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Abstract. Since cyclin-dependent kinases 4/6 (CDK4/6) play 
pivotal roles in cell cycle regulation and are overexpressed in 
human skin cancers, CDK4/6 inhibitors are potentially effec-
tive drugs for skin cancer. In the present study, we present a 
mixed computational and experimental study attempting to 
repurpose approved small-molecule drugs as dual CDK4/6 
inhibitors for skin cancer treatment. We performed struc-
ture-based virtual screening using the docking software idock, 
targeting an ensemble of CDK4/6 structures. We identified and 
selected nine compounds with significant predicted scores, 
and evaluated their cytotoxic effects in vitro in A375 and A431 
human skin cancer cell lines. Rafoxanide was found to exhibit 
the highest cytotoxic effects (IC50: 1.09 µM for A375 and 
1.31 µM for A431 cells). Consistent with the expected proper-
ties of CDK4/6 inhibitors, rafoxanide significantly increased 
the G1 phase population. Notably, we revealed that rafoxanide 
specifically decreased the expression of CDK4/6, cyclin D, reti-
noblastoma protein (Rb) and the phosphorylation of CDK4/6 
and Rb. Furthermore, the anticancer effect of rafoxanide was 
demonstrated in vivo in BALB/C nude mice subcutaneously 
xenografted with human skin cancer A375 cells. Rafoxanide 
(40 mg/kg, i.p.) exhibited significant antitumor activity, 
comparable to that of oxaliplatin (5 mg/kg, i.p.). The combined 

administration of rafoxanide and oxaliplatin produced a 
synergistic therapeutic effect. To the best of our knowledge, 
the present study is the first to indicate that rafoxanide inhibits 
CDK4/6 activity and is a potential candidate drug for the treat-
ment of human skin cancer.

Introduction

More than 100 types of tumors are clinically apparent on the 
skin. Non-melanoma skin cancer (NMSC) is the most common 
malignancy in the world, with cutaneous squamous cell carci-
nomas (cSCCs) constituting ~20% of all NMSC. While cSCCs 
typically behave in an indolent fashion and can be cured with 
local destructive or surgical methods (1,2), if the tumor occurs 
on the face, surgery could potentially reduce the quality of 
life of the patient. At present, ifosfamide and cisplatin are 
commonly used chemotherapy drugs for skin cancers. They 
kill the skin cancer cells by suppressing the synthesis of DNA. 
However, non-invasive, effective, and targeted skin cancer 
chemotherapy drugs are lacking.

An essential characteristic of tumors is increased cell 
proliferation, which is controlled by cell cycle progression. 
Cyclin-dependent kinases (CDKs) bind to cell cycle proteins 
(cyclin) to form a complex, and regulate transcription, metabo-
lism, neuro-physiological processes such as differentiation and 
development (3-12). Disorders of CDK activity directly or indi-
rectly cause cell proliferation, genomic instability (increase 
DNA mutations and chromosome deletions) and chromosome 
instability (chromosome number changes), which are critical 
for the development and progression of cancer (13,14). Among 
them, CDK4/6 activity is necessary for the regulation of the 
cell cycle in the G1 phase (15). CDK4/6 have been selected 
as important cancer therapeutic target proteins, as they are 
hallmarks of cancers.
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It has been well documented that the expression levels of 
CDK4/6 are significantly higher in many tumors (16‑18). In 
skin cancers, it has been reported that CDK4 and CDK6 levels 
are overexpressed in >90% of cases (19). Therefore, CDK4/6 
are important targets for skin cancer drugs. Recently, two 
CDK4/6 inhibitors have been approved for the treatment of 
breast cancer. However, there is no study on CDK4/6 inhibitors 
which focuses on skin cancer.

Using structure-based virtual screening via protein-ligand 
docking to select candidates from FDA-approved small- 
molecule drugs, we previously identified two CDK2 inhibi-
tors, adapalene (20) and fluspirilene (21). In the present study, 
we attempted to identify drugs with the ability to specifically 
inhibit both CDK4/6 at the same time without affecting 
CDK2. To achieve this purpose, the free and open-source 
docking software idock v2.2.1 (22,23) developed by our 
group, was applied to dock small molecule compounds 
onto each and all of the available CDK4/6 structures, and to 
predict their binding conformations, as well as their binding 
affinities. The top compounds displaying the highest average 
predicted binding free energy were screened for their ability to 
reduce the viability of human skin cancer cells. Among them, 
rafoxanide was discovered as a CDK4/6 dual-inhibitor with 
the highest anticancer effects in A375 and A431 human skin 
cancer cell lines. The anticancer effects were also validated 
in vivo in BALB/C nude mice subcutaneously xenografted 
with A375 cells.

At present, rafoxanide is mainly used for fasciola hepatica 
infection (24,25). The present study is the first to indicate that 
rafoxanide inhibits CDK4/6 and is a potential candidate drug 
for the treatment of human skin cancer.

Materials and methods

Ethics statement. The present study, was approved by the 
Ethics Committee of Yunnan University of Chinese Traditional 
Medicine (Kunming, China).

Docking. We first collected five X‑ray crystallographic struc-
tures of CDK4 and 8 X-ray crystallographic structures of 
CDK6 in a complex with a ligand from the Protein Data Bank 
(PDB) (26-27), and then the co-crystallized water and ligand 
molecules were deleted manually. Subsequently, the structures 
of 3,167 approved drugs were gathered from the ZINC data-
base (28,29). To predict the binding conformations and the 
binding affinities of these drugs with the CDK4/6 proteins, the 
free and popular docking software idock v2.2.1 (20,21) was 
used to dock all of the compounds onto all of the CDK2/4/6 
structures. Prioritized in accordance with the average predicted 
binding affinity, 9 commercially available compounds were 
identified, purchased and subsequently evaluated.

Chemicals and antibodies. We purchased lifibrate, nizofenone, 
pimozide, trifluperidol, tosufloxacin, cloricromene, sulcon-
azole, sertindole, rafoxanide, oxaliplatin from Sigma-Aldrich 
(Merck KGaA, Darmstadt, Germany). The antibodies 
used in the present study, anti-cyclin D (cat. no. ab134175), 
ant i-CDK2/4/6 (cat.  nos.  ab32147, ab108357 and 
ab124821), anti-Rb (cat. no. ab181616), anti-phosphorylated 
(pho)-CDK2/6 (cat. nos. ab76146 and ab194871), anti-pho-Rb 

(cat. no. ab184796) and GAPDH (cat. no. ab8245) were 
obtained from Abcam (Cambridge, MA, USA); pho-CDK4 
(cat. no. AP0593) was obtained from ABclonal (Wuhan, 
China).

Cell lines and cell culture conditions. The skin cancer A431 and 
A375 cell lines were obtained from the Library of the Chinese 
Academy of Sciences Committee on Type Culture Collection 
of Cells (Shanghai, China). These cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM; GE Healthcare 
Life Sciences, Shanghai, China) containing 10% fetal bovine 
serum (FBS; Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) at 37˚C, in 5% CO2 and 95% humidified air.

Cell culture experimental conditions. Briefly, cells were plated 
in 96-, 24- or 6-well plates (Wuxi Nest Biotechnology Co., 
Ltd., Wuxi, China) with medium for 24 h. Subsequently, they 
were treated with medium containing 8% FBS and the test 
compounds at various concentrations (3, 10 and 30 µM/l) and 
incubation times (24, 48 and 72 h) as indicated.

MTS assay. Cell proliferative ability was analyzed at 
various time-points (days 1, 3 and 6) using colorimetric 
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy methoxy phenyl)- 
2-(4-sulfophenyl)-2H-tetra zolium] (MTS) assay (Promega 
Corp., Beijing, China). Cells were seeded at an initial density of 
9x103 cells/well in 96-well plates, and cultured under 5% CO2 
at 37˚C. After a 24‑h incubation, the media was replaced with 
fresh growth media containing testing compounds at various 
concentrations (3, 10 and 30 µM/l) and incubation times 
(24, 48 and 72 h) as indicated. At the end of the reactions, 20 µl 
of a pre-diluted MTS solution was introduced to each well and 
the cells were incubated at 37˚C in the dark for 2 h. The absor-
bance was recorded at 490 nm with a Synergy 2 microplate 
reader (Multiskan FC; Thermo Fisher Scientific, Inc.).

Cell cycle analysis. We conducted cell cycle analysis using an 
EPICS XL4 Flow Cytometer (Beckman Coulter, Inc., Brea, 
CA, USA). The cell cycle phase distribution was analyzed 
using ModFit LT 2.0 software (Verity Software House, 
Topsham, ME, USA). Briefly, cells (4x104) were seeded in 
24-well plates in DMEM containing 0.125% FBS. After 24 h, 
the cell culture medium was replaced with DMEM containing 
10% FBS and various doses of rafoxanide (1, 3, 10 or 30 µM) 
for 6, 12 or 24 h, as indicated. At the end of the experiments, 
cells (1x104) were fixed in ice‑cold 70% ethanol, and stained 
using a Coulter DNA Prep Reagent kit (Beckman Coulter), and 
cellular DNA content was assessed. All data were obtained 
from two separate experiments performed in triplicate.

Cell apoptosis analysis. Apoptosis was determined by 
staining cells with both Annexin V and propidium iodide (PI) 
(Annexin V-FITC/PI Kit; 4A Biotech Co., Ltd., Beijing, China), 
according to the manufacturer's instructions to quantify the 
apoptotic cells. Briefly, cells were plated on 24‑well plates with 
DMEM containing 0.125% FBS. After 24 h, the medium was 
replaced with DMEM with 10% FBS, and 3, 10 or 30 µM of 
rafoxanide for various time-points (6, 12 and 24 h) as indicated. 
At the end of the experiments, cells were trypsinized with 
0.25% trypsin in the absence of ethylenediaminetetraacetic 
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acid (EDTA), washed with PBS twice, and suspended in 500 µl 
of binding buffer. Two microliters of Annexin V-EGFP and 
5 µl of PI were added to the suspension (2x105-106 cells/ml) 
and incubated for 5 to 15 min in the dark. The apoptotic cells 
were analyzed by flow cytometry (CyFlow Space; Sysmex 
Partec, Hamburg, Germany).

Western blot analysis. A431 and A375 cells were plated on 
6-well plates in DMEM containing 0.125% FBS. After 24 h, 
the cell culture media were replaced with DMEM containing 
10% FBS medium containing rafoxanide at concentrations of 
3, 10 and 30 µM. Cells were harvested after 6 h of incubation. 
As positive controls, CDK2/4/6siRNAs were used to inhibit 
proteins CDK2,4,6 in A431 and A375 cells. The siRNA 
oligo sequences were as follows: siRNA-CDK2, 5'-AGT TGT 
ACC TCC CCT GGA T-3'; siRNA-CDK4, 5'-CAG AUC UCG 
GUG AAC GAU GdT dT-3'; siRNA-CDK6, 5'-GAU GUU GAU 
CAA CUA GGA ATT‑3'. Briefly, when cells were treated with 
40 pmol siRNA of CDK2/4/6/ they were delivered using 5 µl 
RNAiMAX transfection reagent for transfection in each well 
of the 6-well plates. Cells were lysed in radioimmunopre-
cipitation assay buffer (Beyotime Institute of Biotechnology, 
Jiangsu, China), and protein concentrations were assessed 
using a Bicinchoninic Acid Protein Assay kit (Thermo Fisher 
Scientific, Inc.). Equal amounts of protein (30 µg/lane) samples 
were resolved by 10% SDS-PAGE and transferred onto 
membranes (Immobilon FL; Merck Millipore). After blocking, 
the membranes were incubated first with the primary anti-
bodies (Abcam) at 4˚C overnight, washed in TBS, and then the 
secondary antibodies (1:4,000; cat. no. SE12; Beijing Solarbio 
Science and Technology Co., Ltd.,Beijing, China) were added 
for 1 h at room temperature. Prior to drying in the dark, the 
membranes were then washed in TBS+0.1% Tween, and then 
dH2O. The blots were detected using a chemiluminescence 
detection system (Amersham Biosciences, Piscataway, NJ, 
USA) (VisionWorks acquisition and analysis, Compatible with 
Microsoft Windows 7, Vista, XP SP2 or later).

Evaluation of the therapeutic effect of Rafoxanide in vivo in 
nude mice xenografted with A375 cells. In the present study, 
we used female BALB/C nude mice (n=50; weighing 15 g; 
4-5 weeks old; Vital River Laboratory Animal Technology 

Co., Ltd., Beijing, China). The mice were housed under 
specific pathogen-free conditions in an environment with 
a 12-h light/dark cycle and 50-80% humidity. Mice were 
cared for in accordance with the guidelines of the Laboratory 
Animal Ethics Committee of Kunming Medical University 
(Kunming, China). The present study, was approved by 
the Ethics Committee of Yunnan University of Chinese 
Traditional Medicine (Kunming, China). A375 cells (1x106) 
were suspended in 0.2 ml PBS, and injected subcutaneously 
into the right flank of the mice (n=3). Tumor size was assessed 
using a caliper. When the tumors grew to 80-100 mm3 (1 week 
after inoculation), mice were divided randomly into different 
experimental groups (5 mice/group), and intraperitoneally 
injected daily for 21 days with various testing compounds. The 
mice were sacrificed by cervical dislocation, and the tumors 
were excised, weighed, and images were captured by camera 
(Canon, Inc., Tokyo, Japan). The tumor volume was calculated 
using the formula V = ab2/2 (a = longest axis; b = shortest axis).

Statistical analysis. Data were obtained from at least 
three experiments, and values were expressed as the 
mean ± standard deviation (SD). Statistical analysis was 
performed by ANOVA followed with Fisher's least significant 
difference post hoc tests (version 16.0, SPSS software). P<0.05 
was considered to indicate a statistically significant difference 
between values.

Results

Identif ication of candidate CDK4/6 inhibitors using 
structure‑based virtual screening. A total of 3,167 drugs 
approved by worldwide authorities constituted a library of 
compounds for screening. They were individually docked to 
the ATP binding pockets of CDK4/6, and then sorted in the 
ascending order of their predicted binding free energy. The 
high-scoring compounds were manually examined based 
on in silico estimations of binding strength, appropriate 
molecular weight and other drug-like properties, and comple-
mentary matching of molecular shape. Finally, high-scoring 
compounds were selected and 9 commercially available 
compounds [Table I (28,30-37)] were purchased for subse-
quent wet-lab validations.

Table I. The nine top-scoring compounds purchased and tested in vitro.

Compound name ZINC ID Average score (kcal/mol) MW (g/Mol) Clinic usage (Refs.)

Lifibrate 537906 ‑8.5 410.295 Hypolipidemic agent (30)
Nizofenone 538096 -7.14 412.87 Ameliorated ischemic brain damage (31)
Pimozide 19796084 -9.99 461.55 Neuroleptic drug (32)
Trifluperidol 538505 ‑7.67 409.417 Schizophrenia drug (33)
Tosufloxacin 21983589 ‑9.56 404.34 Antibiotics (34)
Cloricromene 576842 -7.06 395.88 Coronary dilating agent (35)
Sulconazole 601250 -8.13 460.76 Antifungal agents (36)
Sertindole 538337 -9.48 440.94 Antipsychotic drugs (37)
Rafoxanide 4181896 -8.68 626.01 Treatment of Fasciola hepatica infection (28)

The idock score is an estimation of binding free energy in kcal/mol units. A more negative value implies a higher predicted binding affinity.
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Rafoxanide treatment markedly decreases the viability of 
A375 and A431 human skin cancer cells. We first evaluated 
the cytotoxic effects of the nine compounds using MTS 
assays in two skin cancer cell lines. All nine compounds 
(lifibrate, nizofenone, pimozide, trifluperidol, tosufloxacin, 

cloricromene, sulconazole, sertindole and rafoxanide) 
decreased the viability of the A375 and A431 cells. The IC50 
values were calculated using GraphPad Prism 5 (GraphPad 
Software, Inc., La Jolla, CA, USA). Among them, rafoxanide 
exhibited the lowest IC50 value (1.09 µM for A375 and 1.31 µM 

Figure 1. Comparison of the effect of nine candidate CDK4/6 inhibitors on the viability of A375 and A431 skin cancer cells. (A and B) The cell viability assay. 
Nine compounds had discrepant cytotoxicity to the A375 and A431 cell lines at different concentrations as determined by an MTT assay, with rafoxanide 
exhibiting the greatest cytotoxicity compared with the control (*P<0.05, **P<0.01). (C and D) Rafoxanide exhibited dose- and time-dependent inhibition on cell 
viability in A375 and A431 cell lines compared with the control (*P<0.05, **P<0.01).

Figure 3. Rafoxanide treatment induces cell apoptosis. Rafoxanide treatment at concentrattions of 30 or 10 µM significantly increased the percentage of 
apoptosis in (A) A431 and (B) A375 cell lines compared to the control in a dose- and time-dependent manner (*P<0.05, **P<0.01).

Figure 2. Effects of rafoxanide on the cell cycle distribution in A375 and A431 skin cancer cells. (A) A375 and (B) A431 cell lines were treated with different 
concentrations (1, 3, 10 and 30 µM) of rafoxanide for 6, 12 and 24 h, and the cell cycle distributions were determined by flow cytometry. Rafoxanide treatment 
dose‑ and time‑dependently increased the percentage of cells in the G1 phase. Concentrations at 10 and 30 µM significantly increased the percentage of cells 
in the G1 phase at 24 h, compared to the control (*P<0.05, **P<0.01).
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for A431 cells, respectively). As displayed in Fig. 1 rafoxanide 
exhibited the strongest cytotoxic effects in A375 (Fig. 1A) 
and A431 (Fig. 1B) cells compared to the other 8 compounds. 
The growth inhibitory effect of rafoxanide was dose- and 
time-dependent, with significant inhibition observed at 
concentrations of ≥3 µM in A375 cells (Fig. 1C) and A431 
cells (Fig. 1D).

Rafoxanide treatment causes cell cycle arrest in the G1 phase. 
We then assessed the effect of rafoxanide treatment in the inhi-
bition of cell cycle progression. The A375 and A431 cells were 
treated with various doses of rafoxanide (3, 10 or 30 µM) for 

different time-points (6, 12 or 24 h), and their effects on cell 
cycle profiles were assessed using flow cytometric analysis. 
After 24 h of incubation, our results indicated that rafoxanide 
treatment dose‑ and time‑dependently (P<0.05), significantly 
increased the G1 phase populations, which was accompanied 
by concurrent decreased S- and G2/M phase populations, in 
A375 (Fig. 2A) and A431 (Fig. 2B) cells.

Rafoxanide treatment stimulates cell apoptosis. In addition, 
we investigated whether rafoxanide could stimulate cell apop-
tosis using flow cytometry with an Annexin V‑FITC/PI kit 
(4A Biotech Co., Ltd., Beijing, China). As displayed in Fig. 3, 

Figure 4. Effects of rafoxanide treatment on the expression of cyclin D, CDK4/6 and Rb. (A) A375 and A431 cells were plated on 6-well plates with 0.125% 
FBS medium for 24 h and then with 10% FBS medium containing rafoxanide at concentrations of 3, 10, 30 µM. Cells were harvested after a 6-h incubation 
and proteins were analyzed by western blotting. Western blotting results revealed that rafoxanide treatment significantly reduced the expression of CDK4/6, 
pho-CDK4/6, Rb, pho-Rb, cyclin D in A375 and A431 compared to the control. (B) Graph indicated the expression protein level of CDK2 was not affected by 
treatment with rafoxanide. (C-E) Graphs revealing the dose-dependent reduction on the protein expression level of CDK4, CDK6 and Rb in the A375 and A431 
cell lines compared to the control (*P<0.05, **P<0.01). Based on these results, we proposed that rafoxanide reduced the activity of CDK4/6, which resulted in 
decreased binding and increased degradation of cyclin D. Furthermore, it suppressed Rb and Rb phosphorylation, and reduced the activation of E2F1. These 
functions caused cell cycle G1-arrest and reduced cell cycle progression from the G1 to the S phase.
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rafoxanide treatment at 10 and 30 µM concentrations signifi-
cantly increased the percentage of apoptosis in A375 (Fig. 3A) 
and A431 cells (Fig. 3B) in a dose- and time-dependent 
manner (P<0.05).

Rafoxanide decreases the expression of CDK4/6, Rb, 
cyclin D, pho‑CDK4/6 and pho‑Rb, but not CDK2 in A375 
and A431 cells. To demonstrate the mechanism of actions, 
we investigated the effects of rafoxanide on the expression 
of key proteins involved in cell cycle G1 phase progression, 
including CDK2/4/6, cyclin D, Rb, pho-CDK2/4/6 and pho-Rb 
by western blot analysis in A375 and A431 cells (Fig. 4). 
The results revealed that rafoxanide specifically reduced the 
expression of CDK4/6, cyclin D, Rb, pho-CDK4/6, pho-Rb, 
in the A375 and A431 cells. Notably, the expression level of 
CDK2 was not affected. These patterns are consistent with 
what is expected for a specific CDK4/6 dual inhibitor. Based 
on these results, we proposed that rafoxanide reduced the 
activity of CDK4/6, which decreased the binding of cyclin D 
and promoted degradation, suppressed Rb and Rb phosphory-
lation, and inhibited the activation of E2F1-caused cell cycle 
G1 arrest and suppressed cell cycle progression from the G1 to 
S phases (7-12) (Fig. 5).

Rafoxanide (i.p.) administration reduces the growth of 
tumors subcutaneously xenografted with A375 cells in 
vivo in BALB/C nude mice. To assess the in vivo effect of 
rafoxanide, a mouse model of A375 cell xenografted skin 
tumors was established in BALB/C nude mice. Following 
the appearance of the tumors, tumor volumes were assessed 
every 3-4 days. Seven days after tumor inoculation, the tumor 
volume reached 80-100 mm3, and the animals were divided 
into 4 groups (5 mice/group) and were administered daily for 
21 days by i.p. injection the following: i) PBS (control group); 
ii) oxaplatin (5 mg/kg); iii) rafoxanide (40 mg/kg); and iv) 
combination of rafoxanide (40 mg/kg) and oxaplatin (5 mg/kg). 
As displayed in Fig. 6A, our results demonstrated that the 

Figure 5. Mechanisms of rafoxanide. Cell cycle regulation via cyclin-CDK complexes. Phosphorylation of pRB via CDK4/6 releases pRB from its association 
with transcription factor E2F, allowing the cell cycle to proceed. CDK4/6 inhibition by rafoxanide prevents phosphorylation of pRB, resulting in cell cycle arrest.

Figure 6. Rafoxanide (i.p.) combined with oxaliplatin (i.p.) treatment signifi-
cantly reduces tumor growth in vivo in nude mice xenografted with A375 
cells. (A) Significant reduction of tumor weight was observed upon the 
administration of rafoxanide (i.p.) 40 mg/kg combined with oxaliplatin (i.p.) 
5 mg/kg compared with the control on day 21 (**P<0.01, ***P<0.01). (B) The 
volume of the tumors significantly decreased upon the administration of 
rafoxanide (i.p.) 40 mg/kg combined with oxaliplatin (i.p.) 5 mg/kg treatment 
compared with rafoxanide (i.p.) 40 mg/kg only or oxaliplatin (i.p.) 5 mg/kg 
only on day 21 (**P<0.01, ***P<0.01). (C) No significant body weight changes 
were observed in all four groups (P>0.05).
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potency of rafoxanide (40 mg/kg) was similar to that of oxapl-
atin (5 mg/kg) in reducing tumor weight. The combined 
administration of both drugs produced the greatest therapeutic 
effect. In addition, the effect of rafoxanide (40 mg/kg) was 
similar to that of oxaplatin (5 mg/kg) in reducing tumor 
volume, with combined administration producing the greatest 
therapeutic effect (Fig. 6B). We also assessed the body weight 
of all the mice in the four groups. No significant body weight 
changes were observed in all four groups (P>0.05) (Fig. 6C). 
In addition, we did not detect any obvious toxicity in mice 
during the course of the experiments.

Discussion

The most common forms of skin cancer include basal cell 
carcinoma, squamous cell carcinoma and melanoma. Early 
skin cancer can be cured by surgical resection, and ~80% of 
cases are treated using this method. However, in cases where 
skin cancer is on the face, surgical resection would decrease 
the quality of life of the patient. Thus, new drugs are urgently 
needed (38).

Aberrant cell cycle progression and uncontrolled cell 
proliferation is an indication of cancer (39). CDK4/6 can 
drive cell cycle progression from the G1 to the S phase, thus, 
dysregulation of CDKs plays a central role in tumorigenesis. 
CDK4/6 was revealed to be overexpressed in more than 90% 
of skin cancers (40,41). The CDK4/6 activating events in 
skin cancer render it a potential therapeutic target, therefore 
a dual-inhibitor targeting the activities of CDK4 and CDK6 
could be an effective agent to reduce tumor cell proliferation 
in human neoplasms.

In the present study, we performed virtual screening to 
search for a specific CDK4/6 dual inhibitor from a library 
of FDA-approved small molecule drugs. We reveal in the 
present study for the first time, that rafoxanide exhibited dual 
CDK4/6 inhibitor activity in vitro in human skin cancer cells. 
Furthermore, rafoxanide (40 mg/kg, i.p.) exhibited significant 
in vivo anticancer efficacy, which was comparable to that of 
the clinically used anticancer drug oxaliplatin (5 mg/kg) in 
nude mice subcutaneously xenografted with A375 skin cancer 
cells. The combination of rafoxanide and oxaliplatin produced 
the greatest therapeutic effect.

Three CDK4/6 inhibitors: Palbociclib, ribociclib and 
abemaciclib, have been tested in randomised phase II/III 
trials of clinical breast cancer (BC). Tests results revealed 
significantly increased progression‑free survival in first‑ and 
second-line treatment for advanced hormone receptor-positive 
HER2-negative BC (42). The Food and Drug Administration 
(FDA) and the European Commission (EMA) have approved 
palbociclib for the treatment of patients HR+ HER2- in locally 
advanced or metastatic BC (aBC), in combination with an 
aromatase inhibitor as initial therapy in postmenopausal 
women or in combination with fulvestrant in women who 
have received prior endocrine therapy. Ribociclib has been 
approved by the FDA in combination with an aromatase 
inhibitor as an initial therapy for postmenopausal women with 
HR+ HER2- in BC (43). However, the adverse effects of these 
agents were neutropenia, infections, fatigue and gastrointes-
tinal toxicity. Furthermore, the effect of CDK4/6 inhibitors 
was dependent on an intact, functional Rb group (42,43). 

The incidence of Rb loss was dependent on the clinical 
subtype and was more common in certain subtypes. It has 
been reported that Rb loss was observed at a percentage of 
20-30% in different subtypes of cancer (44,45). Skin cancer 
has been reported to have 33% of Rb loss (46). It remains to 
be determined whether the effect of rafoxanide is dependent 
on an intact functional Rb group.

Rafoxanide has been tested and revealed to have no obvious 
toxic effects by oral administration at 6.7 mg/kg in rabbits 
infected with 2-, 4-, 6- or 8-week old Fasciola hepatica (47). 
The present study did not observe any significant toxicity and 
change in the body weight of the BALB/C nude mice admin-
istered (i.p.) with rafoxanide (40 mg/kg) over 21 days. These 
results suggested that i.p. injection of rafoxanide was relatively 
safe. The toxicity of rafoxanide for skin cancer therapy requires 
further investigations.

In addition to inhibiting CDK4/6, rafoxanide was reported 
to be a potent uncoupling factor of mitochondrial oxidative 
phosphorylation and exert the effects by interfering with para-
site mitochondrial ATP synthesis (48). The possible function 
and effect of rafoxanide as an uncoupling agent of mito-
chondrial oxidative phosphorylation, and whether it would 
interfere with mitochondria ATP synthesis in skin cancer cells 
remain to be determined. In addition, our results revealed that 
rafoxanide also promoted apoptosis in skin cancer cells. While 
the mechanisms are not known, it is possible that rafoxanide 
may induce apoptosis via the E2F-p53-Bax/caspase 3 signaling 
pathway (49-51). In the next phase of the study, the mecha-
nisms of rafoxanide-induced apoptosis in skin cancer will be 
identified by microarray and other methods.

At present, rafoxanide is used for the treatment of 
Fasciola hepatica infection (28,29). As an FDA-approved drug, 
rafoxanide alone or in combination with other chemothera-
peutic drugs may be suitable for the treatment of skin cancers. 
Further modifications may be required to improve its efficacy 
and reduce its toxicity, including chemical modification and/or 
packaging rafoxanide in nanoparticles or liposomes. The possi-
bility that rafoxanide could be considered as either an alternative 
or a complementary therapy with surgery for the treatment of 
skin cancer, particularly when occurring on the face, warrants 
further investigations.
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