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CDK4/6 inhibitor enhances the  
radiosensitization of esophageal  
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autophagy signaling via the suppression of mTOR
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Abstract: Objective: To investigate the radiosensitizing effect of cyclin D-cyclin dependent kinase (CDK) 4/6 inhibitor 
palbociclib on esophageal squamous cell carcinoma (ESCC) and its underlying mechanisms. Methods: The effect 
of palbociclib on ESCC cell radiosensitivity was detected by cell counting kit-8 (CCK-8) and clonogenic assay. γH2AX 
immunofluorescent staining was used to assess the repair of DNA damage induced by radiation. The expression 
of DNA repair proteins were examined by western blotting. Subsequently, immunoblotting and autophagy inhibitors 
were used to evaluate the underlying mechanisms of palbociclib triggered radiosensitization. Finally, the xenografts 
of ESCC were established to study the radiosensitizing effect of palbociclib in vivo. Results: Palbociclib combined 
with irradiation significantly inhibited the cell viability of ESCC in vitro. The expression level of γH2AX showed that ra-
diation induced DNA damage repair was inhibited by palbociclib treatment. Palbociclib also suppressed the expres-
sion of RAD51 and phosphorylated DNA-dependent protein kinase catalytic subunit (p-DNA-PKcs) after irradiation. 
Mechanically, palbociclib enhanced the radiosensitization of ESCC by activating autophagy via suppression of mam-
malian target of rapamycin (mTOR). Inhibition of autophagy using chloroquine could partially reverse the radiation 
enhancing effect of palbociclib. Lastly, the xenografted tumor experiment confirmed the radiosensitizing effect of 
palbociclib in ESCC in vivo. Conclusion: Our results showed that palbociclib improved the radiosensitivity of ESCC in 
vivo and in vitro, and thus it may be a promising radiosensitization agent for the treatment of ESCC.
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Introduction

Cell cycle dysregulation is a hallmark of cancer, 
which promotes the proliferation of cancer  
cells [1, 2]. Cyclin D-cyclin dependent kinase 
(CDK) 4 and CDK6 are serine/threonine kinas-
es that control the transition of cells from  
G1 to S phase through phosphorylation of the 
retinoblastoma (Rb) protein. Rb phosphoryla-
tion further promotes the release of E2 factor 
(E2F) family transcription factors which then 
transcribes the genes needed to enter S  
phase [3]. However, CDK4 and CDK6 are fre-
quently altered in human cancer, resulting in 
the sustained proliferation of cancer cells [4, 

5]. Targeting CDK4/6 activity by small mole- 
cule inhibitors has been considered as an 
attractive approach for cancer treatment for a 
long time [6, 7].

Palbociclib is an oral, highly specific and re- 
versible CDK4/6 inhibitor, which can “turn off” 
CDK4 and CDK6 kinases and dephosphorylate 
Rb, resulting in G1 phase cell cycle arrest and 
proliferation inhibition in various types of can-
cer [8, 9]. The anticancer effect of palbociclib 
has been widely studied in preclinical studies  
in a series of human malignancies, including 
esophageal cancer [10-13]. However, the clini-
cal trial have shown that palbociclib monother-
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Table 1. List of materials used in the study
Material Manufacturer
Ec109 cell line BnBio, China

KYSE-150 cell line BnBio, China

KYSE-70 cell line BnBio, China

KYSE-30 cell line Sigma-Aldrich, USA

RPMI-1640 medium Gibco, USA

DMEM medium Gibco, USA

MEM medium Gibco, USA

10% fetal bovine serum Gibco, USA

Dimethyl sulfoxide (DMSO) Biotopped, China

Palbociclib (PD 0332991) Sigma-Aldrich, USA

CCK-8 kit Beyotime, China

RPA70, XRCC-2, XRCC-3, XRCC-4, Ligase IV, Ku70, p-DNA-PKcs, DNA-PKcs, GSDME-N, γ-H2AX antibody Abcam, UK

RAD51, c-PARP, LC3-I/II, p-mTOR, mTOR antibody Cell Signaling, USA

β-actin, Ki-67 antibody Bioss, China

Enhanced chemoluminescence (ECL) Thermo Fisher Scientific, USA

Goat anti-rabbit antibody ZSGB-Bio, China

Athymic nude mice CAS, China

DAB system Dako, Denmark

apy failed to achieve the desired therapeutic 
effect in patients with esophageal cancer [14]. 
Therefore, developing a novel combination stra- 
tegy with palbociclib is a possible way for suc-
cessful treatment of esophageal cancer in the 
future.

Radiotherapy or combined chemotherapy is  
the main treatment for patients with advanced 
esophageal cancer. However, the response rate 
of some patients is still not optimal [15, 16]. 
Therefore, we are trying to determine whether 
palbociclib combined with irradiation is more 
effective than either treatment modality alone 
in esophageal cancer, as well as the underlying 
mechanisms of this phenomenon are also what 
we want to know [17].

In the present study, we evaluated the antican-
cer effect of CDK4/6 inhibitor palbociclib com-
bined with irradiation on ESCC in vivo and in 
vitro. In addition, the potential mechanisms of 
the combined application of palbociclib and 
irradiation were also explored. We found that 
palbociclib combined with irradiation synergis-
tically inhibited the proliferation of esophageal 
cancer in vitro and in vivo. The radiosensitizing 
effect of palbociclib was related to the sus-
tained inhibition of mammalian target of rapa- 
mycin (mTOR) signal transduction and subse-
quent activation of autophagy. These results 
indicate that palbociclib is a promising radio-

sensitization candidate for the treatment of 
esophageal cancer, and it is reasonable to  
evaluate the role of palbociclib as a radiation 
modulator in clinical trials.

Materials and methods

Cell culture and treatment

Ec109 cells were maintained in RPMI-1640 
medium. KYSE-150 cells were maintained in 
DMEM medium. KYSE-30 and KYSE-70 cells 
were maintained in MEM medium. All media 
was supplemented with 10% fetal bovine se- 
rum (FBS) and 1% penicillin/streptomycin. All 
cell lines were incubated at 37°C in a humidi-
fied atmosphere containing 5% CO2. The origi-
nal solution of palbociclib (PD 0332991) was 
reconstituted in dimethyl sulfoxide (DMSO) and 
stored at -20°C until further use. The radiation 
was done with the Varian linear accelerator as 
previously described [18]. The materials used 
in this study are shown in Table 1.

Cell counting kit-8 (CCK-8) assay

The viability of ESCC cells were detected using 
CCK-8 kit according to the manufacturer’s 
instructions. Cells were seeded in 96-well 
plates with 4000 cells per well, and treated 
with irradiation (IR), IR+palbociclib, or palboci-
clib alone. The control group was exposed to 



Radiosensitizing effect of CDK4/6 inhibitor in ESCC

1618 Am J Transl Res 2022;14(3):1616-1627

the same concentration of DMSO as palboci-
clib. CCK-8 assay was performed at 72 hours 
after treatment. A total of 100 μl 10% CCK-8 
solution was added to each well. After incuba-
tion at 37°C for 2 hours, the absorbance was 
measured at 450 nm with Synergy microplate 
reader.

Colony formation assay

Cells were seeded in 6-well plates and treated 
with IR or IR+palbociclib. After treatment, cells 
were then cultured in complete medium at 
37°C in 5% CO2 for 14 days. Finally, the mono-
layer of cells was fixed with 4% paraformalde-
hyde and stained with 0.2% crystal violet for  
20 minutes. After washing, the number of colo-
nies containing 50 or more cells was counted. 
The survival curve was fitted by linear-quadra- 
tic model according to the number of colonies.

Western blotting

Cell samples were lysed in a radioimmunopre-
cipitation (RIPA) buffer containing proteinase 
inhibitors and phosphatase inhibitors. The pro-
tein concentration of the lysates was deter-
mined by bicinchoninic acid (BCA) protein 
detection kit. Equal amount of protein was 
resolved by sodium dodecyl sulphate-poly- 
acrylamide gel electrophoresis (SDS-PAGE). 
Separated proteins were transferred to polyvi-
nylidene fluoride (PVDF) membrane. The mem-
branes were then exposed to 5% skim milk at 
room temperature for 1 hour. After that, the 
membranes were incubated with primary anti-
bodies for RPA70, XRCC-2, XRCC-3, XRCC-4, 
Ligase IV, Ku70, RAD51, p-DNA-PKcs, DNA-
PKcs, c-PARP, GSDME-N, LC3-I/II, p-mTOR, 
mTOR, and β-actin, overnight at 4°C. Sub- 
sequently, the membranes were washed with 
tris-buffered saline (TBS) plus Tween 20  
(TBST), and then incubated with secondary 
antibody at room temperature for 1 hour. 
Specific bands were visualized with the 
enhanced chemoluminescence liquid and 
detected by an imaging system (Bio-Rad, USA). 
The relative expression levels of protein were 
normalized against β-actin as the internal 
control.

Immunofluorescence

Cancer cells grown on chamber slides were 
fixed with 4% paraformaldehyde for 20 min- 
utes at room temperature and permeabilized 

for 20 minutes in 1% Triton X-100. After wash-
ing, the slides were stained with antiphosphate 
agent γH2AX at 4°C overnight. The slides were 
then incubated with goat anti-rabbit antibody in 
dark at 37°C for 2 hours. In order to visualize 
the nuclei, cells were stained by 4’, 6-diamidi-
no-2-phenylindole (DAPI) diluted in phosphate-
buffered saline (PBS). Finally, a digital image of 
the slides was analyzed using a confocal micro-
scope (Olympus, Japan). The experiment was 
carried out in triplicate.

Tumor xenograft study

Six-week-old female athymic nude mice were 
used. A total of 2 × 106 Ec109 cells were sus-
pended in 100 μl of PBS and subcutaneously 
injected into the left axilla of mice. When tumor 
volume was close to 100 mm3, the mice were 
randomly divided into four groups: vehicle con-
trol, IR, IR+palbociclib, and palbociclib alone. 
There were 6 mice in each group. Palbociclib 
was dissolved in sterile-filtered sodium lactate 
buffer. The solution was then administered 
orally at a dose of 75 mg/kg three times every 
other day. Tumors were irradiated by Varian lin-
ear accelerator once, and the dose was 6 Gy 
(Unit of absorbed irradiation dose). Two weeks 
after treatment, all mice were sacrificed, and 
the tumors were dissected for further analysis. 
The volume of tumor was measured with cali-
per every week and calculated by the formula: 
volume =0.5 × (length × width2). This study  
was approved by the Ethics Committee of the 
General Hospital of Ningxia Medical University 
(2019-170) and carried out in accordance with 
the guidelines of the International Association 
for Experimental Animal Care Assessment and 
Certification.

Immunohistochemistry

Immunohistochemical staining was performed 
on 4 μm formalin-fixed and paraffin-embedded 
xenografts tissue. Following deparaffinization, 
the slides were rehydrated with a series of 
graded alcohols. Antigen retrieval was carried 
out by high pressure for 20 minutes at 100°C. 
Endogenous peroxidase activity was quenched 
with 3% H2O2. Afterwards, the slides were incu-
bated with the indicated primary antibodies at 
4°C overnight. The antigen-antibody binding 
was visualized using the DAB system accord- 
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Figure 1. Palbociclib enhanced the sensitivity of esophageal squamous cell 
carcinoma (ESCC) cells to irradiation (IR). The cell viability of Ec109, KYSE-
30, KYSE-70, and KYSE-150 cells after exposure to different treatment regi-
mens were detected by CCK-8 assay. All results are presented as the mean 
± SEM from three repeated experiments. The differences among the groups 
were obtained using Analysis of Variance (ANOVA). #No statistical signifi-
cant, IR VS IR+Palbociclib; ***P<0.001, IR VS IR+Palbociclib; ****P<0.0001, 
IR VS IR+Palbociclib.

ing to the manufacturer’s instructions. Finally, 
slides were counterstained with hematoxylin, 
dehydrated, and mounted. The following prima-
ry antibodies were used: LC3-II and Ki-67.

Statistical analysis

Data were shown as mean ± SEM. Student’s t 
test or one-way analysis of variance (ANOVA) 
was used to determine the significance among 
groups. SPSS 22.0 software (Armonk, USA)  
and GraphPad Prism 8.0 software (San Diego, 
USA) were used for statistical analysis. P value 
less than 0.05 was considered significant.

Results

Palbociclib enhances radio-
sensitivity of ESCC cells in 
vitro

To evaluate the radiation en- 
hancement effect of CDK4/6 
inhibition on ESCC cell lines, 
we first performed CCK-8 
assay. Four ESCC cell lines 
were treated with IR (single 
dose of 4 Gy), palbociclib (10 
μM), IR+palbociclib (pretreated 
one hour prior to IR), and the 
cell viability was determined  
by CCK-8 assay. The results 
showed that palbociclib at a 
concentration of 10 μM incre- 
ased the radiosensitivity of 
Ec109 and KYSE-150 cells. 
However, palbociclib failed to 
enhance the lethal effect of 
radiation on KYSE-30 and 
KYSE-70 cells (Figure 1). In 
order to further confirm the 
radiosesitizing role of palboci-
clib, we investigated the prolif-
eration ability of the Ec109 
and KYSE-150 cells which 
treated with IR+palbociclib 
through colony formation as- 
says. The combined regimen 
more potently restrained the 
survival of clone formation in 
Ec109 and KYSE-150 cells 
(Figure 2). Collectively, these 
data suggest that palbociclib 
is a potential radiation modifi-
er for ESCC cells.

Palbociclib inhibits radiation-induced DNA 
damage repair in ESCC cells

DNA damage repair exerts a critical role in the 
regulation of cancer radiosensitivity [19]. Next, 
we performed γH2AX immunofluorescence 
staining to evaluate the effect of palbociclib on 
the radiation-induced DNA damage repair in 
ESCC cells. The intensity of γH2AX foci of 
esophageal cancer cells exposed to IR was 
detected at different time points. Figure 3 
shows the γH2AX kinetics of Ec109 and KYSE-
150 cells treated with IR or IR+palbociclib. In 
Ec109 and KYSE-150 cells, the positive rate of 
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Figure 2. Colony formation of irradiated Ec109 and KYSE-150 esophageal squamous cell carcinoma (ESCC) cells with or without treatment with palbociclib were 
analyzed. The representative pictures of clone formation assay and cell survival curves are given. All results are presented as the mean ± SEM from three repeated 
experiments. The differences in the two groups were obtained using Student’s t-test. *P<0.05, IR VS IR+Palbociclib; **P<0.01, IR VS IR+Palbociclib.
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Figure 3. Palbociclib enhanced the irradiation (IR)-induced DNA damage in esophageal squamous cell carcinoma (ESCC) cells. Immunofluorescence analysis was 
used to evaluate the expression of γH2AX (green) in Ec109 and KYSE-150 cells treated with IR and IR+palbociclib for 6 hours and 24 hours. The nuclei were de-
tected by DAPI. All results are presented as the mean ± SEM from three repeated experiments. The differences in the two groups were obtained using Student’s 
t-test. ***P<0.001, IR VS IR+Palbociclib; ****P<0.0001, IR VS IR+Palbociclib.
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γH2AX immunocytochemistry was significantly 
increased at 6 hours and 24 hours after IR 
compared with radiation alone. These data 
suggest that the combined use of IR and  
palbociclib leads to the accumulation of DNA 
damage, which may contribute to the enhance-
ment of radiosensitivity.

To further evaluate the influence of palbociclib 
on radiation induced DNA damage repair, west-
ern blotting was used to detect the protein 
expression levels of RPA70, XRCC-2, XRCC-3, 
XRCC-4, Ligase IV, Ku70, RAD51, and p-DNA-
PKcs, the key proteins of DNA repair after IR or 
IR+palbociclib management. Compared with IR 
alone, the combination of palbociclib and IR 
decreased the expression of RAD51 and p- 
DNA-PKcs in esophageal cancer cells (Figure 
4A). These results suggest that palbociclib 
inhibits both homologous recombination (HR) 
and non-homologous DNA end joining (NHEJ) 
DNA repair pathway and leads to the radiation 
sensitization.

Palbociclib increases the radiosensitivity of 
ESCC cells by inducing autophagy

In order to further explore the potential me- 
chanisms of radiosensitization induced by pal-
bociclib in ESCC cells, different subroutines of 
regulated cell death, including apoptosis, 
autophagy, and pyroptosis, that may occur in 
response to IR+palbociclib were evaluated by 
western blotting. Compared with IR group, IR+ 
palbociclib could transform LC-3 I into LC-3 II, 

but there was no significant difference in pro-
tein expression level of cleaved poly (ADP-
ribose) polymerase (c-PARP) and N-terminal of 
Gasdermin E (GSDME-N) between IR group  
and IR+palbociclib group (Figure 4B). Many 
reports have revealed that the mTOR signaling 
pathway was the main negative regulator of 
autophagy [20, 21]. In the subsequent study, 
western blotting was used to verify whether 
mTOR was involved in autophagy induced by 
palbociclib. The results showed that com- 
pared with IR group, the expression of p-mTOR 
protein in IR+palbociclib group was down- 
regulated, but the total amount of mTOR pro-
tein had no significant change (Figure 5A). 
These results suggest that IR+palbociclib kills 
ESCC cells by preferentially stimulating cellular 
autophagy.

The role of autophagy in regulating palbociclib-
mediated radiosensitivity has been further  
confirmed in rescue experiments. Firstly, the 
effect of autophagy inhibitor chloroquine (CQ) 
on the IR+palbociclib-induced death of ESCC 
cells was measured with CCK-8 assays. Com- 
pared with IR+palbociclib group, the addition  
of 20 μM CQ could significantly improve ESCC 
cell viability (Figure 5B). Therefore, we chose 
20 μM CQ for clonogenic survival assays to fur-
ther confirm the effect of autophagy on palbo- 
ciclib-mediated radiosensitivity of ESCC cells. 
The results showed that 20 μM CQ treatment 
partially restored the clone survival rate of 
ESCC cells decreased by IR+palbociclib expo-
sure (Figure 5C). In summary, our results sug-
gest that the radiosensitization induced by pal-

Figure 4. Palbociclib enhanced the radiosensitization of esophageal squamous cell carcinoma (ESCC) through im-
pairing DNA damage repair proteins and activating autophagy. The key proteins in homologous recombination (HR) 
and non-homologous DNA end joining (NHEJ) DNA repair pathway were analyzed by western blotting. The results 
showed that compared with IR, IR+palbociclib could significantly inhibit the protein expression of RAD51 and p-
DNA-PKcs (A). Western blotting was used to analyze the key proteins in different processes of cell death, such as 
apoptosis, autophagy, and pyroptosis. The results showed that IR+palbociclib could significantly transform LC-3 I 
into LC-3 II (B).
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Figure 5. Palbociclib induced-esophageal squamous cell carcinoma (ESCC) radiosensitization could be partially 
reversed by autophagy inhibitor. Western blot analysis showed that compared with IR, IR+palbociclib significantly 
inhibited the expression of p-mTOR (A). CCK-8 assay was used to detect the cell viability after the combination of 
IR+palbociclib and different concentrations of chloroquine (CQ) (B). Twenty μM CQ was selected for further study. 
Representative pictures of clone formation assay when combined with CQ and IR+palbociclib (C). All results are 
presented as the mean ± SEM from three repeated experiments. The differences among the groups were obtained 
using Analysis of Variance (ANOVA). ****P<0.0001, IR+Palbociclib VS IR+Palbociclib+CQ 10 μM; ****P<0.0001, 
IR+Palbociclib VS IR+Palbociclib+CQ 20 μM; **P<0.01, IR+Palbociclib VS IR+Palbociclib+CQ 30 μM; **P<0.01, IR 
VS IR+Palbociclib; **P<0.01, IR+Palbociclib VS IR+Palbociclib+CQ 20 μM.

bociclib is at least partially due to the activa- 
tion of autophagy.

Palbociclib enhances the radiosensitivity of 
ESCC xenografts

Finally, we evaluated the efficacy of palboci- 
clib combined with radiotherapy in xenografts. 
Athymic nude mice bearing Ec109 tumor xeno-
grafts were used for tumor growth delay assay. 
When the tumor was palpable (100 mm3), the 
mice were randomly divided into control, IR, 
IR+palbociclib, or palbociclib alone group. As 

shown in Figure 6, in combination with radia-
tion, palbociclib produced a significant radio-
sensitization effect compared with radiation 
alone. Furthermore, detection of the Ki-67 pro-
liferation marker by IHC showed that the prolif-
eration of Ec109 cells was slightly decreased  
in the tumors of the IR group, while the combi-
nation treatment of IR and palbociclib exerted  
a remarkable effect. In addition, tumors in the 
IR+palbociclib-treated animals demonstrated 
an increase in the expression level of LC-3 II 
compared with those from the IR-treated mice. 
These results suggested that palbociclib can 
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Figure 6. Palbociclib sensitized esophageal squamous cell carcinoma (ESCC) xenografts to radiotherapy. The growth 
images of Ec109 tumor in nude mice in control, IR, IR+palbociclib, and palbociclib alone group (A). The growth 
curves of Ec109 tumor in nude mice in control, IR, IR+palbociclib, and palbociclib alone group (B). Immunohisto-
chemical staining of formalin-fixed, paraffin-embedded tumor tissue for LC3-II and Ki-67 (C). All results are present-
ed as the mean ± SEM of 5 mice in each group. The differences among the groups were obtained using Analysis of 
Variance (ANOVA). *P<0.05, IR VS IR+Palbociclib.

effectively enhance the radiosensitivity of 
ESCC, reduce tumor burden through activating 
autophagy.

Discussion

CDK4/6 exerts a critical role in the prolifera- 
tion of esophageal cancer cells. Targeting 
CDK4/6 is considered to be a feasible way for 
the treatment of esophageal cancer. In fact, 
several CDK4/6 specific inhibitors have been 
developed, including palbociclib, abemaciclib, 
and riociclib, which are being intensively ex- 
plored in human cancers in pre-clinical studies 
and clinical trials. Recently, the anticancer 
effect of CDK4/6 specific inhibitors on ESCC 
has been confirmed in vivo and in vitro. Chen  
et al. [10] found that palbociclib inhibited the 
growth of ESCC cells and induced mitochondri-
al-dependent apoptosis. In addition, palboci- 
clib had a synergistic effect with cisplatin or 

5-fluorouracil. Wang et al. [12] demonstrated 
that CDK4/6 inhibitor SHR6390 could inhibit 
the proliferation of ESCC cells in vitro and tu- 
mor growth in a patient-derived tumor xeno-
graft (PDX) model. Mechanically, SHR6390 
effectively suppressed the phosphorylation of 
Rb and arrested the cell cycle at G1 phase. 
Moreover, SHR6390 combined with paclitaxel 
or cisplatin had synergistic inhibitory effect on 
Eca 9706 xenografts which showed relative 
lower sensitivity of SHR6390 alone. Zhou et  
al. [13] revealed that a CDK4/6 inhibitor could 
prevent the resistance of epidermal growth  
factor receptor (EGFR) inhibitors in ESCC with 
EGFR amplification in vitro and in vivo. Su et al. 
[22] confirmed cyclin dependent kinase inhibi-
tor 2A/2B (CDKN2A/2B) deletion was a bio-
marker for predicting the sensitivity of CDK4/6 
inhibitors in PDX model of ESCC. However, the 
radiosensitization effect of CDK4/6 inhibitors 
on ESCC has not been widely studied. Al- 



Radiosensitizing effect of CDK4/6 inhibitor in ESCC

1625 Am J Transl Res 2022;14(3):1616-1627

though Li et al. [23] reported that targeting 
both yes1 associated transcriptional regulator 
(YAP1) and CDK6 pathways could overcome 
radiation resistance in esophageal cancer.

In the present study, the combined use of pal-
bociclib and IR significantly inhibited the via- 
bility of Ec109 and KYSE-150 cells. However, 
no radiosensitization effect was observed in 
KYSE-30 and KYSE-70 cells, which may be 
related to the status of p53 and Rb in these  
two cell lines. In order to further explore the 
mechanisms of radiosensitization of palboci-
clib, the positive rate of γH2AX and the expres-
sion level of a key DNA damage response pro-
tein were tested. The results showed that the 
immunocytochemical positive rate of γH2AX 
after IR+palbociclib treatment was significantly 
higher than that in the IR group. In addition, the 
combined action of CDK4/6 inhibition and IR 
led to the impairment of HR and NHEJ. Thus, 
the impact of palbociclib on the repair of DNA 
damage may be one of the mechanisms of its 
radiosensitization effect. Although we focused 
on CDK4/6 inhibition and the DNA damage 
response, other mechanisms may also contrib-
ute to radiosensitization phenotype. Subsequ- 
ently, we evaluated the subroutines that regu-
lated cell death induced by the combined 
therapy. The results showed that the combina-
tion of palbociclib and IR mainly induced 
autophagy, which had also been confirmed in 
rescue studies.

Autophagy is generally regarded as a physio- 
logical phenomenon that protects cells from 
changes in the intracellular or extracellular 
environment [24-28]. Radiotherapy is an effec-
tive and common strategy for the treatment of 
various types of cancer. It is well known that  
the outcome of radiotherapy can be regulated 
by activation of autophagy [29]. A large num- 
ber of pharmaceutical studies have shown that 
promoting autophagy through a variety of ways 
can improve the results of cancer radiotherapy. 
Similar to radiotherapy, CDK4/6 inhibitors can 
also induce autophagy. Iriyama et al. [30] 
observed that CDK4/6 inhibitor abemaciclib 
induced autophagy in multiple myeloma cell 
lines in a dose-dependent manner. Valenzuela 
et al. [31] studied the inhibitory effect of 
CDK4/6 inhibitors on gastric cancer cell lines. 
Inhibition of CDK4/6 in gastric cancer cells led 
to the induction of autophagy which was de- 

pendent on the status of pRb and p53. Vi- 
jayaraghavan et al. [32] further revealed that 
an intact G1/S transition was a reliable predic-
tive biomarker for the combined use of CDK4 
and autophagy inhibitors. Okada et al. [33] 
found that the combination of CDK4 and an 
autophagy inhibitor could further induce apop-
tosis. Autophagy and apoptosis are different 
types of programmed cell death. Recent stud-
ies have shown that there is a complex inter- 
action between autophagy and apoptosis. In 
some cases, autophagy induced by anticancer 
therapy can directly lead to cell death, but in 
other situations, autophagy can induce cell 
death by mediating apoptosis [34, 35]. In this 
study, we demonstrated that palbociclib medi-
ated the radiosensitization of ESCC by activat-
ing autophagy. Autophagy inhibitor CQ could 
reverse the radiosensitivity of esophageal can-
cer cells caused by CDK4/6 inhibition. More 
importantly, in vivo experiments also confirm- 
ed that palbociclib could improve the radiosen-
sitivity of ESCC cells in nude mice by activating 
autophagy, which was consistent with our 
results in vitro. Autophagy itself or apoptosis 
mediated by autophagy may contribute to cell 
death triggered by CDK4/6 inhibitors and  
radiotherapy. Therefore, palbociclib enhances 
the radiosensitivity of ESCC by mediating DNA 
damage and cellular autophagy, and is expect-
ed to become a radiosensitizer for ESCC.

Conclusion

In conclusion, our results show that compared 
with the use of IR alone, the combined use  
of IR and palbociclib could significantly inhibit 
the cell viability of ESCC. Palbociclib combined 
with IR causes DNA damage repair disorders 
and induction of autophagy. The combination 
of CDK4/6 inhibition and IR is a potential  
and effective strategy for radiosensitization of 
esophageal cancer, which warrants clinical 
investigation.
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