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The programmed cell death 1 (PD-1)/programmed death ligand 1 (PD-L1) pathway is

abnormally expressed in cervical cancer cells. Moreover, PD-1/PD-L1 blockade

reduces the apoptosis and exhaustion of T cells and inhibits the development of

malignant tumors. Usnic acid is a dibenzofuran compound originating from Usnea dif-

fracta Vain and has anti-inflammatory, antifungal, and anticancer activities. However,

the molecular mechanism of its antitumor effects has not been fully elucidated. In

this work, we first observed that usnic acid decreased the expression of PD-L1 in

HeLa cells and enhanced the cytotoxicity of co-cultured T cells toward tumor cells.

Usnic acid inhibited PD-L1 protein synthesis by reducing STAT3 and RAS pathways

cooperatively. It was subsequently shown that usnic acid induced MiT/TFE nuclear

translocation through the suppression of mTOR signaling pathways, and promoted

the biogenesis of lysosomes and the translocation of PD-L1 to the lysosomes for pro-

teolysis. Furthermore, usnic acid inhibited cell proliferation, angiogenesis, migration,

and invasion, respectively, by downregulating PD-L1, thereby inhibiting tumor

growth. Taken together, our results show that usnic acid is an effective inhibitor of

PD-L1 and our study provide novel insights into the mechanism of its anticancer

targeted therapy.
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1 | INTRODUCTION

Cervical cancer is one of the most common types of gynecological

malignancy and is caused by persistent infection with high-risk human

papillomavirus (HPV) (Arbyn et al., 2020). More than 90% of cervical

cancers are accompanied by high-risk HPV infections. Other risk fac-

tors can also induce cervical cancers such as multi-parity, tobacco,

malnutrition, and poor genital hygiene (Kumar & Bhasker, 2013).

Despite the advances in screening methods and preventive vaccines,

cervical cancer still has the fourth highest incidence of cancer among

women, ranking after breast, colorectal, and lung cancer (Lee
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et al., 2020; Liontos, Kyriazoglou, Dimitriadis, Dimopoulos, &

Bamias, 2019). Therefore, novel therapeutic targets and prognostic

indicators to improve the survival rate of patients with cervical cancer

are urgently required. However, the occurrence, development, and

metastasis of malignant tumors are complex processes involving mul-

tiple genes and factors and are related to the immune functions of

patients.

Previous studies have reported that the programmed cell death

1 (PD-1)/programmed death ligand 1 (PD-L1) pathway is abnormally

expressed in cervical cancer cells, and HPV positivity was positively

correlated with increased PD-L1 expression (Liu et al., 2019). PD-1

receptors on T cells specifically bind to PD-L1 ligands on tumor cells,

thereby activating the PD-1/PD-L1 pathway and inhibiting the tumor-

killing activity of T cells, and promoting the secretion of inflammatory

cytokines (Juneja et al., 2017). Moreover, persistent inflammation can

promote the development of malignant tumors (Li, Zhang, Wang,

Zuo, & Jin, 2019). PD-1/PD-L1 blockade reduces the apoptosis and

exhaustion of T cells and enhances the lethality of the immune system

(Badoual et al., 2013). Thus, blocking the PD-L1/PD-1 signaling path-

way is considered a valuable strategy in the treatment of cervical

cancer.

Molecular targeted therapy, as a hotspot in the field of antitumor

research, provides a new approach for the treatment of patients with

advanced cervical cancer (Zammataro et al., 2019). Signal transducer

and activator of transcription 3 (STAT3) is a transcription factor

closely related to tumors (Baek et al., 2016). The STAT3 signaling

pathway has an important role in the occurrence and development of

tumors, and has been shown to be aberrantly-expressed and

constitutively-activated in cervical cancer which increases as the

lesion progresses (Shukla et al., 2010). STAT3 activation is mainly

mediated through the JAK/Src/STAT3 signaling pathway (Chai

et al., 2016), but it can also be activated by inflammatory cytokines

such as tumor necrosis factor-α (TNF-α) (De Simone et al., 2015; Kim

et al., 2020). STAT3 interacts with tyrosine residues in the receptor

through the SH2 domain, and promotes STAT3 phosphorylation,

thereby promoting its activation and translocation to the nucleus

(Zhang, Kuang, Wang, Sun, & Gu, 2015). The persistent phosphoryla-

tion of STAT3 can promote PD-L1 expression and cause tumorigene-

sis (Tong et al., 2020).

Oncogenes of the RAS family (H-RAS, K-RAS, and N-RAS) are

located on the cell membrane and are involved in the regulation of

cell proliferation and differentiation (Aoki, Niihori, Narumi, Kure, &

Matsubara, 2008). A small amount of activated P21 protein main-

tains normal cell differentiation. When the RAS oncogene is

mutated, the RAS protein is activated, accelerating cell growth and

proliferation, and ultimately leading to the malignant transformation

of cells (Haigis et al., 2008). The activation of RAS further enables

its binding to the amino terminus of the serine/threonine protein

kinase RAF-1 to activate it. RAF-1 can phosphorylate MEK1/MEK2,

whereupon MEK can selectively activate ERK1 and ERK2 (Drosten

et al., 2010). Continuous activation of RAS protein can up-regulate

the expression of PD-L1, causing abnormal cell proliferation and

promoting tumor formation (Coelho et al., 2017). Activated (onco-

genic) RAS can also induce a malignant phenotype in human cervical

cells and contribute to cancer development and augments

cell growth in vitro and tumorigenicity in vivo (Mora, Rosales, &

Rosales, 2007).

In Chinese medicine, Usnea diffracta Vain was often used to treat

cancer, tuberculosis, asthma and so on and was recorded in Chinese

classical anti-cancer plant books such as Kang Ai Zhi Wu Yao Ji Qi Yan

Fang and Kang Ai Zhong Yao (Chang, 1998; Cheng & Li, 1998). Usnic

acid is a dibenzofuran compound originating from a traditional

medicine Usnea diffracta Vain (Ing�olfsd�ottir, 2002). In addition, usnic

acid is widely used in medicine because of its antibacterial, antiviral,

and anticancer biological activities (Kim et al., 2018; Luzina &

Salakhutdinov, 2018). However, the molecular mechanism of the anti-

tumor effects of usnic acid has not been fully elucidated. Therefore,

the current study aimed to investigate the effectiveness of usnic acid

as a treatment for cancer and to identify the underlying mechanisms

of its anticancer activity.

In the present study, we confirmed the antitumor ability of usnic

acid. We found that usnic acid inhibited PD-L1 expression and

enhanced the activity and killing capacity of T cells. Moreover, usnic

acid was further demonstrated be a potential valuable novel therapy

for human cervical cancer.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

The human colorectal cancer HCT-116, human lung cancer A549,

human cervical cancer (HeLa, SiHa, and CaSKi), normal human cervical

epithelial cell line HcerEpic and human liver cancer Hep3B cells were

obtained from American Type Culture Collection (ATCC, Manassas,

VA, USA). HCT-116 Cells were maintained in Roswell Park Memorial

Institute (RPMI) supplemented with 1% penicillin–streptomycin

(Invitrogen, Carlsbad, CA, USA) and 10% heat-inactivated fetal bovine

serum (FBS, Gibco, Grand Island, NY, USA). HeLa, SiHa, CaSKi,

HcerEpic, Hep3B, A549, and HUVEC cells were grown in DMEM

medium supplemented as above. All cells were cultivated in a humidi-

fied incubator including a 5% CO2 atmosphere at 37�C. After reaching

confluence, cells were separated with trypsin/ethylene diamine tetra-

acetic acid (EDTA) for passage. Tumor necrosis factor alpha (TNF-α)

was provided by R&D Systems (Minneapolis, MN, USA). Dimethyl

sulfoxide (DMSO), MG-132, cycloheximide (CHX), and Bafilomycin

A1 (Baf) were purchased from Sigma Chemical Co. (St. Louis, MO,

USA). The probes LysoTracker was obtained from Invitrogen

(Carlsbad, CA, USA). Usnic acid was dissolved in dimethyl sulfoxide

(DMSO) to a stock concentration of 100 mM and stored at −20�C in

the dark before utilization. Usnic acid was purchased from Chengdu

Herbpurify CO., LTD (Chengdu, China) and the structure of it is

shown in Figure 1a. The purity of usnic acid was over 98% in HPLC

analysis.
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F IGURE 1 Effect of usnic acid on the expression of PD-L1 protein in various cancer cell lines. (a) Chemical structure of usnic acid. (b) HeLa,
A549, HCT116, and Hep3B cells were treated with the indicated concentrations of usnic acid and were determined the relative cell viability by
MTT assays after 24 h. (c) Usnic acid was bound with the binding domain in PD-L1 (upper, PDB ID: 5C3T; middle, PDB ID: 5O5Y; lower, PDB ID:
5O45). Binding mode was shown in 2D (left) and 3D (right). The ligand is shown in yellow. (d) HCT116, A549, HeLa, and Hep3B cells were
treated with indicated concentration of usnic acid for 12 h, and cell lysates for PD-L1 were analyzed by western blotting. (e) Cells were incubated
under 10 ng/mL TNF-α in the absence or presence of 100 μM usnic acid for 12 h, PD-L1 expressions were detected by western blotting. All data
are presented as the mean ± SD of three independent experiments and representative data are shown. *p < 0.05, **p < 0.01, ***p < 0.001 [Colour
figure can be viewed at wileyonlinelibrary.com]
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2.2 | Cell viability assay

The relative cell viability was performed using the thiazolyl blue tetra-

zolium bromide (MTT) assay (Sigma-Aldrich). HCT-116, HeLa,

HcerEpic, A549, and Hep3B cells were seeded in 96-well plates at a

density of 4 × 103 cells/well. After 12 h, the cells in each well adhered

to the wall and were incubated with DMSO and 3, 10, 30, and

100 μM concentrations of usnic acid. After 24 h incubation, 10 μL of

MTT was added to each well at 37�C, 5% CO2 atmosphere for 4 h.

Then, 100 μL DMSO was added to dissolve the formazan. The absor-

bance values at 570 nm were determined with Multiskan GO (Thermo

Electron Corp., Marietta, OH, USA), which can indirectly reflect the

number of living cells.

2.3 | Homology modeling and molecular docking

The molecular docking simulations were carried out using Discovery

Studio 2017/CDOCKER protocol (Accelrys, San Diego, USA) to

explore the binding modes between the structure of usnic acid with

the proteins of PD-L1, STAT3, and RAS. The structures of PD-L1

(PDB IDs: 5C3T, 5O5Y, and 5O45), STAT3 (PDB IDs: 3CWG, 4E68,

4ZIA, and 5U5S), and RAS (PDB IDs: 4EFL, 3X1W, and 2CL7) were

deposited in protein databank respectively. By using the ligand prepa-

ration and minimization model, the spatial binding pattern between

usnic acid and PD-L1/STAT3/RAS LBD was investigated in Discovery

Studio 2017.

2.4 | Western blotting analysis

After cold PBS washing, cells were lysed in ice-cold lysis buffer

(50 mM Tris–HCl, pH 7.5, 1% NP-40, 1 mM EDTA, 1 mM

phenylmethyl sulfonylfluoride) supplemented with proteinase and

phosphatase inhibitor cocktail (BD Biosciences, San Diego, CA, USA).

Thirty micrograms of nuclear extract or fifty micrograms of whole-cell

extracts protein samples were separated by 6–12% SDS-

polyacrylamide gels and transferred to a polyvinylidene difluoride

membrane (PVDF) (Millipore, Bedford, MA, USA). After being blocked

with 5% skim milk, membranes were incubated with primary anti-

bodies overnight at 4�C and incubation with an appropriate secondary

antibody (1:2000) conjugated to horseradish peroxidase. Then, pro-

tein bands were visualized by enhanced chemiluminescence according

to the instructions of the manufacturer (Amersham Pharmacia Biotec,

Buckinghamshire, UK). Antibodies (1:500 dilution) for STAT3 (sc-482),

mTOR (sc-8319), MEK (sc-81504), p70S6K (sc-8418), ERK1/2 (sc-

514302), Topo-I (sc-5342), VEGF (sc-152), GAPDH (sc-365062), and

MMP-9 (sc-393859) were obtained from Santa Cruz Biotechnology.

Antibodies (1:1000 dilution) for pTyr705 STAT3 (9145), SHP-2(3397),

c-RAF (9422), p-c-RAF (9427), pSer727 STAT3 (9134), p-MEK (9121),

p-JAK1 (3331), TFEB (37785), p-JAK2 (3776), TFE3 (14779), p-Src

(6943), MITF (12590), p-mTOR (2971), p-p70S6K (9204), Cyclin-D1

(2922), phospho-ERK1/2 (4370), c-Myc (9402), and Src (21093) were

purchased from Cell Signaling Technology. Antibodies (1:1000 dilu-

tion) for PD-L1 (NBP1-76769), JAK1 (NB100-82005), and JAK2

(NBP2-67429) were purchased from novus Biologicals. Antibody

(1:5000 dilution) for RAS (ab108602) was purchased from abcam.

Antibody (1:5000 dilution) for HA-tag (M20003) was purchased from

abmart. Antibody (1:2000 dilution) for Flag-tag (F-2922) was pur-

chased from sigma. Then, protein bands were visualized by enhanced

chemiluminescence according to the instructions of the manufacturer

(Amersham Pharmacia Biotec, Buckinghamshire, UK).

2.5 | Reverse transcription-PCR (RT-PCR) analysis

HeLa cells were cultured in 6 cm culture plates to clustering. Then,

the cells were incubated with different concentrations of usnic acid

(10, 30, and 100 μM) with or without 10 ng/mL TNF-α. Total RNA

from HeLa cells was extracted by Trizol reagent (Invitrogen) and RNA

Mini kit (Qiagen, Valencia, CA, USA). Total RNA (2 μg) was reverse-

transcribed using the RT-PCR kit (Invitrogen) according to the manu-

facturer's instructions. The spatial structure of RNA was destroyed by

incubation at 65�C for 10 min. Next, the extension was performed at

55�C for 30 min, and the reverse transcription of RNA to cDNA by

incubation at 85�C for 5 min. Then PCR amplification is performed.

The cycling conditions were 94�C for 4 min followed by 35 cycles of

94�C for 30 s, 58�C for 30 s, and 72�C for 30 s, and a final extension

stage of 72�C for 5 min. The PCR products on 3% agarose gels were

labeled with ethidium bromide, and then stained bands were observed

under UV light. Quantification was calculated using the 2−ΔΔCT

method and was presented as fold change. The expression of each

target gene was normalized to GAPDH mRNA and the primers of it

were (forward and reverse, 50-30): ACCACAGTCCATGCCATCAC

(sense) and TCCACCCCCTGTTGCTGTA (antisense). The primer

P118295 F (50-TGCCGACTACAAGCGAATTAC-30) is picked from the

exon 3 (bases 308…328) of PD-L1 gene (gene number 29126) tran-

script variant 1, and the primer P118295 R (50-CTGCTTGTCCAG

ATGACTTCG-30) is picked from the exon 4 (complementary to bases

95…115).

2.6 | Transfections of the plasmids and small
interfering RNA (siRNA)

According to the manufacturer's instructions, transfections were car-

ried out in HeLa cells grown to 60% confluency in 6 cm dishes using

Lipofectamine 2000 reagent (Invitrogen) and the designated siRNA or

overexpressed plasmid. Then, the transfected cells were cultured for

48 h. PD-L1 (CD274) siRNA (50-CAGCAUUGGAACUUCUGAU-30),

SHP-2 (PTPN11) siRNA (50-UGACAUCGCGGAGAUGGUU-30), RAS

siRNA (50-GGACUUAGCAAGAAGUUAUTT-30), and they paired con-

trol siRNAs were obtained from Bioneer (Daejeon, Korea). STAT3

siRNA (50-GCAGUUUCUUCAGAGCAGGUAUCUU-30) and control

siRNA were provided by Santa Cruz (CA, USA). Briefly, the CD274,

STAT3, or RAS gene coding sequences (CDS) were constructed on the
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overexpression plasmid vectors, respectively, the transcript number of

CD274 was NM_014143 (GV362 vector, XhoI/BamHI restriction

enzymes), STAT3 was NM_139276 (GV141 vector, XhoI/KpnI restric-

tion enzymes), RAS was NM_033360 (GV141 vector, XhoI/EcoRI

restriction enzymes). The overexpression plasmids of RAS, PD-L1,

STAT3, and paired control plasmids were obtained from Shanghai

Genechem (Shanghai, China). HA-Ub (M. Jung, Georgetown Univer-

sity) and control vector were synthesized in our laboratory.

2.7 | Immunofluorescence assay

HeLa cells were seeded at approximately 1 × 104 cells/well conflu-

ence in 24-well chamber slides. After 24 h, cells were treated with

usnic acid (100 μM) and incubated for 12 h with or without 10 ng/mL

TNF-α. Cells treated with DMSO and under with or without TNF-α

conditions were used as negative and positive controls, respectively.

After treatment, removal of each wells' culture medium, the chamber

slides were washed twice with preheating of PBS, fixed with fresh 4%

formaldehyde for 30 min, and washed three times with PBS at room

temperature. Cells were then permeabilized with 0.2% Triton X-100

and blocked in 5% BSA in PBS for 30 min at room temperature and

incubated overnight with the RAS (Abcam; cat. no. ab108602; 1:100

dilution), PD-L1 (Novus Biologicals; cat. no. NBP1-76769; 1:50 dilu-

tion), pTyr705 STAT3 (Cell Signaling Technology; cat. no. 9145; 1:100

dilution), or STAT3 (Santa Cruz Biotechnology; cat. no. sc-482; 1:50

dilution) antibody at 4�C. After being rinsed three times in PBS, the

cells were incubated with secondary antibodies, such as Alexa flour

488 goat anti-rabbit or Alexa flour 568 goat anti-mouse for 30 min at

room temperature. After being stained with DAPI (40,6-diamidino-

2-phenylindole), the glass slide was removed from 24-well and sealed

by glycerin. After 24 h, cells were examined with confocal laser scan-

ning microscopy (Nikon, Japan).

2.8 | Immunoprecipitation

After being transfected with designated overexpressed plasmids,

HeLa cells were cultured in 6-cm Petri dishes for 12 h after treated

with usnic acid (100 μM) and with or without 10 ng/mL TNF-α.

Whole-cell extracts were lysed in IP buffer (containing 1% Nonidet P-

40, 50 mM EDTA, 150 mM NaCl, 50 mM Tris–HCl, pH 7.4 and prote-

ase inhibitors cocktail). Each immunoprecipitation analyzed 1 mg pro-

tein lysates. To bind the antigen, the primary antibody of RAS (Abcam;

cat. no. ab108602; 1:100 dilution), STAT3 (Santa Cruz Biotechnology;

cat. no. sc-482; 1:500 dilution), HA-tag (Abmart; cat. no. M20003;

1:100 dilution), or Flag-tag (Abmart; cat. no. M20008; 1:100 dilution)

was added to the lysates and followed by rotation at 4�C overnight.

Then, 30 μL of protein A/G PLUS agarose beads (Santa Cruz) were

added and incubation continued. After 1 h of incubation, beads were

washed 3 times with cold IP buffer and add SDS-PAGE sample buffer,

then the sample was boiled at 100�C for 5 min, subsequently detected

by western blotting.

2.9 | LysoTracker red staining

To label lysosomes, HeLa cells were incubated with LysoTracker Red

DND-99 dye (75 nM) (Invitrogen, L-7528) for 30 min at 37�C. The

medium was aspirated and washed twice with pre-warmed PBS to

remove the unbound dye. Red fluorescence can be observed by con-

focal laser scanning microscopy.

2.10 | Cell surface staining and flow cytometry
analysis

Cells were collected after treated with DMSO, 100 μM usnic acid,

or PD-L1 siRNA transfection. After being washed with

phosphate-buffered saline (PBS), cells (1 × 106 cells/mL) were

incubated with anti-PD-L1 antibody (Novus Biologicals; cat.

no. NBP1-76769; 1:200 dilution) for 1 h on ice in dark. Then cells

were incubated with the FITC-conjugated secondary antibody

rabbit. Cells surface staining was quantitatively analyzed by

Accuri C6 flow cytometry.

2.11 | Cervical cancer cells/T-cell co-culture model
and T-cell killing assay

Participants provided written informed consent and the program

was confirmed by the Medical Ethics Committee of Yanbian Univer-

sity. CD3+ T lymphocytes were purified from the blood of healthy

human donors using Lymphoprep density-gradient centrifugation.

Briefly, cervical cancer (HeLa, SiHa, CaSKi) cells were plated at

5 × 104/well in 24-well plates and activated by incubation with anti-

CD28, anti-CD2, anti-CD3 antibody (100 ng/mL), and IL-2

(10 ng/mL). After being pretreated with usnic acid (100 μM) for 12 h

or PD-L1 siRNA transfection for 48 h, activated T cells were incu-

bated with cervical cancer cells at a ratio of 10:1. After 48 h, cyto-

toxicity assay was conducted using colony formation assay (crystal

violet staining) and lactate Journal Pre-proof dehydrogenase (LDH)

release assay (Mlbio, Shanghai, China). The contents of TNF-α and

IFN-γ in media were measured using cytokine ELISA (Mlbio, Shang-

hai, China).

2.12 | Colony formation assay

Treated HeLa cells were cultured in DMEM containing 10% FBS and

seeded in 6-well culture plates for colony formation assay. Each of

the wells was maintained at 37�C in a 5% CO2 atmosphere for 15–

25 days, and the medium was replaced with fresh media every 7 days.

After 20 days, colonies could be obviously visible and were washed

twice with PBS to remove media. Then, the survived tumor cells were

fixed with 10% formaldehyde for 5 min and stained with 1% crystal

violet for 30 s at ambient temperature. After being washed with PBS

and air-dried, the colonies were counted.
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2.13 | EdU labeling and immunofluorescence

Treated HeLa cells were seeded in 96-well culture plates at 37�C in a

5% CO2 atmosphere for 24 h. Then, each of the wells was cultured

with 50 μmol/L of EdU (Ribobio, Guangzhou, China) for 2 h. After

being fixed for 30 min, the cells were exposed to 100 μL of 1 × Apollo

reaction cocktail for 30 min. Whereafter, Hoechst 33342 was added

to each well to stain the cell nuclei. The stained cells were observed

with Olympus IX83 inverted fluorescence microscope.

2.14 | Tube formation assays

The ability of treated HUVEC cells to form network structures was

tested on a matrigel basement membrane matrix. First, 300 μL mat-

rigel was dispensed onto 96-well plates and solidified for 1 h at 37�C.

HUVEC cells were suspended in DMEM medium containing 10% FBS

and were seeded into each well. After 4 h of incubation at 37�C in a

5% CO2 atmosphere, cells tube-like structures and numbers were

photographed using a microscope.

2.15 | Scratch assay

Scratch assays were applied to determine treated HUVEC cell migra-

tion efficiency. Treated HUVEC cells were seeded on 24-well plates

and were cultured with DMEM medium containing 10% FBS to obtain

a full confluent monolayer. After 24 h, the cells reached 80% conflu-

ence, then, the cells were scratched with a pipette tip to create a

straight cell-free “scratch” on the well plate to form a wound. Subse-

quently, each well was washed with PBS to remove debris and incu-

bated with different treatments. The migration rates of cells in the

“scratch” were photographed using a microscope at identical locations

and analyzed by comparing final gap widths to initial gap widths.

2.16 | Matrigel transwell invasion assay

The invasion assay was performed using the Transwell system Boyden

chamber (Costar, MA, USA). Treated HUVEC cells were suspended in

serum-free DMEM medium and were added to the upper wells of the

chambers. Then, 600 μL of the DMEM medium supplemented with

10% FBS was added to the lower chamber. After treatment for 24 h

at 37�C in a 5% CO2 atmosphere, the non-migrated cells were wiped

off from the top of the upper wells using cotton swabs. Successfully

migrated cells were fixed with 4% paraformaldehyde and stained with

0.1% crystal violet. Thereafter, invaded cells were photographed by a

fluorescence microscope.

2.17 | Statistical analysis

All values are expressed as mean ± standard deviation (SD) of the

mean of n = 3 experiments. Comparisons of the results were carried

out using one-way ANOVA and Tukey's multiple comparison tests

(Graphpad Software, Inc, San Diego, CA, USA). Statistical significance

was defined as p < 0.05.

3 | RESULTS

3.1 | Identification of usnic acid as an inhibitor of
PD-L1 expression in various cancer cell lines

Increased expression of PD-L1 leads to suppression of the cytotoxic

activity of T cells, thus promoting immune evasion of tumor cells

(Wang, Wang, Yao, Li, & Xu, 2018). Based on this, this part investi-

gated whether usnic acid affects PD-L1 expression. First, to evaluate

the effect of usnic acid on the viability of cancer cells, MTT assays

were performed. Usnic acid did not display significant cellular toxicity

on various cancer cell lines up to 100 μM; moreover, DMSO treat-

ment has no effect on cell viability in cells (Figure 1b). And, usnic acid

was found to induce little cytotoxicity toward normal cervical cell line

HcerEpic (Supplementary Figure 1A). To understand the structural

basis of the inhibitory effects, the binding mode of usnic acid and PD-

L1 was investigated. Molecular docking assays showed that usnic acid

had a high-affinity interaction with protein 5C3T (binding pockets

consisting of Lys89, Gln83, and Leu74), protein 5O5Y (binding

pockets consisting of Arg82, Thr127, Leu74, Lys129, Val111, A85,

Leu87, and Lys89) and protein 5O45 (binding pockets consisting of

Tyr11, Trp10, Tyr8, Asp5, Val6, Met115, Ala121, and Ser117) of PD-

L1 (Figure 1c). Next, to address whether the inhibition of PD-L1 by

usnic acid is cell line-specific, these studies were extended to a

diverse set of tumor cell lines from tissues of various origins, including

human colorectal cancer HCT-116, human cervical cancer HeLa,

human lung cancer A549, and human liver cancer Hep3B cell lines.

Because tumor necrosis factor-α (TNF-α) is a key inducer of PD-L1

expression, which promotes tumor growth by inducing cell survival,

proliferation, angiogenesis, and epithelial-to-mesenchymal transition

(Ju, Zhang, Zhou, Chen, & Wang, 2020). Therefore, 10 ng/mL of TNF-

α was used to induce the expression of PD-L1, and there are no toxic

effects in the treated cells at this concentration (Supplementary

Figure 1B). As displayed in Figure 1d,e, the level of PD-L1 protein was

dose-dependently restrained by usnic acid in all cell lines

experimented with or without TNF-α. Together, these data suggest

usnic acid reduces PD-L1 expression with few cytotoxic effects. The

inhibition of PD-L1 protein in HeLa cells was most significant with

usnic acid treatment. Therefore, HeLa cells were used for the subse-

quent experiments described in this study.

3.2 | Usnic acid inhibits the protein synthesis of
PD-L1 and enhances its degradation

The next experiment investigated the mechanisms of PD-L1 down-

regulation by usnic acid. First, this part examined whether usnic acid

affects PD-L1 expression at the mRNA level. Reverse transcription-

PCR (RT-PCR) assay revealed that usnic acid inhibited PD-L1 (CD274)
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mRNA level in a dose-dependent manner in HeLa cells in the presence

or absence of TNF-α-induced (Figure 2a). This indicated that usnic

acid inhibits the transcription of PD-L1. Thereafter, to investigate the

translational regulation of PD-L1 protein synthesis by usnic acid, the

proteasome inhibitor MG-132 was used to prevent PD-L1 degrada-

tion. The synthesis rate of the PD-L1 protein was reflected by the

accumulation rate of proteasomal inhibition. As shown in Figure 2b,

PD-L1 protein in TNF-α-stimulated cells rapidly accumulated in the

presence of MG132 (compare lane 2 with lane 4 in Figure 2b). In con-

trast, usnic acid inhibited PD-L1 protein accumulation even under

cotreatment with MG-132 (see lanes 3 and 5 in Figure 2b). These

results indicated that PD-L1 protein synthesis in HeLa cells is obvi-

ously inhibited in the presence of usnic acid. To investigate the effect

of usnic acid on PD-L1 protein stability, HeLa cells were exposed to

the protein translation inhibitor cycloheximide (CHX) to prevent de

novo PD-L1 protein synthesis. With the increase in CHX treatment

time, the PD-L1 protein levels of usnic acid-treated cells were lower

than untreated cells under TNF-α stimulation (Figure 2c,d). Western

blotting analysis revealed that overexpression of PD-L1 increased the

levels of PD-L1, whereas treatment with PCMV had a minimal effect

(Supplementary Figure 1C right). Moreover, usnic acid did not catalyze

the ubiquitination of PD-L1 (Supplementary Figure 1C left). These

F IGURE 2 Effect of usnic acid on
PD-L1 protein synthesis and degradation.
(a) With or without TNF-α-stimulated, the
quantitative RT-PCR analysis of PD-L1
mRNA level in HeLa cells treated with
usnic acid (10 μM, 30 μM, 100 μM, 12 h).
(b) HeLa cells were treated with MG-132
(10 μM) for 30 min before adding usnic

acid (100 μM) and then the cells were
incubated in TNF-α-stimulated for 6 h.
The expression of PD-L1 in HeLa cells
was under usnic acid treatment
determined by western blotting. (c) HeLa
cells were incubated in the presence of
TNF-α-stimulated for 6 h. Western
blotting analysis of the PD-L1 expression
in HeLa cells was treated with usnic acid
(100 μM) for the indicated time points in
the presence of CHX (10 μM).
(d) Quantification of PD-L1 intensity in (c).
(e) Expression of PD-L1 determined by
western blotting in HeLa cells treated
with Bafilomycin or MG-132 in the
presence of CHX for 6 h. (f) Western
blotting measuring the PD-L1 expression
in HeLa cells pre-treated with Baf or
MG132, followed with or without usnic
acid (100 μM) treatment for 6 h. All data
are presented as the mean ± SD of three
independent experiments and
representative data are shown. *p < 0.05,
**p < 0.01, ***p < 0.001
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findings suggest that usnic acid inhibits the protein synthesis of PD-

L1 and enhances its degradation.

3.3 | Usnic acid increases the biogenesis of
lysosomes and promotes the translocation of PD-L1 to
lysosomes, which accelerates the degradation of
PD-L1

This part has discussed the mechanism of usnic acid promoting the

degradation of PD-L1. There are two main pathways of protein degra-

dation: the proteasome pathway and the lysosomal pathway

(Sandri, 2016). Under CHX treatment, HeLa cells were incubated with

proteasome inhibitor MG-132 or lysosomal inhibitor bafilomycin. As

shown in Figure 2e, the degradation of PD-L1 was downregulated by

MG-132 or bafilomycin. However, after HeLa cells were co-treated

with usnic acid and MG-132 or bafilomycin, PD-L1 degradation was

decreased more by bafilomycin then by MG-132 (Figure 2f). To deter-

mine whether usnic acid affected lysosomal function, lysosomes were

stained with LysoTracker Red. Immunofluorescence assay indicated

that the expression of lysosomes was obviously increased under usnic

acid treatment (Supplementary Figure 2A). A study revealed that PD-

L1 is targeted for lysosome compartment degradation (Burr

et al., 2017). Immunofluorescence assays were further performed to

investigate whether usnic acid promotes the translocation of PD-L1

to lysosomes. The results indicated that usnic acid increased the

colocalization of PD-L1 and LysoTracker Red in HeLa cells

(Supplementary Figure 2B), demonstrating the role of usnic acid in

mediating lysosomal translocation of PD-L1.

The MiT/TFE proteins (including TFEB, TFE3, MITF) augment the

lysosomal compartment, which triggers the biogenesis of lysosomes

and promotes protein degradation (Li, Zhu, Xiang, Qiu, & Lin, 2020;

Perera & Zoncu, 2016). We next investigated whether usnic acid

induces the biogenesis of lysosomes dependent on the role of TFEB,

TFE3, and MITF. Western blotting revealed that usnic acid treatment

induced an increase in TFEB, MITF, and TFE3 in the nuclear fraction

(Supplementary Figure 2C). Because mTOR signaling pathway activa-

tion inhibited MiT/TFE nuclear translocation (Li et al., 2016), the

potential role of mTOR pathway was examined in modulating usnic

acid-mediated TFEB, TFE3, and MITF nuclear translocation. As shown

in Supplementary Figure 2D, usnic acid potently suppressed the phos-

phorylation of mTOR and p-70S6k in a concentration-dependent

manner. Taken together, these data suggest that usnic acid induces

MiT/TFE nuclear translocation through the suppression of mTOR sig-

naling, and promotes PD-L1 degradation in lysosomes.

3.4 | Usnic acid inhibits PD-L1 expression on the
cell surface and enhances T-lymphocyte tumor-killing
activity

To examine whether usnic acid affects the surface expression levels

of PD-L1, flow cytometry was performed. Western blotting analysis

showed that silencing PD-L1 reduced the levels of PD-L1

(Supplementary Figure 3A), whereas treatment with control siRNA

had a minimal effect. As shown in Figure 3a, usnic acid distinctly

decreased the surface expression of PD-L1 on HeLa cells, similar to

that caused by silencing of PD-L1 (CD274), indicating usnic acid could

also decrease PD-L1 transportation to the plasma membrane. Cancer

cells exploit PD-L1 to bind to PD-1 expressed by T cells and disrupt

its immune surveillance, inducing the exhaustion of T cells (Juneja

et al., 2017). To evaluate whether usnic acid could increase T cell

activity in a co-culture model of HeLa cells and activated T cells, pure

CD3+ T lymphocytes were isolated from total peripheral blood

donated by healthy volunteers (Figure 3b). LDH release assay showed

that usnic acid obviously enhanced the cytotoxicity of co-cultured T

cells, and increased TNF-α and IFN-γ cytokines levels related to T cell

killing activity in the medium compared with mono-cultured T cells

(Figure 3d–f). These results were similar to the increased T cell-

mediated cell killing by CD274 silencing. Furthermore, this result was

further confirmed by staining the surviving tumor cells with crystal

violet (Figure 3c). Subsequently, the other two cervical cancer cell

lines (SiHa and CaSKi cells) were used to further explore the effect of

usnic acid on T cell activity. Similarly, usnic acid enhanced the cyto-

toxicity of co-cultured T cells and increased TNF-α and IFN-γ cyto-

kines levels (Supplementary Figure 4). Collectively, these results

indicate that usnic acid enhances the cytotoxicity of T cells by down-

regulating PD-L1 surface expression.

3.5 | Usnic acid inhibits proliferation by decreasing
PD-L1 in human cervical cancer cells

The effect of usnic acid on HeLa cell proliferation through PD-L1 was

further investigated. Western blotting assay indicated that the expres-

sion of cell cycle regulatory proteins, including c-Myc and cyclin-D1

(Ma et al., 2016), was decreased by silencing of CD274, which was

enhanced by co-treatment with usnic acid (Figure 4a). Furthermore,

the expression of c-Myc and cyclin-D1 was promoted by over-

expression of PD-L1, but usnic acid treatment limited this increase

(Figure 4b). Moreover, the effect of usnic acid on cell proliferation

was investigated by colony formation assays. As shown in Figure 4c

and Supplementary Figure 3B, the clonogenic-forming ability of HeLa

cells was greatly reduced by silencing of CD274 or co-treatment with

usnic acid. Overexpression of PD-L1 induced cell proliferation; how-

ever, co-treatment with usnic acid restrained this expression. These

results were further confirmed using EdU incorporation assays

whereby: usnic acid suppressed the number of EdU positive cells

induced by PD-L1 (Figure 4d). Taken together, these results indicated

that usnic acid inhibits proliferation by decreasing PD-L1 expression

in human cervical cancer cells.

3.6 | Usnic acid inhibits angiogenesis, migration,
and invasion by decreasing PD-L1 in endothelial cells

To investigate whether usnic acid affects angiogenesis in endothelial

cells through PD-L1, CD274 expression was silenced or
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F IGURE 3 Effect of usnic acid on T-lymphocytes function and PD-L1 expression on the cell surface. (a) HeLa cells were incubated with
DMSO, 100 μM usnic acid for 12 h or PD-L1 siRNA transfection for 48 h respectively. The levels of PD-L1 expression on the cell surface were
detected by flow cytometry. (b) Human T-lymphocytes labeled with anti-human CD3 antibodies were analyzed by Flow cytometry assay. (d) HeLa
cells were pretreated with or without 100 μM usnic acid for 12 h or PD-L1 siRNA transfection for 48 h, then were co-cultured with activated
human T cells at a ratio of 1:10 for 48 h. The cytotoxicity of T cells was determined by LDH releasing assay. After 48 h coculture, surviving tumor
cells were stained by colony formation assay (c). TNF-α and IFN-γ cytokines in the coculture medium were determined by ELISA (e and f). All data
are presented as the mean ± SD of three independent experiments and representative data are shown. *p < 0.05, **p < 0.01, ***p < 0.001,
significantly different when compared with control group [Colour figure can be viewed at wileyonlinelibrary.com]
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overexpressed in cells. Western blotting assay indicated that the

expression of cell angiogenesis regulatory proteins, including VEGF

and MMP-9 (Wang et al., 2015), was decreased by silencing of

CD274, while this was enhanced by co-treatment with usnic acid

(Figure 5a). VEGF and MMP-9 expression were promoted by over-

expression of PD-L1; however, usnic acid treatment inhibited this

F IGURE 4 Effect of usnic acid on proliferation mediated by PD-L1 in human cervical cancer cells. (a and b) HeLa cells were transfected with
PD-L1 siRNA or Flag-PD-L1. After 12 h, cells were treated with or without 100 μM usnic acid for 12 h. The expressions of c-Myc and Cyclin-D1
in HeLa cells were determined using western blotting. (c and d) HeLa cells were transfected with designated plasmids. Colony formation (c) and
EdU experiment (d) detection of cells proliferation ability after usnic acid treatment for 12 h. All data are presented as the mean ± SD of three
independent experiments and representative data are shown. ***p < 0.001 [Colour figure can be viewed at wileyonlinelibrary.com]
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increase (Figure 5b). The influence of usnic acid on antiangiogenic

properties was further examined by tube formation, migration, and

invasion assays. As displayed in Figure 5c, the number of complete

network structures in HUVEC cells was greatly reduced by silencing

of CD274 or co-treatment with usnic acid. Overexpression of PD-L1

induced the formation of vascular structures; however, co-treatment

F IGURE 5 Effect of usnic acid on
angiogenesis, migration, and invasion
mediated by PD-L1 in endothelial cells.
(a and b) After cells were transfected with
PD-L1 siRNA or Flag-PD-L1, western blot
detection of indicated proteins in HUVEC
cells after treatment with usnic acid for
12 h. (c–e) HUVEC cells were transfected
with designated plasmids. Tube formation

assay (c), migration assay (d), and invasion
assay (e) detection of cells angiogenesis
ability after usnic acid treatment for 12 h.
All data are presented as the mean ± SD
of three independent experiments and
representative data are shown.
***p < 0.001 [Colour figure can be viewed
at wileyonlinelibrary.com]
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F IGURE 6 Effect of usnic acid on the PD-L1 expression mediated by STAT3 in HeLa cells. (a) Usnic acid was docked into the binding pocket

of STAT3 (upper, PDB ID: 3CWG; middle, PDB ID: 4E68; lower, PDB ID: 5U5S). Binding structure was display in 2D (left) and 3D (right). The
ligand is appeared in yellow. (b) HeLa cells were treated with the indicated concentrations of usnic acid for 12 h, pTyr705 STAT3, pSer727
STAT3, and STAT3 expressions were measured by western blot. (c) Under TNF-α-stimulated, HeLa cells were incubated with different
concentrations of usnic acid for 12 h and cell lysates for proteins were analyzed by western blotting with indicated antibody. (d and e) Under
TNF-α-stimulated, HeLa cells were incubated with or without 100 μM usnic acid for 12 h. Immunofluorescence (magnification, 400 ×) staining of
the intracellular protein expression of pTyr705 STAT3 and STAT3 in HeLa cells. (f) HeLa cells were transfected with control or STAT3 siRNA.
After 12 h, cells were treated with or without 100 μM usnic acid for 12 h. Whole-cell extracts were analyzed using western blotting with
antibodies for pTyr705 STAT3, STAT3, and PD-L1. All data are presented as the mean ± SD of three independent experiments and representative
data are shown. *p < 0.05, **p < 0.01, ***p < 0.001 [Colour figure can be viewed at wileyonlinelibrary.com]
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with usnic acid restrained this expression. These results were further

confirmed by migration and invasion assays, whereby usnic acid

suppressed the number of migrating and invading cells induced by

PD-L1 (Figure 5d,e). Taken together, these findings suggest that usnic

acid inhibits angiogenesis, migration, and invasion by decreasing PD-

L1 in endothelial cells.

F IGURE 7 Effect of usnic acid on JAK1/JAK2 and Src signaling pathways. (a) HeLa cells were incubated under TNF-α-stimulated for 12 h, in
the absence or presence of usnic acid (10 μM, 30 μM, and 100 μM). After 12 h incubation, phospho-JAK1, phospho-JAK2, and phospho-Src were
detected using western blotting. (b) HeLa cells were treated with the indicated concentration of pervanadate and 100 μM usnic acid for 6 h, then
pTyr705 STAT3 and STAT3 were detected by western blot analysis. (c) HeLa cells were treated with the indicated concentrations of usnic acid
for 12 h, SHP-2 expression was measured by western blot. (d) HeLa cells were transfected with control or SHP-2 siRNA. After 12 h, cells were
treated with or without 100 μM usnic acid for 12 h. Whole-cell extracts were analyzed using western blotting with antibodies for SHP-2 and
pTyr705 STAT3. All data are presented as the mean ± SD of three independent experiments and representative data are shown. **p < 0.01,
***p < 0.001
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3.7 | Usnic acid suppresses PD-L1 expression by
inhibiting STAT3 in HeLa cells

The transcription of PD-L1 is regulated by continuous activation of

STAT3 (Chen, Jiang, Jin, & Zhang, 2015). This study next investigated

whether usnic acid can suppress PD-L1 expression by inhibiting

STAT3 in HeLa cells. Molecular docking assays showed that usnic acid

had a high-affinity interaction with protein 3CWG (binding pockets

consisting of Lys1370 and Ser1372), protein 4E68 (binding pockets

consisting of Met331, Lys340, Lys573, and Lys574), and protein

F IGURE 8 Effect of usnic acid on the PD-L1 expression mediated by RAS/RAF/MEK/ERK signaling pathways in HeLa cells. (a) (left, binding
structure in 2D; right, binding structure in 3D) Usnic acid in the binding pocket of RAS (PDB ID: 2CL7). The ligand is appeared in yellow. (b) Under
TNF-α-stimulated, HeLa cells were incubated with indicated concentrations of usnic acid for 12 h. The whole-cell lysates were analyzed using
western blotting with indicated antibodies. (c) Under TNF-α-stimulated, HeLa cells were incubated with or without 100 μM usnic acid for 12 h.
Immunofluorescence (magnification, 400 ×) staining of the intracellular protein expression of RAS in HeLa cells. (d) HeLa cells were transfected
with control or RAS siRNA. After 12 h, cells were treated with or without 100 μM usnic acid for 12 h. Whole-cell extracts were analyzed using
western blotting with antibodies for RAS and PD-L1. All data are presented as the mean ± SD of three independent experiments and
representative data are shown. *p < 0.05, **p < 0.01, ***p < 0.001 [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 9 Effect of usnic acid on the PD-L1 expression mediated by the expression of pTyr705 STAT3 and RAS in HeLa cells. (a) HeLa cells
were incubated under TNF-α-stimulated for 12 h in the absence or presence of 100 μM usnic acid. Immunoblot analysis of STAT3 and RAS
proteins in cell lysates immunoprecipitated with indicated antibody. (b) HeLa cells were transfected with Flag-RAS and HA-STAT3 plasmids for
48 h. Before collection, cells were treated with 100 μM usnic acid for 12 h. Immunoblot analysis of STAT3 and RAS proteins in cell lysates

immunoprecipitated with indicated antibody. (c) Under TNF-α-stimulated, HeLa cells were incubated with or without 100 μM usnic acid for 12 h.
Immunofluorescence (magnification, 400 ×) staining of the intracellular protein expression of pTyr705 STAT3 and RAS in HeLa cells. (d) HeLa cells
were transfected with designated siRNA plasmids for 48 h. Western blot detection of PD-L1, pTyr705 STAT3, and RAS in HeLa cells after
treatment with usnic acid (100 μM) for 12 h under TNF-α-stimulated. (e) HeLa cells were transfected with HA-STAT3, Flag-RAS, or both for 48 h.
Western blot detection of PD-L1, pTyr705 STAT3, and RAS in HeLa cells after treatment with usnic acid (100 μM) for 12 h under TNF-
α-stimulated. All data are presented as the mean ± SD of three independent experiments and representative data are shown. **p < 0.01,
***p < 0.001 [Colour figure can be viewed at wileyonlinelibrary.com]
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5U5S (binding pockets consisting of Ile47, Cys82, Tyr43, Pro50,

Met51, Val92, Pro32, Val33, and Phe289) of STAT3 (Figure 6a). Then,

to examine whether usnic acid suppresses the phosphorylation and

nuclear translocation of STAT3 in a dose-dependent manner, western

blotting assays were performed. As shown in Figure 6b,c, in the

absence or presence of TNF-α stimulation, usnic acid suppressed

pTyr705 STAT3 in a concentration-dependent manner in HeLa cells,

but did not significantly affect the expression of pSer727 STAT3 pro-

tein. Immunofluorescence assays showed that usnic acid completely

inhibited the phosphorylation and nuclear translocation of STAT3 in

HeLa cells (Figure 6d,e). Further research showed that the protein

expression levels of pTyr705 STAT3, total STAT3, and PD-L1 were

potently reduced in STAT3-knockdown HeLa cells (compare lane

1 with lane 3 in Figure 6f). Moreover, silencing of the STAT3 gene and

usnic acid treatment further reduced the protein expression of

pTyr705 STAT3 and PD-L1 (compare lane 2 with lane 4 in Figure 6f).

These results suggest that usnic acid attenuates PD-L1 expression by

reducing pTyr705 STAT3 levels in the nucleus.

3.8 | Downregulation of the JAK1/JAK2 and Src
signaling pathways by usnic acid correlates with
inhibition of STAT3 expression

We next examined the effect of usnic acid on TNF-α-induced JAK1,

JAK2, and Src activation in HeLa cells. As displayed in Figure 7a, usnic

acid potently suppressed the TNF-α-induced phosphorylation of

JAK1, JAK2, and Src in a concentration-dependent manner. To

explore whether the inhibition of STAT3 upstream tyrosine kinases is

because of the activation of protein tyrosine phosphatase (PTP), cells

were treated with the indicated concentration of pervanadate, a tyro-

sine phosphatase inhibitor. Western blotting analysis revealed that

sodium pervanadate reversed the usnic acid-induced inhibition of

pTyr705 STAT3 in HeLa cells (Figure 7b). Activation of SHP-2 tyrosine

phosphatase can negatively interfere with JAK/STAT3 signaling path-

ways (You, Yu, & Feng, 1999). Therefore, the effect of usnic acid on

SHP-2 expression in HeLa cells was investigated. As shown in

Figure 7c, usnic acid increased the protein expression of SHP-2 in a

concentration-dependent manner. Further research showed that the

protein expression levels of SHP-2 were potently reduced in SHP-2

(PTPN11)- knockdown HeLa cells (compare lane 1 with lane 3 in

Figure 7d). Usnic acid-induced increases in SHP-2 expression were

effectively inhibited in cells treated with PTPN11 siRNA (compare

lane 2 with lane 4 in Figure 7d). These data indicated that SHP2 plays

an important role in the suppression of STAT3 phosphorylation by

usnic acid. Moreover, usnic acid inhibited pTyr705 STAT3 expression

through JAK1/JAK2 and Src signaling pathways.

3.9 | Usnic acid inhibits PD-L1 expression by
reducing RAS/RAF/MEK/ERK signaling pathways in
HeLa cells

Mutations of RAS oncogene are prevalent in human malignancies and

can upregulate PD-L1 expression (Sumimoto, Takano, Teramoto, &

Daigo, 2016). To evaluate whether the depletion of RAS in usnic acid-

treated HeLa cells modulates the expression of PD-L1, the following

experiment was next carried out. Molecular docking assays showed

that usnic acid bound to protein 2CL7 of the RAS binding pocket con-

sisting of Asp107, Lys101, Arg97, and Met111 (Figure 8a). We next

examined whether usnic acid suppresses RAS-related RAF/MEK/ERK

pathway. The data demonstrated that usnic acid potently suppressed

the expression of p-RAF, p-MEK, p-ERK, and RAS in a concentration-

dependent manner under TNF-α treatment (Figure 8b). Immunofluo-

rescence assay indicated that RAS expression was reduced in HeLa

cells after usnic acid treatment under TNF-α stimulation (Figure 8c).

F IGURE 10 Scheme figure of
proposed working model for usnic acid.
Usnic acid inhibits PD-L1 protein
synthesis by reducing STAT3 and RAS
signaling pathways. Furthermore, usnic
acid induces MiT/TFE nuclear
translocation and promotes the
translocation of PD-L1 to lysosomes for
proteolysis. Usnic acid also inhibits PD-L1
expression on the cell surface and
enhances the activity and killing capacity
of T cells. In summary, usnic acid inhibits
tumor proliferation by restrains PD-L1
expression [Colour figure can be viewed
at wileyonlinelibrary.com]
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Further research showed that protein expression levels of RAS and

PD-L1 were potently reduced in RAS knockdown HeLa cells. More-

over, silencing of the RAS gene with usnic acid treatment further

reduced the protein expression of RAS and PD-L1 (Figure 8d). Alto-

gether, these findings indicated that usnic acid attenuated PD-L1

expression through inhibition of the RAS/RAF/MEK/ERK signaling

pathways.

3.10 | Usnic acid inhibits PD-L1 expression by
inhibiting STAT3 and RAS cooperatively

In addition, usnic acid exhibited inhibition pTyr705 STAT3, RAS, and

PD-L1 expression in the other two cervical cancer cell lines (SiHa cells

and CaSKi cells) (Supplementary Figure 5A and B), but exhibited the

largest inhibitory effect on HeLa cells (Supplementary Figure 5C). To

explore whether usnic acid suppresses the expression of PD-L1 by

reducing STAT3 and RAS cooperatively, immunoprecipitation assays

were performed. As shown in Figure 9a, the binding of STAT3 and

RAS in HeLa cells was enhanced under TNF-α treatment. In addition,

usnic acid inhibited the interaction of STAT3 and RAS. Consistently,

this result was further confirmed in Figure 9b, the interaction of

STAT3 and RAS was also blocked by usnic acid after cells were trans-

fected with HA-STAT3 and Flag-RAS. Immunofluorescence assays

indicated that the expression of pTyr705 STAT3 and RAS became

downregulated in HeLa cells after usnic acid treatment under TNF-α

stimulation (Figure 9c), while the protein expression levels of PD-L1

were markedly reduced in STAT3 and RAS knockdown HeLa cells; this

phenomenon was enhanced by usnic acid co-treatment (Figure 9d).

Overexpression of STAT3 and RAS increased PD-L1 protein levels,

which were inhibited by usnic acid co-treatment (Figure 9e). These

results indicate that usnic acid can reduce PD-L1 protein levels by

suppressing STAT3 and RAS cooperatively (Figure 10).

4 | DISCUSSION

Cancer immunotherapy is expected to prevent tumor recurrence and

recreate the tumor microenvironment (Wang, Qin, & Zhao, 2015).

Immune checkpoint inhibitors represented by the anti-PD-1/PD-L1

pathway have become a focus in new treatment approaches (Ke,

Zhang, Xu, Zhao, & Dong, 2019). Immune checkpoint inhibitors can

reverse the tumor immune microenvironment and enhance endoge-

nous antitumor immune effects (Topalian, 2012). In addition, anti-

PD-1 and anti-PD-L1 antibodies are being extensively studied

because of their advantages of greater specificity, lower side effects,

and better tumor control than others (Brahmer et al., 2012). Anti-PD-

1/PD-L1 antibody monotherapy and combined radiation therapy have

also shown good efficacy and few adverse reactions in antitumor clini-

cal trials (Xu, Huang, Zheng, & Fan, 2018). According to literature, the

PD-1/PD-L1 signaling pathway is closely related to the development

of cervical cancer, and the emergence of immunotherapy has brought

new hope for the treatment of human cervical cancer (Yang, Song, Lu,

Sun, & Wang, 2013). In June 2018, pembrolizumab was approved by

the Food and Drug Administration (FDA) for the treatment of

advanced cervical cancer, with a response rate of 13.3–26.3% (Frenel,

Tourneau, O'Neil, Ott, & Varga, 2017). Combination therapy with

durvalumab PD-L1 antibody and tremelimumab CTLA-4 antibody has

also entered the research phase of clinical trials for advanced cervical

cancer (Gibney, Weiner, & Atkins, 2016). Therefore, blocking the PD-

1/PD-L1 pathway is of great value for improving the survival of

patients with cervical cancer.

In the present study, usnic acid was first identified as a potent

PD-L1 inhibitor as it markedly inhibited PD-L1 expression, providing a

powerful basis for it as an antitumor agent. PD-L1 was down-

regulated by usnic acid in a dose-dependent manner in human cervical

cancer cells. In addition, usnic acid reduced the expression of PD-L1

on the surface of HeLa cells and increased the cytotoxicity of co-

cultured T cells. Furthermore, the present study elucidated that the

anti-tumor effect of usnic acid was through the STAT3 and RAS signal

pathways cooperatively. Several studies have indicated that the acti-

vation of RAS caused a significant increase in PD-L1 mRNA expres-

sion in a time-dependent manner (Glorieux et al., 2020), and the

depletion of STAT3 profoundly diminished PD-L1 expression on both

the mRNA and protein levels (Marzec et al., 2008). In this article, usnic

acid was shown to inhibit PD-L1 transcription. Consistent with previ-

ous studies, this inhibition may be partially implemented via suppres-

sion of the JAK-STAT3 and RAS/RAF/MEK/ERK pathways, which are

closely involved in the activation of RAS and STAT3. However, it

should be noted that the regulatory mechanisms of PD-L1 transcrip-

tional expression are likely multifactorial processes, and it is worthy of

further exploration. It has been shown that the persistent phosphory-

lation of STAT3 can promote PD-L1 expression and lead to tumori-

genesis (Garcia et al., 2001; Luo et al., 2019). We observed that usnic

acid inhibited STAT3 phosphorylation at Tyr705 by downregulating

the JAK1/JAK2 and Src signaling pathways, and previous studies have

indicated that SHP-2 also negatively regulates the JAK/STAT signaling

pathway (Bard-Chapeau et al., 2011). In the current study, usnic acid

induced SHP-2 protein expression. In addition, usnic acid inhibited

Tyr705 STAT3 was reversed by pervanadate, indicating the main

function of this PTP in STAT3 dephosphorylation. We noted that

usnic acid downregulated STAT3 phosphorylation was associated with

the induction of SHP-2 protein expression.

The RAS/RAF/ERK signaling cascade is a major regulatory path-

way downstream of EGFR (Ritt, Abreu-Blanco, Bindu, Durrant, &

Morrison, 2016). It is involved in various physiological and pathologi-

cal processes, including cell proliferation, differentiation, and malig-

nant transformation, and plays an important role in tumor

development (Kennedy, Morton, Manoharan, Nelson, &

Adams, 2011). We showed that usnic acid downregulated RAS protein

synthesis through the RAF/MEK/ERK pathways. There are complex

interactions between the JAK/STAT3 and RAS/ERK signaling path-

ways that are related to cancer development. Our data revealed that

usnic acid inhibited the interaction of STAT3 and RAS and down-

regulated PD-L1 protein synthesis by reducing STAT3 and RAS coop-

eratively. Up to now, there are no reports about anti-cervical cancer

3932 SUN ET AL.

 10991573, 2021, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ptr.7103 by M

cgill U
niversity, W

iley O
nline L

ibrary on [24/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



drugs simultaneous with strong inhibitory effects on PD-1/PD-L1,

JAK/STAT3, and RAS/RAF/ERK pathways. Moreover, we did not set

a positive control in our experimental design. Therefore, it is of great

significance to develop novel anti-cervical cancer based on the above

pathways.

Proteasomal or lysosomal pathways can promote PD-L1 protein

degradation (Wang et al., 2019). Lysosomes are organelles that break

down biological macromolecules such as proteins, nucleic acids, and

polysaccharides (Settembre, Fraldi, Medina, & Ballabio, 2013), and

lysosomal dysfunction causes the proliferation and invasion of cancer

cells. LysoTracker staining results confirmed that PD-L1 was col-

ocalized with LAMP1 (lysosome marker) and usnic acid promoted

translocation of PD-L1 to the acid lysosomes for proteolysis, which is

consistent with the previous report that the YWHL-containing signal

peptide in PD-L1 directed its localization in lysosomes (Chen, 2004). A

recent study demonstrated that huntingtin-interacting protein 1–

related (HIP1R) binds to PD-L1 by its conserved C-terminal domain

and targets PD-L1 to lysosomal degradation by HIP1R (966–979) con-

taining an intrinsic lysosomal sorting signal (Wang et al., 2019).

Whether HIP1R is regulated by usnic acid and involved in lysosomal

degradation of PD-L1 requires further investigations.

The MiT/TFE family is a major regulator of autophagy, which can

increase the number of lysosomes and transport proteins into the

lysosome for degradation. The nuclear translocation of MITF, TFE3,

and TFEB can induce the expression of lysosomal catabolic function

(Slade & Pulinilkunnil, 2017). MTORC1 directly phosphorylates

MiT/TFE proteins and retains them in the cytoplasm (Martina &

Puertollano, 2013). Our study demonstrated that usnic acid activated

lysosome biogenesis in HeLa cells. Usnic acid induced MiT/TFE

nuclear translocation through the suppression of mTOR/p70S6K

pathways, and promoted lysosomal catabolic activity for PD-L1 degra-

dation. Our results are in agreement with recent reports that the inac-

tivation of mTOR and p70S6K (a well-recognized mTORC1 substrate

that can be used as a reporter of mTORC1 activity) promotes MITF/

TFE3/TFEB nuclear translocation (Wang et al., 2020). Previous studies

showed that the cellular localization of mTOR and the activity of

mTORC1 can be regulated by raptor or Rag GTPases, the effector in

Ragulator-Rag-mTORC1 complex (Sancak et al., 2010). Whether usnic

acid could affect mTORC1 by regulating raptor or Rag GTPases

requires further investigation.

High expression of PD-L1 is an important factor in tumor forma-

tion, development, and metastasis, and enhances the ability of cancer

cells to resist the immune system (Chen et al., 2015). The main functions

of c-Myc and cyclin D1 are respectively to promote cell division and

proliferation. Our data revealed that the expressions of c-Myc and

cyclin-D1 were decreased by silencing of PD-L1, which downregulated

cell proliferation; this effect was enhanced by co-treatment with usnic

acid. Usnic acid was also found to inhibit angiogenesis and cell migration

and invasion by inhibiting the expression of angiogenesis regulatory pro-

teins, including VEGF and MMP-9. However, it should be pointed out

that we only carry out the tests on a cell model (HeLa), and the impact

on other cervical cancer cell lines is worthy of further exploration.

In summary, these findings indicated that usnic acid inhibited PD-

L1 protein synthesis by reducing STAT3 and RAS signaling pathways

cooperatively. Furthermore, usnic acid induced MiT/TFE nuclear

translocation through the suppression of mTOR signaling pathway

and promoted the translocation of PD-L1 to lysosomes for proteoly-

sis. Usnic acid inhibited PD-L1 expression on the cell surface and

enhanced the activity and killing capacity of T cells, thereby inhibiting

tumor proliferation, angiogenesis, migration, and invasion. Taken

together, usnic acid should be considered as a potential novel lead

compound for the exploitation of an anti-cervical cancer drug, and our

study provides novel insights for the development of usnic acid

related drugs.
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