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Background: Lung cancer is a leading cause of cancer-related death worldwide. Previously

we demonstrated that polyphyllin I (PPI), a bioactive component extracted from Paris

polyphylla, inhibited the growth of non-small cell lung cancer (NSCLC) cells through the

SAPK/JNK-mediated suppressing p65, DNMT1 and EZH2 expressions. However, the mole-

cular mechanism underlying anti-lung cancer effect by PPI still remain elusive.

Purpose: In this current study, we further explored the molecular mechanism underlying the

anti-lung cancer effect of PPI.

Methods: MTT, Cell-LightTM EdU DNA cell proliferation and colony formation assays were

used to measure cell growth. Western blot were used to examine protein levels of c-Jun and p21.

The expression level of long non-codingth RNA HOX transcript antisense RNA (HOTAIR) was

measured by qRT-PCR. The p21 promoter activity was measured by Dual-Luciferase Reporter

Assay System. The transient transfection experiments were used to silence and overexpression of

c-Jun, p21 and HOTAIR. Tumor xenograft and bioluminescent imaging experiments were carried

out to confirm the in vitro findings.

Results: We showed that PPI suppressed growth of NSCLC cells. Mechanistically, we observed

that PPI reduced expression of HOTAIR, while increased transcription factor c-Jun protein levels.

Additionally, PPI also induced protein expression and promoter activity of p21, a cyclin-dependent

kinase inhibitor.While exogenously expressedHOTAIR showed no effect on c-Jun levels, silencing

of c-Jun significantly reversed the PPI-inhibited HOTAIR expression. Moreover, excessive

expressed c-Jun further enhanced PPI-inhibited HOTAIR expression and PPI-induced p21 protein

levels. Intriguingly, overexpression of HOTAIR and silencing of c-Jun overcame the PPI-induced

p21 protein and promoter activity. Finally, silencing of p21 neutralized the PPI-inhibited cell

proliferation. Similar results were also found in one xenograft mouse model.

Conclusion:Our results demonstrate that PPI inhibits growth of NSCLC cells through regulation

of HOTAIR and c-Jun expressions, which lead to induction of p21 gene. The interactions among

HOTAIR, c-Jun and p21 regulatory axis converge in the overall anti-lung cancer effect of PPI. This

study unveils an additional new mechanism for the anti-lung cancer role of PPI.
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Introduction
Lung cancer, especially non-small cell lung cancer (NSCLC), is the leading cause

of cancer-related death worldwide.1 Despite substantial advancement in under-

standing the mechanisms and improving treatment, the 5-year survival rate

remains unfavorable. Thus, enhancing therapeutic outcomes in patients with

NSCLC remains an increased challenge. Searching for alternative therapeutic
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modalities in enhancing the therapeutic efficacy of lung

cancer patients is eagerly needed.

Polyphyllin I (PPI), a bioactive constituent extracted

from Rhizoma Paridis saponins (RPS), has been shown to

have anti-tumor activity in cancers.2–7 By inactivation of

the Wnt/β-catenin regulatory signaling axis, PPI inhibited

growth, invasion, and migration of osteosarcoma cells in

vitro and in vivo.8 Moreover, PPI also reduced the growth,

invasion, and epithelial–mesenchymal transition (EMT) of

prostate cancer cells via inhibition of the protein phospha-

tase 2A (CIP2A)/protein phosphatase 2A (PP2A)/extracel-

lular signal-regulated kinase (ERK) signaling cascade.9

We previously showed that PPI inhibited growth of

NSCLC cells through stress-activated protein kinase/c-

Jun N-terminal kinase (SAPK/JNK)-mediated reduction

of transcription factor p65 and DNA methyltransferase 1

(DNMT1) protein levels, and this resulted in suppression

of enhancer of zeste homologue 2 (EZH2) gene expression

in NSCLC cells.10 We also found that PPI inhibited growth

of human castration-resistant prostate cancer (CRPC) cells

via suppression of long non-coding RNA (lncRNA) HOX

transcript antisense RNA (HOTAIR)/DNMT1/EZH2 sig-

naling regulatory loops.11 These results suggested the ther-

apeutic potential of PPI in cancer treatment. Regardless,

the molecular mechanisms underlying the anti-lung cancer

effect of PPI remained to be elucidated.

lncRNA has been shown to be involved in cellular and

biochemical processes at transcriptional levels, posttran-

scriptional levels, and epigenetic modifications.12,13

Aberrant lncRNA expression is reported to be involved

in tumorigenesis and development in NSCLC.14 Among

these, HOTAIR, which is located within the Homeobox C

(HOXC) gene cluster on chromosome 12, has been found

to be dysregulated in various cancers. Increased expression

of HOTAIR was associated with unfavorable prognosis in

cancer patients.15 HOTAIR was highly expressed in

NSCLC and silencing of HOTAIR reduced growth and

induced apoptosis of NSCLC cells. Thus, HOTAIR may

be considered as a potential biomarker for patients with

NSCLC.16 Nevertheless, the potential links and molecular

mechanisms underlying the exact role of HOTAIR in

mediating the growth and progression of lung cancer still

remain to be elucidated.

Transcription factor activator of protein 1 (AP-1) con-

sists of a variety of members including c-Jun, c-Fos

families and binds to specific DNA putative sites.

Several studies observed that activity and regulation of

AP-1 in cancer mainly depended on c-Jun, which was

mostly considered an oncogenic factor and involved in

growth, metastasis, and drug resistance.17–19 However,

opposite findings have also been reported; one early

study found that the proteasome inhibitor PS-341 induced

cell cycle arrest and apoptosis of NSCLC cells in conjunc-

tion with significant up-regulation of p21 (WAF1/Cip1), a

cyclin-dependent kinase inhibitor, and down-regulation of

Bcl-2 proteins. Concomitantly, PS-341 also increased

phosphorylation of JNK and c-Jun, and DNA binding

activities in NSCLC cells, indicating that the JNK/c-Jun/

AP-1 regulatory axis could mediate the anti-cancer effects

of PS-341.20 Another study also reported that tylophorine,

one major medicinal constituent of herb tylophora indica,

induced the c-Jun protein level in cancer cells via NF-κB/
JNK/mitogen-activated protein kinase kinase 4 (MKK4)

and the phosphatidylinositol 3-kinase (PI3-K)/phosphatase

2A (PP2A)/eukaryotic elongation factor 2 (eEF2) dual

regulatory cascades, suggesting the tumor suppressor role

of c-Jun in the anti-cancer effect of tylophorine.21

Regardless, the true function of c-Jun in the biological

process, especially in cancer cells, still needs to be care-

fully weighted with more experimental approaches.

Cyclin-dependent kinase (CDK) inhibitor p21, a key

player in regulating many cellular processes, is involved

in cell cycle regulation, apoptosis, and gene regulation.22

p21 acts as a tumor suppressor and concomitantly an

inhibitor of apoptosis by interacting with various mole-

cules and transcription factors, suggesting a critical role

and potential target in the development and treatment of

cancer.23–25 The exogenously expressed carboxyl termi-

nus of Hsc70-interacting protein (CHIP) facilitated degra-

dation of p21 in experiments, showing that p21 is a novel

and direct ubiquitylation substrate of CHIP.26 Also,

excessive expression of p21 was reported to rescue the

effects of miR-95-3p in proliferation and migration in

hepatocellular carcinoma cells.27 Moreover, senescent

cells with the p21 gene silenced acquired multiple DNA

lesions that resulted in activation of ataxia telangiectasia

mutated (ATM) and NF-κB signaling, leading to a

decrease in cell survival.28 Thus, the controversial roles

of the two-faced involvement of p21 in cancer develop-

ment and a therapeutic target might exist. Therefore,

more effort in understanding the mechanism underlying

the role of p21 in cancer pathogenesis is still required to

be elucidated.24

A number of studies have shown the associations

among HOTAIR, c-Jun, and p21 in cancer. One study

reported that inhibition of HOTAIR suppressed
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proliferation and invasion, but promoted the apoptosis of

colorectal cancer cells via increased p21 expression.29 The

data demonstrated increased SP1/c-Jun complex formation

in melanoma cells, resulting in increased activity of p21

gene promoter.30 The chromatin immunoprecipitation

experiment also found an association between c-Jun and

the activity of the p21 gene promoter.31 Moreover, another

study showed that c-Jun was identified as a potential

upstream transcript factor for mi302D; c-Jun-mediated

miR-302d-3p suppressed the differentiation of retinal pig-

ment epithelium (RPE) cells through directly targeting

p21.32 However, little information was available for the

links of HOTAIR and c-Jun. Therefore, the interactions

and correlations among these (HOTAIR, c-Jun, and p21)

involved in biological functions in cancer growth remain

unknown.

In this current study, we further explored the molecular

mechanism underlying the anti-lung cancer effect of PPI

and observed the novel links and associations among

HOTAIR, c-Jun, and p21 in this process. We showed that

reciprocal regulations and interactions among HOTAIR,

c-Jun, and p21 converged in the overall anti-lung cancer

effect of PPI.

Materials And Methods
Reagents And Cell Culture
Monoclonal antibodies specific to c-Jun and p21 were pur-

chased from Cell Signaling Technology (Beverly, MA,

USA). Lipofectamine 3000 reagent was ordered from Life

Technologies (AB & Invitrogen, Carlsbad, CA, USA). The

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) powder was purchased from Sigma Aldrich

(St Louis, MO, USA). Geneticin (G-418 Sulfate) was

obtained from Life Technologies (Grand Island, NY,

USA) and used for PC9-Luc cells (carrying luciferase

reporter gene obtained from the Guangzhou Land

Biological Technology Co., Guangzhou, China) at a con-

centration of 250 μg/mL. The c-Jun, p21, and HOTAIR

siRNAs and the Cell-Light™ EdU DNA cell proliferation

kit were purchased from RiboBio (Guangzhou, China). The

pcDNA3.1-HOTAIR and control (pcDNA3.1) were

obtained from GeneCopoeia, Inc. (Rockville, MD, USA).

The c-Jun expression plasmid (No.47443, Flag-JunWT-

Myc) was purchased from Addgene, Inc. (Cambridge,

MA, USA).33 The p21 promoter GV238-CDKN1A was

obtained from Genechem Co., Ltd (Shanghai, China). The

Dual-Luciferase Reporter Assay Kit was purchased from

Promega (Madison, WI, USA). The NSCLC cell lines PC9

and H1650 were obtained from the Chinese Academy of

Sciences Cell Bank of Type Culture Collection (Shanghai,

China) and authenticated for the absence of mycoplasma,

genotypes, drug response, and morphology using a com-

mercial kit provided by Guangzhou Cellcook Biotech Co.

Ltd (Guangzhou, China). The cells were cultured at 37°C in

a humidified atmosphere containing 5% CO2. The culture

medium consisted of RPMI 1640 medium obtained from

GIBCO, Life Technologies (Grand Island, NY, USA) sup-

plemented with 10% (v/v) heat-inactivated fetal bovine

serum (Thermo Fisher Scientific Inc, Waltham, MA,

USA), 100 μg/mL streptomycin, and 100 U/mL penicillin.

PPI was purchased from Chengdu Must Biotechnology

(Chengdu, China) and dissolved in dimethylsufoxide

[DMSO, maximum concentration, 0.1% (v/v)], which was

then added to complete the cell culture medium.

MTT Assay
Cell viability was measured using the 3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method.

The PC9 and H1650 cells seeded in 96-well plates (6×103

cells/well) were incubated at 37 °C with 5% CO2 with

increasing concentrations of PPI for up to 72 h. In separate

experiments, PC9 and H1650 cells were transfected with

the control, pcDNA3.1-HOTAIR for 24 h before exposing

to PPI for an additional 24 h. Afterward, absorbance was

determined using an automated microplate reader at 490

nm (Victor X5; Perkin Elmer, Waltham, MA, USA). The

IC50 values resulting from 50% inhibition of cell viability

were calculated as a comparison with that of the control

group.

EdU Incorporation Assay
Cell proliferation was assessed by the Cell-Light™ EdU

DNA cell proliferation kit (RiboBio ) according to the

instructions from the manufacturer. In brief, after treatment

with PPI, the PC9 and H1650 cells were exposed to 50 μMof

5-ethynyl-2ʹ-deoxyuridine (EdU) for 2 h at 37 °C, and then

fixed in 4% PA–PBS for 30 min. After permeabilization with

0.5% Triton X-100, the cells were stained with 1×Apollo

reaction reagent followed by staining with Hoechst 33342.

Finally, the pictures were obtained with 200× magnification

under microscopy (Ts2RFL; Nikon, Tokyo, Japan). At least

five captured fields were randomly selected and the EdU

positive cells were calculated: (EdU positive cells/Hoechst

stain cells)×100.
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Colony Formation Assay
PC9 cells (5×102 cells/6-well plate) in logarithmic growth

phase were seeded in 6-well plates and treated with PPI at

37 °C in 5% humidified CO2 for 8 days with continuously

changing RPMI 1640medium supplemented with 10% FBS

every 3 days. After that, the cells were fixed with 4%

paraformaldehyde (Sigma-Aldrich) and stained by 0.1%

crystal violet (Sigma-Aldrich) for a duration of 30 min.

Visible colonies from randomly selected five fields were

manually counted under a microscope (TI2-E; Nikon). The

results were shown as the fold change relative to that of the

vehicle control group.

Western Blot Analysis
The cell lysates containing equal amounts of protein were

separated on SDS polyacrylamide gels. Membranes

(Millipore, Billerica, MA, USA) were incubated with anti-

bodies against c-Jun and p21 (1:1000), respectively.

Afterward, following washing and incubating with a sec-

ondary antibody raised against rabbit IgG conjugated to

horseradish peroxidase (Cell Signaling Technology), the

membranes then were transferred to fresh-made ECL solu-

tion (Immobilon Western; Millipore), and the signals were

documented using the Gel Imagine System (Bio-Rad,

Hercules, CA, USA). ImageJ software (National Institutes

of Health, Bethesda, MD, USA) was used to quantify and

compare the intensity of single bands between the control

and proteins of interest.

Transfection Experiments
PC9 and H1650 cells were seeded at a density of 2.0×105

cells/6-well dishes and grown to 60% confluence. For each

well, 2 μg pcDNA 3.1 control or HOTAIR overexpression

plasmids, the control and c-Jun expression plasmid (Flag-

JunWT-Myc), the control and p21 siRNAs, or c-Jun

siRNAs (50 nM each) were transfected into the cells

using the Lipofectamine 3000 reagent according to the

instructions from manufacturer for up to 24 h, followed

by treatment with PPI for an additional 24 h for all other

experiments.

Quantitative Real-Time PCR (qRT-PCR)
A quantitative real-time PCR (qRT-PCR) assay was devel-

oped for the detection of HOTAIR transcripts. The primers

used in this study were designed as follows: HOTAIR for-

ward 5′-GGTAGAAAAAGCAACCACGAAGC-3′, reverse

5′-ACATAAACCTCTGTCTGTGAGTGCC-3′; GAPDH

forward 5′-AAGCCTGCCGGTGACTAAC-3′, reverse 5′-

GCGCCCAATACGACCAAATC-3′. The amplification was

carried out in a 20 μL mixture containing 2 μL of the cDNA

preparation, 10 μL of 2× SYBRGreen Premix ExTaq, and 10

μM primers on an ABI 7500 Real-Time PCR System

(Applied Biosystems Inc., Grand Island, NY, USA). The

qRT-PCR protocol included an initial step of 95 °C for 30 s

followed by 40 cycles of 95 °C for 3 s and then annealing at

60 °C for 30 s. Each sample was tested in triplicate.

Threshold values were determined for each sample/primer

pair and the 2−ΔΔCt method was used to calculate the relative

levels of specific HOTAIR.

Dual-Luciferase Assays
PC9 and H1650 cells seeded at a density of 6x104 cells/well in

24-well plates were transfected with p21 promoter constructer

linked to the luciferase reporter gene (GV238-CDKN1A) and

an internal control (Renilla) for 24 h before treatment with PPI

for an additional 24 h. The preparation of cell extracts and

measurement of luciferase activities were performed using the

Dual-Luciferase Reporter Assay System (Promega) based on

the instructions from the manufacturer.

Xenografted Tumor Model
Mouse tumor xenograft studies were carried out according to

the guidelines for care, and the protocol was approved by the

Animal Care and Use Committee of Guangdong Provincial

Hospital of Chinese Medicine (Ethics Approval Number

2018020) and the National Institutes of Health Guide for the

Care and Use of Laboratory Animals (NIH Publications No.

8023, revised 1978). A total of 30 eight-week-old female nude

mice obtained from Beijing Vital River Experimental Animal

Co. Ltd (Beijing, China)weremaintained at theAnimal Center

of Guangdong Provincial Hospital of Chinese Medicine. PC9-

Luc cells (5×106 cells) carrying the luciferase reporter gene

(obtained from the Guangzhou Land Biological Technology

Co.) were injected subcutaneously near the axillary fossa

region in nude mice. Xenografts were allowed to grow until

the initial measurement was made with calipers. Mice were

randomly divided into the control, low (1 mg/kg) and high

doses (3 mg/kg) of PPI groups, given daily by intraperitoneal

injection for up to 21 days (n=10 per group) based on the

previous study.10 Next, for the bioluminescence imaging

(BLI) procedure, mice were anesthetized by inhalation of 2%

isoflurane. The substrate D-luciferin (Caliper Life Sciences,

Hopkinton, MA, USA) was injected into the peritoneal cavity

with a dose of 150 mg/kg in approximately 100 μL. The
intensity of the BLI signal was determined using the IVIS-
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200 imaging system (Xenogen/Caliper, Alameda, CA, USA).

Tumor volume measurements were calculated using the for-

mula for an oblong sphere: volume=(width2×length)×0.5.

Quantification of bioluminescence was reported as photons/s.

All mice were euthanized on day 21 and the corresponding

xenografted tumors were removed and processed for detecting

the c-Jun and p21 protein levels by western blot and HOTAIR

expression by qRT-PCR, respectively.

Immunohistochemistry (IHC)
Immunohistochemical assay was used to determine c-Jun and

p21 protein expressions in lung tumor tissues. Tissues were

obtained from nude mice with/without treatment with PPI and

fixed in 10% formaldehyde for 24 h, then embedded with

paraffin. The specimens were cut into 5-μm sections and

roasted at 60 °C for 2 h. Antigenic retrieval was performed in

citric acid buffer (pH 6.0) followed by washing with PBS, and

treatment with 3% H2O2 and 5% bovine serum albumin.

Afterward, the sections were incubated with primary antibo-

dies against p21 (dilutions of 1:50; Cell Signaling Technology)

and c-Jun (dilutions of 1:300; Cell Signaling Technology,) at 4

°C overnight. Subsequently, they were incubated with second-

ary antibody (Beijing Zhongshan Golden Bridge

Biotechnology Co., Ltd, Beijing, China) for 30 min.

Detection was performed using 3,3ʹ-diaminobenzidine

(DAB) chromogen (Maixin Biotech. Co. Ltd, Fuzhou,

China) and were counterstained with hematoxylin, then dehy-

drated through graded alcohols, and cleared in xylene. Finally,

the pictures were taken under 200× magnification under a

microscope (Ti2-E; Nikon). The immunostaining was evalu-

ated by Image-Pro Plus6.0 image analysis software (Media

Cybernetics, lnc., Sliver Spring, MD, USA).

Statistical Analysis
Almost all data were expressed as the mean±SD from three

independent experiments. Differences between groups were

assessed by one-way ANOVA and significance of differ-

ence between treatment groups was analyzed by Tukey’s

multiple comparison test using GraphPad Prism software

version 5.0 (GraphPad Software Inc., La Jolla, CA, USA).

A Palue of <0.05 was deemed significant.

Results
PPI Inhibited Growth Of NSCLC Cells
Our previous studies found that PPI can reduce the growth

of NSCLC cells.10 In this study, we further detected and

confirmed the effect of PPI on growth in PC9 and

additional NSCLC H1650 cells by MTT assay. As shown

in Figure 1A, PPI inhibited the cell viability in a dose- and

time-dependent manner in PC9 and H1650 cells. The IC50

values were 1.644 and 2.172 μM in PC9 and H1650 cells,

respectively. This finding was also confirmed using alter-

native methods for detecting cell proliferation: EdU incor-

poration (Figure 1B) and colony formation assays

(Figure 1C). These results suggested that PPI inhibited

the growth of PC9 and H1650 cells.

PPI Suppressed lncRNA HOTAIR Levels

And Increased c-Jun Protein Expression

And Silencing Of c-Jun Neutralized The

PPI-Inhibited HOTAIR Expression
We next search for the potential targets that may be mediated

in the inhibitory effect of PPI on cancer cell growth.

Oncogenic factor c-Jun has been shown to be involved in

tumorigenesis and progression.34We found that PPI unexpect-

edly increased c-Jun protein levels in a dose-dependent fash-

ion in PC9 andH1650 cells (Figure 2A).We also observed that

PPI reduced lncRNA HOTAIR expression levels (Figure 2B)

and that exogenous expression of HOTAIR had no effect on

either basal c-Jun or PPI-induced c-Jun protein levels in PC9

and H1650 cells (Figure 2C). However, we showed that silen-

cing of c-Jun resisted the PPI-inhibited HOTAIR expression

(Figure 2D). Conversely, excessive expressed c-Jun repressed

HOTAIR and further facilitated PPI-inhibited HOTAIR

expression (Figure 2E). These findings indicated that c-Jun,

acting as an upstream tumor suppressor, regulated the expres-

sions of HOTAIR in this process.

PPI Increased Expression And Promoter

Activity Of P21, Which Were Overcome

By Excessive Expression Of HOTAIR And

Silencing Of C-Jun
To investigate the mechanism underlying the regulation of

c-Jun and HOTAIR in mediating the relevant downstream

target regulated by PPI, we further delineate the role of p21,

the cyclin-dependent kinase inhibitor involved in growth arrest

at specific stages in the cell cycle and linked to the functions of

HOTAIR and c-Jun in different cancer cells.29,35,36 We found

that PPI increased p21 protein expression in a dose-dependent

fashion (Figure 3A), which was overcome in cells overexpres-

sing HOTAIR (Figure 3B). As expected, it also increased the

promoter activity of p21 (Figure 3C), which was also over-

come in cells overexpressing HOTAIR (Figure 3C). As
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expected, silencing of c-Jun resisted the PPI-induced p21

protein expression and promoter activity in PC9 and H1650

cells (Figure 3D andE). Conversely, excessive expressed c-Jun

not only induced, but also enhanced PPI-induced p21 protein

expression (Figure 3F). These findings indicated that both

c-Jun and HOTAIR, acting as upstream factors, were involved

in the regulation of the PPI-induced expression of p21.

Silencing Of P21 Neutralized The PPI-

Inhibited Cell Proliferation But Had No

Effect On Feedback Regulations Of

HOTAIR And C-Jun Expressions
To further dissect the molecular mechanism by which the

interactions among c-Jun, p21, and HOTAIR converge in the

overall response of PPI in this setting, we silenced the p21

gene using siRNA methods and examined the relevance and

function of c-Jun and HOTAIR that mediated the PPI-inhib-

ited cell growth.We showed that silencing of p21 had no effect

on the HOTAIR level and c-Jun protein expression in PC9 and

H1650 cells (Figure 4A and B). This result suggested that no

feedback regulatory axis existed in this process. Interestingly,

silencing of p21 neutralized the PPI-inhibited cell proliferation

in PC9 and H1650 cells (Figure 4C). This result demonstrated

a critical role of p21 in this process.

A Mouse Xenograft Model To Further

Validate The Effect Of PPI
Finally, we tested the effect of PPI in a xenograft mice model.

Mice bearing xenografted lung tumors were treated with

the control or PPI via intraperitoneal injection for up to 21

days followed by intraperitoneal injection of D-luciferin. We

Figure 1 PPI inhibited growth of NSCLC cells. (A) PC9 and H1650 cells were stimulated with different concentrations of PPI for up to 72 h. The cells were collected and

processed for MTT assay as described in the Materials and Methods section. (B) PC9 and H1650 cells were treated with PPI (1.6 μM) for 24 h, followed by processing for

measuring the cell growth by the EdU DNA cell proliferation kit as described in the Materials and Methods section. (C) PC9 cells (5×102 cells/6-well plate) were seeded in

6-well plates and treated with PPI (1.6 μM) at 37 °C in 5% humidified CO2 for up to 9 days. After that, the cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) and

stained by 0.1% crystal violet, and the visible colonies were counted under a microscope as described in the Materials and Methods section. Values are given as the mean±SD,

from three independent experiments performed in triplicate. *Indicates significant difference as compared to the untreated control group (P<0.05).
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found that the high doses of (3 mg/kg) PPI-treated mice

demonstrated a significant growth-inhibitory effect compared

to the control group as assessed by the Xenogen IVIS200

system (Figure 5A). In addition, we observed a substantial

reduction of the tumor weight and sizes (volume) in the high

dose of PPI-treated group as compared to that in the control

group (Figure 5B–D). Moreover, consistent with the results in

vitro, the induction of c-Jun and p21 proteins, and reduction of

HOTAIR expression levels in fresh tumors harvested from the

above experiments were observed in the PPI-treated group as

compared to that in the control one, as determined by western

blot and qRT-PCR, respectively (Figure 5E and F). In addition,

the representative images of IHC staining for c-Jun and p21

showed similar findings (Figure 5G).

Discussion
Polyphyllin I (PPI), a natural compound extracted from the

rhizomes of Paris polyphylla, has been used to treat sev-

eral cancer types via multiple mechanisms.2–6 Previously,

we demonstrated that PPI inhibited growth of human lung

cancer cells via SAPK/JNK-mediated inhibition of NF-κB
subunit p65, DNMT1, and EZH2 expressions in human

lung cancer cells.10 We also showed that PPI reduced

growth of human CRPC cells through inhibition of the

Figure 2 PPI suppressed lncRNA HOTAIR levels and increased c-Jun protein expression and silencing of c-Jun neutralized the PPI-inhibited HOTAIR expression. (A) PC9

and H1650 cells were treated with different concentrations of PPI for 24 h. The expression of c-Jun protein was detected by Western blot. GAPDH was used as a loading

control. (B) PC9 and H1650 cells were treated with PPI (1.6 μM) for 24 h. The expression of HOTAIR was detected by qRT-PCR. (C) Cellular protein was isolated from PC9

and H1650 cells transfected with the control or HOTAIR expression vectors for up to 24 h before exposing the cells to PPI (1.6 μM) for an additional 24 h. Afterward, the

expressions of c-Jun proteins were detected by Western blot. GAPDH was used as a loading control. The figures are representative cropped gels/blots that have been run

under the same experimental conditions. (D) PC9 cells were transfected with the control or c-Jun siRNA for up to 24 h before exposing the cells to PPI (1.6 μM) for an

additional 24 h. Afterward, the expression of HOTAIR was detected by qRT-PCR. (E) PC9 and H1650 cells were transfected with the control or c-Jun expression vectors for

up to 24 h before exposing the cells to PPI (1.6 μM) for an additional 24 h. Afterward, the expression of HOTAIR was detected by qRT-PCR. *Indicates significant difference

as compared to the untreated control group (P<0.05). **Indicates significant difference from PPI treated alone (P<0.05).
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lncRNA HOTAIR/DNMT1/EZH2 signing regulatory

axis.11 These results suggested the therapeutic potential

of PPI in novel cancer treatment. In the current study, we

provided further evidence demonstrating the anti-lung can-

cer effects of PPI. We showed that reciprocal regulations

and interactions among lncRNA HOTAIR, transcription

factor c-Jun, and CDK inhibitor p21 converged in the

overall anti-lung cancer effect of PPI.

In this study, we demonstrated a potential regulatory role

of lncRNA HOTAIR in mediating the anti-lung cancer effect

of PPI. HOTAIRwas increased in NSCLC cells and involved

in growth, invasion, metastasis, and progression.15,37–40 The

dysregulation of HOTAIR was correlated with metastasis

and poor prognosis, and was expected to be considered as a

potential biomarker and therapeutic target for patients with

NSCLC.41 Thus, HOTAIR could be a potential target in

cancer therapy. In line with this, our results provided and

confirmed the notions that HOTAIR may be an important

target gene of PPI in the lung cancer cells, and that inhibition

of HOTAIR was involved in the PPI-inhibited NSCLC cell

growth.

Intriguingly, we also found an important role of c-Jun

in this process. Several studies have shown that an

enhanced AP-1 activity in cancer is mainly dependent on

Figure 3 PPI increased expression and promoter activity of p21, which were overcome by excessive expression of HOTAIR and silencing of c-Jun. (A) PC9 and H1650 cells

were treated with different concentrations of PPI for 24 h. The expression of p21 protein was detected by western blot. GAPDH was used as a loading control. (B, C) PC9

and H1650 cells were transfected with the control or HOTAIR expression vectors for 24 h, or a wild-type human p21 promoter reporter construct ligated to luciferase

reporter gene (GV238-CDKN1A) and the internal control for 24 h, followed by treating with PPI (1.6 μM) for an additional 24 h. Afterward, the p21 protein levels and

promoter activities were determined by western blot (B) and the Dual-Luciferase Reporter Assay System (C) as described in the Materials and Methods section. (D, E) PC9
and H1650 cells were transfected with the control or c-Jun siRNAs for 24 h, or a wild-type human p21 promoter reporter construct ligated to the luciferase reporter gene

and the internal control for 24 h, followed by treating with PPI (1.6 μM) for an additional 24 h. Afterward, the c-Jun and p21 protein levels and p21 promoter activities were

determined by western blot and the Dual-Luciferase Reporter Assay System as described in the Materials and Methods section. GAPDH was used as a loading control. (F)
PC9 and H1650 cells were transfected with the control or c-Jun expression vector, followed by treating with PPI (1.6 μM) for an additional 24 h. Afterward, the c-Jun and

p21 protein levels were determined by western blot. GAPDH was used as a loading control. The figures are representative cropped gels/blots that have been run under the

same experimental conditions. Values in bar graphs were given as the mean±SD from three independent experiments. *Indicates significant difference as compared to the

untreated control group (P<0.05). **Indicates significant difference from PPI treated alone (P<0.05).
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the c-Jun subunit, which has been considered as an onco-

genic factor and involved in growth, differentiation, apop-

tosis, metastasis, and drug resistance.17–19 However,

opposite findings were also noticed,20,21 implying a

tumor suppressor role of c-Jun. Consistent with this, our

results indicated that the induction of c-Jun mediated the

anti-lung cancer effect of PPI, and suggested that c-Jun

was also upstream of HOTAIR and modulated expression

of HOTAIR affected by PPI in this process. Thus, the

potential dual roles of c-Jun in biological functions, espe-

cially in cancer cell growth, deserve more attention and

future studies are required to carefully weight this with

more experimental approaches.

More importantly, we observed the critical role of p21 in

this study. The cyclin kinase inhibitor p21 (also known as

WAF1, CIP1, SDI1, and MDA-6) interacted with CDK

complexes and blocked their kinase activities, thereby caus-

ing cell cycle arrest at the G1 phase.42 Overexpression of

p21 resulted in G1 arrest and was shown to suppress tumor

growth in vitro and in vivo.43 Our results demonstrated that

induction of p21 was involved in the inhibitory effect of PPI

on lung cancer cell growth, suggesting that p21 is a critical

tumor suppressor, although p21 was regarded as a protein

with a dual behavior.44 Moreover, we demonstrated that

excessive expression of HOTAIR and silencing of c-Jun

resisted the PPI-induced p21 protein expression and promo-

ter activity. The association of p21 and HOTAIR has been

reported; the regulation and interaction between miR-203

and HOTAIR resulted in the inhibition of epithelial–

mesenchymal transition (EMT) and regulation of metastatic

downstream genes including induction of tumor suppressor

p21 in renal cell carcinoma cells.45 HOTAIR was also

Figure 4 Silencing of p21 neutralized the PPI-inhibited cell proliferation but had no effect on feedback regulation of HOTAIR and c-Jun expressions. (A, B) PC9 and H1650

cells were transfected with the control or p21 siRNAs for 24 h before exposure of the cells to PPI for an additional 24 h, followed by detecting HOTAIR levels and c-Jun

protein expression via qRT-PCR and western blot, respectively. (C) PC9 and H1650 cells were transfected with the control or p21 siRNAs for 24 h before exposure of the

cells to PPI (1.6 μM) for an additional 24 h, followed by detecting cell proliferation via the MTT assay described in the Materials and Methods section. The figures are

representative cropped gels/blots that have been run under the same experimental conditions. Values in bar graphs were given as the mean±SD from three independent

experiments. *Indicates significant difference as compared to the untreated control group (P<0.05). **Indicates significant difference from PPI treated alone (P<0.05).
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involved in regulation of p21 expression in cervical cancer

cells. Silencing of HOTAIR induced p21 expression and

consequentially increased the radio-sensitivity of cervical

cancer cells, suggesting that the effect of HOTAIR was

mainly through reduction of p21.46 Inhibition of HOTAIR

by siRNAs diminished cigarette smoke extract (CSE)-

reduced p21 expression. Thus, HOTAIR epigenetic

silencing of p21 via EZH2-mediated H3K27 trimethylation

contributed to the cell cycle progression induced by CSE in

human bronchial epithelial (HBE) cells.47 We also observed

the induction of p21 expression by c-Jun. Analysis of the

p21 gene promoter showed an increase in SP1/c-Jun com-

plex formation, suggesting that these complexes were

involved in activation of the p21 gene promoter.30

Transcription factors of the AP-1 family (c-Jun and ATF-

2) are capable of transactivation of the p21 promoter when

overexpressed in human hepatoma HepG2 cells, suggesting

that AP-1 proteins played a role in the stimulation of p21

gene expression. In addition, co-expression and functional

interaction of c-Jun and SP1 resulted in a strong synergistic

transactivation of p21 promoter in several different cells.48

Overall, our findings demonstrated that the regulations and

Figure 5 A mouse xenograft model to further validate the effect of PPI. (A) PC9-Luc cells (5×106 cells) carrying the luciferase reporter gene (obtained from the Guangzhou

Land Biological Technology Co., Guangzhou, China) were injected subcutaneously into nude mice. Xenografts were allowed to grow until the initial measurement was made

with calipers. Mice were randomly divided into the control, low (1 mg/kg) and high doses (3 mg/kg) of PPI groups, given daily by intraperitoneal injection for up to 21 days

(n=10 per group). The xenografts were assessed by in vivo bioluminescence imaging at the start and end of the experiments. The tumor growth was monitored by injecting

luciferin into the mice followed by measuring bioluminescence using the IVIS imaging system. Imaging and quantification of signals were controlled by the acquisition and

analysis software living image as described in the Materials and Methods section. Representative images are shown. (B, C) Xenografts were harvested on day 21, and the

weight (B) and volume (C) of tumors were measured. (D) Photographs of the vehicle- and drug-treated xenografts derived from nude mice are shown. (E–G) At the end of

the experiments, xenograft tumors were isolated from individual animals, and the corresponding lysates were processed and HOTAIR levels and c-Jun and p21 protein

expressions detected by qRT-PCR and western blot, and IHC, with the indicated antibodies, respectively. GAPDH was used as a loading control. The figures are

representative cropped gels/blots that have been run under the same experimental conditions. The bar graphs represent the tumor weight and volume of mice results

as the mean±SD. *Indicates significant difference from the untreated control (P<0.05). (H) The diagram shows that PPI inhibits NSCLC cell growth through regulation of

HOTAIR and c-Jun expressions, which result in induction of the p21 gene. The interactions among the HOTAIR, c-Jun, and p21 regulatory axis converge in the overall anti-

lung cancer effect of PPI.
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potential mechanisms among HOTAIR, c-Jun, and p21

converge in the overall anti-lung cancer effect of PPI. Of

notes, the roles and regulations of HOTAIR, c-Jun, or p21 in

mediating PPI-induced cell cycle arrest in different cancer

cells were reported previously.2,11,49–51 We believe that

investigation of the effect of PPI on lung cancer cell cycle

arrest through modulating the interactions among the

HOTAIR, c-Jun, and p21 regulatory axis would further

unveil the in-depth molecular mechanism underlying this,

which needs to be explored further.

Moreover, our in vivo data fit the findings in vitro,

further confirming the inhibitory effects of PPI on tumor

growth and regulation of HOTAIR, c-Jun, and p21 expres-

sions. The doses of PPI used were based on our previous

reports and other studies,10,52,53 which showed substantial

inhibitory effects without noticeable toxicity. Our findings

suggest that PPI suppressed growth of human lung cancer

cells via targeting the HOTAIR, c-Jun, and p21 signaling

regulatory axis.

In summary, our results show that PPI inhibits NSCLC

cell growth through regulation and interaction of HOTAIR

and c-Jun, and this leads to the induction of p21 gene

expression. The potential regulatory loops among

HOTAIR, c-Jun, and p21 converge in the overall anti-

lung cancer effect of PPI (Figure 5H). This study provides

further evidence and unveils additional new mechanism

for the anti-lung cancer role of PPI.
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