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Abstract: The oxidative modification of proteins induced by hydrogen peroxide (H2O2) results in the formation of 
disulfide bond between two cysteines and affects protein conformation and biological function. Transcription factor 
FOXM1 participates in the development and progression of cancers and its levels are upregulated by the oxidative 
stress of H2O2-treated condition. In this study, we found that Peroxiredoxin-1 (PRDX1), one of the most H2O2-reactive 
antioxidant enzymes, interacted with FOXM1 and led to its oxidation under H2O2 stimulation through generating 
an intermolecular disulfide bond with FOXM1 C539, which was subsequently transferred to form an intramolecu-
lar disulfide bond between C167 and C175 in the oxidized FOXM1. The PRDX1-mediated oxidative modification 
enhanced the protein stability and transcriptional activity of FOXM1, which stimulated the transcription of FOXM1 
target gene X-ray cross-complementing protein 1 (XRCC1) and improved the repair of H2O2-induced DNA damage in 
cancer cells. The disruption of PRDX1-mediated FOXM1 oxidation impaired the colony formation ability of cancer 
cells in vitro and the growth and DNA damage repair ability of cancer cells in vivo. The analysis of The Cancer Ge-
nome Atlas (TCGA) breast cancer patient data confirmed that PRDX1 and FOXM1 together facilitated clinical cancer 
progression. Overall, we established an H2O2-PRDX1-FOXM1 oxidation pathway that likely contribute to the develop-
ment and progression of cancers.
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cancer progression

Introduction

Reactive oxygen species (ROS) describes the 
oxygen-derived molecule that has strong reac-
tive ability and contributes physiologically to 
cell proliferation, differentiation, and migration 
[1]. If they are beyond physiological levels, ROS 
will cause oxidative stress that results in a 
series of consequences such as DNA damage 
in cells [2, 3], at extreme situations leading  
to apoptosis [4]. After cells are attacked by 
ROS, DNA repair pathway is usually activated to 
repair the damages [5, 6]. Hydrogen peroxide 
(H2O2) belongs to the ROS chemical family and 
is not nearly as reactive as other members 
such as superoxide, singlet oxygen, and hydrox-
yl radical [7, 8]. To avoid the severe conse-

quence of high H2O2 levels, antioxidant enzymes 
participate in clearing H2O2 in cells [9]. Among 
them, a family of Peroxiredoxins (PRDXs) plays  
a critical role for doing so [10]. For example,  
as a typical 2-Cys PRDX locating in both cyto-
plasm and nucleus [11], PRDX1 can be oxidi- 
zed by H2O2 and then the disulfide bond is gen-
erated to form the homodimer of the protein 
[11]. Subsequently, the oxidized PRDX1 homo- 
dimer can be reduced by thioredoxin-1 (TRX1) 
to restore its reduced state [12]. Through the 
reduction-oxidation (redox) cycle of PRDX1, the 
oxidative stress can be effectively controlled. 

Interestingly, in addition to its classic redox 
cycle to eliminate H2O2, PRDX1 can transmit the 
oxidative signal from H2O2 to its interacting pro-
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teins [13], generating the oxidative modifica-
tion of its target proteins. Instead of the forma-
tion of the oxidized PRDX1 homodimer, H2O2- 
treated PRDX1 can form the disulfide bond 
between PRDX1 and its target proteins, result-
ing in their oxidation and subsequently affect-
ing their functions. For example, as an impor-
tant category of PRDX1-targeted proteins, trans- 
cription factors are regulated by the oxidative 
modification and multiple characteristics of 
transcription factors are altered, such as stabil-
ity, cellular location, DNA binding and trans- 
criptional activities, and protein-protein interac-
tion [14]. It is reported that PRDX1 is highly 
expressed in many types of cancer, such as 
breast cancer and non-small cell lung cancer 
[15]. Through oxidizing certain transcription fa- 
ctors, PRDX1 contributes to the development 
and progression of cancers by promoting the 
proliferation and invasion of cancer cells [16, 
17].

FOXM1 belongs to the forkhead transcription 
factor family, which contains more than 50 
members that share the conserved forkhead 
DNA binding domain [18]. FOXM1 participates 
in the development and progression of can-
cers, such as breast cancer and lung can- 
cer [19, 20]. As an important oncogene [21], 
FOXM1 has been found to stimulate prolifer- 
ation [22], epithelial-mesenchymal transition 
(EMT) [23], stemness [24], and prevent senes-
cence [25] in cancer cells. Recently, FOXM1 
was reported to function in maintaining ROS 
homeostasis. FOXM1 was upregulated by H2O2 
treatment and subsequently it could stimula- 
te the transcription of several ROS-scavenger 
genes [26]. Interestingly, FOXM1 was also fo- 
und to participate in DNA damage repair thr- 
ough directly stimulating the transcription of 
DNA repair genes such as X-ray cross-comple-
menting protein 1 (XRCC1) [27]. Because XR- 
CC1 was an essential component for base exci-
sion repair and was activated to repair H2O2-
caused DNA damage [28], we hypothesized 
that FOXM1 mediated the process between 
H2O2 signals and DNA damage repair machin-
ery in cancer cells.

Although the activities of FOXM1 are stimulated 
by H2O2, whether FOXM1 is oxidatively modified 
by H2O2 and the mechanisms of FOXM1 oxida-
tive modification remain unknown. In this stu- 
dy, we demonstrated that FOXM1 interacted 
with PRDX1. H2O2 induced PRDX1 to form the 

disulfide bond between PRDX1 and FOXM1, 
leading to the oxidation of FOXM1. We identi-
fied that PRDX1 generated an intermolecular 
disulfide bond with FOXM1 C539, which was 
subsequently transferred to form an intramo-
lecular disulfide bond between C167 and C175 
in the oxidized FOXM1. The PRDX1-mediated 
oxidative modification enhanced the protein 
stability and transcriptional activity of FOXM1, 
evidenced by the elevated transcription of 
FOXM1 target gene XRCC1, and consequently 
facilitated cells to decrease DNA damage in- 
duced by H2O2. The disruption of PRDX1-me- 
diated FOXM1 oxidation impaired the colony 
formation ability of cancer cells in vitro and the 
growth and DNA damage repair ability of cancer 
cells in vivo. Together, this finding revealed a 
new post-translational modification of FOXM1 
that likely contribute to the development and 
progression of cancers.

Materials and methods

Cell culture

Human cell lines MDA-MB-231 and HEK293T 
cells were purchased from ATCC (Manassas). 
All cells were cultured in DMEM medium 
(SIGMA) containing 10% fetal bovine serum 
(Biological Industries). 

Bioinformatics analysis

To analyze the survival curve of single factor 
FOXM1 or PRDX1, the Kaplan-Meier curves we- 
re downloaded from Kmplot website (https://
kmplot.com/analysis) according to the mRNA 
expression from gene chip data. The data of 
clinical breast cancer patients (n=1214) was 
downloaded from TCGA database. The analysis 
of gene expression correlation was executed by 
using ‘ggstatsplot’ package through R project. 
To analyze the PRDX1-related survival curve in 
breast cancer patient subgroups, the mean 
value of FOXM1 level in breast cancer patients 
was set as the cut-off value to separate breast 
cancer patients as FOXM1-High subgroup (n= 
654) and FOXM1-Low subgroup (n=560). The 
mean value of PRDX1 level was set as the cut-
off value for separating PRDX1 high or low 
expression. PRDX1-related survival of patients 
was calculated by using ‘survminer’ package  
at first, and then calculated by using ‘survival’ 
package, and the Kaplan-Meier curves were 
drawn by using ‘ggplot2’ package by R project. 
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Construction of plasmids 

The cDNA of full-length FOXM1 (Gene ID: 2305) 
was amplified from pCMV-Flag-FOXM1 plasmid 
[29] with primers containing XhoI and KpnI 
restriction sites (S: 5’-CCG CTC GAG ATG AAA 
ACT AGC CCC CGT CGG CCA CT-3’ and AS: 
5’-CGG GGT ACC CTA CTG TAG CTC AGG AAT 
AAA CTG GGA-3’) and ligated into pLVX-Puro ve 
ctor (Clontech) or pcDNA3.1 vector (Invitrogen)  
to obtain pLv-CMV-FOXM1, pCMV-V5-FOXM1  
or pCMV-AVI-FOXM1. The truncated FOXM1 
(1-224aa) was amplified with primers contain-
ing XhoI and KpnI restriction sites (S: 5’-CCG 
CTC GAG ATG AAA ACT AGC CCC CGT CGG CCA 
CT-3’ and AS: 5’-CGG GGT ACC CTA TGG TCT 
GAA GGC TCC TC-3’), and the truncated FOXM1 
(1-353aa) was amplified with primers contain-
ing XhoI and KpnI restriction sites (S: 5’-CCG 
CTC GAG ATG AAA ACT AGC CCC CGT CGG CCA 
CT-3’ and AS: 5’-CGG GGT ACC CTA TGG CTT 
CAT CTT CCG CCG T-3’) and ligated into pc- 
DNA3.1 vector to obtain pCMV-AVI-FOXM1 (1- 
224aa) and pCMV-AVI-FOXM1 (1-353aa). The 
cDNA of PRDX1 (Gene ID: 5052) was amplified 
from cDNAs of HEK293T cells with primers con-
taining XbaI and EcoRI restriction sites (S: 
5’-TGC TCT AGA ATG TCT TCA GGA AAT GCT AA- 
3’ and AS: 5’-CGG AAT TCC TTC TGC TTG GAG 
AAA T-3’) and ligated into pcDNA3.1 vector to 
obtain pCMV-PRDX1 and pCMV-PRDX1-GFP. 
The cDNA of TRX1 (Gene ID: 7295) was ampli-
fied from cDNAs of HEK293T cells with primers 
containing XbaI and EcoRI restriction sites (S: 
5’-TGC TCT AGA ATG GTG AAG CAG ATC GAG-3’ 
and AS: 5’-CCG GAA TTC GAC TAA TTC ATT AAT 
GGT-3’) and ligated into pcDNA3.1 vector to 
obtain pCMV-TRX1-GFP.

The pCMV-Flag-FOXM1, pCMV-AVI-FOXM1, pC- 
MV-PRDX1-GFP, pCMV-TRX1-GFP and pLv-CMV-
Flag-FOXM1-puro plasmids were used as the 
template to construct the point mutational 
FOXM1, PRDX1 or TRX1 plasmids. The sequenc-
es of primers were shown in Table S1. 

The pLv-PRDX1-shRNA plasmid was designed 
to target the sequence: CCG CTC TGT GGA  
TGA GAC TTT GAG ACT AG, and synthesized  
by GENECHEM company, Shanghai, China. The 
p6×FOXM1 Binding-LUC, pXRCC1pro (-1kb-+22- 
bp)-LUC, pLv-CMV-Flag-FOXM1-puro and pEF-
BirA plasmids were described previously [27, 
30, 31].

Lentivirus packaging and infection

pLv-U6-shPRDX1, pLv-CMV-FOXM1, pLv-CMV-
puro, pLv-CMV-Flag-FOXM1-puro, pLv-CMV-Flag- 
FOXM1 C539A-puro or pLv-CMV-Flag-FOXM1 
C167A/C175A-puro were transfected into HEK- 
293T cells with psPAX2 (Addgene 12,260; de- 
posited by Didier Trono) and pMD.2G (Addgene 
12,259; deposited by Didier Trono) constructs 
to produce lentivirus. Then lentiviruses were 
used to infect HEK293T or MDA-MB-231 for 24 
h and the infection was repeated once. MDA-
MB-231 cell lines were treated with 1 μg/ml 
puromycin for 72 h to select cells.

Protein extraction and western blotting

Cells were lysed with 1% Triton X-100/TBS (50 
mM Tris, 150 mM NaCl, pH 7.4) containing 0.1% 
proteases inhibitor (Roche, 05892791001) for 
30 min. To collect cytoplasmic and nuclear pro-
teins, cells were lysed in CE buffer (10 mM 
HEPES pH7.9, 1.5 mM Mgcl, 10 mM KCl, con-
taining protease inhibitor). After centrifugation, 
the supernatant was collected as cytoplasmic 
proteins. Then the pellet was resuspended in 
NE buffer (20 nM HEPES pH7.9, 1.5 mM Mgcl, 
0.42 M Nacl, 0.2 mM EDTA, 25% glycerol, con-
taining protease inhibitors). After centrifuga-
tion, the supernatant was collected as nuclear 
proteins. The protein concentration of cell lysa- 
tes was quantified using a BCA Protein Assay 
kit (Thermo Fisher Scientific, A65453).

Protein samples were separated by SDS-PAGE 
gel electrophoresis and transferred to 0.22  
µm PVDF membranes (Merck Millipore). Then 
membranes were analyzed by Western blotting 
with certain antibodies and imaged by Kodak 
4000 MM Imaging System (Kodak) using ECL 
buffer (New Cell & Molecular Biotech, P10300). 
The following antibodies were used for Wes- 
tern blotting: anti-V5 (Sangong, D191104, 
1:2000), anti-FOXM1 (CST, 20459s, 1:2000), 
anti-PRDX1 (Abcam, Ab41906, 1:10000), anti-
GFP (Sangon, D110008, 1:2000), anti-RFP (Bio- 
worlde, MB2015, 1:5000), anti-Flag (Protein- 
tech, 20543-1-AP, 1:5000), anti-γH2AX (Abcam, 
Ab81299, 1:10000), anti-TRX1 (Abcam, Ab133- 
524, 1:10000), anti-Streptavidin (Byotime, A0- 
305, 1:2000), anti-β-actin (Bioworlde, BS6007- 
MH, 1:50000), anti-Lamin A/C (Sangong, AG- 
2517, 1:2000), HRP labeled anti-Rabbit IgG 
(Beyotime, A0208, 1:2000), HRP labeled anti-
Mouse IgG (Proteintech, SA00001-1, 1:5000), 
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anti-IgG (CST, 2729s). The relative protein lev-
els of FOXM1 or γH2AX were calculated using 
Image J software and normalized to the relative 
protein levels of β-actin (n=3), the curve was 
graphed with GraphPad Prism 10. 

Co-immunoprecipitation

Briefly, cell lysates (500 µg) were incubated 
with anti-V5 antibody (Sangong, D191104) plus 
Protein A/G PLUS-Agarose beads (SantaCruz, 
sc-2003), Streptavidin Sepharose beads (SA 
beads, GE Healthcare, 17-5113-01) or anti-
Flag affinity gel (Selleck, B23102). After incu- 
bation and washing, proteins on beads were 
denatured with 1× loading buffer for Western 
blotting, or eluted using elution buffer (0.1 M 
Glycine, 0.1% Triton X-100, pH 2.5) for MS. 

Mass spectrometry (MS) 

To detect the binding proteins of FOXM1, the 
immunoprecipitated samples were digested by 
trypsin, and fractionated samples were mea-
sured by LTQ Orbitrap Velos Rro (Thermo Fisher 
Scientific). To detect the oxidative sensitive cys-
teine residues, the immunoprecipitated sam-
ples were separated equally into two groups. 
One group sample was treated with 50 mM 
Dithiothreitol (DTT) (Sangon, A620058) for 5 
min, the other group sample did not. After that, 
two samples were tagged with 10 mM Iodo- 
acetic acid (IAA, Sangon, A600723) at 37°C for 
30 min and ready for digestion and measure  
by LTQ Orbitrap Velos Rro (Thermo Fisher Sci- 
entific).

Immunofluorescence staining

MDA-MB-231 cells or transfected HEK293T 
cells were fixed by 4% paraformaldehyde. After 
blocked with 5% FBS, cells were incubated with 
anti-FOXM1 (Santacruz, sc-271746, 1:250), an- 
ti-PRDX1 (Abcam, Ab41906, 1:250), anti-Flag 
(Proteintech, 20543-1-AP, 1:250) or anti-γH2- 
AX (Abcam, Ab81299, 1:250) overnight at 4°C, 
and then incubated with cy3 tagged anti-Rabbit 
IgG (Beyotime, A0521, 1:250) or Alexa Fluor 
488 tagged anti-Mouse IgG (Beyotime, A0423, 
1:250) for 1 h. Then cells were stained by An- 
tifade Mounting Medium with DAPI (Beyotime, 
P0131), and observed by confocal microscopy 
(OLYMPUS). The Pearson’s Correlation Coeffi- 
cient values of the co-localization of two pro-
teins were calculated by Image J software and 
graphed with GraphPad Prism 10.

RNA interference

The sequence of small interfering RNA (siRNA) 
targeting PRDX1: 5’-AAA CUC AAC UGC CAA 
GUG A-3’. The sequence of siRNA targeting 
FOXM1: 5’-GGA CCA CUU UCC CUA CUU UTT-3’. 
All primers were synthesized by GenePharma 
company, Shanghai, China.

Non-reducing western blotting

Transfected or infected HEK293TFOXM1-OE cells 
were treated with 100 μM H2O2 for 2 min and 
then treated with 100 mM N-ethylmaleimide 
(NEM) (Sigma, E3876) for 5 min. Control cells 
were further treated with 50 mM DTT for 5 min. 
Later, cells were lysed using 1% Triton X-100/
TBS (50 mM Tris, 150 mM NaCl, pH 7.4) con-
taining 0.1% Protease inhibitors. The cell lysate 
was denatured with 5× non-reducing loading 
buffer (250 mM Tris-Hcl, 10% SDS, 0.5% Bro- 
moxylenol Blue, 50% Glycerol, pH 6.8) at 98°C 
for 10 min and proteins were separated by 
SDS-PAGE gel electrophoresis. 

Electrophoretic mobility shift assay (EMSA)

The sequence of dsDNA probe: forward st- 
rand 5’-FAM-TTT GTT TAT TTG TTT GTT TAT TTG-
3’(Hot), reverse strand 5’-CAA ATA AAC AAA CAA 
ATA AAC AAA-3’. The 100× cold probe which has 
the same sequence without FAM tag was used 
as competitive probe in negative control. All 
probes were synthesized by Sangon company, 
Shanghai, China. Cell lysates were incubated 
with FAM tagged FOXM1 binding DNA Probe in 
binding buffer (10 mM Tris-Cl, 1 mM MgCl2, 4% 
glycerol, 0.5 mM EDTA, 0.5 mM DTT, 50 mM 
NaCl, pH 7.6) for 30 min. Then samples were 
separated by native gel in 0.5× TBE buffer and 
imaged using Kodak 4000 MM Imaging System 
(Kodak, Excitation wavelength 465 nm, Emis- 
sion wavelength 535 nm).

Luciferase reporter assay

Transfected cells were lysed using Dual-Luci- 
ferase Reporter Assay System (Promega, E19- 
10) according to the manufacturer’s instruc-
tions, and the luciferase enzyme activities were 
measured by Dual-Luciferase Assay System 
(Promega).

Protein synthesis inhibition assay

Transfected cells were treated with 10 μM cy- 
cloheximide (CHX) (Selleck, S7418) and 200 
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μM H2O2 for indicated time. Then cell lysates 
were collected and analyzed by Western 
blotting. 

Real-time quantitative PCR (qPCR)

Total RNAs in cells were extracted using Trans- 
Zol Up kit (TransGen Biotech, ET111-01-V2) 
according to the manufacturer’s instructions. 
RNAs (1 μg) were reverse transcribed into cDNA 
using Maxima H Minus First Strand cDNA Syn- 
thesis Kit with dsDNase (Thermo Fisher Sci- 
entific, K1682). The qPCR was performed with 
2X SYBR Green qPCR Mix (bimake, B21202) 
using CFX96 Real-Time System (BIO-RAD). The 
sequence of primers used in qPCR: FOXM1-S, 
5’-TGG ATT GAG GAC CAC TTT C-3’ and FOXM1-
AS, 5’-CTC TGG ATT CGG TCG TTT-3’; PRDX1-S, 
5’-ATC TCG TTC AGG GGC CTT TT-3’ and PRDX1-
AS, 5’-GCA CAC TTC CCC ATG TTT GT-3’; XR- 
CC1-S, 5’-ACG GAT GAG AAC ACG GAC AGT G-3’ 
and XRCC1-AS, 5’-CGT AAA GAA AGA AGT GCT 
TGC CC-3’; GAPDH-S, 5’-ACC CAG AAG ACT GTG 
GAT GG and GAPDH-AS, 5’-TGC TGT AGC CAA 
ATT CGT TG-3’.

Colony formation assay

MDA-MB-231Control, MDA-MB-231FOXM1, MDA-MB- 
231FOXM1 C539A and MDA-MB-231FOXM1 C167A/C175A 
cells were seeded in a 6-well plate and cultured 
for 14 days. Then cells were washed with cold 
PBS twice, and fixed by 4 % paraformaldehyde. 
Later, cells were stained with 0.1% crystal vio-
let and photographed. 

Nude mice xenograft model

BALB/C nude mice (female, 4-6 weeks old) 
were purchased from Hunan Slac Laboratory 
Animal Company (Changsha, China), and were 
housed under specific pathogen-free condi-
tions with 23 ± 1°C, 55% ± 5% humidity and 12 
h of light and darkness. MDA-MB-231Control, 
MDA-MB-231FOXM1, MDA-MB-231FOXM1 C539A and 
MDA-MB-231FOXM1 C167A/C175A cells were subcuta-
neously (S.C.) injected into the back of nude 
mice (106 cells/mouse, n=5 per group). After 
13 days, the volumes of tumors were recorded 
every two days. At 31st day, the mice were euth-
anized by CO2 inhalation, and tumors were 
weighted and prepared for the immunohisto-
chemistry. All animal care and experiments 
were performed as a protocol approved by the 
Ethics Review Committee, College of Biology, 

Hunan University, following institutional ani- 
mal care and use guidelines approved by  
the Laboratory Animal Center of Hunan, China 
(Protocol No. SYXK [Xiang] 2023-0010). The 
ethics approval report was attached in the 
Supplementary file.

Immunohistochemistry

The collected tumor tissues were fixed with 4% 
paraformaldehyde and embedded in paraffin. 
After dewaxing, rehydration, antigen retrieval, 
endogenous peroxidase blockage and non- 
specific binding site blocking, the tumor sec-
tions on slices were incubated with anti-8-oxo-
dG antibody (Abcam, ab62623, 1:1200), anti-
γH2AX (Abcam, Ab81299, 1:200) or anti-Ki-67 
(CST, 9129, 1:400) followed by the incubation 
with HRP labeled anti-mouse antibody (Abcam, 
ab205719, 1:2000) or HRP labeled anti-rabbit 
antibody (Abcam, ab205718, 1:2000). The nu- 
cleus was stained with hematoxylin. The slices 
were photographed by microscope (Olympus).

Statistical analysis

Data analysis and visualization were performed 
using Microsoft Excel, ImageJ FIJI software and 
GraphPad Prism 10 (GraphPad Software Inc.). 
Two-tailed unpaired Student’s t-test was used 
to conduct comparison between two groups. 
Two-way analysis of variance (ANOVA) was used 
to conduct comparison associated with two 
factors. P < 0.05 was considered statistically 
significant. 

Results

FOXM1 interacted with PRDX1

We constructed and transfected pCMV-V5-
FOXM1 into HEK293T cells and analyzed the 
immunoprecipitated protein samples from tr- 
ansfected HEK293T cells by Mass Spectro- 
metry (MS) experiment to identify interacting 
proteins of FOXM1 (Figure S1A; Table S2). Two 
peptides of PRDX1 were recognized in the MS 
result, suggesting that PRDX1 was one of the 
interacting proteins of FOXM1 (Figure S1B).  
We confirmed the interaction between PRDX1 
and FOXM1 by co-immunoprecipitation (co-IP) 
experiments and found that the PRDX1-FOXM1 
interaction was enhanced by H2O2 treatment 
(Figure 1A). Confocal microscope observations 
revealed that endogenous FOXM1 and PRDX1 



The oxidative modification of FOXM1

4591	 Am J Cancer Res 2025;15(10):4586-4601

were co-localized in nuclei of human breast 
cancer MDA-MB-231 cells and the co-localiza-
tion of FOXM1 and PRDX1 was enhanced by 
H2O2 treatment (200 μM), evidenced by an 
increase in Pearson’s Correlation coefficient 
values from 0.28 to 0.55 (Figure 1B). Cytop- 
lasmic and nuclear protein samples from HEK- 
293T cells overexpressing FOXM1-GFP and 
PRDX1-RFP also supported the finding that 
H2O2 stimulated the translocation of PRDX1 
from the cytoplasm to the nucleus (Figure 1C). 
To investigate whether the intermolecular disul-
fide bond was formed between PRDX1 and 
FOXM1, protein samples from HEK293T cells 
stably overexpressing FOXM1 (HEK293TFOXM1-OE) 
were detected by non-reducing Western blot-
ting, in which the original oxidative status of 
proteins was maintained [32]. The FOXM1-
PRDX1 intermediate, linked by a disulfide bond 
between PRDX1 and FOXM1, was captured in 
HEK293TFOXM1-OE cells transfected with pCMV-
PRDX1, and the amount of this intermediate 
was elevated by H2O2 treatment and thiol block-

ing agent N-ethylmaleimide (NEM) treatment, 
which prevented the thiol-disulfide exchange 
reaction [33]. Moreover, this intermediate dis-
appeared in shRNA-mediated PRDX1 knock-
down cells, suggesting that PRDX1 mediated 
the formation of the FOXM1-PRDX1 intermedi-
ate. We also found that the reducing reagent 
Dithiothreitol (DTT) disrupted the formation of 
the FOXM1-PRDX1 intermediate in the cells 
(Figure 1D). Together, these results indicated 
that FOXM1 interacted with PRDX1 in nuclei 
and the FOXM1-PRDX1 intermediate could be 
formed through an intermolecular disulfide 
bond under H2O2 stimulation.

The identification of oxidative sensitive cyste-
ines in FOXM1 protein

To identify the specific amino acid in FOXM1 
that mediated the formation of the FOXM1-
PRDX1 intermediate, we constructed vectors 
expressing AVI-tagged FOXM1 1-224aa, FOXM1 
1-353aa, FOXM1 full-length (1-748aa) and used 
Streptavidin-Biotin system to immunoprecipi-

Figure 1. FOXM1 interacted with PRDX1. A. HEK293T cells were transfected with pCMV-AVI-FOXM1 and pEF1-BirA 
and treated with H2O2 (20 μM or 50 μM) for 2 min before harvesting. Before transfection, Biotin were added into cell 
culture medium. Cell lysates were immunoprecipitated with anti-Streptavidin agarose beads and FOXM1 and PRDX1 
proteins were blotted by anti-PRDX1 and anti-Streptavidin antibodies. Ten percent of cell lysates were used as input 
control. B. MDA-MB-231 cells were treated with or without H2O2 (200 μM) for 30 min and immune-stained with anti-
FOXM1 and anti-PRDX1 antibodies. The Pearson’s Correlation Coefficient values of the co-localization of FOXM1 
and PRDX1 were illustrated. n=4, *, P < 0.05; two-tailed unpaired Student’s t-test. Objective, 60×. Scale bars, 10 
μm. C. HEK293T cells were transfected with pCMV-FOXM1-GFP and pCMV-PRDX1-RFP, and treated with H2O2 (200 
μM) for 30 min before harvesting. Then the cytoplasmic and nuclear proteins of cells were harvested separately. 
The proteins of PRDX1-RFP and FOXM1-GFP were blotted by anti-RFP and anti-GFP antibodies. LAMIN A/C or β-actin 
was used as the nuclear or cytoplasmic marker, respectively. D. HEK293TFOXM1-OE cells were transfected with pCMV-
PRDX1 or infected with Lv-U6-shPRDX1. After 24 h, cells were treated with H2O2 (100 μM) for 2 min, plus NEM (100 
mM, 5 min) treatment. In control group, cell lysates were treated with DTT (100 mM, 5 min). The proteins of FOXM1 
and PRDX1 in cell lysates were detected by non-reducing Western blotting with anti-FOXM1 and anti-PRDX1 antibod-
ies. The arrow indicated the intermediate of FOXM1-PRDX1.
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tate AVI-FOXM1s in H2O2-treated HEK293T 
cells. We found that only the full-length FOXM1 
(1-748aa) could bind with endogenous PRDX1 
while truncated FOXM1 1-224aa or FOXM1 
1-353aa could not (Figure 2A), indicating that 
the 354-748aa region of FOXM1 mediated the 
binding of FOXM1 to PRDX1. There were only 
two cysteines (C511 and C539) existing in 
FOXM1 354 -748aa region (Figure 2B), pro- 
viding the two potential thiol groups in FO- 
XM1 responsible for forming an intermolecular 
disulfide bond between FOXM1 and PRDX1.  
We expressed FOXM1, FOXM1 C511A, or FO- 
XM1 C539A in cells and found that the FOXM1 
C539A mutation abolished FOXM1-PRDX1 in- 
teraction under H2O2 treatment, while the FO- 
XM1 C511A mutant could interact with PRDX1 
(Figure 2C), indicating that FOXM1 C539 medi-
ated the FOXM1-PRDX1 interaction and the  
following FOXM1 oxidation. The confocal mi- 
croscope images illustrated that the FOXM1 
C539A mutation reduced the co-localization  
of FOXM1 and PRDX1 (Figure 2D), further sup-
porting that the FOXM1 C539 residue was im- 
portant for the FOXM1-PRDX1 interaction and 
the nuclear translocation of PRDX1. It was re- 
ported that the intermolecular disulfide bond 
generated between PRDXs and their targeted 
proteins was only an intermediate during oxida-
tion and could switch to form an intramolecular 
disulfide bond in the oxidized proteins [34]. To 
clarify whether it was the case during FO- 
XM1 oxidation, we treated the oxidized FOXM1 
with Iodoacetic acid (IAA), which could add  
a modification on the free thiol group (R-SH+ 
ICH2CONH2→R-S-CH2CONH2+HI) and help to 
distinguish non-oxidized or oxidized cysteines 
in proteins following DTT treatment [35] (Figure 
S2A). We performed MS experiments and iden-
tified a FOXM1 peptide (164RETCADGEAAGCTI- 
NNSLSNIQWLR188) containing two newly oxi-
dized cysteines, C167 and C175, because they 
were not modified by IAA in oxidized condition 
(NO DTT-treated) but modified in reduced con-
dition (DTT-treated) (Figures 2E and S2B). This 
demonstrated that once the intermolecular 
disulfide bond generated between PRDX1 and 
FOXM1 C539, it was transferred to C167 and 
C175 to form an intramolecular disulfide bond 
in the oxidized FOXM1.

PRDX1 enhanced the protein stability and 
transcriptional activity of FOXM1

The protein levels of FOXM1 were elevated dur-
ing H2O2 treatment [26, 36]. We observed that 

the endogenous FOXM1 was upregulated in 
human breast cancer MDA-MB-231 cells tre- 
ated with H2O2 (200 μM) (Figure S3A), while  
the mRNA levels of FOXM1 were not affect- 
ed (Figure S3B), suggesting that the elevat- 
ed FOXM1 protein level was regulated by post-
transcriptional modification. To investigate 
whether PRDX1 affected the protein stability of 
FOXM1, we treated cells with H2O2 plus protein 
synthesis inhibitor cycloheximide (CHX) and 
found that the overexpression of PRDX1 pre-
vented the degradation of FOXM1 protein (Fi- 
gure 3A). The knockdown of PRDX1 resulted in 
a rapid degradation of FOXM1 protein com-
pared to the control condition (Figure 3B). In 
addition, the degradation of the FOXM1 C539A 
mutant was enhanced compared to that of 
FOXM1 (Figure 3C), indicating that PRDX1-me- 
diated FOXM1 oxidation contributed to the pro-
tein stability of FOXM1 in cells. To test whether 
the oxidative modification of FOXM1 affected 
its transcriptional activities, we expressed FO- 
XM1 or FOXM1 mutants (C160A, C167A, C175A, 
or C539A) with the p6×FOXM1 Binding-LUC 
reporter plasmid in cells. FOXM1 C160 is close 
to the C167A-C175A oxidative modification site 
but not modified by H2O2 signals (see above). 
Based on the levels of the reporter luciferase 
expression, all the FOXM1 mutants showed a 
similar activity as wild type FOXM1 to stimulate 
the FOXM1-specific promoter under non H2O2-
treated condition (Figure 3D), implicating that 
the point mutations did not impair overall 
FOXM1 protein folding. The FOXM1 mutants 
(C167A, C175A, or C539A) exhibited reduced 
transcriptional activities compared to FOXM1 
or FOXM1 C160A mutant under H2O2-treated 
conditions (Figure 3D), suggesting that the  
oxidative modification of FOXM1 by PRDX1  
contributed to the transcriptional activities of 
FOXM1. Next, we performed electrophoretic 
mobility shift assays (EMSAs) with FOXM1 or 
FOXM1 mutants (C160A, C167A, C175A, or 
C539A) plus the FAM-labeled DNA probe con-
taining FOXM1 binding sites under H2O2-treated 
conditions. We found that the FOXM1 C167A, 
C175A, or C539A mutant could not bind to the 
DNA probe as effectively as FOXM1 (Figure 3E), 
implicating that the oxidative modification of 
FOXM1 by PRDX1 contributed to the DNA bind-
ing abilities of FOXM1. Moreover, FOXM1 C160A 
did not affect the DNA-binding abilities of 
FOXM1 (Figure 3E), further suggesting that the 
loss of FOXM1 oxidation resulted in the DNA-
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Figure 2. The identification of oxidative sensitive cysteines in FOXM1 protein. A. HEK293T cells were transfected 
with pCMV-AVI-FOXM1 (1-224aa), pCMV-AVI-FOXM1 (1-353aa), or pCMV-AVI-FOXM1 full-length plus pEF1-BirA and 
treated with H2O2 (100 μM) for 2 min before harvesting. Before transfection, Biotin were added into cell culture 
medium. Cell lysates were incubated with anti-Streptavidin agarose beads. The proteins of PRDX1 and AVI-FOXM1s 
were blotted by anti-PRDX1 and anti-Streptavidin antibodies. Ten percent of cell lysates were used as input control. 
Asterisk indicated non-specific band. B. The schematic of cysteine residues position in FOXM1 protein. C. HEK293T 
cells were transfected with pCMV-AVI-FOXM1, pCMV-AVI-FOXM1 C511A, or pCMV-AVI-FOXM1 C539A plus pEF1-BirA 
and treated with H2O2 (100 μM) for 2 mins before harvesting. Before transfection, Biotin were added into cell culture 
medium. Cell lysates were incubated with anti-Streptavidin agarose beads. The proteins of PRDX1 and AVI-FOXM1s 
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were blotted by anti-PRDX1 and anti-Streptavidin antibodies. Ten percent of cell lysates were used as input control. 
D. HEK293T cells were transfected with pCMV-Flag-FOXM1 or pCMV-Flag-FOXM1 C539A plus pCMV-PRDX1-GFP, 
and treated with H2O2 (200 μM) for 30 min before harvesting. After fixation, cells were immuno-stained with anti-
Flag antibodies. The Pearson’s Correlation Coefficient values of the co-localization of FOXM1 and PRDX1 were illus-
trated. n=4, *, P < 0.05; two-tailed unpaired Student’s t-test. Objective, 60×. Scale bars, 10 μm. E. The identification 
of intramolecular disulfide bond in the oxidized FOXM1. Samples were produced as procedures in Figure S2A and 
the identified FOXM1 peptides from MS were showed in Figure S2B. The spectrum of FOXM1 (164-188) peptide in 
No DTT group confirmed that FOXM1 C167 and C175 were not modified by IAA. 

Figure 3. PRDX1 enhanced the protein stability and transcriptional activity of FOXM1. A. HEK293T cells were trans-
fected with pCMV-Flag-FOXM1 and pCMV-PRDX1-GFP and treated with CHX (20 μg/ml) and H2O2 (200 μM) by a time 
gradient (0, 1, 2, 4, 6 or 12 h) before harvesting. The proteins of FOXM1 and PRDX1 in cell lysates were blotted 
by anti-Flag and anti-GFP antibodies. n=3, **, P < 0.01; two-way ANOVA. B. HEK293T cells were transfected with 
pCMV-Flag-FOXM1 and siPRDX1 for 48 h and treated with CHX (20 μg/ml) and H2O2 (200 μM) by a time gradient (0, 
3, 5 or 12 h) before harvesting. The proteins of FOXM1 and PRDX1 in cell lysates were blotted by anti-Flag and anti-
PRDX1 antibodies. n=3, *, P < 0.05; two-way ANOVA. C. HEK293T cells were transfected with pCMV-Flag-FOXM1 or 
pCMV-Flag-FOXM1 C539A, plus pCMV-PRDX1-GFP. Before harvesting, cells were treated with CHX (20 μg/ml) and 
H2O2 (200 μM) for 6 h. The proteins of FOXM1 and PRDX1 in cell lysates were blotted by anti-Flag and anti-GFP an-
tibodies. D. HEK293T cells were transfected with pCMV-Flag-FOXM1, pCMV-Flag-FOXM1 C160A, pCMV-Flag-FOXM1 
C167A, pCMV-Flag-FOXM1 C175A, or pCMV-Flag-FOXM1 C539A together with loading control luciferase reporter 
plasmids pRL-CMV and luciferase reporter plasmids p6×FOXM1 Binding-LUC and treated with or without H2O2 (200 
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binding defect of FOXM1 C167A, C175A, and 
C539A mutants.

The PRDX1-mediated FOXM1 oxidation partici-
pated in DNA damage repair

ROS-induced oxidative stress resulted in DNA 
damage [2] and both PRDX1 and FOXM1 were 
found to facilitate DNA damage repair in cells 
[15, 27]. We also confirmed that the H2O2 treat-
ment could induce DNA damage, evidenced by 
the increased levels of γH2AX, a marker of DNA 
damage [37], in cells (Figure S4). To determine 
whether PRDX1-mediated FOXM1 oxidation 
correlated with DNA damage repair, we mea-
sured the levels of γH2AX in H2O2-treated MDA-
MB-231 cells. We found that the knockdown  
of PRDX1 or FOXM1 resulted in a significant 
increase of γH2AX levels in the cells (Figure 
4A). The overexpression of PRDX1 abolished 
the upregulation of γH2AX levels in H2O2-treated 
cells, while PRDX1 C52S/C173S mutant, con-
taining mutations on PRDX1 oxidative catalytic 
sites C52 and C173 [38], could not do so 
(Figure 4B), suggesting that the oxidative cata-
lytic function of PRDX1 was needed for prevent-
ing DNA damage in cells. Next, we found that 
the overexpression of wild-type FOXM1 also 
abolished the upregulation of γH2AX levels in 
H2O2-treated cells, while FOXM1 C539A mutant 
or FOXM1 C167A/C175A mutant could not do 
so (Figure 4C), suggesting that the oxidation of 
FOXM1 was needed for preventing DNA dam-
age in cells. The immunostaining of γH2AX fur-
ther confirmed this result when the signals of 
γH2AX were compared between non-transfect-
ed and transfected cells in the same plate 
(Figure 4D). FOXM1 was reported to prevent 
DNA damage by stimulating the transcription  
of DNA damage repair genes such as XRCC1. 
As predicted, FOXM1 activated the promoter  
of XRCC1 in co-transfection experiments and  
the addition of PRDX1 further enhanced FO- 
XM1 transcriptional activities on this promoter 
(Figure 4E), suggesting that PRDX1-mediated 
FOXM1 oxidation participated in DNA damage 

repair. In addition, PRDX1 C52S/C173S mutant 
or the knockdown of PRDX1 abolished FO- 
XM1 transcriptional activities on this promo- 
ter (Figure 4E). Furthermore, FOXM1 C539A 
mutant or FOXM1 C167A/C175A mutant was 
not able to activate the XRCC1 promoter and 
consequently could not upregulate the endog-
enous levels of XRCC1 mRNA in cells as mu- 
ch as wild-type FOXM1 (Figure 4F and 4G). To- 
gether, these results demonstrated that PR- 
DX1-oxidized FOXM1 stimulated the expression 
of DNA damage repair genes such as XRCC1 to 
prevent ROS-induced DNA damage.

The PRDX1-mediated FOXM1 oxidation facili-
tated the breast cancer progression

To assess the roles of the PRDX1-mediated 
FOXM1 oxidation in cancer progression, we 
generated MDA-MB-231 cell lines stably over-
expressing FOXM1, FOXM1 C539A mutant, or 
FOXM1 C167A/C175A mutant (Figure S5). 
Colony formation assays showed that MDA-MB-
231FOXM1 cells exhibited an enhanced ability to 
form cell colonies compared to the control 
cells, while MDA-MB-231FOXM1 C539A cells or MDA-
MB-231FOXM1 C167A/C175A exhibited a similar ability 
of colony formation as the control cells (Figure 
5A), suggesting that the disruption of FOXM1 
oxidation impaired the tumorigenesis ability of 
cancer cells in vitro. Next, we implanted the 
cells subcutaneously into the backs of BALB/C 
nude mice to generate xenograft mouse mod-
els. The growth curves of engrafted tumors 
showed that MDA-MB-231FOXM1 cells grew  
significantly faster than the control cells, whi- 
le MDA-MB-231FOXM1 C539A cells or MDA-MB-
231FOXM1 C167A/C175A exhibited a similar growth 
speed as the control cells (Figure 5B), suggest-
ing that the disruption of FOXM1 oxidation 
impaired the growth ability of cancer cells in 
vivo. The engrafted tumors were collected at 
the end of the experiments and the weight of 
tumors was measured, further supporting that 
the disruption of FOXM1 oxidation inhibited the 
cancer cell proliferation in vivo (Figure 5C). The 

μM) for 24 h. Then cell lysates were prepared from these cells and the activities of dual luciferase were measured. 
n=3 for each group, ns, P > 0.05; *, P < 0.05; ****, P < 0.0001; two-tailed unpaired Student’s t-test. E. The EMSA 
experiment was performed by cell lysates (10 μg) and the FAM-labeled DNA probes (50 nM). HEK293T cells that 
were transfected with pCMV-Flag-FOXM1, pCMV-Flag-FOXM1 C160A, pCMV-Flag-FOXM1 C167A, pCMV-Flag-FOXM1 
C175A, or pCMV-Flag-FOXM1 C539A and treated with H2O2 (200 μM) for 24 h before harvesting. The cold probes 
without FAM label (100×, 5 mM) were used as competitive probe to show the specificity of FOXM1-DNA complex 
formation. The upper arrow indicated the FOXM1-DNA complex, and the lower arrow indicated free DNA probes. 
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tumor tissue sections were stained with anti-
γH2AX, anti-8-oxo-dG, or anti-Ki-67 antibodies, 
which could quantify the levels of or DNA dam-
age (γH2AX and 8-oxo-dG) [37, 39] or prolifera-
tion (Ki-67) [40]. We observed that the tumors 
from MDA-MB-231FOXM1 cells possessed much 
lower γH2AX and 8-oxo-dG signals than that  
of the control cells, while the tumors from  
MDA-MB-231FOXM1 C539A cells or MDA-MB-
231FOXM1 C167A/C175A exhibited similar levels of 
γH2AX and 8-oxo-dG signals as that of the con-
trol cells (Figure 5D), suggesting that the dis-

ruption of FOXM1 oxidation impaired its DNA 
damage repair functions in vivo. Moreover, the 
tumors from MDA-MB-231FOXM1 cells possessed 
the highest levels of Ki-67 among four groups 
(Figure 5D), suggesting that the disruption of 
FOXM1 oxidation impaired cancer cell prolifera-
tion in vivo. Based on that FOXM1 and PRDX1 
were highly expressed in many types of cancers 
[41-44], we found that the expression levels  
of FOXM1 and PRDX1 were positively correlat-
ed among clinical breast cancer patients from 
TCGA database (n=1214) (Figure 5E). The anal-

Figure 4. The PRDX1-mediated FOXM1 oxidation participated in DNA damage repair. (A) MDA-MB-231 cells were 
transfected with siFOXM1 or siPRDX1 and treated with H2O2 (200 μM) for 24 h before harvesting. The proteins of 
γH2AX, FOXM1 and PRDX1 in cell lysate were blotted by anti-γH2AX, anti-FOXM1 and anti-PRDX1 antibodies. (B) 
HEK293T cells were transfected with pCMV-PRDX1-GFP or pCMV-PRDX1 C52S/C173S-GFP and treated with H2O2 
(200 μM) for 24 h before harvesting. The proteins of γH2AX and PRDX1 in cell lysate were blotted by anti-γH2AX 
and anti-GFP antibodies. (C) HEK293T cells were transfected with pCMV-Flag-FOXM1, pCMV-Flag-FOXM1 C539A, or 
pCMV-Flag-FOXM1 C167A/C175A and treated with H2O2 (200 μM) for 24 h before harvesting. The protein levels of 
γH2AX and FOXM1 in cell lysate were blotted by anti-γH2AX and anti-Flag antibodies. (D) HEK293T cells were trans-
fected with pCMV-Flag-FOXM1, pCMV-Flag-FOXM1 C539A, or pCMV-Flag-FOXM1 C167A/C175A and treated with 
H2O2 (200 μM) for 24 h before harvesting. After fixation, cells were immuno-stained with anti-γH2AX and anti-FOXM1 
antibodies. The immunofluorescence intensities of anti-γH2AX signals were illustrated. n=3, ns, P > 0.05; **, P < 
0.01; two-tailed unpaired Student’s t-test. Objective, 60×. Scale bars, 10 μm. (E) HEK293T cells were transfected 
with pCMV-Flag-FOXM1, pCMV-PRDX1-GFP, pCMV-PRDX1 C52S/C173S-GFP, or siPRDX1, together with pRL-CMV 
and pXRCC1pro(-1kb-+22bp)-LUC and treated with H2O2 (200 μM) for 24 h before harvesting. Cell lysates were 
collected from cells to measure the dual luciferase activities. (F) HEK293T cells were transfected with pCMV-Flag-
FOXM1, pCMV-Flag-FOXM1 C539A, or pCMV-Flag-FOXM1 C167A/C175A, together with pRL-CMV and pXRCC1pro(-
1kb-+22bp)-LUC and treated with H2O2 (200 μM) for 24 h before harvesting. Then cell lysates were collected from 
cells to measure the dual luciferase activities. (G) HEK293T cells were transfected with pCMV-Flag-FOXM1, pCMV-
Flag-FOXM1 C539A, or pCMV-Flag-FOXM1 C167A/C175A and treated with H2O2 (200 μM) for 24 h before harvest-
ing. The mRNA levels of XRCC1 were detected by qPCR and normalized to the GAPDH. In (E-G), n=3 for each group, 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001; two-tailed unpaired Student’s t-test. 
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Figure 5. The PRDX1-mediated FOXM1 oxidation facilitated the breast cancer progression. A. MDA-MB-231Control, 
MDA-MB-231FOXM1, MDA-MB-231FOXM1 C539A or MDA-MB-231FOXM1 C167A/C175A cells (400 cells per well) were seeded in 
6-well plate and cultured for 14 days. Then cell colonies were photographed, and the numbers of colonies were 
counted and presented at right graph. **, P < 0.01; two-tailed unpaired Student’s t-test. B. The BALB/C nude mice 
(female, 4-6 weeks old) were subcutaneously (S.C.) injected with MDA-MB-231Control, MDA-MB-231FOXM1, MDA-MB-
231FOXM1 C539A or MDA-MB-231FOXM1 C167A/C175A cells (1×106 cells per mouse, n=5 per group) and fed for 31 days. At Day 
13 post the injection of cells, the tumor volumes were measured every two days to get the growth curves. Tumor 
volume (V) was calculated as V= length × width2 × 1/2. ****, P < 0.0001; Two-way ANOVA. C. At Day 31 post the 
injection of cells, the tumor weights were measured. n=5 for each group, *, P < 0.05; two-tailed unpaired Student’s 
t-test. D. The tumor tissue sections of MDA-MB-231Control, MDA-MB-231FOXM1, MDA-MB-231FOXM1 C539A or MDA-MB-
231FOXM1 C167A/C175A xenograft tumors were immuno-stained with anti-γH2AX, anti-8-oxo-dG and anti-Ki-67 antibodies. 
Magnification, 40×. Scale bars, 50 μm. E. The gene expression correlation between FOXM1 and PRDX1 in the breast 
cancer patients (n=1214) was executed by R project. F. The PRDX1-worsened survival in breast cancer patients 
relied on the high levels of FOXM1 expression. PRDX1-related survival of patients in the FOXM1-High subgroup 
(n=654) or FOXM1-Low subgroup (n=560) was analyzed by R project. 

ysis from Kmplot website (https://kmplot.com/
analysis) showed that the high expression lev-

els of either FOXM1 or PRDX1 were associated 
with a shorter life span in breast cancer pa- 
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tients (Figure S6). To test whether PRDX1-
mediated FOXM1 oxidation facilitating clinical 
cancer progression, we first separated the 
breast cancer patients to a FOXM1-High sub-
group (n=654) and a FOXM1-Low subgroup 
(n=560) based on the mean expression level of 
FOXM1. Then, we analyzed the survival proba-
bility according to the levels of PRDX1 within 
the two subgroups. We found that the high lev-
els of PRDX1 among the FOXM1-High patients 
(n=341) resulted in a worse survival probability 
than that of the low levels of PRDX1 among the 
FOXM1-High patients (n=313) (Figure 5F), indi-
cating that the FOXM1-related poor prognosis 
among breast cancer patients relied on the 
high levels of PRDX1. Consistently, we found 
that the high levels of PRDX1 among the FO- 
XM1-Low patients (n=275) showed a better sur-
vival probability than that of the low levels of 
PRDX1 among the FOXM1-Low patients (n=285) 
(Figure 5F), suggesting that the PRDX1-related 
poor prognosis among breast cancer patients 
depended on the high levels of FOXM1. The- 
se results supported that PRDX1 and FOXM1 
worked together in cancer cells and PRDX1-
mediated FOXM1 oxidation likely contribute to 
the progression of clinical breast cancers.

Discussion 

Our results revealed a novel mechanism by 
which PRDX1 regulated FOXM1 activity under 
oxidative stress conditions in cancer cells. 
Specifically, PRDX1 mediated the oxidative 
modification of FOXM1, leading to its stabiliza-
tion and subsequent enhancement of its tran-
scriptional activity. This novel post-translational 
modification of FOXM1 played a crucial role in 
orchestrating the expression of DNA repair 
genes such as XRCC1, thereby protecting cells 
from the deleterious effects of H2O2. This is the 
first report providing a mechanism of FOXM1 
oxidative modification in response to H2O2-
induced stress. Given the enhanced functional-
ity of FOXM1, PRDX1 contributed to FOXM1’s 
oncogenic properties in cancer cells, thereby 
decreasing the survival rate for breast cancer 
patients in clinical settings. Our findings pro-
vided insights into the molecular mechanisms 
underlying the regulation of FOXM1 activity by 
PRDX1 and highlighted the potential implica-
tions of this pathway in cancer progression.

The interchange of intramolecular disulfide 
bond was reported on certain proteins harbor-
ing numerous cysteine residues [45, 46]. For 
example, the C24-C55 disulfide bond within 
Immunoglobulin27 could interact with the 
reduced C32 of the protein, thereby generating 
a novel C32-C24 or C32-C55 disulfide bond in 
the protein [46, 47]. We believed that this intra-
molecular disulfide bond-interchange also oc- 
curred within FOXM1 protein. The C539 of FO- 
XM1 served as the binding site for oxidative 
PRDX1 and a disulfide bond was formed be- 
tween the two proteins. Subsequently this di- 
sulfide bond was transferred to form a new 
disulfide bond between C167-C175 within FO- 
XM1, as confirmed through MS analysis. Pre- 
vious studies demonstrated that the N-terminus 
of FOXM1 interacted with its C-terminus [48], 
providing a potential spatial proximity between 
C539 and C167 or C175, thus facilitating the 
disulfide bond formation. Oxidative modifica-
tions altered both the protein’s stability and 
transcriptional activity of FOXM1, possibly due 
to the conformational shift triggered by the 
disulfide bond formation. Nevertheless, due to 
the uncharacterized full-length FOXM1 protein 
structure, the precise protein structural altera-
tions caused by FOXM1 oxidation remained elu-
sive. In addition, a stable disulfide bond formed 
between C539-C167 within FOXM1 likely also 
existed, based on the prediction of the oxida-
tive modification occurred on C167 alone in MS 
analysis (Figure S2B). This type of FOXM1 oxi-
dative modification and its biological functions 
need further study in the future.

The PRDX1-oxidized proteins could be reduced 
by TRX1 [49]. It’s proposed that PRDX1 and 
TRX1 jointly managed the oxidative-reductive 
status of a given protein dynamically, thereby 
impacting the functions of the protein [50-52]. 
We also identified that TRX1 could interact with 
FOXM1 via a disulfide bond (Table S2; Figure 
S7A and S7B). Following the mutation of C167, 
C175, or C539 within FOXM1, the FOXM1-TRX1 
interaction was disrupted (Figure S7A). Addi- 
tionally, TRX1 diminished the role of FOXM1 in 
DNA damage repair by suppressing the activa-
tion of the XRCC1 promoter (Figure S7C and 
S7D). Furthermore, the C32S/C35S TRX1 mu- 
tant, which lost its reduction activity, failed to 
regulate FOXM1 in cells (Figure S7C and S7D). 
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These findings suggested that the oxidative 
FOXM1 could be reduced by TRX1, indicating 
the reversibility of the oxidative modification of 
FOXM1. Notably, the oxidation and reduction of 
a protein always follow a specific time sequence 
[33]. It was documented that signal transducer 
and activator of transcription 3 (STAT3) was oxi-
dized by PRDX2 within 10 seconds post H2O2 
exposure, subsequently being reduced by TRX1 
at 3 minutes and 40 seconds [33]. Hence,  
it implicated that FOXM1 likely possess a simi-
lar reaction order with PRDX1 and TRX1, whi- 
ch regulated the oxidative-reductive status of 
FOXM1 dynamically (Figure S8). 

In addition to PRDX1, the PRDX family encom-
passes five other members, including PRDX2, 
PRDX3, PRDX4, PRDX5, and PRDX6 [53]. PR- 
DX1-4 are typical 2-Cys PRDXs possessing 
comparable secondary structural features [54]. 
PRDX5 is an atypical 2-Cys PRDX that normally 
is monomeric and PRDX6 is a 1-Cys PRDX [34]. 
Through mass spectrometry analysis of FOXM1-
interacting proteins, we found that not only 
PRDX1 but also PRDX2 and PRDX4 could serve 
as potential interacting partners of FOXM1 
(Table S2). Intriguingly, PRDX2 and PRDX4 have 
been reported to possess an analogous oxida-
tive function to PRDX1 in modifying proteins 
[33, 55, 56]. Furthermore, PRDX2 typically re- 
sides in both the cytoplasm and nucleus, while 
PRDX4 has been detected within the endoplas-
mic reticulum [53]. These findings suggested a 
potential that PRDX2 and PRDX4 likely indeed 
oxidize FOXM1, which remained to be elucidat-
ed in the future. 

Conclusion

We found that H2O2-induced PRDX1 formed a 
disulfide bond with FOXM1 C539, subsequently 
leading to the formation of a disulfide bond 
between C167 and C175 in FOXM1, facilitating 
its protein stability and transcriptional activity. 
Moreover, the inhibition of FOXM1 oxidative 
modification through mutation at C167/C175 
or C539 abolished the transcription of XRCC1, 
thereby decreasing the DNA damage repair. 
The oncogenic properties of FOXM1 were en- 
hanced by PRDX1, diminishing the survival rate 
for breast cancer patients in clinical settings. 
These results provided an understanding to 
develop potential therapeutics for breast can-

cer by targeting PRDX1-mediated FOXM1 oxi- 
dation.
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Table S1. Sequences of primers for constructing point mutation in plasmids
Name S: 5’-3’ AS: 5’-3’
PRDX1 C52S TTG TGA GCC CCA CGG AGA TCA TTG CGT GGG GCT CAC AAA GGT GAA GTC
PRDX1 C173S AAG TGA GCC CAG CTG GCT GGA AAC GCT GGG CTC ACT TCC CCA TGT TTG
FOXM1 C160A CCC TTG CCG AGC AGA AAC GGG AGA C TGC TCG GCA AGG GCT CCA GGT GGT
FOXM1 C167A GGA GAC GCT GCA GAT GGT GAG GCA ACC ATC TGC AGC GGT CTC CCG TTT CTG
FOXM1 C175A AGC AGG CGC CAC TAT CAA CAA TAG CCT ATA GTG GCG CCT GCT GCC TCA CCA T
FOXM1 C511A AAC CCG GGC TGT CTC GGA AAT GCT TGT GAG ACA GCC CGG GTT GGG GAC CTA
FOXM1 C539A CTC CCG CTG TGG ATG AGC CGG AG ATC CAC AGC GGG AGG CAG TAG ATG CT
TRX1 C32S CGT GGT CTG GGC CTT GCA AAA TGA GGC CCA GAC CAC GTG GCT GAG AAG
TRX1 C35S GGC CTA GCA AAA TGA TCA AGC CTT TC CAT TTT GCT AGG CCC ACA CCA CGT
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Figure S2. The identification of redox sensitive cysteines in FOXM1 by MS. (A) HEK293T cells were transfected with 
pEF1-BirA, pCMV-AVI-FOXM1 and pCMV-PRDX1 and treated with H2O2 (50 μM) for 2 min before harvesting. Before 
transfection, Biotin were added into cell culture medium. Cell lysates were immunoprecipitated with anti-Strepta-
vidin (SA) agarose beads, then protein samples were eluted from beads and separated equally into two groups. 
After been treated with DTT and IAA, and digested by trypsin, samples were detected by mass spectrometer. (B) The 
identification of intramolecular disulfide bond in the oxidized FOXM1. Samples were produced as procedures in (A) 
and the identified FOXM1 peptides from MS were showed. The FOXM1 C167 and C175 were not modified by IAA in 
No DTT group but modified by IAA in DTT group.

Figure S3. The protein levels of FOXM1 were increased by H2O2 treatment in MDA-MB-231 cells. A. MDA-MB-231 
cells were seeded in a 12-well plate and cultured for 48 h and treated with H2O2 (200 μM) by a concentration gradi-
ent (1, 2, 4, 6, 8, 12 or 24 h) before harvesting. The FOXM1 proteins were blotted by anti-FOXM1 antibodies. B. MDA-
MB-231 cells were treated with H2O2 (200 μM) for 24 h, and then RNAs were extracted. The mRNA levels of FOXM1 
were detected by qPCR and normalized to the GAPDH. n = 3, ns, P > 0.05; two-tailed unpaired Student’s t-test.

Figure S1. The identification of FOXM1-interacting proteins by MS. (A) HEK293T cells were transfected with pC-
MV-V5-FOXM1. Cell lysates were immunoprecipitated with anti-V5 antibody and protein A/G agarose beads, and 
blotted by anti-V5 antibodies. Ten percent of cell lysates were used as input control. (B) After trypsin digestion, the 
samples produced from (A) were analyzed by MS and the identified PRDX1 peptides from MS were showed.

Table S2. The selected FOXM1-interacting proteins identified by MS
Accession Description Score
Q13162 Peroxiredoxin-4 OS=Homo sapiens GN=PRDX4 PE=1 SV=1 - [PRDX4_HUMAN] 10.28
Q06830 Peroxiredoxin-1 OS=Homo sapiens GN=PRDX1 PE=1 SV=1 - [PRDX1_HUMAN] 7.83
A6NIW5 Peroxiredoxin 2, isoform CRA_a OS=Homo sapiens GN=PRDX2 PE=1 SV=2 - [A6NIW5_HUMAN] 2.95
P10599 Thioredoxin OS=Homo sapiens GN=TXN PE=1 SV=3 - [THIO_HUMAN] 3.24
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Figure S5. The exogenous and endogenous FOXM1 levels in MDA-MB-231Control, MDA-MB-231FOXM1, MDA-MB-231FOXM1 

C539A and MDA-MB-231FOXM1 C167A/C175A cell lines. After puromycin selection, MDA-MB-231Control, MDA-MB-231FOXM1, MDA-
MB-231FOXM1 C539A and MDA-MB-231FOXM1 C167A/C175A cells were harvested. The protein levels of Flag-FOXM1 and endog-
enous FOXM1 in cell lysates were blotted by anti-Flag and anti-FOXM1 antibodies.

Figure S6. The high levels of FOXM1 or PRDX1 were associated with poor survival probability in breast cancer 
patients. The FOXM1-related survival probability and PRDX1-related survival probability in breast cancer patients 
(TCGA database, n=4929) were analyzed from Kmplot website (https://kmplot.com/analysis). The mean value was 
set as the cut-off value to separate high or low expression.

Figure S4. The DNA damage increased with H2O2 treatment in HEK293T cells. HEK293T cells were treated with H2O2 
(200 μM) for 24 h before harvesting. The proteins of γH2AX were blotted by anti-γH2AX antibodies.
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Figure S7. FOXM1 interacted with TRX1. A. HEK293T cells were transfected with pCMV-Flag-FOXM1, pCMV-Flag-
FOXM1 C539A or pCMV-Flag-FOXM1 C167A/C175A together with pcDNA3.1-TRX1-GFP. Cell lysates were incubated 
with anti-Flag agarose beads and blotted by anti-Flag and anti-GFP antibodies. Ten percent of cell lysates were used 
as input control. B. HEK293T cells were transfected with pCMV-Flag-FOXM1 and pCMV-TRX1-GFP, cells were treated 
with H2O2 (200 μM) for 7.5 min and then treated with NEM (100 mM) for 5 min before harvesting. Control samples 
were treated with additional DTT (50 mM) for 5 min. The protein of FOXM1 and TRX1 were detected by non-reducing 
Western blotting with anti-Flag and anti-GFP antibodies. The arrow indicated the intermediate of FOXM1-TRX1. C. 
HEK293T cells were transfected with pCMV-TRX1-GFP or pCMV-TRX1 C32S/C35S-GFP, plus pCMV-Flag-FOXM1 and 
treated with H2O2 (200 μM) for 24 h before harvesting. The proteins of γH2AX, FOXM1 and TRX1 in cell lysates were 
blotted by anti-γH2AX, anti-Flag and anti-GFP antibodies. D. HEK293T cells were transfected with pRL-CMV, pXRC-
C1pro (-1kb-+22bp)-LUC, pCMV-Flag-FOXM1 together with pCMV-TRX1-GFP or pCMV-TRX1 C32S/C35S-GFP and 
treated with H2O2 (200 μM) for 24 h before harvesting. Then cell lysates were collected to measure the luciferase 
activities. n = 3, **, P < 0.01; ***, P < 0.001; two-tailed unpaired Student’s t-test.

Figure S8. A schematic illustrating that PRDX1-mediated FOXM1 oxidation activated the expression of XRCC1 gene 
to repair DNA damage. H2O2-induced oxidative stress caused DNA damage and the oxidation of PRDX1, which oxi-
dized FOXM1 to stimulate the expression of DNA damage repair gene XRCC1 to prevent DNA damage. TRX1 could 
reduce the oxidized FOXM1 and resulted in the redox cycle of FOXM1 protein.


