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Simple Summary: Osimertinib, a third-generation irreversible epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor (TKI), has shown marked clinical benefit for non-small cell lung
cancer (NSCLC) patients with EGFR activating mutations. However, resistance to osimertinib
inevitably develops and heterogeneous mechanisms of acquired resistance have been documented.
Therefore, new strategies to bypass resistance are urgently needed. In this study, we investigated the
potential activity of abemaciclib as second-line therapeutic approach after osimertinib progression and
the effect of combining abemaciclib with osimertinib on the appearance of resistance in osimertinib-
sensitive models.

Abstract: Abemaciclib is an inhibitor of cyclin-dependent kinases (CDK) 4 and 6 that inhibits the
transition from the G1 to the S phase of the cell cycle by blocking downstream CDK4/6-mediated
phosphorylation of Rb. The effects of abemaciclib alone or combined with the third-generation
epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) osimertinib were examined
in a panel of PC9 and HCC827 osimertinib-resistant non-small cell lung cancer (NSCLC) cell lines car-
rying EGFR-dependent or -independent mechanisms of intrinsic or acquired resistance. Differently
from sensitive cells, all the resistant cell lines analyzed maintained p-Rb, which may be considered as
a biomarker of osimertinib resistance and a potential target for therapeutic intervention. In these
models, abemaciclib inhibited cell growth, spheroid formation, colony formation, and induced senes-
cence, and its efficacy was not enhanced in the presence of osimertinib. Interestingly, in osimertinib
sensitive PC9, PC9T790M, and H1975 cells the combination of abemaciclib with osimertinib signifi-
cantly inhibited the onset of resistance in long-term experiments. Our findings provide a preclinical
support for using abemaciclib to treat resistance in EGFR mutated NSCLC patients progressed to
osimertinib either as single treatment or combined with osimertinib, and suggest the combination of
osimertinib with abemaciclib as a potential approach to prevent or delay osimertinib resistance in
first-line treatment.

Keywords: non-small cell lung cancer; osimertinib; resistance; epidermal growth factor receptor;
abemaciclib; CDK4/6 inhibitors
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1. Introduction

Osimertinib is the first mutant-selective third-generation epidermal growth factor
receptor (EGFR) tyrosine kinase inhibitor (TKI) that has been approved for patients with
EGFR oncogene-addicted advanced non-small cell lung cancer (NSCLC) [1]. Osimertinib
is the only approved third-generation EGFR-TKI for T790M-positive patients progressed
on first- or second generation EGFR-TKIs [2,3]; moreover, it has recently been approved
as first-line therapy for advanced EGFR-mutated NSCLC [4], considering the benefit in
progression-free survival (PFS) and overall survival (OS) as compared with gefitinib or
erlotinib evidenced in the FLAURA trial [5,6].

Despite the efficacy of osimertinib in first- and second-line EGFR mutated NSCLC
settings, patients inevitably develop acquired resistance and chemotherapy remains the
only therapeutic option for these patients [4]. Differently from resistance mechanisms
developed after gefitinib/erlotinib treatment, which are mainly associated with the acqui-
sition of T790M mutation in EGFR exon 20, the acquired osimertinib resistance is highly
heterogeneous, including EGFR-dependent and -independent mechanisms [7]. EGFR
C797, G796, L792, L718/G719 and G724 mutations, EGFR gene amplification, MET and
HER2 amplification, BRAF, RAS-MAPK and PI3K pathway activation, oncogenic fusion
mutations and phenotypic transformation are the emerging resistance mechanisms to
osimertinib in EGFR-mutated NSCLC patients. Some of these mechanisms have been
found to confer resistance to osimertinib after either first- or second-line therapy, while
others seem exclusive to one type of setting [7]. The high heterogeneity and the coexistence
of multiple resistance mechanisms in the same patient represent a major challenge in the
treatment of osimertinib-resistant patients.

Abemaciclib (LY835219) is an orally available, small molecule inhibitor of cyclin-
dependent kinases (CDK) 4 and 6 that blocks the transition from the G1 to the S phase of the
cell cycle with consequent growth arrest. Based on the data from MONARCH-1–2–3 trials,
abemaciclib received FDA approval as monotherapy or in combination with fulvestrant or
with an aromatase inhibitor for hormone receptor (HR)-positive, human epidermal growth
factor receptor 2 (HER2)-negative metastatic breast cancer patients [8–10]. Beyond the
inhibition of cell proliferation, all the FDA approved CDK4/6 inhibitors exert other effects
on cancer cells and tumor microenvironment, as recently reviewed by our group [11]. The
combination of CDK4/6 inhibitors with EGFR inhibitors has been tested in few preclinical
studies so far and deserves further investigation. One study evaluated the effects of
palbociclib combined with osimertinib only in one osimertinib-resistant cell model (H1975)
with an undefined mechanism of resistance [12]. In another paper, palbociclib was used in
combination with afatinib in two afatinib-resistant cell models that were not characterized
for the underlying mechanisms of resistance [13].

Here we investigated the potential efficacy of abemaciclib in a panel of PC9, PC9T790M,
and HCC827 resistant cells with EGFR-dependent or –independent, intrinsic or acquired
mechanisms of resistance. We explored the status of the CDK4/6-cyclin D-Rb pathway, and
analyzed the effects of the CDK4/6 inhibitor either alone or combined with osimertinib on
cell proliferation, colony formation, growth of spheroids, cell death, and cell senescence.
Moreover, we tested the efficacy of combining abemaciclib and osimertinib in preventing
the acquisition of resistance in osimertinib sensitive cell models.

2. Results
2.1. Osimertinib-Resistant Cell Models Up-Regulate the Phosphorylation of Rb Protein and
Display Sensitivity to CDK4/6 Inhibition

Firstly, we tested the phosphorylation and expression of the cell cycle related proteins
Rb, Cyclin D1, and p16INK4a in a panel of osimertinib-resistant NSCLC cells originated
from EGFR-mutated PC9, PC9T790M, and HCC827 cell lines.

The resistant clones tested showed different mechanisms of intrinsic or acquired
resistance to osimertinib, as described in the Materials and Methods Section (Section 4) and
reported in Figure 1A.
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Figure 1. Abemaciclib sensitivity of NSCLC cells resistant to osimertinib. (A) Characteristics of
NSCLC osimertinib-resistant cell lines used in this study. (B) Osimertinib-sensitive and resistant
cells were treated with osimertinib (50 nM and 500 nM, respectively) and after 24 h the expression
level of p-Rbser780, Rb, p16INK4A and Cyclin D1 were evaluated by Western blotting. Results are
representative of at least two independent experiments. (C) The indicated cell lines were treated with
increasing concentrations of abemaciclib for 6 days. Cell proliferation was assessed by MTT assay; for
each cell model, the data are expressed as a percentage of inhibition vs. the corresponding untreated
control cells and are means ± standard deviation (SD) of three independent experiments. (D) The
indicated cell lines were treated with 500 nM abemaciclib for 24 h. Then, the cells were stained
with propidium iodide and their distribution in cell cycle phases was determined by flow cytometry.
Results are means ± SD of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
G0/G1 phase of corresponding control cells; # p < 0.05, ## p < 0.01, vs. S phase of corresponding
control cells).

Independently of the resistance mechanisms, all osimertinib-resistant NSCLC cell
clones maintained a higher phosphorylation of Rb in the presence of osimertinib when
compared with the parental sensitive cell lines (Figure 1B); p-EGFR was inhibited in all
cells with an EGFR-independent mechanism of resistance; only in PC9T790MC797S cells,
carrying the triple mutated EGFR, osimertinib failed to inhibit phosphorylation. Cyclin
D1 expression was downregulated by osimertinib in the parental cells, whereas was only
slightly affected in the cell clones. Interestingly, only HCC827EMT osimertinib-resistant
cells were negative for the expression of the cell cycle inhibitor p16INK4a, while all the other
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cells, either sensitive or resistant, expressed this protein. We then tested the responsiveness
to abemaciclib in terms of cell proliferation inhibition and cell cycle arrest. All the resistant
cell lines showed sensitivity to abemaciclib, with IC50 values ranging from 200 nM to 1 µM,
comparable to those of the respective parental cells (Figure 1C). As expected, the treatment
with abemaciclib increased the fraction of cells in the G0/G1 phase and decreased the
fraction in the S-G2/M phase in both sensitive and resistant cells (Figure 1D).

2.2. Effects of Abemaciclib Alone or Combined with Osimertinib on 2-D and 3-D Cell Growth and
on the Expression of Cell Cycle-Related Proteins

We then evaluated whether treatment with abemaciclib could restore sensitivity to
osimertinib in the resistant clones. The concomitant treatment of osimertinib with a fixed
concentration of abemaciclib did not induce an enhanced inhibition of cell viability as
evaluated by the Bliss analysis (Figure 2A), indicating that the reduced viability was mainly
ascribed only to abemaciclib treatment, at least up to 1 µM osimertinib, a concentration
higher than plasma level in patients treated with 80 mg/day dosage [14]. To better investi-
gate the nature of the interaction between abemaciclib and osimertinib, we tested multiple
drug concentrations, and the data, represented as surface matrix plot (Figure 2B), confirmed
the absence of synergy between the two drugs. We performed additional experiments
with palbociclib and despite this CDK4/6 inhibitor was less effective than abemaciclib, the
obtained results were comparable to those with abemaciclib (Figure S1).

1 

 

 

Figure 2. Effects of the combined treatment of abemaciclib with osimertinib on cell proliferation. (A) The indicated cells
were treated with different concentrations of osimertinib in absence or in presence of 500 nM abemaciclib. After 72 h cell
proliferation was assessed by MTT assay and the effect of the drug combination was evaluated using the Bliss interaction
model. Data are expressed as percent inhibition vs. control cells and are means ± SD of at least three separate experiments.
(B) Drug interaction heatmaps for osimertinib and abemaciclib combination treatment in PC9BRAFG469A, PC9T790MclA,
and PC9T790MclC cells.
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By a cell colony formation assay, we confirmed the efficacy of either abemaciclib alone
or abemaciclib combined with osimertinib in reducing the number of colonies after 6 days
of exposure to the drugs in all resistant cell models (Figure 3A) without statistical difference
between the two conditions.
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Figure 3. Effects of abemaciclib alone or combined with osimertinib on colony formation and 3-D cell
growth. (A) The indicated osimertinib resistant cells were treated with 500 nM osimertinib, 500 nM
abemaciclib or their combination and after 6 days colony formation was assessed as described in the
Materials and Methods section. Representative images of crystal violet staining of colonies are shown.
Data are the means ± SD of at least three independent experiments. (B) The growth of spheroids
from PC9BRAFG469A and HCC827EMT cells was analyzed after 3 and 6 days of treatment with
abemaciclib, osimertinib or both drugs. The data are expressed as percent of spheroid growth versus
control. Representative images of spheroids after 6 days of culture are shown. Data are representative
of two independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control; # p <
0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. osimertinib).

We then generated tumor spheroids from PC9BRAFG469A and HCC827EMT cells
and demonstrated that abemaciclib treatment significantly reduced the volume of tumor
spheroids (Figure 3B). We did not observe any difference between abemaciclib and the
combined treatment, again indicating the effectiveness of abemaciclib alone. Our results
indicate that treatment with abemaciclib did not restore sensitivity to osimertinib in the
resistant clones but exerted a strong activity in reducing their proliferation as single drug.

We then evaluated the effect of osimertinib, abemaciclib or their combination on
the expression and activation of cell cycle-related proteins in both osimertinib-resistant
and sensitive parental cells. Rb and CDK6 phosphorylation were strongly inhibited by
osimertinib alone in PC9, PC9T790M, and in HCC827 cells as expected, being these cell
lines highly responsive to osimertinib.

In all the resistant models, osimertinib failed to downregulate the phosphorylation of
these proteins, but abemaciclib alone or combined with osimertinib efficaciously decreased
p-Rb and p-CDK6 levels, mimicking the effect of osimertinib alone in parental sensitive
cells (Figure 4).
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Figure 4. Effect of abemaciclib alone or combined with osimertinib on cell cycle proteins in NSCLC
osimertinib resistant cell lines. Cells were treated with osimertinib (50 nM for sensitive and 500 nM
for resistant cells), abemaciclib (500 nM) or their combination and after 24h were lysed and western
blot analysis was performed to detect the indicated proteins. Results are representative of at least
two independent experiments.

2.3. Effects of Abemaciclib Alone or Combined with Osimertinib on Cell Death and Senescence

We evaluated the effect of drug treatments on cell death induction in PC9BRAFG469A,
PC9T790MclC, and HCC827EMT cells. Abemaciclib as well as palbociclib elicit cytostatic
more than cytotoxic responses, even if abemaciclib was reported to be substantially more
efficacious than palbociclib in killing p-Rb-proficient breast cancer cells [15]. Differently, in
PC9BRAFG469A, PC9T790MclC, and HCC827EMT cell resistant clones, either abemaciclib
or the combined treatment failed to induce significant cell death (Figure 5A). These results
indicate that induction of cell death is not relevant for the effectiveness of abemaciclib.

Considering that beyond the inhibition of cell proliferation, the CDK4/6 inhibitors
may exert other effects on cancer cells such as the induction of a senescent-like pheno-
type [11], we tested the production of the Senescent-Associated β-galactosidase enzyme
(SA-β-Gal) in these resistant cell models. As shown in Figure 5B, abemaciclib induced
senescence in PC9BRAFG469A, PC9T790MclC, and HCC827EMT cells with a percent-
age of senescent cells, characterized by enlarged morphology, around 40–50% after 3
days of treatment. This percentage was not further increased by the combined treatment,
confirming the strong efficacy of abemaciclib alone. To gain insights into the molecular
mechanism by which abemaciclib induced senescence in the resistant clones, we analyzed
the level of proteins critical for senescence regulation in PC9BRAFG469A, PC9T790MclC,
and HCC827EMT cells. As shown in Figure 5C, abemaciclib induced a reduction of phos-
phorylation of AKT protein, as already demonstrated in H460 and H1975 NSCLC cell
lines [16]. Moreover, abemaciclib by inactivating AKT induced a significant dephospho-
rylation of MDM2 with the consequent accumulation of p53 protein. This mechanism
occurred even if p53 was mutated [17]. In addition, we observed an accumulation of p21
protein. It is conceivable that this increase depended on abemaciclib-induced inhibition
of c-Myc consequent to Rb hypo-phosphorylation. Indeed, c-Myc is known to negatively
regulate p21 transcription through a direct binding to its promoter [18]. The increase of
p21 levels might account for abemaciclib-mediated induction of senescence, being this
protein a well-known positive regulator of senescence [19–21]. In addition, abemaciclib
treatment induced an accumulation of cyclin D1, which, together with c-Myc inactivation,
is considered as a marker associated to cellular senescence [22,23]. We then evaluated the
effect of abemaciclib and abemaciclib plus osimertinib in long-term experiments (4 weeks)
in the resistant PC9BRAFG469A and PC9T790MclC cells. The cells stopped their growth,
as expected, and after 1 month all the cells were positive for β-galactosidase staining and
there were no differences in the two conditions in term of cell number, as evaluated by
crystal violet assay (Figure 5D).
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Figure 5. Effect of abemaciclib alone or combined with osimertinib on cell death and senescence
in NSCLC osimertinib resistant cell lines. Cells were treated with 500 nM osimertinib, 500 nM
abemaciclib or their combination for 72 h. (A) Cell death was quantified by fluorescence microscopy
analysis on Hoechst 33342 and propidium iodide-stained cells. Data are representative of two
independent experiments. (B) Senescent cells were quantified by SA-β-Gal staining. Histograms
represent the percentage of senescent cells positive for SA-β-Gal expression and are means ± SD of
data from three independent experiments. (** p < 0.01, **** p < 0.0001 vs. control; ## p < 0.01, #### p <
0.0001 vs. osimertinib). (C) The cells were lysed and western blot analysis was performed to detect the
indicated proteins. Results are representative of two independent experiments. (D) PC9BRAFG469A
and PC9T790MclC cells were treated with 500 nM abemaciclib in absence or presence of 500 nM
osimertinib. After 4 weeks senescence was assessed by β-galactosidase staining and cell proliferation
was evaluated by crystal violet staining. Columns are the means ± SD of 12 replicates. In (B) and
(D), representative images of SA-β-Gal-stained cells are shown (magnification 100×).

2.4. Abemaciclib Combined with Osimertinib Prevents the Appearance of Osimertinib Resistance

In the last part of this study, we evaluated whether abemaciclib may prevent the
development of acquired resistance to osimertinib in sensitive EGFR-mutated cells.
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We first tested the efficacy of combining abemaciclib with osimertinib in PC9, HCC827,
PC9T790M, and H1975 osimertinib-sensitive cell lines. Differently from resistant cells,
the combination was more effective in inhibiting cell proliferation than osimertinib alone
even if only at very low drug concentrations (Figure S2). This result is in agreement
with the data obtained with lerociclib (G1T38), another CDK4/6 inhibitor, combined with
osimertinib [24].

To evaluate the appearance of resistance, PC9, PC9T790M, and H1975 cells were plated
in 24-well plates and treated with 500 nM osimertinib, a concentration close to the plasma
level in patients treated with 80 mg/day dosage [14], in absence or presence of 500 nM
abemaciclib, the steady state Cmax achieved in patients at a dose of 200 mg BID [25].

It is of note that sensitive cells treated with abemaciclib alone underwent senescence
and in 2 weeks all the seeded cells were positive to β-galactosidase staining (Figure 6A).
Treatment with osimertinib alone led to the inhibition of cell proliferation associated with
cell death; resistant colonies emerged after 4 weeks for H1975 cells, after 6 weeks for
PC9T790M cells, and after 12 weeks for PC9 cells. We did not find any colonies in the
presence of the combined treatment in all three sensitive cell models tested throughout the
entire experiments (Figure 6B).
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Figure 6. Effect of the combined treatment of abemaciclib and osimertinib on the acquisition of
osimertinib resistance in osimertinib-sensitive cells. (A) PC9, PC9T790M, and H1975 cells were plated
in 24-well plates and treated with 500 nM abemaciclib. After 2 weeks, senescent cells were quantified
by SA-β-Gal staining (magnification 100×). (B) PC9, PC9T790M, and H1975 cells were plated in
24-well plates and treated with 500 nM osimertinib from the beginning in absence or in presence
of 500 nM abemaciclib. Colony number was evaluated after 12 weeks for PC9 cells, 6 weeks for
PC9T790M cells, and 4 weeks for H1975 cells. (C) PC9 cells were plated in 24-well plates and treated
with increasing concentrations of osimertinib (starting from 25 nM to 500 nM) and after 12 weeks
colony number was assessed (* p < 0.05, ** p < 0.01, **** p < 0.0001).

In an additional experiment, PC9 cells were treated with increasing concentrations of
osimertinib (starting from 25 nM up to 500 nM) in absence or in presence of 500 nM abe-
maciclib. The treatment with increasing doses of osimertinib alone led to the emergence of
resistant colonies after 9 weeks, and abemaciclib was effective in postponing and reducing
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the emergence of acquired resistance to osimertinib. Indeed, as shown in Figure 6C only
three colonies were present in all the plates after 12 weeks of combined treatment and these
colonies were characterized by few (<than 20 cells) enlarged cells, which were not able to
proliferate even after 14 days of drug removal.

These results suggest that a high concentration of osimertinib from the beginning,
when combined with abemaciclib, is more effective than a strategy of dose increase, and
completely prevents resistance. Altogether, our results indicate the potential value of this
combined administration for mutated NSCLC patients in preventing osimertinib resistance.

3. Discussion

In this study we demonstrated that the CDK4/6 inhibitor abemaciclib alone or com-
bined with osimertinib may be an effective strategy for NSCLC osimertinib-resistant
patients progressed after either first- or second-line therapy. Interestingly, the combina-
tion is undergoing clinical evaluation in a phase II trial (ClinicalTrials.gov NCT04545710),
started in September 2020, that has been evaluating abemaciclib combined with osimertinib
in resistant EGFR mutated lung cancer patients post progression on osimertinib.

The CDK4/6-Cyclin D-Rb pathway is one of the most frequently dysregulated in
cancer and more than 40% of human cancers show alterations in CDKs or cyclins. In
NSCLC, cell-cycle gene alterations (CDK4/6 or CCND/E1 amplifications, CDKN2A loss
or Rb mutations) have been associated with worse outcome [26,27]. In addition, in patients
with advanced EGFR mutated NSCLC, co-alterations of cell cycle genes, such as CCND1/2,
CCNE1, CDK4/6 were significantly associated with intrinsic resistance to osimertinib [28].
Alterations in genes encoding cell cycle regulators have been also reported in almost
10% of patients who progressed to osimertinib treatment either in second- or in first-line
therapy [29,30].

In this study, we evaluated the activation of CDK4/6-Cyclin D-Rb pathway in NSCLC
cell lines resistant to osimertinib, with acquired resistance to first-line (PC9BRAFG469A
cell line) or second-line therapy (PC9T790MclA, PC9T790MclC and PC9T790MC797S cell
lines) and intrinsically resistant (HCC827EMT and HCC827GR5 cell lines).

Rb has been found lost in 100% of NSCLC patients underwent histological transforma-
tion to small-cell lung cancer (SCLC) after gefitinib treatment [31], but no data are available
on the phosphorylation status of Rb in patients with different mechanisms of resistance
to EGFR-TKI. It has been reported that afatinib did not suppress Rb phosphorylation in
afatinib-resistant PC9 cells [13], and, very recently, that p-Rb was increased in osimertinib-
resistant H1975 cells (H1975OR), with an undefined resistance mechanism, in comparison
with the parental ones [12].

Here, we demonstrated that all the resistant cell lines maintained Rb phosphorylation
in the presence of osimertinib and were therefore sensitive to the cytostatic activity of the
CDK4/6 inhibitor abemaciclib. In addition, excluding HCC827EMT, lacking p16 expression,
all the other cell models express the protein and are sensitive to abemaciclib. These results
are in agreement with previous findings indicating the expression of a functional Rb protein
as a predictive biomarker of response to CDK4/6 inhibitors, but not with those showing
the expression of p16INK4a as a resistance factor to CDK4/6 inhibitors [32]. The resistant
cell models did not show an increased sensitivity to abemaciclib as compared with the
parental cells, already sensitive to the CDK4/6 inhibitor (IC50 lower than 1 µM). This
result is in contrast with a very recent study reporting that in the H1975OR cell clone the
IC50 for palbociclib was reduced from 12.94 (that is the IC50 value in the parental cells) to
4.776 µM [12].

Rb phosphorylation is a final step on which multiple genetic alterations converge to
sustain cell proliferation during drug resistance and p-Rb may be considered as a biomarker
of osimertinib-resistance and a potential target for therapeutic intervention. Therefore,
targeting CDK4/6, the kinases responsible for Rb phosphorylation, may represent a new
chance for patients progressing to osimertinib treatment, considering the complex patterns
of resistance that render difficult to find a suitable targeted therapeutic approach.

ClinicalTrials.gov
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The activity of abemaciclib was tested either as monotherapy or in combination with
osimertinib, mimicking a clinical condition of removal or maintenance of osimertinib after
disease progression. Abemaciclib alone inhibited cell growth, spheroid formation, and
colony formation, and induced senescence in the resistant cell lines, without restoring the
sensitivity to osimertinib. By contrast, a synergistic activity on cell proliferation has been
very recently documented in H1975OR cell clone when treated with palbociclib combined
with osimertinib [12]. The different cell model, the different range of responsiveness and the
different drug may explain this discrepancy. Moreover, the authors themselves underlined
the need to expand their study including more cell lines, such as resistant clones from
PC9 and HCC827, to confirm whether the combination could actually overcome acquired
resistance to osimertinib.

A relevant challenge in the clinic is the development of strategies to prevent the
emergence of resistance during osimertinib treatment. This study provides a demonstration
that in osimertinib sensitive cells the addition of abemaciclib to osimertinib can block the
emergence of resistance. Data presented at the AACR 2019 Meeting [24] demonstrated
in xenograft models that a combined treatment with lerociclib and osimertinib prevented
the acquisition of resistance in HCC827-derived tumors and was able to revert resistance
in tumors derived from HCC827/ER1 MET-amplified cells. The lack of in vivo studies
represents a limitation of our work, and further animal validation is needed.

The strategy of a drug combination to be used in the clinic to postpone osimertinib-
resistance has been evaluated either in preclinical studies or in clinical trials. We recently
demonstrated the efficacy of osimertinib combined with pemetrexed or cisplatin in NSCLC
PC9 and HCC827 cell lines and in PC9T790M nude mice xenografts [33]. In phase III
studies, first-generation TKIs plus chemotherapy have led to promising results [34], and
FLAURA 2 study (NCT04035486) is evaluating osimertinib plus chemotherapy versus
osimertinib alone. The combination of osimertinib with the MEK inhibitor selumetinib
was found to prevent EGFR-TKI resistance both in vitro and in vivo [35]. Other potential
combinations that are being evaluated are osimertinib with anti-angiogenic agents (such as
bevacizumab [36]), and with an AXL inhibitor [37].

All these results strongly suggest that osimertinib combinations could represent an
interesting strategy for the future first-line treatment of EGFR-mutated NSCLC patients.

4. Materials and Methods
4.1. Cell Lines and Culture

The NSCLC cell line PC9 was kindly provided by Dr. P. Jänne (Dana-Farber Cancer
Institute, Boston, MA, USA). PC9T790M cell clone was generated in our lab by exposing
PC9 to increasing concentrations of gefitinib [38]. HCC827 and H1975 cell line were from
ATCC (Manassas, VA, USA). PC9, HCC827 and H1975 are mutated for p53 (R248Q, V218del
and R273H, respectively) and wild type for Rb (https://p53.iarc.fr/TP53GeneVariations.
aspx; https://cancer.sanger.ac.uk/cell_lines) [39–41].

The resistant clones showed different mechanism of intrinsic or acquired resistance
to osimertinib (Figure 1A): PC9BRAFG469A cells carrying a BRAF G469A mutation were
generated in our lab by exposing PC9 cells to increasing concentration of osimertinib for
9 months [42]; PC9T790MclA cells were generated in our lab but with still undefined resis-
tance mechanism. The clone was positive for EGFR exon 19 deletion and T790M mutation,
negative for C797S, and amplification of MET or HER-2, or phenotypic transformation
were not identified as potential mechanisms of resistance. NGS analysis did not reveal any
acquired mutations [33]; PC9T790MclC cells with NRAS amplification were generated in
our lab by exposing PC9T790M to osimertinib for 9 months [33]; PC9T790MC797S cells with
C797S mutation were provided by Dr M. Mancini and originated by exposing PC9T790M
cells to osimertinib [43]; HCC827EMT cells with epithelial to mesenchymal transition were
generated in our lab by exposing HCC827 to gefitinib resulting also intrinsically resistant
to osimertinib [38]; HCC827GR5 cells with MET amplification intrinsically resistant to
osimertinib were provided by Dr. P. Jänne. Cells were cultured in RPMI-1640 (Life Tech-

https://p53.iarc.fr/TP53GeneVariations.aspx
https://p53.iarc.fr/TP53GeneVariations.aspx
https://cancer.sanger.ac.uk/cell_lines
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nologies, Gaithersburg, MD, USA) medium supplemented with 10% fetal bovine serum
(Invitrogen, Carlsbad, CA, USA) and maintained under standard cell culture conditions
at 37 ◦C in a water-saturated atmosphere of 5% CO2 in air. Resistant cells were routinely
cultured in the presence of 1 µM gefitinib (HCC827EMT, HCC827GR5) or 500 nM osimer-
tinib (PC9BRAFG469A, PC9T790MclA, PC9T790MclC and PC9T790MC797S) to maintain a
selection pressure during in vitro propagation.

4.2. Drug Treatment

Osimertinib was provided by AstraZeneca (Milan, Italy). Abemaciclib and palbociclib
were from Selleckem (Houston, TX, USA). The drugs were dissolved in DMSO (Sigma
Aldrich, St Louis, MO, USA). Final DMSO concentration in medium never exceeded 0.1%
(v/v) and equal amounts of the solvent were added to control cells.

4.3. Analysis of Cell Proliferation, Cell Death and Cell Cycle

Cell proliferation and viability was evaluated by tetrazolium dye [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] (MTT) assay as previously described [44]. Cell
death (assessed by Hoechst 33342 and propidium iodide dual staining and fluorescence
microscopy analysis) and distribution of the cells in the cell cycle (determined by PI staining
and flow cytometry analysis) were described elsewhere [45].

The nature of interaction between abemaciclib and osimertinib was calculated using
the Bliss additivism model as previously described [46]. Briefly a theoretical dose-response
curve was calculated for combined inhibition using the equation EBliss = EA + EB − EA *
EB, where EA and EB are the percent of inhibition versus control obtained by osimertinib (A)
and abemaciclib (B) alone and the EBliss is the percent of inhibition that would be expected
if the combination was additive. If the combination effect is higher than the expected EBliss
value the interaction is synergistic, while if the effect is lower, the interaction is antagonistic.
Otherwise, the effect is additive and there is no interaction between drugs.

To further investigate the interaction between osimertinib and abemaciclib cells were
treated with different concentrations of the two compounds using a TECAN D300e Digital
Dispenser (TECAN, Switzerland). After 72 h, cell proliferation was assessed by crystal
violet staining. Heatmap and statistics were generate using Combenefit on MATLAB [47].

4.4. Spheroid Generation

Spheroids were generated using LIPIDURE-COAT PLATE A-U96 (NOF Corporation,
Tokyo, Japan) according to the manufacturer’s instruction and as described previously [48].

4.5. Colony Formation Assay

Cells were seeded in 6-well culture plates at a density of 5 × 103 cells per well. Cells
were incubated at 37 ◦C in 5% CO2 incubator and the medium was changed every 3 days,
and at the end of the experiment, cells were fixed with ice-cold methanol, stained with 0.1%
crystal violet (Sigma Aldrich). The unbound dye was removed by washing with water. The
bound crystal violet was solubilized with 0.2% TritonX-100 in PBS and the absorbance of
the solution was measured at a wavelength of 570 nm.

In the experiments testing resistance acquisition, 15 × 103 cells were plated in 24 well-
plates and after 4–12 weeks of treatment (depending on cell model) colonies were fixed,
stained and counted. Colonies containing at least 20 cells were scored and data were given
as colony number per 24-well plate.

4.6. Senescence Evaluation

The evaluation of Senescence Associated β-Galactosidase (SA-β-Gal) expression was
performed using the Senescence β-Galactoside Staining kit (Cell Signaling Technology Inc.,
Beverly, MA, USA) as previously described [15]. The number of SA-β-Gal positive cells
(blue stained) was evaluated by cell counting in four randomly chosen microscope fields
(100× magnification).
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4.7. Western Blot Analysis

Procedures for protein extraction, solubilization, and protein analysis by 1-D PAGE
are described elsewhere [41]. Antibodies against p-Rbser780, p-Rbser807/ser811, Rb, Cyclin
D1, p16INK4a, p-CDK6, CDK6, p-AKTser473, AKT, pEGFRtyr1068, EGFR, p53, p-MDM2,
p21, c-Myc, actin, and HRP-conjugated secondary antibodies was from Cell Signaling
Technology; the chemiluminescence system (ImmobilionTM Western Chemiluminescent
HRP Substrate) was from Millipore (Temecula, CA, USA). Reagents for electrophoresis and
blotting analysis were from BIO-RAD (Hercules, CA, USA). The whole Western blots are
shown in Figures S3–S5.

4.8. Statistical Analysis

Statistical analyses were carried out using GraphPad Prism version 6.0 software
(GraphPad Software Inc., San Diego, CA, USA). Results are expressed as mean values ±
standard deviations (SD). Differences between the mean values recorded for different ex-
perimental conditions were evaluated by Student’s t-test or by one-way ANOVA followed
by Bonferroni’s post-test, and p values are indicated where appropriate in the figures and
in their legends. Adjusted p values of less than 0.05 were considered significant.

5. Conclusions

For advanced NSCLC EGFR-mutated patients with T790M positive tumors progress-
ing after second-line and for patients progressing after first-line osimertinib, chemotherapy
remains the standard of care. Our preclinical data strongly support the ongoing clinical
evaluation of abemaciclib in combination with osimertinib in osimertinib-resistant patients
regardless of the type of resistance developed, additionally suggesting that abemaciclib
might be equally effective as monotherapy. Moreover, the combination of osimertinib with
abemaciclib strongly reduced the appearance of resistance and may represent a potential
future strategy for the first-line therapy.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/1/6/s1, Figure S1: Effect of palbociclib combined with osimertinib on cell proliferation
of osimertinib-resistant cells; Figure S2: Effect of abemaciclib combined with osimertinib on cell
proliferation of osimertinib-sensitive cells; Figure S3: whole Western blots of Figure 1; Figure S4:
whole Western blots of Figure 4; Figure S5: whole Western blots of Figure 5.
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