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Abstract

Background: Peroxiredoxins (PRDXs) are an antioxidant enzymes protein family involved in several biological
functions such as differentiation, cell growth. In addition, previous studies report that PRDXs play critical roles in the
occurrence and development of carcinomas. However, few studies have conducted systematic analysis of PRDXs in
cancers. Therefore, the present study sought to explore the molecular characteristics and potential clinical significance
of PRDX family members in pan cancer and further validate the function of PRDX6 in bladder urothelial carcinoma
(BLCA).

Methods: A comprehensive analysis of PRDXs in 33 types of cancer was performed based on the TCGA database.
This involved an analysis of MRNA expression profiles, genetic alterations, methylation, prognostic values, potential
biological pathways and target drugs. Moreover, both the gain and loss of function strategies were used to assess the
importance and mechanism of PRDX6 in the cell cycle of BLCA.

Result: Analysis showed abnormal expression of PRDX1-6 in several types of cancer compared to normal tissues. Uni-
variate Cox proportional hazard regression analysis showed that expression levels of PRDX1, PRDX4 and PRDX6 were
mostly associated with poor survival of OS, DSS and PFl, and PRDX2 and PRDX3 with favorable survival. In addition, the
expression of PRDX genes were positively correlated with CNV and negatively with methylation. Moreover, analysis
based on PharmacoDB dataset showed that the augmented levels of PRDX1, PRDX3 and PRDX6 were significantly
correlated with EGFR/VEGFR inhibitor drugs. Furthermore, knocking down of PRDX6 inhibited growth of cancer cells
through the JAK2-STAT3 in bladder cell lines.

Conclusions: PRDXs are potential biomarkers and therapeutic targets for several carcinomas, especially for BLCA. In
addition, PRDX6 could regulate proliferation of cancer cell via JAK2-STAT3 pathway and involve into the process of cell
cycle in BLCA.
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Background

Peroxiredoxin (PRDX) belongs to a large group of antiox-
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Moreover, PRDXs can also be divided into six subfami-
lies based on the structural information around the active
sites including AhpC-Prx1, BCP-PrxQ, Tpx, Prx5, Prx6,
and AhpE [6]. Currently, there are 6 known mamma-
lian PRDX members, namely PRDX1, PRDX2, PRDX3,
PRDX4, PRDX5, PRDX6 [7]. The family members are
involved in several biological processes, such as cell dif-
ferentiation, metabolism [8], inflammation [9], cellular
protection against reactive oxygen species (ROS) [10],
embryonic development and cellular homeostasis [11].

Although the cardio- and neuroprotective effects have
been fully established [12, 13], studies report that PRDXs
play critical roles in the process of carcinogenesis and
the development of drug resistance. Notably, PRDX1
was originally reported to act as an antioxidant enzyme
because of its high susceptibility to oxidative stress [14],
which plays important roles in cell growth, differentia-
tion and apoptosis [15]. On the other hand, PRDX2 is
associated with the proliferative, migratory and meta-
static activities of melanoma [16]. Additionally, PRDX3
is highly expressed in tumor tissues of breast cancer, cer-
vical cancer, liver cancer and prostate cancer [17-20].
Moreover, PRDX4 increases the proliferation rate of
prostate cancer cell and promotes the metastasis of ovar-
ian cancer, breast cancer, lung cancer and oral squamous
cell carcinoma [21-24]. In addition, high expression of
PRDX5 is associated with short overall survival (OS) in
ovarian cancer [25]. Furthermore, high levels of PRDX6
have been reported with an invasive phenotype in breast
cancer. Oncogenic role of PRDX6 was also reported in
prostate cancer [26, 27]. Previous studies report that the
augmented levels of PRDX1, PRDX3 and PRDX6 were
associated with cisplatin resistance status for erythro-
leukemia, breast cancer and ovarian carcinoma [28, 29].
However, the comprehensive function of PRDXs in pan-
cancer has not been explored.

In the present study, the mRNA expression profiles of
PRDXs and their relationship with overall survival (OS),
disease free interval (DFI), progression free interval
(PFI), and disease specific survival (DSS) among 33 can-
cer types based on the TCGA database were explored. In
addition, the association of expression levels of PRDXs
with tumor microenvironment, genetic alteration and
drug response activity were evaluated. ROS are criti-
cal mediators of tissue damage in patients with (BLCA)
[30] are limited. Therefore, a comprehensive analysis of
PRDXs was conducted. Moreover, effects of expression
levels of PRDX6 in cell growth, apoptosis and the poten-
tial mechanisms were explored in T24 and TCCSUP cells.
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Materials and methods

TCGA pan-cancer data

RNA-seq, clinical information, stemness scores based
on mRNA (mRNAsi) and immune subtypes data for 33
cancer types were obtained from Xena browser (https://
xenabrowser.net/datapages/). Out of the samples, only 18
cancer types had adjacent normal tissue samples. These
samples were used to explore gene expression profiles
in tumors compared with normal tissues. In addition, in
order to analyze the correlation between gene expression
(as continuous variable) and patient prognosis, patients
with corresponding survival information were included.
The OS, DFIL, PFI and DSS data of PRDXs were analyzed
based on HIPLOT dataset (https://hiplot.com.cn/advan
ce/ucsc-xena-shiny).

Tumor immune subtypes analysis

Six immune subtypes were used to explore immune infil-
tration in tumor environment [31]. Immune subtype
was used to determine the relationship between PRDXs
expression and immune infiltrate types in tumor micro-
environment using ANOVA methods. Tumor stemness
data obtained from TCGA dataset were performed to
assess the stem-cell-like levels of tumor cells [32]. The
association between cancer stemness and PRDXs expres-
sion profiles was examined using Spearman correlation
method.

Genetic alteration and DNA methylation

Genetic alterations, including mutation and copy num-
ber variation (CNV) data of different cancer types were
retrieved from cBioPortal (http://www.cbioportal.org/).
The association of CNV, methylation and tumor types
were analyzed using GSCALite tool (http://bioinfo.
life.hust.edu.cn/web/GSCALite/). Correlation analyses
between mRNA expression levels of PRDXs and CNV
levels, and methylation in BLCA were released from cBi-
oPortal. Data on methylation levels between tumor and
normal tissues in BLCA were obtained from UALCAN
(http://ualcan.path.uab.edu).

Drug and pathway analysis

Global proportion plot and heatmap of PRDXs genes
in 10 tumor-associated pathways were generated using
GSCALite  (http://bioinfo.life.hust.edu.cn/web/GSCAL
ite/). Data on PRDXs-related drugs were from Pharma-
coDB (https://pharmacodb.pmgenomics.ca/). The cut-
off was absolute value of correlation more than 0.1 and
P <0.05 (Additional file 1: Table S3).
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Fig. 1 Expression levels of PRDX genes and association with overall survival in pan-cancer. A Boxplot to display the distribution of PRDX genes
expression across all 33 type tumors. B Heatmap to show the difference of PRDX gene expression comparing tumor to normal samples based on
log2(fold change) for 18 tumor types. C The forest plots for overall survival with hazard ratios (log10) and 95% confidence intervals for 33 different
cancer types

Verification of expression profiles and pathway analyses

of PRDXs

The Human Protein Atlas (HPA) database (http://www.
proteinatlas.org/) was used to verify the protein level of

PRDXs. Prognostic value of the PRDXs was verified by
using survival (https://github.com/therneau/survival)
and survimer (https://github.com/kassambara/survm
iner/) package. GSEA (http://software.broadinstitute.org/
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gsea/index.jsp) package was applied to analyze the differ-
ential pathways based on KEGG gene sets.

Cell culture and lentiviral of PRDX6, STAT3

T24, TCCSUP and HEK293T cell lines were purchased
from the American Type Culture Collection company
(ATCC, Manassas, VA). Cells were cultured in DMEM
media and maintained in a humidified 5% CO2 environ-
ment at 37 °C [33]. Lentiviral pLKO-vec, pLKO-shPRDX6
were transfected into 293T cells and harvested according
to our previous paper [34]. For shPRDX6 knocking-down
stable expression cell model, puromycin (2 pg/ml) was
added to select the stably transduced cells. The lentiviral
soups were stored in — 80 C for further use. The constitu-
tively active 0eSTATS3 lentiviral vector (plasmid #24983)
was purchased from Addgene (Cambridge, MA, USA).

Western blot assay

Cells were lysed, quantified and equal 30 pg protein, was
separated on 10% SDS/PAGE gel, and then transferred
onto PVDF membranes (Millipore, Billerica, MA). After
blocking the membrane for 2 h with 5% BSA at room
temperature, then the membrane was incubated in pri-
mary antibodies at 4°C for overnight. Next, the mem-
brane was rinsed 3 times and incubated with secondary
antibodies for 1 h at room temperature. Finally, the pro-
tein bands imaged by ECL system (Thermo Fisher Sci-
entific). The primary antibodies used in the study for
western blot were as follow: p-actin (Santa Cruz, #sc-
8432, CA), PRDX6 (Abcam, #ab59543, USA), CDK4
(Santa Cruz, #sc-56277, CA), CDK6 (Santa Cruz, #sc-
39049, CA), BCL-2 (Santa Cruz, #sc-20067, CA), JAK2
(Santa Cruz, #sc-390539, CA), p-STAT3 (Santa Cruz,
#sc-8059, CA), STAT3 (Santa Cruz, #sc-8019, CA).

Cell viability assay, Colony formation assay and cell cycle
analysis

Stably expressed cells (5x 10%/well) were seeded in
96-well plates. Cell viability was measured using Cell
Counting Kit-8 (CCK-8, MedChemExpress, HY-K0301)
method. Cells were plated into 6-well plates at a den-
sity of 1 x 10? cells per well. After 14 days. colonies were
rinsed twice with PBS, fixed with 100% methanol, and
stained with 0.1% crystal violet, then the cell numbers
were calculated. For cell cycle assay, cells were harvested

Page 4 of 17

and washed with cold PBS, and fixed in 70% cold ethanol.
Cells were stained with 50 mg/L propidium iodide for
30 min, before analysis with a fluorescence-activated cell
sorter (BD FACS Flow Cytometer, 342975).

Statistical analysis

The R-3.6.2 software was performed for statistical analyse
and generation of images. Comparison of PRDXs mRNA
expression between tumor and normal tissues were per-
formed using Wilcox signed- rank test. Comparison of
multi-groups was performed using one way ANOVA
(Analysis of variance) methods, then LSD test (Fisher’s
Least Significant Difference test) for post-hoc correction.
Spearman’s correlation analysis was utilized to explore
the correlation between continuous variables. Univariate
cox proportional hazard regression models or Log-rank
tests were used to assess the correlations between gene
expression and patient overall survival. P value <0.05 was
set as statistically significant. Each statistical test was
two-sided.

Results

The gene expression and survival analysis of PRDXs

in pan-cancer

The clinical information of 33 tumors and correspond-
ing cancer tissue RNA-seq data were retrieved from the
TCGA database. These data were used to explore expres-
sion patterns and prognostic value of PRDXs in different
types of cancer. Analysis showed that significant differ-
ences in expression patterns of six PRDX genes across
different tumor types (Fig. 1A). Notably, when compared
to adjacent or normal tissues, PRDX1, PRDX2, PRDX4
and PRDX5 were significantly up-regulated expres-
sion in several cancer types (UCEC, READ, BLCA,
BRCA, CHOL, COAD, LIHC, THCA), while PRDX3
and PRDX6 were down-regulated expression in kidney
cancers (Fig. 1B, Additional file 1: Figure S1). Univariate
Cox proportional hazard regression analysis showed that
expression of PRDX1, PRDX4 and PRDX6 were mostly
associated with poor survival of OS, DSS and PFI, and
PRDX2 and PRDX3 may be protective factors (Fig. 1C,
Additional file 1: Figure S2), such as PRDX1, PRDX4 and
PRDX6 were risky factors for BLCA of OS, DSS and PF],
while PRDX2 and PRDX3 were protective factors for

(See figure on next page.)

Fig. 2 The genetic alterations of PRDXs and associations with mRNA expression. A Total genetic alterations of PRDX genes based on cBioportal
website. B Bubble map indicated the relationship between PRDX mRNA expression and CNV. Red dots indicate that gene CNV levels were positively
associated with mRNA expression, blue dots indicate the negative association. C The differential methylation of PRDXs between TCGA cancer and
normal tissues. Blue dots show methylation down-regulation in tumors, and red dots show methylation up-regulation in tumors. D Associations

between DNA methylation and PRDXs expression
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Fig. 3 The immune infiltrate subtypes, cancer stemness, pathways and sensitivity to drugs of PRDXs. A Association of PRDX gene expression with
immune infiltrate subtypes among all the tumor types tested by ANOVA. B Correlation plots of the relationship between PRDX gene expression and
tumor stemness of 33 diverse tumor types. C Fan diagrams show the percentage distribution of PRDXs'function (activation or inhibition) for related
pathway in all cancers. D Heatmap of drug sensitivity/tolerance of PRDXs with high expression

KIRC of OS, LGG of DSS, KIRP and STAD of PFI (Addi-
tional file 1: Figure S2).

Genetic alteration and methylation of PRDXs in pan-cancer
Genetic alterations of PRDXs in the different cancers
were collected from cBioprotal website. The top-five
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tumors with PRDXSs genetic alterations were endometrial
carcinoma, ovarian epithelial tumor, bladder urothelial
carcinoma, cholangiocarcinoma, Esophageal squamous
cell carcinoma (Fig. 2A). The mutation distributions of
each PRDX were presented in Additional file 1: Figure
S3. Then the copy number variation (CNV) and meth-
ylations of PRDXs in pan-cancer were explored based
on GSCA Lite. The results demonstrated that the mRNA
expressions of PRDXs was mainly positively correlated
with CNV (Fig. 2B), while negatively with methylation
(Fig. 2C, D). This finding implies that PRDXs might be
the CNV and methylation drive genes.

Associations between PRDXs and immune subtypes, tumor
stemness, drug sensitivity and signaling pathways

Six subtypes of immune infiltrates, C1 (wound heal-
ing), C2 (INF-r dominant), C3 (inflammatory), C4 (lym-
phocyte depleted), C5 (immunologically quiet), and
C6 (TGEP dominant) were obtained from the study of
David et al. [35]. Correlations between higher levels of
PRDX1, PRDX4, PRDX6 and type 1, 2, and 6 infiltrates
(C1, C2 and C6), suggesting the tumor promoting effect
of these PRDXs (Fig. 3A). On the contrary, PRDX2 and
PRDX3 showed higher expression levels in C4 subtypes,
indicating that they are involved in tumor suppression.
PRDXs have been previously reported to play a role in
drug resistance and drug resistance is closely related to
tumor stemness [32], therefore, the relationship between
PRDXs expression profiles and tumor stemness were
analyzed. Correlation analysis showed that PRDXs were
strongly associated with the tumor stemness across dif-
ferent cancer types (Fig. 3B, Additional file 1: Table S1).
Moreover, the correlation between tumor stemness and
TGCT was significantly high with a correlation coeffi-
cient to 0.66 (P<0.001). Then the relationship between
PRDXs and 10 cancer-related pathways were analyzed
based on GSCALite website (Fig. 3C). The results showed
that PRDX1 was significantly associated with the activa-
tion effect of apoptosis, cell cycle, and inhibition of EMT
and RTK. Furthermore, PRDX2 showed significant cor-
relation with activation effect of apoptosis, cell cycle,
DNA damage response and hormone AR, while inhibi-
tion of EMT and RTK. PRDX1, PRDX2, PRDX3, PRDX4,
and PRDX6 were associated with the activation effect of
apoptosis, cell cycle, while PRDX5 significantly associ-
ated with inhibition of apoptosis and cell cycle. The top
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five cancer drugs potentially associated with each of
the PRDX members (P<0.05, standardized coefficient
>0.1) were analyzed based on PharmacoDB [36] data-
base (Fig. 3D, Additional file 1: Table S3). The results
demonstrated that pazopanib, vandetanib, lapatinib and
cediranib were associated with PRDX1, PRDX3, PRDX4,
PRDX6, which suggested that the PRDXs may be strongly
associated with the EGF and VEGF signaling pathway.
Moreover, Gemcitabine, Doxorubicin, AZD8055 (mTOR
inhibitor), GDC-0941 (PI3K inhibitor), Irinotecan (cyto-
toxic chemotherapy drug), 17-AAG (HSP90 inhibitor),
Mitomycin-C (cytotoxic), and temsirolimus drugs were
significantly associated with PRDXs (Fig. 3D).

Expression profiles, genetic alteration of PRDXs

and the correlations with immune subtypes, stage

in bladder cancer

ROS is associated with tissue damage in BLCA patients,
therefore, a comprehensive analysis of the role of PRDXs
in BLCA was performed. The mRNA expression lev-
els and genetic alterations were analyzed. All PRDXs
were highly expressed in BLCA tumor tissues compared
with normal tissues (Fig. 4A), though there is no sig-
nificant different in expression levels of PRDX2, PRDX3
between tumor and normal tissues. Genetic alterations of
PRDX1-6 were 4%, 1.6%, 1.6%, 3%, 2.4%, 13%, respectively
(Fig. 4B, D), mainly CNV mutation (Fig. 4E). The meth-
ylation levels of PRDX2-6 were significantly low in tumor
when compared with normal tissues (P<0.001) (Fig. 4C).
Moreover, the mRNA expression levels of PRDXs were
significantly correlated with CNV and methylation in
tumor tissues (Fig. 4E). These findings were in consist-
ence with the analyses of pan-cancer. In addition, analysis
of immune subtypes showed that high expression levels
of PRDX1, PRDX4 and PRDX6 were significantly cor-
related with type 1, 2 infiltrates (C1, C2). On the other
hand, low expression levels of PRDX1, PRDX4 and
PRDX6 were correlated with C3 subtypes, indicating that
they are potential tumor promoters, similar to pan-can-
cer results (Fig. 5A). Furthermore, the mRNA expression
levels of PRDX1, PRDX4 and PRDX6 were closely related
with tumor stage of BLCA (Fig. 5B, Additional file 1: Fig-
ure S4B). The immunohistochemistry (IHC) results from
the Human Protein Atlas (HPA) database showed high
expression levels of PRDXs in BLCA (Fig. 5C).

(See figure on next page.)

Fig.4 Expression profiles and genetic alterations of PRDXs in bladder cancer based on TCGA dataset. A The mRNA expression profiles of PRDXs
in tumor compared to normal tissues. B The genetic alterations of PRDXs in bladder cancer. C The mRNA methylation levels of PRDXs in tumor
compared to normal tissues. D The global percentage shows genetic alterations of PRDXs in different bladder cancer cohorts based on cBioprotal
website. E Heatmap of the associations between PRDXs mRNA expression and CNV levels, DNA methylation in bladder cancer
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The diagnostic, prognostic value and GSEA results

of PRDXs in bladder cancer

In order to explore the diagnostic of PRDXs in BLCA, the
area under the receiver operating curve (AUC) was cal-
culated. The Kaplan Meier (KM) plot and Log-rank tests
were performed to determine the relationship between
PRDXs and OS. The results showed that the AUC of
PRDXs were 0.799, 0.63, 0.452, 0.837,0.66 and 0.673
(Additional file 1: Figure S4A). The KM results demon-
strated that PRDX1 (P=0.002), PRDX4 (P=0.044) and
PRDX6 (P=0.02) were associated with poor survival
(Fig. 6A). Moreover, the univariate Cox results showed
that PRDX1 (P=0.001) and PRDX6 (P=0.004) were
prognostic factors, while only PRDX6 (P=0.071) may be
the independent prognostic factors based on the multi-
variate Cox results (Additional file 1: Table S2). Subse-
quently, Gene set enrichment analysis (GSEA) methods
was utilized to explore the potential biological path-
ways in BLCA between low and high expression RPDX
groups. The significant pathways followed the criterion
(FDR<0.05) in enrichment of KEGG biological terms
from MSigDB Collection were presented in Fig. 6B. The
results demonstrated that PRDX1, PRDX2, PRDX4 and
PRDX6 were associated with cell cycle, and cell adhesion
pathways (such as ECM receptor, focal adhesion, GAP
junction, and cell adhesion molecules CAMs). PRDX1
were strongly associated with TGF-beta pathway, while
PRDX2, PRDX6 with JAK-STAT pathway, PRDX3 with
mTOR pathway. All PRDXs were significantly associ-
ated with cell metabolism processes, such as glycolysis
gluconeogenesis, purine metabolism, fatty acid metabo-
lism, drug metabolism cytochrome P450, retinol metabo-
lism and metabolism of xenobiotics by cytochrome P450
(Additional file 1: Fig. 6B).

Knockdown of PRDX6 inhibits the cell proliferation of BLCA
As PRDX6 had high expression in tumor tissues with poor
prognosis, and high genetic alterations rate in BLCA,
then PRDX6 was selected to explore its roles in BLCA.
We first knocked down PRDX6 in T24 and TCCSUP cell
lines (Fig. 7A), then tested whether PRDX6 had any bio-
logical functions in BLCA cells. CCK8 assay was used to
detect the effect of PRDX6 on cell proliferation in BLCA
cells. The results revealed that knockdown of PRDX6
in T24 and TCCSUP cells significantly suppressed the
cell growth (Fig. 7B). Similarly, colony formation assay
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showed that knockdown of PRDX6 in T24 and TCCSUP
cells reduced the colony number compared with the
corresponding controls (Fig. 7C, D). Next, FACS analy-
sis was used to investigate the mechanism of PRDX6 in
modulating progression of cell cycle. The results showed
that PRDX6 deletion resulted in an increased percentage
cells in G2/M phase and a decreased percentage of cells
in the S phase in T24 and TCCSUP cells (Fig. 7E, F). The
Annexin V-APC and 7-AAD staining was performed to
assess the role of PRDX6 in apoptosis. The scatter plots
demonstrated a higher apoptotic index both in the T24
and TCCSUP cells with shPRDX6 (Fig. 7G, H).

Our previous analysis showed that PRDX6 was highly
correlated with cell cycle. Therefore, the core genes,
CDK4, CDK6 and BCL2 were selected to detect. The
result showed that knockdown PRDX6 significantly
decreased the protein levels of CDK4, CDK6 and BCL-2
in the T24 cells (Fig. 7I) and TCCSUP cells (Fig. 7J). In
summary, these results demonstrated that knockdown of
PRDX6 inhibits the cell proliferation of BLCA.

PRDX6 promotes bladder cancer cell proliferation

via JAK2-STAT3 pathway

To investigate the mechanism of PRDX6 regulating
cell proliferation signaling, the GSEA analysis was per-
formed, the results showed that JAK-STAT3 pathway
was significantly enriched in PRDX high group (Fig. 6E,
Fig. 8A). STAT3 plays as an important role in urological
related tumors [37], and previous study has confirmed
that STAT3 as the upstream signaling of CDK4/6 path-
way [38]. Taken together, we speculated that PRDX6
modulates JAK-STAT3 signaling thus regulating prolif-
eration of BLCA cells. Western blot results showed that
PRDX6 knockdown decreased JAK2 protein level phos-
phorylation and total STAT3 protein level in T24 and
TCCSUP cells (Fig. 8B, C). Then the decreased protein
levels of STAT3, CDK4, CDK6 and BCL-2 induced by
shPRDX6 can be reversed through addition of 0eSTAT3
(Fig. 8D, E). What’s more, the results of CCK8 (Fig. 8F, G)
and colony formation (Fig. 8H, K) demonstrated that the
diminished effect of proliferation by knockdown PRDX6
can be reversed by 0eSTAT3 in T24 and TCCSUP cells.
Therefore, we can conclude that PRDX6 could promote
the cell proliferation through regulating JAK2-STAT3
signaling in BLCA.

(See figure on next page.)

Fig. 7 Knockdown of PRDX6 inhibits the cell proliferation of BLCA. A Knockdown efficiency of PRDX6 in T24 cells and TCCSUP cells. B CCK8 assay
revealed cell proliferation in T24 cells and TCCSUP cells. C, D PRDX6 depletion decreased colony forming ability of T24 cells (C) and TCCSUP cells
(D). E, F Knockdown PRDX6 arrested cell population in G2/M-phase both in T24 cells (E) and TCCSUP cells (F) by flow cytometer. G, H Knockdown
PRDX6 increase the apoptosis of T24 cells (G) and TCCSUP cells (H). I, J Knockdown PRDX6 decrease the protein level of CDK4, CDK6 and BCL2.

*P<0.05,**P<0.01
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Discussion

Accumulating studies demonstrated that PRDXs play
vital roles in the progression of cancers, however, a sys-
tematic analysis of PRDXs in different cancers is defi-
ciency. Therefore, it is necessary to study the expression,
genetic alterations, regulation patterns and potential
drugs for diagnosis and treatment of cancers with aber-
rantly PRDXs expression. The aim of our study was to
explore the characteristic features of PRDXs in pan-
cancer and their potential roles in BLCA. Increased
or decreased levels of PRDXs mRNA expression lev-
els were found among 33 tumor types, such as PRDX1,
PRDX2, PRDX4 and PRDX5 increased in several can-
cer types, while PRDX3 and PRDX6 decreased in there
types of kidney cancer (KIRP, KIRC and KICH). Nico-
lussi et al. [39] reviewed that overexpression of PRDXs
were found in several cancers, especially PRDX6. The
TCGA dataset showed that mRNA expression levels of
PRDX6 increased in BLCA, CESC, ESCA, LIHC, LUAD,
LUSC, PRAD, THCA, UCEC, and OV. Interestingly, the
expression patterns of PRDX6 in BRCA were contrary
in different dataset, such as mRNA expression levels of
PRDX6 decreased in TCGA dataset [40], while protein
levels increased in breast cancer cells [26], which may be
caused by individual difference, race, cancer subtypes.

As for survival analysis, PRDX1, PRDX4 and PRDX6
were mostly associated with poor survival of OS, DSS and
PFI, PRDX2 and PRDX3 with favorable survival, while
PRDX5 was risky factors for LAML, LIHC, UVM and
protective factors for KIRP, LGG, MESO in OS. As we
all known, epigenetic aberrations involve the initiation
and progression of tumors [41]. Therefore, the genetic
alteration and methylation of PRDXs were explored. The
results showed that PRDX gene expressions were posi-
tively correlated with CNV and negatively with methyla-
tion, implying that PRDXs are probably epigenetic-drive
genes.

Subsequently, the correlations between PRDXs and
immune subtypes, tumor stemness demonstrated that
PRDX1, PRDX4, PRDX6 were closely related with type
C1, C2 and C6 infiltrates, while tumor stemness scores
were positively with all PRDX members. One possible
explanation is that PRDXs are differentially expressed
in immune responses, For example the Leishmania
donovani peroxidoxin: LdPxnl is upregulated during
the amastigote stage whereas LdPxn2 increased in the
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promastigote stage [42]. Moreover, PRDXs are func-
tionally different [43]. Considering that tumor stemness
were significantly correlated with drug response, then
the relationships between 10 tumor-related pathways and
potential drugs were investigated. The results showed
that PRDXs were associated with apoptosis and cell
cycle pathway. Moreover, analysis of data from Pharma-
coDB showed high expression levels of PRDX1, PRDX3,
PRDX6 were positively correlated with a number of FDA
approved EGFR/VEGER inhibitor drugs, such as Pazo-
panib, Vandetanib, Lapatinib and Cediranib (P<0.001).
These drugs are used to treat tumors such as renal cell
carcinoma [44], melanoma, thyroid cancer [45]. These
findings suggest that reasonable use of EGF/VEGF
inhibitors can effectively treat some cancers with aber-
rant expression of PRDXs. Besides, Gemcitabine, Doxo-
rubicin, AZD8055 (mTOR inhibitor), GDC-0941 (PI3K
inhibitor), Irinotecan (cytotoxic chemotherapy drug),
17-AAG (HSP90 inhibitor), Mitomycin-C (cytotoxic),
and temsirolimus drugs were also strongly related with
high expression of PRDXs. These drugs regulate cancer
by modulating cancer metabolism. Furthermore, find-
ings on genetic alterations and methylation showed that
PRDX members had significant positive correlations with
CNV and methylation, which indicates that the combina-
tion of epigenetic inhibitors and EGF/VEGF inhibitors
may be an effective anticancer treatment approach.
Abnormal expression levels of PRDX members are
associated with OS, but most previous studies only
focused on several members, and systematic analysis of
PRDXs in BLCA has not been reported. Therefore, the
present study explored the characteristics of PRDXs in
BLCA. The results demonstrated that PRDX1, PRDX4,
PRDX5 and PRDX6 were significant difference between
tumor and normal tissues, which were also validated in
HPA database. In addition, KM plot showed that high
expression levels of PRDX1, PRDX4 and PRDX6 were
associated with poor prognosis, were in consistent with
the researches of Soini et al. [46] and Quan et al. [30].
Finally, PRDX6, which had 13% genetic alterations and
correlations with CNV, methylation was 0.61 (P<0.01)
and -0.32 (P<0.01), was selected to explore the functions
of PRDXs in BLCA. T24 and TCCSUP bladder cancer
cell lines were used for PRDX6 knockdown and analysis
of cell growth and cell cycle. Our results showed that the
low expression levels of PRDX6 could inhibit the growth

(See figure on next page.)

Fig. 8 PRDX6 promotes bladder cancer cell proliferation via JAK2-STAT3 pathway. A The GSEA plot of JAK/STAT pathway between PRDX6 high
and low group. B, C Western blot was used to test JAK2, p-STAT3 and STAT3 protein both in T24 cells (B) and TCCSUP cells (C). D-G To test whether
PRDX6 regulate the cell growth via JAK2-STAT3 pathway, western blot assays and CCK8 were performed on T24 cells (D, F) and TCCSUP cells (E, G)
transfected with control, shPRDX6, 0eSTAT3, shPRDX6 + 0eSTAT3. H-K Colony formation were performed on T24 cells (H, ) and TCCSUP cells (J, K)
transfected with control, shPRDX6, 0eSTAT3, shPRDX6 4+ 0eSTAT3. *P < 0.05, **P < 0.01
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of cancer cells, which were in accord with the results of
esophageal carcinoma [47], breast cancer [26]. Subse-
quently, GSEA analysis was used to explore the potential
biological pathways associated with PRDXs in BLCA.
The results showed that PRDXs are positively associated
with JAK/STAT pathway. Previous literature reported
that overexpression peroxiredoxin 4 is a complex inter-
play of antioxidant and several signaling functions, such
as NF-kB-mediated proinflammatory response and JAK/
STAT-mediated stress response in fly physiology [48].
Moreover, Yun et al. reported that PRDX6 promotes
tumor progress via the JAK2/STAT3 pathway in lung
tumor model [49]. Therefore, in order to explore whether
PRDX6 functions via JAK/STAT, then we detect the
famous modules of JAK/STAT, including JAK2, STAT3
and p-STAT3. The results exhibited that PRDX6 could
regulate the cell proliferation through JAK2-STAT?3 path-
way and is implicated in the process of cell cycle, which
were in consistent with the results from lung cancer
model [49]. Therefore, PRDX6 is a potential novel target
for the treatment of BLCA.

Although the PRDX family members generally exhibit
features of oncogenes, the effects on cancer survival and
cancer cell proliferation are different. One possible expla-
nation for this variation is that aberrant expression of
PRDX family members involve interaction with different
factors, such as response elements, transcription factors,
tumor suppressors and microRNAs in different human
tumors [50, 51].

This study also has some limitations. Although we
revealed the significance of PRDXs in the progress of 33
tumors and validate the function of RPDX6 in BLCA, the
effects and mechanisms should be confirmed using clini-
cal samples and animal experiments. The specific experi-
ment will be designed in detail in further research.

Conclusion

In summary, our study provided systematic analyses
of PRDXs in pan-cancer, including expression profiles,
associations with survival information, genetic altera-
tion, methylation, potential biological pathways and
association with drugs. Moreover, experiments in vitro
showed that PRDX6 could regulate cell proliferation via
JAK2-STAT3 signaling and involve the cell cycle process
in BLCA, which may be more valuable for personalized
treatment of cancer. In a word, we not only uncover the
pivotal roles of the PRDXSs in the progression of 33 types
of cancer, but validate that knocking down PRDX6 could
attenuate the cell growth through JAK2-STAT3 pathway
in BLCA.
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