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Abstract
Skp2 is overexpressed in multiple cancers and plays a critical role in tumor devel-
opment through ubiquitin/proteasome- dependent degradation of its substrate pro-
teins. Drugs targeting Skp2 have exhibited promising anticancer activity. Here, we 
identified a plant- derived Skp2 inhibitor, betulinic acid (BA), via high- throughput 
structure- based virtual screening of a phytochemical library. BA significantly inhib-
ited the proliferation and migration of non– small cell lung cancer (NSCLC) through 
targeting Skp2- SCF E3 ligase both in vitro and in vivo. Mechanistically, BA binding 
to Skp2, especially forming H- bonds with residue Lys145, decreases its stability by 
disrupting Skp1- Skp2 interactions, thereby inhibiting the Skp2- SCF E3 ligase and pro-
moting the accumulation of its substrates; that is, E- cadherin and p27. In both sub-
cutaneous and orthotopic xenografts, BA significantly inhibited the proliferation and 
metastasis of NSCLC through targeting Skp2- SCF E3 ligase and upregulating p27 and 
E- cadherin protein levels. Taken together, BA can be considered a valuable therapeu-
tic candidate to inhibit metastasis of NSCLC.
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1  | INTRODUC TION

Lung cancer is the leading cause of cancer- related mortality world-
wide. Most non– small cell lung cancer (NSCLC) patients succumb to 
the disease due to drug resistance and cancer metastasis.1 Targeted 
therapies have shown clinical benefits and promising prospects in 
NSCLC. However, few anticancer drugs that target tumor metas-
tases have been developed.2 Therefore, novel drugs that suppress 
NSCLC metastasis are urgently needed.

It is widely accepted that the Skp1- Cullin1- F- box protein (SCF) 
complex plays critical roles in tumorigenesis and cancer develop-
ment by regulating protein degradation. Skp2, an F- box protein of 
the SCF complex, is overexpressed in various human cancers and 
promotes tumor development.3 The Skp2- SCF complex partici-
pates in cancer cell proliferation and migration through ubiquitin- 
dependent degradation of p27 and E- cadherin.4,5 Components of 
SCF complex, including Cullin1, Skp1, and certain F- box proteins, 
have demonstrated to be promising therapeutic targets in cancer 
treatments.6,7 In particular, several Skp2- targeting compounds, such 
as SMIP004, compound A, compound #25, and C1/2, were found to 
exhibit significant anticancer effects,8- 11 suggesting that Skp2 is a 
potential therapeutic target for NSCLC.

Accumulating evidence indicates that numerous phytochemicals 
exhibit promising antitumor activities.12 Hence, these are consid-
ered suitable candidate drugs for novel anticancer therapies.13 In 
this study, we aimed to discover plant- derived inhibitors specific for 
Skp2. High- throughput structure- based virtual screening was used 
to screen a phytochemical library that had been previously used for 
other purposes.7 All the phytochemicals of the library were collected 
from published literature. We identified a potent Skp2 inhibitor, bet-
ulinic acid (BA), which binds to Skp2 by forming H- bonds with resi-
due Lys145 and leads to Skp2 downregulation, p27 and E- cadherin 
accumulation, and a decrease of migratory potential of NSCLC. Thus, 
our study screened a phytochemical library to identify Skp2 inhibi-
tors, and then provided evidence that BA can be used as an antimet-
astatic agent that targets Skp2- SCF E3 ligase in NSCLC.

2  | MATERIAL S AND METHODS

2.1 | Reagents and antibodies

Betulinic acid and cycloheximide (CHX) were purchased from 
Meilun Biotechnology. SZL- P1- 41 (compound #25) was purchased 
from MedChemExpress. Procyanidin B1 was purchased from 
Sichuan Victory Biotechnology. Hesperidin and Camptothecin 
were purchased from Aladdin Chemistry. TGF- β was purchased 
from PeproTech. Antibodies against Skp2 (#2652), p27 (#3688), E- 
cadherin (#14472), and GAPDH (#2118) were obtained from Cell 
Signaling Technology; antibodies against N- cadherin (ab76011), 
Vimentin (ab92547), Twist (ab175430), Slug (ab106077), and Snail 
(ab216347) were purchased from Abcam; antibody against Skp1 
(GTX106675) was purchased from GeneTex; antibody against Flag 

(F1804) was purchased from Sigma; antibody against HA (A02040) 
Myc (A02060) was purchased from Abbkine. All secondary antibod-
ies (HRP- conjugated anti– mouse IgG and anti– rabbit IgG) were pur-
chased from Cell Signaling Technology.

2.2 | Cell culture and treatment

The human lung cancer cell lines A549 and H1299, the mouse Lewis 
lung carcinoma cell line (LLC), and human kidney cell line 293T within 
four passages were purchased from the ATCC, A549- luciferase cell 
line was a gift from Professor Guang- Biao Zhou from the State Key 
Laboratory of Molecular Oncology, National Cancer Center. The A549, 
LLC, and 293T cells were cultured in DMEM and H1299 cells were 
cultured in RPMI- 1640 medium (Hyclone), supplemented with 10% 
FBS (Hyclone), penicillin (100 IU/mL), and streptomycin (100 μg/mL) 
(Invitrogen) in a humidified incubator containing 5% CO2 at 37℃.

2.3 | Cell viability assay

The H1299, A549, and LLC cells were plated in 96- well plates at 
4 × 103 cells/well and treated with BA at indicated concentrations 
for 24 hours or 48 hours. After treatment, the cells were incubated 
with 10 μL 5 mg/mL MTT solution and incubated for an additional 
4 hours, then the MTT formazan crystals were dissolved in DMSO 
(100 μL/well) and the absorbance at 490 nm was measured. The 
assay was performed at least three times.

2.4 | Wound- healing and transwell assay

For wound- healing assay, cells (4 × 105/well) were plated in 6- well 
plates overnight. Wounds were made in the cell monolayer by micro-
pipette tip and treated with or without BA for 24 hours. Then, the 
images of wounds were obtained using an inverted microscope. For 
the transwell invasion assay, cells were plated in the upper chamber 
of transwell inserts (6.5 mm diameter and 8 μm pore size; Corning) 
that were precoated with Matrigel (Corning) for 4 hours; cells in the 
upper chamber were cultured in serum- free medium, while the lower 
chamber was filled with 10% FBS medium as a chemoattractant. 
After BA treatment for 24 hours, cells in the upper chamber were 
removed using a cotton swab, and cells in the lower chamber were 
fixed with methanol, stained with .1% crystal violet, photographed 
by microscopy, and enumerated by counting three random fields per 
well. All assays were repeated three times.

2.5 | Sphere formation assay

The sphere formation in non– adherent conditions was performed 
as described previously;14 briefly, dispersed cells were cultured in 
serum- free DMEM/F- 12 media (Hyclone) supplemented with B27 
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(1:100, Thermo Fisher Scientific), EGF (20 ng/mL, Sino Biological), 
FGF (10 ng/mL, Sino Biological), and heparin (5 µg/mL, StemCell 
Technologies) in ultra- low attachment cell culture plates and 
treated with DMSO or BA. Tumor spheres were photographed 
and counted from at least three independent fields for each well. 
Three- dimensional Matrigel cultures were carried out as previously 
described;15 briefly, a total of 100 µL mixture (50 µL cold cell sus-
pension: 50 µL cold Matrigel) was prepared and pipetted into the 
bottom rim of 12- well plates. Then low- serum (1% FBS) media with 
or without BA was added to the middle of each well. For the above 
experiments, the medium was refreshed every 3 days.

2.6 | Western blotting

Cells were treated with DMSO or BA for indicated time points, total 
protein was harvested, and protein concentrations were detected 
using the BCA Kit (Beyotime). The protein was subjected to SDS– 
PAGE and transferred to PVDF membranes. These membranes were 
incubated with indicated antibodies and detected by ChemiDoc 
XRS system with Quantity One software (Bio- Rad); the images were 
analyzed by ImageJ software (NIH). Experiments were performed in 
triplicate.

2.7 | Phytochemical library and high- throughput 
virtual screening

The phytochemical library contains 841 reported plant- derived com-
pounds, including flavonoids, terpenoids, phenolics, tannins, alka-
loids, stilbenes, curcuminoids, and glycosides. The three- dimensional 
structure models of the compounds were prepared as previously de-
scribed.7 Crystal structure of Skp2 (PDB, 2AST) was used as the re-
ceptor in the molecular docking. Receptor and the compound ligands 
were prepared using AutoDock Tools16 and OpenBabel,17 respec-
tively. The high- throughput molecular docking was carried out using 
Autodock Vina.18 The parameters exhaustiveness and num_modes 
were set as 50 and 100, respectively. Then, 4 compounds out of the 
24 top hits (binding affinity energy < −7.1 kcal/mol) were selected 
for further analysis (Table S1).

2.8 | Cellular thermal shift assay

A cellular thermal shift assay (CETSA) was performed as described 
previously.19 Briefly, cells cultured in 10- cm dishes were treated with 
DMSO or BA for 3 hours. After treatment, cells were harvested and 
the cell suspensions in PBS were distributed into six PCR tubes and 
heated to indicated temperatures (42, 46, 50, 54, and 58°C) for 3 min-
utes. Then the tubes were incubated at room temperature for 3 min-
utes followed by three repeated freeze– thaw cycles of liquid nitrogen. 
Subsequently, the cell lysates were centrifuged at 20 000 g at 4°C for 
20 minutes, the supernatant was collected for further experiments.

2.9 | Co– immunoprecipitation

Co- immunoprecipitation (co- IP) was performed as described previ-
ously.20 Briefly, 293T cells were transfected with HA- tagged Skp2 
and Flag- tagged Skp1 using a Calcium Phospate Cell Transfection 
Kit (Beyotime). After 48 hours of transfection, cells were cultured 
with or without BA for 4 hours and lysed with co- IP lysis buffer 
(137 mmol L− NaCl, 2 mmol L− EDTA, 40 mmol L− Tris- HCl (pH 7.4), 
1% NP- 40) at 4°C for 30 minutes under gentle rotation. The lysates 
were centrifuged at 14 000 g, 4°C for 15 minutes. Then the pro-
tein concentrations of supernatants were detected by BCA protein 
assay kit (Beyotime). Equal amounts of the supernatants (50 μg) 
were aliquoted as “input” samples. For the co- IP assay, 500 μg of 
the remaining supernatants were incubated with indicated antibod-
ies overnight and then incubated with protein A/G agarose beads 
(Beyotime) at 4°C for an additional 4 hours. The beads were washed 
using co- IP lysis buffer and boiled with SDS- PAGE loading buffer. 
For western blotting, 5 μg proteins of “input” were used to examine 
the expression levels of interested proteins.

2.10 | Skp2 overexpressing stable cell line

To establish Skp2 stably overexpressing cell lines, the human 
Skp2 cDNA was cloned into the lentiviral expression vector pSin- 
EF2- puro. 293T cells were transfected with the lentiviral expres-
sion vector and packaging vectors using a Calcium Phosphate Cell 
Transfection Kit. Then lentivirus was harvested to infect H1299 and 
A549 cells. NSCLC were incubated with medium containing puromy-
cin (.5 µg/mL) to generate cells stably overexpressing Skp2.

2.11 | In vivo ubiquitination assay

293T cells were transfected with the indicated plasmids, including 
Skp2, E- cadherin/p27, and HA- tagged ubiquitin, using a Calcium 
Phosphate Cell Transfection Kit (Beyotime). After 48 hours of trans-
fection, cells were cultured with or without BA for 24 hours and 
treated with MG132 for an additional 6 hours. Cells were lysed 
with co- IP lysis buffer containing 10 mmol L− N- ethylmaleimide; 
the cellular extracts were immunoprecipitated overnight with anti– 
E- cadherin or anti– p27 antibodies and then subjected to western 
blotting.

2.12 | Animal experiments

All animal studies were approved by and were performed ac-
cording to the guidelines of the Animal Ethics Committee of 
Guangzhou University of Chinese Medicine (authorization num-
ber 20191112005). All the mice were purchased from Guangdong 
Medical Laboratory Animal Center. For the spontaneous metasta-
sis mouse model, LLC (1 × 106) cells were injected subcutaneously 
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into C57BL/6 mice (male, 6 weeks). Once the tumors reach approxi-
mately 80 mm3, animals were randomly divided into three groups 
(n = 10 per group): a vehicle control group (solvent: 10% DMSO, 70% 
cremophor/ethanol (3:1), and 20% saline); and BA treatment groups 
(i.p., 50 mg/kg and 75 mg/kg). The tumor volumes were measured 
and calculated as (length × width2)/2. After 21 days of treatment, 
all mice were killed using CO2 to determine the number of tumor 
colonies in the lung tissue. For the experimental metastasis mouse 
model, LLC (1 × 106) cells or A549- luciferase cells (5 × 106) in 100 μL 
PBS were intravenously injected into C57BL/6 or BALB/c nude mice 
(male, 6 weeks) via the tail vein, respectively. After 7 days of injec-
tion, the mice were randomly divided into three or four groups and 
administrated with vehicle, BA, or cisplatin (3 mg/kg). For survival as-
sessment, the animals were monitored for 60 days until being killed 
using CO2. The distribution of survival percentages per treatment 
group was estimated using the Kaplan– Meier method. To assess the 
effect of BA on tumor growth, in vivo bioluminescence imaging of 
living nude mice anesthetized with isoflurane was performed to ac-
curately visualize the volume of tumors using a Berthold NightOWL 
LB 983 Imaging System.

2.13 | H&E staining and immunohistochemistry

Tissue samples fixed in 4% paraformaldehyde were sequentially 
dehydrated in a graded alcohol series (70%, 85%, 95%, and 100%). 
They were then transferred to xylene and embedded in paraffin; the 
tissues were sectioned to 4- μm thickness for further study. For his-
tological examination, sections were stained with H&E to distinguish 
tumor metastatic foci from normal tissues. For immunohistochem-
istry (IHC), the tissue sections were deparaffinized and then prein-
cubated using 10% normal goat serum, followed by incubation with 
primary antibody at 4°C overnight and the appropriate secondary 

antibody for 2 hours at room temperature. Protein expression was 
then evaluated using an IHC kit (Solarbio).

2.14 | Statistical analysis

The data are presented as mean ± SEM unless noted otherwise. All 
statistical analyses were performed using GraphPad Prism 8.0.1 
(GraphPad Software). Statistically significant differences between 
two means were evaluated by unpaired Student’s t test; the mul-
tiple comparisons were done by ANOVA followed by post hoc test. 
Survival curves were analyzed using GraphPad Prism 8.0.1. P- values 
less than .05 were considered statistically significant. Statistical sig-
nificance was defined as *P < .05, **P < .01, and ***P < .001.

3  | RESULTS

3.1 | Identification of Skp2 inhibitors by high- 
throughput structure- based virtual screening

Ample evidence has demonstrated that Skp2 plays an important 
role in cancer progression. First, we analyzed the expression level 
of Skp2 in NSCLC using online databases. Searches in the Oncomine 
database, including Hou Lung,21 Landi Lung,22 Selamat Lung,23 and 
Su Lung,24 indicated that the Skp2 mRNA level in lung tumors is 
higher than that in adjacent tissues (Figure 1A). Furthermore, the 
association between Skp2 expression and NSCLC patients’ progno-
sis was analyzed by Kaplan- Meier plotter (kmplot) (Affymetrix ID: 
203626_s_at) and prognoscan databases (Data Set: GSE31210). We 
found that the expression level of Skp2 was negatively associated 
with patients’ prognosis (Figure 1B, C). These results suggested that 
Skp2 represents a potential therapeutic target in NSCLC.

F I G U R E  1   Online database analyses 
show that the higher expression of Skp2 
is negatively associated with patients’ 
prognosis. A, The expression of Skp2 
in the Hou Lung, Landi Lung, Selamat 
Lung, and Su Lung of Oncomine datasets 
is shown. B, The Kaplan- Meier survival 
curve of non– small cell lung cancer 
(NSCLC) patients with high or low 
expression levels of Skp2 is determined by 
the kmplot database. C, The association 
between the expression levels of Skp2 and 
the prognosis of patients is determined by 
the prognoscan database. **P < .01, and 
***P < .001 vs normal group

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31210
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As phytochemicals display a broad diversity of chemical struc-
tures and biological properties, we sought to identify Skp2 inhibitors 
from a phytochemical library that we had previously established. 
The crystal structure of Skp2 obtained from the RCSB Protein Data 
Bank (code: 2AST) served as a query to run our high- throughput 
structure- based virtual screening (Figure 2A). The potential ligand- 
binding pocket is comprised of residues L114, E116, L118, W137, 
L140, L142, K145, L147, H148, V151, R154, L155, and L416, lo-
cated at the interface of the Skp2- Skp1 interactions, close to the 
C- terminus and the first leucine- rich repeat of Skp2. This region con-
tributes substantially to the stability of the Skp2- SCF complex.25 We 
screened 841 phytochemicals, and 24 hits had the higher predicted 
binding potential to Skp2 (Figure 2A and Table S1). When docked to 
Skp2, most compounds directly form one or two H- bonds with the 
residue R154 or K145. In addition, hydrophobic interactions, Van der 
Waals interactions, and shape complementarity are major contribu-
tors to the binding of Skp2. Considering both commercial availability 
and the predicted binding affinity, we selected four hits, including 
camptothecin, procyanidin B1, hesperidin, and BA, for further as-
sessment. First, we tested whether the compounds could block the 
binding of Skp2 to Skp1 by co- IP. As camptothecin had been pharma-
cologically characterized, it was used at .5 μmol L−; the other three 
compounds and SZL- P1- 41 were used at 30 μmol L−. We found that 
both BA and camptothecin drastically prevent the interactions be-
tween Skp2 and Skp1, compared with the Skp2 inhibitor SZL- P1- 41 
(Figure 2B). Because camptothecin is a specific topoisomerase I in-
hibitor with high toxicity,26 topoisomerase I inhibition mainly con-
tributes to the cytotoxicity of camptothecin. Meanwhile, BA has 
shown selective cytotoxicity against cancer cells27 and its target re-
mains elusive; therefore, we further examined whether BA acts as a 
potent Skp2 inhibitor.

3.2 | Betulinic acid Betulinic acid prevents 
Skp2- Skp1 interaction and inhibits Skp2- SCF E3 
ligase activity

To confirm the ability of BA to reduce Skp2- Skp1 interactions, we 
further performed co- IP experiments to measure the interactions 
of endogenous proteins in the presence or absence of the inhibitor. 
These experiments revealed that BA acts as a potent Skp2 inhibitor 
by preventing Skp2- Skp1 interactions (Figure 2C, D). As Skp2- SCF 
E3 ligase triggers the ubiquitination and degradation of p27 and E- 
cadherin, we assessed Skp2- SCF E3 ligase activity by measuring p27 
and E- cadherin ubiquitination in the presence or absence of BA. The 
results revealed that BA markedly inhibited Skp2- mediated endoge-
nous or exogenous ubiquitination of p27 and E- cadherin (Figure 2E- 
H); BA has a comparable inhibitory effect on p27 ubiquitination to 
that of SZL- P1- 41. CETSA was performed to investigate the direct 
binding of BA to Skp2. The heat challenge quickly led to Skp2 de-
naturation and precipitation, while BA significantly increased the 
thermal stability of Skp2 protein at higher temperatures, dem-
onstrating a direct binding of BA to Skp2 (Figure 2I, J). The above 

results demonstrate that BA targets Skp2 and inhibits Skp2- SCF E3 
ligase activity.

3.3 | Betulinic acid directly interacts with Skp2 
at the Lys145 residue

To understand how BA interacts with Skp2 and blocks the formation 
of Skp2- Skp1 complex, we analyzed the molecular docking results 
and found that H- bonds were formed between BA and the residues 
Lys145 of Skp2 (Figure 3A, B). To confirm the contribution of the 
residue to BA binding, the Lys145 of Skp2 was mutated to Ala145 
(Skp2 K145A). This mutated protein retained its binding capacity to 
Skp1 (Figure 3C). However, BA treatment could not significantly pre-
vent the binding of Skp2 K145A to Skp1, compared with its effect 
on blocking the interaction between Skp2 WT and Skp1 (Figure 3C). 
Furthermore, CETSA showed that the thermal stability of Skp2 
K145A was not significantly affected by BA (Figure 3D, E), confirm-
ing that the residue Lys145 is required for the binding of BA to Skp2.

3.4 | Betulinic acid induces the accumulation of 
p27 and E- cadherin in non– small cell lung cancer cells

To determine the effects of BA on the Skp2- SCF E3 ligase- mediated 
signal pathway, we first tested the cytotoxicity of BA against NSCLC. 
BA at appropriate concentrations (≦20 μmol L−) that could not in-
duce apparent cell death in NSCLC (Figure S1A, B) were utilized 
for further experiments. As Skp1 stabilizes Skp2 in the SCF com-
plex,10,28 we examined the effect of BA on Skp2 protein stability by 
CHX assay. Co– treatment with CHX and BA significantly decreased 
Skp2 protein stability within 6 hours, compared with CHX treatment 
alone (Figure 4A, B), suggesting that BA decreases Skp2 protein sta-
bility through dissociating Skp2 from the SCF complex. Consistently, 
BA treatment significantly decreased Skp2 and increased p27 and 
E- cadherin protein levels in a dose-  and time- dependent manner 
(Figure 4C- H), which was in line with decreased p27 and E- cadherin 
ubiquitination upon BA treatment (Figure 2E- H). Because previ-
ous studies have shown that Skp2 is involved in the epithelial– 
mesenchymal transition (EMT) occurring in osteosarcoma and breast 
cancer cells,29,30 we assessed whether BA would affect other EMT- 
related proteins. We found that BA only slightly affected the expres-
sion of the mesenchymal markers N- cadherin and vimentin at a high 
dose (Figure 4E). Moreover, the expression of transcriptional repres-
sors of E- cadherin, including Slug, Twist, and Snail, was not obviously 
affected by BA (Figure S2). As Skp2 is involved in TGF- β- induced 
EMT,31 we then examined the effects of BA on the TGF- β- induced 
EMT process. As expected, BA treatment significantly attenuated 
TGF- β- induced upregulation of Skp2 and then promoted the accu-
mulation of E- cadherin; BA also suppressed TGF- β- induced upregu-
lation of N- cadherin and Vimentin (Figure S3). Taken together, these 
results indicate that BA can induce the accumulation of Skp2 sub-
strates and potently inhibit the EMT process in NSCLC.
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3.5 | Betulinic acid inhibits the migration and 
stemness in non– small cell lung cancer

Skp2 facilitates cancer metastasis and stemness through promot-
ing the ubiquitination of its substrate proteins.5 Accordingly, we 

tested whether BA could affect migration and stemness in NSCLC. 
As expected, BA significantly suppressed NSCLC cell migration 
and invasion in wound- healing and transwell assays (Figure 5A- 
D). Moreover, BA markedly reduced the sphere- forming potential 
of NSCLC cells cultured in non– adherent conditions (Figure 5E) or 
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three- dimensional Matrigel (Figure 5F), as evidenced by smaller and 
fewer tumor spheres in BA- treated groups. BA also significantly in-
duced cell cycle arrest in G1 phase (Figure S4). These data suggest 
that besides its capacity to limit NSCLC proliferation, BA can also 
efficiently inhibit the migratory and stem- like properties of lung can-
cer cells.

3.6 | Overexpression of Skp2 reverses the 
antimigratory properties of betulinic acid

To examine whether the inhibitory effects of BA on cell migra-
tion were linked to its effect on Skp2, we established stable 
overexpression of Skp2 in two cell lines, H1299 and A549. Skp2 

F I G U R E  2   Identification of betulinic acid (BA) as a Skp2 inhibitor. A, Plant- derived compounds were docked to the binding pocket 
of Skp2- Skp1. Skp2 and compounds are shown as cartoon and line, respectively. B, Co- immunoprecipitation (co- IP) experiments were 
performed to examine the effects of four selected compounds and SZL- P1- 41 on Skp2- Skp1 binding in 293T cells transfected with Skp2 and 
Flag- Skp1. C, Endogenous Skp2- Skp1 interactions with or without BA in H1299 cells were examined by co- IP. D, 293T cells were transfected 
with Flag- Skp1 to examine the Skp2- Skp1 interaction with or without BA treatment. E, Ubiquitination assay of exogenous p27 in 293T cells 
transfected with Myc- p27, HA- Ub, and Skp2 upon BA or SZL- P1- 41 treatment. F, Ubiquitination assay of endogenous p27 in A549 cells upon 
BA or SZL- P1- 41 treatment. The asterisk indicates the bands of IgG light chain. G, Ubiquitination assay of exogenous E- cadherin in 293T cells 
transfected with Flag- E- cadherin, HA- Ub, and Skp2 upon BA treatment. H, Ubiquitination assay of endogenous E- cadherin in A549 cells 
upon BA treatment. I, J, A cellular thermal shift assay (CETSA) of Skp2 was conducted by western blotting (I); quantification of the cellular 
thermal curve shift of Skp2 protein (J)

F I G U R E  3   Betulinic acid (BA) directly interacts with Skp2 at Lys145 residue. A, Molecular docking revealed the potential binding residue 
of BA in Skp2; BA is shown as sticks and the residues composed of the pocket are labeled and shown as lines. B, BA (shown as sticks) was 
demonstrated to disrupt the interaction of Skp2 (shown as electrostatic potential surface) with Skp1 (shown as cartoon) by docking. C, 
293T cells were transfected with Flag- Skp1 and HA- Skp2 WT or HA- Skp2 K145A to perform Skp2- Skp1 binding assay with or without BA 
treatment for 6 h. D, 293T cells were transfected with HA- Skp2 WT or HA- Skp2 K145A to perform a cellular thermal shift assay (CETSA) 
with or without BA (20 μmol L−) treatment. E, Quantification of the cellular thermal curve shift of Skp2 protein
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overexpression significantly downregulated E- cadherin protein 
level (Figure 6A) and was accompanied by enhanced migration 
and invasion of NSCLC (Figure 6C, E), indicating that Skp2- SCF 
E3 ligase/E- cadherin axis is essential for the migration and in-
vasion of NSCLC. Upon Skp2 overexpression in NSCLC, the ca-
pacity of BA to downregulate Skp2, and thereby to promote 

E- cadherin accumulation, was significantly attenuated (Figure 6B). 
Consistently, overexpression of Skp2 also partially reversed 
the inhibitory effects of BA on NSCLC migration and invasion 
(Figure 6C- F). Therefore, our results confirmed that Skp2 is one of 
the critical targets of BA and is, indeed, involved in BA- mediated 
inhibition of migration and invasion of NSCLC.

F I G U R E  4   Betulinic acid (BA) decreases Skp2 and increases p27 and E- cadherin in non– small cell lung cancer (NSCLC) cells. A, B H1299 
cells were treated with cycloheximide (CHX) in the presence or absence of BA for indicated time; protein levels of Skp2 were detected by 
western blotting (A); Skp2 protein level was quantified by densitometry analysis (B). C, D The protein levels of Skp2 and p27 in A549 and 
H1299 cells were examined by western blotting upon BA or SZL- P1- 41 treatment for 24 h (C); protein levels of Skp2 and p27 were quantified 
by densitometry analysis (D). E, F The protein levels of the indicated proteins in H1299, A549, and Lewis lung carcinoma cell line (LLC) cells 
were examined by western blotting upon BA treatment for 24 h (E); protein levels of Skp2 and E- cadherin were quantified by densitometry 
analysis (F). G, H The protein levels of Skp2, p27, and E- cadherin were detected by western blotting after BA (20 μmol L−) treatment for 
indicated time points (G); quantification of Skp2, p27, and E- cadherin by densitometry analysis (H). All data are expressed mean ± SEM. 
#P < .05 vs BA treatment groups. *P < .05, **P < .01, and ***P < .001 vs control
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3.7 | Betulinic acid suppresses tumor growth and 
metastasis in vivo

Previous studies have demonstrated that BA exhibits antitumor 
activities without acute or chronic toxicity.32 To determine the in 
vivo antimetastatic potential of BA in NSCLC, highly metastatic 

LLC cells were used to establish a spontaneous metastasis model 
in mice. In subcutaneous tumor xenografts, we observed obvious 
subcutaneous tumor growth that was accompanied by marked 
tumor metastasis into the lung (Figure 7A- D). However, administra-
tion of BA significantly inhibited primary tumor growth (Figure 7A, 
B), as well as spontaneous lung metastasis (Figure 7C, D), without 

F I G U R E  5   Betulinic acid (BA) inhibits cell migration and stemness of non– small cell lung cancer (NSCLC). A, B Wound healing assay of 
NSCLC cells treated with BA: cells were imaged and visualized by light microscopy (A); relative migration rate was quantified by ImageJ 
software (B). C, D Transwell assay of NSCLC cells treated with DMSO or BA (C); cells were counted from three independent experiments (D). 
E, A549 and H1299 cells cultured in non- adherent conditions were treated with DMSO or BA for 7 days. Spheroids were photographed by 
light microscopy. F, A549 and H1299 cells cultured in three- dimensional Matrigel were administrated with DMSO or BA for 7 days. Images 
were obtained via optical microscope. The values are expressed as the means ± SEM; *P < .05, **P < .01, and ***P < .001 vs control
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F I G U R E  6   Overexpression of Skp2 reverses the antimigration effect of betulinic acid (BA). A, Protein levels of Skp2 and E- cadherin 
in non– small cell lung cancer (NSCLC) cells stably overexpressing Skp2 were examined by western blotting. B, H1299 cells with Skp2 
overexpression or EV were treated with BA for 24 h; the expression of Skp2 and E- cadherin were examined by western blotting. C, D 
Wound healing assays of A549 and H1299 cells stably overexpressing Skp2 in the presence or absence of BA (C); relative migration rate 
was quantified by ImageJ software (D). E, F Transwell assay of A549 and H1299 cells that stably overexpress Skp2 (E); cells were counted 
from three independent experiments (F). EV, empty vector. The values are expressed as mean ± SEM. *P < .05, **P < .01, and ***P < .001 vs 
controls. #P < .05, ##P < .01, and ###P < .001 vs EV group
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F I G U R E  7   Betulinic acid (BA) suppresses tumor growth and metastasis in vivo. A- E, Images of subcutaneous xenografted tumors 
of Lewis lung carcinoma cell line (LLC) cells were dissected and photographed A. Tumor volumes were measured and calculated B. 
Representative pictures of lung metastases (upper panel) and the H&E staining of metastatic nodules (lower panel) in the lung tissue of 
each group are shown (C). Number of metastasis nodules was counted (D). Protein levels of Skp2, p27, and E- cadherin were detected by 
western blotting and quantified by densitometry analysis from four mice from each group (E). F- I, LLC cells were injected into C57BL/6 mice 
via tail vein to establish lung metastasis model. Representative pictures of lung metastases (upper panel) and H&E staining of lung tissue 
sections (lower panel) are shown (F). The number of metastasis nodules in the lung tissue was counted (G). Overall survival analysis of mice 
receiving indicated treatments (H). Immunohistochemistry (IHC) analysis of E- cadherin, Skp2, and Ki67 expression in the lung tissues (I). 
J- L, A549- Luciferase cells were intravenously injected into BALB/C nude mice. Bioluminescence images were obtained (J), and the relative 
luminescence intensity in the mice was calculated (K). Representative pictures of lung metastases (upper panel) and H&E staining of lung 
tissue sections (lower panel) of the nude mice (L). Black arrows: metastasis nodules in the lung tissue. The values are expressed as the 
mean ± SEM. *P < .05, **P < .01, and ***P < .001 vs vehicle control
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affecting the body weight of the mice (Figure S4). H&E staining 
showed that metastatic nodules in BA- treated groups were much 
smaller than those in the control group (Figure 7C). As expected, 
BA treatment downregulated Skp2 while upregulating p27 and E- 
cadherin protein levels in the subcutaneous- xenografted tumor tis-
sues (Figure 7E).

Furthermore, in another experimental setup of lung metastasis 
established by intravenously injection of LLC cells, BA administra-
tion also significantly decreased the number and size of metastatic 
lung nodules and prolonged the lifespan of the mice (Figure 7F- H). 
H&E staining confirmed that BA reduced the metastatic tumor bur-
den in lung tissues (Figure 7F). Meanwhile, BA administration de-
creased Skp2 and increased E- cadherin protein levels, as visualized 
by IHC staining. Analysis of Ki67 expression indicated that BA also 
significantly inhibited cell proliferation (Figure 7I).

To extend the applicability of BA to antimetastasis treatment, 
we further investigated the antimetastatic effect of BA in nude 
mice that were injected intravenously with A549- luciferase cells. BA 
treatment markedly suppressed lung A549 metastases, evidenced 
by decreased bioluminescence intensity and reduced number of pul-
monary metastatic foci, without obvious toxicity (Figure 7J- L and 
Figure S5). In addition, H&E staining showed that BA strongly re-
duced the size of lung metastatic nodules (Figure 7L). These results 
demonstrate that BA exhibits a favorable antimetastatic potential 
via targeting the Skp2- SCF E3 ligase.

4  | DISCUSSION

Despite significant advances in NSCLC treatment, metastases re-
main the leading cause of cancer deaths among NSCLC patients. 
Targeted therapy has been shown to be effective in the treatment 
of cancers and to overcome the adverse effects of chemotherapy. 
However, few drugs have been developed to treat tumor metastasis. 
Skp2- targeted therapy has emerged as an efficient approach to in-
hibit the proliferation, metastasis, and stemness of cancer. Multiple 
chemical probes have been demonstrated to target Skp2 and inhibit 
Skp2- mediated degradation of p27.11,33,34 In the present study, we 
further explored novel Skp2 inhibitors that may qualify as antican-
cer drug candidates. Based on high- throughput virtual screening, 
we identified BA as a potent Skp2 inhibitor. BA inhibits Skp2- SCF 
E3 ligase and induces the accumulation of p27 and E- cadherin, thus 
inhibiting both proliferation and metastasis of NSCLC. Our results 
showed that BA exhibits promising therapeutic efficacy to eradicate 
tumor metastasis in NSCLC.

Plant- derived compounds, which display a broad chemical diver-
sity, constitute a huge library for anticancer drug discovery. To date, 
ample evidence has demonstrated that natural products harbor 
great diversity of chemicals that can be screened for novel antican-
cer agents or lead structures.35- 37 Previously, we have successfully 
screened novel Skp1 inhibitors from a phytochemical library that 
contains a broad variety of chemical structures.7 Here, the phyto-
chemical library was further probed to identify novel Skp2- targeting 

inhibitors, and a small compound BA drew our attention. BA has 
been widely demonstrated to possess a potential antitumor effect 
with low cytotoxicity towards normal cells.27,32 BA was first identi-
fied as a potential inhibitor of human melanoma without obvious tox-
icity.32 Phase 1 clinical trials (NCT00701987 and NCT030904511) 
have been conducted to evaluate its safety, tolerability, and prelimi-
nary efficacy for the treatment of cutaneous metastatic melanoma, 
supporting its potential application for the treatment of human 
malignancies.38 The underlying mechanisms by which BA inhibits 
tumor growth have been gradually uncovered. BA acts as an SP1 
inhibitor and reduces lung cancer cell proliferation.39 BA can also 
inhibit cancer metastasis via the downregulation of Lamin B1, MMP- 
2, MMP- 9, and TIMP2.40,41 However, the underlying mechanism by 
which BA exerts its antimetastatic effect in NSCLC is unclear. In our 
study, we found that BA significantly inhibits NSCLC metastasis at 
subtoxic concentrations. Based on molecular docking and targeted- 
mutagenesis, we found that BA may bind to residue Lys145 of Skp2 
located in the core part of the Skp1- Skp2 interface, and CETSA ex-
periments further demonstrated that BA can bind to Skp2. However, 
whether BA targets other metastasis- related proteins requires fur-
ther investigation.

Several studies have revealed the critical role of Skp2 for 
tumor proliferation and metastasis. Skp2 is overexpressed in vari-
ous types of cancers and is associated with cancer metastasis.31,42 
It is plausible that Skp2 regulates cell cycle progression through 
controlling the stability of p27 and p21 proteins.43,44 In the mean-
time, several mechanisms have been reported to be involved in the 
migration- promoting effect of Skp2. Skp2 regulates the expression 
of migration- related proteins such as MMP2/9, Twist, and RhoA.45- 47 
It can also regulate cell migration by promoting the ubiquitination 
of E- cadherin.5 Herein, we found that BA significantly increased 
the expression of E- cadherin. Consistently, Skp2 overexpression 
markedly decreases the E- cadherin protein level and reverses the 
inhibitory effect of BA on NSCLC migration. Therefore, our study 
provides evidence that Skp2- targeting drugs regulate cell migration 
mainly through controlling the E- cadherin protein level. These data 
demonstrate the critical role of Skp2- SCF E3 ligase in regulating 
tumor metastasis.

To date, multiple Skp2 inhibitors have been identified by high- 
throughput screening, based on the structural properties of Skp2- 
SCF E3 ligase. Skp2 interacts with Skp1 via its F- box motif and binds 
its substrates through variable protein interaction domains.48 The 
specific binding and ubiquitination of p27 by Skp2 also requires 
the Cks1 protein.49 Compounds that attenuate the interaction be-
tween Skp2- Cks1 and p27 can specifically inhibit the degradation 
of p27.11,50 Meanwhile, compounds such as SZL- P1- 41 have been 
identified to bind to the Skp1- Skp2 interaction interface and disso-
ciate Skp2 from the SCF complex, thus leading to the inhibition of 
its E3 ligase activity and attenuating the ubiquitination of its diverse 
substrates.10 In our study, we aimed to find novel Skp2 inhibitors 
that can suppress its E3 ligase activity. We identified BA and camp-
tothecin as potential Skp2- SCF E3 ligase inhibitors by preventing 
Skp2- Skp1 interaction. Camptothecin, a well- known topoisomerase 
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I inhibitor, exhibits high toxicity through inducing DNA damage and 
cell apoptosis; thus, we examined the inhibitory effect of BA on 
Skp2- SCF E3 ligase and demonstrated that it exhibited promising 
therapeutic efficacy through inducing the accumulation of p27 and 
E- cadherin.

In conclusion, our study demonstrated that BA inhibits prolifer-
ation and migration of NSCLC both in vivo and in vitro by targeting 
Skp2 and suppressing Skp2- mediated p27 and E- cadherin ubiq-
uitination (Figure 8). Therefore, our study provides novel evidence 

supporting the antiproliferative and antimetastatic potential of BA in 
NSCLC, which is worthy of further clinical investigation.
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