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Abstract Although the tumor suppressor P53 is known to regulate a broad network of signaling pathways, it

is still unclear howcertain drugs influence these P53 signaling networks.Here,we useda comprehensive single-

cell multiomics view of the effects of ginsenosides on cancer cells. Transcriptome and proteome profiling re-

vealed that the antitumor activity of ginsenosides is closely associated with P53 protein. A miRNAeproteome

interaction network revealed that P53 controlled the transcription of at least 38 proteins, and proteome-

metabolome profiling analysis revealed that P53 regulated proteins involved in nucleotide metabolism, amino

acid metabolism and “Warburg effect”. The results of integrative multiomics analysis revealed P53 protein as a

potential key target that influences the anti-tumor activity of ginsenosides. Furthermore, by applying affinity

mass spectrometry (MS) screening and surface plasmon resonance fragment library screening, we confirmed

that 20(S)-protopanaxatriol directly targeted adjacent regions of the P53 DNA-binding pocket and promoted

the stability of P53eDNA interactions, which further induced a series of omics changes.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The TP53 tumor suppressor gene has been identified for 40 year1.
As one of the most important cancer cell regulatory transcription
factors, the P53 protein plays a wide regulatory role in gene
expression, DNA repair, metabolism, cell survival, cell cycle ar-
rest, apoptosis, and senescence2e4. Various studies have shown
that P53 controls a broad and flexible network in many fields, such
as in transcriptome, as a superior transcription factor, P53
remodeling the miRNAemRNA interaction network in miRNA
loading onto AGO25; P53 interaction to miRNA-34b/c induce the
polymorphisms on the risk of osteoporosis6; the expression levels
of miR-21, miR-34a, miR-125b, miR-648 and miR-181d in pri-
mary glioblastoma patients are levels inversely correlate with P53
and MGMT7, etc. P53 simultaneously regulates the functions of
several proteins, including overexpression of the P53 repressor
MDM28; transcriptional activation of the P21 cyclin-dependent
kinase inhibitor gene9; induction of the pro-apoptotic BCL-2
family members, and facilitation of caspase activation and cell
death10. Moreover, many studies have shown that the trans-
formation of tumor cell energy metabolism is regulated by P53,
including the “Warburg effect” metabolism11,12. Although these
studies add greatly to our understanding of the underlying
mechanisms of P53, there is little research regarding the system-
atic regulation of P53 under the influence of drugs. In particular,
there are few studies that report a comprehensive analysis of P53
in the host geneemRNAemiRNAeproteinemetabolite system
interaction network. Furthermore, the few reports regarding this
subject are partially contradictory13,14.

Ginsenosides, the active constituents of ginseng, a traditional
Chinese medicine, have been demonstrated to be effective in
treating several types of cancer diseases15,16. However, the tradi-
tional usage of ginseng often involves multiple ingredients of
various herbs, and as such, the mechanism of action of ginseng is
obscure and difficult to discern17,18. The specific ginsenoside
component that interacts with host protein(s) for cancer treatment
remains unknown. Although we have previously identified RAS
proteins as potential targets of ginsenosides via proteomic and
bioinformatic techniques19, the role of these proteins in gene
transcription, protein translation, protein expression regulation,
and metabolic pathways of the overall host cell has not been
investigated.

Therefore, the purpose of our study was to create a compre-
hensive overview of the global P53 regulation network underlying
the anti-tumor effects of ginsenosides, with a particular focus on
P53 DNA-binding functions. We performed multiomic analyses
on the non-small cell lung cancer cell line A549 treated with
ginsenosides. The mRNA and miRNA of the transcriptome, pro-
teomics, and phosphoproteomics of the proteome, and the
metabolome in positive and negative mode were analyzed
together. Correlation of transcriptome and proteome profiling
revealed the functional pathways and critical genes and proteins
involved in the anti-tumor activity of ginsenosides. The integrated
miRNA with proteome analysis revealed the transcription mech-
anism of the regulation interaction network by key proteins.
Proteomeemetabolite interaction analysis identified the proteins
driving the metabolism pathways. Together, the results from the
multiomics analyses summarized the core target protein underly-
ing the anti-tumor effects of ginsenosides. Furthermore, affinity
mass spectrometry (MS) screening and surface plasmon resonance
fragment library screening combined with fluorescence polariza-
tion technology were used to study the active ingredients of
ginsenosides and the interaction mechanism of the candidate li-
gands with P53.

2. Materials and method

2.1. Cell lines and cell culture conditions

The human non-small cell lung cancer cell line A549 was ob-
tained from Procell Life Science & Technology Co., Ltd. (Wuhan,
China) with an STR identification report (Supporting Information
Fig. S1). A549 cells were cultured in Ham’s F-12K media con-
taining 10% FBS, 10 mg/mL streptomycin, and 10 mg/mL peni-
cillin (GE Healthcare Life Sciences, Logan, UT, USA) at 37 �C
with 5% CO2. A549 cells were passaged or harvested by incu-
bation with 1� TrypLE Express (Life Technologies, Grand Island,
NY, USA) at 37 �C for 2 and 5 min.

2.2. Preparation of the omics cell model

For the omics model, A549 cells were used for cluster experi-
ments after three generations of resuscitation. After growing
A549 cells at 37 �C for 12 h, 0.25 mg/mL ginsenosides (the IC50

of the total ginsenoside inhibition cell viability of A549,
Supporting Information Fig. S2A and S2B) or vehicle control
(0.1% DMSO) were added to each well, and the cells were
continue cultured for another 12 h. For the transcriptome analysis
of RNA and miRNA sequencing, the cell count was above 2 � 105

per sample. The cells were cultured in a 6-well plate, and ex-
periments were reproduced at least in triplicate for the control and
sample groups. The proteomic and phosphoproteomic experiments
were performed with at least 2 � 107 cells per sample. The cells
were cultured in 150-cm2 plates, with two plates for one group,
and the experiments were reproduced at least in triplicate for the
control and sample groups. In the metabolome experiments, cells
were above 1 � 107 for per sample. Cells were cultured in 150-
cm2 plates and reproduced at least in sextuplicate for the control
and sample groups. All of the cells were counted using the Bio-
Rad TC20™ (Bio-Rad, Hercules, CA, USA) automated cell
counter.

2.3. Total RNA extraction

Total RNA was extracted from collected cells using Trizol (Invi-
trogen, Carlsbad, CA, USA). We added 1 � 106 cells to 1 mL of
Trizol according to the manufacturer’s instructions. Cells were
homogenized for 2 min and then allowed to rest horizontally for
5 min. The mix was centrifuged at 12,000�g for 5 min at 4 �C.
Then the supernatant was transferred into a new EP tube with
0.3 mL of chloroform/isoamyl alcohol (24:1), mixed vigorously
for 15 s, and then centrifuged at 12,000�g (Mikro220R, Hettich,
Tuttlingen, Germany) for 10 min at 4 �C. After centrifugation, the
upper aqueous phase, which included the RNA, was transferred
into a new tube with an equal volume of isopropyl alcohol and
then centrifuged at 13,600 rpm (Mikro220R, Hettich, Tuttlingen,
Germany) for 20 min at 4 �C. After discarding the supernatant, the
RNA pellet was washed twice with 1 mL of 75% ethanol,
centrifuged at 13,600 rpm (Mikro220R) for 3 min at 4 �C to
collect residual ethanol, and then air dried for approximately
5e10 min in the biosafety cabinet. Finally, approximately
25e100 mL of DEPC-treated water was added to dissolve the
RNA. The quality and concentration of the total RNA were
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assessed using an Agilent NanoDrop 2100 Bioanalyzer (Thermo
Fisher Scientific, Waltham, MA, USA).

2.4. miRNA library construction

The library was prepared using 1 mg of total RNA for each
sample. Total RNA was purified by electrophoretic separation
on a 15% urea denaturing polyacrylamide gel via electropho-
resis, and the small RNA regions corresponding to the
approximately 18e30 nt bands in the marker lane (14e30
ssRNA Ladder Marker, TAKARA, Dalian, China) were excised
and recovered. The recovered small RNAs were then ligated to a
50-adaptor and a 30-adaptor. The adapter-ligated small RNAs
were subsequently transcribed into cDNA by SuperScript II
Reverse Transcriptase (Invitrogen, Karlsruhe, Germany), and
then several rounds of PCR amplification with PCR Primer
Cocktail and PCR Mix were performed to enrich the cDNA
fragments. The PCR products were selected by agarose gel
electrophoresis, with the target fragments being approximately
100e120 bp, and then purified by a QIAquick Gel Extraction
Kit (QIAGEN, Valencia, CA, USA). The quality and concen-
tration of the library was assessed via two methods: 1) the
distribution of the fragment sizes was assessed using an Agilent
2100 Bioanalyzer, 2) and the library was quantified using real-
time quantitative PCR (QPCR, TaqMan Probe). The final liga-
tion PCR products were sequenced using the BGISEQ-500
platform (BGI, Shenzhen, China).

2.5. Metabolome experimental procedures

Total metabolites were extracted from each group using approxi-
mately 1 � 107 cells in 1 mL of methanolic acetonitrile aqueous
solution (2:2:1, v/v/v). The cells were then vortexed for 60 s,
incubated at for 30 min twice, and then the protein was placed at
�20 �C for 1 h. The solution was centrifuged at 14,000 rcf for
20 min at 4 �C, and then the supernatant was stored at �80 �C
until future use. Samples were separated on an Agilent 1290 In-
finity LC Ultra-High-Performance Liquid Chromatography Sys-
tem (Agilent Technologies, CA, USA) using a HILIC column. The
column temperature was 25 �C, and the flow rate was 0.3 mL/min.
The mobile phase of composition A was waterþ25 mmol/L
ammonium acetateþ25 mmol/L ammonia, and B was acetonitrile.
The gradient elution procedure was as follows: approximately
0e1 min, 95% B; approximately 1e14 min, B varied linearly
from 95% to 65%; approximately 14e16 min, B changed linearly
from 65% to 40%; approximately 16e18 min, B was maintained
at 40%; approximately 1e18.1 min, B changed linearly from 40%
to 95%; approximately 18.1e23 min, B was maintained at 95%.
The sample was placed in a 4 �C autosampler. In order to avoid the
effects of instrument detection signal fluctuations, continuous
analysis of samples was performed in random order. QC samples
were inserted into the sample queue to monitor and evaluate the
stability of the system and the reliability of the experimental data.
Electrospray ionization (ESI) positive and negative ion modes
were used for detection. The sample was separated by UHPLC and
subjected to mass spectrometry using a TripleTOF 5600 mass
spectrometer (AB SCIEX, Framingham, MA, USA). The ESI
source conditions after HILIC chromatographic separation were as
follows: ion source gas 1 (gas 1): 60; ion source gas 2 (gas 2): 60;
curtain gas (CUR): 30; source temperature: 600 �C; ion spray
voltage floating (ISVF) �5500 V (positive and negative modes);
TOF MS scan m/z range: approximately 60e1000 Da; product ion
scan m/z range: approximately 25e1000 Da; TOF MS scan
accumulation time 0.20 s/spectra; and product ion scan accumu-
lation time 0.05 s/spectra. Secondary MS was obtained using
information-dependent acquisition (IDA) and high sensitivity
mode, with a declustering potential (DP): �60 V (both positive
and negative modes), collision energy: 35 � 15 eV, and IDA
settings were as follows: exclude isotopes within 4 Da; and
candidate ions to monitor per cycle: 6. The raw data were con-
verted to mzXML format by ProteoWizard, and then the XCMS
program was used for peak alignment, retention time correction,
and peak area extraction. Metabolite structure identification used a
method of accurate mass matching (<25 ppm) and secondary
spectral matched against in-house tandem MS spectral library
(Shanghai Applied Protein Technology, Shanghai, China). Over-
all, The MS/MS spectra matching score was calculated using dot-
product algorithm, which take the fragments and intensities into
consideration. The matching score cutoff was set as 0.8. The
MS/MS spectra matching results were confirmed with standards.
For the data extracted by the XCMS, the ion peaks with a sum of
>2/3 were deleted. The application software SIMCA-P 14.1
(Umetrics, Umea, Sweden) was used for pattern recognition. The
data were preprocessed by Pareto-scaling for multidimensional
statistical analysis, including unsupervised principal component
analysis (PCA) analysis, supervised partial least squares
discriminant analysis (PLS-DA), and orthogonal partial least
squares discriminant analysis (OPLS-DA). The variable expres-
sion weight of the metabolites (VIP) is used to measure the in-
fluence intensity and interpretation ability of each metabolite
expression pattern on the classification and discrimination of each
group of samples, and to explore biologically significant differ-
ential metabolites. Metabolites with both multidimensional sta-
tistical analysis VIP>1 and univariate statistical analysis P
value < 0.01 were selected as metabolites with significant dif-
ferences. Univariate statistical analysis was further used to verify
whether the differential metabolites were significant. Single-
dimensional statistical analysis included Student’s t test and
variation multiple analysis. R software created the volcano maps.
Data access the high-throughput metabolome data from this study
have been submitted to the Metabolomics Workbench as an
attachment file (https://doi.org/10.21228/M8WD6C) with the
Project ID PR000803 and study ID ST001191. We thank APTBIO
(Shanghai, China) for technical supports and deep discussion.

2.6. Bioinformatics analysis

In this part, the gene ontology annotation (GOA) database (http://
www.ebi.ac.uk/GOA/) provided gene ontology (GO) annotations
to RNA from RNACentral, proteins in the UniProtKB. The Uniprot
ID mapping (https://www.uniprot.org/uploadlists/) is used to pro-
vide name conversion for various types of omics databases. The
DIANA-web server 5.020 (http://diana.imis.athena-innovation.gr/
DianaTools/index. php?r&equals;site/page&amp;view&equals;
software) provides us with complete algorithms, databases and
software for analysis of expression regulation and annotation of
small RNAs. The KEGG Mapper (https://www.genome.jp/kegg/
tool/map_pathway2.html) and CluoGO21 in Cytoscape were
applied to verify the significance enriched signal pathway. Human
ProteineProtein Interaction Prediction22 andSTRING23, functional
protein association networks (https://string-db.org/) were used for
proteineprotein interaction (PPI) analysis. The OmicsNet24

(https://www.omicsnet.ca/OmicsNet/) was used to supports inte-
grative analysis of multiple lists of different types of molecules

https://doi.org/10.21228/M8WD6C
http://www.ebi.ac.uk/GOA/
http://www.ebi.ac.uk/GOA/
https://www.uniprot.org/uploadlists/
http://diana.imis.athena-innovation.gr/DianaTools/index.%20php?r=site/page&amp;view=software
http://diana.imis.athena-innovation.gr/DianaTools/index.%20php?r=site/page&amp;view=software
http://diana.imis.athena-innovation.gr/DianaTools/index.%20php?r=site/page&amp;view=software
https://www.genome.jp/kegg/tool/map_pathway2.html
https://www.genome.jp/kegg/tool/map_pathway2.html
https://string-db.org/
https://www.omicsnet.ca/OmicsNet/


20(S)-Protopanaxatriol promotes the binding of P53 and DNA 1023
interactions: proteineprotein, TFegene, miRNAegene and
metaboliteeprotein. Then, all differentially expressed omics data
were input into corresponding feature online tools or offline soft-
wares for bioinformatics analysis. Finally, these analytical data are
exported in different ways and then imported into Cytoscape 3.7.125

(https://cytoscape.org/) for unified visual network analysis.

2.7. Correlation analysis of mRNA and protein data

To compare the differentially regulated genes and proteins
observed in mRNA and proteomics, respectively, we used a
nine-quadrant map to correlate the data. We first converted the
ID names to the Uniprot ID mapping for differentially expressed
genes and proteins in the transcriptome and proteomic data
(unified with UniprotKB Gene name). Then we imported the
transcriptome and proteomic data into the online software
Omicshare (http://www.Omicshare.com/tools/Home/Soft/jxx),
and the parameters were set. The default transcriptome was set
to identify mRNA that was upregulated and downregulated
2-fold, and the proteomic data were set to identify proteins that
were upregulated and downregulated 1.2-fold. This program also
allowed the data to be customized to account for the multiple
differences in each group. The color of each quadrant was
selected by default. The title of the x- and y-axes was defined
without the use of Chinese or special characters in the name of
either axis. The data processing results were received in
approximately 3 min. The output file contained: 1) A-VS-
B.annot.all.xls: a nine-quadrant summary table that recorded the
quadrant information of all genes/proteins, the expression levels
in the transcriptome and proteome, and functional annotations;
2) A-VS-B_1 (2, 3, 4 .).annot.xls: each quadrant sub-table (9),
which recorded the gene/protein information of each quadrant,
the expression level in the transcriptome and the proteome, and
function comments; and 3) A-VS-B.associate.png/pdf: nine-
quadrant results. The nine-quadrant map was divided into nine
quadrants, where the ordinate represented the log2 value of the
ploidy gene differential multiple, and the abscissa represented
the log2 value of the protein expression difference multiple.
Genes that were upregulated at least 2-fold were considered
significantly different genes (log2 Z 1 or �1), and proteins that
were upregulated at least 1.2-fold were considered significantly
different proteins (log2Z0.263, or �0.263). Specifically, quad-
rant 5 indicated the co-expressed mRNA and protein that were
not differentially expressed; quadrants 3 and 7 indicated the
mRNA that was consistent with the corresponding differential
protein expression pattern; quadrants 1, 2, and 4 indicated the
proteins that were expressed higher than the mRNA; quadrant 6,
8, and 9 indicated the proteins that were expressed lower than
then mRNA. A Venn diagram was used to show the logical
connections between different groups (collections). Finally,
these associated data were again analyzed via bioinformatics as
described above.

2.8. Comparative network-based analysis of protein and miRNA
data

In order to further explain the influence of ginsenosides in the
transcription and translation process, we correlated the miRNAs
and proteomes after ginsenoside interference. First, the Tar-
getScanHuman 7.226 (http://www.targetscan.org/vert_72/) on-
line tool was used to search for theoretical target protein
regulatory miRNAs. As a results, the 73 protein names
associated with the proteogenomic analysis were matched with
255 mirbase IDs. When a protein was mapped to multiple
miRNA subtypes, we selected the miRNA that showed the
greatest correlation. Then, the detected 727 differentially
expressed miRNAs were correlated with protein-transformed
255 theoretical miRNAs. The P-value was used to perform a
significance test and further calculate the P-value of the FDR.
When the FDR <0.01, the miRNA and protein pairs were
considered to have a significant correlation between log-fold
changes in miRNA and protein. The GO enrichment and
KEGG pathway analyses were then performed on these asso-
ciated miRNAs and proteins using the DIANA-web server 5.0
and KEGG Mapper, as previously described. Finally, the anal-
ysis results were then imported into Cytoscape for visual
analysis.

2.9. Comparative network-based analysis of protein and
metabolite data

In this study, we converted the differential substances detected by
metabolomics into KEGG object identifier and converted them
into KEGG IDs. To create an integrated network for visualization
and analysis, we use the MetaboAnalyst27 (http://www.
metaboanalyst.ca/) online tool for correlation analysis. In the
web search page, genes or metabolites were imported into the
appropriate “gene list” or “metabolite list” box, the upload data
type was specified by clicking the drop-down menu next to “ID
Type” and selecting the “metabolites-genes” (official human gene
symbol ID for proteins and KEGG ID for metabolites). Then the
data automatically corresponded to the respective data frame. We
continued to click the “submit” button in order to receive the
corresponding data set for each step. We then clicked the down-
load result link to directly export the corresponding data set. The
default view of the data was mapped to the KEGG Global
Metabolism Network. We also input these data into Cytoscape for
visualization network analysis.

2.10. Multiomics global regulation interaction network analysis

The multiomics global regulation interaction network analysis of
the anti-tumor activity of ginsenosides was performed by
OmicsNet (https://www.omicsnet.ca/OmicsNet/). In the Omics-
Net homepage, there are six panels corresponding to six different
input types: Genes/Proteins, Transcription factors, miRNAs,
Metabolites, Microbiome, and Graph file. For this study, sig-
nificance differential expression Genes/Proteins, Transcription
factors, miRNAs and Metabolites were co-analysis according to
the web page tutorials. Briefly, copy-and-paste the list of Genes
or Proteins, miRNAs and Metabolites into the box of “Gene
List”, “miRNA List”, or “Metabolite List”, respectively. Then
click the dropdown menu next to “ID Type” to specify the type
of data uploading (official human gene symbol ID for proteins,
miRBase ID for miRNAs, and KEGG ID for metabolites), and
click “Yes” to continue. Then, the data are automatically pasted
into their respective boxes, and click the “Submit” button. After
a few seconds, we received a network association graph.
It included PPIs, transcription factoregene interactions,
miRNAegene interactions, and metaboliteeprotein interactions,
which also included a comprehensive analysis of molecular
functions and signaling pathways. We downloaded the images
directly and uploaded the raw data into Cytoscape for image
editing and arranging.

https://cytoscape.org/
http://www.Omicshare.com/tools/Home/Soft/jxx
http://www.targetscan.org/vert_72/
http://www.metaboanalyst.ca/
http://www.metaboanalyst.ca/
https://www.omicsnet.ca/OmicsNet/
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2.11. P53 wild type and mutation protein expression and
purification

All wild-type and mutant P53 recombinant plasmids are derived
from GENEWIZ Co., Ltd. (Suzhou, China). The protein sequence
of P53 DNA-binding core region 94-312aa contains 657 bases
optimized to better express proteins in Escherichia coli. Protein
expression and purification steps refer to previously studied
methods28,29. Briefly, the P53 wild-type gene and the mutant gene
were cloned into the pET-28a expression vector, and the 6� his tag
was fused at the C-terminus. The expressionvector was transformed
with E. coli BL21 (DE3) strain and induced with 200 mmol/L of
isopropyl b-D-1-thiogalactoside (IPTG) at an optical density at
600 nm of 0.6. After 16 �C overnight expression, the cultured
protein-expressing cells were collected in a buffer consisting of
20 mmol/LTris HCl (pH 8.0), 500 mmol/L NaCl and 5% glycerol,
and stored at �80 �C until use. When purifying the protein, the
collected expression cells were taken out, and after completely
dissolving, the cells were disrupted by an ultrasonic apparatus for
1 h, and the time interval was stopped for 1 s every 3 s, and the cycle
is repeated. After the completion of the ultrasound, centrifugation at
13,000�g for 15 min at 4 �C. The supernatant was applied to a Ni-
NTA column for affinity adsorption. Washing with a buffer con-
taining 40 mmol/L imidazole, 20 mmol/L Tris-HCl (pH 8.0),
500mmol/L NaCl and 5% glycerol, eluting with a buffer containing
400 mmol/L imidazole, 20 mmol/LTris-HCl (pH 8.0), 500 mmol/L
NaCl and 5% glycerol. Protein purification was then performed on a
Akta protein purification system using a superdex 200 increase
10/300 GL molecular sieve column (GE Healthcare Bio-sciences,
uppsala, Sweden, Supporting Information Fig. S3A). Finally, ac-
cording to SDS-PAGE analysis, the purified P53 wild-type and
mutant proteins were all >95% pure for using (Fig. S3B).

2.12. Affinity MS screening active compounds from total
ginsenosides extracts

The specific experimental procedure for affinity MS screening has
been previously reported30,31. Concisely, we will react the purified
protein and the crude ginsenoside extract in a certain proportion
(50 mmol/L protein: 0.2 mg/mL ginseng total saponin), and then
remove the small molecules that are not reacted with the protein
by ultrafiltration. The protein and small molecule complexes are
then dissociated and detected by MS. We define the affinity index
(AI) as the ratio of the MS response of the compound detected in
the target to the MS response of the control sample. The values of
each group are exported from the Masslynx 4.1 analysis software
and manually calculated in the Excel table. The initial screening
compound was selected according to the rules of the average of
AI>2, RSD<30% and P < 0.05 for three replicates.

2.13. The surface plasmon resonance (SPR) assay

In this study, fragment library screening and KD measurements
were performed using a Biacore T200 optical biosensor (GE
Healthcare). The S series CM5 sensor chip (GE Healthcare) was
used to couple the target protein, and the running buffer was PBS
with 5% DMSO. The recombinant P53 wild-type and mutant
proteins (about 50 mg/mL) were coupled to a CM5 chip with
approximately 7000 RU coupling amount for each channel. Pro-
teins were diluted with 10 mmol/L sodium acetate buffer (pH 5.0).
In the molecular fragment library screening, each compound
concentration was diluted to 100 mmol/L in a 96-well measuring
plate, sequentially passed through the coupled CM5 chip, and then
the data was recorded and stored. For evaluation of the KD value,
each compound was diluted 11 times from 500 to 0.488 mmol/L,
sequentially passed through the chip from low concentration to
high concentration, and then the data were recorded and saved in
real time. The molecular effects of non-specific binding and signal
drifts were removed using molecular weight adjustment and sol-
vent correction. All data processing was performed in the Biacore
T200 analysis software.

2.14. Molecular docking and sequence alignment

To accurately reflect the interaction between the protein and the
compound, we found the crystal structure of the P53 protein (PDB
code: 4AGL11 and 6FJ532) from the research collaboration for
structural bioinformatics (RCSB). The molecular docking was
performed using Schrödinger version 2015-433. Firstly, we input
the crystal structure of P53 protein into the software for dehy-
dration, hydrogenation, charge and other pretreatment, and then
determine the binding sites to form lattice pockets. Subsequently,
the input compound is subjected to hydrogenation, charge treat-
ment or the like to form a stereoscopic conformation. Finally,
elaborate molecular docking analysis of compounds and P53 was
performed both standard precision (SP) and extra precision (XP)
glide mode docking. The final result was shown as a cartoon or
energy diagram by pymol. The homologous sequence alignment
of the proteins was performed using clusalw and the final map was
obtained from Espript 3.034.

2.15. DNA probe synthesis

In this study, 10-segment-specific DNA sequences were derived
from differential miRNAs detected by transcriptomics: hsa-miR-
144-3p (50-TACAGTATAGATGATGTACT-30), hsa-miR-153-3p
(50-TTGCATAGTCACAAAAGTGATC-30), hsa-miR-760 (50-
CGGCTCTGGGTCTGTGGGGA-30), hsa-miR-195-5p (50-TAG-
CAGCACAGAAATATTGGC-30), hsa-miR-142-5p (50-CATAAA
GTAGAAAGCACTACT-30), hsa-miR-186-5p (50-CAAAGAAT
TCTCCTTTTGGGCT-30), hsa-miR-34c-5p (50-AGGCAGTGTA
GTTAGCTGATTGC-30), hsa-miR-493-5p (50-TTGTACATG
GTAGGCTTTCATT-30), hsa-miR-155-5p (50-TTAATGCTAATC
GTGATAGGGGTT-30) and hsa-miR-485-5p (50-AGAGGC
TGGCCGTGATGAATTC-30). Then the carboxyfluoscein was to
the 50 terminus of all of the above sequences. Gene synthesis and
fluorescein labeling were completed by GENEWIZ Co., Ltd.
(Suzhou, China).

2.16. Fluorescence polarization (FP) assay

The FP assay was conducted on a TECAN Spark 10M (Tecan,
Mannedorf, Switzerland). In order to explore the binding of the
DNA fluorescent probe to the P53 protein, we diluted the protein
concentration 11 times from 200 mmol/L to 0 with FP buffer
(10 mmol/L MgCl2, 200 mmol/L NaCl, 20 mmol/L Tris-HCl,
5 mmol/L DTT, pH 8.0) and then mixed the 50 nmol/L probe
(final concentration) to each concentration point. In the PPT
experiment, we fixed the protein concentration at 10 mmol/L and
the probe concentration at 50 nmol/L. We then diluted the PPT
concentration 10 times from 500 mmol/L to 0. The fluorescence
polarization value was read on the TECAN Spark 10M (excitation
wavelength 485 nm, the emission wavelength 525 nm). The
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experiment was repeated three times for each concentration, and
the EC50s were determined using GraphPad Prism 5.

2.17. Quantification and statistical analysis

For a detailed analysis of statistical results, please see each indi-
vidual method. The frequently occurring P-values in this report
were calculated by a two-tailed Student’s t test. It represents a
significant difference in the sample, generally P < 0.05 was sig-
nificant and P < 0.01 was very significant, which means that the
probability of the difference between the samples caused by the
sampling error is less than 0.05 or 0.01. Relative standard deviation
(RSD) is used to indicate the precision of the analytical test results.
The smaller the value, the better the repeatability. False discovery
rate (FDR) is the expected value of the number of false rejections
[rejecting the true (original) hypothesis] as a percentage of all
rejected hypotheses. As a control indicator for the hypothesis test
error rate, the control value can be selected according to needs, and
the value of the traditional hypothesis test is usually set to 0.05. In
this study, all biochemical analyses were performed at least three
times independently. Data were analyzed using GraphPad Prism 5.0.
For the correlation analyses, Pearson’s correlation was used for
measurement of a linear correlation in the data. The volcano map
was used to show the results of the differential expression analysis,
and the Venn diagram was used to show the logical connections
between different groups (collections). GO enrichment analysis and
KEGG pathway analysis were performed based on online tools,
such as KEGG mapper and string, and offline tools, such as Cyto-
scape 3.7. Other non-computational analyses were performed using
Excel (Microsoft Excel 2016).

Additional data analysis methods are shown in the Supporting
Information.

3. Results

3.1. Integrated transcriptome, proteome, and metabolome
analyses

In this study, we performed multiomics analyses on the non-small
cell lung cancer cell line A549 treated with ginsenosides (Fig. 1A).
To acquire a comprehensive view of the omics processes in cells
influenced by ginsenosides, A549 were treated with 0.25 mg/mL
ginsenoside extract for 12 h, and control cells received 0.1%
DMSO. RNA sequencing and miRNA sequencing on the total
transcriptome was performed, while proteomic and phosphopro-
teomic differential expression in the total proteome was analyzed,
and the total metabolome was analyzed. The transcriptome, prote-
ome, and metabolome profiles were visualized in a correlation
heatmap by Pearson’s correlation, which represented a biological
duplication of each sample data (Figs. S2CeE). Overall, the data
from all three omics groups were highly reproducible with >95%
between biological replicates and a correlation coefficient of >85%
across all samples. Altogether, 21,350 unique Entrez gene IDs were
mapped to transcripts, 4544 miRNAs were detected, 5499 proteins
were identified from 33,779 peptides, and 9135 modification sites
were detected in 4820 modified phosphopeptides, and 4047 spectra
in positive MS mode and 3058 spectra in negative MS mode were
detected in the metabolome (Supporting Information Table S1).
After correcting for multiple testing by setting the P-value at 0.01
and false discovery rate (FDR) at 0.05, 934 genes (327 down-
regulated and 607 upregulated), 727 miRNA (183 downregulated
and 544 upregulated), 454 proteins (190 downregulated and 264
upregulated), and 459 dysregulated modified phosphorylation sites
(180 downregulated and 279 upregulated) were detected. Further-
more, 67 compounds (47 upregulated and 20 downregulated) in
positive MS mode and 73 compounds (41 upregulated and 32
downregulated) in negative MS mode were identified as signifi-
cantly different (Fig. 1B and C).

3.2. Transcriptome and proteome profiling revealed that the
antitumor activity of ginsenosides is closely associated with P53

In order to clarify the main biological functions and target proteins
of ginsenosides in the A549 cell model, we performed KEGG
pathway analysis and PPI network analysis of the detected dif-
ferential genes and proteins. In order to identify genes consis-
tently, we used the gene names (official gene symbol) of the
upregulated or downregulated gene or protein in both omics
layers. KEGG pathway analysis indicated that the major regu-
lating pathways in both the transcriptome and proteome were
involved in cancer signaling, including the PI3KeAKT, MAPK,
RAS, and P53 signaling pathways (Fig. 2AeC). Furthermore, the
correlation analysis of the transcriptome and proteome showed
that 73 entities were co-regulated in both the transcriptome and
proteome (20 co-regulated by transcriptomics and proteomics, 15
co-regulated by transcriptomics and phosphoproteomics, and 38
co-regulated by all three omics; Fig. 2D and E), and the specific
73 co-regulated entities are shown in Supporting Information
Fig. S4.

KEGG pathway analysis of the co-regulated entities was
demonstrated to be part of several signaling pathways, including
the P53 signaling pathway, RAS signaling pathway, MAPK
signaling pathway, miRNAs in cancer, and PI3KeAKT signaling
pathway (Fig. 2F). These are canonical cancer cell signaling
pathways3,35. In particular, the P53 signaling pathway is well-
characterized. The P53 signaling pathway most likely plays a
pivotal role in the anti-tumor activity of ginsenosides. Thus, we
further explored potential targets via PPI analyses. The dysregu-
lated proteins were queried to a dataset for the interacted PPI
networks. From the queried and interacted proteins, many were
directly enriched and correlated at correlation parameters set to
10, such as GRB2, NFKb, RAS, GSK3b, PI3K, and TP53
(Fig. 2G). Most of these associated proteins have been shown to be
important in cancer cell pathways. In particular, with the corre-
lation parameters increasing to 20 or even more than 30, the TP53
protein (P53) had a superior correlation with the queried dysre-
gulated proteins (Fig. 2H), indicating that it may be one of the
positive potential targets in the anti-tumor activity of ginsenosides.

3.3. Integrated miRNA and proteome analyses identified 46
miRNAs that regulate the transcription of 38 proteins that induced
by P53

To further elucidate the correlation between the omics of ginse-
nosides in the A549 cell model, we conducted the
miRNAeproteome interaction network analysis of the detected
differential miRNA and proteins. Unlike mRNA research, miR-
NAs provide us with expression-regulation relationships during
gene transcriptional translation. In order to keep the entities
consistent, we search for theoretical target protein regulatory
miRNAs from TargetScanHuman 7.2. As a results, the 73 protein
names associated with the proteogenomic analysis were matched
with 255 mirbase IDs (Supporting Information Table S2). Then,



Figure 1 Transcriptome, proteome, and metabolome analyses of the anti-tumor effect of ginsenosides on the non-small cell lung cancer cell

line A549. (A) A schematic illustrating the transcriptome, proteome, and metabolome. A549 cells were exposed to ginsenosides or DMSO. (B)

Transcriptome (mRNA and miRNA), proteome (proteomics and phosphoproteomics), and metabolome (positive MS metabolites and negative MS

metabolites) data were analyzed by volcano plot; x-axis Z log2 fold change (sample/control), y-axis Z elog10; P-value; green

circles Z downregulated with ginsenoside; blue circles Z upregulated with ginsenoside; gray circles Z not regulated with ginsenoside. (C)

Significant gene, protein, and metabolite numbers. There were 934 regulated mRNAs (P-value<0.01, n Z 3), 727 regulated miRNAs (P-val-

ue<0.01, n Z 3), 454 regulated proteins (P-value<0.01, n Z 3), 449 regulated phosphorylated proteins (P-value<0.01, n Z 3), 67 regulated

positive MS metabolites (P-value<0.01, n Z 6), and 73 regulated negative MS metabolites (P-value<0.01, n Z 6).
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the detected 727 differentially expressed miRNAs were correlated
with protein-transformed 255 theoretical miRNAs. The Venn di-
agram correlation analysis shows that 46 were co-regulated in the
miRNA and proteome (Fig. 3A). Moreover, the co-regulated
miRNA pathway analysis results were associated with pathways
in cancer, including the MAPK, P53, RAS, and PI3KeAKT
signaling pathways (Fig. 3B), which was consistent with the
previous integrated transcriptome and proteome profiling analysis.
The overview of miRNAs and proteins correlation analysis
demonstrated apparent mutual regulation in cancer signaling
pathways (Supporting Information Fig. S5). In the P53 signaling
pathway, most of proteins that were dysregulated according to the
proteomic data were also found to have a change in the tran-
scriptome of the corresponding miRNA. These dysregulated pro-
teins and miRNAs control cell survival, apoptosis, angiogenesis
inhibition, and many other biological processes within the cancer
cell. Additionally, in this study, we found that 46 co-regulated
miRNAs, including hsa-miR-144-3p, hsa-miR-153-3p, hsa-miR-
760, hsa-miR-195-5p, hsa-miR-142-5p, hsa-miR-186-5p, hsa-
miR-34c-5p, hsa-miR-493-5p, hsa-miR-155-5p, and hsa-miR-
485-5p, regulated 38 proteins within the P53 signaling pathway,
such as PTEN, IGF, SIVA1, USP8, ATF7IP2, FGFR1, CCND3,
TRAF1, RALA, and BCL (Fig. 3C). The association of these
miRNAs and proteins not only confirmed the target genes of most
of the miRNAs previously reported but also showed that P53 plays
a major regulatory role in these changes.

3.4. Integrated proteome and metabolome analysis revealed the
anti-tumor activity of ginsenosides regulation nucleotide
metabolism, amino acid metabolism and “Warburg effect”
through P53

In this study, we integrated the proteome and Metabolome datasets
to generate a global and unified view of the anti-tumor activity of



Figure 2 Transcriptome and proteome profiling revealed the functional pathways and critical genes and proteins involved in the anti-tumor

activity of ginsenosides. (A) KEGG pathway enrichment of the mRNA data. (B) KEGG pathway enrichment of the proteomics data. (C)

KEGG pathway enrichment of the phosphoproteomics data. (D) A nine-quadrant (Q) map of the transcriptome and proteome data correlation

analysis. Q5 indicated the co-expressed mRNA and protein that were not differentially expressed. Q3 and 7 indicate the mRNA that was consistent

with the corresponding differential expression of proteins. Q1, 2, and 4 indicate the protein expression abundance that was higher than the mRNA.

Q6, 8, and 9 indicate protein expression abundance that was lower than the mRNA. Directed P-values are defined as elog10 (P) times the direction

of the effect. (E) A Venn diagram showing the overlap of detected genes, proteins, and phosphoproteins. (F) KEGG pathway enrichment of the

correlation data. In (A), (B), (C), and (F), the red histograms indicate positive-related pathways. FDR: false discovery rate. (G) Proteineprotein

interaction (PPI) network models showing interactions among the genes and proteins involved in anti-tumor processes and P53 signaling, which

represent top degree subtypes. (H) The regulated genes/proteins (red dots) were directly related to TP53 protein (green dot).
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Figure 3 Correlation analysis of the miRNA and proteome data. (A) AVenn diagram showing the overlap of detected miRNA, as well as the

corresponding miRNA of differential gene IDs in the transcriptome and proteome correlation analysis. (B) KEGG pathway enrichment in the

overlapping miRNAs. Co-regulated miRNA pathway analysis shows that pathways in cancer, MAPK signaling pathway, P53 signaling pathway,

RAS signaling pathway, and PI3KeAKT signaling pathway were significantly influenced by treatment with ginsenosides in cancer cells. (C) The

P53 signaling pathway showing the various proteins regulated by microRNAs. The dysregulated proteins and miRNAs control cell survival,

apoptosis, angiogenesis inhibition, and many other biological processes in cancer cells.
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ginsenosides. The significantly changed metabolites are shown in
Fig. 4A and Table S1. The KEGG mapping tools were used to
integrate the proteome and Metabolome datasets and referenced
the human metabolic map (hsa01100, Supporting Information
Fig. S6A). The ID mapping and query map are shown in
Supporting Information Table S3. The KEGG pathway analysis of
the metabolite regulatory proteins demonstrated that the prostate
cancer pathway, pathways in cancer, and P53 signaling pathway
were the main signaling pathways in the proteinemetabolite
interaction network underlying the anti-tumor activity of ginse-
nosides (Fig. 4B). In Fig. 4C, an overview of the gene/protein and
metabolite pathway association analysis map generated based on
the significant differential metabolites and gene/proteins. In the
gene/protein-metabolite map, each edge representing a metabolic
reaction carried out by the proteome (proteomics and phospho-
proteomics) that was regulated by ginsenosides. Each node rep-
resents a metabolite/protein that changed after treatment with
ginsenosides. Proteome and metabolome joint pathway analysis
indicated that the edges and nodes were significantly different in
nucleotide metabolism, amino acid metabolism, glycolysis, en-
ergy metabolism, and metabolism of other amino acids pathways.
There is a high rate of amino acid metabolism, nucleotide
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metabolism, and glucose consumption in cancer cells, which
supports tumor adaptation to metastatic environments and rapid
growth36. The rapid occurrence and switch in fuel source
demonstrated the important existence of the “Warburg effect” in
Figure 4 Overview of the joint protein and metabolite pathways involv

differences in the hierarchical clustering results for metabolites. The resul

expression patterns and have a relatively close reaction step during the

metabolites and gene interaction network. (C) Overview of the metaboli

cycle, glycolysis, and amino acid synthesis occurred in cancer cells trea

signaling pathways that directly affect cancer cell metabolism via P53 reg
the anti-tumor activity of ginsenosides. Moreover, the GO
enrichment and functional pathway analysis results demonstrated
that alanine, aspartate, and glutamate metabolism, glycer-
ophospholipid metabolism, a-linolenic acid metabolism, and
ed in the anti-tumor effect of ginsenosides. (A) There were significant

ts show that the metabolites grouped in the same cluster have similar

metabolic process. (B) KEGG pathway enrichment of the integrated

c pathways dysregulated during cancer. Reprogramming of the TCA

ted with ginsenosides, in addition to the associated Warburg effect

ulation.
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arachidonic acid metabolism were all regulated by ginsenosides,
as demonstrated in the altered proteomics and phosphoproteomics
analysis results (Fig. S6B). These metabolic processes are all
common in cancer diseases37,38.

3.5. Multiomics revealed P53 as a key node involved in the anti-
tumor network of ginsenosides

In summary, transcriptome and proteome profiling revealed that
the antitumor activity of ginsenosides is closely associated with
P53; miRNA and proteome analyses identified 46 miRNAs that
regulate the transcription of 38 proteins that induced by P53;
proteome and Metabolome analysis revealed the anti-tumor ac-
tivity of ginsenosides regulation nucleotide metabolism, amino
acid metabolism and “Warburg effect” through P53. Those tran-
scriptome, proteome, and metabolome profiling highlighted the
global changes that occurred after A549 cells were treated with
ginsenosides (Fig. 5A). Specifically, the correlation analysis of
transcriptome and proteome revealed that the PI3KeAKT
signaling pathway, MAPK signaling pathway, RAS signaling
pathway, and P53 signaling pathway were all functional pathways
involved in the anti-tumor activity of ginsenosides, and the PPI
network analysis showed that GRB2, NFKb, RAS, GSK3b, PI3K,
and P53 played a pivotal role in those dysregulated proteins and
associated signaling pathways. In particularly, P53 had the highest
correlation among the queried differentially expressed proteins,
indicating that it may be a potential target in the anti-tumor ac-
tivity of ginsenosides. Additionally, the miRNAemRNA/prote-
ome interaction network revealed that hsa-miR-144-3p, hsa-miR-
153-3p, hsa-miR-760, hsa-miR-195-5p, hsa-miR-142-5p, hsa-
miR-186-5p, hsa-miR-34c-5p, hsa-miR-493-5p, hsa-miR-155-5p,
and hsa-miR-485-5p regulated 38 proteins within the P53
signaling pathway. The proteomeemetabolome interaction
network demonstrated obvious proteinemetabolite regulation.
Furthermore, alanine, aspartate, and glutamate metabolism, glyc-
erophospholipid metabolism, a-linolenic acid metabolism, and
arachidonic acid metabolism were all regulated by ginsenosides,
as evidenced by the altered proteomics and phosphoproteomics
profiles. Our results were consistent with previously published
cancer profiles and with the pharmacodynamic mechanism of
ginsenosides reported in most previous studies39,40. The final
omics GO enrichment and pathway analysis also confirmed these
results (Fig. 5B). We summarized the above results in Fig. 5C,
which shows that ginsenosides may target to P53 protein, then the
genes that bind to the P53 DNA-binding region are affected, and
the transcription of these genes is regulated by miRNAs. This
ultimately leads to the differential expression of proteins, and the
differential expression of these proteins is reflected in a series of
cellular signaling pathways, leading to metabolic disorders.

3.6. Identified (S)-PPT toward the adjacent regions of the P53
DNA-binding pocket revealed a new target of ginsenosides anti-
tumor

In order to ascertain the specific components interacting with the
P53 protein, we used affinity MS screening and SPR techniques to
screen for the active ligands in ginsenosides and their affinity to
target proteins. The recombinant wild-type and mutant P53 pro-
teins (residues 94e312) were purified. Affinity MS screening and
SPR fragment library screening were carried out as in previously
published articles19. The affinity index (AI) was used to cut off
non-specific binding ligands, where AI > 2, RSD < 30%, and
P < 0.05 from three replicates were selected as the initial hits. As
a result, 21 compounds from crude ginsenosides showed signifi-
cant changes in the initial affinity MS screening results (Fig. 6A
and Supporting Information Table S4). The SPR fragment library
screening was based on a signal response value. When the ligand
bound to the protein, the protein attached to the metal chip was
warped, thereby causing a change in response signal. However,
when the ligand flowed through the metal chip and did not bind to
the protein, the response signal did not change. Based on this
principle, we identified 15 compounds that were RU > 20,
RSD<30%, and P < 0.05 from three replicates (Fig. 6B). We
further determined the KD value of five compounds which were
simultaneously screened by comprehensive analysis of the affinity
MS screening and the SPR fragment library screening (Supporting
Information Fig. S7). The calculated results showed apparent KDs
of 6.628, 10.15, 10.74, 41.11, and 81.04 mmol/L for (S)-PPT,
20(S)-Ro, 20(S)-Rg3, 20(S)-PPD, and 20(S)-Rh2, respectively,
which were all stronger than the known positive P53 protein sta-
bilizer PhiKan083 (122.2 mmol/L)41 (Fig. 6C). These results
demonstrated that the ligands we screened from ginsenosides had
a high affinity for P53 protein, and (S)-PPT had the strongest
affinity for P53. Furthermore, the in silico docking results sug-
gested that (S)-PPT was embedded in the adjacent regions of the
P53 DNA-binding pocket, which contained residues V147, D148,
T150, P151, Y220, and D228 that coincided with the P53 stabi-
lizer (PhiKan083) binding sites (Fig. 6D). Then we mutated these
potential amino acid binding sites individually and purified the
recombinant mutant P53 proteins in order to continue the SPR
experiment. The calculated KDs of these mutant P53 proteins with
(S)-PPT implied that the residues V147, Y220, and D228 obvi-
ously influenced the KD from 6.628 to 246.20 mmol/L,
6.628e96.45 mmol/L, and 6.628e57.18 mmol/L, respectively
(Fig. 6E). These results not only confirmed the interaction be-
tween the screened ligand and P53 protein but also indicated that
(S)-PPT directly acted upon the adjacent regions of the P53 DNA-
binding pocket and may be able to promote the stability of P53, as
well as that of PhiKan 083. Moreover, these key basic residues are
highly conserved across not only Homo sapiens but also the entire
primate family (Fig. 6F). They are reported to play an important
role in DNA binding to P53 and transcription.

3.7. (S)-PPT targeted P53 and promoted the interaction of P53
with DNA

In order to further confirm that the P53 protein bound to different
DNAs and the impact of (S)-PPT on the interaction, we first
measured the KD of significance DAN (miR-760 representatives
upregulated; miR-493-5p representatives downregulated) and
protein by SPR technique. The results showed that both upregu-
lated and downregulated DNAs binded well to proteins, giving a
significant KD value 0.38 mmol/L to miR-760 and 0.10 mmol/L to
miR-493-5p (Fig. 7A and B). Then, we designed a fluorescence
polarization experiment. The principle of this experiment is that
when the DNA with the 5-carboxyfluorescein (5-FAM) label is
irradiated by a single plane of polarized light (485 nm), the
absorbed light energy jumps into the excited state, then returns to
the ground state, and emits a single plane of polarized fluores-
cence of another wavelength (525 nm). The intensity of the
polarized light is positively correlated with the molecular weight
of the fluorescent substance. The larger the molecular weight, the
slower the rotation, and the more the polarized light is transmitted
through the grating. When the DNA and the protein are combined,



Figure 5 Global changes in the geneemiRNAeproteinemetabolite interaction network involved in the anti-tumor effects of ginsenosides. (A)

The general geneemiRNAeproteinemetabolite interaction network involved in the anti-tumor effect of ginsenosides. (B) KEGG pathway

enrichment of the integrated transcriptome, proteome, and metabolome (co-detected by all three Omics). (C) Ginsenosides targeted P53, which

resulted in a series of chain reactions involving genes, mRNAs, proteins, and metabolites. The heat map shows the significant P-values repre-

sentatives in each omics.
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the molecular weight becomes large, and the polarized light signal
is enhanced. Specifically, we selected 10 representative miRNAs
from the 46 differential miRNAs detected by previous tran-
scriptomics and used them as templates to synthesize DNA fluo-
rescent probes with 5-FAM fluorescent tags, and then detected
them separately. The binding efficiency (EC50) represents the
strength of probe and protein binding. As a results, 10 of the
5-FAM-labeled DNA probes strongly bound to P53 with an
apparent EC50 (Fig. 7C and Supporting Information Fig. S8).
Furthermore, we conducted drug interference experiments using
FAM-DNA (DNA probe based on miRNA-760 and miR-493-5p).
Simultaneously fixed DNA probe concentration and the protein
concentration, with increased concentrations of (S)-PPT, the
fluorescence signal becomes much stronger compared with the
ligand-free sample (Fig. 7D). These results not only verified the
binding of these miRNAs with DNA with P53 but also indicated
that ginsenoside induced (S)-PPT, which promoted P53 binding to
DNA.

4. Discussion

In this study, we presented a systematic comparative multiomics
analysis of the anti-tumor effect of ginsenosides on the non-
small cell lung cancer cell line A549. The transcriptome (mRNA
and miRNA), proteome (proteomics and phosphoproteomics),
and metabolome (positive MS metabolites and negative MS
metabolites) flux data identified P53 as a crucial target of gin-
senosides. Then, We identified (S)-PPT, 20(S)-Ro, 20(S)-Rg3,
20(S)-PPD, and 20(S)-Rh2 from ginsenosides through integrated
affinity MS screening with SPR fragment library screening



Figure 6 Determination of the target of ginsenosides and the molecular mechanism of the active ingredient of ginsenosides. (A) The affinity

MS screening results show that a total of 21 compounds (red points) were significantly changed in the initial affinity MS screening results (AI>3,

n Z 3, P < 0.05, and RSD<30%). (B) The SPR fragment library screening identified 14 compounds which were RU > 20, P < 0.05, and

RSD<30% from three replicates (red histogram). (C) The KD of the identified ligands was calculated by comparing the SPR results with the

positive ligand Phikan083. (D) Docking model of (S)-PPT interacting with P53 compared with the crystal ligand PhiKan083 with P53 (PDB code:

4AGL, 6FJ5). (E) The KD of (S)-PPT with a series of P53 mutant proteins was calculated by SPR. (F) The primary sequence alignment of

members of the P53 protein family. Yellow arrows indicate the mutated residue in the binding pockets.
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approach as the ligands binding to P53 protein. In particular, (S)-
PPT had a lower KD (6.628 mmol/L), and the mutated sites of
V147, Y220, and D228 were demonstrated to play a core role in
ligand interaction with P53 protein. In addition, by a fluores-
cence polarization assay, we further confirmed that (S)-PPT
promoted the binding function of P53 to DNA and induced a
series of omics changes, respectively. The results not only pro-
vide a new strategy for us to validation target protein and
screening of active ingredients for complex mixtures, but also
discover the powerful ingredients for promoting the interaction
of P53 with DNA, and driving the therapy of P53 related dis-
eases, especially in anti-tumor.

Identified target protein of compounds has been always a
challenge for many researchers42,43. Although there have been
many methods for finding target proteins by chemical
modification, these often have high false positive results44,45. In
particular, the role of these molecular mechanism in gene tran-
scription, protein translation, protein expression regulation, and
metabolic pathways of the overall host cell has not been investi-
gated. Here, by multiomics correlation analysis combine with
bioinformatics tools analysis, we found that P53 protein played a
general regulatory role in various functional pathways and was
probably the direct target protein of a compound in ginsenosides.

Furthermore, we developed a new screening approach that
integrated affinity MS screening with SPR fragment library
screening in order to identify the active compound in ginseno-
sides. Obtaining effective compounds from natural products as
pro-drugs has become the first choice for current drug develop-
ment, but the discovery of effective compounds from natural
products often involves complex separation and extraction



Figure 7 Fluorescence polarization assay revealed (S)-PPT targeted P53 and promoted the integration of P53 with DNA. (A) and (B) The KD of

the upregulated and downregulated DNAs was calculated by SPR. The apparent KDs were 3.81 � 10�7 mol/L to miR-760 and 1.03 � 10�7 mol/L

to miR-493-5p. (C) The potential affinity of different FAM-labeled DNA probes based on the miRNA reverse transcription of P53. Binding

efficiency (EC50) was measured by changes in the fluorescence anisotropy of the FAM-DNA with increasing concentrations of protein. (D) The

protein (S)-PPT promoted the stability of the interaction of P53 with FAM-labeled DNA. The fluorescence anisotropy of the FAM-DNA changed

with increasing (S)-PPT concentrations. The yellow line represents the miR-493-5p binding efficiency enhanced with increasing (S)-PPT con-

centrations. The green line represents the miR-760 binding efficiency enhanced with increasing (S)-PPT concentrations.
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processes, which is time-consuming and labor-intensive31,46.
Although we have provided a series of efficient method for
screening active compounds from complex systems19,31,47. How-
ever, the non-specific binding and the low-screening flux were still
an important factor hindering its widespread application in
screening drugs. Combining the high throughput of affinity MS
with the accuracy of SPR, we can quickly and accurately find
effective ligand molecules of target proteins from complex herbal
extracts. Based on this principle, we successfully identified (S)-
PPT acting on the P53 protein from crude ginsenoside extracts.
This provides a new research method for elucidating the target and
active ingredients of complex systems.

Finally, we should emphasise that we first discovered that the
compound (S)-PPT can promote the binding of P53 to DNA.
Various studies have shown that P53 controls a broad and flexible
network in transcriptome48e50. As a superior transcription factor,
P53 remodeling the miRNAemRNA interaction network and
regulates the expression of several proteins by P53eDNA binding
pocket51e53. In this study, by means of molecular docking, protein
site mutation and fluorescence polarization assay, we confirmed
that the active component of ginsenoside acts on the adjacent
regions of the P53 DNA-binding pocket, which promotes the
stable binding of P53 with DNA and affects the transcriptional
expression of P53-regulated proteins. In particular, in the fluo-
rescence polarization experiment, we designed and synthesized a
series of DNA fluorescent probes based on detected differentially
expressed miRNAs. Through the combination of these DNA
fluorescent probes and proteins, we further confirmed the
mechanism of transcriptional and translational regulation of P53
on these genes. This method determines not only the binding of
DNA to protein but also the localization of P53 protein and the
screening of P53-interfering RNA drugs.
Data availability

The protein MS data were deposited in iProX54 (an official
member of ProteomeXchange consortium) as an attachment file
(http://www.iprox.org) with the project ID IPX0001509000. The
sequence read archive accession number for the mRNA data were
deposited in NCBI (National Center for Biotechnology Informa-
tion) as an attachment file with the submission ID SUB5721911
and bioProject ID PRJNA546518. The sequence read archive
accession number for the micoRNA data were deposited in NCBI
as an attachment file (http://www.ncbi.nlm.nih.gov/bioproject/
546520) with the submission ID SUB5733948 and bioProject ID
PRJNA546520. The metabolomics data reported in this paper
were deposited in Metabolomics Workbench55 as an attachment
file (https://doi.org/10.21228/M8WD6C) with the Project ID
PR000803 and study ID ST001191.
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