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Abstract

Objectives: Pancreatic cancer has an extremely poor prognosis and is one of the most
chemo-resistant cancers. Targeting cancer cell transcriptional complexes may enhance
chemotherapy effectiveness. RNA-polymerase I (Pol-I) mediated transcription is an
essential initial step for ribosome biogenesis and is related to cancer cell proliferation.
RRN3 is a Pol-I specific transcription initiation factor. In this study, we aimed to elucidate
the function and clinical significance of RRN3 in pancreatic cancer.

Methods: We performed immunohistochemical staining to detect RRN3 protein expression
in 96 pancreatic cancer tissues, and analyzed the relationship between RRN3 protein
expression, clinicopathological factors, and cancer patient prognosis. Moreover, we
evaluated RRN3 function in vitro and in vivo using proliferation, invasion, and chemo-
sensitivity assays in PANC-1 and SW1990 cell lines; with/without depleting RRN3
expression.

Results: RRN3 was mainly expressed in cancer cell nuclei. High levels of RRN3
expression were associated with Ki-67 expression and shorter overall survival (OS).
Additionally, proliferation and invasion ability were decreased when RRN3 was silenced
with siRNA, compared to non-targeting siRNA transfected cells. Chemosensitivity analysis
showed that inhibition of RRN3 enhanced sensitivity of pancreatic cancer cell lines to
gemcitabine and paclitaxel. Furthermore, RRN3 siRNA-transfected PANC-1 tumors
showed significantly reduced tumor volumes compared to the control tumors in a mouse
xenograft model.

Conclusion: High levels of RRN3 expression are associated with poor prognosis and

cancer malignancy, such as proliferation, invasion ability, and chemosensitivity in
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1 pancreatic cancer. Therefore, RRN3 targeting may be a promising therapeutic strategy

2 using combination therapy with anticancer drugs to overcome refractory pancreatic cancer.
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Introduction

Pancreatic cancer is one of the most aggressive cancers and is characterized by
rapid progression and limited response to conventional therapies [1,2]. Despite progression
in the development of multidisciplinary treatments, pancreatic cancer patients have poor
overall survival (OS) compared to other malignancies. Therefore, to improve the prognosis
of patients with pancreatic cancer, it is crucial to elucidate the mechanisms underlying
malignant potential and to develop new therapeutic targets.

Ribosome biogenesis is associated with essential cellular processes such as growth
and development; proliferating cells require a continuous supply of new ribosomes for
protein biosynthesis [3]. The RNA Polymerase I (Pol I)-mediated transcription from
ribosomal DNA into pre-ribosomal RNA is identified as an essential initial step for
ribosome biogenesis and is abnormally hyperactive in malignant cells compared to normal
cells [4]. Cancer cells use the majority of their energy consumption for ribosome synthesis,
and pre-ribosomal RNA transcription has been reported to account for 30-50% of total
transcriptional activity.

Interestingly, the FDA approved several therapeutic agents that inhibit abnormally
activated ribosome synthesis in tumors as anticancer agents. Rapamycin, an mTOR
inhibitor, inhibits ribosomal RNA synthesis by blocking RNA Pol I transcription [5]. In
addition, everolimus, an orally administered-rapamycin analog, has shown promising
results in treating malignancies such as renal cell carcinoma and neuroendocrine tumor
[6,7]. Oxaliplatin and doxorubicin also inhibit ribosomal RNA transcription, suggesting that
part of their efficacy may be caused by the inhibitory effect on ribosome synthesis [8].

Additionally, ribosomal RNA synthesis is essential not only in cancer but also in non-



10

11

12

13

14

15

16

17

18

19

20

21

22

C. Batbayaretal. 6

cancer cells, suggesting that it is problematic as a specific cancer therapeutic target.
However, it has also been reported that inhibition of pre-ribosomal RNA synthesis induced
cell death in tumor cell lines, but non-cancer cells can tolerate this treatment [9,10]. By
utilizing this threshold difference between tumors and normal tissues, ribosomal RNA
attracts attention as a candidate for cancer-specific therapy [4].

Pre-rRNA synthesis is triggered by the pre-initiation complex at the rDNA
promoter. The complex is formed by the UBF/SL-1 (TIF-IB) complex, RNA Pol I, and TIF-
IA (RRN3). Therefore, this study focused on the RRN3, which can mediate the interaction
between UBF/SL-1 complex and RNA Pol I on the rDNA promoter and is an essential
regulator of ribosomal RNA synthesis [11]. Interestingly, RRN3-mediated ribosomal RNA
synthesis is downregulated in growth-arrested cells with terminal differentiation, contrary
to the proliferating cells such as cancer [12]. RRN3-suppressed breast cancer cells showed
the inhibited-proliferation ability, and the RRN3-overexpressed mammary epithelial cells
could not form the lumen structure of the 3D mammary epithelial cell culture system and
achieved proliferative potency in the aberrant 3D acini [13]. However, the function and
expression of RRN3, a critical regulatory transcription factor for ribosomal RNA synthesis,
have not been well analyzed in clinical pancreatic cancer samples.

This study aimed to elucidate the function and clinical significance of RRN3 in
pancreatic cancer. First, we examined the expression levels of nuclear RRN3 in pancreatic
cancer using immunohistochemistry to determine whether the evaluation of nuclear RRN3
expression in tumor tissues can be used as a prognostic biomarker for pancreatic patients.

Moreover, we inhibited RRN3 expression in pancreatic cancer cell lines to analyze whether
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RRN3 targeting is a promising therapeutic strategy to interfere with tumor aggressiveness

and chemoresistance in pancreatic cancer.

Methods
Patients and Samples

Ninety-six surgically resected pancreatic cancer samples were obtained from
patients who underwent surgical treatment at the Department of Gunma University
(Maebashi, Japan) and Saiseikai Maebashi Hospital (Maebashi, Japan) between 2003 and
2017. None of the patients received neoadjuvant chemotherapy or irradiation before the
surgery. The tumors were classified according to the seventh tumor-node-metastasis (TNM)
classification of the Union for International Cancer Control (UICC) and the seventh

General Rules for the Study of Pancreatic Cancer of Japan Pancreas Society [14]. All

clinical samples and patient data were analyzed following our institutional guidelines and
the Declaration of Helsinki (approved number: HS2020-124). The patients’ approval for

this retrospective observational research was obtained using an opt-out approach.

Immunohistochemical Analysis

The resected surgical specimens were fixed with 10% formaldehyde and
embedded in paraffin blocks. The blocks were cut into 2-pm-thick sections and mounted on
glass slides. The staining protocol was carried according to standard methods, as described

previously [15]. The sections were incubated overnight at 4 °C with rabbit anti-RRN3

(HPA049837; dilution, 1:100; Atlas Antibodies); or mouse anti-Ki-67 (M7240; dilution,
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1:150; Dako; Agilent Technologies, Santa Clara, CA, USA) primary antibodies. Each
section was counterstained with Mayer's hematoxylin solution and mounted. The negative
control was established by replacing the primary antibody with phosphate-buffered saline
(PBS) in 0.1% bovine serum albumin, and no detectable staining was observed. Two
independent researchers scanned and evaluated immunohistochemical slides in a blinded
manner. The nuclear expression intensity of RRN3 was set as 1, weak; 2, moderate; 3,
strong, and with intensity 2 and 3 as positive for RRN3 expression.The positive ratio of
nuclear RRN3 staining in cancer cells was scored as follows: 0, no staining; 1+, 1-25%; 2+,
26-50%; and 3+, >50%. The cut-off point was defined as follows: scores of 0-1 were
considered as low expression, and 2-3 indicated high expression. The Ki-67 positive cell

number was counted by examining 1,000 cancer cells among three representative areas.

Cell Culture

The human pancreatic cancer cell lines AsPC- 1, BxPC-3, PANC-1, and SUIT-2
were obtained from RIKEN BRC Cell Bank (Ibaraki, Japan), and SW-1990 cells were
obtained from ATCC (Tokyo, Japan). The cells were cultured in Dulbecco's Modified Eagle
Medium (Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (Thermo Fisher Scientific), and maintained at 37°C in a humidified

5% CQO2 incubator.

In Vitro Transfection of RRN3-Specific siRNA
RRN3-specific siRNAs (siRNA 1: GCCUAGAUCUUUUGGUUAALt,

UUAACCAAAAGAUCUAGGCTt, siRNA 2: GAGCUUUCAGUGAAGAAUCt,

8
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GAUUCUUCACUGAAAGCUCTtt) and negative-control siRNA
(UACUAUUCGACACGCGAAGtt, CUUCGCGUGUCGAAUAGUALt) were purchased from
Dharmacon GE Healthcare (Buckinghamshire, UK). PANC-1 and SW-1990 cells were
suspended at a density of 1.0 X 10° cells in 100 mL Opti-MEM I Reduced Serum Media
(Thermo Fisher Scientific) and then mixed with RRN3-specific siRNA, or negative-control
siRNA. Transfection was performed using a GUY21 EDIT II electroporator (BEX, Tokyo,
Japan), with poring and transfer pulses applied at 150 and 10 V, as previously described

[15].

Protein Extraction and Western Blotting

According to the manufacturer's protocol, the total protein was extracted from
transfected PANC-1 and SW-1990 cells using RIPA Buffer (Wako). Extracted proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 10% TGX
gels (Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose membranes using the
wet transfer method. The membranes were blocked with 5% skim milk and then incubated
at 4 °C overnight with anti-RRN3 rabbit polyclonal antibody (ab112052, 1:2000, Abcam),
anti-RRN3 (Phospho-Ser 649) rabbit polyclonal antibody (A8433, 1:1000, Assay bio Tech),
anti-c-Myec rabbit polyclonal antibody (#9402, 1:1000, Cell Signaling Technology: CST),
anti-c-Myc (Phospho-Ser62) rabbit monoclonal antibody (#13748, 1:1000, CST), anti-Akt
rabbit monoclonal antibody (#4691, 1;1000, CST), anti- Akt (Phospho-Ser473) rabbit

monoclonal antibody (#4060), and anti-B-Actin mouse monoclonal antibody (A5316;

1:1000; Sigma, St. Louis, MO, USA). Thereafter, membranes were treated with horseradish
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peroxidase-conjugated secondary antibodies. Protein bands on the membrane were detected
using ECL Prime Western Blotting Detection Reagent and an Image Quant LAS 4000 (GE

Healthcare Life Sciences).

Invasion Assay

Cell invasion assay was performed using 24-well Corning BioCoat Matrigel
Invasion Chambers (Corning, NY, USA). PANC-1 and SW-1990 cells (1x10°) were seeded
with 500 mL of medium in the upper chamber, and the lower chamber was filled with 750
mL of medium containing 10% FBS as a chemoattractant. After 48 h incubation, the cells
were fixed and stained with Diff-Quik (Sysmex Corporation, Kobe, Japan). After staining,
the cells that had invaded through the pores to the lower membrane were counted by

microscope. A total of 10 randomly selected fields were evaluated.

In Vitro Proliferation Assay

PANC-1 and SW-1990 cells were cultured in 96-well culture plates at 2,000
cells/well in a 100 uL. medium. Cell viability was analyzed after initial cell seeding using
the Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan). Evaluations were
performed after 0, 24, 48, and 72 h. Then, the cell counting solution was added at a
concentration of 10 pL/well, and cells were incubated at 37°C for 2 hours. The absorbance
was detected at 450 nm with the reference wavelength set at 650 nm using an xMarkTM

Microplate Absorbance Spectrophotometer (Bio-Rad).

Drug Sensitivity Assay

10
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Sensitivity for gemcitabine (Selleck Chemicals, Houston, TX, USA) and paclitaxel
(Taiho Pharmaceutical, Tokyo, Japan) was evaluated using siRNA-transfected PANC-1 and
SW-1990 cells. The cells were seeded at a density of 1x10* cells/well in 96-well plates with
100 pL medium. After 24 h, the cells were treated with various concentrations of
gemcitabine (0, 5, 10, 25, and 50 nM) and paclitaxel (0, 0.001, 0.01 and 0.1 pg/mL) for 48
h. As described above, cell viability was evaluated using CCK-8 assays (Dojindo

Laboratories).

Xenograft Mouse Models

Mouse experiments were performed in compliance with the guidelines of the
Institute for Laboratory Animal Research at Gunma University, Maebashi, Japan). PANC-1
cell suspension (3x10° cells in 200 pL of PBS) was injected subcutaneously into the
bilateral flanks of 8-week-old female NOD-SCID mice (CLEA Japan, Inc, Tokyo, Japan).
We randomly divided 12 mice into control siRNA, RRN3 siRNA, control siRNA with
gemcitabine, and RRN3 siRNA with gemcitabine (each group contained 3 mice
respectively). Xenografted tumors of PANC-1 cells were treated with RRN3 siRNA when
the tumor size reached a maximum diameter of 5 mm. /n vivo silencing of RRN3 was
performed as described by Tsukagoshi et al [16]. Mice were anesthetized with 1.5%
isoflurane (1.5L/min). A fork-type electrode was inserted into the tumor, scooping from the
bottom of the tumor, and then RRN3 siRNA (2000 pmol/100 puL) or control siRNA (2000
pmol/100 puL) was injected into each. Immediately, the plate-type electrode was put in
contact with the surface of the tumor, and electric pulses were delivered to each tumor

using the CUY21EDIT II Next-Generation Electroporator (BEX, Japan). RRN3 siRNA was

11
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injected into tumors of the left flanks, and control siRNA was injected into tumors of the
right flanks. Tumor diameters were measured every other day and calculated using the
following formula: tumor volume = S x S x /2, where S is the short diameter of the tumor
in millimeters and L is the maximum diameter of the tumor in millimeters. Therapy was
repeated every five days for three weeks (Day 1, Day 5, Day 10, Day 15, and Day 20), and
50mg/kg gemcitabine injected intraperitoneally twice a week (Day 1, Day 4, Day 8, Day
11, Day 15, and Day 18) to mice under isoflurane anesthesia. Each group contained three
xenografts. To collect the xenografted tumors, mice were deeply anesthetized with 4-5%
isoflurane and euthanized by cervical dislocation on Day 21.These xenografted tumor
formations were microscopically validated after hematoxylin and eosin staining. All mouse
experiments were performed in compliance with the guidelines of the Institute for
Laboratory Animal Research at Gunma University, Maebashi, Japan (Approved number:

18-024).

Statistical Analysis

Statistical significance was analyzed using the Mann—Whitney U test or ANOVA
for continuous variables and the Chi-square test or Fisher’s exact test for categorical
variables. When the results of the ANOVA were significant, Tukey’s multiple comparison
tests were used to assess differences between each group. Survival curves were calculated
using the Kaplan—Meier method. Differences between survival curves were analyzed using
the log-rank test. Prognostic factors were examined by univariate and multivariate analyses

using Cox’s proportional hazard model. Results were considered statistically significant

12
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when the relevant P-value was <0.05, and all statistical analyses were performed using JMP

15 software (SAS Institute, Cary, NC, USA).

Results
Immunohistochemical Expression of RRN3 in Pancreatic Cancer

The expression level of RRN3 in the pancreatic cancer part (T) was slightly higher
than those of surrounding stromal cells and the pancreatic acinar cells' part (N) (Figure 1A)
of the surgically resected pancreatic cancer samples. In addition, the RRN3 expression was
detected at the cellular level in the nucleolus and nucleoplasm of the cancer nucleus
compared to the cellular cytoplasm and membrane (Figure 1B). Of the 96 patients with
pancreatic cancer, 39 patients with low nuclear RRN3 expression in cancer tissues were
defined as the low expression group and 57 patients with high RRN3 as the high expression

group (Figures 1C and D).

Association between RRN3 Expression and Clinicopathological Characteristics of
Pancreatic Cancer

The relationships between clinicopathological parameters and RRN3 expression in
96 pancreatic cancer samples are presented in Table 1. There were no significant
differences in age, sex, histological type, T factor, tumor size, lymph node metastasis,
venous invasion, lymphatic invasion, perineural invasion, and recurrence between patients
with high and low RRN3 expression. The high expression of nuclear RRN3 was associated
with the progression of the Ki-67 positive cells' number as a proliferation marker (P =

0.003).

13
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Prognostic Significance of Nuclear RRN3 Expression in Patients with Pancreatic
Cancer

Kaplan—Meier analysis of 96 patients with pancreatic cancer revealed significantly
lower overall survival rates in the high RRN3 expression group than in the low RRN3
expression group (P = 0.014) (Figure 1E). Our univariate analysis of 96 pancreatic cancer
patients identified a high level of nuclear RRN3 expression as a significant prognostic
factor associated with poor survival (HR =2.25, 95% CI = 1.27-4.18, P =0.0051).
Moreover, a multivariate analysis of the four factors identified as significant in the
univariate analysis identified high nuclear RRN3 expression as an independent risk factor
for poor overall survival (HR =2.17, 95% CI =1.21-4.08, P = 0.0086) (Table 2). Among
the patients with adjuvant chemotherapy (n=85), the RRN3 high group tended to have poor
prognosis compared to the low group, but not significantly (P=0.067). To validate the
prognostic significance of RRN3 expression in a larger cohort, we used the TCGA
database, which includes the transcriptome data of 179 pancreatic cancer samples with
survival information. The validation data were consistent with the data from our cohort,
indicating the association between a high level of RRN3 expression in pancreatic cancer
samples and poor prognosis in a large cohort (P = 0.023) (Supplementary Figure 1).
To analyze the prognostic value of RRN3 in more detail, we evaluated the relationship
between nuclear RRN3 expression and post-recurrence survival in our cohort. As a result,
the pancreatic cancer patients with high RRN3 had shorter post-recurrence survival than
those with low RRN3 (P = 0.049, Figure 1F). Multivariate analysis indicated that high

nuclear RRN3 expression in pancreatic cancer tissues was an independent prognostic

14
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marker of shorter-post-recurrence survival (HR = 1.71, 95% CI = 1.01-3.03, P = 0.048)

(Table 3).

RRN3-Specific siRNA Inhibited Tumor Cell Proliferation and Enhanced Gemcitabine
and Paclitaxel Sensitivity In Vitro

Western blotting was performed to evaluate the expression levels of RRN3 protein
in the pancreatic cancer cell lines AsPC-1, SUIT-2, SW-1990, BxPC-3, and PANC-1 and
also evaluate the phosphorylation status of RRN3, MYC and AKT respectively (Figure
2A), indicating the higher levels of RRN3 in all pancreatic cancer cell lines, except SUIT-2
cells. Moreover, cell lines with higher endogenous RRN3 tended to have higher
phosphorylated MYC and AKT. Among them, PANC-1 and SW-1990 were selected for
subsequent RRN3 knockdown experiments to analyze the functional significance of RRN3
in cell proliferation, invasiveness, and chemosensitivity. We used siRNA to knock down the
RRN3 expression and Western blotting to confirm the protein suppression (Figure 2B). The
RRN3-suppressed cells showed significant decreases mRNA level of pre-rRNA, and in cell
proliferation and invasiveness and increased drug-sensitivity against gemcitabine and
paclitaxel compared to the control siRNA cells (Figures 2C-E, 3). Moreover, we evaluated
the relationship endogenous RRN3 expression and drug sensitivity. As a results, the
negative correlation between endogenous RRN3 and anticancer drug sensitivity was

observed in consistent with functional analysis of RRN3-siRNA (Supplementary Table 1).

RRN3-Specific siRNA Inhibits Tumor Growth and Improves Chemosensitivity in a

Xenograft Mouse Model

15



10

11

12

13

14

15

16

17

18

19

20

21

22

C. Batbayar et al. 16

We investigated whether RRN3 suppression could regulate tumor growth and
chemosensitivity using a mouse xenograft model. As a result, RRN3 siRNA-transfected
PANC-1 tumors showed significantly reduced tumor volumes compared to the control
tumors (P < 0.05) , and the combination of RRN3-specific siRNA and gemcitabine therapy

inhibited tumor growth to the greatest extent (Figure 4).

Discussion

This study clarified that high RRN3 expression was associated with poor prognosis
in clinical patients with pancreatic cancer, and multivariate analyses demonstrated that
nuclear RRN3 accumulation was an independent prognostic factor in pancreatic cancer.
Moreover, our experimental data indicated that suppression of RRN3 in pancreatic cancer
cell lines was related to a decrease in the synthesis of ribosomal RNA and downregulation
of proliferation, invasion ability, and chemo-resistant activity.

In this study, the accumulation of nuclear RRN3 in pancreatic cancer tissues was
an independent prognostic factor, indicating the potential of using nuclear RRN3 evaluation
as a useful prognostic biomarker for pancreatic cancer patients. RRN3 is an essential
regulator of ribosomal RNA transcription and ribosome synthesis and is abnormally
activated in cancer cells compared to normal cells. Experimentally, RRN3 suppression has
been reported to cause inhibition of both ribosomal RNA synthesis and cell proliferation
[13]. These findings are consistent with our data regarding the positive correlation of Ki-67
and nuclear RRN3 accumulation in clinical pancreatic cancer tissues, and the inhibited-

proliferation ability of pancreatic cancer cell lines treated by RRN3 siRNAs. The

16
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prognostic value of nuclear RRN3 might reflect the activation of RRN3-mediated
ribosomal RNA synthesis, strongly relating to the proliferation ability observed in cancer.

RRN3 is a crucial regulator of ribosomal RNA synthesis, which is essential for
cancer cell proliferation and is ubiquitously expressed in normal as well as cancerous
tissues (Supplementary Figure 2). This paragraph discusses the mechanism of RRN3
induction in pancreatic cancers with poor prognosis. RRN3 has been reported to be a
downstream target gene of MYC, a transcription factor associated with carcinogenesis and
tumor aggressiveness in many carcinomas, including pancreatic cancer. MY C can activate
the ribosomal RNA synthesis via activation of RRN3 transcription [17,18]. We could
validate this expression relationship between MY C and RRN3 using the TCGA dataset of
179 pancreatic cancer patients (Supplementary Figure 3). At the protein regulatory level,
RRN3 protein is ubiquitinated and degraded by the proteasome system, and its half-life is
reported to be prolonged by AKT, which is a potential therapeutic target in many cancers,
including pancreatic cancer [19,20]. The data in this study indicate that RRN3 is highly
expressed in pancreatic cancer cells compared to surrounding normal cells and regulates
their proliferative potential, invasive potential, and sensitivity to anticancer drugs. These
findings suggested that the activation of MYC and AKT, which are representative vital
oncogenes in various cancers, including pancreatic cancer, partially cause the strong RRN3
induction in the cancer cells compared to the surrounding normal cells without aberrant
oncogene activation.

Phosphorylation of RRN3 by several oncogenic kinases can regulate RRN3
activity and ribosomal RNA synthesis. In addition, cellular stress-induced dysregulation of

kinase activity controls the RRN3/ribosomal RNA synthesis axis. For example, AMP-

17
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activated protein kinase (AMPK), induced by glucose deprivation stress, represses RRN3
activity; and cellular stress, caused by amino acid deficiency in the culture media,
suppresses RRN3 activity. These findings suggest that cells need to use more energy for
survival in glucose and amino acid deprivation conditions, contrary to a reduced necessity
of the high-energy-consuming processes of ribosome synthesis and cellular proliferation
mediated by RRN3. Additionally, it has been reported that diabetes mellitus with
hyperglycemia and high levels of amino acids in the blood are risk factors for pancreatic
cancer pathogenesis [21,22]. These findings suggest that nutritional status and
comorbidities may contribute to RRN3 expression and pancreatic carcinogenesis; however,
the extent is currently unknown. Therefore, further investigation is needed to clarify the
importance of RRN3 in pancreatic carcinogenesis.

LKB1, known as serine/threonine kinase 11 (STK11), is frequently lost in sporadic
pancreatic adenocarcinoma [23] and can work upstream of the AMPK pathway, which is a
critical regulator in cellular energy homeostasis [24]. It has been reported that LKB1 kinase
activity is usually required for translocation of RRN3 into the nucleus under stress
conditions; however, such stress-induced lung cancer cell death occurred in LKB1-
inactivated cells without nuclear RRN3 accumulation, but not in LKB1 wild-type cell with
nuclear RRN3 [25]. Interestingly, patients with pancreatic cancer with low LKB1
expression were associated with a poor prognosis [26]. Furthermore, LKB1 suppression has
been reported to induce mTOR activation, one of the RRN3 activators [27], suggesting the
importance of the LKB1/mTOR/RRN3 axis in cancer. We were able to validate the
correlation of LKB1, mTOR, and RRN3 expression, which were reanalyzed and validated

using transcriptomic data of 179 pancreatic cancer patients in the TCGA dataset

18
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(Supplementary Figure 4). In our study, in vitro analysis showed that RRN3 suppression
was associated with growth inhibition and increased chemosensitivity, suggesting that
RRN3 may be a promising therapeutic target in pancreatic cancer. In addition, RRN3-
targeted therapy against refractory pancreatic cancer lacking the LKB1 is expected to
induce specific and potent cancer cell death without causing substantial side effects on non-
cancerous cells ubiquitously expressing LKB1. A summay of molecules surrounding RRN3
in this study and the anticipated functions are presented in Supplementary Figure 5.

Regulation of phosphorylation status with molecular compounds such as
rapamycin (mTOR inhibitor) and AICAR (AMPK activator) can inhibit RRN3 function
[28]. In addition, hyperthermia, a classic and promising therapeutic tool for inducing
cellular stress, has been reported to induce RRN3 inactivation and suppress ribosomal RNA
synthesis [29]. Furthermore, hyperthermia treatment is expected to improve drug delivery
of the combination drug and act as a direct antitumor effect against pancreatic cancer
[30,31]. However, further studies are needed to analyze the combined efficacy of RRN3
targeted therapy by mTOR inhibitors/AMPK activators, and hyperthermia can cure
refractory pancreatic cancer via suppression of ribosomal RNA synthesis.

This study had several limitations. Firstly, our pancreatic cancer cohort was small,
and the clinical data were retrospectively analyzed. Moreover, our study period was long as
a result of having to collect enough samples. During this long study period, therapeutic
tools for pancreatic cancer advanced further in development and chemotherapy options
increased; this may have affected the prognosis. In the future, large-cohort prospective
studies are warranted to establish the significance of RRN3 evaluation in pancreatic cancer.

Second, the patients with pancreatic cancer were not consecutive cases in our hospitals

19
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because we selected only resectable patients without neoadjuvant therapy for
immunohistochemical evaluation. Third, our data suggest that RRN3 is a promising
candidate therapeutic target in mouse models of pancreatic cancer; however we were
unnable to examine this in multiple cell lines and patient-derived xenograft models.
Therefore, our data might not generalize to all patients with pancreatic cancer, including

unresectable cases.

Conclusion

We clarified that a high expression level of nuclear RRN3 in tumor tissues was
associated with poor prognosis in patients with pancreatic cancer, suggesting that RRN3 is
a prognostic biomarker in this population. In addition, our in vitro RRN3 suppression
analysis further clarified the role of RRN3 in regulating proliferative potency, invasion
ability, and chemosensitivity. Therefore, RRN3 may be a promising molecular target in

refractory pancreatic cancer with aggressive phenotypes and chemoresistance.
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Figure legends:

Figure 1. Immunohistochemical staining of RRN3 in clinical pancreatic cancer tissues.

(A) Representative immunohistochemical staining of RRN3 in cancerous areas of
pancreatic cancer tissues (t) and surrounding non-cancerous areas (n) (original
magnification, x100) (scale bar = 100 pum)

(B) High power view of RRN3 staining in the pancreatic cancer tissues. This figure showed
the intracellular localization of RRN3 protein in the pancreatic cancer cells (original
magnification, x400) (scale bar = 50 um).

(C) Representative section of pancreatic cancer tissue with high levels of nuclear RRN3
expression (original magnification, x100) (scale bar = 100 um).

(D) Representative section of pancreatic cancer tissue with low levels of nuclear RRN3
expression (original magnification, x100) (scale bar = 100 um).

Kaplan—Meier survival curves of pancreatic cancer patients according to nuclear RRN3
expression.

(E) Kaplan—Meier analysis of overall survival in our cohort of pancreatic cancer patients (n
= 96) according to nuclear RRN3 expression.

(F) Kaplan—Meier analysis of post-recurrence overall survival (n = 74) according to nuclear
RRN3 expression.

P <0.05

Figure 2. Functional analysis of RRN3 in human pancreatic cancer cell lines.
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(A) Protein expression was evaluated in the pancreatic cancer cell lines AsPC-1, SUIT-2,
SW-1990, BxPC-3, and PANC-1 by Western blotting. B-actin and histone H3 was used as
the loading control.

(B) RRN3 suppression was evaluated in PANC-1 and SW-1990 cells treated with RRN3
siRNAs by western blotting.

(C) mRNA level of pre-rRNA 5'ETS was evaluated in PANC-1 and SW-1990 cells treated
with RRN3 siRNAs by RT-PCR.

(D) The proliferation of PANC-1 and SW-1990 cells after RRN3 siRNA treatment was
evaluated using a Cell Counting Kit-8 kit.

(E) The invasion assay of PANC-1 and SW-1990 cells after RRN3 siRNA treatment was
evaluated. RRN3 siRNA treatment significantly inhibited invasive ability compared with
control cells.

*P<0.05

Figure 3. Analysis of gemcitabine and paclitaxel sensitivity in RRN3-suppressed
pancreatic cancer cells. The chemosensitivity assay was performed using PANC-1 and SW-
1990 cells after RRN3 siRNA treatment. The sensitivity of the gemcitabine (A) and
paclitaxel (B) was higher in RRN3 suppressed cells compared to control cells.

"P<0.05

Figure 4. In vivo analysis of RRN3 suppression in a mouse xenograft model.
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(A) RRN3 suppression inhibited tumor growth compared with control siRNA group.
Combintation of RRN3 supression and gemcitabine treatment inhibited tumor growth
markedly.

(B) Representative photographs of tumors consisting of PANC-1 cells in each group.
(C) HE and immunohistochemical staining of RRN3 expression in tumor tissues. The
expression of RRN3 was suppressed in PANC-1 cells treated by RRN3 siRNA.
*P<0.05

HE, Hematoxylin and eosin
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Supplementary Figure Legends

Supplementary Figure 1. Overall survival curve according to RRN3 expression in 179
pancreatic cancer samples from the transcriptomic data in the TCGA dataset. Pancreatic
cancer patients with high levels of RRN3 expression (n = 89) showed lower survival than

those with low levels of RRN3 (n = 89) (log-rank test, P = 0.023).

Supplementary Figure 2. RRN3 expression profiles in 55 tissue types and 69 cell lines
from different tissue types. These figures were generated by combining the HPA and GTEx
transcriptomics datasets using the internal normalization pipeline from The Human Protein
Atlas website (https://www.proteinatlas.org). The expression of RRN3 was ubiquitously
detected in whole tissues and cell lines, indicating the low tissue specificity of RRN3

expression profiles.

Supplementary Figure 3. Relationship between RRN3 and MYC expression in 179
pancreatic cancer samples from the transcriptomic data in the TCGA dataset. The

expression of RRN3 was positively correlated with that of MYC.

Supplementary Figure 4. Relationship between RRN3, LKB1, and MTOR expression in
179 pancreatic cancer samples from the transcriptomic data in the TCGA dataset.

Left panel: Expression of LKB1 was inversely correlated with that of MTOR.

Middle panel: Expression of RRN3 was inversely correlated with that of LKB].

Right panel: Expression of RRN3 was positively correlated with that of MTOR.
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1

2 Supplementary Figure 5. Summary schema of RRN3 function with surrounding

3 molecules.
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Table 1: Clinicopathological characteristics according to the RRN3
expression in 96 patients with pancreatic cancer

C. Batbayar et al. 31

RRN3 expression

Factors - p-value
Low (n=39) High (n=57)
Age (median, range) 72 (43-87) 67 (36-84) 0.059
Sex 0.229
Male 26 31
Female 13 26
Histological type 0.186
Well 7 5
Moderately, Poorly 32 52
T factor (UICC) 0.297
T1,2 7 6
T3, 4 32 51
Tumor size 0.714
<40 mm 31 47
>40 mm 8 10
Lymph node metastasis 0.549
Absent 11 13
Present 28 44
Venous invasion 0.480
Absent 6 6
Present 33 51
Lymphatic invasion 0.480
Absent 6 6
Present 33 51
Perineural invasion 0.338
Absent 5 4
Present 34 53
Reccurence 0.416
Absent 14 16
Present 25 41
Ki-67 expression 0.003
Positive cell numbers ( /1000
cells) 116 £22.1 343 +£43.6

Abbreviations: UICC, Union for
International Cancer Center
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Table 2: Univariate and Multivariate analyses of variables

related to overall survival using Cox proportional hazards model
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Univariate analysis

Multivariate analysis

Variables HR ___ 95%CI___ p-value HR 95%CI____p-value
Age (<70 vs. 270) 1.17 0.65-2.09 0.588 - - -
Sex (Male vs. Female) 0.66 0.36-1.16 0.152 - - -
Histological type (Well vs.
Moderately, Poorly) 3.61 1.32-14.9 0.009* 1.84 0.66-7.70 0.275
T factor (UICC) (T1, 2 vs.
T3,4) 2.33 1.01-6.75 0.047%* 1.91 0.82-5.62 0.144
Lymph nodemetastasis
(Absent vs. Present) 1.64 0.81-3.77 0.175 - - -
Venous invasion (v0,1 vs.
v2,3) 1.94 0.78-6.46 0.166 - - -
Lymphatic invasion (1y0,1
vs. ly2,3) 9.58 2.10-169.5 0.0008* 6.48 1.36-116.4 0.0132%*
Perineural invasion (ne0, 1
vs. ne2,3) 1.03 0.45-2.98 0.946 - - -
RRN3 (Low vs. High) 2.25 1.27-4.18 0.0051* 2.17 1.21-4.08 0.0086*

Abbreviations: HR, hazard ratio; CI, confidence interval; UICC, Union for International Cancer Center; 0,

not observed; 1, slightly observed; 2, moderately observed; 3, highly observed

* p<0.05
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Table 3: Univariate and Multivariate analyses of
variables related to survival after recurrence using Cox

proportional hazards model
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Univariate analysis

Multivariate analysis

Variables
HR

95%CI

p-value

HR 95%ClI p-value

Age (<70 vs.

270) 1.12
Sex (Male vs.

Female) 0.96
Histological

type (Well vs.
Moderately,

Poorly) 2.27
T factor

(UICC) (T1, 2

vs. T3, 4) 1.71
Lymph

nodemetastasis

(Absent vs.

Present) 1.2
Venous

invasion (v0,1

vs. v2,3) 1.63
Lymphatic

invasion (ly0,1

vs. ly2,3) 1.42
Perineural

invasion (ne0, 1

vs. ne2,3) 1.99
RRN3 (Low

vs. High) 1.67

0.59-2.14

0.56-1.62

0.92-7.54

0.62-7.10

0.66-2.29

0.98-2.76

0.84-2.37

1.13-3.73

1.02-2.82

0.731

0.901

0.076

0.335

0.57

0.059

0.191

0.017*

0.041*

2.03 1.14-3.81 0.014*

1.71 1.01-3.03 0.048*

Abbreviations: HR, hazard ratio; CI, confidence interval; UICC, Union for International Cancer Center; 0,
not observed; 1, slightly observed; 2, moderately observed; 3, highly observed

*p<0.05

33



Supplementary Table 1. IC 50 of paclitaxel and gemcitabine in
pancreatic cancer cell lines

IC50
Paclitaxel (nM) Gemcitabine (nM)
PANC-1 24.75 26.34
SW-1990 23.72 21.1
AsPC-1 11.93 13.36
BxPC-3 8.23 8.62
SUIT-2 5.26 6.62
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Figure 2
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Figure 3
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Figure 4 b Control siRNA ‘
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Supplementary figures.
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Supplementary Figure 3
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Supplementary Figure 5
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