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Nifuroxazide Activates the Parthanatos to Overcome
TMPRSS2:ERG Fusion-Positive Prostate Cancer
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ABSTRACT
◥

Fusion of the E-26 transformation-specific (ETS)-related
gene (ERG) with transmembrane serine protease 2 (TMPRSS2)
is a crucial step in the occurrence and progression of approx-
imately 50% of prostate cancers. Despite significant progress in
drug discovery, ERG inhibitors have yet to be approved for the
clinical treatment of prostate cancer. In this study, we used
computer-aided drug design (CADD)–based virtual screening to
screen for potential inhibitors of ERG. In vivo and in vitro
methods revealed that nifuroxazide (NFZ) inhibited the prolif-

eration of a TMPRSS2:ERG fusion-positive prostate cancer cell
line (VCaP) with an IC50 lower than that of ERG-negative
prostate cancer cell lines (LNCaP, DU145, and WPMY cells).
Poly [ADP-ribose] polymerase 1, the critical mediator of partha-
natos, is known to bind ERG and is required for ERG-mediated
transcription. NFZ blocked this interaction and overly activated
PARP1, leading to cell death that was reduced by olaparib, a
PARP1 inhibitor. These results show that NFZ inhibits ERG,
leading to parthanatic cell death.

Introduction
According to the International Agency for Research on Cancer

statistics, the mortality rate of prostate cancer among men was 6.8%
worldwide, ranking fifth, whereas the incidence was 14.1%, ranking
second among all cancers (1). At present, androgen deprivation
therapy is an important, but largely palliative treatment for prostate
cancer, and second-generation anti androgen drugs, such as abirater-
one and enzalutamide, have been shown to be effective in prolonging
the survival of patients with prostate cancer (2). However, about 10%
to 20% of the patients develop castration-resistant prostate cancer
(CRPC), most of whom lack appropriate clinical treatment, eventually
leading to death (3). New studies have brought PARP inhibitors into
the treatment of metastatic CRPC, but only for patients harboring
BRCA1, BRCA2, orATMmutations (4). Despite beneficial advances in
the treatment of prostate cancer with newer therapies such as immu-
notherapy, patient options remain limited (5). There is an urgent need
to develop new drugs for patients with prostate cancer that are safe and
have a large therapeutic range.

After years of exploration, researchers have discovered multiple
potential therapeutic targets for prostate cancer. In 2005, Tomlins and
colleagues confirmed that transmembrane serine protease 2
(TMPRSS2):ERG fusion is very common in European and American
individuals with prostate cancer (about 50%; ref. 6). The E-26 trans-
formation-specific (ETS)-related gene (ERG) is an important member
of the ETS family, which can be used as an activator or repressor of

transcription by binding to DNA (7). After fusion with the androgen-
driven promoter of TMPRSS2, the expression of ERG is upregulated
and enhances progression of prostate cancer (6). Therefore, finding an
effective ERG inhibitor can be expected to benefit the current treat-
ment of prostate cancer.

Through high-throughput drug screening, Mohamed and collea-
gues used an In-CellWesternAssay with the highly specific ERG-MAb
to screen small-molecule libraries for inhibition of the ERG protein
and found that ERGi-USU, a small molecule inhibitor, showed
a robust inhibitory effect on ERG-positive cells (8). Malhotra and
colleagues recently reported the new and more potent ERG inhibitor
ERGi-USU-6 developed by structure-activity studies from the parental
ERGi-USU (9). YK-4–279, a small molecule inhibitor of EWS-FLI1,
has also been reported to inhibit ERG- and ETV1-mediated prostate
cancer (10). However, these small molecules mentioned above are still
far from clinical application because their safety and efficacy remain
unknown (11). Nifuroxazide (NFZ) is a nitrofuran drug. Its safety
has been recognized clinically, and it is chiefly used to treat acute
infectious diarrhea (12). In this study, we identified NFZ as
an effective TMPRSS:ERG inhibitor and showed that NFZ activates
parthanatos in TMPRSS2:ERG-positive prostate cancer cells, which
is a new mode of action and different from the ERG inhibitors
mentioned above.

Materials and Methods
Virtual screening and molecular docking simulation

To screen the inhibitors of ERG, we performed virtual screening
using drug structures in the DrugBank repository 5.1 (13). The solved
3D structure of the ETS domain of ERG complexed to DNA (PDBID:
4IRI) was attained from the RCSB-Protein Data Bank (PDB) for
molecular docking (14). LeDock (http://lephar.com), a fast and accu-
rate flexible docking software, was used to screen for small molecules
against the ETS domain of ERG (15). The docking site was defined as
amino acids SER349-TYR356.

All selected molecules were converted from SDF to PDBQT format
with the aid of Open Babel software (16). Polar hydrogens and
Gasteiger charges were added to each molecule using Autodock
toolkit (17). The solved 3D structure of the ETS domain of ERG
complexed to DNA (PDBID: 4IRI) was attained from the RCSB-
PDB (18). Before docking, the ERG protein structure was prepared
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with different structural changes including the removal of water and
heteroatoms, the addition of polar hydrogen, and Kollman charges
using different modules available in an Autodock toolkit (17). Before
docking, eight residues namely, Ser349, Arg350, Ala351, Leu352,
Arg353, Tyr354, Tyr355, and Tyr356 were defined as pocket site
residues based on the previous report (18). The Lammarckian GA
4.2 algorithm was used for virtual docking, and other parameters were
set by default (19). Visual analysis was carried out by Discovery studio
visualizers.

Cell lines
Prostate cancer cell lines (PC3, VCaP, WPMY, LNCaP, DU145)

were kindly provided by the stem cell bank of the Chinese Academy of
Sciences. All cell lines were identified by short-tandem repeat and
tested by PCR for Mycoplasma before the in vitro experiment in
September 2019. In vitro experiments were completed within 30
passages of cell. RPMI1640 medium (Gibco, USA) and DMEM high
glucose medium (Gibco, USA) were supplemented with 1% antibiotic,
100x antimycotics (Gibco, USA), and 10% special-grade South
American FBS (Thermo Fisher Scientific, USA). DMEM high glucose
mediumwas used to culture PC3, VCaP, andDU145, while RPMI1640
medium was used for WPMY and LNCaP cells. Cells were incubated
at 37�C and 5% of CO2. Because WPMY, VCaP, and LNCaP are
androgen-driven cell lines, their culture medium was supplemented
with 10 nmol/L R1881 (MCE, USA), a synthetic androgen.

Measurement of cell proliferation
Two thousand cells per well were seeded in a 96-well plate. After the

cells adhered to the plate, the different concentrations of drugs
(zidovudine, andrographolide, amoxicillin, cefixime, sulfasalazine,
nifuratel, NFZ, nifursol, napabucasin, olaparib, and disulfiram pur-
chased from MCE;nifurtimox provided by TargetMol) diluted in
culture medium were added, with DMSO (Biotopped Amresco) as
control. The cells were cultured at 37�C and 5% CO2 for 72 hours.
Then, 10 mL of CCK8 (MCE, USA) solution and 90 mL of correspond-
ingmediumwere added into each well, and cells were incubated for an
additional 2 hours, followed by measuring the absorbance at 450 nm
using a FilterMax F5 filter microplate reader.

Determination of cell necrosis and apoptosis
The cells were stained with propidium iodide (PI) and Hoechst

33342 by using a Cell Necrosis and Apoptosis Assay kit (Beyotime-
c1056). ABDAccuri C6flow cytometerwas used to detectfluorescence
and light scattering.

Cell-cycle determination
The cells were stained with the cell-cycle detection kit (4A Bio-

technology). BD Accuri C6 flow cytometry was used to detect fluo-
rescence and light scattering.

RNA extraction
RNA extraction was completed according to the operation instruc-

tions provided by the Cell Total RNA Extraction kit (TaKaRa
MiniBEST Universal RNA Extraction Kit No. 9767).

RNA sequencing analysis
Cells were treated with 1 mmol/L NFZ for 12 hours and 24 hours,

respectively. Then, total RNA was extracted, and the quality of RNA
was detected by agarose gel electrophoresis andAgilent 2100. Then, the
sequencing was completed on a Hiseq-PE150 sequencing platform
(Novogene).

FastQC and Trimmomatic were used for quality control and data
filtering of FastQ files, respectively (20, 21). STAR was used for
sequence alignment (22). Reference genome hg38 (grch38. P12) and
gene annotation GTF (grch38, version 30, Ensembl 96) were down-
loaded fromGENCODE (www.gencodegenes.org). RSEMwas used to
determine the relative levels of gene expression (23). The aforemen-
tioned software packages were run on the Ubuntu 14.04.6 system.
Expected counts as the input variables were homogenized using the
OmicShare platform (https://www.omicshare.com/), including the
calculation counts per million and the differences of gene expression
between the control groups and NFZ groups. The differentially
expressed genes were screened with |log2fc| ≥ 1 and Q < 0.05 as the
criteria, and then KEGG enrichment analysis and visualization anal-
ysis were performed. The data from this study were deposited in NCBI
Sequence Read Archive under accession SRA: PRJNA913655.

RT-qPCR
Cells were treated with 2 mmol/L and 5 mmol/L NFZ, respectively,

for 12 hours and 24 hours with DMSO as the control. Total RNA was
extracted and reverse transcribed using PrimeScript RT Master Mix
(Takara No. rr036a). The reaction solution was put into aMastercycler
nexus X1 PCR instrument, and the program was set at 37�C for 15
minutes and 85�C for 5 seconds. Real-time fluorescence quantitative
PCRwas performed with a TBGreen Premix Ex Taq II kit (Takara No.
RR820A). Primer synthesis was completed by Sangon Biotech, and the
detailed information is shown in Supplementary Table S1S. PCR was
performed using an ABI QS5 Real-time PCR System, following the
standard procedure of two-step PCR amplification with TUBA1C as
the reference gene.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde, permeabilized in 0.2%

Triton X-100, and blockedwith 3%BSA-PBS. The cells were incubated
overnight at 4°C with primary antibodies against cleaved PARP1
(Beyotime, AF1567), AIF (Solarbio, K000163M), or phospho-
histone H2A.X (Beyotime, AF1201). DAPI was used to stain the
nucleus. Goat anti-rabbit IgG H&L Alexa Fluor 680 (Abcam,
ab175773) and goat anti-mouse IgG H&L Alexa Fluor 488 (Abcam,
ab150113) were used for secondary antibodies, and immunofluores-
cence was observed with a Zeiss LSM800 confocal laser microscope.

Western blot
The cells were collected with a scraper and lysed with RIPA lysis

buffer (Beyotime, P0013) containing 1% PMSF (Beyotime, ST506).
After heating with the proper amount of sample loading buffer
(Invitrogen, LC2570), the mixture was separated by SDS-PAGE and
transferred to a polyvinylidene difluoride membrane. No-Stain Pro-
tein Labeling Reagent (Thermo Fisher Scientific, a44449) was used to
label the total protein, and fluorescent blocking buffer (Thermo Fisher
Scientific, 37565) was used for blocking membranes. Membranes were
incubated with primary antibodies, for ERG (Beyotime, AF1297),
STAT3 (Proteintech, 60199–1-Ig), ALDH1 (Invitrogen, MA5–
29023), PARP1 (Proteintech, 66520–1-Ig), cleaved PARP1 (Beyotime,
AF1567), AIF (Solarbio, K000163M), or phospho-histone H2A.X
(Beyotime, AF1201), at 37°C for 1.5 hours. After washing, membranes
were incubated with secondary goat anti-rabbit IgG H&L Alexa Fluor
680 (Abcam, ab175773) and goat anti-Mouse IgG H&L Alexa Fluor
Plus 800 (Life Technologies, A32730), and protein bands were visu-
alized using a Bio-Rad ChemiDoc MP fluorescence imaging system or
AmershamTyphoon5. Image lab 5.2 softwarewas used to quantify and
normalize the proteins (24).
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Construction of ERG-overexpressing DU145 cells and PARP1-
overexpressing VCaP cells

pCDH-ECMV-3�Flag-ERG-EF1a-Puro (FENGHUISHENGWU,
ERG gene ID: NM_182918) is a lentiviral ERG expression vector
expressing a C-terminal FLAG tag. And pCDH-ECMV-6�His-
PARP1-EF1a-Puro (FENGHUISHENGWU, PARP1 gene ID:
NM_001618) is a lentiviral PARP1 expression vector, which
expresses a C-terminal 6�His tag. With the empty vector as the
control, the plasmids (empty vector, ERG or PARP1 expression
vector), pCMV-VSV-G (Beyotime, D8215) and pCAG-dR8.9
(Beyotime, D8216) were cotransfected into 293T cells to generate
lentivirus. After virus enrichment, DU145 and VCaP cells were
transfected with the ERG and PARP1 expression lentivirus, respec-
tively. Stable overexpressing cell lines were selected in puromycin.

Coimmunoprecipitation
With DMSO as a control, cells were treated with 0.25 mmol/L,

0.5 mmol/L, and 1 mmol/L NFZ for 2 hours. The cells were
collected with a scraper and lysed with RIPA lysis buffer (Beyo-
time, P0013) containing 1% PMSF (Beyotime, ST506). Lysates
were divided into different groups. For ERG-immunoprecipitation
experiments, ERG was used as the bait protein and PARP1 was the
target protein. The ERG was precipitated with anti-flag magnetic
beads (Beyotime, P2115) and was detected by Western blotting.
For PARP1-immunoprecipitation experiments, PARP1 was used
as the bait protein and ERG was the target protein. The PARP1 was
precipitated with PARP1 monoclonal antibody (Proteintech,
66520–1-Ig) according to the instructions of an immunoprecipi-
tation kit (Proteintech, PK10007) and anti-6�His magnetic beads
(Beyotime, P9811).

Surface plasmon resonance
ERG (Cusabio, csb-yp007781hu), STAT3 (Proteintech, ag0360),

and ALDH1 (Proteintech, ag8551) were fixed on Series Sensor Chip
CM5 (BR-1005–30, GE) and were analyzed with a Biacore 8K system
(GE Healthcare Life Sciences, GE).

Animal studies and models
Xenograft tumors were established by injecting 4 � 106 VCaP cells

subcutaneously on the left abdomen ofmale SCIDmice, obtained from
Charles River Laboratories. When tumors reached �100 mm3, the
mice were randomly assigned to treatment and control groups, six
mice per group. The treatment groups were injected intraperitone-
ally (i.p.) with 75 mg/kg once a day or gavage administration with
37.5 mg/kg twice a day, while the control group was injected i.p.
with the corresponding solvent. Data were collected every 3 days.
The values of alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) in plasma were detected every 7 days by the
following kits: Nanjing Jiancheng, C009–2-1; Nanjing Jiancheng,
C010–2-1. When the tumor volume exceeded 2 cm3, the experi-
mental endpoint was reached. After the mice were euthanized, the
tumors were removed for analysis. The above animal experiments
were approved by Institutional Animal Care and Use Committee of
SAFE (Shenzhen) Non-clinical Laboratories.

Statistical analysis
All data are presented in the form of mean� SD unless otherwise

specified. In addition to special instructions, the analysis of differ-
ences between groups was performed with GraphPad prism 8.0 for
one-way ANOVA. P < 0.05 was considered a statistically significant
difference.

Data availability statement
The data generated in this study are available within the article and

its Supplementary Data files.

Results
Acquisition of the active drug

To ensure that the active drugs had clinical applicability, we used the
marketed and experimental drugs included in DrugBank as the ligand
library to dock with the ETS domain of ERG (13). The main para-
meters of docking software are binding energy and binding efficiency
(Supplementary Table 2S). The better docking effect is manifested in a
lower binding energy and higher binding efficiency.We not only based
our results on virtual docking, but also compared with existing ERG
inhibitors (8, 10), to select for compounds with substantial cell
proliferation inhibition. We chose the TMPRSS2:ERG-positive pros-
tate cancer cell line (VCaP) as the main model (25).

As shown in Supplementary Table 2S, nifuratel shows better dock-
ing parameters than that of other candidates, along with an acceptable
inhibitory effect on VCaP (IC50, 13.9� 1.12 mmol/L). It demonstrates
that the structure of nifuratel should be the active structure, sowe focus
on nitrofurans. To further figure out the structure-activity relation-
ship, we examined the inhibition of three other nitrofurans (NFZ,
nifursol, and nifurtimox) on androgen-sensitive cell lines (VCaP and
LNCaP; refs. 25, 26) and androgen-insensitive cell lines (PC3 and
DU145), as well as the normal prostate cell line (WPMY; refs. 27–29).
To evaluate the binding ability of nitrofurans to ERG, we calculated
their binding energies by molecular docking simulation. The results
showed that NFZ exhibited lower binding energy compared with
nifuratel and nifurtimox (Table 1). For nifursol, the modification of
two nitro groups on the benzene ring produces more hydrogen bond
interactions with the receptor, resulting in a binding energy lower than
that of NFZ (Supplementary Fig. S1). In the cell proliferation inhibi-
tion assay, NFZ shows better IC50 of VCaP cells than that of the other
nitrofurans (Table 1). So, the low activity of nifursol indicates that the
modifications at the benzene ring are limited to the para position,
whereas modifications at other sites may reduce the efficacy.

However, NFZ has been characterized to target STAT3 and inac-
tivate ALDH1 to inhibit multiple myeloma and melanoma cells,
respectively (30, 31). Therefore, we chose the STAT3 inhibitor (napa-
bucasin) andALDH1 inhibitor (disulfiam) to determine their ability to
inhibit growth of different cell lines under the same conditions (32, 33).
Expression of the target proteins in five cell lines was determined by
Western blotting (Fig. 1A and B; Supplementary Fig. S2). For this, we
adopted multiple fluorescence detection and total protein normaliza-
tion to measure the protein levels (34). Napabucasin has a stronger
inhibitory effect on DU145 (IC50, 0.16 � 0.05 mmol/L) than the other
four cell lines (Table 1), which is consistent with the expression level of
STAT3. VCaP has higher levels of ERG and ALDH1 compared with
the other cell lines, which indicates NFZ may play an inhibitory role
through ERG or ALDH1. However, disulfiram has no obvious inhib-
itory effect on VCaP cells (IC50 > 30 mmol/L). The lower IC50 value of
NFZ on VCaP (2.65� 0.08 mmol/L) suggests that ERG is the target for
NFZ, hereinafter referred to as NFZ, in VCaP cells.

NFZ targets ERG and inhibits its function
To verify whether NFZ could bind to ERG, we adopted surface

plasmon resonance (SPR) to obtain the kinetic characteristics and
affinity constant (KD) of NFZ and ERG (Fig. 1C). The lower the KD

value is, the stronger the affinity between the two molecules will be.
And the rapid rise and fall of the curves indicates that NFZ and ERG
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were fast binding and fast dissociation, with a KD of 10.8 mmol/L,
which was obtained by fitting the saturation curve with the concen-
trations as the abscissa and the steady-state response as the ordinate
(Fig. 1C andD).Under the same conditions, theKDvalues ofNFZwith
STAT3 and ALDH1 were 22.8 mmol/L and 22.2 mmol/L, respectively,
and the binding patterns were also "fast binding/fast dissociation"
(Supplementary Fig. S3). Thus, the affinity of NFZ and ERG is twice as
strong as the STAT3 or ALDH1, and they have the same binding and
dissociation characteristics. Specially, we deducted the influence not
only of reference channel, but also of solvent on target protein and
channel (Fig. 1C). The subsequent signal fluctuated from low to
high after the signal value of the solvent was deducted (35, 36).
Moreover, RT-qPCR was used to measure the expression of genes
(PLAU, SERPINE1, SOX9, and LAMC2) downstream of ERG (37).
The mRNA expressions of PLAU, SERPINE1, SOX9, and LAMC2
decreased with the increasing NFZ concentrations at different times

(Fig. 1E). These results show ERG-mediated transcription is inhib-
ited by NFZ. The results of RNA sequencing (RNA-seq) also
confirmed the downregulation of the above genes (Supplementary
Table).

RNA-seq analysis of NFZ acting on VCaP cells
We extracted the mRNA of VCaP cells treated with NFZ and

analyzed the effect of NFZ on gene expression by RNA-seq. At
24 hours, NFZ-treated cells showed a large number of differences
in gene expression compared with that of the control group
(Supplementary Fig. S4) and are mainly associated with cell cycle,
cytokine expression, MAPK signaling pathway and DNA damage
repair, based on KEGG enrichment analysis (Fig. 2A and B;
Supplementary Fig. S4). We verified the stability of 12 (92%) of
the 13 differentially expressed genes by RT-qPCR (Fig. 1E; Sup-
plementary Fig. S5).

Table 1. Growth inhibitory IC50 and binding energy of NFZ in five different cell lines.

Compound VCaP PC3 LNCaP DU145 WPMY
Binding energy
(kcal/mol)

Nifuratel 13.9 � 1.12 3.87 � 0.35 >30 27.7 � 1.11 26.6 � 0.13 �5.4
Nifuroxazide (NFZ) 2.56 � 0.08 3.62 � 0.51 13.4�2.66 5.12 � 0.63 4.53 � 0.12 �5.9
Nifursol >30 >30 >30 >30 >30 �6.1
Nifurtimox >30 >30 >30 >30 >30 �5.5
Napabucasin 0.23 � 0.05 0.29 � 0.07 0.23 � 0.08 0.16 � 0.05 0.25 � 0.01 —

Disulfiram >30 27.0 � 2.00 33.0 � 3.11 22.6 � 2.93 23.3 � 0.49 —

Note: IC50, the half maximal inhibitory concentration (mmol/L); IC50 values were obtained from GraphPad Prism 8.0 and shown as mean � SD (n ¼ 3 independent
experiments).
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Figure 1.

NFZ targets the ETS domain of ERG.A, ERG, ALDH1, and STAT3Western blots. Samples are untreated lysates from five different cell lines. Uncroppedblots are shown
in Supplementary Fig. S2. B, The quantification of ERG, ALDH1, and STAT3 was normalized to total protein and analyzed with Image Lab 5.2 software using the first
sample as a reference.C,ERGandNFZ affinity determination curve. NFZ concentrations decrease from top to bottom.D, The fitted curve of the affinity. E,Expression
of genes downstream of ERG, determined by RT-qPCR. RQ, relative quantification. DMSOwas used as a control. The abscissa indicates 2 or 5 mmol/L NFZ treatment
for 12 or 24 hours. Results are shown as mean � SD (n ¼ 3 independent experiments; ns, not significant; � , P < 0.05; ��, P < 0.01; ��� , P < 0.001; ���� , P < 0.0001),
compared with the DMSO control, by Dunnett multiple comparisons test.
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Figure 2.

RNA-seq analysis of VCaP cells treated with NFZ. A, Differential gene enrichment map. On the left is a pathway enrichment map of differential genes. Red font
represents upregulation, while green represents downregulation. On the right is a heatmap of the differential gene expression between untreated and NFZ-treated
VCaP cells. Results are shown as three independently repeated groups. NFZ groups were treated with 1 mmol/L NFZ for 24 hours. B, Influence of NFZ on DNA repair
pathway. C, Effect of NFZ on the cell cycle. VCaP cells were treated with 5, 10, or 20 mmol/L NFZ for 24 hours. Results are shown as mean� SD (n¼ 3 independent
experiments with at least 10,000 cells counted in each replicate; ns, not significant; �� , P < 0.01; ���, P < 0.001), compared with DMSO group by Dunnett multiple
comparisons test.
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Webrought together the pathways affected byNFZ (Fig. 2A). In the
NFZ groups, NFZ affected the function of several transcription factors
(TF), including ERG in theMAPK signaling pathway (Fig. 2A), which
directly led to the downregulation of cytokines IL1, IL6, and CCL2.
Among the TFs, ELK1, and ETS1 belong to the ETS family because
they have the same ETS domain (38). Studies have shown that ERG
and other TFs containing ETS domains cooperate with multiple TFs
(AP-1, NFAT, NFkB, etc.) or proteins to regulate downstream gene
expression (39, 40). This implies that NFZ may affect the function of
other TFs through interfering with ERG-related protein–protein
interaction network.

In addition, it has been reported that cyclin D induces E2F-
mediated progression to pass G1 and the R point, which can be
inhibited by RB (41). Hossain and colleagues observed cell cycle
arrest at G1–G0 by knocking down ERG (42). In the NFZ groups,
we also observed that cyclin D was downregulated and RB was
upregulated by NFZ through the MAPK signaling pathway, result-
ing in the failure of cells from the G1–G0 phase to the S phase
(Fig. 2A). Cell-cycle experiments confirmed that the proportion of
cells in the G1–G0 phase was increased with the increasing NFZ
concentrations (Fig. 2C). Thus, NFZ can inhibit the proliferation
of TMPRSS:ERG-positive cells by interfering with ERG or ERG-
related TFs.

NFZ blocks the interaction between ERG and PARP1 and
activates the parthanatos pathway

We also found NFZ upregulated DNA repair–related genes
(including BRCA1, FANCA, and PARP1) in VCaP cells (Fig. 2B),
especially PARP1. We tried to inhibit the DNA repair function
through a PARP1 inhibitor (olaparib), so as to promote the killing
effect of NFZ on tumor cells, but our statistics showed the opposite.
Olaparib blocked NFZ-mediated growth inhibition on VCaP cells
in a dose-dependent manner (Fig. 3A). A concentration of
20 mmol/L olaparib completely abrogated the inhibitory effects of
NFZ. Therefore, we hypothesized that NFZ could block the binding of
ERG and PARP1. We constructed a DU145 cell line, stably over-
expressing a FLAG-tagged ERG, by lentiviral transfection (Supple-
mentary Fig. S6). It was confirmed by coimmunoprecipitation that the
0.5 or 1 mmol/L NFZ reduced the amount of PARP1 bound to ERG
(Fig. 3B). When we used PARP1 as bait protein, the amount of ERG
also decreased byNFZ, whether by anti-PARP1 antibodies ormagnetic
beads pull-down of bait proteins (Supplementary Fig. S7). The reduc-
tion of PARP1 indicates that NFZ blocks the interaction between ERG
and PARP1.

The inhibitory effect of NFZ requires PARP1 activity, which
implicates an association with parthanatos. Parthanatos is different
from other regulatory cell death pathways in that it depends on the
activity of PARP1. So, NFZ may induce cell death by activating
the parthanatos pathway (Fig. 3C). AIF is the main effector of
parthanatos when nuclear translocation occurs, which will eventu-
ally produce a large number of DNA fragments to induce cell
necrosis (43). RT-qPCR suggested that NFZ increased the expression
of AIF, which was confirmed by RNA-seq (Fig. 3D; Supplementary
Table), indicating that NFZ activated regulatory cell death path-
ways by increasing the expression of AIF. Western blotting also
showed that NFZ rapidly released AIF at 2 or 5 mmol/L within
30 minutes, which was reduced by 10 mmol/L olaparib (Fig. 3E).
Therefore, AIF induced by NFZ required the activity of PARP1. To
verify whether NFZ results in DNA damage by parthanatos, we
assessed the total levels of histone g-H2A.X, which is rapidly
phosphorylated in response to DNA double-stranded breaks (44).

g-H2A.X expression was increased by 2 or 5 mmol/L NFZ at different
times (Fig. 3F), further supporting the activation of parthanatos.
Olaparib also counteracted this effect of NFZ (Fig. 3F). These results
imply the cell death function of NFZ requires the activation of
PARP1.

We also assessed that the combination of olaparib andNFZ acted on
theDU145-ERG cells. NFZ had a stronger inhibitory effect on the ERG
overexpressing cell line (Fig. 3G). The difference in IC50 between
DU145-ERG and DU145 vector is at least sevenfold (0.976� 0.131 vs.
7.68 � 0.211 mmol/L, p < 0.0001), while the addition of olaparib
reduces the inhibitory of NFZ on DU145-ERG at least 10-fold
(Fig. 3G). These results indicate that the inhibitory effects of NFZ
occur through ERG and need the participation of PARP1, which is
characteristic of parthanatos activation.

NFZ also activates other regulatory cell death pathways
We observed that NFZ caused a large amount of DNA damage,

which may induce the activation of other regulatory cell death
pathways. Cleaved PARP1 can be produced by activated caspases,
and is an important marker of apoptosis (45). NFZ increased
PARP1 cleavage, but this effect was not altered by olaparib
(Fig. 4A). This finding suggests that NFZ induces apoptosis sep-
arately from parthanatos.

At the same time, we visualized the target proteins (cleaved
PARP1, AIF, and g-H2A.X) by laser confocal imaging (Fig. 4B
and 4C). Cleaved PARP1 was increased by NFZ but had no obvious
decrease in the olaparib and NFZ combination group compared
with the NFZ group (Fig. 4B). The NFZ-induced cleaved PARP1 is
mainly distributed in the cytoplasm, with a small amount in the
nucleus (Fig. 4B). AIF is released from the mitochondria and
functions in nucleus, so the increased AIF can be observed in the
cytoplasm and nucleus of NFZ-treated cells (Fig. 4B). Laser con-
focal imaging for g-H2A.X suggests that it is located in the nucleus
and is upregulated by NFZ (Fig. 4C). Otherwise, the effect of NFZ
on AIF and g-H2A.X is counteracted by olaparib in the olaparib and
NFZ combination group (Fig. 4B and C). These results are con-
sistent with that of Western blotting.

PI strongly stains necrotic cells, while Hoechst staining could
distinguish apoptotic cells from normal cells or necrotic cells (46).
Flow cytometry analysis of PI and Hoechst staining suggests that the
clusters of dead cells in 5, 10, or 20 mmol/L NFZ-treated cultures are
grouped along the PI axis (Q1 andQ2), significantly higher than that in
the DMSO group, which indicates that the dead cells are mainly
necrotic cells related to the activation of parthanatos (Fig. 4D). In
NFZ-treated cells, we also observed that the clusters of dead cells
were grouped along Hoechst axes, indicating that the dead cells
contained apoptotic cells (Q4; Fig. 4D). In the olaparib and NFZ
combination group, olaparib reduced the number of necrotic cells
(Q1 and Q2) significantly compared with NFZ-treated cells, but not
the apoptotic cells (Q4). NFZ may activate different regulatory cell
death pathways (parthanatos and apoptosis), while parthanatos is
the principal cause of cell death.

Antitumor activity of NFZ in vivo
To test whether NFZ possesses antitumor activity on TMPRSS:

ERG-positive cells in vivo, xenografts generated from VCaP cells
were treated with vehicle or NFZ for 3 weeks. NFZ can reach a
certain blood concentration by oral administration (47). An i.p.
group was injected with 75 mg/kg NFZ once a day, while a gavage
group was administered 37.5 mg/kg twice a day. As shown
in Fig. 5A, VCaP cells responded to NFZ treatment, in both gavage
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immunoprecipitation of ERG and PARP1 from ERG-overexpressing cells (DU145-ERG). Representative Western blotting is shown on top, and a quantitative
histogram is shown beneath. Histogram results are shown as mean � SD (n ¼ 5 independent experiments; ns, not significant; � , P < 0.05; �� , P < 0.01),
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reference. Uncropped blots are shown in Supplementary Figs. S6, 8S and 9S. Histogram results are shown as mean � SD (n ¼ 3 independent experiments; ns, not
significant; � , P < 0.05;�� , P < 0.01; ��� , P < 0.001; ����, P < 0.0001), compared with the DMSO group by Dunnett multiple comparisons test. G, IC50 values for
ERG-overexpressing cells. TheDU145 vector group is the negative control group. TheDU145-ERGgroup is the ERG-overexpressing group,whichwas treatedwith 0.1,
0.5, 1, 5, 10, and 30 mmol/L NFZ, or a mixture of the NFZ and 10 mmol/L OLP. IC50 values were obtained using GraphPad Prism 8.0. OLP, olaparib.

Li et al.

Mol Cancer Ther; 22(3) March 2023 MOLECULAR CANCER THERAPEUTICS312



and i.p. groups, with relative tumor volume compared with those in
the control group. Both gavage and i.p. administration showed
obvious tumor inhibitory activity by the third day (Fig. 5A). The
antitumor activity of the i.p. group showing slightly better activity
than the gavage group, suggesting that NFZ can exert antitumor
activity by either oral administration or i.p. injection.

We further evaluated the effect of NFZ on the body weight of the
mice. The weight loss of mice treated with NFZ was significantly less
than that of mice treated with vehicle (Fig. 5B), implying that NFZ can
reduce the weight loss of mice, and NFZ did not show obvious toxicity
through our observation. The values of ALT andAST fluctuatedwithin
a normal range in the NFZ-treated groups (Fig. 5C andD; ref. 48). On
the basis of the above data, NFZ could exert its antitumor function
without obvious toxicity.

Discussion
To obtain a strong enough positive compound, we set themaximum

IC50 value to 30 mmol/L. Andrographolide is derived from a natural
product that needed structural modification for better pharmacoki-
netic characteristics due to its several unstable groups, whereas nifur-
atel has better activity and structure, indicating its structure would
mediate a better structure-activity relationship. So, we focused our
research on nitrofurans. NFZ inhibited the growth of the five cell lines
to different extents, comparedwith napabucasin and disulfiram, which
indicates NFZ’s mode of action is different than napabucasin and
disulfiram. SPR experiments showed that NFZ has affinity for STAT3
and ALDH1, but a stronger affinity for ERG. Because the double
deduction system of Biacore and the speed of protein separation from
the chip are different, the response value will fluctuate significantly

Figure 4.

NFZ induces apoptosis and necrosis. A,Western blotting for cleaved PARP1. Representative Western blot is shown on top and the quantitation is shown beneath.
VCaP cells were treated with DMSO, or 2, or 5 mmol/L NFZ, or NFZ combined with 10 mmol/L OLP for different times. Band intensity was measured by Image Lab 5.2
software and normalized to total protein. Relative levels are expressed using the first sample as a reference. Uncropped blots are shown in Supplementary Fig. S10.
Results in the histogram are shown as mean � SD (n ¼ 3 independent experiments; ns, not significant; � , P < 0.05;�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001),
compared with the DMSO group by Dunnett multiple comparisons test. B, Confocal laser imaging for cleaved PARP1 and AIF. VCaP cells were treated with 2 mmol/L
NFZ for 30minutes. Immunofluorescence of cleaved PARP1 (green), AIF (red) and nuclei (DAPI, blue). Scale bars, 5 mm. C, Confocal laser imaging for g-H2A.X. VCaP
cellswere treatedwith 2 mmol/LNFZ for 12 hours. Immunofluorescence of g-H2A.X (green) and nuclei (DAPI, blue). Scale bars, 5 mm.D, Flow cytometry for cell death.
Apoptotic cells and dead cells are stained byHoechst to different degrees. VCaP cellswere treatedwith 5 mmol/L NFZ, 10mmol/L NFZ, or 20mmol/L NFZ for 48 hours
or 72 hours. Q1 andQ2 gate are the necrotic cells; Q3 andQ4 represent the normal cells and apoptotic cells, respectively. The results show the proportion of dead cells
to the total number with at least 10,000 cells counted. DMSO was used as a control. OLP, olaparib.
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from low to high after deducting the solvent group (35, 36). This way
will not change the binding mode between the receptor and ligand.
NFZ shows an obvious strong inhibitory effect on the growth of
ERG-positive cell lines (VCaP, DU145-ERG) but not ERG-negative
cell lines (LNCaP, DU145, WPMY). NFZ is more likely to inhibit
ERG to a greater extent when the three targets coexist. This would
explain why nitrofurans also have a certain inhibitory effect on ERG-
negative cell lines. At the same time, PC3 is a cell line with over-
expression of ETV4 (a member of the ETS family), which is required
for anchorage-independent growth and proliferation in PC3 prostate
cells (49). NFZ showed a low IC50 on PC3 cells, indicating that NFZ
could inhibit cell growth through different members of the ETS
family.

PARP1 inhibition by olaparib can counteract the growth inhibitory
effect of NFZ on VCaP cells, indicating NFZ-mediated cytotoxicity
is exerted via PARP1, indicative of parthanatotic cell death. Coinci-
dentally, Dinhof and colleagues also found that YK-4–279, mentioned
above, can also activate the parthanatos through PARP1 (50).
Overactivation of PARP1 is the key to parthanatos activation (43),
which is likely related to NFZ blocking the interaction between
ERG and PARP1 in our study. Li, G. Y. and colleagues elucidated
that mTOR interacting with PARP1 could regulate parthanatos
via the intermediate factor sirtuin 1 (51). Activating parthanatos
by blocking the interaction between ERG and PARP1 is a new
concept. Transcriptomics suggests that NFZ affects the function of
downstream TFs in the MAPK signaling pathway, resulting in a
reduction in expression of a large number of cytokines. Cell
necrosis caused by NFZ activating parthanatos and the down-
regulation of these inflammatory factors could change the immune

microenvironment and improve the immune response. It has been
reported that NFZ can increase the infiltration of CD8þ T cells and
reduce the number of M2 macrophages in colorectal cancer (52).
This will be a new option in tumor treatment.

In vivo experiments indicate that NFZ shows antitumor activity at
an early time point and could alleviate the weight loss of mice without
obvious toxicity, either through gavage or i.p. administration. This will
greatly accelerate drug compliance in future clinical applications. In
many cancers, TFs are the most direct and promising targets, but
the development of related inhibitors has seldom achieved
results (53). "New use of old drugs" is a shortcut for the develop-
ment of TF inhibitors. NFZ has a long history of clinical application,
and there are many studies on its anticancer activity (54). However,
now that it has been discovered for the first time that NFZ can target
ETS-related proteins and can cause cell death by inducing excessive
activation of PARP1, it is a potential that has yet to be explored. We
hope to explore appropriate combination therapy to provide greater
benefit for more patients.
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Antitumor activity of NFZ in vivo. The treatment groups were injected i.p. with 75 mg/kg once a day or administered 37.5 mg/kg twice a day by gavage, while the
control group was injected i.p. with the corresponding solvent. A, Visualized tumor tissues and the change of the relative tumor volume in different groups.
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