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ABSTRACT

Prostate cancer is one of the serious health problems of older male, about 13% of male was affected by prostate
cancer. Prostate cancer is highly heterogeneity disease with complex molecular and genetic alterations. So,
targeting the gene candidates in prostate cancer in single-cell level can be a promising approach for treating
prostate cancer. In the present study, we analyzed the single cell sequencing data obtained from 2 previous
reports to determine the differential gene expression of prostate cancer in single-cell level. By using the network
pharmacology analysis, we identified the therapeutic targets of formononetin in immune cells and tissue cells of
prostate cancer. We then applied molecular docking to determine the possible direct binding of formononetin to
its target proteins. Our result identified a cluster of differential gene expression in prostate cancer which can serve
as novel biomarkers such as immunoglobulin kappa C for prostate cancer prognosis. The result of network
pharmacology delineated the roles of formononetin’s targets such CD74 and THBS1 in immune cells’ function of
prostate cancer. Also, formononetin targeted insulin receptor and zinc-alpha-2-glycoprotein which play important
roles in metabolisms of tissue cells of prostate cancer. The result of molecular docking suggested the direct
binding of formononetin to its target proteins including INSR, TNF, and CXCRA4. Finally, we validated our findings
by using formononetin-treated human prostate cancer cell DU145. For the first time, our result suggested the use
of formononetin for treating prostate cancer through targeting different cell types in a single-cell level.

INTRODUCTION

Prostate cancer ranks as the second most common
cancer in men after lung cancer, posing a serious threat
to the life and health of middle-aged and elderly men
[1]. And, it is one of the leading causes of cancer-
related deaths in men. Early symptoms of prostate
cancer are not obvious, and most early diagnoses of
prostate cancer are detected by prostate-specific antigen
(PSA) screening and magnetic resonance imaging (MRI)

[2]. The symptoms present in each patient are variable,
due to the heterogeneity of prostate cancer, in which,
the size of the tumor, the degree of malignancy, and
metastatic ability are different [3]. Also, the high
tumour heterogeneity in prostate cancer was a challenge
for clinical disease management and a serious problem
for molecular stratification of patients [4]. Single-cell
RNA sequencing (ScCRNA-seq) method can analyze
tumor tissue heterogeneity on a large scale and at the
level of individual cells, allowing for more precise
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detection of changes during tumor development [5].
Furthermore, sSCRNA-seq can show the differential gene
expression in individual cells which help to understand
the detail process of disease development [6]. The
stage of prostate cancer is determined using Gleason
score, the higher the Gleason score, the more malignant
the prostate cancer is, the more likely it is to progress
and metastasize [7]. The main options for the treatment
of prostate cancer are surgery, chemotherapy, and
radiotherapy [8]. There is an urgent need to discover
new prostate cancer treatment methods.

Estrogen receptors (ERs) include ERoa and ERP
expressed predominantly in prostate stromal cells and
prostate epithelial cells, respectively [9]. They were
reported to play important roles in prostate cancer
tumorigenicity. For instance, the activation of ERa and
ERp promoted the migration, cell invasion and colony
formation abilities in hormone-independent prostate
cancer cells [10]. In addition, the development of
prostate cancer into denuded resistant prostate cancer
is mediated by ERa and ERP [11]. So, targeting ER
could be an option for discovery of novel compound
for treating prostate cancer. Formononetin, a natural
isoflavone phytoestrogen, was mainly extracted from
the Chinese herbs Astragalus membranaceus and
Red Clover [12]. Formononetin exhibits estrogen-like
effects through its interaction with ER, especially ER[}
[13]. It has been reported that formononetin could be a
promising anticancer drug. For instance, formononetin
can inhibit cancer cell growth, promote cancer cell
apoptosis and activate tumor suppressor genes to inhibit
cancer development and progression [14]. It has been
shown the anti-tumoral effects of formononetin on
bladder cancer [15], prostate cancer [16], ovarian cancer
[17], and non-small cell lung cancer [18]. However,
the detail molecular mechanisms underlying the anti-
prostate cancer roles of formononetin, especially in
single-cell level, is still largely unknown.

In the present study, we analyzed the singe-cell
sequencing data of prostate cancer obtained from 2
previous reports to determine the differential gene
expression in single-cell level [19, 20]. Then
we applied network pharmacology followed by
systematic bioinformatics analysis including Gene
Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and molecular docking analysis
to investigate the targets and molecular mechanisms
of formononetin for treating prostate cancer. Our
results showed that formononetin could target
genes associated with the immune responses and
metabolisms. Our data, for the first time, suggested
that formononetin could be a novel compound for
treating prostate cancer through targeting immune
cell and tissue cell clusters. The results of this study

provide ground information of formononetin against
prostate cancer in single-cell level.

MATERIALS AND METHODS
Single cell sequencing data download and analysis

By searching with the keywords “prostate cancer”
and “single cell”, the gene expression datasets
GSE193337 and GSE153892 of prostate cancer single
cell data were downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/). 4 sets of prostate
cancer tissue and normal tissue were extracted from the
GSE193337 data [19], and 3 sets of prostate cancer
tissue and normal tissue were extracted from the
GSE153892 data [20]. Single cell data were analyzed
using R packages including “Seurat”, ‘“cowplot”,
“BiocManager”, “SingleR”, “dplyr”, “tidyverse”, and
“patchwork”. The data were merged into a catalogue
vector and a Seurat analysis object was created with
the filtering criteria of fewer than genes expressed
in 3 cells and fewer than 200 genes expressed in cells,
the PercentageFeatureSet function was used to calculate
the percentage of mitochondria-related genes in the
data, and the data were quality controlled with the
criteria of more than 200 genes per cell, less than 3,000
genes per cell, and less than 20% mitochondria,
the cells that failed to pass the criteria were eliminated
[19]. The data were normalized to extract the 2000
genes with high coefficients of variation between cells,
and the data were merged with canonical correlation
analysis anchors to eliminate the batch effect between
two different sets of data from different sources. PCA
principal component analysis was performed on the
data, and the cells were classified into different clusters
by Umap cluster analysis. Cell type annotation for each
cluster was completed by SingleR automated annotation
package [21]. The data were grouped according to
their origin, with those derived from normal tissues
named “N” and those derived from cancerous tissues
named “T”, and then “N” and “T” were combined
with different cell types separately. The FindMarkers
function was used to obtain the differential gene
expression between the same cell types from cancerous
tissue and normal tissue, and the gene with adjusted p-
value < 0.05 were considered as differentially expressed
genes (DEGS).

Identification of formononetin’s targets to prostate
cancer in single-cell level

The Swiss Target Prediction database [22],
PharmMapper database [23] and SuperPred database
[24] were used to obtain the formononetin associated
genes, which were corrected by the UniprotKB database
[25]. The genes were overlapped with the DEGs of the
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prostate cancer to determine the targets of formononetin
for treating prostate cancer in single-cell level.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis

The targets were imported into the “ClusterProfiler”
package [26] and “GOplot” package [27] in R
language for GO and KEGG enrichment analysis and
visualization, the processes and pathways with p-value
< 0.05 were considered as statistically significant. The
results were presented as bubble plots and Circos plot.

Molecular docking

The chemical structure of formononetin was obtained
from PubChem database [28]. The protein structures
of CD74, INSR, TNF, and CXCR4 were obtained
from Protein Data Bank (PDB) database [29]. The
corresponding proteins were processed using AutoDock
Tools 1.5.6, of the AutoDock Vina software [30], to add
hydrogen, Gasteiger charges, and merge non-polar
hydrogens from the original pdb file format to the pdbqt
file format recognized by the AutoDock program, to
provide a ligand basis for subsequent docking. The
reasonableness of the docking parameter settings was
judged based on the magnitude of the root mean square
deviation (RMSD) of the docked ligand molecules from
the original ligand molecules. RMSD < 4 A was used
as the threshold value for the conformational match of
the docked ligand with the original ligand.

Prostate cancer cell culture and treatment

Human prostate cancer cell DU145 (Wuhan Pricella
Biotechnology Co., Ltd., China) was cultured in Eagle’s
Minimum Essential Medium supplemented (Solarbio,
China) with 10% fetal bovine serum and 1% Penicillin/
Streptomycin/Amphotericin B, sterile solution (Solarbio)
at 37°C in 5% CO,. DU145 cells were seeded into 6-
well plates at 3 x 10° cells per well, and were treated
with 0 and 100 uM of formononetin (Shanghai Yuanye
Bio-Technology Co., Ltd., China) for 48 hrs. Then
the cells were harvested for quantitative-PCR (gQPCR)
analysis and Western blotting (WB).

Quantitative PCR (gPCR) analysis

Total RNA was isolated from the cells using the
RNA simple Total RNA Kit (Tiangen, China) and was
reverse transcribed according to the manufacturer’s
protocol. Gene expression was quantified using
MonAmpTMSYBR Green qPCR Mix (Low ROX,
Monad) and expression level was calculated using the
274ACT method. GAPDH was used as internal reference
for normalization.

Western blotting

Protein was extracted from the cells using RIPA lysis
buffer (Solarbio) and was quantified by using the
BCA protein assay kit (Beyotime, China). 20 ug of
protein was separated by using SDS PAGE and
electro-transferred onto PVDF membranes (Merck,
Germany). The membrane was then incubated with
specific primary antibodies CD74 (Bioss, USA) and
TNF (Bioss) overnight at 4°C. The membrane was
washed with TBST thrice for 10 min. After washing,
the membrane was incubated with HRP anti-coupling
secondary antibody for 1 hour. The membrane was
washed with TBST thrice for 10 min. Finally, the
expression of protein was assessed by exposing to
ECL kit (Affinity, USA), and the gel imaging system
(Invitrogen, USA).

RESULTS

Differential gene expression in prostate cancer in
single-cell level

When we combined and analyzed the 2 datasets of
prostate cancer single cell data, we identified the
number of genes measured per cell, the sum of the
gene expression measured per cell and the percentage
of mitochondria-related genes (Figure 1A). The
distribution of each cell in different samples was
shown in the PCA plot, and it can be found that there
is no significant batch effect among the 14 samples
under canonical correlation analysis (Figure 1B). In
the uniform manifold approximation and projection
(Umap) cluster analysis, 19 cell clusters were identified
(Figure 1C). Each cluster was attributed to different
cell type using SingleR automatic annotation package,
in which clusters 0, 8, 13, 15, 16, and 18 belong to
natural Killer cell; clusters 1, 2, 4, 6, and 11 belong to
T cell; clusters 7 and 19 belong to B cell; clusters 5, 9,
17, belong to monocyte; clusters 3 and 12 belong to
epithelial cell; cluster 10 belongs to endothelial cells;
and cluster 14 belongs to smooth muscle cells (Figure
1D). It should be noted that the automated annotation
package annotated the clustering 14 as chondrocytes,
in which, it should not be in the prostate tissue. So, we
redid the analysis manually to analyze the top 10
expressed genes in the cluster 14, including TAGLN,
RGS5, IGFBP5, ACTA2, IGFBP7, CALD1, MYLJY,
TPM2, TIMP3, NR2F2 through the online website Cell
Taxonomy (https://ngdc.cncb.ac.cn/celltaxonomy/), we
found that TAGLN, MYL9, and TPM2 genes indeed
highly expressed in smooth muscle cell. Then we
compared the gene expression profile between
cancer tissues (named “T”) and the adjacent normal
tissues (named “N”) to determine the DEGs in
prostate cancer in single-cell level, in which there were
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28 DEGs in B cell (Table 1); 31 DEGs in NK cell (Supplementary Table 1); 30 DEGs in endothelial cells

(Table 2); 31 DEGs in T cell (Table 3); 44 DEGS in (Table 5); and 37 DEGs in smooth muscle cells
monocyte (Table 4); 257 DEGs in epithelial cells (Table 6).
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Figure 1. Differential gene expression in prostate cancer in single-cell level. (A) Single cell sequencing analysis using the
downloaded dataset showed the number of genes measured per cell, the sum of the gene expression measured per cell, and the percentage
of mitochondria-related genes in the prostate cancer in single-cell level. N represented adjacent normal tissues; T represented prostate
cancerous tissues. (B) Principal component analysis (PCA) showed the similarity of the samples. (C) Uniform manifold approximation and
projection (Umap) classified the single cell into 19 cell clusters. (D) Each cluster was classified into different cell type using SingleR automatic
annotation package, including B cell, NK cell, T cell, monocyte, epithelial cells, endothelial cells, and smooth muscle cells.
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Table 1. DEGs in B cell.

Gene symbol log2 fold change (cancer/normal) adjusted p-value
KLF2 -0.39 2.57E-08
HLA-DRB5 -0.31 2.70E-12
NR4Al -0.31 0.0045
HLA-DRA -0.30 2.23E-11
CD74 -0.29 9.07E-12
CD79A -0.29 1.49E-07
HLA-DQA2 -0.29 1.54E-10
RALGPS?2 -0.28 4.08E-07
MEF2C —-0.28 0.0033
HLA-DQB1 -0.28 5.23E-06
XCL2 0.25 1.62E-23
DUSP4 0.25 0.037
CTSW 0.29 2.29E-16
CCL20 0.30 0.0044
IGHGP 0.32 0.00056
ANKRD28 0.32 1.62E-10
GZMA 0.32 2.17E-21
IFNG 0.35 0.0011
XBP1 0.35 5.19E-15
XCL1 0.37 8.20E-14
PRDM1 0.38 1.55E-08
IGHA2 0.39 2.73E-09
GNLY 0.43 3.13E-08
ITM2A 0.43 0.0038
CD7 0.50 1.01E-08
CYTOR 0.53 3.16E-05
CXCL8 0.67 0.015
TNFAIP3 0.68 5.58E-12

Table 2. DEGs in NK cell.

Gene symbol log2 fold change (cancer/normal) adjusted p-value
CCL4 -0.30 1.59E-08
CXCR4 -0.27 0.017
HSPALA -0.27 5.30E-06
NKG7 -0.25 6.97E-24
BAG3 0.25 5.11E-39
CTSS 0.26 0.0021
HLA-DRB5 0.27 0.031
FCGRT 0.28 1.41E-40
INSR 0.31 9.56E-31
ATF3 0.31 5.83E-15
OLR1 0.31 1.56E-07
IGKC 0.35 3.24E-16
HLA-DMB 0.35 3.87E-05
CD14 0.36 5.10E-23
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CD83
PHACTR1
MARCKS
IER3

LYZ
CTSB
C150rf48
AIF1
CST3
CCL20
C1QB
CXCLS
c1QcC
MS4AGA
IL1B
G0S2
CD74

0.36
0.37
0.39
0.40
0.41
0.44
0.47
0.47
0.48
0.51
0.51
0.53
0.56
0.58
0.60
0.61
0.61

0.00032
4.22E-08
1.91E-41
1.08E-07
9.52E-06
5.44E-13
1.44E-27
5.96E-06
9.02E-27
5.30E-51
1.10E-05
2.29E-09
1.33E-13
2.21E-31
4.80E-21
1.28E-10
4.78E-11

Table 3. DEGs in T cell.

Gene symbol log2 fold change (cancer/normal) adjusted p-value
CCL4 -0.59 9.15E-15
HBA2 -0.59 2.93E-29
TNF -0.49 6.88E-10
CCL5 -0.48 2.79E-47
HSPA1B -0.41 2.50E-09
IGFBP7 -0.41 3.79E-67
RGS5 -0.39 1.63E-40
CALD1 -0.38 1.83E-84
HSP90AAL -0.37 6.19E-26
DNAJB1 -0.34 1.78E-12
TAGLN -0.34 2.49E-29
GZMK -0.28 2.30E-11
XCL2 -0.28 2.53E-29
JUN -0.27 1.12E-21
SCGB1A1l -0.27 5.61E-32
FOS -0.26 4.79E-14
XCL1 -0.26 1.26E-47
PLCG2 -0.26 8.57E-58
PLIN2 0.25 5.25E-11
PMAIP1 0.26 1.70E-27
ZFAND2A 0.26 0.0010
GNLY 0.26 3.07E-26
FABP5 0.26 0.018
PLAUR 0.27 9.52E-08
AC020916.1 0.27 2.68E-07
IL1B 0.30 2.88E-26
HLA-DRB1 0.31 5.49E-10
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G0S2
GZMB
BAGALT1
CXCL8

0.34
0.37
0.38
0.46

0.021
4.76E-36
6.12E-10
9.82E-35

Table 4. DEGs in monocyte.

Gene symbol log2 fold change (cancer/normal) adjusted p-value
HBB -1.40 1.19E-05
HBA2 -1.09 5.07E-49
HLA-DRB5 -0.41 0.00039
CD14 -0.41 1.08E-11
LYVE1 -0.40 4.15E-07
CEBPD -0.39 6.45E-07
FRMD4A -0.36 0.0010
S100A8 -0.34 0.00124
PLCG2 -0.33 7.55E-09
THBS1 -0.32 0.00021
VCAN -0.32 2.84E-09
EPB41L2 -0.31 0.00010
CYBB -0.30 3.35E-05
AQP9 -0.30 0.020
HLA-DRA -0.29 3.63E-08
DST -0.29 7.68E-06
C10B -0.29 0.0044
NRP1 -0.28 0.0021
HLA-DPA1 -0.28 4.23E-05
SAT1 -0.27 3.29E-07
CCL8 -0.27 0.00060
C1QC -0.26 0.050
FCN1 -0.26 4.12E-07
CD74 —-0.26 2.81E-07
TRAC 0.26 0.0010
DUSP4 0.28 5.05E-06
GPNMB 0.28 0.0019
ANKRD28 0.30 0.047
GEM 0.31 0.0027
CCR7 0.34 8.48E-05
MT1H 0.35 1.26E-24
CCL5 0.36 7.74E-05
PRDM1 0.37 0.022
TRBC1 0.37 0.00022
KLRB1 0.37 8.11E-13
1L32 0.38 4.51E-07
ATF3 0.38 0.013
PIM2 0.39 3.08E-10
SDS 0.41 1.94E-12
MT1F 0.48 0.014
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GZMB
CXCL10
FABP5
MT1E

0.50
0.53
0.55
0.77

4.01E-15

7.68E-15

3.04E-06
0.022

Table 5. DEGs in endothelial cell.

Gene symbol log2 fold change (cancer/normal) adjusted p-value
HBB -0.91 3.25E-15
CXCL9 -0.89 2.85E-11
HBA2 -0.83 1.55E-36
HBA1 -0.41 9.42E-16
ESM1 -0.40 0.00023
DSP -0.39 3.79E-15
PDK4 -0.38 0.00012
PIGR -0.36 4.92E-67
WFDC2 -0.34 1.39E-55
FAM13C -0.31 9.99E-06
KRT19 -0.31 4.04E-40
LEF1 -0.30 0.0034
TGFB2 -0.30 4.42E-06
SCGB1A1l -0.30 1.69E-42
TSHZ2 -0.29 0.019
FN1 -0.29 0.033
KCNQ10T1 -0.28 0.0042
NRN1 —-0.28 0.00058
DNASE1L3 -0.28 0.0016
RARRES1 -0.28 9.01E-38
MALL -0.27 0.011
GPIHBP1 -0.27 3.01E-12
FOLH1 0.27 0.021
TPSAB1 0.29 2.19E-12
C1QA 0.33 1.98E-07
C150rf48 0.35 4.49E-26
SPP1 0.38 9.47E-05
IL1B 0.39 1.03E-09
AIF1 0.41 0.00011
POSTN 0.44 7.20E-15

Table 6. DEGs in smooth muscle cell.

Gene symbol log2 fold change (cancer/normal) adjusted p-value

CFD -1.42 0.0478

PTGDS -1.37 0.0071

APOD -1.01 0.0038

LUM -1.00 0.0014

PTGS2 —-0.86 1.73E-08

CCL4L2 -0.75 0.00035
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SCGB1A1 —0.59 7.41E-36
RARRES1 —0.58 8.77E-15
VCAN -0.49 6.95E-08
SERPINF1 —0.48 4.62E-05
MGST1 —0.45 4.40E-06
XCL2 -0.44 0.020

TNFAIP2 -0.43 1.22E-13
LEPR -0.43 6.47E-08
TCIM -0.41 0.0033

KRT17 -0.41 7.40E-05
ID1 -0.41 1.61E-07
KCNQ10T1 -0.37 8.30E-14
SFRP1 -0.37 2.79E-05
TSHZ2 —-0.35 5.06E-06
EFEMP1 -0.31 0.00099
TNFSF10 -0.31 3.93E-10
GEM -0.31 0.013

NINJ1 —-0.30 0.00023
TSC22D2 -0.29 0.0013

AC020916.1 -0.29 1.74E-09
TNXB -0.29 2.02E-21
TSPYL2 -0.27 0.0024

IRS2 -0.27 0.00011
Clorf56 —-0.27 2.61E-10
CXCL9 -0.27 3.91E-16
RGS16 -0.27 0.0067

GATA2 —-0.27 0.00036
CST7 -0.26 7.85E-12
TRIB1 -0.26 8.24E-15
TGM2 —-0.26 1.44E-07
CASQ2 0.31 9.06E-10

Identification of formononetin’s targets for treating subunit beta (HBB), and thrombospondin 1

prostate cancer in single-cell level

By searching the databases including Swiss Target
Prediction database, PharmMapper database and
SuperPred database, we identified 387 formononetin-
associated genes after correction by using UniprotKB
database. We then compared the formononetin-
associated genes with the DEGs obtained from
each cell type of prostate cancer. We found that
formononetin could target DEGs in B cells included
cluster of differentiation 74 (CD74) (Figure 2A);
DEGs in T cell included heat shock protein 90 alpha
family class A member 1 (HSP90AA1) and tumor
necrosis factor (TNF) (Figure 2B); DEGs in NK cell
included insulin receptor (INSR), CD74, and C-X-C
motif chemokine receptor 4 (CXCR4) (Figure 2C);
DEGs in monocyte included CD74, hemoglobin

(THBS1) (Figure 2D); DEGs in epithelial cell
included CXCR4, lactotransferrin (LTF), retinoic acid
receptor-related orphan receptor alpha (RORA),
Kruppel-like Factor 5 (KLF5), sorbitol dehydrogenase
(SORD), alpha-2-glycoprotein 1, zinc-binding (AZGP1),
INSR, argininosuccinate synthase 1 (ASS1), HBB,
HSP90AA1, and histamine N-methyltransferase
(HNMT) (Figure 2E); DEGs in endothelial cell included
HBB and pyruvate dehydrogenase kinase 4 (PDK4)
(Figure 2F); and DEGs in smooth muscle cell included
and transglutaminase 2 (TGM2) (Figure 2G). Then, we
grouped the immune cells including B cell, T cell,
monocyte, and NK cell as cluster 1 (Table 7), giving 7
formononetin’s targets; and the tissue cells including
epithelial cell, endothelial cell, and smooth muscle cell
as cluster 2 (Table 7), giving 13 formononetin’s targets
for further GO and KEGG analysis.
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Formononetin mediated immune response-related highlighted the biological processes related to immune

biological process and signaling pathways in the response (Figure 3A). It was regulated by different

immune cell types of prostate cancer cytokines and interleukins production such as

interleukin (IL)-1, IL-6, IL-12, and IL-18 (Figure 3B),

The result of GO analysis using the formononetin’s leading to mediate the functions of different leukocytes

targets on the immune cell of prostate cancer such as lymphocyte mediated immunity, B cell
A

B_cell

CD74 HSP90AA1
TNF

INSR CD74

CD74 HBB

CXCR4 THBSI
E F

Epithelial_cells ) Endothelial_cells

CXCR4 HBB
LTF PDK4
RORA
KLF5
SORD
AZGP1
INSR
ASS1
HBB
HSP90AAL
HNMT

TGM2

Figure 2. Identification of formononetin’s targets against prostate cancer in single-cell level. Venn diagram showed the number
and gene symbol of common genes between formononetin and (A) B cell, (B) T cell, (C) NK cell, (D) monocyte, (E) epithelial cell, (F)
endothelial cell, and (G) smooth muscle cell.
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Table 7. Formononetin’s targets in immune cells and tissue cells.

Immune cells Tissue cells
CD74 TGM2
HBB HBB
THBS1 PDK4
INSR CXCR4
CXCR4 LTF
HSP90AA1 RORA
TNF KLF5
SORD
AZGP1
INSR
ASS1
HSP90AA1
HNMT

mediated immunity, and macrophage activation (Figure
3C). KEGG pathway analysis further suggested the
role of the formononetin’s targets in cell apoptosis
and immune functions for treating prostate cancer
(Figure 3D). All these functions were controlled by
different cell signaling pathways such as PI3K-Akt
signaling, TGF-beta signaling, mTOR signaling, and
p53 signaling.

Formononetin mediated metabolic process and
signaling pathways in the tissue cell types of prostate
cancer

In the tissue cell, formononetin’s targets mainly
contributed to the metabolisms such as glucose
metabolic process, monosaccharide metabolic process,
and cellular response to fatty acid (Figure 4A).
Furthermore, the KEGG analysis highlighted the
importance of formononetin’s targets in insulin
resistance, adherens junction, cytokine-cytokine receptor
interaction, and necroptosis via the regulation of cell
signaling pathways (Figure 4B).

Possible direct binding of formononetin with its
target proteins CD74, INSR, TNF, and CXCR4

The PDB database was searched for the protein
structure of CD74, INSR, TNF, and CXCR4, and we
found 4P01 [31], 5E1S [32], 6X86 [33], and 30EOQ
[34] for docking analysis, respectively. An active
cavity box model was established using PyMOL
(version 2.5). For CD74 protein (PDB ID: 4P01), the
active cavity box model was set at center X, y, z to
—38.654, —14.151, 5.771, size x, y, z to 15.0, 15.0,
15.0, and the RMSD of the proto-ligand to 1.7 A. We
found that the formononetin could bind the CD74
protein (PDB ID: 4P01) through the formation of

hydrogen bonds with the amino acid residues TYR-36
(3.5 A), ILE-64 (3.2 A), PRO-1 (3.2 A) and its free
docking energy with the protein was —6.8 Kcal/mol
(Figure 5A). For INSR protein (PDB ID: 5E1S), the
active cavity box model was set to center X, y, z of
3.538, 19.827, 21.984, size x, vy, z of 15.0, 15.0, 15.0,
and RMSD of the proto-ligand of 2.1 A. Formononetin
formed a hydrogen bond with amino acid residue
ASP-1150 (2.2 A) of INSR protein (PDB ID: 5E1S),
and its free docking energy with the protein was —8.2
Kcal/mol (Figure 5B). For TNF protein (PDB ID:
6X86), the active cavity box model was set with center
X, Y, z of 55.474, —6.73, 9.924, size x, y, z of 15.0,
15.0, 15.0, the RMSD of the proto-ligand was only one
and calculated to be 0.000 A. Formononetin formed
hydrogen bond with amino acid residue TYR-151 (2.9
A) of TNF protein (PDB 1D:6X86) and its free
docking energy with the protein was —9.8 Kcal/mol
(Figure 5C). For CXCR4 protein (PDB ID: 30DU),
the active cavity box model was set with center x, vy, z
of —13.203, 15.376, 71.731, size x, y, z of 15.0, 15.0,
18.75, and RMSD of the proto-ligand of 2.1 A.
Formononetin formed hydrogen bond with amino acid
residue TYR-225 (3.4 A), ARG-188 (3.2 A) of
CXCR4 protein (PDB ID: 30DU) and its free docking
energy with the protein was —8.4 Kcal/mol (Figure
5D). Taken together, our results suggested a possible
direct binding of formononetin with its target proteins
CD74, INSR, TNF, and CXCRA4.

Validation of network pharmacology’s result

In order to wvalidate the finding of network
pharmacology, we treated the human prostate cancer
cell DU145 with formononetin, followed by gPCR
analysis and WB. The result of gPCR analysis showed
that the treatment of formononetin could induce the
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MRNA expression of TNF, THBS1, HSP90AAL, and treatment of formononetin could increase the protein

HBB (Figure 6A). To further validate the effect of level of TNF, but decrease the protein level of CD74
formononetin on the stability of its target proteins, (Figure 6B), suggesting the binding of formononetin
Western blotting was performed. The result showed that may regulate the stability of its target proteins.
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Figure 3. Formononetin targeted genes related to immune responses in immune cells of prostate cancer. Gene Ontology (GO)
enrichment analysis showed the biological roles of formononetin in (A) immune response, (B) interleukins and cytokines production, and
(C) leukocyte of immune cell cluster of prostate cancer. (D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis showed the roles of formononetin’s targets in apoptosis, and antigen presentation through the regulation of cell signaling
pathways of immune cells. Lower panel of each figure was the Circos plot to show the involvement of gene in each item. The size of bubble
represented the number of gene. The color of bubble represented the significance of the biological processes and pathways.
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DISCUSSION

Formononetin, a natural flavonoid with antioxidant and
cellular therapeutic properties, is a potential drug for
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treating prostate cancer. In vitro studies demonstrated

that formononetin

inhibited the proliferation and

induced apoptosis of prostate cancer cell PC-3 through
the induction of Bax/Bcl-2 ratio and regulation of
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Figure 4. Formononetin targeted genes related to metabolisms in tissue cells of prostate cancer. (A) GO enrichment analysis
showed the biological roles of formononetin in metabolisms of tissue cells cluster of prostate cancer. (B) KEGG enrichment analysis showed
the roles of formononetin’s targets in insulin resistance, cell adhesion, and necroptosis through the regulation of cell signaling pathways of
tissue cells. Lower panel of each figure was the Circos plot to show the involvement of gene in each item. The size of bubble represented
the number of gene. The color of bubble represented the significance of the biological processes and pathways.
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p38/Akt pathway [35]. Also, formononetin was
reported to induce the early apoptosis of prostate
cancer cell DU145 via the regulation of mitochondrial
apoptotic pathway and downregulation of IGF-1/IGF-
1R signaling pathway [16, 36]. The results of a clinical
intervention study carried out by Jarred et al. showed
that dietary isoflavones supplement formononetin
increased apoptosis in low and intermediate prostate
cancer with minimal adverse effects [37]. In addition,

Formononetin-4P01
-6.8 Kcal/mol

Formononetin-5E1S
-8.2 Kcal/mol

Dong et al. found that the combined use of docetaxel
and formononetin nanoparticles could effectively reduce
side effects during the prostate cancer treatment [38].
So, formononetin should be a promising drug with
potential anti-prostate cancer properties.

In order to understand the detail anti-prostate cancer
effect of formononetin in single-cell level, we combined
and analyzed the single cell sequencing data of prostate

FormononetinfGXSG
-9.8 Kcal/mol

Formononetin-30DU
-8.4 Kcal/mol

Figure 5. Potential binding of formononetin with its target proteins TP53 and CDK1. Molecular docking showed the binding of
formononetin with (A) CD74 protein (PDB ID: 4P01), (B) INSR protein (PDB ID: 5E1S), (C) TNF protein (PDB ID: 6X86), and (D) CXCR4 protein

(PDB ID: 30DU).
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cancer obtained from 2 studies [19, 20]. When we the DEGs in 2 cell clusters, including immune cells

compared the expression profile between tumoral and (B cell, T cell, monocyte, and NK cell) and tissue cell
adjacent normal tissue in single-cell level, we identified (endothelial cell, epithelial cell, and smooth muscle cell).
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Figure 6. Formononetin altered the expression of its targets in prostate cancer cell line. (A) gPCR analysis showed that
formononetin induced the expression of mMRNA of TNF, THBS1, HSP90AA1, and HBB in prostate cancer cell. (B) Formononetin treatment
also induced the protein level of TNF and reduced the protein level of CD74 in prostate cancer cell.
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The identification of these DEGs could be served
as prognostic marker in prostate cancer. Indeed,
some of the identified genes were reported to be
associated with other cancer types, but not prostate
cancer. For instance, we found the overexpression of
immunoglobulin kappa C (IGKC) in NK cell (Table 2).
A study of non-small cell lung cancer patient showed
the overexpression of IGKC in stroma-infiltrating
plasma cells [39]. Another study conducted by Schmidt
et al. evaluating the expression of IGKC in 909 early
breast cancer demonstrated its association with distant
disease-free survival of patients [40]. Similar findings
were observed in node-negative breast cancer that the
overexpression of IGKC was significantly associated
with DFS, especially in ER negative and in luminal
B carcinomas [41]. Our data suggested that IGKC
could be a potential biomarker for prognosis of prostate
cancer.

In the later part of study, we aimed to determine the
possible use of formononetin for treating prostate
cancer in single-cell level. By using the network
pharmacology, we found the formononetin could target
different cell types specifically. In the immune cell
cluster of prostate cancer, formononetin targeted CD74,
TNF, HBB, THBS1, INSR, CXCR4, and HSP90AAL.
Some of them were reported to play important roles in
tumorigenesis. Our result showed that formononetin
could target and reduce the expression of CD74, which
is a cell surface membrane receptor of cytokine
macrophage migration inhibitory factor (MIF) [42].
CD74 play multiple roles in the immune system such
as antigen presentation and B cell differentiation [43],
and cumulating studies demonstrated the roles of CD74
in tumorigenesis. Xu et al. showed the association of
CD74 with malignancies and immune microenvironment
in gliomas [44]. A study of human breast cancer
showed that CD74 interacted with CD44 to promote
tumorigenesis and metastasis of MDA-MB-231 cell
through the regulation of RHOA [45]. In addition, over-
expressed CD74 was reported to interplay with MIF
to promote the tumor growth in advanced melanoma
patients, and its elevated expression was associated with
the poorer patient survival [46]. A similar result was
observed in the study of hepatocellular carcinoma
(HCC) conducted by Xiao et al. that stromal CD74+
macrophages enrichment was associated with favorable
prognosis in patients with HCC [47]. CD74 was found
to be overexpressed in prostate cancer cell DU145, as
compared with normal prostate cells, and blocking
interaction of MIF with CD74 selectively inactivated
ERK1/2, leading to reduced prostate cancer cell
proliferation and increased apoptosis [48]. On the other
hand, overexpression of the receptor CD74 was closely
associated with growth and migration of prostate cancer
cells [49]. These studies suggested that formononetin

targeting CD74 could be effective strategies for prostate
cancer therapy.

In addition, our result showed that formononetin could
target and induce the expression of TNF in prostate
cancer cell. TNF is an inflammatory cytokine that play
dual roles in cancer, however its role in prostate cancer
is still largely unknown. But TNF was reported to be
cytotoxic to tumour cells and destroy tumour blood
vessels [50]. In addition, the combined effect of TNF
and ionising radiation on the induction of apoptosis in
bladder cancer cells was demonstrated [51]. On the other
hands, we found that formononetin could target THBS1
and HBB. THBS1, an adhesive glycoprotein, played
roles in anti-angiogenesis and anti-tumorigenesis [52].
In prostate cancer, THBS1 inhibited neovascularization
and tumor growth [53]. Also, THBS1 played a key role
in the regulation of prostate epithelial and stromal
growth by inhibiting angiogenesis and activating latent
TGF-beta [54]. Jin et al. demonstrated that over-
expression of THBS1 inhibited the growth of DU145
tumors in Balb/c mice [55]. Vice versa, the knockdown
of THBSL1 increased the growth and colony forming
ability of prostate cancer cell [56]. HBB is one of the
components of the bead protein chain of haemoglobin
A, and its basic function is oxygen transport. A study
on gene expression profile of anaplastic thyroid cancer
cell lines (ACL) showed significant reduced expression
of HBB in ACL [57]. Functionally, overexpression of
HBB could suppress the growth of ACL. A similar
result was observed that induced HBB expression
inhibited growth and metastasis of neuroblastoma [58],
suggesting the anti-tumor roles of HBB.

In our analysis, we also predicted the formononetin’s
targets such as INSR and AZGP1l to control the
metabolisms in the tissue cell of prostate cancer. And
they were reported to play roles in tumorigenesis. For
instance, a study using a genomic screen of the tumour
vasculature showed the involvement of INSR in tumour
angiogenesis [59]. INSR was found to be overexpressed
in angiogenic vasculature of human tumors and the
was correlated to shorter survival of cancer patient. In
prostate cancer, the induced expression of INSR could
increase cell proliferation, colony formation, migration,
invasion and resistance to apoptosis in prostate cancer
cells through the cooperation with IGF1R [60]. A similar
finding from Ofer’s group demonstrated that knockdown
of INSR reduced cell growth and proliferation of
prostate cancer cell, as well as driving cells into
apoptosis [61]. Other than INSR, our result highlighted
that AZGP1 was targeted by formononetin and played
major role in lipid metabolism. A tissue microarray
containing 11,152 prostate cancers showed that the
reduced AZGP1 expression was associated with adverse
prostate cancer prognosis through the regulation of
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PTEN [62]. A similar result was obtained from a Chip-
Seq study that AZGP1 acted as an androgen-responsive
gene to mediate proliferation and metastasis of prostate
cancer cell via the contribution of androgen receptor
[63]. In addition, a clinical study included 191 patients
who underwent androgen deprivation therapy showed
that low AZGP1 expression was associated with a
shorter survival time in prostate cancer patients [64].
Also, the low expression of AZGP1 could be used to
predict the recurrence of margin-positive, localized

REFERENCES

Sung H, Ferlay J, Siegel RL, Laversanne M,
Soerjomataram |, Jemal A, Bray F. Global Cancer
Statistics 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185
Countries. CA Cancer J Clin. 2021; 71:209-49.
https://doi.org/10.3322/caac.21660

PMID:33538338

prostate cancer [65]. 2. Hugosson J, Mansson M, Wallstrom J, Axcron? u,
Carlsson SV, Egevad L, Geterud K, Khatami A,

For the limitation of the study, our results were mainly Kohestani K, Pihl CG, Socratous A, Stranne J, Godtman

obtained from the in silico analysis. Although the RA,  Hellstrtbm M, and GOTEBORG-2  Trial

findings were validated by using prostate cancer cell line, Investigators. Prostate Cancer Screening with PSA and

the involvement of formononetin’s targets in prostate MRI Followed by Targeted Biopsy Only. N Engl J Med.

cancer in single-cell level was still difficult to confirm. In 2022;387:2126-37.

addition, there were many challenges in translating these https://doi.org/10.1056/NEIM0a2209454

findings to clinical applications. For instance, the single PMID:36477032

use of formononetin may be not effective to treat the 3. Tang DG. Understanding and targeting prostate

cancer. So, future study could focus on the combined cancer cell heterogeneity and plasticity. Semin Cancer

therapy using formononetin. In addition, further clinical Biol. 2022; 82:68-93.

trials exploring the use of formononetin in prostate https://doi.org/10.1016/j.semcancer.2021.11.001

cancer are essential. Moreover, further biochemistry PMID:34844845

experiments should be carried out to confirm the bindin .

ofF:‘ormononetin to its target proteins. In conclusion, fo% 4. Boyd L_K’ Mao .X’ L YJ'. The complexity of PrOState

the first time, our result suggested that formononetin cancer: lgenom_'c.alterat'ons and heterogeneity. Nat

could target the candidates involved in the tumorigenesis ﬁev U_ro ) 2,012' 9:652-64. |

of prostate cancer in single-cell level. It provided a ttps://doi.org/10.1038/nrurol.2012.185

ground information for further study on formononetin PMID:23132303

for treating prostate cancer. 5. Llafzi A, Moutinho C, Picelli S, Heyn H. Tutorial:
guidelines for the experimental design of single-cell

AUTHOR CONTRIBUTIONS RNA sequencing studies. Nat Protoc. 2018; 13:2742-57.
https://doi.org/10.1038/s41596-018-0073-y

The first author Jiawei Li was responsible for PMID:30446749

experiments, data collection, data analysis, and drafting 6. Hwang B, Lee JH, Bang D. Single-cell RNA sequencing

the article. Zhaoquf’m Huang, _ng Wa_ng, Rong Li technologies and bioinformatics pipelines. Exp Mol

p(_arformed the experiments and_ interpretation of rt_asults. Med. 2018; 50:1-14.

Li Gao and Keng Po.Lal part|C|pate_d in the_r design of https://doi.org/10.1038/s12276-018-0071-8

the study,.data collect_lon, data analysis, funding support PMID:30089861

and drafting the article and has approved the final

manuscript and Completed manuscript_ 7. Epstein .”, Egevad L, Amin MB, Delahunt B, Srlgley JR,
Humphrey PA, and Grading Committee. The 2014

CONFLICTS OF INTEREST International Society of Urological Pathology (ISUP)
Consensus Conference on Gleason Grading of

The authors declare no conflicts of interest related to Prostatic Carcinoma: Definition of Grading Patterns

this study. and Proposal for a New Grading System. Am J Surg
Pathol. 2016; 40:244-52.

FUNDING https://doi.org/10.1097/PAS.0000000000000530
PMID:26492179

This study was granted by the Guilin Technology and 8. Hamdy FC, Donovan JL, Lane JA, Metcalfe C, Davis M,

Application Promotion Plan (No. 20210227-3), Guangxi Turner EL, Martin RM, Young GJ, Walsh El, Bryant R,

Degree, and Postgraduate Education Reform Topics Bollina P, Doble A, Doherty A, et al, and ProtecT Study

(No. JGY2022205), and Guangxi Key Laboratory of Group. Fifteen-Year Outcomes after Monitoring,

Tumor Immunology and Microenvironmental Regulation Surgery, or Radiotherapy for Prostate Cancer. N Engl J

(No. 2024Z2ZKTO001). Med. 2023; 388:1547-58.

www.aging-us.com 10396 AGING


https://doi.org/10.3322/caac.21660
https://pubmed.ncbi.nlm.nih.gov/33538338
https://doi.org/10.1056/NEJMoa2209454
https://pubmed.ncbi.nlm.nih.gov/36477032
https://doi.org/10.1016/j.semcancer.2021.11.001
https://pubmed.ncbi.nlm.nih.gov/34844845
https://doi.org/10.1038/nrurol.2012.185
https://pubmed.ncbi.nlm.nih.gov/23132303
https://doi.org/10.1038/s41596-018-0073-y
https://pubmed.ncbi.nlm.nih.gov/30446749
https://doi.org/10.1038/s12276-018-0071-8
https://pubmed.ncbi.nlm.nih.gov/30089861
https://doi.org/10.1097/PAS.0000000000000530
https://pubmed.ncbi.nlm.nih.gov/26492179

10.

11.

12.

13.

14.

15.

16.

https://doi.org/10.1056/NEJMo0a2214122
PMID:36912538

. Di Zazzo E, Galasso G, Giovannelli P, Di Donato M,

Bilancio A, Perillo B, Sinisi AA, Migliaccio A, Castoria
G. Estrogen Receptors in Epithelial-Mesenchymal
Transition of Prostate Cancer. Cancers (Basel). 2019;
11:1418.

https://doi.org/10.3390/cancers11101418
PMID:31548498

Lombardi APG, Vicente CM, Porto CS. Estrogen
Receptors Promote Migration, Invasion and Colony
Formation of the Androgen-Independent Prostate
Cancer Cells PC-3 Through B-Catenin Pathway. Front
Endocrinol (Lausanne). 2020; 11:184.
https://doi.org/10.3389/fendo.2020.00184
PMID:32328032

Jefferi NES, Shamhari A', Noor Azhar NKZ, Shin JGY,
Kharir NAM, Azhar MA, Hamid ZA, Budin SB, Taib IS.
The Role of ERa and ERP in Castration-Resistant
Prostate Cancer and Current Therapeutic Approaches.
Biomedicines. 2023; 11:826.
https://doi.org/10.3390/biomedicines11030826
PMID:36979805

Li X, Huang C, Sui CL, Liang CM, Qi GY, Ren QY, Chen J,
Huang ZQ. Formononetin, J1 and J2 have different
effects on endothelial cells via EWSAT1-TRAF6 and its
downstream pathway. J Cell Mol Med. 2020; 24:875-85.
https://doi.org/10.1111/jcmm.14797

PMID:31742893

Tian J, Wang XQ, Tian Z. Focusing on Formononetin:
Recent Perspectives for its Neuroprotective
Potentials. Front Pharmacol. 2022; 13:905898.
https://doi.org/10.3389/fphar.2022.905898
PMID:35712702

Almatroodi SA, Almatroudi A, Khan AA, Rahmani AH.
Potential Therapeutic Targets of Formononetin, a
Type of Methoxylated Isoflavone, and Its Role in
Cancer Therapy through the Modulation of Signal
Transduction Pathways. Int J Mol Sci. 2023; 24:9719.
https://doi.org/10.3390/ijms24119719
PMID:37298670

Wu Y, Zhang X, Li Z, Yan H, Qin J, Li T. Formononetin
inhibits human bladder cancer cell proliferation and
invasiveness via regulation of miR-21 and PTEN. Food
Funct. 2017; 8:1061-6.
https://doi.org/10.1039/c6f001535b

PMID:28139790

Huang WJ, Bi LY, Li ZZ, Zhang X, Ye Y. Formononetin
induces the mitochondrial apoptosis pathway in
prostate cancer cells via downregulation of the IGF-
1/IGF-1R signaling pathway. Pharm Biol. 2013. [Epub
ahead of print].

17.

18.

19.

20.

21.

22.

23.

https://doi.org/10.3109/13880209.2013.842600
PMID:24359236

Zhang J, Liu L, Wang J, Ren B, Zhang L, Li W.
Formononetin, an isoflavone from Astragalus
membranaceus inhibits proliferation and metastasis
of ovarian cancer cells. J Ethnopharmacol. 2018;
221:91-9.

https://doi.org/10.1016/].jep.2018.04.014
PMID:29660466

Yu X, Gao F, Li W, Zhou L, Liu W, Li M. Formononetin
inhibits tumor growth by suppression of EGFR-Akt-
Mcl-1 axis in non-small cell lung cancer. J Exp Clin
Cancer Res. 2020; 39:62.
https://doi.org/10.1186/s13046-020-01566-2
PMID:32276600

Heidegger |, Fotakis G, Offermann A, Goveia J, Daum
S, Salcher S, Noureen A, Timmer-Bosscha H, Schafer
G, Walenkamp A, Perner S, Beatovic A, Moisse M,
et al. Comprehensive characterization of the prostate
tumor microenvironment identifies CXCR4/CXCL12
crosstalk as a novel antiangiogenic therapeutic target
in prostate cancer. Mol Cancer. 2022; 21:132.
https://doi.org/10.1186/s12943-022-01597-7
PMID:35717322

Masetti M, Carriero R, Portale F, Marelli G, Morina N,
Pandini M, lovino M, Partini B, Erreni M, Ponzetta A,
Magrini E, Colombo P, Elefante G, et al. Lipid-loaded
tumor-associated macrophages sustain tumor growth
and invasiveness in prostate cancer. J Exp Med. 2022;
219:20210564.
https://doi.org/10.1084/jem.20210564
PMID:34919143

Aran D, Looney AP, Liu L, Wu E, Fong V, Hsu A, Chak S,
Naikawadi RP, Wolters PJ, Abate AR, Butte AJ,
Bhattacharya M. Reference-based analysis of lung
single-cell sequencing reveals a transitional profibrotic
macrophage. Nat Immunol. 2019; 20:163-72.
https://doi.org/10.1038/s41590-018-0276-y
PMID:30643263

Daina A, Michielin O, Zoete V. SwissTargetPrediction:
updated data and new features for efficient
prediction of protein targets of small molecules.
Nucleic Acids Res. 2019; 47:W357-64.
https://doi.org/10.1093/nar/gkz382

PMID:31106366

Wang X, Shen Y, Wang S, Li S, Zhang W, Liu X, Lai L,
Pei J, Li H. PharmMapper 2017 update: a web server
for potential drug target identification with a
comprehensive target pharmacophore database.
Nucleic Acids Res. 2017; 45:W356-60.
https://doi.org/10.1093/nar/gkx374

PMID:28472422

www.aging-us.com

AGING


https://doi.org/10.1056/NEJMoa2214122
https://pubmed.ncbi.nlm.nih.gov/36912538
https://doi.org/10.3390/cancers11101418
https://pubmed.ncbi.nlm.nih.gov/31548498
https://doi.org/10.3389/fendo.2020.00184
https://pubmed.ncbi.nlm.nih.gov/32328032
https://doi.org/10.3390/biomedicines11030826
https://pubmed.ncbi.nlm.nih.gov/36979805
https://doi.org/10.1111/jcmm.14797
https://pubmed.ncbi.nlm.nih.gov/31742893
https://doi.org/10.3389/fphar.2022.905898
https://pubmed.ncbi.nlm.nih.gov/35712702
https://doi.org/10.3390/ijms24119719
https://pubmed.ncbi.nlm.nih.gov/37298670
https://doi.org/10.1039/c6fo01535b
https://pubmed.ncbi.nlm.nih.gov/28139790
https://doi.org/10.3109/13880209.2013.842600
https://pubmed.ncbi.nlm.nih.gov/24359236
https://doi.org/10.1016/j.jep.2018.04.014
https://pubmed.ncbi.nlm.nih.gov/29660466
https://doi.org/10.1186/s13046-020-01566-2
https://pubmed.ncbi.nlm.nih.gov/32276600
https://doi.org/10.1186/s12943-022-01597-7
https://pubmed.ncbi.nlm.nih.gov/35717322
https://doi.org/10.1084/jem.20210564
https://pubmed.ncbi.nlm.nih.gov/34919143
https://doi.org/10.1038/s41590-018-0276-y
https://pubmed.ncbi.nlm.nih.gov/30643263
https://doi.org/10.1093/nar/gkz382
https://pubmed.ncbi.nlm.nih.gov/31106366
https://doi.org/10.1093/nar/gkx374
https://pubmed.ncbi.nlm.nih.gov/28472422

24,

25.

26.

27.

28.

29.

30.

Nickel J, Gohlke BO, Erehman J, Banerjee P, Rong
WW, Goede A, Dunkel M, Preissner R. SuperPred:
update on drug classification and target prediction.
Nucleic Acids Res. 2014; 42:W26-31.
https://doi.org/10.1093/nar/gkud77

PMID:24878925

UniProt Consortium. UniProt: the universal protein
knowledgebase in 2021. Nucleic Acids Res. 2021;
49:D480-9.

https://doi.org/10.1093/nar/gkaal100
PMID:33237286

Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R
package for comparing biological themes among gene
clusters. OMICS. 2012; 16:284-7.
https://doi.org/10.1089/0mi.2011.0118
PMID:22455463

Walter W, Sanchez-Cabo F, Ricote M. GOplot: an R
package for visually combining expression data with
functional analysis. Bioinformatics. 2015; 31:2912-4.
https://doi.org/10.1093/biocinformatics/btv300
PMID:25964631

Wang Y, Bryant SH, Cheng T, Wang J, Gindulyte A,
Shoemaker BA, Thiessen PA, He S, Zhang J. PubChem
BioAssay: 2017 update. Nucleic Acids Res. 2017;
45:D955-63.

https://doi.org/10.1093/nar/gkw1118
PMID:27899599

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat
TN, Weissig H, Shindyalov IN, Bourne PE. The Protein
Data Bank. Nucleic Acids Res. 2000; 28:235—42.
https://doi.org/10.1093/nar/28.1.235
PMID:10592235

Trott O, Olson AJ. AutoDock Vina: improving the
speed and accuracy of docking with a new scoring
function, efficient optimization, and multithreading. J
Comput Chem. 2010; 31:455-61.

33.

34.

35.

36.

37.

https://doi.org/10.1158/1535-7163.MCT-15-0539
PMID:26438154

Dietrich JD, Longenecker KL, Wilson NS, Goess C,
Panchal SC, Swann SL, Petros AM, Hobson AD, lhle D,
Song D, Richardson P, Comess KM, Cox PB, et al.
Development of Orally Efficacious Allosteric Inhibitors
of TNFa via Fragment-Based Drug Design. J Med
Chem. 2021; 64:417-29.
https://doi.org/10.1021/acs.jmedchem.0c01280
PMID:33378180

Wu B, Chien EY, Mol CD, Fenalti G, Liu W, Katritch V,
Abagyan R, Brooun A, Wells P, Bi FC, Hamel DJ, Kuhn
P, Handel TM, et al. Structures of the CXCR4
chemokine GPCR with small-molecule and cyclic
peptide antagonists. Science. 2010; 330:1066—-71.
https://doi.org/10.1126/science.1194396
PMID:20929726

Zhang X, Bi L, Ye Y, Chen J. Formononetin induces
apoptosis in PC-3 prostate cancer cells through
enhancing the Bax/Bcl-2 ratios and regulating the
p38/Akt pathway. Nutr Cancer. 2014; 66:656—61.
https://doi.org/10.1080/01635581.2014.894098
PMID:24666255

Liu XJ, Li YQ, Chen QY, Xiao SJ, Zeng SE. Up-regulating
of RASD1 and apoptosis of DU-145 human prostate
cancer cells induced by formononetin in vitro. Asian
Pac J Cancer Prev. 2014; 15:2835-9.
https://doi.org/10.7314/apjcp.2014.15.6.2835
PMID:24761910

Jarred RA, Keikha M, Dowling C, McPherson SJ, Clare
AM, Husband AJ, Pedersen JS, Frydenberg WM,
Risbridger GP. Induction of apoptosis in low to
moderate-grade human prostate carcinoma by red
clover-derived dietary isoflavones. Cancer Epidemiol
Biomarkers Prev. 2002; 11:1689-96.

PMID:12496063

https://doi.ore/10.1002/icc.21334 38. Dong Z, Wang Y, Guo J, Tian C, Pén W, Wang H, Yan J.
PMID:19499576 Prostate Ca?ncer Th.erapy Using Do.cetaxc'el and
- Formononetin Combination: Hyaluronic Acid and
31. Pantouris G, Syed MA, Fan C, Rajasekaran D, Cho TY, Epidermal Growth Factor Receptor Targeted Peptide
Rosenberg EM Jr, Bucala R, Bhandari V, Lolis EJ. An Dual Ligands Modified Binary Nanoparticles to
Analysis of MIF Structural Features that Control Facilitate the in vivo Anti-Tumor Activity. Drug Des
Functional Activation of CD74. Chem Biol. 2015; Devel Ther. 2022; 16:2683-93.
22:1197-205. https://doi.org/10.2147/DDDT.5366622
https://doi.org/10.1016/j.chembiol.2015.08.006 PMID:35983428
PMID:26364929 39. Lohr M, Edlund K, Botling J, Hammad S, Hellwig B,
32. Sanderson MP, Apgar J, Garin-Chesa P, Hofmann MH, Othman A, Berglund A, Lambe M, Holmberg L, Ekman
Kessler D, Quant J, Savchenko A, Schaaf O, Treu M, S, Bergqvist M, Pontén F, Cadenas C, et al. The
Tye H, Zahn SK, Zoephel A, Haaksma E, et al. BI prognostic relevance of tumour-infiltrating plasma
885578, a Novel IGF1R/INSR Tyrosine Kinase Inhibitor cells and immunoglobulin kappa C indicates an
with Pharmacokinetic Properties That Dissociate important role of the humoral immune response in
Antitumor Efficacy and Perturbation of Glucose non-small cell lung cancer. Cancer Lett. 2013;
Homeostasis. Mol Cancer Ther. 2015; 14:2762-72. 333:222-8.
www.aging-us.com 10398 AGING


https://doi.org/10.1093/nar/gku477
https://pubmed.ncbi.nlm.nih.gov/24878925
https://doi.org/10.1093/nar/gkaa1100
https://pubmed.ncbi.nlm.nih.gov/33237286
https://doi.org/10.1089/omi.2011.0118
https://pubmed.ncbi.nlm.nih.gov/22455463
https://doi.org/10.1093/bioinformatics/btv300
https://pubmed.ncbi.nlm.nih.gov/25964631
https://doi.org/10.1093/nar/gkw1118
https://pubmed.ncbi.nlm.nih.gov/27899599
https://doi.org/10.1093/nar/28.1.235
https://pubmed.ncbi.nlm.nih.gov/10592235
https://doi.org/10.1002/jcc.21334
https://pubmed.ncbi.nlm.nih.gov/19499576
https://doi.org/10.1016/j.chembiol.2015.08.006
https://pubmed.ncbi.nlm.nih.gov/26364929
https://doi.org/10.1158/1535-7163.MCT-15-0539
https://pubmed.ncbi.nlm.nih.gov/26438154
https://doi.org/10.1021/acs.jmedchem.0c01280
https://pubmed.ncbi.nlm.nih.gov/33378180
https://doi.org/10.1126/science.1194396
https://pubmed.ncbi.nlm.nih.gov/20929726
https://doi.org/10.1080/01635581.2014.894098
https://pubmed.ncbi.nlm.nih.gov/24666255
https://doi.org/10.7314/apjcp.2014.15.6.2835
https://pubmed.ncbi.nlm.nih.gov/24761910
https://pubmed.ncbi.nlm.nih.gov/12496063
https://doi.org/10.2147/DDDT.S366622
https://pubmed.ncbi.nlm.nih.gov/35983428

40.

41.

42.

43.

44,

45.

46.

47.

https://doi.org/10.1016/j.canlet.2013.01.036
PMID:23370224

Schmidt M, Edlund K, Hengstler JG, Heimes AS,
Almstedt K, Lebrecht A, Krajnak S, Battista MJ,
Brenner W, Hasenburg A, Rahnenfiihrer J, Gehrmann
M, Kellokumpu-Lehtinen PL, et al. Prognostic Impact
of Immunoglobulin Kappa C (/GKC) in Early Breast
Cancer. Cancers (Basel). 2021; 13:3626.
https://doi.org/10.3390/cancers13143626
PMID:34298839

Chen Z, Gerhold-Ay A, Gebhard S, Boehm D, Solbach C,
Lebrecht A, Battista M, Sicking I, Cotarelo C, Cadenas C,
Marchan R, Stewart JD, Gehrmann M, et al
Immunoglobulin kappa C predicts overall survival in
node-negative breast cancer. PLoS One. 2012; 7:e44741.
https://doi.org/10.1371/journal.pone.0044741
PMID:23028600

Farr L, Ghosh S, Moonah S. Role of MIF
Cytokine/CD74 Receptor Pathway in Protecting
Against Injury and Promoting Repair. Front Immunol.
2020; 11:1273.
https://doi.org/10.3389/fimmu.2020.01273
PMID:32655566

Borghese F, Clanchy Fl. CD74: an emerging
opportunity as a therapeutic target in cancer and
autoimmune disease. Expert Opin Ther Targets. 2011,
15:237-51.
https://doi.org/10.1517/14728222.2011.550879
PMID:21208136

Xu S, Li X, Tang L, Liu Z, Yang K, Cheng Q. CD74
Correlated  With  Malignancies and Immune
Microenvironment in Gliomas. Front Mol Biosci.
2021; 8:706949.
https://doi.org/10.3389/fmolb.2021.706949
PMID:34540893

LiuZ, ChuS,Yao S, LiY, Fan S, Sun X, Su L, Liu X. CD74
interacts with CD44 and enhances tumorigenesis and
metastasis via RHOA-mediated cofilin
phosphorylation in human breast cancer cells.
Oncotarget. 2016; 7:68303-13.
https://doi.org/10.18632/oncotarget.11945
PMID:27626171

Fukuda Y, Bustos MA, Cho SN, Roszik J, Ryu S, Lopez
VM, Burks JK, Lee JE, Grimm EA, Hoon DSB,
Ekmekcioglu S. Correction: Interplay between soluble
CD74 and macrophage-migration inhibitory factor
drives tumor growth and influences patient survival in
melanoma. Cell Death Dis. 2022; 13:422.
https://doi.org/10.1038/s41419-022-04879-6
PMID:35501311

Xiao N, Li K, Zhu X, Xu B, Liu X, Lei M, Sun HC. CD74*
macrophages are associated with favorable prognosis

48.

49.

50.

51.

52.

53.

54.

and immune contexture in hepatocellular carcinoma.
Cancer Immunol Immunother. 2022; 71:57-69.
https://doi.org/10.1007/s00262-021-02962-z
PMID:34009409

Meyer-Siegler KL, Iczkowski KA, Leng L, Bucala R, Vera
PL. Inhibition of macrophage migration inhibitory
factor or its receptor (CD74) attenuates growth and
invasion of DU-145 prostate cancer cells. J Immunol.
2006; 177:8730-9.
https://doi.org/10.4049/iimmunol.177.12.8730
PMID:17142775

Fromont G, Godet J, Pires C, Yacoub M, Dore B, Irani
J. Biological significance of perineural invasion (PNI) in
prostate cancer. Prostate. 2012; 72:542-8.
https://doi.org/10.1002/pros.21456

PMID:21748758

Zhang X, Xu W, Qian H, Zhu W, Zhang R.
Mesenchymal stem cells modified to express
lentivirus TNF-a Tumstatin(45-132) inhibit the growth
of prostate cancer. J Cell Mol Med. 2011; 15:433-44.
https://doi.org/10.1111/j.1582-4934.2009.00920.x
PMID:19799647

Baierlein SA, Distel L, Sieber R, Weiss C, Rodel C,
Sauer R, Rodel F. Combined effect of tumor necrosis
factor-alpha and ionizing radiation on the induction
of apoptosis in 5637 bladder carcinoma cells.
Strahlenther Onkol. 2006; 182:467-72.
https://doi.org/10.1007/s00066-006-1475-2
PMID:16896593

Atanasova VS, Russell RJ, Webster TG, Cao Q, Agarwal
P, Lim YZ, Krishnan S, Fuentes |, Guttmann-Gruber C,
McGrath JA, Salas-Alanis JC, Fertala A, South AP.
Thrombospondin-1 Is a Major Activator of TGF-B
Signaling in Recessive Dystrophic Epidermolysis
Bullosa Fibroblasts. J Invest Dermatol. 2019;
139:1497-505.e5.
https://doi.org/10.1016/].jid.2019.01.011
PMID:30684555

Doll JA, Reiher FK, Crawford SE, Pins MR, Campbell
SC, Bouck NP. Thrombospondin-1, vascular
endothelial growth factor and fibroblast growth
factor-2 are key functional regulators of angiogenesis
in the prostate. Prostate. 2001; 49:293-305.
https://doi.org/10.1002/pros.10025

PMID:11746276

Fitchev PP, Wcislak SM, Lee C, Bergh A, Brendler CB,
Stellmach VM, Crawford SE, Mavroudis CD, Cornwell
ML, Doll JA. Thrombospondin-1 regulates the normal
prostate in vivo through angiogenesis and TGF-beta
activation. Lab Invest. 2010; 90:1078-90.
https://doi.org/10.1038/labinvest.2010.90
PMID:20458281

www.aging-us.com

10399

AGING


https://doi.org/10.1016/j.canlet.2013.01.036
https://pubmed.ncbi.nlm.nih.gov/23370224
https://doi.org/10.3390/cancers13143626
https://pubmed.ncbi.nlm.nih.gov/34298839
https://doi.org/10.1371/journal.pone.0044741
https://pubmed.ncbi.nlm.nih.gov/23028600
https://doi.org/10.3389/fimmu.2020.01273
https://pubmed.ncbi.nlm.nih.gov/32655566
https://doi.org/10.1517/14728222.2011.550879
https://pubmed.ncbi.nlm.nih.gov/21208136
https://doi.org/10.3389/fmolb.2021.706949
https://pubmed.ncbi.nlm.nih.gov/34540893
https://doi.org/10.18632/oncotarget.11945
https://pubmed.ncbi.nlm.nih.gov/27626171
https://doi.org/10.1038/s41419-022-04879-6
https://pubmed.ncbi.nlm.nih.gov/35501311
https://doi.org/10.1007/s00262-021-02962-z
https://pubmed.ncbi.nlm.nih.gov/34009409
https://doi.org/10.4049/jimmunol.177.12.8730
https://pubmed.ncbi.nlm.nih.gov/17142775
https://doi.org/10.1002/pros.21456
https://pubmed.ncbi.nlm.nih.gov/21748758
https://doi.org/10.1111/j.1582-4934.2009.00920.x
https://pubmed.ncbi.nlm.nih.gov/19799647
https://doi.org/10.1007/s00066-006-1475-2
https://pubmed.ncbi.nlm.nih.gov/16896593
https://doi.org/10.1016/j.jid.2019.01.011
https://pubmed.ncbi.nlm.nih.gov/30684555
https://doi.org/10.1002/pros.10025
https://pubmed.ncbi.nlm.nih.gov/11746276
https://doi.org/10.1038/labinvest.2010.90
https://pubmed.ncbi.nlm.nih.gov/20458281

55.

56.

57.

58.

59.

60.

Jin RJ, Kwak C, Lee SG, Lee CH, Soo CG, Park MS, Lee
E, Lee SE. The application of an anti-angiogenic gene
(thrombospondin-1) in the treatment of human
prostate cancer xenografts. Cancer Gene Ther. 2000;
7:1537-42.

https://doi.org/10.1038/sj.cgt.7700266
PMID:11228532

Wang Y, Chen J, Gao WQ, Yang R. METTL14 promotes
prostate tumorigenesis by inhibiting THBS1 via an
mM6A-YTHDF2-dependent mechanism. Cell Death
Discov. 2022; 8:143.
https://doi.org/10.1038/s41420-022-00939-0
PMID:35354789

Onda M, Akaishi J, Asaka S, Okamoto J, Miyamoto S,
Mizutani K, Yoshida A, Ito K, Emi M. Decreased
expression of haemoglobin beta (HBB) gene in
anaplastic thyroid cancer and recovery of its
expression inhibits cell growth. Br J Cancer. 2005;
92:2216-24.

https://doi.org/10.1038/sj.bjc.6602634
PMID:15956966

Maman S, Sagi-Assif O, Yuan W, Ginat R, Meshel T,
Zubrilov |, Keisari Y, Lu W, Lu W, Witz IP. The Beta
Subunit of Hemoglobin (HBB2/HBB) Suppresses
Neuroblastoma Growth and Metastasis. Cancer Res.
2017;77:14-26.
https://doi.org/10.1158/0008-5472.CAN-15-2929
PMID:27793844

Nowak-Sliwinska P, van Beijnum JR, Huijbers EJM,
Gasull PC, Mans L, Bex A, Griffioen AW. Oncofoetal
insulin receptor isoform A marks the tumour
endothelium; an underestimated pathway during
tumour angiogenesis and angiostatic treatment. Br J
Cancer. 2019; 120:218-28.
https://doi.org/10.1038/s41416-018-0347-8
PMID:30559346

Heidegger I, Kern J, Ofer P, Klocker H, Massoner P.
Oncogenic functions of IGF1R and INSR in prostate

cancer include enhanced tumor growth, cell
migration and angiogenesis. Oncotarget. 2014;
5:2723-35.

https://doi.org/10.18632/oncotarget.1884
PMID:24809298

61.

62.

63.

64.

65.

Ofer P, Heidegger |, Eder IE, Schopf B, Neuwirt H,
Geley S, Klocker H, Massoner P. Both IGF1R and INSR
Knockdown Exert Antitumorigenic Effects in Prostate
Cancer In Vitro and In Vivo. Mol Endocrinol. 2015;
29:1694-707.
https://doi.org/10.1210/me.2015-1073
PMID:26452103

Burdelski C, Kleinhans S, Kluth M, Hube-Magg C,
Minner S, Koop C, Graefen M, Heinzer H, Tsourlakis
MC, Wilczak W, Marx A, Sauter G, Wittmer C, et al.
Reduced AZGP1 expression is an independent
predictor of early PSA recurrence and associated with
ERG-fusion positive and PTEN deleted prostate
cancers. Int J Cancer. 2016; 138:1199-206.
https://doi.org/10.1002/ijc.29860

PMID:26383228

Cao R, Ke M, Wu Q, Tian Q, Liu L, Dai Z, Lu S, Liu P.
AZGP1 is androgen responsive and involved in AR-
induced prostate cancer cell proliferation and
metastasis. J Cell Physiol. 2019; 234:17444-58.
https://doi.org/10.1002/jcp.28366

PMID:30820960

Winther MD, Kristensen G, Stroomberg HV, Berg KD,
Toft BG, Brooks JD, Brasso K, Rgder MA. AZGP1
Protein Expression in Hormone-Naive Advanced
Prostate Cancer Treated with Primary Androgen
Deprivation Therapy. Diagnostics (Basel). 2020;
10:520.
https://doi.org/10.3390/diagnostics10080520
PMID:32726925

Yip PY, Kench JG, Rasiah KK, Benito RP, Lee CS,
Stricker PD, Henshall SM, Sutherland RL, Horvath LG.
Low AZGP1 expression predicts for recurrence in
margin-positive, localized prostate cancer. Prostate.
2011; 71:1638-45.
https://doi.org/10.1002/pros.21381

PMID:21432866

www.aging-us.com

10400

AGING


https://doi.org/10.1038/sj.cgt.7700266
https://pubmed.ncbi.nlm.nih.gov/11228532
https://doi.org/10.1038/s41420-022-00939-0
https://pubmed.ncbi.nlm.nih.gov/35354789
https://doi.org/10.1038/sj.bjc.6602634
https://pubmed.ncbi.nlm.nih.gov/15956966
https://doi.org/10.1158/0008-5472.CAN-15-2929
https://pubmed.ncbi.nlm.nih.gov/27793844
https://doi.org/10.1038/s41416-018-0347-8
https://pubmed.ncbi.nlm.nih.gov/30559346
https://doi.org/10.18632/oncotarget.1884
https://pubmed.ncbi.nlm.nih.gov/24809298
https://doi.org/10.1210/me.2015-1073
https://pubmed.ncbi.nlm.nih.gov/26452103
https://doi.org/10.1002/ijc.29860
https://pubmed.ncbi.nlm.nih.gov/26383228
https://doi.org/10.1002/jcp.28366
https://pubmed.ncbi.nlm.nih.gov/30820960
https://doi.org/10.3390/diagnostics10080520
https://pubmed.ncbi.nlm.nih.gov/32726925
https://doi.org/10.1002/pros.21381
https://pubmed.ncbi.nlm.nih.gov/21432866

SUPPLEMENTARY MATERIALS
Supplementary Table

Please browse Full Text version to see the data of Supplementary Table 1.

www.aging-us.com 10401 AGING



