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Abstract: There is a lack of well-characterized models for pancreatic ductal adenocarcinoma (PDAC). PDAC itself
is unique because of its pronounced tumor microenvironment that influences tumor progression, behavior and
therapeutic resistance. Here we investigated, in patient-derived tumor xenograft (PDTX) models developed from fine
needle biopsies, the cancer cells behavior, Epithelial-to-Mesenchymal Transition (EMT) and drug response. For this,
we studied two behaviorally distinct PDTX models. Tumor volume measurement, histology, immuno-histochemical
staining, RT-gPCR, RNA sequencing and Western blotting were used to further characterize these models and in-
vestigate the effect of two classes of drugs (gemcitabine and acriflavine (HIF-inhibitor)). The models recapitulated
the corresponding primary tumors. The growth-rate of the poorly differentiated tumor (PAC010) was faster than that
of the moderately differentiated tumor (PACO06) (P<0.05). The PACO10 model showed increased cell proliferation
(Ki-67 staining) and markers indicating survival (increased p-AKT, p-ERK and p-NF-kB65 and suppression of cleaved
PARP). Gene and protein analysis showed higher expression of mesenchymal markers in PACO10 model (e.g. VIM,
SNAI2). Pathway analysis demonstrated activation of processes related to EMT, tumor progression and aggressive-
ness in PACO10. Gemcitabine treatment resulted in shrinking of the tumor volume and reduced proliferation in both
models. Importantly, gemcitabine treatment significantly enhanced the expression of mesenchymal marker support-
ive of metastatic behavior and of survival pathways, particularly in the non-aggressive PACOO6 model. Acriflavine
had little effect on tumor growth in both models. In conclusion, we observed in this unique model of PDAC, a clear
link between EMT and poor tumor differentiation and found that gemcitabine can increase EMT.

Keywords: Epithelial-to-Mesenchymal Transition, pancreatic ductal adenocarcinoma, patient-derived tumor xeno-
grafts, next-generation sequencing

Introduction microenvironment (stromal components). Tum-

or cells secrete factors that stimulate the sur-

Pancreatic ductal adenocarcinoma (PDAC) has
a unique tumor microenvironment with more
than 90% of the whole tumor tissue consisting
of stromal components and only less than 10%
being actual tumor cells. This tumor microenvi-
ronment is complex and composed of extracel-
lular matrix (ECM), activated fibroblasts, myofi-
broblasts, inflammatory cells, blood and lym-
phatic vessels [1, 2]. It is a growing understand-
ing that important dynamic interactions exists
in PDAC between the tumor cells and their

rounding microenvironment and in response,
stromal cells secrete growth factors and cyto-
Kines that in turn increase the growth, invasion,
metastasis and therapeutic resistance of the
tumor cells [3, 4]. Metastatic dissemination
requires of the tumor cells to break away from
the epithelial ductal structures and take on
characteristics of mesenchymal cells throu-
gh the process of Epithelial-to-Mesenchymal
Transition (EMT). This transition involves exten-
sive remodeling and an interaction of cancer
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cells with the stroma to acquire a more inva-
sive, metastatic and therapy-resistant pheno-
type [4, 5]. The precise network of the molecu-
lar interactions between the tumor cells and
the stromal components supporting tumor pro-
gression remains poorly understood.

The concept of therapies that simultaneously
target both pro-tumoral stromal components
and cancer cells is only beginning to emerge
and there is now a need for a platform for basic
understanding and pre-clinical trials. An ideal
model that mimics the full PDAC tumor micro-
environment and its progression as seen in
patients is still lacking. Several animal models
have been developed, including genetically
engineered mouse models and orthotopic
implantation of cancer cell lines [6]. One attrac-
tive model, that in part could address this
demand, is the patient-derived tumor xenograft
mice model (PDTX). These PDTX models are
most often established from surgical specimen
with subsequent transplantation into immune-
compromised rodents such as athymic nude or
NOD/SCID mice [7, 8]. Nevertheless, because
PDAC is usually diagnosed in a locally advanced
or metastatic stage, obtaining tumor material
from these patients by an invasive procedure to
generate xenograft models is challenging from
a clinical perspective. Moreover, xenografts of
all clinical stages are urgently needed. Recently
we have reported the first successful establish-
ment by minimally invasive approaches, of
PDTX models using fine needle biopsies (FNBs)
obtained by endoscopic ultrasound (EUS) from
patients with locally advanced disease [9]. This
technique was recently confirmed in a study
focused on drug response related to Kras
mutations [10].

Several clinically promising therapies have
emerged from in vitro studies however; there
are limitations to repeat similar results in an
in vivo situation. Previously, using the pan-
creatic adenocarcinoma cell lines (PANC-1,
MiaPaca?2) in vitro cell culture, we have shown
that tumor microenvironmental factors (TGF-B1
or hypoxia) and drug resistance can induce
EMT. In addition, we showed that a non-toxic
concentration of acriflavine (ACF) was success-
ful in reversing the mesenchymal differentia-
tion and blocking aggressive behavior of can-
cer cell lines and of re-sensitize cancer cells to
gemcitabine [11].

766

In the current study, we molecularly character-
ized two PDTX models and expanded our in
vitro findings on EMT to PDTX models bearing
two behaviorally different tumor types (a poorly
differentiated and a well/moderately differenti-
ated tumor model). Our study further exploited
the differences between the models to investi-
gate the link between EMT gene signature and
therapeutic drug response (gemcitabine (GEM)
-a standard of care drug for pancreatic cancer
and acriflavine - proposed for EMT reversal).

Materials and methods

Establishment of patient-derived PDAC xeno-
grafts

The development and characterization of the
PDTX model has been described in detail by
Hermans et al., 2016 [9]. In short, female NMRI
nude mice (6-8 weeks old, weighing 19-28 g,
Taconic, Denmark) were housed individual in
ventilated cages under specific pathogen free
(SPF) conditions. Animal care and all research
procedures were executed in accordance with
the applicable legal guidelines and under
approval of the medical ethical committee
for laboratory animals of the KU Leuven
(P147/2012). For transplantation, the subcuta-
neous interscapular fat pad of the mouse was
externalized and a small pocket was created
using an aseptic surgical technique. A small
tumor piece of 8 mm?® was placed in the pocket.
After 3-4 generation (F3 or F4), tumor tissues
were stored in liquid N, as starting material for
experimental work.

Compounds used

Acriflavine (ACF) (Sigma-Aldrich, MO, USA) was
dissolved in 100% dimethyl sulfoxide (DMSO)
and stored at room temperature. Gemcitabine
(Hospira 38 mg/ml solution for infusion, Hos-
pira Benelux BVBA, BE390476, Belgium) was
stored at 4°C.

Tumor implantation, treatment procedure,
growth and sample collection

Stored tumor tissue from each type was
implanted into a first group of 4 mice and after
establishment of growth this tumor tissue was
used for expansion in a new generation of mice
(F5). After the tumor reached a volume of 100-
200 mm?, these mice were randomly divided
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Table 1. Summary of the characteristics of the patient tumor and corresponding PDTX model*

Well-moderately differentiated (PACO06)

Poorly differentiated (PAC010)

Patient background

Patient tumor pathology =~ Pancreatic ductal adenocarcinoma, grows as irregular
glandular structures in a desmoplastic stroma & locally,

Primary tumor biopsy (EUS-FNA) from 85 years old women.  Primary tumor biopsy (EUS-FNA) from 83 years old man.

Pancreatic ductal adenocarcinoma, metastases in liver.
Tumor cells have large atypical and pleiomorphic nuclei

cribriform patterns. Tumor cells have enlarged, atypical and on a background of necrosis.

hyperchromatic nuclei.

Treatment history None. None.
PDTX tumor pathology Pancreatic ductal adenocarcinoma, irregular glandular struc- Large tumor cells with atypical nuclei and often promi-
tures, cells with atypical nuclei and prominent nucleolus. nent nucleolus.

Genomic profiling

(only PDX model, not human tumor).
Oncogene mutation status KRAS p.G12D, TP53 wildtype.

RNA sequencing , Whole exome sequencing, Sequenom
MassArray for KRAS, Shallow sequencing (copy number)

RNA sequencing, Sequenom MassArray for KRAS, Shal-
low sequencing (copy number), Whole exome sequenc-
ing (only PDX model, not human tumor).

KRAS p.G12D, KRAS double amplified, TP53 p.R175H,
TP53 homozygous deficient.

*Adapted from: Hermans et al., 2016 [9].

into 3 groups with 8 mice in each group that
were treated intraperitoneal for up to 28 days.
A) control group (treated with vehicle, 0.9%
NaCl) and the experimental groups B)
Gemcitabine (50 mg/kg, injected twice a week)
or C) Acriflavine: schedule four doses of acrifla-
vine injected daily with a fixed dose of 5 mg/kg
Monday to Thursday and single dose on Friday
for the weekend of 10 mg/kg. Prior to the actu-
al study, a toxicity study for ACF was performed.
The body weight and tumor size were measured
thrice a week (Monday, Wednesday and Friday).
The tumor volume was calculated using the for-
mula: Tumor length (mm) x Tumor width (mm) x
Tumor depth (mm) x (3.14/6) = Tumor volume
(mm?&). Tumors were harvested as soon as their
volume reached 1000-1500 mm?3. The tissue
samples were weighed, photographed and
stored for histological analysis and molecular
profiling.

Histology and immunohistochemistry

Hematoxylin and eosin (H&E) staining was per-
formed on formalin-fixed paraffin-embedded
(FFPE) tumor samples to assess the general
tumor morphology including the pattern of
growth, grade, and specific cyto-architectural
characteristics. Immunohistochemistry (IHC)
was done on formalin-fixed paraffin-embedded
(FFPE) tumor to study proliferation (Ki-67 stain-
ing). Primary antibodies against human-specific
Ki-67 (Abcam, Cambridge, UK) were used after
antigen retrieval with citrate buffer (pH 6.0) in
tissue immunohistochemically analysis.

Protein extraction and Western blot
Fifty to seventy micrograms of protein per con-

dition, obtained by tissue lysis, were separated
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on a Mini-PROTEAN® TGX™ precast gel (Bio-
Rad, CA, USA). Proteins were transferred to
nitrocellulose membrane and, subsequently
incubated with the appropriate primary and
secondary antibodies. The immunoreactive
bands were visualized using the enhanced
chemiluminescent Western blot detection kit
(BioRad). To verify equal protein loading, the
blots were reprobed with B-actin antibody
(Sigma-Aldrich). Images were visualized using
the ChemiDoc™ MP Imaging System (BioRad).

RNA isolation and next-generation RNA se-
quencing (NGS)

RNA from biological tissue samples was isolat-
ed with the RNeasy Kit (Qiagen, Chatsworth,
CA) according to the manufacturer’s instruc-
tions. The RNA quality and quantity were veri-
fied with a NanoDrop 1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).
VIB Nucleomics Core (www.nucleomics.be) per-
formed RNA sequencing and processing. In
short, the poly-A containing mRNA molecules
were purified using poly-T oligo-attached mag-
netic beads. Samples were sequenced on an
Illumina HiSeq 4000 full flow-cell. After prepro-
cessing, reads were aligned to the reference
genome of Homo sapiens 38 (GRCh38) and
counted. With the EdgeR 3.20.8 package of
Bioconductor, generalized linear model (GLM)
was fitted and the resulting p-values of the
Limma and EdgeR packages were corrected for
multiple testing. A gene was considered differ-
entially expressed if a 2 log fold change > + 1
or <-1 and a corrected P<0.05. RNA sequenc-
ing data have been submitted to the Gene
Expression Omnibus (NCBI) accession number
GSE118197.
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PAC010

expression levels were chosen.

Original tumor in
patient

PDTX tumors: used
to establish model in 5"
mice (passage F3)

PDTX tumors: re-
established after
cryopreservation
(passage F5)

Figure 1. H&E staining of tumor tissue from patients, in mice before cryo-
preservation (passage 3) and from current experiments (passage 5). Rep-
resentative H&E staining of PACO06 (A, C, & E) and PACO10 (B, D, & F)

One microgram of cellular RNA
was reverse transcribed into
cDNA using SuperScript Il re-
verse transcriptase and ran-
dom hexamer primers (Invitro-
gen/Life Technologies, USA).
The PCR reaction was carried
out in a mixture that contained
appropriate sense- and anti-
sense primers and a Tag-
Man MGB probe in Tag-Man
Universal PCR Master Mixture
(Applied Biosystems, Foster
City, CA, USA). Beta-2-micro-
globulin was used as house-
keeping gene. qRT-PCR amplifi-
cation and data analysis were
performed using the Lightcyc-
ler 96 (Roche Applied Scien-
ce, Penzberg, Germany). Each
sample was assayed in dupli-
cate. The AACgq method was
used to determine relative
gene expression levels.

are shown here. Morphological we see a clear difference between the tu-

mor obtained from patient PACOO6 (A, well/moderately differentiated) and
PACO10 (B, poorly differentiated). The characteristics seen in the original
tumor tissue are preserved for each model during propagation in mice (C,
D) and also after cryopreservation and re-implantation (E, F). Original mag-
nification of histological images is x 20; scale bar 50 pm.

Gene expression analysis

We applied the cut-off value was set at 2log fold
change between -1 to 1 (more than 1.0: up-reg-
ulation, -1 to 1: no change, less than -1: down-
regulation) and genes related to miRNA in all
the xenografts were excluded from further anal-
ysis. The data were analyzed using Ingenuity
Pathway Analysis (IPA) (www.ingenuity.com)
and Webgestalt 2013 (http://www.webgestalt.
org/webgestalt_2013/). The core analysis of
IPA identifies biological functions and/or dis-
eases and upstream regulators (genes, RNA
and proteins) that are most significant to the
data set. Hierarchic clustering of the individual
samples was done using PermutMatrix pro-
gram (Version 1.9.3 EN) [12].

Gene expression by RT-gPCR

To validate the RNA-Seq data, the expression
level of selected genes was analyzed with
RT-gPCR. For this, genes that have low and high
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Relative EMT-score of change
in gene expression in re-
sponse to treatments

A relative EMT score was calcu-

lated for each sample based
on the Z-score for NGS gene expression (http://
www.statisticshowto.com/probability-and-sta-
tistics/z-score/). We selected 8 well-estab-
lished EMT markers. As mesenchymal markers
we used SNAI1, SNAI2, ZEB2, TGF-1 and VIM,
as epithelial markers we used: CDH1, CTNNB1
and AKT2. The higher this score is, the more
mesenchymal characteristics the sample has.
The EMT score corresponds with the hierarchic
clustering (see result section).

EMT-score = sum Z - scores (+ SNAI1 + SNAI2 +
ZEB2 + TGF-B1 + VIM - CDH1 - CTNNB1 - AKT2)

Statistical analysis

All statistics were performed using SPSS v23
(IBM). Statistical differences between groups
was assessed with a Student’s t-test, ANOVA
or the Mann-Whitney Rank Sum Test as app-
ropriate. For differences in gene expression
assessed by gRT-PCR, ANOVA test with post
hoc Tukey’'s procedure was used. A P value

Am J Transl Res 2019;11(2):765-779



Gemcitabine induces EMT in pancreatic cancer

2

H PACO006
1 B PACO10 E

~3000
~3000®
~3000
~3000
~J00N0=
~J000o=
~J000=
~3000=

0o
5 8

log fold difference

PAC006 PACO010
E-cadherin —
—

Vimentin

Eadin ;— —

COLOR SCALE

MIN = -2.50 [ MAX = 2.50

Figure 2. Epithelial-to-Mesenchymal transition characteristics of the PDTX
models. (A) The diagram presents the result of a two-way hierarchical clus-
tering of a panel of EMT related genes (from IPA) in the untreated PACO06
and PACO10 models. The color scale at the bottom illustrates the relative
level of EMT related gene expression in our models: red, above than the
mean Z-score, green, below the mean. This analysis is validated by qRT-PCR
(B) and Western blot (C) on selected representative EMT related genes. All
experiments were performed at least in 3 biological repeats. qRT-PCR re-
sults are given as mean 2log fold difference + SEM. Statistical significance
was assessed using parametric (one-way ANOVA) (*: P<.05, **: P<.01, and

needle biopsies (FNB). For
each patient’s tumor sample
a histopathological and genet-
ic comparison of pre-graft and
post-graft tumor tissues was
made (Table 1).

No major differences were ob-
served between tumors from
the same model over genera-
tions while expanding in mice
with regard to genetics, cyto-
logy and tissue architecture
except for a depletion of the
human stroma (Figure 1).

To summarize the characteris-
tics of PACO010: this model
originates from a solid tumor
with metastasis, the histology
showed a poorly differentiated
adenocarcinoma with stromal
components (fibroblast, myofi-
broblasts, inflammatory cells,
vessels) representing the ch-
aracteristics of an aggressive
pancreatic cancer. The second
model (PACO06): the original
tumor was only localized in the
pancreas, the histology show-
ed glandular morphology and
a good differentiation pattern;
which all corresponds with
a behavioral less aggressive
cancer. We therefore could
conclude that the models ex-
hibiting faithful replication of

**%: P<.001).

below 0.05 was considered statistically signi-
ficant.

Results

Characterization of PDAC patient-derived xeno-
graft models

Establishment and histology: We selected two
cancer models with a distinct phenotype
(PACO0O6 and PACO010) from the panel PDAC
patient-derived xenograft models (PDTX) that
we recently developed [9]. These PDTX lines
were established from tissue that was obtain-
ed by endoscopic ultrasound (EUS)-guided fine
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the original patient’s tumor.

Tumor growth and stability in
experimental animals

After cryopreservation, the PACOO6 and PAC-
010 tumors were re-established for the curr-
ent experiments by engraftment in a group of
experimental animals. Histological assessment
confirmed that the tumors from the current
passages presented a good conservation of
morphological features and differentiation
level, comparable to the tumors they originated
from (Figure 1).

PACOO06 (untreated) has a relatively slow gr-
owth, reaching a maximum size of 1000 mm3
after around 36 days following implantation. In

Am J Transl Res 2019;11(2):765-779



Gemcitabine induces EMT in pancreatic cancer

Table 2. Top upstream regulators and functions identified by IPA using information from differentially
expressed genes of PACO10 vs PACO06

A.

Predicted Activation -value of
Upstream Regulator Molecule Type State* poverlap
TNF Cytokine Activated 1,00E-28
TGFB1 Growth factor Activated 1,70E-26
ESR1 Ligand-dependent nuclear receptor Activated 1,83E-25
ERBB2 Kinase Activated 3,61E-22
SMARCA4 Transcription regulator 4,04E-22
IL1B Cytokine Activated 4,06E-20
TP53 Transcription regulator 4,04E-19
PGR Ligand-dependent nuclear receptor 2,86E-18
SP1 Transcription regulator Activated 3,74E-17
VEGF Group Activated 5,67E-17
NFkB (complex) Complex Activated 6,48E-17
CTNNB1 Transcription regulator 7,20E-17
OSM Cytokine Activated 1,06E-16
Estrogen receptor Group Inhibited 3,64E-16
TP63 Transcription regulator Activated 8,60E-16
HNRNPA2B1 Other 1,42E-15
B.
Diseases or Functions Annotation p-Value Predictescia,igtivation #Molecules
Cell movement 2,58E-59 Increased 1348
Migration of cells 2,53E-54 Increased 1202
Invasion of cells 4,17E-35 Increased 591
Cell movement of tumor cell lines 1,89E-33 Increased 598
Invasion of tumor cell lines 2,66E-30 Increased 472
Migration of tumor cell lines 3,47E-29 Increased 496
Cell movement of blood cells 4,47E-21 Increased 526
Migration of blood cells 6,62E-21 Increased 521
Leukocyte migration 8,00E-21 Increased 520
Cell movement of cancer cells 2,27E-18 Increased 104
Cell movement of leukocytes 1,12E-17 Increased 456

*: blank = IPA analysis did not assign activation status (both up and down regulatory factors). A) List of top 16 upstream

regulatory molecules, their predicted activation state and p-value; B) List of top 11 disease and cellular functions. #Molecules:
number of genes from differentially expressed gene list linked to disease or function.

contrast, PACO10 tumors in most animals
reached a volume greater than 1000 mm?
after approximately 27 days and increased
to above the ethical limit within less than a
month and therefore required early animal
sacrifice. We calculated the tumor volume
doubling time: for PACO0O6 (n=6) this was 5.87
days (SEM + 0.55) whereas PAC010 (n=6)
had a doubling time of 3.60 days (SEM + 0.33),
the difference was statistically significant
(P=0.005).
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Expression of EMT-related genes and regula-
tors in PDTX models

Tumor tissue from both models were profiled
using RNA-sequence (RNA-seq). Based on gene
expression quantification, 8282 genes were
differentially expressed between the PAC0O10
and the PACO06 models with 4249 up regulat-
ed and 4033 down regulated, using a cutoff of
P<0.001 and >2-fold change (Figure S1). We
focused our analysis on the expression of a
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Figure 3. Tumor development over time under treatment in the different PDTX pancreatic cancer models. (A, D)
Tumors volume/time growth curves, (C, F) mice body weight/time curve and (B, E) representative pictures of the
tumors at the end of the experiment. Results for PACOO6 are shown in (A-C) and for PACO10 in (D-F). Each of the
groups consisted of eight animals. A significant shrinkage of tumor volume was observed after 10 days in PACOO6
(P<0.05) and in PAC010 (P<0.01) after 7 days of GEM treatment versus their respective controls. Results are given

as mean + SEM.

panel of EMT related genes (identified by the
Ingenuity consortium, see Figure 2A). Between
our models, many mesenchymal markers were
higher expressed in PACO10 (e.g. ZEB1, STAT3,
VIM, and SNAI2) with a reduced expression of
epithelial markers (e.g. CDH1 and CTNNB1) in
comparison to the well-to-moderately differen-
tiated model PACOO06 as illustrated by hierar-
chic clustering (Figure 2A). These results were
confirmed by RT-gPCR on selected EMT mark-
ers (Figure 2B). The expression of EMT-related
protein markers was assessed by Western
blot and we could confirm significantly higher
expression of SNAI1, SNAI2 and VIM protein in
the PAC0O10 and a lower expression of CDH1, all
observation indicating increased features of
increased mesenchymal characteristics in this
model (Figure 2C).

We applied QIAGEN’s Ingenuity Pathway An-
alysis (IPA) on the full RNA sequence dataset
to further characterize the (untreated) models
(PACO10 vs PACOO0G6) to identify upstream regu-
lators. IPA uses the activation Z-score algorithm
to make predictions of activation or inhibition.
Accordingly, Table 2A showed the list of top
upstream regulators activated in PACO10,
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which includes growth factors and cytokines
that have been reported to be involve in tumor
progression and EMT induction. Similarly, func-
tional analysis listed in the top positions cellu-
lar functions that directly or indirectly are
involved in the process of EMT: cell movement
and invasion (Tables 2B, S1).

The findings indicate that our tumor models are
different in gene expression and growth.

Response to therapy in PDAC models

Tumor growth during treatment: After the char-
acterization of our models, we tested, as proof-
of-principle, two different classes of drugs:
gemcitabine (GEM, the standard chemotherapy
for patients with PDAC) and the HIF-inhibitor
and antibacterial compound acriflavine (ACF),
and characterized the tumor response for
growth and molecular factors.

Gemcitabine treatment resulted in a signific-
ant shrinking of the tumor volume after 10
days in the PACOO6 model (P<0.05) and after 7
days in the PACO10 model (P<0.01) (Figure 3).
Acriflavine, as single compound, has in the
early phase of treatment little effect on tumor

Am J Transl Res 2019;11(2):765-779
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Figure 4. Representative H&E stain of tumor tissues at the end of the treat-
ment. Tumor tissue was obtained from the mice at the end of the treatment
period or their respective controls. Routine H&E staining was performed
and histology was visualized by microscope. Original magnification of histo-
logical images is x 20; scale bar 50 ym.
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Figure 5. Effect of treatment on EMT gene expression. Next Gen sequenc-
ing data were analyzed in detail. (A) To quantify Epithelial vs Mesenchymal
phenotype of the tumors at the end of treatment we used a representa-
tive 8-gene relative EMT score (see materials and methods). Differences
within a single model were statistically assayed with one-way ANOVA-test,
between untreated PACOO6 and PACO10 a t-test was used. (B) Heat map
presentation of two-way hierarchical clustering analysis of prototype EMT
genes for PACOO6. The samples that had received gemcitabine clearly sep-
arated from the untreated control and ACF treated samples. (C) In PACO10,
the animals that received GEM clustered together and the most of the ACF
and control samples formed the second cluster. Most of the mesenchymal
markers were up-regulated. The color scale illustrates the relative level of
EMT related gene expression in our models: red, above than the mean Z-
score; green, below the mean.

growth but we could observe in PACOO6 a
trend towards stabilization with prolonged

treatment. In the PACO10, no
effect of ACF on growth was
observed. Important to note,
as the tumors in mice bearing
PACO10 increased rapidly in
size, the experiment had to be
stopped after 10 days for ethi-
cal/animal welfare reasons
thereby limiting the statistical
evaluation. For both models,
during the treatment period,
there was no significant effect
on body weight of the mice or
other side effects observed
related to the treatments
(Figure 3C).

Effect of treatment on tumor
histology

For the present study, addition-
al histological characterization
was performed (Figure 4). In
tumors treated with ACF, the
H&E staining pattern is not dis-
tinct from that seen in the
untreated models. In general,
both PACO06 and PACO10
under GEM treatment showed
highly pleomorphic nuclei and
eosinophilic cytoplasm that in-
dicates a degenerative phe-
notype.

Changes in the expression of
EMT related genes under drug
treatment

RNA-sequencing data showed
that the overall number of
genes of which the expression
was significantly changed by
drug treatment was high for
GEM treatment whereas ACF
had a much more limited effect
(in both models ca 2000 for
GEM vs 10-20 for ACF, Figure
S1). Focusing on EMT related
genes, we observed that hier-
archic clustering could sepa-
rate the GEM treated animals
of PACOOG6 from the other sam-

ples for that model (untreated and ACF treated
animals) (Figure 5B) and the same was true for
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Table 3. Top upstream regulators and functions identified by IPA using information from differentially
expressed genes of PACOOG6 in response to GEM treatment

A.

Upstream Regulator Molecule Type Predicted Activation State  p-value of overlap
IFNG Cytokine Activated 3,20E-38
TNF Cytokine Activated 1,72E-37
IL1B Cytokine Activated 9,87E-35
NFkB (complex) Complex Activated 2,89E-29
RELA Transcription regulator Activated 4,27E-28
IL1A Cytokine Activated 5,36E-25
TGFB1 Growth factor Activated 1,55E-24
IL6 Cytokine Activated 2,23E-24
IL1 Group Activated 2,46E-21
IL27 Cytokine Activated 6,55E-21
B.

Diseases or Functions Annotation p-Value Predicted Activation State #Molecules
Cell movement of blood cells 1,14E-35 Increased 128
Leukocyte migration 1,57E-35 Increased 127
Cell movement of phagocytes 1,05E-30 Increased 92
Cell movement of myeloid cells 1,79E-29 Increased 90
Migration of phagocytes 1,91E-29 Increased 60
Cell movement of leukocytes 1,29E-28 Increased 108
Recruitment of cells 5,63E-27 Increased 66
Cell movement of granulocytes 6,48E-26 Increased 67
Migration of cells 2,57E-25 Increased 182
Cell movement 2,69E-25 Increased 197

A) List of top 10 upstream regulatory molecules, their predicted activation state and p-value; B) List of top 10 diseases and cel-
lular functions detected #Molecules: number of genes from differentially expressed gene list linked to disease or function.

PACO10 (Figure 5C). The shift to EMT was quan-
tified by calculating the relative EMT score from
a panel of EMT marker genes. What is interest-
ing to note, and with possible clinical implica-
tions, is that GEM treatment of the moderate-
well differentiated/less aggressive PAC006
cells not only killed a large fraction of the tumor
(Figure 3) but also induced a shift to a more
EMT-like pattern for the surviving cells as illus-
trated in Figure 5A. Importantly, this shift of the
EMT score to a more mesenchymal phenotype
after gemcitabine treatment for the PACO06
was statistically significant (P<0.05).

Looking at the processes involved in this EMT-
shift, IPA analysis identified for PACOO6 after
GEM-treatment the top regulatory molecules
(Table 3A). In addition, functional annotation by
IPA listed in the top a high enrichment of pro-
cesses related to cellular movement (Table
3B). Both analyses, looking at full-scale RNA-
expression data, underline that GEM-treatment
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could shift the tumor to a higher metastatic
behavior. For PACO10, where the cells already
have a high expression of EMT markers, no sta-
tistical significant shift to increased EMT profile
was observed after GEM-treatment (Figure 5A
and 5C). IPA analysis for PACO10 after GEM
treatment (Table 4A and 4B) showed the same
trend as seen in PACOOG6 but the effects were
statistically less pronounced and that probably
originated from the already high EMT score of
the untreated PACO10 cells. An effect of ACF on
EMT in either of the models was not observed.

Effect of drug treatment on cell proliferation
and survival pathways

The effects of treatments on cell proliferation
and survival was investigated with key molecu-
lar markers. Cellular proliferation in the models
and the effect of treatments was evaluated by
Ki-67 staining. In the poorly differentiated
tumor model (PACO10), the mean number of
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Table 4. Top upstream regulators and functions identified by IPA using information from differentially
expressed genes of PACO10 in response to GEM treatment

A.

Upstream Regulator Molecule Type Predicted Activation State* p-value of overlap
CBX5 Transcription regulator Inhibited 2,43E-13
STAT5A Transcription regulator 5,04E-11
VEGF Group 3,04E-08
S100A9 Other Activated 6,06E-08
IL1B Cytokine 4,25E-07
SMARCA4 Transcription regulator 5,12E-07
TNF Cytokine Activated 7,52E-07
CHUK Kinase Activated 1,25E-06
JUN Transcription regulator Activated 2,00E-06
TREM1 Transmembrane receptor Activated 2,89E-06
B.

Diseases or Functions Annotation p-Value Predicted Activation State* #Molecules
Cell movement of phagocytes 1,27E-05 32
Leukocyte migration 1,85E-05 44
Cellular infiltration by phagocytes 2,66E-05 19
Cell movement of myeloid cells 2,91E-05 31
Cellular infiltration by granulocytes 3,63E-05 16
Attraction of blood cells 3,88E-05 8
Cellular infiltration by myeloid cells 4,40E-05 20
Cell movement of leukocytes 5,29E-05 39
Attraction of granulocytes 8,51E-05 5
Transmigration of leukocytes 8,67E-05 11

*: blank = IPA analysis did not assign activation status (both up and down regulatory factors). # Molecules: number of genes
from differentially expressed gene list linked to disease or function. A) List of top 10 upstream regulatory molecules, their

predicted activation state and p-value; B) List of top 10 diseases and cellular functions detected # Molecules: number of genes

from differentially expressed gene list linked to disease or function.

Ki-67 positive stained cells was relatively
higher than in the moderate-to-well differ-
entiated tumor type (PACO06). Within both
models, no significant difference in labeling
was found between untreated and acriflavine
treated groups. In contrast, the number of
Ki-67 stained cells was significantly reduced
(P<0.001) in GEM treated groups (Figure 6A,
6B).

Similarly, the cancer cell survival in our models
and the effects of treatments were evaluated
by selected pro-survival factors (p-ERK1/2,
p-NF-kB65 and p-AKT) and pro-apoptotic factor
(cleaved PARP) [13, 14]. Our result indicated a
clear association between activation of pro-
survival pathways and suppression of pro-
apoptotic molecules with increased tumor pro-
liferation and de-differentiation. In the PAC010
model, there is higher activation of pro-survival
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molecules and suppression of pro-apoptotic
factors compared to the PACOO6 model. Upon
treatment with GEM, we found the activation of
the main pro-survival molecule (p-AKT) and
suppression of pro-apoptotic molecule (cleaved
PARP) in the PACOO6 model (Figure 6C). In
addition, hierarchic clustering evaluation of the
apoptosis pathway genes (KEGG hsa:04210,
Figure S2) also indicates that GEM treatment
shifts the gene expression pattern significantly
in both models.

Discussion

From the clinical perspective, PDAC offers
many challenges mainly related to late diagno-
sis, rapid disease progression and drug resis-
tance, all leading to a very high mortality.
Central to this are not only the characteristics
of the cancer cells but also that of the tumor
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Figure 6. Effect of drug treatment on cell proliferation and survival path-
ways. (A) Immunohistochemistry staining for Ki-67 shows nuclear positivity
in representative sections of control and drug treated PDTX mice, bearing
PACO06 or PAC0O10 models. Original magnification of images: x 20; scale
bar 50 ym. (B) The quantification of nuclear Ki-67 immunostaining of tumor
cells was done manually on sections of four different animals per condi-
tion. The number of Ki-67 stained cells is given as mean + SEM (*: P<.05,
**: P<.01, and ***: P<.001). Statistical significance was assessed using
parametric (one-way ANOVA). (C) Representative Western blots of the two
tumor models showing expression of phosphorylated and total Akt, phos-
phorylated and total ERK (42/44), phosphorylated and total NF-kB65 and
cleaved PARP with B-actin as reference.

growth and progression. Hen-
ce, the use of appropriate in
vivo models, that can mimic
the tumor microenvironment
asis found in patients, remains
fundamental. What makes our
PDTX models [9] unique is that
they were developed from tis-
sue obtained by EUS, a tech-
nique applied for tumors that
are not eligible for surgical re-
section, which is the big major-
ity of up to 85%. Studies in this
group of patients are therefore
presently limited [10, 15] and
using our technique we could
select untreated tumors and
develop them into two behav-
ioral different models in con-
trast to genetically engineered
mouse or cell line models.

As we previously reported,
during expansion the tumors
showed no major changes in
histopathological characteriza-
tion or mutational status,
except for the depletion of
human stromal content. After
storage, all tumor characteris-
tics were in agreement with the
initial observations in the
patients. This agreement was
also reported in other studies
on PDAC-PDTX [7, 10, 16] but
this confirmation of stability
remains essential before any
further use of the models. The
differences in gene expression
we found between the PACOO6
and PACO10 model indicates
that the PACO10 resembles a
highly metastatic tumor, with a
mesenchymal phenotype and
high expression of human
vimentin protein, one of the
main EMT markers. Our mod-
els can be classified into two
distinct molecular subtypes
using the PDAssign gene set:
PACO06 resembles the classi-
cal subclass and PACO10 the
quasi-mesenchymal subclass
(with reduced disease free and

microenvironment (stromal components) and overall survival) [17], which is in agreement
their specific interplay that determines PDAC with their original behavior.
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Until now, full transcriptome analysis by RNA-
sequencing following drug treatment has not
been reported for EUS-derived PDAC-PDTX. In
the present study we characterized at the
molecular level our models and we investigated
specifically what we had observed previously in
vitro on Epithelial-to-Mesenchymal Transition
(EMT), tumor microenvironment and tumor
aggression [11]. We find in our models that
treatment with gemcitabine resulted in a sig-
nificant reduction of tumor size and the cell pro-
liferation. Morphological we see highly pleo-
morphic nuclei and eosinophilic cytoplasm.
This coincided with the reduction of Ki-67 stain-
ing, fitting with the degenerative status of a
large fraction of the cells under treatment. This
is similar to findings following neoadjuvant ther-
apy in PDAC [18] or in rectal cancer [19].

There is a lack of in vivo studies on EMT and
tumor behavior. The majority of these studies
are cell culture based induction of EMT and
characterizing the cells by their loss of epitheli-
al markers (E-cadherin, claudin, occludin) and
gain of mesenchymal markers (increased ex-
pression of N-cadherin, vimentin, and tran-
scription factors such as SMAD, TWIST, SNAI1
and ZEB1) [11, 20, 21]. We found that treating
PACO10 and in particular PACOO6 with gem-
citabine could upregulate mesenchymal mark-
ers (SNAI2, TWIST, VIM etc). Furthermore, even
though the majority of the tumor mass had
shrunk after gemcitabine treatment, our obser-
vations show that survival pathways were acti-
vated particularly in well-to-moderately differ-
entiated model (PACO06) and that the residual
tumor cells are shifted to a more EMT-like
(Figure 5), more aggressive phenotype (migra-
tion and drug resistance, Table 3). In this pro-
cess, the interplay between the natural tumor
with its microenvironment must have been
involved. This could indicate, in the patient set-
ting, a therapy escape after a period of initial
response. Apoptotic evasion is considered as
one of the main causes of chemotherapeutic
and radiotherapeutic resistance that charac-
terizes most aggressive tumors [22]. We found
that GEM has an effect on several survival
pathways as well as on the apoptotic process
(with a reduction of PARP-cleaving), this combi-
nation argues in favor of treatment evasion.
The complexity of the apoptosis process with
respect to GEM response requires additional
studies to determine how this can be exploited
in PDAC treatment. Many studies also have
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associated drug resistance cells with the ac-
quisition of an aggressive EMT features [11,
23-25]. Even though, abundant evidence sup-
ports that EMT is actively involved in tumor
metastasis, invasion and resistance to treat-
ment, recently contradicting ideas have
emerged that tumor cells may disseminate
without switching to a mesenchymal phenotype
[26, 27]. Other studies indicate that signals
coming from the stroma dominate EMT devel-
opment, impact cancer cell progression and
can as well mediates drug resistance [28, 29].
Our results are in agreement with previous
report on the relevance of EMT [30, 31] and
tumor stromal factors like IL-6, TGF-B1, TNF
[32-34] that are potential involved in pancreatic
cancer progression. To understand the contri-
bution of the microenvironment on EMT and
cancer progression, the PDTX models offer
good insight into important aspects. In differ-
ent studies it was shown that, the human can-
cer stroma, included in the implanted tumor
pieces, is rapidly replaced by murine stroma
and that after three to five passages this human
stroma is almost depleted. In a PDAC tumor as
it develops in PDTX, the original well-matured
human stromal that has developed over months
or years is then replaced with immature mice
stroma and that will not have the same physical
properties/shielding efficiency. Also: -the for-
mation of new murine stroma probably results
in changes in paracrine regulation of the tumor
that may limit the effect of agents directed
against the tumor mass [35, 36]. Not with
standing, PDTX is the model to study the inter-
action of the stroma and the tumor, signaling
and the innate immune system.

It was previously shown by us in vitro that acri-
flavine (ACF) is a potent EMT inhibitor and also
can restore drug sensitivity in cell models of
mesenchymal differentiation upon acquired
gemcitabine resistance [11]. In the present
study, we have found that ACF alone did not
show a big impact on tumor growth in both
PDTX models. This can be related to the short
duration of treatment and the way the drug was
administered considering its chemical proper-
ties. Previously, multiple in vivo mice experi-
ment on colorectal, lung, hepatocellular, pros-
tate, and glioblastoma cancer revealed ACF
reduced tumor growth, macrophage infiltration,
intratumoral expression of angiogenic factor
and tumor vasculature [37-40]. We still think
further studies in different mice models, tumor
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types and different ways of drug administration
need to be conducted to explore the ability of
ACF to inhibit tumor growth and progression as
a single agent and/or in combination with other
drugs.

In general: we need to be determined how rep-
resentative our models are for the different
clinical presentation of PDAC. If confirmed that
a mild disease can become, under treatment,
more aggressive (like we have seen under gem-
citabine) then this response needs to be taken
into account in therapy.

Conclusions

We have characterized two behavioral different
human pancreatic ductal adenocarcinoma
PDTX models from EUS-obtained untreated
tumor tissues. We investigated EMT gene and
protein expression of the tumor in a setting of
tumor microenvironment and demonstrated
that EMT was most pronounced in the poorly
differentiated model. Drug treatment with gem-
citabine shifts the gene expression to a more
aggressive phenotype, which is of translational
and clinical relevance. We propose that PDTX
is the model to study the interaction of the
stroma and the tumor, cell signaling and the
innate immune system all to improve treatment
options.
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Figure S1. A. Principal Component Analysis (PCA). PCA is a 2-D way the expression of all 20.000 genes that were
determined by NGS showing biological variation and similarities between cancer cells and stromal components
of the models. Each dot represents the combined gene expression from a different tumor sample. (Eisen M,
Spellman P, Brown P and Botstein D. Cluster analysis and display of genome-wide expression patterns Proc Natl
Acad Sci USA 1998; 95: 14863-14868). This representation shows that untreated PACO0O6 and PAC0O10 are con-
siderably different from each other. Secondly, this shows that following GEM-treatment both models shift in gene
expression and appear to move more closely together at the expression level. B. Number of differentially expressed
genes between conditions.
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Table S1. Top 10 pathways identified by Webgestalt based on the differentially expressed genes be-

tween PACOO6 control and PAC0O10 control

UP in PACO10 vs PACOO6

g\/EVGrﬁ fsign genes Enrif:cr)'nlrcilent FOR
Focal adhesion 4510 72 4.86 9.49E-29
Pathways in cancer 5200 85 3.52 4.31E-23
Cytokine-cytokine receptor interaction 4060 73 3.72 1.80E-21
MAPK signaling pathway 4010 69 3.48 1.30E-18
Metabolic pathways 1100 173 2.07 1.86E-18
ECM-receptor interaction 4512 36 5.72 1.87E-17
Toxoplasmosis 5145 45 4.61 2.03E-17
Rheumatoid arthritis 5323 36 5.34 2.08E-16
Phagosome 4145 47 4.15 3.14E-16
Small cell lung cancer 5222 34 5.4 8.96E-16
UP in PACO06 vs PAC0O10
g\I/EVGr?r #sign genes Enrizzlrient FOR

Metabolic pathways 1100 239 2.94 1.16E-50
Metabolism of xenobiotics by cytochrome P450 980 36 7.05 1.08E-20
Drug metabolism 982 33 6.29 3.98E-17
Arachidonic acid metabolism 590 24 5.66 3.15E-11
Retinol metabolism 830 24 5.22 2.05E-10
Tight junction 4530 33 3.48 6.49E-09
Pancreatic secretion 4972 28 3.86 8.67E-09
Endocytosis 4144 42 2.91 8.67E-09
Linoleic acid metabolism 591 15 6.95 8.67E-09
Axon guidance 4360 32 3.45 8.96E-09

KEGG PW nr: the number of the corresponding KEGG pathway (https://www.genome.jp/kegg/pathway.html). #sign genes:
number of genes in list of differentially expressed genes corresponding with specific pathway, FDR: false discovery rate.
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Figure S2. Hierarchic clustering apoptotic gene expression of (A) PACO06 and of (B) PACO10. Several key markers of
survival pathways are influenced by gemcitabine, this we could illustrate for the genes assigned to KEGG pathway
hsa:04120 (https://www.genome.jp/kegg-bin/show_pathway? map = hsa04210&show_description = show). This
hierarchic clustering demonstrates a profound influence of gemcitabine on the apoptotic process. The complexity
of the apoptosis process requires further studies to determine what its role is in pancreas cancer cell treatment
escape under gemcitabine treatment and whether this can be exploited for PDAC treatment.
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