 
leads to osimertinib resistance.

The short time for the onset points to an intrinsic resist-
ance.

Resistance is epidermal growth factor receptor independ-
ent and associated with Rb hyper-phosphorylation.

Abemaciclib exerts an additive effect with osimertinib 
and reverts resistance.
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1 Introduction

Non-small cell lung cancer (NSCLC) is the most common 
type of lung cancer and the leading cause of cancer-related 
mortality worldwide. Mutations in the epidermal growth 
factor receptor (EGFR) are found in 40–60% of South-
East Asian patients and 10–20% of Caucasian patients 
with NSCLC [1] and are associated with high sensitivity 
to EGFR-tyrosine kinase inhibitors (EGFR-TKIs). Osi-
mertinib is a third-generation TKI originally designed to 
target EGFR-sensitizing mutations and the T790M muta-
tion, which represents the most common acquired resistance 
mechanism to first- and second-generation EGFR-TKIs [2]. 
In 2018, osimertinib was approved as a first-line treatment 
for EGFR-mutated NSCLC following FLAURA trial results, 
which demonstrated the advantage of osimertinib in terms 
of overall survival (OS) and progression-free survival (PFS) 
[3, 4] compared with previous-generation EGFR-TKIs. How-
ever, as with previous EGFR-TKIs, resistance to osimerti-
nib eventually occurs [5, 6], and the described mechanisms 
are highly heterogeneous, including EGFR-dependent or 
EGFR-independent mechanisms [7, 8]. Moreover, a frac-
tion of patients with EGFR-mutated NSCLC is intrinsically 
insensitive to osimertinib and clinically non-responders, but 
the underlying mechanisms are still unknown [8, 9].

Cell-cycle regulation depends on the activity of cyclin 
dependent kinases (CDKs), which in response to mito-
genic signals, bind to cyclin proteins, induce hyper-phos-
phorylation of Rb protein, and promote the release of E2F 
transcription factor with subsequent progression of the cell 
cycle through the S phase. CDK4/6 activity is regulated 
by a family of proteins, including p16, which inhibits the 
activity of the CDK4/6-Cyclin D1 complex, preventing 
the phosphorylation of Rb and the release of E2F, thus 
blocking the cell cycle at the G1 phase.

Dysregulation of the CDK4/6-Cyclin D-Rb-E2F path-
way due to genetic alterations is a common feature of 
many human cancers and can account for more than 40% 
of patients with cancer [10]. Amplification of Cyclin D1 
gene (CCND1) or Cyclin D1 overexpression, CDK4 gene 
amplification, and inactivation of p16 through CDKN2A 
deletion, methylation, or mutation has been reported in 
several solid tumors including NSCLC [11–14].

Cell-cycle regulators have been also investigated for 
their role in resistance to cancer therapy [15]. Alterations 
in genes related to the cell cycle have been detected in 
10–12% of patients who progressed on EGFR-TKIs [16, 
17]; in particular, the master regulator Rb, coded by the 
RB1 gene, has been identified as a key player in osimerti-
nib resistance [8, 17, 18].

Therefore, it is important to understand the potential 
role of dysregulation in cell-cycle regulators in resistance 

to osimertinib, particularly because drugs targeting the Rb 
pathway are now available and show promising activity 
against multiple cancers [19]. Three CDK4/6 inhibitors, 
including abemaciclib (LY835219), are currently approved 
for the treatment of hormone receptor-positive, human epi-
dermal growth factor receptor 2-negative, metastatic breast 
cancer [20]. By inhibiting CDK4/6 proteins and block-
ing the transition from G1 to S phase of the cell cycle, 
CDK4/6 inhibitors can block cell-cycle progression and 
prevent cancer cell proliferation. Our previous studies [18, 
21–23] elucidated the efficacy of abemaciclib in NSCLC, 
malignant pleural mesothelioma, breast cancer, and hepa-
tocarcinoma cells by studying its effects on cell survival, 
senescence, and cell metabolism.

In the current study, we investigated the impact of Cyc-
lin D1 amplification or p16 downregulation on osimertinib 
resistance in EGFR-mutated NSCLC cells. We also explored 
the potential of combining osimertinib with abemaciclib to 
restore sensitivity in PC9 and HCC827 cells modified to 
carry alterations in CDKN2A or CCND1 genes, and retro-
spectively evaluated the outcome of patients with EGFR-
mutated advanced NSCLC in relation to levels of Cyclin 
D1 and p16.

2  Materials and Methods

2.1  Cell Lines and Culture

The PC9 cell line was provided by Dr. P. Jänne (Dana-Farber 
Cancer Institute). The HCC827 cell line was purchased from 
ATCC (Manassas, VA, USA). Both PC9 and HCC827 cell 
lines have an exon 19 deletion in the EGFR gene. Cells were 
cultured in RPMI-1640 medium supplemented with 10% 
fetal bovine serum (FBS) [Invitrogen, Carlsbad, CA, USA] 
and PenStrep (Invitrogen) at 37 °C and 5%  CO2. Osimerti-
nib (AstraZeneca, Milan, Italy) and abemaciclib (Selleck-
chem, Houston, TX, USA) were dissolved in DMSO (Sigma 
Aldrich, St Louis, MO, USA) and administered to cells at a 
final concentration lower than 0.1% DMSO.

2.2  Viral Infection

To modify the cell genome, cells were plated at 60% conflu-
ence. The next day, cells were treated with Viral Lentipar-
ticles (Origene, Rockville, MD, USA) carrying the desired 
open reading frame (for CCND1 overexpression) or a mix of 
four different short hairpin RNAs targeting different parts of 
the CDKN2A gene (for CDKN2A knock-down) and poly-
brene 5 µg/mL in a medium without antibiotics. After 24 h, 
the medium was replaced with a fresh medium. After 72 h, 
the cells were selected in puromycin 1 µg/mL for 2 weeks. 
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The clones were then handpicked and cultured for analysis 
and characterization.

2.3  Analysis of Cell Proliferation and Cell Cycle

Cells were plated in 96-well plates (5000 cells per well) 
for dose–response experiments. Cell proliferation was 
evaluated using a crystal violet (CV) assay, as previously 
described [18]. Briefly, the cells were fixed in ice-cold 
methanol at 4 °C for 15 minutes and stained with 0.1% 
CV (Sigma-Aldrich) for 15 minutes. The dye was washed 
with distilled water. Crystal violet was solubilized with 
0.5% Triton × 100 in phosphate buffered saline. The 
absorbance was measured at 570 nm. The distribution of 
the cells in the cell-cycle phases was determined by pro-
pidium iodide staining and a subsequent analysis using a 
CytoFLEX Flow Cytometer (Beckman Coulter Life Sci-
ences, Indianapolis, IN, USA), as described elsewhere 
[24].

2.4  Colony Formation Assay

For colony formation experiments, 500 cells per well were 
plated in a six-well plate. The next day, cells were treated 
with the desired concentration of drugs, and the medium 
with drugs was replaced every 3 days. At the end of the 
experiment, the cells were stained with CV. Crystal violet 
was then solubilized with 0.5% Triton × 100 in phosphate 
buffered saline. The absorbance was measured at 570 nm.

2.5  Cell Migration Assay

Cell migration analyses were performed as previously 
described [25]. Briefly, 1 ×  105 cells were plated in a 6.5-
mm Transwell® with an 8.0-µm Pore Polycarbonate Mem-
brane Insert (Corning, NY, USA) in a 24-well plate. After 
16 h, the cells in the upper chamber that did not migrate 
were removed using a cotton swab. The inserts were then 
fixed and stained with methanol and CV. Filters from the 
Transwell were cut and fixed on microscope slides. Images 
were taken at 20× on a phase contrast microscope, and the 
cells were counted.

2.6  Real‑Time Polymerase Chain Reaction

RNA was extracted using a Total RNA Extraction KIT 
(RBC Bioscience, New Taipei City, Taiwan), according to 
the manufacturer’s instructions. Next, 500 ng of RNA was 

reverse transcribed into cDNA with a Primescript RT Mas-
termix (Takara Bio Europe SAS, Saint-Germain-en-Laye, 
France) and quantified in a StepOne machine (Applied 
Biosystems, Waltham, MA, USA) using TB Green Premix 
Ex Taq II (Takara).

2.7  Western Blot Analysis

Proteins were extracted and analyzed as described in [26]. 
Antibodies against phospho-Rbser807/ser811, Rb, Cyclin D1, 
 p16INK4a, phospho-EGFRtyr1068, EGFR, phospho- ERK1/2, 
ERK1/2, and actin, and HRP-conjugated secondary antibod-
ies were obtained from Cell Signaling Technology (Beverly, 
MA, USA), and the chemiluminescence system (Immobil-
ionTM Western Chemiluminescent HRP Substrate) was 
from Millipore (Temecula, CA, USA). The reagents for 
electrophoresis and blotting analysis were obtained from 
Bio-Rad (Hercules, CA, USA).

2.8  Immunohistochemistry Analysis

Immunohistochemical staining of formalin-fixed paraffin-
embedded tissue sections was performed on all samples. 
After deparaffinization and rehydration, sections were 
treated with 3% hydrogen peroxidase for 5 minutes. For anti-
gen retrieval, sections were treated with pH9 Tris-EDTA 
buffer for 30 minutes in a water bath at 98 °C, followed 
by staining with the following primary antibodies: Ventana 
Anti-Cyclin D1 (clone SP4-R; Roche, Basel, Switzerland) 
and p16 (clone E6H4; Roche). The sections were immu-
nostained using a polymeric system Ultraview DAB Detec-
tion Kit (Ventana-Roche, Basel, Switzerland) in accordance 
with the manufacturer’s specifications.

Diaminobenzidine was used for staining, and the sections 
were counterstained with hematoxylin. Negative controls 
consisted of substituting normal serum for the primary anti-
body. The percentage of Cyclin D1-positive cells (nuclear 
staining) was calculated as follows at 20×. Data were ana-
lyzed as a continuous variable and transformed into a cat-
egorical binary variable (positive vs negative; qualitative 
measurement) using a cut-off value of at least 1% positive 
cells to define a case as positive. The percentage of p16-pos-
itive cells (strong nuclear and cytoplasmic expression) was 
calculated in a continuous segment of cells (at least 10–20 
cells) at 20×.

Overall response rate was defined as the proportion 
of patients who achieved a complete response or partial 
response as their best overall response at the radiological 
evaluation measured according to the standard RECIST 
criteria version 1.1. Progression-free survival was defined 
as the time from osimertinib initiation to objective disease 
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progression or death due to any cause. Overall survival was 
defined as the time from osimertinib initiation to the date of 
death, regardless of cause.

2.9  Statistical Analysis

Statistical analyses were performed using the GraphPad 
Prism version 9.0 software (GraphPad Software Inc., San 
Diego, CA, USA). Results are expressed as mean ± stand-
ard deviation (SD). Differences between the mean values 
recorded for different experimental conditions were eval-
uated by the Student’s t-test or one-way analysis of vari-
ance followed by Bonferroni’s post-test, and p-values are 
indicated where appropriate in the figures and in their leg-
ends. The median PFS and OS were calculated using the 
Kaplan–Meier method. Statistical differences were assessed 
using the log-rank test. Adjusted p-values of less than 0.05 
were considered significant.

3  Results

3.1  Perturbation in the p16‑Cyclin D1 Axis Leads 
to Higher Proliferative and Migratory Capacity

To understand the potential role of cell-cycle regulators in 
resistance to osimertinib, we increased the expression of 
Cyclin D1 or reduced the p16 level in two EGFR-mutated 
NSCLC cell lines, PC9 and HCC827. This was achieved 
using lentiviral particles carrying the open reading frame 
for CCND1 (Cyclin D1) or four different short hairpin 
RNAs for CDKN2A (p16). To confirm the efficacy of both 
overexpression and knockdown (Fig. 1A), we selected one 
subclone for each genetic alteration and for each cell line 
(#6 for PC9  p16-, #3 for PC9  CycD1+, #3 for HCC827 
 p16-, and #1 for HCC827  CycD1+). Once the expression of 
the gene alteration of interest was confirmed by real-time 
polymerase chain reaction quantification (Fig. 1B), we 

Fig. 1  p16 Knock-down and Cyclin D1 overexpression efficiency. A 
Proteins were extracted from different clones and from control cells 
(NC, transfected with non-coding RNA), run on polyacrylamide gels 
and blot for Cyclin D1 and p16 to assess the efficacy of the trans-
fection procedure. B Clones for each genetic modification and for 

each cell line (#6  PC9p16-; #4 PC9  CycD1+; #3 HCC827  p16-; #1 
HCC827  CycD1+) were selected and messenger RNA was assessed 
through real-time polymerase chain reaction (non-coding cells rela-
tive quantification = 1). Results are means ± standard deviations of 
three independent experiments
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studied the biological effects of these alterations to unveil 
the role of cell-cycle regulators in osimertinib resistance.

We evaluated the effects of Cyclin D1 overexpression 
 (CycD1+) or p16 reduction  (p16-) on the cell growth rate 
by a CV assay in the two different models. As shown 
in Fig.  2A, both Cyclin D1-overexpressing cells and 
CDKN2A knockdown cells exhibited a higher proliferative 
capacity than control cells. As expected, the distribution 
of cells in the different phases of the cell cycle, evaluated 
by flow cytometry, was different in the clones compared 
with the respective control cells. As shown in Fig. 2B, 
 p16- and  CycD1+ cells were characterized by a larger pro-
portion of cells in the S phase and a lower percentage of 
cells in the G0/G1 phase. Both  p16- and  CycD1+ clones 
displayed increased activation of Rb protein in the pres-
ence of a reduced level of FBS, confirming that the genetic 
modifications lead to higher downstream activation of the 
Rb pathway (Fig. 2C).

Finally, we investigated the effects of Cyclin D1 overex-
pression and p16 deletion on cell migratory capacity. The 
results shown in Fig. 2D indicate that both genetic altera-
tions led to higher migration capacity in PC9- and HCC827-
mutated cell clones than in control cells, suggesting a more 
aggressive phenotype, as previously reported [27].

3.2  Cyclin D1 Overexpression or p16 Deletion Leads 
to EGFR‑Independent Intrinsic Resistance 
to Osimertinib

The main purpose of this study was to understand the rela-
tionship between cell-cycle regulator modifications and 
osimertinib resistance. To evaluate the differences in the 
response to osimertinib between the different clones and 
the corresponding parental cells, we treated the cells with 
increasing concentrations of the drug for 72 h. As shown 
in Fig. 3A,  p16- clones did not show a different sensitivity 
to osimertinib compared to control cells infected with non-
coding RNA  (IC50 PC9 non-coding = 2.36 nM ± 1; PC9 
 p16- = 1.78 ± 0.5 nM; HCC827 = 5.8 ± 3 nM; HCC827 
 p16- = 1.3 ± 2 nM), whereas  CycD1+ clones showed higher 
resistance to the drug  (IC50 PC9  CycD1+ = 512 ± 35 nM; 
HCC827  CycD1+ = 604 ± 43 µM). Interestingly, in contrast 
to parental cells, osimertinib treatment did not significantly 
perturb the distribution of the cells in the cell-cycle phases, 
not only in  CycD1+ clones but also in  p16- clones (Fig. 3B).

One limitation of assessing drug resistance through 
short-term dose–response experiments is that it highlights 
the ability to overcome the cytotoxic effect of a compound 
rather than showing the ability of the cells to grow in the 

Fig. 2  Dysregulation of cell-cycle regulators leads to higher prolifera-
tive and migratory capacity. A Cells were seeded in a 96-well plate 
and cell growth was evaluated by a crystal violet assay. Results are 
expressed as fold increase over T0 and are means ± standard devia-
tions of three independent experiments. B The indicated cells were 
stained with propidium iodide and their distribution in cell-cycle 
phases was determined by flow cytometry. Results are means ± 
standard deviations of at least two independent experiments. C The 

different clones were cultured in a complete growth medium (first 
lane) or in a medium deprived of FBS. After 48 h in one condition 
(2° lane), the medium was changed from 0.5% to 10% of FBS. Then, 
after 6 h, proteins were extracted and analyzed by western blotting for 
the indicated proteins. D Cell migration was evaluated as indicated in 
the Materials and Methods section. Results are from three independ-
ent experiments. * p < 0.05; **p < 0.01; ***p < 0.001 vs NC
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presence of the drug. Therefore, to better elucidate the 
effect of osimertinib on cells carrying genetic alterations 
in cell-cycle regulators, we shifted from short- to long-
term experiments. For a colony formation assay, we seeded 
all cell lines at low confluence (500 cells in six-well 
plates) and treated them with 200 nM (10×  IC50) osimer-
tinib for 14 days (Fig. 3C). As expected, control cells did 
not grow at this concentration. In contrast,  CycD1+ and 
 p16- clones were able to proliferate, although to different 
extents, suggesting that they were intrinsically resistant to 
osimertinib, as also supported by the cell-cycle analysis. 
Considering the lower ability of  p16- clones to form colo-
nies in the presence of osimertinib compared with  CycD1+ 
clones, we shifted from a single high-dose setting to a 
dose-escalating setting to better clarify whether the  p16- 
clones were truly resistant. Hence, we treated  p16- cells 
with increasing osimertinib concentrations (range, 20–200 
nM), and a high number of colonies were found in both 
PC9 -and HCC827-derived  p16- clones at the end of a 
4-week treatment (Fig. 3D). These results confirm that 
both genetic alterations lead to an intrinsically resistant 
phenotype to osimertinib.

The western blot analysis demonstrated that EGFR phos-
phorylation was inhibited by osimertinib in both  CycD1+ 
and  p16- clones, indicating that the resistant phenotype was 
due to EGFR-independent mechanisms. ERK1/2, an impor-
tant downstream effector of EGFR, was also inhibited by 
osimertinib treatment, indicating a complete shutdown of 
this pathway (Fig. 3E).

We then evaluated the effect of osimertinib on the down-
stream effector Rb. As shown in Fig. 3E, osimertinib com-
pletely inhibited Rb phosphorylation in PC9 and HCC827 
control cells, as previously reported [18], whereas it had no 

or little effect on  CycD1+ and  p16- clones, indicating that 
phosphorylation of Rb represents the player of resistance in 
cells with alterations in cell-cycle regulators. Total Rb was 
also decreased in control cells treated with osimertinib, as 
previously reported by our group [18], to a less extent in 
 p16- clones but was unaffected in  CycD1+ clones.

3.3  Abemaciclib Exerts Antiproliferative Effects 
in Cyclin D1‑Overexpressing and p16 Deleted 
Clones

If dysregulation of the p16-CDK4/6-Rb axis is responsible 
for the osimertinib-resistant phenotype, it should be possible 
to reverse this effect by blocking one of the components of 
the signaling cascade. Therefore, we tested the efficacy of 
the CDK4/6 inhibitor abemaciclib in the cell clones, com-
bining a fixed dose (500 nM) of this drug with increasing 
concentrations of osimertinib. As shown in Fig. 4A, a short-
term combined treatment inhibited cell proliferation more 
strongly than osimertinib alone in both PC9 and HCC827 
Cyclin D1-overexpressing cells. To understand the nature 
of the interaction between abemaciclib and osimertinib, 
we combined increasing concentrations of both drugs and 
plotted the results using the SynergyFinder 3.0. The results 
shown in Fig. 4B indicate that the effects of the drug com-
bination are additive.

Then, we evaluated the ability of the cell clones to form 
colonies after long-term treatments. Figure 4C shows that 
the drug combination significantly inhibited colony forma-
tion in Cyclin D1-overexpressing clones. To appreciate the 
effects of the drug combination even on  p16- clones, we 
shifted from a high single-dose setting to a dose-escalation 
setting. The results shown in Fig. 4D demonstrate that the 
addition of abemaciclib to osimertinib effectively inhibited 
the ability of  p16- clones to form colonies.

As expected, at the molecular level, treatment with 
abemaciclib inhibited Rb expression and phosphorylation 
(Fig. 5A), as already reported in several tumor types [22, 28, 
29], suggesting that this protein plays a key role in osimer-
tinib resistance. Because of this molecular alteration, abe-
maciclib treatment increased the fraction of cells in the G0/
G1 phase and decreased the fraction of cells in the S-G2/M 
phase in both  CycD1+ and  p16- clones (Fig. 5B).

3.4  Patients with p16 Deletion Show a Lower 
Response Rate to Osimertinib

In order to explore the role of Cyclin D1 and p16 alterations 
in osimertinib resistance, we retrospectively reviewed osi-
mertinib outcomes in a group of 32 patients with advanced 
EGFR-mutated NSCLC treated with first-line osimertinib 
who were assessed for Cyclin D1 and p16 immunohisto-
chemistry. Overall, 28 (85.5%) patients had a positive 

Fig. 3  Cyclin D1 overexpression or p16 deletion leads to intrinsic 
resistance to osimertinib. A The indicated cell lines were treated with 
increasing concentrations of osimertinib for 72 h. Cell proliferation 
was assessed by a crystal violet assay; for each cell model, the data 
are expressed as percentage versus the corresponding untreated con-
trol cells and are means ± standard deviations of three independent 
experiments. B The indicated cells were treated with osimertinib 
100 nM for 24 h and then stained with propidium iodide, and their 
distribution in cell-cycle phases was determined by flow cytometry. 
Results are means ± standard deviations of at least two independ-
ent experiments. C Cells from the indicated clones were treated with 
osimertinib 200 nM for 14 days (the medium was replaced every 
72 h). Then, cell proliferation was assessed by a crystal violet assay 
and images were taken. Results are means ± standard deviations of 
at least two independent experiments. D Cells from the indicated 
clones were treated with escalating dose of osimertinib (20 nM, 50 
nM, 100 nM, 200 nM) for 1 week (medium with drug was replaced 
every 72 h). Finally, cell proliferation was assessed by a crystal vio-
let assay and images were taken. Results are means ± standard devia-
tions of at least two independent experiments. E The different clones 
were treated with osimertinib 100 nM for 24 h and the level of the 
indicated proteins was assessed through western blotting. *p < 0.05; 
**p < 0.01; ***p < 0.001 vs NC

◂
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immunohistochemical staining for Cyclin D1, whereas four 
(12.5%) patients were Cyclin D1 negative. Among Cyclin 
D1-positive patients,  p16- patients had a significantly lower 
overall response rate compared with  p16+ patients (61% vs 
100%, respectively, p = 0.030). No statistically significant 
differences in median PFS and OS were observed between 
the two groups.

4  Discussion and Conclusions

Here, we show that modifications in the expression of cell-
cycle regulators can lead to intrinsic osimertinib resistance. 
Combination treatment with osimertinib and abemaciclib 
has already been proposed to overcome acquired resistance 
in resistant cell lines by our group [18, 21, 22].

The possibility of targeting cell-cycle alterations is not 
new in oncology research because they represent one of 
the most dysregulated pathways, with over 40% of cancers 
presenting a mutation in CDKs or cyclins [10]. Alterations 
in RB1 have been observed in EGFR-mutant NSCLCs that 
have transformed to small cell lung carcinoma [30] and are 
associated with worse outcomes and osimertinib resistance 
[31, 32]. Mutations in cell-cycle regulators are also found in 
more than 10% of patients who present resistance to first- or 
second-line osimertinib treatment [8, 30, 31, 33]. In par-
ticular, a homozygous p16/CDKN2A deletion has been cor-
related with a lower response rate (48% vs 78%) and shorter 
PFS (5.3 months vs 10.5 months), pointing to the critical 
role of cell-cycle regulators in patient outcomes and drug 
responses [33].

In our previous study, we investigated the role of phospho-
rylated Rb as a biomarker and target in osimertinib-resistant 
NSCLC cells and demonstrated that Rb phosphorylation was 

maintained in NSCLC cell lines with different mechanisms 
of acquired resistance to osimertinib [18]. This study aimed 
to elucidate the role of the p16-CDK-Rb pathway in osimer-
tinib resistance. Here, we demonstrate that Cyclin D1 over-
expression and p16 knockdown lead to intrinsic osimertinib 
resistance. However, even if both the genetic modifications 
have the same effect on increasing the phosphorylation of 
Rb, they unexpectedly produce different responses to osi-
mertinib. Cyclin D1-overexpressing clones show a strong 
resistance to short-term treatment, while p16 deleted cells 
need a longer time period and long-term treatment to display 
the resistant phenotype. However, it is important to highlight 
the different approaches and biological principles behind the 
two modifications. Overexpressing an oncogene is differ-
ent from knocking down an oncosuppressor that relies on a 
highly redundant pathway. It is likely that the effect in the 
second case is not as strong as in the first case. This hypoth-
esis is supported by the fact that osimertinib treatment did 
not affect Rb phosphorylation in  CycD1+ clones but slightly 
reduced phosphorylation in  p16- clones. The fact that both 
 CycD1+ and  p16- clones presented a higher Rb phospho-
rylation could be an important indication that targeting this 
pathway can reverse the resistant phenotype.

It is well known that abemaciclib alone can slow down 
the cell cycle, induce senescence, and act as a cytostatic 
[34]. We have previously provided preclinical evidence for 
abemaciclib use to overcome resistance in patients progress-
ing to first-line osimertinib and suggested it as a potential 
approach to prevent or delay osimertinib resistance in the 
first-line setting [18]. However, none of the examined cell 
lines harbored mutations in the cell-cycle regulators. In this 
study, we evaluated the role of abemaciclib in reverting the 
resistant phenotype caused by specific genetic alterations in 
the cell-cycle proteins. We demonstrated that abemaciclib 
inhibited cell growth in both  CycD1+ and  p16- clones (in 
fixed-dose and dose-escalation experiments, respectively) 
when used in combination with osimertinib. Our data sup-
port a clinical trial evaluation of abemaciclib in combination 
with osimertinib as a first-line treatment for patients present-
ing with a cell-cycle regulator alteration.

The obvious weakness of targeted therapy, and in general, 
of all single-drug therapies, is the development of resistance. 
Combining different compounds with the ability to inhibit 
different pathways has always been considered a promising 
therapeutic strategy. The FLAURA2 (NCT04035486) trial 
is currently exploring the combination of osimertinib and 
chemotherapy in treatment-naïve patients, and this strat-
egy has already provided encouraging results in preclinical 
research [35]. Moreover, a combination of MEK inhibitors 
[36, 37], AXL inhibitors [38], and bevacizumab [39] has 
been proposed.

To further support the role of cell-cycle regulators 
in clinical outcomes, we explored first-line osimertinib 

Fig. 4  Combined treatment with osimertinib and abemaciclib exerts 
an additive effect. A The indicated clones were treated with increas-
ing concentrations of osimertinib for 72 h and a fixed dose of abe-
maciclib (500 nM). Cell proliferation was assessed by a crystal violet 
assay; for each cell model, the data are expressed as a percentage ver-
sus the corresponding untreated control cells and are means ± stand-
ard deviations of three independent experiments. B The indicated 
cells were treated with increasing concentrations of osimertinib and 
abemaciclib. Cell proliferation was assessed by a crystal violet assay 
and the nature of interaction was analyzed using Synergy Finder 3.0. 
C Cells from the indicated clones were treated with osimertinib (200 
nM) and abemaciclib (500 nM) for 14 days (medium was replaced 
every 72 h). Then, cell proliferation was assessed by a crystal violet 
assay and pictures were taken. Results are means ± standard devia-
tions of at least two independent experiments. D Cells from indicated 
clones were treated with escalating doses of osimertinib (20 nM, 50 
nM, 100 nM, and 200 nM for 1 week each, the medium was replaced 
every 72 h) and a fixed dose of abemaciclib (500 nM). Then, cell 
proliferation was assessed by a crystal violet assay and pictures were 
taken. Results are means ± standard deviations of at least two inde-
pendent experiments. *** p < 0.001 vs untreated cells

◂



962 F. Volta et al.

outcomes in a group of patients with advanced EGFR-
mutated NSCLC depending on their immunohistochemi-
cal expression of Cyclin D1 and p16. We found that, 
among Cyclin D1-positive patients, the  p16- group was 
enriched in non-responders compared with the p16+ 
group, strengthening the key role of cell-cycle regula-
tors in mediating osimertinib resistance. In this context, 
we can speculate that a combined treatment with CDK 
inhibitors could be beneficial for this peculiar group of 
patients. However, because of the small sample size of the 
Cyclin  D1- group, we could not perform additional analy-
ses. Finally, our findings suggest that abemaciclib com-
bined with osimertinib may be a valuable option for those 
patients with EGFR-mutated NSCLC who have alterations 
in the p16-Cyclin D1-CDK4/6 pathway.
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