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Editorial on the Research Topic

Inhibitors of CDK family: New perspective and rationale for drug
combination in preclinical model of solid tumors
The CDK family includes enzymes involved in cell cycle progression and

transcriptional regulation. CDK catalytic activity is strictly dependent on cyclin binding.

Although various CDKs and cyclins have been identified, specific CDK-cyclin complexes

are mandatory to control cell cycle progression, i.e., through the G1, S, G2, and M phases.

Thus, CDK family activity can be modulated by cyclin partners and cyclin-dependent

kinase inhibitors (CKIs).

The activity of CDK4/6 is mainly addressed to the tumor suppressor protein retinoblastoma

(Rb) that causes the inactivation of Rb activity through hyperphosphorylation and the

subsequent progression of the cell cycle from the G1 to the S phase. In detail, the cyclin D-

CDK4/6 kinase complex phosphorylates Rb, thus removing the control on the E2F

transcription factor, allowing the transcription of genes critical for DNA replication and cell

cycle progression from the G1 to the S-phase. On the contrary, in its non-phosphorylated state,

Rb binds the E2F transcription factor, actively suppressing the G1-S progression.

A high level of Rb protein phosphorylation has been detected in several tumors and

associated to the high expression of the cyclinD-CDK4/6 complexes. Thus, targeting these

complexes is an attractive strategy to fight cancers. This strategy is currently approved for

the treatment of estrogen receptor (ER)-positive, human epidermal growth factor receptor

(Her) 2-negative breast cancer in combination with the aromatase inhibitor letrozole.

Furthermore, several experimental data suggest the opportunity to extend the therapeutic

strategy to other solid tumors. Moreover, encouraging results have shown that other

members of the CDK family could be an attractive target to fight different tumors.

The Research Topic titled “Inhibitors of CDK family: New Perspective and Rationale for

Drug Combination in Preclinical Models of Solid Tumors” focuses on the recent progress

made with the aim of improving the efficacy of cyclin–CDK complex inhibitors. The Special

Issue published nine articles, consisting of seven original articles and two review articles.
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The paper by Digiacomo et al. described the efficacy of

combining the CDK4/6 inhibitors abemaciclib or palbociclib with

the antiangiogenic factor lenvatinib in a panel of human HCC cell

lines. The simultaneous combination presented a significant

antiproliferative effect compared to single therapy and different

schedules of treatment. Growth inhibition was associated with a

marked c-myc downregulation and a shutdown of the main

intracellular signaling pathways. Moreover, the planned combo

therapy was responsible for the irreversible inhibition of tumor

growth due to the acquisition of a senescent phenotype.

Chilà et al. analyzed the role of CDK12, a member of the CDK

family, involved in the phosphorylation and activation of the RNA

polymerase II, the most important enzyme regulating the

transcriptional process in eukaryotic cells. CDK12 is mainly

inactivated in ovarian cancer, but, to date, the precise contribution

of CDK12 to tumor progression still needs to be clarified. By

generating stable CDK12 KO ovarian cancer cells, the authors

observed a significant shutdown of cell growth in both in vitro and

in vivo models, suggesting an oncogenic driver role of CDK12.

Moreover, DNA content and chromosome doubling was observed

in the absence of CDK12 over parental cells, suggesting an

involvement of CDK12 in the maintenance of genome integrity.

As the CDK family is composed of numerous protein kinases

involved in cell cycle regulation, the discovery and evaluation of

new agents targeting specific CDK family members is encouraged.

In this context, the paper proposed by (1) described the activity

of a new compound against the CDK1 inhibitor. This molecule is an

active metabolite of the antiparasitic drug nitazoxanide (NTZ) and

exhibited antiproliferative properties, with G2/M cell cycle arrest

and apoptosis induction, on a panel of glioma cells.

Sun et al. proposed an attractive manuscript proving that high

CDK6 mRNA and protein levels predict poor prognosis in patients

with advanced bladder carcinoma (BLCA). Moreover, they proposed

that bladder cancer cells with high CDK6 protein levels display high

sensitivity to CDK4/6 inhibitors such as palbociclib and ribociclib.

Despite the interesting results, the authors suggested that it is still

arbitrary to use CDK6 mRNA as markers for patient selection. They

underlined the critical role of the tumor microenvironment and the

need to develop 3D cultures from tumor patients for precise

prediction of the sensitivity to CDK4/6 inhibitors.

Recently, the third-generation retinoid adapalene (ADA) has

been emerging as a potent anticancer agent, and using ADA in

combination with existing therapeutic regimens may improve its

effectiveness and minimize toxicities and drug resistance.

Two research articles focused on the role of ADA in prostate

and triple negative breast cancer (TNBC).

Nong et al. (2) observed that ADA suppressed the proliferation

of prostate cancer cells both in vitro and in vivo, with a reduction of

metastatic lesions at the bone marrow level.

Moreover, ADA triggered S-phase arrest in prostate cancer cells

by inhibiting CDK2, Cyclin A2, and Cyclin E1 and promoted

apoptotic cell death because of BAX upregulation.

The second research article assessed the anticancer efficacy of

ADA as a combination strategy with the PI3K inhibitor (GDC-

0941) in in vitro TNBC models. This combination exerted a

synergistic effect in term of inhibition of cell proliferation,
Frontiers in Oncology 02566
inducing apoptosis, suggesting that this therapeutic option could

be valuable for patients with TNBC.

Interestingly, the authors observed that CDK2 is the main target

of ADA. CDK2 is often overexpressed in breast tumors and plays a

key role in controlling cell cycle regulation, in particular the S-phase,

making CDK2 an attractive therapeutic target. Molecular docking

studies revealed that ADA binds with CDK2, inducing a significant

reduction of CDK2 protein levels, confirming that S-phase arrest is a

direct consequence of CDK2 abrogation by ADA treatment (3).

Recently, different immunomodulatory effects of CDK4/6

inhibition have been proposed, such as the increase of immune

cells in the tumor microenvironment, which strengthens the

antitumor immune response; these studies enforce the

modulatory role of CDK inhibitors toward immune cells.

As reported by (4), palbociclib resulted in reversibly inhibiting

the cell growth of human CD3+ T cells, with a consequent decrease

of the pro-inflammatory cytokines IFN-g and TNF-a, suggesting a

shut-down of T-cell killing activity. These results may have

consequences for the planning of treatment based on the

simultaneous combination of CDK4/6 inhibitors and T-cell-based

cancer immunotherapeutic strategies, and they suggest a

palbociclib-free period for an effective immunotherapy approach.

The employment of CDK inhibitors could be also expanded to

sarcoma patients. As reported in the review by Higuchi et al.,

palbocilcib addiction significantly reduced PDX growth in patients

with sarcomas from different origins. The regression of PDX is

achieved by addiction to different drugs, such as the multikinase

inhibitor sorafenib and the recombinant methioninase, suggesting

that the combination with palbociclib could be a promising

therapeutic option to improve sarcoma therapy in the clinic.

The study of cell cycle control in the sarcoma histotype will be

critical for the progress of combination treatment of CDK inhibitors

with targeted therapies or immunotherapeutic strategies. Emerging

data have confirmed the CDKN2A gene as the most altered gene in

bone sarcoma and soft tissue sarcoma patients, confirming the

biological value of p16INK4a-CDK4/6-pRb signaling in sarcomas.

At present, few phase I and II clinical trials are focusing on the

addiction to CDK inhibitors in sarcoma patients, and the majority

address CDK drugs in monotherapy.

Only three phase II clinical trials were based on the combination of

CDK compounds with other anticancer drugs (chemotherapy) or with

immune checkpoint inhibitors, the last one being the most promising

strategy, based on results from breast cancer patients treated with

letrozole, palbociclib, and pembrolizumab (Merlini et al.).
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Adapalene Inhibits Prostate Cancer
Cell Proliferation In Vitro and In Vivo by
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Aims: Prostate cancer is a well-known aggressive malignant tumor in men with a high
metastasis rate and poor prognosis. Adapalene (ADA) is a third-generation synthetic
retinoid with anticancer properties. We investigated the anti-tumor activity and molecular
mechanisms of ADA in the RM-1 prostate cancer cell line in vivo and in vitro.

Methods: The effects of ADA on cell proliferation were estimated using the CCK-8 and
colony formation assays. The wound-healing assay and the Transwell assay were
employed to examine the migratory capacity and invasiveness of the cells. Flow
cytometry was utilized to evaluate the cell cycle and apoptosis, and Western blotting
analysis was used to assess the expression of the associated proteins. Micro-CT,
histomorphological, and immunohistochemical staining were used to assess the effects
of ADA on bone tissue structure and tumor growth in a mouse model of prostate cancer
bone metastasis.

Result: ADA dramatically inhibited cell proliferation, migration, invasiveness, and induced
S-phase arrest and apoptosis. ADA also regulated the expression of S-phase associated
proteins and elevated the levels of DNA damage markers, p53, and p21 after ADA
treatment, suggesting that the anti-tumor effect of ADA manifests through the DNA
damage/p53 pathway. Furthermore, we observed that ADA could effectively inhibited
tumor growth and bone destruction in mice.

Conclusion: ADA inhibited prostate cancer cell proliferation, elicited apoptosis, and
arrested the cell cycle in the S-phase. ADA also slowed the rate of tumor growth and
bone destruction in vitro. Overall, our results suggest that ADA may be a potential
treatment against prostate cancer.
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INTRODUCTION

Approximately 1.41 million new cases and 37.5 million deaths
worldwide are estimated to be caused by prostate cancer, which
was the second most frequent cancer in 2020 and the fifth leading
cause of cancer-related deaths (Sung et al., 2021). Furthermore,
85–100% of patients who died from prostate cancer presented
bone metastasis (Carlin and Andriole, 2000). Prostate cancer is
often androgen-dependent and initially responds to hormone
therapy (Tang and Porter, 1997). Currently, the standard
treatments for prostate cancer include hormone therapy,
chemotherapy and radiotherapy (Cornford et al., 2017).
Unfortunately, these treatments are eventually difficult to
avoid androgen resistance and tumor metastasis (Gao et al.,
2015). Moreover, these forms of treatment not only cannot
inhibit tumor development and metastasis, but also are highly
toxic and drug resistance in normal tissues (Li et al., 2015).
Therefore, the search for safe, effective, and reliable treatments,
especially those targeting androgens remains a hot topic in the
field of prostate cancer research.

Adapalene, a synthetic derivative of retinoic acid, is a topical
retinoid that is often used clinically to treat various skin diseases
(Rusu et al., 2020). The pharmacological effects of ADA
including comedolytic activity, anti-inflammatory activity,
and anticancer activity have been studied widely (Millikan,
2010). In the field of anticancer research, one study found
that ADA exhibited greater anticancer effects through inhibit
CDK2 in colorectal cell lines (Shi et al., 2015). Retinoic acid as
an anticancer drug exerts differentiation-promoting activity,
which may be associated with intrinsic cytotoxic and pro-
apoptotic effects (Simoni and Tolomeo, 2001). As recently
reported, ADA inhibited the growth of ovarian cancer ES-2
cells by targeting glutamicoxaloacetic transaminase 1 (GOT1)
and induced apoptosis by regulating the Bax/Bcl-2 ratio in
hepatoma cells (Ocker et al., 2004; Wang et al., 2019). ADA
triggered cell cycle arrest in the G1 phase of colorectal cancer
cells and inhibited the proliferation of melanoma cells through
the arrest of the cell cycle in the S phase, and then inhibited
apoptosis by inducing DNA damage (Ocker et al., 2003; Li et al.,
2019). However, to date, there are no reports on the use of ADA
in the treatment of prostate cancer. Hence, we aimed to
investigate the anticancer effect of ADA in the prostate
cancer cell and provide a novel strategy for prostate cancer
treatment.

MATERIALS AND METHODS

Chemicals and Antibodies
Adpalene (ADA, 106685-40-9) was purchased from AbMole
Bioscience (Shanghai, China), Antibodies Cyclin-B1, CyclinD2,
CDK2, Rb, ATM, phosphorylated histone variant H2A.X at
serine139 (γ-H2A.X), p-CDK2 (Thr-160), and β-actin were
procured from CST (Cell Signaling Technology, Beverly, MA,
United States). Bax, Bcl-2, p53, p21 Waf1/Cip1(p21), Cyclin-A2,
Cyclin-E1, phosphorylated (p)-CDK2, p-Rb(Ser-795), and the
secondary antibody(goat anti-rabbit horseradish peroxidase-

conjugated IgG) were acquired from Beyotime Biotechnology
(Beijing, China).

Cell Lines and Cell Culture
The RM-1 cell line was purchased from the Shanghai Biochemical
Cell Institute of the Chinese Academy of Sciences. RM-1 cells
were cultured in DMEM (Gibco, United States) containing 10%
FBS (VWR, Australia), 100 U/ml penicillin, and 100 pg/ml
streptomycin (Gibco) at a temperature of 37°C, 5% CO2

concentration, and 95% humidified air. Cells were passaged
every 48–72 h using 0.25% trypsin containing 0.02% EDTA
(Solarbio, Beijing, China).

Proliferation-Cytotoxicity Assay
RM-1 cells were collected and suspended in DMEM at a
concentration of 2 × 104 cells/ml. The suspended cells were
subsequently seeded overnight in 96-well plates with each well
containing 100 μl medium and treated with increasing ADA
dosages (0–40 µM) and then incubated for 24 h or 48 h in a
humidified incubator at 37°C and 5% CO2. Next, 100 μl fresh
DMEM containing 10% CCK-8 reagent (Dojindo, Japan) was
added to each well and the cells were incubated at37 °C in the dark
for 30 min. The absorbance of each well was measured using a
microplate reader (Gen5; BioTek, United States) at a wavelength
of 450 nm.

Colony Formation Assay
RM-1 cells were collected and suspended at a concentration of
100 cells/ml. Then, the suspended cells were seeded in 6-well
culture plates at a volume of 2 ml per well overnight and treated
with (0, 1.25, 2.5, and 5 µM) ADA for 24 h. The cells were
cultured for an additional week after the replacement of fresh
DMEM. Next, the cells were fixed using 4% paraformaldehyde for
20 min and stained using 0.5% crystal violet solution at room
temperature for 10 min. Colonies containing more than 50 cells
were pictured and then quantified using the Image-J software.

Wound-Healing Assay
RM-1 cells were collected and suspended in DMEM at a
concentration of 3 × 105 cells/ml. Subsequently, the suspended
cells were plated in 6-well culture plates in a volume of 2 ml per
well and placed in an incubator until the cell density was 90% or
more. A sterile 100-µl plastic pipette tip was used to create a
wound. The cell debris was cleaned by washing with PBS and the
wounds were imaged using an inverted light microscope
(Olympus Corporation) with a digital camera (magnification
40X) at 0 h. Each well was added serum-free DMEM
containing different concentrations of ADA and were
incubated for 12 or 24 h. After washing the cells with PBS, 10
fields were randomly photographed using an inverted light
microscope. The areas of wound healing were analyzed using
the Image-J software.

Cell Invasion Experiments
Cell invasiveness was detected using an 8-µm Transwell assay.
Following treatment with different concentrations of ADA for
24 h, the cells were collected and then resuspended with serum-
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free DMEM, and adjusted to a concentration of 5 × 105 cells/ml.
The upper chamber was covered with the BDMatrigelTMmatrix
as per the protocols instructions. The Transwell inserts were
plated in a 24-well plate, and 600 µl of DMEM containing 20%
FBS was added to the lower chamber, a volume of 100 µl of the
cell suspension was introduced into the upper chamber. The
Transwell plate was placed in an incubator for 24 h, after which,
the medium was aspirated and a cotton swab was used to gently
wipe the cells on the upper surface of the chamber. The cells in
lower chamber were subsequently fixed with 4%
paraformaldehyde for 20 min at ambient temperature, and
then stained using 0.5% crystal violet solution for 10 min. The
cells were then washed thrice using PBS to remove the unbound
crystal violet. After drying, six visual fields were randomly
selected, imaged, and the cells were quantified using an
inverted light microscope.

Apoptosis Assay
Trypsin without EDTA was used to digest RM-1 cells, which were
then suspended at a concentration of 2 × 105 cells/ml. The
suspended cells were plated overnight into 6-well culture
plates (2 ml per well) and treated with the indicated doses of
ADA for 24 or 48 h, and cell morphology was observed. Next,
apoptosis was assessed using an Annexin V-APC Apoptosis
Detection Kit (Invitrogen, CA, United States); the cells were
collected, washed once in pre-cooled PBS, then once in 1X
binding buffer, resuspended, and incubated with Annexin
V-APC working solution for 15 min at ambient temperature.
The cells were then washed once in 1X binding buffer,
resuspended, and incubated with propidium iodide (PI)
working solution at ambient temperature for 10 min. After
incubation, the cells were stored at 2–8°C in the dark and
subjected to flow cytometry (Beckman Coulter, United States)
within 4 h.

Cell Cycle Analysis
The cell cycle was analyzed using a Cell Cycle Analysis Kit
(Beyotime Biotechnology, Beijing, China). Trypsin without
EDTA was used to digest the cells and suspend cells at the
concentration of 2 × 105 cells/ml. The suspended cells were
plated into 6-well culture plates at a volume of 2 ml per well
overnight and then treated using the specified doses of ADA for
12 or 24 h. The cells were then harvested and fixed in 70% ice-cold
ethanol at a temperature of 4°C overnight. The cells were then
washed using PBS and incubated with PI staining solution for
30 min at ambient temperature. Subsequently, the cells were
subjected to flow cytometry. The data obtained were evaluated
using the FlowJo V10 software to determine the cell cycle
progression.

Western Blotting
After treatment with ADA for 24 h, RM-1 cells were collected
and washed thrice with ice-cold PBS, and subsequently lysed
using RIPA lysis buffer on ice for 30 min. The total protein
concentration was then determined using the BCA assay kit
(Beyotime, China). Subsequently, 60 µg of protein was separated
on an 8–16% SDS-PAGE separation system at 100V. Proteins

were then transferred to a 0.22 μm PVDF membrane (Millipore,
Billerica, MA, United States). The PVDF membranes were
blocked using TBST comprising 5% BSA at ambient
temperature for 1 h and incubated with primary antibodies at
4°C overnight. Each antibody was diluted as per manufacturer
instructions. The PVDF membranes were washed three times
using TBST, 5 min each, and incubated with secondary
antibodies for 1 h at ambient temperature. Finally, the
intensity of the immunoreactive bands was detected using the
GE Amersham Imager 600 (General Electric, Boston, MA,
United States). The data were analyzed using the Image J and
SPSS software.

Animals and Experimental Groups
All mice (C57BL/6; Female; weighing 20–25 g; 8 weeks old)
were procured and maintained at the Laboratory Animal
Center of Guangxi Medical University. The mice were
reared in specified pathogen-free environments and
subjected to light/dark cycles of 12 h at 50–60% humidity at
22–26°C. The environment was disinfected and nursed as per
the standards of the Experimental Animal Ethics Committee of
Guangxi Medical University (China). To construct the bone
metastasis model, RM-1 cells were collected, and resuspended
in serum and adjusted to a concentration of 2 × 107 cells/mL.
The mice were weighed and anesthetized intraperitoneally
using 5% chloral hydrate at a dose of 400 mg/kg.
Subsequently, the skin of the left knee was prepared and
disinfected, at the anterior slope of the tibial plateau. A
1 ml syringe needle was used to rotate into the medullary
cavity along the long axis of the tibia and long axis of the tibia
and withdrawn. A 10 μl volume of RM-1 cells was injected
slowly into the medullary cavity formed using a 100 μl
microsyringe. After one week, if the volume of the tumor
increased to about 80–100 mm3, the mice were randomly
divided into groups (5 mice/group). Subsequently, the mice
received daily treatment with 0.5% carboxymethylcellulose
(CMC)-NaCl (Yuanye Biotechnology, China) containing
varying doses of ADA (15, 30, and 60 mg/kg) for 14 days
Shi et al., 2015. The tumor growth was monitored every
3 days. Subsequently, the mice were anesthetized and
sacrificed by cervical dislocation; the left leg tumors were
removed, weighed, measured, and scanned using a micro-
CT scanner, and subjected to histomorphological and
immunohistochemical staining, and images were captured
and analyzed using the Image J software. The tumor volume
was computed using the equation V � ab2/2 (a = longest axis; b
= shortest axis).

Osteolytic Lesions and Architecture Assay
Osteolytic lesions and architecture were determined using the
μCT system (SkyScan1072; Skyscan, Aartselaar, Belgium). Three-
dimensional reconstructions were constructed and evaluated
using the Skyscan NRecon and CTAn software (Bruker). For
tibial specimens, a square region of interest was delineated near
the bone growth plate for quantitative and qualitative analysis.
For each tibia specimen, the morphometric bone parameters of
trabecular spacing (Tb.Sp, mm), trabecular number (Tb.N, 1/
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mm), trabecular thickness (Tb.Th, mm), and bone volume to
tissue volume (BV/TV, %) were measured.

Histomorphology and
Immunohistochemical Analysis
The excised tumors were fixed in 4% paraformaldehyde, neutral
polyformaldehyde, paraffin-embedded, dewaxed, sliced and
subsequently stained using hematoxylin and eosin (H&E). The Ki-
67 Immunohistochemistry Detection System Kit (Yaji Biological,
Shanghai, China) was used to determine tumor cell proliferation in
tissues. Tumor segments were subjected to incubation using primary
antibody against Ki-67 at 4°C overnight. Subsequently, the tumor
segments were incubated in the presence of horseradish peroxidase-
conjugated secondary antibody for 30min at ambient temperature
and visualized using DAB Horseradish Peroxidase Chromogenic kit.
Images were captured using a Zeiss microscope.

Tumor Tissue Apoptosis Analysis
To detect whether ADA induced tumor apoptosis, TUNEL
staining was employed. The tumor segments were stained and
incubated to allow the TUNEL reaction as per the instructions
provided for the FITC-TUNEL cell apoptosis detection kit (Wuhan
Servicebio Technology, Hubei, China). With the aid of an upright
fluorescent microscope (Olympus BX53, Tokyo, Japan), the
TUNEL-stained segments were examined and photographed.
TUNEL-positive cells were quantified as a percentage of all cells
in tumor tissue specimens from different cohorts.

Statistical Analysis
All data were analyzed the SPSS software (v22.0; IBM Corp) and are
expressed as the mean ± SD of three replicates experiments. One-way
analysis of variance was used to demonstrate the differences among the
groups.Histogramsweredrawnandanalyzedusing theGraphPadPrism
7.0 software. p-value < 0.05 was considered statistically significant.

FIGURE 1 | ADA significantly suppressed the proliferation of RM-1 cells. (A) Molecular structure of ADA. (B,C) CCK8 assays were used to detect the effects of
varying ADA concentrations (0–40 μM) on the proliferation of RM-1 cells and evaluated by CCK8 assays. (D) Following treatment of ADA for 24 h, the morphology of RM-
1 cells was visualized and captured utilizing an invertedmicroscope (100×). (E) The long-term effects of ADA in RM-1 cells were detected by colony formation assays and
the colonies were stained by 0.5% crystal violet solution and manually counted. (F) ADA significantly inhibited colony formation in a dosage-dependent way. Data
are shown as mean ± standard deviation. (*p < 0.05; **p < 0.01; ***p < 0.001 vs. control)
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RESULT

Adapalene Inhibited the Proliferation of
RM-1cells
To evaluate the anticancer properties of ADA in prostate cancer,
RM-1 cells were treated with(0, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10,
20, and 40 μM) ADA for 24 and 48 h. CCK-8 assay of the treated
cells revealed that ADA suppressed the proliferation and viability
of RM-1 cells and that the inhibitory effect was proportional to the
treatment time and dose (Figures 1A–C). The half-maximal
inhibitory concentration (IC50) of ADA was approximately
8.23 μM for RM-1 cells at 24 h whereas 3.08 μM at 48 h.
Furthermore, RM-1 cells showed dramatic morphological
changes after treatment with ADA after 24 h—cell proliferation
was inhibited and the number of dead cells was increased in a dose-
dependent manner (Figure 1D). Colony formation assays were

performed to further assess if ADA showed anti-proliferative
effects on RM-1 cells in the long term. We found that ADA
significantly inhibited the colony-forming ability of RM-1 cells in a
dose-dependent manner (Figures 1E,F). These findings indicate
that ADA has an anti-proliferation effect on RM-1 cells.

Adapalene Suppressed the Migration and
Invasion of RM-1 Cells
The wound healing assay was used to determine the migration of
RM-1 cells. We found that ADA significantly suppressed the
migration ability of RM-1 cells and delayed wound healing time
and ratio of acreage in a dose-dependent manner (Figures 2A,B).
Furthermore, a Transwell assay was performed to determine the
invasiveness of RM-1 cells. We found that ADA at high doses
decreased the invasiveness of RM-1 cells (Figures 2C,D). Taken

FIGURE 2 | ADA suppressed the migration and invasion of RM-1 cells. (A,B) The healing effect and migration of RM-1 cells was determined using the scratch test.
After treatment with varying concentrations of ADA for 12 or 24 h, the degree of wound healing of the cells was measured (40×). (C,D) The ratio of invasion of RM-1 cells
was further determined using Transwell assay. After treating cells with varying ADA concentrations for 24 h, the proportion of invaded cells was stained and calculated
(200×), Data are articulated as mean ± standard deviation. (*p < 0.05, **p < 0.01,***p < 0.001 vs. control).
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together, these results indicated that ADA prevented further RM-
1 cells migration and invasion.

Adapalene Induced Dramatic S Phase
Arrest and Affected the S Phase-Related
Proteins in RM-1 Cells
After treatment with ADA (0, 1.25, 2.5, and 5 μM) for 12 or 24 h,
the percentage of cells in the S phase increased from 28.7% to
36.7%, 44.9%, and 61.2% in RM-1 cells after 12 h, respectively,

and the percentage of cells in S phase increased from 12.6% to
35.5%, 61.1%, and 70.9% after 24 h, respectively (Figures 3A,B).
associated proteins perform crucial functions in cell cycle
progression in many tumors. Thus, to further explore the
effects of ADA on the cell cycle, we assessed the expressions
of cell cycle-related proteins in RM-1 cells by Western blotting.
The results illustrated that ADA treatment considerably
suppressed the expression of CDK2, Cyclin A2, Cyclin B1,
Cyclin D2, Cyclin E1, Rb, and p-Rb in RM-1 cells at 24 h
(Figures 3C–F), leading to S phase arrest in RM-1 cells.

FIGURE 3 | Impacts of ADA on cell cycle distribution and expression of related proteins in RM-1 cells. RM-1 cells were treated using 1.25, 2.5, or 5 μM ADA for 12
or 24 h. (A) The proportion of cells in each cell cycle phase was evaluated utilizing flow cytometry. (B) Histograms showed quantitative data on the cell cycle distribution.
(C,D) The protein expression of CDK2, P-CDK2, Cyclin A2, Cyclin B1, Cyclin D2, Cyclin E1, Rb, and P-Rb were detected by western blotting and (E,F) Histograms
illustrated the expression of each protein, and β-actin acted as the loading control. The samples derive from the same experiment and that blots were processed in
parallel. Data are articulated as mean ± standard deviation. (*p < 0.05; **p < 0.01; ***p < 0.001 vs. control).
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Adapalene Induces Apoptosis in RM-1 Cells
After treatment with ADA (0, 1.25, 2.5, and 5 μM) for 24 or 48 h,
respectively, compared with the controls, the percentage of
apoptotic cells increased from 2.23% to 6.95%, 23.6%, and
38.3% in RM-1 cells after 24 h, 6.52% to 19.3%, 50.1%, and
72.3% after 48 h (Figures 4A,B). Furthermore, we detected Bax
and Bcl-2 activation by Western blotting analysis and found that
ADA treatment elevated Bax and suppressed Bcl-2 expression,
and upregulated the Bax/Bcl-2 ratio in RM-1 cells in a dose-
dependent manner (Figures 4C,D). Therefore, ADA promoted
apoptosis, which may be responsible for the antiproliferative
effect induced in RM-1 cells.

Adapalene Induced Cell Cycle Arrest by
Activating the DNA Damage/p53/p21
Pathway in RM-1 Cells
To assess the affect of ADA on cell DNA damage and repair, we
assessed the expression of DNA damage, DNA repair, and cell

cycle-related proteins byWestern blotting in RM-1 cells following
ADA treatment. The expression of γ-H2A.X, P-ATM, p53, and
p21 in ADA-treated RM-1 cells was dramatically elevated in a
dosage-dependent manner, and the expression of ATM, Cyclin
A2, Cyclin E1, and CDK2 was lowered in a dose-dependent
manner (Figures 5A–D). Above all, the findings illustrated that
ADA mediated its anticancer effects through the activation of the
DNA damage/p53/p21 pathway and inhibition of DNA repair
may be due to the arrest of the cell cycle in RM-1 cells.

Adapalene Inhibited Tumor Growth and
Inhibited Osteolytic Lesions in vivo
To confirm the anticancer effects of ADA in vivo, we used a
bone metastasis mouse model for further studies. The mice
were treated with varying doses of ADA (10, 30, and 60 mg/kg
in 0.5% CMC-NaCl) by oral gavage each day for 14 days; all
the mice survived till the end of the experiment. We found
that tumor volume and weight reduced in mice treated with 30

FIGURE 4 | ADA significantly induced apoptosis and regulated the expression of related proteins in RM-1 cells. RM-1 cells were treated with ADA (0, 1.25, 2.5, and
5 μM) for 24 or 48 h respectively. (A)Cell apoptosis was detected by Annexin V-APC/PI double staining. (B)Histograms showed the proportion of apoptosis cells by flow
cytometry. (C) Bax, Bcl-2, and P53 protein expression was evaluated utilizing western blotting after 24 h, and (D) histograms showed quantitative protein analyzes and
the Bax/Bcl-2 ratio β-actin acted as the loading control. The samples derive from the same experiment and that gels/blots were processed in parallel. Data are
articulated as mean ± standard deviation. (*p < 0.05; **p < 0.01; ***p < 0.001 vs. control).
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and 60 mg/kg than in control mice, while mice treated with
10 mg/kg ADA showed no considerable difference from the
control mice (Figures 6A,B). Areas of osteolytic lesions and
architecture were determined using a high-resolution micro-
CT scanner (Figure 6C). Morphometric parameters of the
osteolytic lesions, including trabecular separation (Tb.Sp,
mm), connectivity density (1/mm3), trabecular thickness
(Tb.Th, mm), trabecular number (Tb.N, 1/mm), and bone
volume/tissue volume (BV/TV,%), were measured. We found
that the microarchitectural bone parameters, namely, Tb.Th,
Tb.N, and BV/TV,% was greater in mice treated with high
doses of ADA(30 and 60 mg/kg) than in control mice, and the
associated reduction in Tb.Sp was also detected in mice
treated with high doses of ADA while no significant
difference from control mice was found in mice receiving
lower doses of ADA (Figure 6D). Furthermore, the tissue of
bone tumor metastases was stained with H&E (Figure 6E).
We found that in control mice, all trabecular bones were
destroyed and the growth plate and bone marrow cavity were
completely replaced by metastatic RM-1 cells. In contrast,
ADA-treated mice showed reduced colonization of metastatic
RM-1 prostate cancer cells and part of the trabecular bones
remained intact.

Adapalene Inhibited the Expression of Ki-67
and Promoted Apoptosis in Mice Bone
Metastasized With RM-1 Cells
The Ki-67 expression in tumor tissues was analyzed by
immunohistochemical staining (Figures 7A,B). The expression
of Ki-67 was greatly reduced in the tumor tissues of ADA-treated
mice than in control mice. Further, the tumor tissues were stained
by TUNEL staining (Figure 7C). The proportion of TUNEL-
positive cells was substantially elevated in ADA-treated mice than
in control mice (Figure 7D). Taken together, these findings
indicate that ADA significantly inhibited the growth of RM-1
xenografts in mice and induced apoptosis in a dose-dependent
manner in RM-1 prostate cancer cells.

DISCUSSION

Prostate cancer is the most malignant cancer of the male urinary
tract and often presents with bone invasion and metastasis. ADA
is a third-generation synthetic retinoid with anti-inflammatory
and anti-cancer activity. In this study, we assessed the impact of
ADA on the proliferation of the prostate cancer cell line RM-1.

FIGURE 5 | ADA triggered a significant DNA damage pathway/p53/p21 in RM-1 cells. RM-1 cells were treated with the specified dosages of ADA for 24 h. (A,B)
The protein expressions of γ-H2A.X, ATM, p-ATM, p53, p21, Cyclin A2, Cyclin E1, and CDK2 were analyzed by western blotting, and (C,D) histograms showed the
protein quantitative analyses, and β-actin acted as the loading control. The samples derive from the same experiment and that gels/blots were processed in parallel. Data
are articulated as mean ± standard deviation. (*p < 0.05; **p < 0.01; ***p < 0.001 vs. control).
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FIGURE 6 | ADA significantly suppressed tumor growth and osteolytic lesions in mice bone metastased with RM-1 cells. Bone metastasis mice were sacrificed
after treatment following treatment with increasing doses of ADA (15, 30, and 60 mg/kg) for 14 days. (A) Tumors were measured and photographed at the end of
treatment. (B) Analysis of tumor volume and weight. (C) The evaluation of osteolytic lesions and architecture were determined using a micro-CT scanner. (D) Statistical
analysis of bone parameters in osteolytic lesions, including trabecular separation (Tb.Sp, mm), connectivity density (1/mm3), trabecular thickness (Tb.Th, mm),
trabecular number (Tb.N, 1/mm), and bone volume/tissue volume (BV/TV,%). (E) Bone tumor tissues were detected using Hematoxylin and eosin staining (100×). Data
are articulated as mean ± standard deviation. (*p < 0.05; **p < 0.01; ***p < 0.001 vs. control).
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Almost all tumors present the same characteristic of
uncontrolled cell proliferation (Dick, 2008), and the
objective of anti-tumor therapy is to suppress tumor cell
proliferation and invasion and to promote tumor cell
apoptosis. To confirm the anti-proliferative effects of ADA
on RM-1 cells, CCK-8 analysis, colony formation, migration,
and invasion assays were performed in vitro. As expected, the
results of the CCK-8 analysis revealed that ADA suppressed
the growth of RM-1 cells in a dose- as well as time-dependent
manner. With time, ADA significantly inhibited the colony-
forming ability of RM-1 cells. In addition, ADA also decreased

the migration ability and invasiveness of RM-1 cells in a dose-
and time-dependent manner. In vivo experiments in an RM-1
cell bone metastasis mouse model revealed that ADA
effectively inhibited tumor size and weight. Furthermore, we
found that ADA inhibited Ki-67 expression in tumor tissue in
a dose-dependent manner. The morphometric analysis of
microarchitectural bone parameters and tumor tissue by
H&E staining revealed that ADA effectively inhibited bone
destruction in mice. Taken together, the in vivo and in vitro
studies indicated that ADA effectively inhibited the
proliferation of RM-1 cells.

FIGURE 7 | ADA inhibited the Ki-67 expression and promotes the apoptosis of RM-1 prostate cancer cells in tumor tissues. (A) The expression of Ki-67 was
analyzed by immunohistochemistry (IHC) staining (200×). (B) Histograms showing quantitative Ki-67 expression analyses. (C) The RM-1 cells were stained by TUNEL
staining (400×). (D) Histograms showing the quantitative percentage of TUNEL-positive cells. Data are presented as mean ± standard deviation. (*p < 0.05; **p < 0.01;
***p < 0.001 vs. control).
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According to several studies, ADA was involved in cell cycle
arrest by regulating cell cycle independent kinase (CDK). For
instance, ADA inhibits the melanoma cells proliferation by
arresting the S phase and subsequently inducing apoptosis
caused by DNA damage (Li et al., 2019). ADA has also been
shown to suppress the growth of colorectal cancer cells by
inhibiting the activity of CDK2 (Ocker et al., 2004; Shi et al.,
2015). CDK2 is a significant target for cancer therapy (Roskoski,
2019). CDK2 with its binding partners performs a critical
function throughout the cell cycle progression (Bertoli et al.,
2013). The CDK2 complexes with cyclin E or cyclin A and is
necessary for the initiation and progression of the S phase, and
the CDK1 complexes with cyclin A or cyclin B are essential for
cell mitosis (Malumbres and Barbacid, 2009). CDK2 can drive the
cell cycle into the S phase and initiate replication; CDK2 activity
increases with cell entry into the G2 phase and the S phase
(Spencer et al., 2013). During phase transition from G1- to S-
phase, the cyclin partners switch from cyclin E to CyclinA, and
the CyclinE-CDK2 and CyclinD1-CDK4 complexes are activated
sequentially and Rb is hyper-phosphorylated (Cobrinik, 2005;
Ditano et al., 2021). In this study, we investigated cell cycle
distribution by flow cytometry and found that ADA induced S
phase arrest in RM-1 cells after ADA treatment. We also assessed
the expression of cell cycle-related proteins in RM-1 cells and
found that ADA triggered S-phase arrest in RM-1 cells by
inhibiting CDK2, Cyclin A2, Cyclin E1, Rb, and P-Rb at 24 h.
During the transition from the G1- to S-phase, CDK2, Cyclin A2,
Cyclin E1, Rb, and P-Rb play a significant role. Therefore, the

reduced activity of CDK2/Cyclin A2 that drives entry into the G2
phase from the S-phase, and CDK2/Cyclin E1 and Cyclin A2
downregulation eventually caused the cell cycle arrest in the
S-phase.

In addition, we found that ADA induced S phase arrest while
promoting apoptosis in RM-1 cells. The percentage of cells
arrested in the S-phase increased 44.9% (12 h) and
70.9%(24 h) after treatment with ADA (5 μM), the percentage
of apoptotic cells only increased to 38.3% at 24 h but 72.3% at
48 h. The percentage of cell arrest increased at first, subsequently,
the percentage of apoptosis increased. Therefore, we postulated
that S-phase cell cycle arrest might be a reason for inducing
apoptosis after prolonged ADA treatment. ADA also induced up-
regulation of the expression of Bax/Bcl-2 as p53 expression
increased. Apoptosis is a process of cellular suicide, which
usually responds to growth hormone or cytokine exposure,
factor deprivation, and DNA damage (Sharma et al., 2012).
Some Bcl-2 family members including Bak and Bax are
activated by p53, while Bcl-2 is inhibited by p53 (Tang et al.,
2021). Previous studies have shown that ADA possesses anti-
proliferative and pro-apoptotic function in colon carcinoma and
hepatoma cell lines by increasing caspase-3 activity by increasing
Bax and reducing Bcl2 expression (Ocker et al., 2003; Ocker et al.,
2004). In addition, the p53/p21 complex modulates the invasion
as well as apoptosis of cancer cells by targeting Bcl-2 family
proteins (Kim et al., 2017). Herein, ADA significantly promoted
the expression of p53, and thereby promoted the Bax expression
and suppressed the Bcl-2 expression, positively regulating the

FIGURE 8 | Anticancer mechanism of ADA in RM-1 cells.
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alteration in the Bax/Bcl-2 ratio, leading to the induction of RM-1
cell apoptosis. Furthermore, TUNEL staining illustrated that the
proportion of TUNEL-positive cells was considerably elevated
after ADA treatment. Therefore, our study suggests that ADA
effectively inhibited proliferation and triggered apoptosis in RM-
1 cells.

The fate of cells is determined by the dynamic equilibrium
between DNA damage and repair. DNA is vulnerable to
environmental and dietary carcinogens, endogenous
metabolites, anti-inflammatory drugs, and genotoxic cancer
drugs (Roos et al., 2016). The induction of DNA damage
activates either interim checkpoints that facilitate the genetic
repair or nonreversible growth arrest that leads to cell necrosis
and apoptosis (Krüger et al., 2018). Thus, activation of
checkpoints encompasses a comprehensive response involving
sensors (ATM, CHK, BRCA, and RAD) and effectors (p53, p21,
CDK) (Pawlik and Keyomarsi, 2004; He et al., 2005;Wang, 2019).
As reports showed that the rapid phosphorylation of H2AX at
ser139 (a biomarker of DNA damage) was triggered by ATM in
the presence of DNA damage, which is necessary for recruiting
DNA-damage response proteins (Tanaka et al., 2006; Yuan et al.,
2010). We observed that the expression of P-ATM and γ-H2AX
increased significantly in RM-1 cells after ADA treatment,
indicating that DNA damage was induced. Consequently, the
continuous increase in DNA damage may have induced S-phase
arrest of the cell cycle and subsequent cell apoptosis.

P21 is encoded by the CDKN1A gene and has been identified
as a CDK regulator that participates in a variety of cell
functions, such as cell cycle progression, DNA damage, and
cell growth (Lee et al., 1998). As the main inhibitor of CDK2,
p21 can arrest the G1/S phase of the cell cycle and inhibit the
phosphorylation of retinoblastoma protein (Rb) (Cheng and
Scadden, 2002). Thus, p21 is also called CDK-interaction
protein (CIP1) or CDKN1A (p21) (Gartel and
Radhakrishnan, 2005). p53 tumor suppressor/transcription
factor regulates multiple cellular functions, including cell
growth, migration, invasion, apoptosis, and aging (Muller
et al., 2011). p21 inhibits the growth of tumors by targeting
p53, and interaction between p21 and proliferating cell nuclear
antigen maintains cell cycle arrest after DNA damage (Xiao
et al., 2020). In addition, elevated levels of p21 result in a delay
of S phase progression and cell mitosis (Moniaux et al., 2020).
We found that the levels of p53 and p21 gradually increased in
ADA-treated cells in a dose- and time-dependent manner. In
contrast, the expression of CDK2, Rb, and p-Rb, the
downstream molecules of p21, decreased gradually with the
increase in p21 expression, suggesting that ADA promoted the
expression of p21 through a p53-dependent pathway, which
may represent the mechanism of action of ADA in prostate
cancer treatment.

There are some deficiencies in our research. Although many
biological functions and behavior of RM-1 cells with prostate
cancer model are close to human cells (Li et al., 2021), our results
can not completely represent the effects of ADA in human
prostate cancer cells, and further research should be combined
with human prostate cancer cell experiments in the future.

In summary, our study showed that ADA inhibits prostate
cancer cell proliferation in vivo and in vitro. As shown in
Figure 8, DNA damage activated the ATM/p53/p21 signaling
and arrested cell cycle in the S-phase by suppressing CDK2 levels,
as well as induced apoptosis by regulating the Bax/Bcl-2 ratio. In
conclusion, ADA controls the growth and proliferation of
prostate cancer cells likely by inducing DNA damage.
Therefore, ADA may be a prospective therapeutic agent for
treating prostate cancer.
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Background: Infiltrating bladder urothelial carcinoma is the most common bladder
malignancy with limited therapeutic options and poor prognosis. Identifying new
therapeutic targets or strategies has important clinical significance. The data from public
sources indicate poor prognosis in urothelial carcinoma cases with high CDK6mRNA levels.
Furthermore, studies have shown that CDK6 expression is elevated in urothelial carcinoma
tissue compared to the surrounding urothelium, thus presenting a case for performing
CDK4/6 inhibitor targeted research in urothelial carcinoma. However, a phase II trial showed
that CDK4/6 inhibitors are not effective for advanced urothelial carcinoma, suggesting that
case screening is important for targeted therapy.

Objective: Immunohistochemistry (IHC) is simple and easy to perform and can be used to
screen urothelial carcinoma cases with high CDK6 expression in clinical practice. The aim of
this study was to determine the CDK6 expression threshold for positive cases.

Methods: We evaluated the correlation between the H-score of CDK6 protein expression
and survival or CDK6 mRNA level using RNA sequencing. The effects of different CDK4/6
inhibitors were tested on bladder carcinoma cell lines with different CDK6 expression levels.

Results: The H-score, which predicts poor prognosis and reflects a high CDK6 mRNA
level, was determined as the selection criterion for positive cases. Furthermore, we found
that urothelial carcinoma cell lines with higher CDK6 expression levels displayed greater
sensitivity to CDK4/6 inhibitors than cells with lower expression levels.

Conclusions: IHC staining for CDK6 protein in urothelial carcinoma is proposed as a
promising screening platform for CDK4/6 inhibitor targeted therapy.

Keywords: CDK6, urothelial carcinoma, CDK4/6 inhibitor, precision medicine, immunohistochemistry staining
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INTRODUCTION

Infiltrating urothelial carcinoma is the most common bladder
carcinoma (BLCA), with limited therapeutic options and poor
prognosis (1). Conventional BLCA is typically divided into low-
and high-grade lesions, depending on the architecture disorder,
nuclear pleomorphism, and pathological mitoses. High-grade
invasive BLCA presents remarkable diversity in morphological
features, such as a wide range of architectural patterns, variegated
cytological changes, and more aggressive behavior than low-
grade counterparts. Approximately one-fourth of high-grade
BLCA cases are accompanied by histological variants, such as
squamous, nested, or plasmacytoid differentiation (2). Although
several histological variants of BLCA are listed in the 2016World
Health Organization classification of urothelial tract tumors (3,
4), there remains controversial evidence on the influence of these
histological variants on the prognosis and response to BLCA
treatment because of the limited number of cases involved (2, 4).
Furthermore, an increasing number of molecular subtypes have
been defined in BLCA; basal and luminal subtypes are the most
stably accepted subtypes and display the upregulation of KRT5,
KRT6, or GATA3 genes, and it is well known that BLCA with
basal subtypes predicts worse prognosis (5).

Cell cycle progression is promoted by CDK6 through
interaction with D-type cyclins to phosphorylate the
retinoblastoma tumor suppressor and displays oncogenic
potency by kinase activity in several types of malignant tumors
(6–8). A study involving 31 urothelial carcinoma cases showed
higher CDK6 expression levels in the BLCA tissues than in
adjacent non-neoplastic tissues (9), suggesting that CDK6 could
be a potential therapeutic target for urothelial carcinoma. CDK4/
6 inhibitors have been approved by the US Food and Drug
Administration for the treatment of postmenopausal women
with advanced breast cancer (10) and have been involved in the
clinical trial of several solid tumors and lymphomas (11).
Research has shown that CDK4/6 inhibitors are active as a
novel therapeutic approach in vitro and in vivo in bladder
cancer cells (12). However, a phase II clinical trial showed that
the CDK4/6 inhibitor palbociclib does not demonstrate
meaningful activity in 12 selected patients with platinum-
refractory metastatic urothelial carcinoma (13). In this study,
cases with p16 loss and Rb intact immunophenotype were
included, CDK6 expression levels were ignored (13). Actually,
independent of kinase activity, CDK6 also demonstrate
transcriptional regulation activity in malignant tumor (14).
Thus, it is imperative to explore the relationship between
CDK6 expression and therapeutic options in BLCA.

We investigated the Cancer Genome Atlas (TCGA) and GEO
databases and found that high CDK6 transcriptional levels were
correlated with poor prognosis, and more frequently
accumulated in muscle-invasive bladder cancer (MIBC) than in
non-muscle-invasive bladder cancer (NMIBC) cases. Thus, it is
worthwhile to evaluate CDK6 gene expression in BLCA cases for
the potential application of CDK4/6 inhibitor target therapy. The
evaluation of mRNA levels is relatively more expensive and time-
consuming than immunohistochemistry (IHC) staining in
clinical practice (15, 16). Both increased cytoplasmic and
Frontiers in Oncology | www.frontiersin.org 2212222
nuclear distributions of CDK6 protein are observed in several
solid tumors by IHC method. In these studies, nuclear
distribution of CDK6 protein is more objectively evaluated
than cytoplasmic distribution to associate with unfavorable
prognosis (7, 9, 17). The goal of this study was to establish a
screening platform by IHC staining of CDK6 protein to predict
prognosis and potential opportunities for CDK4/6 inhibitor
treatment in BLCA.
MATERIALS AND METHODS

Study Design
Eighty-five patients diagnosed as primary BLCA by transurethral
resection or radical cystectomy or cystoprostatectomy from June
2010 to June 2014 at the China-Japan Union Hospital of Jilin
University (Changchun City, Jilin Province, People’s Republic of
China), were retrospectively selected for the study. Related
clinicopathological information was obtained by an investigator
blinded to the other results. Histological grading was briefly
classified as low-grade or high-grade. In situ cancer should
display a high-grade morphology. Cancer staging was performed
according to the American Joint Committee on Cancer 8th
Edition manual. Detailed clinicopathological descriptions of all
cases are presented in Table 1. Formalin-fixed and paraffin-
embedded (FFPE) specimens of 85 patients were used for IHC
studies, of which 22 fresh frozen tissue samples stored immediately
at −80°C in a tissue bank were used for RNA sequencing
experiments. This study was approved by the Institutional
Medical Ethics Review Board of the China-Japan Union
Hospital of Jilin University in compliance with the Declaration
of Helsinki. The reference number was 2021-KYLL-030003. All
patients gave informed written consent for the provision of a
tumor sample.

Analysis of GEO and TCGA Databases
The gene expression profile of GSE13507 was downloaded from
the GEO database (https://www.ncbi.nlm.nih.gov/). GSE13507
included 165 primary bladder cancer samples, of which 62 were
MIBC cases and 103 NMIBC cases. Another expression profile of
BLCA samples from the TCGA database was analyzed using
UALCAN-UAB (http://ualcan.path.uab.edu) (18). TCGA data
consisted of 406 cases, with most cases in the advanced stage (n =
403). Both GSE13507 and TCGA data had complete
corresponding clinical information. Comparison of CDK6
expression between MIBC and NMIBC was evaluated using
GSE13507. Comparison of CDK6 expression among advanced
stages and cancer-specific survival analysis was performed in
both GSE13507 and TCGA.

IHC Staining
The IHC assay was performed as previously described (19). The
monoclonal mouse anti-CDK6 antibody (1:200 dilution;
ab124821, Abcam, Cambridge, MA, USA) was used for
primary antibody incubation at 4°C overnight. A slide
incubated without the primary antibody was used as a negative
April 2022 | Volume 12 | Article 819003
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control. A secondary antibody was applied using the Elivision
Plus Kit (Dako, Glostrup, Denmark) according to the
manufacturer’s instructions.

IHC Evaluation
All staining slides were blindly and independently reviewed by
three pathologists for scoring CDK6 nuclear staining. The
staining intensity was scored as 0, 1 (weakly positive), 2
(moderately positive), and 3 (strongly positive). The percentage
of positive cells was scored as 0, 1 (< 5% positive), 2 (5%–50%),
and 3 (> 50%). The H-score was calculated as the product of the
multiplication of the percentage of area stained at each intensity
level multiplied by the weighted intensity (20). The H-scores
ranged from 0 to 300. The median H-score was 210.

RNA Sequencing
RNA sequencing was performed on total RNA extracted from
fresh frozen tissue samples of 22 BLCA cases. The RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, Santa Clara, CA, USA) was used to assess RNA
integrity. A total of 1 mg RNA per sample was used as the input
material for the RNA sample preparations. Clustering of the
index-coded samples was performed on a cBot Cluster
Generation System using TruSeq PE Cluster Kit v3-cBot-HS
(Illumina) according to the manufacturer’s instructions. After
cluster generation, the library preparations were sequenced on an
Illumina Novaseq platform and 150 bp paired-end reads were
generated. Normalized read count data and fragments per
kilobase of exon per million reads (FPKM) were used to
evaluate gene expression.
TABLE 1 | Clinical-pathological information of 85 bladder carcinoma (BLCA)
patients in this study.

Case No. Age Gender Surgery AJCC staging*

1 70 M RC II
2 48 M RC III
3 71 M TUR II
4 69 M RC IV
5 47 M RC IV
6 56 M RC IV
7 49 F TUR 0is
8 73 M TUR I
9 69 M TUR I
10 65 F TUR I
11 69 M RC III
12 64 F TUR IV
13 37 M TUR 0a
14 42 M TUR I
15 73 M TUR I
16 75 F TUR I
17 66 M RC II
18 56 F TUR 0is
19 62 M RC III
20 65 M TUR I
21 77 M TUR IV
22 86 F TUR II
23 60 M TUR I
24 78 M TUR IV
25 55 M TUR 0is
26 86 M TUR I
27 58 M TUR 0a
28 63 M TUR 0
29 76 M TUR 0
30 54 M TUR I
31 60 M TUR 0
32 53 M RC II
33 66 M TUR I
34 64 M TUR IV
35 70 M RC II
36 57 M TUR II
37 87 M TUR 0
38 54 M RC I
39 61 M RC III
40 54 F TUR 0
41 74 M RC III
42 69 M RC I
43 53 M TUR 0a
44 73 M RC I
45 53 M RC III
46 53 M TUR I
47 43 M TUR I
48 60 F TUR 0is
49 49 M TUR 0a
50 41 M TUR II
51 72 M TUR 0a
52 68 M TUR 0a
53 77 F TUR 0is
54 52 M RC III
55 70 F TUR I
56 70 M RC II
57 56 F TUR 0a
58 67 M RC III
59 65 M TUR II
60 84 M RC IV
61 63 M TUR I
62 59 M TUR I

(Continued)
TABLE 1 | Continued

Case No. Age Gender Surgery AJCC staging*

63 71 F TUR 0is
64 38 M TUR IV
65 64 M RC I
66 60 M TUR 0is
67 63 M TUR I
68 68 M RC IV
69 73 M TUR I
70 61 M TUR 0a
71 74 F TUR IV
72 57 M TUR I
73 85 M TUR I
74 72 M TUR I
75 48 M RC IV
76 67 M RC III
77 65 M RC III
78 51 M RC II
79 73 M RC IV
80 46 M RC IV
81 67 M RC II
82 55 M RC III
83 76 F RC IV
84 64 M RC I
85 64 M RC I
April 20
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RC, radical cystectomy or cystoprostatectomy; TUR, transurethral resection; *American
Joint Committee on Cancer (AJCC) 8th Edition.
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Cell Lines and Cell Culture
The T24 and 5637 cells (human bladder cancer cell lines) were
obtained from the American Type Culture Collection and grown
in RPMI 1640-medium supplemented with 10% fetal bovine
serum (Hyclone), 2 mM glutamine, and antibiotics (100 U/mL
penicillin and 100 mg/mL streptomycin) at 37°C in a humidified
5% CO2 atmosphere.

CDK4/6 Inhibitors and Proliferation
Inhibition Assay
To investigate the potential inhibitory effects of CDK4/6
inhibitor on T24 and 5637 cells, we tested the inhibitory effect
of two CDK4/6 inhibitors, ribociclib (Cat No: HY15777, MCE)
and palbociclib (Cat No: HY50767, MCE) on human bladder
carcinoma cells. The T24 or 5637 cells (1.5 × 104 cells per well)
were plated in a 96-well plate, and the cells were treated with
ribociclib or palbociclib alone at concentrations from 0 to 50 mM
for 72 h at 37°C. Cell proliferation was determined by an assay
using the Cell Counting Kit-8 (DojinDo, cat#:CK04) and
expressed as mean A450 value (absorbance value) ± standard
deviation (SD) of triplicate wells. GraphPad Prism software
version 8.3.0 (GraphPad, Inc., San Diego, CA, USA) was used
to calculate IC50 values and create a relative inhibition curve.
The experiments were independently repeated three times. The
mean IC50 value ± standard error of the mean (SEM) of three
independent experiments was used for statistical analysis.

Western Blotting
Cells were collected using radioimmunoprecipitation assay
buffer (Thermo Scientific, cat# 89901) supplemented with
protease inhibitors, phosphatase inhibitors, and PMSF, all of
which were purchased from Boster Biotech, China. Protein
concentrations were determined using the Pierce BCA Protein
Assay Kit (Thermo Scientific, cat# RD231228). The total proteins
were separated on a 10% sodium dodecyl sulphate-
polyacrylamide gel and then transferred to a nitrocellulose
membrane (AR0135-02, Boster, China). After blocking the
membrane in 5% (w/v) Difco Skimmed Milk (Biotopped,
China) for 2 h at 15–25°C, the membranes were incubated
with antibodies against CDK6 (ab124821, Abcam, Cambridge,
MA, USA) and tubulin (#2148, CST, USA) at a concentration of
1:5000 at 4°C overnight. The membranes were washed three
times with PBS/T and visualized using the LI-COR Odyssey
Detection Kit.

Follow-Up
The follow-up period of the patients was at least 6 years after the
initial pathological diagnosis of BLCA. Recurrence and BLCA-
specific survival were recorded for statistical analyses in this
study. Patients who died owing to causes other than BLCA
were excluded.

Statistical Analysis
A non-parametric test was performed to compare the distribution
of CDK6 expression between the NMIBC and MIBC groups. The
correlation between CDK6 expression and clinical-pathological
Frontiers in Oncology | www.frontiersin.org 4232424
features was determined by the Fisher’s exact test. The R project
(using “survminer” packages) was used to determine the optimal
cutoff value of CDK6 levels for prognostic and cancer-specific
survival analysis (21, 22). Log-rank (Mantel–Cox) and Gehan–
Breslow–Wilcoxon tests were applied to verify the survival analysis
results. Correlation analysis between the H-score and gene
expression designated either by gene counts or FPKM was
performed using Pearson correlation analysis. Statistical analysis
of cell proliferation was performed using the Student’s t-test.
Values of p < 0.05 were considered significant.
RESULTS

High CDK6 Transcriptional Level Is
Associated With Advanced Stage and
Poor Prognosis in BLCA Cases Obtained
From a Public Database
To observe the relationship between CDK6 expression and
cancer progression, we compared the transcriptional level of
CDK6 between MIBC (n = 62) and NMIBC (n = 103) in the
GSE13507 cohort (including 165 BLCA cases). As shown in
Figure 1A, there were significantly higher CDK6 levels in MIBC
than in NMIBC (p < 0.001). There were also no differences in the
CDK6 transcriptional level of the TCGA and GSE13507 cohorts
from stages II to IV (Figures 1B, C). Furthermore, the high-
CDK6 transcriptional cases in 93 (23%) out of 406 cases from the
TCGA database displayed worse prognosis than those in the low-
level group (n = 313) (p < 0.001, Figure 1D). Similarly, CDK6
transcriptional cases in 48 (29%) out of 165 cases also showed
worse prognosis than those in the low-level group (n = 117) in
the GSE13507 cohort (p < 0.05, Figure 1E). Based on these
results, we hypothesized that CDK6 was associated with cancer
progression from the NMIBC to MIBC stage and approximately
one-fourth of BLCA cases (23% in TCGA database and 29% in
GSE13507 cohort), displayed high CDK6 transcriptional levels
correlated with reduced survival. Thus, it is worthwhile to
detect transcriptional CDK6 levels to predict prognosis and
evaluate target therapy potential in BLCA cases. However,
mRNA detection is relatively expensive and complicated for
clinical practice; thus, it is important to develop a simplified
screening platform.

Correlation of CDK6 Expression and
Clinical-Pathological Features
in BLCA Cases
To simplify the validation of CDK6 expression in routine clinical
practice, FFPE tissues from 85 BLCA cases in the pathology
department of the China-Japan Union Hospital were used in this
study for IHC staining of CDK6 protein. Representative images
of negative and diffusely strong positive staining for CDK6 are
shown in Figure 2A. Although there were no significant
differences in the distribution of age, sex, histological grade,
and recurrence rate between groups with either high or low
CDK6 H-scores (p > 0.05, Table 2). The best cutoff value of
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H-score was calculated by R project (21, 22). The BLCA cases with
H-scores higher than 240 (n = 24) accounted for 28% (24/85),
which displayed increased metastasis potential (p < 0.0001,
Table 2) and worse prognosis (p < 0.0001, by both the log-
rank (Mantel–Cox) test and the Gehan–Breslow–Wilcoxon test;
Figure 2B) than those with H-scores less than or equal to 240
(n = 61). Cases with high CDK6 H-scores were accumulated
more in MIBC group (n = 38, including stage II to IV) than the
NMIBC group (n = 47, including stage 0 to I) (p < 0.0001,
Figure 2C). Furthermore, there was no difference in MIBC group
among the advanced stages (n=38, from stage II to IV, p > 0.05,
Figure 2D). These data suggest that CDK6 is involved in the
advance stages (from stage II to IV) of BLCA and meaningful to
be detected by IHC for evaluating prognosis and therapeutical
potential of CDK4/6 inhibitors in these populations.

Correlation Between Protein and mRNA
Levels of CDK6 Expression in BLCA Cases
To observe the consistency between protein and mRNA levels of
CDK6 in BLCA cases, we further conducted RNA sequencing on
22 cases and compared either gene counts or FPKM values to the
CDK6 H-score. As shown in Figures 3A, C, a moderate
correlation was observed (R = 0.46, p = 0.03 by H-score vs.
gene counts; R = 0.45, p = 0.03 by H-score vs. FPKM value).
Narrowing to cases with CDK6 scores higher than 240, there was
a strong correlation between IHC and RNA-sequencing methods
Frontiers in Oncology | www.frontiersin.org 5242525
(R = 0.94, p = 0.01 by IHC scores vs. gene counts; R = 0.9, p =
0.01 by IHC scores vs. FPKM value; Figures 3B, D), suggesting
that high CDK6 H-score level is consistent with high CDK6
mRNA levels in BLCA cases.

CDK6 Protein Level Was Correlated to
CDK4/6 Inhibitor Effect in BLCA Cell Lines
We selected two urothelial carcinoma cell lines, T24 and 5637,
with different CDK6 protein expression levels (Figure 4A), to
observe the inhibitory effect of CDK4/6 inhibitors. The T24 or
5637 cells were incubated for 72 h with the CDK4/6 inhibitors
ribociclib or palbociclib at a series of concentrations and the IC50
value of each drug on each cell line was calculated. Both ribociclib
and palbociclib significantly inhibited the proliferation of 5637
and T24 cells in a dose-dependent manner. As shown in
Figures 4B, C, mean IC50 value of ribociclib was 21.12 ± 0.36
mM for the 5637 cells and 5.88 ± 0.86 mM for the T24 cells
(p <0.001), andmean IC50 value of palbociclib was 28.44 ± 4.4 mM
for the 5637 cells and 1.16± 0.89 mM for the T24 cells (p = 0.001).
The IC50 of ribociclib in the 5637 cells was almost four times
higher than that in the T24 cells, and the IC50 of palbociclib in the
5637 cells was approximately 28 times higher than that in the T24
cells. The T24 cells displayed higher CDK6 protein expression
levels and more sensitivity to CDK4/6 inhibitors than those of the
5637 cells, suggesting that sensitivity to CDK4/6 inhibitors is
accompanied by CDK6 protein expression levels in BLCA.
A B C

D E

FIGURE 1 | CDK6 transcriptional level analysis in bladder carcinoma (BLCA) from GEO and TCGA database. Muscle-invasive bladder cancer (MIBC) group
displayed significantly higher CDK6 level than that in non-muscle-invasive bladder cancer (NMIBC) group (p<0.001) (A). There was no difference on the CDK6
transcriptional level through stage II to IV by analyzing both GSE13507 (B) and TCGA (C) cohorts (p>0.05). High CDK6 transcriptional cases in 93 (23%) out of 406
cases from TCGA database displayed worse prognosis than that in low level group (n=313) (p<0.001) (D). Similarly, CDK6 transcriptional cases in 48 (29%) out of
165 cases also showed worse prognosis than that in low level group (n=117) in GSE13507 cohort (p<0.05) (E).
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DISCUSSION

The IHC of CDK6 protein may be used for predicting prognosis
in BLCA cases, especially those with high-grade morphology. In
this study, we found that both high mRNA level and high H-
score of CDK6 protein correlated with poor prognosis in BLCA.
However, only 85 cases were evaluated for CDK6 protein IHC
staining. We should increase the number of cases, especially
cases in advanced stages to further validate the prediction effect
of IHC staining in the future. Furthermore, the basal phenotype
displayed worse prognosis than the luminal phenotype in BLCA
and Guo et al. developed a routine IHC staining of GATA3 and
KRT5/6 to designate basal and luminal molecular subtypes,
respectively, for routine clinical practice (5). This provides us
with a further research direction for identifying the relationship
between the CDK6 protein and molecular phenotype. As a next
step, we may observe the relationship between the expression of
CDK6 and GATA3 or KRT5/6 by IHC staining to determine
whether CDK6 gene expression is the signature of the
basal phenotype.

CDK4 and CDK6 are known as homologous enzyme in cell
cycle regulation. In this study, we observed the activity of CDK6
in urothelial carcinoma cases and defined about 28% (24/85)
CDK6 high expression cases with unknown CDK4 state. It will
be meaningful to explore CDK4 level in cases with either CDK6
high level or low level and evaluate the influence of CDK4
expression on the sensitivity to CDK4/6 inhibitors in BLCA in
the next step. Furthermore, since CDK6 display both kinase
Frontiers in Oncology | www.frontiersin.org 6252626
activity in cell cycle regulation and transcriptional regulation
activity (14), it will be useful to investigate the oncogenic
mechanism of CDK6 in urothelial carcinoma by either
knockdown or overexpression of CDK6 in vitro experiment in
the future.

As CDK6 participates in cell cycle dysregulation in many
solid tumors and lymphoma (6, 8), there is a potential benefit of
CDK4/6 inhibitors for the treatment of these tumors (23);
however, de novo or acquired treatment resistance has also
been reported in several tumor models. Acquired CDK6
amplification has been found to promote breast cancer
resistance to CDK4/6 inhibitors (24). In a pancreatic ductal
adenocarcinoma cell model, CDK4/6 inhibition was associated
with increased mTORC1 activity, which produces ATP
accumulation at the mitochondrial level and induces drug
resistance (25). In addition to kinase activity, CDK6 can
participate in the transcriptional regulation of malignancy. For
example, native CDK6 levels promote cell proliferation in T-cell
lymphoma, yet forced overexpression of CDK6 protein inhibits
cell proliferation by participating in positive transcriptional
regulation of the tumor suppressor p16INK4a (26). In a
chronic myeloid leukemia stem cell model, persistent
application of CDK4/6 inhibitor resulted in CDK6-induced
p53 mutation via a transcriptional regulation mechanism (27).
These results suggest that CDK6 overexpression may be a
double-edged sword for potential therapeutic targets in
malignant tumors. Thus, ongoing research is currently focused
either on the combination of CDK4/6 inhibitors and resistance-
A

B C D

FIGURE 2 | IHC for CDK6 expression in BLCA. Representative images of H&E and IHC staining from negative and diffusely strong positive cases [(A), Magnification,
X40]. Cases with high H-score was correlated with worse prognosis compared with low or no expression group [p < 0.0001, (B)]. Furthermore, MIBC group (n=38)
displayed higher CDK6 expression compared to NMIBC group (n=47) [p < 0.0001, (C)], but there was no difference among advanced stages [from stage II to IV, p =
0.05, (D)].
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relevant antagonists (25, 28) or on precise medicine to avoid the
occurrence of resistance (25, 29, 30). For example, research using
the CRISPR-dCas9 screening approach in bladder cancer has
indicated the beneficial effects of a combination of CDK4/6
inhibitors with some inhibitors against PI3K-Akt, Ras/MAPK,
Frontiers in Oncology | www.frontiersin.org 7262727
JAK/STAT, or Wnt signaling pathways in bladder cancer
therapy (31).

Ex vivo tumor culture systems for drug sensitivity and
resistance tests are an option for precision therapy for
malignancy (32, 33). In this study, we identified that both high
mRNA and protein levels of CDK6 predicted poor prognosis in
BLCA cases through public database analysis and IHC staining
of FFPE samples. We identified that the BLCA cell line with
higher expression of CDK6 protein displayed greater sensitivity
to CDK4/6 inhibitors. However, it is still arbitrary to judge
whether patients with BLCA will be sensitive to CDK4/6
inhibitors using only mRNA evaluation or scoring the
expression of CDK6 protein in FFPE specimens. Furthermore,
passaging of BLCA cell lines cannot completely restore the tumor
microenvironment. As fresh specimens of BLCA can be acquired
after satisfying the need for diagnosis, we can attempt to develop
an optimized and simplified procedure for tumor slices and
various 3D culture systems to mimic the in vivo tumor
microenvironment for precise prediction of the sensitivity and
potential resistance to CDK4/6 inhibitors in the future.

In addition to BLCA, high transcriptional CDK6 mRNA also
predicts poor prognosis in pancreatic adenocarcinoma,
adrenocortical adenocarcinoma, uterine corpus endometrial
carcinoma, lung adenocarcinoma, low-grade glioma,
mesothelioma, and sarcoma from TCGA database analyzed
TABLE 2 | Correlation of CDK6 expression and clinical-pathological features in
Bladder carcinoma (BLCA).

BLCA Patients Numbers CDK6 expression p values

Low High

Age (years)
Median 64 64 64 >0.05
Range 37-87 37-87 41-86

Sex
Male 71 51 20 >0.05
Female 14 10 4

Histological grading
Low grade 8 8 0 >0.05
High grade 77 53 24

Recurrence
No 40 32 8 >0.05
Yes 45 29 16

Metastasis
No 68 58 10 <0.0001*
Yes 17 3 14
*Means that Values of p were considered significant.
A B

C D

FIGURE 3 | Correlation between IHC score and mRNA level of CDK6 expression. Moderate correlation was observed [R=0.46, p=0.03 by H-score vs gene counts,
(A); R=0.45, p=0.03 by H-score vs FPKM value, (C)] for the comparison of H-score and mRNA level of 22 cases. Strong correlation was shown between IHC and
RNA-sequencing methods [R=0.94, p=0.01 by IHC scores vs gene counts, (B); R=0.9, p=0.01 by IHC scores vs FPKM value, (D)] after narrowing to the cases with
CDK6 scores higher than 240.
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using the UALCAN website (18). More interestingly, uterine
corpus endometrial carcinoma displayed lower median
transcriptional levels of CDK6 than normal tissues (p < 0.001)
(data not shown), suggesting that malignancy displays high
heterogeneity, and it is practical to evaluate IHC staining of
CDK6 in these entities for precision therapy.
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Tizoxanide Promotes Apoptosis in
Glioblastoma by Inhibiting CDK1
Activity
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The antiparasitic drug nitazoxanide (NTZ) has received considerable attention for its
potential in cancer therapy. In this study, we demonstrate that tizoxanide (TIZ), an
active metabolite of NTZ, exhibits antiglioma activity in vitro and in vivo by inducing
G2/M cell cycle arrest and apoptosis. In vitro, TIZ dose-dependently inhibited the
proliferation of U87, U118, and A172 human glioblastoma (GBM) cells at 48 h with
IC50 values of 1.10, 2.31, and 0.73 µM, respectively. Treatment with TIZ (1 and 10 µM)
also dose-dependently inhibited the colony formation of these GBM cells and accumulated
ROS damage in the nucleus. In silico target fishing combined with network
pharmacological disease spectrum analyses of GBM revealed that cycle-dependent
kinase 1 (CDK1) is the most compatible target for TIZ and molecular docking by
Molecule Operating Environment (MOE) software confirmed it. Mechanistically, TIZ
inhibited the phosphorylation of CDK1 at Thr161 and decreased the activity of the
CDK1/cyclin B1 complex, arresting the cell cycle at the G2/M phase. TIZ may induce
apoptosis via the ROS-mediated apoptotic pathway. In vivo, TIZ suppressed the growth of
established subcutaneous and intracranial orthotopic xenograft models of GBM without
causing obvious side effects and prolonged the survival of nude mice bearing glioma.
Taken together, our results demonstrated that TIZ might be a promising chemotherapy
drug in the treatment of GBM.

Keywords: tizoxanide, glioblastoma, Cdk1, cell cycle, apoptosis

INTRODUCTION

Glioblastoma multiforme (GBM) is one of the most aggressive and malignant human brain tumors.
Although progress has been made concerning its standard therapeutic regimen, which includes radiation
therapy and temozolomide chemotherapy following surgical resection over the years, the current patient’s
overall median survival is approximately 15 months, and the 5-year survival rate is 4%–5% (Batash et al.,
2017). Temozolomide (TMZ) is the oral first-line drug for the treatment of GBM in the clinic, and it
increases the survival term by approximately 3 months after combination with radiation (Johnson et al.,
2014). However, at least 50% of TMZ-treated patients do not respond to TMZ, and side effects and
acquired resistance limit the effective application of TMZ (Lee, 2016). Therefore, more research focusing
on discovering new therapeutic drugs for GBM is urgently needed.
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Tizoxanide (TIZ), a nitrothiazolamide compound, is a rapid in
vivo active metabolite of nitazoxanide (NTZ) that was approved
by the US Food and Drug Administration (FDA) as an
antiparasitic drug. TIZ has shown a broad spectrum of
pharmacological functions in extracellular and intracellular
protozoans, anaerobic and microaerophilic bacteria, helminths,
and viruses (Anderson and Curran, 2007; Muller and Hemphill,
2011; Rossignol, 2014). As in-depth studies are developed, NTZ
has been reported to express inhibitory effects by intervening in
the crucial metabolic and pro-death signalings in tumor cells,
such as autophagy, detoxifying enzyme overexpression, anti-
cytokine activity, and c-Myc inhibition (Di Santo and
Ehrisman, 2014; Shakya et al., 2018). A study has shown
that NTZ can inhibit late-stage autophagy and promote the
ING1-induced cell cycle arrest in GBM (Wang et al., 2018).
However, the direct binding targets and the underlying
mechanisms of the metabolite TIZ in anti-glioblastoma are
still unclear.

As part of a research project on drug repurposing, in the
present study, we found that treating U87, U118, and A172
glioblastoma cells with TIZ inhibited cell proliferation and
colony formation. Using a strategy based on network
pharmacological disease target analysis and computerized
compound-target seeking, we focused on the cyclin-dependent
kinase (CDK) family, especially CDK1, as a target of TIZ for its
anti-GBM function. The molecular docking of TIZ with CDK1
revealed that TIZ blocked the active sites with high affinity.
Furthermore, flow cytometry and immunoblotting analysis
results indicated that TIZ induced apoptosis in U87MG cells
by arresting the cell cycle at G2/M phases through the
suppression of the CDK1/Cyclin B1 complex. TIZ also blocked
the propagation of GBM and prolonged the survival rate in mice
bearing orthotopic tumors. Taken together, our findings
demonstrate the potential inhibitory efficacy of TIZ for GBM
in vitro and in vivo, and CDK1 activity inhibition-induced TIZ-
associated G2/M cell cycle arrest is the underlying molecular
mechanism.

MATERIALS AND METHODS

Antibodies and Reagents
Antibodies to the following targets were used: anti-p-CDK1
Thr161 (BBI Sci, #D155339), anti-CDK1 (BBI Sci, #D260158),
catalog number #8516S for anti-p-Rb Ser807/811 (Cell Signaling
Technology, #), anti-Rb (Santa Cruz Biotechnology, #sc-74563),
anti-CCNA1 (BBI Sci, #D220507), anti-CCNB1 (BBI Sci,
#D160234), anti-GAPDH (Santa Cruz Biotechnology, #sc-
47724), Annexin V-PE/7AAD Kit (Solarbio Science &
Technology, #CA1030), Reactive Oxygen Species assay Kit (US
Everbright INC, #R6033), and Cremophor EL (Sigma, #C5135).
Tizoxanide (#S83937), N-acetyl-L-cysteine (#S20137), and
D-luciferin sodium salt (#S19261) were purchased from
Yuanye Bio-Technology Co. (Shanghai, China). Tizoxanide
was dissolved in dimethyl sulfoxide (DMSO) at a stock
concentration of 10 mM and diluted with the relevant medium
for the in vitro experiments. The final concentration of DMSO

was less than 0.1%. For in vivo studies, tizoxanide was dissolved in
Cremophor EL/ethanol (50:50) to ensure solubility and then
diluted in ultrapure water.

Cell Culture
The human glioblastoma cell line U87MG was purchased from the
Cell Resource Center at the Institute of Basic Medical Sciences,
Chinese Academy of Medical Sciences (Beijing, China); U87MG-
luc was obtained from Shanghai Model Organisms Center, Inc.,
(Shanghai, China); U118 MG was acquired from Procell Life Science
& Technology Co., Ltd. (Wuhan, China); and A172 was purchased
from the National Collection of Authenticated Cell Cultures
(Shanghai, China), where it was characterized through
mycoplasma detection. The genomic aberrations of these glioma
cell lines were comprehensively analyzed (Melendez et al., 2011). The
cells were cultured in high-glucose DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C, and
5% CO2.

Cell Viability Assay
The cell viability assay was evaluated in triplicate by using Cell
Counting Kit-8 (CCK-8, #C6005, NCM Biotech) according to the
manufacturer’s protocol. In brief, glioma cells (1 × 104 cells/well)
were cultured in 96-well plates for 24 h and then treated with TIZ
at 0, 0.05, 0.1, 1, and 10 µM in various wells. After incubation for
24, 48, or 72 h, 10 µl CCK-8 was added to each well and incubated
for 1 h at 37°C. The OD450 was measured using a microplate
reader (Infinite F50, TECAN). Each assay was repeated
three times.

Colony Formation Assay
Glioma cells (500 cells/well) were seeded in a 6-well plate and
treated with various concentrations of TIZ for 2 weeks. Next, the
cells were stained with a 0.5% crystal violet solution for 15 min
after washing with PBS and fixing with methanol. After washing
with PBS thrice, the cells were dried in the air. The colonies with
more than 50 cells were counted under a microscope. The colony-
forming efficiency was calculated based on the following formula:
colony-forming efficiency = (the number of colonies forming
units/the number of inoculated cells) × 100%.

ROS Staining Assay and Flow Cytometric
Analysis
U87MG cells were treated with TIZ at the indicated
concentrations, negative control included pretreatment with
N-acetyl-L-cysteine (NAC, 5 mM) for 2 h before 10 µM TIZ
treatment for 24 h, and then fixed with 4% paraformaldehyde
for 10 min after washing with PBS. Cells were firstly washed with
carrier buffer (1% BSA, 0.3% Triton X-100, and 1% goat serum in
PBS) and then treated with 10 µM DCFH-DA that was diluted in
PBS for 20 min at 37°C. Finally, a carrier buffer was used to wash
the cells three times, and a confocal microscope was employed to
obtain the images. For flow cytometric analysis, U87MG cells
were resuspended in 10 µM DCFH-DA for 20 min at 37°C after
treatment with TIZ for 24 h and then subjected to the flow
cytometry to analyze the degree of fluorescence.
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Transfection of siRNA
The target sequence (5′-3′) of human siRNA-CDK1
(NM_001786) is ACTTCGTCATCCAAATATA; sense: 5′-
ACUUCGUCAUCCAAAUAUA dTdT-3′; antisense, 3′-dTdT
UGAAGCAGUAGGUUUAUAU-5′. The negative control
siRNA (F: 5′-UUCUCCGAACGUGUCACGUTT-3′; R: 5′-
ACGUGACACGUUCGGAGAATT-3) (Xiao et al., 2009).
These siRNAs were chemically synthesized by GenePharma
Co. Ltd. (Shanghai, China). U87MG cells were transfected
with 20 nM siRNA using the Lipofectamine 3000 (#L3000075,
Invitrogen) according to the manufacturer’s protocol with Opti-
MEM (#31985070, Gibco) as a transaction solution. The treated
cells were incubated for 48 h and then harvested for further
experiments.

Western Blotting
Cells or brain tissues were sonicated and lysed with a RIPA buffer
and insoluble pellets were removed by centrifugation at 15,000 × g
for 15 min at 4°C. Protein concentration was measured with a
BCA kit. Equal amounts of protein (20–40 µg) were loaded for
blotting with the corresponding antibodies. The quantitation of
the western blot results was based on three independent
experiments using ImageJ with the vehicle group as a baseline
for comparison.

Apoptosis Assay
U87MG cells were treated with different doses of TIZ for 48 h,
negative control included pretreatment with NAC (5 mM) for 2 h
before 10 µM TIZ treatment, and then harvested, and washed
with PBS. Cells were stained with an Annexin V-PE/7-AAD
Apoptosis Detection Kit (Solarbio, Beijing, China) for 20 min at
room temperature followed by flow cytometry. The data were
analyzed with Flow Jo software (Tristar, CA, USA).

Cell Cycle Analysis
U87MG cells at a density of 4 × 105 cells/well were exposed to TIZ
for 24 h, fixed in 75% ethanol at 4°C for 24 h, and stained with a
PI/RNase staining buffer for 30 min for flow cytometric analysis.

Xenograft Animal Model Experiments
Female 6-week-old BALB/C nude mice were provided by Hunan
SJA Laboratory Animal Co. Ltd. Mice were housed, maintained,
and treated at the Central Laboratory of the Second Xiangya
Hospital with SPF feeding conditions. For the subcutaneous
tumor model, 100 µl PBS containing 1 × 107 U87MG cells was
inoculated subcutaneously into the right side of the axilla of each
mouse. Tumor growth was calculated every 2 days according to
the formula of TV (mm3) = (width)2 × (length)/2. When the
tumor volume reached approximately 100 mm3, the mice were
randomly divided into three groups (n = 6). For the orthotopic
intracranial tumor model, mice were placed in a stereotaxic
instrument, then 1 × 107 U87MG-luc cells (10 µl) were
performed stereotaxically at coordinates AP −2.0 mm and ML
+0.7 mm relative to bregma and DV −3.0 mm from the dural
surface. The needle was retained on site for 5 min before it was
removed slowly. The mice were placed on a heating pad until they
began to recover from the surgery. After surgery for 7 days, the

mice were examined with an in vivo imaging system (IVIS) to
validate tumor formation and then were randomly divided into
three groups (n = 8). The mice in the above two models were
administered TIZ (i.p., 5 mg/kg and 15 mg/kg) or a control agent
three times per week for 3 weeks. After the drug treatment, mice
in the intracranial model were euthanized and analyzed by MRI
(Liu et al., 2019), after which samples were collected for
subsequent studies. Bodyweight changes in mice were
monitored throughout dosing and blood was collected to
assess possible side effects of TIZ. The animal experiments
were carried out following the Guiding Principles of the
Animal Ethics Committee of the Second Xiangya Hospital of
Central South University.

Immunohistochemistry and
Hematoxylin-Eosin Staining
Formalin-fixed samples were embedded in paraffin and sliced
into 5 µm-thick sections. The sections were stained with a
standard H&E staining protocol (Fischer et al., 2008). For IHC
staining, the sections were treated with 0.3% hydrogen
peroxide for 10 min followed by incubation with anti-Ki67
and anti-p-CDK1 Thr161 at 4°C overnight. After a brief wash,
the brain tissue slices were incubated with a biotinylated
secondary antibody and visualized by using a DAB
substrate Kit for 10 min. The slices were then
counterstained with hematoxylin, and pictures were
captured on a microscope (BX51TF, Olympus, Tokyo,
Japan). For quantification of positive cells and image
analysis, set a proper threshold for the binarization of the
selected color image by ImageJ software. The average optical
density (AOD) was calculated according to a reported method
(Chlipala et al., 2020). The conditions of the analysis were
blinded to the investigator.

Determination of TIZ in Glioma
The concentration of TIZ in glioma was determined by referring
to the method previously reported (Guo et al., 2020). In brief,
glioma tissue with 10 µl standard stock solution of TIZ and
topiramate (internal standard, 5 µg/ml) was homogenized in
cold acetonitrile (1:5, m/v) in a Tissuelyser ball mill
(Servicebio, Wuhan, China), then sonicated for 5 min and
centrifuged for 15 min at 4°C. 200 µl of supernatant of samples
was removed and dried utilizing flowing nitrogen. Residual
samples were reconstituted in 100 µl of acetonitrile containing
10% N, N-dimethylformamide (DMF) and analyzed on an HPLC
system (Shimadzu, Kyoto, Japan) connected to an AB Sciex 4000
QTRAP mass spectrometer (AB Sciex, MA, USA). The
compounds were separated on a Cosmosil 5C18-MS-II column
(4.6 × 150 mm, 5 µm) with the temperature of the column oven
was 30°C. The mobile phase was composed of acetonitrile and
deionized water mixed with 10 mM ammonium formate (pH 3.0)
according to a gradient volume ratio (60:40 to 80:20 to 60:40) with
a flow rate of 0.8 ml/min. TIZ was detected in the positive mode
by comparing the retention time and m/z ratio of the TIZ
standard. Final concentrations of TIZ were adjusted for the
weight of each glioma tissue.
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Predictive Target Collection, Gene
Ontology, Pathway Enrichment, and
Bioinformatic Analyses
The potential target collection of TIZ was performed using Seaware
software, the Swiss Target Prediction database (http://www.
swisstargetprediction.ch) and the Bioinformatics & Evolutionary
Genomics database (http://bioinformatics.psb.ugent.be/webtools/
Venn). The GeneCards database (https://www.genecards.org) and
CTD database (http://ctdbase.org) were used to obtain the currently
reported genes related to glioma. The DAVID database (https://
david.ncifcrf.gov, Version 6.8) was used to perform gene ontology
and pathway enrichment analyses. GO analysis annotated and
classified genes according to biological process (BP), molecular
function (MF), and cellular location (CC). The enriched
biological pathways were determined with the KEGG datasets.
Bioinformatic data analysis was obtained from the TCGA data
portal (https://cancergenome.nih.gov/dataportal/data/about) and
GEPIA (http://gepia.cancer-pku.cn).

Molecular Docking
MOE2019 software was used to perform molecular docking.
CDK1 (ID 6GU6) (Wood et al., 2019a), CDK2 (ID 6Q4G)
(Wood et al., 2019b) and CDK4 (ID 4GCJ) (Schonbrunn
et al., 2013) were obtained from Protein Data Bank. The 2D
structure of TIZ was drawn in ChemDraw and converted to a 3D
structure in MOE through energy minimization. Before docking,
the force field of AMBER10: EHT and the implicit solvation
model of Reaction Field (R-field) were applied to model
molecular mechanics minimizations. MOE-Dock was used for
molecular docking simulations of the TIZ with proteins. The
“induced fit” protocol was selected, in which the side chains of the
binding site in the receptor were allowed to move according to
ligand conformations, and a constraint was applied on their
positions. The weight used for tethering side-chain atoms to
their original positions was 10. Firstly, all docked poses were
ranked by the London dG scoring function, then force field
refinement was applied to the top 30 poses followed by a
rescoring of the GBVI/WSA dG scoring function. The
conformation with the lowest binding free energy was finally
identified as the best probable binding mode.

Statistical Analysis
All data are presented as the mean ± SD from three or more
independent experiments. Histological data were analyzed using
either Student’s t-test or one-way ANOVA with Tukey’s
multiple-comparisons test. The threshold for significance for
all experiments was set *p < 0.05, and smaller p values are
represented as **p < 0.01 and #p < 0.001.

RESULTS

TIZ Inhibits Glioma Cell Proliferation and
Induces ROS Damage
To investigate the role of TIZ in the proliferation of glioma cells,
CCK-8 assays were carried out to determine cell viability. Three

human glioma cells lines, U87MG, U118MG, and A172, were
treated with different concentrations of TIZ ranging from 0.01 to
10 µM for 24, 48, and 72 h. The results demonstrated that TIZ
dose-dependently inhibited cell proliferation regardless of the
number of treatment days (Figure 1A). The 48 h IC50 of TIZ for
U87MG cells was 1.10 µM, that for U118MG cells was 2.31 µM,
and that for A172 cells was 0.73 µM. Meanwhile, colony
formation assays were performed to examine the effect of TIZ
on the formation of glioma colonies. The results showed that TIZ
significantly decreased the colony formation of all three cell lines,
especially at a TIZ concentration of 10 µM (Figure 1B).
Quantitative analysis of the colony-forming efficiency mirrored
these discoveries (Figure 1C). Furthermore, to explore whether
the ROS levels are correlated with the antiglioma effect of TIZ, we
examined ROS production using the fluorescent probe 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) (Zhao et al.,
2021). An increase in ROS production was observed in U87MG
cells after TIZ treatment compared with the vehicle group,
significantly diminished by ROS scavenger NAC (Figures
1D,E). In particular, the nuclear ROS levels were augmented
sharply in the 10 µM TIZ group, which suggested that damage to
biological behavior in the nucleus might be involved in the
antiglioma mechanism of TIZ. Fluorescence intensity analysis
by flow cytometry confirmed the conclusion obtained by the
microscopy (Figure 1F). Therefore, these data suggested that TIZ
suppressed the viability and proliferation of human glioma cells,
and the intranuclear activities might be disrupted in this process.

Cyclin-Dependent Kinases Are Potential
Targets of TIZ Against Glioma
To explore the potential targets of TIZ in GBM, we performed
target-binding predictions using SEAware software and Swiss
Target Prediction based on the structure of TIZ (Figure 2A) and
obtained a total of 35 corresponding potential target genes
(Supplementary Table S1). A total of 20492 genes related to
glioma were also collected in the GeneCards and CTD databases
(data not shown).

Comparing the data of the two groups by using bioinformatics
& evolutionary genomics, 32 promising antiglioma targets of TIZ
were encapsulated, as shown in Figure 2B. The results from the
Gene ontology enrichment analyses of the top 20 target genes
showed that the genes enriched in the biological processes (BP)
category involved protein autophosphorylation, cell proliferation,
and apoptotic processing (Supplementary Figure S1A). In the
molecular function (MF) category, the target genes were mainly
involved in protein binding (Supplementary Figure S1B). In the
cell components (CC) category, both the cytosol and nucleus
contained these targets (Supplementary Figure S1C). KEGG
pathway enrichment analysis showed an enhanced cell cycle of
pathways in cancer (Figure 2C). A detailed p value analysis is
provided in Supplementary Table S2.

To further anchor the potential targets, a top10 gene network
was constructed using the cytoHubba module in Cytoscape, and
the node’s degree and related parameters were analyzed by
Network Analyzer (Figure 2D). Cyclin-dependent kinases
(CDKs) 1, 4, 5, and 2 ranked at the top of the score,
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FIGURE 1 | TIZ inhibits GBM cell growth and upregulates ROS levels in vitro. (A) The cell viability of U87MG, U118 MG, and A172 cells was determined by CCK-8
assays after 24, 48, and 72 h of TIZ treatment. (B) Representative images of U87MG colony, U118 MG colony, and A172 colony after the treatment with different
concentrations of TIZ. (C) Quantification of colony area in colony formation assays (n = 3). (D) Representative images of ROS levels in various U87MG cells after the
treatment with the indicated concentrations of TIZ for 24 h, NAC (5 mM) was pretreated for 2 h before TIZ treatment. ROS-positive cells were detected by the
indicator dye DCFH-DA. Scale bar = 100 µm. (E) Quantification of ROS intensities using the ratio of fluorescent intensity and cell numbers (n = 5). (F) Flow cytometric
measurements of the average fluorescence intensity of U87MG cells. The experiments were repeated three times independently. Data are presented as the mean ± SD
(*p < 0.05, **p < 0.01, #p < 0.001).
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FIGURE 2 |Cyclin-dependent kinases are potential targets of TIZ against glioma. (A) The structure of TIZ. (B) Venn diagram of the shared targets and the TIZ-target
network. The related targets of GBM and TIZ were obtained from GeneCards and SEAware, respectively. (C) KEGG pathway enrichment analysis of the top 20 target
genes. (D) Schematic diagram of target network connections and the top 10 targets and their scores. NetworkAnalyzer was employed to analyze the node’s degree and
related parameters. The color of nodes changed from orange to red, which indicates that the affinity degree gradually increases from weak to strong. (E) KEGG
pathway enrichment analysis of targets whose score was greater than 15. (F) Docking diagram of CDK1 and TIZ. Key interactions include hydrogen bonds formed by
multiple atoms of TIZ with ASP86, Lys89, Glu81, and Leu83.
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FIGURE 3 | TIZ arrests the cell cycle at theG2/M phase and induces apoptosis of GMBby inhibiting the activities of CDK1. (A) TIZ inhibits the activity of CDKs. U87MGcells
were treated for 48 hwith the indicated concentration of TIZ. Cell lysateswere immunoblottedwith anti-phosphoCDK1Thr161, amarker of activatedCDK1, and anti-phosphoRb
Ser807/811, a marker of cellular CDK activity. Right, Quantification of the relative levels of p-CDK1 Thr161 and p-Rb Ser807/811 (n = 3). (B)CCK-8 assay of U87MG cells treated
with TIZ (10 µM) or siCDK1 or their combination for up to 4 days. (C)Western blot analysis of U87MG cells treated with TIZ (10 µM), siCDK1, or their combination for 48 h.
Down, quantification of the relative levels of CDK1 (n = 3). (D) Flow cytometric analysis of cycle distribution showed that TIZ arrested the cell cycle of U87MG cells at the G2/M
phase. (E)Quantification of cycle distribution confirmedG2/Mphase arrest (n= 3). (F) Flow cytometric analysis of apoptosis in cells double-stainedwith Annexin V-PE and 7-AAD.
(G) TUNEL staining of U87MG cells after the treatment with the indicated concentration of TIZ for 48 h. Scale bar = 50 µm. (H)Quantification of TUNEL-positive cells (n = 5). Blot
data are representative of three independent experiments. Data are presented as the mean ± SD (*p < 0.05, **p < 0.01, #p < 0.001).
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indicating that TIZ may act directly on these proteins to inhibit
the cell cycle of glioma cells. KEGG pathway enrichment analysis
of targets with scores greater than 15mirrored the conclusion that
the cell cycle was probably involved in the pharmacological
mechanism of TIZ (Figure 2E). A detailed p value is provided
in Supplementary Table S3.

To gain insight into the role of CDKs in human GBM, we
analyzed a dataset from The Cancer Genome Atlas (TCGA)
featuring expression and the corresponding clinical data of the
selected GBM patient samples. Notably, when compared with the
normal brain tissues, in addition to CDK5, the mRNA expression
of CDK1, CDK2, and CDK4was highly expressed in GBMpatient
samples (Supplementary Figure S1D). Next, we performed
docking to elucidate the binding mode of TIZ with CDK1
(PDB ID: 6GU6). From the generated docking model, we
found that TIZ was located in the active pocket of CDK1 with
a calculated binding free energy of −36 kcal/mol by the GBVI/
WSA dG scoring function, and formed multiple hydrogen bonds
with ASP86, Lys89, Glu81, and Leu83 (Figure 2F). In parallel, the
binding free energy of TIZ with CDK2 (PDB ID: 6Q4G) and
CDK4 (PDB ID: 4GCJ) was calculated to be −25 kcal/mol
and −19 kcal/mol, respectively (Supplementary Figures
S1E,F). Although all calculated binding forces of TIZ with
these three target proteins were smaller than those of TIZ with
the ligand dinaciclib in the 6GU6 crystal (Supplementary Figure
S1G, −41 kcal/mol), the docking results showed that TIZ has an
affinity for CDKs, especially CDK1. Thus, these findings
suggested that CDKs are potential targets of TIZ against GBM.

TIZ Arrests the Cell Cycle at G2/M Phase
and Induces Apoptosis of GMB by Inhibiting
the Activities of CDK1
During the embryonic breeding period, CDK1 binds to all cyclins,
resulting in the phosphorylation of the retinoblastoma protein
(pRb), and embryos fail to develop to the morula and blastocyst
stages in the absence of CDK1. CDK1 was identified as the only
essential cell cycle CDK and could execute all the events that are
required to drive cell division (Santamaría et al., 2007). To
validate whether CDK1 is the core target of TIZ, U87MG cells
were treated with different concentrations of TIZ (1 and 10 µM)
for 24 h, and cell lysates were immunoblotted with anti-CDK1
Thr161, a marker of activated CDK1, and anti-Rb Ser807/811, a
marker of cellular CDK activity. As expected, the
phosphorylation levels of these two proteins were significantly
inhibited by TIZ (Figure 3A). To examine whether CDK1 is a
direct molecular target of TIZ responsible for its antiproliferative
effect, we treated U87MG cells with either siRNA control or
CDK1-specific siRNA, followed by treatment with vehicle or TIZ
for 4 days and monitoring of cell proliferation. Notably, the
depletion of CDK1 reduced cell proliferation but compared
with cells transfected with control siRNA, depletion of CDK1
attenuated the inhibitory effect of TIZ, which indicated that the
inhibition of CDK1 is involved in the antiproliferative effect of
TIZ (Figure 3B). Western blotting confirmed the successful
knockdown of CDK1 and reflected the levels of p-CDK1

Thr161 (Figure 3C). Together, these data showed that CDK1
is the main cellular target of TIZ.

Inspired by the target determination process, flow cytometric
analysis by propidium iodide was performed to investigate
whether the observed TIZ effect on glioma cell viability was
due to cell cycle arrest. As shown in Figure 3D, the percentage of
cells in the S phase was reduced from 36% to approximately 22%,
but notably, the cell rates in G2/M phase were augmented from
17.7% to 38.5% after the TIZ treatment at 1 and 10 μM,
respectively. Quantitative analysis of cell cycle distribution
mirrored these discoveries (Figure 3E). Based on cell cycle
analysis, we quantitatively analyzed the apoptotic effect of TIZ
using apoptosis-Annexin V/PE and 7AAD double-fluorescence
staining by flow cytometry. The results indicated that the 48 h
TIZ treatment significantly induced concentration-dependent
apoptosis in U87MG cells. As shown in Figure 3F, the early
apoptosis rate increased from 14.6% to 29.1% when the
concentration increased from 1 to 10 μM, whereas the
proportion of apoptotic cells was only 10.3% and 9.14% in the
vehicle control and NAC pretreatment, respectively. We used
another method to further confirm the proapoptotic effect of TIZ
by a TUNEL staining. The results showed that TIZ also induced
late apoptosis due to DNA damage in U87MG cells (Figures
3G,H). Therefore, our results indicated that TIZ arrests the cell
cycle at the G2/M phase to induce apoptosis of GMB by inhibiting
the activities of CDK1.

TIZ Inhibits GBM Progression in
Subcutaneous Xenograft in Nude Mice and
Exhibits Preliminary Safety
To evaluate the antiglioma activity and preliminary safety of TIZ
in vivo, a subcutaneous xenograft model was established by
inoculating U87MG nude mice and intraperitoneally treating
the mice with 5 or 15 mg/kg of TIZ or vehicle three times per
week for 3 weeks after the tumor volume reached approximately
100 mm3 (Figure 4A). Representative photographs of mice from
each group were taken at the endpoint (Figure 4B). Consistent
with the gross observations, TIZ significantly reduced tumor
volumes compared to the rapidly growing tumors in the
vehicle group (Figure 4C). Next, we checked the related
protein expression levels in the tumor tissue samples.
Consistent with the in vitro results, the phosphorylation levels
of CDK1 Thr161 and Rb Ser807/811 were inhibited, and active
caspase 3 was increased by TIZ in a dose-dependent manner.
CCNB1 (Cyclin B1), a protein that can form a complex with
CDK1 in the G2/M phase, was accordingly reduced. However, the
expression levels of CCNA1 (Cyclin A1) showed no obvious
change between the experimental groups (Figure 4D). H&E
staining demonstrated no obvious lesions in the heart, liver,
spleen, lung, or kidney (Figure 4E). Together with the
analysis results of RBCs and WBCs from the whole blood,
as well as ALT, AST, and CREA from serum, we found that the
side effects of TIZ were modest (Supplementary Figure S2),
which suggested that TIZ does not have detectable systemic
toxicity.
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FIGURE 4 | TIZ inhibits GBM growth in a subcutaneous xenograft nude mouse model. (A) Schematic of xenograft mouse model establishment and TIZ
administration. (B) Representative images of GBM growth after different dosages of TIZ administration. (C) TIZ inhibited GBM growth as measured by tumor volume (n =
6). (D)Western blot analysis of tumor lysates with various indicated antibodies. Quantifications of relative protein levels are shown in the right panel (n = 3). Blot data are
representative of three independent experiments. (E) TIZ administration displayed no detectable toxicity. Histological analysis of H&E-stained tissue sections of
representative mice in the TIZ or vehicle-treated group. Scale bar, 100 µm. Data are presented as the mean ± SD (n.s. means no significance, *p < 0.05, **p < 0.01, #p <
0.001).
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FIGURE 5 | TIZ suppresses the intracranial growth of GBM and elongates mouse survival. (A) IVIS analysis of fluorescence signal intensity in the brain at different
stages of TIZ administration (n = 12 mice per group). (B) Representative images of brain tumor volume scan by the small animal MRI system. (C) Representative HPLC-
MS chromatograms of the concentration analysis of TIZ in the glioma homogenate samples. (D) The survival curves of mice bearing glioma in the brain. (E) Bodyweight
curves of nudemice during TIZ treatment. (F)H&E, TUNEL, and p-CDK1 Thr161 and Ki67 IHC staining of tumor slices in various groups. Scale bar = 1 mm (left) and
50 µm (right). Quantification of IHC staining of p-CDK1 Thr161 (G) and positive TUNEL and Ki67 staining (H) (n = 5).
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TIZ Suppresses the Intracranial Growth of
GBM and Prolongs Mouse Survival
To monitor the therapeutic effect of TIZ on GBM in greater
detail, we further used a murine intracranial xenograft model in
situ by stereotaxically injecting U87MG-luc cells into the brain.
After confirming tumor formation by IVIS, each group of nude
mice was administered TIZ with the same schedule of
subcutaneous mode. Representative images monitored by IVIS
were captured on the 0th,10th, and 20th days and showed that
TIZ attenuated the growth of tumors (Figure 5A). A week after
drug treatment, mice were subjected to magnetic resonance
imaging (MRI) and mirrored the IVIS results (Figure 5B). To
investigate the efficiency and blood-brain barrier (BBB)
permeability of TIZ, we determined the concentration of TIZ
in glioma after intraperitoneal injections of 5 and 15 mg/kg using
HPLC-MS (Figure 5C). The results showed that TIZ can cross
BBB and the average concentration reached 6.978 μg/kg and
20.084 μg/kg, respectively (Supplementary Table S4). The
median survival compared by Kaplan-Meier analysis showed
that TIZ at 15 mg/kg enhanced mouse survival (Figure 5D),
and the body weight of mice in the drug group remained relatively
stable compared with the weight loss in the vehicle group
(Figure 5E). Furthermore, we harvested and sliced brains after
sacrificing nude mice and performed histological staining
(Figure 5F). Tumor size tracked by H&E staining of the entire
brain slice confirmed that TIZ significantly suppressed the
growth of GBM, especially at the dosage of 15 mg/kg
(Figure 5F, left). As expected, the TUNEL assay showed
extensive apoptosis in the TIZ-treated groups, and IHC
staining for Ki67 indicated an almost 55% reduction in the
number of proliferating cells in the 15 mg/kg TIZ group
compared to the vehicle group, which was in alignment with
the p-CDK1 Thr161 staining (Figure 5F right). Quantification of
IHC staining confirmed these findings (Figures 5G,H). Thus, the
data supported our previous observations that TIZ significantly
blocks GBM growth by suppressing cell proliferation and
inducing apoptosis by inhibiting the activity of CDK1 in vivo.

DISCUSSION

The deregulated proliferation and inhibition of apoptosis lie at
the heart of all tumor development, which presents two definite
directions for therapeutic intervention in all cancers. Thus, the
capability to induce cell cycle arrest and promote apoptosis is a
common criterion of potential chemotherapeutic agents (Liu
et al., 2012). The augmentation of cell proliferation is largely
due to tumor cells suffering defects that derail the cell cycle
machinery. Such defects can target either mutation of upstream
signaling cascades, such as mitogen protein tyrosine kinase (PTK)
and G-protein signal transducers, or elements of the cell cycle
itself that both eventually converge to trigger cell cycle
deregulation (Malumbres and Carnero, 2003). In the present
study, we identified TIZ as a novel inhibitor of the cell cycle and
induced apoptosis in GBM. Although NTZ was first reported as
an autophagy inhibitor and induced cell cycle arrest in GBM by

upregulating ING1 (p33) expression (Wang et al., 2018), it is
intrinsically linked with our finding that CDK1 is a target of TIZ.
Because CDK1 and checkpoint kinase 1 (CHK1) can
phosphorylate p33ING1b at Ser-126 in non-stress and DNA
damage conditions, respectively, which increases the stability
of p33ING1b (Garate et al., 2007). Thus, it can be speculated
that when CDK1 activity is inhibited by TIZ, CHK1 replay
predominantly phosphorylates p33ING1b at Ser-126 followed by
the upregulation of p33ING1b. Meanwhile, we identified CDK1 as
a direct affinity target of TIZ and found that the antiglioma
efficiency of TIZ was more robust than that of NTZ by referring
to the previously reported data (Wang et al., 2018). NTZ has been
reported to spontaneously hydrolyzes to TIZ once it dissolves in
water and reaches equilibrium in 10 h (Qu et al., 2018), which
could provide a plausible explanation for the antitumor
advantages of TIZ.

In the process of finding a target for TIZ, we took a strategy
based on network pharmacological disease target analysis
together with computerized compound-target seeking
technology, which is frequently used in the initial stage of
innovative drug development (Gu et al., 2020). We obtained a
series of candidate direct-binding proteins of TIZ, including
CDK1, CDK4, CDK5, CDK2, and ABL1, which were ranked
in the top five (Figure 2). In terms of CDKs, unlike unicellular
organisms such as yeasts, only a single cyclin-dependent kinase,
CDK1, is required to drive cell division (Michowski et al., 2020).
Mammalian cells are traditionally believed to require the
sequential activation of CDKs, such as CDK1, CDK2, CDK3,
CDK4, and CDK6, to push interphase proceeding through
mitosis (Malumbres and Barbacid, 2005). However, a report
published in 2007 indicated that CDK1 is the only essential
cell cycle CDK; in the absence of interphase CDKs, CDK1 can
execute all the events that are required to drive cell division
(Santamaría et al., 2007). Following this point of view, although
the results of molecular docking supported the existence of
affinity potential of TIZ with CDK1, CDK2, and CDK4, we
only performed siRNA targeting CDK1 to verify the inhibitory
effect of TIZ on the proliferation of gliomas. In addition, the CDK
family comprises 21 phosphotransfer enzymes (CDK1-21) with
diverse cellular functions, the development of CDK inhibitors
with isozyme selectivity is technically challenging due to the
catalytic pocket across the CDK enzyme family being highly
conserved. Five cell-permeable energy transfer probes were tested
to comprehensively profile CDK engagement in live cells (Wells
et al., 2020). However, these probes are still on the way to
commercialization, and we expect to get more accurate data
about TIZ selectivity for CDK1-21 in the future and not just
limited to CDK1, 2, 4, and 5 that are focused in our research.
Tyrosine-protein kinase ABL1, targeting mitochondria in the
response to oxidative stress and thereby mediating
mitochondrial dysfunction and cell death, was disclosed as a
target against Entamoeba histolytica, whereas NTZ is a classical
drug for parasitic amoeba infection (Gilles and Hoffman, 2002;
Sauvey et al., 2021). It will be interesting to verify the role of these
TIZ direct binding proteins in different contexts.

An intriguing finding in the present study is that the
downregulated expression of cyclin A1 is less desensitized than
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that of cyclin B1 after the GBM cells were treated with TIZ.
Reviewing the entire mitotic process of mammalian cells, each
meiotic, as well as mitotic G2 phase to M phase is initialized
through the activation of a complex of enzymatic subunit CDK1
and the regulatory cyclin B1 (Masui, 2001). The stability and
activity of CDK1/cyclin B1 are tightly regulated by the
phosphorylation state of CDK1, both by activating
phosphorylation at Thr161 and inhibitory phosphorylation at
Thr14 and Tyr15 (Timofeev et al., 2010; Shi and Feng, 2021).
When complex inactivation occurs, cyclin B1 dissociates from
CDK1 and becomes polyubiquitinated and targeted by the
proteasome, and cyclin B1 degradation is crucial for long-term
CDK1/cyclin B1 inactivation, whereas cyclin A1 is expressed
during meiosis and embryogenesis and plays a critical role in S
phase progression as a complex with CDK2 (Kubiak et al., 2003;
Hirayama et al., 2020). Because TIZ could directly inhibit CDK1
phosphorylation at Thr161 and inhibit the stability of CDK1/
cyclin B1 to trigger cyclin B1 degradation, the downregulation of
cyclin B1 was more sensitive than that of cyclin A1, which might
be attributed to the mechanism by which TIZ caused G2/M
arrest.

Reactive oxygen species (ROS) play an important role in
controlling certain stages of the cell cycle. For instance, CDK1/
cyclin B1 is inactivated by oxidation; conversely, the complex
itself seems concomitant with ROS leakage at the G2/M transition
(Wang et al., 2014; Chang et al., 2021). ROS levels have been
observed to peak in mitosis, resulting in mitotic accumulation of
oxidized protein cysteine residues (Patterson et al., 2019). The
results of several studies suggested the possibility of ROS-
mediated oxidative DNA damage in the cell cycle process
(Mittal and Pandey, 2014; Xie et al., 2018). In this study, a
dose-dependent augmentation in ROS levels, especially in the
nucleus, was observed after TIZ treatment, together with NAC
significantly attenuated the ROS levels and apoptosis induced by
TIZ treatment (Figures 1D, 3F), implying damage to the DNA
synthesis process. Mechanistically, our studies indicate that TIZ
induces apoptosis of GBM mainly through ROS accumulation
during G2/M arrest.

Drug repurposing refers to the reuse of clinical drugs to treat
non-indication diseases. It has been a hot spot in drug
development in recent years due to the compounds that have
already been tested in humans and have demonstrated an
acceptable level of safety and tolerability (Levin et al., 2020).
NTZ is generally well tolerated, and adverse events have been
mild and transient, and principally related to the gastrointestinal
tract. Although in the subcutaneous xenograft mice, there was an
unexplained rise in WBCs after TIZ administration
(Supplementary Figure S2B), no significant adverse events
have been noted in human trials as a new thiazolide
antiparasitic agent (Fox and Saravolatz, 2005). NTZ is a FAD-
approved drug that is used to treat infections by protozoa,
helminths, anaerobic bacteria, microaerophilic bacteria, and
viruses. The ADMET properties have been elucidated in the
development process. The ADMET properties of TIZ could
deeply refer to these of NTZ. Our results regarding the
preliminary safety of TIZ as an antitumor candidate partially
support the possibility of transitioning it into clinical research for

a chemotherapy drug. Meanwhile, one situation we are facing is
the continuation of the coronavirus disease 2019 (COVID-2019)
pandemic, which has created panic and alarm across the globe.
NTZ, as a first-in-class broad-spectrum antiviral agent, is widely
reported to have the potential to treat COVID-2019 (Mahmoud
et al., 2020; Rocco et al., 2020). To date, 10 clinical trial protocols
focusing on evaluating the effects of NTZ in the treatment of
COVID-19 have been registered at ClinicalTrials.gov, but
preliminary results have not yet been reported (Martins-Filho
et al., 2020).

CONCLUSION

In summary, our results show that TIZ, a novel CDK1
inhibitor, has favorable efficacy in inhibiting GBM in vitro
and in vivo. It promotes apoptosis in glioma cells by inducing
G2/M cell cycle arrest by inhibiting the phosphorylation of
CDK1 and the activity of the CDK1/cyclin B1 complex. Both in
vivo subcutaneous and intracranial orthotopic xenograft
models showed that TIZ could inhibit the growth of GBM
and prolong the survival of nude mice. Moreover, TIZ has
shown good safety profiles. Taken together, the results indicate
that TIZ is a favorable small-molecule antiglioma drug
candidate, and its further repurposing investigations are
warranted.
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Supplementary Figure S1 | Bioinformatic analysis of the potential targets of TIZ
and target-TIZ docking results. (A) Gene ontology (GO) biological process

enrichment analysis of top20 target genes. (B) GO molecular function
enrichment analysis of top20 target genes. (C) GO cellular component analysis
of top20 target genes. (D) ThemRNA expression of CDK1, CDK2, CDK4, and CDK5
were collected from The Cancer Genome Atlas (TCGA) and Gene Expression
Profiling Interactive Analysis (GEPIA) databases. T, tumor; N, normal. (E) Docking
diagram of CDK4 and TIZ. Key interactions include hydrogen bonds formed by a
hydrogen atom of TIZ with Asp86. (G) Docking result of CDK1 and itself ligand
Dinaciclib. Dinaciclib is a novel potent small-molecule inhibitor of CDK1, CDK2,
CDK5, and CDK9. It is being evaluated in clinical trials for various cancer
indications.

Supplementary Figure S2 | Analysis of blood biochemical parameters in nude
mice after TIZ administration The results of RBC (A), ALT (C), AST (D), and CREA (E)
showed that Red blood cells and hepatic and renal function in mice have no obvious
changes between the vehicle and TIZ -treated groups. The reason for the increase in
white blood cells might be that an inflammatory response was stimulated during TIZ
administration (B). Data are presented as the mean ± SD (n = 5, *p < 0.05, **p <
0.01, #p < 0.001).
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Cyclin-dependent kinase 12 (CDK12) is a serine/threonine kinase involved in the
regulation of RNA polymerase II and in the transcription of a subset of genes involved in
the DNA damage response. CDK12 is one of the most mutated genes in ovarian
carcinoma. These mutations result in loss-of-function and can predict the responses to
PARP1/2 inhibitor and platinum. To investigate the role of CDK12 in ovarian cancer,
CRISPR/Cas9 technology was used to generate a stable CDK12 knockout (KO) clone in
A2780 ovarian carcinoma cells. This is the first report on a CDK12 null cell line. The clone
had slower cell growth and was less clonogenic than parental cells. These data were
confirmed in vivo, where CDK12 KO transplanted cells had a much longer time lag and
slightly slower growth rate than CDK12-expressing cells. The slower growth was
associated with a higher basal level of apoptosis, but there were no differences in the
basal level of autophagy and senescence. While cell cycle distribution was similar in
parental and knockout cells, there was a doubling in DNA content, with an almost double
modal number of chromosomes in the CDK12 KO clone which, however did not display
any increase in gH2AX, a marker of DNA damage. We found partial down-regulation of the
expression of DNA repair genes at the mRNA level and, among the down-regulated
genes, an enrichment in the G2/M checkpoint genes. Although the biological features of
CDK12 KO cells are compatible with the function of CDK12, contrary to some reports, we
could not find any difference in the sensitivity to cisplatin and olaparib between wild-type
and CDK12 KO cells.
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INTRODUCTION

Cyclin-dependent kinase 12 (CDK12) is a serine/threonine
kinase involved in the regulation of RNA polymerase II and
mRNA processing (1–3). CDK12 is important for the
maintenance of genomic stability as it regulates the
transcription of a subset of genes involved in the DNA damage
response (DDR) (4, 5). In murine embryonic cells, CDK12
sustains self-renewal and its knock-down reduces the
expression of self-renewal genes and increases the expression
of differentiation markers (6). CDK12 knockout (KO) mice are
not viable, as CDK12 deletion is fatal during the peri-
implantation stage, when CDK12-/- blastocysts fail to undergo
inner cell mass outgrowth and do not survive in vitro due to the
induction of apoptosis (5).

CDK12 mutations and amplifications have been reported in
different tumor types (7, 8). Not only it is one of the most
mutated genes in ovarian carcinoma (9), but its mutations have
been correlated with alterations of its catalytic activity, leading to
genomic instability, downregulation of genes in the homologous
recombination (HR) repair pathway (10, 11) and increased
sensitivity to platinum agents and PARP inhibitors (PARPi)
(12, 13). HR genes have multiple intronic to poly-adenylation
sites that are susceptible to CDK12 inhibition, leading to
decreases in their expression (14, 15). In addition, CDK12
inhibition induces an RNA Pol II elongation defect with the
subsequent use of proximal poly(A) sites that leads to premature
cleavage and polyadenylation especially in DDR gene, known to
have longer lengths (16).

High-grade serous ovarian carcinomas (HGSOC) with
mutated CDK12 present a unique signature of genomic
instability characterized by tens to hundreds of large tandem
duplications scattered throughout the genome, probably due to
defects in DNA repair (17). In breast cancer CDK12
amplification co-occurs with ERBB2 amplification (18, 19) and
its over-expression has been associated with aggressive disease
(18). The absence of CDK12 protein, however, correlates with
the triple negative phenotype and with reduced expression of
some DDR proteins, but not with lower DDR mRNA levels (20).
CDK12 mutations in primary and castration-resistant prostate
cancer have also been reported, mutually exclusive with other
mutations in DNA repair genes (21–23).

With the aim of understanding the role of CDK12 in tumor
growth and response to therapy better, we used CRISPR/Cas9
technology to generate a CDK12 knock-out system in A2780
ovarian cancer cell lines.
MATERIALS AND METHODS

CDK12 KO Clone
The ovarian carcinoma cell line A2780 was obtained from the
American Type Culture Collection (ATCC) and was
authenticated by the authors within the last six months. Cell
lines were maintained in RPMI culture medium supplemented
with 10% FBS and 1% glutamine, at 37°C with 5% CO2. A2780
cells were initially transfected with CRISPR/Cas9 plasmid
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directed against exon 1 of CDK12 (U6gRNA-Cas9-2A-GFP,
Sigma-Aldrich). After 48 hours, cells were seeded at very low
density in order to isolate, expand and analyze single clones by
western blot and DNA sequencing. We obtained only a CDK12
heterozygous KO clone, out of about 150 clones screened. On
this clone, we ran a second round of transfection and selection
and obtained an A2780 homozygous KO clone (A2780 KO).

DNA Sequencing
Total DNA was purified from cells (Maxwell Total DNA
Purification Kit, Promega) and the selected CDK12 locus was
amplified with a polymerase chain reaction (PCR)
(Supplementary Table 1). Amplified DNAs were separated
through electrophoresis, and Sanger-sequenced.

Cell Growth
Growth curves were obtained seeding the cells at 15000 cells/mL
in six-well plates and counting them at different time points with
a cell counter (Multisizer 3, Beckman Coulter). For clonogenic
assay in six-well plates, cells were seeded at 125 cells/mL; colonies
were left to grow for about ten days then stained with Gram’s
Crystal Violet solution (Merck). For the limiting dilution assay,
cells were seeded at 0.5 cells/well in 96-well plates and colonies
were left to grow for about 30 days.

Flow Cytometry Analysis of DNA Content
Exponentially growing cells were washed twice in ice-cold PBS,
fixed in ice-cold 70% ethanol, washed in PBS, re-suspended in 2
mL of a solution containing 25 mg/mL of propidium iodide in
PBS and 25 mL of RNase 1 mg/mL in water, and stained
overnight at 4°C in the dark. We used the FACS Calibur
(Becton Dickinson) for cell cycle analysis.

Chromosome Analysis
Exponentially growing A2780, and A2780 CDK12 KO cells were
treated for 6 hours with colcemid (Roche) 0.2 mg/mL in order to
block them in metaphase, then treated with hypotonic solution
(75 mM KCl) and fixed with 3:1 (vol/vol) methanol:acetic acid.
We karyotyped 19 metaphases for A2780 and fifteen for A2780
CDK12 KO cells lines. Chromosome preparations were analyzed
by QFQ banding (Q-Bands by Fluorescence using Quinacrine)
according to routine procedures and the karyotype was
described using the International System for Chromosome
Nomenclature 2016.

Cell Death Analysis
To investigate apoptosis in the cells, we used a caspase 3/7
luminescence-based assay (Promega) and the b-galactosidase
staining assay (Cell Signaling Technology) for the detection of
senescent cells.

Western Blotting
Proteins were extracted and processed as already described (24).
The primary antibodies used are listed in Supplementary
Table 2. All the protein blots for western analysis have been
cropped before antibody hybridization to be able to detect in the
same filter different proteins.
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Real-Time (RT)-PCR
Total RNA from cell lines was purified with the Maxwell 16 Total
RNA Purification Kit (Promega) and reverse transcribed with the
cDNA Archive Kit (Applied Biosystems). mRNA expression of
the genes was detected using Sybr Green assays (Applied
Biosystems). Reactions were run in a total volume of 20 mL
containing 10 ng of cDNA with Sybr Green and the forward and
reverse primers of the gene, in triplicate (Supplementary
Table 1). All the data were normalized to the levels of the
cyclophillin gene and expressed as the -fold increase over the
wild type CDK12 cells.

Gene Expression
As already described (25), NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (New England BioLabs Inc.,
Ipswich, MA, USA) was used for RNA-seq experiments and
the NEBNext Multiplex Oligos for Illumina (New England
BioLabs Inc.) for cDNA synthesis. The pre-pool sequencing
was done using the NextSeq 500 (Illumina, San Diego, CA,
USA) with the NextSeq 500/550 High Output Kit v2.5 (75 cycles;
Illumina) and for all the samples we used stranded, single-ended
75bp-long sequencing reads.

Drugs and Treatments
Cisplatin was purchased from Sigma Aldrich; paclitaxel from
ChemieTek; olaparib from LC Laboratories; VE822, MK1775
and KU55933 from Axon Medchem; THZ1 and THZ1
hydrochloride were from Insight Biotechnology Limited; ET-
743 from PharmaMar and PF-00477736 from Pfizer. For
cytotoxicity experiments, cell lines were seeded in 96-well
plates and were treated after 48 hours with different
concentrations of the drugs. After 72 hours cell viability was
examined with the MTS assay (Promega) and absorbance was
acquired using a plate reader (Infinite M200, TECAN). Drug
concentrations inhibiting growth in 50% of the cells (IC50s) were
calculated for each cell line, with the interpolation method.

Chemotaxis and Chemo-Invasion Tests
The cell lines were tested for their ability to migrate through a
Nucleopore Track-Etch Membrane (pore size 8 mm, Whatman
International), coated with Matrigel Basement Membrane
Matrix for chemo-invasion, using Boyden chambers. We added
05 to 2 x 104 cells, re-suspended in DMEM culture medium with
0.1% FBS, to each well of the upper chamber for chemotaxis and
chemo-invasion tests; DMEM+0.1% FBS (control wells) or 3T3
cell line supernatant (chemo-attractive agent) were added to the
lower chamber. The chambers were incubated at 37°C overnight,
then the cells from the upper side of the filter were removed and
filters were fixed in methanol and stained for nuclear and
cytoplasmic detection. Cells that had migrated the lower side
of the filters were quantified by brightfield microscopy using a
40× objective, and the average number of cells per field
was calculated.

In Vivo Studies
NCr-nu/nu mice (five-week-old females) were from Harlan S.p.a
Italy and maintained under standard pathogen-free conditions. The
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Istituto di Ricerche Farmacologiche Mario Negri IRCCS adheres to
national and international laws, regulations, and policies on the
maintenance, care and use of laboratory animals, as already
reported (26). The in vivo experiments were approved by an
institutional review board and the Italian Ministry of Health
(Authorization no. 705/2016-PR). Exponentially growing A2780
and A2780 CDK12 KO cells (approximately 7.5 x 106 cells per
mouse) were injected subcutaneously in the flank of four mice per
group. A Vernier caliper was used to measure tumor diameters, and
tumor volumes were calculated following the formula: [(smallest
diameter)2 x biggest diameter]/2. Tumor and body weights were
recorded at different time points from implant and mice were
euthanized by carbon dioxide (CO2) overdose when tumors
reached 10% of the animal’s body weight.
Statistical Analyses
Statistical analyses were done with GraphPad Prism software.
We used a t-test to compare cell growth, colony formation, IC50s
of cytotoxic experiments and chemo-attraction and chemo-
invasion data between the CDK12 wild type (WT) and CDK12
KO cell lines. To compare the activation of apoptosis between
CDK12 WT and CDK12 KO cells we used two-way ANOVA
followed by a Bonferroni test.

RNA-Seq was analyzed as previously described (27). Briefly,
after quality control using fastqc and mapping against the human
GRCh38 genome build, alignment was done with STAR, reads
counted with HTSeq-Count, and differently expressed transcripts
defined with the voom/limma R package. Genes were considered
up-regulated or down-regulated if the adjusted p-value was <0.05
and log2 (KO vs WT) was respectively >1 or <-1. Genes
deregulated in both cell lines were analyzed for enrichment in
cancer hallmarks using the web-based tool of the Molecular
Signaling Database (MsigDB, http://software.broadinstitute.org/
gsea/msigdb), filtering for a false discovery rate (FDR) <0.05.
RESULTS

CDK12 KO Ovarian Cancer Cell Lines
A2780 cells were selected to generate KO clones for CDK12 with the
CRISPR/Cas9 gene editing tool. As already reported (28), this was
not very successful as we obtained only one clone from A2780
(A2780 KO). Sequencing of genomic DNA showed the A2780 KO
clone was homozygous in exon 1 of CDK12, carrying one allele
harboring a deletion of 30 base pairs and one containing an insertion
of 270 base pairs (Figure 1A). These data were confirmed by the
cDNA sequencing of the CDK12 KO cells (data not shown).

We tested whether our guide RNAs could be directed against
other genes besides CDK12 (off-target genes). We used the online
CRISPR Design tool by Zhang laboratory (http://crispr.mit.edu/)
and found no off-target sequence in other genes.

Alterations in CDK12 sequence are predicted to code for
probably non-functional proteins. In fact, deletion in one allele
(30 bp deletion) would produce a protein lacking 10 AA; the other
allele has a 270 bp insertion that causes a number of stop codons,
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implying that no full protein should be formed. No expression of
CDK12 protein in A2780 KO cells was observed, using both a C-
terminal and a N-terminal epitope directed CDK12 antibody
(Figure 1B). We carefully checked for extra bands (possibly
CDK12) with different sizes, but we never found any.
Considering that one allele is predicted to produce a protein
lacking 10 AA, the fact that we could not find any CDK12 protein
by western blot suggests that the encoded protein is very unstable.

We checked the levels of a number of proteins that have been
associated and regulated by CDK12 (7, 29). We found that the
basal level of RNA polymerase II phosphorylation was similar in
WT and KO CDK12, while slightly lower levels of the CDK12
cyclin partner cyclin K (Figures 1B, C). The levels of CDK9, the
other transcriptional CDK involved in Ser2 RNA polymerase II
phosphorylation, were not changed, nor were those of CDK13
(Figure 1B). p53 protein levels were similar in A2780 and the
corresponding CDK12 KO clone (Figure 1B).

Biological Characterization of the CDK12
KO Ovarian Cancer Cells
CDK12 KO cells were morphologically indistinguishable from
their parental counterparts (data not shown). We characterized
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the clone for its proliferation rate and clonogenicity. KO clones
had slower growth than their parental cells (Figure 2A). Colony
and limiting dilution assays suggested that A2780 CDK12 KO
cells had lower clonogenic ability than parental cells. CDK12
KO cells did have less colony formation ability (Figure 2B) and
less single cell growth in the limiting dilution assay (Figure 2C).
We wondered whether the absence of CDK12 led to an increase
in cell death that could partly explain the differences in cell
growth. As shown in Figure 2D, the percentage of cells
undergoing apoptosis was higher in CDK12 KO cells than in
their parental cell line at different times. There was no
activation of autophagy, as demonstrated by the absence of a
cleaved form of LC3 protein and the increase in p62
(Supplementary Figure 1A), or senescence, as indicated by
the absence of b-galactosidase staining (Supplementary
Figure 1B) in CDK12 KO cells.

A2780 and CDK12 KO cells were analyzed for their DNA
content and distribution in the different phases of the cell cycle.
A2780 and A2780 CDK12 KO cells were regularly distributed in
the different phases of the cell cycle (Figure 3A). However,
A2780 CDK12 KO cells had a twice DNA content as compared to
parental cells.
A B

C

FIGURE 1 | Molecular characterization of A2780 and A2780 CDK12 KO cells. (A) Nucleotide sequences of the loci targeted by CRISPR/Cas9 in exon 1 of CDK12,
generating CDK12 KO clones. Upper panel: nucleotide sequences of A2780 CDK12 WT and KO; shaded nucleotides were deleted and inserted in KO clone allele
#1 and #2, respectively. (B) Western blot analysis showing CDK12, HSP90, RNA pol II p-Ser2, RNA pol II, p53, CDK9, cyclin K, CDK13, RAN protein levels in
A2780 and A2780 CDK12 KO cell lines. All the protein blots for western analysis have been cropped before antibody hybridization to be able to detect in the same
filter different proteins. (C) Quantification of the western blot data by densitometric analyses. Values are normalized by actin and are the mean+SD of three replicates.
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Considering the recent report of an association of bi-allelic
inactivation of CDK12 with tandem duplication (17), we analyzed
the karyotype of the cells to investigate the number and structure of
the chromosomes. The composite reconstructions of WT and KO
karyotypes (Figure 3B) showed that structural rearrangements of
A2780 were maintained in A2780 CDK12 KO cells, but duplicated.
The A2780 cell line (upper panel) showed a modal number of 46
chromosomes, ranging from 44 to 47 corresponding to a diploid
DNA content. Its composite karyotype is 44~47,XX,-1x2,+der (1)
dup (1q),+del(1)(p36.3p32),+der(1)t(1);?(q11);?x2,-4,der(6)t(1;6)
(q21.2;q22),7, der(7)add(7)(q32), der (12)t(?;12),del(14)(q23),der
(21)add(21)(q22). The A2780 CDK12 KO cells line had a modal
number of 90 chromosomes, ranging from 88 to 95 (lower panel), in
line with the doubled DNA content shown by FACS analysis. Its
composite karyotype is 88~95,XXXX,-1x4, +der(1)dup(1q)x3, +del
(1)(p36.3p32)x2,+der(1)t(1);?(q11);?x4,+3,-4,+4,+5,der(6)t(1;6)
(q21.2;q22)x2,-7x2,der(7) add (7) (q32) x 2, -10, der (12) t (?;12) x 2,
-13x2, der (13;14)(q10;q10),-14,del(14)(q23)x2,-17,-18,-19,-21, der
(21)add(21)(q22)x2.

CDK12 KO Effect on Tumor Growth In Vivo
We transplanted parental and CDK12 KO cells in nude mice and
examined their tumor take and tumor growth. The A2780 KO
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tumor lag was much longer than A2780, all the mice having a
palpable tumor by day 135, while all the animals transplanted
with A2780 cells were dead with tumors by day 25 (Table 1).
Tumor growth rates of A2780 CDK12 KO cells were slightly
lower than A2780 cells (Supplementary Figure 2).

CDK12 KO Effect on Invasiveness
CDK12 was reported to modulate the alternative splicing of
specific genes, increasing the tumorigenicity and aggressiveness
of breast cancer cells (30). We therefore investigated whether
CDK12 KO cells showed a difference in migrating from their
parental cells. In chemotaxis experiments (Supplementary
Figure 3) there was no difference in migration between
parental and CDK12 KO clone. In wound healing assay, we
found no differences in the ability to repair the wound in CDK12
KO cells compared to the parental cells (data not shown).

CDK12 KO Effect on DNA Damage
and Repair
CDK12 down-regulation has been reported to be associated with
lower mRNA and protein levels of DNA repair genes (4). We
investigated the levels of a number of DNA damage genes in
CDK12 KO cells compared to those in parental cells. Figure 4A
A B

C D

FIGURE 2 | Biological characterization of A2780 and A2780 CDK12 KO cells. (A) Growth curves for cells/mL (— A2780 cells; —— A2780 CDK12 KO cells) at
different times from seeding. Data are the mean ± SD of three replicates and each experiment was performed three times. t-test was used for statistical analysis
(****p < 0.0001). (B) Colony assays performed in six-wells plates of CDK12 WT (upper wells) and KO (lower wells) cell lines. Cells were stained two weeks after
seeding. The results shown are representative of three independent experiments. (C) Number of colonies in 96-wells plates. Data are the mean ± SD of three
replicates done three times (*= p<0.0082). (D) Apoptotic signals 24 (white), 48 (grey) and 72 (black) hours from the seeding. Data are the mean ± SD of six
replicates done three times. For statistical analysis, two-way ANOVA, followed by Tukey’s test was used to compare CDK12 KO with the WT cell line at each
time (****p < 0.0001).
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shows the relative mRNA levels of some of the genes acting in
DNA damage and repair, expressed as the fold of increase over the
parental cells. There was a partial downregulation of BRCA1,
CHK1, and WEE1 in A2780 KO cells, while PARP1 was
downregulated. Protein levels of the same genes (Figures 4B, D)
assessed by western blot, confirmed the downregulation of PARP1,
while no significant change of BRCA1, CHK1, and WEE1 protein
levels. We then checked for the level of endogenous DNA damage
evaluating the activation of H2AX, a bone fide marker of this. No
increase in p-Ser139 H2AX was detected in CDK12 KO cells
compared to the WT cells, suggesting no greater DNA damage in
CDK12 KO cells (Figure 4C).

Considering the reported role of the cyclin K/CDK12
complex in eukaryotic gene expression and to gain a broader
picture of changes in gene expression, we compared the baseline
gene expression profiles in KO versus WT cells, as described in
Materials and Methods. In CDK12 KO cells, 6.8% of genes were
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up-regulated in A2780 KO and 7.6% were down-regulated
(Supplementary Table 3). We did not find the reported (4)
enrichment in DNA repair genes in A2780 CDK12 KO cells.
However, among the up-regulated genes there was significant
enrichment of genes involved in apoptosis, in agreement with the
experimental data (Figure 2D) (Supplementary Table 4).
CDK12 KO Effect on Sensitivity to
Anticancer Drugs
Recent reports suggest that cells with CDK12 mutations and/or
transient downregulation with small interference RNA are more
sensitive to alkylating agents, PARP inhibitors and irinotecan (11,
12, 31). We pharmacologically characterized A2780 CDK12 KO
cells compared to parental cells using agents with different
mechanisms of action; DNA interfering agents: cisplatin (DDP),
ET-743, olaparib (OLA); antitubulin agents: paclitaxel (PTX), and
agents targeting the DNA damage response pathway: ATR inhibitor
(VE822), ATM inhibitor (KU55933), CHK1 inhibitor (PF477736),
WEE1 inhibitor (MK1775) and CDK7/CDK12 inhibitors (THZ1
and THZ1HYDRO). Contrary to some reports, KO clones were not
more sensitive to DDP and OLA; the patterns of sensitivity were
also similar with ET-743, PTX, KU55933, PF477736 and MK1775.
CDK12 KO cells showed the same sensitivity to THZ1 and THZ1
HYDRO as WT cells (Figure 5). Interestingly, CDK12 KO cells
were five fold more resistant to the ATR inhibitor VE822 with an
IC50 value of 1.99 + 0.81mM versus 0.39 + 0.07 mM (Figure 5;
Supplementary Table 5).
A

B

FIGURE 3 | (A) Flow cytometric analysis of DNA content of the cell lines. –: CDK12 WT cell lines, - - : CDK12 KO cell lines. (B) Composite karyotypes of A2780 cell
line (left panel) and of A2780 CDK12 KO (right panel).
ABLE 1 | No of mice tumor/no of transplanted mice with A2780 and CDK12
O A2780 cells.
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To see whether the cells’ sensitivities to DDP and VE822 were
due to some changes in apoptosis, we ran an apoptosis test 24, 48
and 72 hours after treatment with different drug concentrations.
Supplementary Figure 4 shows the apoptotic levels of treated
and untreated A2780 and A2780 CDK12 KO cells. There were no
differences in DDP-induced apoptosis between the WT and
CDK12 KO cells, while VE822 caused weaker induction of
apoptosis in KO than in WT cells. These data suggest that the
lower sensitivity of A2780 CDK12 KO to VE822 than A2780 may
be partly due to a lower induction of apoptosis.
DISCUSSION

Cyclin-dependent kinase 12 (CDK12) has been reported to favor the
maintenance of genomic stability as it promotes the transcription of a
Frontiers in Oncology | www.frontiersin.org 7495050
subset of genes involved in the DNA damage response (4, 5). CDK12
inactivation causes downregulation of genes involved in DNA repair
(10, 11) and increases sensitivity to platinum agents and PARP
inhibitors (12, 13). Mutations in CDK12 have been reported in
different tumor types (7, 8) and it is one of the most mutated genes
in ovarian carcinoma (9). Recently, we reported that CDK12 mRNA
levels were predictive of platinum response in a xenobank of patient-
derived ovarian carcinomas (32). To understand CDK12’s role in
tumor growth and response to therapy better, we here generated
ovarian cancer cells knocked out for CDK12.

The very low rate of success in obtaining CDK12 KO clones
using the effective CRISPR/Cas9 tool suggests CDK12 is important
for cell viability (5, 28). To the best of our knowledge, no stable
CDK12 KO cells have been described; only an analog sensitive
CDK12 cellular system has been published (28), a single HeLa cell
clone in which the only functional copy of CDK12 was selectively
A C
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D

FIGURE 4 | DNA repair gene expression in A2780 and A2780 CDK12 KO cells. (A) mRNA levels of ATM, ATR, BRCA1, CHK1, FANCD2, RAD51, PARP1, WEE1 in
A2780 and A2780 CDK12 KO cell lines obtained by RT-PCR. Values are the mean+SD of three independent experiments, done in triplicates and are expressed as
the fold of change over the CDK12 WT cell line. (B) Western blot analysis showing ATM, HSP90, ATR, FANCD2, BRCA1, PARP1, RAD51, b tubulin, CHK1, WEE1,
ACTIN, p-Ser139 H2AX, H2AX protein levels in A2780 and A2780 CDK12 KO cells lines. All the protein blots for western analysis have been cropped before
antibody hybridization to be able to detect in the same filter different proteins. (C) Western blot analysis showing p-Ser139 H2AX, H2AX protein levels in A2780 and
A2780 CDK12 KO cells. All the protein blots for western analysis have been cropped before antibody hybridization to be able to detect in the same filter different
proteins. (D) Quantification of the western blot data by densitometric analyses. Values are normalized by actin and are the mean+SD of three replicates.*p = 0.0342.
July 2022 | Volume 12 | Article 903536

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chilà et al. Stable CDK12 Knock Out
FIGURE 5 | Drug dose-response curves. Dose-response curves of A2780 - - -■- - - and A2780 KO ▬▬■▬▬ to cisplatin, paclitaxel, olaparib, ET-743, VE822,
KU55933, PF477736, MK1775, THZ1, THZ1 hydrocloride. Data are expressed as survival percentages over controls (+ standard error) of least three experiments
done in quintuplicate.
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inhibited by a cell-permeable adenine analog. In this system,
CDK12 inhibition resulted in an arrest in cell proliferation and
perturbation of the phosphorylation pattern of RNA polymerase II
CTD. The cell growth of CDK12KO cells confirmed this, as the lack
of CDK12 delayed cell growth and reduced the clonogenic ability of
the CDK12 KO cells. The data were also partially confirmed in vivo,
where A2780 KO tumors were as tumorigenic as A2780 cells.
However, their time lags were almost 9-13 times those of A2780
cells, and their growth rates were slightly lower than the parental
cells. These data seem to contrast with the reported evidence of
CDK12 as tumor suppressor. However, as recently suggested (33), if
important events in oncogenesis depend on the loss of CDK12
catalytic activity leading, among others to deregulation of DDR, we
did not observed in our experimental setting an impairment of
response to damage in CDK12 KO cells. As regards CDK12’s
implication in tumor invasiveness and aggressiveness (30), we did
not find any differences in migration capacity between WT and
KO clones.

The absence of the CDK12 protein is not associated with any
clear decrease in RNA pol II p-Ser2 phosphorylation, probably
because CDK9 and CDK13 levels-which induce the same
phosphorylation- were unchanged (34). Of note, CDK13 is
evolutionarily and structurally related to CDK12 kinase, sharing
the same cognate cyclin K and biochemical assays reported similar
kinase activity and phosphorylation of Ser2 of the CTD heptad
sequence (33). Even some studies support gene selective modulation
and non-overlapping function for CDK12 and CDK13, evidence
have recently been put forward on a significant redundancy between
these two kinases and on the fact that both are key regulators of
global POLII processivity (35). There was a slight decrease in cyclin
K levels, never reaching statistical significance in CDK12 KO cells.
The pre-replicative assembly complex (licensing) is a requisite for
DNA replication and sustains cell proliferation (36). Cyclin K is
essential to promote efficient licensing in G1 phase and CDK12
knockdown prevents the pre-replicative complex assembly in G1
(37). This might explain a DNA replication defect in CDK12 KO
cells, leading to slower growth.

Contributing to the slower growth in CDK12 KO cells is the
significant downregulation of genes involved in the G2/M
checkpoint observed with gene expression analysis, and the higher
basal level of apoptosis in CDK12 KO than WT cells. In A2780
CDK12 KO cells we did not find any increase in DNA damage, as
demonstrated by the comparable levels of gH2AX phosphorylation
in contrast to the reports in reduced licensing conditions (38) and in
CDK12-null embryos (4, 5), suggesting a more complex picture.

CDK12KO cells have double the DNA content ofWT cells, even
with regular distribution in the cell cycle, with doubling of the
chromosomes and retention of the structural rearrangements seen
in the parental WT cells. It has been recently demonstrated that
ovarian cancers with inactivating mutations of CDK12 present
genomic instability characterized by hundreds of tandem
duplications of up to ten megabases (MB) in size (CDK12 TD-
plus phenotype) (17). In prostate cancer, the bi-allelic inactivation of
CDK12 is associated with a large number of focal copy-number
gains dispersed across the genome (39). This phenotype was
mutually exclusive with BRCA1/2 mutations (germline and/or
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somatic) and with BRCA1 promoter methylation and was not
associated with genomic homologous recombination deficiency,
partially contrasting with the data suggesting a decrease in the
expression of genes involved in homologous recombination repair
(4, 40). It was also reported that large genes (including the DNA
repair genes) were not markedly abundant among the
downregulated ones.

Given the role of CDK12 in regulating the expression of genes
involved in DNA repair, we investigated the levels of some of
these genes in our CDK12 KO cells. There was a slight tendency
to mRNA downregulation of some genes involved in DNA repair
(i.e. BRCA1, CHK1, WEE1 and PARP1) not always supported by
a downregulation at protein level. This apparently inconsistency
could be due to other level of regulation at protein level, such as
post-translation modifications interfering with their stability
(41). As we focused on a limited number of DNA repair genes
(those whose mRNAs were downregulated in CDK12 transient
KO conditions), we might not have captured the whole spectrum
of altered transcription. However, a wide gene expression
analysis indicated a certain proportion of deregulated genes
(both up- and down-regulated), but we did not find any clear
enrichment in DNA repair genes among the downregulated
transcripts as reported elsewhere (4, 40). However, the fact that
CDK12 KO cells have double DNA content suggests that the two-
fold increase in DNA repair genes copy number could potentially
lead to an increase in their transcripts, even in the absence of
CDK12. A detailed gene copy number analysis coupled with
transcriptome of the clones would help clarify this issue.

Although the biological and molecular characterization of our
CDK12 KO clones is compatible with the known function of
CDK12 in cells, we could not find any differences in the
sensitivity of CDK12 KO cells to cisplatin, PARP inhibitor
olaparib, ET-743, KU55933 (an ATM inhibitor) and paclitaxel
compared to WT cells. The ATR inhibitor VE822 was less active
in CDK12 KO clones than in WT cells.

These results partially contrast with reports of increased
sensitivity to platinum-based drugs and olaparib in cells
transiently transfected with shRNA and siRNA against CDK12
(11, 31, 42). Possible explanations can be offered: i) the experimental
settings are quite different, as our CDK12 KO cells had a stable, not
transient, loss of CDK12, and may have developed some
mechanisms of adaptation to survive cells; ii) given the functional
redundancy between CDK12 and CDK13 (35), it could be that
CDK13 can compensate for CDK12 loss; iii) our CDK12 KO cells
have double the DNA content and no significant decrease in DDR
proteins. The lower sensitivity to ATR inhibitor in CDK12 KO cells
- partly explained by the less induction of apoptosis - would be due
to the fact that these cells are less dependent on the ATR-CHK1
axis. Finally, the similar sensitivity to the reported CDK12 inhibitors
in A2780 CDK12 KO cells would suggest that these inhibitors are
not specific for CDK12.

In conclusion, here we report for the first time a CDK12 null cell
line. We realize that all the data here rely on only one clone, but
nevertheless all are compatible with the known function of CDK12
and support its role for survival in tumor cells too. CDK12 KO cells
showed a duplication of DNA, with doubling of the chromosomal
July 2022 | Volume 12 | Article 903536
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number, corroborating the role of CDK12 in genomic maintenance.
CDK12 KO cells had reduced cell growth, no increase in
endogenous DNA damage levels and no major downregulation of
DNA repair genes, reported to be downregulated in transient
CDK12 KO cells. The lack of DDR gene downregulation might be
partially explained by the doubling of DNA content and could
justify the lack of increase sensitivity to platinum and PARPi.
Detailed genome molecular study coupled with a global gene
expression profile will help us understand better what kind of
selection this KO clone has undergone and explain the differences
from the transient CDK12 downregulation experimental setting.
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CDK4/6 inhibitors improve the
anti-tumor efficacy of lenvatinib
in hepatocarcinoma cells
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Rita Terenziani1, Kamal Eltayeb1, Francesco Volta1,
Silvia Zoppi1, Patrizia Bertolini3, Gabriele Missale1,4,
Roberta Alfieri1 and Pier Giorgio Petronini1
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Compensation Authority, Rome, Italy, 3Paediatric Hematology Oncology Unit, University Hospital of
Parma, Parma, Italy, 4Unit of Infectious Diseases and Hepatology, University Hospital of Parma,
Parma, Italy
Hepatocellular carcinoma (HCC) is the most frequent primary liver cancer with

a poor prognosis and limited treatment options. Considering that alterations of

the CDK4/6-cyclin D-Rb pathway occur frequently in HCC, we tested the

efficacy of two CDK4/6 inhibitors, abemaciclib and ribociclib, in combination

with lenvatinib, a multi-kinase inhibitor approved as first-line therapy for

advanced HCC, in a panel of HCC Rb-expressing cell lines. The simultaneous

drug combinations showed a superior anti-proliferative activity as compared

with single agents or sequential schedules of treatment, either in short or in

long-term experiments. In addition, the simultaneous combination of

abemaciclib with lenvatinib reduced 3D cell growth, and impaired colony

formation and cell migration. Mechanistically, these growth-inhibitory effects

were associated with a stronger down-regulation of c-myc protein expression.

Depending on the HCC cell model, reduced activation of MAPK, mTORC1/

p70S6K or src/FAK signaling was also observed. Abemaciclib combined with

lenvatinib arrested the cells in the G1 cell cycle phase, induced p21

accumulation, and promoted a stronger increase of cellular senescence,

associated with elevation of b-galactosidase activity and accumulation of

ROS, as compared with single treatments. After drug withdrawal, the capacity

of forming colonies was significantly impaired, suggesting that the anti-tumor

efficacy of abemaciclib and lenvatinib combination was persistent.

Our pre-clinical results demonstrate the effectiveness of the simultaneous

combination of CDK4/6 inhibitors with lenvatinib in HCC cell models,

suggesting that this combination may be worthy of further investigation as a

therapeutic approach for the treatment of advanced HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common

malignant tumor and the fourth leading cause of cancer-related

death (1). HCC is a highly heterogenic disease, and a significant

proportion of HCC patients show intermediate/advanced

disease at the time of clinical diagnosis, thus reducing the

opportunity for a radical cure (2). In these patients, systemic

therapy remains the only available therapeutic option.

Sorafenib has been the first drug approved as standard first-

line treatment for advanced HCC; however, during the last 4

years, other treatments reached the Food and Drug

Administration (FDA) approval, including new molecular

targeted agents and immune checkpoint inhibitors (ICIs) (3–5)

The IMbrave150 trial (6) demonstrated that the combinationof

atezolizumab, an ICI directed against PD-L1, with the anti-

angiogenic drug bevacizumab improved the overall survival of

HCC patients as compared to sorafenib. Atezolizumab plus

bevacizumab has become the standard of care for the treatment

of patients with unresectable locally advanced or metastatic HCC

(5)However, 20%of patients donot respond to this therapy and the

median progression-free survival is only 6.8 months. In addition,

there is a portion of patients who cannot be treated with

atezolizumab/bevacizumab, for whom the therapy options

available remain sorafenib or lenvatinib. Lenvatinib is a multi-

kinase inhibitor approved in 2018 as first-line treatment for

advanced HCC (7), exerting its inhibitory activity against

vascular endothelial growth factor receptors (VEGFR1-3),

fibroblast growth factor receptors (FGFR1-4), platelet-derived

growth factor receptor alpha (PDGFR-a), c-KIT, and RET (8).

Targeting the FGF receptors and inhibiting the FGF signaling

pathway distinguishes lenvatinib from sorafenib.

Preclinical studies demonstrated that the combination of

lenvatinib with pembrolizumab is effective in HCC, resulting in

increased antitumor activity as compared to monotherapy in a

mouse model of HCC (9). Interestingly, such combination

showed promising antitumor activity with a tolerable safety

profile also in patients with unresectable HCC (10).

In patients who failed first-line therapy, the treatment

choices in second-line include the multi-tyrosin kinases

inhibitors (TKIs) regorafenib and cabozantinib, and the

monoclonal anti-VEGF2 antibody ramucirumab (11).

Cell cycle dysregulation is a hallmark of cancer and

alterations in genes regulating cell proliferation have been

frequently reported in HCC cells. Among them, alterations of

the cyclin D-CDK4/6-Rb pathways frequently occur in HCC:

CDK4 overexpression has been described in more than 70% of

cases (12), whereas the inactivation of CDKN2A/ARF gene,

encoding for the cell cycle inhibitor p16INK4a, has been found

in over 50% of patients (13, 14). In addition, the oncosuppressor

Rb gene has been found inactivated in around 20% of patients

(13, 15).
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To date, the CDK4/6 inhibitors palbociclib (PD-0332991),

ribociclib (LEE011), and abemaciclib (LY835219) are approved

for the treatment of Estrogen Receptor positive advanced or

metastatic breast cancer in association with endocrine therapy

(16). Interestingly, a number of preclinical studies have

demonstrated their efficacy also in Rb-expressing HCC cells

(17). Accordingly, our recent findings demonstrated that HCC

cell lines harboring CDKN2A/ARF gene loss and expressing a

functional Rb protein were sensitive to palbociclib, and proved

the efficacy of CDK4/6 inhibition in combination with

regorafenib, thus suggesting a novel approach for the

treatment of HCC patients (18).

Based on these positive findings, we investigated the anti-

tumor activity of the combination of CDK4/6 inhibitors with

lenvatinib in a panel of HCC cell lines. We focused in particular

on abemaciclib, because of its highest potency; in addition,

abemaciclib is more potent against CDK4 than CDK6, which

is involved in the differentiation of hematologic precursor cells,

implying a reduced hematological toxicity in the clinical setting

(19). Our results demonstrated that the simultaneous drug

combination inhibited cell proliferation in either two or three-

dimensional (2D, 3D) cell models, impaired colony formation

and cell migration, and induced cellular senescence more

strongly than single treatments. Interestingly, the growth-

inhibitory effect of the drug combination was maintained even

after drug removal, providing a pre-clinical rationale for the

combination of abemaciclib with lenvatinib as a therapeutic

strategy for advanced HCC.
Material and methods

Cell culture

Human HCC cell lines (HUH7, SNU398, HepG2) were

obtained from the American Type Culture Collection (ATCC,

Manassas, VA); ATCC authenticates the phenotypes of these cell

lines on a regular basis. The cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 2 mM

glutamine, 10% Fetal Bovine serum (FBS), and 100 U/ml

penicillin,100 mg/ml streptomycin, and incubated at 37°C in a

humidified atmosphere of 5% CO2 in air.
Drug treatments

Abemaciclib (S5716), ribociclib (S7740), and lenvatinib

(S1164) were purchased from Selleckchem (Houston, TX). All

drugs were dissolved in DMSO. DMSO concentration never

exceeded 0.1% (v/v); equal amounts of the solvent were added to

control cells.
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Western blotting

Western blot analysis was performed as previously described

(20). Antibodies against p-RbSer780, Rb, cyclin D1, CDK6, p-

ERK1/2Thr202/Tyr204, ERK1/2, p-AKTSer473 , AKT, p-

p70S6KThr389, p70S6K, p-FAKTyr925, FAK, p-SrcTyr416, Src,

PDGFRa, FGFR1, FGFR2, cKIT, c-Myc, p21, p-MDM2 and

MDM2 were from Cell Signaling Technology, Incorporated

(Danvers, MA); anti-p-CDK6Tyr24, FGFR4 were from Santa

Cruz Biotechnology, Incorporated (Dallas, TX). The antibody

against CDKN2A/p16INK4a was from Abcam (Cambridge, UK).

Anti-b-actin (clone B11V08) was from BioVision (Milpitas,

CA). Horseradish peroxidase-conjugated secondary antibodies

and the chemiluminescence system were from Millipore

(Millipore, MA). Reagents for electrophoresis and blotting

analysis were from BIO-RAD Laboratories (Hercules, CA).

The chemiluminescent signal was acquired by C-DiGit R Blot

Scanner and the bands were quantified by Image

Studio™Software, LI-COR Biotechnology (Lincoln, NE).
Drug combination studies

The nature of the interaction between CDK4/6 inhibitors

and lenvatinib was calculated by combination index (CI)

determination. CIs were calculated with Calcusyn software

(Biosoft), which is based on the method of Chou and Talalay.

In this method, a CI < 0.8 is considered as synergistic, 0.8 < CI <

1.2 additive and CI > 1.2 antagonistic (21).
Colony and clonogenic assay

Cells were seeded in 12-well culture plates at a low density

and were incubated at 37°C in 5% CO2 incubator. After 6 days of

treatment, 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 (22). In the

experiments of clonogenic assay, after 6 days of treatment, viable

cells were harvested, reseeded in 6-well culture plates at a density

of 400 cells per well, and cultured for additional 15 days in the

absence of drugs. After the recovery time, colonies were fixed

with methanol, stained with crystal violet and counted. Data

were given as colony number (23).
Analysis of spheroid cell growth

Spheroids from HCC cells were generated using

LIPIDURE®-COAT PLATE A-U96 (NOF Corporation, Japan)

according to the manufacturer’s instructions. Briefly, 3 days after
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seeding, the spheroids were formed and treated with drugs or

vehicles for 6 or 12 days. The effects of the drugs were evaluated

in terms of volume changes using the Nikon Eclipse E400

Microscope with digital Net camera. The volume of spheroids

[D=(Dmax+Dmin)/2; V=4/3p(D/2)3] was measured using

SpheroidSizer, a MATLAB-based and open-source software

application (24).
Migration

The migration assay was carried out using Transwell

chambers with 6.5-mm diameter polycarbonate filters (8mm
pore size, BD Biosciences, Erembodegem, Belgium) as

previously described (25).
b-Galactosidase staining

The evaluation of Senescence Associated b-Galactosidase (SA-
b-Gal) expression was performed using the Senescence b-
Galactosidase Staining kit (Cell Signaling Technology Inc.).

Briefly, cells were seeded in 6-well plates in complete medium for

24 h and then treated with drugs or vehicles. At the end of the

treatments, a fixative solution was added for 15 min at room

temperature. The plates were washed twice with PBS and then

the b-Gal staining solution was added. After overnight incubation

at 37°C without CO2, the number of SA-b-Gal positive cells (blue
stained) was evaluated by cell counting in ten randomly chosen

microscope fields (100× magnification) (26).
Reactive oxygen species detection

Intracellular ROS production was assessed by oxidation of

the cell-permeable fluorescent probes 5-(and-6)-chloromethyl-

20,70-dichlorodihydrofluorescein diacetate, acetyl ester (CM-

H2DCFDA, Molecular Probes®). At the end of the drug

treatments, the cells were harvested, centrifuged, resuspended

in PBS containing the probe at 1 µM, and incubated in the dark

at 37°C. After 30 minutes, the cells were washed, resuspended

in PBS, and analyzed on a Beckman-Coulter Cytoflex

flow cytometer.
Statistical analysis

Statistical analyses were carried out using Graph-Pad Prism

version 6.0 software (GraphPad Software, San Diego, CA).

Statistical significance of differences among data was estimated

by analysis of variance (ANOVA) followed by Tukey’s post-test.

p values are indicated where appropriate in the figures and in

their legends. p values less than 0.05 were considered significant.
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Results

Effects of abemaciclib alone or
combined with lenvatinib in HCC
cell lines

Firstly, we demonstrated that abemaciclib was effective at

inhibiting cell proliferation in a panel of HCC cell lines

(Figure 1A). As previously demonstrated for HUH7 and

HepG2 cells (18), SNU398 cells also expressed a functional Rb

protein and were negative for p16INK4a expression (Figure S1A),

molecular features that have been previously correlated with

sensitivity to CDK4/6 inhibition (20, 27). In these cells,

abemacic l ib decreased CDK6 phosphorylat ion and

downregulated both p-Rb and Rb levels (Figure 1B), in

accordance with data from literature showing that CDK4/6

inhibitors reduce Rb phosphorylation and concomitantly

decrease the expression of total Rb protein in multiple cancer

models (28). In addition, abemaciclib increased cyclin D1 levels

(Figure 1B), an effect that we had previously observed with

palbociclib treatment (18).

Then, we investigated whether abemaciclib treatment could

potentiate the anti-tumor activity of lenvatinib. To this end, we

firstly analyzed the effects of lenvatinib alone in HCC cells and

demonstrated that it inhibited cell proliferation, with a stronger

efficacy observed in HUH7 cells compared with HepG2 and

SNU398 cells (Figure S1B), confirming results from previous

studies (29). All three cell models expressed one or more TK

receptors targeted by lenvatinib (Figure S1C): in particular,

FGFR1, FGFR2, and FGFR4 were expressed in all cell lines,

although to a different extent, c-KIT was absent in SNU398,

while PDGFR-a was detected only in HUH7 cells, presumably

contributing to their greater sensitivity to lenvatinib. These data

confirm that lenvatinib, in addition to its anti-angiogenic

activity, exerts direct anti-tumor effects in cells expressing

its targets.

The combination of abemaciclib with lenvatinib was

evaluated by comparing a simultaneous treatment with

sequential schedules (abemaciclib followed by lenvatinib;

lenvatinib followed by abemaciclib; abemaciclib or lenvatinib

followed by the simultaneous drug combination). In all cell lines

analyzed, the simultaneous combination induced a greater

inhibition of cell proliferation compared with single agents,

and was more efficacious than the sequential schedules, after

one or two cycles of treatment (Figure 1C). Actually, some of the

sequential schedules were even less effective than single-agent

treatments. Based on these findings, we chose the simultaneous

combined treatment with abemaciclib and lenvatinib for the

subsequent experiments.

To identify the type of interaction between abemaciclib and

lenvatinib, we calculated the combination index (CI). As shown

in Figure 2A, we demonstrated that this combination resulted in
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synergistic anti-proliferative effects in HUH7, SNU398, and

HepG2 cells.

The superior efficacy of abemaciclib combined with

lenvatinib was also demonstrated by a cell colony formation

assay, showing that the combination reduced the colony

formation more strongly than single-agent treatments in all

three cell models analyzed (Figure 2B).

Effects of ribociclib alone or combined
with lenvatinib in HCC cell lines

Then, we evaluated whether the same increased anti-tumor

activity demonstrated by abemaciclib in combination with

lenvatinib could be achieved by inhibiting CDK4/6 with

ribociclib. Ribociclib inhibited cell proliferation in the HCC cell

models, downregulating p-CDK6 and p-Rb, while cyclin D1 levels

were increased as shown for abemaciclib (Figures 3A, B).

The simultaneous combination with lenvatinib produced

synergistic anti-proliferative effects, (Figure 3C) and was more

effective than single treatments in reducing the colony formation

(Figure 3D). It is worth noting that the IC50 value for ribociclib

was higher than that determined for abemaciclib in all three cell

models; actually abemaciclib shows a higher potency in

comparison to the other CDK4/6 inhibitors (19). Therefore,

we decided to continue using abemaciclib to investigate the

effects of CDK4/6 inhibition in combination with lenvatinib.
The combination of abemaciclib with
lenvatinib inhibits spheroid cell growth,
impairs cell migration, and induces cell
cycle arrest and senescence

The greater efficacy of the simultaneous combined treatment

with abemaciclib and lenvatinib over individual agents was further

confirmed in a 3D system using HUH7 cells (Figure 4A). Indeed,

both drugs alone inhibited spheroid cell growth but were

significantly more effective when used in combination.

Interestingly, abemaciclib combined with lenvatinib

significantly impaired the ability of SNU398 cells to

migrate (Figure 4B).

The simultaneous combination induced cell cycle arrest

(Figure 4C), with an increased percentage of cells accumulating

in theG1phase incomparisonwithabemaciclib or lenvatinib alone.

No significant induction of cell death was observed (not shown).

Interestingly, abemaciclib but not lenvatinib significantly induced

senescence, as demonstrated by the induction of b-gal activity in
HUH7 cells, and the percentage of senescent cells was further

increased after the simultaneous treatment (70% versus 40%)

(Figure 4D). Mechanistically, the combination induced

significant higher levels of p21 protein (Figure 4E), which is

known to play a key role in the initiation of senescence-mediated
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growth arrest (30). Since HUH7 cells express a Y220C-mutated

form of p53 (31), we investigated the mechanisms responsible for

p21 accumulation, analyzing the activation/expression of MDM2,

which has been demonstrated to negatively regulate p21, activating

its proteasomal-mediated degradation independently of p53 (32).

As shown in Figure 4E, MDM2 phosphorylation and total protein

expression were significantly downregulated by abemaciclib/

lenvatinib combination, providing a mechanism for p21

induction. Since a variety of evidence indicates that accumulation

of intracellular ROS contributes to senescence (33), we evaluated

whether the emergence of the senescent phenotype in abemaciclib/

lenvatinib-treated cells was related to increased ROS levels. To this

end, we measured ROS production by using the fluorescent probe

CM-H2DCFDA and demonstrated that the drug combination

effectively promoted a stronger increase in ROS levels compared

with single-agent treatments (Figure 4F).
The combination of abemaciclib with
lenvatinib has different modulatory
effects on intracellular signaling
pathways depending on the cell model

Then, we investigated the molecular mechanisms underlying

the superior efficacy of the drug combination (Figure 5). Rb
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585959
phosphorylation was reduced not only by abemaciclib but also

by lenvatinib, although to a lesser extent, in all three HCC cell

lines; interestingly, a further downregulation was induced by the

combination, resulting in a stronger inhibition of c-myc

expression, whose transcriptional modulation by E2F is well-

recognized (34). In addition, the combination significantly

reduced the abemaciclib-mediated increase of cyclin D1

expression levels. While the inhibitory effects on the

expression of cell cycle regulatory proteins were comparable in

the three cell lines, the impact of abemaciclib/lenvatinib

combination on the activation status of survival/proliferation

intracellular signaling pathways varied significantly depending

on the cell model.

In HUH7 cells, the phosphorylation of the mTORC1

substrate p70S6K was reduced by both abemaciclib and

lenvatinib, and further downregulated by the combined

treatment, even though p-AKT levels were not affected. These

inhibitory effects were a consequence of the inhibition of the

MAPK pathway, which can modulate the mTORC1/p70S6K

signaling independently of AKT (35), as confirmed by using the

selective MEK1/2 inhibitor trametinib (Figure S2A). The drug

combination downregulated the MAPK pathway also in

SNU398 cells, although without affecting the mTORC1/

p70S6K signaling; p-AKT levels did not change. Accordingly,

trametinib did not inhibit p70S6K phosphorylation in these cells
B

C
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FIGURE 1

The simultaneous combined treatment of abemaciclib and lenvatinib inhibits cell proliferation more strongly than single agents and sequential
schedules in HCC cells. (A) After 24h from seeding, HUH7, SNU398, and HepG2 cells were treated with increasing concentrations of
abemaciclib (A) for 6 days. Cell proliferation was evaluated by CV assay and the IC50 values were calculated using GraphPad Prism 6.00
software. (B) HCC cells were untreated (Control, C) or treated with 1 mM A for 24h. The cells were lysed and the expression of the indicated
proteins was evaluated by Western blot analysis. (C) HUH7, SNU398, and HepG2 cells were treated with A or L at their corresponding IC50
values for 6 days (one cycle), or 12 days (two cycles), alone or with different combinations of the two drugs: A for 72h followed by L for 72h
(A!L), L for 72h followed by A for 72h (L!A), A for 72h followed by A+L for 72h (A!A+L), L for 72h followed by A+L for 72h (L!A+L), or a
simultaneous combination for 6 days (A+L) for each cycle. The growth medium with drugs was refreshed every 3 days. Cell proliferation was
evaluated by CV assay. Data are expressed as Fold Increase (FI). The FI index was calculated as the ratio between cell proliferation after 6 or 12
days and cell proliferation at T0 (T0 = 24h after seeding). ###p<0.001 vs A; §§§p<0.001, vs L. Data in A are mean values ± SD of three independent
experiments. Data in B-C are representative of two independent experiments.
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(Figure S2B), suggesting that the AKT-independent mechanism

of mTORC1 modulation by the MAPK pathway is cell type-

specific. In HepG2 cells, abemaciclib alone downregulated p-

p70S6K levels, supporting the finding that CDK4/6 inhibition

reduces mTORC1 activity in some cancer models (36); however,

no further decrease was observed with the combination. AKT

phosphorylation was unchanged, while p-ERK1/2 levels were

increased by lenvatinib alone or in combination. Interestingly, a

significant downregulation of src/FAK signaling was promoted

by abemaciclib and lenvatinib combination in SNU398 and

HepG2 cells. Due to the key role of this pathway in the

control of cell migration (37), its inhibition was presumably

responsible for the impairment of cell migration observed in

SNU398 cells.
The anti-proliferative effects of
abemaciclib with lenvatinib are
maintained after drug removal

To evaluate whether the anti-tumor effects of abemaciclib

and lenvatinib combination were persistent, we performed long-

term experiments in HUH7 cells. After 6 days of treatment with

the drugs alone or combined, the cells were harvested, counted,

reseeded at low density, and cultured in drug-free medium for

additional 15 days to test their capacity to form colonies. As

shown in Figure 6, colony formation was significantly impaired

in cells previously treated with abemaciclib, whereas the

inhibitory effects of lenvatinib were almost completely lost.
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Most importantly, in the culture of cells previously exposed to

the drug combination, very few and small colonies were

detected, suggesting that the superior efficacy of the combined

treatment is maintained even after drug removal.
Discussion

Despite the recent advances in the management of advanced

HCC, this malignant disease remains difficult to treat and the

development of more effective therapies is warranted. In this

regard, different strategies are currently under evaluation,

including approaches exploring the anti-cancer properties of

compounds normally used for other medical purposes (38), or

combinatorial approaches aimed at improving the efficacy of the

therapies used in the clinical practice (5).

In this study, we provide evidence that the simultaneous

combination of the CDK4/6 inhibitors abemaciclib and

ribociclib with lenvatinib is effective in Rb-proficient, p16INK4

negative HCC cells, producing synergistic anti-proliferative

effects that persisted even after drug withdrawal. These

findings are in accordance with our previous results showing

that palbociclib, another CDK4/6 inhibitor, improved the

efficacy of regorafenib in HCC cells (18), suggesting that

CDK4/6 targeting may represent a valuable strategy for

enhancing the anti-tumor activity of the anti-angiogenic drugs

currently used in the clinic for advanced HCC treatment.

Despite the efficacy of both abemaciclib/lenvatinib and

ribociclib/lenvatinib combinations, HCC cells, especially
B

A

FIGURE 2

Abemaciclib and lenvatinib combination exerts additive anti-proliferative effects in HCC cells and inhibits colony formation more strongly than
single agents. (A) Cells were treated with A, L or the combination. The growth medium with drugs was refreshed every 3 days. After 6 days, cell
proliferation was assessed by CV assay. Combination indexes were calculated with Calcusyn software. (B) HUH7, SNU398, and HepG2 cells
were treated with A or L at their corresponding IC50 values alone or in combination. After 6 days, colony formation was assessed by CV assay.
Representative images of crystal violet staining of colonies are shown. ***p<0.001 vs C, ###p<0.001 vs A; §§p< 0.01, §§§p<0.001 vs L. Data in A are
representative of three independent experiments. Data in B are mean values ± SD of three independent experiments.
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FIGURE 3

Ribociclib and lenvatinib combination exerts additive anti-proliferative effects in HCC cells and inhibits colony formation more strongly than
single agents. (A) After 24h from seeding, HUH7, SNU398, and HepG2 cells were treated with increasing concentrations of ribociclib (R) for 6
days. Cells proliferation was evaluated by CV assay and the IC50 values were calculated using GraphPad Prism 6.00 software. (B) HCC cells were
untreated (C) or treated with 1 mM R for 24h. The cells were lysed and the expression of the indicated proteins was evaluated by Western blot
analysis. (C) Cells were treated with R, L or the combination. The growth medium with drugs was refreshed every 3 days. After 6 days, cell
proliferation was assessed by CV assay. Combination indexes were calculated with Calcusyn software. (D) HUH7, SNU398, and HepG2 cells
were treated with R or L at their corresponding IC50 values alone or in combination. After 6 days, colony formation was assessed by CV assay.
Representative images of crystal violet staining of colonies are shown. ***p<0.001 vs C; #p<0.05, ##p<0.01 ###p<0.001 vs R; §p< 0.05,
§§§p<0.001 vs L. Data in A are mean values ± SD of three independent experiments. Data in B-C are representative of two independent
experiments. Data in D are mean values ± SD of two independent experiments.
Frontiers in Oncology frontiersin.org07
606161

https://doi.org/10.3389/fonc.2022.942341
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Digiacomo et al. 10.3389/fonc.2022.942341
B

C

D

E

F

A

FIGURE 4

Abemaciclib combined with lenvatinib reduces 3D cell growth, inhibits cell migration, and induces G1 cell cycle arrest associated with
senescence. (A) The growth of spheroids from HUH7 was analyzed after 6 or 12 days of treatment with 0.1 mM A and 0.5 mM L alone or in
combination. The data are expressed as percent of spheroid growth versus control. Representative images of spheroids after 12 days of culture
are shown. ***p<0.001 vs C; #p<0.05 vs A; §p<0.05 vs L. (B) SNU398 cells were treated with 0.2 mM A or 2 mM L as single treatment or in
combination for 20h. Migrated cells were then counted. Data are expressed as percent versus control. Representative fields of migration are
shown (magnification of 4×). ***p<0.001 vs C; ###p<0.001 vs A; §§§p<0.001 vs L. (C) HUH7, SNU398, and HepG2 cells were untreated (C) or
treated with 0.1, 0.2 mM and 0.05 mM A and 0.5, 2 or 6.5 mM L for HUH7, SNU398 and HepG2, respectively, as single treatment or in
combination for 24h. After 24h the cells were stained with propidium iodide and cell-cycle-phase distribution was determined by flow
cytometry. Data are expressed as percentage of cells in each cell-cycle phase. **p<0.01, ***p<0.001 vs C; #p<0.05, ##p<0.01 vs A; §§§p<0.001 vs
L. (D) HUH7 cells were treated with 0.1 mM A and 0.5 L alone or in combination for 6 days. Histograms represent the percentage of senescent
cells positive for SA-b-Gal expression. ***p<0.001 vs C; ###p<0.001 vs A; §§§p<0.001 vs L. (E) HUH7 was treated with 0.1 mM A and 0.5 L alone or
in combination for 3 days. The cells were lysed and the expression of the indicated proteins was evaluated by Western blot analysis. (F) HUH7
were treated with 0.1 mM A and 0.5 L alone or in combination. After 6 days, the cells were incubated with 1 mM CM-H2DCFDA probe and
analyzed by flow cytometry. #p<0.05 vs A; §p<0.05 vs L. Experiments in A-E are representative of two independent experiments. Data in (B, C)
are mean values ± SD of two independent experiments. Data in D are mean values ± SD of three independent experiments. Data in F are mean
values ± SD of three independent experiments.
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FIGURE 5

Effects of the simultaneous combination of abemaciclib and lenvatinib on intracellular signaling pathways. Cells were treated with 1 mM A and
0.5, 2, or 6.5 mM L for HUH7, SNU398, and HepG2, respectively, alone or in combination for 24 h. The cells were lysed and the expression of
the indicated proteins was evaluated by Western blot analysis. Data are representative of two independent experiments.
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SNU398 cells, were relatively less sensitive to ribociclib than

abemaciclib, confirming literature data showing that abemaciclib

is the most potent CDK4/6 inhibitor (19). Therefore, in this

study we mainly focused on the effects of abemaciclib in

combination with lenvatinib.

Comparing different schedules of treatment, we

demonstrated that the best strategy for combining abemaciclib

with lenvatinib was represented by the simultaneous treatment,

whereas the sequential schedules (abemaciclib before or after

lenvatinib, or pre-treatment with single drugs followed by the

combination) in some cases were even less effective than single-

agent treatments. It is worth noting that, in contrast with

palbociclib, whose current clinical regimen requires a week of

drug holiday, the lower toxicity of abemaciclib allows for

continuous dosing (39), suggesting that combined treatment

with abemaciclib and lenvatinib is potentially feasible in the

clinic. In this context, it is of interest to note that a phase II

clinical trial is currently ongoing to evaluate the combination of

abemaciclib with nivolumab, an ICI directed against PD-1, in

HCC patients (NCT03781960).

Mechanistically, the effectiveness of abemaciclib/lenvatinib

combination was associated with a stronger dephosphorylation/

activation of Rb in comparison with single treatments, which

resulted in a significant downregulation of c-myc protein, a

known transcriptional target of E2F (34). This effect was observed

in all cell models analyzed. In contrast, inhibition of other survival/

proliferation signaling pathways contributed to the anti-cancer

activity of the drug combination in a cell type-dependent fashion.

Indeed, only HUH7 and SNU398 cells showed a marked

downregulation of ERK1/2 signaling. In a recent study, lenvatinib

was shown to activate feedback signaling through EGFR-PAK2-

ERK1/2 and EGFR-PAK2-ERK5 pathways in EGFR expressing

HCC cell lines (40). Combining lenvatinib with EGFR inhibitors

prevented the activation of this feedback mechanism, ensuring a

more complete inhibition of MEK and ERK phosphorylation,
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which resulted in potentiated anti-proliferative effects both in

vitro and in vivo. The src/FAK signaling was downregulated by

abemaciclib and lenvatinib combination only in SNU398 and

HepG2 cells. Interestingly, previous studies indicate that FAK

represents a valuable druggable target in HCC, being frequently

overexpressed in this type of cancer (41).

A variety of evidence indicates that inhibition of CDK4/6,

after arresting the cell cycle in the G1 phase, can induce

quiescence, senescence, or apoptosis, depending on the cell

context, cell type, and duration of the inhibition (42–44).

Here we show that abemaciclib and lenvatinib combination

in HUH7 cells promoted senescence in a significant proportion

of the cell population (~70%), as demonstrated by the induction

of SA-b-gal activity. The molecular mechanism underlying this

phenomenon involves the induction of p21, whose role in the

positive regulation of senescence is well known (45).

Abemaciclib/lenvatinib combination may promote the

induction of p21 through two possible mechanisms:

downregulation of c-myc protein, which inhibits p21

transcription through direct binding to its promoter (46), and

downregulation of MDM2, which acts as a negative regulator of

p21 favoring its degradation independently of both p53 and

ubiquitination (32). Interestingly, a study by Kovatcheva et al.

(47) demonstrated that MDM2 degradation was required for

CDK4/6 inhibition to mediate the transition from quiescence to

senescence in multiple cell models, including liposarcoma,

breast, glioma, and lung cancer cell lines. CDK4/6 inhibition

enhanced MDM2 proteasome-dependent turnover through a

p53-independent mechanism requiring E3 ligase activity of

MDM2 and ATRX expression. It is important to stress that

these regulatory processes occur independently of p53, since

HUH7 cells are p53 mutant (31). The combination of

abemaciclib with lenvatinib significantly reduced the

phosphorylation of MDM2 at Ser166. Phosphorylation at this

site, required for MDM2 stabilization and inhibition of its self-
FIGURE 6

The anti-proliferative effects of abemaciclib and lenvatinib combination persisted after drug withdrawal. HUH7 after 6 days of drug
treatments, the cells were harvested, seeded at low density, and cultured for additional 15 days in the absence of the drugs (recovery).
Representative images of crystal violet staining of colonies are shown. **p<0.01,***p<0.001 vs C; #p<0.05 vs A; §§§p<0.001 vs L. Data are
mean values ± SD of two independent experiments.
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ubiquitination, is generally attributed to AKT (48); however, in

normal liver and HCC cells it was shown to be mediated by

MEK-ERK signaling (49). Therefore, downregulation of the

MAPK pathway by abemaciclib/lenvatinib combination may

contribute to the reduced phosphorylated and total MDM2

levels observed in HUH7 cells.

HUH7 abemaciclib/lenvatinib-treated cells showed a

significant increase in ROS levels in comparison with single-

agent treatments. ROS have an established role in senescence

and their increased production has been shown to be mediated

by p21 independently of p53 (50, 51). Therefore, in our

experimental system, p21 may induce senescence through a

mechanism involving ROS accumulation. It is worth noting

that lenvatinib alone induced p21 accumulation, confirming

previous findings in thyroid cancer (52), and promoted ROS

production, without inducing senescence. ROS were previously

shown to play a role in lenvatinib-mediated anti-tumor effects in

HUH7 cells, and their accumulation by lenvatinib, as well as by

sorafenib and regorafenib, was associated with Keap1-mediated

downregulation of Nrf2, a transcription factor playing a key role

in the control of antioxidant responses (53).

Growing evidence indicates that induction of senescence exerts

anti-tumor effects inHCC (54). For example, inhibition of Sirtuin 6

reduced the tumorigenicity of HCC cells by inducing cellular

senescence via upregulation of p21 (55). In another study, dual-

specificityphosphatase16 (DUSP16)was showntoplay a role in the

growth ofHCC cells by inactivating p53 andRb and promoting cell

escape from senescence. Accordingly, DUSP16 expression levels

were found upregulated in liver cancer and positively correlated

with the tumor cell proliferation index (56). It is worth underlining

that the aberrant persistence of senescent cells may have

detrimental effects with a negative impact on long-term patient

outcome.However, inductionof senescence canbe exploited invivo

as a tool for preparing the conditions for subsequent elimination of

cancer cells by recruited immune cells (57). In this regard, it is

interesting tonote that amechanismcontributing to the anti-tumor

activity of lenvatinib involves the enhancement of tumor

infiltration by NK cells (58). Therefore, we can speculate that, in

the therapeutic strategyproposed inour study, lenvatinibmay favor

the elimination of senescent cells induced by abemaciclib/

lenvatinib combination by stimulating the recruitment of tumor-

infiltratingNK cells in vivo; this may help avoid senescence-related

side effects and minimize the risk of regression.
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xenograft (PDOX) mouse
models enable identification of
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therapies with the cyclin-
dependent kinase inhibitor
palbociclib: A strategy for
clinical application

Takashi Higuchi1,2,3, Kentaro Igarashi3, Norio Yamamoto3,
Katsuhiro Hayashi3, Hiroaki Kimura3, Shinji Miwa3,
Michael Bouvet2, Hiroyuki Tsuchiya3*

and Robert M. Hoffman1,2*

1AntiCancer, Inc., San Diego, CA, United States, 2Department of Surgery, University of California San
Diego, San Diego, CA, United States, 3Department of Orthopaedic Surgery, Graduate School of
Medical Sciences, Kanazawa University, Kanazawa, Japan
Introduction: Sarcomas are rare heterogeneous malignant tumors that originate

and develop in soft tissue or bone. Effective treatment for sarcomas is still limited to

traditional chemotherapy and surgery that are often ineffective for recurrent

disease. Cyclin-dependent kinases (CDKs) promote abnormal cell cycling and

cell division in many cancers including sarcomas. Therefore, our hypothesis was

that CDK inhibitors may be useful candidates for sarcoma treatment. Patient-

derived orthotopic xenograft (PDOX) mouse models mimic the clinical disease for

all major cancer types and have identified effective treatments that hold much

clinical promise. The present report reviews sarcoma PDOX models that we have

established for their potential to discover effective combination treatments based

on CDK inhibitors for recalcitrant sarcoma.

Methods: We have previously reported six sarcoma PDOX studies evaluating the

CDK inhibitor palbociclib on sarcoma, including osteosarcoma, Ewing sarcoma,

de-differentiated liposarcoma, and peritoneal metastatic leiomyosarcoma.

Results: Palbociclib monotherapy significantly inhibited, but not regressed, the

PDOX growth of osteosarcoma, Ewing sarcoma, de-differentiated

liposarcoma, and peritoneal metastatic leiomyosarcoma. A combination of

palbociclib and amammalian target of rapamycin (mTOR) inhibitor, everolimus,
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significantly inhibited, but did not regress, the PDOX growth of osteosarcoma.

Combinations of palbociclib with a multikinase inhibitor, sorafenib, and

palbociclib combined with recombinant methioninase were effective and

regressed the osteosarcoma and de-differentiated liposarcoma PDOX

models, respectively.

Conclusions: Novel effective drug combinations using the CDK inhibitor

palbociclib were identified in PDOX models of the major types of sarcomas.

Methionine restriction effected by methioninase increased the efficacy of

palbociclib. Combination therapy with palbociclib is a promising future

strategy for improved sarcoma therapy in the clinic.
KEYWORDS

patient-derived orthotopic xenograft (PDOX), sarcoma, CDK4/6 inhibitor, palbociblib,
osteosarcoma, soft-tissue sarcoma, combination therapy, methioninase
Introduction

Sarcomas are rare heterogeneous malignant tumors that

originate and develop in connective tissue, such as muscle,

adipose, vascular, nerve, and bone (1). Their rarity and

heterogeneous features have limited the development of more

effective therapies (2). Cyclin-dependent kinases (CDKs) regulate

cell cycle progression and abnormal activation, or overexpression of

CDKs results in altered cell cycle behavior in many cancers (3, 4).

Recent studies suggest that CDKs are major drivers of

sarcomagenesis (5). Therefore, our hypothesis was that CDK

inhibitors may be useful candidates for sarcoma treatment.

Our laboratory developed the patient-derived orthotopic

xenograft (PDOX) mouse model for all major cancer types (6).

The PDOX models mimic the clinical disease, including the

malignant behavior of sarcoma, due to their natural tumor

microenvironment (7–11). The PDOX models, established from

patients with many cancer types, including sarcoma, have identified

effective treatments that hold much clinical promise (1, 12). The

present report reviews sarcoma PDOX models thus far established

and their potential to discover effective combination treatment,

based on CDK inhibitors, for recalcitrant sarcoma.
The cyclin-dependent kinase 4/6
inhibitor, palbociclib, inhibits a cyclin-
dependent kinase inhibitor 2A-
deletion Ewing sarcoma in a patient-
derived orthotopic xenograft model

The efficacy of a CDK inhibitor, palbociclib, was

evaluated in a PDOX model established from a chest-wall
02
686969
Ewing sarcoma patient who had undergone conventional

chemotherapy including doxorubicin, vincristine, and

cyclophosphamide (13). Ewing sarcoma is the second

most common sarcoma of bone in children and young

adults comprising poorly differentiated small round cells

(13, 14).

Palbociclib is the first selective CDK4/6 inhibitor approved

for cancer treatment and is used for estrogen receptor-

positive/human epidermal growth factor receptor-2 (HER2)-

negative metastatic breast cancer (15). Since deletion of

cyclin-dependent kinase inhibitor 2A (CDKN2A), which is a

tumor-suppressor gene and a negative regulator of CDK4/6,

was found in this Ewing sarcoma patient's tumor, the efficacy

of palbociclib was tested on the PDOX model of this

tumor (13).

The Ewing sarcoma PDOX model was established using

the surgical orthotopic implantation (SOI) technique that we

developed (6), implanting a single tumor fragment

orthotopically into the right chest wall of nude mice

(Figure 1A) (13). Histological features of the PDOX tumor

were similar to those of the original patient, demonstrating

small round cells. Palbociclib (100 mg/kg) was orally

administered to the Ewing sarcoma PDOX models for 21

consecutive days. Palbociclib significantly inhibited PDOX

tumor growth, while first-line treatment doxorubicin did not

affect the growth of PDOX. It has been reported that 10%–

22% of Ewing sarcoma and 20% of all sarcoma types have a

CDKN2A deletion (16–18). This study demonstrated

that palbociclib appears to be a clinically promising

agent for Ewing sarcoma and possibly other sarcomas that

have a CDKN2A deletion. Three clinical trials investigating

the efficacy of palbocic l ib for Ewing sarcoma are

ongoing (ClinicalTrials.gov).
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Palbociclib in soft-tissue sarcoma
patient-derived orthotopic
xenograft models

The efficacy of palbociclib was next evaluated on recalcitrant

soft-tissue sarcoma PDOX models. Liposarcoma and

leiomyosarcoma are two of the most common subtypes of

soft-tissue sarcoma. Almost half of high-grade soft-tissue

sarcoma patients develop local or distal recurrence and their

prognosis is poor, with a median overall survival of 20 months

(19, 20).

Leiomyosarcoma, which frequently occurs in the extremities,

the retroperitoneal space, and uterus, has a high risk of

metastasis and local recurrence with a 5-year recurrence rate

of 40%, leading to high mortality (21). Doxorubicin as first-line

treatment and ifosfamide, gemcitabine and docetaxel, eribulin,

pazopanib, and trabectedin as second-line treatment have long

been used for leiomyosarcoma with limited efficacy (19).

Palbociclib has been shown to be effective for leiomyosarcoma,

which may be due to a CDKNA2 deletion being found in 11%–

32% of leiomyosarcoma patients who have a worse prognosis

(22, 23). Clinical trials examining the efficacy of CDK4/6
Frontiers in Oncology 03
697070
inhibitor monotherapy in leiomyosarcoma have not

been published.

A peritoneal-metastatic leiomyosarcoma PDOX model was

established using SOI to implant a tumor fragment on the

dome of the urinary bladder of nude mice (Figure 1B) (21).

Palbociclib was administered to this recurrent leiomyosarcoma

PDOX model for 21 days. Palbociclib showed significant

efficacy on the PDOX growth, compared to the control group

with a decreased number of cancer cells found in the treated

tumor shown by histological analysis. The combination of

gemcitabine and docetaxel was more effective (21). This

report indicated moderate efficacy of palbociclib as a

monotherapy in leiomyosarcoma. The status of CDKNA2 in

this leiomyosarcoma PDOX tumor will be analyzed in a

future study.

Dedifferentiated liposarcoma, which often occurs in the

extremities and the retroperitoneal space, is a subtype of

liposarcoma, with the lowest survival rate among liposarcomas

(24). Amplification of CDK4 and murine double minute 2

(MDM2) is observed in 90% of dedifferentiated liposarcoma,

suggesting the usefulness of palbociclib (25). Several clinical

trials investigating the efficacy of CDK4/6 inhibitors for

dedifferentiated liposarcoma have been performed or are
FIGURE 1

Establishment of a patient-derived orthotopic xenograft (PDOX) models of sarcoma. (A) Chest-wall Ewing sarcoma PDOX model. (B) Peritoneum
and retroperitoneum soft-tissue sarcoma PDOX models. (C) Osteosarcoma PDOX model.
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ongoing (16). However, it should be noted that many of these

clinical trials have analyzed dedifferentiated and well-

differentiated liposarcomas together, which can have totally

different clinical outcomes. When limited to dedifferentiated

liposarcoma, interim analysis of a phase II study of abemaciclib,

a CDK4/6 inhibitor, in patients with dedifferentiated

liposarcoma demonstrated favorable outcomes (30.4 months in

median progression-free survival) (26).

A retroperitoneal dedifferentiated liposarcoma PDOXmodel

was established using SOI, by implanting the tumor into the

retroperitoneum of nude mice by splitting the obliquus externus

abdominis muscle (Figure 1B) (27). Palbociclib was

administered to this liposarcoma PDOX model for 14 days.

Palbociclib showed significant efficacy on PDOX growth

compared to that of the control group. The tumor treated with

palbociclib showed altered cancer cell shapes with an area of

necrotic cells and fibrosis shown by histological analysis (27).

This report suggests that palbociclib is only moderately

effective as monotherapy even in dedifferentiated liposarcoma

that usually has CDK4 amplification.
Combination treatment using
palbociclib in soft-tissue sarcoma
patient-derived orthotopic
xenograft models

We tested combination treatment with palbociclib for

increased efficacy on sarcoma. Recent studies have shown a

synergy of CDK inhibitors with other chemotherapy drugs (16,

28). A phase II study of the combination of ribociclib, a CDK4/6

inhibitor, and everolimus, a mammalian target of rapamycin

(mTOR) inhibitor, in patients with dedifferentiated liposarcoma

and leiomyosarcoma is currently ongoing (ClinicalTrials.gov).

We have developed recombinant methioninase to restrict

methionine in cancer cells (29). Methionine addiction is a

fundamental and general hallmark of cancer and is termed the

Hoffman effect (30). Methionine addiction appears to be caused

by excess transmethylation reactions in cancer cells. Therefore,

methionine restriction has been shown to be effective in many

cancer types (29–32). Methionine-restricted cancer cells

selectively arrest in late S/G2 of the cell cycle that may elicit a

synergistic efficacy with palbociclib (32).

A methioninase and palbociclib combination was

administered to the dedifferentiated liposarcoma PDOX

model, described above, for 14 days. While monotherapy with

palbociclib showed only moderate efficacy, similar to the study

described above, the combination of methioninase and

palbociclib regressed the PDOX tumor with extensive tumor

necrosis. This report suggests that although palbociclib as a

single agent is effective in treating drug-resistant soft-tissue

sarcoma, the combination of palbociclib and other anticancer
Frontiers in Oncology 04
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agents, including experimental drugs, may more effectively

regress the tumors.
Combination treatment using
palbociclib in sarcoma patient-derived
orthotopic xenograft models

Osteosarcoma is the most common malignant primary bone

tumor (12). Resistance to traditional first-line chemotherapy

drugs, such as doxorubicin and cisplatinum, leads to local and

distance recurrence that is often fatal to patients, which are

mostly adolescents and young adults (12). Osteosarcoma tends

to have abnormal cell cycle control regulators, including

CDKN2A and CDK4 (16). It has been reported that

upregulated CDK4 expression in osteosarcoma patients

correlates with the incidence of metastasis and poor prognosis,

suggesting that palbociclib can be effective for osteosarcoma

(33). However, prospective clinical trials investigating the

efficacy of CDK4/6 inhibitors on osteosarcoma have not yet

been performed (16).

The osteosarcoma PDOX model was established using SOI

by implanting a tumor fragment into a space made by cutting the

lateral condyle of the distal femur of nude mice (Figure 1C) (12).

The patient tumor used for this osteosarcoma PDOX model was

from a fresh biopsy sample of a pelvic osteosarcoma (34).

Palbociclib either alone or combined with sorafenib was

administered to the osteosarcoma PDOX model for 14 days

(Figure 2) (35). Monotherapy with palbociclib significantly, but

moderately, inhibited osteosarcoma PDOX growth and

decreased cancer cell density (Figure 2). The combination of

palbociclib and sorafenib significantly inhibited and regressed

the osteosarcoma PDOX and extensively induced tumor

necrosis with non-viable cells and degenerative changes in the

stroma (Figure 2). Sorafenib is an oral multikinase inhibitor

approved for the treatment of renal cell carcinoma,

hepatocellular carcinoma, and thyroid cancer (36). The

combination of sorafenib and palbociclib has been reported to

have synergy against pancreatic carcinoma and hepatocellular

carcinoma (35). The efficacy of the sorafenib–palbociclib

combination to regress the osteosarcoma PDOX tumor

indicates future clinical efficacy.

Another osteosarcoma PDOX was treated with palbociclib

combined with everolimus, which is an mTOR inhibitor

approved for breast and renal cell cancer (37). The patient

tumor used for this osteosarcoma PDOX model was from a

fresh surgical sample of femoral osteosarcoma (38).

Monotherapy with palbociclib moderately inhibited the

PDOX growth compared to that of the control (38). The

combination of palbociclib and everolimus significantly

inhibited tumor growth and induced cancer necrosis (38).

This was the first report demonstrating the efficacy of the
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palbociclib–everolimus combination for osteosarcoma, suggesting

promising clinical efficacy (38). CDK4/6 inhibition was

reported to downregulate the downstream mediators of the

mTOR pathway in several cancer types, predicting synergy of a

CDK4/6 inhibitor combined with an mTOR inhibitor (39). The

efficacy of this combination in vitro and in vivo was also

shown in breast cancer, malignant pleural mesothelioma, and

glioblastoma (39).
Message to the reader

Sarcoma is a rare and heterogeneous group of cancers. Many

molecular-targeted drugs have been developed for major

cancers. However, prospective trials evaluating these drugs are

limited in sarcoma due to its rarity and heterogeneity. Sarcomas

have a poor prognosis when they are resistant to first-line

chemotherapy. Therefore, discovering more effective treatment

in sarcoma is mandatory.

The sarcoma PDOX model presents an opportunity to

discover candidate unproven therapeutics for sarcoma,

including the CDK4/6 inhibitor palbociclib. CDK4/6 inhibitors

represent a potential breakthrough in cancer treatment.

Although many sarcoma types have alterations in the CDK4/6

pathway, so far, no CDK4/6 inhibitor is approved for sarcoma

treatment. We have reported six studies evaluating palbociclib as

a candidate for sarcoma treatment using sarcoma PDOX models
Frontiers in Oncology 05
717272
(Table 1). Palbociclib in combination with other agents

effectively arrested the growth of all sarcoma PDOX tumors,

showing that a CDK4/6 inhibitor is active against sarcoma. To

regress the sarcoma PDOX tumors, palbociclib was used with

other chemotherapy drugs, including an mTOR inhibitor, a

multikinase inhibitor, and methioninase.

CDK inhibitors are used preferentially in combination with

other chemotherapy drugs that target dual genomic derangements

and convert temporary cell cycle inhibition into permanent cell

growth arrest or cell death (40). Although none of the nude mouse

PDOXmodels used in the studies reviewed in the present report had

significant toxicity such as significant weight loss or mouse death,

combination chemotherapy in the clinic may have toxicity issues.

Pharmacogenomic biomarkers are expected to identify effective

drugs for sarcoma patients, thereby avoiding unnecessary drug

toxicity (41). However, there are still no established biomarkers for

each sarcoma subtype due to tremendous heterogeneity of this class

of diseases. Further genetic and molecular biological analysis

combined with drug–response studies using the PDOX model

should contribute to the establishment of pharmacogenomic

biomarkers in sarcoma patients.

Since the sarcoma PDOX model behaves similarly to the

sarcoma in the patient, the results obtained here are directly

relevant to clinical outcome (1). The present review

demonstrated that a CDK inhibitor is active in the major types

of sarcomas and that treatment using the CDK4/6 inhibitor

palbociclib especially in combination with methionine
B

C

A

FIGURE 2

A representative osteosarcoma patient-derived orthotopic xenograft (PDOX) study identifying effective combination treatment with palbociclib.
(A) The line graphs indicate the tumor volume at each time point after treatment start relative to the initial tumor volume for each group. *p <
0.05; ***p < 0.001. Error bar: ± standard error of the mean. (B) Representative photographs of the control, palbociclib-treated, or palbociclib–
sorafenib combination-treated osteosarcoma PDOX models. Arrows indicate the tumor margins. (C) Hematoxylin and eosin-stained sections of
control, palbociclib-treated, or palbociclib–sorafenib combination-treated tumors. Scale bar: 100 µm. Modified after Higuchi et al. (35).
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restriction by methioninase or with a multikinase inhibitor is a

promising strategy for sarcoma treatment in the clinic.
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Although advances in diagnostics and therapeutics have prolonged the survival

of triple-negative breast cancer (TNBC) patients, metastasis, therapeutic

resistance, and lack of targeted therapies remain the foremost hurdle in the

effective management of TNBC. Thus, evaluation of new therapeutic agents

and their efficacy in combination therapy is urgently needed. The third-

generation retinoid adapalene (ADA) has potent antitumor activity, and using

ADA in combination with existing therapeutic regimens may improve the

effectiveness and minimize the toxicities and drug resistance. The current

study aimed to assess the anticancer efficacy of adapalene as a combination

regimen with the PI3K inhibitor (GDC-0941) in TNBC in vitro models. The

Chou–Talalay’s method evaluated the pharmacodynamic interactions

(synergism, antagonism, or additivity) of binary drug combinations. Flow

cytometry, Western blotting, and in silico studies were used to analyze the

mechanism of GDC–ADA synergistic interactions in TNBC cells. The

combination of GDC and ADA demonstrated a synergistic effect in inhibiting

proliferation, migration, and colony formation of tumor cells. Accumulation of

reactive oxygen species upon co-treatment with GDC and ADA promoted

apoptosis and enhanced sensitivity to GDC in TNBC cells. The findings indicate

that ADA is a promising therapeutic agent in treating advanced BC tumors and

enhance sensitivity to GDC in inhibiting tumor growth in TNBC models while

reducing therapeutic resistance.
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Graphical Abstract

Introduction

Breast cancer (BC) is one of the most frequent malignancies

diagnosed in women worldwide, with the highest incidence and

mortality rates (Siegel et al., 2021; Sung et al., 2021). TNBC, an

aggressive and invasive subtype of BC, constitutes 20% of all

breast malignancies (Hon et al., 2016). TNBC tumors are large,

less differentiated, and prone to brain metastasis. Owing to the

absence of hormonal receptors (ER and PR) and HER2

amplification, conventional chemotherapeutic agents continue

to be the primary therapeutic approach (Yin et al., 2020). TNBC

patients respond favorably to chemotherapy; however, the

development of therapeutic resistance limits the prognosis and

is associated with poor survival (Yin et al., 2020; Mehraj et al.,

2021a; Mehraj et al., 2021b). The need for effective treatment

options and treatment strategies, as a result, has become urgent.

Due to the intrinsic instability of tumor cells, which makes

therapeutic resistance common, aggressive malignancies such as

TNBC cannot be efficiently treated with a single treatment. As a

result, combining therapeutic drugs may be more helpful in

treating the condition (Lebert et al., 2018; Mir et al., 2020; Yin

et al., 2020). In addition, by concurrently targeting different

signaling cascades implicated in tumor development in a parallel

or linear manner, combination therapy minimizes the chance of

chemoresistance and toxicity while retaining or even enhancing

the effectiveness of each agent at lower dosages (Lu et al., 2013;

Mir et al., 2020). Moreover, combination therapy is a promising

technique that can alter the long-term strategy for developing a

more effective treatment option for TNBC patients (Mir et al.,

2020).

The PI3K/AKT/mTOR signaling cascade is critical for cell

biology functions such as metabolism, growth, survival, and

genomic stability and has been found aberrant in several

malignancies, including BC (Mishra et al., 2021). As a result,

inhibitors targeting PI3K/AKT/mTOR signaling are studied

extensively (Ellis and Ma, 2019; Mishra et al., 2021).

Previously, studies have established that TNBC cells show

resistance to GDC-0941, a pan-PI3K inhibitor (Tzeng et al.,

2015). Given the lack of targeted medicines for TNBC,

modulating current therapy regimens appear to be a potential

strategy for developing effective therapies (Ellis and Ma, 2019;

Elwakeel et al., 2019; Mehraj et al., 2021c).

Adapalene (ADA), a third-generation retinoid clinically used

to treat acne vulgaris on a topical basis, was the second chemical

we investigated (Rusu et al., 2020). Numerous research studies on

the pharmacological features of ADA have proven its low toxicity

and good stability compared to other retinoids. In vitro and in

vivo, it inhibits the proliferation of Hela, CC-531, and

HepG2 cells and various cancers (Ocker et al., 2003; Shi et al.,

2015; Wang et al., 2019; Ghosalkar et al., 2018; Rusu et al., 2020;

Mehraj et al., 2022a). Repurposing ADA for cancer therapy is a

promising approach. Herein, we evaluated the therapeutic
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potential of ADA in TNBC models for improving TNBC cell

sensitivity to GDC-0941 (GDC). This is the first study to assess

the pharmacodynamic interactions of GDC and ADA in TNBC

in vitro models.

Materials and methods

Chemicals and reagents

Cayman Chemical (Ann Arbor, Michigan 48108,

United States) supplied GDC-0941 (Cat. No. 1160) and

adapalene (Cat. No. 13655) (Ann Arbor, Michigan 48108,

United States). Dulbecco’s modified Eagle medium (DMEM),

Roswell ParkMemorial Institute medium (RPMI-1640), and fetal

bovine serum (FBS) were procured from Gibco, Thermo Fisher

Scientific, United States. All the reagents used were of molecular

biology or cell culture grade.

Cell culture

TNBC cell lines (MDA-MB-231 and MDA-MB-468) and ER

+ cell line MCF-7 were procured from the Cell Repository,

National Centre for Cell Science (NCCS) Pune, India. Prof.

Annapoorni Rangarajan (IISC, India) graciously provided the

murine TNBC cell line 4T1. MDA-MB-231, MCF-7, and MDA-

MB-468 cells were cultured in DMEM with 10% FBS and 1%

penicillin–streptomycin. The murine TNBC cell line, 4T1, was

cultured in RPMI-1640 with FBS (10%) and

penicillin–streptomycin (1%). The BC cell lines were

maintained at 37°C in a humidified CO2 incubator (5%).

Single-drug cytotoxicity assay

Cell viability assay was used to assess the potency of ADA and

GDC and to generate a dose–response curve required for the

Chou–Talalay model for designing binary drug combinations

(Chou, 2006; Zhang et al., 2016). In 96-well plates, BC cells

(MDA-MB-468, 4T1, MDA-MB-231, and MCF-7) were cultured

at 3 × 103 cells/well. Seven distinct concentrations of GDC, ADA,

or drug vehicle (DMSO), each with four replicates, were given the

next day. After 72 h of incubation, the drug solutions were

replaced with a fresh media containing 5 mg/ml MTT

(Invitrogen), and the growth inhibition was evaluated using

the following equation (Eq. 1):

% Inhibition � [1 − ( OD treated Cells
OD vehicle control Cells

)] × 100, (1)

where “OD-treated cells” defines the mean absorbance of cells

incubated with therapeutics, “OD vehicle control” implies the

mean absorbance of cells treated with a complete cell culture

medium containing 0.1% DMSO.

Constant ratio cytotoxicity test for binary
drug combinations

The cytotoxicity assay of single drugs in BC models laid

the groundwork for the combined evaluation of GDC and

ADA. Six distinct equipotent GDC–ADA combinations were

constructed using the IC50s values of the two drugs and

evaluated in four repetitions in different cell lines. As Chou

and Talalay recommended, the equipotent constant ratio

method was used for all combinations. In this method, the

amount of each agent in the combination is the same (Chou,

2006; 2010). Following a 72-hr treatment period, the cytotoxic

effects of drugs as individual agents or in combination were

assessed. As indicated in Eq. 1, the percentage inhibition for

each combination was calculated.

Adoption of the Chou–Talalay approach
for calculating the combination index
and DRI

The combination index (CI) value—a dimensionless variable

used to identify and quantify pharmacological interaction—was

generated for binary combinations using CompuSyn software

application, implementing the combination index equation (Eq.

2). When the CI value equals one, an additive impact is obtained.

Synergistic interaction is observed when CI < 1 and antagonistic

interaction when CI > 1.

(CI)2 � (D)1(Dy)1 +
(D)2(Dy)2

� (D)1
(Dm)1 [fa /(1 − fa)]1/m1 + (D)2

(Dm2)[fa/(1 − fa)]1/m2 ,

(2)
where (Dx)1 is the concentration of drug 1 that alone reduces cell

viability by x percent, (Dx)2 is the drug 2 concentration that

alone reduces cell viability by x percent, and (D)1 and (D)2 are

the concentrations of drug 1 (D1) and drug 2 (D2) taken together

that reduce cell viability by x percent. The values of (Dx)1 and

(Dx)2 can be easily obtained by rearrangement of the median-

effect equation (Sung et al., 2021) as follow.

D � Dm [ fa

1 − fa
]
1/m

.

The dimensionless function, dose reduction index or DRI,

evaluates and indicates the magnitude, by which the

concentration of the individual agent in a drug

combination may be lowered compared to the doses of
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each drug alone at a given fractional inhibition. It was

generated automatically by the CompuSyn program for

experimental drug combinations based on the DRI

equations (Chou, 2006) as follows:

(DRI)1 � (Dx)1
D1

, (DRI)2 � (Dx)2
D2

, (DRI)3 � (Dx)3
D3

. . . etc.

DRI greater than one implies a desirable dosage decrease,

DRI less than one suggests a detrimental dose reduction, and DRI

equal to one indicates zero dose reduction (Chou, 2006).

Proliferation assay

After evaluating pharmacodynamic interactions, we

examined the effect of the synergistic drug combination of

GDC and ADA on cell proliferation time-dependently. In a

96-well plate, the cells were seeded (3 × 103 cells/well) and

treated with ADA or GDC alone or in combination at

concentrations below the IC50 values. After 24–72 h of

incubation, according to the manufacturer’s instructions, the

proliferation of cells was determined using the Vybrant

Proliferation Kit (Thermo Fisher Scientific, United States).

GraphPad Prism 8.4.3 and a two-way ANOVA were

employed for statistical analysis, followed by a Tukey test for

multiple comparisons.

Colony formation assay

To assess the impact of ADA, GDC, and their combined

effect on the colony formation of cells, cells were seeded in six-

well plates at a density of 1,000–1,500 cells per well (Elbaz

et al., 2015). After 48 h, the media was replaced with a fresh

medium, supplemented with therapeutics. The assay was

performed for 14–18 days. The medium containing

therapeutics was replenished every 3 days, and colonies

were observed in the wells using an inverted microscope.

Once substantial colonies were formed, they were fixed

with 3.7 percent paraformaldehyde (in PBS) and stained

with crystal violet (0.05%). The plates were photographed,

and the colonies were counted using the ImageJ program.

Each cell type and treatment combination was subjected to the

experiment thrice.

Wound healing assay

We utilized the Wound Healing Assay Kit (Cell Biolabs, Inc.

United States) to investigate the impact of GDC and ADA and

their combination on the migration of the highly invasive TNBC

cell lines MDA-MB-231 and 4T1. On a 24-well plate, cells were

seeded at 70% confluency and allowed to attach overnight with

implanted scratch inserts. After 24 h, the scratch inserts were

gently removed, and the cells were rinsed with PBS. Fresh media

with therapeutics was added, and cell migration was assessed

after 48 h of treatment. The cells were fixed in 3.7%

paraformaldehyde (in PBS) and stained with Giemsa stain (in

PBS). The cells were photographed, and the migration of cells

into the wound region was analyzed and quantified using ImageJ

software (Pijuan et al., 2019).

Mammosphere formation assay

MDA-MB-231 cells (1 × 104) were seeded as a single-cell

suspension in 2-ml DMEM/F12 (Gibco, 11320033),

supplemented with 1x B27 supplement (Invitrogen, 17504044)

and SingleQuot™ (Lonza, CC-4136) into each well of ultralow

attachment 6-well plates (Corning, 3471) (Klopp et al., 2010).

The next day, the cells were treated with therapeutics as single

agents or in combination, and the cells were cultured for

5–10 days later with media added every 3 days. Spheres were

imaged under an inverted phase-contrast microscope (Nikon).

Reactive oxygen species measurement
assay

MDA-MB-231 cells were grown in 24-well culture plates and

treated with ADA, GDC, or both for 24 h. Next, the cells were

stained with 10-μM 2′,7′-dichlorofluorescin diacetate (DCFDA)

(Sigma-Aldrich) for 30 min in the dark, and fluorescence

intensity was measured using a fluorometer.

Mitochondrial membrane potential
analysis

Rhodamine 123 (Rh 123) staining was used to assess

changes in mitochondrial membrane potential. The

transition of mitochondria from a polarized to a

depolarized state during the induction of apoptosis results

in leakage of the dye, consequently resulting in a decrease in

Rh 123 fluorescence intensity. The cells were grown in 24-well

plates and treated with GDC, ADA, or both for 24 h. The cells

were collected and incubated with 10-μMRh 123 for 15 min at

37°C in the dark. Next, the cells were resuspended in PBS and

analyzed immediately using an Agilent fluorescence

spectrophotometer.

Annexin V assay

To investigate the mechanism behind the antitumor

activity of ADA, GDC, and their combination, we utilized a
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BD Biosciences Annexin V apoptosis detection kit. MDA-MB-

231 was treated with GDC, ADA, or both for 24 and 48 h. All

the cells were collected, including free-floating and adherent

cells, and stained with the fluorescent dyes FITC-Annexin V

and 7-AAD as recommended by the manufacturer. Flow

cytometry was performed at the Department of

Biotechnology, National Institute of Technology, Rourkela,

Odisha, India, on a BD Accuri™ C6 flow cytometer (Mehraj

et al., 2022b).

Molecular docking

To further investigate the molecular target of ADA in

breast tumor cells, we utilized the molecular docking

technique to validate the targets. Previous studies have

demonstrated that ADA selectively targets CDK2 in cancer

cells. As CDK2 is highly upregulated in BC patients, targeting

CDK2 in combination with conventional therapy is a

promising approach. Autodock v 4.2.6 was used to perform

docking investigations of ADA and CDK2. The predetermined

co-crystallized X-ray structure of CDK2 (5NEV) from the

RCSB PDB was used to calculate the binding cavity of

proteins. The co-crystallized ligand was used to compute

the residue locations within the 4-Å radius. As part of the

cavity selection process, chimera (https://www.cgl.ucsf.edu/

chimera/) was used to remove co-crystallized ligands, and

then the energy was minimized using the steepest descent and

conjugate gradient algorithms. Both receptor and target

compound were then saved in pdbqt format after

combining non-polar hydrogens. Molecular docking was

performed within a grid box dimension 14 × 14 × 13 Å. It

was necessary to design grid boxes with particular dimensions

and 0.3 Å spacing. Docking experiments of the protein–ligand

complex were carried out following the Lamarckian genetic

algorithm (LGA). There were three replicates of molecular

docking investigations, each of which included 50 solutions, a

population size of 500, 2,500,000 evaluations, a maximum

generational number of 27, and all other parameters were left

at their default values. Once the docking was complete, the

RMSD clustering maps were generated by re-clustering with

the clustering tolerances of 0.25, 0.50, and 1 to find the best

cluster with the lowest energy score and the most populations.

Molecular dynamics simulation

The Desmond 2020.1 from Schrödinger, LLC was used to

run MD simulations on dock complexes for CDK2 with ADA.

SPC water molecules and the OPLS-2005 force field were

utilized in this system (Jorgensen et al., 1983) in a period

boundary salvation box of 10 × 10 × 10 Å dimensions. Na+

ions were supplied to the system to neutralize the charge, and

0.15 M of NaCl solution was added to replicate the

physiological environment. When retraining with the

complex CDK2-ADA, the system was first equilibrated

using an NVT ensemble for 100 ns. After the preceding

phase, a 12-ns NPT ensemble run was used to perform a

quick equilibration and reduction. The NPT ensemble was set

up using the Nose–Hoover chain coupling approach (Li et al.,

2003) and run at 27°C for 1.0 ps under a pressure of 1 bar

throughout the study. A time step of 2 fs was employed in this

experiment. With a relaxation duration of 2 ps, the

Martyna–Tuckerman–Klein barostat method was utilized

for pressure control. Ewald’s particle mesh approach was

used to calculate long-range electrostatic interactions; the

radius for coulomb interactions was fixed at 9 nm. The

bonded forces were calculated using the RESPA integrator

with a time step of 2 fs for each trajectory. Calculations were

made to track the stability of MD simulations using

parameters such as the root mean square deviation

(RMSD), gyroradius, root mean square fluctuation (RMSF),

number of hydrogen atoms (H-bonds), and solvent accessible

surface area (SASA).

Western blotting

Cells were grown in 6-cm dishes and treated with ADA for

24 h. After the drug treatment, the cells were lysed with lysis

buffer NP40 (Invitrogen, Thermo Fisher Scientific),

supplemented with protease and phosphatase inhibitors. Next,

protein concentrations were determined using the BCA assay kit

(Pierce™ BCA Protein Assay Kit, Cat No. 23227, Thermo

Scientific). Equal amounts of protein were separated by

electrophoresis on SDS-polyacrylamide gels and electroblotted

onto polyvinylidene difluoride membranes. BSA (5%) was used

to block non-specific binding for 1 h at room temperature.

Protein bands were probed using specific primary antibodies,

viz., CDK2 (78B2) rabbit mAb (CST, Cat No. 2546, dilution-1:

1000) and horseradish peroxidase-conjugated secondary

antibodies and visualized using an ECL kit (Bio-Rad,

Hercules, CA). ImageJ software analyzed the intensity of

immunoreactive protein bands and normalized them with

GAPDH (CST, Cat No 2118, dilution-1:1000) as the loading

control.

Cell cycle analysis

MDA-MB-231 cells were seeded in 12-well plates at 50%

confluency and allowed to adhere overnight, followed by serum

starvation for cell cycle synchronization. Next, the cells were

treated for 24 and 48 h with ADA, GDC, and a combination of

ADA and GDC. After treatment, the cells were trypsinized and

fixed in 75% ethanol. After washing, the cells were stained with a
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solution containing PI (0.5 mg/ml) and RNase A (10 mg/ml).

The cells were filtered prior to flow cytometry, using a 70-m cell

strainer. Flow cytometry was performed at the NIT Rourkela,

India (Mehraj et al., 2022b).

Statistics

IC50s values were calculated using non-linear regression

analysis in GraphPad Prism. The statistical significance was

analyzed using the one-way or two-way ANOVA in

GraphPad Prism V 8.43, followed by Tukey multiple

comparisons test. p < 0.05 was considered significant.

Results

Cytotoxicity assay for each single drug

The cell viability assay using MTT reagent was carried out

to evaluate the cytotoxicity of GDC and ADA alone against BC

cell lines, and GraphPad Prism 8 was used to generate

dose–effect curves and obtain IC50 values for single drugs

(Figures 1A,B). GDC and ADA were both cytotoxic to all

breast cancer cell lines dose-dependently. The IC50 values of

GDC in MDA-MB-231, MCF-7, MDA-MB-468, and 4T1 were

6.0, 0.82, 3.6, and 2.3 µM, respectively. GDC-0941

demonstrated high cytotoxicity in ER + MCF-7 cells, while

FIGURE 1
Adapalene and GDC reduce TNBC cell growth in vitro. Single-drug cytotoxicity assays of (A). adapalene and (B) GDC-0941 in TNBC cell lines
and MCF-7 cells. Both ADA and GDC inhibited tumor growth in a dose-dependent manner. The IC50 values were calculated using GrpahPad Prism
V8.4.3. Combination treatment shows an enhanced reduction in cell growth in (C). MDA-MB-231 (D). MDA-MB-468 (E). 4T1 and (F) MCF-7 cells.
Enhanced reduction in cell viability was observed upon combination treatment with ADA and GDC, indicating positive pharmacodynamic
interactions.
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TNBC cells showed resistance to GDC, with MDA-MB-

231 showing the highest resistance. ADA showed an IC50

of 17.57, 19.54, 24.28, and 14.7 µM in MDA-MB-468, MDA-

MB-231, MCF-7, and 4T1, respectively. ADA demonstrated

high cytotoxicity in murine TNBC cells (4T1). The ER + cell

line was responsive to ADA, while TNBC showed high

sensitivity toward ADA.

Cytotoxicity assay of binary drug
combination

The conditions of the Chou–Talalay method were met by

the results of the single-drug cytotoxicity experiment, so the

in vitro pharmacodynamic drug interaction study could begin.

We analyzed a constant ratio combination design to examine

all potential binary drug combinations. After 72 h of

treatment, cell viability was evaluated Figures 1C–F. The

combination of GDC and ADA showed an enhanced

reduction in cell viability of BC cells at very low doses,

demonstrating positive drug–drug interactions of GDC and

ADA in BC cell lines. CompuSyn software was further utilized

to calculate the CI, DRI values, and dose–inhibition curve

parameters (Table 1). For MCF-7, MDA-MB-468, and MDA-

MB-231, a flat sigmoidal (m < 1) curve was observed with an

r-value (linear correlation coefficient) of approximately 0.95.

4T1 cells had a sigmoidal curve (m > 1) with approximately

0.95 for r. Also, the CompuSyn-calculated CI values could

achieve synergistic interactions as demonstrated with the CI

less than one at precise combinations (Table 1; Figure 2A).

The median-effect blots of all tested drug combinations are

shown in Figure 2C.

CompuSyn software’s computer
simulation

Utilizing the median effect and the combination index

equations and the automation capabilities of the CompuSyn

program, an algorithm was developed to simulate the

computed CI and DRI values at various fraction affected (Fa)

levels other than actual dosage. The simulated CI at different Fa

levels was significantly synergistic, further validating in vitro

results. The program generated the simulated Fa-Log CI plot, Fa-

DRI plot, and isobolograms for each drug combination

(Supplementary Figures S1–S4). The simulated CI and DRI

values at 50, 75, 90, and 95% fraction affected are shown in

Table 2. Apart from that, polygonograms of drug combinations

at 50% Fa levels were designed to provide a visual comparison of

the kind and magnitude of drug interactions (Figure 2B). The

continuous line represents synergistic interaction, whereas the

dashed line represents antagonistic interaction. The width of the

TABLE 1 Experimental design and data summary of the dose–effect curve and Chou–Talalay parameters of GDC-0941 and adapalene drug
combinations against breast cancer cell lines after 72 h treatment period.

Cell line GDC-0941 (G)
(µM)

Adapalene (A)
(µM)

Fraction affected
(Fa)

Parameters

m Dm r CI DRI

MDA-MB-231 0.1 * IC50 0.1 * IC50 0.28 0.83 9.4 0.98 0.53 G = 4.15 A = 3.42
0.25 * IC50 0.25 * IC50 0.39 0.74 G = 2.90 A = 2.50
0.5 * IC50 0.5 * IC50 0.53 0.75 G = 2.80 A = 2.54
0.75 * IC50 0.75 * IC50 0.60 0.77 G = 2.66 A = 2.49
IC50 (6) IC50 (19.5) 0.71 0.57 G = 3.49 A = 3.42
1.25 * IC50 1.25 * IC50 0.76 0.51 G = 3.85 A = 3.87

MDA-MB-468 0.1 * IC50 0.1 * IC50 0.29 0.88 7.2 0.95 0.46 G = 3.87 A = 4.77
0.25 * IC50 0.25 * IC50 0.40 0.67 G = 2.91 A = 2.99
0.5 * IC50 0.5 * IC50 0.52 0.76 G = 2.86 A = 2.41
0.75 * IC50 0.75 * IC50 0.61 0.73 G = 3.21 A = 2.33
IC50 (3.6) IC50 (17.6) 0.71 0.58 G = 4.56 A = 2.75
1.25 * IC50 1.25 * IC50 0.82 0.35 G = 8.75 A = 4.10

4T1 0.1 * IC50 0.1 * IC50 0.24 1.22 6.3 0.98 0.95 G = 1.86 A = 2.39
0.25 * IC50 0.25 * IC50 0.34 0.91 G = 2.16 A = 2.22
0.5 * IC50 0.5 * IC50 0.52 0.89 G = 2.38 A = 2.08
0.75 * IC50 0.75 * IC50 0.64 0.79 G = 2.89 A = 2.23
IC50 (2.3) IC50 (14.7) 0.77 0.54 G = 4.63 A = 3.06
1.25 * IC50 1.25 * IC50 0.89 0.36 G = 7.65 A = 4.35

MCF-7 0.1 * IC50 0.1 * IC50 0.31 0.82 7.58 0.98 0.45 G = 4.77 A = 4.13
0.25 * IC50 0.25 * IC50 0.42 0.66 G = 3.27 A = 2.77
0.5 * IC50 0.5 * IC50 0.57 0.67 G = 3.26 A = 2.69
0.75 * IC50 0.75 * IC50 0.63 0.77 G = 2.88 A = 2.35
IC50 (0.82) IC50 (24.2) 0.72 0.65 G = 3.42 A = 2.74
1.25 * IC50 1.25 * IC50 0.86 0.49 G = 4.57 A = 3.59

m, Median; Dm, IC50; r, linear correlation coefficient CI, Combinational Index.
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line indicates the level of synergy or competition. Based on the

simulated CI and DRI, it was confirmed that all tested

combinations demonstrated synergistic interactions of various

inhibitory magnitudes, demonstrating that ADA and GDC

interact synergistically.

Adapalene enhances sensitivity to GDC-
0941 in triple-negative breast cancer cells

We further evaluated the synergetic drug combination of

GDC and ADA in a time-dependent manner. We proceeded

with a single synergistic drug combination below individual

IC50 value among several drug combinations designed earlier.

The cell viability was analyzed at 24, 48, and 72 h using the

Vybrant cell proliferation kit (Invitrogen, Thermo Fisher,

United States), following the manufacturer’s protocol.

Combinatorial treatment significantly reduced cell viability

compared to single-agent treatment (Figure 3). The results

demonstrate that GDC and ADA in combination enhance the

antiproliferative effect of each other synergistically. Moreover,

the sensitivity of TNBC cells toward GDC significantly

increased upon co-treatment with ADA. The trend was

seen in all three time periods.

FIGURE 2
Adapalene and GDC show synergistic pharmacodynamic interactions in inhibiting the growth of TNBC cells (A). Combination Index (CI) plots of
MDA-MB-231, MDA-MB-468, 4T1, and MCF-7 cells. The CI plots showed significant synergism between ADA and GDC in TNBC cells (B).
Polygonograms of MDA-MB-231, MDA-MB-468, 4T1, and MCF-7 cells (C). Median Plots of MDA-MB-231, MDA-MB-468, 4T1, and MCF-7 cells.
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TABLE 2 Summary of CompuSyn simulated CI and DRI values for GDC-0941 and adapalene combination in breast cancer cell lines at 50, 75, 90, and
95% growth inhibition.

Cell line Drug combination GDC
(G) + ADA
(A)

CI values at inhibition of DRI values at inhibition of

50% 75% 90% 95% 50% 75% 90% 95%

MDA-MB-231 G + A 0.63 0.64 0.64 0.65 G = 2.20 G = 8.25 G = 30.92 G = 75.91
A = 7.18 A = 26.89 A = 100.71 A = 247.21

MDA-MB-468 G + A 0.57 0.56 0.58 0.61 G = 1.23 G = 4.31 G = 15.09 G = 35.39
A = 6.01 A = 21.07 A = 73.78 A = 173.02

4T1 G + A 0.75 0.57 0.44 0.37 G = 0.85 G = 2.10 G = 5.17 G = 9.52
A = 5.49 A = 13.46 A = 33.05 A = 60.87

MCF-7 G + A 0.59 0.66 0.73 0.79 G = 0.24 G = 0.94 G = 3.58 G = 8.89
A = 7.34 A = 27.91 A = 106.14 A = 263.29

FIGURE 3
Combination of GDC-0941 and adapalene reduces tumor cell proliferation. The combination of GDC and ADA inhibited proliferation of (A).
MDA-MB-231 (B). MDA-MB-468 (C). 4T1 (D). MCF-7 in a synergistic manner. Data are mean ± SD. p-values were determined by two-way ANOVA
followed by Tukey’s multiple comparisons test. Significant reduction in cell viability was observed when treated in a time-dependent manner with
combined treatment of GDC and ADA showing a maximal effect.
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FIGURE 4
Combination of GDC-0941 and adapalene reduces colony formation and migration potential of TNBC cells. Representative images and
quantification of colony formation assay data of (A). MDA-MB-231, (B). MDA-MB-468, (C). 4T1 and, (D). MCF-7 cells are treated with drug vehicle
(DMSO), GDC, ADA, or a combination of GDC & ADA. The right panels show the quantification of colonies formed under each treatment condition
described in the left panels. Data are mean ± SD. P values were determined by one-way ANOVA followed by Tukey's multiple comparisons test.
Representative images and quantification of migration assay data of (E). MDA-MB-231, (F). 4T1. The right panels show the relative migration under
control, single treatment and combination of GDC and ADA described in the left panels. Data are mean ± SD. p-values were determined by one-way
ANOVA followed by Tukey's multiple comparisons test. Data are representative of at least three independent experiments.
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Combination of GDC-0941 and adapalene
reduces colony formation and migration
of triple-negative breast cancer cells

Experiments with colony formation in BC cell lines were

utilized to confirm and assess the synergistic interactions of ADA

and GDC. While treatment with GDC and ADA alone decreased

colony formation, treatment with the combination of GDC and

ADA resulted in an enhanced decrease in colony formation

compared to individual drug treatments. Also, the number of

colonies in each treated cell line was almost equivalent when

treated alone; however, the number of colonies was significantly

FIGURE 5
GDC-0941 and adapalene affect the anchorage-independent growth of MDA-MB-231 cells and enhance apoptosis. (A). Representative images
of the spheroid assay. Treatment with the combination of GDC and ADA significantly reduced the growth of TNBC cells in ultra-low attachment
plates. (B). Fluorescence intensity and (C). fold change in ROS levels in MDA-MB-231 cells treated with ADA (9.8 μM) and GDC (3 μM) alone or in
combination for 24 hrs. (D). fluorescence intensity and (E). fold change in Rh123 staining levels in MDA-MB-231 cells treated with ADA or GDC
alone or in combination both showing decrease in mitochondrial membrane potential upon treatment. (F). Annexin V & &-AAD staining showed
increased apoptotic cells in plates treated with the combination of GDC and ADA after 24 h or 48 hr periods.
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FIGURE 6
ADA shows high binding affinity and stability with CDK2 (A). Analysis of the binding pose of ADA at the binding cavity of CDK2 on the left panel
and 3D cavity interaction of residues with ADA (B). 2D interaction of ADA showing various interactions at the binding cavity of CDK2 (C). RMSD plot
displaying the molecular vibration of Cα backbone of CDK2 (red) and ADA (black) (D). RMSF plot showing the fluctuations of respective amino acids
throughout the simulation time 100 ns for CDK2-ADA (E). The radius of the gyration plot to deduce the compactness of CDK2 bound to ADA (F).
The number of hydrogen bonds formed between CDK2-ADA during the 100 ns simulation time scale (G). Solvent accessible surface area (SAS Area)
displays the unbound area at the binding pocket (cyan) and bound ADAwith CDK2 (H). Immunoblot of CDK2 upon treatment with ADA. ADA reduced
CDK2 in a dose-dependent manner (I). Relative intensity of CDK2 protein levels upon treatment with ADA.
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reduced when treated in combination. The study demonstrated

that ADA as a single agent reduces tumor cell growth, inhibiting

the colony formation of breast tumor cells (Figures 4A–D).

To colonize distant organs, cancer cells must penetrate the

ECM and undergo the multistep phenomena of metastasis

(Neophytou et al., 2018). As a result, inhibiting cell migration

may be vital for limiting metastasis. This investigation sought to

examine the effect of the GDC–ADA combination on the

motility of tumor cells. CytoSelectTM 24-Well Wound Healing

Experiment Kit was used to perform the assay in 24-well plates.

MDA-MB-231 and 4T1 cells were treated for 48 h with GDC and

ADA alone or in combination, and cell movement was assessed

using ImageJ software. ADA showed a high reduction in

migration of MDA-MB-231 and 4T1 cells. The combination

of GDC and ADA significantly reduced migration compared to

control cells or cells treated with GDC or ADA alone

(Figures 4E,F).

Also, GDC and ADA, in combination, significantly repressed

the anchorage-independent growth of MDA-MB-231 cells

(Figure 5A) and suppressed mammosphere formation. These

results further support that GDC and ADA have significant

tumor-reducing activity in TNBC.

Combined treatment with GDC-0941 and
adapalene disrupts mitochondrial
membrane potential and enhances
reactive oxygen species production,
triggering apoptosis of triple-negative
breast cancer cells

Next, we set out to investigate the mechanisms underlying

the anticancer activity of ADA and the synergistic effect of GDC

and ADA. Therefore, we measured the intracellular ROS levels

after ADA and GDC co-treatment and individual treatment. The

results indicated that the combined treatment significantly

increased ROS levels in MDA-MB-231. In addition, we found

that the treatment with ADA and GDC alone induced ROS

generation. However, ROS levels were higher in ADA treated, but

the combined treatment resulted in a two-fold increase in ROS

levels (Figures 5B,C). ROS generation is associated with

mitochondrial membrane potential (MMP) disruption, a

critical event in apoptosis initiation, which can be measured

by Rh 123 staining. We found that the percentage of cells treated

with ADA, GDC, or both showed low Rh 123 fluorescence

intensities compared to untreated controls. Moreover, the

membrane disruption decreased upon exposure to NAC for

2 h before co-treatment of GDC and ADA, further validating

the involvement of ROS in the synergistic interaction of

GDC–ADA. These results suggest that oxidative injury,

resulting in disruption of mitochondrial membrane potential,

may significantly enhance lethality induced by the combined

treatment of MDA-MB-231 cells with ADA and GDC

(Figures 5D,E).

Furthermore, we utilized Annexin V and 7-AAD staining to

assess the apoptosis induction potential of ADA/GDC or a

combination of both. MDA-MB-231 cells were treated for

24 and 48 h, followed by staining with Annexin V and 7-

AAD. Flow cytometry analysis revealed that ADA induction

tumor cell death via induction of apoptosis and apoptosis

enhanced significantly upon combination treatment

(Figure 5D). GDC also showed apoptosis, but apoptosis in

combination treatment was highly significant compared to

single-agent treatments.

Molecular docking showed high binding of
adapalene with CDK2

Molecular docking studies were performed to decipher the

binding aspects of CDK2 with ADA. The images of docked

complexes, molecular surfaces, and 2D and 3D interactive plots

for ADA with the CDK2 are shown in Figures 6A,B. Molecular

docking studies revealed that ADA bound significantly with

protein CDK2, with the lowest binding energy of −9 kcal/mol

and an inhibitory concentration (Ki) of 21 µM. Also, ADA

formed pi-alkyl interaction with Ile10, Leu134, and Ala144,

conventional hydrogen bond with Lys19 and Asp145 residues

as shown in Figure 6B. Other non-bonded interactions, such as

van der Waals interactions involved with Gly11, Glu12, Thr14,

Ala31, His84, Gln85, Asp86, Gln131, and Asn132, were also

found between CDK2 and ADA. All the binding energy scores

are calculated from the best cluster (95%), which falls within the

lowest RMSD 0.25 Å. Therefore, from the docking studies, it can

be suggested that ADA has a high affinity for CDK2 and was

considered for further MD simulation studies.

Molecular dynamics and simulation

Molecular dynamics and simulation (MD) studies were

carried out to determine the stability and convergence of

CDK2 with ADA. Simulation of 100 ns displayed stable

conformation while comparing the root mean square

deviation (RMSD) values. The RMSD of the Cα-backbone of

CDK2 bound to ADA exhibited a deviation of 0.5 Å (Figure 6C).

Stable RMSD plots during simulation signify a good convergence

and stable conformations (Hollingsworth and Dror, 2018).

Therefore, it can be suggested that ADA bound to CDK2 is

relatively stable in complex due to the higher affinity of the

ligand. The plot for root mean square fluctuations (RMSF)

displayed small spikes of fluctuation in CDK2 protein except

at residues 135 and 146 might be due to the higher flexibility of

the residues conformed to the loop region.
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In contrast, the rest of the residues fluctuated less during the

entire 100 ns simulation, and Figure 6D indicates the stable

amino acid conformations during the simulation time.

Moreover, all these RMSF values are in the acceptable region.

Therefore, from the RMSF plot, it can be suggested that the

structure of CDK2 is stable during simulation in ligand-bound

conformation (Hollingsworth and Dror, 2018). The radius of

gyration (Rg) measures the compactness of the protein. Here, in

this study, CDK2 Cα-backbone bound to ADA displayed a stable

radius of gyration (Rg) from 19.5 to 19.7 Å (Figure 6E).

Significantly, stable gyration (Rg) indicates a highly compact

protein orientation in the ligand-bound state (Mosquera-Yuqui

FIGURE 7
GDC-0941 and adapalene promoted cell cycle arrest of MDA-MB-231 cells (A–E) ADA upon treatment showed S-phase arrest of MDA-MB-
231 cells, while GDC showed the arrest of MDA-MB-231 cells in the G2/M phase of the cell cycle. Upon combination treatment with GDC and ADA,
the arrest of cells enhanced in the S-phase.
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et al., 2020). The number of hydrogen bonds between protein and

ligand suggests the significant interaction and stability of the

complex, and we observed a high number of H-bonds between

CDK2 with ADA throughout the simulation time of 100 ns

(Figure 6F). Following Rg analysis, similar patterns were

observed in a solvent accessible surface area (SASA) in both

ligand-bound and ligand-unbound states. In the unbound state

of ADA, CDK2 displayed high surface area accessible to solvent

(Figure 6G). The SASA value lowered significantly in the bound

state with CDK2 as compared to the unbound state. The overall

study of Rg signifies that the binding of ADA to CDK2 compels

the protein to become more compact and less flexible.

Adapalene inhibits CDK2 and promotes
S-phase cell arrest

In addition, we evaluated the effect of ADA on CDK2 protein

levels. It was found that ADA significantly reduced

CDK2 protein levels dose-dependent. Moreover, reduced

CDK2 protein levels confirm the in silico docking and

molecular simulation results (Figures 6H,I).

We also evaluated the effect of ADA, GDC, and both on the cell

cycle. The cell cycle analysis was performed, following the treatment for

24 and 48 h using flow cytometry. Flow cytometry results

demonstrated that ADA induced S-phase cell cycle arrest in MDA-

MB-231, while GDCpromoted the arrest ofMDA-MB-231 cells in the

G1 phase. In combination, GDC andADA enhanced the arrest of cells

in the G1 phase (Figure 7). Flow cytometry results are in tandem with

in silico and in vitro results, validating that ADA inhibits CDK2,

thereby promoting the arrest of cells.

Discussion

BC is currently one of the most common malignancies and

the leading cause of tumor-related mortality in women globally

(Siegel et al., 2021; Sung et al., 2021). TNBC is one of the

aggressive subtypes of breast cancer, and it has a more

aggressive clinical course than the other types of breast cancer

(Dai et al., 2016; Mehraj et al., 2022c). Since presently available

endocrine and HER2-directed medications are inadequate in

treating TNBC, chemotherapy has traditionally been the

backbone of systemic treatment for the disease (Waks and

Winer, 2019; Mehraj et al., 2022d). The PI3K inhibitor, GDC-

0941 (Pictilisib), is an orally accessible compound that binds to

and competes with the ATP-binding pocket in the PI3K signaling

and blocks the signaling cascade (Yamamoto et al., 2017; Han

et al., 2019). Patients with advanced NSCLC in Japan reported

that it had a superior tolerance and safety profile (Yamamoto

et al., 2017). GDC-0941 revealed modest antitumor efficacy in

clinical studies, and a tolerable safety profile and combination

with paclitaxel improved the antitumor response (Sarker et al.,

2015; Schmid et al., 2016). While inhibiting PI3K provides

significant therapeutic advantages, there has been some

apprehension about the sometimes significant toxicity

connected with its usage (Greenwell et al., 2017). As a result,

there is an urgent need to investigate innovative therapeutics that

will allow for a reduction in the dose of GDC-0941 while

simultaneously increasing its antitumor efficacy.

Adapalene, a third-generation retinoid currently used to

treat acne, binds to nuclear retinoic acid receptors and has

been reported to possess potent antitumor activity (Rusu

et al., 2020). ADA possesses high comedolytic, anti-

inflammatory, antiproliferative, and immunomodulatory

properties. Also, its safety profile is superior to other

retinoids (Rusu et al., 2020). Several recent studies

established the antitumor potential of ADA in solid

malignancies, including HCC, colon cancer, melanoma,

ovarian cancer, and prostate cancer (Shi et al., 2015;

Ghosalkar et al., 2018; Li et al., 2019; Wang et al., 2019;

Nong et al., 2022). Also, in our recent study, we demonstrated

the antitumor potential of ADA in TNBC in vitromodels. We

reported that ADA promotes tumor cell apoptosis and acts

synergistically with doxorubicin. Herein, we aimed to

evaluate the therapeutic potential of ADA in combination

with GDC-0941.

Our results demonstrate that ADA is an effective therapeutic

agent combined with GDC in inhibiting proliferation, migration,

and colonization capacity. We found that the combination of

ADA and GDC resulted in a marked increase in cell death in

TNBC cancer cells and reduced GDC resistance. ADA enhanced

ROS generation and demonstrated a synergistic effect in ROS

production and decreased MMP with GDC. Elucidation of the

underlying mechanisms warrants further study.

Our findings demonstrate that both ADA alone and in

combination with GDC exerts anticancer efficacy by inducing

apoptosis in tumor cells. In addition, the synergistic combination

of GDC and ADA resulted in considerable dosage reductions for

bothGDC andADA, as shown in Tables 1, 2. As shown in Figure 2B,

the combination ofGDCandADA showed a synergistic relationship,

as depicted by the thickness of the line connecting polygonograms. In

addition, it was observed that ADA alone or in combination with

GDC inhibited TNBC cell colony formation and migration. Colony

numbers and sizes decreased considerably when cells were treated

with ADA and GDC in combination.

Cancer cells often produce and sustain larger reactive oxygen

species (ROS) levels than normal cells. Increased ROS levels

make cancer cells susceptible to ROS-generating agents

(Trachootham et al., 2009; Gorrini et al., 2013). As a result,

stimulating ROS is a possible therapeutic method for cancer.

Numerous studies have shown that increasing ROS production

in cancer cells inhibits development and induces apoptosis (Yang

et al., 2017; Liu et al., 2018; Baptista Moreno Martin et al., 2020).

We found that enhanced ROS levels accumulated upon

combined treatment with ADA and GDC and promoted
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tumor cell apoptosis. Also, in our previous study, we reported

that ADA promoted Erk1/2 activation by ROS generation and

apoptosis. Previously, Erk1/2 activation has been reported to

promote therapeutic resistance, including GDC-0941, how

hyperactivation of Erk1/2 by ROS generation prompts

apoptotic role of Erk1/2. The previous reports and the present

findings indicate that high ROS accumulation upon co-treatment

with GDC and ADA reduced GDC resistance via modulation of

the signaling cascades involved in GDC resistance in TNBC cells.

Also, Annexin V/7-AAD labeling revealed that ADA causes

apoptosis in MDA-MB-231 cells and that synergistic drug

interactions occurred during apoptosis. Apoptosis increased

from 24.2 to 40.3 percent in cells treated with the

combination of GDC and ADA. These findings suggest that

co-treatment with ADA and GDC increases BC cells sensitivity to

GDC and that substantial tumor inhibition may be obtained with

moderate dosages of both drugs, hence decreasing the risks

associated with GDC-0941.

In addition, it was further found that ADA selectively binds

CDK2 and induces S-phase cell cycle arrest. The results were

validated both in silico and in vitro. CDK2 is upregulated in

breast tumors, and its vital role in cell cycle regulation makes

CDK2 an attractive therapeutic target (Sofi et al., 2022a; Mehraj

et al., 2022e;Mehraj et al., 2022f). Together, these results demonstrate

that ADA has high potential in reducing tumor growth and

colonization of TNBC cells. A recent study demonstrated that

ADA-mediated tumor growth suppression occurs due to DNA

damage and apoptotic pathway activation (Nong et al., 2022).

Also, Wang et al. (2019) demonstrated that ADA reduced the

growth of ovarian cancer cells by inhibiting glutamic-oxaloacetic

transaminase 1. ADA also effectively reduced the growth of colorectal

carcinoma, melanoma cells, prostate cancer cells, and hepatoma cells

(Ocker et al., 2004; Shi et al., 2015; Li et al., 2019; Nong et al., 2022).

These previous studies and the present study’s findings demonstrate

that ADA is a promising therapeutic agent across a wide range of

tumors with TNBC, prostate tumors, and melanoma cells more

responsive toward ADA treatment.

In addition to its enhanced ability to inhibit proliferation and

promote tumor cell apoptosis, ADA may offer numerous

advantages over conventional retinoic acid derivatives in vivo,

such as increased stability, more prolonged comedolytic action,

enhanced anti-inflammatory activity, and a favorable safety

profile (Ocker et al., 2003; Shi et al., 2015; Ghosalkar et al.,

2018; Rusu et al., 2020; Sofi et al., 2022b).

In conclusion, our results indicate that the combination of

ADA and GDC is effective against BC cells by augmenting the

induction of apoptosis. Existing chemotherapy agents are

associated with highly unpleasant side effects, but ADA has

the potential to be an effective anticancer treatment with far

reduced toxicity. Even though our results were verified in vitro,

they paved the way for further exploration of the synergistic

therapeutic combination of GDC and ADA in vivo and with

other TNBC models and cancer hallmarks.
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Targeting cyclin-dependent
kinases in sarcoma treatment:
Current perspectives and
future directions
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Martina Rabino2, Francesco Tolomeo1, Sandra Aliberti 1,
Lorenzo D’Ambrosio2,3*† and Giovanni Grignani1†

1Candiolo Cancer Institute, IRCCS-FPO, Turin, Italy, 2Department of Oncology, University of Turin,
Turin, Italy, 3Medical Oncology, Azienda Ospedaliera Universitaria San Luigi Gonzaga, Turin, Italy
Effective treatment of advanced/metastatic bone and soft tissue sarcomas still

represents an unmet medical need. Recent advances in targeted therapies have

highlighted the potential of cyclin-dependent kinases (CDK) inhibitors in several

cancer types, including sarcomas. CDKs are master regulators of the cell cycle;

their dysregulation is listed among the “hallmarks of cancer” and sarcomas are no

exception to the rule. In this review, we report both the molecular basis, and the

potential therapeutic implications for the use of CDK inhibitors in sarcoma

treatment. What is more, we describe and discuss the possibility and biological

rationale for combination therapies with conventional treatments, target therapy

and immunotherapy, highlighting potential avenues for future research to

integrate CDK inhibition in sarcoma treatment.

KEYWORDS

sarcoma, cyclin dependent kinases (CDK), cdk inhibitors, target therapy, cell cycle
1 Introduction

Sarcomas are a heterogeneous group of rare, mesenchymal malignancies that add up to

1% of all adult cancers and 20% of pediatric cancers (1). The sarcoma family encompasses

more than 100 histological subtypes, comprising bone sarcomas and soft tissue sarcomas

(BSTS) (2). Standard treatment entails radical surgical resection with (neo)adjuvant radiation

therapy and/or chemotherapy in high-risk patients for localized disease, and systemic

chemotherapeutic treatment in advanced stages (3). However, prognosis in advanced/

metastatic stages remains dismal for the vast majority of sarcoma patients (3, 4). Hence,

finding novel, effective treatment strategies for advanced BSTS represents an unmet medical

need. Indeed, differently from epithelial cancers, mesenchymal tumors have seldom

benefitted from the advent of innovative therapeutic strategies, from targeted therapy to

immunotherapy (5, 6). Both the rarity of sarcomas, and the variety of their molecular

determinants (7, 8), have represented major challenges for the development of effective,
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innovative therapeutic strategies in the field in past years. One of the

first actionable molecular alterations discovered in sarcomas has been

the amplification of the chromosomal region encoding the murine

double minute 2 (MDM2) and cyclin dependent kinase 4 (CDK4)

genes in a subset of liposarcomas (well-differentiated and

dedifferentiated liposarcomas; WDLPS and DDLPS) (9, 10).

However, until recent years, the possibility to safely target master

regulators of the cell cycle as MDM2 and CDK4 appeared difficult to

translate in the clinical setting, for their potential off-tumor side

effects in healthy tissues (11, 12). Targeting CDK4 seemed particularly

attractive for WDLPS and DDLPS, in which it has a specific clinical

and biological significance, with respect to MDM2 amplified-only

liposarcomas. Indeed, CDK4-amplified WDLPS and DDLPS have

been associated with worse prognosis with respect to those lacking

CDK4 amplification (13). However, the CDK family is involved not

only in WDLPS and DDLPS pathobiology, but in many different

sarcoma types across BSTS (14). The comprehensive genomic analysis

via The Cancer Genome Atlas (TCGA) has shown that approximately

one quarter of all sarcomas harbor genetic alterations in the Cyclin-

Dependent Kinase Inhibitor 2A (CDKN2A) - Cyclin D (CCND) -

CDK4 - retinoblastoma (RB) axis (15, 16), providing strong rationale

for targeting this crucial pathway in sarcomas. Hence, better

understanding of the role of CDKs in cell biology and cancer,

might provide novel avenues of treatment for advanced BSTS (14, 17).
2 CDKs in physiology and cancer

The cell cycle is divided into four distinct phases: a first growth

phase (G1), a DNA replication or synthesis phase (S), a second

growth phase (G2) and the mitotic phase (M). Cyclin-dependent

kinases (CDKs) are members of the serine/threonine protein kinase

family; as master regulators of cell cycle control, transcription, and

RNA splicing, they are essential for tumor cell proliferation and

growth. CDKs do not possess autonomous enzymatic activity and

need to be bound to a cyclin subunit to function properly, hence their

designation as cyclin-dependent kinases (18). Moreover, a few CDK

family members play an important role in RNA transcription and

pre-messenger RNA (mRNA) splicing.

The activity of CDKs is respectively up and down regulated by

their cyclin partners and cyclin-dependent kinase inhibitors (CKIs).

CDKs can phosphorylate the tumor suppressor protein

retinoblastoma (Rb). This activity blocks the growth-inhibitory

function of Rb: indeed, phospho-Rb (pRb) releases its grip,

previously blocking the transactivation domain of the E2F

transcription factors, allowing the transcription of genes which are

crucial for cell cycle progression to the S-phase (19). In detail, cyclin

D-CDK4/6 kinase complexes phosphorylate multiple Rb tumor

suppressor protein residues (or its homologs, p107 and p130). As

abovementioned, in its hypo-phosphorylated state, Rb actively

suppresses G1-S progression by sequestering E2F transcription

factors, which transcribe genes needed for DNA replication (20).

The human genome encodes 20 CDKs, divided into two

subfamilies: cell cycle-associated CDKs (CDK1−7 and CDK14−18)

and transcription-associated CDKs (CDK7−13, 19, and 20). Different

CDKs interact with different cyclins to regulate numerous stages of

the cell cycle in various cells or to perform other functions. CDK1 is
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the ancestor of all mitotic kinases; CDK2, CDK4, and CDK6 regulate

progression through cell cycle phases. CDK7, instead, is peculiar in

that it has been implicated in both transcription processes and cell

cycle control (21). CDK8 and CDK9 control the RNA polymerase II

(RNA Pol II)-dependent initiation and elongation of transcription

(22). Other CDKs (5, 10, 11, 14–18, and 20) do not fit into either

canonical roles, exhibiting different functions, often in a tissue-

specific fashion. For example, CDK11 has multiple functions in

mediating apoptosis, transcription, mitosis, hormone receptor

signaling, and autophagy (23, 24). Likewise, CDK5 promotes

neuron outgrowth and synaptogenesis in the nervous system, while

in pancreatic b cells it reduces insulin secretion (25). As CDKs master

fundamental processes required for cell survival and propagation,

their hyperactivation (typically through mutation, gene amplification,

or altered expression of their regulators) is frequently reported

in cancer.

Until a few years ago, CKIs were also classified in two families of

cell cycle inhibitors: the CDK family interacting with the CIP/KIP

protein and the kinase inhibitor (INK) family. CIP/KIP family

members are specific for CDK-cyclin complexes, such as CDK2-

cyclin E, A and/or CDK1-cyclin B1, A and/or CDK2,4,6-cyclin D1,

D2, D3. Members of the INK family bind CDK4,6 to inhibit

formation of CDK4,6-cyclin D1, D2, D3 complexes (26, 27).

3 Partners in life, partners in crime: Key
players in cell cycle function and
dysregulation beyond CDKs

More recently, additional important regulatory proteins and

mechanisms involved in cell cycle control have been discovered,

such as members of CDK regulatory subunit (CKS) protein family

and new cell cycle regulators. A recent addition to the family is the

double homeobox 4 (DUX4) protein, which is of specific interest for

sarcoma pathobiology. DUX4 is a transcription factor physiologically

expressed during early embryonic development, and it is silenced by

epigenetic pathways in most adult somatic cells. Studies revealed that

DUX4 binds to CDK1, preventing the formation of CDK1-cyclin B1

complex, thus limiting its kinase activity (28). Aberrant expression of

DUX4 in skeletal muscle leads to facioscapulohumeral dystrophy (26,

29). DUX4 rearrangements have been identified in specific types of

pediatric B cell acute lymphoblastic leukemia (30, 31), in small round

cell bone and soft tissue sarcomas – the so-called CIC-DUX4

rearranged family of sarcomas (32, 33), and rhabdomyosarcoma (34).

The dysregulation of CDK activity through activation of pathways

enhancing CDK activity, or through the oncogene-induced

inactivation of apoptosis, is a common occurrence in various

cancers (35). Identifying and characterizing which cancer types

require selected CDK activities for proliferation and survival, might

enable to understand which subtypes could benefit more from specific

CDK inhibitors (CDKi). However, weighing the importance of each

CDK activity to cancer initiation, proliferation and progression is no

trivial task, given the individual, multiple roles of each CDK and

cyclin beyond cell cycle control (36).

In cancer, CDKs affect multiple targets and phosphorylate

relevant transcription factors involved in tumorigenesis. What is

more, their pathway can be altered at different stages in various
frontiersin.org

https://doi.org/10.3389/fonc.2023.1095219
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Merlini et al. 10.3389/fonc.2023.1095219
cancer subtypes; even within the same cancer type (and, most

importantly, within the same patient), multiple CDK pathway

alterations can co-exist and, in some cases, provide escape/

resistance to CDK inhibition. Moreover, resistance almost

invariably ensues with targeted treatments in cancer, due to both

intratumor heterogeneity and tumor evolutionary dynamics, and

CDKi treatment is no exception to the rule. The emergence of

somatic RB mutations has been identified in the clinic as a relevant

resistance mechanism in breast cancer patients treated with CDKi

(37); RB mutation/deletion is a frequent event in sarcomas, with deep

deletions detected in a significant proportion of STS in the TCGA

sarcoma cohort (16).

Another commonly deleted key tumor suppressor gene is Cyclin

Dependent Kinase Inhibitor 2A (CDKN2A). CDKN2A encodes two

important cell cycle regulatory proteins, p16 (encoded by the INK4A

gene) and, in an alternative reading frame, p14 (encoded by the

Alternative Reading Frame – ARF - gene). CDKN2A deletions and

inactivating mutations seem to have a negative prognostic role across

different tumor types, including sarcomas (38–42). p16, a CDK inhibitor,

inhibits Rb phosphorylation, while p14 inhibits MDM2, resulting in a

positive regulation of p53. p16 expression increases gradually to a

sustained, significantly high level in the later stages of cellular senescence.

Indeed, in murine cells, p19/p53 pathway inactivation is generally

sufficient to escape senescence, while in human cells disruption of at

least both the p53/p21 and the p16/pRb pathways is usually needed.

Homozygous deletion of CDKN2A/ARF thus results in inactivation

of two major tumor suppressing pathways, mainly acting through Rb

and p53 (43).

Hence, a plethora of alterations beyond CDK4/6 genes emerges as

highly relevant for sarcoma pathobiology, providing several potential

actionable targets at various steps of the CDKN2A-CCND-CDK4-RB

axis. Understanding which sarcoma subtypes are most affected by

specific alterations in this axis, has provided the rational basis to select

those sarcomas which could benefit more from CDK inhibition

(14) (Figure 1).
4 Actionable targets in CDK signaling
across different sarcoma subtypes

Despite the diversity in histotypes, age at presentation, risk of

recurrence and prognosis, the most frequently altered genes in

sarcomas precisely include genes involved in cell cycle regulation,

namely TP53, CDKN2A, RB (44–46). Surprisingly, the only gene

whose alterations were associated with worse overall survival across

all types of STS was CDKN2A (39). These results confirm the biological

importance of the p16INK4a-CDK4/6-pRb pathway and/or ARF

signaling pathways in sarcoma (39). Indeed, pinpointing histotype-

specific alterations might help to dissect the most appropriate

therapeutic challenges and opportunities for each sarcoma subtype.
4.1 Undifferentiated pleomorphic sarcoma

UPS accounts for 15–20% of all STS. Typically, it occurs in the

limbs and trunk of adults >40 years of age (47). The development of

most UPS is sporadic, but approximately 3% of UPS develop in areas of
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the body that received radiation therapy to treat an unrelated disease

after a median latency of 10 years, and are consequently classified as

secondary (or, more appropriately, radiation-induced) UPS (48). The

standard of care for patients with localized UPS is surgical resection

with (neo)adjuvant chemo/radiotherapy in selected cases; for patients

with unresectable or metastatic disease, systemic chemotherapy and/or

radiotherapy may be considered with low to moderate response rates in

patients with UPS. Remarkably, UPS are also among the most

represented sarcoma histotypes with CDKN2A loss (39). About 30%

of UPS show MDM2 and CDK4 up-regulation; MDM2 ubiquitinates

the tumor suppressor p53 and promotes its proteasomal degradation,

while MDM2 overexpression leads to downregulation of the CKI p21.

P21 is a transcriptional target of p53, and its downregulation causes

hyperactivation of CDKs (49). Up to 78% of UPS tumors carry RB gene

deletions, due to losses of different regions within the long arm of

chromosome 13 (8). TP53 is also very frequently deleted in UPS, and

together with RB and ATRX, is among the few genes recurrently

showing pathogenic missense mutations in UPS (16). Intriguingly, S

phase kinase-associated protein 2 (Skp2) is required for survival of RB-

and TP53-deficient UPS cells, in which it drives cell proliferation by

degrading p21 and p27. Hence, the loss of both RB and TP53 renders

UPS dependent on Skp2, which could provide the basis for innovative

therapeutic strategies in this setting (50). However, there are no

experimental studies ongoing or published so far, about the potential

of CKIs in UPS patients.
4.2 Liposarcoma

Liposarcomas (LPS) account for a significant proportion (~13–

20%) of adult STS (13-20%). LPS are subcategorized into three main

groups, including WDLPS/DDLPS, characterized by a typical MDM2

and high-mobility group AT-hook 2 (HMGA2) gene amplification

and an inconsistent CDK4 gene amplification (the 12q amplicon can

span chromosomal regions from 12q12 up to 12q21); myxoid/round

cell liposarcoma (M/RCLPS), carrying a typical t (12, 16)(q13;p111)

translocation, and pleomorphic liposarcoma (PLPS), frequently

showing TP53 and/or RB gene losses. Roughly 60% of LPS cases

are WD/DDLPS, while PLPS is the rarest subtype (~5%). In WDLPS/

DDLPS, the CDK4 gene (12q14.1) is within a distinct, inconsistent

amplicon that is not present in about 10% of WDLPS/DDLPS (51),

and its presence has been associated with a worse prognostic outcome

(13). Moreover, patients carrying both gene amplifications (MDM2

and CDK4) have a much higher risk of local recurrence after surgery.

The WDLPS/DDLPS genetic signature shows a complex pattern of

expression for Cyclin D1, P16INK4a, P14ARF, and RB which is not

dependent on CDK4 status. Finally, alterations in CDKN2A/

CDKN2B/CDK4/CCND2 axis have been detected in almost all

CDK4 amplification-negative WDLPS/DDLPS in a cohort of 104

WDLPS/DDLPS patients (52).
4.3 Malignant peripheral nerve
sheath tumors

Malignant peripheral nerve sheath tumors (MPNSTs) add up to

3-10% of all STS diagnoses. They can arise sporadically or in patients
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affected by neurofibromatosis type I (NF1). MPNSTs are very

aggressive and the first cause of oncological death in patients

affected by NF1. In those tumors, CDK2 and CDK 4/6 are

overexpressed because of the loss of p16 and p27. This causes

constant pRb phosphorylation, fostering cell cycle progression (53).

Remarkably, up to 80% of MPNST show CDKN2A loss (54). This

leads to the upregulation of CDK4/6 and sequentially the initiation of

the S phase and promotion of mitosis. Hence, CDK4/6 inhibitors

(CKIs) hold promise as a potential innovative treatment for advanced

MPNST (55).
4.4 Synovial sarcoma

Synovial sarcoma typically arises in young adults, and is

characterized by a typical translocation between chromosome X

and chromosome 18 t(X,18;p11,q11), which generates a fusion

between SS18 and SSX1/2 or SSX4, disrupting epigenetic regulation

within the cancer cell (56, 57). CDKN2A deletion is a highly frequent

event in synovial sarcomas (58); moreover, the translocation

facilitates repression of CDKN2A activity (59) and increases the

expression of CDK4 as well as multiple cyclins (D1, B1, A2, I, and

F) (60).
4.5 Other soft tissue sarcomas

Leiomyosarcoma (LMS) accounts for 10-20% of all STS, and can

arise at any body site. LMS is characterized by spindle-shaped cells

resembling smooth muscle cells and are grouped among the so-called

“complex karyotype” STS, as they are not driven by a single
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translocation or genetic alteration, but are characterized by

multiple, various genetic abnormalities. Common genetic alterations

include PTEN deletion and/or mutation, TP53 mutations and,

importantly, RB loss (16, 61–63). One striking, recent finding is the

high frequency of biallelic inactivation of the above mentioned by

various mechanisms, in the vast majority of LMS samples analyzed in

the study by Chudasama P. and colleagues (61). Rb inactivation casts

some doubt on the clinical utility of CDK inhibition, as Rb

inactivation affects the CDK pathway downstream of CDKs,

presenting a potential mechanism of both primary and secondary

resistance to CDKi in LMS, similarly to Rb-mediated resistance

mechanisms in CDK-treated breast cancer patients (37).

Intimal sarcomas (INS) are rare STS which can be particularly

aggressive also because of their site of origin, most frequently affecting

the wall of large vessels or the heart (64–66). INS are characterized by

the peculiar presence of large gains/amplifications in the 12q12-15

chromosomal region, encompassing MDM2 and/or CDK4. CDKN2A

deletions are also very frequent in INS (65). Taken together, these

recent molecular findings might provide the rationale for trials with

CDKi in this set of STS patients burdened by very poor

prognosis (67).

Rhabdomyosarcoma (RMS) is the most common STS in children

and adolescents; alveolar rhabdomyosarcomas (ARMS) are

characterized by either PAX3-FOXO1 or PAX7-FOXO1 fusion

genes; ARMS with the former fusion most often carry additional

12q13-q14 amplifications, therefore including the CDK4 gene, which

has been correlated with poor survival outcomes (68).

Disappointingly, in fusion-positive RMS, CDK4 amplification has

not been linked to increased sensitivity to CDKi, but, rather

counterintuitively, to the opposite condition (resistance to CDKi),

at least in in vitro studies (69).
FIGURE 1

Key players in cell cycle dysregulation in STS. CDK, Cyclins, CKI, and other key molecular players in CDK activity/inhibition. Clockwise, starting from G1 to
S phase progression: CDKN2A is transcribed by alternative splicing either into p16 or p14, which respectively inhibit CDK4/6/Cyclin D complexes and
MDM2 activity. MDM2, an ubiquitin ligase, ubiquitinates p53 targeting it to the proteasome; p53 has p21 as a direct transcriptional target, and p21 in turn
inhibits CDK2/Cyclin E complexes. Cyclin E expression is regulated by E2F transcription factor, which in turn is released from Rb protein grip (usually
blocking its transactivation domain) when CDK4/6/Cyclin D complexes phosphorylate Rb, facilitating G1 to S phase progression. The ubiquitin ligase
Skp2 targets p21 and p27 for proteasomal degradation, thus promoting CDK2/Cyclin E, CDK2/Cyclin A activity in S phase progression, CDK1/Cyclin A
activity for G2 to M transition, which is also fostered by releasing p21 inhibitory activity on CDK1/Cyclin B; DUX4 can also bind CDK1, thus preventing
CDK1/Cyclin B interaction. MDM2 activity can also be inhibited with MDM2 inhibitors (MDM2i), while CDK inhibitors (CDKi) currently in use in clinical
practice are mainly CDK4/6 inhibitors. MDM2i and CDKi are highlighted in bold (red) in Figure 1. Created with BioRender.com
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4.6 Bone sarcomas

Osteosarcomas (OS) represent the most common primary

malignant tumors of bone. They can arise at any skeletal site, but

they more frequently develop in the long bones of the extremities. OS

has a bimodal age distribution (adolescents between 14-18 years and

older adults, > 40 years old) and, even though it is sensitive to

chemotherapy, prognosis in advanced stages remains dismal (2, 70).

Intriguingly, TP53 is inactivated in >90% of OS, contributing to cell

cycle dysregulation; RB1 is also among genes most frequently mutated

in OS (>50%) (71). Indeed, individuals affected by Li-Fraumeni and

hereditary retinoblastoma syndromes have an increased risk of

developing OS (72). Other genes commonly altered in OS and

involved in cell cycle regulation include CDK4, MDM2, PTEN,

CDKN2A, CCND3, and CCNE1 (14, 49, 73). The clinical utility of

CDKi in OS has not yet been tested in dedicated clinical trials, but

advanced osteosarcoma patients with CDK4 overexpression could be

included in the phase II PalboSarc trial with the CDKi palbociclib

(NCT03242382) (14).
5 Targeting CDKs in cancer

The history and success of CDKi in cancer have now come a long

way, with more than 25 years of preclinical and clinical development

(74). The first generation of CDKi was constituted by pan-CDKi (e.g.

flavopiridol, olomucine, roscovitine) (75, 76), which were designed to

halt cell cycle and cell proliferation by inhibiting CDK enzymatic

activity. This first generation of pan-CDKi had limited selectivity and

was burdened by high toxicity in normal cells, preventing their

clinical development. For these reasons, almost all first generation

CDKi failed to meet their endpoints in early-stage clinical trials (77,

78). Second-generation CDKi (e.g. dinaciclib, CYC065) have been

developed with greater selectivity and fewer side effects (79). Finally,

third-generation, selective CDK4/6 inhibitors were the first CDKi

which received FDA approval in March 2017, for the treatment of

postmenopausal women with hormone receptor (HR)-positive

metastatic breast cancer, in combination with an aromatase

inhibitor as initial endocrine-based therapy.

Currently, the three FDA- and EMA-approved CDK4/6

inhibitors are palbociclib, ribociclib and abemaciclib. While

palbociclib is equally active against CDK4 and CDK6, ribociclib

and abemaciclib show higher efficacy in CDK4 inhibition (80).

Indeed, all these approved compounds act by inhibiting Rb

phosphorylation, thus blocking cell cycle progression from G1 to S

phase. However, their action extends beyond simple enzymatic

inhibition, with likely direct effects on cell metabolism, senescence,

and possibly immune modulation (81, 82).
5.1 Anti-CDK targeted therapy in
sarcomas: Ongoing clinical trials
and future perspectives

Sarcomas have been included in clinical studies on CDKi since

early phase I trials; however, only very few CDKi trials enrolled
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exclusively BSTS, including an early-phase trial of flavopiridol in

association with doxorubicin (14, 75). Among these, two studies are of

peculiar interest. In particular, the study “PD0332991 (Palbociclib) in

Patients with Advanced or Metastatic Liposarcoma”, NCT01209598,

demonstrated a favorable progression free survival (PFS) in a mixed

WDLPS/DDLPS patient cohort, which included advanced/metastatic

WDLPS/DDLPS patients who had received at least one line of

systemic treatment (patients previously untreated for systemic

disease were allowed to join the expansion cohort) (83). Another

study, NCT02846987, still active although closed to enrollment, has

investigated the role of abemaciclib monotherapy in advanced

DDLPS, assuming that this novel, more potent CDK inhibitor

might achieve better results in the sarcoma population. So far, the

study has met its primary endpoint (12-week PFS ≥ 60%) and final

results are awaited (84).

One highly attractive combination treatment opportunity in

WDLPS/DDLPS is represented by the possibility to combine novel

MDM2 inhibitors (85, 86) with CDKi. Preclinical studies

demonstrated both evidence of synergism (87), and efficacy of

MDM2 inhibitors in overcoming resistance to CDK4/6 inhibitors

(88). However, the significant risk of unacceptable combined

toxici t ies of MDM2 and CDK4 inhibitors - especial ly

myelosuppression - casts some doubt over the clinical applicability

of their combination.

Concerning other possible targeted treatment combinations, one

interesting opportunity could be the association of CDKi with PI3K

inhibitors. Indeed, PTEN downregulation and AKT increased

phosphorylation were shown to be associated with increased

CDK2/cyclin E2 expression in breast cancer cell lines resistant to

CDKi, rendering PI3K inhibitors (capable of downregulating cyclin

E2) an attractive partner to overcome resistance to CDKi (89).

Finally, studies on the association (combination/sequence) of

CDKi with immunotherapy are currently ongoing in many cancer

types, including sarcomas (e.g. study NCT04438824, listed in

Table 1). Indeed, CDKi seem to have a relevant immune-priming

effect (81). Preliminary data are not available yet for BSTS, but similar

studies in breast cancer with combination of palbociclib,

pembrolizumab and letrozole have yielded promising results (90).

In Table 1, a list of ongoing, actively recruiting clinical trials with

CDKi (alone as monotherapy, or in combination) in BSTS

is provided.
6 Conclusions

The presence of molecular alterations affecting the CDKN2A-

CDK4-CCND1-RB axis is an important opportunity for innovative

targeted treatments for patients with BSTS, typically burdened by

dismal prognosis in advanced/metastatic stages. Knowledge of the

fine-tuning of these pathways across different sarcoma subtypes is

instrumental to develop rationally-based clinical trial proposals in this

setting. Indeed, presence of multiple alterations in different steps of

cell cycle regulation might provide primary/secondary resistance

mechanisms to CDK inhibition; moreover, when present, CDK4

amplification is the main oncogenic driver of only a subset of

CDK4-amplified sarcomas. Hence, thorough understanding of the
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TABLE 1 Ongoing clinical trials with CDKi in BSTS (source: www.clinicaltrials.gov, accessed on October 20th, 2022).

ClinicalTrials.gov
identifier

Study Title Status Interventions Study
Type,
Phase

NCT03242382 Trial of Palbociclib in Second Line of Advanced Sarcomas with CDK4 Overexpression. Recruiting • Drug: Palbociclib Study Type:
Interventional
Phase: Phase
II

NCT04040205 Abemaciclib for Bone and Soft Tissue Sarcoma with Cyclin- Dependent Kinase (CDK)
Pathway Alteration

Recruiting • Drug: Abemaciclib Study Type:
Interventional
Phase: Phase
II

NCT03604783 Phase 1, First-in-human Study of Oral TP-1287 in Patients with Advanced Solid
Tumors

Recruiting • Drug: TP-1287 Study Type:
Interventional
Phase: Phase
I

NCT05159518 A Study of PRT2527 in Patients with Advanced Solid Tumors Recruiting • Drug: PRT2527 Study Type:
Interventional
Phase: Phase
I

NCT04941274 Abemaciclib in Patients With HIV-associated and HIV-negative Kaposi Sarcoma Recruiting • Drug: Abemaciclib Study Type:
Interventional
Phase: Phase
I-II

NCT02644460 Abemaciclib in Children with DIPG or Recurrent/Refractory Solid Tumors Recruiting • Drug: Abemaciclib Study Type:
Interventional
Phase: Phase
I

NCT04557449 Study to Test the Safety and Tolerability of PF-07220060 in Participants with Advance
Solid Tumors

Recruiting • Drug: PF-07220060 Study Type:
Interventional
Phase: Phase
I

NCT04438824 Palbociclib and INCMGA00012 in People with Advanced Liposarcoma Recruiting • Drug: INCMGA00012 Study Type:
Interventional
Phase: Phase
II

NCT03784014 Molecular Profiling of Advanced Soft-tissue Sarcomas Recruiting • Drug: Nilotinib
• Drug: Ceritinib
• Drug: Capmatinib
• Drug: Lapatinib
• Drug: Trametinib
• Combination Product:
Trametinib and
Dabrafenib
• Combination Product:
Olaparib and
Durvalumab
• Drug: Palbociclib
• Drug: Glasdegib
• Drug: TAS-120
• Other: Next Generation
sequencing exome

Study Type:
Interventional
Phase: Phase
III

NCT05252416 (VELA) Study of BLU-222 in Advanced Solid Tumors Recruiting • Drug: BLU-222
• Drug: Carboplatin
• Drug: Ribociclib
• Drug: Fulvestrant

Study Type:
Interventional
Phase: Phase
I-II

NCT03709680 Study Of Palbociclib Combined with Chemotherapy In Pediatric Patients With
Recurrent/Refractory Solid Tumors

Recruiting • Drug: Palbociclib Study Type:
Interventional
Phase: Phase
II

NCT04238819 A Study of Abemacicli (LY2835219) in Combination with Other Anti-Cancer
Treatments in Children and Young Adult Participants With Solid Tumors, Including
Neuroblastoma

Recruiting • Drug: Abemaciclib Study Type:
Interventional
Phase: Phase
I-II
F
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molecular basis of cell cycle dysregulation in each specific histotype,

will be crucial for the development of tailored treatment

combinations with CDK inhibitors and other innovative targeted

therapies or immunotherapeutic strategies.
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CDKN2A/CDKN2B/CDK4/CCND1 pathway is pivotal in well-differentiated and
dedifferentiated liposarcoma oncogenesis: an analysis of 104 tumors. Genes
Chromosomes Cancer (2011) 50:896–907. doi: 10.1002/gcc.20909

53. Bhalla AD, Landers SM, Singh AK, Landry JP, Yeagley MG, Myerson GSB, et al.
Experimental models of undifferentiated pleomorphic sarcoma and malignant peripheral
nerve sheath tumor. Lab Invest (2022) 102:658–66. doi: 10.1038/s41374-022-00734-6

54. Chaney KE, Perrino MR, Kershner LJ, Patel AV, Wu J, Choi K, et al. Loss in a
model of neurofibroma demonstrates stepwise tumor progression to atypical
neurofibroma and MPNST. Cancer Res (2020) 80:4720–30. doi: 10.1158/0008-
5472.CAN-19-1429

55. Rhodes SD, He Y, Smith A, Jiang L, Lu Q, Mund J, et al. Cdkn2a (Arf) loss drives
NF1-associated atypical neurofibroma and malignant transformation. Hum Mol Genet
(2019) 28:2752–62. doi: 10.1093/hmg/ddz095

56. Clark J, Rocques PJ, Crew AJ, Gill S, Shipley J, Chan AM, et al. Identification of
novel genes, SYT and SSX, involved in the t(X;18)(p11.2;q11.2) translocation found in
human synovial sarcoma. Nat Genet (1994) 7:502–8. doi: 10.1038/ng0894-502

57. Ladanyi M, Antonescu CR, Leung DH, Woodruff JM, Kawai A, Healey JH, et al.
Impact of SYT-SSX fusion type on the clinical behavior of synovial sarcoma: a multi-
institutional retrospective study of 243 patients. Cancer Res (2002) 62:135–40.
Frontiers in Oncology 99100100
58. Subramaniam MM, Noguera R, Piqueras M, Navarro S, López-Guerrero JA,
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The cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitor palbociclib is an emerging
cancer therapeutic that just recently gained Food and Drug Administration approval
for treatment of estrogen receptor (ER)-positive, human epidermal growth factor
receptor (Her)2-negative breast cancer in combination with the ER degrader
fulvestrant. However, CDK4/6 inhibitors are not cancer-specific and may affect
also other proliferating cells. Given the importance of T cells in antitumor defense,
we studied the influence of palbociclib/fulvestrant on human CD3+ T cells and novel
emerging T cell-based cancer immunotherapies. Palbociclib considerably inhibited
the proliferation of activated T cells by mediating G0/G1 cell cycle arrest. However,
after stopping the drug supply this suppression was fully reversible. In light of
combination approaches, we further investigated the effect of palbociclib/
fulvestrant on T cell-based immunotherapies by using a CD3-PSCA bispecific
antibody or universal chimeric antigen receptor (UniCAR) T cells. Thereby, we
observed that palbociclib clearly impaired T cell expansion. This effect resulted in
a lower total concentration of interferon-γ and tumor necrosis factor, while
palbociclib did not inhibit the average cytokine release per cell. In addition, the
cytotoxic potential of the redirected T cells was unaffected by palbociclib and
fulvestrant. Overall, these novel findings may have implications for the design of
treatment modalities combining CDK4/6 inhibition and T cell-based cancer
immunotherapeutic strategies.

KEYWORDS

cancer immunotherapy, CDK4/6, palbociclib, fulvestrant, bispecific antibody, CAR T cell,
adoptive T cell therapy
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1 Introduction

Approximately 80% of breast cancers are hormone receptor-
positive (HR+) and therefore represent the largest subtype of this
malignancy. Endocrine therapies targeting the estrogen receptor (ER)
using aromatase inhibitors, such as letrozole, preventing ER signaling
(Finn et al., 2015; Finn et al., 2016b; Goetz et al., 2017), selective ER
degraders, like fulvestrant (Turner et al., 2015; Sledge et al., 2017; Turner
et al., 2018), or selective ER modulators as tamoxifen (Tripathy et al.,
2018b) substantially reduced tumor recurrence and improved overall
survival (OS) (Abe et al., 2005). However, a significant proportion of
patients suffers from relapse following single-agent treatment (Abe et al.,
2005; Baselga et al., 2012). To overcome resistance to endocrine therapy
new treatment options were developed, such as cyclin-dependent kinase
4 and 6 (CDK4/6) inhibitors, which significantly improved clinical
outcomes for these patients (Finn et al., 2015; Turner et al., 2018).
CDK4/6 are fundamental drivers of the cell cycle by regulating initiation
and progression through the G1 phase and are therefore also key players
in various malignancies (Yu et al., 2006; Choi et al., 2012). Common
dysregulations of the CDK4/6-retinoblastoma protein (Rb) axis, like
copy-number variation or overexpression as well as loss of negative
regulators of the pathway, can lead to cancer formation (Sherr et al.,
2016). Accordingly, CDKs have long been attractive targets for
pharmacologic inhibition in tumor therapy (Adams et al., 2015;
Sherr et al., 2016).

The cytostatic potential of single-agent CDK4/6 inhibitors has
been shown in vitro, causing downregulation of transcription factor
E2F target genes, loss of proliferation markers and cell cycle arrest
in G1 (Fry et al., 2004). In particular, HR+ breast cancer is
susceptible to CDK4/6 inhibitor therapy (Finn et al., 2009;
O’Leary et al., 2016). Given the fact that activation of the cyclin
D-CDK4/6 complex depends on mitogenic stimuli, synergistic
combinations of CDK4/6 inhibitors with signal transduction
inhibitors have been developed. In particular, the three orally
available CDK4/6 inhibitors palbociclib (PD-0332991; Ibrance;
Pfizer), ribociclib (LEE011; Kisqali; Novartis) and abemaciclib
(LY2835219; Verzenio; Lilly) received approval by the Food and
Drug Administration (FDA) for treatment of patients with ER+,
human epidermal growth factor receptor 2-negative (HER2-)
advanced or metastatic breast cancer in combination with an
aromatase inhibitor or fulvestrant (Finn et al., 2016a;
Cristofanilli et al., 2016; Hortobagyi et al., 2016). Various
clinical trials within the framework of the PALOMA,
MONALEESA, and MONARCH study families form the basis
for the FDA approvals, showing improved progression-free
survival (PFS) and OS for treatment with CDK4/6 inhibitors and
endocrine therapy in breast cancer patients (Finn et al., 2016b;
Cristofanilli et al., 2016; Tripathy et al., 2018a; Turner et al., 2018;
Im et al., 2019; Johnston et al., 2020; Slamon et al., 2020; Sledge
et al., 2020). Beyond ER+ breast cancer, promising activity of
CDK4/6 inhibitors in mantle cell lymphoma (MCL),
liposarcoma, melanoma, non-small cell lung cancer (NSCLC),
glioblastoma, neuroblastoma and malignant rhabdoid tumors has
been shown (Leonard et al., 2012; Dickson et al., 2016; Patnaik et al.,
2016; Geoerger et al., 2017). Further studies are currently underway,
e.g. the evaluation of ribociclib for treatment of prostate cancer
(Scheinberg et al., 2020).

However, resistance to therapy frequently occurs in treated patients
(Finn et al., 2016a; Finn et al., 2016b; Cristofanilli et al., 2016;

Hortobagyi et al., 2016). For this reason, new therapeutic strategies
are required to overcome the resistance to CDK4/6 inhibition. The
combination with other strategies, such as immunotherapeutic
approaches, may represent an interesting treatment modality. There
is increasing evidence that CDKs not only regulate cell cycle progression
in tumor cells, but also development, differentiation and activation of
immune cells (Wells and Morawski, 2014; Ameratunga et al., 2019;
Laphanuwat and Jirawatnotai, 2019). T cells play a major role in
antitumor immune defense. Based on their antitumoral properties,
such as production of proinflammatory cytokines and cytotoxic
activity, T cells emerged as a promising tool for cancer
immunotherapy. An attractive approach is the genetic modification
of autologous T cells with chimeric antigen receptors (CARs) targeting
tumor-associated antigens (TAAs). By this, T cells can be redirected
against tumor cells in a major histocompatibility complex (MHC)-
independent manner (Sadelain et al., 2013). Currently, there are several
clinical trials of CAR T cells targeting HER-2 (NCT01935843,
NCT01022138), cMet (NCT03060356) or mesothelin
(NCT02580747) in breast cancer patients. In this study, we used the
switchable UniCAR system (Bachmann, 2019), that is also currently
under clinical investigation in a phase I clinical trial (NCT04230265). As
an adaptor CAR system, UniCAR T cells recognize a small epitope not
present on the cell surface. Thus, they are per se inactive and have to be
combined with a tumor-reactive target module (TM) to induce tumor
lysis, thereby separating the signaling and tumor-targeting function of
CARs (Bachmann, 2019; Arndt et al., 2020a). Here, we are utilizing a
well-established prostate stem cell antigen (PSCA)-specific TM to
redirect UniCAR T cells against prostate cancer cells (Arndt et al.,
2014b; 2014a). Alternative strategies to redirect T cells towards tumor
cells are bispecific antibodies (bsAbs) that simultaneously target
CD3 and a TAA. Due to the bsAb-mediated cross-linkage, T cells
can be efficiently engaged for tumor cell killing independent of their
TCR-specificity and costimulatory signals (Wolf et al., 2005; Offner
et al., 2006). In a phase II study (NCT04224272), the combination of the
HER-2-targeting bsAb ZW25 and palbociclib plus fulvestrant for
HER2+/HR+ advanced breast cancer is under investigation.
Carcinoembryonic antigen (NCT01730612) and PSCA
(NCT03927573) are further antigens for targeting breast cancer cells
with bsAbs. Here, we used the CD3-PSCA bsAb, which triggers an
efficient T cell-mediated killing of PSCA+ tumor cells (Feldmann et al.,
2012; Arndt et al., 2014b).

Based on these findings, the aim of the present study was to
examine the impact of palbociclib and fulvestrant alone or in
combination on CD3+ T cells and novel emerging T cell-based
cancer immunotherapies. In this context, we explored the impact
of these two therapeutic agents on proliferation, cytokine production
and cytotoxic potential of PSCA-specific UniCAR T cells (Feldmann
et al., 2017) and T cells redirected via CD3-PSCA bsAb (Feldmann
et al., 2012).

2 Materials and methods

2.1 Cell lines

All cell lines were maintained at 37°C in a humidified atmosphere
with 5% CO2. Recombinant antibody producing 3T3 cell lines were
cultured in DMEM complete media (Feldmann et al., 2011). The
prostate cancer cell lines PC3-PSCA/PSMA Luc+ and LNCaP-PSCA
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Luc+ were generated and cultured as previously described (Feldmann
et al., 2017).

2.2 Production and purification of
recombinant antibody constructs

Construction and cloning of PSCA TM and CD3-PSCA bsAb have
been published elsewhere (Feldmann et al., 2012; Arndt et al., 2014b).
Recombinant antibodies were produced by 3T3 cell lines (Feldmann
et al., 2012; Arndt et al., 2014b). Antibody purification from cell
culture supernatants was performed via Ni-NTA affinity
chromatography (Feldmann et al., 2011). After dialysis of elution
fractions against 1x PBS, proteins were characterized via SDS-PAGE
and immunoblotting as published previously (Feldmann et al., 2011;
Feldmann et al., 2012; Arndt et al., 2018).

2.3 Immunomagnetic isolation of CD3+
T cells

The study was approved by the local institutional review board of
the Faculty ofMedicine of the TUDresden (EK138042014). Peripheral
blood mononuclear cells (PBMCs) were isolated from buffy coats of
healthy donors via density gradient centrifugation. Untouched CD3+
T cells were isolated from freshly prepared PBMCs using
immunomagnetic separation according to the manufacturer’s
instructions (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
The purity of the isolated cell population was > 90% as assessed by flow
cytometric analysis. Isolated T cells were cultured in RPMI complete
medium (Feldmann et al., 2011) supplemented with 50 U/ml
interleukin (IL)-2 (Miltenyi Biotec GmbH).

2.4 Genetic modification of T cells

Generation of UniCAR T cells was carried out as described recently
(Feldmann et al., 2020). Briefly, T cells were stimulated with T Cell
TransAct™ (Miltenyi Biotec GmbH) and genetically modified via
lentiviral transduction (Cartellieri et al., 2014) using a multiplicity of
infection of 1–2. During transduction and expansion, T cells were
maintained in TexMACS™ medium (Miltenyi Biotec GmbH)
supplemented with human IL-2, human IL-7 and human IL-15 (all
Miltenyi Biotec GmbH). Experiments were conducted with unsorted
UniCAR T cells that were kept in RPMI complete medium (Feldmann
et al., 2011) without additional cytokines for 24 h. Based on the co-
translated EGFP marker protein expression, the proportion of
UniCAR+ T cells was assessed via flow cytometry prior to each
experiment.

2.5 Flow cytometric analysis

Analysis of surface molecules on CD3+ T cells was performed
using the following monoclonal antibodies: APC-H7-conjugated anti-
human CD3 (BD Biosciences, Heidelberg, Germany), anti-human
CD4-VioBlue, anti-human CD3-FITC and anti-human CD8-APC
(all Miltenyi Biotec GmbH). Immunofluorescence staining of cell
surface molecules was performed using the relevant antibodies

according to the provider’s instructions. After the staining
procedure, cells were washed and evaluated by BD LSRFortessa™
flow cytometer or MACSQuant Analyzer 10 (Miltenyi Biotec GmbH).
Before measurement, 7-AAD (BD Biosciences), DAPI (Miltenyi
Biotec GmbH) or propidium iodide solution (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) was added for live/dead
discrimination.

2.6 T cell proliferation

In order to distinguish effector and target cells, CD3+ T cells and
freshly prepared or thawed UniCAR T cells were stained with cell
proliferation dye eFluor™ 670 according to the
manufacturer’s instructions (Thermo Fisher Scientific). Stained
CD3+ T cells (2 × 105/well) were cultured in the presence of
stimulating anti-CD3/CD28 beads (Thermo Fisher Scientific) as
well as the presence or absence of palbociclib (1, 0.2 or 0.025 µM)
and fulvestrant (0.1 or 0.025 µM) in different concentrations in round-
bottomed 96-well plates. Palbociclib was added daily whereas
fulvestrant was added only once to the corresponding wells,
according to the clinical dosing schedule. Cells were harvested after
24, 48, 72, 96, 120, 144 or 168 h. After excluding doublets and
distinguishing between live and dead cells, the percentage of
eFluor670+-diminished T cells compared to the untreated control
was analyzed and expressed as “% proliferation”. Additionally,
number of T cells were determined over time by gating on single,
living eFluor670+ cells. Samples were analyzed after DAPI staining by
utilizing a MACSQuant VYB flow cytometer (Miltenyi Biotec GmbH).
For analysis of reversibility, palbociclib was only added at the first day
and cells were harvested after 48 or 120 h and stained with anti-CD3
antibody. Percentage of eFluor™ 670 diminished CD3+ T cells was
monitored by a BD LSRFortessa™ flow cytometer.

eFluor™ 670 stained unstimulated or UniCAR-modified T cells
were incubated with tumor cells at an effector-to-target cell (E:T) ratio
of 5:1 in the presence or absence of 30 nM CD3-PSCA bsAb or PSCA
TM in a 96 h co-cultivation assay. Palbociclib (1, 0.2 or 0.025 µM) was
added after 0, 24, 48 and 72 h. Fulvestrant (0.1 or 0.025 µM) was added
just once at the beginning of the experiment (0 h). Effector cell
numbers were determined by flow cytometry after 96 h as
previously published (Arndt et al., 2020b). In brief, 20 µl of each
sample was transferred to a 96-well round bottom plate and mixed
with DAPI solution prior to measurement with the MACSQuant VYB
analyzer (Miltenyi Biotec GmbH). Samples were first gated for T cells
using SSC-A/FSC-A parameters. Subsequently, doublets were
excluded by FSC-H/FSC-A gating and live/dead cells were
distinguished by DAPI. Gating on eFluor670+ or eFluor670+
EGFP+ cells identified T cells or UniCAR T cells and allowed
determination of T cell number.

2.7 EdU flow cytometry assay

To analyze DNA replication in proliferating cells the Click-iT®
Plus EdU Flow Cytometry Assay Kit was utilized according to the
manufacturer’s instructions (Thermo Fisher Scientific). During DNA
synthesis, the thymidine analog EdU (5-ethynyl-2′-deoxyuridine) was
incorporated in the DNA and detected by flow cytometry after
performing a copper catalyzed click reaction with the provided
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Alexa Fluor 488 dye. In brief, CD3+ T cells of four healthy donors (2 ×
105/well), being prepared as described in Section 2.3, were stimulated
with human T-cell activator CD3/CD28 Dynabeads™ (Thermo Fisher
Scientific) and cultured in the presence or absence of palbociclib at
different concentrations (0.025, 0.2 or 1 µM) in round-bottomed 96-
well plates. Unstimulated, untreated as well as stimulated and DMSO
treated cells served as controls. Palbociclib was added daily during the
experimental period of 4 days. 18 h prior to cell harvesting, cells were
incubated with 10 µM EdU. The cells were harvested after 96 h and
stained with an APC-coupled anti-CD3 antibody (BD Biosciences).
Following surface antibody staining, cells were fixed and
permeabilized using Click-iT® fixative and 1x Click-iT® saponin-
based reagent, respectively, for 15 min each. Further, Click-iT® Plus
reaction cocktail was added and the samples were incubated, protected
from light, for another 30 min at room temperature. After staining and
washing procedure, samples were incubated with DAPI (0.4 ng/μl) to
stain the cells for DNA content. Finally, flow cytometric analysis was
performed using MACSQuant Analyzer 10 (Miltenyi Biotec GmbH)
with the appropriate laser and filter settings. FlowLogic™ software
(version 8.6; Inivai Technologies, Mentone Victoria, Australia) was
used for data evaluation.

2.8 Cytokine assay

To evaluate the interferon (IFN)-γ and tumor necrosis factor
(TNF) secretion of activated T cells, 5 × 104 effector cells (unstimulated
T cells or UniCAR T cells) and 1 × 104 tumor cells were incubated in
the presence or absence of 30 nM of recombinant antibody (CD3-
PSCA bsAb or PSCA TM) in round-bottomed 96-well plates.
Palbociclib (1, 0.2 or 0.025 µM) was added after 0, 24, 48 and 72 h.
Fulvestrant (0.1 or 0.025 µM) was added just once at the beginning of
the experiment (0 h). After 96 h, cell-free supernatants were collected.
IFN-γ and TNF were quantified by ELISA according to the
manufacturer’s instructions (BD Biosciences).

2.9 Luminescence-based killing assay

Luminescence-based killing assays were performed according to a
previously published protocol (Mitwasi et al., 2017). Briefly, 5 × 104

effector cells (unstimulated T cells or UniCAR T cells) and 1 × 104

luciferase-expressing tumor cells were incubated with or without
30 nM of recombinant antibody (CD3-PSCA bsAb or PSCA TM).
In addition, palbociclib (1, 0.2 or 0.025 µM) and/or fulvestrant (0.1 or
0.025 µM) were added to co-cultures. Alternatively, effector cells were
first incubated with palbociclib (0.2 or 0.025 µM) and/or fulvestrant
(0.1 or 0.025 µM) for 24 h. Thereafter, tumor cells and recombinant
antibodies were added as described above. In addition, co-cultivation
assays were repeatedly supplemented with palbociclib (1, 0.2 or
0.025 µM). Effector cells were prepared freshly or thawed 48 h
prior to experiment. After 8 h of co-culture, 96-well white plates
were centrifuged for 5 min at 360 × g. Subsequently, 100 μl
supernatant was carefully removed and 50 μl ONE-Glo™ Luciferase
reagent (Promega GmbH, Mannheim, Germany) added to each well.
Following a 5 min incubation step, luminescence of each sample was
measured using the Infinite® M200 pro microplate reader (Tecan
Germany GmbH, Crailsheim, Germany). Specific tumor cell lysis was
calculated as described elsewhere (Mitwasi et al., 2017).

2.10 Statistical analysis

Student’s t-test was performed to evaluate the significance of the
results. To compare samples to a control sample One-way ANOVA
with posthoc Dunnett multiple comparison test was performed using
GraphPad Prism 7 software (GraphPad Prism Inc., La Jolla, CA,
United States). Values of p ≤ 0.05 were considered as significant.

3 Results

3.1 Palbociclib reversibly inhibits proliferation
of stimulated CD3+ T cells

The expansion, cytokine secretion and cytotoxic activity of T cells
play an important role in antitumor immunity. Due to the fact, that T cells
rapidly proliferate after antigen-specific activation, we explored the
effect of the CDK4/6 inhibitor on T cell proliferation. To investigate
whether palbociclib and/or fulvestrant alter this function, CD3+ T cells
were maintained in the presence or absence of palbociclib or
fulvestrant alone or in combination. T cells were stimulated to
proliferate by anti-CD3/CD28 beads. Proliferation was measured every
24 h for 7 days by flow cytometry on the basis of eFluor™ 670 dilution
over time. As depicted in Figure 1A, T cells displayed a strong
proliferation upon stimulation in comparison to unstimulated control
starting after 48 h. Palbociclib significantly impaired this ability of the
CD3+ T cells in a concentration-dependent manner. Notably,
0.025–1 µM palbociclib clearly reduced the proliferative capacity of
CD3+ T cells. The reduced proliferation, as measured by the dilution
of the proliferation dye eFluor670™, is also reflected in a reducednumber of
T cells (Supplementary Figure S1). In contrast, fulvestrant did not influence
this functional property of T cells (Figure 1A; Supplementary Figure S1).

We further investigated whether the inhibitory effect of palbociclib
on T cell proliferation is reversible. Therefore, the CDK4/6 inhibitor was
only added at the first day to stimulated CD3+ T cells instead of daily.
Proliferation was analyzed after 48 h and 120 h. Although overall
proliferation of stimulated T cells was less pronounced after 48 h,
single-dosing of palbociclib alone or in combination with fulvestrant
clearly impaired proliferation of CD3+ T cells (Figure 1B). However,
after 120 h the inhibitory effect of palbociclib on T cell proliferation was
almost abrogated (Figure 1C). These results indicate that the inhibitory
effect of palbociclib on the proliferative capacity of T cells is reversible
after stopping the drug application.

To study the underlying mechanisms of the palbociclib-mediated
reduction in T cell proliferation, we performed an EdU assay with anti-
CD3/CD28 bead-activated T cells treated with palbociclib (daily
addition) for 96 h. We found a decreased percentage of
T lymphocytes in S-phase of cell cycle when cells are exposed to
0.2 or 1 µM palbociclib (Figure 1D). In contrast, the percentage of
T cells in G0/G1 phase increased under the same culture conditions.
These findings indicate that the reduced proliferation of T cells is
caused by a palbociclib-mediated G0/G1 cell cycle arrest.

3.2 Effect of palbociclib and fulvestrant on T
cell-based immunotherapies

In view of potential combination therapies, we explored the influence
of palbociclib and fulvestrant on two PSCA-specific T cell-based
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immunotherapies. On the one hand, we selected the CD3-PSCA bsAb
(Figure 2A) (Feldmann et al., 2012). As shown in previous studies, due to
its dual specificity for CD3 and PSCA it can specifically cross-link T cells
and PSCA-expressing tumor cells in a MHC- and TCR-independent
manner that finally culminates in effective tumor cell elimination
(Feldmann et al., 2012). On the other hand, we chose the switchable
UniCAR T cell technology (Bachmann, 2019), which is composed of
UniCAR-modified T cells and PSCA-specific TMs (Figure 2B) (Arndt
et al., 2014a; Arndt et al., 2014b).

In order to assess the impact of palbociclib and fulvestrant on
both T cell retargeting strategies, co-cultivation assays with two

different prostate cancer cells lines were carried out. For this
purpose, unstimulated T cells or UniCAR T cells in the presence
or absence of the CD3-PSCA bsAb or the PSCA TM were used.
Palbociclib and fulvestrant were added either alone or in
combination at various concentrations.

3.2.1 Palbociclib markedly impairs the proliferative
capacity of bsAb-engaged T cells and UniCAR T cells

For a sustained and efficient antitumor response mediated by T
cell-based immunotherapies, proliferation and polyclonal expansion
of effector T cell populations is required. Thus, first experiments

FIGURE 1
Influence of palbociclib and fulvestrant on T cell proliferation. (A) eFluor™ 670-stained T cells were stimulated by anti-CD3/CD28 beads and cultured in
the presence or absence of palbociclib (daily addition), fulvestrant, or their combination at indicated concentrations for 24, 48, 72, 96, 120, 144, and 168 h.
Cells were harvested and dilution of eFluor670™ dye was determined by flow cytometry. The results are depicted as the means ± SEM of four donors. (*p ≤
0.05 compared to control sample “stim + DMSO”). (B,C) eFluor™ 670-stained T cells were stimulated by anti-CD3/CD28 beads and cultured in the
presence or absence of palbociclib (single administration), fulvestrant, or their combination for (B) 48 h and (C) 120 h. Cells were harvested and dilution of
proliferation dye eFluor670™ was determined by flow cytometry. The results are depicted as the means ± SEM of three donors. (*p ≤ 0.05 compared to
control sample “stim”). (D) DNA replication in proliferating cells was analyzed by EdU flow cytometry assay. Therefore, T cells were stimulated by anti-CD3/
CD28 beads and cultured in the presence of palbociclib (daily addition) at indicated concentrations for 96 h. 18 h prior to cell harvesting, cells were incubated
with 10 µM EdU. Cells were harvested and percentage of EdU-positive cells was determined by flow cytometry. (*p ≤ 0.05 compared to control sample “stim +
DMSO”).
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aimed to investigate the influence of palbociclib and fulvestrant on
the proliferative capacity of specifically activated bsAb-engaged
T cells and UniCAR T cells. As shown in Figure 3, upon cross-
linkage with PC3-PSCA/PSMA Luc+ (Figures 3A, B) or LNCaP-
PSCA Luc+ cells (Figures 3C, D) via the CD3-PSCA bsAb, T cell
numbers increased up to 5-fold compared to the negative controls
without bsAb after 96 h. However, in the presence of 0.2 or 1 µM
palbociclib the proliferation and expansion of bsAb-redirected T cells
was efficiently inhibited (Figure 3). Under these conditions, numbers

of T cells did not or only slightly increase and were in some cases
almost equal to T cell counts detected in samples without the CD3-
PSCA bsAb. Similar results were obtained when palbociclib was
applied in combination with 0.1 μM fulvestrant. Although
suppressive effects of palbociclib on T cell proliferation were less
profound at a lower concentration of 0.025 μM, T cell expansion was
still significantly reduced compared to samples lacking the small-
molecule inhibitor. In contrast, the selective ER degrader fulvestrant
did not alter bsAb-mediated T cell expansion.

FIGURE 2
Schematic representation of T cell-based immunotherapies. (A) Due to its dual specificity for CD3 and PSCA, the CD3-PSCA bsAb is able to cross-link
T cells and PSCA-expressing tumor cells. Subsequently, T cells are activated and kill the recognized target cell. (B) The UniCAR system is composed of UniCAR
T cells and TAA-specific TMs. In the absence of TMs, UniCAR T cells are not activated. Upon addition of a PSCA-specific TM, UniCAR T cells can be cross-linked
with PSCA-expressing tumor cells resulting in an efficient tumor cell lysis.

FIGURE 3
Effect of palbociclib and fulvestrant on bsAb-mediated T cell expansion. eFluor™ 670+ T cells and (A,B) PC3-PSCA/PSMA Luc+ or (C,D) LNCaP-PSCA
Luc+ cells were incubated with or without CD3-PSCA bsAb. Palbociclib and/or fulvestrant were added at indicated concentrations. After 96 h, numbers of
eFluor™ 670+ T cells were determined by flow cytometry using the MACSQuant

®
Analyzer. (A,C) Each diagram shows average T cell counts ± SEM of

triplicates for one T cell donor. (B,D) Graphs summarize relative T cell counts ± SEM of three different T cell donors. T cell numbers in the presence of
tumor cells and bsAb (“bsAb”) were equalized to 100%. (*p ≤ 0.05, ***p ≤ 0.001 compared to control sample “bsAb”; One-way ANOVA with posthoc Dunnett
multiple comparison test).

Frontiers in Pharmacology frontiersin.org

Arndt et al. 10.3389/fphar.2023.970457

106107107

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.970457


These findings were not only limited to bsAb-redirected T cells,
but could also be observed when palbociclib and fulvestrant were
combined with the PSCA-specific UniCAR system. Expansion of
redirected UniCAR T cells was significantly suppressed in the
presence of 0.2 or 1 µM palbociclib alone or in combination with
0.1 μM fulvestrant (Figure 4). Fulvestrant alone exerted no inhibitory
effects on the proliferative capacity of UniCAR T cells.

3.2.2 Impact of palbociclib on IFN-γ and TNF
secretion by bsAb-engaged T cells and UniCAR
T cells

As the proinflammatory cytokines IFN-γ and TNF can increase
the therapeutic efficacy of T cell-based immunotherapies, we
investigated the impact of palbociclib and fulvestrant on the
secretion of IFN-γ and TNF by UniCAR T cells and bsAb-
redirected T cells. Therefore, cytokine assays were performed with
LNCaP-PSCA Luc+ or PC3-PSCA/PSMA Luc+ cells. Upon cross-
linkage with PC3-PSCA/PSMA Luc+ (Figures 5A, B) or LNCaP-PSCA
Luc+ cells (Figures 5C, D) via the CD3-PSCA bsAb, a higher IFN-γ
concentration in the supernatants compared to the control was
detected. Palbociclib used at a concentration of 0.2 or 1 µM
significantly reduced the IFN-γ concentration in the supernatants
of bsAb-redirected T cells. A lower palbociclib concentration
(0.025 µM) exerted only minor or no inhibitory effects. Likewise, in
the presence of 1 µM palbociclib, significantly lower levels of TNF
were detected in the co-culture supernatants after 96 h
(Supplementary Figures S2A, B). Fulvestrant alone did not affect
the bsAb-mediated IFN-γ or TNF secretion by T cells.

Similar results were observed when palbociclib and fulvestrant
were combined with the PSCA-specific UniCAR system (Figure 6;
Supplementary Figures S2C, D). Cross-linkage of PSCA-specific
UniCAR T cells with prostate cancer cells resulted in a higher IFN-
γ and TNF concentration in the supernatants compared to the control.
In the presence of palbociclib, the concentration of IFN-γ and TNF in
the supernatants of redirected UniCAR T cells was reduced in a
concentration-dependent manner. While in the presence of 0.2 or
1 µM palbociclib IFN-γ and TNF were significantly reduced, a lower
palbociclib concentration only considerably altered TNF release. In
contrast, fulvestrant had no inhibitory effect on this functional
characteristic.

To explore whether the lower total concentrations of IFN-γ and
TNF in the supernatants are associated with the palbociclib-mediated
reduction of the T cell number, the amounts of IFN-γ and TNF
detected in the supernatant after 96 h were calculated per T cell or
UniCAR T cell. As summarized in Supplementary Figures S3, S4, in
the presence of palbociclib average cytokine concentrations per cell
did not significantly change or were even elevated compared to the
settings without inhibitors, indicating that the lower concentrations of
IFN-γ and TNF in the supernatants are associated with the
palbociclib-induced decrease in T cell numbers.

3.2.3 Cytotoxic potential of bsAb-engaged T cells
and UniCAR T cells is unaffected by palbociclib

For an effective combination therapy, it is important to ensure that
palbociclib and fulvestrant do not impede antitumor cytotoxicity of
T cell-based immunotherapies. Hence, the effect of palbociclib and

FIGURE 4
Effect of palbociclib and fulvestrant on TM-mediated UniCAR T cell expansion. eFluor™ 670+ UniCAR T cells and (A,B) PC3-PSCA/PSMA Luc+ or (C,D)
LNCaP-PSCA Luc+ cells were incubatedwith or without 30 nMof PSCA TM. Palbociclib and/or fulvestrant were added at indicated concentrations. After 96 h,
numbers of eFluor™ 670+ UniCAR T cells were determined by flow cytometry using the MACSQuant

®
Analyzer. (A,C) Each diagram shows average T cell

counts ± SEM of triplicates for one T cell donor. (B,D) Graphs summarize relative UniCAR T cell counts ± SEM of three different T cell donors. UniCAR
T cell numbers in the presence of tumor cells and TM (“TM”) were equalized to 100%. (***p ≤ 0.001 compared to control sample “TM”; One-way ANOVA with
posthoc Dunnett multiple comparison test).
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FIGURE 5
Effect of palbociclib and fulvestrant on IFN-γ release of bsAb-engaged T cells. T cells and (A,B) PC3-PSCA/PSMA Luc+ or (C,D) LNCaP-PSCA Luc+ cells
were incubatedwith orwithout 30 nMof CD3-PSCA bsAb in the presence or absence of palbociclib and/or fulvestrant. After 96 h, IFN-γ concentrations in co-
culture supernatants were analyzed by ELISA. (A,C) Each diagram shows average IFN-γ concentration ± SEM of triplicates for one T cell donor. (B,D) Graphs
summarize relative IFN-γ release ± SEM of three different T cell donors. IFN-γ concentrations in the presence of T cells, tumor cells and bsAb (“bsAb”)
were equalized to 100%. (*p ≤ 0.05, ***p ≤ 0.001 compared to control sample “bsAb”; One-way ANOVA with posthoc Dunnett multiple comparison test).

FIGURE 6
Effect of palbociclib and fulvestrant on IFN-γ release of TM-engaged UniCAR T cells. UniCAR T cells and (A,B) PC3-PSCA/PSMA Luc+ or (C,D) LNCaP-
PSCA Luc+ cells were incubated with or without 30 nM of PSCA TM in the presence or absence of palbociclib and/or fulvestrant. After 96 h, IFN-γ
concentrations in co-culture supernatants were analyzed by ELISA. (A,C) Each diagram shows average IFN-γ concentration ± SEM of triplicates for one T cell
donor, respectively. (B,D) Graphs summarize relative IFN-γ release ± SEM of three different T cell donors. IFN-γ concentrations in the presence of
UniCAR T cells, tumor cells and TM (“TM”) were equalized to 100%. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 compared to control sample “TM”; One-way ANOVA
with posthoc Dunnett multiple comparison test).

Frontiers in Pharmacology frontiersin.org

Arndt et al. 10.3389/fphar.2023.970457

108109109

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.970457


FIGURE 7
Effect of palbociclib and fulvestrant on bsAb-mediated tumor cell killing. T cells and (A,B) LNCaP-PSCA Luc+ or (C,D) PC3-PSCA/PSMA Luc+ cells were
incubated with or without 30 nM of CD3-PSCA bsAb in the presence or absence of palbociclib and/or fulvestrant. After 8 h, tumor cell killing was calculated
based on a luminescence-based killing assay. (A,C) Each diagram shows mean specific lysis ± SEM of triplicates for one T cell donor. (B,D) Graphs summarize
relative tumor lysis ± SEM of three different T cell donors. Specific lysis in the presence of T cells and bsAb (“bsAb”) were equalized to 100%. (***p ≤
0.001 compared to control sample “bsAb”; One-way ANOVA with posthoc Dunnett multiple comparison test).

FIGURE 8
Effect of palbociclib and fulvestrant on UniCAR T cell-mediated tumor cell killing. UniCAR T cells and (A,B) LNCaP-PSCA Luc+ or (C,D) PC3-PSCA/PSMA
Luc+ cells were incubated with or without 30 nM of PSCA TM in the presence or absence of palbociclib and/or fulvestrant. After 8 h, tumor cell killing was
calculated based on a luminescence-based killing assay. (A,C) Each diagram shows mean specific lysis ± SEM of triplicates for one T cell donor. (B,D) Graphs
summarize relative tumor lysis ± SEM of three different T cell donors. Specific lysis in the presence of UniCAR T cells and TM (“TM”) were equalized to
100%. (***p ≤ 0.001 compared to control sample “TM”; One-way ANOVA with posthoc Dunnett multiple comparison test).
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fulvestrant on bsAb- or UniCAR T cell-mediated tumor cell killing
was investigated by performing luminescence-based killing assays
with LNCaP-PSCA Luc+ or PC3-PSCA/PSMA Luc+ cells. As
shown in Figure 7 and Supplementary Figures S5A, 5B, the CD3-
PSCA bsAb was able to specifically engage T cells for killing of PSCA+
tumor cells already after 8 h. Interestingly, palbociclib and/or
fulvestrant did not modulate this functional property of T cells.

Similar results were obtained for the PSCA-specific UniCAR
system (Figure 8; Supplementary Figures S5C, D). Upon cross-
linkage with prostate cancer cells via the PSCA TM,
UniCAR T cells mediated efficient tumor cell lysis. Again,
palbociclib and/or fulvestrant did not alter the cytotoxic activity
of the UniCAR T cells.

In a next step, we also investigated whether pretreatment of
T cells or UniCAR T cells with palbociclib and/or fulvestrant can
influence their cytotoxic potential. For this purpose, T cells or
UniCAR T cells were incubated with palbociclib and/or
fulvestrant at 37°C. 24 h later, luminescence-based killing assays
were performed in which drug-pretreated T cells or UniCAR T cells
were co-cultured with PC3-PSCA/PSMA Luc+ cells and 30 nM
CD3-PSCA bsAb or PSCA TM, respectively. Pre-incubation of
T cells (Figures 9A,B) or UniCAR T cells (Figures 9C,D) with
one or both drugs did neither influence tumor cell killing
mediated by bsAb-redirected T cells nor by TM-engaged UniCAR
T cells. These results provide evidence that palbociclib alone or in
combination with fulvestrant retain the cytotoxic activity of bsAb-
engaged T cells and UniCAR T cells.

4 Discussion

CDK4/6 inhibitors in combination with endocrine therapy
received FDA approval for treatment of patients with ER+, HER2-
advanced or metastatic breast cancer (Finn et al., 2016a; Cristofanilli
et al., 2016; Hortobagyi et al., 2016). This kind of therapy has shown
clinical efficacy by prolonging PFS and OS (Finn et al., 2016a;
Cristofanilli et al., 2016; Hortobagyi et al., 2016; Im et al., 2019;
Johnston et al., 2020; Slamon et al., 2020; Sledge et al., 2020).
However, a proportion of patients experienced disease progression
(Finn et al., 2016a; Finn et al., 2016b; Cristofanilli et al., 2016;
Hortobagyi et al., 2016). Potential explanations for therapy
resistance to CDK4/6 inhibition in these patients are intrinsic or
acquired resistance, including deregulations of the immune pathway,
such as activation of inhibitory immune checkpoint pathways and
suppression of immune stimulatory pathways in palbociclib-resistant
cells (Pandey et al., 2019; Pandey et al., 2021; Pancholi et al., 2020).
Therefore, identification of novel therapeutic strategies for treatment
of patients resistant to CDK4/6 inhibition is urgently needed. In the
last few decades, immunotherapy has become an important treatment
modality. Since functional T cells are a crucial component of the
tumor microenvironment for efficient tumor eradication, they
emerged as key players of diverse immunotherapeutic strategies,
including inhibition of immune checkpoint molecules and adoptive
cellular therapy. With regard to therapeutic combination strategies,
first success was achieved combining palbociclib with immune
checkpoint inhibitors (CPI) in an ex vivo organotypic tumor

FIGURE 9
Cytotoxic capacity of palbociclib- and fulvestrant-pretreated bsAb-engaged T cells and UniCAR T cells. After pre-incubation of (A,B) T cells or (C,D)
UniCAR T cells without or with palbociclib and/or fulvestrant for 24 h, luciferase-based killing assays were performed. Therefore, preincubated (A,B) T cells or
(C,D) preincubated UniCAR T cells were cultured with PC3-PSCA/PSMA Luc+ cells in the presence or absence of 30 nM (A,B) CD3-PSCA bsAb or (C,D) PSCA
TM. After 8 h, specific lysis was determined. (A,C) Each diagram shows mean specific lysis ± SEM of triplicates for one T cell donor. (B,D) Graphs
summarize relative tumor lysis ± SEM of three different T cell donors. Specific lysis in the presence of (B) T cell and bsAb (“bsAb”) or (D) UniCAR T cells and TM
(“TM”) were equalized to 100%. (***p ≤ 0.001 compared to control sample “bsAb” or “TM”; One-way ANOVA with posthoc Dunnett multiple comparison test).
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spheroid culture system as well as in different mouse models (Deng
et al., 2018; Zhang et al., 2018; Long et al., 2020). Furthermore, the
comparison of patients with metastatic breast cancer treated with a
combination of palbociclib, the CPI pembrolizumab and the
aromatase inhibitor letrozole or with pembrolizumab and letrozole
revealed that higher frequencies of blood-circulating effector
memory T cells at baseline are potential predictive biomarkers of
response to the combination of CDK4/6 inhibitors and CPI (Egelston
et al., 2021). Additional attractive T cell-based strategies, such as bsAb
(Wolf et al., 2005) and CAR T cell therapy (June et al., 2018; Arndt
et al., 2020a), may also represent promising combinatorial partners for
CDK4/6 inhibitors.

Emerging preclinical studies revealed diverse immunomodulatory
effects of CDK4/6 inhibition, such as an enhanced immune infiltration
into the tumor microenvironment, elevated antigen presentation and
modulation of the cytokine milieu, supporting antitumor immune
response (Ameratunga et al., 2019). Different murine models
investigated the influence of CDK4/6 inhibition on tumor-
infiltrating immune cells. In a breast cancer mouse model, a
significant reduction of CD3+ tumor-infiltrating lymphocytes was
observed under palbociclib treatment (Zhang et al., 2018). In contrast,
Goel and colleagues reported significant increases of intratumoral
CD3+ T cells in their transgenic mouse model of mammary carcinoma
treated with abemaciclib or palbociclib (Goel et al., 2017). Another
study also showed enhanced proportions of CD4+ and CD8+ T cells in
lung tumors of genetically engineered mice after treatment with
palbociclib or trilaciclib (Deng et al., 2018). However, this effect
seems not to be based on increased proliferation, but on elevated
homing of effector T cells to the tumor. These data are in line with
observations by Schaer and colleagues, who demonstrated that
abemaciclib increased the frequency of CD3+ T cell numbers
within the tumor, but not the absolute numbers in a colon cancer
mouse model (Schaer et al., 2018). By analyzing the functional status
of the tumor-infiltrating T cells, Deng et al. (2018) observed an
increased IFN-γ secretion by total splenocytes isolated from lung
tumor-bearing mice, but not naïve mice, treated with trilaciclib in vivo.
Moreover, Teo and colleagues have shown, that the CDK4/6 inhibitor
ribociclib does not impair activation and cytotoxic potential of tumor-
infiltrating CD8+ and CD4+ T cells in a triple-negative breast cancer
mouse model (Teo et al., 2017).

Whereas all these findings rely on mouse models, little is known
about the impact of palbociclib and fulvestrant on the functional
properties of human immune cells. Heckler and colleagues
investigated the impact of CDK4/6 inhibitors on activated CD8+
T cells of breast cancer patients and observed that CDK4/6 inhibition
resulted in an increased frequency of memory CD8+ T cell
precursors (Heckler et al., 2021). Based on the observation that
higher frequencies of pre-existing effector memory T cells were
detectable in the blood of responders to the combination of
CDK4/6 inhibitors and CPI (Egelston et al., 2021), early
treatment with CDK4/6 inhibitors to establish a memory CD8+
T cell pool followed by the CPI administration may represent a
promising therapeutic strategy for cancer patients. Here, we
examined the influence of palbociclib and fulvestrant on the
proliferation and functional properties of bsAb-engaged T cells
and UniCAR T cells in terms of a potential combinatorial
approach of CDK4/6 inhibition and T cell-based immunotherapy.
An important prerequisite for a durable and efficient antitumor
T cell response is the proliferation and clonal expansion of the

T cells. Therefore, we analyzed the impact of palbociclib and
fulvestrant on the proliferative capacity of stimulated CD3+
T cells. We demonstrated that palbociclib clearly impairs the
ability of T cells to proliferate upon anti-CD3/CD28 bead
stimulation. This effect is based on a G0/G1 cell cycle arrest
mediated by palbociclib. The palbociclib-mediated T cell
inhibition was reversible after stopping the drug application. In
contrast, fulvestrant did not influence this functional property.
Furthermore, we analyzed the impact of palbociclib and
fulvestrant on the proliferation of bsAb-engaged T cells and
UniCAR T cells. Our studies were performed exemplarily with
the CD3-PSCA bsAb (Feldmann et al., 2012) and the UniCAR
technology using the PSCA TM (Arndt et al., 2014a; Arndt et al.,
2014b; Bachmann, 2019). PSCA is a TAA upregulated in several
major cancers, including prostate cancer, urinary bladder cancer,
renal cell carcinoma, pancreatic cancer, ovarian mucinous tumor
and NSCLC (Amara et al., 2001; Argani et al., 2001; Cao et al., 2005;
Elsamman et al., 2006; Kawaguchi et al., 2010). Recently, PSCA
expression in a subgroup of breast cancer patients was also reported
(Link et al., 2017). Although T cell stimulation occurred via different
methods, palbociclib but not fulvestrant prevented adequate
proliferation and expansion of both bsAb-engaged T cells and
redirected UniCAR T cells. Goel et al. also observed an inhibitory
effect on the proliferation of CD4+ CD25- and CD8+ T cells derived
from spleens and lymph nodes of wild-type mice after treatment
with abemaciclib in vitro, concordant with our findings (Goel et al.,
2017). Furthermore, ex vivo stimulation of splenocytes from
lung tumor-bearing mice showed a reduced proliferation after
anti-CD3/CD28 antibody stimulation and treatment with
trilaciclib (Deng et al., 2018). In further experiments, we
investigated the impact of palbociclib and/or fulvestrant on the
cytokine production of T cells. The proinflammatory cytokine
IFN-γ is an important player in the antitumoral immune
response and may further enhance therapeutic effects of a T cell-
based immunotherapy as it increases MHC class I expression and
antigen presentation of tumor cells and further supports
macrophages, cytotoxic T lymphocytes and natural killer cells in
their antitumor response. TNF can also exhibit various antitumor
effects, such as the induction of tumor cell apoptosis, and the
recruitment and activation of tumor-reactive T cells. Palbociclib
treatment of PSCA-specific UniCAR T cells and CD3-PSCA bsAb-
engaged T cells co-cultured with prostate cancer cells resulted in
lower total concentrations of IFN-γ and TNF in the supernatants.
When investigating the underlying mechanism for this observation,
we found that the lower concentrations of IFN-γ and TNF are linked
to the palbociclib-mediated decrease in T cell numbers. For efficient
tumor eradication, cytotoxic potential of T cells is a crucial
parameter for immunotherapeutic strategies. For this reason, we
further investigated the impact of palbociclib and fulvestrant on the
UniCAR T cell- or bsAb-mediated cytotoxicity. The CD3-PSCA
bsAb as well as the PSCA-specific UniCAR system have proven their
capability to redirect T cells for efficient killing of PSCA+ tumor cells
in vitro and in mouse models (Feldmann et al., 2012; Feldmann et al.,
2017; Pishali Bejestani et al., 2017). We demonstrated under various
conditions that neither palbociclib nor fulvestrant added either prior
or during co-culture influence this functional property.

In summary, our data revealed that palbociclib reversibly impairs
proliferation of activated CD3+ T cells and reduces expansion of
UniCAR T cells and bsAb-engaged T cells. Furthermore, we observed
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reduced amounts of IFN-γ and TNF in the supernatants of
palbociclib-treated PSCA-specific UniCAR T cells and CD3-PSCA
bsAb-engaged T cells co-cultured with prostate cancer cells, which is
caused by the palbociclib-mediated decrease in T cell numbers. The
cytotoxic potential of PSCA-specific UniCAR T cells and CD3-PSCA
bsAb-engaged T cells was not affected by palbociclib. Fulvestrant did
not show impact on any of these functional properties of stimulated
CD3+ T cells, UniCAR T cells and bsAb-engaged T cells. These results
provide evidence that the CDK4/6 inhibitor palbociclib has not only
an impact on the cell cycle of tumor cells but also on T cells, which are
crucial players in an antitumor immune response. Hence, palbociclib-
mediated alterations of T cell functionality should be taken into
consideration for future therapeutic recommendations and
potential combinatorial approaches with T cell-based
immunotherapy. Thus, a palbociclib-free time period may be
required for an efficient T cell-based immunotherapy.
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