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ABSTRACT

Objectives: Monitoring responses to therapy using changes in the expression of circulat-
ing microRNAs (miRs) could be useful in prognostication of pancreatic cancer (PDAC)
patients.

Methods: Changes in circulating miRs due to cancer progression in the transgenic Kras®'*"'*;
Trp53"7*"*; P48-Cre (KPC) animal model of PDAC were analyzed for serum miRs that
are altered in metastatic disease. An analysis of serum miR expression profiles of human
patients with resectable PDAC was performed using the novel RT-qPCR based IDEAL As-
say which allows for highly sensitive and miR-specific quantitation. Up to 250 serum miRs
from 28 patients with PDAC were analyzed for changes indicative of PDAC recurrence after
resection.

Results: Consistent with the results in the KPC mice, we found that high serum miR-125b-
5p and miR-99a-5p expression could distinguish PDAC patients with short progression free
survival (PFS) after surgery. In situ hybridization of miR-125b-5p and miR-99a-5p in the
resected PDAC tissues showed that the miRs are highly expressed in inflammatory cells,
mostly consisting of CD79A expressing cells of the B-lymphocyte lineage.

Conclusions: Circulating miR-125b-5p and miR-99a-5p are potential prognostic biomarkers
after surgery in patients with PDAC, that reflect an altered immune landscape in response

to cancer recurrence.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is expected to become the second most fre-
quent cause of cancer death by 2030 [1]. Approximately 15% of patients have resectable
disease (stage I or II), whereas more than half of patients have unresectable PDAC [2] .
Although PDAC can be removed surgically in early stage disease, the 5-year survival rate
of patients that undergo surgical resection is still only 10% [3-5] . After surgery, adjuvant
chemotherapy such as gemcitabine treatment is indicated. However, approximately half of
the patients are not able to receive adjuvant chemotherapy due to health deterioration [6].
Also, rapid development of metastases shortly after removal of the primary tumor occurs in
a subset of PDAC patients. Clinical follow up uses CT imaging, whereas molecular markers
of PDAC progression during follow up remain underexplored. Since collection of tissue
biopsies from the pancreas is risky, minimally invasive biomarkers attainable as ‘liquid
biopsies’ from blood draws are sorely needed to aid in prognostic stratification of patients
and possible adjustment of the treatment regimen. Here we describe circulating, cell free

nucleic acids as potential biomarkers.

Mature microRNAs (miRs) are highly conserved short strands of non-coding RNA that
regulate gene expression. To date, more than 2600 human mature miRs have been identified
and annotated [7], with more than half of human protein-coding genes likely regulated
by at least one miR [8]. MiRs are dysregulated in cancer and play crucial roles in immune
function, cell proliferation, apoptosis, metastasis, angiogenesis and tumor-stroma interac-
tions [9-11]. It is noteworthy that miRs released from cells can induce miR-mediated gene
expression alterations in neighboring as well as in distant cells when entering the circulation
[12,13]. In the circulation, miRs are relatively stable and easy to measure, which has inspired
a vast amount of biomarker research. The majority of research on circulating miR signatures
in oncology is focused on diagnostics [14-18], however miRs can provide crucial insights
into cancer progression and the effects of therapeutic interventions [19-22]. In the present
study, we profiled serum miRs in patients with PDAC who underwent tumor resection, and
in a transgenic mouse model of PDAC progression, to identify novel circulating biomarkers

of pancreatic cancer progression.

MATERIAL AND METHODS

Serum miR analysis in KPC mice

The animal experiment with the genetically engineered LSL-Kras®'*"'*; LSL-Trp53""7*""*;
P48-Cre or KPC mice [23] in this study was approved by the Georgetown University Insti-
tutional Animal Care and Use Committee (IACUC). Twelve KPC mice were euthanized at

the age of 5 months before ~ 1 mL blood was collected via intracardial puncture in Serum
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Z-Gel tubes with clotting activator (Sarstedt). The serum tubes were inverted 5 times and
centrifuged at 10,000 x g for 15 minutes. Afterwards the serum was stored in aliquots at
-80 °C until further analyses. In addition, pancreas, liver and lungs were collected and
processed by formalin fixation and paraffin embedding (FFPE). Tissues were stained with
hematoxylin and eosin (H&E) and the slides were examined by a pathologist to evaluate
pancreatic neoplasia and to determine the tumor stages. The animals were then divided
into two groups based on disease progression: one group with PanIN-3 lesions as the worst
disease stage, and a second group with mice that had invasive pancreatic cancer as well as
lymph nodes, liver and lung metastases.

Equal volumes of serum samples from the mice belonging to the same group were pooled
together, followed by miR isolation using the miRCURY RNA Isolation Kit for Biofluids
(Exiqon). The murine miRs were reverse transcribed to cDNA using the miRCURY LNA™
Universal RT microRNA PCR, Polyadenylation and cDNA synthesis kit II (Exiqon). Ex-
pression of 179 miRs was analyzed with the QPCR-based Serum/Plasma Focus microRNA
PCR Panel (Exiqon) using the ExiLENT SYBR® Green master mix (Exiqon). MiRs with Ct
values higher than 30 cycles were excluded, resulting in 154 miRs that were evaluated. The
median miR expression value in each pooled serum sample was used to normalize for miR
expression. The fold differential expression for each miR was calculated (27*“) and plotted

using Prism Graphpad 5.01.

Patient blood collection

All patients provided written informed consent for participation and the protocols asso-
ciated with this research were approved by the Erasmus Medical Center Medical Ethical
Committee (MEC2017-1203). Peripheral venous blood samples were obtained from pa-
tients with treatment-naive resectable PDAC 1 day before pancreaticoduodenectomy and
~4 weeks (range 2-6) after resection. Patients who had prior gastro-intestinal malignancies
were excluded. For each serum sample, a total of 8.5 mL of venous blood was collected in
SST II Advance serum tubes (BD) with clot activator of silica particles to induce coagula-
tion. After inverting the tubes 6 times, the samples were spun within 4 hours after blood
draw at 1258 g for 10 min at 4 °C in a swing-bucket centrifuge (Eppendorf 5810R). The

serum was divided in 1 mL aliquots and stored at -80°C until further analyses.

Patients serum miR quantitation

Cell-free circulating miRs from the patients were isolated from 200 pL serum using the
miRNeasy serum/plasma miRNA Isolation Kit (Qiagen). Two proprietary pre-mixed spike-
in ~20 nt control RNAs (MiRXES) with sequences distinct from annotated mature human
miRNAs (miRbase version21) were added into the lysis buffer prior to sample miR isolation,

in order to evaluate RNA isolation efficiency. Serum miRs were isolated per manufacturer’s
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recommendation (Qiagen) and eluted in 15 pyL nuclease free water. MiRs were reverse
transcribed using IDEAL miR-specific oligos in a multiplex reaction per manufacturer’s
instruction (MiRXES). In brief, up to 2 uL sample RNA was mixed together with 1 uL RT
Spike-in RNA, RT Buffer, nuclease free water, Reverse Transcriptase and a maximum of
10 different miR-specific RT oligos into 20 uL reactions and incubated at 42 °C for 30 min
followed by heat inactivation at 95 °C for 5 min, in a SimpliAmp thermal cycler (Applied
Biosystems). cDNA was stored at -20 °C (up to 4 weeks) and thawed only once. Before miR
quantitation, the cDNA was diluted 1:10 in nuclease free water.

For the quantitative PCRs, 5 uL of sample cDNAs were mixed with the individual miRNA
qPCR Assays (MiRXES), nuclease free water and the IDEAL miRNA qPCR Master Mix
containing the passive reference dye ROX, into reactions of 20 pL volume. PCR amplifica-
tions in the 7500 Fast Real-Time PCR System (Applied Biosystems) were performed using
the following protocol: 10 minutes at 95 °C, 5 minutes at 40 °C, followed by 40 cycles of: 10
seconds at 95 °C and 30 seconds at 60 °C with FAM fluorescence reading at the end of this
step. The raw threshold cycle (Ct) values were determined using the 7500 Software (Ap-
plied Biosystems) with automatic baseline setting. Technical variations introduced during
RNA isolation and the process of RT-qPCR were normalized using the measurements of the

spike-in control RNAs.

In screen 1 two hundred fifty miRs were measured in n=3 patients before and after surgery.
The Ct value cutoff was 33 cycles to ensure reliability of the measurements. MiR levels in
screen 1 were normalized using the mean expression value of all measured miRs per sample.
From miR screen 1, 44 miRs were selected for further analyses based on the following two
criteria: 1.) differential expression before and after surgical tumor removal; 2.) differential

regulation after resection in patients with different progression free survival.

Next, the selected 44 miRs plus an additional 12 miRs we identified from the literature were
measured in a second cohort of n=10 patients. Two stably expressed reference genes from
miR screens 1 and 2 were selected for normalization: miR-29¢c-5p and miR-421 expres-
sion was used because they represent the mean miR expression values in all our patient
serum samples. This approach to miR normalization was described by Mestdagh et al. [24].
Potential prognostic miRs were selected according to the two criteria described above. In a
third patient cohort (n=15) sixteen miRs were measured, including the two reference genes
miR-29¢-5p and miR-421.

Data analysis

Patient data were collected during the standard clinical follow up and included patient age,

sex, treatment type and timing, resection information, pathological TNM-stage, time to
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death, new co-morbidities, time to progression and type of progressive disease. The qPCR
Ct values were processed in Excel and converted to fold expression using 2/ *“, normal-
ized to the median miR expression (in the KPC mice and patient screen 1 analyses), or
to the expression of reference miR-29¢-5p and miR-421 (in the patient screens 2 and 3).
The pre- and post-surgery serum miR expression values were presented and analyzed in
Prism Graphpad 5.01 and compared between three patient groups: patients with short PFS
(0-8 months); median PFS (8-16 months) and long PFS (>16 months). MiRs that were dif-
ferentially expressed between the patients with short versus long PFS within all three patient
cohorts were considered as potential prognostic miRs. The pre- and post-surgery expres-
sion values of the selected miRs in patients from all cohorts were analyzed by single factor
ANOVA comparing the short (red) versus long (green) PFS patient groups. Kaplan-Meier
graphs of PES for patients with high versus low post-surgery serum miR-122-5p; 125b-5p or
99a-5p expression values compared were analyzed by Chi square (Logrank) test. The cutoft
for high and low expression of each miR is based on the median post-surgery expression of

the respective miR in all 28 patients.

In situ hybridization (ISH) of FFPE pancreatic cancer tissues

Pancreaticoduodenectomy tissue specimens were collected at the Erasmus Medical Center
for clinical pathology evaluation. Stored FFPE tissue blocks were analyzed for clinical
histopathological diagnosis. Residual material was used for biomarker analysis. Four um
thick tissue sections on extra adhesive glass slides (Leica, Biosystems) were processed in
the Discovery Ultra instrument (Ventana, Roche). The following automated Discovery
Universal protocol was used: tissues were preheated at 70 °C for 4 minutes then deparaf-
finized at 70 °C for 12 min. Pretreatment was performed with CC1 for 16 minutes (Cat. #
950-224, Ventana). One drop of DISC inhibitor (Cat. # 760-4840, Ventana) was applied
and incubated for 12 min. The 3’ and 5’ - DIG labeled miRCURY LNA miRNA Detec-
tion probes (Qiagen, hsa-miR-125b-5p cat. # YD00611756-BCG; hsa-miR-99a-5p cat. #
YD00619276-BCG; positive control hsa-U6 cat. # YD00699002-BCG and negative control
Scramble-miR cat. # YD00699004-BCG) were diluted in formamide-free MiRCURY LNA
miRNA ISH Buffer (Qiagen cat. # 339450) to a final 20 nM concentration, applied to the
slides and incubated for 8 minutes. Denaturation was established at 90 °C for 8 min, fol-
lowed by hybridization for 1 hour (at 55 °C for miR-125b-5p; 53 °C for miR-34a-5p; 52
°C for miR-99a-5p; 54 °C for U6 and at 57 °C for the Scramble-miR). Slides were washed
twice with SCC (DISCOVERY Ribowash 1x cat. # 760-105, Ventana) and heated to 55 °C
for 8 min. Slides were washed and heated again to 55 °C for 8 min. One drop of anti-DIG
HRP enzyme conjugate (Cat. # 760-4822, Ventana) was applied and incubated for 16 min.
Discovery amplification was performed using one drop of DISC AMP TSA BF and one
drop of DISC AMP H202 BF (Cat. # 760-226, Ventana) for 32 min of incubation. One
drop of DISC anti-BF HRP (cat#760-4828, Ventana) was incubated 16 min, followed by
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one drop of DISC Ag C silver (Cat. # 760-227, Ventana) incubation for 16 min. The tissues
were counterstained with Hematoxylin II (Cat. # 790-2208, Ventana) for 8 min, followed by
incubation with Bluing Reagent Post Counterstain (Cat. # 760-2037, Ventana) incubation
for 4 min. Adjacent tissue sections were stained with Hematoxylin and Eosin (H&E). The

slides were scanned using the Nanozoomer 2.0-HT slide imager (Hamamatsu).

Immunohistochemistry for CD79A human pancreatic cancer tissues

Immunohistochemistry was performed with an automated immunohistochemistry staining
system (Ventana BenchMark ULTRA, Ventana Medical Systems) using the 3,3’-diamino-
benzidine method. In brief, following deparaffinization and heat-induced antigen retrieval
for 64 min, the tissue sections were incubated with a rabbit monoclonal antibody raised
against human CD79A (clone EP82, ready to use, Cell Marque) for 32 minutes at 36 °C.
A subsequent amplification step was followed by incubation with hematoxylin II counter
stain for 8 min and then a blue-colouring reagent for 8 min according to the manufacturer’s
instructions (Ventana). The slides were scanned using the Nanozoomer 2.0-HT slide imager

(Hamamatsu).

RESULTS

Changes in serum miRs during pancreatic cancer progression in KPC mice

The LSL-Kras®'"*""*; LSL-Trp53"'"*""*; P48-Cre or KPC transgenic mouse model develops
metastatic PDAC that recapitulates the human disease [23]. We investigated the serum miR
expression in mice with PanIN lesions and mice with metastatic PDAC to assess whether
serum miRs are altered during cancer progression. For this purpose we collected serum
from KPC mice at 5 months of age and first evaluated the histology of the pancreas (Fig.
la), lung and liver tissues (Fig. 1b). Serum from mice (n=3) with PanIN-3 as the highest
grade component of lesions in the pancreas and from mice with metastatic PDAC (n=3)
was combined into two pooled samples. The two pooled serum samples were analyzed for
expression of 179 mature miRs by q-PCR. The 154 miRs that were detected in the serum
of mice with metastases were then compared to those in mice with preinvasive PanIN-3
lesions (Supplementary Fig. 1). We found that fourteen serum miRs are downregulated
more than 3-fold in mice with metastatic disease compared to age-matched mice with only
preinvasive lesions, whereas thirteen miRs are upregulated >3-fold in the serum of mice
with PDAC metastases (Table 1). Strikingly, the circulating miR that is upregulated the most
in progressive cancer, miR-122-5p, is altered more than 22-fold. These findings indicate that
serum miR expression is impacted during cancer progression which we further evaluate in
human patients with PDAC.
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Lung metastasis
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Figure 1. KPC mice with different stages of pancreatic neoplasia at the age of 5 months. (a) Images of
formalin fixed, paraffin embedded (FFPE), H&E stained pancreatic tissues obtained from LSL-Kras®*"’*;
LSL-Trps53®7"'*; P48-Cre (KPC) mice at the age of 5 months. PanIN-3 lesions are indicted by the green
arrows, invasive pancreatic cancer is indicated by the red arrows. 20X magnification, scale bar = 100 pm.
(b) Images of FFPE, H&E stained liver and lung tissues from KPC mice at the age of 5 months. Metas-
tatic pancreatic cancer lesions are indicated by the black arrows. 10X magnification, scale bar = 100 pm.

Table 1. Differentially expressed serum miRs in KPC mice with pancreatic cancer metastases compared
to mice with pre-invasive PanIN-3 lesions.

Fold Fold Fold Fold
Serum miR  down- Serum miR upregula- Serum miR  down- Serum miR  upregula-

regulation tion regulation tion
miR-15a-5p  -7.69 miR-122-5p 22.63 miR-25-3p -3.45 miR-125a-5p 5.13
miR-451a -7.69 miR-125b-5p 8.22 miR-93-5p -3.33 miR-99a-5p 5.03
miR-15b-5p  -6.25 miR-133a 5.94 miR-16-5p -3.23 Let-7b-3p  4.26
miR-142-3p  -5.88 miR-133b 5.82 miR-19a-3p  -3.23 miR-145-5p 3.86
miR-186-5p  -4.17 miR-10b-5p 5.28 miR-148b-3p -3.13 miR-28-3p  3.46
miR-103a-3p -3.85 miR-99b-5p 5.21 miR-20a-5p  -3.03 miR-143-3p 3.41
Let-7i-5p -3.70 miR-365a-3p 5.17 miR-425-5p  -3.03
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Changes in serum miRs after tumor resection in patients with pancreatic cancer
Next, we analyzed pre- and post-pancreaticoduodenectomy serum from patients with re-
sectable PDAC (n=28) who underwent surgery at the Erasmus Medical Center Rotterdam,
in the Netherlands between 2013 and 2017. Patient characteristics are summarized in Table
2. Our aim was to assess the change in serum miR expression after surgery in patients with
different progression free survival (PES). In order to measure miR levels we used a novel
technology that allows for exceptionally miR-specific and sensitive quantitative Real Time
PCR [25]. The IDEAL assay from MiRXES is explained in Fig. 2a and utilizes miR-specific
reverse transcription, as well as a combination of a miR-specific forward and reverse primer
to detect and quantitate specific miRs. Details of the approach are shown in Fig. 2b. We ini-
tially profiled 250 miRs before and after primary tumor resection in 3 patients with PFS of 7,
11 or 18 months. The miRs that were measured in screen 1 are listed in Supplemental Table 1.
From the 250 miRs, 190 were detected by qPCR and only 44 miRs were differentially altered
after surgical tumor removal in the patients with different PFS. In a second cohort of PDAC
patients (n=10), we measured the 44 informative miRs from screen 1, and an additional 12
miRs that were selected from the literature (Supplemental Table 2). We again compared the
change in serum miR expression after surgery to the PFS. From this analysis, we found that
14 miRs can indicate disease progression after surgery. To test this in an indpendent third
cohort of patients (n=15), we measured the levels of these 14 selected miRs (miR-122-5p,
miR-125b-5p, miR-34a-5p, miR-99a-5p, miR-146b-5p, miR-154-5p, miR-379-5p, 193b-3p,
miR-186-5p, miR-450a-5p, miR-301a-3p, miR-99b-5p, miR-181a-2-3p and miR-130a-3p)
before and after surgery. When taking the miR measurements of all 28 pancreatic cancer
patients together, we found that only miR-122-5p, miR-125b-5p and miR-99a-5p show a
differential expression after surgery in patients with different PFS (Fig. 3a). Although the
differential changes in expression of miR-122-5p, miR125b-5p and miR99a-5p did not
reach statistical significance, these three miRs increase after tumor resection in patients
who develop progressive cancer within 8 months, and decrease after tumor resection in
patients who have a long PFS of more than 16 months (Fig. 3a). The Kaplan-Meier curves
in Fig. 3b show post-surgery serum miR levels in relation to the progression free survival
of the 28 patients that were analyzed. Despite the fact that miR-122-5p is upregulated 22-
fold in KPC mice with metastatic disease, miR-122-5p is not differentially expressed in
patients with short versus long PFS after surgery (Fig. 3b). On the other hand, patients with
high serum levels of miR-125b-5p or miR-99a-5p after surgery have a significantly worse
prognosis (Fig. 3b). In summary, we found that miR-125b-5p and miR-99a5p are prognostic

circulating biomarkers in KPC mice and in patients with pancreatic cancer.
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Circulating miR-125b-5p and miR-99a-5p in pancreatic cancer progression
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Figure 2. Analysis approach of prognostic miRs in the serum of patients with resectable pancreatic can-
cer. (a) Schematic of the IDEAL real time RT-PCR assay from MiRXES. MiR-specific reverse transcripti-
on (RT) and a miR-specific pair of forward and reverse primers lead to high specificity and sensitive PCR
signals. miR = microRNA; nt = nucleotides; RT= reverse transcription; cDNA = complementary DNA.
(b) Overview of performed serum miR analysis in patients with resectable pancreatic ductal adenocar-
cinoma (PDAC) to identify indicators of progression free survival (PFS) after surgical tumor removal.

MiR-125b-5p and miR-99a-5p are highly expressed in inflammatory cells in
human resected pancreatic cancers

In order to assess the expression of miR-125b-5p and miR-99a-5p further, we analyzed the
resected pancreatic cancer tissues by in situ hybridization (ISH) with DIG-labeled locked
nucleic acid miR probes. The positive and negative controls for the ISH assays are shown in
Supplemental Figure 2. MiR-125b-5p is expressed at low levels in the cytoplasm of normal
acinar cells, as well as in a fraction of the PanIN cells (Fig. 4a). However, a small fraction of
cells in the stroma surrounding the invasive cancer cells express high levels of miR-125b-
5p (Fig. 4b). There is no difference in the number of miR-125b-5p-high stroma cells in
tumors from patients with short versus long PFS. Insterestingly, the miR-125b-5p-high
cells pertain in inflammatory cell aggregates in the tumor stroma and are located within
clusters of CD79A positive cells (Fig. 4b), indicating that miR-125b-5p may play a role in
B-lymphocyte/ plasma cell infiltration in pancreatic cancer stroma. MiR-99a-5p expressing
cells are less abundant than miR-125b-5p positive cells in the pancreatic tumors. MiR-99a-
5p positive cells are only present in limited regions of tumor stroma, specifically in muscular
and connective tissue where pancreatic cancer cells invade into. Fig. 5 shows tumor regions

with cells that express high levels of miR-99a-5p. In the centers of the pancreatic cancers
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Figure 3. Expression levels of three serum miRs in pancreatic cancer patients with different outco-
mes. (a) Average expression levels of serum miRs 122-5p; 125b-5p or gga-5p before and after surgery
in 3 groups of patients with different progression free survival (PFS) duration. Serum miR values were
normalized to the average expression of reference miR-29c-5p and miR-421 for each sample. Note the
log scale of the Y-axis. Error bars are SEM, P-values by single factor ANOVA comparing the short (red)
versus long (green) PFS patient groups. (b) Kaplan-Meier graphs of PFS for patients with increased or
decreased serum miR-122-5p; 125b-5p or 9g9a-5p levels after surgical tumor removal. P values by Chi
square (Logrank) test.

there are no cells that express miR-99a-5p. When comparing the location of CD79A positive
cells in the adjacent tissue slides, we observed that the miR-99a-5p expressing inflammatory
cells are in close proximity to cells of the B-cell lineage (Fig. 5).

In summary, we found that high expression of serum miR-125b-5p and miR-99a-5p is as-
sociated with pancreatic cancer progression in transgenic mice as well as in patients after
surgical tumor removal. MiR-125b-5p as well as miR-99a-5p is highly expressed in a subset
of inflammatory cells in the pancreatic tumor stroma, and are associated with cells from
the B-lymphocyte lineage. The abundance of inflammatory cells expressing high levels of
miR-125b-5p or miR-99a-5p in the tumor tissues was not different in patients with short

versus long progression free survival.
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Figure 4. MiR-125b-5p detection by in situ hybridiation in pancreatic cancer tissues. Images of resected
pancreas tissues from patients with pancreatic cancer. Consecutive FFPE tissue sections were stained
with H&E or a DIG labeled miR-125b-5p probe. MiR-125b-5p expression is detected with silver resulting
in brown/black staining, whereas nuclei are stained with Hematoxylin in blue. (a) Representative ima-
ges of low expression of miR-125b-5p, (green arrows), in untransformed pancreatic acinar cells and cells
that underwent acinar to ductal metaplasia (ADM) or pancreatic intraepithelial neoplasia (PanIN). (b)
Representative images of cells in the tumor stroma with high expression of miR-125b-5p (red arrows).
Corresponding tissue sections are stained with H&E and B-lymphocyte marker CD79A.
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Figure 5. MiR-g9a-5p detection by in situ hybridiation in pancreatic cancer tissues. Images of resected
pancreas tissues from patients with pancreatic cancer. Consecutive FFPE tissue sections were stained
with H&E or a DIG labeled miR-g9ga-5p probe, ora B-lymphocyte marker CD79A. Red arrows indicate
miR-99a-5p expression, detected with silver resulting in brown/black staining, whereas cell nuclei are
stained with Hematoxylin in blue.

DISCUSSION

Until now, approved non-invasive circulating biomarkers for the prognostication of patients
with pancreatic cancer are lacking. Clinical follow up of pancreatic cancer patients in the
Netherlands is not standardized [26] and currently consists of physical examination and at
times radiographical imaging by CT scans which have a low performance in detecting early
metastatic disease. Repeated blood draws followed by miR expression analysis that could
stratify patients at higher risk for progressive disease and could prompt treatment adjust-
ment would vastly improve patient care. MiRs are suitable candidates for the prediction of
cancer progression due to their altered expression during tumorigenesis and their stability

in the circulation[22].

Numerous studies have shown that circulating miRs are altered in early PDAC as well as in
metastatic PDAC [27]. Zhou et al. showed that patients with early PDAC could be distin-
guished from healthy controls by the plasma upregulation of miR-122-5p; miR-125b-5p;
miR-192-5p; miR 193b-3p; miR-122-3p and miR-27b-3p before treatment [14]. In contrast,
they found that pre-treatment decreased miR-125b-5p was associated with worse OS. It

was recently shown that increased serum expression of the miR-99 family is associated to
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pancreatic cancer diagnosis [28]. Studies similar to these, which assess circulating miR
levels for the diagnosis of PDAC are difficult to corroborate. Inconsistent results are due to
interpatient diversity as well as technical differences in quantitation and data normalization
[29].

Unfortunately, a subset of patients with PDAC that undergo primary tumor resection
rapidly succumb to disease recurrence, whereas other patients have long progression free
survival after surgery. Identifying the patients at risk for early disease recurrence could
prompt adjustments in adjuvant treatment decisions and improve patient outcome. In the
current study, we performed a prognostic miR biomarker analysis using serum samples of
treatment-naive, resectable PDAC patients. We profiled serum miR expression before and
after surgery and compared the changes to the progression free survival of the patients. This
comparison highlights the change in serum miR levels after removal of the primary cancer.
The prognostic miRs identified in the patients were also indicative of PDAC metastases in

the KPC mice, supporting their biologic importance for pancreatic cancer progression.

Genetically engineered mouse models of pancreatic cancer have led to major improve-
ments in the understanding of PDAC development. Specifically, the LSL-Kras®'*”"* LSL-
Trp53"'7"'* P48-Cre or KPC mice display progressive PDAC that mimics the features of
the human disease [23]. KPC mice initially develop preinvasive acinar to ductal metaplasia
(ADM) and pancreatic intraepithelial neoplasia (PanIN) lesions before widespread PDAC,
all in the presence of an intact immune system. The median survival of KPC mice is 5
months and all mice succumb to the disease before the age of one year [23]. We performed
a cross-species comparison of serum microRNA expression: the prognostic miRs we identi-
fied in the patients were also correlated to PDAC metastases in the KPC mice, confirming

their importance in pancreatic cancer progression.

Circulating miRs that are associated with cancer presence often do not originate from
cancer cells themselves. For example, miR-125b expression in colorectal liver and lung
metastases is ~3 fold and ~7-fold higher in the stroma than in the cancer cells [30]. Indeed,
the majority of circulating miRs are derived from blood cells and the endothelium [31,32].
PDAC progression goes hand in hand with alterations in systemic immune cell profiles
[33] and this link between altered circulating miRs during cancer progression and immune
cells was confirmed in our study. We found that miR-125b-5p and miR-99a-5p levels are
soaring in cells that are closely associated to B-lymphocytes in the tumor stroma. Others
have shown that miR-125b-5p is upregulated in B-lymphocytes [34] and can cause leukemia
in mice [35,36]. In pancreatic tumors, high levels of infiltrating plasma cells are signifi-
cantly correlated with worse prognosis in patients after surgery [37]. We found that after

surgical tumor removal, patients with high levels of serum miR-125b-5p or miR-99a-5p
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have shorter progression free survival. MiR-125b-5p and miR-99a-5p belong to the 20 most
abundant miRs in human plasma exosomes [38], indicating that these miRs are actively
packaged and released into the bloodstream. Circulating miRs are transferred from cell
to cell and can elicit immune modulation [39]. MicroRNA-containing T-regulatory-cell-
derived exosomes suppress pathogenic T helper 1 cells [40]. Serum miRs interact more
with immune-related mRNA genes that with non-immune related genes [41]. A recent
study showed that miR-125b-5p and miR-99a-5p both downregulate the activation of yd
T-lymphocytes and their cytotoxicity to lymphoma cells [42]. In humans and rats, treatment
with methylprednisolone leads to increased plasma miR-99a-5p levels, suggesting miR-99a-
5p is involved in systemic immune suppression [43]. Others have shown that miR-99a-5p
inhibits the mammalian target of rapamycin (mTOR) signaling in bladder cancer cells [44],
which was also described in gastric cancer tisues by Zhang et al. [45]. mTOR is not only an
important cancer-related pathway, mTOR is also crucial for hematopoietic cell fate [46,47].
The differentiation of naive T-cells into distinct effector T cells is promoted by mTOR [46].
In the absence of mTORCI activity myeloid differentiation is impaired due to a block in
glucose uptake and lipid metabolism [48]. Cell-free miR-99a-5p levels are high in the blood
of patient with progressive pancreatic cancer, suggesting that the miR is produced at high
levels by a subset of leukocytes, and can potentially be taken up by other cells, leading to the
abrogation of mTOR among other pathways.

On the other hand, expression of miR-122-5p is liver specific and absent in most other tis-
sues [49-51]. In the KPC mice with metastatic PDAC, miR-122-5p was upregulated 22-fold
in comparison to mice with pre-invasive lesions. In the patients who underwent surgical
tumor resection serum miR-122-5p levels went up after surgery in patients with early
disease recurrence, however post-surgery serum miR-122-5p levels could not distinguish
patients based on PFS, or based on the presence of liver metastases. This may suggest that
liver damage is present at some level in all patients who undergo pancreaticoduodenectomy

for pancreatic cancer.

There has been very little to no research that compares the levels of miRs after surgical
removal of primary pancreatic cancers. In our study we compared serum miRs pre and post
resection in treatment naive patients that were operated at the Erasmus Medical Center
between 2013 and 2017. Recently it became clear that patients with (borderline) resectable
PDAC that undergo preoperative chemo/radiotherapy have a better survival [52,53]. From
now on all patients with (borderline) resectable PDAC in the Netherlands will be offered
to receive preoperative chemotherapy, if the performance status of the patient permits and
the patient is willing to undergo systemic treatment. Chemotherapy has a vast impact on
the immune landscape [54,55]. Whether serum miR-125b-5p and miR-99a-5p remains

to be predictive of disease progression after surgery in pre-treated patients remains to be
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evaluated. Therefore we are currently collecting blood samples to evaluate the changes in
the serum miRs of patients with (borderline) resectable patients who undergo pre-operative

FOLFIRINOX chemotherapy or gemcitabine/radiotherapy.

In summary, serum miR-125b-5p and miR-99a-5p levels are potential indicators of early
disease recurrence after surgery in patients with pancreatic cancer and are likely originat-
ing from immune cells. Further dissection of the dynamics and functions of miR-125b-5p
and miR-99a-5p in the immune response to pancreatic cancer will provide fundamental
information to assist in the development of biomarkers and better immune therapies.
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Supplementary Table 1. List of miRs that were detected in screen # 1 in the serum of n=3 patients with
resectable PDAC before and after surgical tumor resection.

let-7c-5p
miR-196a-5p
miR-200b-3p
miR-135a-5p
miR-126-3p
miR-328-3p
miR-495-3p
miR-29¢-5p
miR-320d
miR-28-5p
miR-30d-5p
miR-142-3p
miR-200c-3p
miR-337-3p
miR-485-5p
miR-223-5p
let-7f-5p
miR-10b-5p
miR-133a-3p
miR-186-5p
miR-30e-3p
miR-451a
miR-769-5p
miR-423-5p
let-7a-5p
miR-32-5p
miR-205-5p
miR-320a
miR-378a-3p
miR-432-5p
miR-425-5p
miR-362-3p

let-7d-5p
miR-199a-5p
miR-15b-5p
miR-152-3p
miR-154-5p
miR-323a-3p
miR-497-5p
miR-193b-5p
miR-15a-5p
miR-98-5p
miR-139-5p
miR-9-3p
miR-301a-3p
miR-324-3p
miR-491-5p
miR-125a-3p
miR-19a-3p
miR-34a-5p
miR-143-3p
miR-188-5p
miR-339-5p
miR-484
miR-140-3p
miR-616-3p
let-7b-5p
miR-93-5p
miR-219a-5p
miR-106b-5p
miR-379-5p
miR-519¢-3p
miR-21-3p
miR-342-5p

miR-16-5p
miR-199a-3p
miR-27b-3p
miR-153-3p
miR-193a-3p
miR-326
miR-518b
miR-532-3p
miR-19b-3p
miR-29b-3p
miR-10a-5p
miR-125a-5p
miR-99b-5p
miR-338-3p
miR-21-5p
miR-219a-2-3p
miR-25-3p
miR-103a-3p
miR-145-5p
miR-29¢-3p
miR-335-5p
miR-486-5p
miR-193a-5p
miR-628-5p
miR-221-3p
miR-100-5p
miR-222-3p
miR-363-3p
miR-151a-3p
miR-503-5p
miR-7-1-3p
miR-589-5p

miR-24-3p
miR-208a-3p
miR-30b-5p
miR-191-5p
miR-194-5p
miR-345-5p
miR-92b-3p
miR-885-5p
miR-20a-5p
miR-106a-5p
miR-181a-5p
miR-17-5p
miR-361-5p
miR-425-3p
miR-421
miR-500a-5p
miR-92a-3p
miR-199b-5p
miR-127-3p
miR-200a-3p
miR-133b
miR-193b-3p
miR-34b-3p
miR-874-3p
miR-22-3p
miR-30c-5p
miR-141-3p
miR-365a-3p
miR-148b-3p
miR-539-5p
miR-34a-3p
miR-1226-3p

miR-99a-5p
miR-215-5p
miR-125b-5p
miR-23b-3p
miR-302d-3p
miR-409-3p
miR-181a-2-3p
miR-301b-3p
miR-26a-5p
miR-192-5p
miR-224-5p
miR-190a-5p
miR-378a-5p
miR-429
miR-181c-3p
miR-374b-5p
miR-95-3p
miR-122-5p
miR-146a-5p
miR-130b-3p
miR-196b-5p
miR-493-3p
miR-337-5p
miR-1290
miR-29a-3p
miR-183-5p
miR-134-5p
miR-370-3p
miR-324-5p
miR-487b-3p
miR-106b-3p

miR-150-5p
miR-223-3p
miR-128-3p
miR-126-5p
miR-382-5p
miR-146b-5p
miR-144-5p
miR-1246
miR-27a-3p
miR-129-5p
miR-130a-3p
miR-195-5p
miR-330-3p
miR-452-5p
miR-221-5p
miR-1271-5p
miR-96-5p
miR-132-3p
miR-185-5p
miR-30e-5p
miR-20b-5p
miR-590-5p
miR-151a-5p
miR-1304-5p
miR-30a-3p
miR-204-5p
miR-206
miR-375
miR-450a-5p
miR-584-5p
miR-99b-3p
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Supplementary Table 2. List of miRs that were measured in screen # 2 in the serum of n=10 patients
with resectable PDAC before and after surgical tumor resection.

let-7d-5p miR-144-5p miR-28-5p miR-375 miR-616-5p
let-7g-5p miR-146b-5p miR-29¢-5p miR-379-5p miR-627-5p
let-7i-5p miR-154-5p miR-301a-3p miR-421 miR-651-5p
miR-103a-3p miR-154-5p miR-302f miR-450a-5p miR-885-5p
miR-122-5p miR-155-5p miR-30e-3p miR-454-3p miR-9-3p
miR-1226-3p miR-16-5p miR-330-3p miR-486-5p miR-98-5p
miR-125b-5p miR-181a-2-3p miR-34a-3p miR-491-5p miR-99a-5p
miR-127-3p miR-186-5p miR-34a-5p miR-493-3p miR-99b-5p
miR-1285-3p miR-18a-3p miR-34b-3p miR-495-3p

miR-130a-3p miR-191-5p miR-363-3p miR-584-5

miR-135b-5p miR-221-3p miR-370-3p miR-590-5p

miR-140-3p miR-22-3p miR-374b-5p miR-616-3p
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Supplementary Figure 1. Relative expression levels of serum miRs in KPC mice with pancreatic cancer
metastasis. Serum miRs from two groups of LSL-Kras®"'*; LSL-Trp53"7""*; P48-Cre (KPC) mice with
different disease stage at the age of 5 months were analyzed. Serum from KPC animals with pancreatic
cancer metastases (n=3 mice) was pooled and compared to pooled serum from n=3 mice with preinva-
sive PanIN-3 lesions. 155 microRNAs were detected by qPCR and expression levels were normalized to
the median expression value per sample. MiRs that were differentially expressed > 3-fold are highlighted

in red and green. Note the log scale for the Y-axis.
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Supplementary Figure 2. MiR in situ hybridization (ISH) controls. Images of FFPE tissues that are
stained with silver after in situ hybridization of dual-DIG labeled miR probes leading to brown/black
staining. Nuclei are stained with Hematoxylin in blue. Scale bars = 250 pm. (a) U6 expression in human
colon and testis tissue, serving as positive controls for the ISH assay. (b) MiR-125b-5p expression in
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Her2Neu positive human breast cancer and human testis tissues. Note the distinct staining patterns in
the breast cancer cells and Sertoli cells that have low miR-125b-5p expression (green arrows) versus the
single cells in the stroma that have high expression (red arrows). (c¢) MiR-g99a-5p expression in human
pancreatic cancer and liver. Cells in the stroma with high levels of miR-gga-5p are indicated with the
red arrows. (d) Scramble miR expression in human colon and testis tissues, which serves as a negative
control for the ISH assay.
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