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Ordered and deterministic cancer genome
evolution after p53loss
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Although p53inactivation promotes genomic instability’ and presents aroute to
malignancy for more than half of all human cancers??, the patterns through which
heterogenous 7P53 (encoding human p53) mutant genomes emerge and influence
tumorigenesis remain poorly understood. Here, in amouse model of pancreatic
ductal adenocarcinoma that reports sporadic p53 loss of heterozygosity before
cancer onset, we find that malignant properties enabled by p53 inactivation are
acquired through a predictable pattern of genome evolution. Single-cell sequencing
and in situ genotyping of cells from the point of p53 inactivation through progression
to frank cancer reveal that this deterministic behaviour involves four sequential
phases—Trp53 (encoding mouse p53) loss of heterozygosity, accumulation of
deletions, genome doubling, and the emergence of gains and amplifications—each
associated with specific histological stages across the premalignant and malignant
spectrum. Despite rampant heterogeneity, the deletion events that follow p53
inactivation target functionally relevant pathways that can shape genomic evolution
and remain fixed as homogenous events in diverse malignant populations. Thus, loss
of p53—the ‘guardian of the genome’—is not merely a gateway to genetic chaos but,
rather, can enable deterministic patterns of genome evolution that may point to new
strategies for the treatment of 7P53-mutant tumours.

Inactivating mutations in the TP53 tumour suppressor gene are asso-
ciated with cancers that are particularly aggressive and refractory to
therapy**. Some of the earliest insights into p53 action and the conse-
quences of TP53 mutation linked p53 to a DNA-damage-induced cell
cycle checkpoint of which the inactivation enables genomic instabil-
ity*8, implying that p53 acts as a guardian of the genome to prevent
the emergence of cells containing potentially tumour-promoting
mutations’. Subsequent research has demonstrated that p53 tran-
scriptionally coordinates an expansive set of cell fate programs that
actively limit tumorigenesis and the disruption of which remains criti-
cal for tumour maintenance>°™™, However, owing to the absence of
markers that discretely define cells after p53 inactivation, precisely
how genomic instability manifests and shapes the transformation of
TP53-mutant lineages as a consequence of the loss of these programs
has not been defined.

Next-generation sequencing studies of human tumours associ-
ate TP53 mutations with features of genomic instability, including
rampant copy-number alterations (CNAs)", chromothripsis'® and
whole-genome doubling (polyploidy)”*®, and TP53-mutant tumours
often display substantial intratumoral heterogeneity'**. Consist-
ent with arole for p53 inactivation as an enabler of genomic chaos,
inferential reconstructions of the order of events from bulk sequenc-
ing data often places TP53 mutations early in evolutionary time, pre-
ceding other genomic rearrangements®. However, the timing and
order with which these features arise after TP53 inactivation and
their relationship with the biological transitions in stepwise cancer
development have not been established, in part because human can-
cers are examined at the end point and not as they progress through
the benign-to-malignant transition. Such information is important
to understand the relationship between TP53 mutations, genomic
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instability and cancer progression, and may ultimately inform thera-
peutic interventions.

TP53 mutations are a prominent feature of pancreatic ductal ade-
nocarcinoma (PDAC), a lethal disease also dominated by frequent
mutationsin other well-established driver genes including oncogenic
mutationsin KRAS and inactivating mutationsin the cell cycle inhibitor
CDKN2A and/or the TGF-B pathway effector SMAD4*. The loss of TP53
represents a key inflection point in the progression of PDAC, as TP53
loss of heterozygosity (LOH) resulting in biallelic 7P53 inactivation
is strongly associated with progression to invasive and genomically
heterogeneous disease??? with recent studies linking acquired CNAs
to disease progression and phenotypic heterogeneity*?. Neverthe-
less, given the limited availability of patient tissue before and after
tumour development?*%, it has been impossible to gain a temporal
picture of how p53inactivation leads to the evolution of PDAC genomes
during malignant progression. Here we used a dual-fluorescence
lineage-tracing model of PDAC that reports selection for Trp53 LOH
invivo, thereby permitting the direct observation of the evolutionary
dynamics of cells undergoing stepwise progression to malignancy
at the single-cell resolution from the point of p53 inactivation. Our
results demonstrate that tumour evolution after p53 inactivation in
the setting of pancreatic transformation is not random but is subject
to deterministic features that contribute to the genomic and biological
hallmarks of Trp53-mutant tumours.

Lineage tracing of sporadic TrpS3LOH

Mouse pancreas cancer models driven by conditional activation of an
oncogenic Kras®? allele and a single conditional inactivating allele
of Trp53 (hereafter, the KPC model) result in pathophysiologically
accurate PDAC that develops with near invariable loss of the remain-
ing wild-type (WT) Trp53 allele (hereafter p53)*7°, To expedite the
production of experimental cohorts and enable stage-specific genetic
perturbations, we developed aseries of PDAC models that are produced
directly from multiallelic embryonic stem cells (GEMM-ES cells)*. By
integrating alleles that facilitate inducible expression of short hairpin
RNAs (shRNAs) in pancreatic cells expressing mutant Kras, we studied
therole of tumour-suppressor lossin PDAC maintenance and chromatin
regulation in early-stage neoplasia'®*>**, To extend this approach to
PDAC nitiated by mutant Kras and mono-allelic inactivation of p53, we
generated a GEMM-ES cell platform containing the following alleles: a
pancreas-specific cre, alox-stop-lox Kras“?’ allele, a conditional knock-
out p53allele (p53™), alox-stop-lox rtTA-IRES-mKate allele knocked into
the Rosa26locus® and a collagen homing cassette (CHC)* introduced
into the Collal gene that facilitates targeting of various genetic ele-
ments using recombination-mediated cassette exchange (Extended
DataFig.1a and Methods).

Indeveloping this platform, we produced amodel that did not function
asinitiallyintended butinstead offered the ability to trace the lineage of
cellsthat havelost p53 function (Fig.1aand Extended DataFig.1). Owing
to the linkage of the CHCto the WT p53 allele on the opposite chromo-
some as the conditional p53 allele, the GFP-coupled shRNA cassette is
lost as PDAC develops after p5S3LOH (Fig.1a). Thus, in asetting in which
aneutral GFP-linked shRNA (here, for example, targeting Renilla lucif-
erase (shRenilla)) is incorporated into the system and the mice are fed
doxycycline chow, premalignant tissue is double-positive (DP) for mKate
(that s, lineage tracing of cells upon mutant Kras activation) and GFP
(shRNA) fluorescence, whereas the resulting PDAC, which acquires p53
LOH, is single positive (SP) for mKate fluorescence (Fig.1aand Extended
DataFig. 1b). Incorporation of a GFP-coupled p53 shRNA into the CHC
locus to suppress p53in trans prevented the loss of GFP fluorescence
in PDAC, demonstrating that the transition from DP to SP cells results
from selection for p53 inactivation (Extended Data Fig. 1b-e). Geno-
typing and digital PCR of sorted DP versus SP cells, along with sparse
whole-genome sequencing (WGS) and immunohistochemistry (IHC)
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analysis of pancreatic tissue after PDAC development confirmed the
genomic and functional link between the loss of the GFP-positive CHC
locus and WT p53 (Extended Data Fig. 1f-j). GFP retention in PDAC was
also observed using a complementary model in which a hot-spot p53
mutant (p53*7?") was engineered in cis to the CHC and not lost after p53
LOH (KPCess"™A; Extended Data Fig. 2a-d). Thus, the physical linkage
between the p53locus and a fluorescent reporter in this model (des-
ignated KPC'°") acts as a lineage-tracing mark of pS3LOH, permitting
phenotypicanalysis of cells after selection for biallelic p5S3inactivation.

Analysis of KPC'°" pancreata after PDAC development confirmed
that SP cells (acquiring p53 LOH) have malignant properties, whereas
DP cells (retaining WT p53) do not. Thus, SP tumour cells displayed a
malignant histology, whereas DP cells were confined to lesions with
premalignant histopathology irrespective of their location within the
tumour mass or adjacent premalignant tissue (Fig.1b-d).Inagreement,
SP cells sorted from PDAC tissue had a much greater tumour-initiating
potential compared with tumour-associated DP cells after orthotopic
transplantation into immunocompromised mice (Extended Data
Fig. 2e,f), and the few tumours that arose from DP cells had no GFP
fluorescence (for example, representing cells that underwent a p53LOH
event) or focal p53alteration events that maintained the GFP targeted
locus (Extended Data Fig. 2g,h).

We envisioned that the lineage-tracing abilities of the above model
would enable in vivo genotyping of cells throughout PDAC progres-
sion. Notably, an analysis of tissues derived from KPC**" mice lack-
ing detectable PDAC (that is, pre-tumour) revealed that SP cells were
present as cells emerging within DP structures, or as variably sized
lesions histologically consistent with premalignant cell fate: acinar
to ductal metaplasia (ADM), atypical flat lesions (AFL), and low- and
high-grade pancreatic intraepithelial neoplasia (PanIN)**® (Fig. le-g
and Extended DataFig. 2i). In contrast to the high proliferative fraction
and tumour-initiating potential of SP cells present in frank PDAC, SP
cells within premalignant lesions showed a low proliferative fraction
that increased with lesion size and, when isolated from mice without
gross PDAC, displayed poor colony-forming and tumour-initiating
abilities (Fig. 1h-k). Thus, these results imply that selection for p53
loss in pancreatic cells expressing oncogenic Kras is not sufficient in
and of itself to confer malignant fitness, but that these properties are
acquired over time, facilitated by the absence of p53 function. As such,
the KPC**"model enables theisolation of p53-deficient cells at distinct
stages of transformation (Extended Data Fig. 2i,j), including aninitial,
intermediate evolutionary phase that connects p53inactivationto the
acquisition of cancer-initiating potential.

CNAs follow p53LOH

The genomes of TP53-mutant cancers are already highly rearranged and
genomically heterogenous at diagnosis™". To determine the specific
consequence of p53 inactivation on genomic evolution during PDAC
development, we performed sparse WGS comparing 38 flow-sorted SP
and DP populationsisolated from PDAC-bearing pancreata, including 17
matched DP and SP pairs. Whereas DP genomes were invariably diploid
andrarely displayed CNAs, SP cell genomes were highly rearranged and
frequently polyploid (Fig.2a and Extended Data Fig. 3a). Notably, con-
sistent with biological selection for additional genomic driver events,
SP cells sorted after PDAC development acquired recurrent losses on
chromosomes4,7,9,11and 13, as well as gains on chromosomes 3, 5, 6,
8 and 15 (Fig. 2b). These alterations were also observed in sequencing
profiles obtained from PDAC produced by shRNA-mediated p53 sup-
pression or after pS3 LOH in cells containing a recurrent p53 hotspot
mutation (such as KPC?”?") implying that copy-number evolution in
pS3altered PDAC results from p53 inactivation and does not require
gain-of-function effects of mutant p53 (Extended Data Fig. 3b,c).
Ameta-analysis of recurrent gains and losses in sorted SP populations
from PDAC-bearing mice (n = 24) revealed conservation with CNAs that



T ~—
o —
i
O mKate*GFP* s "
g i [ 5 chRenla B
p53~
b H&E GFP mKate DAPI e H&E GFP mKate DAPI

5 &
g k
Q
4 E] X
. 7 N
I a GFP mKate DAPI
o
X
&
SP
[N
c d
KPCLOH PDAC
100
ol®
5 < <> % —I—
w o g * 8
T 82 50 T
S0
e
]
o o
o
L
0 e il

ADM AFL PanIiN PDAC

9 100 KPCLOH Pre-tumour

o o
3 & g
g
c 60
o o o
G o 40 G
- 2 &
[0} 0 '_| '_| —/ '_| —/ (]
S A & &
© @5 0\&?9 Yo o
& Q?’ OQ <
h 1 P: 1 071 0.8 0.14 0.03 3.6x 108 23 NGNS,
0.25 0003 0003 —_ . S i
: ——— 0.25 i '
. 020 X ] EP cells mAdjacent DP cells J 2500 Pre-tumour PDAC
9 0.8785 S 0.20 5000 * Sorted DP * 100 :
€ o015 < £0° + Sorted SP °
g 010 5 015 g’g 1,500 3 S - 50/\102 SP (100 cells)
2 0. + S - 1, . T =
8 g 0.10 _g 3 ggg N .g 50 -+~ Pre-tumour SP
& 0,05 £ S ¢ S (100-1,000 cells)
: E 1 0.05 @S o0 .. O n=10
100 . ° .
0 ot o S Olvoces comooom. o 0
Pre- PDAC- PDAC (\Q\ (\6\ QQ’\ @ °® O&Q,Q’\ 12345612345612341234 0 200 400 600
malignant associated SP ;\Q Q/bg‘ 60}5 Q,’\g 7"19 <« v\0 Time (days)
DP DP N N <
Number of cells in SP lesion (fields of view)
Fig.1|Lineage tracing ofincipient cancer cells after sporadic p53 SPcells. g, Characterization of SP lesions in KPC*°* mice without PDAC.
inactivationinmouse PDAC. a, Schematic of KPC*°": fluorescent tracking n=43lesions, n=7mice.HG, highgrade; LG, lowgrade; w/n, within.h, The
of p53LOH in Kras-driven pancreatic tumorigenesis. b, Representative percentage of Ki-67" DP and SP cells in adjacent premalignant and PDAC tissue.
haematoxylinand eosin (H&E) staining (left) and mKate/GFPimmunofluorescence = n=8.i, The percentage of Ki-67° SP and DP cellsin lesions of the indicated size
(IF, right) of SP (mKate*) versus DP (mKate*GFP*) cellsina PDAC-bearing in KPC*" mice without frank PDAC. n =9.j, The relative growth of 500 DP or SP

(red outline) mouse. ¢, Representative H&E staining (top) and Kate/GFP/Ki-67 cellssorted before (pre-tumour, n = 6) and after (PDAC, n = 4) frank PDAC
immunofluorescence (bottom) in the adjacent (Adj.) premalignant tissue (left) development.k, The survival of mice transplanted with100-1,000 SP cells
versus focal PDAC (right). The solid outlineindicatesADM and AFL. The dashed sorted from KPC**" mice with (solid line, 12 injections, 6 each from 2 mice) or
outlineshows PanIN. The arrowheadsindicate Ki-67* cells.d, DP cell frequency without (dashed line, n=10) frank PDAC. For band e, the experiments were
inADM, AFL, PanIN and PDAC. n = 6.e, Representative H&E (left) and mKate/GFP  repeated atleast three times with similar results. Ford, dataare mean +s.d.
immunofluorescence (right) of SP (red dots) versus DP cells ina mouse without Forthebox plotsinhandi, the centreline shows the median, the box limits
PDAC. Inset: H&E (top) and immunofluorescence (bottom) analysis of SP cells show the25thand 75th percentiles, and the whiskers show the range; outliers
withina DPstructure (indicate by an asterisk (*)). f, Representative H&E (top) areshown. For handi, significance was assessed using two-tailed Wilcoxon's
and Kate/GFP/Ki-67 immunofluorescence (bottom) analysis of ADM SP lesions rank-sumtests. Scalebars,1 mm (bande) and 50 pm (candf).

(solid lines) observed in amouse without PDAC. The arrowheads indicate Ki-67*

are frequently observed in human PDAC. These conserved CNAs pos- 3 and 6) and gains of chromosome 5 (corresponding to human chro-
sess known PDAC drivers, such as deletions on chromosomes4 and1l  mosomes7and13) (Fig. 2b,c and Extended Data Fig. 3d). These regions
(encompassing the Cdkn2a and p53loci, respectively) aswell asgains  contained genesimplicated in processes that are linked to PDAC devel-
of chromosome 6, including Kras® (Fig. 2b and Extended DataFig.3d). opment, including chromatin remodelling (MI[2and Setd2), axon guid-
Otherrecurrent CNAs that occurredinboth speciesinclude deletions  ance (Sema3aand Sema3b), PDAC proliferation or progression (//6, Shh
of chromosome 9 (corresponding to regions on human chromosomes  and Cdk8) and TGF-P signalling (7gfbrll and BmpS)*°*,
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b, Frequency plot of recurrent CNAs from sequencing-sorted DP (n =14)

and SP (n =24) cells after PDAC development. The chromosomes highlighted
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synteny with human PDAC data. Thefilled red trace denotes chromosome 6
gains foundinasubset of DPsamples. The vertical dashed lines denote the
location of PDAC driver genes. ¢, Human-mouse synteny Circos rendering of
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example, gainsorlossinboth species). Selected PDAC-relevant genes are
shown.d, Chromosome 9 deletion frequency plotin KPC*" (n =22), KPC™"
(n=16) and KPC™“/"smadt mouse PDACs (n = 7). Chr,chromosome.

The presence of recurrent copy-number events encompassing known
PDACdrivers and their synteny to those presentin 7P53-mutant human
tumoursimplies that the selective forces driving genome evolutionin
TP53-mutant cancers are similar across species. Totest whether these
acquired events target functionally relevant pathways, we enforced
one predicted consequence of chromosome 9 deletions—thatis, TGF-3
pathway disruption—using shRNA-mediated knockdown of Smad#4, the
transcriptional effector of TGF-p signalling, in the KPC™"*¥ model
described above (Methods and Extended DataFig. 2). Smad4 suppres-
sion not only accelerated the development of PDAC with inactivated
p53, butalsoalleviated the pressure to lose chromosome 9, effects that
were not observed in otherwise identical cohorts with aneutral (shRe-
nilla) shRNA (Fig.2d and Extended Data Fig. 3e-h). Notably, the effects
of Smad4 suppression may alter selection for copy-number changes
beyond chromosome 9 loss, as the deletion landscape in KPCCsshSmad#
tumours also exhibits altered frequencies of losses on chromosomes
4,12 and 13 (Extended Data Fig. 3f-h). Thus, recurrent deletions can
target critical pathways that contribute to the phenotypic and genomic
evolution of p53-mutant cancers.
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Ordered phases of genome evolution

The above data validate the KPC*°" model as a powerful platform to
link the acquisition of genomic rearrangements to the phenotypic
progression to malignancy after p53 inactivation. As our genomicand
functional analyses nominate recurrent CNAs as such selected events,
we performed single-cell genome sequencing of lineages defined by
p53inactivation isolated from KPC'° mice both after cancer develop-
ment and during the benign-to-malignant transition (namely, PDAC
versus pre-tumour mice; Extended DataFig. 2j). Wereasoned that such
an approach would enable us to visualize the accumulation of CNA
events over time and leverage the nature of the acquired CNAs and their
associated breakpoints as an additional lineage-tracing dimension to
establish detailed phylogenetic relationships during distinct phases
of tumour evolution after p53 loss (Methods).

Single-cell sequencing of DP and SP cells from six PDAC-bearing
pancreata (designated T1-T6) corroborated the bulk sequencing
data of flow-sorted populations and permitted the analysis of intra-
tumoural genetic heterogeneity and the clonal relationships between
pS3-intactand p53-LOH lineages (Fig. 3a and Extended Data Fig. 4a-e).
As expected, DP cells were largely euploid without recurrent CNAs.
Althoughintwo cases asubset of DP cells had gains on chromosomes 2
and 6, matched SP cell populations lacked these gains (Extended Data
Fig. 4b). By contrast, SP cells from PDAC-bearing mice (hereafter,
PDAC-SP cells) carried alarge number of CNAs, were genomically het-
erogeneous and mostly polyploid (Fig. 3a and Extended Data Fig. 4a,c).
Breakpoint-based phylogenetic analysis (Methods) revealed that this
intratumoural heterogeneity was often associated with a clonal sweep
of related polyploid PDAC-SP cells (for example, PDAC samples T1and
T4) thatlacked adefinable relationship with matched diploid DP cells
(Fig. 3a and Extended Data Fig. 4d). Thus, single-cell sequencing of
PDAC tissue from the KPC°" model reveals two discrete genomic states
defined by p53 status without an apparent evolutionary medium to
connect them (namely, DP, diploid and non-rearranged; SP, polyploid
and highly rearranged).

Analysis of SP cells from pre-tumour mice provided a bridge.
Single-cell analysis of SP cells isolated from seven age-matched
non-tumour-bearing mice (hereafter, pre-tumour SP cells, P1-P7)
revealed that pre-tumour SP populations were distinct from PDAC SP
and associated DP cells in that they remained largely diploid but had
acquired a wide-range of CNAs (Fig. 3a and Extended Data Fig. 5a).
Moreover, a small subpopulation of polyploid cells was detected in 6
outofthe 7 pre-tumour SPsamples analysed and, in most cases, could
berelated toadiploid precursor (Fig. 3a and Extended Data Figs. 5Sb—-d
and 6). Thus, single-cell sequencing establishes distinct phases of
genome evolution after p53 LOH in which CNAs are first acquired in
diploid cells, with polyploidy emerging as arelatively late event. Con-
sistent with this evolutionary continuum, two PDAC-SP populations
presented as a mixture of rearranged diploid and related polyploid
cells (Extended Data Fig. 4b,e).

The above results were confirmed by in situ genomic analysis of
pathologically defined benign and malignant lesions. Specifically,
we performed fluorescence guided laser microdissection (LMD) fol-
lowed by sequencing of DP and SP lesions isolated from tumour and
pre-tumour mice (Methods). Consistent with bulk and single-cell
sequencing data, DP cells were largely euploid containing occasional
gains on chromosome 6, whereas PDAC-SP lesions invariably acquired
widespread copy-number changes and were frequently polyploid
(Fig. 3b and Extended Data Fig. 7a—c). Pre-SP lesions with premalig-
nant morphology were diploid and contained few CNAs (mainly dele-
tions), with the loss of chromosome 11 (where p53 resides) being the
dominant event (Fig.3b and Extended Data Fig. 7b,c). DNA FISH analysis
confirmed that prominent chromosome 9 deletions and polyploidy
were restricted to SP cells with PDAC histopathology (Extended Data
Fig.7d,e). Consistent with these histological findings, the majority of
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rare pre-tumour SP cells capable of colony formationin vitro displayed
rearranged polyploid genomes (Extended Data Fig. 7f). These results
illustrate phases of genomic evolution that directly couple the degree
of CNA acquisition and ploidy state after p53 LOH to malignant pan-
creatic transformation.

Determinism governs evolutionary paths

Further examination of the single-cell datarevealed non-random pat-
terns through which copy-number changes are selected during discrete
phases of genome evolution after p53 inactivation. Pre-tumour SP cells
displayed distinct breakpoint patterns on chromosome11, indicative
of independent, competing, p53 LOH lineages emerging during the
benign-to-malignant switch (Fig. 4a,b). A single-cell census genotyping
approach confirmed that these resulted inloss of the WT p53 haplotype
(Fig.4a,b and Extended Data Fig. 8a—c). Although some pre-tumour SP
cellshad only chromosome 11 deletions, evolving populations gradually
acquired additional deletions, including recurrent events conserved
inmouse and human PDAC. The one exception to this deletion-centric
patterninvolved occasional interstitial gains of chromosome 6 encom-
passing Krasthat, owing to their distinct structural features compared
withthose occurringin DP cells, were most likely acquired after p53LOH
(Figs. 2a-c and 4c-e and Extended Data Fig. 8d,e). These results add
granularity toa previousreportimplying that Krasgains contribute to
tumorigenesis after p53inactivation®. Thus, the most proximal events
to p53inactivation involve the accumulation of deletions in diploid

pre-tumour sample P3. The clone track denotes alineage that underwent
genome doubling (navy). The clonal relationship between diploid and
polyploid cellsiscomputed with an FDR not exceeding a threshold value
of t=0.01. Colour codes for ploidy, lineage and copy number are provided.
b, Matched H&E and immunofluorescence of lesions that underwent LMD
(yellow outlines) (top). Bottom, matched copy-number profiles of lesions
collected by LMD. Scale bar, 50 pm.

cells, including functionally validated deletions on chromosome 9
(for example, TGF-f signalling; Fig. 2).

Ofthe10-20%of pre-tumour SP cellsthat were polyploid, abreakpoint-
based phylogenetic analysis demonstrated that most could be traced
tohighly rearranged diploid precursors (Figs. 3a and 4f,g and Extended
Data Figs. 5¢,d and 6). In some instances, different genome doubling
events arising from distinct diploid precursors were detected while,
inothers, asingle event was followed by rapid genomic diversification
resulting in a heterogenous expanding polyploid lineage (Fig. 4g and
Extended Data Fig. 8f). These results are consistent with genome
doubling as an active process (for example, occurring multiple times
during the evolution of p53 LOH lineages) and, when giving rise to
expanding polyploid clones, arising from highly rearranged diploid
precursors (Figs. 3a and 4f,g and Extended Data Fig. 5).

Although polyploid pre-tumour SP cells continued to acquire dele-
tion events, they also began to accumulate widespread chromosomal
gains and focal amplifications that were largely absent in the diploid
state (Fig.4g,h).In agreement, polyploid PDAC-SP cells also displayed
more gains and amplifications compared with diploid pre-tumour SP
and PDAC-SP cells (Fig. 4h and Extended Data Fig. 8g). Although many
of these gains and amplifications encompassed validated oncogenic
drivers, they were invariably subclonal and displayed three layers of
heterogeneity: (1) presence or absence in a subclone; (2) variationin
copy-number state between related cells; and (3) single focal events
that target validated drivers such as MYC* (Fig. 4i and Extended Data
Fig.9a-d). By contrast, deletion events maintained a higher degree of
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Fig.4 |Deterministic principles governthe selection ofgenomic
rearrangements after pS3LOH. a, Breakpointsin LOH cells from sample P2
associated withchromosome11deletionreflecting the lineage heterogeneity of
cellsundergoing LOH events. b, Quantification of distinct p5S3LOH/chromosome
11deletion breakpointsin 7 KPC°" pre-tumour mice. ¢, Quantification of
acquired CNAsin SP cells from pre-tumour mice (n =7) compared with DP
premalignant cells (n = 6). Statistical analysis was performed using a two-tailed
Mann-Whitney U-test; P=0.00338.d, Quantification of CNAsidentified in
pre-SP cells from seven mice according to CNA class. Statistical analysis was
performed using atwo-tailed Mann-Whitney U-test; P= 0.0041. e, Recurrent
chromosome 9 deletionsidentified in pre-SP cells. Distinct deletion events
areuniquely coloured. The vertical grey line marks the location of 7gfbr2.

f, Genome-wide copy-number profiles of a polyploid single cellanditsinferred
diploid precursorillustrating the genomic relationship and genome doubling.

homogeneity compared with gains both at recurrent deletion events
(for example, chromosome 9) as well as at the genome-wide level
(Fig. 4i,j and Extended Data Fig. 9e). These results establish a deter-
ministic pattern of genome evolution during pancreatic neoplasia:
p53 LOH, followed by the accumulation of deletions, polyploidy and
then gains and amplifications. They also imply that polyploidy enables
the accumulation of a broader repertoire of CNAs that, in the case of
chromosomal gains, are generally not tolerated in cells with diploid
genomes.

Conservation of patterns in human PDAC

Analysis of human PDAC using whole-genome sequencing®, targeted
capture sequencing (MSKCC-IMPACT)* and single-cell sequencing
datasets confirmed that the genomes of TP53-mutant PDAC display
patterns predicted from our lineage-tracing model (Fig. 5 and Extended
DataFigs.10 and 11). Consistent with aninitial deletion-centric route to
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Thediagonalredlines denote CNA-associated breakpoints used to infer

lineage (Extended DataFig.5). g, Heat-map analysis of all of the identified
polyploid pre-SP cells (n=132) in pre-tumour mice (n = 7). P1and PSillustrate
instancesinwhichthe emerging polyploid lineage is diversifying genomically.

h, Quantification of CNA events per class (that s, deletion versus gain) in SP cells
sequenced from tumour (n = 6) and pre-tumour mice (n="7). Statistical analysis
was performed using atwo-sided t-test for enrichment of gainsin polyploid cells;
P=0.005.1,Illustration of the heterogeneity/homogeneity of selected recurrent
gains and deletionsin KPC*" PDACs. The segments (blue lines) at multiple-
orsingle-copy-number statesindicate heterogeneity and homogeneity,
respectively. j, Quantification of CNA segment homogeneity (Methods) based
onsingle-cell copy-number data of SP cells from PDAC mice.n=4.Forc,d,andh,
recurrent CNAs were computed using the algorithm CORE (Methods). Box plots
areasdefinedinFig.1.

genome evolution, diploid PDAC sustaining biallelic TP53 mutations
contained more recurrent deletions (for example, 9p, 17p, 18q) com-
pared with those retaining one or two copies of WT TP53 and showed
arelative paucity of gains and amplifications (Fig. 5a and Extended
Data Fig. 10a). Furthermore, while tumours retaining WT TP53 were
invariably diploid, the majority of those harbouring biallelic TP53 muta-
tions were polyploid and had acquired substantially more gains and
amplifications (Fig. 5b,c and Extended Data Fig.10b,c).

Analysis of bulk tumour samples indicated that deletion events
exhibited a higher degree of homogeneity compared withgainsinboth
diploid and polyploid genomes (Fig. 5d and Extended DataFig.10d,e),
aresult confirmed by single-cell sequencing of a series of diploid and
polyploid tumours (Extended Data Fig. 11a,b). Thus, regions contain-
ing known tumour suppressors on chromosome 9p, 17p and 18q were
found homogenously, whereas amplifications targeting MYC, KRAS
and GATA6—oncogenic events that drive metastatic progression and/or
influence PDAC subtypes®****—were heterogenous (Extended Data
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Fig.5|Whole genomes, targeted capture and single-cell sequencing
corroborate evolutionary principlesin humandisease. a, The copy-number
landscape of diploid TP53 biallelic PDAC compared with diploid TP53-mono/
WT PDAC from the COMPASS dataset. b, PDAC ploidy according to TP53 allelic
state from COMPASS dataset. TP53biallelic mutant PDAC are significantly
more likely to exhibit polyploidy. Statistical analysis was performed using the
Fisher exacttest; P=107°. ¢, Quantification of CNA events, as computed using
thealgorithm CORE (Methods) per class (that s, deletion versus gain) in all
polyploid (n=137) and diploid (n =156) human PDACs from the COMPASS trial.
Statistical analysis was performed using atwo-sided t-test for gain/amplification

Fig.11c-e). Accordingly, patients with polyploid versus diploid PDAC
with biallelic TP53 mutations were significantly more likely to present
with metastatic disease (Fig. 5e), which was associated with the worst
survival in patients (Extended Data Fig. 10f). These results reinforce
the deterministic evolutionary patterns observed in our mouse model,
with early and homogenous deletion events dominating the diploid
stateand the emergence of polyploidy, gains and amplifications linked
to more aggressive disease (Extended Data Fig. 12).

Discussion

Despite the well-established association between p53 inactivation
and genomicinstability’, the trajectories by which genomic instability
arises and shapes tumour progression after TP53 loss have remained
obscure owing to challenges in simultaneously monitoring TP53 status,
genome evolution and cellular phenotype during the stepwise process
of malignant progression. Here we took advantage of amouse pancre-
aticcancer model containing aunique reporter systemto trace genome
evolution after sporadic p53inactivation during a previously inacces-
sible phase of cancer evolutioninitiated by p53 loss of function—at the
benign-to-malignant transition. By pinpointing and tracing cells after
pS3LOH in premalignancy, we demonstrate that the evolution of malig-
nant pancreatic genomes enabled by p53 disruption is not random;
instead, it occurs through distinct, ordered phases that operate with
predictive principles that can be linked to specific histological stages
and contribute functionally to tumour progression. Thus, although p53
inactivationunleashes rampantintratumoral heterogeneity, selective
forcesleadtoasurprisingly reproducible pattern of genome evolution
that can be observed in the corresponding human disease.
Thelineage-tracing approach provides granularity thatreveals anota-
ble degree of determinism in the sequence of events, with deletions
dominatingearly evolution and gains and amplifications being acquired

Normalized homogeneity score

. ] I Metastatic
Normalized homogeneity score

enrichmentin polyploid cells; P=2.2 x107. d, Kernel-density estimation of
normalized homogeneity (Methods) of CNAs genome wide from targeted
capture (MSK-IMPACT) of PDAC (n=1,076 total) cases according to ploidy and
TP53 mutation status. Chromosomal gains/amplifications are significantly
morelikely to be heterogenous. Statistical analysis was performed using a
two-sample Kolmogorov-Smirnov test; P < 0.005. Empirical cumulative
distribution function measurements are shown in Extended DataFig. 10.

e, Diseasetypein polyploid and diploid PDAC with biallelic TP53inactivation
from the MSK-IMPACT dataset. Statistical analysis was performed using a
Fisherexacttest; P=0.003.Box plotsare asdefined in Fig.1.

later on. The preponderance of deletions as the earliest events after p53
inactivationin mouse and human PDACimplies that reduced activity of
certain pathways (for example, TGF-3) may be essential for malignant
initiation, whereas the increased activity of other pathways (such as
MYC, axon guidance) may be more important during progression*®. This
ordered evolutionis consistent with the ability of acute p53 inactivation
to facilitate the acquisition of chromosome losses* and suggests that
deletions inferred as occurring early in sequencing and phylogenetic
studies of cancer evolution®*** may represent eventsinvolved in estab-
lishing fitness that drives premalignant-to-malignant transitions.

Our results also provide unanticipated insights into the emergence
of polyploidy during tumorigenesis unleashed by p53 inactivation.
Although associations between polyploidy and genome evolution
with TP53 mutation have been noted previously®**, lineage trac-
ing of pancreas cancer evolution from premalignancy through frank
cancer development suggests that genome doubling neither precedes
p53inactivation nor is the first selected event after p53 loss. Instead,
pS3-deficient cells accrue an excess of genomic deletions before
genome doubling, after which newly polyploid cells diversify, ena-
bling selection for chromosomal gains and amplifications. Thus, the
initial selection for polyploidy may reflect an adaptive mechanism
to compensate for rampant loss of gene dosage created by an excess
of deletions, only then accelerating genome diversification, and the
accumulation of oncogenic events linked to elevated gene dosage that
apparently fuel tumour progression®. Indeed, we note that patients
with TP53-mutant polyploid PDAC show a greater incidence of metas-
tasis at diagnosis, a property that has recently been associated with
KRAS and MYCamplifications in functional studies and in patients?344,

Overwhelmingevidenceindicates that p53 suppresses tumorigenesis
byinducingasetoftranscriptionally regulated effector programs that
collectively limit the proliferation of oncogene-expressing cells and
of which the ongoing inactivation is needed to sustain disease>° ™,
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However, by capturing p53-deficient cells well before the emergence of
frank PDAC, we observed that p53lossis not sufficientin and of itself for
malignancy;instead, the acquisition of recurrent CNAsis alsorequired.
Interestingly, although p53-deficient cells gain proliferative poten-
tial during the benign-to-malignant switch, the fact that this was not
immediately detected may reflect the limitations of our assay or that
other niche-specific factors (such asimmune surveillance) create an
initial selective advantage for p53-deficient cells. Regardless, our results
provide compelling evidence that both the loss of canonical tumour sup-
pressor functions and the ensuing genomic instability each functionally
contribute to the emergence of aggressive cancer in our PDAC model.

Patients with TP53-mutant tumours have a poor prognosis and
often respond poorly to cancer therapy*. The fact that TP53 muta-
tions are associated with polyploid tumours littered with CNAs and
other rearrangements helps to explain the rampant heterogeneity
that is a hallmark of TP53 mutant cancers, undoubtedly contribut-
ing to their aggressive tumour behaviour>®', At the same time, the
predictable pattern of genome evolution enabled by p53 inactivation
may have therapeutic ramifications. For example, although much focus
hasbeen placed on targeting oncogenesin amplified/gained regions,
their subclonal nature in TP53-mutant polyploid tumours suggests
that such strategies will eventually fail owing to a reservoir of resist-
ant non-altered cells within the tumour mass. Instead, therapeutic
approaches thatexploit tumour-cell vulnerabilities created by homo-
geneous deletion events™ that arise before genome doubling may be
amore effective (although challenging) approach to create durable
responses in this patient population.
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Methods

Development of KPC PDAC GEMM-ES cell models
p48creLSL-Kras®2;p53"™T:CHC;Rosa26-CAGGS-LSL-rtta-IRES-mKate2
(RIK) embryonic stem (ES) cells were derived from embryonic day 3.5
(E3.5) blastocysts collected from superovulated, 3-6-week-old female
p48cre;p53™°M°x mice bred with 6-10 week-old male LSL-Kras®?"*;
CHC/CHC;RIK/RIK mice as previously described®. This breeding
scheme results in segregation of the CHC and p53™*loci in trans
configuration on separate alleles of mouse chromosome 11. p48cre;
LSL-Kras®?";pS3-S-RI7ZHWT-CHC;RIK ES cells were derived similarly
from E3.5 blastocysts collected from superovulated, 3-6-week-old
female p48cre;LSL-Kras®?” mice bred with 6-10-week-old male
pS3LSLRIZZHLSIRIZZH . CHC/CHC; RIK/RIK mice. This breeding scheme results
inlinkage of the LSL-p53*7* and CHClociin cison mouse chromosome11.
In brief, blastocysts were incubated in an 80 pl drop of KSOM + AA
(Millipore) under mineral oil for 7-8 h, washed briefly in M2 medium
(Millipore) and cultured and passaged in KOSR + 2i medium using
ESGRO Complete Accutase (Millipore) on irradiated DR4 mouse
embryonic fibroblast feeder layers until expanded for cryopreserva-
tion and genotyping. Male p48cre;LSL-Kras®?*;p53""7:CHC;RIK and
p48cre; L SL-Kras®?P;p53-SLR72HWT-CHCRIK ES cells were further
expanded for targeting in M15 + LIF medium.

The KpCsRenilia’t0H GEMM-ES cell mouse model was developed through
FLP-mediated recombination of an shRNA targeting Renilla luciferase
(guide strand: TAGATAAGCATTATAATTCCT, cloned into the cTGM
vector®?into the CHC of KPC™ p48cre;L SL-Kras®2;p53""T-CHC;RIKES
cells. The KPC" model was generated by targeting p48cre;LSL-Kras®?;
pS53""T-CHC;RIK embryonic stem cells with ashRNA targeting mouse
Trp53(guide strand: TTACACATGTACTTGTAGTGG, cloned into cTGM).
CHC targeting of KPC™""™AES cells was performed as described above
using FLP-mediated recombination with cTGM vectors encoding
shRNAs targeting Renilla luciferase to generate KPCcisshRenilla o
shSmad4 (guide sequence: CAAAGATGAATTGGATTCTTT) to generate
KPCeisshsmadi EG cells,

Targeting and validation was performed as described previously®'in
M15 + LIF medium through co-electroporation (Lonza nucleofector)
with shRNA encoding cTGM vectors and FLP-recombinase (CMV-flpe).
Targeted cellswere selected in hygromycinand resistant clones were iso-
lated and expanded. Correctintegration of targeted shRNAs was verified
by the genotyping PCRs described below along with two additional tests
todetermine the number of integrants and conditional function. (1) The
TagMan copy-number assay was performed for shRNA-linked GFP (Invit-
rogen) according to the manufacturer’sinstructionsonaViiA7 RT-PCR
machine (Life Technologies). (2) Functionally, clones displaying single
integration were treated with adenoviral Cre recombinase (University of
lowa) and grown in doxycycline-containing medium (1 ug mi™) for 3 days
followed by flow cytometry (Guava cytometer, Millipore; Guavasoft
v.4.0) to ensure GFP expression was achieved only after Cre-mediated
expression of mKate and rtta. Al ES cells were confirmed to be free of
mycoplasma and other microorganisms before blastocyst injection.
Blastocyst injection into albino BI6 hosts and subsequent implanta-
tioninto surrogate mothers was performed as described previously>.

Invivo animal studies

All of the animal experiments were performed in accordance with
protocol 11-06-018 approved by the Memorial Sloan-Kettering Insti-
tutional Animal Care and Use Committee. All of the mouse strains have
been previously described: the p48-cre®, LSL-KrasG12D*, pS3flox>,
LSL-p53R172H%*, CHC* and CAGs-LSL-RIK** strains were maintained on
mixed BI6/129) backgrounds. Sample sizes for animal experiments were
not predetermined, but all of the experiments represent acomparison
of atleast three different mice or the result of injection of cells from
at least three different donors. Sample sizes of each experiment are
noted in the figurelegends. KPC'°" mice were randomly distributed into

groups based on sporadic tumour development. Female athymicnude
mice between 6 and 8 weeks of age (Envigo) were used for orthotopic
transplant experiments. BL6N mice were crossed for the generation
of primary mouse embryonic fibroblasts. As described above, male
ES cells were used for the generation of engineered cohorts and there-
fore male GEMM-ES cell mice were analysed. These male KPC-0H/shRenitia,
KPCPS3, KpCeisshienilia gn d KPCCis<hSmadt mice were maintained on doxycy-
clinechow (625 mg kg™, replenished twice weekly, Harlan Laboratories)
at4 weeks of age until euthanasia. Athymic nude hosts were placed on
doxycycline chow aweek before orthotopic transplant and maintained
ondoxycycline chow until euthanasia. For both orthotopic or autochtho-
nous tumour development studies, mice were immediately euthanized
(end point) when the earlier of two conditions were observed: (1) the
tumour size reached the limits defined in the approved animal protocol
(specifically, tumours did not exceed a maximum diameter of 15 mm)
or (2)ifthe mice presented with body condition indicative of cachexia,
signs of discomfort, blood loss, abdominal distensionindicative of sec-
ondary cancer stigmata like ascites, weight loss of >20% of their initial
weight, severe infection, blood loss or difficulty breathing. No tumours
exceeded thesizelimit definedin the approved animal protocol. Animals
were housed ona12 h-12 hlight-dark cycle under standard temperature
and humidity, at around 18-24 °C and 40-60%, respectively.

Genotyping PCR

Genomic DNA was extracted from sorted cells and primary cultures
using the QIAGEN AllPrep DNA/RNA mini kit according to the manu-
facturer’sinstructions. Genomic DNA (10 ng) was amplified using the
primers listed below with Herculase polymerase (Agilent) according
to the manufacturer’sinstructions:

LSL-KrasG12D-WT, LSL cassette, recombined: (1) 5’-GTCTTTCC
CCAGCACAGTGC-3%;(2) 5-CTCTTGCCTACGCCACCAGCTC-3";and (3)
5’-AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3'.

Rosa26-LSL-rtta-IRES-mKate2 (RIK): (1) 5’-GGTGAGCGAGCTG
ATTAAGG-3’;and (2) 5-TTTTGCTGCCGTACATGAAG-3'.

p53"*WT, flox, recombined: (1) 5-CACAAAAACAGGTTAAACCCAG-3’;
(2) 5’-AGCACATAGGAGGCAGAGAC-3’;and (3) 5-GAAGACAGAAAAGG
GGAGGG-3'.

CHC WT, Collal gene, targeted CHC: (1) 5’-AATCATCCCAGGTG
CACAGCATTGCGG-3’; (2) 5-GGATGTGGAATGTGTGCGAG-3’; (3)
5’-ATCAAGGAAACCCTGGACTACTGCG-3’; and (4) 5’-CTTTGAGGGCT
CATGAACCTCCCAGG-3'.

Original images of genotyping PCR gels are provided in Supple-
mentary Fig. 1.

Digital droplet PCR
DNA was extracted from flow-sorted DP and SP cells isolated from PDAC
bearing KPC*°" pancreata using AllPrep DNA/RNA Mini kits (Qiagen).
Digital droplet PCR was performed on DNA to detect probes targeting
WT p53, recombined p53™*, CHC, WT Kras and Kras®? using the T100
thermal cycler (Bio-Rad) according to the manufacturer’sinstructions.

TrpS3WT ampliconsequence and mm10 genome coordinates: TGGG
AGCCGTGTCCGCGCCATGGCCATCTACAAGAAGTCACAGCACATGACG
GAGGTCGTGAGACGCTGCCCCCACCTGAGCGCTGCTCCGATGGTGATG
GTAAGCCCTCAACACCGCCTGT

mm10, chromosome 11: 69588447-69588569:+
Kras®? (WT/mutant) amplicon sequencing, mm10 genome coordi
nates: TTATTTTTATTGTAAGGCCTGCTGAAAATGACTGAGTATAAACTT
GTGGTGGTTGGAGCTG[G/AITGGCGTAGGCAAGAGCGCCTTGACGATA
CAGCTAATTCAGAATCACTTTGTGGATGAGTAT

mm10, chromosome 6:145246710-145246832:~

Primary cultures

Primary cancer cultures and cell lines were generated from the pancreas
Of mal e KPCshRenilla/LOH KPCshp53 KPCciS-ShRenilla and KPCciS-shSmacM ml ce after
tumour development. Pancreas tissue was diced with scissors and
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digested with1 mg ml™ collagenase V (Sigma-Aldrich) diluted in Hanks
buffered saline solution followed by 0.25% trypsin. Digested tissues
were washed withcomplete DMEM (DMEM, 10% FBS (GIBCO), 1x penicil-
lin-streptomycin) and grown in complete DMEM on collagen-coated
plates (PurCol, Advanced Biomatrix, 0.1 mg ml™) supplemented with
1pg ml™ doxycycline at 37 °C. Authentication of primary cultures was
performed by flow cytometry of engineered fluorescent alleles and all
cultures were routinely tested for mycoplasma.

Cellsorting and flow cytometry

Mouse pancreatic tissue for sorting or flow cytometry (as well as from
orthotopic transplant) was processed as described previously*. In
brief, pancreatic tissue was gently minced with scissors washed with
Hanks Buffered Saline solution, and then dissociated by incubation
with collagenase V (1 mg ml™; Thermo Fisher Scientific; in Hanks buff-
ered salinesolution), then trypsin (0.05%) and finally dispase (2 U ml™,
Invitrogen). DNase I (100 pg ml™, Sigma-Aldrich) was added during
all enzyme incubations. Cells were washed with PBS between the col-
lagenase and trypsin steps, and with FACS buffer (2% FBS,10 mM EGTA,
in PBS) between the trypsinand dispase steps. Suspensions were then
filtered through a 40 pm mesh and resuspended in FACS buffer with
300 nM DAPIfor bulk or single-cell sorting into 96-well plates on Aria3
sorters (BD, maintained by the MSKCC Flow Cytometry Facility; FACS
Diva v.8.0). Flow cytometry from dissociated pancreata after growth
of tumours following orthotopic transplant and from primary cul-
tures at the indicated timepoints was performed on Fortessa instru-
ments (BD, maintained by the MSKCC Flow Cytometry Facility; FACS
Diva v.8.0). Ploidy profiling was performed using NST-DAPI buffer as
described previously® on an Attune NxT flow cytometer (Invitrogen;
Attune NxT v.3.1). Human PDAC flow cytometry and ploidy profiling for
single-cell sequencing is described in more detail below. For calculat-
ing the median ploidy of tumour polyploid distributions, the ratio of
the median DAPI-areameasurements for diploid and polyploids gates
was calculated and multiplied by 2 (for example, assuming the diploid
distribution hasamedian ploidy of 2). Supplementary Fig. 2illustrates
the gating strategy based on mKate and GFP and DAPI fluorescence.

Histology, immunofluorescence and immunohistochemistry

Tissues were fixed overnight at 4 °C in 10% formalin before paraffin
embedding and sectioning performed by IDEXX/RADIL. H&E stain-
ing was performed using conventional protocols by IDEXX/RADIL.
Forimmunofluorescence staining, 5 um sections were deparaffinized
and rehydrated with a histoclear/alcohol series and antigen retrieval
was performed by boiling in 1x citrate antigen retrieval buffer (Vec-
tor). Slides were blocked in PBS with 5% BSA and primary antibody
staining was performed overnight in blocking buffer at 4 °C. For IHC
staining endogenous peroxidases were blocked after antigen retrieval
by treating slides with 3% hydrogen peroxide for 15 min at room tem-
perature. The following primary antibodies were used: chicken anti-GFP
(1:500,Abcam, 13970), rabbit anti-mKate2/Turbo RFP (1:1,000, Evrogen,
AB233), mouse anti-Ki-67 (1:500, BD, 550609), rabbit anti-p53 (1:100,
NCL-L-p53-CM5p, Leica Biosystems). Primary antibodies were detected
using the following fluorescently conjugated secondary antibodies at
a1:500 dilution: goat-anti-chicken AF488 (Invitrogen, A32931), goat
anti-rabbit 555 (Invitrogen, A32732), goat anti-mouse AF633 (Invitro-
gen, A-21052). All secondary antibodies were diluted in blocking buffer
andincubated for1hatroomtemperature. Stained slides were washed
and nucleiwere counterstained with PBS containing DAPland mounted
under cover slips with ProLong Gold (LifeTechnologies). Labelling of
primary antibodies for DAB staining was performed using the IHC
ImmPRESS HRP Goat Anti-Rabbit IgG Polymer Peroxidase Detection
Kit (VectorLabs, MP-7451) for 1 h at room temperature and developed
with DAB reagent (VectorLabs, SK-4100). IHC sections were counter-
stained with haematoxylin and mounted with VectorMount (Vector-
Labs, H-5000-60) after dehydration. Images were acquired using the

Zeiss Axiolmager microscope using Zeiss ZEN 3.3 software. Scanning
of slides for matched histology (H&E) and immunofluorescence was
performed using the Aperio Versa system (Leica) with the Aperio VERSA
Application (v.1.0.4) software.

Low-density-sorted growth assay

Atotal of 500 DP or SP cells sorted from tumour or non-tumour bearing
mice were sorted as described into 500 pl of complete DMEM. Cells
were transferred to PurCol-coated (as described above) 12-well plates
and the cellnumber was counted after 2 weeks of growth using a Guava
flow cytometer (Millipore software, GuavaSoft v.4.0).

Orthotopic transplant assays

DP and SP cells were sorted from tumour- and non-tumour-bearing
mice as described. For tumour-bearing mice, 10,000 or 25,000 cells
were sorted into FACS buffer (PBS, 2% FBS); for non-tumour bearing
mice, 100-1,000 SP cells were sorted into FACS buffer (PBS, 2% FBS).
For comparison with SP cells sorted from non-tumour-bearing mice,
100 SP cells from tumour-bearing mice were sorted. Cells were washed
with PBS, resuspended in 25 pl of a 1:1 mix of serum-free DMEM and
growth-factor-reduced Matrigel (Corning), and injected into the
exposed pancreas of athymic nude mice using a Hamilton syringe fit-
ted with a 26-gauge needle. Recipient mice were enrolled on doxycy-
cline chow (625 mg kg™, Harlan Laboratories) 2 days before surgery
and maintained on doxycycline chow until euthanasia due to tumours
reaching the IACUC approved humane end points for tumour burden
(see above). If tumours did not form, the mice were monitored until
they were euthanized due to age-related decline in health.

DNA-FISH analysis

DNA fluorescence in situ hybridization (DNA-FISH) analysis was per-
formed on paraffin sections using a three-colour probe designed to
detect copy-number changes of chromosome 2, 9 and 10. The bacte-
rial artificial chromosome clones used in the probe mix were based
on sequencing data (minimal region of gain/loss) and are as follows:
9qC (RP23-248H6,RP23-340D4, RP23-60M16; labelled with Spectrum
Red) and 2qC (RP23-332C13, RP23-186P20, RP23-435A5; labelled with
Spectrum Green). All RP11 clones were purchased from the Roswell
Park Cancer Institute Genomics Shared Resource. Probe labelling,
hybridization, post-hybridization washing and fluorescence detection
were performed according to procedures established at the Molecu-
lar Cytogenetics Core Facility. Slides were scanned using a Zeiss Axi-
oplan2iepifluorescence microscope (Carl Zeiss Microscopy) equipped
withIsisimaging software (MetaSystems). The entire section was first
scanned through 63x to assess signal pattern. Corresponding H&E and/
orimmunostained slides were used to identify regions of premalignant
or cancer morphology (foci of adenocarcinoma). Regions selected for
analysis were imaged through the depth of the tissue (compressed
stack of 12 z-sections at 0.5 pm intervals) and, for each case, within
eachrepresentative region at least 50 discrete nuclei were scored.

Matched immunofluorescence and histology quantification

For quantification of immunofluorescence staining of Ki-67 in
mKate/GFP DP and mKate SP cells in PDAC-bearing mice, 5 random
x10 images were collected in grossly premalignant and PDAC tissue
areas. For quantification of immunofluorescence staining of Ki-67 in
mKate/GFP DP and mKate SP cells in mice before PDAC development,
x20 fields containing all SP cells without PDAC morphology observed
in one pancreatic cross-section were collected from nine mice. Three
ofthese mice also displayed focal areas of incipient PDAC where up to
5random %20 fields were collected. Tissue sections from the pancreas
of tumour-and non-tumour-bearing mice were simultaneously stained
for GFP, mKate2, Ki-67 and DAPI. Quantification of the Ki-67 fractionin
DP and SP cells was conducted using a semi-automated strategy. First,
images were background-subtracted and processed using a Gaussian



filter using MATLAB. Second, nuclei (DAPI") and epithelial (mKate2*
and/or GFP") cells were identified using Otsu-based segmentation in
MATLAB. Third, epithelial cells were classified as either SP or DP on
the basis of mKate2 and GFP status. Fourth, cells were nominated as
Ki-67* by applying a fixed threshold, determined by aggregating data
from all of the fields of view. Finally, assignment of Ki-67 status was
manually corrected by inspecting each image individually. In the case
offields containingrare pre-tumour SP lesions in which DP cells vastly
outnumbered SP cells, DP cells were randomly subsampled to match
the number of SP cells that were found in the same field of view. Fields
of view in which there were no DP or SP cells were excluded from the
analysis. For both of these analyses Wilcoxon’s rank-sum test was used
to compare the groups.

For determination of the frequency of mKate/GFP DP and mKate
SP cells in histopathologically defined premalignant and PDAC cells,
lesions were identified from up to 20 random fields on H&E-stained
slides from 6 PDAC-bearing pancreata. Lesions of interest were clas-
sified by pathologists blinded to immunofluorescence data. Lesions
defined as ADM were identified in fields of 4 out of 6 mice analysed
and lesions defined as PanIN were identified in fields of 5 out of 6 mice.

For histological classification of mKate SP cellsin mice before PDAC
development (Fig. 1g), 43 SP-cell-containing lesions were identified
in cross-sections of seven pancreata without frank PDAC using immu-
nofluorescence for mKate and GFP as described. These lesions were
then identified on sequential, H&E-stained sections and classified by
pathologists who were blinded to the immunofluorescence data.

For DNA-FISH quantification based on morphology and p53 gen-
otype, first FISH for chromosomes 2, 9 and 10 was performed on 5
pre-tumour KPC*°" pancreata as described above. FISH images were
collected of fields containing either SP cells with PDAC or premalignant
morphology based on H&E and fluorescence staining of sequential sec-
tions. Next, cover slips were removed from FISH-stained slides and, after
washing with PBS for 1 h at 4 °C to remove mounting medium, slides
were processed forimmunofluorescence staining for mKate and GFP
asdescribed. FISH fociwere then scored in 50 discrete cellsin verified
SP cells with PDAC or premalignant morphology.

LMD analysis

Regions for LMD were identified from sequential sections of formalin-
fixed paraffin-embedded tissues stained for mKate, GFP and DAPI as
described above. Sections for LMD were placed on membrane slides
(PPS-MembraneFrameSlides, 11600294, Leica) andsubjectedtorehydra-
tionand light haematoxylin staining. Epithelial regions corresponding
to mKate/GFP DP or mKate SPimmunofluorescence signal were cut
using hand-drawn regions of interest and collected in PCR tubes with
anLMD7000 laser microdissection microscope (Leica) using the Leica
micro-dissectionsoftware (v.7.5.1). DNA was isolated using the Qiagen
QIAamp DNA FFPE Advanced Kit (56604) according to the manufac-
turer’s recommended protocol.

TCGAPDAC SNP array data and human/mouse synteny analysis

Processed, segmented single-nucleotide polymorphism (SNP) array
datawere download from the TCGA Genomics Data Commons Data Por-
tal (https://portal.gdc.cancer.gov/). Tofilter out spurious single-probe
segments, array probe coordinates were converted to genomic bin
coordinates with a 5 bin threshold used to accept/reject a segment.
Frequency plot analysis was performed on the transformed dataset
(n =186 patient samples) by aggregating bin values and accepting a
threshold values of +0.1for gain/deletion designation, respectively, in
each bin. Approximately 66% of samples contained TP53 point muta-
tions that were classified as missense compared to truncating, splice
site or structural variant somatic variants. Of the missense classified
mutations, approximately 30% affected residues designated as hot-
spots (such as Argl75, Arg248 and Arg273—the three most frequent
sites). Human-mouse synteny analysis was performed as described

previously”. Human reference human build hgl9 and mouse reference
genome build mm9 were used for the analysis while selecting aresolu-
tion of 400 kb of contiguous sequence.

KPC""bulk, LMD and single-cell sequencing

DP and SP cells were disaggregated from PDAC and non-tumour bearing
pancreas and processed for flow cytometry as described above. For bulk
SP/DP sorting from PDAC samples, the instrument was set in high-purity
mode with cells pelleted after cytometry and processed for DNA/RNA
extractionusing the AllPrep DNA/RNA Mini kit (Qiagen) according tothe
manufacturer’sinstructions. Subsequently, 500 ng of genomic DNA was
processed for library generation as previously described®®. For single-cell
deposition and whole-genome amplification (WGA) from tumour as well
as pre-tumour samples, single cells were sorted using the instrument
setonsingle-cellmode with realignment/calibration of the automated
celldeposition unit and awash step performed before processing each
unique sample. Single cells (DP and SP) were deposited into wells of a
96-well plate prepared with 9 pl of lysis buffer as described previously*®.
The number of single cells sequenced per sample category (for example,
tumour or pre-tumour) is summarized in Supplementary Table 1. For
single-cell WGA, we used amodified version of the DOP-PCR WGA, aWGA
approach thathasbeenempirically determined toyield highly accurate
single-cell copy-number data® ' The modified approach introduces
inline barcode sequences during the second step of the WGA amplifica-
tion reaction. After WGA, single-cell WGA DNA products were purified
using the QIAquick 96 PCR purification kit according to the manufac-
turer’s recommendations. Purified DNA was subsequently quantified
withequal amounts of WGA DNA (100 ng) per cell pooled and processed
forllluminalibrary sequencing preparation using the NEBNext kit (NEB).
For sequencing of LMD material, eluted DNA was subject to the WGA pro-
tocoland downstreamsequence library preparation as described above.
Sequencing libraries were sequenced on the HiSeq2500 instrument
using single-end 101 bp reads while targeting an average coverage of
1millionreads per single-cell, acoverage that was previously determined
tobe sufficient for accurate genome-wide copy-number determination
atabinresolution of 600 kb*s. Aminimum of 250,000 reads per cell was
required for inclusion in downstream analyses.

KPC'%"bulk, LMD and single-cell sequencing data analysis

Bulk, LMD, and single-cell sequencing data were mapped to mouse
reference genome build mm9 while skipping the first 50 bp containing
inline barcoding sequences as well as the DOP-PCR quasi-degenerate
sequence. Uniquely mapped reads wereindexed, sorted and PCR dupli-
cates were subsequently removed. Uniquely mapped sequencing reads
were counted in genomic bins/intervals that were computed using a
previously developed algorithm (Varbin)®2. The genome was partitioned
into 5,000 bins of approximately 600 kb in length. Read counts were
subsequently corrected for GC content using the LOWESS smoothing
algorithm®, normalized and segmented using circular binary segmen-
tation®*. Ploidy was inferred using aleast-squares fitting algorithm while
factoringinteger bin value assignment distribution®®. For downstream
single-cell analysis, absolute copy number calls below or above arefer-
ence normal (copy number =2 diploid single cellsand copy number = 4
for polyploid single cells) were defined as deletions and gains, respec-
tively, using the algorithm CORE®. Datasets were similarly processed
using an orthogonal copy number calling algorithm (HMMcopy*).
Results were highly concordant between the two analysis pipelines for
both human and mouse datasets and areillustrated in Supplementary
Fig.3.For bulk frequency plot analysis, normalized segments for all of
the samples were centred around a mean value of 1 with thresholds of
+0.1used for defining gained/deleted bins. For illustration of single-cell
copy-number profiles across sequence samples, heat maps of PDAC (SP
and DP) and pre-tumour SP single cells were constructed using absolute
copy-number values imputed from the single-cell data and clustered
using the Ward method with Manhattan disease.
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Aggregate single-cell genotyping for p53 LOH haplotype
inference

A hybrid genome of mm10 with the sequence elements for eGFP and
mKate was made and then indexed for BWA. Raw fastq data were first
mapped to the hybrid genome using bwa and then counts of reads map-
pingtothe two trans-elements (eGFP and mKate) along with genes Cip1
and Trp53were collected using bedtools coverage. Reads were filtered
toremove supplementary alignments, those marked with alternative
hits (XA:Z: bwa flag) and those with a MAPQ < 30. The resulting cover-
age files were then processed with R scripts to normalize the counts
to RPKM values and then plot the distribution of normalized coverage
by gene and sample type.

Phylogenetic analysis of KPC'°" single-cell sequencing data
Phylogenetic and clonal relationships between DP and SP cells from
PDAC and pre-tumour mice were investigated using two orthogonal
methods: a change-point/breakpoint-based analytical method®** as
implemented using the SCClust software package (available at GitHub/
KrasnitzLab) and aminimum-event distance (MED) method that models
whole-genome duplication events in reconstructing phylogenies and
ancestral genomes (MEDICC2%). In brief, SCClust identifies change
points throughout a set of integer-valued copy-number profiles of
single-cell genomes. For all pairs of cells, dissimilarity is quantified
using Fisher’s exact test for change-point coincidence and used to
cluster the cell genomes hierarchically. Nodes of the tree with a sta-
tistically significant high degree of similarity among the leaves are
identified as sampled from clonal cell populations. For this purpose,
statistical significance of dissimilarity within pairs of cells is quantified
by the FDR, in comparison to the null distribution of dissimilarities fol-
lowing arandom interchange of change points among cells. SCClust
was used with the default parameters except for the ‘keepboundaries’
parameter, which was set to True. Figure 3a was prepared using a pre-
viously described visualization tool (Single-Cell Genome Viewer)®
available from GitHub/KrasnitzLab. In MEDCICC2, copy-number seg-
ments are presented as positive integer vectors with the algorithm
solving for MED between pairs of copy-number profiles (forexample,
profile = aggregate segments of asingle cell). The algorithm also models
whole-genome duplication events using a set of constraints, includ-
ing accounting for chromosome boundaries as described in ref. ¢,
MEDICC2 constructs phylogenetic trees on the basis ofimputed MED
values over single cells while minimizing the total number of events that
explains a transformation of one profile into another. A total of 200
iterations of resampling bootstrap were used in assigning confidence
inbranching relationships between diploid and polyploid single cells.
MEDICC2 provided support tree panels with bootstrap confidence
statistics on branch/node relationships are available in Supplemen-
tary Figs. 4 and 5 for pre-tumours 1and 3, respectively. Owing to the
lack of heterozygous SNPs in the genome of inbred laboratory mice
of C57BL/6N] strain background (from which the KPC** model was
constructed) compared to humans, MEDICC2 was run using total copy
number without phase information using flag --total-copy-numbers.
Compared to an average human individual with around 1.5 million
heterozygous SNPs, the average number of heterozygous SNPs of an
inbred C57BL/6NJ] mouse is 16,000. This statistic was retrieved from
the Sanger Mouse Genomes Project (ftp://ftp-mouse.sanger.ac.uk/
REL-1303-SNPs_Indels-GRCm38/mgp_v3_stats.txt).

Human PDAC whole-genome sequencing data analysis

WGS data of microdissected pancreatic tumours were downloaded from
EGA (accession EGAD00001006152)%. WGS data were subsequently
downsampled to a depth of around 10 million sequencing reads with
the data processed for copy-number analysis as previously described*.
In brief, sequencing reads were mapped to human reference genome
hg19 with uniquely mapped reads sorted and indexed. Uniquely mapped

reads were subsequently counted in genomic bins while partitioning the
genomein20,000bins usingapreviously described algorithm (Varbin)®.
Read bin counts were normalized genome-wide with subsequent pro-
cessing using circular binary segmentation®*. For absolute copy-number
quantification, segmented data were processed using a least-squares
fitting algorithm® with the parameters of the algorithm constrained
by ploidy values derived from a previously published algorithm (CEL-
LULOID)*. As performed for mouse single-cell data, sequencing reads
were similarly processed using HMMcopy with the results largely con-
cordantasshowninSupplementary Fig. 6. TP53mutation type statistics
were similar to those described for the TCGA cohort (discussed above).
Absolute copy-number data were subsequently partitioned into three
categories for downstream analysis: diploid/7P53 monoallelic/WT,
diploid/TP53-biallelicand polyploid/TP53-biallelic. For TP53-mutation
allelic status associative analysis with ploidy, Fisher exact tests were
used for significance. For TP53allelic and ploidy categories, we derived
significant recurrent CNAs using the algorithm CORE®, which computes
scores and genomic coordinates for significantly recurrent CNAs with
scores proportional to their occurrenceinagiven dataset (thatis, patient
cohort). Copy-number calls of less or greater than a reference normal/
pseudonormal (2 for diploid; 4 for polyploid) were classified as deletion
or gain events, respectively. Statistical tests for the enrichment of event
types were based on t-sample t-tests for significance. For analysis of the
level of heterogeneity/homogeneity of deletions and gains, FACETS®
(https://github.com/mskcc/facets/; version Oct 8, 2021; commit
3058bba) was used to process whole-genome sequencing data. To gener-
atethe SNP count files, asnp-pileup command was run using a cleaned
version of dbSnp v.137 (filter to contain only SNV and with duplicates
removed). The resulting tumour/normal pileups were then processed
using the standard FACETS method as described in the manual. Specifi-
cally: mat = readSnpMatrix(countFile), xx = preProcSample(mat,snp.
nbhd =1000), oo = procSample(xx,cval = 500), fit =emcncf(00). The
inferred heterogeneity/homogeneity of chromosomal segments was
computed by taking the estimated cell fraction (cf) statistic of each
segment relative to the computed purity of the sequenced sample (for
example, cf/purity) and analysing the distribution of the resulting sta-
tistic using a Kolmogorov-Smirnov test. A two-sample Kolmogorov-
Smirnov test was used to determine the significance of the difference
between the distributions.

MSK-IMPACT target capture data analysis and clinical
correlations

A total of 1,077 PDAC cases sequenced using MSKCC institutional
targeted sequencing panel (MSK-IMPACT) were analysed. Zygosity
determination, genome-wide total and allele-specific DNA copy num-
ber, purity and ploidy were calculated using FACETS (v.0.5.13)%. The
expected number of copies for each mutation, used in designating
TP53 allelic state, was generated on the basis of the observed variant
allele fraction and local ploidy”. Cancer cell fractions were calculated
using abinomial distribution and maximum likelihood estimation nor-
malized to produce posterior probabilities™. Inferred heterogeneity/
homogeneity of chromosomal segments was performed as described
above andsimilarly tested for statistical significance using a two-sided
Kolmogorov-Smirnov test. Clinical annotations of disease spread and
patient outcome were performed manually and subsequently used in
genomic correlative analysis. For significant of correlation between
ploidy status and disease spread, Fisher exact tests were implemented.
Univariate Cox regression analysis was used to ascertain prognostic
predictive value of disease spread.

Human single-cell sequencing and data analysis

Frozen tissue from nine resected PDACs (four diploid and five poly-
ploid) that were biallelically mutant for 7P53 were processed for
single-nucleusisolation as previously described*. Researchinvolving
resected samples was approved by the MSKCC institutional review
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board (MSKCC IRB). In brief, two 50 um tissue sections were cut and
mechanically dissociated using a pair of scalpels in the presence of
1 ml of nuclei isolation buffer (NST-DAPI). DAPI-stained nuclei were
subsequently sorted on the basis of DNA content with single-nuclei
collected from the diploid and polyploid gate (when present) and
deposited into 96-well plates preloaded with nucleus lysis buffer as
described above. Single-nucleus WGA amplification was performed
asdescribed above for mouse SP and DP single cells with downstream
sequence library performed using the NEBNext Library preparation
kit (NEB). Libraries were sequenced on the HiSeq2500 instrument for
single-end 101 bp sequencing while targeting a coverage of around
1-2 million reads per single cell. Single-cell demultiplexed sequenc-
ing data were processed for absolute copy-number determination
as previously described*®. The absolute copy number was converted
to the nearest integer, and homogeneity score was inferred as the
frequency of the major integer copy-number state for each binacross
the genome.

Materials availability
Plasmids, mouse ES cells and primary cancer cell lines generated and
used in this work are available from the corresponding author.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Allhumanand mouse sequencing datagenerated in this study are pub-
licly available at the Sequence Read Archive (SRA; https:/www.ncbi.
nlm.nih.gov/sra) under accession number PRJNA718334. Human bulk
PDAC sequencing data are available at the European Genome-Phe-
nome Archive (EGA; https://www.ebi.ac.uk/ega/) under accession code
EGAD00001006152. EGA data are accessible for research purposes by
registration for an EGA account and contacting the Data Access Com-
mittee. Source data are provided with this paper.

Code availability

All core code used in this study have been previously published
with downloadable and runnable source codes available at GitHub
(https://github.com/robertaboukhalil/ginkgo; https://github.com/
KrasnitzLab/SCGV; https://github.com/KrasnitzLab/SCclust).
The full breakpoint-based phylogenetic analyses including data
and code is available online (https://github.com/KrasnitzLab/
p53-LOH-figures; https://hub.docker.com/repository/docker/
krasnitzlab/p53-loh-figures). For Docker, free registration and instal-
lation is required (https://www.docker.com). Analysis and plotting
scripts relating to heat maps and heterogeneity/homogeneity metrics
areavailable at GitHub (https://github.com/naikai/p53-LOH-figures).
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Extended DataFig.1|Fluorescentlinkagereportssporadic p53loss of
heterozygosity in the KPC'°" PDAC model. a, Schematic of breeding,
embryonic stem cell engineering, allelic configuration, and staging of
KPCTRESRRNAESC PDAC. Dashed line defines tumour mass detected by
ultrasound, K, kidney. b, Representative whole mount bright field and
fluorescent gross pathology of PDAC arising in context of adjacent
premalignant (Pre-M) tissue in KPCs"*""2 and KPC*"P*> mice. ¢, Survival curve of
KPCTREshRenilla (1 = 33) and KPC™E$MPS3 (n = 21) mice. Significance of differencein
survival curves assessed by log rank (Mantel-Cox) test. d, Kate and GFP flow
cytometry of primary cultures of dissociated shRenillaand shp53 KPC™¢
pancreas following PDAC development atindicated passages. e, PCR detection
of recombined versus wild type alleles for Kras and p53 in primary cultures
fromindicated samples at passage 6. f, Representative flow cytometry plot
distinguishing single Kate positive (SP) from double Kate/GFP positive (DP)
cells after PDAC developmentinaKPC*"™*""" mouse. g, PCR detection of

recombined versus wild type alleles for Kras, p53, as wellas shRNA and RIK
transgenes in DP and SP cells sorted from KPC*"**""= mice following PDAC
developmentand cell lines generated from PDAC arising in KPC"**> mice.

h, (Top) Digital PCR detectingrelative levels of recombined conditional p53
allele, WT p53, and GFP targeted CHC cassette and (bottom) Kras“'** and WT
Krasallelesin DP (n=16) and SP (n =19) cells sorted from KPCTREshRenilappAC,

i, Relative copy number of chromosome 11linferred from sparse whole genome
sequencing from PDAC arising in KPC*"**""? and KPC*"*>* mice (n =4 each).
Normalized segment values are centred around a mean value of 1with segment
values below lindictive of deletion events.j, Representative, matched
immunofluorescence of GFP and mKate and immunohistochemistry of p53in
sequential sectionsinaKPCs"™"e""a pDAC. h, mean +S.D.Scalebarsb,1cm,

j50 um.eandgwererepeated atleast twice with similar results, and jwas
repeated 3 times with similar results. Gel source dataforeand g, see
Supplementary Fig. 1. Gating strategy of d and f, see Supplementary Fig. 2.
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Extended DataFig.2|Linkage in cis with mutant p53 retainsinducible
shRNA expression following p53 LOH in the KPC**"*"NA pDAC model and
functional and histological characterization of the premalignant to
malignant transition captured by stage dependent analysis of KPC'*" mice.
a, Schematic of breeding, embryonic stem cell engineering, allelic
configuration, and cohort generation of the KPCR72HCISTRESIRNA EGC PDAC
GEMM. Note that founder LSL-p53*72"; CHC double homozygotes were utilized
to ensure segregation of the conditional mutant p53 allele in cis with the
collagenhoming cassette. b, Representative whole mountbright field and
fluorescent gross pathology of PDAC and adjacent premalignant (Pre-M) tissue
in KPCR72H-CisTREshRenilla yice ¢, PCR detecting recombination of the conditional
p53®72Hallele versus WT p53 allele (left), RIK allele (centre), and targeted CHC
versus WT Collalallele (right) in primary cancer cell lines derived from PDAC
developing in KPCRI72H-CisTREshRenilla mice (n = 3), Note the absence of WT p53

and WT Collal, but the maintenance of the targeted CHC allele. d, Schematic
depiction of maintenance of GFP linked shRNA in cis with the conditional mutant
p53%7M allele during p53 LOH and PDAC progression in KPCRI72HCisTRESRNA e
e, Tabular results of tumours developing after injection of indicated number of

DPandSP cellssorted from PDAC bearing KPC°" miceintoimmunocompromised,
nude mice. f, Survival curve of injected recipients detailed ine. g, Flow
cytometry of GFP and Kateinarepresentative tumour resulting frominjection
of PDAC associated SP cells (left) and flow cytometry of tumours resulting from
injectionof 25000 DP cellssorted from 3 of 4 mice asindicated in e. Tumours
were composed of either exclusively SP cells (Donor 1), predominantly SP cells
(Donor2), orexclusively DP cells (Donor 3). h, Absolute copy number of
chromosome1linferred from sparse whole genome sequencing from GFP
positive tumours (as shownin C) arising from cells with focal p53 deletion.

Red and black segments denote diploid and polyploid tumours respectively.

i, Histological characterization of SP lesions (yellow outlines) observed before
frank PDAC development in “Pre-tumour” KPC'°* mice. These mice are defined
by thelack of clear tumour development by ultrasound. j, Age at collection of
Pre-tumour (n=7)and PDAC (n = 6) KPC*°" mice subjected to single cell genomic
analysis.j, mean+S.D.Scalebars.b,1cm,i,50 pm.cwasrepeated at least twice
withsimilar results. Gel source datafor ¢, see Supplementary Fig. 1. Gating
strategy for g, see Supplementary Fig.2.
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Extended DataFig. 3| Genome evolution following p53inactivationis
characterized by the emergence of recurrent and conserved copy number
alterations that target known PDACdrivers. a, Representative genome-wide
copy number profile of SPand DP cellular populationsisolated froma diploid
KPC'™"PDAC.b, Representative Zoom-in chromosomal views of copy number
alterations acquired in KPC*"** PDAC mice. Normalized segment values are
centred around amean value of 1with segment values below and above 1
indictive of deletion and gain events, respectively. Vertical grey bar denotes
location of PDAC driver gene. ¢, Frequency plot of acquired copy number
eventsinlé celllines derived from PDACs arising in mice harbouring the
hotspot p53 allele; R172H. Grey bar denotes chromosome 9 which encodes
regulators of the TGF- 3 pathway. d, Frequency plot of copy number landscape
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of human PDAC (TCGA). Dotted blacklines denote location of driver genes;
TP53,KRAS, CDKN2A. Grey bar denotes location of recurrent events thatare
syntenic to chromosomes found altered in KPC'*°" PDAC genomes. e, short
hairpin mediated suppression of Smad4 in KPC“¥*"®N accelerates disease
onsetand isassociated with worse survival. OS =overall survival, TFS = tumour
freesurvival. Log rank p values for TFSis 0.0051and OSis 0.0016. f, Frequency
plot of copy number landscape of cancer cell lines from KPC€**"mad* mice, Grey
bar denotes chromosome 9 loss whichis alleviated viashSmad4 perturbation.
g, Genome-wide copy number profile of atumour arising in KPC™VshRenilla
Arrows denote distinguishing genomic alterations including deletion of
chromosome 9. h, Zoom-in-view of chromosome 9 relative copy number in
tumours arising in KPC™VshSmad4 gpnd KpCmuv/shRenilla (n = 4 each).
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Extended DataFig. 4 |Single-cell genome analysis after PDAC development
reveals two discrete genomicstates distinguishing DP and SP populations.
a, Hierarchal, copy number clustering heatmaps of SP and DP single cells
sequenced from 4 polyploid PDAC. Colour code for lineage (L), ploidy (P), and
chromosome copy number are provided. Sample annotation and number of
single-cells sequenced are provided. b, Hierarchal, copy number clustering
heatmaps of SPand DP single cells sequenced from 2 diploid PDAC. Colour
codeforlineage (L), ploidy (P), and chromosome copy number are provided.
Sample annotation and number of single-cells sequenced are provided. Red
arrows point to alterations acquired in DP cells that are not observedin
matching SP cells. c, Genome-wide copy number profiles of representative SP
single cells sequenced from PDAC samples T1and T3 illustrating pS3 null

rearranged genomes. Red arrowsindicate selected recurrentalterations.

d, Breakpoint based phylogenetic tree of single SP (n=130) and DP (n = 55) cells
sequenced from PDACT1. Colour codes for ploidy, lineage, and copy number
information are provided. Red arrow points to splitin the neighbour-joining
tree demarcating the clonal sweep of SP cells. Phylogenetic distance is based
on statistical considerations of breakpoint similarity/dissimilarity (Methods).
SP cells constituting the sweeping clone share a clonal relationship with a False
Discovery Rate (FDR) not exceeding a threshold value of ¢ = 0.01. e, Matched
genome wide copy number profiles of diploid and polyploid SP cells sequenced
from T5.Red arrowsindicate shared common alterations designating clonal
relationships between cells.
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Extended DataFig.5|Single-cell genome sequencing of SP cells from
Pre-tumour micereveals anintermediate evolutionary genomicstate.
a, Hierarchal, copy number clustering heatmaps of SP single cells sequenced
from 7 Pre-tumour mice. Colour code for lineage (L), ploidy (P), and
chromosome copy number are provided. Sample annotation and number of
single-cells sequenced are provided. b, Bar-plot quantification of percent SP
cellssequenced that were polyploid across Pre-tumour mice analysed.

¢, Breakpointbased phylogenetic tree of single SP cells (n =171) sequenced
from Pre-mouse P1. Colour codes for ploidy, lineage, and copy number
information are provided. Phylogenetic distance is based on statistical

Tp53
Genome doubling- polyploid LOH

14

considerations of breakpoint similarity/dissimilarity (Methods). Clone track
denotes lineage that underwent genome doubling (purple). Clonal relationship
betweendiploid and polyploid single cellsiscomputed witha FDR not
exceedingathreshold value of t=0.01.d, Genome-wide copy number profiles
of representative single cells of highly rearranged diploid Pre-SP cells (top
panel) and its genetically traced polyploid counterpart (top panel) from
Pre-Tumour Sample P3. Black arrows denote distinguishing copy number
alterations and their breakpoint positions used ininferring phylogenetic
relationships.
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Extended DataFig. 6 | Phylogenetictreeinference of genome doubling
timingbased on copy number, minimal event distance metric. Phylogenetic
reconstruction of diploid and polyploid single cells sequenced from
Pre-Tumour 3 (top) and Pre-Tumour 1 (bottom) based on minimum event
distance (MED) metric as described by Kauffman et al. Phylogenetic tree and
associated heatmaps are depicted. Each branch corresponds toasingle

sequenced cell. Purplecircleindicatesnodeinthe tree where diploid and
polyploid cells share abranching relationship. Statistic adjacent tocircle
denotesbranching support values calculated via200 bootstrap resampling
iterations. Algorithm provided supporttree panels with bootstrap confidence
statisticsonbranch/noderelationshipsare provided in Supplementary Fig. 4
and 5 for Pre-Tumour1and 3, respectively.
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Extended DataFig.7|In-situ genomic analysis directly links level of
genomerearrangement with histopathological phenotypes during PDAC
progression. a, Matched H&E and immunofluorescence for mKate/GFP in
sequential sections after PDAC developmentin a KPC'*" mouse. White circles
denote positions of SPand DP lesions with premalignant morphology and SP
cellswith PDAC morphology subjected to laser microdissection (LMD). b, Top
panels-images of microdissected lesions notedin (a) - yellow lines denote
boundaries of LMD. H&E as well as IF images are displayed. Bottom panels -
corresponding genome wide copy number profiles of microdissected
premalignant and malignant lesions. Red arrows denote distinguishing copy
number alterations. ¢, Frequency plot of aggregate lesions collected by LMD

andsequenced foreach category.DP,n=10; Pre SP,n=9; SP-PDAC,n=7.

d, Matched GFP and Kateimmunofluorescence and DNA FISH of chromosome
2,9,and10in DP and SP cells within a focus of PDAC. Asterisks indicate cells
with FISH signals consistent with polyploidy and loss of chromosome 9.

e, Quantification of DNA-FISH fociin SP cells identified in KPC*°" mice before
frank PDAC development (n =5). For details of quantification, see Methods.

f, DAPIbased flow cytometric nuclear profiling of sorted Pre-SP cells capable of
colony formation when plated at low density in-vitro (from Fig. 1j) (top-panel)
and corresponding copy number profile with the sequencing imputed ploidy
for the sample (bottom panel). MEF; Mouse Embryonic Fibroblasts. Scale barsa
1mm, b 50 pm, d10 pm. Gating strategy for f, see Supplementary Fig. 2.
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Extended DataFig. 8|Selective and ordered patterns of genome evolution
during cancerinitiation. a, Unique breakpoint patterns associated with
chromosomelldeletionsidentify independent p5S3 LOH lineages. Grey dots
illustrate normalized raw read count values. Black linesillustrate segmented
data. Vertical grey line denoteslocation of Trp53. Number of single cells
sequenced representing each unique breakpointeventis provided. b, Boxplot
quantification of unique lineages based on chromosome 11deletion
breakpointsin Pre-SP diploid cells (n =7 samples) compared to PDAC-SP
polyploid cells (n =4 samples). Mann-Whitney U two-sided test of significance
for number of LOH eventsin Pre-tumour and PDAC-SP samples, p-value = 0.03.
¢, Boxplot quantification of normalized read count mappability datafroma

censussingle cellgenotyping approach (Methods) from PDAC-DP (n = 6), PDAC-

SP (n=6),and Pre-tumour SP (n=7) single-cell sequencing at eGFP, Trp53,
mKate, and Clp2 (control) sequences.d, Zoomin chromosomal views
illustrating intra- (from within one animal) and inter- (between different
animals) alteration heterogeneity of Kras gains (chromosome 6). e, Boxplot
quantification of acquired copy number alterations detected in single-cell
sequencing datafrom DP (n = 6), Pre-SP diploids (n = 7), and PDAC-SP samples
(n=6).p-value < 0.05for all pairwise two-sided Mann-Whitney U test of
significance with exact values providedin figure. f, Genome-wide illustration
ofindependent genome doubling events observed in polyploid cells from non-
tumour bearing sample P1(left panels) and P2 (right panels). Red Arrows
denote distinguishing p53 LOH events. g, Frequency plot depiction of diploid
SPPDACs from the KPC**" model (n=7). Box plots are as defined in Fig. 1.
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Extended DataFig.9|Genomic heterogeneity ofacquired gainsand
amplificationsin KPC'°" PDAC. a, Hierarchal clustering tree of copy

number profiles from tumour 2 (T2). Subpopulation of cells enriched for
subclonal chromosome 18 gainare annotated on bar underneath the clustering
dendrogram. Red vertical arrow indicates alteration. b, Zoomin chromosomal
view of sub-clonal gains found in PDAC sequenced from KPC**" model at
single-cell resolution. Dashed red lines communicate reference copy

number states for diploid and polyploid genomes, two and four, respectively.
¢, Histogramillustration of copy number values of YAP amplifications

identified intwo PDAC samples sequenced at single-cell resolution.
Histogramsillustrate heterogeneity of YAP amplifications. d, Overlay of three
representative single-cell, genome-wide copy number profiles derived from
two sequenced PDACs. Diagonal red arrow indicates amplifications identified
inonly asingle sequenced cell. e, Genome-wide aggregate plot of all
single-cells sequenced from KPC*°" PDAC T1. Thickness of blue line is
proportional to percentage of cells carrying agiven alterationata copy
number state. Red arrows point to alterations on chromosome 5 (gain) and 9
(deletion) found heterogeneously and homogenously, respectively.
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Extended DataFig.10 | Whole genomes and targeted capture sequencing
corroborates evolutionary principlesin humanPDAC. a, Bar-plotrendering
of recurrentdeletion event frequency as computed using the algorithm CORE
(Methods) comparing p53 bi-allelically mutant vs. p53 mono-allelic and wild
type (WT) diploid PDAC in COMPASS dataset. Cytoband of recurrent events is
depicted on X-axis. Events were selected based on athreshold p-value

of <0.005.b, Frequency plotillustration of acquired copy number alterations
inpolyploid, p53 bi-allelically mutant human PDAC in COMPASS dataset.

¢, Bar-plot quantification of the frequency of recurrent CNAs (blue for deletion
andred for gain) in polyploid PDAC genomes compared to diploid genomes in

COMPASS dataset. Alterations are rank ordered according to CORE score.
Ap-value of < 0.005was used as cut-off threshold for eventinclusion.
d, Empirical Cumulative Distribution Function (ECDF) for CNA eventin p53
bi-allelically mutant diploid (left) and polyploid (right) datasets from
MSK-IMPACT PDAC datasets. e, Bar-plot depiction of normalized homogeneity
score for deletion and gain event type in the COMPASS dataset based on cell
fraction and purity estimates from FACETs algorithm. f, Cox-regression
survival of clinically annotated MSKCC PDACs samples. Metastatic cases,
which are enriched for p53-biallelic polyploid samples have worst survival,

p-val<0.001.
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Extended DataFig.11|Single cell sequencing corroborates evolutionary
principlesinhuman PDAC. a, Copy number based hierarchal clustering
heatmap of 9 human PDAC (4 diploid and 5 polyploid) sequenced at single-cell
genome resolution. Ploidy, SampleID, and copy number colour schemaare
provided. b, Chromosomal zoom-in-view of aggregate single-cell segments
from polyploid tumoursillustrating heterogeneity of amplifications at MYC
and KRAS, contrasting with the homogeneity of deletion eventsat TP53 and
SMADA4. ¢, Histogram of copy number values across sequenced single cells for
selected amplicons found in two different polyploid PDAC cases. Vertical
dashed line denotes reference copy number state of 4.d, Normalized

homogeneity score (Single cellhomogeneity score - Methods) of copy number
alterations across all polyploid single cells sequenced according to copy
number state.Red colouring denotes gains and amplifications. Blue colouring
denotes deletions. Grey colouring denotes references state (copy number = 4).
e, Flow cytometric measurements of nuclear DNA content (e.g. ploidy) in
human PDAC samples analysed at single-cell resolution. Asterisk denotes the
polyploid population from which single-cells were gated and sorted. Median
ploidy values of gated polyploid populations compared to sequencing inferred
ploidy values are tabulated. FCS; flow cytomeric. SCS; single-cell sequencing.
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EGA Data is accessible for research purposes via registration for an EGA account and contacting the Data Access Committee.

A link to the full breakpoint based phylogenetic analyses including data and code can be found at:
https://github.com/KrasnitzLab/p53-LOH-figures
https://hub.docker.com/repository/docker/krasnitzlab/p53-loh-figures
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Sample size For biological characterization (e.g. tissue analysis, functional experiments performed on isolated cells) we set out to achieve sample sizes
comparing at least 3 biological replicates as recognized as a conventional minimum for identifying meaningful differences. As indicated in the
figure legends these experiments were performed with samples sizes between 4 and 8 and in the case of survival studies of genetically
engineered mice developing tumors at least 20. For sequencing studies, sample sizes reflected those utilized in biological characterization of
the mouse model.

Data exclusions | No tissue analysis or biological functional data were excluded. For sequencing, only single cells that did not meet criteria as defined in the
Methods section were excluded.

Replication Whole cross section matched immunohistochemistry/immunofluorescence analyses were repeated at least 3 times. Immunohistochemical
staining was robust across experiments performed by different investigators. Functional analyses (e.g. immunohistochemical/
immunofluorescence based quantification, tumor initiation studies via transplantation or growth of isolated cells) were performed with
multiple biological replicates as indicated in figure legends and methods section. For genotyping experiments where n=3 representative
samples are shown, the experiments were repeated at least twice with similar results and were cross validated in independent biological
replicates by orthogonal experiments (e.g. digital droplet PCR, analysis of single cell sequencing data). Matched immunofluorescence and p53
immunohistochemistry was repeated 3 times on tissues from different PDAC bearing KPCLOH mice with similar results. For sequencing, each
single cell served as an independent biological replicate from each unique biological sample.

Randomization  Samples were randomly distributed into groups.
Blinding Pathologists were blinded to lineage tracing information when evaluating the patho-histology of the mouse model as described in the

methods. Investigators were not blinded to other analysis of the lineage tracing model facilitated by its fluorescence because of the inherent
link between fluorescent color and genomic status.
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Antibodies used Antibody, Provider, Catalogue number, Clone info-lImmunogen (if provided), Lot (if provided)
GFP, Abcam 13970 No clone info provided-Raised against full length GFP protein, GR236651-23
Mkate, Evrogen, AB233, No clone info provided-Raised against full-length recombinant denatured and non-denatured TagRFP,
23301040466
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p53, Leica Biosystems, NCL-L-p53-CM5p, CM5

Goat anti-Chicken IgY (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 488, Invitrogen, A32931, raised against

purified chicken IgY, heavy and light chains

Goat anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 555, Invitrogen, A32732, raised against
rabbit gamma Immunoglobins heavy and light chains

Goat anti-Mouse 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 633, Invitrogen, A-21052, raised against mouse
gamma immunoglobins heavy and light chains

Validation Antibody, Validation and references
GFP, Manufacturer's website states validation by western blot and immunocytochemistry/immunofluorescence. Used previously for
immunofluoresence in PMID 24395249
Mkate, manufacturer's website states validation by western blot, immunoblotting, immunocytochemistry, and ELISA. Used
previously for immunofluoresence in PMID 24395249
Ki67, manufacturer's website states validation by immunohistochemistry. Previously used for immunofluorescence in PMID
31534224
p53, manufacturer's website states validation by western blot. Previously used for western blot in the context of a shRNA in PMID
31534224
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) KPCshRenilla-SP cells grown from dissociation of PDAC bearing KPCLOH pancreas and KPCshp53 cells grown from dissociation
of PDAC bearing KPCshp53 pancreas. KPCshRenilla-SP cells sorted from mice without frank PDAC, grown out from plating at
low density. KPC-cis-shRenilla and KPC-cis-shSmad4 cells grown from dissociation of PDAC bearing mice. Primary mouse
embryonic fibroblasts grown from ~e13.5 BI6N embryos.

Authentication Cell lines were not externally authenticated.

Mycoplasma contamination Cells routinely tested negative for mycoplasma contamination.

Commonly misidentified lines  No cell lines used in this study were found in the database of commonly misidentified cell lines that is maintained by ICLAC

(See ICLAC register) and NCBI Biosample.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals p48-Cre; LSL-KrasG12D; p53flox; Rosa26-CAGs-LSL-rtta-IRES-mKate2 ; Collal-TRE-shRenilla (KPCLOH); p48-Cre; LSL-KrasG12D;
p53flox; Rosa26-CAGs-LSL-rtta-IRES-mKate2 ; Collal-TRE-shp53 (KPCshp53); p48-Cre; LSL-KrasG12D; p53LSL-R172H; Rosa26-CAGs-
LSL-rtta-IRES-mKate2 ; Col1al-TRE-shRenilla (KPCcis-shRenilla); p48-Cre; LSL-KrasG12D; p53LSL-R172H; Rosa26-CAGs-LSL-rtta-IRES-
mKate2 ; Collal-TRE-shSmad4 (KPCcis-shSmad4) were all male, generated from male ES cells derived from blastocysts resulting from
breeding of constituent alleles maintained on mixed, BL6/129 backgrounds with shRNA constructs targeted to the CHC. All nude
mice used for transplant experiments were adult 6-8 weeks old females. Pregnant BI6N female mice were sacrificed for collection of
embryos for primary MEFs. Mouse housing details are provided in the methods section.

Wild animals No wild animals were used in this study.
Field-collected samples  No field collected samples were used in this study.

Ethics oversight MSKCC IACUC. All experiments were performed under protocol #11-06-018

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

QOutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.




Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

For flow cytometry of live cells grown in cell culture dishes, cells were washed with PBS, trypsinized to generate a single cell
suspension, filtered through 40uM mesh capped tubes to eliminate cell clumps, and resuspended in full media with DAPI to
discriminate live and dead cells. For flow cytometry of cells from tumors, single cell suspensions were generated by enzyme
digestion as described in the methods, filtered through 40uM mesh, and resuspended for analysis in FACs buffer with 300nM
DAPI to discriminate live and dead cells. For NST nuclear profiling cells were cells were washed with PBS, trypsinized to
generate a single cell suspension, filtered through 40uM mesh capped tubes to eliminate cell clumps an resuspended in NST-
DAPI buffer as described in the Methods.

BD LSRFortessa and Attune NxT for cytometry, BD Aria Ill for sorting

FACS DIVA (BD) was used for data acquisition, FlowJo (FLowJo LLC) was used for analysis. No custom code was used for
analysis.

Where possible, (e.g. sorted cell growth experiments) post sort fluorescence was verified by fluorescence microscopy. When
cell number permitted, post sort analysis was performed on a small number of sorted cells to ensure purity. Purity of post
sort populations was >90%.

For all flow cytometry experiments cells were first identified by FSC/SSC such that all cells were visible on the plot. Single cells
were gated using Area versus Height analysis. DAPI positive cells were excluded and GFP mKate fluorescence analyzed. For
NST experiments singlets were discriminated by comparing FSC-A versus FSC-H then DAPI-A versus DAPI H.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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