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Since the introduction of the first genetically
engineered mouse models (GEMM) based on
oncogene expression of Myc and TGFa via
the elastase promoter, GEMMs have
provided an invaluable tool for experimentally
targeting tumor biological,
microenvironmental and translational
guestions (20, 29, 40, 70, 80, 100). The
characterization of pancreatic carcinogenesis
based on Kras activation and step-wise loss
of tumor suppressor genes including
pl6ink4a, p53 and SMAD4 and the
identification of PanIN as relevant precursor
lesion in the decade of the 1990s, allowed the
development of KRAS®*P-based mouse
models that inherently recapitulated the
paradigm observed in human pancreatic
ductal adenocarcinoma (PDAC) (58). Over
the past decade, a plethora of GEMMs
combining the original KRAS®?’-based
model with additional loss-of-function alleles
have helped understanding the role of high-
frequent driver genes and molecular
pathways during pancreatic tumor
progression (70). Emerging fields of interest
addressed by GEMMS include early tumor

detection, response to therapy and screening
for key biomarkers, and mechanisms of drug
resistance (70). In the era of next-generation
sequencing (NGS), a large catalogue of point
mutations, indels and complex epigenetic
alterations have been identified in PCa (70,
92). Genomic screening in mice using
transposon-based insertional mutagenesis
and CRISPR/Cas9 multiplexing have arisen
as fundamental tools for identifying tumor-
causing mutations, for dissecting the
contribution of individual signaling pathways
in PCa and aid the interpretation of large
datasets resulting from NGS (67, 92).

l. KRAS-based genetically
engineered mouse models of
PDAC

The development of GEMMs of PDAC offers
the possibility to reproduce the complexity of
pancreatic tumorigenesis in  controlled
experimental systems (30) (Figure 1). In
these models, pancreas-specific activation of
a mutant KRAS oncogene during embryonic
development triggers preneoplastic
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pancreatic intraepithelial lesions (PanINs),
which can readily progress to invasive PDAC
after concomitant inactivation of various
tumor suppressor genes (29). The most
characterized  mutation  during early
pancreatic tumarigenesis is the activation of
the KRAS oncogene, found in 74% of low-
grade PanIN lesions and over 90% of
invasive tumors (29, 40). In human PCa, the
most frequently altered tumor suppressor
gene is CDKN2A gene, found inactivated,
deleted, or epigenetically silenced in 95% of
pancreatic tumors (29). Additional acquired
genetic alterations during PanIN progression
are often associated to inactivation of the
tumor suppressor genes Trp53 and SMAD4
present in 75% of the cases with progression
of PanIN-3 lesions to invasive PDAC tumors
(29, 70).

The first successful GEMM of PCa termed
“KC” mice involved a conditional Cre/loxP-
based activation of an endogenous knocked-
in KRAS®'?" oncogene in the pancreatic
lineage leading to the activation of
downstream proteins like ERK and c-myc and
increased mitogen activity (29, 40). Here,
mice carrying a mutant KRAS"-¢*2? knock-in
allele silenced by the insertion of a LoxP-
flanked transcription/translation STOP
cassette was crossed to Pdx1 or Ptfla/p48
transgenic strains expressing Cre-
recombinase targeting pancreatic progenitor
cells (31, 40) (Table 1) (Figure 2). The
pancreata of compound mutant mice
developed, with complete penetrance, the full
spectrum of human PanIN lesions,
pinpointing KRAS®'?® mutation as the
initiating event in PCa (40). Consistent with its
cognate human condition, invasive tumors
developed after a long latency at advanced
age of the mice (12-15 months) (70). The use
of KC mice for translational therapeutic
approaches is strictly limited by the late and

barely predictable development of PDAC
(70). In order to accelerate tumor progression
to invasive PDAC, a variety of GEMMs has
been developed over the past decade by
introducing additional genetic alterations in
loci encoding tumor suppressor genes known
to be commonly mutated in human PCa such
as CDKN2A/p16ink4a, TP53, BRCA2 or
SMAD4 (29) (Table 1) (Figure 3). Activating
point mutations in the KRAS oncogene along
with CDKN2A/pl6ink4a inactivation and
altered expression of TGF-B are almost
universal events in human PCa (5, 50).
Homozygous deletion of the Ink4a/Arf locus in
the KC model generated by interbreeding
KRAS®?°, p16"" and Pdx1-Cre mice, results
in a greatly curtailed median survival of 8
weeks due to accelerated PanIN progression,
a reduced tumor latency with locally invasive
and poorly differentiated tumor development,
which showed microscopic metastasis to liver
and lung (41, 70). Similarly, mice with
homozygous loss or dominant-negative
mutations in the Trp53 tumor suppressor
gene, named thereafter KPC mice, closely
resemble human PCa as they developed
PanIN lesions by the age of 8 weeks and
PDAC with an invasive and well-differentiated
phenotype by the age of 16 weeks (35).
Interestingly, there seem to be some
differences between activation of a dominant-
negative p53%"?" mutation and biallelic
conditional loss of p53, including a more rapid
development of invasive PDAC with
decreased survival of the Trp53” mice and
the lack of the highly metastatic phenotype
characteristic of mice with mutant p53Rki72H
(41, 70). Also, the engineered homozygous
loss of the p53 allele leads to the formation of
a highly undifferentiated anaplastic tumor,
whereas engineered heterozygous loss of
p53 leads to progression to PDAC with
kinetics similar to the R172H mutant mice.
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Figure 1. Generation of mutant Kras-driven GEMMs of PDAC based on the Cre/loxP-
recombination system. First, Cre/loxP-mediated conditional activation/inactivation of oncogenes or
tumor suppressor genes in the pancreas directed by the Pdx1-promotor. Second, GEMM reproduce
tumors that recapitulate different types of human preneoplastic lesions and PDAC depending on the
inactivated tumor suppressor gene. TSG, tumor suppressor genes; PanIN, pancreatic intraepithelial
neoplasia; IPMN, intraductal papillary mucinous neoplasia; MCN, mucinous neoplasia.



Table 1. Prenatal GEMMs of Pancreas Cancer.
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The first successful GEMM of PCa termed
“KC” mice involved a conditional Cre/loxP-
based activation of an endogenous knocked-
in KRAS®'? oncogene in the pancreatic
lineage leading to the activation of
downstream proteins like ERK and c-myc and
increased mitogen activity (29, 40). Here,
mice carrying a mutant KRAS--¢2P knock-in
allele silenced by the insertion of a LoxP-
flanked transcription/translation STOP
cassette was crossed to Pdx1 or Ptfla/p48
transgenic strains expressing Cre-
recombinase targeting pancreatic progenitor
cells (31, 40) (Table 1) (Figure 2). The
pancreata of compound mutant mice
developed, with complete penetrance, the full
spectrum of human PanIN lesions,
pinpointing KRAS®'?® mutation as the
initiating event in PCa (40). Consistent with its
cognate human condition, invasive tumors
developed after a long latency at advanced
age of the mice (12-15 months) (70). The use
of KC mice for translational therapeutic
approaches is strictly limited by the late and
barely predictable development of PDAC
(70). In order to accelerate tumor progression
to invasive PDAC, a variety of GEMMs has
been developed over the past decade by
introducing additional genetic alterations in
loci encoding tumor suppressor genes known
to be commonly mutated in human PCa such
as CDKN2A/pl6ink4a, TP53, BRCA2 or
SMAD4 (29) (Table 1) (Figure 3). Activating

point mutations in the KRAS oncogene along
with CDKN2A/pl6ink4a inactivation and
altered expression of TGF-B are almost
universal events in human PCa (5, 50).
Homozygous deletion of the Ink4a/Arf locus in
the KC model generated by interbreeding
KRAS®'?® p16"" and Pdx1-Cre mice, results
in a greatly curtailed median survival of 8
weeks due to accelerated PanIN progression,
a reduced tumor latency with locally invasive
and poorly differentiated tumor development,
which showed microscopic metastasis to liver
and lung (41, 70). Similarly, mice with
homozygous loss or dominant-negative
mutations in the Trp53 tumor suppressor
gene, named thereafter KPC mice, closely
resemble human PCa as they developed
PanIN lesions by the age of 8 weeks and
PDAC with an invasive and well-differentiated
phenotype by the age of 16 weeks (35).
Interestingly, there seem to be some
differences between activation of a dominant-
negative p53%7?" mutation and biallelic
conditional loss of p53, including a more rapid
development of invasive PDAC with
decreased survival of the Trp53” mice and
the lack of the highly metastatic phenotype
characteristic of mice with mutant p53Rt72H
(41, 70). Also, the engineered homozygous
loss of the p53 allele leads to the formation of
a highly undifferentiated anaplastic tumor,
whereas engineered heterozygous loss of



p53 leads to progression to PDAC with
kinetics similar to the R172H mutant mice.

Combined GEMMs with inactivation of
SMADA4 or transcription intermediary factor 1
(TIF-1), an integral component of the
transforming growth factor B pathway, exhibit
early rapid development of cystic lesions
within the ductal epithelium resembling to

R-cat
Notch1/2

Lkb-1  Usp-9x

human intraductal papillary mucinous
neoplasia (IPMN) and mucinous cystic
neoplasia (71), yet failed to develop
aggressive pancreatic neoplasms (35, 41, 54,
70). Furthermore, conditional deletion of
Notch2 in KC mice abrogates its
characteristic PanIN development and
induces MCN-like lesions (70) (Table 1).

Modifying tumor outcome
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Figure 2. Drivers of genetic alterations in human pancreas cancer used for the generation of

GEMMs of PDAC.

Hereditary predisposition accounts for around
10% of human PCa and mutations in BRCA2
locus constitute the most frequently
encountered germline genetic alterations
(105). Skoulidis et al. generated a mouse
model for familial PCa by crossing the KPC
strain with mice carrying a germline-truncated
Brca2™ allele and a floxed Brca2 allele,
termed KPCB™™  mice (29, 105).
Homozygous Brcaz2 inactivation in these mice
caused PDAC tumors with higher penetrance
and shorter latency than siblings carrying
wild-type Brca2 alleles (median PDAC-free
survival 84 days vs 168 days, respectively)
(105) (Table2). Interestingly, germline
heterozygosity for the truncating allele
Brca2™ also curtailed tumor latency in
KPCB™T mice, irrespective of the functional
status of Trp53, indicating that loss of
heterozygosity (43) is not an essential
requirement for pancreatic tumor
development (105). In another setting,
addition of a conditional knock-out allele of

LKB1 to the KC mouse model synergizes with
activated KRAS and resulted in accelerated
tumor development with reduced latency and
likewise, without detectable LOH (29, 75)
(Table 2).

Despite remarkable similarities between
human PCa and the pancreatic lesions
observed in these GEMMSs, their etiology is
distinct from that of the human disease (29,
70). In contrast to the described models,
human PDAC originates from somatic
mutations in the KRAS oncogene during
adulthood rather than during embryonic
development and in selected cell types not in
the entire pancreas (29, 30). To overcome
some of these limitations, another model in
which the expression of the oncogenic KRAS
is restricted to acinar cells was generated by
crossing a conditional KRAS-S-612Vee0 knock-
in strain with double transgenic Elas-
tTA/tetO-Cre mice (31). These mice express
Cre-recombinase specifically in acinar cells
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under the control of the Elastase promoter
following an inducible Tet-Off strategy (29,
31) (Table 3). This strategy allows to control
the temporal expression of targeted
KRAS®'? oncogene by simply removing
doxycycline from the drinking water of these
animals (29, 31), which offers the possibility
to evaluate the effect of KRAS oncogene
during postnatal  development  (31).
Unexpectedly, turning on the KRAS®!Y
expression in acinar cells of the pancreata of
adult mice failed to induce detectable lesions
including metaplasia or low-grade PanINs,
even in the presence of inactivated Trp53 or
Ink4a/Arf  tumor  suppressors  (29-31).
However, these acinar cells, provided they

Table 2. GEMMs of hereditary PCa.
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harbour KRAS oncogene, yielded PanINs
and PDAC upon induction of repetitive bouts
of pancreatitis (29-31). As expected, the
concomitant loss of the tumor suppressor
genes Trp53 or Ink4a/Arf and cerulein-
induced pancreatitis in KRAS®*?¥ background

increased the penetrance of tumor
development and enhanced its metastatic
potential (29-31). These observations

highlight that the multistep transformation
process mediated by the activation of KRAS
oncogene and loss of Trp53 during embryonic
development can be reproduced in adult mice
through the induction of chronic pancreatitis
and the resulting temporary tissue damage
(30).
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Figure 3. Application of transgenic PDAC mouse models in basic cancer research and

translational oncology.

ll. TGFa-based transgenic mice

The overexpression of the epidermal growth
factor receptor (EFGR) and its ligand,
transforming growth  factor-a (TGFa),
constitute an additional key signaling pathway
in human PDAC (119). The current
generation of TGFa transgenic mice are
based on the Ela-TGFa strain generated by
Sandgren et al, in which the activation of
EGFR signaling was induced by acinar-

specific transgenic expression of TGFa under
the control of the rat elastase-1 promoter
(101, 119). For the concomitant deletion of
Trp53 and pancreatic overexpression of
TGFa, these mice were interbred with
Trp53"" and Ptfla-Cre®¥* mice generating
the Ela-TGFa;Trp53%2 (TPC) mice (21).
These mice demonstrate in ca. 66% of cases
undifferentiated pancreatic tumors and in
approximately 25% of cases PDAC with
reduced median survival time compared to
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Ela-TGFa mice (300 vs 445 days,
respectively) (21). Additional loss of the NF-
kappaB/p65 signalling via conditional biallelic
deletion of the RelA/p65 locus led to the
emergence of well-differentiated tumors
presenting in 75% of the cases a ductal
phenotype (21). Here, Ela-TGFa mice were
crossed with Trp53""mice, Ptf1a-Cre®** mice
and RelA/p65"" mice to generate Ela-
TGFa;Trp5344:p6544  (TPAC) mice (59).
Unexpectedly, TPAC mice presented
pancreatic tumors with human-like neural
invasion, a pathognomonic feature of human
PDAC, which has been precluded in all
known GEMMs of PDAC to date (21)

[l. Conditional insertional
mutagenesis: a novel approach
for cancer gene discovery

Transposon-based insertional mutagenesis
provides a high-throughput non-biased
platform for functional genomic screening in
cancer animal models (91, 92). Endogenous
DNA-transposons are genetic elements
encoding a transposase protein with the
ability to change their position within a
genome by a cut-and-paste mechanism (16,
124). Sleeping Beauty (SB), a member of the
Tcl/mariner class of transposons from fish,
was the first transposon engineered to be
active for somatic mutagenesis in mice (60,
92).  Another transposon, piggyBac,
originates from the cabbage looper moth and
has been shown to be also functional in
mammalian cells. Compared to SB, piggyBac
exhibits several advantages including a
higher  transposition efficiency  with
mobilization of larger cargo segments, low
frequencies of local hopping, no evidence of
footprint mutation after transposition and a
high tendency towards reintegration in
intragenic regions (60) (Figure 4). In order to
fully characterize pancreatic tumorigenesis,
Rad et al. developed a transposon system
with an oncogenic transposon that can be
mobilized by both SB or piggyBac
transposases (92). The duality of the

generated transposon mouse lines enables
optimal use of these two non-redundant
complementary systems and facilitates
saturation mutagenesis as observed in
studies in D. melanogaster (92). To confine
transposition to the pancreatic tissue, a
piggyBac or SB transposase allele preceded
by a loxP-flanked stop cassete (LSL) was
knocked into the Rosa26 locus, which
encodes an ubiquitously expressed non-
essential gene and used it to generate
Rosa26S-PE mice (52, 92). The expression of
the transposase knock-in, which is normally
silenced due to the flanking LSL-cassette,
can be specifically activated in pancreatic
tissue using the Pdx1-Cre knockin construct
(52). For activation of transposition, Pdx1-cre;
Rosa26LSL-PB were crossed with mutagenic
activating transposon mice lines (Figure 4)
(92). This highly versatile triple-transgenic
mice model permits conditional mobilization
of piggyBac transposase allele by Cre-
recombinase to induce cancer in any tissue of
interest (52). The incorporation of SB or
piggyBac transposon systems in a KRAS®!?P
background led to accelerated pancreatic
tumor development  with increased
penetrance, shorter latency and substantially
reduced survival independently of the number
of copies of the oncogenic transposon (92).
The resulting tumors were usually large,
cystic and frequently metastasized (92).

Transposon-based technology enables the
identification of genomic regions that are hit
by transposons more frequently than
predicted by chance, termed common
insertion sites (123), which are therefore
more likely to harbor cancer-causing genes
(Figure 4) (52). The conditional piggyBac
system bears a wide range of applications,
including the analysis of stage-specific
genetic events driving different phases of
pancreatic tumorigenesis as well as the
screening for therapeutic targets or drug
resistance mechanisms (Figure 1) (92). The
possibility to induce cancer subtypes or to
reprogram differentiated somatic cells into
therapeutically applicable pluripotent stem
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cells, lays the basis for further in-depth
molecular studies (92, 133).
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Figure 4. Conditional piggyBac transposon system for genetic screening in murine PDAC. (A)
To obtain tissue specific mutagenesis in the pancreas, mouse strains harboring transposon (ATP mouse
lines) and transposase (Rosa26 miceS--PB) were crossed with Kras'S-G12D floxed mice and a Cre driver
line containing the pancreas-specific promoter Pdx1. (B) PiggyBac conditional transposition systems is
designed to disrupt gene expression. Transposons contain in both ends recognition sites necessary for
transposon activation by the transposase (purple spheres). After transposon excision, the remaining
DNA is repaired by non-homologous end joining (NHEJ), while the mobilized transposon integrates into
a TA-dinucleotide site within the parent genome. Based on the location and orientation of insertion, the
transposon mediates either oncogenic activation or tumor suppressor disruption. (C) Functional
differences of Sleeping Beauty and piggyBac transposases. (D) Experimental pipeline for the detection
of common insertion sites in pancreas cancer.
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IV. Next generation dual-

recombinase systems

Conventional Cre-loxP mouse models have
revolutionized the  understanding  of
pancreatic tumorigenesis and therapy
resistance but are limited by their inability to
recapitulate the multistep carcinogenesis and
tumor heterogeneity as it is present in human
PDAC (102). To tackle these problems,
Schonhuber et al. developed an inducible
dual-recombinase system, in which the
universal  Cre-LoxP  technology was
combined with a flippase-FRT (Flp-FRT)-
recombination system directed by the mouse
Pdx1 promoter (Pdx1-Flp) (102). In this
model, oncogenic KRAS was conditionally
activated in the Pdx1-Flp lineage of the Pdx1-
Flp; FSF-KRAS®2D* (79) mice containing a
FSF-silenced KRAS knock-in allele (102).
The sequential genetic manipulation is
achieved by the introduction of a latent
tamoxifen-inducible CreER'™ allele silenced
by an FRT-stop-FRT (FSF) cassette under
the control of the CAG promoter as a Rosa26
knock in (FSF-R26%46-CeERTZ™) (Figure 5)
(102). These mice presented comparable
tumor latency and survival rates to the widely-
used KC model showing a human-like PDAC
phenotype with minimal extrapancreatic
disease (102).

The dual recombination systems enable to
uncouple temporal activation of oncogenic
KRAS from the inactivation of tumor
suppressor genes such as Trp53 (102). The
application of high-dose tamoxifen in 2-
month-old mediated the activation of CreER™
in Pdx1-Flp; FSF-KRASG12D/+ FSF-
R2GCACCreERT2*  mice  with floxed Trp53
leading to stage-specific elimination of p53
and the rapid generation of multifocal PDAC
(102). This novel approach provides
researchers with a powerful tool for genetic
modelling of tumor subpopulations, selective
targeting of noncancerous cell types in the
tumor microenvironment, and genetic

validation of therapeutic targets on a genome-
wide scale in vivo (Figure 1) (102).

V. In Situ Electroporation: Rapid
and Cost-Saving Generation of
Transgenic Murine Models

Mouse transgenesis has provided
fundamental insights into  pancreatic
tumorigenesis and has been instrumental for
preclinical investigation of novel cancer
therapies, but is inherently limited by the long
time frames needed to generate and
intercross genetically modified mice (91, 92).
Furthermore, the multifocal character of PCa
in GEMMs strongly contradicts the localized
tumor core in the human setting, rendering
these models not suitable for surgical
interventions (32). To circumvent these
limitations, Gurlevik et al. established an in
situ electroporation (EP) technique for locally
restricted transfection of oncogenic plasmids
into the pancreatic tail to induce a single
pancreatic tumor nodule (21, 32). The initial
KPfl model was obtained via in situ EP of a
Cre-expressing plasmid into the pancreas of
KRASSH 120 Trp53 44 mice, leading to focal
KRAS®?Y expression and biallelic loss of
Trp53 (32). In a second attempt, mutant
KRAS was expressed in p53"" mice using a
SB transposase resulting in  somatic
integration of KRAS®'#" into the genome and
Cre-mediated conditional loss of Trp53 in the
electroporated area (Pfl mice) (32). Focal
tumor formation at the transfection site was
reliably observed using both approaches (32).
The KPfl mice presented longer survival (63
to 105 days) compared to the Pfl mice that
merely survived between 29 to 37 days and
were characterized by poorly differentiated
tumors (21). To accelerate metastasis, the
investigators additionally co-delivered a
transposon encoding a constitutively active
form of Akt2 (myrAkt2) together with the Cre-
recombinase into the pancreas of KRAS--
G120 Trp53 44 mice, generating KPfl+Akt2
mice (21, 32). Pancreatic tumors that
expressed myrAkt2 resembled the human

11



disease and exhibited local infiltration of the
surrounding tissue and intratumoral nerves
and became widely metastatic (32).
Furthermore, to facilitate in vivo imaging, a
luciferase-expressing transposon was co-
delivered in the Pfl (+ Akt2) models, which
enabled the accurate monitoring of tumor
spreading to distant sites via in vivo imaging
spectrometry. These models of resectable

transgenic mice develop singular tumor
nodules that can be surgically resected to
achieve an RO-status and not only represent
a unique opportunity to study genetic
alterations driving tumor recurrence, but also
qualify as a new platform for preclinical
screening of novel perioperative, neoadjuvant
or adjuvant human-like treatment strategies in
PCa (21, 32).
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Figure 5. Dual recombination for time-specific p53 inactivation in established Kras®?P-induced
PanIN lesions and PDAC cells in the Pdx1-Flp lineage by tamoxifen-mediated activation of

CreER™,
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V. In Situ Electroporation: Rapid
and Cost-Saving Generation of
Transgenic Murine Models

Mouse transgenesis has provided
fundamental insights into  pancreatic
tumorigenesis and has been instrumental for
preclinical investigation of novel cancer
therapies, but is inherently limited by the long
time frames needed to generate and
intercross genetically modified mice (91, 92).
Furthermore, the multifocal character of PCa
in GEMMs strongly contradicts the localized
tumor core in the human setting, rendering
these models not suitable for surgical
interventions (32). To circumvent these
limitations, Gurlevik et al. established an in
situ electroporation (EP) technique for locally
restricted transfection of oncogenic plasmids
into the pancreatic tail to induce a single
pancreatic tumor nodule (21, 32). The initial
KPfl model was obtained via in situ EP of a
Cre-expressing plasmid into the pancreas of
KRASSHC12P+Trp53 44 mice, leading to focal
KRAS®? expression and biallelic loss of
Trp53 (32). In a second attempt, mutant
KRAS was expressed in p53"" mice using a
SB transposase resulting in somatic
integration of KRAS®'?" into the genome and
Cre-mediated conditional loss of Trp53 in the
electroporated area (Pfl mice) (32). Focal
tumor formation at the transfection site was
reliably observed using both approaches (32).
The KPfl mice presented longer survival (63
to 105 days) compared to the Pfl mice that
merely survived between 29 to 37 days and
were characterized by poorly differentiated
tumors (21). To accelerate metastasis, the
investigators additionally co-delivered a
transposon encoding a constitutively active
form of Akt2 (myrAkt2) together with the Cre-
recombinase into the pancreas of KRAS""
G120 Trp53 44 mice, generating KPfl+Akt2
mice (21, 32). Pancreatic tumors that
expressed myrAkt2 resembled the human
disease and exhibited local infiltration of the
surrounding tissue and intratumoral nerves
and became widely metastatic (32).

Furthermore, to facilitate in vivo imaging, a
luciferase-expressing transposon was co-
delivered in the Pfl (= Akt2) models, which
enabled the accurate monitoring of tumor
spreading to distant sites via in vivo imaging
spectrometry. These models of resectable
transgenic mice develop singular tumor
nodules that can be surgically resected to
achieve an RO-status and not only represent
a unique opportunity to study genetic
alterations driving tumor recurrence, but also
qualify as a new platform for preclinical
screening of novel perioperative, neoadjuvant
or adjuvant human-like treatment strategies in
PCa (21, 32).

The potential of intrapancreatic plasmid EP
was confirmed by a different approach using
CRISPR/Cas9-multiplexing transfection for
multiplex gene editing in mice. This novel
technique allowed high-throughput functional
cancer genome analyses, negative-selection
screening, and chromosome engineering in
murine PCa (67). Using programmable single
guide RNAs (sgRNAs), the endonuclease
Cas9 can be targeted to a desired genomic
locus to locally induce DNA double-strand
breaks. These breaks are then imperfectly
repaired, which can be exploited to induce
indels for gene inactivation (67). This model
mediated a dramatic acceleration of
tumorigenesis in KC mice with animals
starting to succumb to PCa 4 weeks after EP
and a tumor incidence of 54% after 24 weeks.
The resulting tumors displayed a wide range
of histopathologic characteristics from
well/moderately differentiated to
undifferentiated tumors and presented liver
metastases (67). The mosaic pattern of
transfection-based CRISPR/Cas9 delivery
faithfully reproduces the stochastic nature of
human pancreatic tumorigenesis,
demonstrating its suitability for phylogenetic
research, evading germline  genetic
engineering and years of interbreeding (67).
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VI. In vivo CRISPR-Caso9-
Mediated Somatic
Recombination

As an alternative mode of rapid, transgenic
PDAC generation, Ideno et al. employed
adeno-associated virus (AAV) mediated
delivery of multiplexed guide RNAs (sgRNAS)
to the adult murine pancreas of p48-Cre; LSL-
Cas9 mice (45). Here, they demonstrated
expression of oncogenic Kras % allele
through homology-directed repair (HDR), in
conjunction with CRISPR-induced excision of
cooperating alleles (Trp53, Lkb1l and Arid1A)
(45). In analogy with other GEMMs of PDAC,
these mice exhibited a spectrum of precursor
lesions (pancreatic intraepithelial
neoplasia/PanIN, or Intraductal papillary
mucinous neoplasm/IPMN) with eventual
progression to PDAC (45).

VIl. Implantation Models

By the locations of implanted tumor or tumor
cells, human xenograft mouse models are
two types: heterotopic and orthotopic. In
orthotopic xenograft models, tumors or tumor
cells are implanted or injected into the
equivalent organ from which the cancer
originated. The orthotopic xenograft models
have similar tumor microenvironment as the
original tumor and are deemed to more
closely resemble the natural tumorigenesis in
human. Subcutaneous xenograft mouse
model rarely generates metastases, thus
orthotopic mouse models are better suited for
such reason. Creating orthotopic pancreatic
cancer mouse models is labor-intensive and
technically challenging, requires complex
imaging to monitor growth of the implanted
tumors. Orthotopic implantation of tumor cells
or mass into the pancreas. If surgery is
necessary to implant tumor cells, the process
may require lengthy recovery. Ultrasound-
guided injection of tumor cells into the
pancreas for the development of orthotopic
pancreatic cancer mouse model is less
traumatic than surgery (89).

Pancreatic cancer can be induced using in
situ  injection or pancreatic capsule
implantation of tumor cells. A tumor can grow
in a month following subcutaneous injection
of tumor cells. The tumor is excised and cut
into pieces up to 2 mmd If capsule
implantation is used, in the recipient mice the
pancreatic capsule is opened, and the tumor
implanted into the tail of the gland. The tumor
formation period is 4 weeks, and the rate is
100%. Injection of tumor cell suspension has
a lower tumor formation rate, the injection port
may cause cell shedding, resulting in
extensive transplantation metastasis. This
method is thus infrequently used. A more
contemporary technology for tumor growth
involves a thermosensitive biogel. The gel is
liquid at a low temperature and turns into jelly
at body temperature, which prevents cell
shedding. The cells will develop into tumors
while lodged on the biogel. In situ tumor
formation in pancreatic cancer can fully
simulate the internal environment of
tumorigenesis and development. The
tumorigenesis time and rate are short with in
situ growth, and the original tumor structure is
maintained, as are most biological
characteristics of the human tumor, including
growth, local invasion, and distant
metastasis. The model is important for
studying the tumor microenvironment (55).

Immunodeficient mouse models of orthotopic
implantation do not accurately replicate
tumorigenesis in humans. Host immune cells
in the tumor microenvironment play critical
roles in the progression and metastasis of
pancreatic tumor. Xenografting human
cancer cells directly into an
immunocompetent murine host results in graft
rejection. Genetically engineered mouse
models have been validated. These follow the
full spectrum of pancreatic tumorigenesis in
humans. Pancreatic tumors from these
models can be a good source for the
generation of syngeneic orthotopic pancreatic
mouse models in an immunocompetent
mouse host. Syngeneic orthotopic pancreatic
mouse models bring the advantages of
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orthotopic mouse models and genetically
engineered mouse models and are a lower
cost alternative to genetically engineered
mouse models (89).

The selection of appropriate types of
immunodeficient mice (hude mice, SCID,
NOD/SCID) for orthotopic pancreatic cancer
mouse models depends on the experimental
designs. Athymic nude mice (only T-cell
deficient) have been widely used for the
establishment of orthotopic and heterotopic
human pancreatic cancer xenograft mouse
models, especially from established human
pancreatic cancer cell lines (26). Athymic
nude mice are easy to breed and
inexpensive. The use of NOD/SCID mice
requires less tumor cell inoculums and offers
easy tumor formation (90), however, the use
of combined immunodeficient mice are limited
by the relatively high cost and increased risks
of surgical, anesthetic, and infectious
complications. The cell viability of tumor cell
lines must be assessed by trypan blue
exclusion before inoculation. More than 95%
of the cells for injection should be viable. Any
cell line used for implantation should be
routinely tested for mycoplasm contamination
to prevent skewed experimental results and
animal infection. For human pancreatic
cancer cell lines, a single inoculation of 5 x
10°to 1 x 106 cells in serum-free media like
PBS is is a good starting number, yet the
number of the cells also depends on the cell
type and the experimental question. (113).
Typically, you need to prepare at least twice
the amount of cell suspension for the
experiment. A critical step in this operation is
to minimize leakage of cancer cells from the
injection site, which could result in peritoneal
spread. Several other approaches have been
reported to reduce this occurrence, including
using 30 G fine needle for injection, reducing
the injection volume, mixing tumor cell
suspensions with 1% Matrigel, and pressing
the injection site with a cotton wool tip or with
cotton swab immersed with Matrigel for about
1 min after injection (71, 85).

Growth of a tumor can be monitored weekly
by ultrasound or by Magnetic resonance
imaging (MRI) in orthotopic pancreatic tumor
mouse models (85). MRI to monitor
pancreatic tumor development, growth, and
metastasis for long-term follow-up in
preclinical studies, especially with a large
number of mice, is extremely expensive and
time-consuming (about 1 h for scanning one
mouse). If pancreatic cancer cell line is stably
transfected with a luciferase-expression
construct, the tumor burden including
metastasis could be monitored by measuring
bioluminescence emission using IVIS (56).
Palpable growth of patient tumor in mice may
take 4-30 weeks with an average time 14
weeks.

Pancreatic orthotopic implantation steps

a. Anesthesia and Analgesia

Use a 2 mL ketamine injection and 0.42 mL
xylazine injection (20 mg/mL) mixed in 5.91
sterile injection water or saline at a dose
volume of 0.06-0.1 mL/20-25 g body weight.
NOTE: According to animal welfare,
analgesia is necessary both pre and post
operation. 0.05-0.1 mg buprenorphine /kg,
SC. The first dose is pre operation and then
dosed 3 times every 4 hours post operation
continually.

a. Surgical operation for orthotopic

implantation:

1. Anesthetize mice via
injection (IM) per Step 2.2.1.

intramuscular

2. After the animals are fully anesthetized, fix
the mice on an experiment board in the right
lateral position.

3. Keep the mice in the right lateral position.
Disinfect the skin around the spleen with
iodine then de-iodinate with 75% ethyl
alcohol.

4. Find the medium point of the spleen
and make a 1 cm vertical incision on
abdomen to expose the spleen.
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5. Draw out a part of pancreas tissue under
the spleen gently with flat-tip tweezers, and
suture a mouse homograft tumor piece from
seed mouse on the pancreas of recipient
mouse by 9-0 Absorbable surgical suture.

6. Close the abdomen with a 6-0 silk suture
by double seam. Achieve homeostasis by
compression.

7. After finishing tumor implantation, if neither
bleeding nor tumor tissue leakage occurs,
keep the animals in a warm cage.

8. Monitor the animal until it regains sufficient
consciousness to maintain sternal
recumbency; return the animal to the animal
room after full recovery from the anesthesia.
Monitor the tumor bearing mice by palpating
the abdomen near the spleen and select out
the mice bearing orthotopic tumors (3)

One alternative to the spontaneous KPC
mouse model is to use an orthotopic
implantation model of PDA (22). The direct
surgical implantation of tumor cell lines in to
the native tissue site is a more cost-effective
and predictable method of recapitulating the
tissue-specific  tumor  microenvironment
(TME) of PDA. Pancreatic tumor implantation
requires a labor-intensive surgical procedure
that introduces aberrant inflammation at the
suture site in the abdominal wall, and includes
a lengthy post-operative recovery (89, 107).

Ultrasound-guided imaging allows
visualization of the injection needle in the
peritoneal cavity, while implanting tumor cells
into the pancreas, thus avoiding surgical
implantation and associated complications.
This approach, termed ultrasound-guided
orthotopic tumor implantation model (UG-
OTIM) has been previously established in a
xenograft models of pancreatic cancer (44).
To determine if there was a benefit to using
the UG-OTIM approach rather than the
traditional surgical orthotopic model, a
comparison of the seeding of PDA tumors in
the peritoneal wall of mice was evaluated
after each procedure. The rate of seeding
additional tumors in the peritoneum is greatly

reduced in the UG-OTIM method as
compared to surgical implantation. The use of
high-resolution ultrasonography to direct
implantation of murine PDA cell lines to the
autochthonous tissue site is a reliable
alternative to both the KPC and surgical
orthotopic models (34).

A comparative study looked at a pancreatic
adenocarcinoma model based on tumor
injection into the pancreatic head v tall
models in C57/BL6 mice. Pancreatic head
and tail orthotopic cancer models produce
consistent tumors, but the patterns of tumor
spread and survival differ according to the site
of injection. The overall survival of animals at
40 days following tumor induction was
significantly lower in the pancreatic head
injection group. Multiple liver metastases
were noted 50% animals in the head injection
group, without evidence of peritoneal
metastases. In the pancreatic tail injection
group, 90% animals had multiple peritoneal
metastases, 45% animals had evidence of
isolated liver deposits. Tumors in both regions
of the pancreas had similar histologic
characteristics, with a dense fibrotic stroma at
the interface between the tumor and the
normal pancreas (79).

In a study by Lei Dai, et al. two orthotopic
xenograft models were developed, in which
either a tumor mass or Matrigel-tumor cell
mixture was directly implanted into the
pancreas of mice (18). The findings showed
that the orthotopic tumor mass implantation
model had superior performance results than
the other models in terms of tumor volume
and metastasis. Using anin vivo imaging
system, the local invasion and metastasis of
the tumors were observed in the orthotopic
tumor mass implantation and Matrigel block
implantation models, but not in the
subcutaneous xenograft mice. At day 36, the
tumor-bearing mice were sacrificed and
examined for metastatic tumors. In the
orthotopic tumor mass xenograft model, 80%
of the mice exhibited tumor metastasis, with
the majority exhibiting peritoneal metastasis.
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Similarly, in the orthotopic Matrigel block
xenograft model, 80% of the mice exhibited
tumor metastasis, but the metastatic sites
were slightly different, with a higher
prevalence of peritoneal and lower frequency
of liver metastasis. No tumor metastasis was
identified in the subcutaneous xenograft
model. Tumor cells were harvested using
0.05% trypsin solution, washed in phosphate
buffered saline (PBS) (Sigma Aldrich), and re-
suspended as a single-cell suspension in
DMEM. The cell viability was greater than
95% when tested using the trypan blue
exclusion. A concentration of 5 x 106 cell/ml
PANO2 cells was mixed with ice-cold
MatrigelTM matrix solution (BD Biosciences,
North Ryde, Australia) in a ratio of 1:1. Each
animal was injected with 2.5 x 105 viable cells
in 50 pl of MatrigelTM (18).

Utilizing subclones with pure epithelial
morphology (referred to as LM-P), William
Tseng et al. developed and characterized an
immunocompetent, orthotopic mouse model
of pancreatic cancer in which disease
develops consistently and with rapid and
predictable growth kinetics. Eight to ten-
week-old immunocompetent female B6/129
mice, histocompatible (H-2) with the tumor
cells used in this study, were obtained from
Jackson Laboratories (Bar Harbor, ME). After
either injection of suspended LM-P cells into
the pancreas, or implantation of a
subcutaneous LM-P tumor fragment onto the
pancreas, tumors were noted as early as two
weeks and progressed predictably by four
weeks.__Comparison of average tumor
volumes at two and four weeks demonstrated
no statistically significant differences,
suggesting similar growth kinetics with either
technique. By six weeks, tumors in some
mice became difficult to measure owing to
their extensive, locally invasive nature and
poorly defined borders. At this stage in
disease progression, liver metastases were
also frequently noted and mice appeared ill.
Of note, some mice also developed biliary
and gastric outlet obstruction during the

course of disease progression. By eight
weeks, mortality was consistently 100%.

Pancreatic tumors developed in 100% of mice
following orthotopic implantation of LM-P
cells. Of these mice, 90% developed liver
metastases while no mice developed
peritoneal carcinomatosis or hemorrhagic
ascites. No significant differences were noted
in the frequencies of uptake and metastases
with either technique. Lung metastases were
noted in some mice, particularly those with
more advanced disease; however, the
frequency of metastasis to this organ was not
systematically evaluated. Pancreatic tumors
and liver metastases also developed with
fewer than 10° cells injected, but tumor
volumes were initially smaller and disease
progression occurred more slowly; in
contrast, the use of cells passaged more
frequently in vitro generated pancreatic
tumors with more rapid disease progression.
Furthermore, the disease develops rapidly
and predictably. This orthotopic mouse model
of pancreatic cancer is established by
surgical implantation of tumor cells into the
pancreas of an immunocompetent host (114).

Boj et al. established organoid models from
normal and neoplastic murine and human
pancreas tissues. Pancreatic organoids can
be rapidly generated from resected tumors
and biopsies, survive cryopreservation and
exhibit ductal- and disease stage-specific
characteristics. Orthotopically transplanted
neoplastic organoids recapitulate the full
spectrum of tumor development by forming
early-grade neoplasms that progress to
locally invasive and metastatic carcinomas.
Due to their abilty to be genetically
manipulated, organoids are a platform to
probe genetic cooperation. Comprehensive
transcriptional and proteomic analyses of
murine pancreatic organoids revealed genes
and pathways altered during disease
progression. The confirmation of many of
these protein changes in human tissues
demonstrates that organoids are an useful
model to study pancreatic adenocarcinoma.
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Pancreatic organoids derived from wild-type
mice and PDA GEMMs accurately
recapitulate physiologically relevant aspects
of disease progression in vitro. Following
orthotopic transplantation, organoids from
wild-type mouse normal pancreata are
capable of regenerating normal ductal
architecture, unlike other 3D model systems.
We further developed methods to generate
pancreatic organoids from normal and
diseased human tissues, as well as from
endoscopic needle biopsies. Following
transplantation, organoids derived from
murine and human PDA generate lesions
reminiscent of PanIN and progress to
invasive PDA. Organoids are useful to identify
molecular pathways that correlate with
disease progression, and that represent
therapeutic and diagnostic opportunities (8).

VIIl. Patient-Derived Xenografts
of Pancreatic Cancer

Patient-derived xenograft (PDX) mouse
models certainly play a significant role in
evaluation of chemotherapies, with the
human aspect of these mice being the human
tumor. Yet these PDX mice contribute in other
profound ways including improved
understanding of metabolism and a platform
for improved genomic/transcriptomic
analyses. Within this framework and in the
context of PDAC, drug delivery, etiology,
epigenetic phenomena, detection, prognosis
and some technical aspects will be
considered. Thus, the content of this
subsection will focus on these concepts and
stay within the bounds of themes geared
toward translational impact.

A. Therapy

Models that harbor cancers developed from
human sources are ideal platforms for
evaluating novel therapeutic regimens and
can recapitulate responses that mirror those
observed in the same donor patient, which is
a more common feature of all cancer PDX
models (49). PDX models represent an in vivo

system developed for a more personalized
therapy consistent with precision medicine
initiatives. Generation of multiple PDX models
for a single study would be a true preclinical
assessment that best mimics a clinical trial
due to the variety of individual PDAC tumors
in these mice. In this manner, multiple
therapeutic regimens have been assessed in
PDX PDAC mice as demonstrated in Table 4,
though more recently a litany of novel
approaches have been performed including
modified drug derivatives, natural products,
viral therapies, radiation, chemoresistance
blockers, and metabolic inhibitors as shown in
the following examples.

The addition of a stearate to gemcitabine
(GEM) generated a fatty acid GEM derivative
termed stearoyl gemcitabine (4NSG) that
demonstrated more potent anticancer effects:
greatly reduced cell proliferation, enhanced
apoptosis and induced cytotoxicity in 2D and
3D PDAC cell -cultures. This was
recapitulated in PDX models of PDAC which
also exhibited reduced angiogenic potential
via dramatically reduced VEGF and a
concomitant reduction in tumor volume
compared to untreated and GEM-HClI-treated
mice (47). A second approach utilized a
natural product, Brucia javanica (also
Brucea), a medicinal plant with anti-
inflammatory and anti-oxidant properties, in
combination with GEM to improve its efficacy
in vivo as assessed in orthotopically-
implanted PDX mice. These mice had
reduced PC tumor growth, increased
apoptosis and an overall improvement in
survival (130). Building on a relatively new
standard of care using GEM plus nab-
paclitaxel (GEM+NP), a NOTCH-sensitive
oncolytic adenovirus (AduPARE1A) was
introduced into PDAC PDX mice that
enhanced the anti-cancer effect of GEM+NP.
This was evident in a significant reduction in
the number of PC stem cells (PCSCs),
number of tumorspheres grown in an
anchorage-independent manner, and tumor
volume while maintaining a low toxic profile
(68). This same adenovirus will be highlighted
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in PC patient-derived organoid (PDO) mice in
the next section.

Table 4. Recent and more novel therapeutic assessments in PDAC PDX mice.

PDAC drug/therapeutic regimen Ref
GEM vs. 4NSG (modified GEM 4-N-stearoyl GEM) (47)
GEM + Brucea javanica (130)
cisplatin and talazoparib (PARPi) (123)
Compounds vs. PDAC stem cells and/or PI3K (11)
K17 negative + GEM (84)
FOLFIRINOX + GEM/abraxane (and confirmed in PDO culture) (96)
Theranostic targeting of CUB Domain Prot 1 (CDCP) (74)
dendrimer-camptothecin (CPT) conjugate promote endocytosis (121)
Anti-glypican1 (GPC1) antibody-drug conjugate (81)
Theranostic Targeting of CUB Domain Containing Protein 1 (74)
(CDCP1)

CDK4/6 + DNA damaging agents (99)
ADC Trastuzumab-HDACi ST8176AA1 targeting ErbB2 (73)
PGAM1 inhibition to block glycolysis (127)
Dexamethasone and its impact on tumor growth dynamics (131)
phospho-valproic acid (MDC-1112)to inhibit STAT3, Bcl-xL & cyclin  (62)
D1

AXP107-11 bioavailable genistein analogue, GPER1 (ER) activator  (72)
Adenosine + GSK690693 Akt inhibitor or silencing p21 (129)
decitabine impairs pyrimidine biosynthesis and indirectly KRAS (77)
BX-795, a PDK1/TBK1 inhibitor, inhibits PDAC & improved + (14)
trametinib

NVP-LDE225, an SMO inhibitor of sonic hedgehog enhances Ab (122)
efficacy

FGTI-2734 - a dual farnesyl & geranylgeranyltransferase-1inhibitor (51)
MK-2206 (MK) + trametinib (Tra) + NPT + GEM (4)
zoledronic acid (ZA) to block metastasis in PDOX (42)

pembrolizumab, trametinib, or both to assess PD-1 checkpoint (24)

inhibition

Other therapeutic regimens aimed to
introduce more novel and potentially dual
threat approaches or improve existing drug
efficacy by blocking mechanisms of
chemoresistance. For the former, the beta-
emitting 1’’Lu-4A06 radioisotope, an antibody
that recognizes the CUB domain containing
protein 1 (CDCP1) was dosed into PC PDX
mice and generated significantly reduced
tumor growth and volume leading to improved
survival. Not only was this a product of
cytotoxic destruction of CDCP1 positive cells

but likely included improved
radioimmunotherapy due to less influence of
and improved delivery through the dense
tumor stroma of PC (74). Additional studies in
PDAC PDX mice demonstrated prevention of
chemoresistance  from DNA-damaging
agents (like GEM) and microtubule poisons
(like NP) via CDKA4/6 inhibition (99). Finally,
using three unique PC PDX mouse lines, a
unique PGAML1 inhibitor (KH3) was evaluated
in these mice and proven to downregulate
glycolysis, mitochondrial respiration and
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glutathione metabolism leading to cell cycle
arrest, increased apoptosis and reduced
tumor volume (125).

Despite advancing science with these PDX
models in regards to therapy, the challenge
remains whether these mice can be
effectively employed to improve outcomes for
the patient for whose tumor the mice harbor.
None of these reports demonstrated direct
impact of the approach tested in mice in the
patient who provided the primary tumor.
Indeed, this is a formidable task since
development of PDAC PDX mice in a
multiplicity of animals with the same tumor
requires at least a few rounds of passaging to
characterize tumor kinetics and survival prior
to assignment to a treatment arm. Other
limitations exist including the use of
immunocompromised mice to house these
tumors, and though patients often present
with compromised immune function to the
advantage of cancer spread, the level of
whole body immunosuppression is likely
greater in the mouse. Indeed, mouse models
work best in tandem with other models, and
for PDAC PDX mice, this would include
autochthonous GEM mice and orthotopic PC
implantation in syngeneic mice as previously
discussed.

B. Metabolism

Since many studies with PDAC PDX mice are
focused on therapeutic interventions,
primarily through small molecule inhibitors, it
is important to consider points related to drug
metabolism and indeed other metabolic
considerations that could impact drug
response and/or tumor development. This is
particularly relevant in these PDX models
since they represent a more human cancer as
it expands in an in vivo platform. So the first
consideration will be focused on drug
metabolism followed by examples of other
metabolic  pathways including those
pertaining to carbohydrates, lipids, amino
acids and nucleic acids.

Drug metabolism: PDAC PDX mice

present a great system for improved
understanding of drug behavior including
small molecule uptake and target

engagement using titrated concentrations of
a novel fluorescently-labeled GEM conjugate.
Such an approach generated a dose
response in fluorescence intensity that was
significantly  higher than PDX mice
administered the fluorophore alone (no
GEM), though highest levels of drug uptake
correlated with areas of necrosis as revealed
by tissue morphology. And this methodology
can also be applied to other drugs for similar
evaluations (106). [*®F]-FAC metabolic PET
imaging was as effective in measuring GEM
uptake as [**C]-GEM in 3 individual PDAC
PDX mouse models, demonstrating [*8F]-FAC
metabolic PET as a solid surrogate of GEM
uptake (98). However, the above fluorophore
assessment fell short of providing real
evidence of metabolic changes related to
drug kinetics. Studies that focus on
pharmacokinetics/pharmacodynamics

(PK/PD) provide more relevant information
regarding plasma concentration of active
drug. In examination of dexamethasone
(DEX) in PDAC PDX mice, the greatest linear
inhibitory function of DEX was highest in PDX
mice compared to those established with PC
cell lines and at times, twice as high
depending on the PC cell line (131).
Employing a similar PK/PD evaluation to
assess a novel liposome formulation loaded
with doxorubicin (Dox) and a photosensitizer,
irradiation in PDAC PDX mice generated a
12-fold higher influx of drug into tumor than
irradiated PDX mice without liposome
administration. This amounted to a 7-fold
higher Dox concentration in the tumor over
time with a 4-fold reduction in tumor volume
(61). These studies are similar to older
published works that describe features of
PK/PD for other drugs as exemplified with the
Hedgehog inhibitor TAK-411 (53). But there
remains a paucity for the examination of drug
metabolites in vivo like that recently
completed for gemcitabine in KC and KPC
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GEM mice (as previously described) (9) and
done two decades ago in preclinical models
for drugs like cyclophosphamide and
ifofamide by addition of a CP450 gene-
directed enzyme prodrug therapy (P450
GDEPT) (12). So to a great extent, following
drug metabolites will best reflect drug efficacy
and toxicity as a support for current and future
clinical trials.

Energy Sources: Beyond the impact of
drug metabolism is how other pathways are
altered during the etiology and treatment of
PC, which would include those focused on
tumor energy sources like
sugar/carbohydrates and lipids as well as
modifications that alter resources for gene
expression at both the transcriptional (nucleic
acids) and translational (amino acids) levels.
A rigorous study focused on the Warburg
effect utilized 15 PDAC PDX models (each
uniquely generated from 1 of 15 PDAC
patients) treated with FX11, a lactate
dehydrogenase A inhibitor (LDH-A). These
cohorts of PDX mice demonstrated increased
apoptosis, reduced proliferation and
decreased tumor growth that was restricted to
tumors harboring a mutant p53 allele, as
FX11 was ineffective in human PC with wild
type p53. This work was well represented by
BC MRS imaging modalities to further
support these observed effects (94). Another
study demonstrated the ability of mIR-7 to
inhibit PDAC development in PDX mice by
interfering with the Warburg effect via
suppression of glycolysis and associated
reduction in autophagy (28). Indeed, a high
glucose environment has been linked to
enhanced tumor growth via sterol regulatory
element-binding protein 1 (SREBP1)-induced
autophagy (134). And SREBPL1 is a potent
regulator of lipogenic genes including acetyl-
CoA carboxylase (ACC), fatty acid synthase
(FASN), and stearoyl-CoA desaturase-1
(SCD1) (108). Since lipids can also serve as
an energy source for primary and metastatic
PC, it is critical to consider these alternative
pathways in PDAC PDX mouse models. This
has not been demonstrated to this point in

vivo, though de novo lipid synthesis has been
shown to contribute to GEM resistance in an
orthotopic xenograft mouse model using
Pancl cells (109) and targeting lipid
metabolism has abrogated PC development
in subcutaneous tumors from MiaPaCaz2 cells
(78). Regarding amino acid metabolism, there
is a clear focus on amino acid transporters
across the cell membrane include the SLC
family, of which SLC6A14 had the broadest
profile for amino acid substrate transport.
Using 10 unique PDAC PDX mice, it was
established that mRNA levels of SLC6A14
were at least 100-fold higher in 8 of the 10
PDX mouse models (with the other two at 5-
and 10-fold). The highest level reached over
a 40,000-fold increase, though the SLC6A14
inhibitor alpha-methyltryptophan used to
demonstrate anti-cancer effects in PC cell
line-derived xenograft mice was not further
assessed in these PDAC PDX mice (15).
Finally, nucleotide metabolism should not be
ignored, as the small molecular inhibitor
decitabine impaired pyrimidine biosynthesis
and indirectly impact oncogenic KRAS-driven
events. This demonstrated the utility of
repurposing decitabine as a potential
effective means of blocking mutant KRAS
addiction in PC (77).

C. Genomics/Transcriptomics

In consideration of the role of nuclei and
amino acids is how PDAC PDX mice can
provide insight regarding gene expression
and the profile to establish cancer subtypes,
which is made possible by elegant and
rigorous genomics/transcriptomics
evaluations. In a project employing 12 unique
PDAC PDX models, a predictive and
prognostic model of PDAC was discovered
following germline BRCA1/2 mutation and its
association with homologous recombination
deficiency (HRD). This was done by
identification of tumor polyploidy and low
proliferative index (Ki67), which serve as
predictors of low efficacy following treatment
with  cisplatin and talaxoparib. Tumor
polyploidy and basal-like transcriptomic
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subtype were independent predictors in this
7-arm preclinical trial of over 470 PDX mice
(123). Another well-designed study exploited
10 unique PC patient-derived PDX mice for
microarray gene expression evaluation where
15 genes had a 5-fold or greater change in
expression when compared with normal
adjacent tissue. Interestingly, the gene with
the highest (23-fold) increase in expression
was SLC6A14, the broad amino acid
transporter discussed above. Gene ontology
analysis from this data showed that genes
with at least a 2-fold increase were
associated with the cell cycle and mitosis,
where over 20 such genes were cell cycle
regulators (95). Indeed, this is expected
considering the general nature of cancer cells
including those from PC.

Beyond increased proliferation, PDAC PDX
mice were administered a Msi (Musashi, a
RNA binding protein) inhibitor which blocked
tumor growth via suppression of stem cells,
representing a novel means of preventing
chemoresistance in vivo. These findings were
further supported by GEM mice with a specific
Msi reporter system that allowed monitoring
of Msi-positive cells, among a variety of other
outstanding modalities (23). This is a
departure from standard targets for inhibition

as a means of abrogating tumor
development. Another unique point of
investigation with PDAC PDX mice

addressed an epigenetic phenomena
demonstrating nicotine induction of IL8
secretion from the stromal compartment and
subsequent increased IL8R in PC
parenchyma with worsened cancer cachexia
and increased tumor mass (116). An
additional study focused on cachexia using
patient-derived PDAC mice employed
genome-wide microarray analysis which
demonstrated increased ECM protein-
encoding genes in diaphragm that were
down-regulated in tibialis anterior muscle,
among other notable differences (83).
Furthermore, PDAC PDX mice can serve as
predictors of disease-free survival (DFS) in
surgically resected PDAC patients, where

survival was half that (6 vs. 12 months) for
patients whose tumor were successfully
engrafted compared to those whose tumors
failed to take. Also, the pathology and
genetics of primary tumors were recapitulated
in the PDX-derived tumors (13).

D. PDX Technical Advancements

PDAC PDX mouse models have been
improved and/or expanded in a variety of
ways. Cryopreserved PDAC was introduced
into liver to generate a robust model of PDAC
liver metastasis of tumors from 6 of 10 patient
donors in one third of recipient mice (110).
Another means of advancing PDX models
was deriving cancer from a tissue source
other than primary tumor. In this regard,
patient ascites were successfully used to
derive PDAC PDX mice, which interestingly
became GEM chemoresistant over time that
recapitulated the same response in these
patients with PDAC (64). Yet another
technical innovation was clear demonstration
that the PDAC tumor formation rate of primary
PDX (F1) mice was half that of F2 and F3
generated PDX mice, which also had a
significantly reduced latency. Here, it is likely
that serial transplantation selects for tumor
cell clones with higher viability, stemness
features, and thus lower similarity to the
original tumor. Despite these kinetic changes,
all three generations of PDX mice had similar
histopathology and increased Ki67 positive
proliferative indices to that observed in the
primary tumor (128). These technical
enhancements in PDAC PDX modelling
technology provide the means to: (1)
cryopreserve and yet employ PDX lineages,
(2) expand from invasive resection of primary
tumor to less invasive collection of ascites as
a source for deriving PDX mice, and (3)
consider use of F2 generations and beyond
for development of more efficient PDX
systems.

With the advent and progressive utilization of
PDAC PDX mice, therapeutic evaluations,
improved understanding of cancer
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metabolism, and identification of
genomic/transcriptomic profiles related to
PDAC subtypes will greatly assist in exposing
novel targets and new therapies to better fight
pancreatic cancer. To further assist in this
goal, establishing tumors directly from human
3D spheroids generated from isolated PDAC
(called patient-derived organoids or PDOS)
introduces yet another useful modelling
system.

E. PDOX Models of PDAC

There are some distinct advantages to
developing patient-derived organoids from
PDAC and implanting/injecting them into
immunocompromised mice similar to PDX
models. This includes having: (1) the option
to genetically modify these structures to study
additional genetic alterations, (2) a more
pure, clonal population of PDAC (less
heterogeneity than primary tumor (96)), and
(3) a platform to investigate signals and
molecular events between human
parenchyma and mouse mesenchyma. As a
starting point, PDAC organoids recapitulate
patient-specific molecular and
histopathologic signatures, making them
ideal for improved understanding of the
etiology of the patient's tumor, the varied
response to therapies, and the utility in
predicting drug responses (96).

Introduction of PDOs into mouse flanks or
pancreas have been generated but with fairly
limited application. Yet, development of
xenograft PDAC tumors in PDOX mice have
been generated to maintain  the
histoarchitecture of cancers when compared
to primary tumors from corresponding
patients (43). The few studies that have
employed PDOX mice have not only further
supported this model as a useful platform for
evaluation but extended these studies in
unique ways which correlated to the strengths
of this patient-derived in vivo system. One
excellent example of this is the evaluation of
the impact of oncolytic adenovirus on mice
harboring orthotopically implanted PDOs

derived from primary tumor and metastases.
In this scenario, PDOX mice were preferred
over other models including PDX mice since
these organoids more readily accepted viral
entry of DNA material to demonstrate the viral
preference of parenchymal cells compared to
other cell types (93). Another unique
treatment included a RNA-based therapeutic,
an anti-mIR-21 RNA that self assembles into
a nanoparticle, called TPN-21, which was
delivered twice weekly in PDAC PDOX mice.
The end result was that TPN-21 strongly and
progressively slowed tumor growth, resulting
in a greater than 50% suppression of tumor
growth (25). Beyond these few studies, there
is a real paucity in the use of PDAC PDOX
models for evaluations as described for
PDAC PDX mice. However, therapy
assessment in PDOX mice from other Gl
cancers has been employed and should be
considered in PDAC PDOX studies. Also,
mouse-derived PDOs and their introduction
into syngeneic mice have been well-
documented in ways that to some regard
match that done in PDAC PDX mice. Several
of these would be ideal for evaluation in
PDAC PDOX mice.

To demonstrate the impact of therapy strictly
at the level of developing carcinoma, CRC
(colorectal cancer) PDOX mice demonstrated
a similar response to therapy as the patients
whose tumor was implanted into mice, and
this included an initial response to paclitaxel
before developing resistance. A similar
pattern was observed in regorafenib-sensitive
or resistant patients, where the implanted
PDO was sensitive or resistant as its patient
donor (117). In mouse-derived organoids
introduced into obese mice, it was determined
that obesity-induced inflammation stimulated
tumor progression and metastasis (63). In
elegant work done with KPC-derived
organoids marked with Tomato Red including
organoid co-cultures, metabolic flux was
measured via pyruvate carboxylase and malic
enzyme 1 activity in parenchymal (cancer
cells) and mesenchymal (fibroblasts) cell
compartments. The broad result among a
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myriad of other nuanced findings was that
expression of both pyruvate carboxylase and
malic enzyme was essential for cancer
growth, with details regarding how various
cell compartments play a role in this equation
(57). With these as druggable targets,
organoids have been front and center as a
platform for assessing optical imaging of
drug-induced metabolic flux (120). Indeed,
such approaches should be considered in
PDAC PDOX mice.

In order to best recapitulate human PDAC, it
is important to consider the use of in vivo
models that employ human cancer cells in
combination with autochthonous GEM and
orthotopic syngeneic models. The
combination thereof covers a broad spectrum
of systems to best understand the etiology of

pancreatic cancer and its response to new
and repurposed therapies. Patient-derived
PDAC as primary or passaged cancer cells
(PDX mice) or those allowed to
spontaneously develop into 3D structures
(PDOX mice) can be introduced into
immunocompromised mice and then
employed in a variety of studies to evaluate
therapies, assess metabolic changes, and
determine genomic/transcriptomic profiles.
This has been done to some extent in PDAC
PDX mice with yet only very modest
considerations utilizing PDAC PDOX mice. In
part, this section was written to encourage
additional investigations in PDAC PDOX
mice, as such studies will advance our
understanding of how best to attack
pancreatic cancer in humans.
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