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Purpose: Cinobufotalin injection has obvious curative effects on liver cancer patients with less toxicity and fewer side effects than
other therapeutic approaches. However, the core ingredients and mechanism underlying these anti-liver cancer effects have not been
fully clarified due to its complex composition.

Methods: Multidimensional network analysis was used to screen the core ingredients, key targets and pathways underlying the
therapeutic effects of cinobufotalin injection on liver cancer, and in vitro and in vivo experiments were performed to confirm the
findings.

Results: By construction of ingredient networks and integrated analysis, eight core ingredients and ten key targets were finally
identified in cinobufotalin injection, and all of the core ingredients are tightly linked with the key targets, and these key targets are
highly associated with the cell cycle-related pathways, supporting that both cinobufotalin injection and its core ingredients exert anti-
liver cancer roles by blocking cell cycle-related pathways. Moreover, in vitro and in vivo experiments confirmed that either
cinobufotalin injection or one of its core ingredients, cinobufagin, significantly inhibited cell proliferation, colony formation, cell
cycle progression and xenograft tumor growth, and the key target molecules involved in the cell cycle pathway such as CDK1, CDK4,
CCNB1, CHEK1 and CCNEI], exhibit consistent changes in expression after treatment with cinobufotalin injection or cinobufagin.
Interestingly, some key targets CDK1, CDK4, PLK1, CHEK1, TTK were predicted to bind with multiple of core ingredients of
cinobufotalin injection, and the affinity between one of the critical ingredients cinobufagin and key target CDK1 was further confirmed
by SPR assay.

Conclusion: Cinobufotalin injection was confirmed to includes eight core ingredients, and they play therapeutic effects in liver cancer
by blocking cell cycle-related pathways, which provides important insights for the mechanism of cinobufotalin injection antagonizing
liver cancer and the development of novel small molecule anti-cancer drugs.
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Introduction

Liver cancer is the fourth leading cause of cancer-related death worldwide,' and its morbidity and mortality are
increasing, which seriously threatens human life and health.” The onset of liver cancer is complex and hidden, and
most patients already have advanced liver cancer when they are diagnosed.> Chemotherapy is one of the best options for
the treatment of liver cancer,® but transarterial chemoembolization and chemotherapeutic drugs such as sorafenib cause
potent toxic effects, side effects and drug resistance;> thus, it is necessary to explore complementary and alternative

medicines for liver cancer treatment.
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In recent years, with the increasing modernization of traditional Chinese medicine (TCM), the treatment of cancer
with integrated traditional Chinese and western medicines has become a common clinical strategy and research hotspot.’
Some TCMs used alone or combined with radiotherapy and chemotherapy can improve the sensitivity of chemotherapy,
improve the immune system function and reduce the side effects and complications caused by chemotherapy for
improving the quality of life for patients.® Cinobufotalin injection (CI) is an anti-cancer traditional Chinese medicinal
preparation independently researched and developed in China, which contains water-soluble ingredients extracted from
the skin of Bufo gargarizans Cantor or Duttaphrynus melanostictus Schneider.” A large number of clinical trials showed
that cinobufotalin injection alone or combined with transcatheter arterial chemoembolization (TACE) had obvious
curative effects on liver cancer and less toxicity and side effects than other therapeutic approaches.*'® However, the
mechanism underlying the therapeutic effects of cinobufotalin injection on liver cancer has not been fully clarified due to
its complex chemical composition. With the rapid recent proposal and development of virtual screening technology, the
integrated analysis of network pharmacology and molecular docking has become a more efficient method to study the
mechanism of action of TCMs, as it allows comprehensive analysis of relationships among drugs, diseases, genes and
targets, the identification of the interaction mechanisms between drugs and the mechanisms by which active ingredients
treat diseases, and the discovery of the key pharmacologically active ingredients.''

On the basis of traditional network pharmacology, this work explored the possible mechanisms of cinobufotalin
injection in treating liver cancer through multidimensional network construction, molecular docking analysis and in vitro
and in vivo experimental verification. We finally screened eight core ingredients and ten core target proteins. The results
showed that cinobufotalin injection inhibited the expression of cell cycle-related target proteins and blocked cell cycle
progression in the treatment of liver cancer, thus blocking the proliferation and division of tumor cells to achieve the
purpose of treating liver cancer. Among them, cinobufagin, one of the core ingredients of cinobufotalin injection, played
a key role in the treatment against liver cancer. Our work provides potential strategies and a further scientific basis for the
treatment of liver cancer.
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Materials and Methods
Cell Lines and Drugs

The LM3 and HepG2 cell lines were purchased from Xiangya Central Experiment Laboratory of Central South
University (Changsha, China) and maintained in our laboratory. Cells were cultured in DMEM (HyClone, Logan, UT,
USA) supplemented with 10% heat-inactivated FBS (Gibco, Invitrogen, Paisley, UK) and antibiotics, including 1%
penicillin and 1% streptomycin at 37 °C in an incubator containing 5% CO,. cinobufotalin injection was provided by
Anhui Jinchan Pharmaceutical Co., Ltd. (Huaibei, China) and was freeze-dried to obtain its concentrated powder before
use. Cinobufagin was purchased from Topscience Co., Ltd. (Shanghai, China).

Compilation of Disease-Related Genes
First, three liver cancer-related microarray datasets (GSE76427 dataset, GSE46408 dataset, GSE54236 dataset) were selected
from the GEO database (https:/www.ncbi.nlm.nih.gov/geo/), and differential expression analysis was performed (P < 0.05,

logFC > 0.5). To ensure the reliability of the data, we screened liver cancer-related genes in three other relevant databases:
GeneCards'? (https://www.genecards.org/), Liverome'? (http://liverome.kobic.re.kr/) and OncoDB.HCC' (http://oncodb.org/).
Finally, we selected the overlapping genes among the databases and microarray datasets as liver cancer-related genes.

Screening of Ingredients and Prediction of Drug Targets of Cinobufotalin Injection
We used Herb'® (http://herb.ac.cn/) (HERB000650), and consulted relevant literature, and preliminarily screened 86 ingredients
(Supplementary Table 1). Then, we used SwissTargetPrediction16 (http://swisstargetprediction.ch/) to predict the drug targets, and

the targets with “probability of > 0.1” were identified and integrated with those in Herb. In addition, due to
the preparation of cinobufotalin injection as an aqueous extract, SwissADME'” (http://www.swissadme.ch/) was used to predict

the water solubility and drug-likeness properties of the ingredients. After the compounds with a water solubility level of “Poorly
soluble” or “Insoluble” were eliminated, the effective ingredients and putative targets of cinobufotalin injection were obtained by
integrating the screening results.

Network Construction and Related Analysis
Network construction was performed using Cytoscape'® 3.7.2 (http://www.cytoscape.org). Protein-protein interaction

network was constructed with the database STRING'® (https:/string-db.org/), in which hub genes were screened with
cytoHubba®® (MCC algorithm). Enrichment analysis was carried out with the DAVID?' tool (https://david.nciferf.gov/
home.jsp) and a bioinformatics platform (http://www.bioinformatics.com.cn/). Based on the microarray data, the 150

target genes were divided into the upregulated group and the downregulated group. The prognostic value of the target
genes was evaluated by using GEPIA2?* (http://gepia2.cancer-pku.cn/). Here, when Hazard Ratio (HR) < 0.7 or (HR) >
1.3, P < 0.01, we regarded a gene as having prognostic value (Supplementary Table 2). Stage-related expression was
analyzed by using UALCAN?® (http://ualcan.path.uab.edu/index.html).

Molecular Docking Analysis
Small molecule compounds were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and ZINC (https://zinc.dock

ing.org/), and OpenBabel (http://openbabel.org/wiki/Main Page) was used for file conversion. The structures of the target

proteins in complex with the small molecule inhibitors were searched in the PDB database (https://www.rcsb.org/) (CDK1:
4Y72, CDK4: 7SJ3, PLK1: 3THB, CHEKI: 2HOG, TTK: 5N84) and modified with PyMOL (https:/pymol.org/2/). To
improve the docking accuracy, the scope of the docking box was controlled within the binding pocket of the original protein

ligand (Supplementary Table 3). Docking simulations were performed with AutoDock Vina.**

CCK8 Cytotoxicity Assay
Cells were cultured in 96-well plates at a density of 5000 cells/well, and 100 pL of medium with different concentrations
of cinobufotalin injection or cinobufagin was added to each well after the cells adhered to the wall. Each concentration
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was tested with five replicates. After 24 or 48 hours of culture, the viability of cells was determined by measuring the
optical density at 450 nm on a Beckman microplate reader (Beckman, Brea, CA, USA).

Colony Formation Assay

Cells were cultured in 6-well plates at a density of 10,000 cells per well. Then, 1000 puL of medium containing drugs with
corresponding ICs5p~24 h concentrations was added to each well after the cells adhered to the wall, respectively. The
medium was replaced with fresh medium every 2 days. After 10 days, the culture medium was removed, and the colonies
were fixed with 4% paraformaldehyde and stained with crystal violet staining solution (Beyotime, Beijing, China) for 5
minutes. All experiments were performed in triplicate.

Cell Cycle Analysis

Drug-treated cells (The drug concentration in the treatment group was based on IC59~24 h, CI-LM3: 509.9 pg/mL; CI-
HepG2: 297.4 pg/mL; Cino-LM3: 1.3 uM; Cino-HepG2: 0.71 pM) were harvested and then resuspended in normal
saline, fixed with 70% ethanol at —20 °C for 24 hours, treated with RNase A and stained with propidium iodide (PI).*
Samples were analyzed with a Cytek flow cytometer (Athena), and data were analyzed with ModFit software. All
experiments were performed in triplicate.

Surface Plasmon Resonance (SPR) Analysis

Recombinant and purified human CDKI1 full-length proteins (1-297aa) with a 6xHis tag at N terminus expressed in
E. coli was purchased from CUSABIO (Wuhan, China). Install the NTA chip according to the standard operating
procedure of OpenSPR TM instrument (Nicoya, Canada). Prepare dissolved ligand protein, the binding time was 4
minutes. After calculating the binding amount of ligand, remove the analyte. The ligand and protein were naturally
dissociated for 360 seconds. Using the software TraceDrawer (Ridgeview Instruments AB, Sweden), the binding affinity
(Kp) between cinobufagin and CDK1 full-length proteins was detected by One To One analysis model.

Western Blot Analysis

Two cell lines (LM3 and HepG2) in the treatment groups were treated with the ICso concentrations at 24 hours of two
drugs (CI, Cino) for 24 hours and 48 hours, respectively, then the cell lines in the control groups and the treatment groups
were digested and lysed respectively. Cell lysates were separated by electrophoresis on 10% SDS-polyacrylamide gels
(NCM Biotech) and then transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, USA). The
membranes were then blocked with 5% skim milk and incubated overnight at 4 °C with the following primary detection
antibodies: anti-CCNB1 (dilution 1:1000; Abways, Shanghai, China), anti-CHEK1 (dilution 1:1000; Abways), anti-
CCNEl (dilution 1:400; Abways), anti-CDK1 (dilution 1:1000; Abways), anti-CDK4 (dilution 1:1000; ABclonal,
Wuhan, China) and anti-GAPDH (dilution 1:5000; ProteinTech). Next, the membranes were further incubated with
species-matched secondary antibodies for one and a half hours at 37 °C and then stained with western blotting substrate
(Thermo Scientific, USA). Finally, band signals were detected with an enhanced chemiluminescence detection system
according to the manufacturer’s protocol (MiniChemi™ I, Sage Creation, Beijing, China).

Tumor Xenograft Model

All animal studies were approved by the Institutional Animal Care and Use Committee of Central South University (Ng.,
Changsha, China). The twenty female BALB/c nude mice (ages 4—5 weeks, 18-20 g) used in this experiment were
purchased from Hunan Slake Jingda Experimental Animal Co., Ltd. and were randomly divided into four groups (CI-Ctrl:
0.9% NaCl aqueous solution; CI: 2 mg/kg drug dissolved in 0.9% NaCl aqueous solution; Cino-Ctrl: 20% PEG; Cino:
2 mg/kg drug dissolved in 20% PEG). A total volume of 150 uL of LM3 cells (4 x 10° cells) was subcutaneously injected
into the right flank of each female BALB/c nude mouse. On the ninth day, when the tumors had a volume of approximately
150 mm?, 200 pL of the above solutions were intraperitoneally injected into the nude mice every two days. Then, the tumor
volume (volume = lengthx width?/2) was recorded every day. After 27 days, the nude mice were sacrificed by cervical
dislocation, and the final tumor weights and expression levels of cell cycle-related molecules were measured.
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Immunohistochemical Staining

Paraffin-embedded sections of mouse xenograft tissues were subjected to immunohistochemical staining. Briefly, the
paraffin-embedded sections were first dewaxed and rehydrated and then subjected to antigen retrieval by high-
temperature incubation. Then, the samples were incubated at 4 °C overnight with primary antibodies, including anti-
CCNBI (diluted 1:300; Abways, Shanghai, China), anti-CHEK1 (diluted 1:300; Abways), anti-CCNE1 (dilution 1:300;
Abways), anti-CDK1 (dilution 1:300; Abways), and anti-CDK4 (diluted 1:300; ABclonal, Wuhan, China). Immune
complexes were visualized using a MaxVision HRP-polymer THC Kit Detection System (MaxVision, Fuzhou, China)
according to the manufacturer’s protocol. Nuclei were counterstained with hematoxylin (Beyotime Biotechnology). With
an optical microscope at 200x magnification, staining was scored as reported in the literature.”® Image-Pro Plus 6.0
software (Media Cybernetics, Inc., Rockville, MD, USA) was used to evaluate the staining area and density and the
integrated optical density (IOD) values. The mean densitometric value in the image indicates the relative expression level
of the protein.

Statistical Analysis

R 4.3.1 software environment was used to perform statistical analysis. Nonparametric bootstrapping test was performed
for comparison between two groups.”’ Statistical data are presented as the means = SEMs. For all analyses, a P value <
0.05 was considered statistically significant. Each experiment was repeated independently at least three times.

Results

Construction and Analysis of the Ingredient-Target Network
First, we collected 4670 differential expressed genes (336 shared differential expressed genes) related to liver cancer
from three microarray datasets (Figure 1A and B). Subsequently, we expanded the analysis with 8153 related genes (53
shared differential expressed genes) from three other databases (Figure 1C). Finally, to ensure the reliability of the data,
the 2211 overlapping genes were identified as the liver cancer-related genes (Figure 1D).

Next, we collected 86 ingredients contained in the raw material of cinobufotalin injection, and finally obtained 38
active ingredients contained in cinobufotalin injection based on the water solubility and drug-likeness properties of the
ingredients (Supplementary Table 1), and 592 targets were accordingly predicted with Herb and SwissTargetPrediction

websites. Subsequently, we constructed the “drug-target” topology network, in which the ingredients with more targets
(eg, Ing18, Ing19, and Ing20) may have a broad influence on the regulation of the whole network (Figure 1E). We found
that the network contained some key targets, including EGFR, CDK family members, mTOR, etc., all of which play
critical roles in the progression of cancer. In-depth analysis also revealed that most drug targets in the network were
cancer-related and were involved in numerous pathways, such as cAMP signaling pathway, central carbon metabolism in
cancer, and proteoglycans in cancer. We further mapped the target-related genes to the liver cancer-related genes, and
a total of 150 genes were primarily identified as the key target-related genes of cinobufotalin injection antagonizing liver
cancer (Figure 1F).

Construction and Analysis of the Pathway Network

The related targets in liver cancer accounted for approximately 25% of the targets in the whole therapeutic network
(Figure 2A). Enrichment analysis showed that these liver cancer-related target genes were mainly concentrated in pathways
in cancer, progesterone-mediated oocyte maturation, central carbon metabolism in cancer, cell cycle, hepatitis B, etc.
(Figure 2B and C).

To explore the multiple interactions between ingredients and pathways in the therapeutic network, we selected the first
five pathways with the highest correlation with liver cancer and constructed the ingredient-pathway network (Figure 2D), in
which eleven ingredients mediated these five pathways simultaneously. Subsequently, we extracted ingredients involved in
each pathway separately and constructed single pathway-ingredient networks, where the more central ingredients had more
targets to act, suggesting that they may play a more dominant role in the regulation of the pathway (Figure 2E). We screened
out the three ingredients with the largest number of acting targets in each pathway, and found a total of seven ingredients,
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Figure | Determination of the therapeutic targets of cinobufotalin injection in liver cancer. (A) Volcano plot and heatmap of differential expressed genes in three liver
cancer-related GEO datasets. (B-D) Venn diagrams of target-related genes obtained from the microarray datasets and databases. (E) Ingredient-target network. Ingredients
(squares) and targets (circles). The degree values of targets in the center of the network are higher than those of targets closer to the edges. (F) Venn diagram of ingredient-
related target genes and liver cancer-related genes.

some of which had certain pathway overlapping properties (Figure 2F), such as Ing18 and Ingl19, were located in the center
of liver cancer-related ingredient-pathway networks. Furthermore, as shown in Figure 2D, 11 ingredients with a degree value
of 5 also contain these 7 central ingredients, indicating that these ingredients not only participate in related regulation of
multiple pathways at the same time but also mediate multiple related targets in each pathway.

Construction and Analysis of the Hub Target-Ingredient Network

To further determine the prognostic value of these targets in liver cancer, we conducted overall survival (OS)-related
prognostic analysis of target-related genes, which showed that in the upregulated group, there were 29 genes whose high
expression was associated with poor prognosis (Figure 3A, Supplementary Figure 1A). The downregulated group
contained only three genes whose high expression was associated with good prognosis and two other genes whose
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high expression was associated with poor prognosis (Figure 3A, Supplementary Figure 1B). In summary, there were 31

genes whose high expression was associated with poor prognosis and 3 genes whose high expression was associated with

good prognosis (Supplementary Table 2). To determine the importance of interaction between different ingredients and

targets at the prognostic level, we constructed a separate prognosis-related ingredient-target network based on the
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survival analysis results. The results showed that in the whole therapeutic network, the poor prognosis-related targets
have greater involvement and that from the perspective of druggability, those ingredients that were able to intervene
against the poor prognosis-related targets also have more therapeutic significance (Figure 3B, Supplementary Figure 1C).

To ensure the certain prognostic value of the screened ingredients, we selected those ingredients that acted on more
prognostic targets for subsequent analysis. At the prognostic level, the core ingredients might play a more important role
in the treatment of liver cancer.

To deeply understand the key nodes in the ingredient-target network, in which we further analyzed the genes related
to hub targets (Figure 3C and D). Interestingly, we found that all 15 hub genes were from the upregulated group with 76
genes and that 12 of hub genes were poor prognosis-related genes. This result indicated that the targets related to poor
prognosis in the upregulated group may play a more critical role in the whole therapeutic network. To determine the
functions of the hub targets, enrichment analysis was performed on these hub target-related genes (Figure 3F), and the
most significant pathway was found to be “Cell cycle”, and most of the biological process (BP) terms were also related to
the cell cycle (Figure 3F). This was also consistent with the top enrichment terms for the whole therapeutic network
(Figure 2B), suggesting that in the therapeutic network of cinobufotalin injection, some ingredients might affect the
progression of liver cancer by mediating cell cycle progression to exert therapeutic effects. To further understand the
relationships between the hub genes and ingredients, we also constructed a hub target-ingredient network (Figure 3E).

Screening and Analysis of Core Ingredients in the Therapeutic Network
To further focus on the core ingredients, we integrated the ingredients previously screened at three different dimensions
(Figure 4A), and found that a total of ten ingredients were simultaneously the key ingredients in the three different
dimensional networks. We regarded these ingredients as the core ingredients that could regulate the treatment network
(Figure 4A). In addition, the previous enrichment analysis showed that the mechanism of cinobufotalin injection in the
treatment of liver cancer was mainly focused on the cell cycle pathway (P4) (Figures 2B and 3F), and it was found that
all core ingredients acted on P4 pathway-related targets and were relatively concentrated in the network center
(Figure 4B and C), suggesting that these ingredients may interfere with the development of liver cancer by mediating
a variety of cell cycle-related targets.

Subsequently, in the analysis of target-related genes, we found 12 genes related to the P4 (cell cycle) pathway among
15 hub genes, and ten genes associated with poor prognosis among these 12 P4 genes. We regarded these ten genes as
core target genes in the ingredient-target network (Figure 4D). We also constructed a hub gene-ingredient matrix to
further visualize the interactions between core targets and core ingredients (Figure 4E). In addition, stage-related
expression analysis of the core target-related genes (Figure 4F) showed that compared with that in normal tissues, the
expression levels of target genes gradually increased from stage I to stage III in liver cancer; however, interestingly, at
stage 1V, the expression levels of all target genes decreased. This may be because cell division and proliferation are the
main events occurring during the early and middle stages of tumor development, while in the middle and late stages,
tumor development begins to wane, and invasion and metastasis are enhanced.”® This indicated that cinobufotalin
injection might exert greater therapeutic effects in the early and middle stages of liver cancer treatment, based on the
core targets.

Docking and Scoring of Active Ingredients and Target Proteins

To further verify the reliability of the results, we used molecular docking simulation to predict the affinity between core targets
and core ingredients. We selected five core target proteins with reported small molecular inhibitors from PDB database, and
obtained their cocrystallization structures (CDK 1, CDK4, PLK1, CHEK!1 and TTK) for docking. The docking results showed
that the predicted binding energies of most of the ingredients were relatively low and were close to those of the corresponding
inhibitors; the affinities of some core ingredients (Ingl8, Ing34, Ing29, Ing37, etc.) were even higher than those of the
corresponding inhibitors (Figure 5A-E). Next, we counted the effective acting targets among the docked ingredients
(Figure 5F). Eight core ingredients (docking score < —8) were finally screened (Figure 5G),’ which at least partly accounts
for the mechanism of cinobufotalin injection against liver cancer through these eight core ingredients acting on the key targets.
Subsequently, in order to further confirm the molecular docking results, we selected the highest-ranked core ingredient
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cinobufagin (Ing18) (Figure S5F), and detected its affinity with target protein CDK1. Surface plasmon resonance (SPR) assay
showed that CDK1 could indeed bind with cinobufagin, with a dissociation equilibrium constant (Kp) of 62.5 uM (with an
association rate constant (K,) value of 124 M's™") (Figure 5H). After further verification, eight core ingredients were finally
identified that might play a relatively critical role in the therapeutic network of cinobufotalin injection in liver cancer (Figure 5I).
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(1) Chemical structures of eight core ingredients.

Cinobufotalin Injection and Cinobufagin Were Confirmed to Play Critical Anti-Liver
Cancer Roles by Inhibiting the Cell Cycle Pathway

Proliferation and changes in the cell cycle are typical biological characteristics of tumor cells.”® To determine the inhibitory

efficiency of cinobufotalin injection in liver cancer cells, we evaluated cell viability and colony-forming ability in both the
LM3 and HepG2 cell lines after drug treatment, and the results showed that the viability (Supplementary Figure 2A-D) and the
colony-forming ability of liver cancer cells (Figure 6A) decreased significantly with increasing concentration along the tested
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Figure 6 In vitro experiments of different liver cancer cell lines treated with cinobufotalin injection (Cl) or cinobufagin (Cino). (A and B) Colony formation assays of liver
cancer cells treated with Cl and Cino (n = 3). (C and D) The percentage change of cell cycle of LM3 and HepG2 after treatment with Cl and Cino for 24 hours (n = 3). (E
and F) The protein expression levels of core targets after 24 hours and 48 hours of Cl and Cino treatment. * P < 0.05, ns P 2 0.05, and the precise P-value was also
presented in the figures when P 2 0.01.

gradient. To further confirm the core ingredients identified by screening, we selected Ing18 (cinobufagin), which ranked first,
to evaluate whether it plays a key role in the anti-liver cancer effect of cinobufotalin injection. The viability and colony-
forming ability of liver cancer cells decreased significantly with increasing concentration of cinobufagin along the gradient
(Figure 6B, Supplementary Figure 2E-H). Furthermore, the ICs, values (Supplementary Figure 2A-H) of the drugs indicated

that cinobufagin has a more efficient anti-tumor effect on liver cancer cells than cinobufotalin injection.
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To confirm whether the anti-liver cancer effect of cinobufotalin injection is controlled by inhibition of cell cycle
progression, a flow cytometry assay was performed after 24 hours of treatment with the drugs. As expected, the
percentages of liver cancer cells in different cell cycle phases changed significantly, and the percentage of G0/G1-
phase cells decreased in both LM3 and HepG?2 cells, while the percentage of G2/M-phase cells correspondingly increased
(Figure 6C), suggesting that cinobufotalin injection blocks G2/M progression in liver cancer cells. We further found that
cinobufagin had effects similar to those of cinobufotalin injection on cell cycle progression in liver cancer cells
(Figure 6D). In addition, we had previously predicted that there is certain affinities between the core ingredients and
targets. We wondered whether these core ingredients could also affect the expression of the protein level of the target
itself. Next, we selected five relatively high-ranking targets among the core targets (Figure 4E), ie CCNB1, CHEKI,
CCNE1, CDK1 and CDK4 for verification, and the western blot results showed that, interestingly, both cinobufagin and
cinobufotalin injection decreased the protein expression levels of the core targets in a generally time-dependent manner
(Figure 6E and F). These results indicated that while binding to the target protein, these ingredients may further reduce
the stability of the target protein, thus down-regulating the expression of its translation level. In addition, molecular
crosstalk caused by ingredient diversity and non-specific binding also provide the possibility for the changes of
translation level. As all these targets are involved in cell cycle-related pathways and play key roles in the progression
of liver cancer, these results demonstrate that cinobufotalin injection blocks G2/M progression in liver cancer cells by
decreasing the expression of cell cycle-related targets, thus exerting anti-tumor effects, and that cinobufagin might be
a core ingredient of cinobufotalin injection that exerts these effects on liver cancer cells.

Both Cinobufotalin Injection and Cinobufagin Significantly Inhibit Tumor Growth

in vivo

To further confirm the above results in vivo, we established xenograft models by subcutancous injection of LM3 cells into
nude mice (Supplementary Figure 3). As expected, the mice in both the cinobufotalin injection and cinobufagin-treated

groups exhibited significant lower growth rates as compared to the corresponding control groups, and xenograft tumor
weights under treatment of cinobufagin with the same drug dose showed more significant anti-tumor effect (Figure 7A-E).
To further confirm the effects of the drugs on tumor growth and cell cycle progression in vivo, we analyzed the expression
levels of the five relatively high-ranking core target molecules CCNB1, CHEK1, CCNE1, CDK1 and CDK4 by immuno-
histochemistry (Figure 4E and 7F-H). Consistent with the results in vitro, the drug treatment groups showed obviously low
expression of cell cycle-related molecules compared with the control groups. These results indicate that cinobufotalin
injection exerts its anti-tumor effects by blocking cell cycle progression, and cinobufagin was confirmed to be one of the
core ingredients mediating the therapeutic effects of cinobufotalin injection on liver cancer.

Discussion
Liver cancer has a high incidence in China, and clinical results have shown that the Chinese medicinal preparation
cinobufotalin injection has a good therapeutic effect on liver cancer.®*® However, due to its complex composition, the
mechanism of cinobufotalin injection in the treatment of liver cancer is unclear, which hinders the clinical application of
cinobufotalin injection. In this study, ten core targets and eight core ingredients mediating the anti-liver cancer effects of
cinobufotalin injection were identified, and it was found that cinobufotalin injection exerts anti-tumor therapeutic effects
on liver cancer by blocking cell cycle progression in a manner dependent on the core targets, which provides scientific
evidence for the clinical application of cinobufotalin injection and the development of novel anti-liver cancer drugs.
Almost all cancers are characterized by cell cycle dysregulation.”®*' The cell cycle is controlled mainly through CDKs,
cyclins and CDK inhibitors. Studies have shown that abnormal expression of cyclins is closely related to tumorigenesis and
tumor development.*>** A recent study showed that the up-regulation of CDK1 expression was significantly related to the
poor prognosis of liver cancer patients.>* Besides, we found that the protein products of many genes in the therapeutic
network are FDA-approved drug targets. Through a query in DrugBank, it was found that among the 15 hub genes, there
were some targets with corresponding approved inhibitors, such as hesperidin (AURKB),* ribociclib (CDK4/6),*®
fostamatinib (CHEK1),*” proving that these targets are not undruggable targets but instead have certain druggable
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properties. Therefore, it was speculated that cinobufotalin injection might mediate cell cycle-related pathways through
multitargeting characteristics, thus interfering with the development of tumor cells to exert its curative effect.

We searched for the key ingredients on three different levels including multipathway characteristics, prognostic level,
and network hub degree, and finally obtained eight core ingredients that are most likely to play a therapeutic role in liver
cancer. Among these ingredients, Jin et al found that cinobufagin (Ing18) inhibited the translation and protein production
of oncogenes by reducing the expression of genes such as AURKA, which leads to DNA damage and dysregulation of
chromosome segregation.®® Cinobufotalin (Ing20) has also shown anti-tumor effects in various types of cancer.’” Meng
et al found that cinobufotalin induced G2/M arrest and effectively inhibit the proliferation of liver cancer cells.*’ Another
study showed that bufarenogin (Ing12) induced apoptosis of colorectal cancer cells to inhibit proliferation and metastasis
by regulating Bax and adenine-nucleotide translocator.*' The above reports supported that the eight ingredients might be
the core ingredients of cinobufotalin injection antagonizing liver cancer, and that cinobufotalin injection may have
therapeutic effects on liver cancer by acting on CDKs and cyclins to induce G2/M arrest.

To further screen core ingredients, we evaluated the affinity between ingredients and targets by molecular docking.
Considering the differences of spatial conformations between proteins, not all protein molecules are suitable as drug
targets.*>*> Therefore, we only representatively selected the protein molecules (CDK1, CDK4, PLK1, CHEKI, and
TTK) that have been reported to have inhibitors for further molecule docking, and all these proteins belong to kinases,
which have ATP active sites and definite binding pockets, while most kinase inhibitors belong to ATP competitive
inhibitors.**** In addition, though those proteins (CCNB1, CCNA2, CCNE1, CCNE2) have no definite drug binding
sites, they, as specific molecular chaperones, can form complexes with those kinase proteins with binding sites, further
leading to the exposure of catalytic domains.*® Therefore, to some extent, it can still be considered that these protein
without definite binding sites can be indirectly regulated by kinase inhibitors.*’ Based on the above, we finally narrowed
to eight core ingredients. Subsequently, we preferred the first ranked ingredient (Ingl8 cinobufagin) for further
confirmation of the anti-tumor activity and molecular mechanism through in vitro and in vivo experiments. As expected,
cinobufagin presented more effective anti-tumor activity compared to the cinobufotalin injection, suggesting that the
cinobufagin is one of the core ingredients of cinobufotalin injection antagonizing liver cancer. In the in vivo experiments,
we selected 5 mice in each group based on the 3R principle of animal experiments and previous reports.***? Although
the sample size of mice used in the animal experiments does not comply with the resource equation method (minimum
n = 10/k+1, maximum n = 20/k+1, k (the number of groups) = 2),°° the use of bootstrapping for significance test can
compensate, at least to some extent, for the small sample size, as it is a powerful method even for very small samples.?’

Although cinobufagin was proven to have anti-tumor activity in the treatment of some cancers in previous reports,”’
there has not been a complete report on cinobufagin as a core ingredient of cinobufotalin injection that exerts its anti-liver
cancer effect by hindering cell cycle progression. This work provides a new idea for further elucidating the therapeutic
mechanism of cinobufotalin injection in liver cancer. In addition, the discovery of its key anti-cancer active ingredients
provides a critical reference for the development and application of novel clinical anti-cancer drugs.
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