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Abstract: Prostate cancer is one of the most lethal malignancies, and androgen deprivation therapy remains the 
mainstay of treatment for prostate cancer patients. Although androgen deprivation can initially come to remission, 
the disease often develops into castration-resistant prostate cancer (CRPC), which is still dependent on androgen 
receptor (AR) signaling and is related to a poor prognosis. Some success against CRPC has been achieved by drugs 
that target AR signaling, but secondary resistance uninterrupted emerges, and new therapies are urgently needed. 
In this study, we identified a potent small molecule compound, ZY-444, that suppressed PCa cells proliferation and 
metastasis, and inhibited tumor growth both in subcutaneous. Transcriptome sequencing analysis showed that 
TNFAIP3 was significantly elevated in prostate cancer cells after ZY-444 treatment. Further studies through over-
expression of TNFAIP3 confirmed that TNFAIP3, as a direct target gene of ZY-444, contributes to the functions of 
ZY-444. In addition, we demonstrated the effects of TNFAIP3 on prostate cancer cell apoptosis, migration and pro-
liferation to elucidate the mechanism of ZY-444. We found that TNFAIP3 inhibited the TNF signaling pathway, which 
could inhibit cell migration and proliferation and contribute to apoptosis. Overall, these findings highlighted TNFAIP3 
as a tumor suppressor gene in the regulation of the progression and metastatic potential of prostate cancer and 
that targeting TNFAIP3 by ZY-444 might be a promising strategy for prostate cancer treatment.
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Introduction

Prostate cancer is a highly heterogeneous dis-
ease because of its complex etiology, which 
includes many environmental factors and phe-
notypic diversity that cause cellular process 
changes [1, 2], thus, prostate cancer patients 
will show a range of pathological entities with 
variable biological behavior and, consequently, 
different treatment modalities. In recent years, 
endocrine therapies have led to spectacular 
progress in prostate cancer therapy [3, 4]. 
Encouraging results have been observed with 
antiandrogen therapies and surgical treatment. 
Regrettably, a significant fraction of patients 
still progresses to castration-resistant prostate 
cancer (CRPC) and distant metastases and 
eventually succumb to the disease [5, 6]. 

Despite superior long-term survival in localized 
prostate cancer, metastatic disease remains 
largely incurable even after intensive multimod-
al therapy [7, 8]. There is thus an urgent need to 
develop novel, effective strategies for the treat-
ment and prognosis of prostate cancer.

In previous studies, we found that ZY-444, a 
novel small-molecule compound, could inhibit 
tumor proliferation and metastasis through Wnt 
signaling pathway and bind to PC (pyruvate car-
boxylase), a key enzyme of tricarboxylic acid 
recycling, and reduce the basic respiration and 
ATP production of breast cancer cells [9]. In 
addition, as an inhibitor of PC, ZY-444 could 
effectively inhibit the activation of PC, reduce 
the malignant invasiveness, and restore the 
expression of iodine metabolism-related genes 
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and the iodine-uptake capacity in PTC cells 
[10]. Its lead compound KHS101, as an inhibi-
tor of TACC3 signaling, can inhibit cell growth, 
motility, epithelial mesenchymal transforma-
tion, and induce cell death [11, 12]. ZY-444 
also exhibited low toxicity to normal mammary 
epithelial cells. Prostate cancer and breast can-
cer are two common types of sex hormone-
related cancers, and most patients eventually 
develop hormone-resistant malignancies after 
hormone deprivation [13]. Given the high 
potency of ZY-444 against breast cancer cells, 
ZY-444 was used to further investigate the cell 
function and tumorigenesis of prostate cancer 
in vitro and in vivo, as well as the mechanism by 
which ZY-444 might play a role in prostate 
cancer.

Materials and methods

Cell culture and compound treatment

PC3, DU145, C4-2 and 22RV1 cell lines were 
stored in the Cell Bank of Shanghai Key 
Laboratory of Regulatory Biology, East China 
Normal University. All prostate cancer cell lines 
were cultured in 10% fetal bovine serum with 
1% penicillin/streptomycin and RPMI 1640 
medium in an incubator at 37°C and 5% CO2 
under standard cell culture conditions. The 
small molecule compound ZY-444 was synthe-
sized by Chen Yihua’s research group at East 
China Normal University. ZY-444 was dissolved 
in DMSO to prepare a 1 × 104 µmol/L stock 
solution. 

Cell proliferation assay

Briefly, after cells were conventionally cultured 
for 24 h, 10% The Cell Counting Kit-8 (CCK-8, 
Dojindo Laboratories, Minato-ku, Tokyo, Japan) 
was added, absorbance values at 450 nm were 
determined, and prostate cancer cell viability 
was measured by calculating the absorbance 
of Wells treated with ZY-444 or DMSO. 

Apoptosis assay

Briefly, prostate cancer cells were seeded in 
6-well plates with 4 × 105 cells/well, and after 
24 h the cells were resuspended in cold phos-
phate-buffered saline (PBS), then operated 
according to the Annexin V-FITC Apoptosis 
Detection Kit (Becton Dickinson, Franklin 
Lakes, NH, USA) instructions, and they were 

analyzed by FACS (Becton Dickinson, Franklin 
Lakes, NJ, USA).

Clone formation assay 

Prostate cancer cells (4 × 103 per well) were 
incubated with the specified concentration of 
the compound for 7 days, waiting for individual 
cells to proliferate and form a cell population, 
fixed with 4% paraformaldehyde for 20 min and 
stained with 0.2% crystal violet. Subsequently, 
cell colonies were washed with water and air-
dried, and then images were taken using an 
inverted microscope. 

Cell migration assay

The results were determined by wound healing 
and transwell migration assay. Briefly, conflu-
ence prostate cancer cells were starved over-
night and scratched, cells were cultured in pre-
scribed concentrations of compounds for 24 h, 
and migrating cells were microphotographed 
and counted manually. For the transwell migra-
tion assay, 5 × 104 cells were seeded in serum-
free medium with the indicated concentration 
of the compound in the upper chamber. Me- 
dium containing serum was added to the bot-
tom well of each chamber. After 24 h, nonmi-
grating cells in the upper chamber were 
removed by cotton swab, fixed with 4% parafor-
maldehyde and stained with 2% crystal violet. 
Images were obtained by taking pictures with 
an inverted microscope, and the number of 
migrating cells was manually counted. 

Bioinformatic data mining

Prostate cancer PC3 cells were treated with 
high and low concentrations of ZY-444. After 
24 h, cells RNA was extracted and collected  
for transcriptome gene sequencing. RNA 
sequencing was performed by Shanghai OE 
Biotech Co., LTD. According to the adjusted P < 
0.05 and logarithmic change, mRNA with differ-
ent expressions were selected for GO analysis 
and KEGG pathway significance analysis. Gene 
expression data of prostate cancer cases in  
the high-grade PCa UCSC Xena (http://xena.
ucsc.edu/) data set, which includes 540 PCa 
tissues and 100 non-tumor tissues. 

Plasmid construction and cell transfection

The full-length sequence of the human TNFAIP3 
gene was purchased and subcloned into the 
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pCD513B vector (Geneppl Technology Co., Ltd.) 
with Lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manu-
facturer’s information, and the empty vector 
was used as the negative control. After 48 h, 
qPCR and Western blot were performed to test 
for subsequent validation experiments.

Transient transfection small interfering RNA 
(siRNA) and compound treatment

The TNFAIP3 gene-silenced plasmids (Table 1) 
were constructed (Shanghai GenePharma Co., 
Ltd.) to confirm the possibility of ZY-444 target-
ing the predicted TNFAIP3 gene. The 22RV1 
cells were seeded onto 6-well plates at a den-
sity of 5 × 105 cells/ml per well and transfect- 
ed with TNFAIP3 siRNA using Lipofectamine 
2000. The siTNFAIP3 #1, siTNFAIP3 #2, siTN-
FAIP3 #3 and siNC (Suzhou Genepharma Co., 
Ltd.) were transfected into 22RV1 cells, follow-
ing transfection for 48 h, qPCR and Western 
blot were performed to test whether TNFAIP3 
gene was successfully silenced, and the 
sequence that was successfully silenced (siTN-
FAIP3 #3) was selected for subsequent valida-
tion experiments. For Western blot assay, the 
22RV1 cells were first transfected with siTN-
FAIP3 along with their controls (siNC). Later, the 
transfected cells (siNC and siTNFAIP3) were 
treated with or without ZY-444 IC50 (2 μM in 
22RV1) and incubated for 48 h at 37°C and  
5% CO2 to collect total proteins.

Western blot analysis

Total protein was extracted from the treated 
cells and animal tissues lysed with RIPA protein 
lysate containing 1 × protease inhibitor mixture 

(Roche Applied Science). The amount of total 
protein was quantified by BCA assay kit (Thermo 
Fisher) to obtain equal loads. Subsequently, 
lysates were fractionated on polyacrylamide 
gels and transferred to NC membrane. The 
blots were incubated with primary and second-
ary antibodies and the signals were visualized 
using a Tanon Highly-sig ECL Western Blotting 
Substrate Reagent Kit (#180-5001, Tanon 
Science and Technology Co., Ltd.). Then mem-
branes were examined by the Tanon 4600 sys-
tem. The primary antibodies to Bcl-2 (12789-1-
AP; Proteintech), caspase-3 (66470-2-Ig; Pro- 
teintech), N-cadherin (22018-1-AP; Proteinte- 
ch), Vimentin (10366-1-AP; Proteintech), E- 
cadherin (20874-1-AP; Proteintech), TNFAIP3 
(23456-1-AP; Proteintech), RIPK1 (17519-1- 
AP; Proteintech), IKKα (AF6014; Affinity), IKBα 
(AF5002; Affinity) and p-IKBα (AF2002; Affini- 
ty), NF-κB (AF5006; Affinity), p-p65 (AF2006; 
Affinity) and β-actin (66009; Affinity). The sec-
ondary antibodies to HRP-conjugated Affinipure 
goat anti-mouse IgG (SA00001-1; Proteintech) 
and HRP-conjugated Affinipure goat anti-rabbit 
IgG (SA00001-2; Proteintech).

Animal studies

NOD-scid, male, 6-8-week-old mice were 
obtained from the Animal Center of East China 
Normal University. All animal experimental pro-
tocols were approved by the Animal Investiga- 
tion Committee of the Institute of Biomedical 
Sciences, East China Normal University. DU145 
cells (5 × 107) were suspended in PBS with 
50% Matrigel and injected into the right flank  
of the mice. Treatment began after the tumor 
nodules reached 100-120 mm3 in volume. The 
tumor-bearing mice were randomly assigned to 
four groups (n = 5-8) and treated with the indi-
cated compounds. 1) DMSO vehicle; 2) 5 mg/
kg/d ZY-444; 3) 2.5 mg/kg/d ZY-444; 4) 5 mg/
kg/d Paclitaxel. All agents were administered 
via intraperitoneal injection (i.p.) daily. The 
tumor volume and mice body weight were mea-
sured after 6 days. The tumor volume (V) was 
calculated as length × width × width × 0.52. At 
the end of experiment, the mice were sacri-
ficed. Solid tumors were removed and pro-
cessed for immunohistochemistry analysis and 
pathological observation.

Immunohistochemistry and HE staining 

Briefly, specimens of tumor tissue from xeno-
graft models were fixed with 4% paraformalde-

Table 1. The sequences of specific primers 
used for siTNFAIP3
Target Name Target Sequence
siTNFAIP3 #1 S: GCGGAAAGCUGUGAAGAUATT

AS: UAUCUUCACAGCUUUCCGCTT
siTNFAIP3 #2 S: GACACACGCAACUUUAAAUTT

AS: AUUUAAAGUUGCGUGUGUCTT
siTNFAIP3 #3 S: CAGCAUGAGUACAAGAAAUTT

AS: AUUUCUUGUACUCAUGCUGTT
siNC S: UUCUCCGAACGUGUCACGUTT

AS: ACGUGACACGUUCGGAGAATT
si, small interference; TNFAIP3, Tumor necrosis factor-α 
induced proteins 3; NC, negative control; S, sense; AS, 
antisense.



The therapeutic mechanisms of ZY-444 in PCa

1536 Am J Cancer Res 2023;13(4):1533-1546

hyde solution at 4°C overnight. Sections were 
stained overnight with antibodies Cleaved cas-
pase-3 (AF7022; Affnity), Ki-67 (ab16667; 
Abcam) and TNFAIP3 (23456-1-AP, Proteintech) 
at 4°C, and they were performed using anti-
rabbit or anti-mouse secondary antibody. Then, 
according to the manufacturer’s instructions 
(SK-4100; Vector laboratories), the avidin-bio-
tin peroxidase complex was used, followed by 
colorimetric detection using DAB. Formalin-
fixed tissues were paraffin embedded, and 
4-μm sections were prepared and stained with 
H&E. The sliced tissue slices were placed in a 
water bath at 40°C for spread, and the slices 
were baked in an oven at 60°C for 3 hours. 
Paraffin sections were deparaffinized with 
xylene and subjected to gradient ethanol hydra-
tion. Finally, hematoxylin was used to counter-
stain the sections and coverslips were mount-
ed, and photographed using an inverted phase-
contrast microscopy. 

Real-time quantitative PCR (qPCR)

Total RNA for PCa cells were extracted with 
Trizol reagent (Takara, Japan) and reverse tran-
scribed into cDNA using a cDNA reverse tran-
scription kit (Takara, Japan). Real-time quanti-
tative PCR was performed using a standard 
SYBR Green PCR kit (Thermo). All reactions 
were conducted using the following cycling 
parameters: 1 cycle for 2 min at 50°C; 40 
cycles for 5 s at 95°C, 60°C for 30 s, respec-
tively; with a final extension at 95°C for 15 s. 
β-actin was used as an endogenous control. 
The gene expression was analyzed using the 
ΔΔCt method. The sequences of primers are 
shown as follows (Table 2).

Statistical analysis

Experiments were performed three or more 
replicates. Statistical analyses were deter-
mined by student’s t-test. The differences 
between the control group and experimental 
groups were determined using one-way ANOVA. 

All analysis was performed using GraphPad 
Prism8. Data were presented as mean ± SD 
and P < 0.05 was considered significant.

Results

ZY-444 inhibits the proliferation of prostate 
cancer cells

In order to identify the inhibitory effect of small 
molecule compound ZY-444 (Figure 1A) on 
prostate cancer, we tested the efficacy of 
ZY-444 against the growth and viability of PCa 
cells, including C4-2, 22RV1, PC3, and DU145 
cell lines. The growth curve and IC50 are shown 
in the Figure 1B. The semi-inhibitory concentra-
tions of ZY-444 against these several cell lines 
ranged from 1.5 to 2.5 μmol/L. In colony forma-
tion, ZY-444 almost completely inhibited cell 
colony formation at the concentration of 5 μM 
compound (Figure 1C, 1D). These results sug-
gest that ZY-444 has a significant inhibitory 
effect on prostate cancer cells.

There is no doubt that induced apoptosis is one 
of the most effective strategies for prostate 
cancer. In presence of ZY-444 for 48 h, the 
numbers of apoptotic cells detected by flow 
cytometry analysis increased with rising dos-
age (Figure 1E, 1F). Furthermore, we detected 
increases in apoptotic biomarkers caspase-3 
and decreased expression of anti-apoptosis 
biomarkers Bcl-2 with ZY-444 treatment (Fi- 
gure 1G). Thus, ZY-444 showed a noticeable 
inhibition of proliferation and induction of apop-
tosis on PCa cells.

ZY-444 inhibits PCa cell migration, metastasis 
and reverse the epithelial-to-mesenchymal 
transition (EMT) process

To further explore the effects of ZY-444 on the 
migration of PCa cells, wound healing assay 
and transwell migration assay were performed. 
The results indicated ZY-444 inhibitor cell 
migration (Figure 2A-D). In addition, a signifi-

Table 2. The sequences of specific primers used for Real-time quantitative PCR
Gene Name Sequence (5’→3’)
TNFAIP3 F: ATAGAAGATTCTAGAGCTAGCGCCACCATGGCTGAACAAGTCCTTCC

R: GATCGCAGATCCTTCGCGGCCGCTTAGCCATCACATCTGCTTGA
β-actin F: CATGTACGTTGCTACCCAGGC

R: CTCCTTAATGTCACGGACGAT
TNFAIP3, Tumor necrosis factor-α induced proteins 3; F, forward; R, reverse.
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cantly increased expression of epithelial cad-
herin (E-cadherin) was noticed upon ZY-444 
treatment. In contrast, the expression of neural 

cadherin (N-cadherin) and Vimentin were sig-
nificantly decreased in both PCa cell line DU145 
cells and PC3 cells (Figure 2E). The results 

Figure 1. ZY-444 inhibits the proliferation of prostate cancer cells. A. The small-molecule compound structure of ZY-
444. B. The effect of ZY-444 on cell growth. 22RV1, DU145, PC3 and C4-2 were treated with ZY-444 for 48 h, and 
the viability of cells was determined using the CCK-8 assay. C, D. The PC3, DU145, C4-2 and 22RV1 cell lines were 
treated with 0, 1.25, 2.5 or 5 µM ZY-444 in 6-well plates. After 7 days, cell colonies were counted, and colony forma-
tion for each cell line was presented. E, F. Cell apoptosis assays of PC3 and DU145 cells treated with NC or ZY-444 
using FACS. Cells were collected and labeled with Annexin V-FITC and PI. G. Western blot analyses of caspase-3 and 
Bcl-2 treated with NC or ZY-444. β-actin was used as an internal control. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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show that ZY-444 can suppress the EMT pro-
cess by increasing E-cadherin and decreasing 
the expression of N-cadherin and Vimentin, 
thereby inhibiting the PCa cell migration and 
metastasis.

ZY-444 inhibits the growth of prostate cancer 
cells by targeting TNFAIP3

To explore the potential role of ZY-444 in pros-
tate cancer, we selected high and low concen-

trations of ZY-444 for transcriptome sequenc-
ing in PC3 cells. Volcano map and heatmap 
showed the expression of TNFAIP3 in prostate 
cancer was obviously elevated (Figure 3A, 3B), 
and pathway enrichment analysis showed that 
TNF signaling pathway was highly enriched 
(Figure 3C). To further confirm the association 
of TNFAIP3 with the expression of genes in 
prostate cancer and adjacent normal tissues, 
TNFAIP3 gene in clinical samples was further 

Figure 2. ZY-444 inhibits PCa cell migration and metastasis by inhibiting EMT-related proteins. A, B. PCa cells DU145 
and PC3 were treated with 0, 1.25, 2.5 or 5 µM ZY-444, and wound healing assay was employed as described de-
tails in the methodology section. C, D. PCa cells DU145 and PC3 were treated with 0, 1.25, 2.5 or 5 µM ZY-444, and 
transwell migration assay was employed as described details in the methodology section. E. The PC3 and DU145 
cells were treated with ZY-444 for 48 h; total protein was extracted and incubated with antibody (E-cadherin, N-
cadherin and Vimentin) after executing Western blotting. β-actin was utilized as a control in Western blotting. *, P < 
0.05; **, P < 0.01; ***, P < 0.001. 
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verified and analyzed using UCSC Xena (http://
xena.ucsc.edu/). The UCSC data showed that 
the expression of TNFAIP3 in prostate cancer 
was lower than that in adjacent normal tissues 
(Figure 3D). 

In addition, the expression levels of TNFAIP3 
were further detected in several PCa cell lines 
by qPCR and Western blot. Among all PCa cell 
lines examined, 22RV1 cells exhibited the high-
est TNFAIP3 expression levels, while PC3 and 
DU145 cells were relatively lower (Figure 3E, 

3F). Therefore, PC3 and DU145 cells were 
selected for the subsequent overexpression 
experiments, and 22RV1 cells were selected 
for knockdown experiments. Furthermore, the 
transfection efficiency of TNFAIP3 in PCa cells 
was also verified (Figure S1A-E).

ZY-444 inhibits prostate cancer cell growth 
and affects the TNF signaling pathway in vivo

To determine the anti-tumor activities of ZY-444 
in vivo, DU145 xenograft model was used. As 

Figure 3. ZY-444 inhibits the growth of prostate cancer cells by targeting TNFAIP3. A. Heatmap analysis of gene 
expression in PC3 cells treated with ZY-444 or not (n = 3 holes per group). B. Volcano plots showed differentially ex-
pressed mRNAs. Gray indicates the mRNAs with nonsignificant differences; red and blue indicate those with signifi-
cant differences. C. KEGG enrichment analysis was performed on the upregulated and downregulated differentially 
expressed mRNAs. D. UCSC data analysis of the expression of TNFAIP3 in prostate cancer and adjacent normal tis-
sues. E, F. The expression levels of TNFAIP3 in PCa cell lines were assessed by Western blot and qPCR. **, P < 0.01.
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shown in Figure 4A, 4B, ZY-444 was more 
effective in inhibiting tumor growth compared 

with paclitaxel at the same dose. Importantly, 
no significant differences in body weights were 

Figure 4. ZY-444 inhibits prostate cancer cell growth and affects the TNF signaling pathway in vivo. A. DU145 tumor-
bearing NOD-scid mice were treated with ZY-444 at 2.5 and 5 mg/kg/d, Pacitaxel at 5 mg/kg/d or with control. 
Compared to the control group, ZY-444 and Pacitaxel-treated group showed inhibition of tumor growth. B. Tumor 
volumes were measured three per week, and treatment with ZY-444 resulted in significant inhibition of tumor vol-
ume compared to treatment with the control. C. ZY-444 did not cause obvious changes in body weight in the control 
and ZY-444-treated groups. D. IHC staining analysis and protein expression of Ki-67, Cleaved caspase-3 expression 
in tumors. The scale bar denotes 20 μm. E. The quantification of Ki67 and Cleaved caspase-3 immunostaining. F. 
ZY-444 (2.5 mg/kg/d and 5 mg/kg/d) did not cause obvious pathological abnormalities in normal tissues. H&E 
staining of paraffin-embedded sections of the heart, liver, spleen, heart, lung and kidney. G. ZY-444 affected the 
expression of genes related to TNF signaling pathway (n = 5, *, P < 0.05; **, P < 0.01; ***, P < 0.001).
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found among the ZY-444 treatment groups and 
DMSO control group (Figure 4C). Moreover, at 
the higher dose, a significant increase in 
cleaved caspase-3 was observed, which pro-
vided evidence for ZY-444-induced apoptosis 
in vivo. As additional markers of proliferation, 
the Ki-67 expression was also examined, and 
administration of ZY-444 significantly inhibited 
Ki-67 expression in DU145 xenograft model 
(Figure 4D, 4E). Furthermore, toxic pathologic 
changes in the hearts, livers, spleens, lungs, 
and kidneys were not detected by H&E staining 
(Figure 4F). These data suggested that the inhi-
bition of tumor growth by ZY-444 was not attrib-
utable to systemic toxicity.

In addition, in order to verify the mechanism of 
ZY-444 inhibits the progression and metastatic 
potential of prostate cancer in vivo, we detect-
ed the expression of TNF signaling pathway 
related genes through Western blot assay. As 
expected, ZY-444 of 5 mg/kg/d significantly 
inhibited the expression of RIPK1, IKKα, p-Ikkα 
and NF-κB, and increased the expression of 
TNFAIP3 and inhibitor IKBα compared with the 
control group and the low concentration group 
(Figure 4G). These results together indicated 
that ZY-444 impaired TNF signaling through 
inducing TNFAIP3.

TNFAIP3 inhibits proliferation, migration and 
induces apoptosis of prostate cancer cells

To further uncover the potential role of TNFAIP3 
in PCa, PC3 and DU145 cell lines were trans-
fected with overexpression of TNFAIP3 or siTN-
FAIP3 transfected in 22RV1. Following cell 
transfection for 48 h, the cell proliferation abil-
ity was assessed by CCK-8. The results indicat-
ed that compared with the control, overexpres-
sion of TNFAIP3 significantly inhibited cell pro- 
liferation in a time-dependent manner (Figure 
5A, 5B), In contrast, significantly promoted the 
proliferation were found upon siTNFAIP3 trans-
fection compared to NC group in 22RV1 cell 
lines (Figure 5C). The flow cytometry confirmed 
that TNFAIP3 overexpression induced apopto-
sis in prostate cancer cells compared with the 
NC group transfected with TNFAIP3 (Figure 
S2A, S2B). Then, expression of the apoptosis-
related protein was measured by Western blot, 
such as caspase-3 and Bcl-2 (Figure S2C). The 
results indicated that TNFAIP3 increased pro-
apoptosis protein expression and decreased 
anti-apoptosis protein expression.

Similarly, wound healing assay and transwell 
migration assay in overexpressed cell lines indi-
cated overexpression of TNFAIP3 inhibited cell 
migration (Figure 5D-G). However, the silencing 
of TNFAIP3 was found to have significantly 
enhanced cell migration rates and the healing 
action in 22RV1 cells (Figure 5H-K). In sum- 
mary, the effect of TNFAIP3 is consistent  
with a tumor-suppressive function of ZY-444 
treatment. 

TNFAIP3 inhibits the epithelial-mesenchymal 
transition (EMT) of PCa cells

We further verified the influence of TNFAIP3 on 
the expression of E-cadherin, N-cadherin and 
Vimentin proteins in epithelial cell characteris-
tics through overexpression or knockdown.  
A significantly increased expression of E- 
cadherin was noticed with overexpression  
of TNFAIP3 transfection in PC3 and DU145 
cells lines, while the expression of N-cadherin 
and Vimentin were significantly decreased 
(Figure 5L). In contrary, siTNFAIP3 significantly 
decreased E-cadherin and increased N-cad- 
herin and Vimentin in the 22RV1 cell lines 
(Figure 5M). The results showed that TNFAIP3 
could reverse the epithelial-to-mesenchymal 
transition process of prostate cancer cells, 
thereby inhibiting cell migration and meta- 
stasis. 

ZY-444 affects TNF signaling by targeting 
TNFAIP3

As described above, TNFAIP3 is target gene of 
ZY-444 treatment for PCa cells, but the mecha-
nism of the effect of TNFAIP3 still needs to be 
studied in PCa cells. Previous studies have 
shown that the zinc-finger protein TNFAIP3 has 
dual physiological functions of inhibiting nucle-
ar factor-κB (NF-κB) activation and apoptosis in 
tumor necrosis factor (TNF) receptor 1 signal-
ing pathway [14]. When the TNF pathway is acti-
vated, TNF binds to TNFR1 (TNF receptor 1) to 
induce the recruitment of TNF receptor-associ-
ated death domain protein (TRADD) and re- 
ceptor interacting protein 1 (RIPK1), activate 
IKK complex, IKKα phosphorylates IKBα, and  
ubiquitination and proteasomal degradation 
through K48 ligation assay [15-17]. The P50/
P65 NF-κB dimer is released, which transfer to 
the nucleus and induces expression of NF-κB 
responsive genes [18]. TNFAIP3 was shown to 
negatively regulate NF-κB signaling by replacing 
K63-linked chains on RIPK1 with K48-linked 
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Figure 5. TNFAIP3 inhibits proliferation and migration of prostate cancer cells. A, B. CCK-8 was used to assess the 
proliferation of PC3 and DU145 cells transfected with over-expression of TNFAIP3 at 0 h, 24 h, 48 h, 72 h and 96 
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chains, which targeted RIPK1 for proteasomal 
degradation [19]. In this study, we found that 
TNFAIP3 inhibits expression of RIPK1, IKKα, 

ranked first in male incidence and became the 
most common form of malignant tumor [20]. 
Currently, the treatment for PCa patients is 

h. C. CCK-8 was used to assess the proliferation of 22RV1 cells transfected with siTNFAIP3 at 0 h, 24 h, 48 h, 72 h 
and 96 h. D, E. Wound healing assays of PC3 and DU145 cells after transfection with over-expression of TNFAIP3. 
F, G. Transwell migration assays of PC3 and DU145 cells after transfection with over-expression of TNFAIP3. H, I. 
Wound healing assays of 22RV1 cells after transfection with siTNFAIP3. J, K. Transwell migration assays of 22RV1 
cells after transfection with siTNFAIP3. L. Western blot analyses of E-cadherin, N-cadherin and Vimentin in PC3 and 
DU145 cells after transfection with over-expression of TNFAIP3. β-actin was used as an internal control. M. Western 
blot analyses of E-cadherin, N-cadherin and Vimentin in 22RV1 cells after transfection with siTNFAIP3. β-actin was 
used as an internal control. **, P < 0.01; ***, P < 0.001. 

Figure 6. ZY-444 affects TNF signaling by targeting TNFAIP3. A. TNF sig-
naling factors were assessed. β-actin served as a loading control after 
transfection with over-expression of TNFAIP3. B. The 22RV1 cells were 
transfected or treated with siTNFAIP3 and ZY-444 IC50 individually or 
combined, and for Western blotting, proteins associated with TNF sig-
naling pathway were detected. As a control, β-actin was employed. C. 
TNF signaling factors were assessed treated with 0, 1.25, 2.5 or 5 µM 
ZY-444. β-actin served as a loading control.

p-IKBα and NF-κB. Increased  
expression of repressor IKBα  
(Figure 6A), suggesting that TN- 
FAIP3 exerts its anticancer effect 
in prostate cancer mainly by inhib-
iting the TNF signaling pathway. 

We inquired into the possibility of 
knockdown of TNFAIP3 in the TNF 
activation and its involvement in 
ZY-444-mediated TNF activation. 
We performed knockdown of TN- 
FAIP3 together with or without 
ZY-444 treatment in the 22RV1 
cell lines. The data from Western 
blotting showed that there was  
a significantly increased RIPK1, 
IKKa, p-IkBa, NF-κB and p-p65 in 
siTNFAIP3 22RV1 cells but de- 
creased IkBa compared to NC 
group and thereby upregulating 
the TNF activation, while the oppo-
site results were found in ZY-444 
treatment. However, their combi-
nation treatment could reverse 
that ZY-444 inhibited the produc-
tion of TNF signaling (Figure 6B). 
Meanwhile, we observed that ZY- 
444 treatment of prostate cancer 
cells also inhibited or promoted 
the expression of these genes in  
a concentration-dependent man-
ner (Figure 6C). The aforemen-
tioned findings indicated that 
ZY-444 inhibited the progression 
and metastatic of prostate can- 
cer by affecting the TNF signaling 
pathway.

Discussion

The American Cancer Society 
(ACS) showed that the estimated 
new cases of prostate cancer 
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mainly endocrine therapy [21], radiotherapy 
[22], chemotherapy and new therapy such as 
tumor vaccine and cryotherapy [23, 24], but 
usually, these face severe challenges such as 
poor efficacy, complications, and drug resis-
tance. Therefore, developing a new and effec-
tive therapeutics for prostate cancer is urgent-
ly. Our findings introduce a small molecule, 
ZY-444, with potent anti-prostate cancer 
growth effect in vitro and in vivo.

In this study, we investigated the molecular 
mechanism that the small molecular com-
pound ZY-444 uses to regulate the growth and 
metastasis of PCa cells. We found that ZY-444 
significantly inhibited the growth and migration 
process of the PCa cells, induced apoptosis, 
and reversed the EMT phenotype in a concen-
tration-dependent manner. In addition, we con-
structed a subcutaneous tumor growth xeno-
graft model that inhibited the growth of cancer 
cells in vivo after treating mice with ZY-444. 
Transcriptional genomics analysis, and a 
Western blot indicated the molecular mecha-
nism of ZY-444 against prostate cancer, prov-
ing that TNFAIP3 was a critical target for ZY- 
444 action. More importantly, UCSC data 
showed that the expression of TNFAIP3 in  
prostate cancer was lower than that in adjacent 
normal tissues. ZY-444 inhibited the growth 
and metastasis of PCa cells by downregulating 
the protein levels of RIPK1, IKKα, p-IKBα and 
NF-κB. The abovementioned results showed 
that the small molecular compound ZY-444 sig-
nificantly inhibited PCa cell growth and metas-
tasis, and promoted cancer cells apoptosis. 
Those targeted genes that were coupled with 
TNF signaling as the core can be used for 
ZY-444 therapy, with TNFAIP3 as the critical 
targets for regulation, thus laying the founda-
tion and possibility for their use in the targeted 
therapy of PCa.

As one of the members of the TNF superfamily, 
the role of TNFAIP3 as a tumor suppressor was 
first discovered in B cell lymphomas [25]. 
Subsequent studies revealed the dual roles of 
TNFAIP3 in solid cancers [26]. Re-expression of 
TNFAIP3 in TNFAIP3-deficient lymphoma cell 
lines resulted in cell apoptosis and growth 
arrest accompanied by downregulation of 
NF-κB signaling [27]. Deletion of TNFAIP3 in 
intestinal epithelial cells and myeloid cells 
cause development of colorectal tumors in 
aged mice, enhancing the apoptosis of IEC 
exposed to inflammatory cytokines or carcino-

gens [28, 29]. The overexpression of TNFAIP3 
can significantly inhibit the proliferation, metas-
tasis, and invasion of hepatocellular carcinoma 
cells in vitro, and the tumor suppressive effect 
of TNFAIP3 was also demonstrated in vivo [30, 
31]. However, TNFAIP3 acts as an oncogenic 
regulator in breast cancers [32], gastric can-
cers [33] and melanomas [34], indicating that 
TNFAIP3 acts as an oncogenic factor in these 
cancers. Therefore, TNFAIP3 may play different 
roles in different cancers. In this study, TNFA- 
IP3 was up-regulated in the ZY-444-treated 
PCa cells, thus acting as a tumor suppressor. 
Similarly, we used gene overexpression assays 
the TNFAIP3 mRNA expression. The results 
showed that the PC3 and DU145 cells that 
were transfected with a TNFAIP3 overexpres-
sion plasmid had significantly inhibited growth 
and metastasis ability when they were com-
pared with the PCa cells with empty plasmid 
transfection, however, the proliferation and 
migration abilities of 22RV1 cells were signifi-
cantly increased following cell transfection with 
siTNFAIP3 compared with the corresponding 
NC group. In addition, this study also examined 
the effects of silenced TNFAIP3 in the reversal 
of ZY-444 inhibition on TNF. We determined 
that the expression of TNF signaling pathway 
related genes when 22RV1 cells were treated 
with ZY-444 and siTNFAIP3, the TNF signaling 
pathway was reactivated compared to ZY-444 
alone. In conclusion, ZY-444 inhibited the pro-
gression and metastatic potential of prostate 
cancer by targeting TNFAIP3 through TNF sig-
naling pathway.

In summary, ZY-444 has significant anti-PCa 
activity. Target molecule TNFAIP3 play a vital 
role in regulating cell proliferation, apoptosis 
and migration through the TNF signaling path-
way, and it can be used as a biomarker for the 
treatment of PCa by the ZY-444. TNFAIP3 serve 
as key regulatory targets of ZY-444, this provid-
ing new compounds and candidate targets for 
the clinical treatment of PCa.
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Figure S1. The transfection efficiency of TNFAIP3 in PCa cells was verified. A-C. The transfection efficiency of TN-
FAIP3 in PC3 and DU145 cells transfected with overexpression of TNFAIP3 were determined using qPCR and West-
ern blot. D, E. The transfection efficiency of TNFAIP3 in 22RV1 cells transfected with siTNFAIP3 were determined 
using qPCR and Western blot. ***, P < 0.001.

Figure S2. Overexpression of TNFAIP3 induces apoptosis in PC3 and DU145 cell lines. A, B. Cell apoptosis assays 
of PC3 and DU145 cells transfected with over-expression of TNFAIP3 using flow cytometry. C. Western blot analyses 
of caspase-3 and Bcl-2 in PC3 and DU145 cells after transfection with over-expression of TNFAIP3. ***, P < 0.001. 


