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a b s t r a c t

Ginsenoside Rg5 is a rare ginsenoside showing promising tumor-suppressive effects. This study aimed to
explore its radio-sensitizing effects and the underlying mechanisms. Human lung adenocarcinoma cell lines
A549 and Calu-3 were used for in vitro and in vivo analysis. Bioinformatic molecular docking prediction and
following validationby surface plasmon resonance (SPR) technology, cellular thermal shift assay (CETSA), and
isothermal titration calorimetry (ITC) were conducted to explore the binding between ginsenoside Rg5 and
90 kD heat shock protein alpha (HSP90a). The effects of ginsenoside Rg5 on HSP90-cell division cycle 37
(CDC37) interaction, the client protein stability, and the downstream regulations were further explored.
Results showed that ginsenoside Rg5 could induce cell-cycle arrest at the G1 phase and enhance irradiation-
induced cell apoptosis. It could bind to HSP90awith a high affinity, but the affinity was drastically decreased
by HSP90a Y61A mutation. Co-immunoprecipitation (Co-IP) and ITC assays confirmed that ginsenoside Rg5
disrupts the HSP90-CDC37 interaction in a dose-dependent manner. It reduced irradiation-induced upre-
gulation of the HSP90-CDC37 client proteins, including SRC, CDK4, RAF1, and ULK1 in A549 cell-derived
xenograft (CDX) tumors. Ginsenoside Rg5 or MRT67307 (an IKKε/TBK1 inhibitor) pretreatment suppressed
irradiation-induced elevation of the LC3-II/b ratio and restored irradiation-induced downregulation of p62
expression. In A549 CDX tumors, ginsenoside Rg5 treatment suppressed LC3 expression and enhanced
irradiation-induced DNA damage. In conclusion, ginsenoside Rg5 may be a potential radiosensitizer for lung
adenocarcinoma. It interacts with HSP90a and reduces the binding between HSP90 and CDC37, thereby
increasing the ubiquitin-mediated proteasomal degradation of the HSP90-CDC37 client proteins.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Non-small cell lung cancers generally include three histologic
types, including adenocarcinoma, squamous cell carcinoma, and
large cell carcinoma. Lung adenocarcinoma is the most common
histologic type [1]. Currently, the treatment of lung cancer is
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complex and usually involves a variety of strategies, including
surgery, radiotherapy, systemic therapy (chemotherapy, immuno-
therapy, and targeted drugs), interventional radiology, and pallia-
tive treatment [2,3]. Radiotherapy is the only treatment with
indications in all stages of lung cancer. About 77% of lung cancer
patients have evidence-based radiotherapy indications at some
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stage during pathological development [2,3]. However, at the
population level, the best radiotherapy regimen can only increase
the local control benefit by 8.3% and the survival benefit by 4% in 5-
year survival [2,4]. Although radiation technologies have had sig-
nificant advancements during the past decades, some problems
still hinder the therapeutic outcomes of radiotherapies, such as
tumor stem cells, tumor heterogeneity, angiogenesis, tumor
metabolic changes, and tumor complications [5,6]. A feasible way
to overcome these obstacles is to use radiosensitizers [7].

Ginsenosides are active pharmaceutical components [8,9] extrac-
ted fromthe traditional ChinesemedicineGinseng.GinsenosideRg5 is
a rare ginsenoside that can be absorbed through the intestine [10].
Ginsenoside Rg5 can inhibit transforming growth factor (TGF)-b1-
induced epithelial-mesenchymal transformation of human lung
adenocarcinoma cells and inhibits the formation of lung cancer stem
cells in a dose-dependent manner [11]. In addition, it significantly
inhibits TGF-b1-induced matrix metalloproteinase-2/9 activity and
activates the Smad2/3 andnuclear factor (NF)-kB/extracellular signal-
regulated kinase (ERK) pathways [11]. Overactivated NF-kB/ERK can
reduce the radiosensitivity of lung adenocarcinoma [12,13]. Therefore,
wespeculate thatginsenosideRg5may regulate the radiosensitivityof
lung adenocarcinoma cells.

Ginsenosides might exert physiological functions via their
docking proteins [14]. Our preliminary docking models showed
that 90 kD heat shock protein (HSP90) is a potential ginsenoside
Rg5 binding protein. HSP90 is a widely expressed molecular
chaperone, which promotes the maturation, activation, or stability
of its binding/client proteins [15]. More than 300 HSP90 client
proteins were identified. Many of them are involved in tumor-
related signal pathways and contribute to unlimited growth and
resistance to chemotherapy and radiotherapy [15,16].

Therefore, this study aimed to validate the potential radio-
sensitizing effects of ginsenoside Rg5 in cell-derived xenograft
(CDX) lung adenocarcinoma. Then, the interaction between ginse-
noside Rg5 and cell division cycle 37 (CDC37) and its influence on
the stability and physiological functions of HSP90-CDC37 client
proteins were explored.

2. Materials and methods

2.1. Cell culture and treatment

The human non-small-cell lung adenocarcinoma cell lines A549
and Calu-3 were obtained from the American Type Culture
Collection (Rockville, MD, USA). Cells were cultured following the
protocol introduced previously [17]. Lentiviral particle for HSP90a
mutants (E47A (GAG > GCA), Y61A (TAT > GCA), and Q133A
(CAG > GCA)) or ULK1 (NM_003565) overexpressionwas generated
based on pLV-N-Flag vector. pLenti-puro-hemagglutinin (HA)-
ubiquitin was purchased from Addgene (#74218; Watertown, MA,
USA). Lentivirus for infection was produced using the three-
plasmid lentivirus production system (recombinant plasmid,
pMD2.G, and psPAX2) in HEK293T cells, following the protocol
described previously [18]. Cells were infected at a multiplicity of
infection of 20, with the presence of 2 mg/mL polybrene. Ginseno-
side Rg5 (purity: 99%) was purchased from HerbSubstance
(Chengdu, China). It was prepared as a stock solution in dimethyl
sulfoxide (DMSO) at 50 mg/mL and placed at �20 �C.

2.2. Reverse transcription quantitative PCR (RT-qPCR)

In brief, total RNAs were extracted and reversely transcribed into
complementary DNA (cDNA) using Trizol Reagent (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and QuantiTect Reverse Tran-
scription Kit (Qiagen, Venlo, Netherlands), following the
1297
manufacturers' instruction. qPCR was conducted with an ABI PRISM
7900HT Sequence Detection System and SYBRGreen PCRMaster Mix
(ThermoFisher Scientific Inc.).ULK1expressionwasnormalized to the
expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
using the 2�DDCT method. The following primers were used: ULK1,
forward, 50-GCAAGGACTCTTCCTGTGACAC-30; reverse, 50-
CCACTGCACATCAGGCTGTCTG-30; mouse GAPDH, forward, 50-
GTCTCCTCTGACTTCAACAGCG-30; reverse, 50-ACCACCCTGTTGCTG-
TAGCCAA-30.

2.3. Cell viability assay

Cell viability was measured using Cell Counting Kit (CCK)-8 kit
(Beyotime, Shanghai, China) following the manufacturer's in-
structions. A549 and Calu-3 cells were seeded into 96-well plates
(5 � 103 cells/per well). After cell attachment overnight, cells were
treated with ginsenoside Rg5 0, 10, 20, 30, 50, 100, 150, and 200 mM)
for 48 h. The wells added the same amount of medium is the blank
group. Optical density (OD) at 450 nm wavelength was measured
with a microplate reader. Each experiment was repeated three
times.Cell viability¼ [(ODExperimental group�ODBlank)/(ODControl group�
ODBlank)]� 100%.

2.4. Colony formation assays

A549orCalu-3 cellswere seeded into 24-well plates (500perwell)
and were cultured in the medium containing 10, 30, or 60 mM ginse-
noside Rg5 for 10 days. Then, the colonies were fixed with 4% (V/V)
methanol and stained with crystal violet. The colonies with over
50 cells were counted. For irradiation-related clonogenic assay,
400 cells were seeded into 24-well plates and incubated 2 h for
adhesion. Then, cellswere irradiated at defined doses (0, 2, 4, or 6 Gy).
After 14 days of incubation, cells were washed, fixed with methanol,
and stainedwith crystal violet. The plating efficiency (PE, the number
of colonies formed/the number of cells seeded) of un-irradiated cells
was determined before the study, following the protocol introduced
previously [19]. Surviving fraction (SF) and survival curves of the
irradiated cells were estimated using a linear-quadratic model with
the following equation [20]: Y¼exp(�1� (A� Xþ B� X2)), inwhich
Y is the fraction survival, andX is thedose.Aequals�1 times the initial
slope, and the initial value of B equals�0.1 times the initial slope.

2.5. Flow cytometric analysis

The proportions of apoptotic cells using Annexin V/propidium io-
dide (PI) staining, following the protocol introduced previously [21].
Fluorochromes are excited by 488-nm laser, with respective emission
peaks detected with a 525 nm for fluorescein isothiocyanate and a
620nmfilter for PI. The stained cellswere separated into the following
categories: viable cells (annexin V�/PI�), early apoptotic cells
(annexin Vþ/PI�), and late apoptotic or necrotic cells (annexin Vþ/
PIþ). The cell-cycle distributionwasmeasured using PI staining alone.
After indicating ginsenoside Rg5 treatment for 48 h, cells were har-
vested, washed in phosphate-buffered saline (PBS), fixed in cold 70%
ethanol, and treated with ribonuclease. Then, cells were incubated
withPI (30mg/mL) for30min. Flowcytometricanalysiswasperformed
using a BD FACSCalibur (BD Bioscience, Franklin Lakes, NJ, USA).
Apoptosis and cell-cycle distribution were analyzed using NovoEx-
press (V.1.5.4, Agilent, Santa Clara, CA, USA).

2.6. Western blot analysis

In brief, cell samples were lysed for protein sample preparation.
Then, the samples were measured for protein concentration,
separated by sodium dodecyl sulfate-polyacrylamide gel (SDS-
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PAGE), and electro-transferred onto nitrocellulose filter mem-
branes (Merck Millipore, Molsheim, Germany). After that, mem-
branes were blocked and incubated with primary antibodies,
washed, and incubated with secondary antibodies. Protein band
signals were developed by BeyoECL Star Kit (Beyotime) and were
captured using a ChemiDoc imaging system (Bio-Rad, Hercules, CA,
USA). The antibodies used are provided in Table S1.

2.7. Immunofluorescence assay

The formation of phosphorylated histone variant H2AX (p-g-
H2AX foci) was detected by immunofluorescent staining. A549 and
Calu-3 cells were seeded onto culture slides (Corning Inc., Corning,
NY, USA). When cells reached about 50% of confluence, cells were
pretreated with ginsenoside Rg5 or DMSO for 24 h. Then, cells were
subjected to 4 Gy irradiation. Four hours later, the cells were fixed
and then permeabilized. The cells were then blocked and incubated
with a primary antibody against p-g-H2AX in a 1:500 dilution
overnight at 4 �C. Then, the slides were thoroughly washed and
incubated with Alexa Fluor 647-labeled goat anti-rabbit IgG (HþL)
in a 1:500 concentration in albumin for 1 h in the dark. The slides
were mounted using VECTASHIELD® antifade mounting medium
with 4',6-diamidino-2-phenylindole (DAPI). Then, fluorescent im-
ages were captured using an FV1000 confocal laser scanning bio-
logical microscope (Olympus, Tokyo, Japan).

2.8. Mice and treatment

Animal procedures were approved by the Ethics Committee of
Sichuan Cancer Hospital and Institute, China (Approval No.: SCCHEC-
04-2020-003). All animal housing and experiments were conducted
strictly following the institutional Guidelines for the Care and Use of
Laboratory Animals. Animal studies followed the strategies intro-
duced previously [22]. In brief, Nude mice (Balb/C-nude, 5-week-old
females) were purchased from Vital River Laboratories (Beijing,
China). 5� 106A549 cells suspended ina1:1mixture of culturemedia
and Matrigel Matrix (Corning Inc., Glendale, AZ, USA) were subcuta-
neously injected into the lower back. When tumors reached about
200 mm3, mice were randomly assigned into six groups (n ¼ 6 per
group). The following six groupsweredesigned:no treatment control,
ginsenoside Rg5 (20 mg/kg/day), ginsenoside Rg5 (40 mg/kg/day),
irradiation alone (12 Gy, 3 fractions), irradiation þ ginsenoside Rg5
(20 mg/kg/day), and irradiation þ ginsenoside Rg5 (40 mg/kg/day).
Ginsenoside Rg5 was suspended in 0.5% sodium carboxymethylcel-
lulose and was injected intraperitoneally. Irradiation was performed
using theX-Rad320Biological Irradiator (PrecisionX-ray,Madison,CT,
USA).Micewereanesthetizedandshieldedwith lead.Thenthe tumors
were irradiated at a dose rate of 1.2Gy/min. Tumor sizewasmeasured
using calipers every four days. During the treatment and subsequent
observation, the long diameter and short diameter of the tumor
were monitored every three days. Tumor volume was calculated by
V ¼ l/2 � long diameter� short diameter2. When experiments were
finished, mice were euthanized using carbon dioxide inhalation,
following the American Veterinary Medical Association (AVMA)
Guidelines for theEuthanasiaofAnimals (2020Edition). Tumor tissues
were removed for the following experiments.

2.9. Molecular docking assays to identify the potential docking
proteins of ginsenoside Rg5

The potential stigmasterol docking proteins were predicted
using SwissTargetPrediction (http://swisstargetprediction.ch/) [23]
and TargetNet (http://targetnet.scbdd.com/) [24]. The Protein Data
Bank (PDB) format files of HSP90AA1 (1UY6) and HSP90AB1
(1UYM) structures [25] were downloaded from RCSB PDB (https://
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www.rcsb.org/). The chemical structure of ginsenoside Rg5 was
transferred to SMILES chemical format for molecular docking using
CB-Dock (http://clab.labshare.cn/cb-dock/php/index.php) [26].

2.10. Cellular thermal shift assay (CETSA)

Cellular thermal shift assay was conducted according to a protocol
reported previously [27]. In brief, cells with or without lentiviral-
mediated overexpression of Flag-tagged HSP90a mutants (E47A,
Y61A, and Q133A) were harvested with PBS buffer and lysed after
three freeze-thaw cycles. Then, the cell lysates were mixed and incu-
bated with ginsenosides Rg5 (50 mM) or DMSO (0.1%, V/V) at room
temperature for 30 min. After pre-incubation, the mixture samples
were divided into aliquots and submitted to a paralleled incubation at
different temperatures ranging from 40 to 70 �C lasting for 5 min.
Finally, the denatured samples were centrifuged and subjected to
Western blotting assays.

2.11. Surface plasmon resonance (SPR) analysis

The binding affinity of ginsenoside Rg5 to wild-type (WT) or
mutant HSP90a proteins were assessed using a Biacore T200 (GE
Healthcare, Pittsburgh, PA, USA) following the methods introduced
previously [28]. Human recombinant HSP90a protein (AP-160; Novus
Biologicals, Littleton, CO, USA) or purified HSP90a mutants (100 mg/
mL in 10 mM pH 4.0 sodium acetate) were diluted in sodium acetate
buffer and flowed into the CM5biosensor chip at 10 mL/min for 7min.
Uncoupled protein was washed out by 1 M ethanolamine-HCl (pH
8.0). Binding sensorgrams were recorded by serially injecting diluted
ginsenoside Rg5 over the immobilized protein surface. All kinetic
constants were estimated using double-subtracted sensorgrams us-
ing BiaEvaluation Software (GE Healthcare). The kinetic constants
were used to calculate the dissociation constant (KD), using a single-
site bimolecular interaction model (A þ B ¼ AB).

2.12. Cloning, expression, and purification of recombinant Hsp90a
mutants from Escherichia coli (E. coli)

The cDNA sequence encoding WT (CCDS9967.1) and site-
directed mutants (E47A (GAG > GCA), Y61A (TAT > GCA), and
Q133A (CAG > GCA)) of Hsp90a were cloned into pET28a respec-
tively, between the NdeI and XhoI restriction sites. Each with an N-
terminal 6x-His tag. The recombinant plasmids were transfected
into E. coli BL21 (DE3) strain, which was then grown in lysogeny
broth medium in the presence of ampicillin (100 mg/mL) at 37 �C.
When the OD reached about 0.6e0.8, recombinant protein
expression was induced via adding isopropyl b-d-1-
thiogalactopyranoside at a final concentration of 1 mM for 20 h
at 16 �C. Then, the samples were collected via centrifugation at
5,000 rpm for 15 min and stored at �80 �C for use.

Protein purification procedures were performed following the
methods introducedpreviously [29]. Inbrief, thecellswere suspended
in lysis buffer and lysed by sonication and further centrifuged at
12,000 rpm for30minat 4 �C.Next, the supernatantwasfilteredusing
0.45-mm syringe filters. Then, the lysates were incubated with a Ni-
iminodiacetic acid affinity matrix and the protein was eluted with
lysis buffer containing 250 mM imidazole. Eluted fractions of Hsp90
proteinswerepurifiedby size exclusion chromatographyon Superdex
200 columns (Cytiva, Marlborough, MA, USA). All proteins were
concentrated and stored in PBS buffer at�80 �C before use.

2.13. Co-immunoprecipitation (Co-IP)

A549 and Calu-3 cells were treated with different concentra-
tions of ginsenoside Rg5 for 48 h. Then, cells were collected,
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washed with cold PBS, and lysed with radioimmunoprecipitation
assay (RIPA) lysis buffer with protease inhibitors. The lysates were
centrifuged to collect the supernatant. 1000 mg proteins were
incubated with 2 mg of primary antibodies against HSP90 or CDC37
at 4 �C overnight. Lysates containing protein-antibody complexes
were collected using Protein G-agarose beads (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for 6 h at 4 �C. The agarose-
bound immunoprecipitated complexes were collected by centri-
fugation, washed, and then analyzed by Western blotting.

2.14. Isothermal titration calorimetry (ITC)

The influence of ginsenoside Rg5 on the binding affinities be-
tween HSP90a (WT and mutants) derived from E. coli and CDC37
recombinant protein (NBC1-18377, Novus Biologicals, Centennial,
CO, USA) were determined by ITC (MicroCal iTC200, Malvern Pan-
alytical, Westborough, MA, USA). These experiments were con-
ducted at a constant temperature of 15e30 �C. In brief, CDC37
recombinant protein was prepared at 10 mM in assay buffer and
loaded into the titration calorimeter cell. The ligand solutions
(HSP90a WT or Y61A, with or without the presence of 50 mM gin-
senoside Rg5) in syringes were prepared at a concentration of
100 mM in the same assay buffer. Titrations were performed using
25 injections (10 mL each), injected at 3-min intervals. The stirring
speed was 500 rpm. All the data obtained from the experiment
were analyzed by the Origin software package to determine bind-
ing parameters, including the association constant (KA ¼ 1/KD),
enthalpy value (DH), and entropy value (DS).

2.15. Statistical analysis

Data integration and analysis were conducted using GraphPad
Prism 8.1.2 (GraphPad Inc., La Jolla, CA, USA). Welch's unequal
variances t-test and One-way analysis of variance (ANOVA) with
post hoc Tukey's multiple comparisons test were performed for
two-group and multiple-group comparisons, respectively. P < 0.05
was considered to be statistically significant.

3. Results

3.1. Ginsenoside Rg5 suppresses the proliferation and cell-cycle
progression of lung adenocarcinoma

The chemical structure of ginsenoside Rg5 is provided in Fig. 1A.
By performing CCK-8 assays, we checked the dose-dependent
proliferation suppressive effect of ginsenoside Rg5 on A549 and
Calu-3 cells. The half maximal inhibitory concentration (IC50) of
ginsenoside Rg5 on A549 and Calu-3 cells are about 68.54 and
84.14 mM, respectively (Figs. 1B and C). Colony formation assays
confirmed that ginsenoside Rg5 suppressed colony formation in a
dose-dependent manner (Figs. 1D and E). Besides, it inhibited cell-
cycle progression by inducing cell-cycle arrest at the G1 phase (Figs.
1F�I). Western blotting assays indicated that ginsenoside Rg5
decreased the expression of p-ERK1/2 and p-signal transducer and
activator of transcription 3 (p-STAT3), two signaling proteins crit-
ical for tumor cell survival and proliferation (Figs. 1J�L). Ginseno-
side Rg5 treatment alone could not induce apoptosis in A549 or
Calu-3 cells (Figs. S1A�C). In addition, it did not induce g-H2AX foci
formation (Figs. S1D�F).

3.2. Ginsenoside Rg5 sensitizes lung adenocarcinoma to radiation
in vitro and in vivo

Ginsenoside Rg5 increased irradiation (4 Gy)-induced
apoptosis (both early and late apoptosis) (Figs. 2A�C) and g-
1299
H2AX foci formation (Figs. 2D�F), and decreased the survival
fraction of A549 and Calu-3 cells after irradiation (Figs. 2G
and H) in a dose-dependent manner. However, when adminis-
tered alone, it did not increase the expression of cleaved
poly(adenosine diphosphate-ribose) polymerase (PARP) and
cleaved caspase-3 but enhanced the expression of these
apoptosis-related proteins induced by irradiation (Fig. 2I).

To validate the radio-sensitizing effects of ginsenoside Rg5, we
constructed an A549 CDX tumor model on nude mice. The animal
study design is summarized in Fig. 3A. After 21 days of implantation
of tumor cells, CDX reached about 200 mm3. For ginsenoside Rg5
treatment, ginsenoside Rg5 (20 or 40 mg/kg) was injected intra-
peritoneally for three consecutive days. Then the tumor was irra-
diated using a X-Rad 320 Biological Irradiator (12 Gy, 3 fractions).
Ginsenoside Rg5 (20 or 40 mg/kg) was injected intraperitoneally
every other day. On the 45th day, the nude mice were euthanized.
Tumor tissues were removed and photographed (Fig. 3B). Tumor
growth curves showed that ginsenoside Rg5 treatment significantly
retarded tumor growth and enhanced the inhibitory effect of irra-
diation on tumor growth (Fig. 3C). Then, tumor tissues were
paraffin-embedded and sectioned for hematoxylin and eosin
(H&E), immunohistochemistry, and fluorescence staining. Staining
results showed that ginsenoside Rg5 alone suppressed the
expression of Ki-67. However, it had limited influence on necrosis
(visualized by H&E staining), DNA damage (terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL) positive
cells), and the expression of cleaved caspase-3. In comparison, it
increased irradiation-induced tumor tissue necrosis, DNA damage,
and the expression of cleaved caspase-3. In addition, it enhanced
irradiation-induced downregulation of Ki-67 (Fig. 3D).

3.3. Ginsenoside Rg5 interacts with HSP90a with a high affinity

The potential docking proteins of ginsenoside Rg5 were pre-
dicted using SwissTargetPrediction and TargetNet. The overlapping
candidate set has five proteins, including SLC5A1, HSP90AA1,
SLC5A2, PTPN1, and CHRM (Fig. 4A). The chemical structure of
ginsenoside Rg5 was transferred to SMILES chemical format for
molecular docking. The docking model between ginsenoside Rg5
and HSP90AA1 (HSP90a) was illustrated in Figs. 4B and C. Ginse-
noside Rg5might bind to the N-terminal of HSP90AA1 (Figs. 4B and
C). Considering the high level of similarity between HSP90AA1 and
HSP90AB1 (HSP90b), we also conducted molecular docking be-
tween ginsenoside Rg5 and HSP90AB1. Results confirmed that
ginsenoside Rg5 has similar predicted binding positions with
HSP90AB1 (the N-terminal) (Fig. S2).

SPR technology was used to verify the binding between ginse-
noside Rg5 and the recombinant full-length human HSP90a protein.
Results showed that ginsenoside Rg5 could bind to HSP90a with a
high affinity (KD ¼ 24.83 ± 1.76 mM) in a dose-dependent manner
(Figs. 4D and K). Then, CETSA was conducted to further validation in
cellular samples. 50 mM ginsenoside Rg5 was added to the super-
natant of A549 and Calu-3 cell lysates. DMSO was used as a negative
control.Western blotting data confirmed that the thermal stability of
HSP90 was significantly increased in the groups with ginsenoside
Rg5 treatment (Figs. 4E and F).

3.4. Ginsenoside Rg5 reduces the binding between HSP90 and
CDC37

CDC37 is a ubiquitous co-chaperone of HSP90 that assists molec-
ular chaperone activity and regulates client proteins in the HSP90
chaperone cycle. The HSP90-CDC37-client interaction plays an
essential role in cellular growth and stress response of tumors [30].
Based on one previous publication, we identified the HSP90-CDC37



Fig. 1. Ginsenoside Rg 5 (Rg5) suppresses the proliferation and cell-cycle progression of lung adenocarcinoma. (A) The chemical structure of Rg5. (B, C) Cell Counting Kit (CCK)-8
assays were performed to generate the growth suppression curves of different Rg5 doses (0, 10, 20, 30, 50, 100, 150, and 200 mM) on A549 (B) and Calu-3 (C) cells. (D, E)
Representative images (D) and quantitation (n ¼ 3, E) of colony formation showing the effects of different Rg5 doses (10, 30, and 60 mM) on colony formation of A549 and Calu-
3 cells. (FeI) Representative images (F and H) and quantitation (n ¼ 3, G and I) of the cell-cycle distribution of A549 and Calu-3 cells after 48 h treatment with different Rg5 doses
(10, 30, and 60 mM). (JeL) Representative images (J) and quantitation (n ¼ 3, K�L) of the expression of p-extracellular signal-regulated kinase 1/2 (p-ERK1/2), ERK1/2, p-signal
transducer and activator of transcription 3 (p-STAT3), and STAT3 in A549 and Calu-3 cells after 48 h treatment with different Rg5 doses (10, 30, and 60 mM). *P < 0.05, **P < 0.01, and
***P < 0.001. DMSO: dimethyl sulfoxide; PI: propidium iodide; DJF: Dean-Jett algorithm; RMS: root mean square; Freq: frequency of cells.
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binding interface residues, including R46, E47, Y61, S113, K116, A117,
E120,A121,A124,A126,M130,Q133, andF134[29].Moleculardocking
data indicated ginsenoside Rg5 might directly interact with the
HSP90-CDC37 binding interface residue (Y61) or some nearby resi-
dues (G135, V136, G137, F138, and Y139) (Figs. 4B and C). To identify
the binding sites between ginsenoside Rg5 and HSP90a in lung
adenocarcinomacells,wegenerated lentivirusexpressingFlag-tagged
1300
HSP90a mutant E47A, Y61A, or Q133A for overexpressing in
A549 cells. It is known that E47A and Q133A have completely lost
binding capabilitywithCDC37,whileY61Ahas significantlydecreased
binding affinity [29]. 48 h after lentiviral infection, cellular lysates
were applied for CETSA. Results showed that ginsenoside Rg5 signif-
icantly increased the thermal stability of HSP90a mutant E47A and
Q133A, but not Y61A (Figs. 4G�I), implying thatY61 is a critical site for



Fig. 2. Ginsenoside Rg 5 (Rg5) sensitizes lung adenocarcinoma to radiation in vitro. (AeC) Rg5 enhanced irradiation-induced apoptosis. A549 and Calu-3 cells were pretreated with
Rg5 (10, 30, and 60 mM) for 48 h, and then irradiated (4 Gy). 72 h after irradiation, cell apoptotic death events were determined by flow cytometric analysis of Annexin V/PI staining
(n ¼ 3). (DeF) Rg5 increased irradiation-induced g-H2AX foci formation. A549 and Calu-3 cells received the same Rg5 treatment as indicated in Figs. 2AeC. 1 h after irradiation
(4 Gy), cells were stained with an anti-g-H2AX (Ser-139) (red). Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue) (D). The numbers of g-H2AX foci per
cell were quantified (E, F). Each group included 150 cells under 3 different fields. (G, H) Quantitation of clonogenic assay to examine the effects of Rg5 on irradiation (0, 2, 4, and
6 Gy)-induced cell growth suppression of A549 (G) and Calu-3 cells (n ¼ 3, H). (I) A549 and Calu-3 cells received the same Rg5 treatment and irradiation, as indicated in Figs. 2AeC.
Caspase-3 and poly(adenosine diphosphate-ribose) polymerase (PARP) levels were determined byWestern blotting. b-actin was used as an internal control. *P < 0.05, **P < 0.01, and
***P < 0.001. DMSO: dimethyl sulfoxide; PI: propidium iodide.
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ginsenoside Rg5 binding. To validate these findings, we further con-
ducted SPR assays using purified His-tagged recombinant HSP90a
mutants (E47A, Y61A, and Q133A) from E. coli (Fig. S3A). Results
confirmed that Y61A had drastically decreased affinity with ginse-
noside Rg5 (KD ¼ 232 ± 34 mM) compared toWT (Fig. 4K).

Therefore, we infer that ginsenoside Rg5 might disrupt the
HSP90-CDC37-client interaction. To validate this hypothesis, we
performed Co-IP assays using A549 and Calu-3 cell lysates with or
without 30 or 60 mM of ginsenoside Rg5 treatment. IP was
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performed using anti-HSP90 (Fig. 5A) or anti-CDC37 (Fig. 5B). Co-IP
assays confirmed that ginsenoside Rg5 weakened the HSP90-
CDC37 interaction (Figs. 5A and B). Then, Co-IP was performed
using cell lysate from cells with lentiviral-mediated HSP90a Y61A
(Flag-tagged) overexpression (Figs. 5C and D). Results showed that
ginsenoside Rg5 had limited influence on the HSP90a Y61A-CDC37
interaction (Figs. 5C and D). By conducting ITC assays using re-
combinant HSP90a proteins from E. coli, we found that the binding
affinity of HSP90a WT and Y61A to CDC37 was 2.68 ± 0.43 mM and



Fig. 3. Ginsenoside Rg 5 (Rg5) sensitizes lung adenocarcinoma to radiation in vivo. (A) A schematic diagram showing the combined Rg5 and irradiation (IR) treatment for A549 cell-
derived xenograft (CDX) in nude mice. (B) After the mice were euthanized, the tumors were removed and photographed. (C) The tumor growth curves. (D) Tumor tissues in Fig. 3B
were fixed, embedded in paraffin, and sectioned. The tissue sections were used for hematoxylin and eosin (H&E) staining, fluorescence staining for terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL), and immunohistochemical staining for Ki-67 and cleaved caspase-3. ***P < 0.001. DAPI: 4',6-diamidino-2-phenylindole.
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7.59 ± 1.16 mM, respectively (Fig. 5E). Ginsenoside Rg5 had no
binding with CDC37. However, pretreatment with ginsenoside Rg5
significantly decreased the affinity of HSP90a WT to CDC37
(34.36 ± 4.92 mM) but did not alter the binding affinity of HSP90a
Y61A to CDC37 (8.23 ± 0.79 mM) (Fig. 5E).

Disrupting the HSP90-CDC37 interaction can prevent the asso-
ciation of client protein with HSP90 and suppress protein matura-
tion, leading to proteasomal degradation of client proteins [30].
Therefore, we checked the expression of some HSP90 client pro-
teins using CDX tissues in Fig. 3B. These proteins play important
roles in regulating the radiosensitivity of lung adenocarcinoma,
including SRC, CDK4, RAF1, and ULK1 (Fig. 5F). Western blotting
data showed that p-ERK1/2 expression was suppressed by ginse-
noside Rg5 in tumors with or without irradiation treatment
(Fig. 5F). The expression of SRC, CDK4, RAF1, and ULK1was elevated
in irradiated tumors (Fig. 5F). However, these trends were reversed
by ginsenoside Rg5 treatment (Fig. 5F). The alterations of CDK4 and
ULK1 were confirmed by immunohistochemistry staining (Fig. 5G).
3.5. Ginsenoside Rg5 promotes CDK4 and ULK1 degradation via
enhancing poly-ubiquitination

Cycloheximide chase assays showed that ginsenoside Rg5
treatment decreased the half-life of ULK1 (Figs. 6A�C) and CDK4
(Figs. 6D�F). To validate the regulatory effects of ginsenoside Rg5
on HSP90 client protein poly-ubiquitination, we used A549 and
Calu-3 cells for selective overexpression of HA-ubiquitin. The
ubiquitination of CDK4 and ULK1 was checked after IP using an
anti-CDK4 or anti-ULK1. Cell samples with ginsenoside Rg5
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treatment had a higher level of high molecular-weight smeared
bands of CDK4 and ULK1 (Figs. 6G and H), suggesting increased
CDK4 and ULK1 poly-ubiquitination.
3.6. Ginsenoside Rg5 reduces irradiation-induced autophagy via
reducing ULK1

ULK1 has been characterized as a critical modulator of auto-
phagy [31,32]. In addition, autophagy can enhance the radio-
resistance of non-small cell lung cancer [33,34]. Therefore, we
checked whether the radio-sensitizing effect of ginsenoside Rg5 is
partially related to its inhibiting effect on ULK1-mediated auto-
phagy. Autophagosome formation was checked via enforced
expression of enhanced green fluorescent protein-microtubule-
associated proteins 1A/1B light chain 3B (EGFP-LC3) in A549 and
Calu-3. Irradiation increased autophagosome formation. However,
the emergence of autophagosomes was significantly weakened by
ginsenoside Rg5 or MRT67307 (a selective ULK1 inhibitor) pre-
treatment (Fig. 7A). Western blotting data confirmed that ginse-
noside Rg5 or MRT67307 pretreatment suppressed irradiation-
induced elevation of the LC3-II/b ratio and restored irradiation-
induced downregulation of p62 expression (Figs. 7B and C). ULK1
overexpression (Fig. S3B) exacerbated irradiation-induced-induced
autophagy (Figs. 7D and E). However, these trends were largely
reversed by ginsenoside Rg5 or MRT67307 pretreatment (Figs. 7D
and E).

Using A549 CDX tissues, we checked the influence of ginseno-
side Rg5 on irradiation-induced autophagy and DNA damage. Re-
sults showed that the tumor tissue area with upregulated LC3



Fig. 4. Ginsenoside Rg 5 (Rg5) interacts with 90 kD heat shock protein alpha (HSP90a). (A) Predict the potential binding proteins of Rg5, using SwissTargetPrediction and TargetNet.
(B, C) CB-Dock was used to visualize the binding sites between Rg5 and HSP90a. The docking position of Rg5 within HSP90a (B) and the specific binding sites (C) were provided. (D)
Surface plasmon resonance (SPR) analysis was conducted to identify the binding of Rg5 to recombinant human HSP90a protein from Escherichia coli (E. coli). (E, F) Cellular thermal
shift assay (CETSA) experiment was conducted to analyze the effect of Rg5 on the thermostability of HSP90 protein extracted from A549 (E) and Calu-3 (F) cells. Dimethyl sulfoxide
(DMSO) was used as a negative control. b-actin was determined as a loading control. (GeJ) CETSA experiment was conducted to analyze the effect of Rg5 on the thermostability of
Flag-tagged HSP90 mutants (E47A, Y61A, and Q133) overexpressed in A549 cells. HSP90 mutants were detected using anti-Flag tag. Quantitation (n ¼ 3, H�J) was conducted to
compare the concentration of remaining Flag-tagged proteins. The protein concentration in the DMSO group with 40 �C treatment was set to 100%. (K) Comparison of the affinity
between Rg5 and wild type (WT) and purified his-tagged HSP90a mutants (E47A, Y61A, and Q133) from E. coli by SPR assays (n ¼ 3). *P < 0.05, **P < 0.01, and ***P < 0.001. KD:
dissociation constant.
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Fig. 5. Ginsenoside Rg 5 (Rg5) reduces the binding between 90 kD heat shock protein (HSP90) and cell division cycle 37 (CDC37). (A, B) A549 and Calu-3 cells were treated with 30 or
60 mM Rg5 for 24 h. Immunoprecipitation (IP) was performed using anti-HSP90 (A) or anti-CDC37 (B). CDC37 precipitated by anti-HSP90 and HSP90 precipitated by anti-CDC37 were
detected byWestern blotting. (C,D) A549 (left) and Calu-3 (right) cellswere infected for lentiviral-mediatedHSP90aY61A (Flag-tagged) overexpression. 48 h later, cellswere treatedwith
30 or 60 mM Rg5 for 24 h. IP was performed using anti-Flag tag (C) or anti-CDC37 (D). CDC37 precipitated by anti-Flag and Flag-tagged HSP90a Y61A (Flag-Y61A) precipitated by anti-
CDC37were detected byWestern blotting. (E) Binding affinities of theHSP90aWTor Y61A recombinant proteins (from Escherichia coli (E. coli)) to CDC37were determined by isothermal
titration calorimetry (ITC).Data are fromthree independent experiments. (F)Westernblotting assayswere performed to check the expressionof p-extracellular signal-regulated kinase 1/
2 (p-ERK1/2), SRC, CDK4, RAF1, andULK1 in A549 cell-derived xenograft (CDX) tissues in Fig. 3B. (G) Immunohistochemistry stainingwas performed to check the expression of CDK4 and
ULK1 in A549 CDX tissues in Fig. 3B. IB: immunoblotting; DMSO: dimethyl sulfoxide; WT: wild-type; IR: irradiation.
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Fig. 6. Ginsenoside Rg 5 (Rg5) promotes CDK4 and ULK1 degradation via enhancing poly-ubiquitination. (AeF) A549 and Calu-3 cells with or without pretreatment of Rg5 (60 mM
for 24 h) or dimethyl sulfoxide (DMSO) were incubated in the presence of 20 mM cycloheximide (CHX) for the indicated times (n ¼ 3 per group). (A, D) Proteins were then analyzed
by Western blotting with the indicated antibodies. Quantitation of the relative levels of ULK1 (B, C) and CDK4 (E, F) were determined from Western blots using the ImageJ software.
Data are expressed as mean ± standard deviation. Comparison was performed between the Rg5 and DMSO groups. *P < 0.05, **P < 0.01, and ***P < 0.001. (G, H) Western blots of
in vitro ubiquitination assay. A549 (G) and Calu-3 (H) cells were infected with pLenti-puro-hemagglutinin (HA)-ubiquitin. 24 h later, cells were treated with Rg5 for another 24 h.
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Fig. 7. Ginsenoside Rg 5 (Rg5) reduces irradiation-induced autophagy via reducingULK1. (A) Formation of LC3 foci in A549 and Calu-3 4 h after irradiation (4 Gy). Cellswere either dimethyl
sulfoxide (DMSO) treated (negative control (NC)), irradiated, pretreated with Rg5 (60 mM, 24 h) followed by irradiation (IR), or pretreated with MRT67307 (10 mM,1 h) followed by IR. Cells
were fixed and subjected to indirect immunofluorescence analysis. (B) The expression of LC3-I, LC3-II, and p62 in A549 and Calu-3 cells with or without Rg5 (60 mM, 24 h) or MRT67307
(10 mM,1 h) treatment following irradiation (4 Gy). (C) LC3-II/b-actin ratios in Fig. 7B were quantified using three independent experiments. (D) The expression of LC3-I, LC3-II, and p62 in
A549 and Calu-3 cells withULK1 overexpression alone, or in combinationwith Rg5 (60 mM, 24 h) orMRT67307 (10 mM,1 h) treatment following irradiation (4 Gy). (E) LC3-II/b-actin ratios in
Fig. 7Dwere quantified using three independent experiments. (F) The expression of LC3 and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) in representative A549
cell-derived xenograft (CDX) tumors as in Fig. 3B. **P < 0.01 and ***P < 0.001. DAPI: 4',6-diamidino-2-phenylindole; EGFP-LC3: enhanced green fluorescent protein-microtubule-associated
proteins 1A/1B light chain 3B; Vec.: vector control; LC3B: microtubule-associated proteins 1A/1B light chain 3B.
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expression might have less DNA damage (low TUNEL staining)
(Fig. 7F, white dotted area). In comparison, the tumor tissue area
without LC3 upregulation is associated with a higher level of DNA
damage (Fig. 7F, red dotted area). Ginsenoside Rg5 treatment
suppressed LC3 expression and enhanced irradiation-induced DNA
damage (Fig. 7F).

4. Discussion

Natural products are easier to store, lower in cost, and with
safety more convenient to be evaluated than synthetic chemical
drugs [35]. The different effects of natural products on normal and
tumor cells/tissues make them potential therapeutic reagents.
Recent preclinical and clinical trials revealed that some natural
products could attenuate oral mucositis, gastrointestinal toxicity,
hepatotoxicity, nephrotoxicity, hematopoietic system damage,
cardiac toxicity, and neurotoxicity caused by chemotherapy and
Then, cells were lysed, and the cell lysates were subjected to co-immunoprecipitation (Co-IP
The right panels are input controls. Co-IP was performed using anti-HA. IR: irradiation.
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radiotherapy [36]. Some natural products, such as ginseng extract,
grape seed extract, and curcumin, might exert radio-sensitizing
effects in tumor treatment and reduce the damage of ionizing ra-
diation to normal cells/tissues. The tumor-suppressive effects of
ginsenoside Rg5 have been demonstrated in multiple cancers, such
as hepatocellular cancer [37], breast cancer [38], and esophageal
carcinoma [39]. In this study, we found that ginsenoside Rg5 may
be a potential radiosensitizer in lung adenocarcinoma. It interacts
with HSP90 and reduces the binding between HSP90 and CDC37.

Via inhibiting HSP90, HSP90 client proteins might become un-
stable and can be rapidly degraded. The signals necessary for tumor
cell survival are impaired. Therefore, inhibition of HSP90 is a po-
tential target for tumor therapy [40]. Several preclinical studies
confirmed that inhibition of HSP90 can promote the radiosensi-
tivity of lung adenocarcinoma cells [41e43]. Various HSP90 inhib-
itor compounds are currently being used as a single treatment
scheme or in combination with conventional chemotherapy and
) assays. IP was conducted using anti-CDK4 (left panels) or anti-ULK1 (middle panels).
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radiotherapy in preclinical or phase I�III clinical trials [44]. How-
ever, so far, at least 18 HSP90 inhibitors have entered clinical trials,
but none have been approved for clinical use due to adverse effects,
including cardiac, gastrointestinal, and ocular toxicity [40,45].

Looking for potential HSP90 inhibitors fromnatural products is a
feasible direction [40]. Some natural products are potential HSP90
inhibitors, such as platycodon D isolated from traditional Chinese
medicine Platycodon grandiflorum, triptolide A isolated from
Tripterygium wilfordii, and gambogic acid (�) found in Gamboge
[40]. In the current study, we found that ginsenoside Rg5 can
disrupt the interaction between HSP90 and CDC37, and then induce
the degradation of multiple HSP90 client proteins, including SRC,
CDK4, RAF1, and ULK1. Using CDK4 and ULK1 as representative
candidates, we showed that ginsenoside Rg5 could promote the
degradation of HSP90-CDC37 client proteins via the ubiquitin-
mediated proteasomal pathway. Aberrant CDK4 expression is
associated with lung adenocarcinoma cell-cycle progression and
cell proliferation [46]. Inhibiting CDK4 can prevent cell prolifera-
tion through G1 arrest [47]. This mechanism helps explain why
ginsenoside Rg5 treatment induces G1 arrest in lung adenocarci-
noma cells. Tumor cells at the G1 and G2/M phases are more
radiosensitive than their counterparts in the S phase [48]. This
might also be one potential mechanism of the radio-sensitizing
effects of ginsenoside Rg5.

ULK1 can promote autophagy via phosphorylating Beclin-1
and activating VPS34 lipid kinase [31]. Elevated autophagy has
been characterized as an important mechanism of radio-
resistance in lung cancer [33,34]. Autophagy might be a cyto-
protective response supporting tumor cells to conquer survival
stress and promote resistance to radiotherapy [49,50]. By check-
ing LC-3 and p62 expression in lung adenocarcinoma cell lines and
A549 CDX tissues, we confirmed that ginsenoside Rg5 could
reduce irradiation-induced autophagy via reducing ULK1
expression. The findings of the current studies explain not only
the radio-sensitizing effects but also the tumor-suppressive
mechanisms of ginsenoside Rg5. For instance, ginsenoside Rg5
can inhibit epithelial-mesenchymal transition anoikis resistance
and the acquisition of stem-like properties of lung cancer cells
[11]. Some HSP90-CDC37 client proteins are related to these
properties, such as CDK4 [51] and SRC [52].

Ginsenosidesmight be absorbed by passive diffusion [53]. Besides,
ginsenosideRg5might be actively transported viaGLUT1 [54], GLUT2,
andGLUT5 [55].Once it enters cells, itmight interactwithHSP90a and
exert physiological regulations. Since lung adenocarcinoma usually
has high expression of GLUT1 [56] and GLUT5 [57], ginsenoside Rg5
might have a certain level of tumor targeting effects. Some recent
studies revealed that ginsenoside-based (such as ginsenosides Rg3
and Rg5) liposomes have cancer-stem cell targeting and intra-
tumorallydiffusion capability [58,59].GinsenosideRg3orRg5canbea
stabilizer by inserting into the liposome membrane and interacting
with phospholipids [58e60]. In addition, the glucose part of the hy-
drophilic part of Rg3 will theoretically extend beyond the surface of
the liposome, serving as an ideal ligand for glucose transporter 1,
which is usually overexpressed in tumors [60]. These modified lipo-
somes carrying chemotherapeutic drugs can capture circulating tu-
mor cells and destroy theirmetastatic potential [60]. In the future, it is
meaningful to develop ginsenoside Rg5 liposomes carrying other
radio-sensitizers or chemotherapeutic drugs, as an adjuvant strategy
to improve the radiosensitivity of lung adenocarcinoma.

5. Conclusions

Ginsenoside Rg5 may be a potential radiosensitizer for lung
adenocarcinoma. It interacts with HSP90a and reduces the binding
between HSP90 and CDC37, thereby increasing the ubiquitin-
1307
mediated proteasomal degradation of the HSP90-CDC37 client
proteins.
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