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Abstract
Mitotane is the only approved drug for treating adrenocortical carcinoma (ACC). The regimen added to mitotane is chemotherapy with etoposide, 
doxorubicin, and cisplatin. This pharmacological approach, however, has a limited efficacy and significant toxicity. Target-therapy agents represent 
a new promising approach to cancer therapy. Among these, a preeminent role is played by agents that interfere with cell-cycle progression, such 
as CDK4/6-inhibitors. Here, we investigate whether ribociclib could induce a cytotoxic effect both in ACC cell line and patient-derived primary cell 
cultures, alone or in combined settings. Cell viability was determined by 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide assay, 
whereas cell proliferation was evaluated by direct count. Binary combination experiments were performed using Chou and Talalay method. Gene 
expression was analyzed by quantitative RT-PCR, whereas protein expression was evaluated by immunofluorescence. A double staining assay 
revealed that ribociclib induced a prevalent apoptotic cell death. Cell-cycle analysis was performed to evaluate the effect of ribociclib treatment 
on cell-cycle progression in ACC cell models. Our results indicate that ribociclib was cytotoxic and reduced the cell proliferation rate. The effect 
on cell viability was enhanced when ribociclib was combined with progesterone and/or mitotane. The effect of ribociclib on cell-cycle progression 
revealed a drug-induced cell accumulation in G2 phase. The positive relationship underlined by our results between ribociclib, progesterone, and 
mitotane strengthen the clinical potential of this combination.
Key Words:  ribociclib, progesterone, mitotane, adrenocortical carcinoma, CDK4/6-inhibitor
Abbreviations:  ACC, adrenocortical carcinoma; CSS, charcoal-stripped serum; DMSO, dimethyl sulfoxide; EDP-M, mitotane, etoposide, doxorubicin, and cis-
platin; Fa, fraction affected; IC50, half maximal inhibitory concentration; MTT, 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H-tetrazolium bromide

Adrenocortical carcinoma (ACC) is a rare endocrine neo-
plasia characterized by a poor prognosis, with clinical mani-
festations that are the consequence of either steroid excess 
or the tumor mass growing. Surgery is the mainstay of treat-
ment; unfortunately, about 50% of ACC patients are diag-
nosed at an advanced stage, and a consistent proportion of 
patients undergoing radical surgery are destined to develop 
metastases during follow-up. The 5-year survival of pa-
tients with metastatic ACC is less than 15%. Mitotane is 
the only drug approved for the treatment of advanced ACC 
until now. It is recommended either in an adjuvant setting 
or when managing advanced/metastatic disease (for extensive 
review, see (1, 2)). The standard systemic treatment for ad-
vanced/metastatic ACC patients not eligible for surgery is the 

combination of mitotane with etoposide, doxorubicin, and 
cisplatin (EDP-M regimen) (2, 3). Although some pathological 
responses have been observed (4), the efficacy of EDP-M is 
limited, and most initially responding patients are destined 
to relapse and die of disease (5). Other cytotoxic therapies, 
administered to patients with disease progression to EDP-M, 
did not show a remarkable activity (6-8). Moreover, despite 
intensive efforts, no effective targeted treatment is available 
for patients with advanced ACC (9), whereas immunotherapy 
with modern immune check point inhibitors has shown some 
promising results (10); however, strategies to overcome mech-
anisms of primary immune resistance of ACC should be 
implemented (11, 12). New treatment strategies are there-
fore needed. Molecular alteration that directly or indirectly 
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abnormally induces G1-S phase cell-cycle progression, such 
as proteins involved in the cell cycle or tyrosine kinase re-
ceptors cyclin-dependent kinases, represent one of the most 
promising drug targets in the management of ACC (13-15). 
Our group showed that the CDK4/6 inhibitor palbociclib 
significantly affects cell viability of both ACC cell lines and 
patient-derived primary cell cultures, providing preclinical 
evidence that CDK4/6 targeting agents could be effective in 
the ACC treatment (16). These results were confirmed by an-
other recently published in vitro study (15) When translated 
to clinic, however, CDK4-CDK6 inhibitors have limited value 
as antineoplastic agents in monotherapy (17, 18). Indeed, 
they offer greater promise when combined with other tar-
geted therapies (19). The third-generation CDK4/6 inhibitors 
palbociclib, ribociclib, and abemaciclib are approved in for 
managing advanced HR+, HER2- breast cancer in associ-
ation with endocrine therapies such as aromatase inhibitors 
or fulvestrant (20). Interestingly, we demonstrated that pro-
gesterone possesses both antisecretive and cytotoxic activity 
in ACC cells (21, 22).

Using 3 experimental cell models, in line with the ACC 
heterogeneity observed in clinic, we investigated the in vitro 
effects of the CDK4/6 inhibitor on ACC cells, focusing our 
attention on the combination setting. In particular, we inves-
tigated whether ribociclib exerted in vitro antineoplastic ac-
tivity, either alone or combined with progesterone, using 2 
different approaches for combination experiments. We also 
evaluated whether mitotane could be added to the combined 
therapy, performing ternary combinations. Finally, we evalu-
ated the effect of ribociclib on cell-cycle progression in our 
cell models.

Materials and Methods
ACC Cell Lines
Human ACC cell lines, namely NCI-H295R and MUC-1, 
were used. NCI-H295R cells were established from a se-
creting human ACC and represents the most widely used ex-
perimental cell model to study ACC in vitro (23), whereas 
MUC-1 cells were derived from a neck metastasis of an EDP-
M-treated patient (24). NCI-H295R cells were purchased 
from American Type Culture Collection (ATCC) and main-
tained in culture according to ATCC instructions. The MUC-1 
cell line was kindly provided by Dr. Hantel and cultured as 
indicated in Hantel et al (24). Media and supplements were 
purchased from Euroclone (Milano, Italy). Cell lines was 
periodically tested for mycoplasma and authenticated short 
tandem repeats profile by BMR Genomics srl (Padova, Italy).

Patient-derived Primary Culture
ACC115m primary cell culture was derived from a patient 
diagnosed with ACC who underwent surgical resection. 
In particular, cells were established from a lymph-node lo-
calization in a patient who experienced disease progression 
after the EDP-M. The project was approved by the Ethics 
Committee, and informed consent was received from each 
patient enrolled in the study. The primary ACC culture was 
obtained following the method described previously (25). To 
assess the adrenal origin, primary cell cultures were then char-
acterized, evaluating the steroidogenic factor 1 expression by 
quantitative RT-PCR, as described previously [26], and by 
immunofluorescence. The primary culture was also analyzed 
by BMR Genomics srl, and the stability of the short tandem 
repeats profile was confirmed every 5 passages.

Cell Viability and Cell Proliferation Assay
Cell viability was determined by 3-(4,5-dimethyl-2-thiazol)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) dye reduction 
assay, as previously described (25).

Drugs
Ribociclib succinate (ribociclib) was kindly given by Novartis 
Pharma S.p.A., dissolved in dimethyl sulfoxide (DMSO), 
and a stock solution of 18 mM was prepared, aliquoted, and 
stored at -80°C. Progesterone (Merk, Milano, Italy) was dis-
solved in DMSO in a stock solution of 100 mM, aliquoted, 
and stored at -20°C. Mitotane (Selleckchem Chemicals, DBA 
Italia, Segrate, Milano, Italy) was dissolved in DMSO in a 
stock solution of 180 mM, aliquoted, and stored at -80°C.

Single-drug Cell Treatment
NCI-H295R cells (30 000 cells/well), MUC-1, and ACC115m 
cells (20  000 cells/well) were seeded in 24-well plates and 
treated with increasing concentrations of ribociclib. The 
length of treatment was chosen relating to the doubling time 
calculation for each cell line, according to the ATCC method.

NCI-H295R cell lines and ACC115m primary culture 
were exposed to ribociclib (2.5-100 μM and 2.5-75 μM re-
spectively) for 4  days, whereas MUC-1 cells were exposed 
to ribociclib (2.5-100 μM) for 5 days. After the end of the 
treatment, cells were analyzed for cell viability and cell 
proliferation.

Binary and Ternary Drug Cell Treatment
Ribociclib and progesterone combination experiments were 
performed to evaluate their potential interaction on the via-
bility of NCI-H295R and MUC-1 cell lines and on ACC115m 

Table 1.  Oligonucleotide sequences

Gene Forward (5′ → 3′) Reverse (5′ → 3′)

CDK4 GCCTCGAGATGTATCCTGC AGTCAGCATTTCCAGCAGCA

CDK6 ATCTCTGGAGTGTTGGCTGC GGCAACATCTCTAGGCCAGTC

P107 ACGATTCTGCACTGTGGGAG GTCCCTGCACATTTCCTCCA

P130 CACCCCTCAGATCCAGCAG CGTGTAGCTTTCGCTCATGC

PgR CGCGCTCTACCCTGCACTC TGAATCCGGCCTCAGGTAGTT

SF1 CAGCCTGGATTTGAAGTTCC TTCGATGAGCAGGTTGTTGC

Rb CATCGAATCATGGAATCCCT GGAAGATTAAGAGGACAAGC

β-actin TCTTCCAGCCTTCCTTCCTG CAATGCCAGGGTACATGGTG
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primary cells. Before treatment, for steroid hormonal deple-
tion, the entire medium was switched to dextran-treated 
charcoal-stripped serum (CSS) containing medium (CSS 
medium). Cells were seeded as previously described. NCI-
H295R, MUC-1, and ACC115m cells were treated for 4, 5, 
and 4  days, respectively, with ribociclib (2.5-100  μM) and 
progesterone (3.75-150 μM) alone or in combination with a 
fixed ratio (ribociclib:progesterone = 1:1.5), as recommended 
for the most efficient data analysis according to the Chou and 
Talalay method (27). Cells were analyzed for cell viability 
using MTT. Data were then converted to fraction affected (Fa 
[range, 0-1], where Fa = 0, indicating 100% cell viability and 
Fa = 1, indicating 0% cell viability) and analyzed using the 
CompuSyn software (ComboSyn inc. Paramus, NJ, USA) to 
calculate the combination index. A combination index level 
< 0.9 is an indication of synergism, 09 to 1.1 an indication 
of additive effect, and > 1.1 is an indication of antagonism. 
A different approach to the binary combination experiment 
was also used in NCI-H295R and MUC-1 cells. Cells were 
treated with increasing concentrations of progesterone or 
ribociclib alone or combined with a fixed concentration of 
the other drug. Cells were analyzed for cell viability. For the 
ternary treatments, NCI-H295R cells were seeded as previ-
ously described and treated with 3 different concentrations 
(corresponding to 0.5 × half maximal inhibitory concentra-
tion [IC50], IC50, and 2  × IC50 values) of ribociclib, proges-
terone, and mitotane alone or in combination for 96 hours. 
Before treatment, the complete medium was switched to CSS 
medium. Cells were analyzed for cell viability.

Quantitative RT-PCR
Gene expression was evaluated by quantitative RT-PCR 
(ViiA7 Real-Time PCR System, Thermo-Fisher Scientific, 
Milan, Italy), using SYBR Green as fluorochrome, as described 
elsewhere (25). The sequences of sense and antisense oligo-
nucleotide primers are listed in Table 1. Differences in the 
cycle threshold values between the β-actin housekeeping gene 
and the studied genes were then calculated as an indicator of 
the amount of mRNA expressed. The Livak method was ap-
plied to analyze the relative changes in gene expression (28).

Measurement of Cell Apoptosis
The Pacific Blue Annexin V/ SYOX AADVanced apoptosis kit 
(Invitrogen) was applied to investigate ribociclib induced cell 
death. Cells (3 × 105 cells/well) were seeded in 6-well plates 
in complete medium; 24 hours later, cells were treated with 
ribociclib concentration corresponding to IC50-calculated 
values for 3 or 4  days. Cells were collected, washed with 
ice-cold PBS, resuspended in the binding buffer, and stained 
with Pacific Blue Annexin V/ SYOX AADVanced, according 
to the manufacturer instructions. Cells were then analyzed 

using MACSQuant10 cytometer (Miltenyi) using unlabeled 
cells as negative control. Quantification of apoptosis was de-
termined by FlowJo v10.6.2 software. Annexin V+/SYTOX- 
and Annexin V+/SYTOX+ cells were considered early- and 
late-phase apoptotic cells, according to the manufacturer 
instructions.

Cell-cycle Analysis
Flow cytometric cell-cycle analysis was performed as de-
scribed (29), with minor modifications. Briefly, untreated and 
ribociclib-treated NCI-H295R and MUC-1 cells were fixed, 
treated with Rnase A (12.5 μg/mL), stained with propidium 
iodide (40  μg/mL) (Sigma Aldrich Italia), and analyzed by 
flow cytometry using a MACS Quant Analyzer (Miltenyi 
Biotec GmbH) for cell-cycle status. Data were analyzed using 
FlowJo (TreeStar).

Table 2.  mRNA coding for CDK4, CDK6, Rb, P130, and P107 expression in ACC cells

Cells CDK4 CDK6 Rb P130 P107

NCI-H295R 4.30 ± 0.21 6.98 ± 0.04 ND 11.07 ± 0.11 7.86 ± 0.20

MUC-1 6.45 ± 0.12 7.89 ± 0.02 7.89 ± 0.12 9.78 ± 0.03 8.66 ± 0.11

ACC115m 3.50 ± 0.09 6.48 ± 0.05 8.69 ± 0.24 13.11 ± 0.20 12.07 ± 0.10

Results are presented as ΔCt (Ct of β-actin – Ct gene of interest) ± SD.
Abbreviations: ACC, adrenocortical carcinoma; Ct, cycle threshold; ND, no data.

Figure 1.  Cytotoxic effect of ribociclib in ACC cell models. (A) 
Concentration-response curve ribociclib-induced inhibition of cell viability 
of ACC cell models. NCI-H295R and MUC-1cells were treated with 
increasing concentrations of ribociclib (2.5-100 μM) for 4 and 5 days, 
respectively. ACC115m cells were treated with increasing concentrations 
of ribociclib (2.5-75 μM) for 4 days. (B) Effect of ribociclib on cell 
proliferation. NCI-H295R, MUC-1, and ACC115m cells were treated 
for 4, 5, and 4 days, respectively, with 3 concentrations of ribociclib. 
Cell viability was evaluated by MTT assay, whereas cell proliferation 
was assessed after cell count with trypan blue exclusion. Results are 
expressed as percent of viable cells vs untreated cells (Ctrl) ± SEM. 
*P < 0.0001; **P < 0.001; #P < 0.01; §P < 0.05.

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/163/2/bqab248/6455501 by U

niversità degli Studi di Brescia user on 11 January 2022



4 Endocrinology, 2022, Vol. 163, No. 2

Statistical Analysis
Statistical analysis was carried out using GraphPad 
Prism software (version 5.02, GraphPad Software, La 
Jolla, CA, USA). One-way ANOVA with Bonferroni cor-
rection was used for multiple comparisons. Where ap-
propriate, the unpaired t test was used. Unless otherwise 
specified, data are expressed as mean ± SEM of at least 
3 experiments run in triplicate. P values  <  0.05 were 
considered statistically significant. Cytotoxicity experi-
ments were carried out at least 3 times, each point run 
in triplicate.

Results
Ribociclib Target Expression
The genes expression of the ribociclib molecular targets 
CDK4 and CDK6 were evaluated in the ACC cell lines and 
in the primary cell culture. CDK genes were abundantly ex-
pressed in each cell model; this finding is consistent with our 
previous published results (16), which are listed in Table 2.

Ribociclib-induced Cytotoxicity in ACC Cell Models
Exposure of NCI-H295R cells to increasing concen-
trations of ribociclib (2.5-100  μM) for 4  days led to a 

Figure 2.  Representative images of cell apoptosis in ACC cells after 72 hours’ treatment with ribociclib. Alive cells are shown in the lower left part of 
the panel (Q4); early apoptotic cells are shown in the lower right part of the panel (Q3); late apoptotic cells are shown in the upper right part of the panel 
(Q2); necrotic cells are shown in the upper left part of the panel (Q1).
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concentration-dependent reduction of cell viability. Sigmoidal 
concentration-response function was applied to calculate 
the IC50 value of ribociclib, which was 21.60 μM (95% CI, 
18.63-25.04). The highest concentration tested of 100  μM 
left about 2% of viable cells, indicating the high ribociclib 
efficacy in this cell line (Fig. 1A). Ribociclib also reduced the 
cell proliferation rate of NCI-H295R cells, as shown in Fig. 
1B. The metastasis-derived cell line MUC-1 was found to be 
responsive to ribociclib (2.5-100 μM); indeed, after 5 days’ 
exposure, a concentration-dependent decrease of cell viability 
was observed. The calculated IC50 value was 48.16 μM (95% 
CI, 39.64-50.13). In this cell line, ribociclib showed a de-
creased potency compared with NCI-H295R, with a similar 
efficacy (Fig. 1A). The effect on the cell proliferation rate was 
also evaluated and results reported in Fig. 1B demonstrate a 
ribociclib concentration-dependent reduction of cell number. 
We then investigated the effect of ribociclib in a patient-
derived primary cell culture, namely the ACC115m cells. 
The adrenal origin of these cells was assessed both at mRNA 
and protein levels (see Figure S1 (30)). When ACC115m cells 
were exposed to increasing concentration of ribociclib (2.5-
75 μM) for 4 days, a concentration-dependent decrease of cell 
viability was observed. The sigmoidal concentration-response 
function was applied to calculate the IC50 value, which was 
46.1  μM (95% CI, 44.56-47.64). In these primary cells, 
ribociclib induced an effect on cell viability similar to that 
observed in MUC-1 (Fig. 1A), according to the origin of both 
ACC cells from patients underwent progression after EDP-
M. The effect on cell proliferation was evaluated as well and 
demonstrated that ribociclib reduced the rate of ACC115m 
cell proliferation (Fig. 1B).

Ribociclib-induced Increase of Apoptotic Cells
To investigate the mechanism of cell death induced by 
ribociclib in our experimental models, we performed a 
double-staining assay as described in Methods in untreated 
and ribociclib-treated cells. Results are reported in Fig. 2. The 
exposure of both cell lines and primary cells to a concentra-
tion of ribociclib corresponding to the calculated IC50 values 
for 3 days induced an increase in apoptotic cells (NCI-H295R 
apoptotic cells: untreated cells, 12.0%  ±  1.0%; ribociclib-
treated cells, 31.0%  ±  4.0%; P  <  0.05. MUC-1 apoptotic 
cells: untreated cells, 4.5%  ±  0.5%; ribociclib-treated cells, 
87.5% ± 7.5%; P < 0.01. ACC115m apoptotic cells: untreated 
cells, 19.0% ± 1.0%; ribociclib-treated cells, 83.5% ± 1.5%; 
P < 0.001). The analysis was performed after 4 days of treat-
ment, and results confirm the observed trend (not shown).

Effect of Ribociclib on Cell Cycle
Ribociclib is known to interfere with the cell-cycle progres-
sion (31). The gene expression of proteins belonging to the 
pRb protein family was first evaluated in our ACC experi-
mental cell models. Results reported in Table 2 are consistent 
with our previous published results (16). To evaluate the ef-
fect of ribociclib treatment on the distribution of NCI-H295R 
and MUC-1 cells in the cell cycle, we performed preliminary 
time-course evaluation of cell-cycle distribution to define the 
best treatment time for subsequent experiments (data not 
shown). Then, cells were treated with a concentration cor-
responding to the IC50 value of ribociclib for 3 days; the re-
sults reported in Fig. 3 indicate an increase of the percentage 
of cells in G1 phase in ACC115m primary cells (cells in G1 
phase: untreated cells, 60.8%  ±  3.0%; ribociclib-treated 

cells, 75.5% ± 1.9%; P < 0.01), whereas an increase in G2 
phase was observed in both NCI-H295R (cells in G2 phase: 
untreated cells, 26.0%  ±  2.0%; ribociclib-treated cells, 
35.1%  ±  0.9%; P  <  0.05) and MUC-1 (cells in G2 phase: 
untreated cells, 23.6%  ±  1.4%; ribociclib-treated cells, 
44.3% ± 3.0%; P < 0.01) cell lines.

Progesterone Enhanced the Ribociclib Effect in ACC 
Cell Models
We have already demonstrated the cytotoxic effect of 
increasing concentrations of progesterone in NCI-H295R 
cells (22) and in MUC-1 cells (32), with differences in potency 
and efficacy. Binary combination experiments were then per-
formed, drawing the concentration-response curves according 
to the Chou-Talalay method: NCI-H295R and MUC-1 were 
treated with ribociclib and progesterone alone or in combin-
ation. Cells were exposed to a drug fixed ratio (ribociclib: 
progesterone = 1:1.5). Concentration-response curves of com-
bination experiments are reported in Fig. 4A and in Fig. 4C. 
Data on cell viability were converted in FA and the combination 
index was calculated with the CompuSyn Software. Figure 4B 
and in Fig. 4D show the semilogarithmic-combination index 
plots. When values of Log(combination index) > 0, the effect 
is antagonistic; when Log(combination index) = 0 and < 0, 
the effect is additive and synergic, respectively. The results in-
dicate that, on average, ribociclib and progesterone have an 
additive relationship in both ACC cell lines. Finally, we evalu-
ated the ribociclib/progesterone combination cytotoxic effect 
also in the primary cell culture, namely the ACC115m cells, 
which showed a response to the cytotoxic effect of proges-
terone superimposable to that observed in MUC-1 cells (32). 
Cells were indeed treated with ribociclib and progesterone 
alone or in combination with a fixed ratio of concentrations 
(ribociclib:progesterone  =  1:1.5). Concentration-response 
curves of combination experiments are reported in Fig. 4E. 

Figure 3.  Cell-cycle analysis after ribociclib treatment. DNA histograms. 
(A) NCI-H295R untreated cells and 3-day ribociclib-treated cells. (B) 
MUC-1 untreated cells and 3-day ribociclib-treated cells. (C) ACC115m 
untreated cells and 3-day ribociclib-treated cells.
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As reported in Fig. 4F, the results of the combination index 
plot indicate in these cells a moderate additive effect also. To 
investigate whether low concentrations of ribociclib could 
still positively influence the response of these cells to proges-
terone, our ACC cell models were treated with increasing con-
centrations of progesterone alone or combined with a fixed 
dose of ribociclib. The ribociclib cytotoxic IC15 was chosen 
for each cell lines (NCI-H295R = 10 μM; MUC-1 = 30 μM; 

ACC115m = 40 µM). Results are reported in Fig. 5. The effect 
in NCI-H295R cells did not differ between the single drug 
or the combination (Fig. 5A), whereas, in MUC-1 cells and 
in ACC115m cells, the combination of increasing concentra-
tions of progesterone with a low concentration of ribociclib 
induced an increase in the potency of progesterone (Fig. 5B 
and Fig. 5C). Indeed, the IC50 values of the combination were 
45.77 μM (95% CI, 34.99-59.87 μM) and 29.60 µM (95% 

Figure 4.  Effect of the ribociclib/progesterone combination on ACC cell models viability. Cells were exposed to increasing concentrations of ribociclib 
and progesterone alone or in combination at fixed concentration ribociclib:progesterone = 1:1.5 molar ratio. Cell viability was measured by MTT. 
Concentration-response curves in (A) NCI-H295R cells, (C) MUC-1 cells, and (E) ACC115m cells. Results are expressed as percent of viable cells vs 
untreated cells (Ctrl) ± SEM. (B, D, F) Combination index plot in NCI-H295R, MUC-1, and ACC115m cells, respectively. Dose and effect data obtained 
were converted to Fa values and analyzed with CompuSyn software. *P < 0.0001; **P < 0.001; #P < 0.01.
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CI, 26.67-32.73) in MUC-1 and ACC115m, respectively. 
They were significantly (P  <  0.01 for both cell models) re-
duced compared with the IC50 values of progesterone alone, 
which were 67.58 μM (95% CI, 63.44-71.98) and 59.52 µM 
(95% CI, 51.06-69.39) for MUC-1 and ACC115m, respect-
ively, in line with our previous results (31).

Effect of Ternary Combination of Ribociclib, 
Progesterone, and Mitotane on NCI-H295R Cell 
Viability
The effect of mitotane on NCI-H295R cells is well docu-
mented (22, 33). Here, the response of MUC-1 cells and of 
ACC115m cells to mitotane treatment (see Figure S2 (30)) 
was evaluated. MUC-1 cells were responding to mitotane in 
a high range of concentrations, and our results are in line 
with published literature (34). According to the origin of this 
primary culture, derived from a patient who underwent pro-
gression on mitotane, ACC115m cells were responsive to high 
concentrations of mitotane. Considering the different sensi-
tivity of the ACC cell models to the drugs, all of them were 
used to evaluate the effect on the viability of the ternary treat-
ment. The reduction of cell viability is reported in Fig. 6. In 
each ACC cell model, the effect of the combination was more 
evident for values corresponding to 0.5 × IC50 and 1 × IC50, 
where a greater and statistically significant reduction in the 
cell viability in the combined treatment compared with indi-
vidual treatments was observed.

Discussion
In this study, we evaluated the effect of the CDK4/6 in-
hibitor ribociclib in preclinical models of ACC, with a 

particular focus on a combined setting. The pharmacokin-
etic properties of ribociclib indicated a long half-life and a 
rapid absorption not influenced by fed state (35). To date, 3 
CDK4/6 inhibitors are available for clinical use: palbociclib, 
ribociclib, and abemaciclib. Although all of them target 
CDK4 and CDK6, differences have been reported in terms 
of pharmacodynamic, pharmacokinetic, and toxicological 
characteristics (20, 35). Ribociclib induced a cytotoxic ef-
fect and a reduction in cell proliferation in all our ACC 
cell models. NCI-H295R cells, which derived from a primi-
tive tumor (23) seems to be more sensitive to ribociclib 
effect compared with the metastatic models, MUC-1 cell 
line, and ACC115m primary cell that are responsive both 
in terms of cytotoxicity and cell proliferation, however. In 
particular, results reported here demonstrate that ribociclib 
was cytotoxic in in vitro experimental cell models of ACC, 
with an IC50 within the micromolar concentrations. Plasma 
concentrations of ribociclib measured in clinical studies 
were generally lower than the concentrations used in the 
present work (36, 37), but based on LogP (38), volume of 
distribution (39), and results of ribociclib measurement in 
the tumor mass (37), it could be hypothesized that the in 
vitro concentrations used for cell treatments could be con-
sistent with amount of drug expected in the adrenal gland. 
Unfortunately, no data are available in adrenal glands; how-
ever, according to the lipophilic characteristic of the adrenal 
tissue, an accumulation in this region could occur. We are 
aware that this point needs to be evaluated in a clinical 
study that includes pharmacokinetics. Ribociclib interferes 
with the cell-cycle progression, causing its arrest. According 
to this mechanism of action, ribociclib is known to induce 
apoptosis in different cellular models (40, 41). Our results 

Figure 5.  Progesterone alone or combined with a fixed dose of ribociclib ACC cell models. (A) Concentration-response curve in NCI-H295R cells. 
Cells were treated with increasing concentrations of progesterone alone or combined with 10 μM of ribociclib for 4 days. (B) Concentration-response 
curve in MUC-1 cells. Cells were treated with increasing concentrations of progesterone alone or combined with 30 μM of ribociclib for 5 days. (C) 
Concentration-response curve in ACC115m cells. Cells were treated with increasing concentration of progesterone alone or combined with 40 μM of 
ribociclib for 4 days. Cell viability was evaluated by MTT. Results are expressed as percent of viable cells vs untreated cells (Ctrl) ± SEM. *P < 0.0001.
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indicate that ribociclib treatment increases the number of 
apoptotic cells relative to control cells. Furthermore, we 
also observed an increase in necrotic cells in NCI-H295R 
after treatment. Taken together, these results suggest that 
ribociclib causes cell death, mainly with an apoptotic mech-
anism in our cells, and reflect the relevant effect induced by 
ribociclib on ACC cells viability and proliferation.

Subsequently, to evaluate the effect of ribociclib treat-
ment on the cell-cycle progression in ACC cells, we analyzed 
the cell-cycle distribution. We observed an accumulation 
of cells in the G2 phase both in NCI-H295R and MUC-1 
cells, and an accumulation of cells in the G1 phase was re-
ported in ACC115m primary cells. Although ribociclib is 
a CDK4/6 inhibitor and its role in the G1 phase arrest is 
well described (42), our observations on the 2 cell lines are 

in line with published literature describing a G2 arrest re-
sulting from ribociclib treatment in germinal cell tumor 
cell lines, where it is shown that in these cell models, the 
predicted G1 arrest after ribociclib treatment was bypassed 
and the cell cycle stopped at the G2 or M phases (43). The 
different effects on cell-cycle progression in our ACC cells 
induced by ribociclib exposure could be explained by the 
possible differences in the molecular setting of each cell 
model, in particular at the level of protein related to cell-
cycle progression. The investigation of the exact molecular 
mechanism by which this occurs is beyond the scope of this 
work and it is now matter of investigation in our labora-
tory. Results of different combined treatment schemes with 
ribociclib plus progesterone revealed a positive interaction 
between these 2 drugs, particularly in MUC-1 cells and 

Figure 6.  Effect of ribociclib, progesterone and mitotane on cell viability in ACC cell models. (A) NCI-H295R, (B) MUC-1, and (C) ACC115m cells 
were exposed to 3 concentrations of each drug, corresponding to 0.5×, 1×, and 2× IC50 values, alone or in ternary combination for 4, 5, and 4 days, 
respectively. Results are expressed as percent of viable cells vs untreated cells (Ctrl) ± SEM. *P < 0.0001; **P < 0.001; #P < 0.01; §P < 0.05.
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ACC115m cells. This aspect is even more interesting be-
cause MUC-1 cells derived from a heavily treated patient 
with a metastatic disease, in progression after EDP-M, as 
well as the ACC115m primary cell culture, gives strength 
to the possible clinical application of this combination. 
Interestingly, the advantage of using progesterone in a com-
bination therapy could be of considerable interest for its 
possible clinical application because progesterone and its 
derivatives are commonly administered in oncological pa-
tients for their anticachectic effect (44). Furthermore, the 
association of CDK inhibitors and endocrine therapy is a 
pharmacological approach already in use in the treatment 
of breast cancer (45, 46). Both CDK inhibitors and pro-
gesterone derivatives have been shown to have manageable 
safety profiles (44, 47). Also, results about the ternary com-
bination demonstrate a positive relation between ribociclib 
and the reference drug in ACC, mitotane. For this reason, 
evidence of a positive relationship between mitotane and a 
drug such as ribociclib could further strengthen the clinical 
potential of this combination.

Mitotane and ribociclib both interact with CYP3A4, 
causing opposite effects (48, 49); moreover, ribociclib is a 
substrate of this enzyme (36). The clinical outcome of this 
interaction is unknown, requiring a dedicated evaluation in 
a pharmacokinetic study, as already underlined. Although we 
are aware that our results on ribociclib and/or progesterone 
and/or mitotane in in vitro ACC cell models deserve to be 
deepened at a preclinical level that studies the possible intra-
cellular pathways involved in this effect, we believe that these 
models gave the bases to explore these different combinations 
in a clinical setting, with dedicated clinical trials.

Funding
This project was supported by Novartis Pharma A.G. (Basel, 
Switzerland) and by local grants from the University of 
Brescia. This project was also supported by the Uniscientia 
Foundation (Keyword Tumor Model) to C.H.

Disclosures
Part of these results has been presented at the 19th ENS@T 
Scientific Meeting 6 November 2020 online. A.A.  and 
M.T. are enrolled in the PhD Program in Precision Medicine, 
University of Brescia. The authors have nothing to disclose in 
relation to the topic of the manuscript.

Data Availability
Some or all data generated or analyzed during this study are 
included in this published article or in the data repositories 
listed in References.

References
	1.	 Berruti A, Grisanti S, Pulzer A, et al. Long-term outcomes of adjuvant 

mitotane therapy in patients with radically resected adrenocortical 
carcinoma. J Clin Endocrinol Metab. 2017;102(4):1358-1365.

	2.	 Fassnacht  M, Assie  G, Baudin  E, et  al.; ESMO Guidelines 
Committee. Electronic address: clinicalguidelines@esmo.org. 
Adrenocortical carcinomas and malignant phaeochromocytomas: 
ESMO-EURACAN Clinical Practice Guidelines for diagnosis, 
treatment and follow-up. Ann Oncol. 2020;31(11):1476-1490.

	3.	 Berruti A, Terzolo M, Sperone P, et al. Etoposide, doxorubicin and 
cisplatin plus mitotane in the treatment of advanced adrenocortical 
carcinoma: a large prospective phase II trial. Endocr Relat Cancer. 
2005;12(3):657-666.

	4.	 Laganà M, Grisanti S, Cosentini D, et al. Efficacy of the EDP-M 
scheme plus adjunctive surgery in the management of patients 
with advanced adrenocortical carcinoma: the Brescia experience. 
Cancers (Basel). 2020;12(4):941.

	5.	 Fassnacht M, Terzolo M, Allolio B, et al.; FIRM-ACT Study Group. 
Combination chemotherapy in advanced adrenocortical car-
cinoma. N Engl J Med. 2012;366(23):2189-2197.

	6.	 Henning  JEK, Deutschbein T, Altieri B, et  al. Gemcitabine-based 
chemotherapy in adrenocortical carcinoma: a multicenter study 
of efficacy and predictive factors. J Clin Endocrinol Metab. 
2017;102(11):4323-4332.

	7.	 Cosentini D, Badalamenti G, Grisanti S, et al. Activity and safety of 
temozolomide in advanced adrenocortical carcinoma patients. Eur 
J Endocrinol. 2019;181(6):681-689.

	8.	 Grisanti S, Cosentini D, Laganà M, et al. Clinical prognostic factors 
in patients with metastatic adrenocortical carcinoma treated with 
second line gemcitabine plus capecitabine chemotherapy. Front 
Endocrinol (Lausanne). 2021;12:624102.

	9.	 Grisanti S, Cosentini D, Laganà M, et al. Are we failing in treatment 
of adrenocortical carcinoma? Lights and shadows of molecular sig-
natures. Curr Opin Endocr Metab Res. 2019;8:80–87.

	10.	Grisanti  S, Cosentini D, Laganà M, et  al. The long and winding 
road to effective immunotherapy in patients with adrenocortical 
carcinoma. Future Oncol. 2020;16(36):3017-3020.

	11.	Cosentini  D, Grisanti  S, Dalla  Volta  A, et  al. Immunotherapy 
failure in adrenocortical cancer: where next? Endocr Connect. 
2018;7(12):E5-E8.

	12.	Fiorentini C, Grisanti  S, Cosentini D, et  al. Molecular drivers of 
potential immunotherapy failure in adrenocortical carcinoma. J 
Oncol. 2019;2019:6072863.

	13.	De Martino MC, Al Ghuzlan A, Aubert S, et al. Molecular screening 
for a personalized treatment approach in advanced adrenocortical 
cancer. J Clin Endocrinol Metab. 2013;98(10):4080-4088.

	14.	Ross  JS, Wang K, Rand  JV, et al. Next-generation sequencing of 
adrenocortical carcinoma reveals new routes to targeted therapies. 
J Clin Pathol. 2014;67(11):968-973.

	15.	Liang  R, Weigand  I, Lippert  J, et  al. Targeted gene expression 
profile reveals CDK4 as therapeutic target for selected patients 
with adrenocortical carcinoma. Front Endocrinol (Lausanne). 
2020;11:219.

	16.	Fiorentini  C, Fragni  M, Tiberio  GAM, et  al. Palbociclib inhibits 
proliferation of human adrenocortical tumor cells. Endocrine. 
2018;59(1):213-217.

	17.	Asghar U, Witkiewicz AK, Turner NC, Knudsen ES. The history 
and future of targeting cyclin-dependent kinases in cancer therapy. 
Nat Rev Drug Discov. 2015;14(2):130-146.

	18.	Walker  AJ, Wedam  S, Amiri-Kordestani  L, et  al. FDA approval 
of palbociclib in combination with fulvestrant for the treatment 
of hormone receptor-positive, HER2-negative metastatic breast 
cancer. Clin Cancer Res. 2016;22(20):4968-4972.

	19.	Sherr  CJ. A new cell-cycle target in cancer - inhibiting cy-
clin D-dependent kinases 4 and 6. N Engl J Med. 
2016;375(20):1920-1923.

	20.	Braal CL, Jongbloed EM, Wilting SM, Mathijssen RHJ, Koolen SLW, 
Jager  A. Inhibiting CDK4/6 in breast cancer with palbociclib, 
ribociclib, and abemaciclib: similarities and differences. Drugs. 
2021;81(3):317-331.

	21.	Fiorentini C, Fragni M, Perego P, et al. Antisecretive and antitumor 
activity of abiraterone acetate in human adrenocortical cancer: a pre-
clinical study. J Clin Endocrinol Metab. 2016;101(12):4594-4602.

	22.	Fragni M, Fiorentini C, Rossini E, et al. In vitro antitumor activity 
of progesterone in human adrenocortical carcinoma. Endocrine. 
2019;63(3):592-601.

	23.	Rainey WE, Saner K, Schimmer BP. Adrenocortical cell lines. Mol 
Cell Endocrinol. 2004;228(1-2):23-38.

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/163/2/bqab248/6455501 by U

niversità degli Studi di Brescia user on 11 January 2022



10 Endocrinology, 2022, Vol. 163, No. 2

	24.	Hantel  C, Shapiro  I, Poli  G, et  al. Targeting heterogeneity of 
adrenocortical carcinoma: evaluation and extension of preclin-
ical tumor models to improve clinical translation. Oncotarget. 
2016;7(48):79292-79304.

	25.	Abate A, Rossini E, Bonini SA, et al. Cytotoxic effect of trabectedin 
in human adrenocortical carcinoma cell lines and primary cells. 
Cancers (Basel). 2020;12(4):928.

	26.	Fragni M, Palma Lopez LP, Rossini E, et al. In vitro cytotoxicity 
of cabazitaxel in adrenocortical carcinoma cell lines and human 
adrenocortical carcinoma primary cell cultures✩. Mol Cell 
Endocrinol. 2019;498:110585.

	27.	Chou TC. Theoretical basis, experimental design, and computer-
ized simulation of synergism and antagonism in drug combination 
studies. Pharmacol Rev. 2006;58(3):621-681.

	28.	Livak KJ, Schmittgen TD. Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(-Delta Delta C(T)) 
Method. Methods. 2001;25(4):402-408.

	29.	Rossini E, Bosatta V, Abate A, et al. Cisplatin cytotoxicity in human 
testicular germ cell tumor cell lines is enhanced by the CDK4/6 in-
hibitor palbociclib. Clin Genitourin Cancer. 2021;19(4):316-324.

	30.	Abate  A, Rossini  E, Tamburello  M, et  al. Supplemental data of 
ribociclib cytotoxic activity alone or in combination with proges-
terone and/or mitotane in in vitro adrenocortical carcinoma cell 
models Figshare 2021. Deposited 5 September 2021 https://doi.
org/10.6084/m9.figshare.16571348.

	31.	Dickson  MA. Molecular pathways: CDK4 inhibitors for cancer 
therapy. Clin Cancer Res. 2014;20(13):3379-3383.

	32.	Rossini E, Tamburello M, Abate A, et al. Cytotoxic effect of pro-
gesterone, tamoxifen and their combination in experimental 
cell models of human adrenocortical cancer. Front Endocrinol 
(Lausanne). 2021;12:669426.

	33.	Lehmann TP, Wrzesiński T, Jagodziński PP. The effect of mitotane 
on viability, steroidogenesis and gene expression in NCI-H295R 
adrenocortical cells. Mol Med Rep. 2013;7(3):893-900.

	34.	Warde KM, Schoenmakers E, Ribes Martinez E, et al. Liver X re-
ceptor inhibition potentiates mitotane-induced adrenotoxicity in 
ACC. Endocr Relat Cancer. 2020;27(6):361-373.

	35.	Tripathy  D, Im  SA, Colleoni  M, et  al. Ribociclib plus endocrine 
therapy for premenopausal women with hormone-receptor-
positive, advanced breast cancer (MONALEESA-7): a randomised 
phase 3 trial. Lancet Oncol. 2018;19(7):904-915.

	36.	ProMED-mail website. Accessed 15 November 2021. www.
micromedexsolutions.com

	37.	Miller  TW, Traphagen  NA, Li  J, et  al. Tumor pharmaco-
kinetics and pharmacodynamics of the CDK4/6 inhibitor 

ribociclib in patients with recurrent glioblastoma. J Neurooncol. 
2019;144(3):563-572.

	38.	National Center for Biotechnology Information. PubChem 
Compound Summary for CID 44631912, Ribociclib. 2021. 
Retrieved November 15, 2021 from. ProMED-mail website. 
https://pubchem.ncbi.nlm.nih.gov/compound/Ribociclib.

	39.	Ji  Y, Abdelhady  AM, Samant  TS, Yang  S, Rodriguez  Lorenc  K. 
Evaluation of absolute oral bioavailability and bioequivalence 
of ribociclib, a cyclin-dependent kinase 4/6 inhibitor, in healthy 
subjects. Clin Pharmacol Drug Dev. 2020;9(7):855-866.

	40.	Xiong Y, Li T, Assani G, et al. Ribociclib, a selective cyclin D ki-
nase 4/6 inhibitor, inhibits proliferation and induces apoptosis of 
human cervical cancer in vitro and in vivo. Biomed Pharmacother. 
2019;112:108602.

	41.	Li T, Xiong Y, Wang Q, et al. Ribociclib (LEE011) suppresses cell 
proliferation and induces apoptosis of MDA-MB-231 by inhibiting 
CDK4/6-cyclin D-Rb-E2F pathway. Artif Cells Nanomed 
Biotechnol. 2019;47(1):4001-4011.

	42.	 Ingham  M, Schwartz  GK. Cell-cycle therapeutics come of age. J 
Clin Oncol. 2017;35(25):2949-2959.

	43.	Skowron  MA, Vermeulen  M, Winkelhausen  A, et  al. CDK4/6 
inhibition presents as a therapeutic option for paediatric and 
adult germ cell tumours and induces cell cycle arrest and apop-
tosis via canonical and non-canonical mechanisms. Br J Cancer. 
2020;123(3):378-391.

	44.	Ruiz  Garcia  V, López-Briz  E, Carbonell  Sanchis  R, 
Gonzalvez  Perales  JL, Bort-Marti  S. Megestrol acetate for treat-
ment of anorexia-cachexia syndrome. Cochrane Database Syst Rev. 
2013;2013(3):CD004310.

	45.	 Im SA, Lu YS, Bardia A, et al. Overall survival with ribociclib plus en-
docrine therapy in breast cancer. N Engl J Med. 2019;381(4):307-316.

	46.	Boers  J, Venema  CM, de  Vries  EFJ, et  al. Molecular imaging to 
identify patients with metastatic breast cancer who benefit from 
endocrine treatment combined with cyclin-dependent kinase inhi-
bition. Eur J Cancer. 2020;126:11-20.

	47.	Kwapisz  D. Cyclin-dependent kinase 4/6 inhibitors in breast 
cancer: palbociclib, ribociclib, and abemaciclib. Breast Cancer Res 
Treat. 2017;166(1):41-54.

	48.	Samant  TS, Huth  F, Umehara  K, et  al. Ribociclib drug-drug 
interactions: clinical evaluations and physiologically-based phar-
macokinetic modeling to guide drug labeling. Clin Pharmacol Ther. 
2020;108(3):575-585.

	49.	van  Erp  NP, Guchelaar  HJ, Ploeger  BA, Romijn  JA, Hartigh  Jd, 
Gelderblom H. Mitotane has a strong and a durable inducing effect 
on CYP3A4 activity. Eur J Endocrinol. 2011;164(4):621-626.

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/163/2/bqab248/6455501 by U

niversità degli Studi di Brescia user on 11 January 2022


	Materials and Methods
	ACC Cell Lines
	Patient-derived Primary Culture
	Cell Viability and Cell Proliferation Assay
	Drugs
	Single-drug Cell Treatment
	Binary and Ternary Drug Cell Treatment
	Quantitative RT-PCR
	Measurement of Cell Apoptosis
	Cell-cycle Analysis
	Statistical Analysis

	Results
	Ribociclib Target Expression
	Ribociclib-induced Cytotoxicity in ACC Cell Models
	Ribociclib-induced Increase of Apoptotic Cells
	Effect of Ribociclib on Cell Cycle
	Progesterone Enhanced the Ribociclib Effect in ACC Cell Models
	Effect of Ternary Combination of Ribociclib, Progesterone, and Mitotane on NCI-H295R Cell Viability

	Discussion

