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Summary

Summary

The tumor suppressor p53 is the most frequently mutated protein in cancer patients
and exhibits a unique mutational spectrum that is dominated by missense mutations.
In contrast to the most prevalent hotspot mutations, 70% of all missense mutations are
non-hotspot mutations with yet poorly characterized functions in tumorigenesis. Non-
hotspot mutants often retain some wildtype activity, which corresponds to a partial loss-
of-function (pLOF). Mutations that affect the DNA binding cooperativity of p53 fall into
this class of mutants.

This work demonstrates that the prototypical DNA binding cooperativity mutant E177R
can either promote tumorigenesis or induce tumor regression dependent on the cellular
and genetic context. Expression of E177R in normal tissues resulted in increased
susceptibility to spontaneous and oncogene-driven tumor development, emphasizing
the pathogenic role of pLOF mutants. In striking contrast, expression of E177R in p53-
deficient tumor cells revealed that the residual transcriptional activity of the mutant is
able to promote the regression of already manifested tumors. That the same p53
mutant can have opposite effects on tumor growth highlights how genetic context
determines the consequences of a cancer mutation.

To investigate the impact of specific mutations in different genetic contexts, we have
developed a new method for generating genetically defined mouse tumors for
preclinical studies. We have applied the CRISPR technology to induce cancer
mutations rapidly and precisely in somatic cells and present a flexible toolkit based on
adenoviral vectors for in vivo delivery of CRISPR effectors. In addition, we have
generated a conditional reporter mouse that expresses a Gaussia princeps luciferase
(GLuc). When GLuc is secreted by tumor cells, it accumulates in the blood and serves
as a tumor marker to monitor cancer development and therapy responses. By
combining the use of CRISPR adenoviruses and GLuc reporter mice, we have
established a preclinical mouse tumor model that allows the rapid and flexible induction
of autochthonous tumors that are easily monitored using blood samples to study the
impact of a cancer mutation on tumorigenesis and cancer therapy in a genetically

defined context.



Zusammenfassung

Zusammenfassung

Der Tumorsuppressor p53 ist das am haufigsten mutierte Protein in Krebspatienten und
weist ein einzigartiges Mutationsspektrum auf, das von Missense-Mutationen dominiert
wird. Im Gegensatz zu den am haufigsten vorkommenden Hotspot-Mutationen, sind
70% aller Missense-Mutationen Non-Hotspot-Mutationen, deren Funktion bei der
Tumorentstehung noch nicht ausreichend bekannt ist. Non-hotspot-Mutationen
behalten oft eine gewisse Wildtyp-Aktivitat, was einem partiellen Funktionsverlust
(PLOF) entspricht. Mutationen, die die DNA-Bindungskooperativitdt von p53
beeintrachtigen, fallen in diese Klasse von Mutanten.

Diese Arbeit zeigt, dass die prototypische DNA-Bindungskooperativititsmutante
E177R, je nach zellularem oder genetischem Kontext, in der Lage ist, entweder
Tumorentstehung oder Tumorregression zu férdern. Die Expression von E177R in
normalen Geweben fuhrte zu einer erhéhten Anfalligkeit fir spontane und Onkogen-
induzierte Tumorentwicklung, was die pathogenen Eigenschaften von pLOF-Mutanten
verdeutlicht. In auffalligem Gegensatz dazu zeigte die Expression von E177R in p53-
defizienten Tumorzellen, dass die transkriptionelle Restaktivitat der Mutante die
Regression von bereits manifestierten Tumoren erméglicht. Dass ein und dieselbe p53-
Mutante entgegengesetzte Auswirkungen auf das Tumorwachstum haben kann,
verdeutlicht, wie der genetische Kontext die Folgen einer Tumormutation bestimmt.
Um den spezifischen Einfluss solcher Mutationen in unterschiedlichen genetischen
Kontexten zu untersuchen, haben wir eine neue Methode zur Erzeugung genetisch
definierter Maustumore fir praklinische Studien entwickelt. Wir haben die CRISPR-
Technologie eingesetzt, um Krebsmutationen schnell und prazise in somatischen Zellen
zu induzieren, und stellen ein flexibles Toolkit vor, das auf adenoviralen Vektoren fur
den Transfer von CRISPR-Effektoren basiert. Dartber hinaus haben wir eine
konditionelle Reportermauslinie generiert, die die Gaussia princeps Luciferase (GLuc)
exprimiert. Von Tumorzellen sezernierte GLuc reichert sich im Blut an und dient dort als
Tumormarker zur Uberwachung der Tumorentwicklung und des Therapieansprechens.
Durch die Kombination von CRISPR-Adenoviren und GLuc-Reportermausen haben wir
ein praklinisches Maustumormodell etabliert, das die schnelle und flexible Induktion von
autochthonen Tumoren ermdglicht, die sich leicht anhand von Blutproben tberwachen
lassen, um die Auswirkungen einer Krebsmutation auf Tumorentwicklung und

Krebstherapie in einem genetisch definierten Kontext zu untersuchen.



Introduction

1. Introduction

1.1 The master transcription factor p53

Cancer is a multifaceted disease defined by the transformation of somatic cells towards
a malignant state resulting from the activation of oncogenes or the inactivation of tumor
suppressor genes. Tumor suppressors play a critical role in regulating cell proliferation,
help to prevent uncontrolled cell growth and promote DNA repair and cell cycle
checkpoint activation to maintain genomic integrity (Lee and Muller, 2010). One of the
key operators of tumor suppression is the sequence-specific transcription factor p53 +
the gene product of the TP53 gene (Sabapathy and Lane, 2018). Considered as the
3JXDUGLDQ RI WKade, JJIRR)R#5B regulates various cellular processes like
cell proliferation, senescence, apoptosis, or DNA repair. Upon multiple intrinsic or
extrinsic stress signals such as DNA damage, hypoxia, or oxidative stress, p53
becomes stabilized and activates a myriad of target genes to prevent the proliferative
expansion of genetically damaged cells (Brady and Attardi, 2010; Fischer, 2017;
Kastenhuber and Lowe, 2017; Sullivan et al., 2018). The p53 protein consists of 393
amino acids, divided into an N-terminal transactivation domain, a proline-rich domain,
a central DNA-binding domain, and C-terminally located regulatory and tetramerization
domains. The latter enables cooperative binding as a tetramer to the DNA of target
gene promoters. This is further enhanced by the oppositely charged amino acids E180
and R181, located within the H1 helix of the DNA binding domain, which form
intermolecular salt bridges and stabilize the DNA-bound tetramer (Dehner et al., 2005;
Klein et al., 2001; Schlereth et al., 2010; Timofeev et al., 2021; Weinberg et al., 2004).
Being a transcription factor, DNA binding is essential for p53 to activate all the

transcriptional effector programs that contribute to its tumor suppressive power.

1.2 The rainbow of p53 mutations

The TP53 gene is mutated in more than half of human cancers, indicating a
fundamental role for p53 in tumor suppression (Brady and Attardi, 2010). Unlike other
tumor suppressors such as RB1, PTEN, or APC, which are inactivated in cancer by
deletions or truncating mutations, the majority of TP53 mutations are missense
mutations causing the expression of a full-length mutant protein with impaired wildtype
tumor suppressor activity, dominant-negative properties, and neomorphic oncogenic

functions (Donehower et al., 2019; Levine and Oren, 2009; Muller and Vousden, 2012;
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Stiewe and Haran, 2018). 30% of all missense mutations hit a few mutational hotspot
residues within the DNA-binding domain (Baugh et al., 2018). These TP53 hotspot
mutations are well characterized and their functional impact on tumorigenesis has
been explored in multiple studies. Hotspot mutations like R273H or R248Q affect
residues that directly contact the DNA and are classified as 3'1 $contact mutations ~
(Joerger et al., 2006). Mutations that disrupt the native folding of the protein and
indirectly affect the DNA binding potential of p53 are considered as "structural
P X' W D Wdueh@3a/the R175H or R249S hotspot mutations (Bullock and Fersht, 2001;
Joerger et al., 2006).

Mutations that do not affect hotspot residues account for the majority of missense
mutations and are still poorly characterized. Unlike hotspot mutations that completely
lack the transactivation potential of wildtype p53, non-hotspot mutations tend to retain
residual transcriptional activity and, therefore, often exhibit only a partial loss-of-
function (pLOF) (Campomenosi et al., 2001.; Jordan et al., 2010; Kato et al., 2003;
Menendez et al., 2009). Such a pLOF phenotype is, for example, characteristic for a
novel class of p53 mutants, the DNA binding cooperativity mutations, which disrupt the
intermolecular salt bridge formed by the DNA binding domain residues E180 and R181
(Schlereth et al., 2010a; Schlereth et al., 2010b). Mutations involving these residues
have been identified as both somatic and germline variants and account for
approximately 34,000 cancer patients per year (Timofeev et al., 2013). The p53 binding
cooperativity mutant E180R, for example, is mechanistically particularly well
understood and shows a pronounced defect in apoptosis but retains cell cycle-
inhibitory activity (Dehner et al., 2005; Schlereth et al., 2010; Schlereth et al., 2013).
The focus on p53 hotspot mutations in cancer research and the lack of knowledge on
the more abundant non-hotspot mutations still hampers the use of p53 mutation status
in clinical decision-making. Further studies on non-hotspot mutations and pLOF
phenotypes are therefore essential to shed light on their role in tumorigenesis and

develop targeted therapies.

1.3 Mouse models as a powerful tool in cancer research

The genetic landscape of cancer is extremely diverse and varies greatly between
cancer patients. The most aggressive form of lung cancer, small cell lung cancer
(SCLC), is defined by a combined inactivation of the two tumor suppressor genes TP53

and RB1, for instance (George et al., 2015). Understanding the relationship between
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cancer gene mutations and their contribution to carcinogenesis is critical for targeted
therapeutic approaches. Animal models provide a valuable tool for studying the effects
of various co-mutations and need to accurately reflect the diverse genetics of human
tumors to be useful for the preclinical evaluation of molecular therapies (Kwon and
Berns, 2013).

The spectrum of animal models available for cancer research is broad and xenograft
models based on the transplantation of human tumor tissues or cancer cell lines are
the most widely used (Breitenbach et al., 2018). Although such models precisely mirror
the genetics of human cancer, they fail to develop the characteristic tumor
microenvironment (TME) that is associated with the tumor phenotype and contributes
to tumor progression or drug resistance (Guerin et al., 2020; Olson et al., 2018).
Genetically engineered mouse models (GEMM) accurately represent the process of
de novo tumorigenesis, whereby tumors arise from genetically engineered cells in situ
(Kersten et al., 2017). GEMMs precisely represent the initiating events of
tumorigenesis as well as the process of tumor progression, thus better reflecting the
natural time course of tumor development. Tumorigenic mutations are typically
introduced into the germline of mice using multiple conditional approaches, which
requires extensive crossbreeding of transgenic mice to obtain animals with the desired
complex genotype. This lengthy process is not only expensive and laborious but also
contributes significantly to animal burden and poses ethical issues, as many mice are
sacrificed due to an unwanted genotype.

The development of the CRISPR technology has revolutionized cancer research and
is considered a game changer for animal cancer models. The CRISPR/Cas9 system
simplified the generation of mouse models and can be used as a powerful tool to
induce genetic changes directly in somatic cells, avoiding complex breeding schemes
for genetically defined mouse models (Sanchez-Rivera and Jacks, 2015; van der
Weyden et al., 2021; Weber and Rad, 2019). It also enables the development of tumors
that progress along a natural timeline and accurately mimics cancer development as it
occurs in patients. Moreover, CRISPR not only allows the introduction of almost every
single genetic alteration found in human tumors but also combinations of cooperating
mutations. For example, in vivo application of the CRISPR/Cas9 system has enabled
the generation of complex chromosomal rearrangements leading to fusion oncogenes
such as the EmI4-Alk fusion protein, a clinically important driver in non-small cell lung

cancer (Maddalo et al., 2014). Application of the CRISPR technology advances the
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generation of preclinical animal models and enables high throughput studies on
relevant cancer gene mutations to provide detailed mechanistic insight into their role

in cancer development, progression, and metastasis.

1.4 Monitoring tumor growth using secreted luciferases

Genetically transformed cells generally undergo sequential stages of tumorigenesis,
resulting in slower and more variable tumor growth in different animals and groups. In
addition, the dynamics of tumor growth are also affected by engineered co-mutations
or secondary mutations that have been spontaneously acquired during the course of
tumor development. To monitor differences in tumorigenesis caused by different
cancer gene mutations, suitable methods are required for longitudinally tracking tumor
growth. Most of these techniques rely on imaging technologies like magnetic
resonance imaging (MRI), computed tomography (CT), positron-emission tomography
(PET), or bioluminescence imaging (BLI) and require anesthesia of the animals,
rendering such methods expensive and time-consuming (Wang et al., 2015). This, in
turn, not only limits the overall examination frequency but also adds to animal burden
and makes screening of large cohorts complicated.

As an alternative, secreted luciferases have been introduced for monitoring biological
processes such as tumor growth (Markova et al., 2019; Tannous, 2009; Wurdinger et
al., 2008). For example, the secreted luciferase from the copepod Gaussia princeps
(GLuc) is actively secreted by cells and accumulates in the blood, so that tumor growth
can be quantitively monitored ex vivo using GLuc activity levels in small-volume blood
samples (Charles et al., 2014; Gremke et al., 2020; Wanzel et al., 2016). In addition,
GLuc secretion is an energy-consuming process and thereby excludes necrotic cells
that also contribute to tumor volume (Tannous, 2009). The ability to study large cohorts
with GLuc-based tumor monitoring makes it suitable for time-resolved assessment and
detection of differences in tumor growth caused by different mutations. Secreted
luciferases are therefore a powerful tool for monitoring tumor growth, but as tumor cells
have to be labeled with the luciferase ex vivo, this method is restricted to the monitoring
of transplanted tumors and is not yet applicable to the more physiological GEMM or
somatic CRISPR models.
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2. p53 partial loss-of-function mutations sensitize to

chemotherapy

Boris Klimovich*, Nastasja Merle*, Michelle Neumann, Sabrina Elmshauser,
Andrea Nist, Marco Mernberger, Daniel Kazdal, Albrecht Stenzinger, Oleg Timofeev
and Thorsten Stiewe

* both authors contributed equally to this manuscript

Oncogene 41, 1011 +1023 (2021). PubMed ID: 34907344

2.1 Introduction

Mutations affecting the tumor suppressive transcription factor TP53 are common in
many cancer entities and often result in an inactivation of the p53 protein. A large
proportion of these mutations are missense mutations that cluster in the DNA binding
domain where 30% of these mutations hit specific residues like R175, R248, or R273
which are referred to as hotspot mutations. These hotspot mutations are classified into
3V W U X mitatior3 @hich destabilize the DNA binding domain and lead to protein
denaturation, DQ G 3FR Q W D F WWhiéhXafiebx WekitRu€s\Vdirectly contacting the
DNA and thereby abrogate DNA binding (Joerger et al., 2006). The effects of hotspot
mutations on p53 transcriptional activity are well studied. (Freed-Pastor and Prives,
2012; Kim and Lozano, 2018; Muller and Vousden, 2014; Stiewe and Haran, 2018).
However, the remaining non-hotspot mutations account for the majority of all p53
mutations but their impact on cancer remains elusive. In contrast to hotspot mutants,
most non-hotspot mutants retain some of their transcriptional activity, which classifies
them as partial loss-of-function mutations (pLOF) (Giacomelli et al., 2018; Kotler et al.,
2018).

The consequences of a p53 pLOF mutation and their impact on tumor development
and therapy largely remain elusive. To investigate the functional consequences of
pLOF mutations on tumor development and therapy response, we used the non-
hotspot mutants involving residues E180 and R181, located within the H1 helix of p53,
as a model, since they exhibit a mechanistically well-understood pLOF phenotype.
These two oppositely charged amino acids form an ionic bond between the H1 helices

of two p53 monomers, providing the structural basis for cooperative binding to DNA
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(Dehner et al., 2005; Klein et al., 2001; Timofeev et al., 2021). Mutations affecting the
E180 and R181 mutations are either somatic or germline variants and account for
roughly 34,000 cancer patients each year (Timofeev et al., 2021). The in vitro and in
vivo functional impact of the E180R mutation has been studied better than that of any
other cooperative binding mutation, owing to the availability of a mutant mouse model
with the equivalent murine E177R mutation (Klimovich et al., 2019; Timofeev et al.,
2013). E177R retains residual transcriptional activity and is able to transactivate target
genes involving the regulation of cell proliferation and senescence. However, the ability
of E177R to induce apoptosis is selectively impaired (Timofeev et al., 2013). Moreover,
complementation with the R178E mutant completely restores the E177R phenotype,
indicating that the defect in cooperative DNA binding is responsible for the phenotype
(Dehner et al., 2005; Schlereth et al., 2010; Schlereth et al., 2013; Timofeev et al.,
2019). Since the effects of the multitude of other p53 pLOF mutations have not been
adequately explored, we used the E177R mouse model together with other patient-
derived cooperativity mutants to investigate the impact of such non-hotspot mutants

on cancer initiation, progression, and therapy.

2.2 Summary and Discussion

To evaluate if non-hotspot mutations in the TP53 gene are enriched for pLOF variants,
we analyzed 1209 TP53 missense mutations from the UMD TP53 mutation database
for their transcriptional activity (Fig. 1A). Variants with less than 10% transcriptional
activity of p53 were classified as LOF mutations, those with 10-50% residual activity
as pLOF mutants. Comparing the transcriptional activity of individual mutants with their
frequency in cancer patients, pLOF variants were enriched among the mutations with
low or medium frequency in patients (Fig. 1A and B). Nevertheless, a large proportion
(27.6%) of TP53 mutated malignancies harbored an intermediate p53 transcriptional
activity, indicating that such pLOF mutants are common in p53 mutated tumors,
especially among tumors with non-hotspot mutants (Fig. 1C and D). To investigate the
transcriptional consequences of pLOF mutations in more detail, we expressed a set of
patient-derived cooperativity mutants in p53-deficient tumor cells. Transcriptome
analysis revealed that all cooperativity mutants showed a reduced regulation of target
genes compared to wildtype p53 and that individual mutants differed in their residual
transcriptional activity (Fig. 2A). We found canonical p53-target gene sets to be

enriched in cells expressing the cooperativity mutants compared to cells with the
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R175H hotspot mutant, reflecting the functional differences between p53 non-hotspot
mutations and hotspot mutations (Fig. 2B-D). Notably, the E180R mutant showed a
level of residual transcriptional activity between all analyzed patient-derived mutants,
validating the E180R mutant as a model for p53 non-hotspot mutants with a pLOF.
We next aimed to evaluate the tumorigenic effects of the murine E180R equivalent
E177R in models of Kras®*?P-driven pancreatic ductal adenocarcinoma (PDAC) and
lung cancer (Fig. 3-4). Expression of E177R was sufficient to trigger tumor
development and progression in the two independent models, albeit with slower
dynamics compared to a complete loss of p53. Although hematopoietic cancer types
are more susceptible to changes in p53 activity, expression of E177R in a model of
acute myeloid leukemia (AML) led to the same observation as in solid tumors (Fig. 5).
Of note, mutant protein accumulated in all samples and tumors retained residual p53
activity as analyzed by transcriptomic profiling (Fig. 3D, 4E and 5D-G). The residual
transcriptional activity of E177R therefore transiently delayed tumor progression in
multiple cancer models but was not sufficient to prevent tumor development and
progression to lethal stages.

The therapeutic consequences and especially the effect of chemotherapy in the
context of pLOF mutations remained elusive. Therefore, we next sought to evaluate
potential tumor suppressive functions of E177R in response to chemotherapy and
treated mice expressing either p53 null, E177R or wildtype (WT) in the AML model with
a combination of cytarabine and doxorubicin. While p53-deficient AML continuously
progressed, p53 WT and E177R animals showed good therapeutic responses,
translating into an extended survival of the respective cohorts (Fig. 6A and B). Upon
chemotherapy, p53 became rapidly stabilized in WT and E177R groups and
immunohistochemical and transcriptomic analysis of leukemia samples showed
upregulation of p53-related signaling pathways and indicated an apoptotic response of
not only WT but also the p53 E177R mutant (Fig. 7). Activation of apoptosis was
unexpected since multiple pLOF mutants, including E177R, were previously described
to have a defect in apoptosis.

The amount and dynamics of wildtype p53 protein accumulation significantly affects
the extent of apoptosis induction (Chen et al., 1996; Kracikova et al., 2013; Purvis et
al.,, 2012). As we observed massive E177R protein accumulation in PDAC, lung
adenocarcinoma, and AML cells, we speculated that elevated expression of pLOF
mutants might rescue their apoptosis deficiency. We found the R181L, E180R, R181H,
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and R181C mutants to be dysfunctional in their apoptotic program when expressed at
the same levels as WT p53. However, when increasing the amount of mutant p53, the
defect in apoptosis could be rescued, albeit to different extents for the individual
mutants (Fig. 8D and E). Furthermore, DNA binding and transactivation of canonical
target genes (including pro-apoptotic PUMA/BBC3) were restored to WT-like levels by
overexpressing pLOF mutants (Fig. 8F and G).

In sum, the engineered E180R/E177R mutation proved to be a suitable model for p53
non-hotspot mutations with pLOF. Using multiple mouse tumor models, a pLOF
mutation was shown to impact the tumor suppressive function of p53, resulting in
profound cancer susceptibility. Similar to hotspot mutants, pLOF mutants accumulated
at the protein level in tumor cells. However, different from hotspot mutants, which exert
pro-tumorigenic properties upon accumulation, elevated expression of pLOF mutants
exhibited tumor suppressive effects, especially in the context of chemotherapy, where
their apoptotic defects were rescued. Our study, therefore, demonstrates that the class
of p53 non-hotspot mutations with pLOF is functionally distinct from hotspot mutations

and should be given special attention in terms of therapeutic and clinical implications.

2.3 Contribution Statement

In this study, | comprehensively characterized the pLOF phenotype of patient-derived
p53 cooperativity mutants by transcriptomic profiling (Fig. 2) and demonstrated that
their apoptosis defect is rescued at elevated expression levels using real-time
apoptosis assays, Western Blots, and RT-gPCR analysis (Fig. 8, Supp. Fig. S3). |
prepared the data for publication and participated in writing and proofreading the

manuscript.
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3. Partial p53 reactivation is sufficient to induce cancer

regression

Boris Klimovich, Laura Meyer, Nastasja Merle, Michelle Neumann, Alexander M.
Kdnig, Nikolaos Ananikidis, Corinna U. Keber, Sabrina ElImshé&user, Oleg Timofeev

and Thorsten Stiewe

J Exp Clin Cancer Res 41, 80 (2022). PubMed ID: 35232479

3.1 Introduction

Over 50% of human cancer types show inactivation and impaired function of the tumor
suppressor p53, most commonly caused by somatically acquired mutations that affect
the TP53 gene (Donehower et al., 2019). TP53 mutations can vary widely in their
functional impact (Donehower et al., 2019; Leroy et al., 2014). Notably, full p53 activity
is critical for the most effective tumor suppression program, as even a partial loss of
p53 increases cancer susceptibility (Frebourg et al., 1992; Liu et al., 2003; Timofeev
et al., 2013; Wang et al., 2011). Most importantly, several studies have demonstrated
that p53-deficient tumor cells become dependent on the continuous absence of p53,
so that restoration of p53 triggers tumor regression (Lozano, 2019). This indicates that
tumor cells become addicted to the loss of p53 activity, underscoring the therapeutic
potential of p53 reactivation in cancer treatment (Feldser et al., 2010; Junttila et al.,
2010; Ventura et al., 2007; Xue et al., 2007). Several compounds for p53 reactivation
are currently being investigated for their therapeutic potential in clinical studies (Bykov
et al., 2018; Sabapathy and Lane, 2018). Unfortunately, many of these compounds are
yet inefficient and fail to fully restore wildtype activity to the mutant protein, raising the
critical question of how much p53 activity is required to induce cancer regression.

To address this question and model an incomplete, partial p53 reactivation, we used a
conditional mouse model with inducible expression of the p53 cooperativity mutant
E177R, a partial loss-of-function (pLOF) mutant with reduced DNA binding and target

gene activation.
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3.2 Summary and Discussion

In this study, the conditional Trp53-SL-EL77R*'Rosa26CeERT2 mouse strain was used to
generate p53-deficient acute myeloid leukemia (AML) in which expression of the
E177R pLOF mutant could be restored at will by treatment with tamoxifen (Fig. 1).
Expression of E177R after tamoxifen treatment increased the expression of multiple
p53 target genes (Fig. 1C-F) and triggered apoptosis (Fig. 2C and D). Thus, incomplete
p53 reactivation, modeled by genetically switching AML cells from no p53 to a partially
active p53, was sufficient to induce tumor-suppressive programs in vitro.

Next, we transplanted AML cells into mice and monitored leukemia growth via
bioluminescence imaging (BLI) (Fig. 3A). Following successful leukemia engraftment,
mice were treated with tamoxifen to induce expression of EL177R and model partial p53
reactivation. Expression of E177R led to strongly decreased BLI signals and extended
survival, indicating a strong response of tumor cells to partial p53 reactivation (Fig. 3A
and B). CRISPR-mediated knockout of E177R prevented leukemia regression,
confirming that the therapeutic response was indeed mediated by the expression of
E177R (Fig. 3C and D).

To investigate the mechanisms by which E177R induces leukemia regression, we used
immunohistochemistry (IHC) to analyze leukemia samples of mock-treated and
tamoxifen-treated animals at different time points after therapy. Compared to mock-
treated animals, p53 protein rapidly accumulated in tamoxifen-treated samples (Fig.
4A). This was followed by a decrease in cell proliferation, increased apoptosis and
senescence, and immune cell infiltration, underscoring that partial p53 reactivation
synergistically activates multiple tumor suppressive effector mechanisms not only in
vitro but also in vivo (Fig. 4A-D).

Encouraged by the effects observed in the AML model, we investigated the
consequences of partial p53 reactivation in a second model, where Burkitt-like B-cell
lymphoma was induced by the EuMyc oncogene in the Trp53LSLEL77R+ Rosa26CreERT2
background. Mice transplanted with such lymphoma cells showed prolonged survival
when treated with tamoxifen, indicating that E177R induction also causes tumor
regression in B-cell lymphoma (Fig. 5A and B). Similar to the AML model, expression
of E177R reduced the number of proliferating cells and increased apoptosis in primary
lymphomas as well as at metastatic sites in the liver (Fig. 5C-F).

To explore the therapeutic potential of partial p53 activation in an autochthonous tumor

model, we used the same experimental approach to generate thymic T-cell lymphoma.
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Trp53LSLEL77RH Rosa26C®ERT2  animals were monitored by repeated magnetic
resonance imaging (MRI) and developed p53-deficient thymic lymphoma
spontaneously within 4 months. Induction of E177R with tamoxifen prolonged survival
and led to a reduction in thymus size compared to non-reactivatable Trp53-SL-EL77R
control mice, where tumor size progressively increased even under tamoxifen
treatment (Fig. 6). To conclude, expression of mutant p53 with pLOF was able to drive
a tumor suppressive transcriptional program limiting the growth of several types of
hematopoietic cancer, indicating that partial reactivation of p53 is sufficient to induce
tumor regression.

Our study provides evidence that the pro-tumorigenic, pLOF mutant E177R can trigger
cancer regression when activated in p53-deficient leukemia and lymphoma,
emphasizing the sensitivity of cancer cells to even slight increases in p53 activity. The
E177R mutant affects the cooperative binding of p53 to the DNA and results in a
reduced degree of DNA binding but is still able to transactivate p53 target genes and
regulate multiple other effector programs to a certain extent. By using a genetically
defined expression level of the mutant, we demonstrate that partial reactivation of p53
leads to effective anti-proliferative programs in vitro and tumor regression in vivo,
although potential non-cell-autonomous effects might help to suppress tumor growth
in vivo. However, it remains to be investigated whether the effects observed in
hematologic cancer, with a rather low apoptotic threshold, also apply to other solid
cancers. Nevertheless, this study emphasizes the importance of research on mutant

p53-reactivating drugs to improve the treatment of cancers with mutated p53.

3.3 Contribution Statement

In this project, | contributed to the studies on partial p53 reactivation in the AML model
by generating and producing retroviral particles, transplanting AML cells into mice,
treating mice with tamoxifen, and imaging leukemia progression by bioluminescence
(Fig. 1-4). Furthermore, | prepared and analyzed data for the publication and

participated in writing and proofreading the manuscript.
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4.1 Introduction

Cancer is a multigenetic disease and arises from mutations in somatic cells affecting
tumor suppressor genes or proto-oncogenes. Each individual cancer subtype is
defined by the combination of genetic mutations that result in differences in
tumorigenesis, aggressiveness, and therapeutic vulnerabilities. Given the enormous
genetic complexity of human cancer and the heterogeneous processes underlying
human tumorigenesis, mouse tumors that model the key characteristics of human
cancer in a defined (inbred) genetic background are valuable research tools. For
preclinical studies on targeted therapies, these models need to accurately reflect the
genetic alterations that have been observed in patients.

The spectrum of mouse models available for cancer research is diverse, with xenograft
models based on the transplantation of human cancer cell lines or cancer tissues being
the most common and widely used (Breitenbach et al., 2018; Guerin et al., 2020).
Mouse xenograft models allow a quick evaluation of growth dynamics and response to
drugs. However, to avoid rejection, human cancer cells or tissues need to be
transplanted into immunocompromised hosts. As a consequence, the resulting tumors
do not develop the characteristic tumor (immune) microenvironment (TME) that
modulates tumor progression and therapy responses. The absence of a physiological
TME hampers preclinical drug testing, thus limiting the value of xenograft models.
Genetically engineered mouse models (GEMM) overcome this limitation since cancer
arises in an autochthonous setting in an immunocompetent host, allowing for a more

realistic representation of the human disease. Although GEMMs are well-established,
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the generation of mice with multiple transgenic alleles is laborious, time-consuming,
and expensive. Due to the extensive breeding schemes required to obtain animals with
the desired complex genotype, the generation of GEMMs continues to contribute
significantly to animal burden, as many mice with an unwanted genotype must be
sacrificed. Recent advances in the CRISPR/Cas9 technology have made the use of
non-transplanted, autochthonous mouse models easier than ever (Maddalo et al.,
2014; Oser et al., 2019). CRISPR nucleases enable the generation of defined tumor
mutations directly in somatic cells using, for example, modified adenoviruses as gene
transfer vectors, thus avoiding the unnecessarily complicated germline manipulation of
mice. In this approach, tumor development arises in a more natural way, directly from
somatically transformed cells.

Tumor growth can vary greatly between animals as genetically modified cells undergo
subsequent stages of tumorigenesis, making these models experimentally less
predictable. Therefore, methods for longitudinal monitoring of tumor growth are
indispensable for the precise tracking of cancer growth (Wang et al., 2015). The most
commonly used monitoring by small animal imaging technologies is expensive,
requires trained staff and anesthesia of the animals for immobilization. Together, this
makes longitudinal and frequent monitoring a hurdle. Previous studies have shown that
an alternative method of monitoring tumor development using secreted luciferases
overcomes the obstacles associated with other sophisticated monitoring methods
(Markova et al., 2019; Tannous, 2009; Wurdinger et al., 2008). The luciferase from the
marine copepod Gaussia princeps (GLuc) is secreted by GLuc-labeled tumor cells and
enters the blood stream so that luciferase activity in small-volume blood samples can
be used to quantitatively monitor tumor growth. Moreover, GLuc is secreted in an
energy-consuming process only by viable tumor cells, so that GLuc monitoring helps
to distinguish tumor cells from other cell types in the tumor stroma, that contribute to
tumor size but cannot be easily differentiated by small animal imaging. However, GLuc
monitoring of tumors requires prior ex vivo labeling of the tumor cells, restricting the
use of this animal-friendly monitoring method to the less physiological, transplanted

mouse tumor models.

4.2 Summary and Discussion
To facilitate monitoring of autochthonous tumor growth with the help of the secreted

luciferase from Gaussia princeps, we generated a reporter mouse strain

13



Publication 3

Gt(ROSA)26S0rtm2(CAG-GLuoThst  (Rosa26-S-Cluc  or |LSL-GLuc) with Cre-inducible
expression of GLuc (Fig. 1A). As a proof-of-principle and to determine the expression
of GLuc in different organs, we activated GLuc expression in the whole body by
crossing to Prm-Cre mice. Compared to unrecombined animals, GLuc was detectable
at comparable levels in all analyzed organs and secreted into the blood at a constant
rate (Fig. 1B-E). Further, expression of GLuc was found to be not leaky since
unrecombined LSL-GLuc mice had GLuc levels comparable to non-GLuc-transgenic
animals, highlighting the suitability of the LSL-GLuc reporter mouse for longitudinally
tracking tumor growth.

Next, we evaluated in vivo labeling of tumor cells in two classic, genetically engineered
mouse models: an EpMyc-driven lymphoma model and a Kras®'?P-induced model for
non-small cell lung cancer. In both models, GLuc secretion increased with disease
progression (Fig. 2). Moreover, in the EuMyc model, GLuc blood levels accurately
captured chemotherapy responses and therapy relapse with high temporal resolution,
indicating suitability for treatment monitoring in preclinical drug studies (Fig. 2A-C).
The use of the CRISPR technology facilitated the design of somatically engineered
mouse models and dramatically improved the generation of preclinical animal cancer
models (Sanchez-Rivera et al., 2015; van der Weyden et al., 2021; Weber and Rad,
2019). However, the process of in vivo mutagenesis is still hampered by the inefficient
delivery of CRISPR components into the target tissue. Recombinant adenoviruses
represent a valuable tool for the efficient delivery of large cargo such as Cas9 enzymes
and are well established as gene transfer vectors due to their large packaging capacity
and their natural tropism for the respiratory epithelium (Weber and Rad, 2019). For that
reason, we provide a cloning strategy to assemble multi-cistronic adenoviral vectors
(AV) encoding for the CRISPR nuclease Cas9, multiple sgRNAs, and a Cre
recombinase to facilitate the use in conditional transgenic mouse strains such as the
conditional LSL-GLuc mice (Fig. 3). We applied this cloning strategy and generated
AV constructs expressing Cre and Cas9 with sgRNAs targeting Trp53 and Rbl to
investigate whether knockout of these tumor suppressors induces autochthonous
small cell lung tumors (Fig. 4A). Following validation of efficient gene targeting in vitro,
we intratracheally infected LSL-GLuc reporter mice (Fig. 4B and C).
Immunohistochemical staining of Cas9 and GLuc in lungs shortly after infection
indicated successful cargo delivery to the lung epithelium. Detection of insertion and

deletion mutations (InDels) at the Trp53 and Rbl target loci by next generation

14



Publication 3

sequencing (NGS) of lung DNA confirmed the target-specific activity of the CRISPR
nucleases (Fig. 4D-F). Compared to mice infected with a non-targeting control virus,
mice infected with a Cas9-AV targeting Trp53 and Rb1 (PR.CC9) developed tumors
within one year, resulting in a median survival of 363 days (Fig. 4H). Tumor
development was dynamically monitored by classic magnetic resonance imaging
(MRI) (Fig. 4G). The resulting tumors were identified as small cell lung cancer (SCLC)
by immunohistochemical staining for multiple neuroendocrine markers and stained
positive for GLuc (Fig. 5A). GLuc blood levels exceeded background levels starting 5
months after infection and progressively increased over time (Fig. 5D). To define the
molecular origin of these tumors, we identified Trp53 and Rb1 mutations as driver
lesions with approximately 80% modified reads in the NGS analysis (Fig. 5E).

Encouraged by the results and the flexibility of the toolkit for CRISPR-AV cloning, we
aimed to explore the suitability of the CRISPR-GLuc model to investigate the impact of
co-mutations on the dynamics of SCLC tumorigenesis. The retinoblastoma gene family
member RbI2/p130 is recurrently mutated in SCLC patients (George et al., 2015) and
loss of Rbl2/p130 was previously shown to accelerate SCLC development in mice
(Schaffer et al., 2010). We, therefore, aimed to generate and monitor development of
SCLCs with triple mutations in Trp53, Rbl, and RbI2 using a CRISPR-AV co-
expressing three sgRNAs. However, integration of a third sgRNA in our CRISPR-AV
model led to inefficient virus packaging, mainly due to the limited packaging capacity
of a 15t generation adenoviral vector. To overcome this limitation, we used a conditional
double transgenic LSL-GLuc/LSL-Cas9 mouse strain which allowed us to omit Cas9
from the virus and generate constructs targeting either Trp53 and Rb1 (PR.Cre) or both
in combination with Rbl2/p130 (PRL.Cre) (Fig. 6A). Tumorigenesis in PR.Cre-infected
mice was similar as with PR.CC9 mice, however, additional loss of Rbl2/p130 led to
accelerated tumor development and reduced survival to 210 days (Fig. 6F). Blood-
GLuc levels accurately mirrored the differences in survival between the PR.Cre and
PRL.Cre groups (Fig. 6G). GLuc blood levels increased above the background
approximately three months before the animals reached the humane endpoint, proving
GLuc to be suitable as an early detection marker in the SCLC mouse model (Fig. 6H-
K). Of note, MRI confirmed the results observed with GLuc monitoring by visualizing
total tumor burden in both groups (Fig. 7A). Similar as in PR.CC9 and PR.Cre-induced
tumors, PRL.Cre tumors expressed neuroendocrine markers and universally carried
mutations induced by the sgRNAs targeting Trp53, Rb1, and Rbl2 (Fig.7B-D).
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In conclusion, we established a toolkit to rapidly assemble CRISPR-AVs for in vivo
mutagenesis of multiple cancer driver genes together with a novel reporter mouse
strain which helps to easily capture the temporal dynamics of tumorigenesis using
blood-based monitoring. Since personalized cancer therapy remains a clinical
challenge and preclinical models are urgently needed to test therapeutic strategies in
different genetically defined cancer subtypes, somatically engineered mouse models
that can be generated fast and flexibly by, for example, CRISPR technology are
indispensable. The CRISPR-GLuc mouse model is therefore a long-needed tool that

will facilitate preclinical studies for precision medicine in autochthonous mouse models.

4.3 Contribution Statement

For this study, | planned and designed the cloning strategy for CRISPR-AV constructs
(Fig. 3), generated the AVs used for the generation of SCLC in mice (Fig. 4A and 6A),
validated their function in vitro (Fig. 4B and C and Fig. 6B and C), and planned and
conducted all animal experiments involving these constructs (Fig. 4-7). In more detail,
| performed the intratracheal infection of mice, collected blood samples, measured
GLuc levels (Fig. 5D, 6G-K), assisted with mouse MRI (Fig. 4G, 7A), and monitored
mice clinically (Fig. 4H, 6F, S1). | processed mouse tissues (lungs and tumors),
characterized mouse tissues genetically by Sanger sequencing and amplicon NGS
(Fig. 4E and F, 5E, 6E, 7D, S2-4; sequencing by Genomics Core Facility), established
cell lines from SCLC tumors (Fig. S2), and analyzed immunohistochemical stainings
of tissues (Fig. 4D, 5A-C, 6D, 7B and C; staining by Mouse Histopathology Core
Facility). | prepared and analyzed the data, designed figures, and drafted the

manuscript followed by correction and proofreading.
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5. Summary and Perspectives

5.1 The impact of individual p53 mutations is highly context-dependent

Over the past decades, research on mutant p53 has made tremendous progress.
Emerging evidence suggests that there is no single mutant p53 but rather a whole
spectrum of distinct p53 variants in which the mutant proteins differ in their impact on
tumorigenesis and offer distinct therapeutic vulnerabilities (Manfredi, 2019; Sabapathy
and Lane, 2018). Unlike the well-characterized TP53 hotspot mutations, which
completely disrupt the transcriptional activity of p53, the functional impact of TP53 non-
hotspot mutations has remained largely elusive. Non-hotspot mutations are of
particular clinical interest since they comprise 70% of all p53 mutations and often retain
residual transcriptional activity, presenting a pLOF phenotype (Campomenosi et al.,
2001; Jordan et al., 2010; Kato et al., 2003; Menendez et al., 2009).

In the first two publications, we investigated the class of p53 DNA binding cooperativity
mutations as a model for non-hotspot mutations with a pLOF phenotype. Mutations
that reduce the cooperative DNA binding of p53 do not affect DNA contact residues or
disturb the proper folding of the entire DNA binding domain, like hotspot mutations do,
but they interfere with the interaction of adjacent p53 DNA binding domains within the
p53-DNA complex (Timofeev et al., 2013). Several mutations that destabilize these
interactions and weaken the p53-DNA complex have been identified in cancer patients,
which implies an important role of p53 DNA binding cooperativity for cancer
development. In both studies, we used the E180R cooperativity mutation as a model.
The biochemical and structural properties of the E180R mutation were well
characterized and the availability of a mutant mouse strain with the homologous murine
mutation E177R (Timofeev et al., 2013) facilitated the exploration of in vivo
consequences on tumor development and cancer therapy responses.

In the first study, we observed that expression of E177R in multiple different tissues,
including pancreas, lung, and bone marrow, sensitized to oncogene-driven
tumorigenesis and was able to drive tumor development, further highlighting the
pathogenicity of p53 pLOF mutants (Klimovich et al., 2021). In the second study, we
observed that expression of E177R in fully established (p53-deficient) tumor cells
triggers tumor regression (Klimovich et al., 2022). The intriguing fact that the E177R
DNA cooperativity mutant, a single p53 mutant with a genetically defined DNA binding

and transactivation level, behaves pro-tumorigenic in one model and tumor
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suppressive in another, emphasizes the highly context-dependent activity of p53

mutants.

5.2 The power of CRISPR to investigate a genetically defined tumor context

In light of the findings from the first two studies, it is becoming increasingly important
to study the impact of p53 mutations in a context-dependent manner, for example, in
the presence of defined co-mutations. For this, methods are needed for the efficient
and high-throughput generation of tumors with experimentally defined sets of
mutations.

The generation of mouse models for cancer research improved significantly over the
past years. It is essential that such models accurately recapitulate the genetic context
of human cancers to provide an optimal tool for preclinical studies. The discovery of
the CRISPR/Cas9 technology revolutionized genome editing, enabling rapid and
precise editing of somatic cells (Katti et al., 2022; Sanchez-Rivera and Jacks, 2015;
Weber and Rad, 2019). Recent advances of CRISPR have opened new avenues for
manipulating mouse genomes and are currently transforming the process of mouse
model generation, making a previously lengthy process easier than ever.

We applied the CRISPR technology in combination with adenoviral vectors as gene
delivery vehicles to induce genetically defined lung tumors in mice. By introducing
inactivating mutations in the Trp53 and Rb1 genes, which are a universal feature of
human small cell lung cancer (George et al., 2015), mice developed autochthonous
lung tumors of the small cell subtype. The CRISPR sgRNAs included in the viral
constructs are defined by the genes of interest and can be customized to study the
functional impact of different genetic contexts. However, successful delivery of large
proteins such as Cas9 remains a challenge (Weber and Rad, 2019) and introduction
of a third sgRNA, targeting the recurrently mutated RbI2 gene, failed to efficiently
generate infectious AVs. Using our Cas9-based adenoviral system, it was not possible
to explore the functional consequences of such additional mutations due to the limited
cargo packaging capacity of adenoviruses. Utilization of size-optimized Cas enzymes
such as CasMINI or split approaches could potentially improve and overcome
challenges associated with large cargos (Ehrke-Schulz et al., 2017; Van der Weyden
et al., 2021; Xu et al., 2021). Further, removal of Cas9 from the delivered constructs
may enhance the complex design of adenoviral vectors. This strategy is supported by

an available Cre-inducible Cas9 knock-in mouse strain, enabling stable Cas9
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expression in the targeted tissue (Platt et al., 2014). Taking advantage of the
availability of this mouse strain, we omitted Cas9 from our viral constructs, generating
more space for additional sgRNAs. Introduction of a third mutation targeting Rbl2 and
thereby changing the genetic context of the cells, enhanced tumor development in our
model, highlighting the importance to evaluate the context-specific effects of different
genetic settings. CRISPR-AVs, therefore, present a valuable tool to functionally
characterize the genetic alterations of human tumors rapidly and accurately.
However, cancer does not only involve inactivating mutations that can be easily
generated by CRISPR/Cas9, but rather a combination of inactivating mutations in
tumor suppressor genes and activating mutations in proto-oncogenes. Conversion of
proto-oncogenes into oncogenes is usually a result of base substitutions (missense
mutations). As elaborated above, TP53 mutations are also most frequently missense
mutations, which are notoriously difficult to engineer with classic CRISPR/Cas9
nucleases by exploiting homology-directed repair with a donor template. Fortunately,
CRISPR technology has evolved in recent years and now offers a variety of tools, such
as base editors (BE), to precisely introduce specific tumor-initiating cancer gene
mutations. Engineering of a catalytically impaired Cas9 variant tethered to an adenine
or cytosine deaminase led to the development of BEs that can induce missense
mutations by A &-t0-G & or C &-to-T & editing, respectively (Huang et al., 2021).
Given the high prevalence of C>T transitions among all TP53 missense mutations
(Bouaoun et al., 2016), cytosine base editors (CBE) are of particular interest in the
generation of specific TP53 missense mutations. The invention of prime editors,
whereby a catalytically inactive Cas9 is fused to a reverse transcriptase, further
extended the spectrum of targeted mutations and offers the full potential to insert any
kind of mutation by pegRNAs, which provide the desired sequence template (Anzalone
et al., 2019). In first examples, in vivo base or prime editing was used to engineer
specific pro-tumorigenic mutations in the Pik3ca or Ctnnbl genes, resulting in tumor
formation (Annunziato et al., 2020; Liu et al., 2020).

Our adenoviral vector system can be easily adapted for the expression of CRISPR
base- or prime editors to overcome the limitations associated with classical Cas9
approaches and aid in the introduction of specific missense mutations. Thus,
investigating the oncogenic role of certain mutant proteins, such as p53 mutants, in a

defined genetic context will be useful to further explore their impact on cancer.
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5.3 High throughput monitoring of tumorigenesis using secreted luciferases
Specific genetic alterations caused by different mutations result in variable kinetics of
tumor growth, which requires reliable methods to monitor growth dynamics. Especially
the autochthonous growth of tumors in inner organs requires sophisticated imaging
techniques like MRI, uCT, PET, or BLI that rely on anesthesia of the animal (Wang et
al., 2015). This not only increases animal burden but limits the throughput of large
cohorts and examination frequency, impairing preclinical drug testing, for instance. As
an alternative, the luciferase from the copepod Gaussia princeps (GLuc) presents a
valuable tool and monitoring option that has been previously shown to work in
transplantable tumor models (Charles et al., 2014; Gremke et al., 2020; Vogiatzi et al.,
2016; Wanzel et al., 2016).

To facilitate the use of GLuc monitoring in autochthonous tumors, we generated a Cre-
inducible GLuc knock-in reporter mouse to monitor tumor growth. GLuc was suitable
to monitor the growth of different types of lung cancer and was also suitable to capture
differences in tumor growth in various genetic contexts, seen by an accelerated
increase in GLuc blood levels in the Trp53/Rb1/Rbl2 knockout SCLC model. Tumor
growth dynamics are therefore highly dependent on genetic conditions, making GLuc
exceptionally useful for high throughput monitoring of tumors that have specific
underlying co-mutations.

Preclinical models are widely used for therapy studies, and tumors must be detectable
at an early time point to adequately evaluate response to therapy. We successfully
monitored therapy response in a lymphoma model and observed a strong decrease in
GLuc activity upon therapy. This demonstrates the potential of GLuc as an early
detection marker for accurate monitoring therapy responses.

Collectively, the combination of CRISPR-AVs for tumor induction and non-invasive
tumor monitoring using GLuc facilitates the rapid generation and use of genetically
defined mouse models for the preclinical evaluation of molecular therapies in different

genetic contexts.
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7. Appendix

List of abbreviations

AML
APC

AV

BE

BLI

CBE
CRISPR
CT

DNA
GEMM
GLuc
GOF
IHC
InDel
KO

LOF
LSL-GLuc
MRI
NGS
pegRNA
pLOF
PDAC
PET
Pten
RB1
RNA
SCLC
SgRNA
TME
WT

Acute myeloid leukemia
Adenomatous polyposis coli protein
Adenovirus

Base Editing

Bioluminescence Imaging

Cytosine Base Editing

Clustered Regularly Interspaced Short Palindromic Repeats
Computed Tomography
Desoxyribonucleic acid

Genetically engineered mouse model
Gaussia Luciferase
Gain-of-function
Immunohistochemistry
Insertion/Deletion

Knockout

Loss-of-function

lox-Stop-lox-GLuc

Magnetic Resonance Imaging

Next Generation Sequencing
prime-editing RNA

partial loss-of-function

Pancreatic ductal adenocarcinoma
Positron Emission Tomography
Phosphatase and Tensin Homolog
Retinoblastoma protein 1
Ribonucleic acid

Small cell lung cancer

short guide RNA

Tumor microenvironment

Wildtype
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The tumor suppressive transcription factor p53 is frequently inta@ted in cancer cells by missense mutations that cluster in the
DNA binding domain. 30% hit mutational hotspot residues, resing in a complete loss of transcriptional activity and mutant
p53-driven chemotherapy resistance. Of themaining 70% of non-hotspot mutants, mayare partial loss-of-function (partial-
LOF) mutants with residual transcriptional activity. The tlegreutic consequences of a partial-LOF have remained largely
elusive. Using a p53 mutation engineered to redudeNA binding, we demonstrate that partial-LOF is sufient to enhance
oncogene-driven tumorigenesis in mouse odels of lung and pancreatic ductal ademcarcinoma and acute myeloid leukemia.
Interestingly, mouse and human tumors with partial-LOF mutatis showed mutant p53 protein accumulation similar as known
for hotspot mutants. Different from the clemotherapy resistance caused by p53-loghe partial-LOF mutant sensitized to an
apoptotic chemotherapy response and led to a survival bene Mechanistically, the pro-apoptotic transcriptional activity of
mouse and human partial-LOF mutants wasseued at high mutant protein levels, suggesting that accumulation of partial-LOF
mutants enables the observed apoptotichemotherapy response. p53 non-hotsganutants with partial-LOF, therefore,
represent tumorigenic p53 mutations that need to be distinguished from other mutations because of theari® cial impact on
survival in a therapy context.

Oncogenehttps://doi.org/10.1038/s41388-021-02141-5

INTRODUCTION understanding of the functionalimpact of hotspot mutations,
The tumor suppressor gend P53s mutated in roughly half of all  which have largely lost the tumor suppressive activity of the
cancer patients I]. In contrast to other tumor suppressor genes, wild-type proteins (LOF, loss-dfinction) and, by oligomeriza-
TP53mutations are most often missense mutations giving rise to tion, exert additional dominant-regative activity towards wild-
mutant proteins which accumulate in tumor cells to high levels. type p53 expressed from a remaining non-mutated allel&]f
The TP53gene product p53 responds to various types of cellular Moreover, several hotspot munts have acquired neomorphic
stress, DNA damage being the most prominent, and functions as a properties (also termed gaimf-function, GOF) that, in an
transcription factor that binds DNA in a sequence-specimanner  oncogene-like fashion, actively promote tumor progression to
to regulate a host of transcriptional programs, any or all of which a more aggressive and therapy-resistant stat&6B]. These
can contribute to suppressing tumorigenesis2]. Re ecting the properties of mutant p53 proteins help to explain the preference
functional importance of p53 DNA binding for tumor suppression, for missense over null mutations and the poor prognosis
missense mutations cluster in the exons encoding the DNA associated with p53 mutations in several cancer type3][
binding domain (DBD). Overall, more than 2000 different missense  Importantly, our current knowledge on mutant p53 is mostly
variants have been reported in cancer cells and yield a complex based on studies of hotspot mutants. The functional conse-
mutation spectrum [L, 3]. quences of non-hotspot mutants, that comprise the majority
Some codons like R175, R248 and R273 are more frequently(~70%) of all patients withTP53missense mutations, are still
mutated than others and the top 10 ‘hotspot’ mutations poorly understood. A landmark study that systematically
together account for ~30% of all missense mutations. The pro led the transcriptional activity of 2314 p53 variants in a
hotspot mutations are structurally well-characterized and yeast-based reporter assay revealed substantial differences in
subdivided into ‘contact mutations, which remove essential transactivation [L0]. Loss of transactivation correlated with
DNA-contact residues, and'structural mutations affecting mutant frequency supporting a selection bias for loss-of-
residues that are critical for the overall architecture of the transactivation mutants duringcancer development. In other
DNA binding protein surface 4]. Studies in cell culture and words, while hotspot mutants completely lack transcriptional
knock-in mouse models have gided a thorough mechanistic  activity, the less frequent non-hotspot mutants tend to retain
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residual activity which was independently corrmed for a set of
selected mutants in yeast and mammalian cell&], 12]. In line,
more recent systematic screns based on mutant p53 cDNA
expression in human tumor cell lines have observed highly
heterogenous antiproliferatie activity among thousands of p53
variants [L3, 14]. The loss of antiproliferative activity was more
pronounced for hotspot than non-hotspot mutants, conrming
that non-hotspot variants are ofte only partial loss-of-function
(partial-LOF) variants. Of notemice carrying a hypomorphic

p53 allele or the murine partial-LOF variant R172P (correspond-

ing to human R175P) succumb prematurely to cancer proving
that partial-LOF mutations are phogenic despite their residual
tumor suppressive activity I5, 16]. However, the extent of
cancer susceptibility is strongly context-dependent. For exam-
ple, the murine R172P mutant is apoptosis-deient and fails to
prevent tumorigenesis in a mouse model oMycdriven B-cell
lymphomagenesis 17], where p53 is known to limit tumorigen-
esis primarily by means of apoptosislB]. In contrast, R172P
ef ciently suppressera§'?2triggered development of pan-
creatic ductal adenocarcinoma (PDAC) through its residual
senescence-inducing activity 19]. Together these ndings
suggest that partial-LOF and LOF mutants promote the
development of different tumor types so that partial-LOF
mutations should be more freqgent in, for example, Burkitt
lymphoma with chromosomalMyctranslocations than inKras

RESULTS

Non-hotspot mutations are enriched for partial loss-of-

function variants

We extracted from the UMDIP53mutation database (ittps://p53.
fr/tp53-databasg a total of 1209 TP53missense mutations, that
were identi ed in patient tumor samples at least once and map to
the DNA binding domain (aa100-300), along with their transcrip-
tional activity as measured in a yeast-based reporter assay using
response elements (REs) of 8 prototypical p53 target gené§][
We de ned a loss of transcriptional activity (loss-of-function, LOF)
as less than 10% residual activity and partial loss-of-function
(partial-LOF) with low (1620%) or high (20-50%) residual activity.
When plotting the transcriptional activity of mutants sorted by
their frequency in the set of tumor samples, we noted the
characteristic enrichment of LOF variants in the mutants with a
high frequency of >0.05% (FiglA and B). Importantly, we also
observed an unexpectedly high number of partial-LOF variants
with low or high residual transcriptional activity in the various
mutant frequency groups (FiglA and B). In particular, mutants
with medium abundance in cancer patients often display partial-
LOF. While the median transcriptional activity of hotspots mutants
was strongly reduced to 2.59% of the wild-type, the other
frequency classes show substantially higher median residual
activity ranging between 8.23% for very frequent mutants and
78.2% for unique variants (FiglB). This was observed for the

driven PDAC. However, this hypothesis is challenged by a calculated median transcriptional activity (FigB), but also for the

similar overall frequency of p53 partial-LOF mutations in
different cancer types 20].

Mutations at R175 (mouse R172) affect zinc coordination in
the DBD, but our structural understanding of the partial-LOF

transcriptional activity at all individual tested REs (Supplementary
Fig. S1A). The same trend is observed when analyzing the relative
tness score (RFS) of variants which eets their loss of
antiproliferative activity and was measured upon enforced

associated with R175P versus a complete LOF in R175H remaingxpression in p53-null H1299 cells1g]. Again, many of the

still incomplete [21]. Mechanistically better understood are non-
hotspot mutations affecting the DBD surface residues E180 and
R181 (mouse E177 and R178). These
intermolecular salt-bridge which stabilizes the DNA-bound
tetramer and enables p53 DBDs to bind response elements in
a cooperative manner 20, 22-26]. Several mutations of these
residues have been described as somatic or germline variants in
0.5% of tumors with frequencies of individual variants up to
0.114% in the case of R181@,[3, 20]. Based on the world-wide
cancer incidence, all E180/R181 raiions together account for
an estimated number of 34,000 cancer patients per yeaz(].
The distribution of these cooperativity mutations across
different tumor types is similar as for hotspot mutations and
other frequent p53 mutations sipporting a comparable causal
role as drivers of tumorigenesis20]. The charge-inverting
E180R mutation is not a singlaucleotide variant and has
therefore not been found in cancer patients so far, but it is
mechanistically characterized better than any other coopera-
tivity mutant regarding protein structure, cooperative DNA
binding, and target gene activation23, 27, 28]. In addition, the

mutants with medium abundance in the cancer population often
show an intermediate RFS (2<RFS<0) indicative of residual

residues form arantiproliferative activity (Supplementary Fig. S1B). Supporting the

idea that partial-LOF mutants are driver mutations rather than
neutral bystanders or sequencing artefacts, mutations in all the
different frequency groups are marked as damaging in the UMD
p53 mutation database based on several pathogenicity prediction
algorithms such as SIFT, MutAssessor and PROVEANL&igght
panel).

When assessing transcriptional activity on the basis of individual
patient tumors — not p53 variants — the distribution is similar,
revealing a large proportion ofTP53mutant malignancies (both
solid and hematological) with an intermediate p53 mutant
transcriptional activity (Fig.1C and D; Supplementary Fig. S1C
and D). A total of 31.6% of variants and 27.6% of tumors will?53
missense mutations fall within the partial-LOF activity range
(Fig. 1D). When excluding the top 10 hotspot mutants, the
percentage of non-hotspot tumors harboring a partial-LOF mutant
increases to 36.8% (FiglD). In summary, p53 mutants with
residual transcriptional activity, i.e., partial-LOF, are common in

murine equivalent E177R is available as a knock-in mouse for p53-mutated tumors and particularly prevalent among non-

in vivo studies R9, 30]. E177R mice show a preferential defect in
apoptosis induction resulting m increased susceptibility to
sporadic and Myc-driven lymphomagenesig8(, 31]. Moreover,
the E177R mutant phenotype is explained entirely by a lack of
DNA binding cooperativity as it is fully rescued in vitro and
in vivo by complementation with the human R181E (mouse
R178E) mutantZ3, 27, 28, 32].

Here we have used the E177R mutant knock-in mouse along
with a panel of cancer patient-derived cooperativity mutants to
explore the role of a partial LOF in tumorigenesis and cancer
therapy. We demonstrate that a p53 partial-LOF cooperates with
oncogenes to drive tumorigenesis in multiple tissues. Most
interestingly, we found that the residual transcriptional activity
of partial-LOF mutants is retained in tumors and can be
therapeutically boosted to provide a benecial therapy outcome,
superior to LOF mutations.

SPRINGER NATURE

hotspot mutants.

p53 cooperativity mutations as a model for partial-LOF

mutations

To better explore the in vivo consequences ofP53partial-LOF
mutations, we focused on the mechanistically well-studied
subclass of cooperativity mutations (labelled orange in FigjA).
They commonly reduce DNA binding and show a median
transcriptional activity of 47.5% (13.7-67.4%) in the yeast-based
reporter assay (FigslB and D), classifying them as non-hotspot
mutants with partial-LOF. Given that yeast are lacking p53-
relevant transcriptional components and properties present in
humans, we aimed to further characterize the transcriptional
activity of cooperativity mutants in a more physiological system.
For this, we expressed the cancer patient-derived mutants E180K,

R181L, R181H, R181C, R181P, and the engineered mutant E180R in
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Fig. 1 Prevalence of p53 partial-LOF mutations in human cancer patients. A Frequency, transcriptional activity, and in silico predicted
pathogenicity of 1,209 somatic TP53missense mutations affecting the p53 DNA binding domain (amino acids 108300). Three black-white
heatmaps depict the mean and response element-specic transcriptional activity of missense variants. The left heatmap illustrates the
distribution of loss-of-function (LOF) events (0-10% transcriptional activity), the middle heatmap partial LOF events with low (220%) residual
activity and the right heatmap partial LOF events with high (20-50%) residual activity. The pathogenicity plot shows variants predicted to be
damaging by SIFT, Mutassessor or PROVEAN in red. All data were extracted from the UWMPG63mutation database (ttp://p53.fr/tp53-
database. Transcriptional activity data were determined in a yeast-based reporter assag(]. Cooperativity mutations at residues E180 and
R181 are highlighted in orange.B Non-hotspot TP53missense mutants retain substantial transcriptional activity. Shown is the range of
transcriptional activity for somatic TP53mutations grouped according to mutation frequency in cancer patients. Cooperativity mutations are
highlighted separately in orange. C, D Range and distribution of transcriptional activity in p53 mutant cancer patients. In all box plots, boxes
indicate median and interquartile range, whiskers the 1690 percentile. Pie charts depict the percentage of variants (or tumors) falling into
different categories of transcriptional activity as indicated. 31.6% of p53 variants and 27.6% of tumors with p53 missense mutations fall into
the partial-LOF category de ned by a residual transcriptional activity of 16-50%.

comparison to WT, the R175H hotspot mutant, and GFP as abut individual mutants differed substantially forming a continuum
negative control in p53-decient Saos-2 osteosarcoma cells. of residual activity (Fig2A). R181L, E180R, and R181H showed the
Transcriptome analysis by RNA-seq revealed more genes to behighest residual activity, whereas R18Hrconsistent with proline
activated by WT than repressed (Fig@A), in line with p53 being  functioning as a helix breaker— displayed a complete LOF
primarily a transactivator 33]. Compared to WT, all cooperativity indistinguishable from R175H and GFP (F&A-E). Consistent with
mutants showed a strongly reduced regulation of target genes, distinct degrees of LOF, functional annotation analysis revealed a
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Fig. 2 Partial loss of transcriptional activity in p53 cooperativity mutations. A Heat-map shows z-transformed RNA expression values
(FPKM) for 1592 differentially expressed genes (mean lgigC 1, corrected p-value 0.05) detected by RNAseq in p53-null Saos-2 cells
transduced with wild-type p53, indicated p53 missense mutants or GFP as negative controh= 3 for each genotype.B RNAseq data from

A were used for gene set enrichment analysis (GSEA). Depicted are the false discovery rate (FDRq, blue bars) and enrichment score (red curve)
for the MSigDB Hallmark p53 Pathway gene set in pairwise comparisons between cells expressing wild-type p53 and different mutants (X)
(upper panel) or all variants (X) vs. GFP-transfected (p53-null) cells (lower panél)Depicted is the distribution of enrichment scores of
multiple p53-related signatures of the MSigDB collection (Table S1) in pairwise comparisons like B1D Expression of p53-target genes in WT-

or mutant p53-transfected cells relative to GFP-transfected (p53-null) cells. Violin plots show the distribution of Ig§C values for genes
belonging to the MSigDB Hallmark p53 Pathway gene set (left panel) and a gene set obtained from p53 ChlP-seq (right panel, Table S1). Red
and purple lines indicate mean and median logFC, respectivelyE Expression of prototypical p53 target genes obtained fromA. UMI TPM,
uniqgue molecular identi er tags per million. Shown is the mean+SD ofn = 3 biological replicates.

varying enrichment of p53-related expression signatures such as  Of note, the ability of cooperativity mutants to repress genes
the Hallmark p53 pathway gene set from the Molecular Signatures mirrored their transactivation potential (Fig.2A). Gene set
Database (MSigDB) in WT transcriptomes when compared to eachenrichment analysis indicated these repressed genes to be
one of the mutants (Fig.2B and C, Supplementary Table 1). signi cantly enriched for E2F and Myc target genes sets related
Importantly, p53-related gene sets were also sigieantly enriched  to cell proliferation (Supplementary Fig. 2, Supplementary Table
in R181L, E180R, R181H, R181C, and E180K mutant transcriptomé$. Similar as seen above for transactivated gene sets, these
compared to the GFP control, highlighting their residual repressed gene sets were enriched in the WT transcriptome
transcriptional activity, i.e. their partial-LOF phenotype (FigB compared to most of the mutants and enriched in R181L, E180R,
and C). In detail, partial-LOF cooperativity mutants displayed R181H, R181C, and E180K compared to the GFP control attesting
5-79% residual transactivation of genes belonging to the Hallmark to their partial-LOF with respect to gene repression. Although p53
p53 pathway set or genes that were found to be directly bound can function as a direct transrepressoB{], the majority of cell
and regulated by WT in Saos-2 cells (F&D). These ndings were  proliferation genes are known to be repressed indirectly through
con rmed for the prototypical p53 target genesCDKN1A(p21), p53-mediated transactivation of the p21-DREAM pathwa$3].
MDM2 BTG2BBC3Puma),BAX and TIGARFig. 2E). The impaired target gene repression by partial-LOF mutants is
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Fig. 3 Trp53E177R mutant in Ras-driven PDAC. AKaplan-Meier curves show overall survival of mice with indicated p53 genotypes and
pancreas-specic expression of oncogenic mutantKra?qzr’. Trp53’* n= 45, TrpsFL7"REVTH = 50, Trp53°¢ ™ n= 39, log-rank Mantel-Cox
test. B Pie charts show percentage of mice with (pre)neoplastic pancreas lesions (highest grade that was detected in each sample). Samples
were collected at different time-points from animals as inA. PanIN, pancreatic intraepithelial neoplasia. n/a, no sample available for analysis as
all Trp53°¥ °* mice were dead by 3 months of age.C Representative micrographs of pancreas samples frorB, hematoxylin and eosin (H&E)
staining. D Immunochemical staining of p53 in representative PanIN (left) and PDAC samples (right).

therefore most likely a consequence of their reduced transactiva- E177R mice succumbed to PDAC within half a year and almost half
tion potential. showed high-grade PDAC by less than 3 months of age when the
In all these analyses, the E180R mutant integrated into the majority of p53'/* only showed high-grade PanIN lesions which
continuum of transcriptional activities displaying a level of residual only rarely progressed to PDAC later on (FBB and C). Similar to
activity in between the cancer-derived mutants R181L and R181H, R172H-mutant PDACLP], both PanIN and PDAC lesions in E177R
which validates the E180R (mouse E177R) cooperativity mutant asmice showed strong nuclear p53 staining, indicating that PDAC
a suitable model for non-hotspot mutants with partial-LOF. formation is not necessarily driven by the loss of p53 and is, in
fact, compatible with sustained high-level expression of E177R
p53 partial loss-of-function cooperates with Ras oncogenes in (Fig.3D). We conclude that E177Rdifferent from R172R-delays,
tumorigenesis but fails to completely suppress PDAC development.
Previous work has demonstrated an increased susceptibility of  To study tumor suppression by E177R in a different Kras-driven
mice with the R172P and E177R partial-LOF mutations to both tumor type, we extended our studies with E177R mice and crossed
sporadic and Myc-driven lymphomal[7, 30]. In light of reports  them to Kra$*! mice which develop lung tumors due to
that R172P-triggered senescence prevent&ra§?2induced  spontaneous activation of a latent oncogeni&ra$§'?®allele B5].
pancreatic ductal adenocarcinoma (PDAC)9], we also analyzed In the presence of wild-type p53 these mice develop multiple
the E177R cooperativity mutant in this model. We noted that adenomas that only rarely progress to carcinomas, whereas
E177R extended the median survival from 69 days in p8% hetero- or homoallelic inactivation of theTrp53gene leads to
mice to 122 days indicative of tumor-suppressive activity. the early development of adenocarcinomas with 100% pene-
However, p53’* animals survived twice as long (FigBA). Al trance 5. When comparing cohorts ofKras"! mice with
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Fig. 4 Trp53E177R mutant in Ras-driven lung cancer. AKaplan-Meier curves show the overall survival oKras”*! mice with indicated p53
genotypes. Trp53/* n= 228, Trp5F17"REL"} = 105, Trp53’~ n= 80, log-rank Mantel-Cox testB A group of mice from A was monitored for
lung tumorigenesis by MRI tomography. Representative MRI images collected at indicated time-points are shown. n/a, no mice available for
analysis, as allrp53’~ mice were dead by 6 months of age.C-E Lung samples were collected at different time-points fromKra$** mice with
indicated p53 genotypes. C Representative micrographs, H&E stainind Pie charts show percentage of mice with tumors (highest grade).
E Immunochemical staining of p53 in representative lung adenoma (left panel) and carcinoma samples (rightl: IHC detection of mutant p53
protein in human lung adenocarcinomas (LUAD) with indicated hotspot (R175H, R248W) and non-hotspot (E180K953mutations.

different p53 genotype, we observed a signcantly reduced
lifespan in E177R compared to p53 mice (Fig.4A). Similar as

strongly positive p53 immunostaining indistinguishable from
hotspot mutants, conrming aberrant stabilization of a partial-

observed in the PDAC model, survival of E177R mice wasLOF mutant also for human cancer tissues (Fiff:).

signi cantly longer in comparison to p53-null animals, indicating
that residual tumor suppression by E177R slowed dowras
driven tumorigenesis (FigdA).

Of note, many p53-null mice with lung tumors were also
burdened with thymic lymphoma, the most common tumor
arising spontaneously upon loss of p533f]. To exclude a
confounding effect on survival, we monitored lung tumor growth
longitudinally with magnetic resonance imaging and analyzed
lung tissues histologically at different time points (FigB-D). We
observed early appearance and fast progression of adenocarcino-
mas in p53-de cient Kra$”! animals, none of which reached the
last time point because of the high tumor burden. In contrast, in
p53 wild-type mice lung tumors were barely detectable at
3 months of age and had advanced only slowly at later time
points mostly retaining a benign adenoma morphology. MRI
showed presence of tumors in 2 of 4 E177R mice at 3 months, and
in all animals at 4.5 months, but tumor progression was slower
than in p53 knockouts. Histologically, E177R mice showed an
intermediate morphology with examples of both adenoma and
carcinoma at 3 months that progressed to mostly adenocarcino-
mas at later time points. We conclude that the residual activity of
E177R provided a temporary defense against oncogeHiasearly
during tumorigenesis, but its tumor-suppressive potential was
insuf cient to block progression to more malignant tumor stages.

p53 partial loss-of-function cooperates with Ras in
leukemogenesis

Having demonstrated efcient cooperation of the E177R partial-
LOF mutation with oncogenic Ras in two solid tumor models, we
next explored this cooperation in a model of acute myeloid
leukemia (AML), which is driven by the combination dfra$*2°
and AML1/ETO9ancogenes and in which p53 is known to be
tumor suppressive 37]. As hematopoietic bone marrow cells are in
general more vulnerable to p53 activity than other cell88-41],
we speculated that E177R might be more tumor suppressive in
leukemia than in solid tumors. We isolated hematopoietic fetal
liver stem cells from p53’*, p53’~ and homozygous E177R
embryos and transduced cells with two bicistronic retroviral
constructs — one expressingNra$'?®and re y luciferase, the
secondAML1/ETO9and EGFP, which allowed disease monitoring
(Fig.5A). Five independent batches of transduced hematopoietic
cells of each genotype were transplanted into 5-8 lethally
irradiated recipients. Consistent with published dat&8T], loss of
p53 dramatically accelerated AML development (median survival
49 vs. 103 daysP<0.0001). Mice transplanted with oncogene-
transduced E177R fetal liver cells demonstrated an intermediate
survival of 74 days which differed signtantly from both p53'/*
and p53’~ AML P= 0.0008 andP= 0.0004, respectively) (Fi§B).

Similar as in PDAC samples, immunohistochemical analysisAs p53 is induced by oncogenes via Cdkn2a/pl9ARE2][ we

showed accumulation of the E177R protein in advanced
adenocarcinomas, but not in adenomas (FiglE). Of note, a
human lung adenocarcinoma with the E180K mutation showed

SPRINGER NATURE

analyzed p19ARF in established AML samples. Immunohistochem-
istry revealed low levels of Cdkn2a/p19ARF and p53 in wild-type
AML, indicating strong selection pressure against an intact
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Fig. 5 Trp53E177R mutant in leukemia mouse model. A Fetal liver cells were isolated fromiTrp53 /", Trp5%*7"REY7"Rand Trp53'“embryos at
E14-16 and infected with retroviruses carrying AML1/ETO9aand Nra$*?P oncogenes co-expressed with GFP and re y luciferase,
correspondingly. After four rounds of infection, 1 million cells were transplanted into lethally irradiated (7 Gy) 129x1/SvJ albino primary
recipients. B Kaplan-Meier survival plots for animals fromA. Trp53/* n= 38, Trp5%""REL"H = 26 and Trp53’~ n = 23, log-rank Mantel-Cox
test. C Representative micrographs show immunochemical staining of p53 (left panel), Cdkn2a/p19ARF (middle panel), and phospho-ERK
(right panel) in spleen samples of mice with advanced leukemiaD, RNAseq was performed with puried AML cells isolated from terminally ill
primary recipients. Shown are 62 p53 target genes dened by the presence of a p53 ChIPseq peak in wild-type MEFs and differential
expression (mean logFC 1) between Trp53/* and Trp53'~ AML cells.E Violin plots (with median and interquartile range) depict expression
changes between the indicated samples for all genes fronD. G RNAseq data were used for gene set enrichment analysis (GSEA). Shown are
enrichment plots (with enrichment scores and FDRg-values) for the denoted gene sets in pairwise comparisons of the indicated p53
genotypes. H Violin plots for FDRg-values from GSEA enrichment analyses show sigoant enrichment (FDRq < 0.25) of multiple p53-target
gene sets (Table S1) in the indicated pairwise comparison$ Expression of prototypical p53 target genes obtained fromA. Box plots (Tukey)
show the mean normalized mRNA expression.

p1l9ARF-p53 axis. In contrast, the E177R AML samples were Global transcriptome proling of primary leukemia samples by
positive for p19ARF like p53” AML and accumulated high levels RNA-seq revealed an intermediate level of transcriptional p53
of mutant p53 protein (Fig.5C). Thus, even though E177R exhibits activity in EL177R mutant AML (Fi§D). When examining a set of
suf cient residual activity to signicantly delay leukemogenesis, direct p53 target genes that contain validated p53 binding sites
the developing leukemia cells eventually tolerate E177R expres- [32] and that are differentially expressed between p53" and
sion and do not experience selective pressure to uncouple it from p537~ AML, their median expression is reduced in E177R AML by
activating oncogenic signals transmitted through p19ARF. 47.1% (Fig5D and E). Indicative of a loss of function, canonical
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Fig. 6 Trp53E177R mutant supports chemotherapy response and improves survival in AML. A Exemplary bioluminescence imaging (BLI)
pictures of representative albino mice transplanted with leukemia cells of the indicated p53 genotype at indicated time points after start of
chemotherapy. B Kaplan-Meier survival plots for control and therapy groups.Trp53/* control: n= 15, therapy:n= 16; Trp53’~ control: n= 15,

therapy: n= 19; Trp5&177R/EL77

ontrol: n= 17, therapy:n= 20;n= 3 independent leukemias per genotype.C Immunohistochemical staining

of GFP used as a surrogate marker of leukemia cells in spleens collected from control (left panel) and treated animals (right panel).

p53 signatures were signicantly enriched in p53’* compared
with E177R AML (FigsFH). Nevertheless, comming residual
transcriptional activity of E177R, the same signatures were
signi cantly enriched in E177R vs. pS3 AML (Fig.5G, H). Last
but not least, several prototypical p53 target genes were
expressed in E177R AML at a level in-between P53 and
p537~ AML (Fig5l).

We conclude that the E177R partial-LOF mutation delays, but
does not prevent development of Ras-driven cancer in several
mouse models. Furthermore, transcriptomic prbng of tumor
samples conrms retention of residual p53 activity in such tumors
along with accumulation of the mutant protein.

p53 partial-LOF supports chemotherapy response and

improves survival

Despite the abundance of p53 partial-LOF mutations in cancer
patients, little is known about their therapeutic implications.
While p53-loss and, in particular, p53 hotspot mutants are
generally considered a marker of poor therapy response and
drug resistance T, 9, 43], it is unclear if this also applies to non-
hotspot mutants with residual transcriptional activity. To inves-
tigate residual tumor-suppressive functions of E177R in the
context of chemotherapy, we generated cohorts of mice
transplanted with p53/*, p537~, and E177R AML and subjected
them to a standard chemotherapy for leukemia. As expected, the
therapy had only a marginal effect on p53-null leukemias that
continued to progress under treatment as indicated by BLI,
whereas p53’* leukemias demonstrated a very good response
(Fig.6A). Surprisingly, in all treated mice from the E177R cohort
we observed a strong reduction in luciferase signal after therapy
(Fig.6A). Predictably, the wild-type p53 group showed the best
therapy outcome with a median survival bend of 54 days P<
0.0001), compared to a very modest 7-day survival advantage in
the p53-null cohort P= 0.0405). Importantly, treated mice with
E177R leukemia demonstrated a substantial survival behef
32 days P<0.0001, Fig.6B). Consistently, intration by GFP-
positive AML cells was decreased within 3 days in both p83
and E177R spleens, comming that E177R was not only acting in
a cytostatic manner by cell cycle inhibition, but was also
effectively eliminating leukemia cells (FigC).

SPRINGER NATURE

To explore the underlying mechanism, we collected spleen
samples from control and treated mice at 2 and 6 h after start of
therapy. All untreated control samples independently of genotype
showed high levels of proliferation and low background levels of
apoptosis (Fig.7A—C). Upon chemotherapy p53 became rapidly
stabilized in p53'* leukemias with an expression peak at 2 h
(Fig.7B). E177R expression was already high before treatment but
increased further at 6 hours. Two hours after start of therapy, a
strong decrease in BrdU-positive cells was detected in both
p53** and E177R leukemias, attesting to the known ability of
E177R in mounting a cell cycle arresB(], whereas p53-null
leukemia retained high levels of proliferation (FiggA). Moreover,
we observed a massive peak in apoptosis after two hours in 33
* AML, while apoptosis levels remained low in p53-null leukemia
(Fig.7C and D). Remarkably, treated E177R AML cells also showed
signi cant activation of apoptosis which was only slightly delayed
compared to p53/* cells (Fig.7C and D).

To gain deeper molecular insight, we analyzed untreated and
treated AML samples by RNA-seq. Various p53-related transcrip-
tional signatures, including the MSigDB Hallmark p53 Pathway,
were upregulated in treated mice with high statistical signcance
in both p53*/* and E177R, but not in p53-null leukemias (FitE
and F). Similar as observed by immunohistochemistry of spleen
samples, 2 h after treatment upregulation of the signatures was
already highly signicant in p53"/* leukemias, but still variable in
E177R leukemias. At 6h, the various signatures were also
uniformly enriched in E177R samples. The delayed but sigrant
upregulation of p53 target gene expression was also comed by
quantitative RT-PCR for the canonical target gen€slknla/p21
and Bbc3/Pumausing a larger set of mouse samples (FigG).

Elevated protein levels rescue the transcriptional apoptosis
defect of partial-LOF mutants

The apoptotic chemotherapy response and transcriptional induction
of pro-apoptotic p53 target genes seen in treated E177R leukemia
cells were rather unexpected, given that various partial-LOF mutants,
including E177R, were previously described to have a selective
apoptosis defect 16, 28, 30, 44-46]. However, the extent of
apoptosis induced by wild-type p53 is strongly determined by the
amount and dynamics of p53 protein accumulation4f/—-50]. We,
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therefore, speculated that the apoptosis deiency of partial-LOF increasing amounts of wild-type and mutant p53-expressing GFP-
mutants is rescued when mutant proteins are expressed at elevated adenoviruses. As a human cancer model, we chose the p53-dent
levels or with sustained dynamics. To investigate whether human Saos-2 osteosarcoma cell line, in which the apoptosis-dency of
partial-LOF mutants can be rescued to trigger apoptosis by cooperativity and other partial-LOF mutants has originally been
increasing their expression level, we transfected p53-null cells with described g4, 45]. To ensure that adenoviral p53 expression is close
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Fig. 7 Apoptotic chemotherapy response in Trp53E177R AML. A-C, Representative IHC images of spleen samples stained fér BrdU as
proliferation marker, B p53 protein, and C cleaved caspase 3 (CC3) as apoptosis markBrQuanti cation of CC3 in 10 elds of view per mouse
sample. Shown are mean + SD; datapoints represent individual mice; 2way ANOVA with Dunnistimultiple comparisons test.E, F Leukemia
samples were collected from control and treated mice at 2 and 6 hours after therapy and analyzed by RNAseq and GSEAGraphs depict
GSEA results for the indicated gene sets in pairwise comparisons between control and treated leukemias. Bars, false discovery rate (FDRQ);
dots, enrichment score.F Violin plots illustrate distribution of FDRq values from GSEA with multiple p53-related gene sets (Table S1). Each data
point represents one gene set.G mMRNA expression (RIGPCR) of p53 target geneCdknlaand Bbc3normalized to Actb( -actin). Shown is the
mean = SD log2-fold change in treated leukemia samples relative to untreated; 2way ANOVA with Dunnésdt multiple comparisons test;
datapoints represent individual mice.

to physiological, we carefully titrated the adenoviruses to reach susceptibility has also been observed in p8% mice which exhibit
protein expression levels that are similar to activated endogenous partial-LOF owing to reduced expression levels of wild-type p53
wild-type p53. For this reference, we treated p53 wild-type HCT116 resulting from the intronic ingrtion of a neomycin cassette 15).
colorectal cancer cells with the highly-spea Mdm2-inhibitor ~ Levels of p53 expression in p58°~ and p53*"*® MEFs were 7.4%
Nutlin-3a (Supplementary Fig. S3A and B). To control for and 16.1% of the level of p53 expression in p53 MEFs, resulting in
adenovirus-induced toxicity, the total adenovirus dose was kept a reduced median lifespan of 251 and 395 days, respectivel§][ As
constant by adding GFP-expressing control adenovirus and validat- such, p53%° mice are remarkably similar to p33’"R mice, the
ing GFP-protein levels to be equal in all samples accordingly. We resulting tumors are nevertheless notably different. Tumors in P53
measured the cell-cycle inhibitory properties by EAU immunaor- mice were reported as negative for p53 by immunostaining, whereas
escence staining for S-phase cells and, in parallel, used a real-timetumors in p53*""Rmice were strongly immunopositive for p53 in all
Annexin V-based split-nanoluciferase complementation assay to models we studied (Figs3-5). In this respect, E177R tumors were
quantify apoptosis in a time-resolved manner. When expressed at more similar to tumors with p53 hotspot mutations than tumors with
equal levels, similar to activated endogenous p53 in HCT116 cells, allreduced levels of wild-type p53.

patient-derived cooperativity mutants (R181C, R181H, and R181L) as Nevertheless, E177R tumors were very different from p53-null
well as E180R (corresponding to murine E177R) were indistinguish-and hotspot-mutant tumors in their response to chemotherapy.
able from wild-type p53 (WT) in causing cell-cycle arrest (Fd§) but While wild-type p53 can promote or diminish chemotherapy
showed the expected decrease in apoptosis characteristic for partial- responses in a manner depending on cellular context and
LOF mutants (Fig8B). By comparing with a titration of WT protein  pathway activation p1], many hotspot-mutations exert GOF
(Fig.8C), peak apoptosis levels were decreased by at least 60% foractivities that render tumors more drug-resistant than the loss
R181L and by >80% for the other mutants. Importantly, for R181L of p53 [7]. In contrast, E177R-mutant leukemias were more
and R181H apoptosis was fully rescued to WT-levels when mutant sensitive to standard chemotherapy than p53-null leukemias. The
protein expression was raised 4- to 8-fold (Fi8D and E). For ELI80R chemotherapy response was apoptotic and associated with
and R181C, apoptosis was partially rescued at 8-fold higher induction of pro-apoptotic p53 target genes (Fig7C-G). This
expression, reaching 60% and 30% peak levels, respectively. nding was rather surprising, given that E177R is unable to bind
Moreover, while all partial-LOF mutants were able to transactivate non-canonical REs in many pro-apoptotic target genes and E177R

CDKN1A/p2above mock level, they were strongly compromised at

mice are characterized by a defect in p53-mediated apoptossd.

inducing BBC3/PumanRNA when expressed at the same level as WT However, this apoptosis defect is not absolute and it was recently

(Fig. 8F). Notably, BBC3/Pumaexpression was fully or partially

rescued to the WT-level at 8-fold higher expression (Ff:).
Moreover, the rescue was commed at the level of promoter

binding by chromatin immunoprecipitation (Fig. 8G). When

shown that in Mdm2knockout embryos E177R triggers wide-
spread apoptosis and leads to embryonic lethality29]. Possible
causes are the massive E177R stabilization caused Ndggm2
de ciency combined with the low apoptosis threshold of highly-

expressed at WT-like levels (1x mut), all partial-LOF mutants proliferating embryonal tissues. We speculated that similar

yielded a binding signal signicantly different from the 1gG control
at the CDKN1A/p2promoter, but not at the BBC3/Pumaromoter.
When expressed at 8x higher levels, p53 binding increased and
reached at both promoters a level that was signtantly different
from the background and comparable to binding of wild-type
expressed at 1x.

These experiments reveal that multiple patient-derived partial-LOF
mutants can bind and transactivate a pro-apoptotic target gene
promoter when expressed at inci@sed levels, indicating that the
previously reported transriptional apoptosis-deciency is not abso-
lute and can be overcome by an increase in mutant protein level.

DISCUSSION

A pan-cancerTP53mutome analysis revealed a high prevalence of
p53 partial LOF mutations that include p53 DNA binding cooperativity
mutations affecting residues E180 and R181 (Fi.RNA-seq prding

of the E180R (murine E177R) mutant demonstrated that its
transcriptional activity is represenative of the class of cooperativity
mutants and validated this mouse strain as a suitable in vivo model
for p53 partial-LOF mutations (Fig2). In tissues as different as
pancreas, lung, and bone marrow the E177R mutant sensitizedRas
oncogene-driven tumorigenesis, highlighting the pathogenicity of a

conditions are present in E177R leukemia cells. First, hematopoie-
tic cells are exceptionally vulnerable to p53-mediated apoptosis as
demonstrated by the strong hematopoietic phenotypes of mice
with elevated p53 activity and the bone marrow toxicity of Mdm2
inhibitors [38, 39, 52, 53]. Second, E177R is constitutively stabilized
in murine leukemia cells similar as cooperativity mutants in cancer
patients. It can be assumed that sustained high-level expression of
E177R restores binding to pro-apoptotic promoters by mass
action, so that additional exogenous stress in the form of
chemotherapy drives E177R leukemia cells into apoptosis. In
support of this hypothesis, we experimentally validated that the
apoptotic activity of E177R/E180R (and various patient-derived
partial-LOF mutants) is rescued at elevated expression levels.
Notably, non-transcriptional mitochondrial and cytoplasmic activ-
ities also contribute to p53-mediated apoptosis and support p53
transcriptional apoptotic activity $4-56]. Furthermore, non-
transcriptional apoptotic functions can be retained by tumorigenic
p53 mutants and drive a benecial chemotherapy response3]. It
is therefore conceivable that additional non-transcriptional func-
tions of E177R further contribute to the survival-promoting
therapy response seen in our AML mouse study.

In summary, our study further emphasizes the functional
diversity among p53 mutations and reveals that partial-LOF

partial-LOF mutation. Interestingly, a similar degree of cancer mutations have a distinct translational impact on the course of
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Fig. 8 Elevated protein levels rescue the transcriptional apoptosis defect of partial-lLOF mutants. Saos-2 cells were transduced with
different relative amounts of p53/GFP-coexpressing vectors. Total amount of vector was adjusted to equal levels with GFP-only vector.
A Immuno uorescence quanti cation of S-phase as mean percentage of Edt cells f1= 3). B-D Real-time quanti cation of apoptosis shown
as mean Annexin V luminescence relative to GFP-only controh& 3). EWB for p53-mutant protein levels. Equal vector load is conrmed by
GFP.F mRNA expression of p53 target genesCDKN1A/p2-and BBC3/Pumdrelative to GFP-only control vector). Expression values were
normalized to GAPDHand are shown as mean + SDr(= 3 replicates).G, Chromatin immunoprecipitation analysis of indicated p53 variants at
the CDKN1A/p2and BBC3/Pumaromoter 18 hours after transduction. Chromatin samples were immunoprecipitated with -p53 antibody or
IgG as background control. Shown is DNA binding as % input chromatin (mean + S = 3 replicates).P-values (***<0.001; *P<0.01; P<
0.05; ns not signi cant; two-sided t-test) indicate statistical signi cance of the DNA binding signal relative to the respective 1gG background
control.

tumorigenesis and cancer thexpy and should be distinguished
from classical hotspot mutatios when using p53 mutations for
predicting prognosis or deciding between treatment options.

achieving statistically signicant results at an effect size (Coh&nd) of 1,
error of = 0.05, and power of 1-= 0.80. The approved animal study
protocols specied pre-established humane endpoint criteria. Animals that
reached the endpoint before the end of the experiment were excluded
from the analysis (or censored in survival studies). In treatment studies
animals were randomized to treatment cohorts by investigators and
monitored by caretakers blinded to cohort allocation. Mice were housed in

Animal experiments ) . open cages, on a 12 h light/dark cycle, fed a standard housing/breeding
All mouse experiments were performed according to the German Animal ot (Altromin), and received water ad libitum.

Welfare Law (TierSchG) and approved by the Regierungsprasidium Gieen  qngitional 129 SZFrp5d TSI Thst (-I-rpsésL-ElTéRknock_in mice have
based on recommendations of their animal welfare committee. The size of peen described 80]. Homozygous Trp53SLEL77RISLEL R e With the

animal cohorts was determined a priori based on a biometric plan aimed at  jhiact LSL cassette (deient for p53 expression) were used as p53-null

MATERIALS AND METHODS
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controls. For the PDAC model, triple-transgenic animals were generated 15
through the breeding of double-heterozygous B6.129S/Sv-KF4S¥YJThst
(KragtSt-c12p BG.FVB-Tg(del-cre)6Tuv/JTﬁR1x(—Cr}ewith homozygous
129S2Trp53™ 1 TMSIThst  (Trps5&7"REL§Ror B6.129PFrp53™ B I Thst
(Trp53°¢ °) animals. For the LUAD model, B6.1298&8™*™Y/NciThst
(Kra$”®) knock-in mice were intercrossed with Trp5&t7"RELRqy
Trp53SLEL77RILSL-EL7ARimals. MRI-assisted lung examination was done
with a 7T Clinscan 70/30 USR (Brucker) as described befd8). [
Generation of the leukemia mouse model, monitoring of disease
development by BLI, and therapy were performed as described earlier
[32, 37]. Experiments with leukemia control cohortg (p53/* and Trp53')
depicted in Fig.6 have been described previously8p] and were performed

in parallel to the Trp5&7"RE177Rohort. 129X1Sv/J and 129.B6F1 albino
mice were used as recipients in the leukemia model.

20.

Real-time apoptosis assay

Saos-2 cells were infected in white 96-well clear-bottom plates with p53-
expressing Ad-vectors and cultures in a G@hdependent medium
(Thermo Fisher). RealTime-GfoAnnexin V Apoptosis Assay (Promega)
reagents were added 1 h post-infection according to the manufactuter
protocol. Luminescence was recorded over 72h after infection using a
Cytation 3 Plate Reader (Biotek).

Statistical analysis

GraphPad Prism 8 software was used for statistical analysis. Graphs show24.

mean values obtained with n technical or biological replicates, and error

bars in all gures represent standard deviation (SD), unless indicated 25.

otherwise. To assess comparisons between multiple groups, ANOVA
followed by Dunnetts multiple comparisons test was performed. To assess
comparisons between two groups, the Studelst t-test was used. Data
were validated to have similar variances and meet the assumption of (log)

normal distribution by Kolmogorov-Smirnov test. p-values <0.05 were 27.

considered signicant. Gene Set Enrichment Analyses were evaluated
based on enrichment scores (ES) and FDRg-values, considering FDRg<0.25
as signi cant.
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Abstract

Background: Impaired p53 function is one of the central molecular features of a tumor cell and even a partial reduc-
tion in p53 activity can increase the cancer risk in mice and men. From a therapeutic perspective it is noteworthy
that tumor cells often become addicted to the absence of p53 providing a rationale for developing p53 reactivating
compounds to treat cancer patients. Unfortunately, many of the compounds that are currently undergoing preclinical
and clinical testing fail to fully reactivate mutant p53 proteins, raising the crucial question: how much p53 activity is
needed to elicit a therapeutic e ect?

Methods: We have genetically modelled partial p53 reactivation using knock-in mice with inducible expression of

the p53 variant E177R. This variant has a reduced ability to bind and transactivate target genes and consequently
causes moderate cancer susceptibility. We have generated di erent syngeneically transplanted and autochthonous
mouse models of p53-de cient acute myeloid leukemia and B or T cell lymphoma. After cancer manifestation we

have activated E177R expression and analyzed the in vivo therapy response by bioluminescence or magnetic reso-
nance imaging. The molecular response was further characterized in vitro by assays for gene expression, proliferation,
senescence, di erentiation, apoptosis and clonogenic growth.

Results: We report the conceptually intriguing observation that the p53 variant E177R, which promotes de novo

leukemia and lymphoma formation, inhibits proliferation and viability, induces immune cell in Itration and triggers
cancer regression in vivo when introduced into p53-de cient leukemia and lymphomas. p53-de cient cancer [cells
proved to be so addicted to the absence of p53 that even the low-level activity of E177R is detrimental to cancer
growth.

Conclusions: The observation that a partial loss-of-function p53 variant promotes tumorigenesis in one setting and
induces regression in another, underlines the highly context-speci ¢ e ects of individual p53 mutants. It further high-
lights the exquisite sensitivity of cancer cells to even small changes in p53 activity and reveals that changes in activity
level are more important than the absolute level. As such, the study encourages ongoing research e orts into mutant
p53 reactivating drugs by providing genetic proof-of-principle evidence that incomplete p53 reactivation may su ce

to elicit a therapeutic response.

Keywords: p53, Tumor suppressor gene, p53 reactivation, Molecular therapy, Leukemia, Lymphoma, Mouse models
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for cells with inactivated p53J]. Loss of p53 function created by the Y220C mutation3[l]. Metallochaper
(LOF) can result from p53 degradation or sequestrationones increase the intracellular availability of zinc to
by viral oncoproteins or cellular inhibitors like Mdm2 or rescue folding of zinc-binding site mutants like R175H
Mdmx [4, 5]. In approximately 50% of all tumors, LOF [32]. Arsenic trioxide (ATO) binds to a cryptic allos
is caused by somatically acquired genetic alterationgeric site formed by Arsenic-coordinating cysteines
a ecting the TP53 gene directly §]. is includes large  and stabilizes the native fold of a subset of p53 mutants
deletions encompassing the entire gene as well as smdlB3]. e clinically most advanced compound APR-
non-sense, frameshift or missense mutations, which car246 (PRIMA-1V¢', Eprenetapopt), is converted to the
di er massively in their functional impact b, 6]. Dif- thiol-reactive metabolite methylene quinuclidinone
ferent from other tumor suppressor genes, mo3tP53 (MQ) and proposed to alkylate and thereby reacti
mutations are missense mutations, explained in part byvate structural mutants, but also, in a mechanisti
dominant-negative and tumor-promoting neomorphic cally poorly understood manner, some DNA contact
(gain-of-function, GOF) properties of at least some of mutants [34-36]. In combination with azacytidine,
the mutant proteins [—10]. Of note, full p53 activity is APR-246 showed promising therapeutic responses in
essential for optimal tumor suppression as even a-parphase Il studies involving myelodysplastic syndrome
tial loss of p53 function increases the cancer risk in mice(MDS) and acute myeloid leukemia (AML) patient87,
and causes hereditary cancer susceptibility in humans38]. However, MQ also reacts with numerous other eel
[11-17]. lular cysteines, forming a thiol-bound drug reservaoir,
Importantly, restoration of p53 in p53-de cient tumor and through depletion of glutathione (GSH) and inhi
cells was found to be detrimental, usually resulting inbition of the GSH and thioredoxin antioxidant systems
cell death or loss of proliferative capacity due to senesexhibits cytotoxic activities 89, 40]. Other reactivating
cence or di erentiation [18]. For example, in p53ER™  compounds also display considerable p53-independent
mice with tamoxifen-switchable p53 activity, E Myc- toxicity that certainly adds to, if not determines, the
driven Burkitt-like lymphomas develop in the p53-0 therapeutic e ects B0Q]. is raises the critical ques-
state, but undergo rapid regression when p53 is switchedion: how much of the observed cytotoxicity is due to
on [19]. is was observed even when p53 inactivation p53 reactivation 8]? Last but not least, the mutant
was not the tumor-initiating driver lesion and acquired p53 refolding activity of various reactivating com
only later during tumor progression40]. Together with  pounds di ers by at least two orders of magnitude not
other studies in independent mouse cancer models, thisonly between compounds but also between individual
rmly established that tumor cells can become addicted mutants [33]. Together these ndings indicate that
to the loss of p5331-24]. Moreover, these studies dem pharmacological mutant p53 reactivation is continu
onstrated the therapeutic potential of p53 reactivation ously improving, but is currently still far from optimal.
and provided critical support for the development of is brings up an even more important question: to
p53-reactivating drugs as cancer therapeuti@b[26]. what extent does p53 have to be restoretiB[? Is full
Meanwhile a growing number of p53 reactivating reactivation required to achieve a therapeutic response
compounds has been developed. While Mdm2 andor is partial reactivation already su cient?
Mdmx inhibitors are being evaluated for treatment Here, we have modelled partial p53 reactivation using
of tumors with wild-type p53, diverse strategies havea conditional knock-in mouse with inducible expression
been proposed to target tumors witi P53 mutations  of the partial LOF variant p58t/’R(short: E177R), which
[25, 26]. As straightforward as reactivation may seem,corresponds to human E180R. e E177R mutation dis
as challenging it turns out in practice. e most com  rupts an intermolecular salt-bridge with R178 (human
mon TP53 mutations either destroy DNA contact resi R181) that is required for cooperative DNA bindingt]—
dues or destabilize the thermodynamically labile p5343]. e decrease in cooperativity reduces DNA binding
DNA binding domain and cause its denaturation at and target gene activationlp, 44, 45]. As a result, E177R
normal body temperature 27]. e most direct reac - causes cancer susceptibility and cooperates with various
tivation approaches aim to refold the pool of mutant oncogenes to promote cancer development, including
p53 proteins, that have accumulated in the tumor cells,lung and pancreatic adenocarcinoma and various types of
into a native conformation 8, 29]. However, as more leukemia and lymphomalb, 43, 46, 47]. Here, we report
than 2000 di erent mutant proteins have been identi that in p53-de cient leukemia and lymphoma models the
ed in cancer patients, a universal reactivation strategye ects of E177R expression are entirely opposite: E177R
is unrealistic. As such, many reactivation compoundsinhibits cell proliferation and viability and induces can
target only single or groups of mutants83Q]. For exam  cer regression. p53-de cient cancer cells prove to be so
ple, PhiKkan083 speci cally targets a surface creviceaddicted to the absence of p53 that the residual activity
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of E177R is detrimental for cancer growth. As such, thewere euthanized when pre-de ned humane endpoint
study provides genetic proof-of-concept that incomplete criteria were reached. Control experiments for Cre-

p53 reactivation can make a therapeutic impact. mediated toxicity were performed with E Myc;Rosa
26°"°ERTZ [ymphomas. Both male and female donor and

Materials and methods recipient mice were used.

Animal experiments For the spontaneous T-lymphoma model, both male

All mouse experiments were performed according to and female Trp53-SHEI77RASLELTTR Roga26™ERT2 mice
the German Animal Welfare Law (TierSchG) and were were examined with magnet-resonance tomography
approved by the local authorities. Mice were housed inusing 7 T Clinscan 70/30 USR (Bruker) as describ8di] |
open cages, on a 12h light/dark cycle, fed a standard2 weighted sequences triggered on respiration in trans
housing/breeding diet (Altromin) and received water verse and coronal orientation were used for anatomical
ad libitum. e following mouse strains were used: imaging of the thymus. e total measurement time was
B6.129S/Sv-Trp53tm1 st ( Trp53-SEE177f [15), B6.129- approximately 28 min per mouse. Tumor size was meas
Gt (ROSA)26Sortmi(cre/ERT2)Tyj/J (CreER [22], ured using RadiAnt DICOM Viewer and tumor volume
B6.Cg-Tg (IghMyc)22Bri/J (E Myc) 48], and B6.129- was calculated with the ellipsoid formula V 4/3* *abc.
Trp53 <tmi1Brd>/Tac st (p53KO) [ 49]. In transplan  Trp53-SYtSL mice without Cre were used as a control
tation experiments, F1 hybrids of C57BL/6J (B6) andcohort. e rst imaging was performed at the age of
129S1/SvimJ (129) or B6(Cg)-Tyrc-2J/J (B6 albino) and20days or earlier for mice that showed clinical symp
129X1/SvJ (129 albino) were used as recipients. Generagoms of thymic lymphoma (weight loss, hunchback pos
tion of the leukemia and lymphoma, monitoring of dis ture, shortness of breath).
ease development by bioluminescence imaging (BLI) and For reactivation of E177R expression via Cre-medi
therapy were performed as described earliéd]. ated recombination in vivo, mice were injected i.p. for

For the AML model with Cre-inducible expres 7 consecutive days with 100 | of 10 mg mt tamoxifen
sion of p5&Y"R double-heterozygousTrp53-S-E177R/ . (Sigma) in sterile corn oil. For mock treatment, mice
Rosa26ER?  mice were intercrossed. Fetal liver cells were injected with 100 | of corn oil only.
from TrpSSLSL—E177R/LSL—E177B ROS&Z%reERTZ embryos
(E14-16) were isolated, transduced with retrevi Cell culture
ruses expressing theAML1/ETO9a fusion oncogene For generation of mouse AML cell lines, primary tumors
(co-expressed with GFP) antras®'?® oncogene (co- (spleen, bone marrow) were mechanically disrupted by
expressed with rey luciferase) and 10cells were trans mashing through 70 m EASYstrainer (Greiner). After
planted into 129 albino recipients as described6] 50]. erythrocyte lysis (5min at RT in ACK buer, ermo
Recipients were lethally irradiated (7 Gy) 24h beforeFisher), cells were collected by centrifugation, resus
transplantation using the X-RAD 320iX system. Recipi pended and cultured in B-cell medium (DMEM:IMDM
ents were provided with neomycin-supplemented water 1:1, Life Technologies), 20% fetal bovine serum (FBS,
(1.6gml %, pH3) starting 2days before transplantation Sigma-Aldrich), 100 U ml?! penicillin/streptomycin (Life
until 3weeks after. For in vivo p53 reactivation, recipi technologies), 5 10 °M 2-mercaptoethanol) supple
ent 129 albino/B6 albino F1 hybrid mice were sublethallymented with 0.2ng ml! murine IL3, 2ngml ! IL6 and
irradiated and injected i.v. with f0AML cells. Both male 20ng ml ! SCF (all from Immunotools). Cells were main
and female mice were used as recipients for female AMLtained on multi-well plates for suspension cells (Greiner)
cells with and without reactivatable p53. Leukemia pro at ambient oxygen in a humidi ed cell culture incubator
gression was monitored by BLI: mice were imaged undei(37 °C with 5% C¢). For colony formation assay, 50,000
iso urane anesthesia 5min after i.p. injection of 100 | cells were plated in MethoCult GF M3434 medium
of D-luciferin solution (15mgmlY) using an VIS 100 (STEMCELL Technologies, 1.5ml per well on 6-well
imaging system (Xenogen). plate) and colonies were counted after 7 days.

For the E Myc lymphoma model, double-heterozy
gous Trp53-SLEY 7R/ - Rosa26™ERT?  females were bred CRISPR-Cas9
with E Myc transgenic males. Lymphomas from E Myc; For generation of AML cells with CRISPR-mediated p53
Trp53tSHEITTRILSLELTIR 6 spring mice with or without — knock-out, Trp53-SHEI7RASLEITIR Roga26ERT2 |e
CreER? were used for transplantation into 129/B6 F1 kemia cells were transduced with pMSCV-Cas9-Blast
hybrid recipient mice as described5()]. After disease retrovirus. For pMSCV-Cas9-Blast plasmid, the puro
onset was con rmed by palpation of enlarged mandibu mycin resistance gac) gene in the pMSCV-Cas9-Puro
lar, axillary or subiliac lymph nodes, mice were treatedplasmid (RRID: Addgene_65655) was replaced with the
1week with daily i.p. injections of 1 mg tamoxifen. Mice blasticidin-S resistance genebgr) PCR-amplied from
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lentiCas9-Blast plasmid (RRID: Addgene_52962) usindl50mM NaCl, 5mM EDTA, 2% NP-40, pH8.0) sup
primer pair 5-catgcAAGCTTccaccatggccaagcctttgtct plemented with protease inhibitor (cOmplete ULTRA
caag and 5gatcgATCGATttagccctcccacacataacc usingtablets EASYpack, Roche) and phosphatase inhibitor
Hindlll and Clal restriction sites, respectively. MSCV- (PhosSTOP, Roche). For WB the following antibodies
Cas9-Blast retrovirus was packaged using Platinum-Bvere used: anti-p53 (NCL-p53-505, Leica Microsys
cells as described5f] and used for spin-infection in tems, 1:2000, RRID: AB_563932), anti-p21 (F-5,
B-cell medium supplemented with 6 gml! polybrene #sc-6246, Santa-Cruz, 1:200, RRID: AB_628073), anti-
(Sigma). AML cells were spin-infected 4 times (606, Cas9 (E7M1H, #19526, Cell Signaling, 1:1000, RRID:
40 min) in 24-well tissue culture plates (Greiner) coated AB_2798820), anti- -actin (AC-15, #ab6276, Abcam,
with 40 gml ! RetroNectin (Takara). After 1week of 1:10000, RRID: AB_2223210). Secondary anti-mouse or
selection with 50 g ml ! Blasticidin S (Invivogen), 5000 anti-rabbit IgG-HRP (GE Healthcare, 1:5000) and Super
cells were plated on 35 mm tissue culture dish (Greiner) inSignal ECL kit ( ermo Fisher) were used for detection.
MethoCult™ GF M3434 medium and grown for 2 weeks. Tissue samples for histology and immunohistochemistry
Single colonies were picked, expanded and screened fdifHC) were formalin- xed and processed as described
Cas9 expression by Western blotting. One validated-sin before [L5). For IHC the following antibodies and kits
gle cell clone (AML-Cas9) was used for CRISPR editwere used: anti-cleaved caspase-3 (#9661, Cell Signal
ing. Oligos, encoding control (scrambled) sgRNA (senseng, 1:100, RRID: AB_2341188), DeadEnd TM colorimet
5-caccgaaatgtgagatcagagtaat-3 antisense 5aaacat ric TUNEL System (Promega), anti-p53 (NCL-p53-505,
tactctgatctcacatttc-3) or sgRNA targetingTrp53 locus Leica Microsystems, 1:1000, RRID: AB_563932), anti-
[50], were cloned into lentiviral SGL40C.EFS.RFP65GFP (ab6556, Abcam, 1:500, RRID: AB_305564), anti-
vector (gift from Dirk Heckl, RRID:Addgene_69145%]) BrdU (BU1/75(ICR1), #OBT0030G, Bio-Rad, 1:100,
via BsmBI site using Golden Gate cloning. LentivirusesRRID: AB_609567) and biotinylated rabbit anti-mouse
were produced in HEK293-T cells and used for infection IgG (31,834, Invitrogen, 1:500). Detection of senescence-
of the AML-Cas9 cell clonedQ]. Infection e ciency was associated -galactosidase activity (SA- Gal) in frozen
analyzed by ow cytometry for RFP 48 h after infection tissue sections and in cytospin samples was performed as
and the pool of cells was directly used for transplanta described L5, 50]. Images were acquired using the Leica
tion. CRISPR-mediatedrp53 knock-out was conrmed Aperio Versa slide scanner and Leica Aperio eSlide Man
by Sanger sequencing and InDel analysis using the TIDE&ger software v. 1.0.3.37. Aperio ImageScope software v.

algorithm [53]. 12.3.2.8013 was used for IHC image analysis, quanti ca
tion was performed using Positive Pixel Count Algorithm
Flow cytometry v.9 and calculated as the ratio j\;ye/N a1 PiX€lS in 10

Immunophenotyping and analysis of dierentiation of elds of view (1000X1000 pixel each) per sample relative
leukemia cells was performed as describesD][ on an to the mean of the untreated samples as baseline.

Accuri C6 Plus ow cytometer (BD Biosciences) with

the following antibodies: mouse Grl-PE (Milteny Bio PCR and RT-PCR

tec #130-102-426, RRID: AB_2659861), mouse CD11bPCR detection of the LSL cassette and Cre-mediated
APC (Milteny Biotec #130-091-241, RRID: AB_244268) recombination in the targetedTrp53 allele was done as
mouse Ly-6A/E (Sca-1)-PE/Cy5 (BioLegend #108109described 5. For reverse-transcription real-time PCR
RRID: AB_313346), mouse CD117 (c-kit)-PE (Biokeg (RT-gPCR) RNA was isolated from cells or tissue sam
end #105807, RRID: AB_313217), Rat IgG2a, Isotypgles using the RNeasy Mini Kit (Qiagen) and cDNA was
Ctrl-PE/Cy5 (BioLegend #400509), Rat IgG2b, Isotypegenerated with the SuperScript VILO cDNA Synthe
Ctrl-PE (BioLegend #400607; RRID: AB_326551). Brdlsis Kit (Invitrogen). Gene expression was analyzed on a
labeling of S-phase cells and ow cytometry analysis werd_ightCycler 480 (Roche) using SYBR Green (ermo
done using A488-conjugated anti-BrdU antibodies (BD Fisher Scienti c) and primers speci ¢ for mousé@rp53,
Biosciences #347580, RRID: AB_400326) as describagidknla/p21 Ccngl Bbc3/Puma -Actin/Actb [50]. Data
[50]. For apoptosis assay, Annexin V-APC (MabTag) orwere evaluated by the Ct method using -actin gene
CaspGLOW" Red Active Caspase-3 Staining Kit (Bio expression for normalization.

vision) kits were used according to the manufacturer’s

protocols. Chromatin immunoprecipitation (ChliP)
AML cells were treated and xed after 48 h with freshly
Immunohistochemistry and western blot prepared 18.5% (w/v) paraformaldehyde (PFA) for 10 min

Immunoblotting (WB) was performed as described§]. at RT, aiming at a nal concentration of 0.88% (v/v)
Cells were lysed in NP-40 lysis bu er (50 mM Tris-HCI, PFA. Crosslinking of DNA and proteins was terminated
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by quenching unreacted PFA by addition of glycine toin conjunction with Sidak’s multiple comparisons test.
125mM end concentration and further incubation for P-values for the interaction e ect between the two inde
5min at RT. Cells were pelleted by centrifugation at 300pendent variables an#-values of selected pairwise cem
x g for 10min at 4°C, washed twice with ice-cold PBSarisons are reported in the gures. Survival data were
and lysed at a concentration of 210 cells ml *in SDS analyzed with pairwise Log-rank (Mantel-Cox) tests. A
lysis bu er containing protease inhibitor. 250 | lysate per p-value <0.05 was used as level of signi cance.

tube was sonicated to shear DNA to a fragment size of

200-1000 bp, using the Sonicator Bioruptor Twin UCD- Results

400 (Diagenode) for 5cycles of 30s ON/ 30s OFF. Afteteukemia model for partial p53 reactivation

sonication, cell debris was pelleted by centrifugation forTo model the therapeutic e ect of partial p53 reacti
10min at 10,000 x g at 20°C. Supernatant containing/ation, we have used a previously described genetic
the sheared chromatin was aliquoted & 100 | and either Cre-mediated recombination approach to activate a con
frozen at 80 °C for later use or directly processed. Forditional p53 allele in p53-de cient tumor cells 32]. In
each antibody, one 100 | aliquot was used and dilutedcontrast to earlier studies based on restoration of wild-
1:10 with dilution bu er. Pre-clearing was performed type p53 [L9, 21, 22], we have used a conditional knock-in
for 1h at 4°C using 50 | blocked Protein G-coupled allele for the p53 partial loss-of-function variant E177R
Sepharose beads (GE Healthcare, 1:1 slurry with 209@rp53-S“E177§ in combination with the Rosa26"™ERT2
EtOH) per sample. Supernatant of pelleted beads (300@&ransgene, which constitutively expresses tamoxifen—+reg
X g, 1 min, 4°C) was transferred into a new tube and 1%lated CreER? [15, 22] (Fig. 1a). e inducible CreER '
was removed as input DNA and stored at 4 °C. Samplesecombinase can be activated at will by tamoxifen in vivo,
were rotated over night at 4 °C with 2.5 g antibody: p53 or 4-hydroxytamoxifen (4OHT) in vitro, to excise the
(FL393, Santa Cruz sc-6243) or isotype control (E5Y6Qlox-stop-lox (LSL) cassette that silences expression of
Cell Signaling #61656). For precipitation, protein-DNA the Trp53-S“E7"R |ocus, thus triggering expression of
complexes were bound to blocked beads (50 | per samthe E177R protein (Figlb). We transduced fetal liver
ple) for 4h at 4°C. Beads were washed once with eadatells fromTrp53-SHEL//RILSL-ELTIR 65226 ERT2 mice with
Low Salt, High Salt and LiCl Immune Complex wash two bicistronic retroviral constructs — one expressing
ing bu ers and twice with TE bu er. Crosslinking was Nras®'?P and rey luciferase, the secondAML1/ETO9%a
reverted by incubating immunoprecipitated samples and EGFP, and transplanted them into lethally irradi
and inputs at 99°C for 10 min with 100 | of 10% (w/v) ated recipient mice as previously describet] (Fig. 1a).
Chelex 100 solution. Proteins were digested with pro e mice developed acute myeloid leukemia within
teinase K for 30 min at 55 °C and this enzyme was subsd—2 months. As a control for p53-independent toxicity of
quently inactivated at 99 °C for 10 min. DNA was elutedtamoxifen and DNA damage induced by Cre, we simulta
in two steps with ddHO, rst with 55 | and then with  neously generated CreERexpressing AML with a con
100 | each time by centrifugation (1 min at 12,000 x g). stitutive p53 knock-out (KO).

Analysis of bound DNA fragments were performed using

gPCR with 1 | DNA per reaction using primers speci ¢ Partial p53 reactivation inhibits leukemia proliferation

for p53 response elements in th€édknla/p21, Bax and and viability

Bbc3/Pumagenes. p53-de cient leukemia cells were explanted and further
propagated ex vivo. In LSL-E177R;CreERshort: LSL)
Statistical analysis leukemia cells, 40HT induced excision of the lox-stop-

For statistical analysis the GraphPad Prism 8 softwardox (LSL) cassette and resulted in expression of E177R at
was used. Graphs show mean values obtained with the mRNA and protein level (Figlc-e). is was accom-
technical or biological replicates, and error bars in all-g panied by signi cantly enhanced expression of p53 target
ures represent standard deviation (SD), unless indicatedjenes such as the cyclin-dependent kinase inhibipg#1/
otherwise. Two groups were tested for statistically sighi Cdknla. Of note, we also observed signi cant induc
cant di erences by a two-sided unpaired t-test or, if not tion of several pro-apoptotic target genes includir@ax,
normally distributed, by a Mann-Whitney test. Multi Bbc3/Pumaand Pmaipl/Noxa (Fig. 1e). As E177R has
ple groups were tested by 1way ANOVA in conjunction previously been reported to be unable to bind and trans
with a Dunnett’s multiple comparisons test?-values of activate pro-apoptotic target gened §], we also analyzed
lway ANOVA and selected pairwise comparisons arebinding of E177R to chromatin (Figlf). We not only
reported in the respective gures. ree or more groups detected signi cant levels of E177R binding to thE21/
that have been split on two independent variables (hereCdknlapromoter, but also to theBax promoter (Fig.1f).
treatment and genotype) were analyzed by 2way ANOVAMoreover, there was also a trend for binding to tibc3/
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Fig. 1 Acute myeloid leukemia model with inducible reactivation of the partial LOF variaht flBxperimental outline for in vivo generation

partial LOF p53 variant E177R (LSL-E177R). Leukemia, that developed after transplantation of transduced FLCs into irradiated wild-typ

Scheme depicting CreEBRnediated excision of the oxed stop cassette (LSL), which silences p53 expression in the LSL-E177R allele. Sh
are primers A-D used for genotyping and validating Cre-mediated recombinatiomgF8Bgene locusc PCR genotyping: switch from the
A-B to C-D PCR product reveals e cient recombinatidmp8S-EL77RILSLELR 52 BSERTAML cells upon 48 h treatment with 1 M 40T.
Immunoblot demonstrating induction of p53 and p21/Cdknla protein expression upon 40HT treatment of LSL-E 7 {$hofrd SR ) AML
cells. -actin is shown as a loading contdQuantitative reverse transcription PCRrgB3and p53 target gene induction in LSL-E177R; €reE
and KO; CreBRAML cells 48 h after treatment with 40HT. Data were normalietihémd mock treatmenf.Chromatin immunoprecipitation
analysis of p53 at the indicated target gene promoters 48 h after 4OHT or mock treatment. Chromatin samples were immunoprecipitate
-p53 antibody (FL393) or IgG as background control. Shown is DNA binding as % input clerdi@atmn are mean SD; datapoints represen
biological replicatesi( 3); reported are 2way ANOR¥alues for the interaction between the two independent variables treatment and gen
andPvalues for indicated pairwise comparisons (Sidak’s multiple comparisons test)

mice, was further propagated ex vivo for cell culture studies or transplanted into secondary recipients for in vivo reactivation é&periments.
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Fig. 2 In vitro response of p53-de cient AML to E177R activatilow cytometry of BrdU and propidium iodide (Pl)-stained LSL-E177K; CreER
(LSL) AML cells 72 h after indicated treatment. KOTXQk&BRAML cells are shown as controls. The percentage of cells in S phase is indicated.
b Senescence-associated -galactosidase staining of LSL and KO AML cells 1 week after indicated Featnegtimetry of LSL AML cells
stained for di erentiation markers (Lin, CD11b, Gr-1) 48 h after indicated tredtfewtcytometry of LSL AML cells stained for the apoptosis
markers annexin V and cleaved caspase-3 (CC3) 48 h after indicated tre&@loragenic growth assay of AML cells with indicated genotype
and treatment grown in MethoCult medium for 1 week. In all experiments, cells were treated with 1 M 40HT or solvent (ethanol) as the|mock
control. All quanti cation bar graphs show mea&D; datapoints represent biological replicates; reportdtivataes of a two-tailed unpaired
t-test

Puma promoterthat reached statistical signi cance only pro-apoptotic target genes (Figle, f), we also noticed
in a pairwise comparison (Figlf). Notably, no target a signicant drop in viability of LSL leukemia cells after
gene activation was observed in control KO;CreER 4OHT treatment and ow cytometry revealed induction
(short: KO) leukemia cells (FidLe). of the apoptosis markers annexin V and cleaved-caspase
Consistent with previous reports demonstrating that 3 after expression of E177R (Figd). Importantly, acti
E177R is pro cient in regulation of cell cycle and seres vation of E177R abolished the clonogenicity of leukemia
cence [L5], activation of E177R inhibited cell cycle pro cells in 3D culture, whereas KO cells remained una ected
gression, resulting in a strongly reduced number of cellsexcluding p53-independent toxicity of 4OHT or Cre as
in S phase, which was not observed upon tamoxifera cause (Fig2e). Together, these experiments demon
treatment of control KO cells (Fig.2a). At later time strate that genetic reactivation of E177R induces multiple
points, we observed a massive accumulation of senegumor-suppressive programs in AML cells that induce
cent cells marked by expression of senescence-associat@ell cycle withdrawal or cell death and prevent clono
beta-galactosidase selectively in tamoxifen-treated LSlgenic expansion.
but not KO cells (Fig2b). Moreover, as induction of dif
ferentiation is a recognized tumor-suppressive meeha Partial p53 reactivation induces leukemia regression
nism exerted by wild-type p5321, 54], we tested for Encouraged by the in vitro data, we transplanted LSL
signs of di erentiation. We observed an increase of theand KO AML cells (both containing CreER) into
lineage-positive population after 7 days of 4OHT treat sublethally irradiated recipient mice and monitored
ment, in particular an enrichment of the population transplant engraftment, leukemia progression and
of CD11b-positive cells indicating myeloid dierentia therapy response by bioluminescence imaging (BLI)
tion (Fig. 2c). Consistent with robust transactivation of of the rey luciferase co-expressed withNras®'?P
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Fig. 3 E177R activation induces regression of p53-de cient AML im-ivi® AML cells of indicated genotype were transplanted into sublethally
irradiated 129X1 albino x B6 albino (F1 hybrid) mice. After engraftment was con rmed by bioluminescence imaging (BLI), mice were treated 1 week
with daily i.p. injections of either vehicle (corn oil) or 1 mg tamoxifen. Mice were euthanized when humane endpoint criteria wer@téathed.
representative micé. Kaplan-Meier survival graph. Log-rank (Mantel-Cox) test for LSL moclcak18hSL-Cas9 AML cells transduced ex vivo
with lentivirus encoding eithdirp53directed sgRNA (sg-p53) or scrambled control sgRNA (sg-scr) were transplanted into enacelaseiated
1 week with daily i.p. injections of 1 mg tamoxifen. Mice were euthanized when humane endpoint criteria were Bidabfdabth cohorts.
Kaplan-Meier survival graph. Log-rank (Mantel-Cox keshunohistochemistry for p53 of relapsed leukemia samples from both cohorts

(Fig. 3 a). After detection of bioluminescence in tubu underscoring the role of E177R as the driver of the
lar bones, sternum and spleen as a sign of successherapeutic response.

ful leukemia engraftment, each cohort was randomly To conrm that the therapy response is indeed
subdivided into two groups which were injected for dependent on E177R expression, we generated an iso
1week daily with either tamoxifen (Tam) or solvent genic LSL-E177R;CreER AML cell clone with sta
(mock) as control. As revealed by BLI and monitoring ble Cas9 expression and subsequently transduced this
of clinical symptoms, leukemia quickly progressed inclone with lentiviruses expressing either &rp53-tar-
both mock-treated genotypes (median survival for LSLgeting (sg-p53) or a non-targeting scrambled sgRNA
25 days, for KO 23 days) (Figb). When the LSL group (sg-scr). Both sg-p53 and sg-scr AML cell types were
was treated with tamoxifen a strong clinical responsetransplanted into sublethally irradiated recipient mice
was observed: BLI showed a gradual decrease ofduciand, following successful engraftment, treated with
erase signal to almost background levels within 2 weeksamoxifen as described above. As indicated by BLI
of treatment (Fig.3a). Median survival was extended and survival analysis, sg-p53 AML did not respond
more than twice in comparison to the control group to tamoxifen, whereas the same treatment promoted
and reached 57 days, 3/12 mice survived for > 100 day®egression of sg-scr leukemia and resulted in a strong
and 2 for almost 200 days (Figb). Importantly, tamox  survival benet (median survival 37 and 95days,
ifen administration had only minor e ect on survival of respectively) (Fig.3c and d). Immunohistochemistry
mice with KO leukemia, which continued to progress con rmed the absence of p53 protein in sg-p53 AML
under treatment (Fig.3a), and provided only a subtle after tamoxifen administration, whereas sg-scr leu
survival advantage (median survival 30days, Bb), kemia samples collected after disease relapse were
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strongly positive for p53 protein (Fig3e). Together, signi cantly increased staining at day 3 in tamoxifen-,
these results indicate that E177R is mediating the reacbut not mock-treated tumors (Fig4a and d), suggesting
tivation response and strongly suggest that even a-parthat immune cells might contribute to E177R-mediated
tial restoration of p53 activity can provide a signi cant leukemia regression.
therapeutic e ect in vivo.

e remarkable e ciency of reactivation therapy  Partial p53 reactivation induces regression of Myc-driven
prompted us to investigate the mechanisms that underlie Burkitt-like lymphoma
the E177R-mediated response. Using immunohistochem Inspired by the results in the AML model, we decided
istry, we analyzed tissue samples collected at di erentto test whether partial restoration of p53 function is an
time-points after therapy start. As expected, we observeck ective treatment in other hematological malignancies
fast accumulation of p53 protein in LSL- tumors after such as lymphoma. We rst studied E Myc-driven B cell
the start of daily tamoxifen injections (Figd4a). Inter  lymphoma, which mimics the t (8;14)(g24;932) transloca
estingly, all relapsed tumors retained a high expressiortion in human Burkitt lymphoma and which is facilitated
level of E177R protein (Fig3e), indicating that relapse by the E177R mutation15, 48]. We crossed mal& Myc
is not driven by incomplete Cre-mediated E177R acti mice with female Trp53-S-517"R :R0osa26™ERT? mice
vation or secondary loss of E177R expression. It ratheto generate littermates that undergo LOH and develop
suggests that some leukemia cells tolerate the residugt53-de cient LSL-E177R lymphomas with and without
tumor suppressive activity of E177R and eventually adapexpression of CreER. ese p53-de cient lymphoma
to its presence. Coherent with the loss of the luciferasecells were transplanted into immunocompetent recipi
signal in BLI, E177R induction led to a gradual elimina ent mice. After successful engraftment of the lymphoma,
tion of GFP-positive leukemia cells (Figa). Consistent detected by palpable lymph nodes, all animals were
with E177R being pro cient in cell cycle inhibition and treated with tamoxifen for 7 consecutive days (Figg).
senescence induction, we detected a marked drop in-proln the group of mice with CreER, tamoxifen treatment
liferation in tamoxifen-treated leukemia, as indicated by activated E177R and triggered a pronounced therapeutic
reduced number of BrdU-positive cells (Figa). In paral  response, as suggested by a signi cantly extended sur
lel, we observed a signi cant accumulation of senescentvival compared to tamoxifen-treated mice with LSL-lym
cells (Fig4a and b). However, while cell cycle arrest andphomas lacking CreER (median survival 26 vs. 16 days,
senescence can decelerate or even stop tumor growth,og-rank (Mantel-Cox) testP< 0.0001; Figha). Excluding
these processes did not fully explain the rapid removal ofa confounding e ect of CreER, no dierence in sur
leukemia cells, which became detectable as early as 3 daywal was observed in mice lacking an inducible p53 allele
and was clearly evident 7 days after the rst tamoxifen(Fig.5b). Although tamoxifen also functions as an anti-
administration (Fig.4a). As we had observed induction of estrogen, we observed no gender-dependent di erences
apoptosis following E177R induction in vitro, we there in the p53 reactivation response (Supplemental Fid).S
fore also analyzed apoptosis levels immunohistochemi Expression of E177R protein was readily detected
cally in tissue samples by TUNEL assay and observebdy immunohistochemistry in tumors 2 days after the
a signi cant increase in tamoxifen-treated, but not in therapy start accompanied by strong inhibition of cell
mock-treated, tumors (Fig4a and c). us, similar to  proliferation, evident from the massive reduction in
the in vitro results, in vivo induction of E177R also trig BrdU-positive cells (Figsc and d). Similar as in the AML
gered a broad spectrum of tumor suppressive programsmodel, we again detected a massive increase in apoptosis,
including cell cycle arrest, senescence and apoptosis.  which culminated at 2 days after therapy start and then

Restoration of wild-type p53 in liver cancer was showndecreased to background levels (Fiec and e). Notably,
to trigger an inltration by multiple components of p53-de cient lymphomas are highly invasive and in|
the immune system which contributed to clearance of trate into various nonlymphoid organs as evidenced by
senescent tumor cells and accelerated cancer regregeriportal invasion and spreading of lymphoma cell clus
sion [21]. Using CD3 as a surrogate marker, we observeders throughout the liver parenchyma5p]. Interestingly,

(See gure on next page.)

Fig. 4 In vivo response of p53-de cient AML to E177R activatMite transplanted with LSL AML cells were sacri ced before and day 1, 3,
and 11 after start of 1 week of daily treatment with Tam or corn oil (mock). Samples were analyzed by immunohistocherfi$tfyGePpGE
a marker of AML cells), BrdU (proliferation), senescence-associated -galactosidase (SA -gal), apoptosis (TUNEL) and CD3 as a marker of immune
in Itration. Arrowheads indicate senescent cbld.Quanti cation of immunohistochemistry analybi§enescence-associated -galactosidase
¢ Apoptosis (TUNEH)Immune in Itrate (CD3). All bar graphs show the mean positivity inB8Bx datapoints represent individual elds of vie
(1000X1000 pixel each) from 2 mice sacri ced at each time point; reportedRvalues of 1way ANOVA and indicated pairwise comparisons
(Dunnett’'s multiple comparisons test)
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disease onset, treated 1 week with daily i.p. injections of 1 mg tamoxifen. Mice were euthanized when humane endpoint criteria were reached.

Shown is the Kaplan-Meier survival graph with Log-rank (Mantel-CdxEtdic;RosaZ8°ER™? lymphomas were transplanted asiand
treated 1 week with daily i.p. injections of either corn oil (mocK) or 1 mg tamoxifen (Tam; 8). Shown is the Kaplan-Meier survival graph
with Log-rank (Mantel-Cox) tesf.Mice transplanted with E My&rp585-5177*: RosaZB°ERTlymphomas were sacri ced before, day 2 and

7 after start of tamoxifen (Tam) treatment or upon relapse. Samples were analyzed by immunohistochemistry for BrdU (proliferation), p
apoptosis (cleaved caspase-3 CC3, TUNE#presentative imagese Quanti cation of immunohistochemistry.Proliferation (Brdlé).
Apoptosis (cleaved caspase-3, CC3). All bar graphs show the mean positivitgdiatapoints represent individual elds of view (1000X10
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we observed robust E177R expression and apeptoformation, limited cancer progression or induced regres
sis induction also in periportal lymphoma in Itrates sion of established tumors. To address this question, we
(Fig. 5f), suggesting that partial reactivation is equally examined p58°“'St animals with and without CreER
e ective in a metastatic setting. by MRI. Included were 4-months old or younger mice
At later time-points, the number of p53-positive cells with clinical signs of thymoma (breath shortening,
dropped and relapsed tumors were mostly negative forhunchback posture, weight loss). Animals with thymus
p53 staining with only a few remaining small clusters ofenlargement were treated with tamoxifen as described
p53-positive cells (Fig5sc). is suggests that recombi above and monitored by MRI for up to 4weeks. At
nation in this model is either incomplete or recombined the start of therapy both cohorts had a similar aver
LSL-E177R becomes inactivated by, for example, LOH, sage tumor volume (Fig6b). In conformity with survival
that residual or emerging p53-de cient lymphoma cells data, imaging showed that all p53/-S- animals without
escape and mediate relapse. Cre showed progressive tumor growth under tamox
ifen (Fig.6b-d). In stark contrast, we observed a clear
Partial p53 reactivation induces regression of spontaneous reduction of thymus size in 7 of 9 p53/St mice with
T-cell lymphomas in p53-null mice Cre 1-2weeks after E177R activation (Figb-d). e
As a second lymphoma model, we decided to use thymigesponse to tamoxifen was similar in mice of both sexes
T-cell lymphoma that accounts for the majority of all (Supplemental Fig. &. Moreover, all control animals
cancers detected in p53-null mice and spontaneouslyreached the humane endpoint and had to be sacri ced
develops early within the rst 6 months of agetp, 56].  within 2weeks after therapy start whereas 7/9 mice with
We generated Trp53-S-EY7RLSL-ELTTRmice which co- E177R activation survived for more than 4 weeks. us,
expressed theRosa26™FR™ transgene (short: p38Y E177R expression elicited in B- and T-cell lymphoma
LSL.CreER?). We used Cre-negative mice that cannot models a similar therapeutic response as in AML, indi
induce E177R expression upon tamoxifen administrationcating that even partial restoration of p53 function is able
as a constitutive p53-null control group (short: p53/  to induce regression in di erent hematopoietic cancers.
LSh, In our previous experiments, we estimated the Of note, after initial remission thymic lymphomas
median survival of p53-de cient mice to 5-6 months and regrew in virtually all mice. Nevertheless, many of these
therefore expected that the majority of animals should animals did not die of thymic lymphoma but were sac
have developed tumors by 4months of age. As soomiced because of other cancers, mostly sarcomas in
as animals reached 4 months of age, both groups werearying locations and some splenic B cell lymphomas
treated 1 week daily with tamoxifen and monitored for (Fig. 6e and f). ese were not detected as the major
survival. is approach allowed us to avoid a potential tumor before treatment, but apparently continued to
bias caused by p53-independent e ects of tamoxifen. Ifgrow despite E177R activation, suggesting that not all
re-expression of E177R can block or slow down progrestypes of cancer might be equally vulnerable to partial p53
sion of such tumors, it should result in enhanced sur activation.
vival. Indeed, we observed a signi cantly longer median
survival in the E177R reactivation group (64 vs. 37 day®iscussion
survival after therapy end, Figa). Previous studies have indicated that many p53-de cient
From this experiment, however, we could not cen tumors regress when p53 is restored, implying that
clude whether re-expression of E177R prevented tumorthey are strongly addicted to the absence of p53 activity

(See gure on next page.)

Fig. 6 E177R activation induces regression of thymic lymphomas in p53-de ciertmpi&s-E77RLSLELHfce (p55°H-Stwith theRosaZBERT?
(CreER) transgener( 17) were treated 1 week with daily i.p. injections of 1 mg tamoxifen at 4 months of age and euthanized when humane
endpoint criteria were reached. p83-S'mice (without CreER treated with tamoxifen served as contmls 22)a Kaplan-Meier survival graph
with Log-rank (Mantel-Cox) testd Individual mice (p%8--S-CreER(red)n 9; p55°“S{blue)n 8) that were diagnosed with thymic
lymphoma by MRI received tamoxifen treatment and were re-examined by MRI 7, 14, and 28 days after tredirBéoistdstthe fold-change
in tumor volume (determined by MRI) relative to pre-treatment for individual animals. Insert shows the mean absolute tumd@Ddlume
both cohorts at the start of treatment; data points represent individual mice; two-tailed unpairexiStestn is the maximum response (fold
increase in tumor volume) in individual mice. Reported B¥h&ie of a two-tailed Mann-Whitney test comparing tamoxifen treatment responses
of p53SStCcreER (red) and ps33-"Sblue) miced Representative MRI results from one mouse of each cohort. THé-PaRuse without
CreER (blue) progressed under treatment and reached the endpoint before day 14. i#H&¥8®use with CreERred) showed tumor
regression until day 14 and presented with relapse on day 28. Shown are tumor sections in all 3 dimensions; tumors are highlighted in color.
Cancer types detected in both cohorts after treatment when the animals reached the humane endpoire Eriéetian of thymic lymphomas
versus non-thymic tumor types (including mostly sarcomas and splenic B cell lymphBe@m®&sentative histological images of non-regressed
undi erentiated sarcomas in 6 di erent animals
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[19-22, 24]. However, it has remained unclear how much 5f), showing a staining pattern similar to human tumors
p53 activity is required to trigger tumor regressiorl§]. with a massively stabilized mutant p53 protein. Moreo
Given the yet limited pharmacological abilities to fully ver, p53-de cient leukemias and lymphomas commonly
reactivate a p53 mutantZ5, 26], we aimed to analyze upregulate p19Arf PO, 47], which can sequester Mdm2,
whether partial p53 reactivation may su ce to induce thereby contribute to the massive E177R accumulation,
a therapeutic e ect. To reproducibly reactivate p53 to a overcome the apoptosis-de ciency and enable tumor cell
de ned suboptimal degree, we chose to genetically limitkilling by E177R.
p53 activity using the previously well-characterized par In vivo, additional non-cell-autonomous p53 e ects
tial LOF variant E177R 15. is mutation does not  might contribute to eradication of tumor cells 41, 67,
aect any DNA contacting residues and maintains a 68]. In liver carcinomas, for example, wild-type p53 res
normally folded DNA binding domain #1]. Neverthe toration triggers in ltration by innate immune cells like
less, it is impaired in DNA binding because it fails to macrophages, neutrophils and lymphocytes that support
form a strong intermolecular salt-bridge which is cru clearance of senescent tumor cell2l]. While we have
cial to stabilize the tetrameric protein complex on DNA not detected changes in macrophages, we have observed
[43]. Previous DNA binding studies in vitro and in vivo lymphocytic in Itration upon E177R activation (Fig4),
have characterized the DNA binding defect as a globalWwhich makes it tempting to speculate that immune in|
reduction in DNA binding across the entire target gene tration induced by p53 in a non-cell-autonomous manner
spectrum (|4, 45]. By limiting global DNA binding in a might contribute to tumor regression in vivo. In sum
genetically xed manner, the E177R mutation is suitable mary, the presented data indicate that E177R is directly
to model the consequences of an incompletely reacti capable of inducing apoptosis in p53-de cient leukemia
vated p53 mutant. and lymphoma cells and provide an explanation for the
Even though the E177R mutation reduced DNA bind observed cancer regression. Whether and how immune
ing globally, we observed transactivation of the typi cells contribute remains to be investigated.
cal p53 target genes (Fide) and induction of a broad We observed cancer regression not only in AML but
range of e ector programs including cell cycle arrest, also in lymphoma models, including thymic T cell lym
senescence, di erentiation and apoptosis (Fig). While phomas that spontaneously develop in p53-de cient
transactivation of antiproliferative target genes likg21/ mice. While non-reactivated mice mostly succumbed to
Cdknilais in line with the described phenotype of E177Rthymic lymphoma, reactivated mice at the time of sac
knock-in mice and explains induction of cell cycle arrest, ri ce more often presented with other types of cancer,
senescence and dierentiation 15, activation pro- often sarcomas (Figée and f), suggesting that lympho
apoptotic target genes was rather unexpected, becausmas are more vulnerable to p53 reactivation than other
E177R and several other related cooperativity mutantscancer entities. A di erential sensitivity of sarcomas and
are generally characterized by an apoptosis defet3,[ lymphomas was also reported upon restoration of wild-
57-59]. However, the ability of p53 to induce apoptosis type p53, where restoration in lymphomas caused wide
is highly context-dependent and modulated by the extentspread apoptosis, whereas sarcomas showed a delayed
and dynamics of p53 protein accumulation as well as theanti-proliferative response with features of senescence
intrinsic apoptosis threshold of the cell and its level of [22]. e higher sensitivity of hematopoietic cancers is
mitochondrial priming [60-64]. It is therefore conceiv  not entirely unexpected as already the normal bone mar
able that sustained high-level expression of a DNA-bind row displays an exquisite vulnerability to elevated p53
ing impaired p53 mutant can trigger apoptosis especiallyactivity which is at least partially explained by mitochen
in cell types with an intrinsically low apoptosis threshold drial priming of the hematopoietic compartmentf1, 66,
[65, 66]. In line, massive constitutive stabilization of the 69-72]. Moreover, this is in line with clinical studies on
E177R mutant protein by knockout of Mdm2 was shown p53/mutp53-reactivating compounds like Mdm2-inhib
to trigger lethal apoptosis in highly proliferative embry itors or eprenetapopt (APR-246), which have reported
onic tissues §5], which have a lower apoptosis threshold clinical responses mostly in patients with hematological
than most adult tissues due to Myc-mediated mitochen cancers 87, 38, 73].
drial priming [65, 66]. Similarly, tumors in E177R mice Even though most animals demonstrated strong
commonly display constitutive stabilization of the E177R responses to partial reactivation, none of the animals
mutant protein, and DNA damage in such tumors waswas cured and all relapsed eventually. e cause of
reported to induce pro-apoptotic p53 target genes andrelapse di ered between the di erent models. Relapsed
render them sensitive to chemotherapy47]. In all our E Myc-driven lymphomas showed a high percentage
leukemia and lymphoma models, the E177R protein waof p53-negative tumor cells (Fig5c), suggesting that
readily detectable by immunohistochemistry (Fig3e,4a, not all lymphoma cells had recombined the LSL-E177R
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allele and therefore escaped due to a technically ine mutant. Refolding a GOF mutant would therefore not
cient reactivation. An alternative explanation would be only restore some degree of wild-type function but
a secondary loss or inactivation of the E177R mutantsimultaneously deprive tumor cells of survival-promoting
for example, by LOH. In contrast, relapsed AML mice GOF e ects. As such, it has been demonstrated that loss
showed homogeneous high-level expression of the EL77Rf GOF activities by therapeutic ablation of the mutant
mutant, indicating that some tumor cells eventually adapt protein can be sucient to induce cancer regression,
and tolerate E177R expression. Of note, these observaven in the absence of any restoration of wild-type func
tions are not unique to partial p53 reactivation and simi tion [76, 77]. By switching p53-null tumor cells to E177R,
lar ndings have been reported in the previous studieswe can exclude that the responses observed in our cancer
with wild-type p53 restoration. All E Myc lymphomas models are mediated by a loss of GOF properties. How
with tamoxifen-inducible p53ERM activity relapsed ever, it is reasonable to assume that an additional loss of
after reactivation, losing either p53ER" expression or GOF would synergize with restoration of wild-type func
deleting its upstream activator p19ARFL9]. Responses tion and could further enhance the extent and duration
to partial reactivation are therefore mostly transient, call of tumor regression. It is therefore expected that a partial
ing for synergistic approaches such as DNA damaging53 reactivation would be even more e ective in tumors
chemotherapeutics that might help to boost p53 activity bearing GOF missense mutants rather than pure LOF
to obtain longer-lasting remissions. In AML, even a tran mutants.
sient response might be e cient, by inducing the clini
cal remission needed for a bone marrow transplant as theConclusions

nal curative treatment. We demonstrate that a p53 variant, which has partially

Tamoxifen, used to induce E177R-mediated tumor |ost the activity of wild-type p53 and by itself increases
regression in our study, is an estrogen receptor (ERkancer susceptibility and promotes oncogene-driven
antagonist. As estrogens vary between sexes and interfeigevelopment of leukemia and lymphoma, induces ean
with the p53 pathway T4], the anti-estrogenic tamoxifen cer regression in vivo when introduced into p53-de cient
activity might have contributed to the p53 reactivation |eykemia and lymphomas. is not only provides com
response in a sex-dependent manner. In the AML model,pelling evidence that p53 mutants function in a highly
both the LSL and KO leukemia cells were derived fromcontext-dependent manner, being pro-tumorigenic in
female embryos and 86% of all recipient mice were als@ne setting and tumor suppressive in another, it also
female. e improvement in survival upon tamoxifen highlights how sensitive cancer cells respond to changes
treatment of LSL-E177R AML mice remained highly in p53 activity and that changes in activity are more
signi cant when excluding male mice from the survival important than the absolute activity level. Even a slight
analysis (Supplemental Fig.35 A gender-e ect as the increase in p53 activity resulting from switching a p53-
cause for the di erential in vitro and in vivo response to null into a partially active p53 allele can su ce to induce
tamoxifen treatment can therefore be excluded. However,tuymor regression. As such, our ndings will encourage
due to the small number of male recipient mice, we COU|dongoing research into mutant p53-reactivating drugs
not analyze whether the reactivation response is di erent by providing genetic proof-of-principle evidence that
in male AML mice. Both lymphoma models comprised incomplete reactivation of p53 mutants can elicit a ben
comparable numbers of male and female mice and thes cial therapeutic response.
reactivation responses were similar in both sexes (Sup
plemental Fig. $ and ). In the transplanted Myc lym breviati

H H H reviation

phomas, reactivation was also mdependent of the sex 0f\OF: Loass ofsfunction; GOF: Gain of function; MDS: Myelodysplastic syndrome;

the lymphoma donor (Supplemental Fig.1p Together, amL: Acute myeloid leukemia; GSH: Glutathione; Tam: Tamoxifen; 40HT:
these analyses indicate no confounding sex-dependent-hydroxy-tamoxifen; LSL: loxpP-stop-loxP; MRI: Magnetic resonance imaging;

e ects in the hematopoietic cancer models studied here, B! Bioluminescence imaging; LOH: Loss of heterozygosity; Brdu: Bromo-

S . . . A ) deoxyuridine; GFP: Green uorescent protein; RT: Room temperature; PBS:

is is in line with the clinical use of tamoxifen primarily  phosphate bu ered saline.

for the treatment of hormone-dependent ER breast and

endometrial cancer. In other ER-negative cancer typesSupplementary Information

anti-tumor e ects of tamoxifen require doses 4-8 fold The oniine version contains supplementary material availaipst/doi.

higher than necessary for ER inhibitior7§], suggesting org/10.1186/s13046-022-02269-6

that these e ects are hormone-independent.
Of note, tumor cells can not only become addicted to[ Additional le 1. }

the loss of wild-type p53 activity, they can also become

dependent on neomorphic GOF properties of the p53
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Abstract
Background: In vivo gene editing of somatic cells with CRISPR nucleases has facilitated the generation of gutoch-
thonous mouse tumors, which are initiated by genetic alterations relevant to the human disease and progress along
a natural timeline as in patients. However, the long and variable, orthotopic tumor growth in inner organs requires
sophisticated, time-consuming and resource-intensive imaging for longitudinal disease monitoring and impeges the
use of autochthonous tumor models for preclinical studies.

Methods: To facilitate a more widespread use, we have generated a reporter mouse that expresses a Cre-inducible
luciferase fronGaussia princefSLuc), which is secreted by cells in an energy-consuming process and can be
measured quantitatively in the blood as a marker for the viable tumor load. In addition, we have developed a exible,
complementary toolkit to rapidly assemble recombinant adenoviruses (AVs) for delivering Cre recombinase fogether
with CRISPR nucleases targeting cancer driver genes.

Results: We demonstrate that intratracheal infection of GLuc reporter mice with CRISPR-AVSs e ciently induges lung
tumors driven by mutations in the targeted cancer genes and simultaneously activates the GLuc transgene, [result-
ing in GLuc secretion into the blood by the growing tumor. GLuc blood levels are easily and robustly quanti ed in
small-volume blood samples with inexpensive equipment, enable tumor detection already several months before
the humane study endpoint and precisely mirror the kinetics of tumor development speci ed by the inducing|gene
combination.
Conclusions: Our study establishes blood-based GLuc monitoring as an inexpensive, rapid, high-throughput and
animal-friendly method to longitudinally monitor autochthonous tumor growth in preclinical studies.

Keywords: Autochthonous mouse tumor, Lung cancer, Orthotopic tumor, Luciferase, CRISPR, Adenovirus

Background

Cancer is caused by mutations in tumor suppressors and
proto-oncogenes, most of which are acquired by somatic
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with di erent therapeutic vulnerabilities. In lung cancer, models the natural course of tumorigenesis originating
for example, small cell lung cancer (SCLC) almost uni from a single, somatically mutated cell even better.
versally displays combinations of inactivating mutations A technical hurdle of in vivo mutagenesis remains the
in the tumor suppressor gen&@P53 and one or more of e cient delivery of the gene editing machinery. Cur
the RB family pocket proteins {]. In contrast, non-small rently, gene transfer by viral vectors such as lentiviruses,
cell lung cancer (NSCLC) is characterized by activatingadenoviruses (AV) or adeno-associated viruses is most
mutations a ecting proto-oncogenic receptor tyrosine e cient in many models, but limited by the large size
kinases or downstream signal transducers, o ering per of expression cassettes for CRISPR nucleases such as
sonalized therapy options with oncogene-targeted drugsSpCas9, sgRNAs and accessory proteins like Cre, which
such as tyrosine or MAP kinase inhibitor2]. e value together exceed the cargo packaging capacity of many
of animal models for preclinical therapy studies there common vectors §]. is problem can be circumvented
fore critically depends on how accurately mouse tumorsby split-approaches that separate the e ectors into dif
resemble the complex and diverse genetics of humarferent vectors 1], by switching to naturally shorter or
tumors [3]. size-optimized CRISPR enzymed7], by newer vector
Among the broad spectrum of animal cancer med generations with higher cargo capacity$] or by provid
els, xenograft models based on patient-derived primarying some of the CRISPR components, such as Cas9, via
tumor tissues or human cancer cell lines obviously modela conditional, Cre-inducible, germline transgenel4.
the genetics of human tumors most precisely and haveFor example, adenovirus- or AAV-mediated transfer of
become especially popular for therapy studies, as tumorCRISPR e ectors targeting various tumor suppressor
often grow rapidly within a few weeks. When grafted on genes was successfully applied to engineer SCLC in mice,
the ank of mice, tumor growth is directly visible and showing that co-mutations in the RB-family members
measurable with calipers which facilitates the estab RbllandRbl2[15], the lysine demethylas&dm5a/Rbp2
lishment of large animal cohorts with tumors of simi [16] or Notch receptorsNotchland Notch2[17] enhance
lar stage. However, being transplanted and grown in anSCLC development initiated by combine@rp53 andRb1
immunocompromised host, xenografts fail to develop mutations.
the characteristic tumor microenvironment (TME) that  Because genetically-altered cells progress in situ
is shaped by stage-speci c, reciprocal interactions withthrough dierent stages of tumorigenesis, involving
stromal and immune cells4-7]. As the TME promotes the accumulation of secondary cooperating mutations
metastatic tumor progression, protects tumors from and development of immune escape strategies, tumor
drugs and immune attack, and presents itself numerousgrowth is typically much slower, more variable in time
therapeutic targets, immunode cient xenograft mod and between animals, and consequently experimentally
els have limited value for the preclinical evaluation ofless predictable. erapy studies using autochthonous
many TME-targeted treatments including, for example, tumors therefore require tools for longitudinal monitor
immune checkpoint inhibitors p—7]. ing to identify mice with tumors of an appropriate stage
At the other end of the spectrum are non-transplanted, and enroll them into the treatment protocol at the opti
autochthonous tumors developing orthotopically from mal time point.
single normal cells that were transformed in situ by engi  Multiple methods for longitudinal tumor monitoring
neered mutations. In such genetically engineered mousen animals have been developed, most of which rely on
models (GEMM) tumorigenic mutations are most com imaging technologies such as computed tomography,
monly introduced into the germline of mice, with various magnetic resonance imaging, positron-emission tomog
conditional approaches allowing for temporal and spatial raphy, single-photon emission computed tomography,
expression control. In a laborious and time-consuming ultrasonography and optical imaging of bioluminescence
process, multiple di erent germline alleles are combined or uorescence [L8]. Notably, these sophisticated teeh
by cross-breeding to obtain experimental animals with nologies do not only require expensive equipment and a
the desired complex genotype. In the course, a majorityhighly trained sta, imaging is also time-consuming and
of mice are sacri ced because of an unwanted genotypetrequires anesthesia for immobilization of the animal. In
which is constantly raising major ethical concerns. More addition, contrast agents, radioactive or uorescent trac
recent advances with in situ mutagenesis of somaticers or luminescence substrates are often administered
cells using CRISPR technologies have allowed to directlgystemically to improve sensitivity or signal speci city.
introduce multiple de ned tumorigenic mutations into  All these factors not only considerably increase the com
living mice [B-10]. Circumventing germline modica plexity of the experiment, but also contribute signi
tions, somatic gene editing avoids the ethical problemscantly to animal burden and therefore strongly limit the
of ine cient breeding schemes and, at the same time, examination frequency.



Merleet al. Molecular Cancer (2022) 21:191 Page 3 of 22

An alternative tumor monitoring method uses secreted Generation of STOCK-Gt(ROSA)26SdP2(CAC Gluc)st
luciferases that are released by cells into the environmen{LSL-GLuc) reporter mice.Transgenic mice condition
and which exhibit higher luminescence activity and sta ally overexpressing GLuc luciferase in tumor cells are
bility than conventional luciferases1P]. Similar to clinic  based on a modi ed ROSA26 targeting approach replac
cal tumor markers, such as prostate-speci c antigen,ing the splice acceptor site of pBigT by a CAG promoter
which are routinely used in patients for cancer screen [28]. GLuc open reading frame was PCR amplied to
ing or therapy monitoring, xenograft growth induced by introduce Nhel and Notl sites, and cloned into the cor
transplanted tumor cells expressing a secreted luciferaseesponding sites of the pBigT-CAG vector. ereafter,
from the marine copepodGaussia princepgGLuc) can the generated pBigT-CAG-GLuc cassette was cloned into
be guantitatively monitored based on GLuc activity levelsPacl and Ascl sites of the pRosa26-PA construct. e
determined ex vivo in small-volume blood or urine sam nal construct was linearized by Kpnl and electroporated
ples R0-26]. Importantly, as GLuc secretion is an active into V6.5 F1 hybrid ES cells. Targeted stem cell clones
energy-consuming process and the half-life of GLucwere selected by G418 treatment and subsequently
in circulation is only approximately 10 min41], GLuc screened by Southern blotting using a 5’ external probe
activity in the blood is speci cally measuring the amount combined with EcoRV digestion. Positive ES cell clones
of viable tumor cells in the organism, thereby excludingwere injected into C57BL/6 blastocysts. e resultant
both necrotic cells and stromal cells that contribute to chimeras were backcrossed to C57BL/6 mice and main
the tumor volume measured by morphological imaging tained on a mixed C57BL/6/129 background.
techniques R7]. While secreted luciferases have become Other mouse strains used are: 1298&Hsd st ,
increasingly powerful for monitoring transplanted STOCK-Gt(ROSA)26Sdf'L(CAG cass, EGFPIFezyThgt
tumors, it has so far not been possible to exploit theirsci (LSL-Cas9) 14], B6.129Gt(ROSA)26S3FAACTE LuciTyy
enti ¢ and animal welfare advantages for monitoring the Ncist (LSL-FLuc) [ 29, B6.129S/Swras™™/J st
growth of non-transplanted, autochthonous tumors in (LSL-KrasG12D) 380, B6.Cg-Tg(lghMyc)22Bri/J st
germline or somatic GEMMs. (EuMyc) [31], C.129S4Rag2™1FV |12rgmt1Flg st

Here we describe a exible and easy-to-use toolkit that(Rag2 ) [32]. For removal of the LSL-cassette and ubigui
combines the induction of genetically-de ned autochtho tous luciferase expression, LSL-GLuc and LSL-FLuc mice
nous tumors by adenoviral CRISPR vectors with GLucwere crossed with 129-Tg(Prm-cre)580g/J st (Prm-
as a blood-based tumor marker for longitudinal diseaseCre) mice B3 yielding Gt(ROSA)26Sor°-“¢ (GLuc) and
monitoring. For this, we have rst generated a reporter Gt(ROSA)26Sor™ ¢ (FLuc) mice, respectively.
knock-in mouseGt(ROSA)26S3F2(CAC CLUO st contain- Transplanted lymphoma modelFor in vivo labelling
ing a Cre-inducible GLuc transgene (Figa). Second, we of Burkitt-like lymphoma cells with luciferases, EuMyc
have established a cloning system for rapid and exibletransgenic males were crossed with heterozygous GLuc
assembly of adenoviral CRISPR vectors (CRISPR-AVdemales to obtain double transgenic EuMyc;GLuc males
expressing both CRISPR e ectors (SpCas9 and genethat were bred with homozygous FLuc females. Com
speci ¢ sgRNAs) and Cre recombinase in an adenovi pound transgenic EpMyc;GLuc/FLuc mice were moni
ral vector backbone. Using lung cancer as a model, wéored for lymphoma development. Lymphoma cells were
demonstrate that infection of mouse lungs with such isolated from lymph nodes and spleens of terminally sick
CRISPR-AVs induces tumor-initiating cancer gene muta mice and 16 living cells were transplanted via tail vein
tions and simultaneously labels the incipient cancer cellsinjection into immunode cient Rag2 recipient mice. For
with GLuc, so that cancer growth can be monitored over chemotherapy of lymphoma, mice received a single i.p.
time by measurement of GLuc activity as a tumor markerinjection of 300 mg/kg cyclophosphamide.
in small-volume blood samples. Autochthonous lung cancer modelBor induction of

lung cancer, mice were intratracheally injected with

adenoviral vectors as described previousBA]. Brie y,
Methods mice were anesthetized by intraperitoneal injection
Animal experiments of ~25 mg/kg ketamine and ~ 0.6 mg/kg medetomidine
All mouse experiments were performed according to and maintained at 37 °C during anesthesia. Mice were
the German Animal Welfare Law (TierSchG) and were intubated with a 20G catheter (B.Braun) and 110
approved by the local authorities (RegierungsprasidiumPFU/mouse of puri ed AV (ViraQuest Inc.) was applied
GieRen and Darmstadt). Mice were housed in specic-in a volume of 50 pl. AVs were diluted in Minimal
pathogen free conditions, on a 12-h light/dark cycle Essential Medium (MEM, Sigma) and 2 M CafWas
and fed with standard housing diet (Altromin) receiving added to a nal concentration of 10 mM. After com
water ad libitum. plete inhalation, the catheter was removed, mice were
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Fig. 1 Conditional GLuc reporter migeTargeting strategy f@t(ROSA)2688{-AC CLudnice: insertion of a GLuc cDNA expression cassette
controlled by the cytomegalovirus early enhancer/chicken beta actin (CAG) promotémxdhdréed transcriptional stop cassette (LSL) into
intron 1 of theGt(ROSA)26%@ne locush GLuc activity measured in organ lysates of mice with indicated genatyp8biological replicates).
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kept warm and monitored for breathing and recovery. described P4]. e following sgRNAs were used: Trp53:
Anesthesia was partially antagonized using~1.5 mgh’-CAT AAG GTA CCA CCA CGC TG-3)Rbl 5-GAA
kg atipamezole and mice were transferred to indi CAG ATT TGT CCT TCC CG-3 ,Rbl2 5-CCC GTG
vidually ventilated cages (IVC). For induction of lung AGT CGA GTT GGT GT-3 ', Control: 5-GGG CGA
adenocarcinoma, aKras '“St ©12D:Rosg26St CLuelSL  GGA GCT GTT CAC CG-3. e pSpCas9(BB)-2A-Puro
FLu¢ mouse and aRosa265- CLuelLSL FLuc control were  gRNA containing plasmids were used as template for
infected with AV-Cre (ViraQuest Inc.). For induction of PCR ampli cation of the U6-sgRNA region using 5
SCLC, wild-type,Rosa265" C-U¢ or Rosa265- €a9LSL  High Fidelity DNA Polymerase (NEB). For directional
GLUC mice were infected with CRISPR-AVs. Golden Gate Assembly of multiple sgRNA amplicons,
Mice were analyzed by MRI and BLI using an IVIS 100Bbsl restriction sites and unique 4 bp overhangs were
Imaging System (Xenogen), an In Vivo Xtreme Il Systemadded to the primers, the following primers were used:
(Bruker) or 7 T Clinscan 70 /30 USR (Bruker) as previ sgRNA1 forward 5'- GGT GAA GGA AGA CTC GGC
ously described 34, 35]. Mice were anesthetized with TGA GGG CCT ATT TCC CAT G-3’; sgRNA1 reverse
iso urane. Bioluminescence was recorded 5 min after5’- GGT GAA GGA AGA CTC CAA AAA AGC ACC
intraperitoneal injection of 200 pl D-luciferin (15 mg/ml GAC TCG G-3), sgRNA2 forward 5-GGT GAA GGA

in PBS, BioVision). AGA CGT TTT GAG GGC CTA TTT CCC ATG-3;;
SgRNA2 reverse 5- GGT GAA GGA AGA CGT CCC
Cell culture TCA AAA AAG CAC CGA CTC GG-3; sgRNA3 for

e murine NIH 3T3 cell line was obtained from the ward 5-GGT GAA GGA AGA CTG AGG GCC TAT
American Tissue Collection Center (ATCC), Ad293 TTC CCA TGA-3'; sgyRNA3 reverse 5-GGT GAA GGA
cells from Agilent. Primary dermal broblasts were iso AGA CGT GCG GAA AAA AGC ACC GAC TCG G-3.
lated from LSL-Cas9 and LSL-GLuc mice: ear biopsie®CR products were cloned into pCRBlunt II-TOPO®
were minced and digested with 1000 U/mi collagenase(TOPO) using the Zero Blunt' TOPO™ PCR Cloning
la (Sigma) overnight at 4 °C followed by a 45 min treat Kit (Invitrogen). U6-sgRNA cassettes were excised with
ment with 0.025% Trypsin solution (Sigma) at 37 °C. Dis Bbsl (NEB), gel puried using the Wizari Genomic
aggregated tissue was resuspended in 5 ml Dulbeccol@NA Puri cation Kit (Promega) and used for Golden
Modi ed Eagle Medium (DMEM, ermo Fisher) sup- Gate assembly into shuttle plasmids pShuttle.Cre and
plemented with 20% fetal bovine serum (FBS, SigmapShuttle.CC9 containing sgRNA cloning site and expres
Aldrich) and cultured until immortalization. For further ~sion cassettes for Cre or Cre-T2A-SpCas9. For the gen
experiments, cell lines were cultivated in a humidi ed eration of shuttle plasmids, the GatewaypDONR™ 221
atmosphere at 37 °C and 5% G@sing DMEM supple  plasmid (Invitrogen) was modied to include Bsal sites
mented with 10% FBS, 100 U/ml penicillin and 100 pg/ml anked by the attL sites. For pShuttle.Cre, the nls-Cre
streptomycin (Life Technologies). sequence was PCR amplied from pHR-CMV-nIsCre
Generation of a NIH3T3-Cas9 cell lineNIH3T3 (Addgene #12265) using primers adding a Bbsl site and

cells were infected with the lentivirus lentiCas9-Blast & unique 4 bp sequence: nisCre forward 5-GGT GAA
(Addgene #52962) and selected with 20 ug/ml BlasticidinGGA AGA CGT CCG CGT TAC ATA ACT TAC GGT

(Invivogen) starting 2 days post infection for 3 days until AAA TGG CCC GC-3'; nisCre reverse 5- GGT GAA
resistant cell clones were established. Infectious lentiviralGGA AGA CGA TTC CCT AAT CGC CAT CTT CCA
particles were produced as previously describ&d]| GCA GGC GCA C-3. e PCR product was cloned into
Generation of murine SCLC cell lineJumors were PCR™-Blunt II-TOPO® using the Zero Blunt' TOPO™
excised, washed twice in ice-cold PBS (ermo Fisher), PCR Cloning Kit (Invitrogen). e previously modi ed
minced and digested in 2 ml of 0,025% Trypsin/EDTA Gateway" pDONR™ 221 plasmid and the Bbsl-digested
(Sigma) at 37 °C for 30 min, resuspended in 5 ml oPCR"-Blunt I-TOPO®-nisCre plasmid were used for
Roswell Park Memorial Institute 1640 Medium (RPMI Golden Gate Cloning together with a pre-annealed -oli
1640, Gibco) supplemented with 10% FBS and 100 Ugonucleotide containing two Bsal sites for later sgRNA
ml penicillin and 100 pg/ml streptomycin. Cells were insertion: forward 5’- GGC TAG AGA CCT AGA GCG
observed daily and medium was subsequently replacedTC GCT CGC GGT CTC A-3; reverse 5'- GCG GTG
every 3 days until a stable cell line was established. AGA CCG CGA GGC TAG CCT CTA GGT CTC T-3.
For the pShuttle.CC9 plasmid, nlsCre was PCR ampli ed
Adenoviral CRISPR vectors using the nisCre forward primer and a reverse primer

Single-guide RNAs (sgRNAs) targeting genes of interesfontaining part of a T2A sequence: nisCre reverse-T2A:

were designed and cloned into the pSpCas9(BB)-2A-Purc§" GGT GAA GGA AGA CGT TGT TAG CAG ACT
vector (Addgene #62988) using Golden Gate Cloning ad CC TCT GCC CTC TCC GCT TCC ATC GCC ATC
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TTC CAG CAG-3. SpCas9 was ampli ed from pX330- white 96-well plates with VV-bottom (Greiner) and meas
U6-Chimeric_BB-CBh-hSpCas9 (Addgene #42230) usingured by automated injection of 50 ul coelenterazine (PJK,
the primers: Cas9 forward-T2A 5- GGT GAA GGA Germany, stock diluted 1:200 in PBS). Coelenterazine was
AGA CGA AAC ATG CGG TGA CGT CGA GGA GAA prepared as a 10 mM stock in acidi ed ethanol (10 ml
TCC TGG ACC TAT GGA CTA TAA GGA CCA CGA- EtOH 200 ul 6 M HCI). To monitor the time course of
3, Cas9 reverse 5- GGT GAA GGA AGA CGA TTC tumor development and account for subtle di erences
CCC AGC ATG CCT GCT ATT CTC TTC C-3. Cre- in AV infection e ciency, all luminescence values from
T2A and T2A-Cas9 amplicons were cloned into pCR  one mouse were normalized to its baseline luminescence,
Blunt 1I-TOPO®, released by Bbsl digest and used foroperationally de ned as the mean luminescence during
Golden Gate Cloning as described for the pShuttle.Crethe rst 90 days after AV infection. e mean 3SD of
vector. Shuttle vectors containing sgRNAs were recom the baseline luminescence of all mice in the experiment
bined with pAd/PL-Dest vector (Invitrogen) using the was considered ‘background. Normalized luminescence
Gateway" LR Clonasé' Il Enzyme Mix (Invitrogen). values exceeding this background level were considered
For generation of infectious adenoviruses (AVs), 10 pgsigni cantly altered. For measuring luciferase activity in
pAd/PL-Dest vector, carrying the desired expression eas tissues, 10-20 mg tissue were lysed with &ell Culture
settes (sgRNAs, Cre, SpCas9), was linearized using Pdgjsis Reagent (Promega) and a metal bead for 5 min at
(NEB) to reveal ITR regions. e released adenoviral 50 Hz in TissueLyser LT (QIAGEN). Lysates were cleared
vector genome was puri ed using the WizafdGenomic  from debris by centrifugation and measured as described
DNA Puri cation Kit (Promega) and transfected into for plasma samples.
7 10 Ad293 cells (Agilent) using Lipofectamirie 2000
Transfection Reagent (Invitrogen). One day post trans Western blot
fection, medium was changed to DMEM supplemented For immunoblotting, cells were lysed in RIPA Lysis
with 2% FBS. Cells were harvested when showing th&u er (50 mM Tris—HCI, 150 mM NacCl, 0.1% SDS, 1%
desired cytopathic e ect and snap frozen in liquid nitto  Sodium Deoxycholate, 1% Triton X-100) supplemented
gen. AVs were released by 3 cycles of freeze—thaw andith protease inhibitor (complete ULTRA tablets EASY
following pelleting of debris (10 min, 3000 g, 4 °C), usedpack, Roche). e following antibodies were used: anti-
to infect 8 15 cm dishes of 7 10 Ad293 cells seeded Cas9 (Diagenode #C15200216 1:500), anti-p53 (Bioss
one day prior to infection. After 3—-4 days, high-titer #bs8687R, 1:1000), anti-Rbl (Cell Signaling #9313,
AV was harvested by resuspending and pelleting cells1:1000), anti-p130 (SantaCruz Biotech #sc-317, 1:200),
Cell pellets were resuspended in 5 ml PBS/10% Glycanti- -actin (AC-15, #ab6276, Abcam, 1:2500). For detec
erol (Roth) and AV particles were released by 3 freeze-tion, secondary anti-rabbit or anti-mouse IgG-HRP (GE
thaw cycles followed by centrifugation for removal of Healthcare, 1:5000) and SuperSignal ECL Kit (er
debris (10 min, 3000 g, 4 °C). For in vitro experiments,moFisher) were used. Anti- -actin was detected using an
cells were incubated with AVs diluted in a low volume of Alexa-488 coupled secondary antibody.
DMEM supplemented with 2% FBS for 1 h before adding
complete DMEM (10% FBS, 1% P/S) to full volume. Fofmmunohistochemistry
in vivo experiments, AVs were commercially (ViraQuest For immunohistochemistry (IHC), tissue samples were
Inc.) ampli ed, puried and titrated for plaque-forming cut as 3 pm thick sections from formalin- xed paraf

units (PFU). n embedded (FFPE) tissues. IHC staining was per
formed using a Bond Max automated staining system
Luciferase assays (Leica) using the antibodies: anti-Ascll (Abcam #211327,

To monitor tumor development by GLuc secretion, 1:400), anti-Chromogranin (Abcam #52983, 1:250), anti-
10-20 pl blood was obtained by puncturing the tail vein. Synaptophysin (Abcam #32127, 1:1000). GLuc and Cas9
Blood was directly mixed with 4 pl of 0.125 IU/ml hepa staining was performed manually using the antibodies:
rin (Ratiopharm). Plasma was collected by centrifugationanti-GLuc (Prolume Ltd, 1:1000), anti-Cas9 (Cell Sign
(15 min, 1200 g, 4 °C) and, optionally, stored in round-aling #19526, 1:400). Images were acquired using the
bottom 96-well plates sealed with clear foil at -20 °C.Leica Aperio Versa slide-scanner and Leica Aperio eSlide
Luciferase activity measurements of plasma sampledManager software v. 1.0.3.37. IHC images were analyzed
were performed as previously described for monitor quantitatively using the Aperio ImageScope software v.
ing of transplanted tumors 27]. Brie y, plasma samples 12.3.2.8013. Tumors were marked and outlined by indi
were diluted with phosphate-bu ered saline (PBS) to viduals blinded to the experimental setup and their area
match the dynamic range of the Orion Il luminometer quanti ed in ImageScope. Tumor burden was calculated
(Berthold). 5 pl of diluted plasma were transferred to as percentage of tumor area to total lung area.
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CRISPR editing assays Software and statistical analysis
T7 Endonuclease | assalfor analysis of the gene edit All statistical analyses were performed with GraphPad
ing eciency following infection with CRISPR AVs, Prism 8 software. All graphs show mean values obtained
sgRNA target sites were PCR ampli ed using genomicwith n biological replicates, and error bars in all gures
DNA of infected cells. PCR amplicons were puried represent standard deviation (SD), unless indicated -oth
using the PCR Puri cation Kit (QIAGEN) and analyzed erwise. AP-value 0.05 was used as the threshold level
by T7 Endonuclease | Assay as describ@d][ Primers for signi cance. For Kaplan—Meier survival curves, the
for Trp53: forward 5'-CGT CCA ATG GTG CTT GGA log-rank test was applied. Two groups were tested for-sta
CA-3 ‘; reverse 5 -GGG AAG AAA CAG GCT AAC tistically signi cant di erences by a two-sided unpaired
CTA ACC-3; Rbl forward 5- CTG CTG GGA TTA t-test; multiple groups were tested by 1way ANOVA in
AAG GCA AG-3 ‘;reverse 5 ‘-CCT GCA CTC ACA CTC conjunction with a post hoc multiple comparison test.
AGG AA-3,Rbl2 forward 5’- GTA CTA CAC AAG GGT Experimental schemes were generated with BioRender.
GTG GGC-3 ; reverse 5 -CGA GGG GAG CCT GTT com.
CTT ACA AAA-3.

CRISPR amplicon sequencingor sequencing analysis Results
of gene editing events, sgRNA target sites were ampliGeneration of conditional GLuc reporter mice
ed from genomic DNA of cell culture, lung or tumor To enable in vivo labelling of cells with GLuc for
samples using the primer3rp53: forward 5-CGA TGG blood-based monitoring of tumors, we have rst
TGA TGG TAA GCC CTC-3 *; reverse 5 “TCT AGG generated a GLuc transgenic knock-in mouse
CTG GAG TCA ACT GTC TC-3,Rb1 forward 5-AAG  Gt(ROSA)26SdF2(CAC CLuA st (short: Rosa265- CLiC or
TAC ATT GCA GCA TCT TG-3 *; reverse 5 “AGG TCA LSL-GLuc) (Fig.1a). GLuc expression is under control of
CTT ACG CAT GAA TA-3) RblI2 forward 5’- TCC AGA the strong, ubiquitously active synthetic CAG promoter
CCG GCA CCC TTT GTT C-3 *; reverse 5 “TAC TGA and rendered conditional to Cre recombinase activity by
CCT GCG CGT TTG CCT G-3. For multiplex sequenc insertion of aloxP- anked transcriptional stop cassette
ing of multiple samples, amplicons were barcoded by(LSL). To test the inducibility of GLuc in di erent organs,
adding the following overhangs to the gene-specic we excised the LSL-cassette from the germline by cross
primers listed above: B1l: forward 5-TCA CTG GCA-3’; ing LSL-GLuc andPrm-Cre mice B3] and compared
reverse 5-TAG CTG CTG GCA-3; B2: forward 5-AGT GLuc activity in organ lysates from LSL-GLuc and GLuc
GGT CGA-3’; reverse 5-GTA CAT GGT CGA-3; B3: littermates (Fig.1b, c). GLuc activity in LSL-GLuc mice
forward 5-CTA TAC TGT G-3’; reverse 5-AGA GCA was not signi cantly di erent from background lumines
CTG TG-3; B4: forward 5-CGG ACA AAA G-3’; reverse cence in non-GLuc-transgenic control mice, indicating
5-TGT TCC AAA AG-3, B5: forward 5'-GTC TAG CCA that expression is not leaky (Figc). Removal of the LSL
CC-3’; reverse 5-ACT AGC CAC C-3. PCR productscassette led to strong induction of GLuc activity in all
were puried as described before and their concentra analyzed organs (Fidb), exceeding the background level
tion was determined using a NanoDrop 2000 spectre by, on average, more than 4 orders of magnitude (73,118-
photometer ( ermo Fisher). Barcoded PCRs forTrp53, fold; P<0.0001; Figlc). For longitudinal monitoring of
RblandRbl2 were pooled and sequencing libraries werecells using GLuc blood levels, it is essential that GLuc is
prepared using the NEBNext Ultra DNA Library Prep secreted at a constant rate resulting in stable blood activ
Kit (NEB) and sequenced on a MiSeq platform (lllumina) ity levels over time. When monitoring the blood of ani
with the MiSeq Reagent Kit v3 (600-cycle) or MiSeq Reamals over 4 months, luciferase blood activity in GLuc
gent Kit v2 (500-cycles). Editing events were analyzednice was more than 4 orders of magnitude higher than in
with CRISPRessoZyJ/]. non-Cre expressing LSL-GLuc mice (mean 13,595-fold;

CRISPR Off-Target AnalysisPossible off-target P<0.0001), with little to no variation over time (Fidd,
sites of theTrp53, Rbland Rbl2 sgRNAs were identi e). Again, transgene expression was not leaky as blood
fied using the CRISPRoff Tool version 1.2 bet28]. levels in LSL-GLuc mice were not signi cantly di erent
The list of predicted off-targets was filtered for intra from controls (Fig.1e). We conclude that the LSL-GLuc
genic location and presence of an “NGG” PAM and reporter mouse is suitable to monitor cellular processes
sorted by CRISPRoff score (Additional fil8). The by non-leaky expression and stable secretion of GLuc.
Topl0 hits for each of thelrp53, Rb1l and Rbl2 sgR
NAs were PCR amplified from genomic tumor DNA In vivo labelling of tumors with GLuc
(Additional file 4) and analyzed for mutations by In previous studies, tumor cells were labelled ex vivo with
Sanger sequencing. GLuc by, for example, lentiviral transduction to monitor



Merleet al. Molecular Cancer (2022) 21:191 Page 8 of 22

a d
Transplanted Atjbcg\:gthonc?uls
lymphoma model mode
EuMyc; AV-Cre
GLuc/FLuc .
Infection
In vivo labelled
GLuc/FLuc-secreting
lymphoma cells GLuc
in bl .
in blood Kras LSL-G12D Histology
iv LSL-GLuc/FLuc
BLI
Lymphoma .
growth o Blood-GLuc
IS Tumor
c monitoring
g BLI MRI
S}
Therapy g e 1000
response = o— Kras LSL-G12D
--o- Kras
o
Relapse S100
Q
©
o
o
b ; Therapy 210
1073 --0--Mock l Q
3 —e—Therapy ° =
6 ° £
10°g s 1
5 3 =z
E:‘ .
L1905
L)10 El
3 3 0.1+ T T T |
O 4 0 100 200 300 400
B 10 E Time [days]
o 7
2 53 f
10 Kras LSL-G12D Kras WT
day 151 165 187 262 281 297 364
102 ; , ; | e
0 10 2020 40 60 80 9
Time [days] T
C
Mock g day 246 day 284 h
i
m
o
3 Pr—
T g
day 11  Therapy =
P
day18 25 37 44 53 60 5mm
Fig. 2 Monitoring classic tumor models with GLuc. a-c Monitoring of in vivo labelled transplanted lymphomas vatEx@evicnental scheme.
Red color symbolizes GLuc activity. BLI, bioluminescence irbabiimg. course of GLuc activity in blood samples of mice transplanted with
lymphoma cells frorEuMyRosaZ8“FUmice. Data points represent individual mid8LI of representative mice at di erent time points after
mock or cyclophosphamide treatmedth Monitoring of non-transplanted (autochthonous) lung adenocarcinoma with GExperimental
schemee Temporal development of blood GLuc activity in mice of indicated genbtypegitudinal BLI of mice with indicated genotype.
Sequential MRI of th&asS- ®*2Pmouseh H&E stain of thérasSt 1?Pmouse lung at time of sacri ce All error bars indicate SD, all data poin
represent biological replicates/individual mice. BLI, bioluminescence imaging; MRI, magnetic resonance imaging; LUAD, lung adenocal

ts
cinoma



Merleet al. Molecular Cancer (2022) 21:191 Page 9 of 22

their growth after transplantation into mice 20-22, 24, adenomas and adenocarcinomas accompanied by a par
27]. However, many primary tumor cells either fail to allel increase in GLuc blood activity and thoracic FLuc
grow in culture or loose characteristic properties. For bioluminescence 5-10 months after infection (Fige-h).
instance, Myc-induced Burkitt-like B cell lymphomas Of note, a mouse carrying luciferase alleles but no onco
tend to develop chemotherapy resistance when culturedgene did not show detectable increases in GLuc or FLuc
in vitro [39]. To test if luciferase-transgenic mice can be activity following AV-Cre infection con rming a tumor-
used for in vivo labelling and therapy monitoring of Myc- derived origin of the signals (FigRe-f). Together these
induced lymphomas, we generate@EuMyc mice with pilot experiments demonstrated the suitability of LSL-
GLuc and, for comparison, classical non-secreted rey GLuc reporter mice for in vivo labelling of tumor cells
luciferase (FLuc) transgenes (Figa). Freshly explanted, and monitoring tumor growth.
in vivo GLuc/FLuc-labelled lymphoma cells were trans
planted into recipients and disease development wadFlexible toolkit for rapid assembly of CRISPR-adenoviruses
monitored based on GLuc blood levels (Figb). GLuc e natural tropism for the respiratory epithelium makes
activity progressively increased in the blood of all animalsadenoviral vectors (AVs) particularly e cient for lung-
by more than 3 orders of magnitude by day 11, whenspecic delivery of Cre and activation of Cre-inducible
lymphoma disease was independently con rmed by bio germline-encoded transgenes such #&sas-S- 6120 [3(,
luminescence imaging (BLI) for FLuc activity (Fi@c). 40-42]. Moreover, the large transgene packaging capacity
On day 12, half of the animals received a single dose ahakes AVs also exceptionally well suited to deliver larger
cyclophosphamide chemotherapy, causing a>1000-foldyenetic cargo such as CRISPR nucleases for lung-spe
decrease in GLuc blood levels over the next two dayei ¢ induction of somatic cancer mutations 15, 43, 44].
and absence of FLuc BLI signals on day 18. All untreatetiowever, the most commonly used adenovirus (sero
animals showed progressively increased GLuc bloodype 5) consists of a large linear, 36-kb, double-stranded
levels and FLuc BLI signals before reaching the human®NA molecule, which makes cloning adenoviral vectors
study endpoint with extensive lymphoma burden. One more laborious than, for example, lentiviral or adeno-
of the treated mice died from relapse after two months. associated vectors. To more rapidly produce CRISPR-
is was preceded by a parallel increase in GLuc blood adenoviruses (CRISPR-AVs) delivering Cre-recombinase
and FLuc BLI signals. ese observations underline that together with CRISPR nucleases, consisting $tfepte
in vivo labelling with both luciferases similarly enabled coccus pyogengSas9 (SpCas9) and gene-specic sgR
longitudinal monitoring of therapy responses. However, NAs, we have developed a cloning toolkit which uses
while the distress caused by anesthesia is limiting the BLGolden Gate cloning with type lls restriction endonucle
examination frequency, small-volume, 10-20 pl blood ases 45] for the exible assembly of multiple expression
samples needed for GLuc activity measurements couldcassettes and Gateway recombineerirgf] for the nal
be obtained much more frequently, yielding a high tem integration of the complete multi-cistronic assembly into
poral resolution for capturing fast dynamic processesthe adenoviral vector genometf].
such as therapy responses. In the rst step, sgRNAs targeting the genes of inter
We next explored using LSL-GLuc reporter mice for est are designed and cloned into the puromycin-selecta
monitoring of non-transplanted tumors developing in an ble SpCas9-encoding pX459 plasmidq (Fig. 3a). For
autochthonous model oKras®'?P oncogene-driven lung modelling small cell lung cancer (SCLC), we targeted
adenocarcinoma. For this, we generated a mouse carryTrp53 and Rbl, the mouse homologues of the human
ing a germline knock-in of the Cre-induciblekrag-St genesTP53 and RB1, which are mutated in>90% of all
612D oncogene 30] in conjunction with the conditional SCLC patients {]. For each target gene, multiple sgR
LSL-GLuc and LSL-FLuc alleles (Figd). Upon intratraa  NAs with low o -target scores (Additional le 3) were
cheal infection with Cre-expressing adenovirus (AV- cloned into pX459, transfected into NIH3T3 mouse
Cre), the Krag-St 120 mouse developed multiple lung broblasts and evaluated for induction of insertion and

(See gure on next page.)

Fig. 3 Toolkit for cloning CRISPR adenoviraddsiltiple candidate sgRNAs targeting cancer genes of interest are cloned into plasmids
co-expressing Cas9 and a puromycin resistance gene for functional validation in celh Gdlected validated sgRNA expression cassettes
including U6 promoter and sgRNA sca old are PCR ampli ed using primer pairs adding a Bbsl recognition site and a 4-bp motif specifying
the position in the nal vector constructOptional cloning of PCR amplicons for sequence veri cation by Sanger sequeReiegase of
complementary overhangs by BlesGolden Gate assembly of multiple Bbsl-digested sgRNA-cassettes with Bsal-digested shuttle vectors
containing expression cassettes for Cas9 or Cre onfyGateway recombination cloning of modi ed sgRNA-containing shuttle vectors into the
adenoviral vector backbone (pAd/PL-Dest destination vegtBglease of linear adenoviral DNA by Pacl digesinsfection of Ad293 cells for
production and ampli cation of infectious AV particles
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deletion (indel) mutations at the genomic sgRNA target of 6.8% and 6.4%, respectively (Fg, f). More detailed
sites. Functionally validated U6 promoter-driven sgRNA evaluation of the indel spectrum revealed mostly 1 to
expression cassettes were PCR-amplied from pX4595-bp deletions that were larger and more heterogenous
plasmids using primers containing binding sites for the in Trp53 than Rbl (Fig. 4e, f). In parallel, we infected
type lls restriction enzyme Bbsl, which releases a unique,SL-GLuc mice with AV-C.CC9, which expresses a
4-bp overhang for later assembly with other expres non-targeting control sgRNA. Tumor development
sion cassettes for sgRNAs, SpCas9 and Cre @#). As was monitored for up to 15 months (Figdg, h). While
an optional step, the PCR amplicons were cloned into anone of the AV-C.CC9 infected control mice developed
compatible vector for sequence validation (Figc). Even  tumors, AV-PR.CC9 mice monitored by magnetic reso
tually, multiple sgRNA amplicons were digested with nance imaging (MRI) started showing tumor nodules
Bbsl (Fig.3d) and assembled into a Bsal-restriction site 8 months post infection (Fig.4g). Tumorigenesis pre
of a shuttle vector containing a CMV promoter-driven ceeded with variable kinetics and reached the experimen
Cre-2A-SpCas9 expression cassette anked by attltal endpoint after 9 to 15 months (Figdh). e median
recombination sites for Gateway recombination cloning survival of AV-PR.CC9-infected LSL-GLuc mice was not
(Fig.3e). e entire assembly comprising all sgRNAs, Cre signi cantly di erent from infected wild-type mice (363
and Cas9 was recombined into attR sites of a destinavs 393 daysP 0.7354; Figdh) and comparable to con
tion vector containing a rst generation (E1/E3-deleted) ditional Trp53/Rb1 germline-mutant mouse models for
adenoviral vector genome (Fig3f). For production of SCLC @9, 50], indicating that neither GLuc expression
infectious viral particles, the recombinant adenovirus nor the mechanism of mutagenesis alters the time course
genome was released from the plasmid by Pacl restricof SCLC development.

tion digest (Fig.3g) and transfected into Ad293 cells for Histological examination of tumors showed the typi
multiple rounds of viral ampli cation and puri cation cal morphology of small cell lung cancer with multiple
[40] (Fig.3h). We have hereby developed a versatile elon mitotic gures, dense sheets of tumor cells and ne gran
ing system for the rapid generation of adenoviral CRISPRular chromatin (Fig.5a). In line, the majority of tumors
vectors expressing di erent sSgRNA combinations in cen stained strongly positive for the neuroendocrine marker

junction with Cre and SpCas9. synaptophysin and the lineage-specifying transcription
factor Ascll (Fig.5a). At the time of sacri ce most ani

Monitoring CRISPR-induced lung tumorigenesis using mals displayed substantial metastasis, mostly to the liver

GLuc blood-levels and in some cases also to the kidney and ovary, showing

We next investigated whether drp53 (P) andRb1 (R) expression of neuroendocrine markers similar to the pri
targeting CRISPR-AV (AV-PR.CC9) induces lung tumorsmary lung tumors (Fig5b, c). Successful GLuc-labelling
that can be monitored using GLuc blood levels (Fi&a). of tumor cells was con rmed by positive GLuc staining
Con rming the anticipated function, NIH3T3 broblasts of lung tumor nodules and metastases (Figp-c). GLuc
infected with AV-PR.CC9 induced frameshift-causing blood activity started to exceed background levels in
Trp53 and Rblindel mutations as shown by T7 endonau individual mice as early as 5 months post infection and
clease assay (Figb) and resulted in markedly reduced increased progressively by a mean 265-fold (range: 10
protein expression of p53 and Rb (Figc). Next, LSL- to 776-fold) until reaching the humane study endpoint
GLuc mice were infected with AV-PR.CC9 by intratra (Fig. 5d). Immunohistochemistry conrmed that GLuc
cheal injection. After 1 week, we detected widespreadexpression, similar to neuroendocrine tumor markers,
Cas9 and GLuc expression in lung sections by immuno was con ned to tumor nodules and largely absent from
histochemistry (Fig.4d) and insertion/deletion muta the adjacent non-tumor tissues (Figha), strongly sug
tions in Trp53 and Rb1 at the sgRNA target site by next gesting that GLuc activity in blood samples is predomi
generation sequencing (NGS) with a mutation frequencynantly derived from tumor cells rather than normal lung.

(See gure on next page.)

Fig. 4 SCLC induction by adenoviral delivery of CRISPR nud&agesimental scheme for SCLC induction and monitoring with adenoviral
vectors (AV) expressing Cre @amub3Rbltargeting Cas9 nucleasbsvalidation of sgRNA function by T7 endonuclease | assay using genomic
DNA from uninfected and AV-PR.CC9 infected NIH3T3 cells. NTC, no templaté/¢esteoh Blot of mouse embryonic broblasts (MEF)
infected with AV-PR.CC9 showing Cas9 expression and downregulation of p53 and Rb1 protein levels. -actin is shown as lodding control.
Immunohistochemistry for GLuc and Cas9 expression in the lung of mice 1 week after intratracheal AV-PR.GEBNhfetimmspectrum of
e Trp53xon 6 and Rblexon 17 sgRNA target loci ( anked by dashed lines). Shown are sequencing reads of the most abundant indel mutations
at the sgRNA target siteSequential MRI of a representative mouse showing tumor progression. Shown are frontal and transversal sectipns with
tumors marked in blué. Kaplan—Meier survival plot of WT and LSL-GLuc mice infected with indicated CRISPR-AVs GAVi¢D.CQQ; AV-PR.
CC9 GLucn 8; AV-PR.CC9 no Ghuc3). Shown are median survival and P-values from Log-rank (Mantel-Cox) test
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To conrm that tumors originate from cells with the impact ofRbl2/p130(L) mutations, which are recur
CRISPR-AV induced gene mutations, we sequencedent co-mutations in SCLC patient tumors and accelerate
the Trp53 and Rb1 genes of single tumors from 5 indi SCLC tumorigenesis in mouse model$,[15, 50]. Given
vidual mice by NGS (Fig5e). In comparison to the low the limited packaging capacity of 1 generation AVs,
frequency of modied reads two weeks after adenevi insertion of a third sgRNA cassette into the SpCas9-Cre
ral infection (Fig.4e, f), tumors contained an average of co-expressing AV vector backbone resulted in strongly
80% modi ed reads Trp53: 0.79 0.09;Rbl 0.81 0.11) reduced virus titers. To overcome the resulting delivery
(Fig. 5e). e mutant read frequency correlated signi- challenges, we crossed LSL-GLuc with LSL-Cas9 mice
cantly between the two genes{R 0.88,P 0.0188), sug and used compound conditional transgenic LSL-Cas9/
gesting that the tumors originate from double-mutant LSL-GLuc mice with Cre-inducible expression of GLuc
cells. e percentage of approximately 20% unmodied and Cas9 14]. is allowed us to omit Cas9 from the
reads is in line with the expected percentage of non-CRISPR-AV and instead introduce one or more addi
tumor cells populating the tumor stroma. Most tumors tional sSgRNA cassettes. Using this strategy, we generated
showed one or two (equally frequent) dominant mutant CRISPR-AVs expressing Cre (without SpCas9) together
sequences, underlining that tumors are clonal in origin. with sgRNA combinations targetingrp53 and Rb1 (AV-
Tumors 4 and 5 showed additional less frequent mutantPR.Cre), Trp53, Rb1 and Rbl2 (AV-PRL.Cre) or a non-
sequences, possibly derived from adjacent tumor rod targeting control sgRNA (AV-C.Cre) (Fig6a). e AVs
ules. Similar as previously observed in AV-PR.CC9-were validated in vitro by infection of Cas9-expressing
infected lungs 1 week post infection and consistent with NIH3T3 cells, conrming e cient induction of indel
erroneous DSB repair via NHEJ, &blandTrp53 tumor  mutations at all three target loci (Figéb). Infection of
mutations were indel mutations. Compared to mostly LSL-Cas9 broblasts showed successful Cre-mediated
frameshift-inducing small deletions of 1, 2 or 4 nucleo activation of Cas9 expression and depletion of the-tar
tides inRb1 Trp53 indels were more variable in size and geted gene products at the protein level (F&g).
nature. In addition to frameshift-inducing deletions, we Lung sections from AV-infected LSL-Cas9/LSL-GLuc
also observed several in-frame mutations of 3, 12 or 36nice showed e cient induction of Cas9 and GLuc
base pairs. As the targeteftp53 exon 6 encodes a part expression (Fig.6d) and accumulation of smalllrp53,
of the DNA binding domain of the p53 transcription fac RblandRbl2indel mutations (Fig6e). When monitoring
tor, which is notoriously sensitive to even subtle muta infected mice for development of lung cancer symptoms,
tions, these in-frame mutations are likely loss-of-function the PR.Cre group showed similar kinetics of tumeri
mutations de cient in tumor suppression. Together, the genesis as our previous PR.CC9 group (median survival
observed mutation spectrum con rms that the tumors 350 days; Figssf and 4h). In contrast, PRL.Cre infected
monitored by GLuc blood levels are indeed resulting mice showed a signi cantly reduced median survival of
from the anticipated Trp53 and Rb1 mutations rather only 210 days (Fig6f). GLuc labelling did not seem to

than potential o -target mutations. a ect the outcome, as non-GLuc transgenic LSL-Cas9
mice infected with these AVs showed similar survival

Comparative monitoring of genetically distinct tumor (Additional le 1). GLuc blood-levels increased in both

subtypes using GLuc blood-levels PR.Cre and PRL.Cre groups by far more than 2 orders of

We next explored whether GLuc-blood levels are suit magnitude until the time of sacri ce with no signi cant
able to monitor di erences in tumorigenesis caused by di erence between the two groups (median fold change
distinct co-mutations. As a model we chose to monitor PR.Cre: 293-fold; PRL.Cre: 335-fol®; 0.7971; Fig6g,

(See gure on next page.)
Fig. 6 GLuc monitoring of SCLC induced by adenoviral SgRNA delivery to Caa®rgpeeimental scheme for SCLC induction and monitoring
with adenoviral vectors (AV) expressing CrelgreBRb1/Rbk2argeting sgRNAB.Validation of sgRNA function by T7 endonuclease | Assay
using genomic DNA from uninfected and AV-PRL.Cre infected NIH3T3-Cas9 cells. NTC, no tempiatéesteriidBlot of LSL-Cas9 broblasts
infected with AV-PR.Cre and AV-PRL.Cre showing downregulation of p53, Rb1 and Rbl2/p130 protein levels. -actin is shown as ldading control.
Immunohistochemistry for GLuc and Cas9 expression in the lung of mice 2 weeks post infection. Scaledyug&dipmspectrum ofrp53
RblandRbI2sgRNA target loci ( anked by dashed liffdsaplan—Meier survival plot of LSL-GLuc mice infected with indicated CRISPR-AVs (AV-C.
Cren 14; AV-PR.Cre: 12; AV-PRL.Qre: 8). Shown are median survival and P-values from Log-rank (Mantel-@pXgtegtral development
of blood GLuc activity in mice frdrfollowing infection with indicated AVs. Shaded area represents the GLuc background daiteitjold
change in blood-GLuc activity over the course of tumor developieatues from Tukey’s multiple comparisons itdgtne point when
blood-GLuc activity reached its maximiawalue from an unpaired, two-sided t-t¢3time di erence between the time of sacri ce (survival) an
the time point when blood-GLuc activity was rst elevated, i.e. exceeded the backgroun# amgelation between time of sacri ce (survival)
and the time point when blood-GLuc activity was rst elevated. Shown is the linear regression with 95% con dence interval All error bars indicate
SD, all data points represent biological replicates/individual mice
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h). In the C.Cre control group, GLuc blood-levels did not group. As seen in our previous PR.CC9 group (Fsg),
change signi cantly (median 0.6580-foldP 0.0846). Rblmutations were mostly small 1 bp deletions (Figd).
Notably, although the fold change in GLuc blood-lev In contrast, Trp53 and Rbl2 indel mutations were more
els was not signi cantly di erent between PR.Cre and diverse in size, allowing deeper insight into the clonal
PRL.Cre mice, PRL.Cre mice reached the maximumarchitecture of each analyzed tumor. While the majority
GLuc blood-levels already after 7.20.3 months, com of PR tumors showed 2 mutarfrp53 alleles, PRL tumors
pared to 12.3 1.8 months in PR.Cre miceP(<0.0001, more often contained a higher number of di erenTrp53
Fig. 6i), mirroring the dierences in survival. Interest and Rbl2 mutations. When sequencing cell lines estab
ingly, GLuc blood activity exceeded the backgroundlished from explanted SCLC tumors, the frequency of
level, operationally de ned as the average activity in thewild-type reads strongly decreased (Additional 1&).
rst three months, by more than 3 standard deviations However, PRL cell lines still showed a higher number of
approximately 3 months (PR.Cre: 8238 days, PRL.Cre: dierent indel mutations than PR cell lines (Additional
101 11 days) before reaching its maximum level at thele 2). is strongly suggests that PR tumors are mostly
time of sacri ce (Fig.6j). Importantly, this early detec monoclonal in origin, whereas PRL tumors more often
tion time point correlated with the clinically de ned consist of more than one clone. e number of tumors
experimental endpoint “survival” @ 0.8872,P<0.0001; calculated by histological image analysis (Fig) is there
Fig. 6k), validating GLuc blood levels as a suitable earlyffore likely an underestimation of the true number of
detection marker for autochthonous lung tumors. tumor clones growing in the lungs of the PRL.Cre mouse
MRI of representative mice suggested that tHebl2 group.
co-mutation increases both the number of develop We conclude that blood-based GLuc monitoring pro
ing tumors and their growth rate (Fig7a). is impres - vides an inexpensive and simple to implement technique
sion was con rmed by histological examination of lungs for accurately assessing the impact of genetic factors such
at the time of sacri ce (Fig.7b, c). Although mice from as co-mutations on tumor development and growth.
the PRL.Cre group survived 5 months shorter, quantita
tive image analysis revealed a 1.4-fold higher tumor bur Discussion
den P 0.0191), which was mostly attributable to an Over the last decade, mouse models for cancer have
increased number of tumors (3.0-fold? 0.0017) that improved signi cantly, mimicking increasingly well the
were only slightly smaller in size compared to tumors spontaneous processes of tumor development, initi
from PR.Cre mice (0.61-fold? 0.0285; Figrc). ated by the genetic transformation of somatic cells at
Tumors from both groups expressed GLuc and thetheir natural site of origin B]. In particular, the applica
whole set of neuroendocrine markers, characterizingtion of somatic mutagenesis with CRISPR nucleases has
both groups as small cell lung cancer (Fiip). Since Cas9 been a gamechanger that makes modelling of human
is constitutively expressed after Cre recombination, IHC cancer mutations in the mouse easier than evé& 10].
con rmed this by positive Cas9 staining of tumor sec As more and more personalized treatment approaches
tions (Fig.7b). Sequencing analysis of tumor nodules ofwith molecular drugs are developed, mouse models that
5 mice from each group showedrp53 and Rb1 mutant accurately recapitulate the genetics of the human -dis
allele frequencies of >80% in all samples (). Impor- ease become essential preclinical tools. Nevertheless, the
tantly, all PRL tumors also showed >80% of mut&tl2 majority of preclinical research, especially drug testing, is
reads identifying triple mutant cells as the cell of origin. still performed using subcutaneously transplanted xeno
Moreover, sequencing of predicted sgRNA o -target graft tumors, as it was common practice already dec
sites detected only in one of the tumors a single intronicades ago. A major reason is that tracking subcutaneous
base substitution (Additional le3), excluding o -target tumor growth is inexpensive and quick, whereas meni
editing as a cause of enhanced tumorigenesis in the PRtoring the development and orthotopic tumor growth in

(See gure on next page.)
Fig. 7 Rbl2 co-mutations accelerate SCLC tumorigemaeSeqjuential MRI of a representative AV-PR.Cre and AV-PRL.Cre infected mouse illustrating

di erent kinetics of tumorigenesis. Shown are frontal and transversal sections with tumors market iHisadwgical analysis of AV-PR.Cre and
AV-PRL.Cre induced lung tumors. Shown are representative H&E and immunohistochemical stains for Cas9, GLuc and NE lineage markers (Ascl1,
Synaptophysin, Chromogrania)Quantitative analysis of SCLC tumor burden, tumor number and tumor size in AW-PRZJ@n@d AV-PRL.
Cre (0 17) infected mice. Shown is meaBD and P-values from unpaired, two-sided t-&3tn53RblandRbl2mutation spectra of single
tumors from 5 di erent mice of each group. Top graph, shown is the frequency of wild-type and mutant reads. For mutant reads, all mutations with
a frequency of > 5% are color-coded as deletions or insertions and labelled with the number of deleted, inserted or substituted base pairs. Less
frequent mutations are summarized as ‘others’. Bottom graph, shown is the size distribution of indel mutations for each tumor. The frequency of
each indel mutations is encoded in grayscale
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inner organs requires sophisticated small animal imagingKras®'?P-driven lung adenocarcinoma model (FigRd-
technology and a highly trained sta §1]. Even though h), or by co-delivery of Cre with components of cancer-
imaging is largely considered a non-invasive re nementinducing CRISPR nucleases, as demonstrated in the
method according to the 3R principles, it relies on arnes SCLC models (Figs4, 5, 6 and 7). Importantly, in vivo
thesia to restrain the animals and their gross motion andGLuc labelling does not alter the disease time course as
often also requires injection of contrast agents, tracers orwild-type and LSL-GLuc mice with CRISPR-induced
luminescence substrates to visualize the tumor properly.SCLC have indistinguishable survival and tumor phe
is increases the image acquisition time by the anes notype (Fig.4h). Notably, tumor cells which cannot be
thetic induction and recovery time and strongly reduces propagated or loose characteristic properties in vitro,
the possible throughput in cohort studiesbp, 53]. More-  can be labelled in vivo with the GLuc transgene and then
over, repeated anesthesia required for longitudinal stud directly allografted into cohorts of experimental animals
ies, the exposure to ionizing radiation and the use offor preclinical drug studies (Fig2a-c).
contrast agents also have consequences on the physiologyOf note, not all Av-infected cells that recombine the
of the animal and impose still poorly understood physi GLuc transgene develop into a tumor and will gerer
cal and mental distress on the animalS3 54]. To make ate a background of non-transformed GLuc expressing
better use of the more human-like cancer disease modelsells. In our experiments, AV infection increased the
for preclinical studies, monitoring techniques are neededbackground GLuc luminescence of wild-type or non-
that provide a higher throughput at a lower cost—ideally infected mice (Figld) by approximately vefold and this
while simultaneously minimizing distress to the animals. level was maintained for at least 3 months. We exploited
An alternative to imaging is monitoring of tumor the increase in background luminescence as an indica
growth using biomarkers secreted by tumor cells into the tor of successful AV infection and compensated for it in
blood. e monitoring of tumor-related marker proteins  the analysis by normalizing all GLuc measurements to
has been routine practice in cancer screening and clini the post-infection background activity level. In the later
cal monitoring of cancer patients for relapse since dec course of tumorigenesis, blood-GLuc activity increased
ades b5 and has attracted even more attention in the further by more than 4 orders of magnitude until the
recent years as liquid biopsy-based, ctDNA analyses haisumane endpoint was reached, highlighting a high
emerged as an e ective strategy for non-invasive genetiadynamic range that is not compromised by the initial
cancer assessment in many stages of patients’ monitorinfection-related increase in luminescence background.
ing [56]. However, not all tumors secrete speci ¢ marker In contrast, GLuc background activity decreased over
proteins and the amount of blood needed for ctDNA time in non-tumor control mice (Figs.5d, 6g), suggest
analysis is restricting its use in small animal models.ing that GLuc-expressing epithelial cells are continuously
Di erent from the clinical tumor markers and ctDNA, replaced by non-recombined, GLuc-negative progenitors
secreted luciferases have the advantage of an excellent stem cells.
signal-to-noise ratio, a high dynamic range over several Despite providing a highly quantitative measure of the
orders of magnitude, and—being actively secreted in arviable tumor load in each animal, secreted luciferases are
energy-consuming process—a direct relationship of -sig not ideal for localizing the tumors by imaging. In prinei
nal to cell viability PO, 57]. As such, secreted>aussia ple, tumors can be imaged using GLuU2{], but as tumors
and Cypridina luciferases enable a blood-based tumorgrow larger and blood-GLuc levels increase, systemically
monitoring with high sensitivity and specicity using applied luciferase substrate is often completely metabo
small-volume (10-20 pl) blood sampleg(, 21, 27]. How- lized in the blood before reaching the tumor so that the
ever, this requires the tumor cells to be labelled with thetumor signal is e ectively disguised?7]. Nevertheless,
luciferases which is commonly achieved by transfectionGLuc-based monitoring of tumor load can be combined
or retroviral transduction prior to their implantation with bioluminescence imaging (BLI) using mice double
into mice. While this works excellent for various trans transgenic for a secreted and a non-secreted luciferase,
planted mouse tumor modelsZ2, 25, 26], the need for provided that both luciferase signals can be discrimi
ex vivo labelling has prevented its use in autochthonousnated. As GLuc metabolizes coelenterazine, we used
tumor models. e conditional GLuc-transgenic reporter luciferin-consuming rey luciferase (FLuc) as a non-
mouse, developed in our study, overcomes this limitationsecreted partner-luciferase for imaging (Fi@). While
and allows in situ labelling of cells by temporospatially BLI and blood-GLuc measurements provided congruent
controlled expression of Cre recombinase. Coupling Cre-results, BLI was temporally restricted to one examina
mediated GLuc induction to tumor induction is achieved tion per week because of animal welfare regulations. In
either by simultaneous Cre-mediated recombination of contrast, small-volume blood samples of up to 1% of the
germline-encoded mutations, as demonstrated in theanimal's total blood volume, i.e. up to 20 pl in mice, are
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allowed to be drawn daily for a period of two weeks8], addition, owing to the large size of their genome, already
giving a much higher temporal resolution of tumor load rst-generation AVs have a su ciently large packaging
measurement and facilitating studies into the dynam capacity to deliver SpCas9 nucleases together with Cre
ics of fast processes such as tumor therapy (). for lung tumor induction (Figs.4 and 5). However, the
Alternatively, tumors can also be imaged by other tech large size of the genome also makes AVs more di cult to
nologies such as MRI. While we could only analyze somengineer than smaller lentiviral or adeno-associated vec
exemplary animals with multiple techniques in parallel, tors. We have therefore provided a exible cloning toolkit
these animals showed similar results (Fige-g). A per to rapidly assemble AVs for expression of Cre, SpCas9
fect correlation, however, would not even be expectedand variable combinations of sgRNAs. Of note, while AV
considering that morphological imaging by MRI or CT genomes could be assembled that express three sgRNA
insu ciently discriminates viable and necrotic tumor cassettes together with Cre and SpCas9, these were not
volumes and that BLI signals are strongly in uenced by e ciently packaged into viral particles. For expression of
light absorption dependent on the emitted wavelength, three (or more) sgRNAs we therefore recommend using
tissue depth and type and fur colo5g]. On the other LSL-Cas9 mice in conjunction with an AV that expresses
side, blood-GLuc activity might be a ected by di erences sgRNAs and Cre only. Although Cas9 will be expressed
in tumor vascularization, an issue that has so far not beerconstitutively in this case (Figrb), adenoviral transgene
explored, but should be considered when testing, for(sgRNA) expression is only transient, thus intrinsically
example, anti-angiogenic drugs. preventing long-term nuclease activity. In fact, we did
Another important consideration for preclinical not observe dierences in the kinetics and e ciency of
drug studies is that tumors need to be detectable earljtumor induction comparing SCLC induction with either
enough before the humane endpoint is reached to pro AV-PR.CC9 (Figs4 and5) or AV-PR.Cre (Figs6 and7).
vide a time window su ciently large to evaluate ther Alternatively, Cre could be co-delivered with the nuclease
apy responses. As in particular immunotherapies oftenand three or more sgRNAs by a single AV by switching to
show rst therapeutic e ects only several weeks after smaller orthogonal CRISPR nucleases (such as SaCas9,
the rst dose, this issue becomes increasingly importantCpfl or CasMINI), to smaller crRNA arrays cleaved
as research into immunotherapies is exploding. Notably,in vivo by Cpfl or endogenous RNases or to helper-
blood-GLuc levels were rst elevated in our SCLC med dependent ‘gutless’ AVs with almost unlimited packaging
els on average 3 months before the animals reached theapacity L2, 13, 60-62].
humane endpoint (Fig6j) and this early detection time In all SCLC tumors that were analyzed by deep
point correlated signi cantly with the survival time of sequencing, the total mutant read frequency exceeded
the animal (Fig.6k). Especially in autochthonous tumor 70%, consistent with a small subpopulation of genetically
models, where the time course of tumor developmentwild-type stromal and immune cells (Figbe and 7d).
varies strongly between dierent animals, blood-GLuc e vast majority of mutations were deletions, followed
levels appear optimal to repeatedly screen larger animaby a smaller number of insertions and substitutions. In all
cohorts for disease onset with minimal cost and e ort. cases, these occurred at the sgRNA target site and were
Once tumor growth is evident in blood samples, blood- predicted to disrupt protein function either by inducing
GLuc monitoring could be complemented speci cally by a frameshift or by mutating or deleting functionally crii
more sophisticated imaging techniques if, for example,cal residues. Each PR tumor contained one to two demi
exact tumor localization is required. Similarly, blood- nant mutant alleles in the two target genes, indicating
GLuc monitoring can be implemented to screen therapy a clonal origin of the tumor nodule. In the case of PRL
cohorts of treated mice long-term for evidence of relapse,tumors, most tumors contained more than two dominant
as demonstrated in Fig2b, again followed by compte alleles in each of the three target genes, suggesting that
mentary imaging techniques to localize the site of relapsethe analyzed tumor nodules originated from more than
(Fig.2c). a single cell. is is likely attributable to the previously
Tumor induction by CRISPR-induced somatic cancer reported high e ciency of SCLC induction by additional
gene mutations is a rising technology, that not only suf inactivation of Rbl2 [15, 50], a gene known to be essen
fers from easily accessible monitoring strategies but alsdial for maintaining cell cycle quiescencesd]. Together
from nuclease delivery issue®,[10]. Adenoviral vee the deep sequencing analysis con rmed that the SCLC
tors (AVs) with their natural tropism for the respiratory development measured by increasing blood-GLuc dev
epithelium are optimally suited for highly e cient gene els originated from tumors containing the desired gene
transfer to the lung. Moreover, mouse cells are naturallymutations and accurately captures di erences in tumeri
non-permissive to human adenovirus replication provid genesis resulting from di erent sets of CRISPR-induced
ing an additional level of safety in mouse experiments. Indriver mutations.
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