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Abstract

Bladder cancer is the most prevalent cancer of the urinary system, but its

pathogenesis is still poorly understood. Several reports have suggested

that gene damage repair is highly correlated with tumor development and

drug resistance, in which homologous recombination repair gene Rad54L,

seems to play an important role, through yet unclear mechanisms. There-

fore, this study stratified cancer patients by Rad54L expression in bladder

cancer tissue, and high Rad54L expression was associated with a poor

prognosis. Mechanistically, we demonstrate that high Rad54L expres-

sion promotes abnormal bladder tumor cell proliferation by changing

the cell cycle and cell senescence. In addition, this study also suggests

that Rad54L may be associated with p53, p21, and pRB in bladder

cancer tissue. In summary, this study exposes Rad54L as potential a

prognostic biomarker and precision treatment target in bladder cancer.
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1 Introduction

Bladder cancer (BCa), the seventh most common male cancer in the world,
leads in prevalence and mortality rate of urinary system pathologies[1]. In
2021, there were more than 83,000 patients newly diagnosed with BCa in the
United State, of which about 75% were male. Moreover, in the same year, a
total of 17,200 patients died because of BCa[2]. Of these patients, circa 90%
have pathologic diagnosis of urothelial carcinoma, and 75% of them are non-
muscular invasive bladder cancer. What is more, in the remaining 25% of
muscular invasive urothelial carcinoma patients, the tumor will have a high
possibility of invading muscle while accompanied by lymph node and sur-
rounding tissue metastasis. On such occasion, the treatment usually includes
complete bladder resection and the combination of chemotherapy and radio-
therapy. Regardless, the prognosis is generally poor and about 10 - 60% of
patients will have a relapse and distant organ metastases within 12 months
after the treatment[3]. The exact mortality rate of bladder cancer varies accord-
ing to different countries, regions, detection, and treatment methods. In some
remote areas, the mortality rate increases due to lack of early-stage detection
and access to effective treatments[1].

In most cases, the active DNA repair mechanism can be a double-
edged sword. While it assures the stability of gene and the DNA damage
repair in life, it also promotes the occurrence and development of tumors[4].
Anti-tumor drugs and radiotherapy can both lead to different degrees of
single-strand DNA (ssDNA) gaps and double-strand DNA (dsDNA) breaks
to inhibit the growth of tumor[4]. However, the highly active homologous
recombination repair (HRR), and expression of related proteins in tumor, e.g.
RCA1,XRCC,BLM,CKD1, can accelerate damaged DNA repair and recombi-
nation to enhance chemotherapy and radiotherapy resistance associated with
poor prognosis and metastases of bladder tumors[5].

According to previous reports, the DNA repair system is strongly correlated
with the uncontrolled cell cycle in tumors. In bladder cancer, heterogeneous
expression of DNA damage repair proteins can alter the response of cell cycle
checkpoints, such as G1 and G2 checkpoints, and this process can accelerate
the development of bladder tumors[6]. Interestingly, many reports have also
indicated that a huge number of cyclins have single nucleotide polymorphisms
and abnormal expression in tumor cells. Similarly, deficiency of cell cycle sup-
pressor genes in tumor like P53, BRCA1, or p1, can also induce gene instability
and failure of cell cycle checkpoint, which finally results in the malignant pro-
liferation of tumor cells[7][8]. So far, many cyclins, such as P21, Cyclin B1, or
Aurora-A have been explored as target genes for cancer therapy, some already
in clinical trials with promising outcomes[9][10][11].

Rad54 is an indispensable protein in HRR belonging to the Snf2-family and
and exerts the function of DNA ATPase activity in DNA repair. Rad54L, which
shares similarity with Rad54, facilitates the specific dsDNA structure forma-
tion and can effectively repair damaged DNA in combination with Rad51 and
translocation of damaged dsDNA[12]. Besides, Rad54L can also participate in
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homologous recombination repair of gene damage while regulating the process
of meiosis. Therefore, Rad54L may be an important protein in tumorigenesis
and Rad54L deficient cells show significantly increased cell death due to DNA
damage. Additionally, Rad54L has already been accessed as a key component
of bladder cancer prognosis[13]. Previous bioinformatics analysis performed in
our lab showed that high RAD54L expression in bladder tumors can affect
the development of disease by participating in cell division, meiotic cell cycle,
DNA repair and other important processes. Therefore here we assessed the
role of Rad54L in bladder cancer, hoping to find a new therapeutic target and
diagnostic biomarker for bladder cancer.

2 Results

2.1 Identification of significant genes in BCa through

bioinformatical analysis

Through Gene Expression Omnibus (GEO2R) database
(https://www.ncbi.nlm.nih.gov/geo/), we acquired 828, 925 and 4775 differ-
entially expressed genes (DEGs) from GSE37817, GSE42089 and GSE38264,
respectively. Venn diagram analysis identified commonly DEGs in these three
datasets, which resulted in 58 up-regulated genes (logFC>1, fig1 a) and 175
down-regulated genes (logFC<-1, FigS1 a) in BCa tissues.

All 233 DEGs were analyzed by STRING online database(https://string-
db.org/). A total of 233 DEGs were imported into the PPI network complex
resulting in 206 nodes and 2094 edges, including 155 down-regulated and 51
up-regulated genes (FigS1 b,c). We then applied Cytotype MCODE app for
further analysis and acquired 38 core genes(Table S1) and 10 functional related
genes (fig1 b).

Metascape online tool (https://metascape.org) was subsequently employed
to analyze the 38 core genes. The results indicated that the core genes were
mainly enriched in cell division, nuclear division, microtubule cytoskeleton
organization, cell cycle, meiotic cell cycle process and DNA conformation
change (fig1 c, Table S1). Among them, Rad54L was involved in nuclear
division, DNA damage repair, cell cycle and other processes, which play an
important role in the occurrence and development of BCa[14][15]. GeneMA-

NIA (http://genemania.org/) was then employed for probing the potential
regulatory mechanisms of Rad54L. As shown in fig1 d, Rad54L interacted with
20 proteins and was mainly involved in the following functions: DNA recombi-
nation, meiosis I cell cycle process, recombinational repair, meiotic cell cycle
process, and meiotic nuclear division.

Finally, the Cancer Genome Atlas (TCGA,
https://cancergenome.nih.gov/) public database was mined for mRNA expres-
sion profiles of BCa and normal bladder tissue. Rad54L was significantly
overexpressed in BCa compared with normal bladder tissue (mean 8.93 vs
5.76, p<0.001, fig1 e) . Altogether, this bioinformatics analysis suggests that
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Rad54L might be uniquely connected with proliferation of BCa cells via cell
cycle and other pathways.

2.2 Rad54L promotes proliferation of BCa cells in vitro

The above bioinformatical prompted us to evaluate the impacts of Rad54L
expression in BCa in vitro. To assess the biological function of Rad54L, Rad54L
expression was measured in 3 BCa cells lines (ScaBER, 5637 and T24) by
qRT-PCR, in which the expression of Rad54L was higher in 5637 and T24
cell lines (fig2 a). Subsequently, 5637 and T24 cells were transfected with 3
lentivirus plasmids (shRad54L1, shRad54L2 and shCtrl), for Rad54L knock,
which was validated by qRT-CR (p<0.05, fig2 b). Cell proliferation of BCa cells
was then assessed by colony formation assay, Celigo-based method and MTT
assay. These showed that Rad54L knockdown inhibited BCa cells proliferation
(p<0.05, fig2 c-e, Fig2S a, b). Subsequently, flow cytometry analysis showed
that Rad54L could augment apoptosis of BCa cells (fig2 f, Fig2S c).

2.3 Rad54L may regulate cell cycle and cell senescence

in BCa cells

Since bioinformatical analysis suggested Rad54L participates on cell cycle
pathway, we next evaluated whether Rad54L could promote proliferation of
BCa cells by Flow Cytometry (FCM). In 5637 cells, the frequency of cells in
S phase decreased after Rad54L knockdown with shRad54L, while increasing
G1 phase and G2/M phase (p<0.05, fig3 a) compared with the scramble con-
trol. In T24 cells, G2/M phase was not significantly different (p <0.05, fig3 a).
These results reinforce the hypothesis that Rad54L may promote proliferation
by inducing cell cycle into S phase. However, the results of G2/M phase were
inconsistent in the 2 tested cell lines. Incidentally, our group discovered Rad54L
might regulate cell senescence in BCa cells through -galactosidase activity
assay. These results showed that the number of senescent cells in shRad54L
group increased significantly compared with the control group (p<0.001, fig3
b).

Subsequently, the expression of P53, P21, RB1 and its four different phos-
phorylation sites were measured by western blot. The result displayed that the
expression of P53 and P21 was increased after Rad54L knockdown, while RB1
at four different phosphorylation sites was decreased ( fig3 c).

2.4 Rad54L associated with poor prognosis in BCa

Finally, we assessed the impact of Rad54L on BCa tumor growth in vivo with
Nude mouse tumor transplantation model. As represented in fig4 a, tumor
volume and weight of nude mice transplanted with shRad54L cells were smaller
and lighter than those injected shCtrl cells (p<0.05), suggesting Rad54L can
accelerate tumor growth in vivo.

To confirm this observation translates to the clinic, we then retrospectively
analyzed 48 BCa patients ratified into 2 groups of low (stage=1or2) and high
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risk (stage=3or4), with 33 and 15 patients, respectively. Immunohistochem-
istry quantitative analysis showed that the expression of Rad54L in high-risk
group was significantly higher than that in low-risk group (197.80 vs 133.64,
p<0.05, fig4 b). Patients were then stratified according to the median immuno-
histochemical score survival analysis (Table S2), suggesting that with high
Rad54L expression had worse OS in BCa patients.

3 Discussion

The findings of this research demonstrated that Rad54L was associated with
the occurrence and development of BCa through bioinformatical analysis. To
confirm this idea, Cell clone formation assay, Celigo-based method and MTT
assay were performed which corroborated Rad54L might promote the cell pro-
liferation on BCa cells. Subsequently, cell cycle was detected by flow cytometry,
and the data indicated that Rad54L might increase the frequency of S phase
cells. Additionally,β-galactosidase activity assay demonstrated that Rad54L
significantly increased cell senescence in BCa cells; and western blot showed
that P53 and P21 are highly expressed after Rad54L knockdown while RB1
in its four different phosphorylation states is decreased. Finally, the impact of
Rad54L was verified in vivo in the Nude mouse transplantation tumor model,
and IHC staining validated high expression of Rad54L in BCa tissues showing
patients with high Rad54L expression have poor clinical prognosis.

Rad54L is a DEAD-like helicase family protein with homologous
recombination repair activity for double-stranded DNA (dsDNA) breaks,
single-stranded DNA (ssDNA) breaks[16][17], and collapsed replication
forks[18][19][20]. Furthermore, Rad54L can stabilize Rad51 nucleoprotein fila-
ment formed on either ssDNA or dsDNA[16][17] and promote DNA synthesis
by isolating Rad51 from heterodimer DNA[21]. Previous research found that
Rad54L has been associated with colon cancer, breast cancer, lymphoma,
meningioma, and myelodysplastic syndrome[22][23]. Lee JS et al[24]. demon-
strated that Rad54L activity was mediated by E2F1, and these two genes were
associated with the progression of BCa and the risk of recurrence. This associ-
ation is experimentally supported by our study, where bioinformatics analysis,
in vitro and in vivo experiments verified that Rad54L can promote the pro-
liferation and development of BCa, and its expression is negatively correlated
with the prognosis of BCa. Altogether, these data suggest that Rad54L can
promote progression of BCa and associate with the prognosis of BCa.

Cell cycle dysregulation is bound up with progression and aggressiveness
of cancers[25]. The normal, cell cycle progresses underwent the gap 1 (G1),
synthesis (S), gap 2 (G2) and mitosis (M) stages in turn, however, in tumors,
the abnormal expression of cyclins leads to changes in the cell cycle. As previ-
ously reported, HRR-related genes like CHEK2, POLD1, CCNA1 and Rad54L
are highly expressed during the S phase[26]. Flow Cytometric analysis(fig3 a)
showed a decrease in the number of cells in S phase and an increase in the
number of cells in G1 phase after knockdown of Rad54L in both cell lines.
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Accordingly, we hypothesize that Rad54L might promote BC cells from G1
phase into S phase. A previous report suggested that Nek1 promotes HRR by
phosphorylating Rad54L in late G2 phase to facilitate cell cycle, however we
only observed the high expression of Rad54L in G2/M in 5637 cell line.

Cell cycle is regulated via a complex signaling network, where p53, p21 and
RB proteins are all involved. Interestingly, here we show p53, p21 and RB1
get involved in cell senescence[27]. Cell senescence is a stable cell cycle arrest
which plays an important role in limiting tumor genesis and tissue damage[28].
Activation of the p16INK4A/pRB and p53/p21WAF1/CIP1 tumor suppressor
pathways plays a crucial role in regulating senescence[29][30][31][32]. Mecha-
nistically, p16 can specifically inhibit the phosphorylation of RB, which finally
contributes the cell senescence via cell cycle arrested in G1/S phase[33][34]. Our
results showed that the expression of 4 phosphorylation sites of RB1 decreased
as a result of knockout of Rda54L (fig3 c), therefore, we speculate that Rad54L
may upregulate Rb phosphorylation. Consequently, malignant cells enter into
S stage which inhibits cell senescence and enables BC to develop. In contrast,
p21WAF1/CIP1 is activated by p53 at the transcriptional level which acti-
vates cell senescence by inhibiting the phosphorylation of Rb[35]. Likewise, we
observed that Rad54L knockdown induces P53 and P21 further suggesting that
Rad54L might accelerate cell cycle progression and hindered cell senescence.
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4 Figures

Fig. 1 Identification of significant genes in BCa through bioinformatical analy-
sis (a) Identification of 58 up-regulated genes (logFC>1) in the three datasets (GSE37817,
GSE42089 and GSE38264) and visualized by Venn diagram. (b) Module analysis via
Cytoscape software, the nodes represent proteins of core genes and edges represent inter-
action of proteins. Blue nodes represent down-regulated DEGs while red nodes represent
up-regulated DEGs. Color transparency represents logFC value. (c) 48 core genes were
imported into Metascape web for functional enrichment analysis and KEGG pathway enrich-
ment analysis. (d) The potential regulatory mechanisms of Rad54L were investigated via
GeneMANIA. Edges of the network stand for interaction types between gene pairs while
color filled nodes stands for participated in a pathway. (e) Rad54L expression in BCa or
normal bladder tissue was analyzed from TCGA, Y: mRNA level.
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Fig. 2 Rad54L promotes proliferation of BCa cells in vitro (a) Detection of Rad54L
expression in 3 BCa cells lines by qRT-PCR. (b) Detection of interference efficiency of 2
shRNA by qRT-PCR. (c) Number of colony forming units of Rad54L Knockdown BCa cell
lines and corresponding scramble controls (left), and representative photographs (right).
(d) T24 cells: Celigo cell multiplication curve (left), and representative cell proliferation
fluorescent microphotograph (right). X: Time (day). (e) T24 cells: MTT cell growth curve.
X: Time (day). (f) Bar chart of BCa cells apoptosis detected by flow cytometry.

Fig. 3 Rad54L influences cell cycle and senescence of BCa cells (a) The effect of
Rad54L on cell cycle of BCa cells detected by pi-FACS assay. Bar charts of 5637 and T24
cell cycles and corresponding histograms. (b) Determination of BCa cell senescence by -
galactosidase activity. Bar charts of 5637 and T24 cell senescence and original experimental
plots. (c) Detection of the expression of proteins related to cell cycle via western blot. “*”,
p<0.05; “**”, p<0.001; “***”, p<0.0001; “****”, p<0.00001. KD, knockdown group; NC,
control group.
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Fig. 4 Rad54L is associated with poor prognosis in BCa (a) Representative image
(left) with corresponding summary data of tumor weight at day 35 (middle). Tumor growth
curves are shown on the right (X axis: Times(time)). “*”, p<0.05; “**”, p<0.001; “***”,
p<0.0001; “****”, p<0.00001. KD, knockdown group; NC, control group. (b) Rad54L
expression was confirmed by IHC in low (stage 1 or 2) and high risk (stage 3 or 4) BCa tissue
samples categorized by the UICC (8th edition) staging. (c) Box chart of Rad54L expression
in low and high-risk patients, Y: immunohistochemical score. (d) Survival analysis curve in
low and high risk BCa categorized by the median immunohistochemical score (155.5).

5 Methods

Ethical approval declarations All animal experiments used in this study
were proved by the Ethics Committee of Central South University Animal
Ethics Committee, and the approval number is 202103337. Meanwhile, the
pathological slides of bladder cancer used in this experiment have obtained
consent from patients and were approved by the Medical Ethics Committee
of Xiangya Hospital of Central South University with the approval number as
202201018.

Bioinformatics analysis Gene expression matrix file of GSE37817,
GSE42089,GSE382643 were obtained from the GEO database[36][37][38]. A
total of 78 tumor samples and 21 normal samples adjacent to tumor were
acquired. GEO2R online analysis tools[39] was used to identify DEGs between
tumor sample and normal tissue sample, and the genes with logFC >1 or
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logFC <-1 and p<0.05 were deemed statistically significant DEGs. Search
Tool for the Retrieval of Interacting Genes (STRING) [40]was used to identify
potential relationships between DEGs, followed by Cytoscape software[41] and
MCODE app analysis to screen for core genes(degree cutoff = 2, node score
cutoff = 0.2, k-score=2, and max. Depth =100). Metascape online analysis
tool[42], GeneMANIA database[42] was used to visualize DEGs enrichment of
GO and KEGG pathway analysis of patients with bladder tumors. Finally,
TCGA database was used to determine the mRNA expression of RAD54L in
bladder tumors compared to normal bladder tissue.

Immunohistochemistry The Paraffin was removed with turpentine, fol-
lowed by re-hydration with 100%, 90%, 85%, and 70% alcohol. Slides were
then placed in the prepared EDTA antigen repair solution (ZSGB Biotech,
ZLI-9071) and boiled for 30 minutes. After cooling, slides were dropped with
endogenous peroxidase blocker for 15 min, washed and stained with RAD54L
Rabbit pAb (ABclonal, A20181) at 4 °C overnight. The next day, the slides
were washed and dropped with secondary antibody at 37 ° C for 30 minutes.
DAB staining solution and hematoxylin were separately added for 10s and 20s
for counterstaining. The endogenous peroxidase blocker, secondary antibody
and DAB staining solution were purchased from ZSGB Biotech.

Quantitative Real-time qPCR All bladder cancer cell lines were pur-
chased from Procell Biotech and cultured in RPMI1640 added with 10%
FBS. The bladder cancer cells (T24, ScaBER, and 5637) were seeded in
6-well plate and Cultured at 37°C with 5% CO2, when the cell density
of each well reached 80% lysed with Trizol kit (Shanghai Pufei Biotech,
3101-100) for RNA extraction, and cDNA libraries were prepared with M-
MLV kit (Promega Biotech, M1705) following providers protocol. Quantitate
Real Time -PCR (qRT-PCR reactions were prepared as follows: SYBR pre-
mix ex taq 10ulforward primer 2ulreverse primer 2ulcDNA 2ulRNase-Free
H20 4ul. Real time SYBR integration was detected with MX300pAgilent
with the following program: 95℃(30s)45cycles of 95℃(5s) plus 60℃(30s),
95℃(15s), 55℃(30s), 95℃(15s). Expression levels were calculated according
to the formula F=2△△−Ct , relative to GADPH loading control. Rad54L
forward primer: TTTACGCCAGAGTCCAGAGTG, Rad54L Reverse primer:
ATGAAGGCGGAAGGTCTCATA.

Construction and infection of shRNA lentivirus The GV115 plas-
mid was used to construct RAD54L knockdown plasmid, Age,EcoRwere chosen
as the enzyme restriction sites. The two shRad54L target sequence are:
TTGTAACATCCAGCTCTA and GGAGTCCTCCAGAAAGGAA, and the
control insert sequence is: TTCTCCGAACGTGTCACGT. Complete DNA
oligo was annealed to produce double-strand DNA which were then ligated into
the vector through the restriction sites. The construction of lentivirus plasmid
(shRad54L♯1, shRad54L♯2 and shCtrl) and transfetion procedure were based
on previous studies.

Cell proliferation ability assay Cell proliferation was measured by
colony formation assay, Celigo imaging and MTT assay. For colony formation
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cells were seeded in 6-well plates at 400-1000 cells per well and incubator for
14 days at 37°C with 5% CO2. Cells were then fixed with 1mL polymethanol,
stained with 500u lGIEMSA(Shanghai Dimguo,AR-0752) for 10-20 minutes
and visible colony forming unites counted manually. For Celigo imagining assay
100cells/well were seeded in 96-well plate and incubated one day at 37°C with
5% CO2. Cells were then imaged with Celigo cell imaging system (Nexcelom)
to calculate cell numbers over five consecutive days and final cell prolifer-
ation curve calculated. For MTT assay cells were cultured in 96-well plate
as described above and 20µl of 5mg/mL MTT(Genview,JT343) added after
two days incubation. After 4h incubation with MTT culture media was aspi-
rated, 100µl DMSO(Shanghai Shiyicr,130701) added absorbance at 490/570
nm measure with microplate reader(Tecan infinite, M2009PR).

Flow Detection of Apoptosis by Annexin V/PI Cells were seeded in
6-well plate and infected with shRAD54L lentivirus. After 5 days, cells were
enzymatically digested with 0.05% trypsin EDTA, washed and resuspended in
200uL1xbinding buffer with 10uLAnnexin V-APC staining solution (Invitro-
gen, A13201) for 10 minutes. Frequency of apoptotic cells were quantified by
flow cytometer (Millipore, Guava easyCyte HT).

Senescence β-Galactosidase Staining Cells were enzymatically
detached as described above and fixed with 1ml βgalacturonide at room tem-
perature for 15 minutes and 1mL β-galactosidase staining solution was added
after PBS washing. Incubate the cells in the 3-well plate overnight in the cell
incubator. Total number of cells and stained cells were counted under an opti-
cal microscope the follwoing day. For specific experimental details, please refer
to the protocol in Senescence β-Galactosidase Staining Kit (Beyotime, C0602).

Tumorigenesis experiment in mice All the BALB/c nude mice (4 weeks
hold females) were purchased from Shanghai Lingchan Biotech. Animals were
housed in pairs per cage at constant room temperature(21±2℃) with a 12/12-
hour light/dark cycle. Logarithmic growth phase ShRAD54L♯1 and ShCrtl
T24 cells were enzymatically detached as described above, washed and injected
(107 cells) into the skin axilla on the right side with disposable sterile syringes.
After the injection, weight the weight of the mice and the width, length, and
volume of the tumor on 21, 24, 28, 31 and 35 days. On the last day, the mice
were euthanized by injection of 2% pentobarbital. The tumor was weighted
and kept in polymethanol at room temperature.

Cell cycle analysis Cells were fixed with 75% ethanol for 1 h and wash
by centrifugation with D-Hanks. Cells were subsequently resuspended in 0.6-
1mL staining solution and data acquired at a flow rate of 300-800 Cell/s. Cell
staining solution was prepared fresh as follows: 40×PI 2mg/ml: 100×RNase
10mg/mL: 1×D-Hanks = 25:10:1000. PI was purchased from Sigma, P4170,
Rase to Fermentas, EN0531.

Western blot Cells were lysed with 2× Lysis Buffer, transferred to 1.5mL
tubes and nuclear contents lysed by ultrasound. After centrifugation 1300 rmp
for 5 min, the supernatant was collected and protein concentration estimated
by BCA method. Protein concentration was adjusted to 2ug/µL. Samples were



Springer Nature 2021 LATEX template

12 Article Title

separated by SDS-PAGE electrophoresis and transferred to PVDF membrane
at 4℃ and 300mA, and the loading quantity is 40ug. Membrane were blocked
with skim milk at room temperature for 1 hour, incubated for 2 hours with pri-
mary antibody was incubated for 2 hours, and secondary antibody 1.5 hours,
the primary antibody was used to detected RAD54L(ABclonal, A20181),
P53(ABclonal,A19585), P21(ABclonal,A19094), GADPH(ABclonal,A13014).
After the final TBST washing, reactivity was detected with PierceTM ECL
Western Blotting Substrate kit for development (Thermo, 32106).

Statistical analysis All data were analyzed with prism8 software. The
differences between two groups were calculated with two-tailed t-test, and
the difference between multiple groups with one-way analysis of variance
(ANOVA). P<0.05 was considered statistically significant and use marked with
”*”.

6 Conclusion

In conclusion, we show that Rad54L can favor cell proliferation and inhibit
the apoptosis of BCa. Meanwhile, Rad54L might promote progression from G1
into S phase thereby inhibiting the senescence of tumor cells through inhibi-
tion of p53 and p21 and promoting Rb phosphorylation. However, the specific
mechanism underlying cell cycle regulation and senescence will need to be will
better define in future studies.
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