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ORIGINAL ARTICLE

Pancreatic cancer cell lines as patient-derived
avatars: genetic characterisation and functional

utility

Erik S Knudsen," 3 Uthra Balaji,® Brian Mannakee,? Paris Vail,> Cody Eslinger,?

Christopher Moxom,? John Mansour,* Agnieszka K Witkiewicz

ABSTRACT

Objective Pancreatic ductal adenocarcinoma (PDAC) is
a therapy recalcitrant disease with the worst survival rate
of common solid tumours. Preclinical models that
accurately reflect the genetic and biological diversity of
PDAC will be important for delineating features of
tumour biology and therapeutic vulnerabilities.

Design 27 primary PDAC tumours were employed for
genetic analysis and development of tumour models.
Tumour tissue was used for derivation of xenografts and
cell lines. Exome sequencing was performed on the
originating tumour and developed models. RNA
sequencing, histological and functional analyses were
employed to determine the relationship of the patient-
derived models to clinical presentation of PDAC.
Results The cohort employed captured the genetic
diversity of PDAC. From most cases, both cell lines and
xenograft models were developed. Exome sequencing
confirmed preservation of the primary tumour mutations
in developed cell lines, which remained stable with
extended passaging. The level of genetic conservation in
the cell lines was comparable to that observed with
patient-derived xenograft (PDX) models. Unlike
historically established PDAC cancer cell lines, patient-
derived models recapitulated the histological architecture
of the primary tumour and exhibited metastatic spread
similar to that observed clinically. Detailed genetic
analyses of tumours and derived models revealed
features of ex vivo evolution and the clonal architecture
of PDAC. Functional analysis was used to elucidate
therapeutic vulnerabilities of relevance to treatment of
PDAC.

Conclusions These data illustrate that with the
appropriate methods it is possible to develop cell lines
that maintain genetic features of PDAC. Such models
serve as important substrates for analysing the
significance of genetic variants and create a unique
biorepository of annotated cell lines and xenografts that
were established simultaneously from same primary
tumour. These models can be used to infer genetic and
empirically determined therapeutic sensitivities that
would be germane to the patient.

BACKGROUND

Pancreatic ductal adenocarcinoma (PDAC) has the
worst prognosis of any common solid tumours
with a 5-year survival of approximately 6% and is
expected to become the second leading cause of
cancer deaths by 2030.' Many patients present

1,2,3,5

Significance of this study

What is already known on this subject?

» Pancreatic cancer is genetically diverse.

» Patient-derived xenografts are considered the
most reliable avatar of individual patient
tumour.

» Pancreatic cancer cell lines are believed to
poorly represent the tumour of origin.

» Establishment of cell lines is associated with
significant genetic drift.

What are the new findings?

» Newly developed cancer cell lines harbour
strong genetic conservation with pancreatic
tumour of origin.

» These cell lines maintain unique features
relative to tumour biology.

» Suites of models representative of genetic
diversity of disease can be developed.

» The models provide insights into processes of
genetic evolution.

» Models can be used to dissect genetic and
patient-selective therapeutic vulnerabilities.

How might it impact on clinical practice

in the foreseeable future?

» The cell lines developed in this manuscript
accurately recapitulate the genetic features of
pancreatic cancer and can be used to
functionally study genes as a basis for rational
therapy development. Since these cell lines are
amenable to high-throughput drug screening,
they also provide a means to identify new
therapeutic vulnerabilities at the individual
patient level and provide a distinct model of
precision therapy.

with advanced disease and even with complete
resection long-term survival is poor, as tumours
recur in the majority of patients.* These features of
PDAC have driven the need for effective systemic
treatments to control disseminated disease. The
approved systemic therapies have a relatively
modest impact on survival and, in spite of extensive
preclinical studies and numerous clinical trials,
PDAC remains a therapy-recalcitrant disease.’ 2 °
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The treatment of PDAC is largely dependent on chemotherapy.
In part, this is because the PDAC genetic landscape is dominated
by currently non-actionable KRAS mutations and tumour sup-
pressor losses.®™! Therefore, there is a significant need for a
better understanding of PDAC biology and clinically relevant
treatment interventions for patients.’ ¢ 2

The aetiology of PDAC is complex and associated with a
myriad of factors including genetic predisposition, environmen-
tal exposure and chronic inflammation.”® '* These events shape
the genetic landscape of the tumour from mutation burden and
spectra to chromosomal instability.® '* '3 Transcriptional profil-
ing has suggested that PDAC cases cluster into several specific
subtypes.'®™? Sequencing analyses revealed a complex genetic
architecture, where most PDAC cases have multiple alterations
in a distinct spectrum of cancer-associated pathways including
cell cycle, chromatin remodelling, WNT signalling, MYC,
NOTCH signalling, Hedgehog signalling and DNA damage
repair.® ' "' This complexity has led to consideration of each
tumour case as a unique disease entity.

A limited repertoire of existing PDAC models has been cited
as one of the main barriers in developing effective treatments,
and has driven significant interest in generating new models of
disease. Of the approximately 40 established PDAC cell lines
that are available, only 15 are commonly used to model
PDAC.?° ?! For the majority of established cell lines, there are
no means to determine how reflective these cells are of the
genetic features of the tumour from which they were derived,
and the extent to which they have diverged after years in
culture. Additionally, select PDAC molecular subtypes (eg, exo-
crine) are not represented among established cell lines."” In rec-
ognition of these shortcomings, genetically engineered mouse
models provide a clean canvas on which to evaluate the impact
of specific genetic events on the aetiology and progression of
PDAC.?? 22 23 Notably, mutant KRAS mouse models are widely
employed to model the aetiology, progression and treatment of
pancreatic cancer.>>~>* While likely representative of a subset of
PDAC cases, these models likely do not reflect the genetic com-
plexity and diversity of clinical PDAC cases with their myriad
genetic alterations beyond KRAS. Patient-derived xenografts
(PDX) and tumour organoids represent other models of
PDAC.?*2% A number of these models have been recently devel-
oped, however, their stability over time and relationship to the
primary tumour in many cases is marginally characterised.?%~3°

Here, a suite of patient-derived models was established and
extensively characterised in relation to primary tumour genetics.
These efforts demonstrated that low passage cell lines genetic-
ally recapitulate the primary tumour and maintain genetic fea-
tures of PDAC in a fashion comparable to that observed in PDX
models. They can also enable to evaluate tumour heterogeneity
and evolution and afford the opportunity to explore the func-
tional significance of specific genetic events or gene expression
subtypes as observed in the primary tumour.

RESULTS

Model derivation platform

A pipeline was developed where patients with a diagnosis of
PDAC were consented for the collection of tumour tissue,
genetic studies and models development (figure 1A). Tumour
tissue was triaged for genetic analysis by whole exome sequen-
cing, as well as the development of cell lines and PDXs.
Resultant models were characterised by exome and RNA
sequencing. This pipeline was applied to a collection of 27 unse-
lected PDAC cases (see figure 1B and online supplementary
data). The majority of cases in the study represented PDAC of

no special type; there were also two adenosquamous carcin-
omas, one anaplastic carcinoma and three invasive carcinomas
arising from intraductal papillary mucinous neoplasm. A total of
54 PDX tumours and 56 cell lines derived from these cases
were subjected to exome sequencing, with the majority of cell
lines sequenced in both early and late passages.

Genetic diversity of PDAC tumours

The PDAC tumours exhibited diverse mutational spectra consist-
ent with previously published studies'' '° (figure 1C). The
majority of cases were dominated by C>T transitions associated
with age-related mutational events."”> PDAC cases arising in
smokers exhibited enrichment of C>A transversions as indi-
cated by the EMCT2 and EMC1229 cases (figure 1C). The
tumours also captured the distinct chromosomal instability pro-
files observed across PDAC cases,® * ' with frequent deletion of
CDKN2A and SMAD4 (see figure 1D and online
supplementary figure S1). The cohort harboured multiple differ-
ent KRAS mutations and aberrations in multiple signalling path-
ways that are representative of PDAC (see figure 1E, online
supplementary figure S1 and online supplementary data). In this
context, PDAC cases employed for models development recap-
itulate the genetic diversity of PDAC that has been
described® '° ' (see figure 1F, online supplementary figure S1
and online supplementary data).

Generation and characterisation of patient-derived models
Primary cell lines were established from PDAC (denoted by case
identifier with extension ‘ C’). Optimised culture conditions
were developed so that pure tumour cell populations could be
isolated in 8-12 weeks on collagen matrix (extended methods).
Primary cell lines had distinct morphological features ranging
from typical epithelial (eg, EMC114_C) to mesenchymal (eg,
EMC2095_C) patterns (see figure 2A and online supplementary
figure S2). The majority of the cell lines exhibited epithelial
characteristics, as indicated by the presence of CK8 and low
levels of vimentin expression (see figure 2B and online
supplementary figure S2). However, several cell lines (eg,
EMC18128 C) exhibited features of epithelial-mesenchymal
transition as indicated by co-expression of CK8 and vimentin
(see figure 2B and online supplementary figure S2). These phe-
notypes including the expression of CK8 (see online
supplementary figure S2) and overall cell morphology (not
shown) remained stable with extended passage (ie, up to passage
40). Features of mesenchymal phenotype as observed in the cell
lines could be detected in the primary tumour (see figure 2B
and online supplementary figure S2).

In parallel to the development of the cell lines, tumour tissue
from patients was dissected and implanted either subcutaneously
(denoted by X’ following case identifier) or orthotopically
(denoted by ‘o’ following case identifier) in NSG mice. The
time to tumour engraftment varied across cases as summarised
in pedigree charts showing detailed transplant history for each
model (see figure 2C and online supplementary figure S2). The
PDX models exhibited a striking conservation of the primary
tumour histoarchitecture, including desmoplastic stroma, and
remained stable across at least three passages (see figure 2D and
online supplementary figure S2). This feature of tumour biology
is important, as stromal compartment is believed to be critical
for disease progression, metastatic spread and therapeutic sensi-
tivity.”> 3! Cell lines were developed as xenografts were pas-
saged. In select cases, tumour cell lines were developed from
both the primary tumour and related PDX, allowing for direct
comparison of primary tumour-derived and PDX-derived lines.
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Figure 1 Genetic analysis of the pancreatic ductal adenocarcinoma (PDAC) tumour specimens. (A) Schematic of the overall pipeline employed.
Tumour tissue not required for diagnosis was used for characterisation of the patient tumour. Parallel tissue was employed for development of
patient-derived xenograft (PDX) and cell line models. Models were used to evaluate drug sensitivities that could then inform genetic or empirically
defined sensitivities. (B) Summary of the clinical and pathological features of the patient cohort. TNM, tumour, node, metastases. (C) Mutational
spectra in the cohort of sequenced cases, overall trinucleotide alterations through the entire cohort. The EMCT2 tumour was from a smoker with the
tumour exhibiting increased incidence of C>A transversions. (D) Summary of copy number alterations as determined by genomic identification of
significant targets in cancer (GISTIC) analysis, the position of CDKN2A and SMAD4 deletions are indicated. (E) KRAS mutant allele distribution
through the cohort. Summary of events targeting cell cycle, tumour growth factor-B (TGF-B) and NOTCH signalling pathways. Blue denotes
homozygous deletion, red denotes amplification, orange denotes tumour-specific insertion deletion (INDEL) and green indicates tumour-specific
single nucleotide variants (SNV). (F) Overall distribution of genetic events targeting oncogenic pathways in PDAC cases sequenced.
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Figure 2 Generation of cell lines from pancreatic ductal adenocarcinoma (PDAC) tumours. (A) Representative phase contrast images of cell lines
derived from independent cases. Scale bar is 400 wm. (B) Representative immunofluorescence staining of CK8 and vimentin from developed cell
lines. Vimentin staining in the clinical tumours employed to generate cell lines. Scale bar is 100 wm. (C) Representative pedigree charts of
patient-derived xenograft (PDX) development. The derivation of cell lines and exome sequencing of the models are indicated by the legend. (D)
Representative H&E stained sections of the primary tumour and PDX tissue from three passages. Scale bar is 100 wm. (E) Representative phase
contrast images of cell lines derived from independent PDAC cases and associated PDX. Scale bar is 400 pm. (F) Representative phase contrast
images of cell lines derived from multiple PDX models and associated metastases. Scale bar is 400 pm.
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In this setting, there was a marked conservation in overall cell
morphology (see figure 2E, F and online supplementary
figure S2).

The patient-derived cell lines were tumourigenic and gave rise
to tumours when orthotopically injected into NSG mice in four
of five models tested. Interestingly, xenograft tumours derived
from injected patient-derived cell lines recapitulated the his-
toarchitecture of the primary tumour including gland formation
and reconstituted desmoplastic stroma (figure 3A). These data
suggest that patient-derived tumour cells have the capacity to
programme microenvironment and re-establish stromal compart-
ment through mobilisation of murine tissue elements. The xeno-
grafts arising from these cell lines demonstrated a level of Ki67
labelling that is consistent with that observed in clinical cases. In
contrast, established commonly used pancreatic cancer cell lines
(eg, PLS, MiaPaca2 and PL45) did not induce stromal reaction
and generated tumour masses composed of sheets of tumour
cells when implanted orthotopically. These models also exhib-
ited an exceedingly high Ki67 index (figure 3B, C). Thus, the
patient-derived cell line models developed in this study retain
several key features that are not apparent in established models.
Additionally, the orthotopic PDXs gave rise to metastatic spread
to visceral organs consistent with the biology of PDAC, thereby
providing a model to study disease progression (figure 3D).

Genetic characterisation of patient-derived models
To determine the relationship of the gene expression patterns
observed in patient-derived cell lines and those observed in

A EMC3226_C EMC1229 C EMCT2_C

Pancreas (primary)

B PLS

clinical PDAC specimens, RNA sequencing was performed on
the cell lines and their association with PDAC subtypes was
evaluated.'” ' PDAC cell lines exhibited classical, quasi-
mesenchymal and exocrine-like gene expression profiles
observed in clinical PDAC samples, indicating that they repre-
sent the phenotypic diversity of PDAC (see figure 4A and online
supplementary figure S3). Importantly, the exocrine-like subtype
is not represented among established PDAC cell lines.'”

It is a common perception that cell culture selects for substan-
tial genetic alterations that compromise the ability of cell lines
to inform the biology of the tumour. To characterise genetic fea-
tures of the cell lines and PDX models, whole exome sequen-
cing was performed at an average of 124x coverage depth (see
online supplementary data). To eliminate the presence of con-
taminating mouse genetic material from PDXs and the general
errors associated with paralogs, we developed an algorithm,
mouse and paralog exterminator (MAPEX). This algorithm uses
basic local alignment search tool (BLAST) to selectively elimin-
ate mouse genes and paralogous miscalls in the analysis of var-
iants (manuscript in preparation). The analysis of the cell lines
developed herein indicated that they were genetically highly
consistent with the tumours from which they were derived. This
was determined by correlation analysis of the somatic mutation
events detected in the primary tumour and the cell line (see
figure 4B and online supplementary figure S3). Analysis of the
shared genes indicated that common PDAC oncogenic driver
mutations (eg, KRAS, TP53 and SMAD4) and high allele fre-
quency mutations were preserved in the cell lines and remained

CAPAN2 MIAPACA2

Figure 3  Phenotypic features of patient-derived models. (A) Representative images of orthotopically injected patient-derived cell lines. H&E and
Ki67 staining are shown, scale bar is 100 um. (B and C) Representative images of orthotopically injected established cell lines. H&E and Ki67
staining are shown, scale bar is 100 wm. (C) Orthotopic patient-derived xenograft (PDX) model showing the metastatic spread to liver and spleen.

Scale bar is 100 wm.
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Figure 4 Molecular and genetic conservation of patient-derived cell lines. (A) Clustering analysis of cell lines (grey colour bar) versus pancreatic
ductal adenocarcinoma (PDAC) cases that exhibit classical (purple), exocrine-like (yellow) and quasi-mesenchymal (blue) gene expression
programmes. Cases and genes were clustered based on Euclidian distance. (B) Spearman'’s correlation analysis of single nucleotide variants (SNVs)
from early passage cell lines and associated patient tumour or patient-derived xenograft (PDX). (C) Representative Venn diagram of the patient
tumour and early and late passage cell lines. (D) Spearman’s correlation analysis of SNVs from early and late passage cell lines and associated
patient tumour or PDX. (E) Allele frequency plot illustrating the conservation of high frequency genetic events between the primary tumour and cell
lines at early and late passage. Green bars denote genetic events in common while grey bars denote unique events, fuchsia and red denote SMAD4
and KRAS mutations, respectively. (F) Venn diagrams summarising the overlap in SNVs between representative primary tumours and PDX model. (G)
Allele frequency plot illustrating the conservation of high frequency genetic events between the primary tumour and PDX. Green bars denote genes
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gene expression was performed using genes of high variance between the cell line and PDX models from the same clinical cases. The inset shows
the expression of CDKN2A/CDKN2B and SMADA4 in relation to the cell lines and PDX models.
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stable for up to 40 passages (see figure 4C-E and online
supplementary figure S3). The non-conserved mutations gener-
ally had a low allele frequency and did not commonly occur in
characterised cancer-related genes (see figure 4E and online
supplementary figure S3). For example, there was no evidence
for selective TP53 mutation during cell line derivation.

Several recent large studies advocated using PDXs as models
that more faithfully recapitulate genetic features of the primary
tumours.’® 32 However, direct and adequately powered com-
parison of PDXs and primary cell lines with the parental
tumour has not been performed. To address this knowledge
gap, we first analysed the preservation of genetic architecture
between PDXs and the tumours from which they originated
(figure 4F). Across all models, >75% of non-synonymous muta-
tional events (single nucleotide variants (SNVs)) were conserved
between the primary tumours and the PDX models, and as with
the cell lines, genetic events with a higher allele frequency were
conserved (see figure 4F, G, online supplementary figure S3 and
supplementary data). In certain instances, features of sequencing
(eg, strand bias or insufficient coverage) and statistical analysis
of variant calling gave rise to failure to call variants that
were detected by manual inspection (see online supplementary
figure S3). These analyses suggested that the conservation level
determined using statistically based variant calling methods (eg,
MuTect), as performed here, was likely an underestimate.
Additionally, in rare cases (ie, EMC1229) due to the histoarchi-
tecture of the tumour it was very difficult to obtain high tumour
purity and that limited effective variant calling and was likely
responsible for the limited overlap of that case with the derived
models.

The PDX remained closely related over at least three passages,
and the majority of SNVs were preserved in PDXs originating
from different areas of primary tumour (see online
supplementary figure S3). Metastatic deposits from selected mice
were also evaluated by exome sequencing. In these cases, the
majority of mutations occurred in the primary tumour before
metastasis emerged, and were therefore present in all metastases
that were evaluated (see online supplementary figure S3).
Importantly, the genetic conservation of cell lines with PDX was
also evidenced by overall maintenance of gene expression fea-
tures (figure 4H). Six cell lines that were RNA sequenced were
clustered based on gene expression variance, and then PDX
models derived from the same primary tumour were evaluated.
As shown, the PDX clustered with the cell lines that were
derived from the same tumour. Not surprisingly, the expression
of genetically lost genes (eg, CDKN2A and SMAD4) was highly
correlated in PDX and cell line (figure 4H).

Using patient-derived models to gain insights into tumour
evolution

In total, over 100 individual PDX and cell line models derived
from 27 clinical cases were sequenced (figure 5A). Direct com-
parison of PDX and cell lines with the parental tumour demon-
strated that a large number of mutations were omnipresent,
including alterations in known PDAC driver genes (ie, KRAS,
TP53 and SMAD4) and multiple other genes that have been
associated with pancreatic cancer (eg, ARID1A and RBM10)
(see online supplementary figure S4 and supplementary data).
Correspondingly, Spearman’s correlation analysis showed that
each primary tumour and derived PDX and cell line clustered
together (figure 5B). In order to evaluate multiple cases
together, gene level SNV data were used for unsupervised clus-
tering based on Euclidean distance. As shown, clinical cases and
their derivative models clustered into discrete clades that

included cell lines, xenografts and even metastasis derived from
the same primary tumour (figure 5C). These data indicate that
each series of models is most closely related to the tumour of
origin. To investigate tumour evolution across specific models,
phylogenetic analysis was employed. As could be expected,
earlier passage models (both cell lines and PDXs) are more
closely related to the clinical case (figure 5D). In this context,
the variance between tumours and models within the same
passage is similar to the variance observed between distinct geo-
graphical locations reported in PDAC, and was generally consist-
ent with the concept that resected PDAC harbours mutations
indicative of metastatic potential.*> 3* With passaging in mice
and with metastasis development there was evolutionary diver-
gence and acquisition of select cancer-associated events, suggest-
ing that these events may provide increased fitness. Analysis of
the unique genes that appeared in the models indicated enrich-
ment for genes associated with differentiation and transcription
(see online supplementary figure S5). Detailed analysis of raw
sequence reads for NOTCH1 and SMAD4 mutations indicated
that the mutations did not exist in the primary tumour and
therefore most likely arose ex vivo (figure SE). Interestingly,
events that may not necessarily have functional significance
exhibited a limited allele frequency (eg, NOTCH1), while muta-
tion of SMAD4 dominated the PDX in which the mutation
arose (figure SE). These data suggest that there is selection for
genetic events that are associated with PDAC progression or
poor prognosis."' ** The data also underscore the necessity of
evaluating the genetics of tumour models, and suggest that evo-
lutionary features observed ex vivo could inform the functional-
ity of these events in patient tumours.

Inferring tumour heterogeneity and dominant clones

Sequencing analysis reveals features of tumour heterogeneity
based on mutant allele frequencies within a given tumour. As
shown in the three-dimensional plots from select models, the
core genetic features of the primary tumour with high allele fre-
quency are conserved through multiple models including cell
lines, PDXs and metastatic nodules of the PDX (figure 6A). In
these cases, KRAS, TP53 and/or SMAD4 mutations harbour
relatively high allelic frequencies. This point was apparent
through the entirety of the cohort, where the average common
mutant allele frequency was 0.54, while the tumour-specific or
model-specific allele frequency was 0.13 and 0.25, respectively.
Although there was a marked conservation of genetic features,
the models exhibited subclonal unique events that had relatively
low allele frequencies. Discordant events could represent expan-
sion of rare populations present in primary tumour (eg, below
level of detection) or acquisition of new alterations during
model establishment and propagation. As discussed above, in a
few cases mutations, present in later passage and not called by
MuTect in the primary tumour, could be detected on visual
inspection of sequence reads. Preservation of somatic variants
between tumour and PDX or cell line was further evaluated in
pairwise comparisons of the primary tumours with all models
originating from the same primary tumour (see online
supplementary figure S4). We observed many cases, exemplified
by EMC226, where KRAS, SMAD4 and TP53 mutant allele fre-
quencies in the tumour are comparable for oncogene and
tumour suppressors, respectively and these ratios are preserved
in the derived models (see figure 6B and online supplementary
figure S4). However, there were cases that exhibited high
mutant allele frequencies for specific cancer genes, but very low
mutant allele frequency for KRAS (figure 6B). These data indi-
cate that in a subset of PDAC cases, KRAS represented a
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Figure 5 Composite genetic analysis of models and evolution. (A) Summary of exome sequencing data from over 100 primary tumours and
associated models. Similarity in mutation burden is summarised in the scatter plot. (B) Spearman’s correlation of single nucleotide variants from the
patient tumour, patient-derived xenograft (PDX) and cell line from the same case. (C) Unsupervised clustering of cases based on mutated genes and
Euclidian distance. Samples are colour-coded for the same case. (D) Phylogenetic analysis of the indicated models, with multiple cell lines and PDX
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frequency was determined for each of the noted cases and models. VAF, variant allele frequencies.
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subclonal event. Interestingly, in each case with a subclonal  provide a significant fitness advantage during model derivation.
KRAS mutation in the primary tumour, we observed expansion To determine if this finding was particular to our cohort, the
of the KRAS mutation to fully clonal in both cell line and PDX TCGA pancreatic cancer data were interrogated for KRAS
models (figure 6B). These data suggest that KRAS mutations mutant allele frequencies. As expected, the majority of cases
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have an approximately 0.5 allele frequency suggesting that
KRAS mutation is preserved through most of the tumour cells.
However, there were several cases with KRAS allele frequencies
<0.2 (figure 6C). Importantly, high-frequency tumour-
associated mutations occurred in cases with low-frequency
KRAS mutant alleles. The totality of the data indicates that in
most cases, pancreatic cancer harboured a dominant
KRAS-driven clone. However, in a subset of cases KRAS was
not present in the dominant clone in the parental PDAC
tumour.

Using patient-derived cell lines to interrogate functional
features

Since the models were molecularly annotated, we could employ
them to interrogate the functional significance of specific
genetic events. Oncogenic KRAS mutations are known to be a
key driver in PDAC and it has been postulated that loss of
expression of the wild-type allele of KRAS is important for
aggressive growth and disease progression. In the analysis of cell
lines there was a diverse expression of the wild-type versus
mutant allele (figure 7A). Thus, there was not a requirement for
losing the wild-type allele. Interestingly, in three tested cell lines
with varying levels of wild-type KRAS expression, viability was
still dependent on KRAS as determined by knockdown analysis
(figure 7B). In contrast, a model that was wild-type for KRAS
(EMC2095_C) was largely resistant to the effects of KRAS
knockdown. Another genetic hallmark of PDAC is the loss of
the CDK4/6 inhibitor plé6ink4a that is encoded by the
CDKN2A gene. This event occurred frequently in tumours via
homozygous deletions or mutations (figure 7C). However, one
of the PDAC cases harboured an intragenic deletion in the RB1
tumour suppressor (figure 7D). In the cell line derived from
that tumour, the loss of retinoblastoma tumor suppressor
protein (RB) and compensatory elevation of plé6ink4a expres-
sion were observed (figure 7E). Although most of primary
PDAC cell lines are sensitive to CDK4/6 inhibition, the model
with the RB1 deletion, as expected, was resistant (figure 7F).
These data indicate that the genetically annotated models can be
used to interrogate specific genetic features of pancreatic cancer
that drive biological features of disease or represent potential
therapeutic targets.

As an alternative to directed interrogation of genetic events,
the models can be used to determine if specific PDAC subtypes
are associated with therapeutic sensitivity (see figure 7G and
online supplementary figure S6). For this analysis, we interro-
gated specific therapeutic sensitivities associated with the quasi-
mesenchymal subtype of PDAC. A collection of 305 cancer
drugs was screened across all primary cell lines as well as a
panel of established cell lines, as we have recently published.*®
By unbiased correlation analysis we identified agents that were
selective to established models, or selective to quasi-
mesenchymal cell lines (see figure 7G and online supplementary
figure S6). Established cell lines were sensitive chemotherapy
(eg, paclitaxel), yet markedly resistant to other targeted therap-
ies (eg, ABT-737) (see online supplementary figure S6). The
quasi-mesenchymal cells were generally resistant to epidermal
growth factor receptor (EGFR) inhibitors (figure 7I). This
finding is consistent with previously published studies.'” In con-
trast, the multityrosine kinase inhibitors (eg, ponatinib and dasa-
tinib) were selectively active in the quasi-mesenchymal group
(figure 7H). In spite of these general subtype-specific responses,
there remained substantial variation of sensitivity between indi-
vidual patient-derived models within a given subtype. Notably,
one of the quasi-mesenchymal cell lines was also sensitive to

EGFR inhibitors (figure 7G). Consonantly, when compared
across all models analysed, this specific cell line model (denoted
in green) was exceptionally sensitive to the combination of dasa-
tinib and erlotinib (figure 7J). These data suggest that while
there are ‘subtype-related sensitivities’, each tumour appears to
have its own distinct vulnerability.

DISCUSSION

PDAC represents a major clinical challenge that is denoted by
the terrible prognosis and failure of multiple clinical trials. The
shortcomings of cell line models have been cited as a reason for
high failure rate of oncology drugs. Here, we show that patient-
derived models (cell lines and PDX) can be developed from
PDAC with diverse histological and genetic features expanding
the compendium of existing models. This included cell lines
with recently described PDAC mutations (eg, ARID1A, GNAS,
RBM10 and KDM6A) and those derived from well-
differentiated tumours. This is also the first study that compre-
hensively compares genetics of cell lines and PDX models
derived from the same originating tumour and directly addresses
question of genetic fidelity of cell lines.

PDAC is genetically diverse and individual tumour genomes
are highly complex.® '" This is apparent in veritably all cases,
where KRAS mutations combine with a plethora of other
genetic events that are cancer relevant. As such, PDAC repre-
sents a complex genetic compendium, which would be almost
impossible to emulate with engineered models. In most cases,
multiple different aberrations in core signalling pathways (eg,
tumour growth factor-B, cell cycle, WNT, chromatin remodel-
ling) are observed in addition to KRAS. Presumably, this genetic
milieu drives the biology and therapeutic recalcitrance of PDAC.
Developing models reflective of these genetic features will be
important for fully understanding the biology of PDAC.

While all commonly deployed PDAC cell lines are by defin-
ition ‘patient-derived’, the similarity to the tumour of derivation
is largely unknown. As a result of the absence of a normal
control, a comprehensive genetic analysis is limited.
Correspondingly, in the absence of a primary tumour, it is
impossible to know the extent to which they recapitulate the
primary tumour characteristics. There is also a concern that
long-term growth of cancer cell lines in a non-physiological
environment results in genetic changes that are not reflective of
originating tumour genetics. To mitigate effects of culture, all
cell models herein were isolated on collagen matrix and there
was no evidence for phenotypic drift associated with establish-
ment of the cell line. Models arose as epithelial or mesenchymal
like cells consistent with known expression of vimentin in a
subset of clinical PDAC cases.’” These cell lines were amenable
to downstream analyses including RNA interference transfection
and drug sensitivity assays.

The modest relationship of cell lines to the cancers from
which they had been derived has been cited as a reason for the
high failure rate of clinical trials. Here, we extensively compared
the genetics of pancreatic cancer cell lines and the parental
tumours to evaluate the extent of genetic drift that occurs
during cell line establishment/propagation. These data showed
that cell lines generally maintained the oncogenic drivers and
high-allele frequency genetic events of the primary tumour. The
level of genetic conservation was reproducibly identical to that
observed in PDX models, and remained stable for at least 40
passages. In phylogenetic analysis, cell lines surprisingly yielded
less genetic evolution with passage than PDX models.
Presumably, this indicates that using the methods employed
here, the stress of culture does not significantly select for
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mutations; while in the tumour environment there is more
selective pressure. This selective pressure interestingly yielded
mutations in known PDAC tumour suppressors, and suggests
that such ‘ex vivo’ progression could represent a means to
model PDAC tumour progression. For example, we identified
the occurrence of model selective SMAD4 loss that was acquired
with tumour passaging in PDX. These data also underscore the
importance of maintaining genetic annotation of both PDX and
cell lines.

Studying features of tumour progression and heterogeneity in
solid tumours can be challenging. Most studies have achieved
this by either distinct geographical sampling of resected tumour
tissue, the analysis of autopsy samples or multiple biopsies. In
PDAC, the analysis of metastatic deposits from autopsy cases
demonstrated significant genetic conservation between the
primary and metastatic disease.*® These findings are largely con-
sistent with the supposition that even in a setting of resectable
PDAC metastasis has occurred in majority of cases. Therefore,
rapidly developed models from resected disease could serve as
important avatars of the recurrent disease that almost invariably
emerges in PDAC. Importantly, the timing of the development
and characterisation of cell lines is such that the information
could ostensibly be employed to inform treatment of recurrent
disease.

While PDAC genomes are being sequenced and there is
growing understanding of the significant genetic events,® '! 1©
the model for PDAC progression from, pancreatic intraepithelial
neoplasia (PanIN), has remained largely unchanged. Studies
applying sequencing to analyse PanINs suggest a gradual expan-
sion of the KRAS mutated clone during progression, with acqui-
sition of additional genetic or epigenetic changes.>” *° *! From
existing sequencing data, it is clear that the vast majority of
PDAC cases harbour high KRAS mutant allele frequency as
would be expected for the initiating driver mutation. However,
approximately 5%-10% of cases carry KRAS mutant allele fre-
quencies that are clearly subclonal, present in a small fraction of
tumour cells. Tumour purity impacts mutation detection and it
is known that PDAC is characterised by abundant non-neoplastic
cells in tumour microenvironment. To define tumour purity in
this study, we applied a bench-marking strategy relative to other
well-known cancer-associated genes (eg, TP53 mutation). This
method had advantages relative to qpure algorithm previously
used in PDAC, which operated under the assumption that KRAS
is most common genetic event in all PDAC cases. In this study,
and in TCGA data between 5% and 10% of PDAC cases will
harbour only a small fraction of mutant KRAS alleles (eg, allelic
ratio of mutant to wild-type allele as low as 0.02). By subse-
quently analysing models derived from PDAC containing small
percentage of KRAS mutated cells, we could determine the fate
of the minor clone containing KRAS mutations. In all models
interrogated, the presence of KRAS dominated the models. This
finding suggests that there could be two distinct routes to PDAC
development, one which is driven by KRAS and another mech-
anism that ultimately selects for KRAS mutations latter in
disease progression.

Many of the genetic features of PDAC remain an enigma. For
example, how mutations impacting splicing or chromatin
remodelling contribute to disease is still scantly understood,®
but appear to have prognostic significance.'’ Models with the
specific tumour-associated mutations provide an opportunity to
address functionality by gene editing and other approaches that
address the impact of endogenous genes. In reference to thera-
peutic intervention, they can clearly inform dependence on
KRAS or requirement of CDK4/6 activity for cell cycle

progression. In this context, cell lines offer many advantages
that facilitate high-throughput approaches, and can be used to
interrogate the mechanistic impact of tumour-associated variants
whose functional significance remains unclear. Here, we showed
that while molecular subtypes of PDAC had differential sensitiv-
ities to therapeutic agents, there was considerable interindividual
difference in drug sensitivity that became particularly relevant
when considering combination therapies. The cell line-identified
vulnerabilities can then be interrogated within the PDX. Our
group and others have recently published on this general
approach.’ 3¢ ** Thus, integrated banks of patient-derived
models that are genetically annotated will serve as an important
resource to further the interrogation of tumour biology and will
lend much-needed insights to the treatment of disease.

METHODS

Detailed description of all methods is provided in the supple-
mental information. The sequencing data are available through
dbGaP (PRJNA289986).
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