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Systematic analysis on expression
 quantitative trait loci identifies a
novel regulatory variant in ring finger and WD repeat domain
3 associated with prognosis of pancreatic cancer
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Abstract
Background: Pancreatic adenocarcinoma (PAAD) is an extremely lethal malignancy. Identification of the functional genes and
genetic variants related to PAAD prognosis is important and challenging. Previously identified prognostic genes from several
expression profile analyses were inconsistent. The regulatory genetic variants that affect PAAD prognosis were largely unknown.
Methods: Firstly, a meta-analysis was performed with seven published datasets to systematically explore the candidate prognostic
genes for PAAD. Next, to identify the regulatory variants for those candidate genes, expression quantitative trait loci analysis was
implemented with PAAD data resources from The Cancer Genome Atlas. Then, a two-stage association study in a total of 893
PAAD patients was conducted to interrogate the regulatory variants and find the prognostic locus. Finally, a series of biochemical
experiments and phenotype assays were carried out to demonstrate the biological function of variation and genes in PAAD
progression process.
Results: A total of 128 genes were identified associated with the PAAD prognosis in the meta-analysis. Fourteen regulatory loci in
12 of the 128 genes were discovered, among which, only rs4887783, the functional variant in the promoter of Ring Finger andWD
Repeat Domain 3 (RFWD3), presented significant association with PAAD prognosis in both stages of the population study. Dual-
luciferase reporter and electrophoretic mobility shift assays demonstrated that rs4887783-G allele, which predicts the worse
prognosis, enhanced the binding of transcript factor REST, thus elevatingRFWD3 expression. Further phenotypic assays revealed
that excess expression of RFWD3 promoted tumor cell migration without affecting their proliferation rate. RFWD3 was highly
expressed in PAAD and might orchestrate the genes in the DNA repair process.
Conclusions: RFWD3 and its regulatory variant are novel genetic factors for PAAD prognosis.
Keywords: Pancreatic cancer; Survival; RFWD3; Genetic variation; Quantitative trait loci
Introduction

Pancreatic adenocarcinoma (PAAD) is a digestive malig-
nancywith extremely poor prognosis and high fatality rate.
Despite advances in medical technologies over the past
decades, early detection and effective treatment are still
lacking, resulting in a constantly rising of deaths attributed
to PAAD worldwide.[1] Besides clinical indicators such as
the disease stage, genetic factors also have an important
influence on the overall survival of PAAD patients.[2,3]

For the purpose of discovering genetic variation associated
with the survival of sporadic PAAD patients, a series of
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genome-wide association studies (GWAS) have been
performed.[4-7] Notably, nearly nine tenths of the identi-
fied prognostic single nucleotide polymorphisms (SNPs)
resides in the non-coding regions, which highlights the
important role of regulatory genetic variations in PAAD
progression.

Expression quantitative trait loci (eQTL) analysis is a
method contributing to identifying regulatory SNPs as it
links variations of gene expression to genotypes.[8] By
applying this method, many diseases associated SNPs were
discovered.[9,10] In general, the eQTLs are more likely
prognostic when the corresponding genes are associated
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with PAAD survival. Therefore, it is probably a beneficial
way to explore the prognostic genes before identifying the
regulatory SNPs. There have been several studies
measuring the gene expression profile that aims to
comprehensively discover genes associated with PAAD
prognosis or overall survival.[11,12] However, the discov-
eries were not entirely consistent due to the limited sample
sizes and the heterogeneity in studies design. To address
these issues, meta-analysis of the existing results from the
public databases is a welcome method.

In the current study, assuming that genetic variations can
affect the PAAD survival by regulating the expression of
prognostic genes, we firstly performed a meta-analysis to
systematically discover the candidate genes of which the
expression is associatedwith survival.Next,we targeted the
SNPs regulating those genes through a tissue-specific eQTL
analysis. Finally, we carried out a two-stage population
study followed by a series of biological experiments to find
and validate the PAAD survival associated functional SNP.
What we found might contribute, to some extent, not only
to identification of a prognostic biomarker but also to
uncovering the mechanism of PAAD progression and
finding the effective therapeutic targets.
Methods

Ethical approval

Informed consent was obtained from all participants at
recruitment, and this study was approved by the Ethics
Committee of Tongji Medical College, Huazhong Univer-
sity of Science and Technology, No. [2016] IEC (S085).
Meta-analysis to identify survival associated genes

First of all, we systematically collected the gene expression
data and survival information from three large-scale
public databases: The Cancer Genome Atlas (TCGA),
International Cancer Genome Consortium (ICGC) and
Gene Expression Omnibus (GEO). Specifically, we down-
loaded the gene expression data and basic clinical
information of all PAAD patients in TCGA and ICGC.
As for GEO, we searched for the datasets containing the
above information with the key words of “(survival OR
prognosis OR progression) AND gene expression AND
pancreatic cancer.” All the downloaded data were pre-
processed as follows: (1) remove the duplicate samples, (2)
discard gene expression data from normal tissue and
cancer cell lines (consider only tumor tissues), (3) remove
samples with incomplete survival information, (4) exclude
the genes with average expression level of less than 1, (5)
exclude the genes unless included in all datasets, (6) choose
the transcript with the highest expression level to represent
the expression level of the gene.

Next, the expression levels of each gene were divided into
high and low group according to the median. The
univariate Cox regression was implemented to determine
the association of each gene expression with overall
survival in each cohort. The hazard ratio (HR) and
standard error (SE) for each gene in each cohort were
acquired for further meta-analysis.
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Finally, we applied a meta-analysis to integrate the gene
survival analysis results of the seven datasets with the
Metafor package in R (3.3.1) software. The random effect
model was used to calculate the combinedP value, HR and
95% confidence interval (CI).
Selection of SNPs

In order to systematically discover the regulatory SNPs,
our team had utilized the genotypes and expression data
from TCGA to investigate the eQTLs in 33 cancer types
including PAAD.[13] The Matrix eQTL methods in linear
regression model were utilized and the SNPs with false
discovery rates (FDR)<0.05 were regarded as eQTLs. We
retrieved the PAAD-specific eQTLs that correlated to the
prognostic genes suggested by our meta-analysis, and
selected the tag SNPs from them with the Haploview
software.
Study subjects of the two-stage survival analysis

We conducted a two-stage survival analysis on PAAD
patients. In the discovery stage, 341 patients were
recruited from Cancer Hospital, Chinese Academy of
Medical Sciences in Beijing. As for the replication stage,
552 patients from multiple hospitals in Wuhan were
included. The diagnosis of PAAD were pathologically
confirmed. Demographic and clinical data including sex,
age, and tumor stage were obtained frommedical records.
Survival time was measured from the date of surgery to
last follow-up or death, and the follow-up information
was obtained through telephone calls.
Genotyping and survival analysis

Genomic DNA was extracted from the peripheral blood
samples of each subject. In the discovery stage, genotyp-
ing was performed with the GeneChip Human Mapping
6.0 (Affymetrix, Inc, Santa Clara, CA, USA) set as
described previously.[14] In the replication stage, the
TaqMan-based assay was applied to genotype the
candidate SNPs on the ABI PRISM 7900 HT platform
(Applied Biosystems, Inc, Foster City, CA, USA). Then
Cox proportional hazards regression adjusted for sex,
age, and stage of disease was used to measure the effects
of candidate SNPs on survival. Kaplan–Meier method
was used to estimate and plot the survival time of
different groups. The log-rank test was used to examine
whether the distributions of lifetimes are distinguishable.
Survival analyses were performed with R (3.3.1) using
“coxph” function in “Survival package.”
Cell lines and culture

The human pancreatic cancer cell lines, CFPAC-1 (RRID:
CVCL_1119) and BxPC-3 (RRID: CVCL_0186), were
obtained from Procell Life Science&Technology,Wuhan,
China. CFPAC-1 and BxPC-3 were maintained in RPMI-
1640 and Dulbecco’s Modified Eagle Medium (DMEM)
cell culture media (Gibco, Waltham, MA, USA), respec-
tively. Both culture media were supplemented with 10%
(v/v) fetal bovine serum (PAN, Adenbach, Bavaria,
Germany), 50 units/ml Penicillin-Streptomycin (Gibco,
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USA). Cells were grown at 37°C in a humidified air and
5%CO2 atmosphere. Both cell lines were characterized by
Genetic Testing Biotechnology Corporation (Suzhou,
China) using short tandem repeat markers within the last
3 years. All experiments were performed with myco-
plasma-free cells.
Dual-luciferase reporter gene assays

The promoter region (1110 bp upstream of the transcrip-
tion start site) of Ring Finger and WD Repeat Domain 3
(RFWD3) gene containing different alleles of SNP was
cloned into the pGL3-Basic Luciferase Reporter Vectors
(Promaga, Madison, WI, USA). The Lipofectamine 3000
Transfection Reagent (Invitrogen, Waltham, MA, USA)
was used to transfect constructed plasmids to cells
according to the manufacturer’s instruction. The trans-
fected cells were assayed for relative luciferase activity,
after 24-h incubation, with the Dual-Luciferase Reporter
Assay System (Promega, USA). For each plasmid, three
independent transfection experiments were performed
with each in triplicate.
Electrophoretic mobility shift assays (EMSAs)

The probes containing different alleles were synthesized
with/without biotin labeling at the 30 end (Takara, Kyoto,
Japan). The nucleoproteins were extracted with the
Nuclear and Cytoplasmic Protein Extraction Kit (Beyo-
time, Shanghai, China). The EMSAs were performed with
the EMSA/Gel-Shift Kit (Beyotime, China) according to
the instructions. For super-shift reactions, 1mg of anti-
REST antibody (Abcam, ab70300, US) was incubated
with reaction mixtures for 20min at room temperature
before the addition of labeled probes.
Transient knockdown and overexpression of genes

We utilized the small interfering RNA (siRNA) and
pcDNA3.1(+) vector (Invitrogen, USA) to transiently
knock down and overexpress the genes, respectively. The
siRNAs forRFWD3were purchased from the Guangzhou
RiboBio Co. Ltd. (Guangzhou, China). The pcDNA3.1(+)
vector containing full-length complementayDNA (cDNA)
of RFWD3 was commercially synthesized by Genewiz
Biological Technology (Nanjing, China). CFPAC-1 and
BxPC-3 were seeded in six-well plates the day before
transfection. The siRNAs were transfected (50 pmol/well)
to the cells using the Lipofectamine RNAiMAX Transfec-
tion Reagent (Invitrogen, USA), while the pcDNA3.1(+)
plasmids were transfected with the lipofectamine 3000
transfection reagent. After 48-h incubation, cells were
harvested for following assay.
Cell viability assay

Cells were seeded in 96-well plates, with each well
containing 3000 cells in 100 mL of cell suspension.
After different periods of time in culture, cell viabilities
were measured using Cell Counting Kit-8 (Dojindo,
Japan) following the manufacturer’s instructions.
Each experiment with six replicates was repeated three
times.
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Transwell migration assay

Cells (2.5� 104) in 100mL serum-free medium were
added to the transwell upper chamber (8mm-pore
polycarbonate membrane) of a 24-well plate (Corning,
NY, USA). 650mL of cell media containing 20% FBS was
added to the lower compartment. After 20-h incubation at
37°C in a 5% CO2, cells that migrate through the
membrane were fixed with methanol, stained with 0.5%
crystal violet, and photographed. Cell number on four
random fields was counted. Each experiment was repeated
three times.
Quantitative real-time polymerase chain reaction (PCR)
analysis

Total RNA was extracted from cells with the Trizol
reagent (Invitrogen, USA), and reversely transcribed to
cDNA using the PrimeScript RT Master Mix (Takara,
Japan). Real-time PCR amplificationwas carried out using
the SYBR Green-based PCRMaster Mix (Takara, Japan).
The ViiATM 7 Real-Time PCR System (Applied Biosys-
tems, Inc, USA) was used for all reactions in a total volume
of 10mL. GAPDHwas employed as an internal control for
quantification ofmRNA levels of target genes. The relative
expression of the target gene was calculated by 2–DDCt

method. The primers were provided as follows: RFWD3
Forward Primer: 50-CCTGACAGAAGTGGAGGT-30;
RFWD3 Reverse Primer: 50-CATTGAATGCAAC-
GAAGA-30; GAPDH Forward Primer: 50-GGAGTC-
CACTGGCGTCTTCA-30; GAPDH Reverse Primer: 50-
GTCATGAGTCCTTCCACGATACC-30.
Bioinformatics analysis

Haploreg and RegulomeDB tools were used to perform the
functionalannotationforSNPs innon-codingregions.[15,16]

TheChIP-seq data of transcription factor (TF) and histones
were downloaded and visualized with CistromeDB.[17]

Metascape and KOBAS were used to perform genes
function annotation and pathway analysis.[18,19]
Statistical analysis

Survival analyses were performed with the “survival”
package in R software (3.3.1). Details of the statistical
analysis for each experiment can be found in the relevant
table notes or figure legends. Each experiment was
conducted independently at least three times, and the
values were presented as the means± SE of the mean
unless otherwise noted. For all biological experimental
analyses, P< 0.05 was regarded as significantly different,
and all tests were two sided.
Results

A total of 128 genes were identified to be associated with
PAAD prognosis by a meta-analysis

In order to systematically identify the genes associated
with the prognosis of PAAD patients, we performed a
meta-analysis on seven independent public datasets, which
collectively contained the expression data of 11,666
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shared genes and the clinical information of 812 PAAD
patients [Supplementary Table 1, http://links.lww.com/
CM9/B81]. To facilitate integrating analyses, HR and SE
acquired by univariate Cox regression for individual
datasets were combined to yield meta HR, P value and
FDR for the prognostic significance of each gene. As a
result, a total of 128 genes were considered significantly
correlated with the PAAD survival as FDR< 1� 10–3

[Figure 1A and 1B, Supplementary Table 2, http://links.
lww.com/CM9/B81]. Taking RFWD3 gene for example,
the high expression level was significantly associated with
adverse prognosis with the combined HR of meta-analysis
being 1.50 (95% CI= 1.25–1.79, FDR= 6.9� 10–4)
[Figure 1C]. The heterogeneity of included datasets was
modest as I2< 50%. No significant publication bias was
found (P= 0.29 for Egger test). Sensitivity analysis
demonstrated that the results are stable and reliable.
Further Gene Ontology analysis on the 128 genes
suggested that these PAAD prognostic genes were mainly
enriched in cell cycle regulation and DNA damage
response related function and process [Figure 1D].
Fourteen SNP-prognostic gene pairs were identified by eQTL
analysis in PAAD

To further identify the regulatory SNPs for the prognostic
genes, we performed an eQTL analysis with the gene
expression profile and SNP genotype data of PAAD
individuals in TCGA. Consequently, we found the tissue-
specific eQTL relationships between 104,019 SNPs and
2468 genes, making up 113,810 SNP-gene pairs, at the
Figure 1: One hundred twenty-eight genes were identified to be associated with PAAD progno
PAAD prognosis. (B) The Manhattan plot visualizes the association of gene expression with PAA
false discovery rate< 1� 10–3. (C) The forest plot summarizes the association of RFWD3 with
annotation of the 128 prognostic genes. eQTL: Expression quantitative trait loci; FDR: False disc
3; SNP: Single nucleotide polymorphism; TCGA: The Cancer Genome Atlas.

1351
threshold of FDR< 0.05. Integrating with the results of
above meta-analysis, we found a total of 727 SNPs
associated with the expression of an identified prognostic
genes. We then applied the linkage disequilibrium analysis
to the 727 SNPs with Haploview to eliminate the
redundancy, and obtained 14 probably functional eQTLs
representing 14 blocks to which the 727 SNPs converged
to [Figure 1A, Supplementary Table 3, http://links.lww.
com/CM9/B81]. Accordingly, we presented 14 tag SNPs
that potentially regulated the expression of the genes with
prognostic significance in PAAD.
eQTLs of RFWD3 tagged by rs4887783 were correlated with
PAAD prognosis

To evaluate the prognostic significance of those eQTLs,
we conducted a two-stage survival analysis in a total of
893 PAAD patients. The characteristics of the patients
were delineated in Supplementary Table 4, http://links.
lww.com/CM9/B81. In the discovery stage, we assessed
the 14 tag SNPs using our GWAS data[14] and identified
that only rs4887783, the eQTL of RFWD3, exhibited
association with PAAD survival (FDR< 0.05) [Table 1,
Figure 2A].We then tested this SNPwithin an independent
cohort of 552 patients in the replication stage. As a result,
it was successfully replicated with P< 0.05 [Figure 2B].
The per-allele HR adjusted for age, gender and stage of
disease in the Cox regression of this variant was 1.34
(95% CI= 1.10–1.63; P= 0.004) and 1.20 (95%
CI= 1.00–1.43; P= 0.046) in the discovery stage and
replication stage, respectively. When combining the two
sis through a meta-analysis. (A) Flow chart of exploring the regulatory SNP associated with
D survival in the meta-analysis. The dots above the horizontal line indicates the genes with
PAAD prognosis in each dataset and the integrated meta-analysis. (D) The Gene Ontology
overy rate; PAAD: Pancreatic adenocarcinoma; RFWD3: Ring finger and WD repeat domain
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Table 1: The 14 tag single nucleotide polymorphisms (SNPs) in the discovery stage.

SNP Alleles MAF Location Type Gene FDR for eQTL analysis HR (95% CI) P values FDR

rs12743200 G/A 0.29 Chr1: 224456358 Intronic CNIH4 1.61� 10–9 0.94 (0.74–1.19) 0.592 0.6191
rs6426123 C/T 0.27 Chr1: 224436689 Intronic CNIH4 8.52� 10�10 0.87 (0.54–1.40) 0.562 0.6119
rs10935606 C/T 0.20 Chr3: 146150361 Intronic PLOD2 4.43� 10–5 0.88 (0.73–1.06) 0.184 0.4647
rs8180086 A/G 0.49 Chr3: 151320092 Intronic GPR87 3.24� 10–5 1.02 (0.86–1.20) 0.778 0.6786
rs12663159 C/A 0.47 Chr6: 39314501 2 kb upstream KCNK17 2.92� 10–5 0.92 (0.79–1.08) 0.299 0.5098
rs892845 G/A 0.22 Chr8: 142782660 – LY6D 5.55� 10–9 1.06 (0.84–1.34) 0.608 0.6227
rs55977291 A/C 0.18 Chr8: 57539630 Intronic FAM110B 2.46� 10–5 0.83 (0.59–1.16) 0.277 0.5036
rs2279863 G/T 0.45 Chr11: 66480225 50-UTR CTSF 4.86� 10–5 0.94 (0.81–1.09) 0.386 0.5544
rs7108388 G/C 0.23 Chr11: 66932151 Intronic CTSF 7.81� 10–6 1.02 (0.81–1.28) 0.880 0.7049
rs4887783 C/G 0.17 Chr16: 74666845 50-UTR RFWD3 4.83� 10–6 1.34 (1.10–1.63) 0.004 0.0409
rs2661685 G/A 0.25 Chr17: 78221313 Intronic BIRC5 2.60� 10–5 1.27 (0.86–1.88) 0.233 0.4883
rs62076114 A/G 0.22 Chr17: 82940215 Intronic SLC16A3 3.95� 10–5 1.03 (0.86–1.22) 0.775 0.6778
rs8085523 C/T 0.14 Chr18: 31447794 50-UTR DSG3 2.47� 10–7 1.04 (0.83–1.32) 0.718 0.6609
rs4820590 T/C 0.47 Chr22: 24478729 Intronic MIF 9.49� 10–5 0.87 (0.75–1.02) 0.079 0.3559

HR and P value were calculated using Cox proportional hazards regression with adjustment for age, gender, and stage of disease. Chr: Chromosome;
CI: Confidence interval; eQTL: Expression quantitative trait loci; FDR: False discovery rate; HR: Hazard ratio; MAF: Minor allele frequency; SNP:
Single nucleotide polymorphism; UTR: Untranslated region.

Figure 2: Rs4887783 was correlated with the overall survival of PAAD patients. (A–C) Kaplan–Meier survival estimates by different genotypes of rs4887783 in discovery, replication and
combined stages, respectively. (D) Kaplan–Meier survival estimates by different stages of disease in combined stage. (E–G) Stratification analysis of different genotypes in local, locally
advanced and metastatic stages. PAAD: Pancreatic adenocarcinoma.
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stages, the rs4887783was significantly associated with the
overall survival of PAAD patients with HR being 1.25
(95% CI= 1.08–1.44; P= 0.002) [Table 2, Figure 2C].
Since the tumor stage was a prognostic factor of PAAD
[Figure 2D], we further performed a stratification analysis
based on this character. The result indicated that
rs4887783 significantly correlated with survival especially
in PAAD patients with local and locally advanced disease,
with the HRs being 1.74 (95% CI= 1.31–2.30;
P= 0.0002) and 1.26 (95% CI= 1.04–1.53; P= 0.0180),
respectively [Figure 2E–G].

Rs4887783 variation increased RFWD3 expression through
enhancing the binding of REST

For the purpose of discovering the functional variant, we
performed fine-mapping for the prognostic locus tagged
by rs4887783. Taking advantage of the phase three
resource of 1000 genome project, we obtained 23 SNPs in
linkage disequilibrium (r2> 0.8) with rs4887783, and
subjected theses variants to functional annotation and
prediction. Consequently, rs4887783 was considered
most promisingly functional as it is located in the 50
untranslated region of RFWD3 and in the active region of
transcriptional regulation marked by the H3K27ac and
H3K4me3 [Figure 3A], thus indicating the possibly
regulatory function of rs4887783 to the RFWD3
promotor activity. In accordance with the functional
annotation, the eQTL analysis in TCGA-PAAD samples
presented that rs4887783 genotype was associated with
the expression level of RFWD3 [Figure 3B].

To investigate the regulatory effect of genetic variation
rs4887783 on RFWD3 promoter activity, we conducted a
dual-luciferase reporter assay in CFPAC-1 and BxPC-3
human pancreatic cancer cell lines. We observed that the
construct containing rs4887783-G exhibits significantly
higher promoter activity than that containing the C allele
[Figure 3C]. Since the variant in promoter region usually
exerts its regulatory function through modulating the TF
binding, we utilized the Cistrome database browser to
predict the potential binding TF and found that
rs4887783 maps within the binding motif of REST
[Figure 3A]. The strong positive correlation of genes
expression between RFWD3 and REST (Pearson r= 0.76,
P< 0.0001) also indicated a possibly underlying regula-
tory relationship [Figure 3D].We then validated the allele-
specific binding of REST with EMSAs. The results showed
that the nuclear extracts bound selectively to the G allele
(“G probe”) rather than the C allele (“C probe”) of an
oligonucleotide probe representing the promoter segments
of the rs4887783. Allele specificity of the binding was
confirmed by cold competition experiments, since unla-
beled G probe, but not unlabeled C probe, could gradually
attenuate the binding signal of nuclear extract to the
biotin-labeled G probe in a dose-dependent manner
[Figure 3E]. Moreover, super-shift EMSA was carried
out to further demonstrate the REST as the allele-specific
binding TF, as the antibody for REST super-shifted the
complex formation with the G probe [Figure 3F].
According to the above, we proved that rs4887783-G
could increase RFWD3 expression through enhancing the
TF binding of REST.
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Figure 3: rs4887783 variation increased RFWD3 expression through enhancing the binding of REST. (A) rs4887783 is located in the active promoter region represented by the histone
modification markers (H3K27ac and H3K4me3) and transcription factor RFWD3 binding regions in pancreas tissues and pancreatic cancer cell lines. (B) Different genotypes of rs4887783
are associated with the RFWD3 expression in pancreatic cancers from TCGA. Data were shown as the mean± standard deviation and P values were calculated by linear regression
analysis. (C) Relative reporter gene activity from constructs bearing promoter fragments of RFWD3 with different alleles of the rs4887783 in the CFPAC-1 and BxPC-3 cell lines. Data
represent mean± standard error from three independent transfection experiments with assays conducted in three replications.

∗
represents for P<0.0001 of student’s t test. (D) The

strong positive correlation of genes expression between RFWD3 and REST in PAAD from TCGA. (E–F) EMSAs and REST super-shift EMSAs with biotin-labeled probes containing rs4887783
in CFPAC-1 and BxPC-3 cells. Arrows indicate allele-specific bands that interact with nuclear protein in the cells (E) and the super-shifted band (F). In addition, 10� and 100�,
respectively, represent ten-fold and 100-fold excess amounts of an unlabeled probe compared with the amount of the labeled probe. “+” and “–” indicate added and not added,
respectively. EMSA: Electrophoretic mobility shift assay; PAAD: Pancreatic adenocarcinoma; RFWD3: Ring finger and WD repeat domain 3; TCGA: The Cancer Genome Atlas.
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RFWD3 was highly expressed in PAAD and promoted cancer
cells migration

Through analyzing the gene expression data from GEO
datasets (GSE62452), we discovered that the RFWD3
expressed higher in tumorous compared to normal
pancreatic tissues [Figure 4A]. Additional assessment
with TCGA resources presented that the expression levels
of RFWD3 were also significantly higher in a number of
other digestive tumors than normal tissues [Figure 4B].
These findings suggested the important role of RFWD3 in
tumor development and progression. To further verify the
effects ofRFWD3 on PAAD development, we conducted a
series of phenotypic experiments after artificial alteration
of this gene expression in cells. As a result, transient
knock-down of RFWD3 with siRNAs significantly
inhibited pancreatic cancer cells migration, while over-
expression with gene expression vector promoted them
[Figure 4C–E]. It is to be noted that we did not observe the
cell proliferation rate being modulated by RFWD3
knockout or overexpression [Figure 4F].
RFWD3 might orchestrate the genes in DNA repair process

With the intention to preliminarily elucidate the molecular
mechanism behind the promotion effects of RFWD3 on
PAAD progression, we analyzed the genes expression in
TCGA-PAAD, and found a total of 539 genes correlated
with RFWD3 (jPearson correlation coefficient >0.5, FDR
<0.05). Moreover, these co-expressed genes were enriched
1354
in the cell cycle and DNA repair related biological process
[Figure 5], indicating that RFWD3 might promote PAAD
progression and impair patients’ survival through affecting
the cell cycle progression and DNA damage repair (DDR)
pathway.

Discussion

PAAD is a highly malignant disease with unimproved
dismal prognosis over the past decades. Identifying the
functional genetic variants associated with PAAD prog-
nosis is beneficial but challenging. In the current study,
firstly, we systematically discovered 128 potentially
prognostic genes for PAAD through a meta-analysis.
Next, the eQTLs for 12 prognostic genes were ascertained
via a comprehensive tissue-specific investigation. Then,
rs4887783, the eQTL of RFWD3, was identified to be
associated with adverse outcome of PAAD in a two-stage
population study. Finally, a series of functional studies
demonstrated that rs4887783-G enhances the TF binding
of REST to theRFWD3 promoter, thus elevating RFWD3
expression and promoting PAAD progression.

Applying a meta-analysis to the public dataset is a bright
spot of this study. Meta-analysis is an ideal approach to
enhance statistical power and improve reproducibility,
which is widely used in numerous studies in regard to
discovery of genetic biomarkers.[20-22] Former studies
leveraged high-throughput genomic technologies to inves-
tigate the association between PAAD prognosis and gene
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Figure 4: RFWD3 is highly expressed in PAAD and promotes cancer cells migration. (A) The expression of RFWD3 is higher in PAAD tumor tissues than paired normal tissues in GSE62452
dataset.

∗
represents for P< 0.0001 of paired t test. (B) The differential expression of CAV2 between normal and the digestive tumor tissues in TCGA. Red asterisk represents for

P< 0.0001 of student’s t test. (C) Significant knockdown of RFWD3 by three siRNAs is demonstrated at mRNA level.
∗
represents for P< 0.0001 of student’s t test. (D–E) Transwell

assays demonstrate that RFWD3 knockdown significantly suppresses cell migration, while overexpression promotes cell migration. Representative photographs of tumor cell migrating
through and fixed on the lower surface of the transwell membrane are shown for each group (under microscope, original magnification� 100). The numbers of migrating cells are counted
in four random fields (bar plot).

∗
Represents for P< 0.05, † Represents for P< 0.01 of student’s t test. (F) CCK-8 assays indicate no significant difference of proliferation between the

RFWD3 knockdown or overexpression cells and negative control cells over a period of 4 days. CCK-8: Cell counting kit-8; NS: Not significant; PAAD: Pancreatic adenocarcinoma; RFWD3:
Ring finger and WD repeat domain 3; TCGA: The Cancer Genome Atlas.

Figure 5: RFWD3 might orchestrate the genes in DNA repair process. RFWD3 co-expressed genes enriched in the Gene Ontology terms or Reactome pathways. RFWD3: Ring finger and
WD repeat domain 3.
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expression, but the results were inconsistent.[11,12,23] Here,
by comprehensively searching the TCGA, ICGC, and GEO
databases, we gleaned the qualified gene expression profile
and clinical information of 812 PAAD patients from seven
independent datasets, and conducted a meta-analysis to
systemically identify theprognosticgenes.Theresult ismore
reliable and of greater translational impact than that
acquired from existing single dataset.

RFWD3 is a protein coding gene of the E3 Ubiquitin-
Protein Ligase RFWD3which plays a crucial part in DNA
damage response. Under the conditions of replication
stress and fork stalling, the E3 ligaseRFWD3mediates the
multisite ubiquitination of the replication protein A
complex and contributes to both the restart of stalled
replication forks and homologous recombination (HR) at
stalled forks.[24-26]RFWD3 is also identified as a positive
regulator of p53 stability even in the presence of high
levels of MDM2 in the late response to DNA damage.[27]

Conversely, the functional impairment of RFWD3 is
reported to result in unrepaired DNA damage and connect
to the initiation of Fanconi anemia, lung cancer and
multiple myeloma.[28-30] Here, our study added to the
knowledge of RFWD3 and cancer progression and
outcome. We clarified that high expression of RFWD3
promoted PAAD cell migration and correlated with
adverse prognosis. Through co-expression analysis, we
found RFWD3 orchestrated with genes in DDR process.
Since DDR is vital for maintaining the genomic stability
and cell survival, tumor cells might withstand and survive
from the DNA damage caused by the radiochemotherapy
and other clinical treatment by dint of the RFWD3
enhancedDNA repair ability, mechanically. In accordance
with the existing awareness that genetic variants in the
DDR related genes can affect PAAD survival,[31-33] our
findings presented and proved a new prognostic variant,
rs4887783, that affected survival through transcription-
ally regulatingRFWD3 expression. These findings need to
be further confirmed in vivo in future studies.

In summary, by systematical investigationon the regulatory
variants of the prognostic genes for PAAD,we found for the
first time that the SNP rs4887783 could predict poor
survival through increasing expression of the DDR related
geneRFWD3.Whatwe foundmight facilitate the discovery
of biomarkers and therapeutic targets for PAAD, although
validation with larger sample size and deeper mechanistic
interpretation is still warranted in the future.
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