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Genetically engineered mouse models only capture asmall fraction of the
genetic lesions that drive human cancer. Current CRISPR-Cas9 models can
expand this fraction but are limited by their reliance on error-prone DNA
repair. Here we develop a system for in vivo prime editing by encoding a
Cre-inducible prime editor in the mouse germline. This model allows rapid,
precise engineering of a wide range of mutations in cell lines and organoids
derived from primary tissues, including a clinically relevant Kras mutation
associated with drugresistance and Trp53 hotspot mutations commonly
observed in pancreatic cancer. With this system, we demonstrate somatic
prime editing in vivo using lipid nanoparticles, and we model lung and
pancreatic cancer through viral delivery of prime editing guide RNAs or
orthotopic transplantation of prime-edited organoids. We believe that this
approach will accelerate functional studies of cancer-associated mutations
and complex genetic combinations that are challenging to construct with
traditional models.

Cancer is driven by somatic mutations that accumulate throughout
progression and often display extensive intertumoral heterogeneity,
occurring in thousands of different combinations across human can-
cer’”. The precise nature of driver mutations and their combinations
can profoundly influence how cancersinitiate, progress and respond to
therapy, establishing tumor genotype asacritical determinant of disease

outcome™*. Emerging precision oncology treatment paradigms aim to
match specific therapies with tumor genotypes, and this strategy has
shown promise for several driver mutations>®. To expand the promise
of precision oncology to more patients, itis critical to develop tools to
systematically interrogate the effects of distinct geneticlesions and com-
binations thereof on the overall tumor phenotype, particularly in vivo.
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Genetically engineered mouse models (GEMMs) have proven
invaluable for elucidating the mechanisms by which cancer drivers
promote tumor development and progression in vivo”®. However,
generating new GEMMs using traditional approachesis an expensive,
laborious and time-consuming process. Established GEMMs can also
take months for investigators to acquire and often require labori-
ous breeding programs to combine multiple alleles of interest and to
establish a colony of sufficient size for experimental cohorts. These
factorsimpede studies aimed at developing precision oncology treat-
ments for tumors driven by specific genetic variants, which continue
tobeidentified onaregular basis’.

Genome editing technologies like CRISPR-Cas9 can be used to
rapidly engineer somatic mutations when delivered exogenously
or when installed as germline alleles'® ™. While these models have
accelerated the study of putative cancer driver genes, they are most
frequently used to induce DNA double-stranded breaks (DSBs), lead-
ing to inactivation of tumor suppressor genes via error-prone repair
and frameshifting insertion/deletion (indel) formation. Although
CRISPR-based homology-directed repair (HDR) hasbeen used to model
precise single nucleotide variants (SNVs) in Cas9-knockin mice, this
method requires an exogenous DNA donor template and is limited by
low efficiency and high rates of indel byproducts®. Furthermore, the
requirement for DSBs to induce frameshifts or HDR-based precise
edits can lead to confounding genotoxic effects, including on-target
chromothripsis events and artificial fitness costs incurred through
continued disruption of edited oncogenes'".

Precision genome editing technologies like base editing'® can be
used to model cancer in mice by installing specific transition mutations
with high efficiency and negligible indel byproducts”. Although pre-
cise and highly efficient, base editors also have limitations, including
the requirement for different base editor enzymes depending on the
mutation being studied (for example, cytosine base editor (CBE) or
adenine base editor (ABE)), and their propensity for bystander edit-
ing, which can prohibitintroducing desired amino acid substitutions.
While the recent development of C:Gand A:Y transversion base editors
will expand the scope of cancer modeling'*??, current base editing
technology is not amenable to modeling the full spectrum of small
somatic mutations.

In contrast to base editing and standard CRISPR-Cas9, prime
editing enables engineering the full spectrum of single nucleotide
substitutions and indels with high product purity?***. Prime editors
employ a Cas9 nickase coupled with areverse transcriptase that com-
plexes with prime editing guide RNAs (pegRNAs). pegRNAs encode
mutations ofinterest withinareverse transcriptase template (RTT)**,
enabling highly precise and programmable editing. Prime editing thus
offers a versatile approach to study the full spectrum of cancer driver
mutations, their combinations and the growing catalog of secondary
mutations that confer resistance to targeted therapies® 2,

Beyond editing versatility, prime editing also avoids the formation
of indel byproducts associated with DSBs. This is particularly impor-
tant for studying SNVs with putative neomorphic qualities in tumor
suppressor genes, as HDR-directed mutations would be diluted by
the higher rate of naturally selected indels. Prime editing also exhibits
lower rates of unintended activity at off-target loci, reducing the risk
of confounding off-target effects**’. These advantages, combined
with broad editing capacity, provide an unprecedented opportunity
to generate faithful models of human cancer.

Withthese considerationsinmind, we developed both conditional
andtissue-restricted prime editing GEMMs (PE GEMMs) that eliminate
the need for exogenous delivery of prime editors, which can be chal-
lenging given their significant size’**'. Encoding the prime-editing
machinery within the mouse germline also minimizes confounding
acute or chronic anti-tumorimmune responses that could beinduced
by exogenous delivery of a Cas9-based fusion protein®*.In conjunc-
tion with the development of PE GEMMs, we also developed a range

of DNA vectors and engineered pegRNAs (epegRNAs) that promote
efficient prime editing in a variety of cell lines and organoids derived
from these mice. With this toolset, we established organoid models
harboring Trp53 mutations frequently found in patients with pancreatic
cancer but not modeled by current GEMMs of the disease, as well as a
clinically relevant Kras mutation associated with resistance to KRAS“"*
inhibitors. We further showed that PE GEMMs enable efficient prime
editing in vivo via viral or nonviral delivery of pegRNAs to a variety of
tissues. Extending these studies, we harnessed PE GEMMs to model
cancer in vivo through somatic initiation of autochthonous lung and
pancreatic adenocarcinomas, and by orthotopic transplantation of
prime-edited pancreatic organoids. We also investigated the oncogenic
potential of a variety of primary Kras mutations in the lung, including
the poorly understood Kras®?* mutation present in more than 10%
of patients with lung adenocarcinoma. We expect PE GEMMs to both
expand thelandscape of achievable cancer-associated mutations and
acceleratethetechniquesrequired to study their functionand associ-
ated therapeutic vulnerabilities.

Results

Quantification of cancer mutations amenable to prime editing
Recent study has shown that base editing can be used to elucidate
the function of specific cancer-associated genetic variants® and to
systematically probe a large fraction of all possible alleles for genes
and proteins of interest*®. Base editors are primarily capable of engi-
neering transition SNVs* (A-T > G-C or G-C > A-T), although the base
editor architecture has recently been adapted to produce C-G > G-C
transversions with variable efficiency'”***"*. In contrast, prime editors
can engineer all transition and transversion SNVs*, as well as defined
indel alleles***, expanding the potential for rapid modeling of genetic
variants even further. To define the expanded editing capacity afforded
by prime editing, we quantified the abilities of both base and prime
editing to install specific somatic mutations identified from a cohort
of 43,035 genetically-profiled patients with cancer from the Memorial
Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer
Targets (MSK-IMPACT) dataset (Fig. 1a,b and Supplementary Fig.1)>*.
0f 422,822 mutations identified from the targeted exon sequencing
of 594 cancer-associated genes, 82.3% are SNVs, while the remaining
17.7% are deletions (DEL), insertions (INS) and di-nucleotide variant
(DNV)/oligo-nucleotide variants (ONV), in descending order of
frequency (Fig.1a).

To estimate what fraction of common cancer-associated muta-
tions are captured in currently available transgenic mouse models,
we analyzed a dataset curated from the Mouse Genome Informatics
database (Methods)****. We found that 65 of the 100 most frequent
SNVs in MSK-IMPACT, including 50 of 84 missense SNVs, are not rep-
resented by published mouse cancer models (Supplementary Tables 1
and 2). Notably, the majority of these SNVs are transitions, which
comprise 61.8% of all SNVs in the overall MSK-IMPACT dataset and are
theoretically compatible with engineering using base editors (Fig. 1c).
In general, 38.4% of all mutations in the dataset are amenable to base
editing using a canonical NGG PAM sequence** (Fig. 1d). The total
mutation coverage with base editing increases to 51% when accounting
for base editors that use more abundant NG PAM sequences.

With base editors, adjacentidentical nucleotides can be collater-
ally edited and resultinundesired editing outcomes. When considering
only mutations without identical bases present within one adjacent
nucleotide, the total mutation coverage drops to 29.6% (Fig. 1d). This
analysis does not account for the location of a desired edit within the
protospacer, which caninfluence base editing efficiency and the total
fraction of amenable mutations (Extended Data Fig. 1b).

We used asimilar approach to quantify the modeling capabilities
of prime editors that use an NGG or NG PAM coupled with variable RTT
lengths encoded within pegRNAs (Supplementary Fig.1). Usingan NGG
PAM and RTT length of 30 base pairs (bp), excluding the additional
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Fig.1| Quantification of cancer-associated mutations amenable to modeling
by base editing or prime editing. a, Distribution of somatic variant types in
acohort of 43,035 patients with 422,822 mutations observed in 594 cancer-
associated genes. b, Schematic of the modeling capabilities of base editing
(top) and prime editing (bottom). ¢, Quantification of somatic SNVs by type.
SNVs amenable to modeling by CBEs are shown in purple, while SNVs amenable
to ABEs are shown in blue. Transversions are shown in gray. d, Quantification

of mutations amenable to modeling with CBEs or ABEs that use an NG (light
green) or NGG PAM (dark green). All percentages are given as a percentage of all
mutations in the dataset. e, Quantification of mutations amenable to modeling
by aprime editor using an NGG PAM (dark green) coupled with a pegRNA with
an RT template length of 30 nucleotides. f, Percentage of mutations with at least
one suitable pegRNA as a function of the RT template length of the pegRNA,
excluding the additional length of a homologous region in the RT template.

RT template length

Calculations assume an NGG PAM. g, Quantification of orthologous coding
mutations potentially amenable to modeling by base editing in mice. Mutations
are defined as orthologous if they derive from a wild-type amino acid conserved
in the mouse ortholog, as determined by pairwise protein alignment between
human and mouse protein sequences. The rightmost bar indicates the fraction
of orthologous coding mutations that can be modeled by base editors that
recognize NG or NGG PAMs. ‘Excluded mutations’ refers to mutations that fallin
agene lacking an ortholog. h, Quantification of orthologous coding mutations
potentially amenable to modeling by prime editing. The rightmost bar indicates
the ability of an NG or NGG prime editor to model these mutations, assuming

an RT template greater than 30 nt. i, Summary of the mutation modeling
capabilities of base and prime editing assuming an NGG PAM. SNV, single
nucleotide variants; DEL, deletions; INS, insertions; DNV, di-nucleotide variants;
ONV, oligo-nucleotide variants.

length of ahomologous regioninthe RTT, prime editing theoretically
reaches 95.8% coverage of all mutations in this dataset (Fig. 1e). This
valueincreases to 99.9% for prime editors that could theoretically use
an NG PAM (Fig. 1e). Moreover, analysis of the relationship between

RTT length and modeling capabilities reveals that ~-85% of mutations
inthis dataset canbe modeled by placing the mutation within the first
15bp of the RTT (Fig. 1f). These parameters are well within the recom-
mended guidelines for pegRNA RTT length, even with the additional
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size required for a region of homology®. Collectively, this analysis
suggests that both base editing and prime editing can serve as versatile
technologies for modeling cancer-associated mutations.

We also sought to determine the fraction of cancer-associated
mutations that derive from protein sequences conserved in mouse
orthologs. We reasoned that only this subset of conserved sequences,
when mutated in mouse systems, could be expected to mimic effects
seen in human cancer. To quantify the ability of base and prime edi-
tors to model cancer-associated mutations in mice, we performed
pairwise alignment on orthologous mouse and human proteins to
define whether mutations derive from a conserved wild-type amino
acid and reside in a region of homology (Supplementary Fig. 1). Of
the SNVs that occurin coding sequences, 90.9% derive from codons
that encode conserved amino acids between mouse and human.
Of these conserved, cancer-associated SNVs, 61.8% are amenable
to base editing (NG or NGG PAM), which translates to 43.1% of all
mutations in the dataset (Fig. 1g). In contrast, NG or NGG prime edi-
tors are capable of modeling 100% of coding mutations that occur
at conserved amino acid residues in mice (84.2% of all mutations in
the dataset) (Fig. 1h). In total, 80.8% of human cancer-associated
mutations observed in this dataset could be modeled in mice with
prime editors using a traditional NGG PAM (Fig. 1f,i). This same pat-
tern holds when filtering the dataset to only mutations that occur
in multiple patients, and when considering various stringencies of
homology intheregions flanking the mutations of interest (Extended
Data Figs. 1f and 2c). In total, these results demonstrate that prime
editing could substantially broaden both the diversity and number
of human cancer-associated mutations that can be rapidly modeled
inmouse orthologs.

Development of a Cre-inducible prime editor allele

We sought to develop a transgenic system capable of precisely engi-
neering the majority of cancer-associated mutations without requiring
exogenous delivery of a prime editor enzyme. To accomplish this, we
targeted a transgene expression cassette encoding the PE2 enzyme and
the mNeonGreen (mNG)** fluorescent reporter, separated by the P2A
ribosome skipping sequence, into the Rosa26 locus'®* (Fig. 2a). Like
the previous Cre-inducible Rosa26 alleles'***", transgene expression
is driven by the CAG promoter and is induced by Cre-mediated exci-
sion of a loxP-stop-loxP (LSL) cassette. A neomycin resistance gene
was included to enable the selection of cells containing the targeted
allele. We also incorporated FRT/FRT3 sequences flanking the cen-
tral construct to enable Flp recombinase-mediated replacement of
the Rosa26™ allele with future generations of prime editor enzymes
or other desirable editors?>*®, This vector was targeted to Trp53/o/ox
C57BL/6JES cells, where Trp53 can be deleted upon expression of Cre
recombinase (Supplementary Fig.2). Chimeric mice were then crossed
to wild-type C57BL/6/ mice to generate pure strain heterozygous
Trp53"*;Rosa26™* mice. These mice were subsequently crossed
with Trp53** and Trp53™/°* mice to generate Rosa26™%* mice on
wild-type and Trp53™*backgrounds.

Functional validation of the prime editor allele in organoids

To confirm the functionality of the Rosa26™ allele, we developed two
lentiviral vectors that coexpress apegRNA and either Cre recombinase
(hU6-pegRNA-EF-1a-Cre (UPEC)) or the red fluorescent protein (RFP),
mScarlet*’ (hU6-pegRNA-EFS-mScarlet (UPEmS)) (Fig. 2b). We derived
pancreatic organoids from chimeric Trp53";Rosa26"%" mice and
developed a pure culture of transgene-containing cells via selection
with neomycin (Fig. 2c and Supplementary Fig. 3). As expected, these
pancreatic organoids displayed Cre-dependent mNG expression upon
transduction with UPEC vectors (Fig. 2d and Supplementary Fig. 3).
To test the prime-editing functionality of this allele, we designed a
Dnmtli-targeting pegRNA encoding a + 1 CCC INS, which templates a
trinucleotide insertion of a GGG codon encoding glycine at residue 4
of Dnmtl. UPEC-transduced organoids were selected using nutlin-3a,
amouse double minute 2homolog (MDM2) inhibitor thatinduces cell
cyclearrestin Trp53-proficient (but not Trp53-deficient) cells®, enrich-
ing for those Trp53™*/°~ cells that underwent Cre-mediated recombi-
nation following UPEC transduction. After selection, we detected up
to 33.8% editing efficiency and minimal indel byproducts at Dnmt1
(Supplementary Fig. 3). These results validate the functionality of
the Rosa26™ allele, including its ability to mediate prime editing of
endogenous loci when using optimized pegRNAs.

Prime editing in organoids derived from the Rosa26™? model
We next sought to evaluate prime editing across multiple tissues. To
accomplish this, we derived lung organoids, pancreatic organoids
and tail-tip-derived fibroblasts (TTFs) from multiple Rosa26"™** mice
(Fig. 2e). Consistent with results using chimera-derived organoids,
we observed highly efficient Dnmt1 editing across all investigated tis-
sues (Fig. 2f). Corroborating the well-established on-target fidelity of
prime editing®***"!, we did not detect off-target prime editing across
multiple loci prioritized based on protospacer homology** (Extended
DataFig.3c,d).

Aprevious study established a subset of DNA damage repair (DDR)
genes as key factors influencing prime-editing efficiency®. Given p53’s
fundamental role in DDR, we examined whether Dnmt1'°“¢ editing
levels differed substantially across Trp53*”* and Trp53" %% conditions. In
both TTFs and pancreatic organoids, we noticed a consistent twofold to
threefold decrease in DnmtI'°“ editing in Trp53"* relative to Trp53ox
tissues (Extended DataFig.3a,b). This result suggests that Trp53 status
may affect prime-editing efficiency, although we still observe highly
efficient editing across lociin Trp53-proficient tissues.

Prime editing in vivo with lipid nanoparticles

To determine whether PE GEMMs enable prime editing in vivo, we
co-formulated Cre mRNA and a synthetic pegRNA encoding the
DnmtI"®““insertion within lipid nanoparticles (LNPs). We then treated
Rosa26™"* and Rosa26™"* mice with one of two LNP formulations®
(Methods) viatail veininjection. After 1 week, we observed Cre-induced
fluorescenceinthelivers of mice that received pegRNA-bearing LNPs,
but not in a control mouse that received PBS (Supplementary Fig. 4).

Fig. 2| Design and functional validation of the Rosa26* prime editor allele.
a, Schematic depicting the design of the Cre-inducible Rosa26™? allele. b, Schematic
depicting the formation of UPEC and UPEmS vectors from templates encoding
an RFP by Golden Gate assembly. ¢, Bright-field images of pancreatic organoids
derived from chimeric prime editor mice and wild-type mice with and without
treatment with neomycin. This experiment was completed once. d, Bright-field
and fluorescentimages showing PE2-P2A-mNG expression only after exposure
to Cre encoded by a UPEC vector. This experiment was completed more than

five times with consistent results. e, Schematic depicting the derivation of
multiple organoids and a fibroblast cell line from Rosa26™%* prime editor

mice. f, Editing efficiency of a trinucleotide (+GGG) insertion located 8 bp
downstream of the start codon in DnmtI in pancreatic organoids, lung organoids
and TTFs. Unintended indel byproductsin all conditions were present in <1% of

sequencing reads. Dataand error bars indicate the mean and standard deviation
of three independent transductions. g, Editing efficiency and indel byproduct
frequency of Dnmt1*°®in liver tissue 1 week after tail vein injection with LNPs
harboring either Cre mRNA and pegRNA (n = 5 mice) (left) or pegRNA alone
(n=3mice) (right). Data and error bars indicate the mean and standard deviation
ofindependent animals. h, Bright-field and fluorescent images of pancreases
derived from Rosa26™* (left) or Pdx-1 cre;Rosa26™* mice (right). This
experiment was completed twice with consistent results. i, Immunofluorescence
imaging of intestinal tissue derived from Villin-creER™*;Rosa26™* mice that

were either untreated (left) or exposed to tamoxifen (right; 4-OHT). Tissue slides
were stained with the DNA stain DAPI (4’,6-diamidino-2-phenylindole; top) or
withanantibody specific to Cas9 (bottom). Scale bar indicates 100 um. This
experiment was completed once.
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We also detected moderately efficient prime editing (up to 3.4%) at
Dnmtl as assessed by bulk liver analysis, and we did not detect sig-
nificant editing in mice that received LNPs harboring only the Dnmt1
pegRNA (that is, lacking Cre mRNA) (Fig. 2g). These results confirm
that PE GEMMs are amenable to precision edits in vivo.

a R26

Generation of constitutive and inducible PE GEMMs

Prime editing in vivo could be more convenient if the need for Cre
co-delivery was eliminated. To demonstrate the compatibility of the
conditional PE2 allele with tissue-restricted Cre drivers, we generated
additional PE GEMMs through genetic crosses with mice harboring
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alleles that express Cre recombinase from endogenous loci. First,
we crossed Rosa26"%"2 mice to Pdx-1 cre**, a pancreas-specific Cre
driver allele, and Villin-creER™, an inducible, intestinal epithelial Cre
driver allele®. As expected, Pdx-1 cre;Rosa26™* mice showed bright
and robust evidence of mNG expression in the pancreas (Fig. 2h), and
Villin-creER™;Rosa26™"* mice demonstrated PE2 expression in intes-
tinal epithelial cells upon treatment with tamoxifen (Fig. 2i). Notably,
histologic analysis of the pancreas and intestinal epithelia, respectively,
revealed no gross or pathologic abnormalities, suggesting that con-
stitutive or inducible expression of the PE2 enzyme does not lead to
toxicity in these tissues (Supplementary Fig. 4).

Optimization of Kras-targeted pegRNAs

We next sought to empirically identify highly efficient pegRNAs that
introduce the Kras®?” transitionas an SNV (GGT > GAT). Based on previ-
ous study’®, we hypothesized that spacer sequences capable of produc-
ing the highest Cas9 indel efficiency in mouse N2A cells would serve
asideal scaffolds for high-efficiency pegRNA designs (Supplementary
Fig.5and Supplementary Table 3). Using TTFs, we observed up to ~5%
editing efficiency of Kras®?” with spacer-optimized pegRNAs (Fig. 3a
and Supplementary Fig. 5). To further increase editing efficiency, we
modified our best-performing pegRNA with a structured RNA pseudo-
knot motif, prequeosine;-1riboswitch aptamer (tevopreQl), recently
shown to enhance prime-editing efficiency by more than threefold in
cell lines™. This resulted in up to ~18.4% editing efficiency of Kras®?®
in pancreatic organoids and TTFs (Fig. 3b). We then modified this
epegRNA to template the Kras®* transversion and observed ~0.5%
editing efficiency in pancreatic organoids and -5% in TTFs. We also
generated Kras® and Kras“® epegRNAs and observed up to ~30%
editing efficiency with both epegRNAs in TTFs (Fig. 3b).

Both Kras®? and Kras®*® epegRNAs template G-C-to-C-G sub-
stitutions, which proceed from C-C mismatch intermediates. These
mismatches are not efficiently repaired by mismatch repair (MMR)
and are thought to have higher basal prime-editing rates as a conse-
quence”. A study by Chen et al. has indicated that co-installation of
silent or benign MMR-evasive edits can promote higher prime-editing
efficiency, consistent with the increased editing efficiency in
producing Kras“?* and Kras®® over Kras®? (ref. 29). To further probe
this phenomenon, we compared a variety of epegRNAs templating
cancer-associated mutations across Kras, Trp53 and Egfr to counter-
parts modified with silent orinconsequential edits. Innearly every case,
we found that installing MMR-evasive edits amplified prime-editing
efficiencies by more than threefold, often resulting in efficiencies
greater than 20% (Extended Data Fig. 4b-d). Collectively, these data
demonstrate that the Rosa26™ allele enables efficient installation of
SNVs, multinucleotide alterations and insertions and deletions across
adiverse array of cell lines and organoids.

To confirm the functional effects of these mutations, we installed
either Kras®? or Kras®* mutationsin Trp53"/"*;Rosa26™* pancreatic

organoids and selected transduced cells with nutlin-3a. We then treated
prime-edited organoids with the epidermal growth factor receptor
(EGFR) inhibitor, gefitinib, to select for the oncogenic Kras mutation®’
and evaluated the fraction of cells containing the intended edits before
and after treatment. Consistent with receptor-independent signaling
downstream of EGFR, only Kras®?” and Kras®”¢ prime-edited cells
survived treatment with gefitinib, while control cells infected with
the template UPEC lacking a pegRNA did not (Fig. 3¢ and Extended
Data Fig. 5a,b). We then tested whether cells transduced with Kras®*©
epegRNAs were sensitive to sotorasib, a KRAS“*C-specific inhibitor,
alone or in combination with gefitinib. Consistent with the previous
study*®, we found that Kras®? pancreatic organoids were uniquely
sensitive to the combination of sotorasib and gefitinib, while Kras®?®
organoids were unaffected by these treatments (Fig. 3d and Extended
Data Fig. 5b). While KRAS“*“ inhibition has shown promising signs of
clinical efficacy in pancreatic cancer®”, current preclinical efforts
focused on KRAS®?inhibition have the potential to benefitabroader
fraction of patients with this disease (>38%)°*°. Therefore, we treated
prime-edited Kras®?” pancreatic organoids with MRTX1133 (ref. 62),a
KRAS®? inhibitor, alone or in combination with gefitinib. Consistent
with results using sotorasib, we found that Kras“?® organoids were
substantially more sensitive to the combination treatment compared
with MRTX1133 alone (Fig. 3d,e), suggesting that concomitant EGFR
inhibition may be a broadly effective strategy to augment the overall
efficacy of KRAS mutant inhibitors in pancreatic cancer cells.

Rapid interrogation of resistance mutations

While targeted therapies have revolutionized modern cancer treat-
ment, therapy resistance iscommon and frequently arises through the
acquisition of secondary missense mutations affecting the drugged
driver®®*%%* Arecentstudyinref. 63 revealed a class of secondary KRAS
mutations occurring in over 10% of patients with non-small cell lung
cancer and colorectal cancer with acquired resistance to adagrasib,
aKRAS“*Cinhibitor. Intriguingly, several mutations occur in codons
95-96, which occupy the switch Il pocket targeted by adagrasib and
sotorasib.

To test the utility of the Rosa26™ model to functionally interro-
gate mutations associated with resistance, we developed an epegRNA
designed tointroduce the Kras"“ transversion and tested its capacity
to promote resistance in prime-edited Kras®” pancreatic organoids
treated with gefitinib and sotorasib (Extended Data Fig. 5d). All orga-
noids were initially treated with both inhibitors for two passages,
followed by continued treatment for three additional passagesinone
group (continuous treatment) and treatment removal in the second
group (transient treatment). Consistent with patient data®, organoids
transduced with the Kras" epegRNA were resistant to combined
treatment with gefitinib and sotorasib and exhibited increased allele
frequency of the Kras"*“ mutation over time (Fig. 3f). Positive selec-
tion for composite Kras®?“**“ mutant organoids was not observed in

Fig.3|Ex vivo prime editing and functional testing of Kras and Trp53
mutations. a, Editing efficiency and indel byproduct frequency of the Kras
transition mutation templated by pegRNAs based on a single Cas9 spacer (n=3
for each pegRNA). pegRNAs are delineated by differences in the lengths of the
primer binding site (PBS) and RTT. Data and error bars indicate the mean and
standard deviation of three independent transductions. b, Editing activity of four
epegRNAs templating Kras® mutations in TTFs or pancreatic organoids. Data
and error bars indicate the mean and standard deviation of three independent
transductions. Indel byproduct calculations were pooled from all conditions
within each tissue. ¢, Allele frequencies of Kras®?® or Kras®”* mutationsin
pancreatic organoids before and after two passages of treatment with gefitinib
(1puM; n=1).d, Bright-field images of prime-edited Kras®¢ 120 organoids
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orKras
treated for 4 d with either control DMSO, sotorasib (2 pM) and gefitinib (1 pM),
MRTX1133 (5 pM) or MRTX1133 and gefitinib. This experiment was repeated

three times with consistent results. e, Viability of Kras®?” pancreatic organoids

under various treatment conditions. f, Allele frequency of Kras"*“in Kras

organoids during and after treatment with sotorasib (2 uM) and gefitinib (n=1).
After two passages, organoids were split into two groups, whichincluded
continued treatment (continuous treatment) in one group and removal of
treatmentin a second group (transient treatment). g, Allele and indel byproduct
frequencies of Trp53%%2(n =5), Trp53*%" (n = 4), Trp53**%S (n=2) and
Trp534240/tint (n = 3) in Trp53™7* pancreatic organoids treated with nutlin-3a

for three to five passages after transduction with UPEC vectors. Note that the
highest indel frequency depicted for TrpS3***" derives primarily from a scaffold
insertioninasingle replicate. TrpS3**° denotes a dinucleotide deletion.
TrpS3M240Fstnt denotes a fourteen-nucleotide deletion. Data and error bars
indicate the mean and standard deviation across three or more independent
transductions. h,Immunoblotindicating detectable levels of p53 protein

in prime-edited Trp53"7*?%2and Trp53"/*?$" organoids and an absence of
detectable protein in TrpS53™*%% grganoids.
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organoids following the removal of gefitinib and sotorasib, confirming
the requirement of the selective pressure exerted by the treatment.
Although initially discovered in patients with lung cancer treated
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that the Rosa26™ allele can be harnessed for rapid preclinical evalu-
ation of emerging mechanisms of resistance to targeted therapies
in tissues of interest and, ultimately, for testing second-generation
therapies designed to overcome resistance.

Engineering of common p53 mutations with prime editing
Akeyadvantage of PEGEMMs is the ability to mediate nearly any codon
substitution in accessible tissues, enabling tissue-specific functional
studies of genetic variants with putative effects on tumor progression.
TP53isthe most frequently mutated gene in human cancer andis often
altered viamissense mutations that can confer gain-of-function prop-
erties in certain contexts®. In an analysis of data from cBioPortal®®,
we found that some of the most frequent p53 amino acid substitutions
observedin lung (TP53*5% and TP53%°") and pancreatic adenocarcino-
mas (TP53%*" and TP53%**?) have not been targeted to the endogenous
Trp53locus in mouse models (Supplementary Fig. 6), despite having
putative gain-of-function effects®®7°. Notably, three of these muta-
tions are transversions that cannot be modeled using base editing,
and the human amino acid (p53***%), but not the human codon (CGG
versus CGC), is conserved in mouse TrpS53. Therefore, engineering
the Trp53™*" mutation in mice requires a dinucleotide substitution
uniquely suitable to prime editing (Supplementary Fig. 6). We deve-
loped a suite of epegRNAs designed to introduce both Trp53*4" and
Trp53¥*2and two truncating deletions, TrpS3**%S and Trp53M240rst#n,
using a Trp53”* cell line derived from mouse 3TZ cells (Supplemen-
tary Fig. 7). After selection with nutlin-3a, most 7rpS3™*;Rosa26™*
pancreatic organoids transduced with each of these epegRNAs exhib-
ited a prime-edited allele frequency near 100% (Fig. 3g).

We also observed an average of >90% editing purity in these orga-
noids (Fig. 3g and Extended Data Fig. 6¢). Western blots confirmed that
Trp537*Q and Trp537*" cells retained p53 protein expression, while
TrpS3™9FS cells did not (Fig. 3h). While the ratio of prime-edited reads
torandomindel-bearing reads was typically high, we did observe a vari-
able unintended single nucleotide substitution (0.24%-11.34% of reads)
attributable to partial RT of the scaffold sequence when prime editing
Trp53¥%2 (Supplementary Fig. 6). In one instance, we also observed
aninsertion of the scaffold sequence when prime editing Trp53%“"
(-7% of reads). Notably, we did not observe any of these unintended
eventswith anepegRNA templating Trp53"2457 which was designed
toevade MMR and exhibited a high basal editing efficiency (Extended
DataFig. 6a,c).

In all cases, we observed negligible off-target activity at com-
putationally predicted loci, even after more than 4 weeks of cultur-
ing organoids with sustained pegRNA expression (Extended Data
Fig. 6d-f). This result is most striking for Trp53%“", which is tem-
plated by apegRNA bearing a protospacer that shares 100% sequence
homology withan off-target locus on chromosome 17 (Supplementary
Table 4). We detected an average of 0.002% editing at this locus, which

was substantially greater than the sequencing error rate in control
samples (Extended DataFig. 6f). No other loci displayed editing levels
higher than those observed in controls. Collectively, these results
establish the utility of our approach for high-fidelity installation of
mutations using systems that can be rationally engineered and easily
translated to anin vivo setting.

Modeling lung and pancreatic adenocarcinomasinvivo

To benchmark the utility of PE GEMMs to model cancer in vivo, we
initiated lung and pancreatic adenocarcinomas using autochthonous
and orthotopic transplantation strategies (Fig. 4a). Tomodel lung can-
cer, we intratracheally transduced the lungs of Trp53""°%;Rosa26™"
and Trp53/f°*:Rosa26™%"F2 mice with UPEC lentiviruses encoding
the template vector (n =4) or pegRNAs for Kras®?” (n=20), Kras“??
(n=9), Kras®* (n=10), Kras®* (n=13) or the neutral Dnmt1*°“°
(n=6).Wealsoinfected Trp537*;Rosa26™* mice with UPEC-Kras®*’ to
model low-grade lesions and assess in vivo prime editing in a
Trp53-proficient setting.

In Trp53ox recipients, tumors initiated by UPEC-Kras®?” were
readily visible by pCT at 14 weeks postinjection (Supplementary Fig. 8).
At 16 weeks, we observed multifocal fluorescent lesions in 16 of 20
(80%) UPEC-Kras®" recipients and in none of the controls (Fig. 4b).
Histopathological analysis confirmed that lesions induced by prime
editing recapitulated the full spectrum of lung cancer progression,
from grade 1 atypical adenomatous hyperplasia through grade 4
adenocarcinoma. By immunohistochemistry, prime-edited tumors
recapitulated the cellular and molecular evolution seen in the
classical KrastSte2P; Trp537exfox (KP) GEMM model, demonstrating
the downregulation of lung lineage transcription factor Nkx2-1
and the expression of chromatin regulator Hmga2in poorly differen-
tiated, advanced lesions” " (Fig. 4c,d and Extended Data Fig. 7b,c).

We confirmed that tumors wereinitiated through on-target prime
editing by sequencing genomic DNA derived from several bulk tumors
(Fig. 4e). Prime editing in vivo did not require a loss of p53, as 2 of 3
Trp53"*;Rosa26™" mice developed fluorescent tumors upon infection
with UPEC-Kras®?, consistent with previous studies demonstrating
that oncogenic Kras is sufficient to drive lung adenoma formation
in vivo™ (Extended Data Fig. 8e,g). These adenomas also harbored
the intended Kras®” mutation.

Similar to UPEC-Kras®?” recipients, UPEC-Kras®?* and UPEC-
Kras®?® recipients consistently presented multifocal fluorescent
lesions driven by on-target prime editing throughout the lung
(Fig. 4c-e). However, both UPEC-Kras®?* and UPEC-Kras“?* recipients
presented with greater tumor numbers than UPEC-Kras®?” recipients
(Fig. 4b and Extended Data Fig. 8b). While this is likely attributable in
part to more efficient editing with the Kras®* and Kras“?® epegRNAs
(Fig.3b), there were also discernible differences in the apparent onco-
genic capacity of these mutations. In 8 of 9 UPEC-Kras“? recipients,
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Fig.4 | PE GEMMs enable autochthonous and orthotopic modeling of

lung and pancreatic cancer. a, Schematic depicting the design of in vivo
experiments. Lung tumors were initiated with lentivirus-encoding UPEC vectors.
Pancreatic tumors were initiated by orthotopic transplantation of prime-

edited pancreatic organoids. ‘Template’ refers to the template UPEC vector
lacking a pegRNA. b, Representative bright-field and fluorescence images of
lungs derived from mice infected with the UPEC vector encoding the neutral
DnmtI'°““ pegRNA, Kras®?, Kras®* or Kras®?® epegRNAs described in Fig. 3b.
Kras®?” modeling was performed twice with consistent results. Kras®* and

Kras®** modeling was performed once, and replicates were consistent with
representative images shown. ¢, H&E staining of representative tissue from a
control mouse infected with UPEC-DnmtI1*°“ (bottom), and tumor-bearing mice
infected with UPEC-Kras®?”, UPEC-Kras®* and UPEC-Kras®® (top). Scale bars
from left to rightindicate 2 mm, 100 pum and 20 pm, respectively.d, Bar charts
indicate the distribution of grades across 16-week lesions from UPEC-Kras®?”
(n=14 mice), UPEC-Kras“*' (n =10 mice) or UPEC-Kras®** (n =9 mice). Dataand

GI2R

error bars indicate the mean and standard deviation of all biological replicates
ineach condition. Statistical significance was calculated using unpaired, two-
tailed t-tests comparing the fraction of grade 1 lesions in Kras®**-driven tumor
tissue to Kras“?’-driven tumor tissue (P < 0.0001) or Kras“?*-driven tumor
tissue (P < 0.0001). ***P< 0.000L. e, Allele frequencies of Kras®? (n = 4 mice),
Kras® (n=6mice), Kras®® (n =4 mice) (16 weeks) and Kraqs®2¢*sitentedits (n = 5
mice) (12 weeks) and indel byproducts in bulk lung tumors. Data and error bars
indicate the mean and standard deviation across tumors from independent
mice. f, H&E staining of representative pancreatic adenocarcinomas froma
mouse transplanted with Kras®?” organoids (top) and amouse transplanted
with Kras®*“ organoids (bottom). Scale bars from left to right indicate 2 mm and
25 um, respectively. g, Mass of pancreata of Kras®?” (n = 6 mice), Kras®*“ (n=9
mice) or UPEC-template (n = 6 mice) organoid transplant recipients measured
inmilligrams (n = 6-9 mice). Data and error bars indicate the mean and standard
deviation across tumors from independent mice. Statistical significance was
calculated using a two-tailed Mann-Whitney Utest (P=0.036).*P<0.05.
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the overall tumor burden was substantially higher than the Kras®* set-
ting (Extended DataFig. 8a). Furthermore, histopathological analysis
revealed that Kras®?® and Kras®™” tumors were of consistently higher

gradesrelative to Kras®*lesions (Fig. 4d). This is particularly striking
giventherelative rarity of KRAS“* in patients with lung cancer (<1% of
KRAS mutations; Discussion), although, of note, our data are consistent
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with previous study demonstrating that Kras“? is highly oncogenic

inmouse models”. Taken together, these results highlight significant
allele-specific differences in the oncogenic capacity of different Kras
mutations and showcase the utility of PE GEMMs for rapidly discover-
ing such phenotypes.

In contrast to other Kras mutations, only 4 0f 13 (31%) UPEC-Kras®**
recipients presented tumors when collected at 19 weeks, likely a conse-
quence of the lower prime-editing efficiency of the Kras“*“ epegRNA.
Furthermore, deep amplicon sequencing of these tumors occasionally
revealed unintentional edits, including an additional silent substitu-
tion in codon 11 in one case (Extended Data Fig. 8d). To address this
shortcoming, we designed an improved Kras®”¢ epegRNA encoding
MMR-evasive substitutions, which edits at a3.2-fold higher efficiency
(Extended Data Fig. 4b). At 12 weeks, 8 of 9 Trp53*°%;Rosa26" %7
mice infected with this epegRNA developed multifocal tumor burden
(Extended Data Fig. 8b,c). Targeted sequencing confirmed the pres-
ence of the multinucleotide substitution encoding Kras®?, without
any unintended byproducts (Fig. 4e).

To further test the potential of PE GEMMs for cancer modeling
invivo, we transplanted prime-edited Kras®?"*; Trp53"*#°*;,Rosa26™*
and Kras®?*; Trp53™"°*,Rosa26"?* pancreatic organoids into immu-
nocompetent mice harboring the Rosa26™ allele (to ensure immu-
nological tolerance” to the prime editor enzyme). As controls, we
transplanted Trp53"°;Rosa26™%* organoids infected with the
template UPEC vector. Tumors were visible via ultrasound by 5 weeks
(Supplementary Fig. 8), and fluorescent tumors that reflected the
spectrum of pancreatic neoplasia were observed in 8 of 9 Kras®?”*
recipients by 9 weeks post-transplantation (Fig. 4fand Extended Data
Fig. 9a). Notably, only 4 of 9 mice (44%) from the cohort of animals
transplanted with Kras®?“* pancreatic organoids developed lesions.
Of the remaining five mice, one developed a high-grade PanIN, while
the rest did not develop any lesions. Tumor burden in Kras®?¢ mice
was substantially lower than in Kras“?” mice, as reflected in pancreatic
weight measurements (Fig. 4g). These results are consistent with previ-
ous observations, suggesting that Kras®?“ may be less tumorigenicin
the pancreas®®. Metastases were only observed in Kras® recipients
(Extended DataFig. 9a), indicative of amore aggressive phenotype of
these tumors. We did not observe tumor formation in control recipi-
ents by ultrasound, microscopy or histology, consistent with previous
study showing that Trp53knockout aloneis insufficient for pancreatic
tumorigenesis*’’°.

To model autochthonous pancreatic adenocarcinoma, we
adapted astrategy of retrograde pancreatic duct viral delivery*”””. We
infected TrpS3™/*;Rosa26™%* mice with UPEC vectors encoding either
Kras®? or Kras"*“ as a control. Notably, 3 of 4 Kras®?P-infected animals
developed pancreatic adenocarcinoma, while no tumors were detected
in Kras"*“-infected animals (Extended Data Fig. 9¢).

Discussion

Advancesingenome editing technologies have accelerated functional
genetic studies, yet most approaches to model cancer mutations
have relied on Cas9-mediated gene disruption via non-homologous
end joining, failing to recapitulate many genetic lesions observed
in human cancer. Emerging precision genome editing technologies
like base editing and prime editing are poised to fill this gap by allowing
the engineering of specific cancer-associated mutations. Neverthe-
less, the considerable size of base editors and prime editors makes
delivery to most tissues and cell types challenging, posing significant
limitations for in vivo studies. Previous studies have addressed this
using split-prime editor systems that enable prime editing in vivo
when delivered by dual adeno-associated virus (AAV) vectors. How-
ever, dual-AAV approaches remain hampered by delivery challenges
to many tissues and, notably, they can elicit an immune response
against the prime editor enzyme?®*’%. The immunogenicity of
genome editing reagents delivered exogenously substantially

complicatescancermodelingexperiments.Withthesechallengesinmind,
we developed a PE GEMM capable of rapidly installing a variety
of genetic lesions with single nucleotide precision across in vitro,
ex vivo or in vivo contexts, as well as in an autochthonous, immuno-
competent setting. By expressing the PE2 enzyme endogenously,
we bypass the risk of a confounding immune response and substan-
tially expand the capacity to deliver other functional cargo, such
asCre.

We used this model toinstall a variety of cancer-associated muta-
tions, including transversions, transitions, multinucleotide substitu-
tions and deletions across Trp53, Egfr and Kras. In the context of our
pancreatic orthotopic transplant experiments, we observed that differ-
ent Kras mutations exhibit variable in vivo tumor-initiating potential,
consistent with previous study comparing Kras®”“ and Kras“?® autoch-
thonous models in the pancreas™. In the lung, we found that Kras®*,
Kras®? and Kras®?® promote efficient but variable tumor formation.
Tumor burden differences across genotypes are likely driven in part
by variable pegRNA efficiencies, yet we also observed significant dif-
ferencesin the phenotype and grade of tumors when using rationally
optimized pegRNAs. For example, Kras®*-driven tumors exhibited
aless advanced, more differentiated histopathology than Kras®®
and Kras®?®,

The significant tumor-initiating potential of Kras®* is notable,
given the rarity of KRAS“Rin patients with non-small cell lung cancer®,
butis consistent with previous results fromref. 15. Intriguingly, KRAS**
isknownto have substantiallyimpaired GTP hydrolysis relative to other
KRAS®? mutants”. This property could enhance oncogenicity, yet
KRAS®™ is found at low frequency in most solid tumor types, except
pancreatic cancer®. In pancreatic models, Zafra et al. previously found
that Kras“® mutations exhibit little to no PanIN formation potential in
Trp53”* mice constitutively expressing Kras®®in the pancreas, while
Kras® promoted significant PanIN formation in most of the entire
organ®. In contrast, transplanted Kras®2*; Trp53%°* organoids gener-
ated tumors with efficiency similar to Kras®??; Trp53™*%* organoids.
These findings and our study suggest that mutation-specific prop-
erties may subject KRAS®'*® to especially potent tumor suppressive
mechanismsthat are lost in the context of concomitant Trp53 knockout
specific to the mouse experiments described. This warrants further
investigationin the context of other genotypes (for example, Trp53"*)
and experiments in which the sequence of mutations is temporally
controlled.

We also observed Kras allele-specific responses to mutant-specific
targeted therapies. For example, similar to previous studies of
KRAS®*Cinhibitors®**°, we found that a KRAS®'* inhibitor, MRTX1133,
elicits a more powerful effect on prime-edited Kras®?® pancreatic
organoids when combined with the EGFR inhibitor, gefitinib. Several
other clinical agents targeting abroader spectrum of oncogene muta-
tions are undergoing clinical evaluation, and sotorasib and adagrasib,
two KRAS®?¢ inhibitors, have now been approved by the Food and
Drug Administration®*“%, PE GEMMs represent ideal systems for rapid
interrogation of the effects of targeted therapies in the context of
virtually any oncogenic mutation, including secondary resistance
mutations like KRAS"* that are now being identified in patients. PE
GEMMs also enablein vivointerrogation of these mutations in the con-
text of syngeneic and immunocompetent mice. This broad utility for
modeling Kras mutationsin vivois critical, asmutant KRAS inhibition
has been shown to impact the tumor-immune microenvironment in
models of colon cancer®*? and may synergize withimmune checkpoint
blockade in other tissues not yet examined.

Beyond KRAS, we demonstrate in pancreatic organoids the precise
installation and selection of two Trp53 dinucleotide substitutions
encoding two mutant amino acid residues frequently observed at
the same codon in human pancreatic cancer, as well as out-of-frame
multinucleotide deletions at a nearby codon. We observed over 90%
editing purity after the selection of all these mutationsin vitro. Despite

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-023-01783-y

a high intended edit-to-unintended indel ratio, we also observed an
unintended single nucleotide substitution at variable frequency when
prime editing Trp53*?*? (Supplementary Fig. 6). We attribute this
event to partial homology between the genomic region immediately
following the RTT and the few nucleotidesin the pegRNA scaffold that
are commonly reverse-transcribed and excised during DNA repair, a
prime-editing intermediate noted by ref. 51. Such unintended edits
couldbe avoided by using an alternative pegRNA withan RTT endinga
fewnucleotides up or downstream to eliminate the homology or could
be reduced by introducing silent edits that prevent repeated editing
of the same target site, as we demonstrated with the epegRNA encod-
ing Trp53"240/st#nt This pegRNA is based on the same protospacer as
Trp53¥%? yet hasalonger RTT and encodes a deletion that eliminates
boththe seed and PAM sequences. However, this phenomenon merits
additional caution during pegRNA design and may be exacerbated
in long-term prime-editing experiments, such as when selecting cell
lines over several passages with continuous expression of the prime
editor and pegRNA.

The overall editing purity highlights the utility of prime editing
for precise engineering of mutations with negligible indel byproducts.
This is a key advantage over Cas9 HDR-based approaches, in which
the high rate of indel byproducts could dilute intended point muta-
tions in vitro and in vivo. Low editing purity could especially limit
the study of specific point mutations in tumor suppressor genes, as
unintended indels in these genes can produce frameshift mutations
subject to positive selection. This limitation is especially important
when considering that many genes, including 7P53, often harbor point
mutations that confer different properties relative to loss-of-function
truncations, including gain-of-function effects®®**"*, For instance,
Schulz-Heddergott et al. demonstrated that TP53%*%¢ exhibits a
gain-of-function effect by hyperactivating the JAK2/STAT3 pathway,
leading to more aggressive tumor progression in models of colon
cancer®, These observations remain largely untested in models of
pancreatic cancer in vivo due to a lack of suitable transgenic mouse
models and human celllines®. PE GEMMs are poised to fill critical gaps
like this by allowing rapid and fine-tuned mutation controlinavariety
of tissue settings.

Although we did not explore them here, a variety of techniques
are available to optimize prime-editing efficiency, such as PE3 and
PE3bediting strategies that combine nicking guides to bias DNA repair
toward the incorporation of prime-edited nucleotides. Nevertheless,
strategies based on single pegRNAs are more straightforward, have
better multiplexing capacity because they rarely cause indels and
are better suited for high-throughput studies like genetic screens.
In general, we found that spacer optimization and testing of up to 15
guides were sufficient to identify epegRNASs suitable for our experi-
ments. We also found that silent or benign MMR-evasive edits close
to the intended mutation reliably amplify prime-editing efficiency
by several fold, even for epegRNAs with optimized spacer sequences
and PBS and RTT lengths. These techniques enabled us to identify
epegRNAs that edit with greater than 20% efficiency across several
cancer-associated genes. Future users should consider these and other
strategies, including the co-delivery of an MLH1 dominant negative
gene (PE4/5)*° or sensor-based pegRNA library approaches®, to
maximize overall prime-editing efficiencies, which may be especially
helpful for invivo applications.

We generally observed negligible off-target activity at com-
putationally predicted loci, including one example with a proto-
spacer identical to the intended target. This result corroborates the
high on-target fidelity of prime editing. As established in previous
studies®**?*", additional homology required for repair using the RT
product limits activity at off-target loci. While our results are consistent
with previous literature, future studies could employ whole-genome
sequencing to fully characterize off-target prime editing beyond a
limited number of prioritized loci.

While we focused on installing somatic cancer driver mutations,
we anticipate that PE GEMMs could be employed for broader applica-
tions. Inprinciple, germline Rosa26™ alleles could be used to construct
heritable mutations by modifying zygotes with pegRNAs encoding
known drivers of inherited disease. We also envision sophisticated
tumor modeling with the insertion of custom neoepitopes and other
functional genetic sequences. These applications would enable inves-
tigators to address key questions in cancer genetics,immunology and
diverse genetic diseases while reducing the need to generate, genotype
and otherwise maintain traditional GEMMs. Finally, the combination of
multiple epegRNAs in the context of amodified UPEC vector or LNP for-
mulationshould enable autochthonous generation of tumors defined
by custom sets of multiple driver mutations in wild-type prime editor
mice. Thiswould enable increasingly complex studies of cooperating
driver mutations. With these capabilities, PE GEMMs can provide a
rapid preclinical avenue to complement both fundamental and
clinical investigations aimed at treating cancer with precision treat-
ment paradigms.
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Methods

Analysis of prime and base editor capabilities for modeling
cancer-associated mutations

We constructed a Python-based computational pipeline to compare
the abilities of prime and base editors to model cancer-associated
mutations. Data were retrieved from MSK-IMPACT datasets™.

Analysis of cancer mutations incorporated in transgenic
mouse models

We used the MouseMine tool from the Mouse Genome Informatics
database*** to obtain a comprehensive list of published transgenic
alleles. Weinitiated our search using the mammalian phenotype code
MP:0002006 (‘neoplasm’) to retrieve allmouse models related to the
study of cancer. We then modified the search with the following param-
eters: ‘allele type’, ‘mutations (name)’, ‘alleles (name and molecular
note and attribute string)’and ‘subjects (synonyms > names)”. We then
filtered the results to retain only allele types annotated as ‘targeted’,
‘transgenic’ or ‘endonuclease mediated’.

After exporting these data (Supplementary Table 2), we identi-
fied the 100 most frequent SNVs present in the MSK-IMPACT dataset.
We then manually cross-referenced these two lists to identify avail-
able models representing specific mutations. In cases where models
were absent in the MouseMine list, we performed a manual literature
search to confirm the absence of models in the published literature.
Using thisapproach, we designated for each mutation (1) whether any
transgenic allele exists that can be used to model cancer in mice and
(2) whether any existing models enable selective expressionin atissue
of interest (for example, through Cre recombinase-induced removal
of an LSL cassette).

Design and cloning of the Cre-inducible prime editor allele
The PE2-P2A-mNG Rosa26 targeting vector was generated with a
backbone formed via BstBl and Ascl restriction enzyme digestion of
the SpCas9-NLS-P2A-EGFP Rosa26 targeting vector'®*, A fragment
encoding the PE2 enzyme was generated by PCR amplification from
the pCMV-PE2 plasmid obtained from Addgene?* (132775), and a
fragment containing the P2A-mNG sequence was amplified from a
plasmid encoding Cre-P2A-mNG. Two additional fragments contain-
ing WPRE-pA-PGK (Woodchuck Hepatitis Virus Posttranscriptional
Regulatory Element-poly(A)-PGK promoter) and aneomycin resistance
gene (NeoR-pA) were PCR-amplified from the SpCas9-NLS-P2A-EGFP
vector. An FRT3 site was installed by incorporating overlapping
portions of this motif into the PCR primers. All primers used are
listed and described in Supplementary Table 5. A five-part Gibson
assembly reaction generated the final targeting vector using these
components®.

Embryonic stem cell targeting, validation and chimera
generation
P4*,a C57BL/6] Kras"*; Trp53™** (P) mouse embryonic stem (ES) cell
line, was generated by crossing ahormone-primed C57BI6] TrpS53</fex
female with a C57BI/6) Kras“*:2°; Trp53/1°</°* male. At 3.5 d after
coitum, blastocysts were flushed from the uterus, isolated and
cultured individually on a mouse embryonic fibroblast (MEF) feeder
layer. After 5-7 din culture, the outgrown inner cell mass wasisolated,
trypsinized and replated on a fresh MEF layer. ES cell lines were geno-
typed for Kras*: %22, Trp53*o* and Zfy (Y-chromosome specific).
Notably, 36 pg of the prime editor targeting vector (R26-CAGG-
LoxStopLox-Cas9"84°A-MMLVRT-P2A-mNeonGreen-WPRE-bHGpA;
PGK-Neo-PGKpA) was linearized with Pvul, phenol/CHCI, extracted,
and then ethanol precipitated. After resuspending the DNA in 150 pl
of PBS, it was mixed with 3 x 10° P4* ES cells in 650 pl of PBS ina4-mm
electroporation cuvette. The cell-DNA mixture was pulsed oncein a
BioRad Genepulsar 2 (600 V and 25 pF) followed by replating of the
cells onirradiated MEFs. After 48 h, the ES cell cultures were placed

under selection with Geneticin (GIBCO) at 350 pg ml™. A total of 45 colo-
nies were manually picked using a stereomicroscope. Each clone was
expanded and evaluated for correct integration by PCR with primers
spanning the 5" homology arm. Eleven PCR-positive clones were
further evaluated using southern blot analysis. Briefly, genomic
DNA was digested with EcoRV-HF (NEB) overnight. Digestions were
electrophoresed on 0.7% agarose gels and blotted to Amersham
Hybond XL nylon membranes (GE Healthcare). Samples were probed
with*?P-labeled ‘Rosa26 3’ ‘external’ and Cas9 ‘internal’ probes applied
in Church buffer (probe sequences available on request).

Correctly targeted clones verified by both PCR and southern blot
analysis were injected into albino C57BL/6) blastocysts. High-degree
chimeras (visually assessed by coat color percentage) fromthe 100C7
and 100C8 ES cell clones successfully transmitted the prime editor
allele through the germline.

Nucleofection of Neuro-2a cells and genomic DNA preparation
To evaluate spacers near the genetic locus encoding G12 in Kras,
Neuro-2acells were nucleofected using the SF Cell Line 4D-Nucleofector
X Kit (Lonza) with 2 x 10° cells per sample (program DS-137). Notably,
800 ng of SpCas9-expressing plasmid and 200 ng of single guide RNA
(sgRNA)-expressing plasmid were used according to the manufac-
turer’s protocol. Three days following nucleofection, the cells were
washed with PBS after removing the mediaand thenlysed by the addi-
tion of 150 pl of freshly prepared lysis buffer (10 mM Tris-HCI, pH 8
at 23 °C; 0.05% SDS; 25 ug ml™ of proteinase K (Qiagen)). The Kras
amplicon was amplified from the genomic DNA samples, sequenced
onanlllumina MiSeqand analyzed with CRISPResso2 (ref. 87) forindel
quantification®.

pegRNA design and cloning

pegRNAs were designed in part using the pegRNA design tool, Prime
Design®®. Insome cases (for example, editing at Kras®?”), CRISPR sgR-
NAs were tested before pegRNA design to select spacers that exhib-
ited the highest level of Cas9 activity. For some designs, the trimmed
evopreQ, motif wasincluded to form epegRNAs and optimize editing
efficiency within alimited cohort of initial candidates.. pegRNAs and
their sequences are provided in Supplementary Table 3.

All pegRNAs were tested within the context of UPEC or hU6-RFP/
UPEmS vectors. All pegRNA-expressing vectors were assembled via
Golden Gate Assembly® using the uncut template plasmid and three
annealed oligo pairs consisting of the spacer sequence, the scaffold
and the 3’ extension, all with compatible overhangs. Assembly was
facilitated using the Golden Gate Assembly Kit (BsmBI-v2) from New
England BioLabs.

The UPEmS template vector was generated via Gibson assem-
bly of three insert fragments and a linearized backbone. Two frag-
ments were formed by PCR amplification from the ‘pU6 pegRNA GG
acceptor’ plasmid (Addgene plasmid, 132777)*. Specifically, the hU6
promoter was amplified using primers modified to install a BsmBI
recognition site and the pAF Gibson adapter sequence on either
side of the promoter (pAF-hU6-BsmBI), and the RFP component was
also amplified in part using a primer that installed another BsmBI
recognition site (forming BsmBI-RFP-BsmBI-pAR/gBF). A third frag-
ment, gAR/pBF-EFS-mScarlet-gBR, was amplified from a separate
lentiviral plasmid containing U6-sgRNA-EFS-mScarlet. All fragments
were designed to contain compatible overhangs for Gibson assembly.
All vectors with detailed maps and sequences will be deposited into
Addgene.

The UPEC template plasmid (hU6-RFP-EF-1a-Cre) was developed
by Gibson assembly of two insert fragments and the same backbone
used to clone pUPEmS. The pBF-EF-1alpha-Cre-gBR fragment was
generated using pBF and gBR PCR primers targeting the pUSEC
(U6-sgRNA-EF-1alpha-Cre) vector®*°. The pAF-U6-RFP-gAR fragment
was amplified from the UPEmS vector.
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Generation of tail-tip-derived Rosa26™* fibroblasts

To generate Rosa26™ cell lines for convenient testing of pegRNAs, a
2-cm piece was excised from the tail tip of an anesthetized, 3.5-week-old
male. The sample was sprayed with ethanol and then dipped in PBS
several times. Alengthwise incision was made, and the outside skin and
hair were removed. The sample was then incubated at 37 °C in diges-
tion buffer comprised of 5 ml DMEM, 25 pl penicillin-streptomycin,
5 ul Amphotericin B, 10 pl DNase (40 U ml™; 20 °C; 1:500), 50 pl col-
lagenase (100 mg ml™;1:100) and 50 pul CaCl, (36 mM; 1:100). Samples
were then washed twice with PBS, and dissociated chunks were added
toa6-cmdish. Additional media containing Amphotericin Bwas added
the following day.

HEK293 and fibroblast cell culture conditions

HEK293, split-PE2 3TZ and tail-tip-derived Rosa26™* fibroblast cells
were cultured in standard media consisting of Dulbecco’s Modified
Eagle’s Medium (DMEM) (Corning), penicillin-streptomycin and 10%
(vol/vol) FBS. All cultured cells were incubated at 37 °C and 5% CO.,.

Pancreatic ductal organoid culture

Pancreata from mice of the desired genotype were dissected manually
and minced with a razor blade. Pancreas tissue was then dissociated
by 20 min of gentle agitation in pancreas digestion buffer (1x PBS
(Corning), 125 U ml™ collagenase IV (Worthington)) at 37 °C. Tissue
suspensions were then strained through 70 pM filters, washed with 1x
PBS, and pelleted with slow deceleration by centrifugation. Cells were
resuspended in100% Matrigel (Corning) and plated as 50 pldomesinto
24-well plates (GenClone). Upon solidification of domes, cells were
cultured in organoid complete media”, or alternatively, inacomplete
medium as follows: AADMEM/F-12 medium supplemented with HEPES
(1%, Invitrogen), GlutaMAX (1%, Invitrogen), penicillin/streptomycin
(1x, VWR), B27 (1%, Invitrogen), R-Spondinl-Conditioned Medium
(10% vol/vol), A83-01 (0.5 uM, Tocris), mouse epidermal growth factor
(mEGF; 0.05 pg ml™, PeproTech), Fibroblast Growth Factor 10 (FGF-10;
0.1 pug ml™, PeproTech), Gastrin I (0.01 uM, Tocris), recombinant
mouse Noggin (0.1 pg ml™, PeproTech), N-acetyl-L-cysteine (1.25 mM,
Sigma-Aldrich), nicotinamide (10 mM, Sigma-Aldrich) and Y-27632
(10.5 pM, Cayman Chemical Company).

Organoids were passaged using TrypLE Express (Life Technologies)
for Matrigel digestion for 15-30 min at 37 °C. Organoids were infected
atahighmultiplicity of infection to ensure 100% recombination. Briefly,
concentrated lentivirus (either diluted 1:9 or undiluted) was introduced
tocell suspensions at the time of passage. For Trp531°/1°* lines, Nutlin-3a
was added to organoid media (10 pM; Sigma-Aldrich) to ensure the
purification of recombined organoids. For prime-edited organoids
harboring Kras®?” or Kras®?“ mutations, organoids were cultured in
the presence of 1 uM Gefitinib in full organoid media (Cayman) to select
for the intended edit. Sotorasib (Selleck) was added to mediaat1,2 and
5 uM. MRTX1133 (MedChem) was added to the media at 2 uM or 5 pM.
Prime-edited mutations were confirmed by deep amplicon sequencing
of organoids several days after the initial infection with lentivirus, and
thenagain after several passages under treatment with the drug. For the
selection of transgene-containing cells from chimera-derived pancreatic
organoids, organoids were treated with 800 pg ml™ of Geneticin (GIBCO).

Organoid viability and proliferation were quantified using the
alamarBlue HS Cell Viability Reagent (Thermo Fisher Scientific). Viability
reagent was directly added to organoid culture at 1/10 media volume.
After 24 h, 200 pl of reagent-containing media was removed and
assayed in replication in a Tecan Infinite Pro m200 using the manu-
facturer’s parameters.

Lung organoid culture

Lung organoids were derived from 8-20-week-old mice”. Fresh lung
tissue was transferred into 500 pl disase and minced. Digestion buffer
of 3-5ml containing advanced DMEM/F-12, penicillin-streptomycin,

AmphotericinB,1 mg ml™ Collagenase (Sigma, C9407-500MG),40 U ml™
DNase I (Roche, 10104159001), 5 uM HEPES and 0.36 mM CacCl, was
addedfora20-60-minincubationat37 °Cinarotatingoven. The result-
ing suspension was incubated in 1 ml ACK Lysis Buffer (Thermo Fisher
Scientific, A1049201) for 3-5 min atroom temperature to lyse red blood
cells. Samples were then washed two times with fluorescence-activated
cell sorting (FACS) buffer (1x PBS with 1mM EDTA and 0.1% BSA) and
filtered through 40 pm mesh. Samples were resuspended in150 pl FACS
buffer,and CD45 cells were depleted using the EasySep Mouse CD45 Posi-
tive Selection kit (STEMCELL Technologies, 18945). Cells were stained
with anti-mouse CD31-APC (1:500; Biolegend, 102507), CD45-APC (1:500;
BD Biosciences, 559864), EpCAM-PE (1:500; Biolegend, 118206) and
MHCII-APC-eFluor-780 (1:500; Thermo Fisher Scientific, 47-5321-82).
The suspensions were then sorted for DAPI, CD31', CD45, EpCAM" and
MHCII" cells, visualized using BD FACS Diva v8. Approximately 20,000
sorted AT2 cells were mixed with Growth Factor Reduced Matrigel
(Corning) at a ratio of 1:9 and seeded onto multiwell plates as 20 pl
drops. The drops were incubated at 37 °C for 15 min to solidify and then
overlaid with FFNHCS medium supplemented with Y-27632 (Cayman).
For passaging, matrigel drops were dissolvedin TrypLE Express (Sigma,
12604-013) and incubated at 37 °C for 7-15 min. The organoid suspen-
sions were then dissociated into single cells by vigorous pipetting,
washed twice, resuspended in1x PBS and plated as described above.

Generation of asplit-PE2 fibroblast cell line

A cell line based on mouse 3TZs cells was developed to test
Trp53-targeted pegRNAs ona Trp53"* background. Two plasmids con-
taining halves of the PE2 enzyme and distinct antibiotic resistance
genes were generated via Gibson assembly. The splitintein-based con-
structs described inrefs. 24,92 were used to enable post-translational
splicing of the intein motifs and subsequent joining of the halves to
form the full PE2 enzyme. Specifically, the N-terminal half of PE2 (the
first 573 amino acids of the Cas9 nickase joined to the Npu N-intein)
was PCR-amplified from the U6-DNMT1-hSynapsin-PE2-N-terminal-
P2A-EGFP-KASH-lenti plasmid (Addgene, 135955) and then cloned into
apuromycinresistance gene-containing backbone. Ablasticidin resist-
ance gene-containing backbone was assembled into a second vector
witha PCR-amplified DNA fragment encoding the C-terminal half of PE2
(NpuC-inteinjoined to the remaining C-terminal half of PE2), amplified
from the hSynapsin-PE2-C-terminal-lenti plasmid (Addgene, 135956).
The two constructs were incorporated into lentiviruses, which were
used to transduce mouse 3TZ fibroblast cells, followed by selection
with up to 10 pg m™ of puromycin and 20 pg ml™ of blasticidin.

Production of lentivirus and transduction

Lentivirus was produced by transfection of the expression vector
into 293FS* cells along with psPAX2 (psPAX2 was a gift from Didier
Trono—Addgene plasmid, 12260; http://n2t.net/addgene:12260;
RRID:Addgene_12260) and pMD2.G (pMD2.G was a gift from Didier
Trono—Addgene plasmid, 12259; http://n2t.net/addgene:12259;
RRID:Addgene_12259) packaging plasmids at a4:3:1ratio using polyeth-
ylenimine or Mirus transfection reagent. A volume of 1 ml of small-scale
viral supernatant was added directly to 1 x 10° cells at seeding in a
six-well plate (Corning) for transduction. Small-scale transductions
were supplemented with polybrene (10 mg ml™, 1:1,000; Sigma). Con-
centrated large-scale lentivirus and small-scale viruses were stored
at -80 °C if not used immediately. Generally, cell lines were infected
with small-scale virus, while organoids were infected with large-scale
virus. Quantification of lentiviral titer was performed using a GFP Cre
reporter 3TZ cell line™.

Intratracheal delivery of lentivirus into the lung

Mice were anesthetized inanisoflurane chamber. A total of 6 x 10* trans-
ducing units (TU) or 1 x 10° TU of lentivirus containing UPEC vectors
encoding pegRNAs and Cre recombinase were injected intratracheally
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into Rosa26°* mice”. Mice were sex and age-matched within 4 weeks
across experimental arms.

Orthotopic transplantation of pancreatic organoids

Animals were anesthetized withisoflurane, the left abdominal side was
depilated with Nair and the surgical region was disinfected with Chlo-
raprep swabstick (BD). A small incision (-1.5 cm) was made in the left
subcostal area, and the spleen and pancreas were exteriorized withring
forceps. The organoid suspension (containing1x 10° organoid cellsin
100 pl of 50% PBS + 50% Matrigel) was injected using a30-gauge needle
into the pancreatic parenchyma parallel to the main pancreaticartery.
The pancreas and spleen were gently internalized, and the peritoneal
andskinlayers were sutured independently using a4/0 PGA suture and
a4/0silk suture, respectively (AD Surgical). All mice received preopera-
tive analgesia Buprenorphine Sustained-Release (Bup-SR; 0.5 mg kg™)
and were followed postoperatively for any signs of distress. Organoid/
Matrigel mixtures were kept on ice throughout the whole procedure
to avoid solidification. For orthotopic transplantation, syngeneic
C57BL/6) Rosa26™ mice (aged 6-17 weeks) were used as recipients.
Male pancreatic organoids were only transplanted into male recipients.

Autochthonous pancreatic tumor modeling

Retrograde pancreatic ductinfection with lentivirus was modified from
previously reported techniques”. The ventral abdomen was depilated
(using Nair) 1 d before surgery. Animals were anesthetized with isoflu-
rane. The surgical areawas disinfected with betadine/isopropanoland
a2-to3-cmincision was madeinthe anterior abdomen. A subsequent
vertical incision was made through the abdominal wall, securing the
incisionedges witha Colibriretractor. ANikon stereomicroscope was
used to visualize the pancreas, common bile duct and sphincter of
0ddi. The common bile duct and cystic duct were gently separated
from the portal vein and hepatic artery using blunt dissection with
Moria forceps. A microclip was placed over the common bile duct to
prevent the influx of the viral particles into the liver or gallbladder. A
30-gauge needle was used to cannulate the common bile duct at the
level of the sphincter of 0ddi, and 150 pl virus was injected over 30 s.
Afterinjection and removal of instruments, the peritoneum was closed
using running 5-0 Vicryl sutures. The abdominal wall and fascia were
closed using simpleinterrupted 5-0 Vicryl sutures. Animals were admin-
istered postoperative sustained-release Buprenorphine (Bup-SR) and
were monitored postoperatively for signs of discomfort or distress. For
retrograde pancreatic ductalinstallation, male mice (aged 8-20 weeks)
and female mice (aged 8-20 weeks) were transduced with 500,000 TU
in serum-free media (Opti-MEM; Gibco).

Lipid nanoparticle (LNP) formulation and injection

LNPs were formulated with modifications from an existing protocol*.
Dnmtl1*““¢ Synthetic pegRNA (1 mg) was ordered from Agilent Tech-
nologies. The first three and last three nucleotides were modified with
2’0-methyl groups. The first three and last three nucleotide bonds were
phosphorothioate-modified bonds. Both modifications were made to
increase the stability of the guide. Cre mRNA was obtained from Trilink.
Aweightratio of1:7.5 totalmRNA ionizable lipid was used for LNP for-
mulation, withal:2 ratio of Cre mRNA: pegRNA. The aqueous phase was
prepared with 25 mM sodium acetate (pHS5.2), Cre mRNA and pegRNA
solution. Two organic phase preparations were made by adding anion-
izablelipid (Lipid 10 or 306-012B) to cholesterol (Sigma-Aldrich), DOPC
(Avanti) and DMG-PEG (Sunbright) stock solutionsin100% ethanol, at
a50:38.5:10:1.5 molar ratio. Nanoparticles were prepared by combin-
ing the organicand aqueous phases atal:3 ratio and assembled using
aNanoAssemblr (Precision Nanosystems). LNPs were dialyzed for 4 h
against PBSin Thermo Fisher Scientific Slide-A-Lyzer dialysis Cassettes
(3.5 KMWCO).LNPswerekept onice before animal dosing. Mice were
administered amaximal dose of 60 pg total RNA via tail veininjection,
corresponding to roughly 200 pl per mouse.

Animal studies

All mouse experiments described in this study were approved by the
Massachusetts Institute of Technology Institutional Animal Care
and Use Committee (IACUC) (institutional animal welfare assur-
ance, A-3125-01). For Vilin-cre™®™*:Rosa26™* animals, Tamoxifen was
administered in the diet (Envigo, TD.130860) for 2 weeks before
tissue collection. Mice aged between 7 and 20 weeks old were
chosen for in vivo experiments. Mice of both sexes were used
for autochthonous lung tumor initiation, and male mice were
chosen for orthotopic pancreatic organoid experiments as the
transplanted organoid line was male-derived. Mice were assessed
for morbidity according to guidelines set by the MIT Division of
Comparative Medicine and were humanely killed before natural
expiration.

Ultrasound imaging

Animals were anesthetized with isoflurane and the left subcostal
region of animals was depilated with Nair. Animals were imaged with
a Vevo3100/LAZRX ultrasound and photoacoustic imaging system
(Fujifilm Visualsonics). Anesthetized animals were positioned supine
and angled on an imaging platform for visualization of peritoneal
organs. Landmark organs including the kidney and spleen were
first identified before imaging. A thin layer of ultrasound gel was
applied over the depilated region of the abdomen. The transducer
(VisualSonics 550S) was positioned above theabdomenand set at the
scanning midpoint of the healthy pancreas or tumor. Approximately
1cm of scanning area was used to capture the entirety of pancreas
tumors, using a z-slick thickness of 0.04 mm. Ultrasound scans were
uploaded to Vevo Lab Software, from which representative images
were exported.

Rodent puCT

Mice were anesthetized with isoflurane (3%, then maintained at
2.0-2.5% in oxygen—VetEquip) and scanned in a prone position
using a Skyscan 1276 (Bruker) with the following parameters: 100 kVp
source voltage, 200 pA current, 0.5 mm aluminum X-ray filter, 108 ms
exposuretime and 0.65-degree rotational step size over 360 degreesin
acontinuous rotation. With 4 x 4 detector binning, the nominal pixel
size after reconstruction (Bruker NRecon software) was 40.16 microns.
Datawere visualized using Image]J.

Histology, immunohistochemistry and immunofluorescence
Pancreata from control and tumor-bearing animals were manually dis-
sected from the peritoneal cavity after they werekilled. Tumor-bearing
lung was flushed with1x PBS and separated into separate lobes. Tissue
was fixed in Zinc Formalin overnight, transferred to 70% ethanol and
then embedded in paraffin. Hematoxylin and eosin (H&E) staining was
performed and digitally scanned images of H&E slides were obtained
with an Aperio ScanScope at x20 magnification. Histologic quantifi-
cation of tumor grade was performed by an automated deep neural
network available through Aiforia image analysis software with the
nsclc_v25algorithm.

ForIHC, slides wereincubated at 4 °C overnight with the following
antibodies: anti-NKX2-1(1:1,000; Abcam, ab76013; RRID:AB_1310784),
anti-SFTPC (1:5,000; Millipore Sigma, AB3786; RRID:AB_91588)
and anti-HMGA2 (1:1,000; Cell Signaling Technologies, 8179S;
RRID:AB_11178942). ImPRESS Anti-Rabbit Horseradish Peroxidase
and DAB Peroxidase Substrate Kits (Vector) were used to develop slides.
Tissues were counterstained with hematoxylin. Slides were digitally
scanned and analyzed using QuPath”*.

For IF, slides wereincubated at 4 °C with anti-Cas9 (E7M1H, 1:100,
CST19526). Horse anti-rabbit secondary (AF488, 1:400) was used. All
slides were counterstained with DAPI (1:20,000) and imaged using
a Nikon 80 Eclipse 80i fluorescence microscope using x10 and x20
objectives and an attached Andor camera.

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://scicrunch.org/resolver/AB_91588/

Article

https://doi.org/10.1038/s41587-023-01783-y

Immunoblotting

Pancreatic organoids were dissociated with TrypLE for 30 min at
37 °C,washed with 6x PBS and then lysed in cell lysis buffer (RIPA with
100x HALT protease and phosphatase inhibitors). Blots were incubated
with primary antibody (p53 clone 1C12, Cell Signaling Technology
(CST), B-Actin clone 13E5, CST, 1:5,000) overnight at 4 ° imaged on a
ChemiDoc Gel Imaging System (BioRad).

DNA sequencing and analysis of genomic DNA samples
Targetlociwere amplified from genomic DNA using PCR primerslisted
and described in Supplementary Table 5. Amplicons were then purified
using either agarose gel extraction or using a QIAquick PCR purifica-
tion kit (Qiagen). Purified amplicons were typically then submitted
to the Massachusetts General Hospital Center for Computational
and Integrative Biology’s DNA Core for next-generation sequencing
(samples prepared according to guidelines provided for the CRISPR
Sequencing service).

Amplicons prepared for evaluating prime-editing efficiency of
the initial Trp53?*- and Kras96-targeted pegRNAs were given unique
lllumina TruSeqbarcodes for pooled sequencing. Barcoded PCR prod-
ucts were pooled and purified by electrophoresis with a 2% agarose
gel using a Gel Extraction Kit (QIAGEN), eluting with 30 pl H,0. DNA
concentration was quantified using a Qubit dsDNA High Sensitivity
Assay Kit (Thermo Fisher Scientific) and sequenced on an Illumina
MiSeqinstrument (single-end read, 250-300 cycles) according to the
manufacturer’s protocols.

Sequencing reads were aligned to reference amplicons and
analyzed using the deep sequencing analysis program, CRISPResso2
(ref. 87),V2.2.6. CRISPRess02 parameters employed for each target
are described in Supplementary Note. Prime-editing efficiency was
calculated as the percentage of reads aligning to the prime-edited
amplicon (excluding indels) relative to all reads aligning to both the
prime-edited and reference amplicons (including indels). Only reads
with an average Phred score of =30 were considered. Indel percent-
ages were calculated in a similar fashion using the total number of
indel-bearing reads designated as ‘discarded’ by CRISPRess02. For
experiments involving pegRNAs that alter multiple nucleotides, the
allele frequency tables output by CRISPResso2 were consulted to
confirm that the majority of prime-edited reads contained all of the
intended nucleotide alterations.

Sequencing and analysis of off-target loci

Off-target loci were identified using Cas-OFFinder®. For each of the
four indicated protospacers (Supplementary Table 4), all off-target
sites with three or fewer mismatches relative to the target protospacer
were identified. Bulges were not permitted. These results were then
filtered down to up to four off-target loci per protospacer. First, loci
were prioritized by selecting candidates with the lowest number of
protospacer mismatches. When loci contained the same number of
protospacer mismatches, off-target sites were ranked by the lowest
number of primer binding site mismatches. Finally, if loci contained
the same number of both protospacer and primer binding site
mismatches, the difference in DNA melting temperature between the
mismatched target and the original primer binding site sequence was
computed. This calculation was performed with the OligoAnalyzer
Tool, version 3.1, from Integrated DNA Technologies® with default
parameters. Loci with the smallest difference in melting temperature
compared to the non-mismatched strand were then prioritized. The
off-target lociidentified by this analysis are described in Supplemen-
tary Table 4.

Next-generation sequencing was performed for amplicons
generated from each off-target locus. Off-target prime editing was
assessed by aligning sequencing reads to off-target amplicons using
CRISPResso2 in batch mode®. The parameters -w 20’ and -q 30’ were
usedinall cases, along with the corresponding off-target protospacer

astheguide RNA inputsequence. Prime editing was then assessed using
an approach described in ref. 29. For each sample, the ‘Nucleotide_
percentage_summary’ file output by CRISPResso2 was used to compare
the DNA sequence immediately downstream of the nick site to the
sequence encoded by the pegRNA. The first mismatched nucleotide
site was then examined to quantify the percentage of reads bearing the
alleleencoded by the pegRNA. For each off-target locus, this percent-
age of prime-edited reads was compared between samples cultured
in the presence of the examined pegRNA versus samples cultured
in the presence of an irrelevant pegRNA. All off-target samples were
sequenced within the same MiSeq run to ensure a similar sequencing
error rate between tested and control groups.

Mutation frequency estimates from cBioPortal

Somatic mutation frequencies of TP53 in human pancreatic cancer
were estimated using cBioPortal®®®’ for the following four patient
cohorts: CPTAC, TCGA (Firehose Legacy), QCMG and ICGC. Non-Small
Cell Lung Cancer®® (TRACERx, NEJM and Nature 2017) and Pan-Lung
Cancer” (TCGA, Nat Genet 2016) cohorts were used for estimates for
lung adenocarcinoma.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Rosa26"*mice on wild-type (JAX stockJR037953) and TrpS53/x (JAX
stock JR0O37954; ref. 98) backgrounds are available from the Jackson
Laboratory. Plasmids will be made available through Addgene upon
publication. Amplicon sequencing datahave been deposited in the SRA
repository under accession PRINA951647 (ref. 99). All other materials
and data, including Rosa26™ cell and organoid lines, are available from
the corresponding author upon reasonable request. Source data are
provided in this paper.

Code availability

The pipeline, all related scripts, and intermediate data needed to
reproduce our resultsare available at https://github.com/samgould2/
prime-vs-base-editing (2022; ref.100).
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Extended Data Fig. 1| Prime editing has a greater capacity to model recurrent
cancer-associated mutations than base editing. a Quantification of mutations
thatare detected in multiple patients in cancer-associated genes, depicted

for each mutant variant type (Single nucleotide variants = SNV, deletions =

DEL, insertions = INS, di-nucleotide variants = DNV, oligo-nucleotide variants
=O0ONV). They-axisin all plots indicates the total number of unique mutations

per variant type. b Quantification of recurrent mutations potentially amenable
to modeling by a base editor withan NGG PAM (top) or a prime editor with an
NGG PAM and a30 base pair RT template (bottom). The columns show results
considering mutations that occur in =5 patients (left) or >10 patients (right).
‘CBE/ABE high'’ indicates that the SNV falls in the high efficiency editing window
(position +4 to +8 in the protospacer), while ‘CBE/ABE low’ indicates the SNV

falls within the protospacer but outside the high efficiency window. The data
include SNVs (blue outer circle; 78.8% of mutations) and other mutation types
(gray outer circle; 20.2% of mutations). All calculations assume a base or prime

editor that recognizes only NGG PAMs. ¢ Total percentage of recurrent mutations
amenable to modeling by a base editor with an NGG PAM, quantified at multiple
thresholds of mutation frequency, from mutations that occur >1 patient to those
that occur 210 patients. d Total percentage of recurrent mutations amenable to
modeling by a prime editor with an NGG PAM and a 30 base pair RT template at
multiple thresholds of mutation frequency, from mutations that occur >1 patient
to those that occur 210 patients. e Capabilities of prime versus base editing

to model orthologous mutations in mice at multiple thresholds of mutation
frequency, from >1to >10 patients with each mutation. Prime editing can model
approximately double the number of orthologous mutationsin mice at all
thresholds of mutation frequency. Base editing (BE) shown in red. Prime editing
(PE) shown in blue. f Quantification of the ability of base editing (left) and prime
editing (right) to model orthologous mutations in mice for mutations that occur
in>5o0r>10 patients.
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Extended Data Fig. 2| Prime editing enables modeling abroader scope of
cancer-associated mutations fromresidues conserved in mice at various
homology stringencies. a The percentage of mutations, categorized by variant
type, thatfallinaregion of homology as a function of flank size. Flank size is
defined as the number of amino acids on either side of the mutant codon that
must match between the human and mouse orthologs for the mutated codon

to be considered orthologous (for example, a flank size of two would mean that
atotal of five amino acids-two upstream and two downstream of the mutant

codon-would need to match in the human and mouse protein to be considered
orthologous.). b Capabilities of prime editing (blue) and base editing (red) to
model mutations that derive from a wild-type amino acid residue conserved in
mice as a function of conserved flank size (that is, the stringency of homology).
All calculations assume a base or prime editor that recognizes only NGG PAMs.
cQuantification of the ability of base editing (top) and prime editing (bottom) to
model orthologous mutations in mice at different flank size values (2,3, 5,and 10
from left to right). These plots correspond with the data pointsin panel (b).
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Extended Data Fig. 3 | Prime editing in Trp53-proficient cells and off-target
activity at computationally predicted loci. a Prime editing in TrpS37/x;
Rosa26™* versus Trp53"*;Rosa26"* TTFs across several indicated loci. Data
and error barsindicate the mean and standard deviation of three independent
transductions. b Prime editing in Trp53"°*;Rosa26"%* versus TrpS53™*;
Rosa26™* pancreatic across several indicated loci. Note that the editing data
for Dnmt1"°°Cin Trp53™** organoids are the same depicted in Fig. 2f. Data
and error bars indicate the mean and standard deviation of three independent
transductions. ¢ Quantification of off-target prime editing for a pegRNA targeted

Off-target loci

to Dnmtl. Off-targets represent three computationally predicted loci for tail-tip
fibroblasts cultured for more than one monthin the presence of the Dnm¢1*°°°
pegRNA or a control pegRNA. Data and error bars indicate the mean and standard
deviation of threeindependent transductions. Off-target locus details are
described in Supplementary Table 4. d Quantification of off-target prime editing
at four computationally predicted loci for tail-tip fibroblasts cultured with a
Kras®? epegRNA or a control pegRNA. Dataand error bars indicate the mean and
standard deviation of three independent transductions.
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.G12D G12C

Extended DataFig. 5| Treatment of prime edited Kras®?” and Kras'
pancreatic organoids with EGFR and KRAS inhibitors in the presence

or absence of asecondary resistance mutation. a Bright-field images of
unedited Rosa26™%* pancreatic organoids treated with gefitinib after infection
with the template UPEC vector (that s, lacking a pegRNA). Scale bars: 100 pm.
b Additional bright-field images supplementing Fig. 3d and depicting prime
edited Kras®?? and Kras®¢ organoids treated either with DMSO, gefitinib,
orsotorasib. Scale bars: 100 um. ¢ Allele frequencies of Kras®?®, Kras®*, or
Kras®2c+sitentedits mytations in pancreatic organoids before and after two passages
of treatment with gefitinib (1 uM). Data and error bars indicate the mean and

standard deviation of three independent transductions pre- and post-treatment.

Note that pre-treatment replicate datais also represented in Extended Data
Fig. 4 (Kras®?2c+sitentedisy and Fig. 3 (Kras®*® and Kras®®'). d Editing efficiency
andindel frequencies of epegRNAs templating the Kras" transversionin
Rosa26"* TTFs. Dataand error bars indicate the mean and standard deviation
ofthreeindependent transductions. e Nucleotide percentage quilts and

allele frequency tables output by CRISPResso2 depicting sequencing reads
derived from prime edited Kras®? and Kras®”?” pancreatic organoids. Prime
edited alleles were previously selected with gefitinib, and these sequencing
dataderive from organoids after treatment with gefitinib in combination with
mutant KRAS inhibitors.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | On- and off-target prime editing at Trp53 in pancreatic
organoids. a Editing efficiency and indel byproduct frequency of epegRNAs
encoding TrpS3"240FSt#t (n = 4 independent transductions) or TrpS3"24%S"
(n=4independent transductions) in Trp53"* pancreatic organoids. Data

and error barsindicate the mean and standard deviation across independent
transductions. b Design of the epegRNAs for TrpS53"240fSt4nt o Trp53¥2405" The
blackline below the sequence schematics indicates the Cas9 nicking site.

error bars indicate the mean and standard deviation of three independent
transductions. e Quantification of off-target prime editing for an epegRNA
encoding Trp53%4?, Off-targets represent four computationally predicted loci
for pancreatic organoids cultured for more than one month in the presence of
the Trp53**2epegRNA and nutlin-3a or a control pegRNA. Data and error bars
indicate the mean and standard deviation of three independent transductions.
fQuantification of off-target prime editing for an epegRNA encoding Trp53%".

These epegRNAs were designed to both evade MMR and modify the seed and
PAM sequences. c CRISPResso allele frequency plots of prime edited reads
for Trp53"2#0% 1 hefore and after nutlin selection in pancreatic organoids.

d Quantification of off-target prime editing for an epegRNA encoding
Trp53¥240rsitint Off-targets represent four computationally predicted loci

for pancreatic organoids cultured for more than one month in the presence
of the Trp53"2#0Fstint enegRNA and nutlin-3a or a control pegRNA. Data and

Off-targets represent four computationally predicted loci for pancreatic
organoids cultured for more than one month in the presence of the TrpS3%*"
epegRNA and nutlin-3a or a control pegRNA. Data and error bars indicate the
mean and standard deviation of three independent transductions. Statistical
significance was calculated using an unpaired, one-tailed Welch'’s ¢-test
(P=0.0045 for the leftmost off-target site).
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Extended Data Fig. 7| Prime edited tumors recapitulate histological
features of gold standard GEMMs of lung adenocarcinoma. a Aiforia grade
analysis of 16-week tumor-bearing lungs initiated by in vivo prime editing
(red=Grade1, green=Grade 2, blue = Grade 3, orange = Grade 4). bH&E and
immunohistochemical (IHC) staining of a representative Grade 2 tumor 16 weeks

post-initiation. IHC staining was performed with antibodies specific to Nkx2.1,a
lunglineage transcription factor, or Surfactant Protein C (Sftpc), a marker of AT2
cells. Scale bars: 200 pm. ¢ H&E and IHC staining of a Grade 3/4 tumor 16 weeks
post-initiation. IHC staining was performed with antibodies specific to NKX2-1or
HMGAZ2, alung embryonic chromatin regulator. Scale bars: 200 pm.
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Extended Data Fig. 8 | Autochthonous modeling of diverse Kras variants in
the lung. a Tumor burden quantification using Aiforia grading algorithm for
Kras®?? (n=5mice), Kras®? (n=9 mice), and Kras®® (n =9 mice), tumors at

16 weeks. Tumor burden is defined as the ratio of tumor area (Grades 1-4) over
total lung area. Data and error bars indicate the mean and standard deviation

of five to nine biological replicates. b Representative fluorescence imaging of
lungs from TrpS3™1°*;Rosa26™%* and Trp53™"**;Rosa26™*" mice infected with
UPEC-Kras®? (n=10), UPEC-Kras®? (n=9), UPEC-Kras®?" (n=20), all harvested
at16 weeks, as well as mice infected with UPEC-KrasC2¢sienedits haryested at

12 weeks. c H&E staining of representative tissue from a mouse infected with
UPEC-Kras®?2c+sientedits Tissue was collected at 12 weeks. Scale bars indicate
2mm, 100 pm, and 20 um respectively. Grading analysis indicates proportion
of Grade 1,2, and 3 lesions from four representative animals. d CRISPResso
allele frequency plots depicting prime edited reads derived from lung tumors
from a Trp53*1°*;Rosa26"%" mouse infected with UPEC-Kras®““ (top plot) and
three different Trp53"*;Rosa26"*"** mice infected with UPEC-Krqs®2¢*sitentedits

(bottom three plots). The black line on the sequence schematics indicates the
Cas9 nickingsite. The intended mutations are indicated by black boxes. The
redbox in the top plotindicates an unintended, silent Kras** substitution. The
percentages indicated represent the percentage of all analyzed reads (edited +
unedited reads) that bear this sequence. e H&E staining of representative tissue
from a TrpS3”*;Rosa26""* mouse infected with UPEC-Kras®?". H&E indicates
histopathology consistent with alow grade adenoma. Scale bars indicate 2 mm
(left) and 100 um (right). fCRISPResso allele frequency plot depicting prime
edited reads derived from an adenoma from a TrpS53"*;Rosa26"?* mouse infected
with UPEC-Kras®?. The intended mutation is indicated by a black box. Note
that the percentage indicated represents the percentage of all analyzed reads
(including unedited reads) that bear this sequence. g Representative bright-
field and fluorescence imaging of adenomas from two Trp53**;Rosa26™%* mice
infected with UPEC-Kras®?? (harvested at 10 weeks). White arrows indicate
smaller fluorescent adenomas.
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Extended Data Fig. 9 | Modeling of pancreatic cancer through organoid
transplantation and lentiviral initiation. a Stacked bar plots indicating
incidence of tumors and metastases in animals orthotopically transplanted
with UPEC-Kras®? (n=9) and UPEC-Kras®*‘ (n=9) prime-edited pancreatic
organoids. b Bright-field and fluorescent imaging of an omental metastasis and
surrounding tissue in an animal transplanted with UPEC-Kras®?” prime-edited
pancreatic organoids. c H&E staining of a representative omental metastasis.

C

Brightfield mNeonGreen
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Scale bar indicates 100 um. d Experimental workflow for autochthonous
pancreatic tumor modeling through retrograde pancreatic ductal infection of
lentivirus templating Kras®?” (n =4) or Kras"*‘ (n=3) pegRNAs. e Representative
H&E staining of autochthonous pancreatic adenocarcinomainitiated through
pancreatic ductal infection of UPEC-Kras®?. Scale bars indicate 1mmand 50 pm,
respectively.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [0 0 XX [OOOS

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  lllumina MiSeq, Guava easyCyte, BD FACSCelesta, LSR-II, Fortessa |, Tecan Infinite Pro m200. Scripts used to perform prime editing and base-
editing analysis on MSK IMPACT data are detailed at https://github.com/samgould2/ prime-vs-base-editing. The pipeline, all related scripts,
and intermediate data needed to reproduce our results are available. CRISPResso2 commands for editing analyses are described in the
Supplementary Note and Methods.

Data analysis CRISPRess02, V2.2.6, FlowJo v10.4.2, BD FACS Diva v8, Qupath v.0.2.3, Graphpad PRISM v9.0, ImageJ v.2.1.0/1.53c, Lung adenocarcinoma
tumor burden quantification was performed using a previously published convoluted neural network developed by Aiforia (Aiforia
Technologies Oy). A list of cancer-associated GEMMs was queried using MouseMine (MGl 6.22). Some schematics (Extended Data 9, Main
Figures 2, 3. Supplementary Figures 3, 7) were made with Biorender (version number not available). Mean and standard deviation were
calculated using Graphpad PRISM v9.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All amplicon sequencing data described in this manuscript are deposited at SRA under BioProject ID PRINA951647. Plasmids will be made available at Addgene.
Mice are available through the Jackson Laboratory. MouseMine data was available through the Mouse Genome Database (MGl 6.22)

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A

Recruitment

Ethics oversight

N/A

N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

Blinding

Sequencing experiments were performed with transduction triplicate (n=3) unless otherwise specified to ensure reproducibility. Animal study
sample sizes are listed in figure legends. All animal experiments were performed in at least triplicate (n=3). For larger comparative studies,
animal experiment sizes were determined by mouse availability and based on practice from previous reports (Westcott et al. Nature Cancer
2021).

Data were not excluded from the analyses

All sequencing experiments were performed with three independent transduction replicates unless otherwise specified. Comparative mouse
experiments including autochthonous lung and orthotopic pancreas experiments were done with at least n=5 biological replicates. Proof-of-
principle mouse experiments, e.g. lentiviral initiation of autochthonous PDAC or p53-proficient editing in the lung were performed with at
least n=3 biological replicates. All attempts at replication were successful.

Randomization was not appropriate to animal experiments as mice were age-, litter-, and sex-matched to the best of our efforts to ensure
consistency.

Blinding was not explicitly performed. In comparative animal studies, tumor burden and grade quantification was performed in an unbiased
fashion using a convoluted neural network developed by Aiforia (TM). For other analyses of tumors (e.g. quantification of prime edited
sequencing reads), blinding was not applicable as they were not subject to subjective investigator interpretation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used Immunohistochemistry: anti-NKX2-1 (1:1000, abcam, Cat# ab76013;
RRID:AB_1310784), anti-SFTPC (1:5000, Millipore Sigma, Cat# AB3786; RRID:AB_91588), and
anti-HMGAZ2 (1:1000, Cell Signaling Technologies, Cat# 8179S; RRID:AB_11178942)
Flow Cytometry:
CD31-APC (1:500, Biolegend, 102507)
EpCAM-PE (1:500, Biolegend, 118206)
MHCII-APC-eFluor-780 (1:500, Thermo, 47-5321-82)
Immunofluorescence: anti-Cas9
(E7M1H, 1:100, CST Cat#19526)
Western Blotting: (p53 clone 1C12, Cell Signaling Technology
(CST)), B-Actin (clone 13E5, CST, 1:5000)
Anti-rabbit 1gG HRP-linked antibody (#7074 Cell Signaling Technology)

Validation Antibodies were purchased and used according to manufacturer recommendations. Per manufacturers, anti-NKX2-1 was validated

on normal mouse lung tissue, anti-SFPTC was validated on mouse lung epithelial cells, anti-HMGA2 was validated on human colon
carcinoma cells, anti-Cas9 was validated on brain tissue from Cas9-expressing mice, anti-p53 was validated on HT-29 cells. Biolegend
antibodies are validated by staining of relevant tissues per manufacturer website. Anti-MHCII was validated by staining of splenocytes
from C57BI/6 mice. No additional validation was performed.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Organoid and fibroblast lines were developed by the authors using the pancreata or lung tissue of mice. Neuro2 and HEK293
were ordered from ATCC.

Authentication Authentication of genotypes of relevant organoid lines was performed by PCR genotyping. HEK-293 cells were not
authenticated.

Mycoplasma contamination Cell lines tested negative for Mycoplasma through the High-Throughput Core at the Koch Institute

Commonly misidentified lines  No IcLAC registered cell lines were used in this study. HEK293 cells (not HEK) were used for lentivirus production.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mus musculus, C57BI/6, mice from 6-20 weeks were used for tumor initiation studies until endpoint, relevant genotypes include:
LSL-KrasG12D C57Bl/6J
Trp53(fl); C57Bl/6
ROSA26PE (this manuscript); C57BI/6
Pdx1-Cre; C57Bl/6
Villin-CreERT2; Mixed C57BI/6-129Sv

Mice were housed in a facility with a 12-hour light/12-hour dark cycles with temperatures between 68-72F and 30-70% humidity.
Wild animals No wild animals were used in this study.

Reporting on sex Animal experiments were sex-matched to the best of our abilities with the exception of orthotopic organoid experiments. The donor
organoid line was derived from a male animal, necessitating the use of only male recipient animals.

Field-collected samples  No field collected samples were used in this study

Ethics oversight The MIT Institutional Animal Care and Use Committee oversees animal research performed in the Jacks lab. The approved protocol
number is 0720-066-23.




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

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 Sample organoids or adherent cells were trypsinized with TrypLE Express (Life Technologies) or 0.25% Trypsin-EDTA
(Invitrogen) and washed 2X in PBS. Samples were analyzed on the flow cytometer in a buffer of 5% FBS in PBS.

Instrument Samples were analyzed using a BD FACSCelesta, LSR-II, or Fortessa |.

Software Sample data were visualized using BD FACS Diva and analyzed using FlowJo v10

Cell population abundance Cell population abundance is available in the gating strategy in Supplementary Figure 9 for the relevant flow cytometry
experiment. To determine GFP+ of transduced Rosa26PE2 organoids, untransduced organoids were used as a negative
control to draw gates for GFP positivity.

Gating strategy Single cells were gated on FSC/SSC, the GREEN channel (Guava easyCyte) was used to quantify mNeonGreen positivity of

pancreatic organoids.

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