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RADS51 is a potential marker for prognosis ~ «==
and regulates cell proliferation in pancreatic
cancer
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Abstract

Background: The DNA damage and repair pathway is considered a promising target for developing strategies
against cancer. RAD51, also known as RECA, is a recombinase that performs the critical step in homologous recombi-
nation. RAD51 has recently received considerable attention due to its function in tumor progression and its decisive
role in tumor resistance to chemotherapy. However, its role in pancreatic cancer has seldom been investigated. In this
report, we provide evidence that RAD51, requlated by KRAS, promotes pancreatic cancer cell proliferation. Further-
more, RAD51 regulated aerobic glycolysis by targeting hypoxia inducible factor 1a (HIF1q).

Methods: TCGA (The Cancer Genome Atlas) dataset analysis was used to examine the impact of RAD51 expression
on overall survival of pancreatic cancer patients. Lentivirus-mediated transduction was used to silence RAD51 and
KRAS expression. Quantitative real-time PCR and western blot analysis validated the efficacy of the knockdown effect.
Analysis of the glycolysis process in pancreatic cancer cells was also performed. Cell proliferation was determined
using a CCK-8 (Cell Counting Kit-8) proliferation assay.

Results: Pancreatic cancer patients with higher levels of RAD51 exhibited worse survival. In pancreatic cancer cells,
RAD51 positively regulated cell proliferation, decreased intracellular reactive oxygen species (ROS) production and
increased the HIF1a protein level. KRAS/MEK/ERK activation increased RAD51 expression. In addition, RAD51 was a
positive regulator of aerobic glycolysis.

Conclusion: The present study reveals novel roles for RAD51 in pancreatic cancer that are associated with overall sur-
vival prediction, possibly through a mechanism involving regulation of aerobic glycolysis. These findings may provide
new predictive and treatment targets for pancreatic cancer.
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Background of patients remains poor, with a 5-year overall survival

Pancreatic cancer is one of the most lethal cancers world-
wide. Although significant progress has been made in
diagnosis and treatment of the cancer, the overall survival
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rate of approximately 6% [1, 2]. Thus, there is an urgent
need for a better understanding of the molecular mecha-
nisms underlying pancreatic cancer.

It is well accepted that DNA damage is a recurring
phenomenon in biology and plays an important role in
cancer development [3, 4]. Human genomic DNA faces a
large number of hazardous factors, including exogenous
physical agents, spontaneous chemical reactions, and
products of endogenous metabolism, such as reactive
oxygen species (ROS), which can lead to DNA damage.

©The Author(s) 2019.This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material

is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http//crea-
tivecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-7030-7804
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12935-019-1077-6&domain=pdf

Zhang et al. Cancer Cell Int (2019) 19:356

To cope with and eliminate these unfavorable factors,
cells have evolved the DNA damage response system to
sense DNA damage, activate the cell cycle checkpoint
and initiate the DNA repair process [5, 6]. Errors and
defects in the DNA damage response lead to the accu-
mulation of DNA lesions and induce instability, which
eventually results in tumorigenesis [7]. In particular, ger-
mline mutations in some of the DNA repair machinery
components have been discovered in pancreatic cancer,
indicating the involvement of DNA damage response
factors in pancreatic cancer development and progres-
sion [8, 9]. For example, approximately 10% of sporadic
pancreatic adenocarcinoma patients harbor mutations of
BRCAZ2, a tumor suppressor that plays important roles
in DNA break repair and homologous recombination
[10]. Germline heterozygous ATM (Ataxia Telangiecta-
sia Mutated) mutations have been observed in families
with hereditary pancreatic cancer, which further links the
DNA damage machinery to pancreatic cancer [11, 12].
ATM and ATR (Ataxia Telangiectasia And Rad3 Related)
can phosphorylate a number of substrates, including the
checkpoint kinase CHK1 (Check point kinase 1), which
mediates cell-cycle arrest to facilitate DNA repair [13].
Expression of CHK1 has been reported to be elevated in
pancreatic cancer, and inhibitors targeting CHK1 have
been shown to have clinical potential for treatment of
pancreatic cancer [9, 14, 15].

As an important component of the DNA damage repair
machinery, RAD51 has seldom been investigated in pan-
creatic cancer. In KRAS mutation-driven colorectal can-
cer, RAD51 has been reported to be transcribed by the
KRAS downstream target MYC and to participate in the
irradiation-induced DNA damage response and repair
[16, 17]. However, the role of RAD51 in pancreatic can-
cer cell proliferation and other hallmarks has rarely been
reported. In this study, we examined the correlation
between RAD51 and KRAS mutation and the impact
of RAD51 on cell proliferation and glucose metabolism
reprogramming in pancreatic cancer. Furthermore, we
attempted to identify the underlying molecular mecha-
nism and found that RAD51 participates in ROS produc-
tion and HIFla protein level regulation. Collectively, our
results provide novel predictive and treatment targets for
pancreatic cancer.

Materials and methods

Cell culture

PANC-1 and MiaPaCa-2 cell lines were obtained from
ATCC and cultured according to the standard proto-
cols provided by ATCC. PANC-1 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing fetal bovine serum (FBS) at a final concentration of
10%. MiaPaCa-2 cells were cultured in DMEM with 10%
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FBS and horse serum at a concentration of 2.5%. The cells
were cultured in an incubator at 37 °C with 5% CO,,.

Western blotting analysis

Cells were harvested and lysed in RIPA buffer (20 mM
Tris/HCI, pH 8.0, 150 mM NacCl, 20 uM EDTA, 1% NP40,
10% glycerol) supplemented with protease and phos-
phatase inhibitors for 10 min. Cell debris was removed
by centrifugation at 12,000 rpm for 20 min at 4 °C. The
concentrations of the lysates were determined using a
BCA protein assay reagent kit (Pierce Biotechnology,
Illinois, USA). Total protein lysate (20 pg) was subjected
to electrophoresis in a denaturing 10% SDS—polyacryla-
mide gel and then transferred to a membrane, followed
by blotting with specific antibodies. The antibody against
RADS51 was purchased from Abcam. Antibodies target-
ing p-actin, KRAS and HIFla were purchased from Pro-
teintech (Illinois, USA).

RNA isolation and quantitative real-time PCR

TRIzol reagent (Invitrogen, Massachusetts, USA) was
utilized to extract total RNA. TaKaRa’s PrimeScript
RT reagent kit was used for reverse transcription. The
expression levels of the indicated genes were determined
via quantitative real-time PCR using an ABI 7900HT
Real-Time PCR system (Applied Biosystems, Massachu-
setts, USA). All reactions were run in triplicate. Primer
sequences are listed in Table 1.

Lentivirus production and stable cell line selection

The pLKO.1 TRC cloning vector (Addgene plasmid:
10878) was used to express shRNA against RAD51. The
21-bp oligonucleotides targeting RAD51 were 5'-CGC
CCTTTACAGAACAGACTA-3 and 5-TTAGAG
CAGTGTGGCATAAAT-3'. Lentiviral particles were
produced by co-transfection of HEK-293T cells with
pLKO.1-shRAD51 constructs, psPAX2 and pMD2.G at
a ratio of 4:3:1. The lentivirus was harvested 48 h after

Table 1 Primer sequences used in the study

RADS51 forward
RAD51 reverse
GLUT1 forward
GLUT1 reverse

5"-GAGGTGAGCTTTCAGCCAGGCAGA-3’
5" TCTGGTTGTTGATGCATGGGCGA-3’
5-CTTTGTGGCCTTCTTTGAAGT-3’
5/-CCACACAGTTGCTCCACAT-3

HK2 forward 5/-GATTGTCCGTAACATTCTCATCGA-3’
HK2 reverse 5-TGTCTTGAGCCGCTCTGAGAT-3/
LDHA forward 5-TGGAGATTCCAGTGTGCCTGTATGG-3!
LDHA reverse 5/-CACCTCATAAGCACTCTCAACCACC-3!

5/-CTACGTCGCCCTGGACTTCGAGC-3/
5/-GATGGAGCCGCCGATCCACACGG-3/

[-actin forward

-actin reverse
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transfection. Stable cell lines were screened by infecting
pancreatic cancer cells with lentiviral particles and subse-
quent puromycin selection.

CCK-8 proliferation assay

Cell variability was assayed using a CCK-8 assay kit
(Dojindo, Kumamoto, Japan), and the procedures were
carried out according to the manufacturer’s protocol.

Colony-formation capacity assessment

PANC-1 and MiaPaCa-2 cells (5 x 10?) stably expressing
shRAD51 and the relative control cells were seeded in
6-well plates. The cells were cultured for 14 days, and 4%
paraformaldehyde was used to fix the cells, followed by
staining with 1% crystal violet. The colonies were subse-
quently counted.

Glycolysis analysis

A Glucose uptake colorimetric assay kit (Biovision, Cali-
fornia, USA) and Lactate colorimetric assay kit (Biovi-
sion, California, USA) were used to measure glucose
utilization in pancreatic cancer cells.

Measurement of oxygen consumption rate (OCR)

and extracellular acidification rate (ECAR)

Cellular mitochondrial respiration and glycolytic capac-
ity were measured using a Seahorse Bioscience XF96
Extracellular Flux Analyzer (Seahorse Bioscience, Mas-
sachusetts, USA). In brief, 4 x 10* cells were seeded into
96-well plates and incubated overnight. After the cells
were washed with Seahorse buffer (DMEM with phenol
red containing 25 mM glucose, 2 mM sodium pyruvate,
and 2 mM glutamine), 175 pl of Seahorse buffer plus
25 pl each of 1 uM oligomycin, 1 pM FCCP, and 1 pM
rotenone were automatically injected to measure the
OCR and 25 pl each of 10 mM glucose, 1 pM oligomy-
cin, and 100 mM 2-deoxy-glucose (2-DG) were added to
measure the ECAR. The OCR and ECAR values were cal-
culated after normalization to cell number and are plot-
ted as the mean£SD [18].

Detection of intracellular ROS

Intracellular ROS were detected using an oxidation-sen-
sitive fluorescent probe (DCFH-DA) (Beyotime, Jiangsu,
China). Cells were washed twice in phosphate-buffered
saline (PBS). The samples were then incubated with
10 pmol/l DCFH-DA at 37 °C for 20 min according to the
manufacturer’s instructions. DCFH-DA was deacetylated
intracellularly by nonspecific esterases and further oxi-
dized by ROS to the fluorescent compound 2,7-dichloro-
fluorescein (DCF). DCF fluorescence was detected using
a FACScan flow cytometer.
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TCGA dataset analysis

TCGA-PAAD on RNA expression (Level 3) in pancreatic
cancer patients in terms of RNA-seq with Expectation—
Maximization was downloaded from the Cancer Genom-
ics Browser of the University of California, Santa Cruz
(UCSC) (https://genome-cancer.ucsc.edu/). In total, 160
primary pancreatic cancer samples from patients with
detailed expression data were chosen from the updated
TCGA database according to the parameters mentioned.
Detailed demographics of these patients were character-
ized by the TCGA consortium.

Statistical analyses

Statistical analyses were performed with SPSS software
(version 17.0, IBM Corp., Armonk, NY, USA) using the
independent Student’s -test (two-tailed) or one-way
analysis of variance (ANOVA). Logistic regression was
used to determine correlations between RAD51, GLUT]1,
HK2 and LDHA expression levels and clinicopathological
characteristics in the TCGA cohorts. A two-sided P value
of <0.05 was considered statistically significant.

Results

RAD51 expression predicted prognosis in pancreatic
cancer

To validate the role of RAD51 expression in pancreatic
cancer prognosis, we used TCGA database to examine
the correlation between RAD51 expression and over-
all survival of pancreatic cancer patients. The results
demonstrated that patients with higher levels of RAD51
exhibited worse survival (Fig. la). The relationships
between RADS51 expression and clinicopathological fea-
tures are shown in Table 2.

RAD51 promotes proliferation of pancreatic cancer cells
To assess the impact of RAD51 on pancreatic cancer cell
proliferation, we silenced RAD51 expression in PANC-1
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Fig. 1 RAD51 expression predicts prognosis in pancreatic cancer.
RADS51 expression in TCGA-included patients predicted prognosis,
and patients with higher RAD51 exhibited a worse prognosis
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Table 2 The role of RAD51 expression

in clinicopathological features

Characteristics No. Rad51-Low Rad51-High Pvalue

80 80

Age (years) 0.0915
<60 37 14 23
> 60 123 66 57

Gender 0.5250
Female 72 34 38
Male 88 46 42

Tumor size (cm) 0.8732
<40 91 45 46
>40 69 35 34

Tumor differentiation 04902
Well/moderate 112 58 54
Poor 48 22 26

Pathological N 0.5978
NO 45 24 21
N1 115 56 59

Pathological M 0.1203
MO 156 76 80
M1 4 4 0

Pathological T 0.0960
T1/T2 28 18 10
T3/T4 132 62 70

Stage 0.5926
[=IIA 43 23 20
[IB-IV 17 57 60

and MIA PaCa-2 cells. Quantitative real-time PCR and
western blot analysis validated the efficacy of the knock-
down effect (Fig. 2a, b). Subsequently, we performed
CCK8 proliferation assays to confirm the influence of
RADS51 on cell viability. The CCK-8 results indicated that
RAD51 knockdown significantly attenuated proliferation
of PANC-1 and MiaPaCa-2 cells (Fig. 2c, d). Colony for-
mation assays were also performed to further validate the
role of RADS51 in pancreatic cancer cell proliferation. It
was found that silencing RAD51 expression significantly
attenuated the colony formation capacity of PANC-1 and
MiaPaCa-2 cells (Fig. 2e, h). Collectively, these results
suggest that RAD51 can positively regulate pancreatic
cancer cell proliferation.

RAD51 is regulated by oncogenic KRAS

KRAS mutation has been reported to be the driving force
for pancreatic cancer oncogenesis and progression. We
supposed that RAD51 might be a downstream target of
KRAS. First, we overexpressed KRAS G12D in HEK293T
cells, and upon KRAS G12D introduction, we observed
increases in RAD51 mRNA and protein levels (Fig. 3a,
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b). We then silenced KRAS expression in KRAS mutated
PANC-1 and MiaPaCa-2 cells (Fig. 3c). Subsequent quan-
titative PCR and western blot results demonstrated that
KRAS knockdown resulted in decreased RADS51 tran-
scription and protein levels (Fig. 3d, e). KRAS mutation
resulted in constitutive activation of MEK/ERK. We
inhibited this pathway using the MEK inhibitor UO126.
Treatment with UO126 decreased RAD51 mRNA and
protein expression levels (Fig. 3f, g). Furthermore, we
analyzed the correlation between RAD51 expression and
KRAS expression in TCGA-included patients, and we
found that KRAS expression was positively correlated
with RAD51 expression (Fig. 3h). Therefore, the present
results indicate that KRAS/MEK/ERK activation can
increase RAD51 expression in pancreatic cancer cells.

RAD51 regulates ROS generation and HIF1a protein levels
Previous studies have indicated that increased intra-
cellular ROS levels can lead to activation of the DNA
damage and repair pathway. However, the impact of the
DNA damage and repair machinery on ROS production
has seldom been studied. Thus, we assessed the impact
of RAD51 silencing on ROS production in PANC-1 and
MiaPaCa-2 cells. It was observed that silencing RAD51
significantly increased intracellular ROS production in
pancreatic cancer cells (Fig. 4a, b). Because ROS accu-
mulation in the cell can lead to changes in the stability of
HIF1la, we assessed the impact of RAD51 on HIFla. As
expected, in RAD51-silenced PANC-1 and Mia PaCa-2
cells, we detected a significant decrease in HIFla pro-
tein levels, supporting the positive impact of RAD51 on
HIF1la protein level regulation (Fig. 4c, d).

RADS51 regulated aerobic glycolysis in pancreatic cancer
cells

As discussed above, RAD51 positively regulated HIF1la
protein levels, and HIFla is also a regulator of glucose
metabolism transformation. Thus, we assessed the influ-
ence of RAD51 on glycolysis in pancreatic cancer cells.
Knockdown of RAD51 inhibited glycolysis, which was
reflected in the Seahorse ECAR measurement (Fig. 5a,
b). During the glycolysis process, mitochondrial respira-
tion was inhibited, leading to a decrease in the OCR. The
OCR values in RAD51-silenced pancreatic cancer cells
were then measured. The Seahorse extracellular flux ana-
lyzer results showed that decreased RAD51 expression
increased the OCR value, further supporting the hypoth-
esis that RAD51 is a positive regulator of aerobic glyco-
lysis (Fig. 5¢, d). Furthermore, we assessed the impact of
RADS51 on lactate production, the product of glucose
that is metabolized through glycolysis (Fig. 5e, f). Aerobic
glycolysis is a process catalyzed by a series of glycolytic
genes and involves the intake of glucose metabolized to
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Fig. 2 RAD51 regulates proliferation of pancreatic cancer cells. a Quantitative PCR results validated RAD51 knockdown efficiency. b The effect of
RAD51 knockdown was further confirmed by western blot analysis. ¢, d CCK-8 proliferation assays demonstrated that RAD51 knockdown inhibited
proliferation of PANC-1 and MiaPaCa-2 cells. e~h Colony formation assays demonstrated that silencing of RAD51 inhibited the clone formation

capacity of PANC-1 and MiaPaCa-2 cells

lactate. Of these glycolytic genes, some are HIFla tar-
gets, including GLUT1, HK2 and LDHA. We assessed
the influence of RAD51 on the expression of these genes.
As shown in Fig. 5g—i, RAD51 knockdown decreased the
expression of GLUT1, HK2 and LDHA, further validat-
ing the contribution of RAD51 to glycolysis.

RAD51 is positively correlated with glycolytic genes

in pancreatic cancer patients

To further confirm the above in vitro observations, we
explored the correlation between RAD51 expression and
HIFla-targeted glycolytic enzymes in pancreatic cancer
patients. Through expression analysis using the TCGA

database, we found that RAD51 was positively and signif-
icantly correlated with GLUT1, HK2 and LDHA expres-
sion in TCGA-included patients, further validating the
contribution of RAD51 to glycolysis (Fig. 6a—c).

Discussion

Pancreatic cancer is one of the most lethal cancers and
has an extremely poor overall survival rate. Although
much progress has been made in diagnosis and treatment
of this disease, the 5-year overall survival rate remains
poor. Thus, there is an urgent need for a better under-
standing of the molecular mechanisms underlying the
disease.
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The important contribution of aberrant metabolism
to the formation and maintenance of malignancies has
received much more attention in recent years, and can-
cer cell metabolism is considered one of the hallmarks
of cancer [19-21]. RAD51 is a well-characterized fac-
tor in the DNA damage and repair process; however, its
role in pancreatic cancer has scarcely been reported. In
this report, we found that elevated RAD51 expression
predicted worse prognosis in pancreatic cancer patients.
Our mechanism studies indicated that RAD51 promoted
pancreatic cancer progression by enhancing aerobic gly-
colysis via HIF1« (Fig. 7).

The clinical and biological functions of RADS51
expression in cancer are still under investigation. More-
over, how RAD51 expression is regulated in pancre-
atic cancer has seldom been reported. In the present
study, our results demonstrated that introduction of

KRAS G12D mutation, a mutation frequently observed
in pancreatic cancer, could increase Rad51 mRNA and
protein expression levels. When KRAS was silenced,
RADS51 expression decreased in pancreatic cancer cells
lines that harbor KRAS mutation. These results dem-
onstrated that KRAS mutation or overexpression could
increase RAD51 expression in pancreatic cancer cells.
The decisive signaling cascade involved in the ability of
KRAS mutation to drive malignancy is the MEK/ERK
pathway. In pancreatic cancer cells, we inhibited the
MEK/ERK axis using UO126. When pancreatic cancer
cells were treated with UO126, we observed a decrease
in RAD51 mRNA and protein levels. These results fur-
ther confirm that the KRAS/MEK/ERK pathway might
in part contribute to the expression of RAD51 in pan-
creatic cancer cells. Previous studies have shown the
important functions of nuclear RAD51 expression
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Fig. 5 RAD51 regulates aerobic glycolysis in pancreatic cancer cells. a, b RAD51 knockdown inhibited aerobic glycolysis as demonstrated by ECAR
measurements. ¢, d RAD51 knockdown increased OCR values in PANC-1 and MiaPaCa-2 cells, further demonstrating the negative role of RAD51 in
mitochondrial respiration. e, f RAD51 knockdown decreased lactate production in PANC-1 and MiaPaCa-2 cells. g, h Silencing of RAD51 expression

inhibited the expression of key glycolytic genes, including GLUT1, HK2 and LDHA, in PANC-1 and MiaPaCa-2 cells

in chemotherapy and radiotherapy resistance, which
depend on its classical roles in DNA damage and
repair [22-25]. Recently, the effect of aberrant cancer
cell metabolism on diverse malignant behaviors has
been demonstrated [26, 27]. Furthermore, cancer cell
metabolism has been shown to contribute to regulation
of chemotherapy and radiotherapy resistance [28-30].
Intrinsic and acquired chemotherapy and radiotherapy
resistance is caused by aberrations in the DNA damage
and repair system. Previous studies have demonstrated
that genotoxic stress in cancer cells triggers a critical
block in cancer cell metabolism, which is required for
the DNA damage and repair response [31, 32]. Inspired
by these observations, we examined the contribution
of RAD51 to cancer cell metabolism, especially the
glycolysis process. Our studies support the hypothesis

that through the DNA damage and repair machinery
RAD51 might contribute to cancer cell glycolysis by
regulating the HIF1a transcriptional process. Although
we observed that silencing RAD51 inhibited HIFla at
the protein level, we did not investigate how RAD51
regulates HIF1a at the protein level. The HIF1a protein
level is tightly controlled by post-translational modifi-
cations, including acetylation, hydroxylation and ubiq-
uitination [33, 34]. RAD51 may interact and regulate
the protein stability of HIFla, especially under geno-
toxic conditions, leading to enhanced glycolysis and
contributing to chemotherapy and radiotherapy resist-
ance [35]. HIF1a protein stabilization and upregulation
is regarded as an important factor in chemotherapy
and radiotherapy resistance in pancreatic cancer [35,
36]. The present study may shed light on approaches to
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Fig. 7 Schematic representation of a model illustrating the
mechanism by which RAD51 promotes pancreatic cancer cell

proliferation

prevent chemotherapy and radiotherapy resistance in
pancreatic cancer by targeting the RAD51/HIF1la axis.

Glycolysis has been reported to support cancer cells
by providing building materials for macromolecule
synthesis and ATP production [37, 38]. Furthermore,
through glycolysis, cancer cells can create an acidic

microenvironment via lactate accumulation, resulting in
extracellular matrix destruction that favors metastasis
[39]. In the present study, RAD51 was demonstrated to
have a role in regulation of glycolysis; however, its role
in metastasis has not been sufficiently studied. Metasta-
sis has been shown to be an important factor in cancer-
related deaths in patients with pancreatic cancer [40].
Thus, increased RAD51 expression in pancreatic cancer
might regulate metastasis. RAD51 has been reported
to maintain metastasis in triple-negative breast cancer,
and RADS51 inhibition sensitizes breast cancer stem cells
to PARP inhibitor [41]. Metastasis has been implicated
as one of the factors contributing to chemotherapy and
radiotherapy resistance. For example, the epithelial-mes-
enchymal transition (EMT) process not only contributes
to metastasis but also confers cancer cell resistance to
chemotherapy and radiotherapy [42]. Thus, uncover-
ing the role of RAD51 in metastasis of pancreatic cancer
and elucidating the underlying mechanism might lead
to inhibition of metastasis and reversal of chemotherapy
and radiotherapy resistance in pancreatic cancer.
Collectively, our findings identified novel roles for
RAD51 in pancreatic cancer in relation to prediction
of overall survival, as well as the possible underlying
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mechanisms. The results will provide new predictive and
treatment targets for pancreatic cancer and a new direc-
tion for uncovering the DNA damage and repair machin-
ery in pancreatic cancer oncogenesis and progression.

Conclusion

Our present study revealed that Rad51 is a predictive
marker for overall survival in pancreatic cancer. Mecha-
nism studies demonstrated that Rad51 is a downstream
target of Kras. Moreover, Rad51 positively regulates
aerobic glycolysis in pancreatic cancer cells by regulat-
ing HIF1a protein stability and the HIF1a-targeted tran-
scriptional program.

Abbreviations

TCGA: The Cancer Genome Atlas; HIF1a: hypoxia inducible factor 1a; ROS:
reactive oxygen species; GLUT1: glucose transporter 1; HK2: hexokinase 2;
LDHA: lactate dehydrogenase A.

Acknowledgements
We would like to thank all the authors listed for their contribution to the
present study.

Authors’ contributions

ZGR and SL conceived and supervised the study. XMZ and NYM carried out

the in vitro proliferation and glycolysis assays. WQY performed the statistical
analyses reported in the manuscript. All authors read and approved the final
manuscript.

Funding
This study was supported by the Science Foundation of Shanghai Municipal
Commission of Science and Technology (No .16ZR1433600).

Availability of data and materials
All data analyzed and displayed in the present manuscript are available from
the corresponding author upon reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Radiation Oncology, Fudan University Shanghai Cancer
Center, Shanghai 200032, China. 2 Department of Oncology, Shanghai Medical
College, Fudan University, Shanghai 200032, China. > Department of Interven-
tional Radiology, Zhongshan Hospital, Fudan University, Shanghai 200032,
China. * Department of Radiation Oncology, Shanghai Proton and Heavy lon
Center, Shanghai 201321, China. ° Shanghai Engineering Research Center

of Proton and Heavy lon Radiation Therapy, Shanghai 201321, China.

Received: 10 June 2019 Accepted: 17 December 2019
Published online: 27 December 2019

References
1. The Lancet O. Pancreatic cancer in the spotlight. Lancet Oncol.
2014;15:241.

20.

21.

22.

23.

24.

25.

Page 10 of 11

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin.
2015;65:5-29.

Tian H, Gao Z, Li H, Zhang B, Wang G, Zhang Q, Pei D, Zheng J. DNA dam-
age response—a double-edged sword in cancer prevention and cancer
therapy. Cancer Lett. 2015;358:8-16.

Tubbs A, Nussenzweig A. Endogenous DNA damage as a source of
genomic instability in cancer. Cell. 2017;168:644-56.

Moloney JN, Cotter TG. ROS signalling in the biology of cancer. Semin Cell
Dev Biol. 2017;51084-9521:30383-4.

Idelchik M, Begley U, Begley TJ, Melendez JA. Mitochondrial ROS control
of cancer. Semin Cancer Biol. 2017;47:57-66.

Khanna A. DNA damage in cancer therapeutics: a boon or a curse? Can-
cer Res. 2015;75:2133-8.

Pihlak R, Valle JW, McNamara MG. Germline mutations in pancreatic can-
cer and potential new therapeutic options. Oncotarget. 2017;8:73240-57.
Yang SH, Kuo TC, Wu H, Yang SH, Kuo TC, Wu H, Guo JC, Hsu C, Hsu CH,
Tien YW, Yeh KH, Cheng AL, Kuo SH. Perspectives on the combination of
radiotherapy and targeted therapy with DNA repair inhibitors in the treat-
ment of pancreatic cancer. World J Gastroenterol. 2016,22:7275-88.

Luo G, LuY, Jin K, Cheng H, Guo M, Liu Z, Long J, Liu C, Ni Q, Yu X. Pan-
creatic cancer: BRCA mutation and personalized treatment. Expert Rev
Anticancer Ther. 2015;15:1223-31.

. Russell R, Perkhofer L, Liebau S, Lin Q, Lechel A, Feld FM, Hessmann E,

Gaedcke J, Guthle M, Zenke M, Hartmann D, von Figura G, Weissinger SE,
Rudolph KL, Méller P, Lennerz JK, Seufferlein T, Wagner M, Kleger A. Loss
of ATM accelerates pancreatic cancer formation and epithelial-mesen-
chymal transition. Nat Commun. 2015;6:7677.

Grant RC, Selander |, Connor AA, Selvarajah S, Borgida A, Briollais L,
Petersen GM, Lerner-Ellis J, Holter S, Gallinger S. Prevalence of germline
mutations in cancer predisposition genes in patients with pancreatic
cancer. Gastroenterology. 2015;148:556-64.

Awasthi P, Foiani M, Kumar A. ATM and ATR signaling at a glance. J Cell
Sci. 2016;129:1285.

Rustgi AK. Familial pancreatic cancer: genetic advances. Genes Dev.
2014;28:1-7.

Sahu RP, Batra S, Srivastava SK. Activation of ATM/Chk1 by curcumin
causes cell cycle arrest and apoptosis in human pancreatic cancer cells.
BrJ Cancer. 2009;100:1425-33.

LiY, Wang WY, Xiao JH, Xu F, Liao DY, Xie L, Wang J, Luo F. Overexpression
of Rad51 predicts poor prognosis in colorectal cancer: our experience
with 54 patients. PLoS ONE. 2017;12:e0167868.

Kalimutho M, Bain AL, Mukherjee B, Nag P, Nanayakkara DM, Harten

SK, Harris JL, Subramanian GN, Sinha D, Shirasawa S, Srihari S, Burma S,
Khanna KK. Enhanced dependency of KRAS-mutant colorectal cancer
cells on RAD51-dependent homologous recombination repair identi-
fied from genetic interactions in Saccharomyces cerevisiae. Mol Oncol.
2017;11:470-90.

Ji'S,QinY, Liang C, Huang R, Shi S, Liu J, Jin K, Liang D, Xu W, Zhang B,
Liu L, Liu C, Xu J, Ni Q, Chiao PJ, Li M, Yu X. FBW7 (F-box and WD repeat
domain-containing 7) negatively regulates glucose metabolism by tar-
geting the c-Myc/TXNIP (thioredoxin-binding protein) axis in pancreatic
cancer. Clin Cancer Res. 2016,22:3950-60.

Dang CV. Links between metabolism and cancer. Genes Dev.
2012;26:877-90.

Cantor JR, Sabatini DM. Cancer cell metabolism: one hallmark, many
faces. Cancer Discov. 2012;2:881-98.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646-74.

Gachechiladze M, Skarda J, Soltermann A, Joerger M. RAD51 as a poten-
tial surrogate marker for DNA repair capacity in solid malignancies. Int J
Cancer. 2017;141:1286-94.

Bhattacharya S, Srinivasan K, Abdisalaam S, Su F, Raj P, Dozmorov |, Mishra
R, Wakeland EK, Ghose S, Mukherjee S, Asaithamby A. RAD51 intercon-
nects between DNA replication, DNA repair and immunity. Nucleic Acids
Res. 2017;45:4590-605.

King HO, Brend T, Payne HL, Wright A, Ward TA, Patel K, Egnuni T, Stead
LF, Patel A, Wurdak H, Short SC. RAD51 is a selective DNA repair target to
radiosensitize glioma stem cells. Stem Cell Rep. 2017,8:125-39.

Budke B, Lv W, Kozikowski AP, Connell PP. Recent developments using
small molecules to target RAD51: how to best modulate RAD51 for
anticancer therapy? ChemMedChem. 2016;11:2468-73.



Zhang et al. Cancer Cell Int

26.
27.
28.

29.

30.

31

32.

33

(2019) 19:356

Van Dang C, Pollak M. Why cancer & metabolism? Why now? Cancer
Metab. 2013;1:1.

Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat
Rev Cancer. 2011;11:85-95.

Jimenez-Valerio G, Casanovas O. Angiogenesis and metabolism:
entwined for therapy resistance. Trends Cancer. 2017;3:10-8.

Shukla SK, Purohit V, Mehla K, Gunda V, Chaika NV, Vernucci E, King RJ,
Abrego J, Goode GD, Dasgupta A, lllies AL, Gebregiworgis T, Dai B, Augus-
tine JJ, Murthy D, Attri KS, Mashadova O, Grandgenett PM, Powers R, Ly
QP, Lazenby AJ, Grem JL, Yu F, Matés JM, Asara JM, Kim JW, Hankins JH,
Weekes C, Hollingsworth MA, Serkova NJ, Sasson AR, Fleming JB, Oliveto
JM, Lyssiotis CA, Cantley LC, Berim L, Singh PK. MUCT and HIF-1alpha
signaling crosstalk induces anabolic glucose metabolism to impart gem-
citabine resistance to pancreatic cancer. Cancer Cell. 2017;32:71-87.
Calvert AE, Chalastanis A, Wu Y, Hurley LA, Kouri FM, Bi Y, Kachman M, May
JL, Bartom E, Hua Y, Mishra RK, Schiltz GE, Dubrovskyi O, Mazar AP, Peter
ME, Zheng H, James CD, Burant CF, Chandel NS, Davuluri RV, Horbinski C,
Stegh AH. Cancer-associated IDH1 promotes growth and resistance to
targeted therapies in the absence of mutation. Cell Rep. 2017;19:1858-73.
Jeong SM, Hwang S, Seong RH. SIRT4 regulates cancer cell survival and
growth after stress. Biochem Biophys Res Commun. 2016;470:251-6.
Jeong SM, Xiao C, Finley LW, Lahusen T, Souza AL, Pierce K, Li YH, Wang

X, Laurent G, German NJ, Xu X, Li C, Wang RH, Lee J, Csibi A, Cerione R,
Blenis J, Clish CB, Kimmelman A, Deng CX, Haigis MC. SIRT4 has tumor-
suppressive activity and regulates the cellular metabolic response to
DNA damage by inhibiting mitochondrial glutamine metabolism. Cancer
Cell. 2013;23:450-63.

Weidemann A, Johnson RS. Biology of HIF-1alpha. Cell Death Differ.
2008;15:621-7.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11 of 11

Meijer TW, Kaanders JH, Span PN, Bussink J. Targeting hypoxia, HIF-1, and
tumor glucose metabolism to improve radiotherapy efficacy. Clin Cancer
Res. 2012;18:5585-94.

Butler EB, Zhao Y, Munoz-Pinedo C, Lu J, Tan M. Stalling the engine of
resistance: targeting cancer metabolism to overcome therapeutic resist-
ance. Cancer Res. 2013;73:2709-17.

Pradhan S, Mahajan D, Kaur P, Pandey N, Sharma C, Srivastava T. Scriptaid
overcomes hypoxia-induced cisplatin resistance in both wild-type and
mutant p53 lung cancer cells. Oncotarget. 2016;7:71841-55.
Deberardinis RJ, Sayed N, Ditsworth D, Thompson CB. Brick by brick:
metabolism and tumor cell growth. Curr Opin Genet Dev. 2008;18:54-61.
Guillaumond F, Vasseur S. The metabolic facet of pancreatic cancer: how
hypoxia shapes fatal cancer cells. Cell Cycle. 2013;12:1155-6.
Brahimi-Horn MC, Pouyssegur J. Hypoxia in cancer cell metabolism and
pH regulation. Essays Biochem. 2007;43:165-78.

Zhou P, Li B, Liu F, Zhang M, Wang Q, Liu Y, Yao Y, Li D. The epithelial to
mesenchymal transition (EMT) and cancer stem cells: implication for
treatment resistance in pancreatic cancer. Mol Cancer. 2017;16:52.

Wang D, Du R, Liu S. Rad51 inhibition sensitizes breast cancer stem

cells to PARP inhibitor in triple-negative breast cancer. Chin J Cancer.
2017,36:37.

Elaskalani O, Razak NB, Falasca M, Metharom P. Epithelial-mesenchymal
transition as a therapeutic target for overcoming chemoresistance in
pancreatic cancer. World J Gastrointest Oncol. 2017,9:37-41.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	RAD51 is a potential marker for prognosis and regulates cell proliferation in pancreatic cancer
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Cell culture
	Western blotting analysis
	RNA isolation and quantitative real-time PCR
	Lentivirus production and stable cell line selection
	CCK-8 proliferation assay
	Colony-formation capacity assessment
	Glycolysis analysis
	Measurement of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
	Detection of intracellular ROS
	TCGA dataset analysis
	Statistical analyses

	Results
	RAD51 expression predicted prognosis in pancreatic cancer
	RAD51 promotes proliferation of pancreatic cancer cells
	RAD51 is regulated by oncogenic KRAS
	RAD51 regulates ROS generation and HIF1α protein levels
	RAD51 regulated aerobic glycolysis in pancreatic cancer cells
	RAD51 is positively correlated with glycolytic genes in pancreatic cancer patients

	Discussion
	Conclusion
	Acknowledgements
	References




