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Abstract
The outlook for patients with pancreatic cancer remains dismal. Treatment options are limited and chemotherapy
remains standard of care, leading to only modest survival benefits. Hence, there is a great need to further explore
the mechanistic basis for the intrinsic therapeutic resistance of this disease, and to identify novel predictive bio-
markers. RNA-binding motif protein 3 (RBM3) has emerged as a promising biomarker of disease severity and
chemotherapy response in several types of cancer, including pancreatic cancer. The aim of this study was to
unearth RBM3-regulated genes and proteins in pancreatic cancer cells in vitro, and to examine their expression
and prognostic significance in human tumours. Next-generation RNA sequencing was applied to compare trans-
criptomes of MIAPaCa-2 cells with and without RBM3 knockdown. The prognostic value of differentially
expressed genes (DEGs) was examined in The Cancer Genome Atlas (TCGA). Top deregulated genes were selected
for further studies in vitro and for immunohistochemical analysis of corresponding protein expression in tumours
from a clinically well-annotated consecutive cohort of 46 patients with resected pancreatic cancer. In total,
19 DEGs (p < 0.01) were revealed, among which some with functions in cell cycle and cell division stood out;
PDS5A (PDS cohesin associated factor A) as the top downregulated gene, CCND3 (cyclin D3) as the top
upregulated gene, and PRR11 (proline rich 11) as being highly prognostic in TCGA. Silencing of RBM3 in
MiaPaCa-2 cells led to congruent alterations of PDS5A, cyclin D3, and PRR11 levels. High protein expression of
PRR11 was associated with adverse clinicopathological features and shorter overall survival. Neither PDS5A nor
cyclin D3 protein expression was prognostic. This study unveils several RBM3-regulated genes with potential
clinical relevance in pancreatic cancer, among which PRR11 shows the most consistent association with disease
severity, at both transcriptome and protein levels.
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Introduction

Pancreatic cancer is a grievous disease, and the outlook
for afflicted patients remains dismal with an estimated
5-year survival of less than 10% [1]. It is the most com-
mon tumour among a heterogeneous group of neo-
plasms arising in the periampullary region, including
tumours originating in the distal bile duct, pancreas,
ampulla of Vater, and the periampullary duodenum.
Unlike many other cancers, targeted therapies including
immune checkpoint inhibition have shown little efficacy
against pancreatic cancer and, if so, only for a small

selection of patients [2–6]. Therefore, chemotherapy
remains standard of care, leading to modest survival
benefits [7]. Thus, there is a pressing need to identify
novel complementary biomarkers to better distinguish
patients who are likely to benefit from standard chemo-
therapy from those who will only suffer from negative
side effects and thus fare better with other treatment
approaches or best supportive care.
RNA-binding motif protein 3 (RBM3) is an RNA-

and DNA-binding protein that has emerged as a promis-
ing independent predictive and prognostic biomarker in
several solid tumours, including pancreatic cancer [8–
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14]. In a previous study by our group, silencing of
RBM3 was found to render pancreatic cancer cells
less sensitive to a variety of chemotherapeutic
agents in vitro. Furthermore, in patients with resected
pancreatic and other periampullary cancers, high
tumour-specific expression of RBM3 was found to be
associated with prolonged overall survival (OS) if
adjuvant treatment had been given, whereas the oppo-
site was seen if no adjuvant treatment had been given
[8]. Similar associations between RBM3 and sensitiv-
ity to cisplatin have been described in epithelial ovar-
ian cancer [14], and further mechanistic clues may
be derived from another study on ovarian cancer,
demonstrating links between RBM3 and cellular
processes such as chromatin remodelling, DNA integ-
rity maintenance, and repair [15].
The aim of the present study was to explore

RBM3-regulated genes and cellular processes that may
influence the biological properties and chemosensitivity
of pancreatic adenocarcinoma using RNA interference
and next-generation RNA sequencing of transcriptomes
in vitro. The top deregulated genes and proteins were
further validated in vitro and explored regarding their
expression, clinicopathological correlates, and prognos-
tic significance in tumours from a clinically well-
characterised cohort of patients with resected pancreatic
adenocarcinoma (n = 46).

Materials and methods

Cell culture
Human pancreatic cancer cell lines BxPC-3, PANC-1,
and MIAPaCa-2 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The cells were maintained in
RPMI1640 or DMEM supplemented with 10% foetal
bovine serum (FBS) and antibiotics (100 U/ml penicil-
lin and 100 μg/ml streptomycin) in a humified 5%
CO2 atmosphere at 37 �C. All in vitro reagents, includ-
ing cell culture medium and supplements, were pur-
chased from ThermoFisher Scientific (Waltham, MA,
USA) unless stated otherwise.

siRNA transfection
For siRNA transfection, pancreatic cancer cells were
seeded in T-25 flasks (4–7 � 105 cells) and incubated
for 72 h at 37 �C. The cells were then washed twice
with phosphate-buffered saline and received growth
medium without FBS, together with lipofectamine
2000 and negative control or anti-RBM3 (s11858
+ s11860) siRNA in OptiMEM to a final siRNA

concentration of 25 nM. The transfection was stopped
after 4.5 h, medium was changed to full growth
medium, and the cells were left to recover overnight.
The following day, cells were harvested and spun
down to pellets. The pellets were either fixated,
dehydrated, and embedded in paraffin for immunohis-
tochemistry or resuspended in TRIzol and stored at
�20 �C for quantitative polymerase chain reac-
tion (qPCR).

RNA sequencing
MIAPaCa-2 cells were transfected with siRNA
targeting RBM3 or negative control, as described
above, and RNA purification was performed in the
same manner as for the qPCR samples. Samples were
prepared in triplicate. RNA quantification and quality
assessment were performed using Nanodrop 1000
(Mason Technology, Dublin, Ireland) and Bioanalyzer
2100 (Agilent, Santa Clara, CA, USA). cDNA libraries
were prepared from the RNA samples using TruSeq
Stranded mRNA Library Prep Kit on the NeoPrep
instrument (Illumina, San Diego, CA, USA) according
to the manufacturer’s instructions, and sequenced
(paired-end 1 � 75 bp) using the NextSeq 500 platform
(Illumina). Fastq files were downloaded from the
Illumina BaseSpace using the BaseSpace download
tool and the quality of the files was determined using
FastQC. Data were trimmed of sequencing adaptors
and low-quality base calls using BBDuk tool in the
BBMap package. Alignment to the human hg19/
GRCh37 genome reference was done using STAR ver-
sion 2.5.2a [16]. Duplicate reads were marked using
Picard MarkDuplicates. Read counts were produced
by the featureCounts tool from the SubRead package,
combined for all samples and used as input for analy-
sis of differential gene expression. Differential expres-
sion (DE) gene analysis was conducted using the R
package DESeq2 [17] and genes with adjusted P value
of <0.01 were selected for further analyses. The data
set is deposited at the NCBI Gene Expression Omni-
bus database (GSE169758).

Real-time qPCR
The cell samples were thawed and RNA purification
was performed using TRIzol with phasemaker tubes
according to the manufacturer’s instructions. Follow-
ing this, RNA clean-up was performed with the
RNeasy MinElute Cleanup Kit (QIAGEN, Hilden,
Germany) and the RNA concentration was determined
using Qubit with the RNA HS Assay Kit. Prior to
qPCR, cDNA reverse transcription was performed
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using the High-Capacity cDNA Reverse Transcription
Kit and total cDNA concentration was determined
using Qubit with the DNA Assay Kit. Ten ng per reac-
tion of each samples was used to run qPCR with RBM3,
PDS5A, PRR11, or CCND3 TaqMan gene expression
assay (Assay ID Hs00943160_g1, Hs00374857_m1,
Hs00383634_m1, or Hs05046059_s1, respectively), with
samples run in triplicates. GAPDH was used as endoge-
nous control (Assay ID Hs03929097_g1).

Western immunoblotting
Cells were seeded in 6-well plates (2 � 105) and incu-
bated for 48 h at 37 �C prior to siRNA transfection.
The day after transfection, cells were washed, lysed,
and stored at �20 �C. Protein determination was per-
formed with Pierce BCA protein assay and 20 μg was
used from each sample. Samples were denatured in
Laemmli sample buffer (Sigma-Aldrich) and boiled for
5 min at 95 �C. The samples were placed on a 8–16%
TGX gradient gel (Bio-Rad, Hercules, CA, USA) with
high range rainbow markers at both ends (GE,
Chicago, IL, USA). Following electrophoresis, wet
tank transfer was performed and proteins were trans-
ferred to a 0.45-μm nitrocellulose membrane and dried
for 1 h. Total protein stain was then done with Revert
700 (LI-COR, Lincoln, NE, USA) and the membrane
was imaged at 700 nm. The membrane was destained
and blocked with Intercept TBS blocking buffer (LI-
COR). Primary antibody incubation was performed
overnight at 4 �C with anti-RBM3 (Atlas Antibodies
AB, Stockholm, Sweden), anti-PDS5A (HPA036661,
Atlas Antibodies AB), anti-PRR11 (DCS22, Atlas
Antibodies AB), anti-cyclin D3 (DCS22, Cell Signal-
ing, Danvers, MA, USA), or anti-Actin (Cell Signal-
ing, Sigma). The membrane was subsequently washed
and incubated for 1 h with secondary antibody IRDye
800CW goat anti-mouse or IRDye 680RD goat anti-
rabbit (LI-COR). Once the secondary antibody had
been thoroughly rinsed off, near-infrared detection was
performed using LI-COR Odyssey Fc imager at 700 or
800 nm. Images were analysed using Image studio
software and quantification of relative protein expres-
sion, normalised to total protein content, was per-
formed with Empiria studio software (LI-COR).

PRR11 expression in TCGA data set
Clinical data and normalised gene-level expression data
from the pancreatic cancer cohort TCGA_PAAD were
retrieved from The Cancer Genome Atlas (TCGA) pro-
ject through the Genomic Data Commons (GDC)
(https://portal.gdc.cancer.gov, downloaded on 25 May

2021) using the R package TCGAbiolinks. RNA
sequencing data were available for 178 patients. Based
on the published curation of the data set by Nicolle et al
[18], patients with normal pancreas/ampulla/duplicate
samples (n = 12), non-pancreatic tumour (n = 4), non-
invasive papillary neoplasms (n=2), tumour origin other
than pancreatic ductal adenocarcinoma (n = 9), treated
with neoadjuvant treatment (n= 1), in addition to regis-
tered follow-up time of less than 30 days (n = 5), were
excluded from subsequent analyses. The fragments per
kilobase of exon per million mapped reads (FPKM)
values were retrieved and the optimal cut-off point for
dichotomisation of PRR11 mRNA expression into low
versus high was determined using the survminer pack-
age, based onmaximally selected rank statistics from the
maxstat package.
Kaplan–Meier analysis and log-rank test were

applied for evaluation of the prognostic impact of
PRR11 mRNA expression in TCGA data set using the
survminer package.

Study cohort
The study cohort is a previously described retrospec-
tive consecutive cohort of primary tumours from
175 incident cases of periampullary adenocarcinoma,
including pancreatic cancer (n = 46) [19]. All
patients underwent pancreaticoduodenectomy at the
University hospitals of Malmö and Lund in the time
span of 1 January 2001 to 31 December 2011.
Follow-up started at the date of surgery and ended at
death or on 31 March 2017, whichever came first.
The Swedish National Civil Register was used to
obtain information on vital status. Data on adjuvant
treatment were obtained from patient charts.
All cases underwent thorough histopathological re-
evaluation.
The study received approval from the Ethics Com-

mittee of Lund University (reference numbers
2007/445, 2008/35, and 2014/748), through which the
committee determined no necessity for informed con-
sent other than the option to withdraw.

Immunohistochemistry and staining evaluation
For immunohistochemical analysis of PDS5A, cyclin
D3, and PRR11 expression, 4 μm tissue microarray
(TMA) sections were automatically pre-treated using
the PT Link system and then stained in an Autostainer
Plus (DAKO, Glostrup, Denmark) with the rabbit
polyclonal anti-PDS5A antibody HPA036661 (diluted
1:100; Atlas Antibodies AB), the mouse monoclonal
anti-cyclin D3 antibody DCS22 (diluted 1:1,600; Cell
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Signaling Technology), and the rabbit polyclonal anti-
PRR11 antibody HPA023923 (diluted 1:50; Atlas
Antibodies AB).
PDS5A and cyclin D3 were mainly expressed in the

tumour cell nuclei, and the intensity of expression was
denoted as either 0 (negative), 1 (weak), 2 (moderate),
or 3 (strong). As PDS5A was found to be expressed in
the majority of tumour cells, but with a varying inten-
sity, the fraction of positive nuclear expression was
denoted as 1 (≤50%) or 2 (>50%). For cyclin D3,
being more sparsely expressed, the absolute fraction of
positive cells was estimated. PRR11 was expressed in
the cytoplasm and cell membrane, and the intensity of
expression was denoted as either 0 (negative),
1 (weak), 2 (moderate), or 3 (strong), and the fraction
of positive cells as 0 (0–10%), 1 (11–25%), 2 (26–
50%), 3 (51–75%), or 4 (76–100%). The expression of
PRR11 and cyclin D3 was annotated by two indepen-
dent observers (SOH and KJ, the latter is a senior
pathologist), and the expression of PDS5A was anno-
tated by three independent observers (SC, VF, and
KJ). A joint re-evaluation was then carried out and dis-
crepant cases were discussed to reach consensus.

Immunocytochemistry
TMAs were constructed from the paraffin-embedded
cell pellets in the same manner as the tissue samples,
as was the subsequent staining of the cells.

Statistical analyses
For changes in mRNA levels after siRNA transfection
in vitro, Student’s t-test was performed. Non-
parametric Wilcoxon signed-rank, Mann–Whitney U,
and Kruskal–Wallis tests were applied for analysis of
differences in the distribution of PDS5A, cyclin D3,
and PRR11 protein expression in primary tumours and
lymph node metastases and in relation to clinicopatho-
logical parameters. Spearman’s rank correlation test
was used to investigate the intercorrelations between
the expression of investigative markers and RBM3.
Two cases who received neoadjuvant therapy were
excluded from all statistical analyses, and one addi-
tional case was excluded from the survival analyses
due to emigration. Kaplan–Meier analysis and the log-
rank test were applied to estimate differences in 5-year
OS in relation to expression of PDS5A, cyclin D3,
and PRR11. The fraction � intensity across all eva-
luable cores was calculated for each marker and
dichotomised variables of low and high expression
were then constructed. For PRR11, classification and
regression tree (CRT) analysis established a prognostic

cut-off corresponding to the median value. For PDS5A
and cyclin D3, no prognostic cut-off could be
established by CRT analysis, and the median value
was therefore used in the survival analyses.
Cox regression proportional hazards modelling was

applied to estimate hazard ratios for death within
5 years in relation to high and low expression of the
three investigated markers. All significant variables
from the univariable analysis (PRR11 expression,
tumour grade, tumour stage, tumour size, involved
lymph nodes, growth in lymph vessels, growth in
blood vessels, and perineural growth) were entered
into the multivariable analysis using a backwards step-
wise model with a probability for stepwise entry at
0.05 and removal at 0.10. Statistical analyses were per-
formed using SPSS Statistics version 25.0 (Arnmonk,
NY, USA) and R version 4.1.0. A P value of <0.05
was considered statistically significant. Graphs were
designed using SPSS, R, and GraphPad Prism version
9 (GraphPad Software, LA Jolla, CA, USA).

Results

RBM3-associated cellular processes and genes
As MIAPaCa-2 cells have previously been shown to
be the most appropriate model system to study the
effects of RBM3 silencing on chemotherapy response
[8], this cell line was selected for comparison of the
transcriptomes of siRBM3-transfected and control cells
by next-generation RNA sequencing.
As shown in Figure 1A, MIAPaCa-2 cells with down-

regulated RBM3 displayed 19 differentially expressed
genes (all p < 0.01), of which 7 were downregulated
(PDS5A, NIPSNAP3A, HIF1AN, SLC25A44, PIGN,
MORF4L1, and AMBRA1) and 12 were upregulated
(SRPR, PRR11, BOD1, CTD-2510F5.6, FAM49B,
BANF1, EPB41L1, CIT, PIP4K2A, SMAP1, MCFD2,
andCCND3).A summaryof the genes and their key func-
tions is provided in supplementarymaterial, Table S1.
As further shown in the volcano plot in Figure 1B,

the top downregulated gene was PDS5A (cohesin asso-
ciated factor A), encoding the protein PDS5A involved
in sister chromatid cohesion [20], and the top
upregulated gene was CCND3, encoding the cell cycle
regulating protein cyclin D3. Screening in the Human
Protein Atlas (HPA) portal (and TCGA) identified
three of the genes to be highly prognostic (p < 0.001)
in pancreatic cancer (n = 176) at the mRNA level;
EPB41L1 (shorter OS) encoding erythrocyte mem-
brane protein band 4.1 like 1, an actin-binding protein,
PRR11 (shorter OS) encoding proline rich 11, involved
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in cell cycle progression, and SLC25A44 (longer OS)
encoding solute carrier family 25 member 44, involved
in amino acid transport. Given the suggested associa-
tion of RBM3 with chemosensitivity in pancreatic and
other cancers, PRR11 was selected for further study
based on its cellular functions, together with PDS5A
and CCND3, being the top down- and up-regulated
genes, respectively.

Effect of RBM3 silencing on expression levels of
PDS5A, PRR11, and cyclin D3 in pancreatic cancer
cells in vitro
Expression of the selected genes and corresponding
proteins was examined in three siRBM3-treated pan-
creatic cancer cell lines, BxPC3, PANC-1, and
MIAPaCa-2, and compared with control cells. The
results demonstrate that knockdown of RBM3 led to
reduced levels of PDS5A and increased levels of
cyclin D3 and PRR11, both at the mRNA and protein
levels, in MIAPaCa-2 cells (Figure 2), whereas no sig-
nificant differences were seen in PANC-1 or BxPC-3
cells, apart from an upregulation of cyclin D3 in the
latter. MIAPaCa-2 cells have a higher level of inva-
siveness and migration than PANC-1 and BPxPC-3
cells, which might explain why significant differences
in protein levels were found only in MIAPaCa-2
cells [21].

Protein expression of PDS5A, cyclin D3, and PRR11
in primary tumours and lymph node metastases
Next, the immunohistochemical expression of PDS5A,
cyclin D3, and PRR11 was examined in TMAs with
matched primary tumours and lymph node metastases
from 44 cases of resected pancreatic adenocarcinoma.
PDS5A expression could be assessed in 43/44 (97.7%)
of the primary tumours and in 24/44 (54.5%) of the
lymph node metastases; cyclin D3 expression could be
assessed in 41/44 (93.2%) of the primary tumours and
in 16/44 (36.4%) of the lymph node metastases;
and PRR11 could be assessed in 43/44 (97.7%) of the
primary tumours and in 19/44 (43.2%) of the lymph
node metastases. Sample immunohistochemical images
are demonstrated in Figure 3A. As shown in
Figure 3B, the protein expression did not differ signifi-
cantly between primary tumours and lymph node
metastases for PDS5A or cyclin D3, whereas signifi-
cantly lower expression of PRR11 was found in lymph
node metastases compared to primary tumours
(p = 0.023).

Figure 1. In vitro mapping of RBM3-related genes in pancreatic
cancer. (A) Bar chart visualising 19 significantly DEGs (adjusted
P value < 0.01) identified through RNA sequencing of siRBM3-
transfected and control MIAPaCa-2 cells, of which 12 genes were
upregulated and 7 downregulated. (B) Volcano plot of top up-
and down-regulated genes showing PDS5A as the top down-
regulated gene and CCND3 as the top upregulated gene. NS,
non-significant.

69PRR11 is a prognostic RBM3-regulated gene in pancreatic cancer

© 2021 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
of Great Britain and Ireland and John Wiley & Sons Ltd.

J Pathol Clin Res 2022; 8: 65–77



Clinicopathological correlates of PDS5A, cyclin D3,
and PRR11 protein expression
The distribution of patient and tumour characteristics
according to PDS5A, cyclin D3, and PRR11 protein

expression is shown in Table 1. Cyclin D3 expression
was associated with lymph node metastases and
PDS5A expression was associated with a high tumour
grade and involved resection margins.

Figure 2. Gene and protein expression of cyclin D3, PDS5A, and PRR11 in three siRBM3-treated pancreatic cancer cell lines and controls.
(A) Representative images (�20 objective magnification) of the protein expression of PDS5A, cyclin D3, and PRR11 in BxPC3, PANC-1, and
MIAPaCa-2 siRBM3-transfected cell lines and controls. (B) Bar charts of the gene expression of PDS5A, CCND3, and PRR11 in BxPC3,
PANC-1, and MIAPaCa-2 cell lines compared to controls. ***p < 0.001, **p < 0.01, *p < 0.05. (C) Western blots showing the expression of
PDS5A, cyclin D3, and PRR11 in BxPC3, PANC-1, and MIAPaCa-2 cell lines and in controls. ***p < 0.001, **p < 0.01, *p < 0.05.
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The intercorrelations of PDS5A, cyclin D3, PRR11,
and RBM3 expression are shown in supplementary
material, Table S2. The only significant finding was a
weakly positive correlation between PDS5A and
RBM3 expression (R = 0.329, p = 0.031).

Prognostic significance of PDS5A, cyclin D3, and
PRR11 protein expression
In the in-house cohort, prognostic cut-offs were set at
the median for all investigative biomarkers, the median
value was 2.0 for PDS5A, 0.01 for cyclin D3, and 5.0
for PRR11. In TCGA, the cut-off for PRR11 was set
at the optimal value (1.71 FPKM). Kaplan–Meier ana-
lyses showed that both high PRR11 protein expression

(Figure 4A) and high PRR11 mRNA expression in the
curated TCGA data set (Figure 4B) were associated
with a significantly shorter 5-year OS. Expression of
PDS5A and cyclin D3 did not show any prognostic
value in the study cohort (see supplementary material,
Figure S1).
As further shown in Table 2, the significant prog-

nostic value of PRR11 was confirmed in univariable
Cox regression analysis but did not remain significant
in multivariable analysis where only tumour grade and
vascular invasion remained independent prognostic
factors.
The prognostic value of PDS5A and cyclin D3 did

not differ according to adjuvant chemotherapy. In con-
trast, high PRR11 expression was significantly associated

Figure 3. Expression of PRR11 in primary tumours and in lymph node metastases. (A) Sample immunohistochemical images (�20 objec-
tive magnification) of PDS5A, cyclin D3, and PRR11 protein expression in pancreatic cancer. (B) Spaghetti plots visualising the expression
of PDS5A, cyclin D3, and PRR1 in paired primary tumours and lymph node metastases.
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with a shorter OS in patients who had received adju-
vant chemotherapy, but not in untreated patients.
There was, however, no significant treatment interac-
tion between PRR11 and adjuvant treatment (see sup-
plementary material, Table S3).

Discussion

RBM3 has shown promise as a predictive biomarker of
improved response to chemotherapy in pancreatic and
periampullary adenocarcinoma [8], but the molecular
mechanisms underlying these observations have hitherto
remained obscure. The results from this study demon-
strate links between RBM3 and genes involved in DNA
replication, DNA repair, and cell cycle progression

in vitro, further supporting its association to a more
chemosensitive phenotype. In terms of prognostication,
PRR11 emerged as a top candidate biomarker.
The top downregulated gene PDS5A was further con-

firmed to be linked to RBM3 expression in pancreatic
cancer cells in vitro, also at the protein level, and weak
correlations were found in human tumours. It was only
weakly prognostic at the gene expression level in TCGA
and not at the protein expression level, neither overall
nor in strata according to adjuvant chemotherapy,
although high expression was associated with some more
favourable clinicopathological factors. PDS5A is one of
the two cohesion-associated factors; PDS5A and PDS5B.
Cohesin is a chromatin-bound complex that mediates sis-
ter chromatid cohesion, thereby facilitating DNA looping
and affecting transcriptional activity. A single PDS5 pro-
tein, either PDS5A or PDS5B, is sufficient for proper

Table 1. Associations of PDS5A, cyclin D3, and PRR11 expression in primary tumours with clinicopathological parameters.

n
PDS5A
mean, median (SD) p n

Cyclin D3
mean, median (SD) p n

PRR11
mean, median (SD) p

Age
Q1 (38–61) 4 0.58, 0.00 (1.17) 0.11 4 0.04, 0.03 (0.05) 0.62 4 8,75, 9.00 (0.50) 0.27
Q2 (62–67) 13 2.61, 3.25 (1.62) 12 0.27, 0.01 (0.77) 13 4.31, 3.00 (3.82)
Q3 (68–72) 13 2.38, 3.00 (1.78) 13 0.35, 0.10 (0.65) 13 5.46, 4.00 (4.22)
Q4 (73–84) 13 2.05, 2.00 (1.65) 12 0.27, 0.01 (0.56) 13 5.38, 6.00 (4.01)
Gender
Female 20 2.23, 2.17 (1.69) 0.96 19 0.43, 0.05 (0.80) 0.25 20 5.05, 5.00 (3.47) 0.63
Male 23 2.15, 2.00 (1.69) 22 0.14, 0.01 (0.38) 23 5.70, 6.00 (4.01)
T stage
T1-T2 9 1.67, 1.00 (1.34) 0.38 9 0.24, 0.01 (0.59) 0.64 10 6.00, 6.00 (3.62) 0.56
T3-T4 34 2.32, 2.75 (1.71) 32 0.28, 0.03 (0.64) 33 5.21, 6.00 (4.02)
Lymph node metastasis
N0 9 2.24, 2.50 (1.92) 0.93 9 0.03, 0.00 (0.07) 0.010 10 5,40 6.00 (3.98) 0.81
N1 23 2.24, 2.00 (1.68) 21 0.49, 0.00 (0.80) 22 5.05, 5.00 (3.70)
N2 11 2.02, 2.00 (1.48) 11 0.05, 0.00 (0.08) 11 6.09, 8.00 (4.53)
Tumour grade
Low 15 2.52, 3.00 (1.88) 0.47 14 0.17, 0.01 (0.47) 0.29 15 3.73, 3.00 (3.35) 0.043
High 28 2.01, 2.00 (1.52) 27 0.32, 0.05 (0.68) 28 6.29, 6.00 (3.95)
Tumour size (mm)
≤20 5 2.17, 2.00 (1.99) 0.86 5 0.02, 0.00 (0.04) 0.07 6 4.00, 6.00 3.10) 0.30
>20 38 2.19, 2.17 (1.63) 36 0.31, 0.03 (0.65) 37 5.62, 6.00 (4.02)
Resection margins
R0 1 1.00, 1.00 (–) 0.57 1 0.20, 0.20 (�) 0.27 2 0.50, 0.50 (0.71) 0.041
R1-2 42 2.21, 2.17 (1.66) 40 0.27, 0.01 (0.63) 41 5.63, 6.00 (3.85)
Perineural growth
No 9 1.87, 1.50 (1.82) 0.51 9 0.21, 0.00 (0.60) 0.17 10 4.00, 3.00 (4.19) 0.15
Yes 34 2.27, 2.42 (1.62) 32 0.29, 0.05 (0.63) 33 5.82, 6.00 (3.79)
Lymphatic invasion
No 16 2.89, 3.29 (1.79) 0.053 15 0.18, 0.02 (0.47) 0.72 16 4.63, 3.00 (3.81) 0.33
Yes 27 1.77, 1.50 (1.43) 26 0.32, 0.01 (0.70) 27 5.85, 6.00 (3.97)
Vascular invasion
No 28 2.17, 2.00 (1.78) 0.93 28 0.25, 0.04 (0.61) 0.79 28 4.75, 4.00 (3.80) 0.16
Yes 15 2.21, 2.33 (1.44) 15 0.28, 0.01 (0.62) 15 6.60, 6.00 (3.96)
Growth in peripancreatic fat
No 11 2.02, 2.00 (1.83) 0.71 11 0.20, 0.02 (0.53) 0.78 12 5.17, 6.00 (3.74) 0.83
Yes 32 2.24, 2.17 (1.61) 30 0.30, 0.01 (0.65) 31 5.48, 6.00 (4.03)

Bold values indicate p < 0.05.
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cohesin dynamics, but simultaneous removal increases
binding time of cohesin on chromatin and slows down
DNA replication [20]. This is, to the best of our knowl-
edge, the first study to report on the expression and prog-
nostic significance of PDS5A in pancreatic cancer, and
its expression in other types of cancer remains largely
unknown.
The top upregulated gene CCND3 and its corres-

ponding protein cyclin D3 were also further confirmed to
be linked to RBM3 expression in pancreatic cancer cells
in vitro, but not in human tumours. It was not prognostic
either at the gene or the protein expression level. In nor-
mal cells, cyclin D3 has a critical role in cell cycle pro-
gression, driving G0/G1 to S-phase. In cancer, including
pancreatic adenocarcinoma, cyclin D3 is often over-
expressed due to inactivation of the tumour suppressor
p16 [22]. Radulovich et al demonstrated that down-
regulation of CCND3 resulted in decreased proliferation
and phosphorylation of Rb in pancreatic cancer cells and
that the downregulated genes in CCND3-suppressed cells
were significantly associated with processes involved in
cell cycle progression and programmed cell death [23].
PRR11 was also found to be among the upregulated

genes, and the link to RBM3 was further confirmed
in vitro, but not in human tumours. PRR11 expression
was highly prognostic of poor survival in TCGA, and
the prognostic value was further confirmed at the protein
level. Of note, PRR11 expression was found to be signif-
icantly higher in primary tumours than in lymph node
metastases, indicating that a biopsy from the primary
tumour would give sufficient prognostic information in
unresectable cases; this is in contrast to RMB3 where

higher expression was seen in lymph nodes than in pri-
mary tumours [8].
Moreover, high expression of PRR11 was predictive

of decreased OS in patients who received adjuvant
chemotherapy as opposed to RBM3, where high
expression was an independent predictive factor for
efficacy of adjuvant chemotherapy [8]. There was,
however, no significant treatment interaction between
PRR11 and adjuvant chemotherapy, and the potential
association of PRR11 with chemoresistance therefore
needs validation in a larger cohort.
In TCGA, high RBM3 levels were only weakly sig-

nificantly associated with shorter survival [8]. Hence,
the potential mechanistic relationship between RBM3
and PRR11 in pancreatic cancer also warrants more
in-depth study.
The current literature on PRR11 in pancreatic cancer is

sparse. Our findings are in line with the study by Tan
et al including 38 patients, where PRR11 expression was
shown to be upregulated in malignant compared to nor-
mal pancreatic tissue, and positive expression in pancre-
atic cancer was associated with shorter survival and
clinicopathological factors linked to an aggressive pheno-
type. Furthermore, knockdown of PRR11 led to reduced
migration in pancreatic cancer cells in vitro [24]. These
findings are in line with studies of PRR11 in other solid
carcinomas including ovarian cancer, cholangiocarcinoma,
lung cancer, and gastric cancer [25–28].
PRR11 has been shown to promote oncogenesis and

cell cycle progression through activation of the
phosphatidylinositol-3-kinase (PI3K)/AKT pathway in
ovarian and hepatocellular carcinoma [29,30]. Moreover,

Figure 4. Prognostic significance of PRR11 protein and mRNA expression. Kaplan–Meier analyses of 5-year OS according to (A) PRR11
protein expression in the in-house cohort and (B) PRR11 mRNA expression in TCGA. P values were calculated using the log-rank test.
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Lee et al recently demonstrated that PRR11 enhances
PI3K signalling and promotes anti-oestrogen resistance
in breast cancer by interacting with the regulatory sub-
unit p85α [31]. The PI3K/AKT pathway is activated in
~60% of pancreatic cancers and activating mutations in
KRAS, a hallmark of these tumours, can in turn activate
PI3K signalling through the p110α subunit [32,33].
Given the importance of the PI3K/AKT pathway in
many types of solid tumour, there have been vast efforts
to introduce PI3K inhibitors as a therapeutic option, with

several ongoing or recently finished phase 1 trials also in
pancreatic cancer, but so far toxicity seems to be prob-
lematic, especially with oral administration [34–36]. The
first drug in clinical use, an inhibitor of the p110α sub-
unit of PI3K (alpelisib), was however recently approved
by the U.S. Food and Drug Administration for the treat-
ment of PI3KCA-mutated, oestrogen receptor positive
breast cancer [37]. In light of the above, it could be of
value to study the relationship between PRR11 and the
PI3K/AKT pathway in more depth in pancreatic cancer
too, given the inherent therapeutic resistance of these
tumours and the pressing need for improved molecularly
guided treatments.
Apart from the genes more closely investigated herein,

several other genes within the RBM3-associated trans-
criptome, CIT, BANF1, BOD1, and SRPR, are also
involved in chromosome formation and cell cycle pro-
gression [38–43], Moreover, RBM3 is well known to be
induced in response to various types of cellular stress
[44–48], and several genes with similar functions have
been identified: AMBRA1, shown to attenuate oncogene-
sis through autophagy-dependent stress sequestration
[49,50]; SLC25A44, shown to be upregulated upon cold
exposure [51]; and HIF1AN, which functions as an oxy-
gen sensor and represses the transcriptional activity of
hypoxia-inducible factor 1-alpha [52]. Other genes, such
as EPB41L1 and FAM49B, have been shown to interact
with the cytoskeleton and to be involved in proliferation,
migration, and metastasis [53–56]. Of note, EPB41L1
was also found to be highly prognostic at the mRNA
level in TCGA. Hence, the RBM3-regulated trans-
criptome may well harbour additional promising bio-
marker candidates in pancreatic cancer.
In summary, this study provides further clues about

cellular processes and transcriptional partners that may
link RBM3 to chemosensitivity in pancreatic cancer,
further supporting its potential utility as a predictive
biomarker. Moreover, PRR11 is unveiled as a robust
prognostic biomarker that merits further attention, pos-
sibly also in the context of PI3K signalling and related
targeted treatment options.
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