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“A fundamental problem which remains to be solved in the whole cancer research effort... is that the
preclinical models of human cancer, in large part, stink.”
Robert Weinberg, Forbes, March 22, 2004

There are primarily four types of models to investigate hypotheses in cancer: cell culture, xenografts,
genetically engineered mouse models, and tumor tissue taken from patients. Mouse models are
invaluable for understanding the function of genes in mammalian development and disease.

The availability of a large diversity of strains with different susceptibilities to diseases, and the possibility
of introducing defined mutations into the mouse germline, have boosted the understanding of how
genes act in complex organisms. Yet, many times, mouse or other animal models do not mimic the
subtleties of human cancer and are poor models for predicting the outcome or survival from disease.

The 8th Fondation IPSEN Cancer series meeting was devoted to discussing the utility — and limitations
— of mouse models in cancer research in the beautiful old colonial town of Quro Preto in the state of
Minas Gerias, Brazil.

The speakers recognized the contributions of mouse models, pointing out the advances we have made
in understanding pancreatic ductal adenocarcinomas (PDAC), for example.

Anton Berns opened the meeting describing various advances that were made possible by mouse
models. He also discussed the promise of somatic gene transfer methods, as well as next generation
fast-track autochthonous mouse model generation.

As efforts to sequence thousands of human cancer genomes gain momentum, the challenge of
distinguishing driver cancer genes from passengers, and determining how these genes contribute to
tumorigenesis, remains a major challenge. David J. Adams presented new oncogenes and pathways
that have been identified using mouse models, transposon-mediated mutagenesis, and exome and
whole-genome sequencing.

Scott W. Lowe described a new approach that is revealing unexpected principles about the nature and
organization of cancer genes. For example, shRNA pools targeting genes deleted in human B cell
lymphoma in the E-u-MYC model have identified about 10 tumor suppressors, including those targeting
the polyamine pathway.

Mouse models typically rely on introducing oncogenes into large numbers of cells, which doesn’t
recapitulate the true nature of oncogenesis. Lentiviral vectors can be used to introduce oncogenes
into a small number of cells and generate mouse models of human cancer in a cell-specific manner.
| described how this approach has been used to study glioblastoma multiforme, a lethal brain cancer
with a high recurrence rate.

Mouse models of PDAC have arguably been among the most successful in elucidating the mechanisms
underlying tumorigenesis. Tumors in these models are initiated through the somatic activation of
oncogenic KRAS, either through a spontaneous recombination event or via Cre-mediated recombination.

Expression of oncogenic KRAS in the absence of p53 leads to the development of distant metastases



after a long latency. Tyler Jacks presented results from ongoing studies that are providing an increasingly
complete view of tumor evolution in this model system.

KRAS oncogenes are implicated in about one-fourth of all human cancers, including non-small cell lung
cancer (NSCLC) and PDAC. However, acinar cells of the pancreas are highly resistant to oncogenic
insults, and are not transformed by a KRAS oncogene even in combination with loss of p53, unless
the mice suffer from mild pancreatitis. Based on results from mouse models, Mariano Barbacid
suggested that anti-inflammatory treatment for pancreatitis may reduce the risk of PDAC.

p53 is a transcriptional activator that can induce numerous target genes, but is also important for
other biochemical activities. Laura Attardi addressed the importance of mitigating the deleterious
p53-dependent side effects of DNA-damaging radiation and chemotherapies, while preserving p53
tumor suppressor function.

The progression of primary carcinomas to stages of invasion and metastasis involves the acquisition
of many phenotypes associated with a cell-biological program termed the epithelial-mesenchymal
transition. Robert A. Weinberg suggested that transit-amplifying/progenitor cells are the direct targets
of the mutations that drive multi-step tumor progression.

Michael Karin suggested that, in addition to unraveling these sorts of basic mechanisms underlying
tumorigenesis, mouse models are important for developing therapeutic and preventive strategies. He
described models that have elucidated a major role in colon cancer for the pro-oncogenic transcription
factors NF-kB and STAT3 and for inflammatory cytokines, such as interleukin-6 and tumor necrosis
factor, that control their activity.

In another example, acute promyelocytic leukemia is characterized by a specific t(15;17) translocation,
generating a PML/RARA fusion protein. Preclinical studies in several mouse models of this disease have
shown that retinoic acid and arsenic trioxide dramatically synergize for APL clearance although they
antagonize for differentiation. Hugues de Thé suggested that oncogene degradation as a therapeutic
strategy may be effective in some other cancers.

PDAC is the most lethal common malignancy, with little improvement in patient outcomes over the past
40 years. A transposon-based genetic screen for genes that cooperate with a sensitizing mutation
identified the deubiquitinase USP9X. David Tuveson argued that although PDAC’s unique
microenvironment participates in its resiliency to therapeutics, it also provides vulnerabilities to exploit
for clinical benefit.

In conditional mouse models of KRAS-driven NSCLC and PDAC, deletion of one or both alleles of BRAF
significantly enhances lung tumor burden and disease progression, leading to decreased overall
survival. Leisa Johnson described the preclinical interrogation of genetically engineered mouse models
and orthotopic models to address some of the contentious work on anti-angiogenic inhibitors.

Mouse models of glioma with conditional inactivation of three of the five most frequently mutated
genes in glioma, p53, NF1, and PTEN, develop tumors that histologically and molecularly resemble
human astrocytomas with 100% penetrance. Luis Parada reported that an unbiased, large-scale
chemical compound screen has identified several compounds that can specifically block proliferation
of tumor-derived cells.

Mouse models also provide powerful tools to study drug resistance mechanisms in a realistic in vivo
setting. /n vitro functional genetic screens and in vivo genotype-phenotype correlations show that
therapy response and resistance is affected by several factors. Jos Jonkers reported that a cell-based
screening approach has found that bifunctional alkylators such as nimustine may cause remission of
BRCA1-deficient mouse mammary tumors.



Invasive tumors release large numbers of cancer cells into the circulation, but only a small proportion
of these cells survive in, and ultimately overtake, distant organs. Based on research with mammary and
other tumors, Joan Massagué argued that therapies that target the stromal signals in a primary tumor
could specifically eradicate micrometastatic seeds disseminated by the tumor and thus prevent
metastasis.

Mario Capecchi shared his experiences with modeling human synovial sarcoma in the mouse, beginning
with the genetic and molecular characterization all the way up to clinical trials of promising therapeutics.
And Reuben Shaw discussed the potential for using metabolic drugs such as metformin and phenformin
as anti-cancer agents.

However, some researchers contend that there is far too much reliance on genetically engineered
mice. At the meeting, Neal Rosen repeatedly pointed out that, over the past decade or so, few therapies
have resulted from work on mouse models. He argued that, to be useful, genetically engineered mouse
models must be used concordantly with patient biopsies, in order to prove that the models mimic what
happens in patients.

As in the past there were lively discussions of the nature of the cancer stem cell, heterogeneity of
tumors, barriers in drug delivery and relevance to human tumors and patients. Once again Jacqueline
Mervaillie and Yves Christen managed to find a gem of a town, and a lovely period hotel in the middle
of the city. Sonia Le Cornec, as cheerful as ever, made sure that the all the transportation and audiovisual
needs of the participants were met. Although Apoorva Mandavilli was not present, Virginia Hughes was
a wonderful and very well informed scribe. | am sure the current Cancer Series 8 monograph will be
very exciting to read.

Inder M. Verma
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Mouse models for genetic discovery

Mouse models for cancer,
what are they good for?

A report on a lecture by

I
‘ ( Anton Berns
B The Netherlands Cancer Institute, Amsterdam, The Netherlands

Mouse models are invaluable for understanding the function of genes in mammalian development and disease.
The availability of a large diversity of strains with different susceptibilities to diseases, and the possibility
of introducing defined mutations into the mouse germline have boosted the understanding of how genes
actin complex organisms. In cancer research, large-scale insertional mutagenesis strategies have identified
many genes that can contribute to cancer. The resulting large database of genes permits cross-validation
of genes found through sequencing and other approaches. The studies also pinpoint combinations of mutations
that are likely to be critical for tumor phenotype and response to therapy. They have also uncovered targets
for intervention that would not have been identified easily by other approaches. Mouse models help explore
strategies for harnessing the immune system to act against tumor cells and help study the roles of tumor
heterogeneity, cells-of-origin and cancer-initiating cells, among others. They can also serve as
experimental systems for testing new drug regimens. Although precise dose and schemes cannot be directly
extrapolated from mouse models, the models provide conceptual insights relevant for clinical application.
Anton Berns described the promise of somatic gene transfer methods, as well as next-generation
fast-track autochthonous mouse models.

Genetically engineered mouse models (GEMMs) can be used for several purposes: as the source of new
cancer genes, to study how the immune system can be instructed to eliminate tumors, to identify and test
relevant therapeutic targets, and to examine relapses and resistance.

Most importantly, GEMMs are useful for simply understanding how tumors arise, and which factors are crucial
for tumor development and treatment. They have helped identify targets that would have been missed by
genomic sequencing. For example, PIM kinases and polycomb group proteins are targets, but are not mutated
in human cancer.

Mutagenesis screens in mice can reveal both co-occurring and mutually exclusive lesions, which is important.
Finally, they can help cross-validate genes that are mutated in human cancers.

Insertional mutagenesis screens in mice have recently become popular but began in the early 1980s. In
this approach, newborns are infected
with the murine leukemia virus, which
induces mostly T-cell lymphomas by
inserting the provirus at a particular
location that confers selective
advantage.

Figure 1

Insertional mutagenesis:
identifying oncogenic
networks.

Because the integration of transposons
is relatively random, if transposons are
found in the same segment of
chromosomal DNA in independent

MuLV infection of newborns ---> mostly T lymphomas
A ’ o MMTV infection ---> mammary tumors
tumors, the insertion is likely to be Transposon insertional mutagenesis > tumors of choice

causative in tumorigenesis.




Figure 2
Vemurafenib (PLX4720)
in melanoma model.

This provides a system for finding interesting genes. Other viruses or transposons of different specificities
and idiosyncrasies can activate different genes, stabilize messenger RNA, truncate or inactivate proteins,
or disrupt control elements.

Using this system in wild type mice, it is possible to find oncogenes and tumor suppressor genes, or in tumor
suppressor or oncogene transgenic mice to identify collaborating oncogenes. Proto-oncogene knockout mice
can help identify parallel and downstream pathways that are relevant, and grafting tumors can lead to the
identification of genes involved in tumor progression or drug resistance!.

In one example, knocking out a gene frequently found to be collaborating with the MYC oncogene identified
PIM1 and PIM2 kinases. If PIM1 is knocked out, PIM2 becomes activated in nearly 100% of the cases, indicating
how important that pathway apparently is. If both genes are knocked out, the third member of the family
is forced to become activated, as well as a set of other genes that might identify pathways that are alternatives
for PIM.

More recently, the method has been applied at a much larger scale, in different predisposed backgrounds,
with the cloning of insertion sites in roughly 1,000 tumors. This pinpointed nearly 600 common insertion
sites (CIS), or genes that might be relevant for tumorigenesis. Some occur frequently, others are rarer.
Interestingly, the CISs that are found correlate with many features, such as genotype specificity, gender,
age and cell type.

Whole spectrum:

Analyzing all the different genes identified reveals a whole spectrum that points to specific interactions between
genes. It indicates preferred combinations, co-occurring mutations and mutually exclusive mutations, making
it possible to create relation maps and identify specific roles.

Even in a highly defined genetic system, such as inbred mice with a predisposed lesion, this method finds
hundreds of new oncogenes, tumor suppressors and microRNAs. This suggests that many different
combinations of lesions can give rise to tumors, even though the tumors themselves are almost
indistinguishable.

These insertions can reveal underlying mechanisms of oncogenicity because they sometimes disrupt protein
domains or activate regions of the protein. Genotype specificity and distinct co-occurring CIS mark cooperating
genes, or may point to synthetic lethal interactions.

In general, stem cell modules and PI3 kinase and RAS pathway components are over-represented among
these targets. Importantly, there is an incremental value in combining data with other datasets, permitting
reciprocal validation of relevant cancer genes.

This approach is being applied to many different
tumor types, in order to target lesions to
specific subset of cells, address the role of tumor
heterogeneity — by single-cell sequencing, for
example — and to integrate data with all other
datasets that are available.
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Mouse models for genetic discovery

and modulate the immune response, particularly for treating cancer. Clearly, mouse models have been
instrumental for these strategies.

Combination therapies are obviously of great interest, for example to treat melanoma. When the
BFafV600E/PTEN -/- mice, which develop melanomas in the C57BL/6 background, are treated with vemurafenib,
there is significant delay of tumor outgrowth, but no tumor regression is observed. This may be because
of the PTEN-deficiency in the tumors.

Analysis of this mouse model shows that when vemurafenib inhibits the BRAF pathway, it depletes the whole
system of T and B cells. This explains why adding immunotherapy to the drug has no effect, indicating that
timing and order of treatment modules are likely to be critical.

Another aspect in which mice might be useful is to assess targets for which no drugs are yet available. For
example, in the case of MYC, OmoMYC, which inhibits the transactivation functions of MYC, can have a
remarkable effect, ablating even tumors that do not over-express MYC. In this regard, Aurora-B inhibition
is also of interest as it has been shown to act in a synthetic lethal fashion with MYC over-expression. Those
are activities primarily identified in model systems. The same is true for RAS, and might also hold for some
chromatin modifiers such as BMI1 and EZH2.

Clonal effects:

The current view of cancer development is clonal selection, in which the tumor begins with a cancer-initiating
cell but, subsequently, further mutations give rise to sub-clones, some of which might expand, whereas
others die. In effect, there is clonal co-existence, or a sequential clonal existence. Some of these effects
are being studied in mouse models of lung cancer.

In these models, RAS activation results in non-small cell lung cancer (NSCLC) and p53/RB deletion in small
cell lung cancer (SCLC). These models are being used to address whether distinct subsets of tumor cells
can be identified within the tumor mass and, if so, whether that heterogeneity has a function2. This is particularly
relevant because transitions from non-small cells to small cell tumors have been observed in a sizable fraction
of the tumors after treatment with EGFR inhibitors.

Single-cell cloning of SCLC tumors has shown the presence of different subsets of cells: neuroendocrine
(NE) and non-neuroendocrine (non-NE) cells. Both subsets of cells can have a clonal origin because they
carry the same rearrangements as detected by CGH analysis.

When NE and non-NE cells are mixed together and grafted, they show accelerated growth in vitro, but in
vivo, there’s no difference. However, even though the primary tumor doesn’t grow differently, the combination
gives rise to metastases whereas the single tumor does not. The subcutaneous grafting of the combination
potentiates NE cells in that tumor to metastasize to the liver.

SCLC in mice often consists of clonally related cell populations with either of these two marker profiles.
Both are capable of inducing tumors locally, but the non-NE cells secrete factors that endow the NE cells
with metastatic potential. That requires MAPK pathway activation.

PEAS3 is one of the induced components, and is required for metastasis, although it is not sufficient for full
metastatic potential. Interestingly, even metastasized NE cells do not have autonomous metastatic potential.
They retain their dependency on non-NE cells through this paracrine mechanism.

So, there is significant genetic drift that might select for sub-clones that might jointly promote tumor viability
and are therefore retained in the tumor. Although it is unclear what the selective advantage in the primary
tumor is, it definitely has an effect on metastatic potential.



Figure 3

Ad5-CMV-Cre induces
different tumors in lung,
depending on the

conditional alleles present.

Source code:

To explore whether the cell-of-origin affects tumor characteristics, mutation spectrum or tumor eradication,
insertional mutagenesis was once again used. Acute lymphoblastic leukemia was induced using different
Cres in the same system: either a VAV-Cre that would target the stem cell, or LCK-Cre or CD4-Cre.

Interestingly, the spectrum of genes that is activated in each case shows only partial overlap. This suggests
that tumors can originate from any cells provided the right genes are mutated. There are always a few genes
in common, however, such as MYC.

To determine whether there are distinct cells-of-origin for SCLC and NSCLC, sporadic mutations were targeted
to distinct cell types in the lung, and tumor development was followed over time.

The number of cell types that might serve as cells-of-origin for these tumors is substantial: Clara cells,
basal cells, NE cells, alveolar type Il cells, and specific cells in the duct junction.

A series of adenoviruses was equipped with specific promoters, in the hope that they would give rise to a
specific switching in a subset of cells that express these promoters.

In the p53/RB model, AdenoCre generates SCLC tumors with a high efficiency. The CGRP virus, which limits
expression of Cre recombinase to the NE cells, is a bit delayed, but still very efficient, even though the number
of cells infected is 100- to 1000-fold less. Interestingly, the SPC virus, which targets alveolar epithelial type
Il cells, also generates tumors, some of which are in the peripheral area of the lung, where NE cells are
typically not seen. This may be from hitting a progenitor cell that could give rise to NE cells, for example3.

In the RAS model, the SPC virus is the most efficient. CC10, which targets Clara cells, does give rise to
adenomas, but initially, to papillary lesions in the terminal duct region. CGRP generates very little. Remarkably,
if this model is combined with p53, all three give rise to adenocarcinomas, with the CC10 and CGRP perhaps
even more malignant than the SPC.

pRb#/A [ ] ._| 79 |/).|T| L-Stop-L mutant K-Ras
_ﬁ [ sToP | [ KRasGi2D |
(Tyler Jacks)

Trp53°/R E! ] [4]
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These results overall suggest that the capacity of a cell to serve as the cell-of-origin depends on the mutations
and the context, and both factors determine the tumor characteristics. As a result, tumors show substantial
plasticity and can undergo profound phenotypic changes, which is likely to have major implications for therapy.

Rapid results:

Mouse models are useful for [ — e Figure 4

showing promise of new ; : P : Histopathology of small
. . . . cell lung cancer in

combination therapies, using chimeric mice.

either drugs or genetic

techniques. They can also

be used to identify resistance

mechanisms by studying

tumor remnants and applying

genetic strategies, and to

study how drug effectiveness

is influenced by the tumor

microenvironment.
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Primary lung tumor

But these models also have a number of shortcomings. First, mice are not small humans, so there are
differences in responses. Xenopatients with fresh human tumor grafts have their own specific drawbacks,
lacking an immune system, and a microenvironment that might be different.

It takes too long to generate models for specific combinations of lesions, and a higher throughput is needed.
One way to improve the versatility of current models is to use somatic gene transfer in existing GEMMs and
tissue stem cell chimeras, which can be very effective.

It's also possible to re-derive embryonic stem (ES) cells from established mouse models, to equip them
with a recombination-mediated exchange cassette, or RMCE, that permits the swift introduction of cDNAs
or shRNAs encoding the DNAs of choice, and to use these to produce ES cell chimeras. Experiments can
be directly performed with these chimeras or their offspring when backcrossed to the ES cell founder strain.
Whereas conventional crossing takes 2 years, the re-derivation and modification of ES cells and generation
of mice from these ES cells can be done in half a year&.

The plan is to establish repositories of these genetically modified ES stem cells equipped with cassettes
and create a whole set of reagents that can be easily used.

This means that studies can shift from large breeding colonies to more focused experimental cohorts, and
more experiments can be done with fewer mice. This is also likely to be less expensive, and can make GEMMs
more widely accessible to the scientific community.

Complex GEMMs can also be modified and analyzed in a short time frame. Tumor phenotypes would be » References

less likely to be misinterpreted because of the identical genetic background, and no unnoticed modifier loci 1. Kool J. and Berns A.
are introduced via intercrosses. However, one has to watch for unwanted mutations that are introduced during Nat. Rev. Cancer
ES cell modification. 9, 389-399 (2009)

2. Calbo J. et al. Cancer
Cell 19, 244-256 (2011)

3. Sutherland K.D. et al.
Cancer Cell19, 754-764
(2011)

4. Huijbers |.J. et al.
Bioessays 33, 701-710
(2011)
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Integrative approaches
to cancer gene discovery
and target validation

A report on a lecture by
Scott W. Lowe
Memorial Sloan-Kettering Cancer Center, New York, USA

In a ‘mosaic’ approach for studying cancer, genes of interest are transduced into stem and progenitor cells
derived from different tissues or mouse strains. The modified cells are then transplanted orthotopically
into syngeneic recipients. ES cell lines can also be rederived from mice harboring multiple oncogenes and
other useful genetic elements, such as TET-transactivator transgenes, and a homing cassette that helps
target an inducible shRNA into a defined genomic locus. These methods can be used to generate mouse
models capable of reversibly suppressing tumor suppressors, such as APC and PTEN. Stable expression
of the shRNAs that target these genes trigger tumors that are similar to those in mice harboring conditional
gene knockouts. Transducing tissue stem and progenitor cells with shRNA pools can also help identify genes
that promote tumorigenesis. For example, shRNA pools targeting genes deleted in human B cell lymphoma
in the E-u-MYC model has identified about 10 tumor suppressors, including those targeting the polyamine
pathway. This method identified multiple enzymes involved in the biogenesis of hypusine, a unique amino
acid, in a novel tumor suppressor network. Scott W. Lowe described a new approach that is revealing
unexpected principles about the nature and organization of cancer genes.

To keep up with the pace of information generated by genomic approaches and sequencing efforts, cancer
biologists can, to some extent, rely on mouse models. One advantage of the models is that there are many
technologies that can be used to manipulate the mouse genome and characterize the resulting
phenotypes.

Mice also have limitations: Simply put, they are not humans. And producing genetically engineered mice is
a painfully slow and expensive process.

One approach to cancer research is to use so-called mosaic models. These are a type of orthotopic
transplantation model, in which cells are isolated from either embryonic or adult stem and progenitor
populations, manipulated in vitro and then put into a recipient animal. This process circumvents much of
the crossing and inter-crossing that is involved in the use of germline transgenic knockout mice.

RNA interference in animal models can help explore loss-of-function genetics, specifically to investigate
tumor suppressor genes whose inactivation promotes cancer, and for Figure 1
studying genes whose inhibition in an established tumor leads to its control Sh-p53 Mimicking tumor

regression or elimination. suppressor loss using
RNAI.

RNAI takes advantage of a conserved machinery that down-regulates
gene expression, and provides a rapid way to identify loss-of-function
phenotypes. This technique knocks down genes, rather than knocks
them out, but eliminates protein. Still, it's very efficient because one
RNAI trigger can silence the expression of two alleles in trans. Because
it works in trans, it's reversible, which is a powerful attribute. It's also
easily scalable.

The long-term goal is to use RNAi as a complement to conditional




Figure 2
AMD1 and elF5A are often
co-deleted in lymphoma.

knockout methods. For example, it might be possible to trigger RNAi-mediated knockdown of gene expression
in any tissue, and using conditional systems, for any length of time, as a way to switch endogenous genes
on and off in vivo2.

If publicly available comparative genomic hybridization data corresponding to human diffuse large B-cell
lymphoma and other lymphomas is plotted across human chromosomes, it reveals various regions of gain
and loss that are relevant.

For example, in chromosome 8, there are gains that encompass the MYC oncogene, which is important in
human lymphoma. In a subset of tumors, there are losses in chromosome 17, which contains the p53 tumor
suppressor that is inactivated in particularly aggressive B-cell lymphomas.

This sort of data can be used to simplify the genome and identify candidate driver alterations. Mouse models
can then be used as a filter to identify the most relevant ones.

Mosaic models:

For example, a mosaic model can be made from the so-called E-p-MYC transgenic mouse model of B-cell
lymphoma, either by isolating stem and progenitor cells, or by culturing fetal livers. When a p53 shRNA is
now introduced using a retroviral vector as proof of principle, it confirms that MYC cooperates with p53
inactivation to dramatically accelerate the disease.

Multiple shRNAs can similarly be introduced into these stem and progenitor cell populations to repopulate
the hematopoietic system of a lethally irradiated mouse, and ask whether there are any combinatorial effects
on the development of a lymphoma. Each of the vectors has a fluorescent readout linked to the shRNA that
helps track the transduced cells.

Genomic deletions that occur in human tumors are likely to be enriched for tumor suppressor genes. Once
the mouse orthologs for these genes are identified, an shRNA library can be generated with multiple shRNAs
per gene, and these shRNAs then assembled into pools3.

For example, 100% of transplanted mice with a particular shRNA pool rapidly develop lymphomas, almost
as fast as with the p53 shRNA. In this example, 100% percent of the reads target a gene called AMD1. Knocking
down this gene promotes lymphoma formation in this system, validating the hit.

The approach identified about 10 other genes,
including the ARF tumor suppressor located on
human chromosome 9. This gene is well known as
a tumor suppressor in the lymphoma model.

It also pinpointed mediator 4 and cyclin C, two
components of the mediator complex. Knocking
down either one of these promotes lymphomas.
Other components of the mediator complex are
known to be oncogenic in an ovarian cancer model,
suggesting that, depending on the context, mediator
can function as either an oncogene or a tumor
suppressor.

There are three regions, located on chromosomes
8, 6 and 17, that show multiple hits. Many human
tumors contain deletions that encompass all of
these genes. There is rarely just one hit per deletion,
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suggesting that genomic deletions in human cancers probably target more than one activity.

Two of the hits are linked in the literature to polyamine metabolism, which produces three major polyamines:
putrescine, spermidine and spermine. Surprisingly, high levels of polyamines have been linked to cancer,
so there is a bit of a paradox. One of the two hits, AMD1, is a rate-limiting step in the production of spermidine.
The other, called elF5A, is an offshoot of polyamine metabolism.

Spermidine creates a unique amino acid called hypusine through two enzymatic steps. Hypusine arises from
modification of a lysine on elF5A1 and may be the only molecule with this modification. The two enzymes
conserved from yeast to man that carry out this modification are essential: When they are knocked out, yeast
don’t grow well, so it is surprising that they might be tumor suppressors.

Secondary screen:

The literature suggests these genes might be involved in translation initiation or elongation, although the
precise mechanism is much debated. A secondary screen that targets every single enzyme in this network
found only two additional enzymes that when knocked down would cooperate with MYC in lymphoma
development. These two enzymes make a line all the way from AMD1 to elF5A.

This provides strong genetic data that this pathway, which really had not been recognized before, is a relevant
tumor suppressor network. Biologically, in the lymphoma system, this module regulates apoptosis. If any
one of these genes is knocked down, apoptosis is attenuated.

If either wild type elF5A or a mutant elF5A that cannot be hypusinated is introduced into lymphomas with
knocked down elF5A, those that have the wild type version inhibit proliferation of these cells but those that
have the mutant do not. That suggests that this is the critical endpoint of this new tumor suppressor networks.

[f AMD1 and elF5A function in the same pathway, you would expect to see exclusion of mutations in cancers.
Instead, deletions in the region that encompasses EIF5A often co-occur with those that encompass AMD1.
This could be accounted for by the fact that these deletions contain additional genes. elF5A is located five
genes from p53, which is known to be relevant.

Or, it could be that there is biological relevance, 1o 14 Eros Figure 3
which is plausible as these are essential genes. : Role of APC in specific

To test this hypothesis, GFP-linked AMD] ﬁ developmental windows.
shRNA and cherry-linked elF5A shRNA were
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transduced into the mosaic model so that each

TG-luc.1309

cell only got one, and a very small fraction got
both. If there is an advantage to knocking down
both genes, the tumors would be double
positive, whereas most of the other cells would
be single positive.

»,

TG-APC.9365

When both genes are knocked down, there is an
acceleration of tumorigenesis. This is statistically :‘ﬁg%
significant, but what is remarkable is that every

single one of the tumors that arises in these
doubly transduced cells is double positive,
strongly suggesting that there's an advantage
to knocking down both genes.

By two-dimensional gel electrophoresis and




Figure 4
APC suppression leads to
T cell leukemia/lymphoma.
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immunoblotting, the combined effect of knocking down AMD1 with elF5A seems to reduce the amount of
hypusinated elF5A. This suggests that by combining haploinsufficiencies, one offshoot of a metabolic pathway
that's otherwise essential is being disabled>.

Scalable method:

A new method aims to manipulate gene expression in mice in a more comprehensive way, by creating mice
that have an inducible shRNA that can be turned on or off. This technology is a complement to conditional
knockouts, and has some advantages as well as some disadvantages.

For the experiments, a TET-inducible shRNA is linked to a GFP reporter. Cells are electroporated in the
presence of FLP recombinase to get recombination of high frequency in this genomic locus. Because the
cells already have a TET transactivator, simply adding doxycycline to the embryonic stem (ES) cells turns
them green. Mice can then be made using standard approaches, or tetraploid embryo complementation.

Importantly, this is scalable, because these constructs are easy to make
and don’t involve homologous recombination to integrate. So far, 1,000
ES cell lines with different elements at this genomic locus have been
made. It is also reversible: Taking away doxycycline restores
expression of the targeted gene.

For example, APC is a negative regulator of Wnt signaling, which is
important in hair follicle proliferation and stem cell maintenance. One
of the first effects after adding doxycycline is the proliferation of hair
follicles, causing the mice to quickly become very hairy in a matter
of days.

However, when treatment is continued, the hair turns gray and falls out prematurely. In this case again,
the effect is reversible. If doxycycline is taken away, the hair grows back in a month.

In the intestine, APC inactivation occurs in almost 100% of colon cancer cases. When APC is knocked down
with a potent shRNA, in a matter of 10 days, proliferation extends from the crypt throughout the villi, indicating
the cells are aberrantly in cycle. If the mice are kept on doxycycline, they develop polyps not only in the intestine,
as is seen in the APCmin mouse model, but also in the colon. If APC expression is reestablished, the polyps
disappear from both the colon and the intestine.

In the presence of two different shRNAs that target APC, the mice also develop a T-cell lymphoma leukemia.
These cells are malignant: When they are transplanted into recipient mice, they form a disseminated leukemia.

Once again, when APC expression is restored, within a week, the disseminated disease is gone. These leukemias
do come back, but when they do, they have high levels of APC protein, suggesting that it isn’'t a defect in
the system. Rather, the cells become resistant to APC suppression. This sort of system can be used to validate
the Wnt pathway as a therapeutic target, but also to anticipate mechanisms of resistance.

In summary, APC inactivation contributes to tumor maintenance. Conditional RNAi enables analysis of gene
function at different stages of tumorigenesis. The system can be used for target validation, and is reversible
and scalable.

This approach is likely to be powerful for studying more than one target or more than one gene, and will
speed up the rate at which a cancer can be understood.
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Large-scale screens for
cancer genes in the mouse

A report on a lecture by
David J. Adams
Wellcome Trust Sanger Institute, Cambridge, UK

As efforts to sequence thousands of human cancer genomes gain momentum, the challenge of distinguishing
driver cancer genes from passengers, and determining how these genes contribute to tumorigenesis, remains
a major challenge. Mouse models, transposon-mediated mutagenesis, and exome and whole-genome
sequencing have identified many new candidates, several of which are disrupted in human tumors and
represent potential diagnostic and therapeutic targets. Insertional mutagenesis provides the advantage of
using engineered elements to initiate mutagenesis, largely through loss- or gain-of-function, while tagging
potential cancer genes. Mice with somatic or germline mutations of APC, together with transposon-mediated
mutagenesis, have tagged several hundred candidate driver genes in colorectal cancer, including about a
third linked to human colorectal neoplasia. Likewise, an extensive transposon screen in the pancreas has
identified USP9X as a key driver of pancreatic tumorigenesis, and several new and known drivers in a mouse
model of acute lymphoblastic leukemia. Next-generation sequencing of mouse tumors has found several
mutations in B-progenitor acute lymphoblastic leukemia. Importantly, exome sequencing has found mutations
in several residues known to be mutated in humans with the disease. David J. Adams argued that, together,
these results demonstrate that mouse models can help identify new genes and pathways contributing to
human tumor development.

The International Cancer Genome Consortium and other efforts are sequencing DNA from more than 25,000

human cancers, and will unquestionably identify many new cancer genes. The data so far suggest that most

tumors have a small number of frequently

mutated genes, and a very long tail of B-catenin IHC — invasive small intestine polyp $Lgmu$ 1pathology
candidate drivers that are mutated at a O ey ’
higher frequency than would be expected 7

by chance. It's these genes that may
significantly alter the outcome of each

patient. AN
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and copy number loss, and sequence Mag x20 Mag x5
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development of cancer, and which genes e
are passengers, rearranged as a result of
the underlying mutagenic process.

Several approaches are being used to try
to address these questions, and to identify
cancer genes using mouse models.
Broadly, these approaches have involved
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Figure 2
Cross-species
oncogenomics.

the use of transposon-mediated mutagenesis to identify genes that promote tumor development. More recently,
next-generation sequencing of mouse tumors has also been applied".

Insertional mutagenesis relies on a transposon called Sleeping Beauty. This is a simple DNA transposon,
composed of two repeats called IR/DR, which are about 300 base pairs in length. Different elements such
as promoters or stop cassettes can be cloned between these sequences. When a transposase enzyme is
expressed, the transposon can move from one site in the genome to another, and as it does so, mutate genes.

Conditional transposase alleles make it possible to express Cre in a tissue of interest, switch on the transposons,
and then mobilize mutagenesis specifically in a tissue or cell type of interest. Once tumors are collected,
ligation-mediated PCR, coupled with either 454 or Illumina sequencing, profiles all of the mutations found.

A ‘background’ dataset to find transposon hotspots has found more than 1 million insertions in these tumours?.
The largest screen performed, in the gastrointestinal tract, began with mice carrying one floxed allele of
APC, one wild type allele of APC, transposons, transposase and a Cre driver called Ah-Cre that expresses
specifically in the intestine.

Inducing Cre in these animals deletes APC and mobilizes transposons specifically in their intestinal tract.
A strong synergy between the loss of APC and mutations generated by the transposons dramatically accelerates
tumor formation.

The 467 tumors collected so far show evidence of invasion and other pathological phenotypes — for example,
an expanded proportion of Paneth cells, which is a marker of aberrant Wnt signaling.

Long tail:

The mice in these experiments have one floxed allele and one wild type allele of APC. Not surprisingly, the
most frequently mutated gene in these experiments is the wild type allele of APC, with multiple independent
transposon insertions along the length of the gene.

COSMIC (December 2009)
(human — colorectal cancer)
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The analysis also identified 15 genes mutated in greater than 20% of tumors, 140 genes mutated in greater
than 10% of tumors, and a long tail of other genes mutated at a frequency higher than that expected by chance.
This is a startling result, and it suggests that there are many genes that contribute to tumor development3.

Even applying rigid statistics with genome-wide cutoffs and low p values yields 200-300 genes. The question
is how many of these genes represent cancer drivers.

Compared against various human datasets, there is a significant overlap between transposon data and the datasets.
The second bit of evidence that many of the genes in these screens are real comes from functional data.

For example, one of the genes that’s a long way down the list is MLL3, a H3K4-methyl transferase that removes
repressive marks from the genome, allowing promoters to be expressed. The profile of mutations in these
tumors suggests that MLL3 functions as a tumor suppressor. Mice lacking MLL3 spontaneously develop
tumors in their intestine.

If these knockout mice are then crossed with APC mice, loss of one allele of MLL3 increases the level of
polyposis, and the loss of two alleles increases polyposis even further. Not only do the mice have more polyps,
the tumors that form are significantly larger, and show evidence of invasion.

In addition to MLL3, there are a number of other genes on this list that have been validated in experimental
crosses with APC and other APC mutant mice. This again suggests that the set of genes discovered from
the transposon screen is greatly enriched for driver genes.

Pathway analysis with approaches such as Ingenuity or the DAVD Pathway Tool shows that a statistically
significant number of the genes in the list will collapse into known colorectal pathways.

Current research is focused on those genes whose orthologs fall into recurrently altered focally rearranged
regions of the human colorectal cancer genome. It is also looking at the overlap between mouse and human
expression data, and also outcome data to help drive analyses forward.

Epigenetic silencing:

In collaboration with David Tuveson'’s group (see Tuveson, page
93), another screen aims to identify genes involved in the
development of pancreatic cancer.

Figure 3

MLL3 knockout animals
spontaneously develop
adenomas.

In mice carrying PDX1, Cre and KRAS, transposons once again
dramatically accelerate the rate of tumor formation. The
unambiguous hit in this case is the gene USP9X. About 50%
of tumors contain insertions within this gene.

Strikingly, human data, TCGA data and ICGC data don't show
any mutations in this gene. However, low levels of expression
of USP9X significantly correlate with widely metastatic
disease and with significantly reduced survival. There is
evidence that USP9X is epigenetically silenced.

This suggests that transposon-based approaches can help identify key driver genes that may not be identified
by sequencing analysis alone, such as genes that are disrupted by epigenetic silencing.

Another disease of interest is acute lymphoblastic leukemia (ALL), the most common childhood malignancy
and a leading cause of childhood death, because there are few targeted therapies.

A key driver in the disease is the fusion between TEL and AML1 gene. The fusion allele can be made by



knocking the human AML1 cDNA into the TEL locus, together with a Sleeping Beauty transposase.

Mice carrying the TEL-AMLT allele have significantly reduced survival relative to controls, and this is accelerated
further when the allele is combined with transposons.

In human tumors carrying the fusion allele, there are mutations in CDKN2a, PAX5, EPOR and IKZF1. However,
the mouse tumors only have mutations affecting EPOR and IKZF1, and mutations associated with the genes
LEF1, EBF1 and TCFA4.

PAX5 is a key driver of B-cell development. Upstream of PAX5 in the pathway is EBF1 and downstream are
LEF1 and TCF4. For some reason, the transposon can mutate these particular genes, but cannot seem to
mutate PAX5, the key driver.

This suggests that these transposon approaches mutate genes in cancer pathways, but not necessarily the
cancer genes themselves. And this may in some respects account for the large number of genes discovered
by the screens.

In support of this, the screens performed have found very few big hitters in each malignancy. For example,
none of the screens performed have found mutations associated with p53.

Next-gen sequencing has also been used to analyze genomes of mouse cancers. In a pilot study, two tumors
representing models of basal-like, lobular and high-grade intraductal carcinoma (see Jonkers, page 99)
have been sequenced.

From the structure of the genome, paired-end sequencing data identified rearrangements as being intra-
or inter-chromosomal. What's immediately evident when comparing two human basal-like tumors with
corresponding mouse tumors of the same genotype is that the mouse tumors contain significantly fewer
rearrangements compared with the human tumors.

This is probably because the genomes of these mice have been engineered with strong driving mutations,
and don’t have the opportunity to acquire the load of mutations that occur in human tumors. However, not
all mouse tumor genomes are created equally. There are significant differences in the structural
rearrangements that occur between these different genomes.

As in the human breast cancer genomes that have been sequenced previously, these genomes have in-frame
fusion genes formed by segmental duplication or deletion. These fusion products are expressed in each of
the tumors, but not in the normal samples.

The genomes also contain features such as homozygous deletions. For example, a homozygous deletion
within the LRP1B gene creates an in-frame fusion gene. This particular homozygous deletion occurs in about
5% of human cancer cell lines, as identified by CGH analysis by Sanger’s cancer genome project.

One particular feature observed in the sequencing of human cancer genomes is a tandem duplication
phenotype, which is absent from mouse genomes. It may be that the mouse genome functions differently
than that of the human in response to the deletion of these genes. These observations suggest that some
aspects of tumorigenesis or the tumor genome are conserved, but not others.

Perfect models:

In ALL, one of the key drivers is PAX5. Disruption of PAX5 causes a block in the normal differentiation of
B-cell lineage. Human tumors show deletions of PAX5, point mutations, and also translocations that disrupt
the gene.

When PAX5 heterozygote mice are injected with the point mutagen N-ethyl-S-nitrourea (ENU), there is a
dramatic acceleration of tumor formation compared with wild type mice given ENU.
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For example, one of the genes that is recurrently mutated in mouse tumors is SH2B. This gene carries two
stop codons and one frameshift mutation in the sequence of mouse B-ALL tumors. In human B-ALL, this
gene has been found to be recurrently focally deleted.

Over the past year, several different mouse models, including those for mesothelioma, melanoma and acute
myeloid leukemia, have been sequenced to generate an overall profile of the patterns of mutations.

The tumor type with the most sequence data available is osteosarcoma. A direct comparison of the exome
sequences of mouse and human osteosarcomas shows that about 10% of genes are recurrently mutated
in both mouse and human. The optimists would say this illustrates that the mouse is a powerful biological
filter, whereas the pessimists would say this shows that mice are not good models of human disease.

In summary, transposon work generates a long list of genes, and there are interesting questions about whether
the transposon tumors form with different kinetics. There is some evidence to suggest that transposon
insertions mutate cancer pathways at multiple sites. It's also clear that, although this approach hits many
genes known to be cancer drivers, some genes are conspicuously absent.

However, there’s strong indication that many genes identified in these screens are important in human
tumorigenesis. Mouse models can exquisitely recapitulate human disease, in some cases down to the amino
acid level. Careful analysis of the mouse cancer genome is important to fully assess the fidelity of these
models as preclinical models for each human disease.

models for genetic discovery

Figure 4

LRP1B is homozygously
deleted in both human
and mouse tumors.
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Targeting KRAS oncogene
signaling in mouse models
of cancer

A report on a lecture by
Mariano Barbacid
Centro Nacional de Investigaciones Oncologicas, Madrid, Spain

KRAS oncogenes are implicated in about one-fourth of all human cancers, including non-small cell lung cancer
(NSCLC] and pancreatic ductal adenocarcinoma [PDAC]. Unlike lung epithelial cells, acinar cells of the pancreas
are highly resistant to oncogenic insults, and are not transformed by a KRAS oncogene even in combination
with loss of p53 or p16INK4a/P19ARF tumor suppressors. But KRAS oncogenes can transform adult acinar
cells if the mice suffer from mild pancreatitis, which induces tissue injury followed by innate and adaptive immune
responses. Attenuation of this inflammation thwarts PanIN expansion, but does not prevent tumor
development. The results suggest that anti-inflammatory treatment for pancreatitis may reduce the risk of
PDAC. A mouse model of PDAC is being used to systematically eliminate components of the immune system
and identify the primary cells responsible for the pro-tumorigenic effect. Mouse models have also been used
to validate targeted therapies using genetic approaches. For example, they have uncovered a synthetic lethal
interaction between KRAS oncogenic signaling and lack of CDK4 expression that leads to the immediate onset
of senescence. Ablation of the BRAF kinase has no significant effect on tumor development in KRAS oncogene-
expressing lung cells, but CRAF expression is essential for the onset of NSCLC. Mariano Barbacid suggested
that the information derived from these studies can help initiate drug discovery programs to treat KRAS oncogene-
driven cancers.

The lung is a simple organ, divided into bronchioli, bronchialveolar duct junction (BADJ) and the alveoli. It has
five types of cells: type | and type Il alveolar cells, clara cells and variant clara cells, and bronchialveolar stem
cells.

To an existing mouse model of lung cancer (see Jacks, page 73), another mutation was introduced in order to
eliminate the normal allele and speed up oncogenesis. If tumors get to a certain point in 6 months with wild
type KRAS, tumors without wild type KRAS take only 4 months to get there.

The other change for experimental
reasons is to introduce a color
marker in a bicistronic fashion.
When 4-hydroxy tamoxifen is added,
it turns on Cre, the oncoprotein is
expressed, the normal protein is lost,
and the color marker is expressed.

Figure 1
KRAS-expressing cells
in the alveolar region
are able to proliferate
in a sustained manner.

At the same time, giving only a little
bit of tamoxifen ensures that single
cells can be identified in individual
regions, without being masked by an
overwhelming number of KRAS-
expressing cells.

As measured by the surrogate 3 months
marker, a single injection expresses




Figure 2

Expression of the KRAS
oncogene corresponds
with surfactant protein C.

the oncogene in about 0.2% of cells of the entire lung. The mice are then sacrificed 1, 2 or 4 weeks later.
At 4 weeks, about 2% of cells have undergone at least 6 cycles of cell division.

KRAS-expressing cells are generally uniformly distributed in the main areas of the lung, including the alveoli,
BADJ and bronquioles. However, only those KRAS-expressing cells located in the alveolar region are able to
proliferate in a sustained manner. These proliferating cells have been identified as type Il alveolar cells based
on the fact that they express the SPC marker.

By loose quantitative analysis, at 2 weeks, there are about 4 cells in the alveolar region. At 1 month, the cells
have proliferated to about 20. Then at 3 months, there are hyperplastic areas throughout the alveoli, but there
is no senescence or cell death.

At 2 weeks in the BADJ, the numbers are similar to those in the alveoli. But at a month, they remain at these
low numbers, rather than proliferate actively as they do in the alveoli. The same is true for clara cells.

In a small area of maybe 20-30 cells, staining for B-galactosidase, which is the surrogate for the KRAS oncogene,
corresponds with surfactant protein C, which stains clara cells. However, there are some SPC-positive cells
that do not express KRAS.

Among type Il cells, there is a perfect correspondence with oncogene-expressing cells, suggesting that only
type Il alveolar cells are capable of proliferating as a consequence of KRAS.

Clear differences:

These proliferating cells may be mature type Il alveolar cells, as the numbers are probably too high for them
to be stem/progenitor cells. Because the number of clusters that become adenomas or adenocarcinomas is
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small, it is also possible that only ‘clusters’ derived from stem cells progress to form tumors. Alternatively,
tumor formation may be a stochastic process that occurs by accumulation of mutations or errors in any cluster.

An expression profile analysis on the hyperplastic areas helps explore these possibilities. In this type of analyses,
there are clear differences between hyperplastic and normal areas. Of 7 samples, 4 show a near-perfect correlation
to previously published results by others. However, the remaining 3 have a pattern that is similar to that of normal
areas.

At the top of the ladder are two genes, DDR1, a tyrosine kinase receptor also called PTK3, among other names,
and serpin B5 (SPB5), a serpin protease inhibitor. This particular member of the family doesn’t have enzymatic
activity, but is a tumor suppressor.

Antibodies against DDR1 and SPB5 show that areas that are positive for DDR1 are negative for SPB5 and vice
versa. It is possible that there are two classes of alveolar type Il cells, and the expression of the KRAS gene is
one set leads to DDR1 and in the other to SPB5.

In these mice, turning on the oncogene results in big tumors 10 months later. The tumors can be divided into
two classes based on SPB5 expression. It is not clear whether the SPB5-negative ones are always DDR1-positive.
The difference in SPB5 expression could be a result of clonal expansion or could be a mix of cells grown in the
same area.

Likewise, in a set of 84 non-small cell lung carcinomas, the majority express one or the other marker.
Adenocarcinomas all express DDRI, whereas squamous and large cells express SPB5. The rest of the tumors
are double positive, and there is one double negative.

Target validation:

There is a surprising synthetic lethal interaction between expression of KRAS and loss of CDK4 that leads to
an immediate senescence and prevents cell proliferation?. This event is unique to lung cells.

Eliminating CDK4 alleles, but not CDK2 or CDK6 alleles, from advanced tumors detectable by computed tomography
induces senescence and prevents tumor progression. But one has to be careful not to over-interpret the results,
as this is stable disease at best. If anything, CDK4 inhibitors may someday be used in combination with other
drugs because by themselves they do not do much.

A similar analysis of the kinases directly downstream of RAF shows that KRAS signals through CRAF but not
through BRAF. When BRAF is eliminated, tumor initiation is unaffected, but when CRAF is deleted, there is no
tumor initiation. The few tumors that develop all retain CRAF expression, suggesting that they escaped?.

Ablation of both MEK kinases or both ERK kinases also completely prevents tumor development. This indicates
that the bottleneck of signaling is not at the level of RAF, but at the level of MEK.

Figure 3
KRAS RERT non-small cell
lung cancer model.
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Figure 4

EGFR and KRAS oncogene-
driven pancreatic ductal
adenocarcinomas.

Unfortunately, complete elimination of MEK or ERK kinases in about 50% of the cells leads to the rapid death
of mouse. Mice expressing one MEK allele, either MEK1 or MEK2, survive for at least 9 months, although there
are some deaths.

However, the goal is to validate CRAF in tumors that are already formed, not just in tumor initiation.

A modified form of the pancreatic cancer model includes frt-stop-frt instead of the usual lox-stop-lox strategy.
In this model, a flippase can induce the tumor, and once the tumor is positive by CT or PET, tamoxifen is added
and the response assessed.

The results are encouraging. The mice survive when CRAF is eliminated but elimination of BRAF has only a
tiny effect. With CRAF alone, there is some tumor regression, but it is a small effect and unlikely to lead to a
cure. It may help to identify targets for inhibitors, however.

There are experiments under way in which the p53 allele is also being introduced at the same time. Kinase-
dead alleles are also being generated, as it is not the same to eliminate the protein as it is to make it inactive.
Kinase-dead alleles for CDK4 and CRAF have already been made. With the CDK4 kinase dead allele, there is
not much difference, and in fact, there is less effect than when the protein is eliminated.

A mouse clinical trial platform is also being established to test combinations of genetic and selective inhibitors.
The premise is to take a strain in which the tumor is already compromised — for example, by eliminating CRAF
and expressing kinase-dead CDK4 — and then hit it with whatever is in the clinic.

To combat tough tumors, it may be necessary to give patients combinations of as many as é drugs at once that
are selective for the main pathways including MET, EGFR, PI3K, Notch and Hedgehog.

This is difficult to do without too much toxicity but at the same time, based on sequencing data, hitting just one
point in a pathway is unlikely to be effective. All of the targets have to be validated in more aggressive NSCLC
models carrying mutations in key tumor suppressors such as p53 null alleles.

Poor patterns:

Sequencing studies show that, disappointingly, there is no pattern to the mutations. Early lesions in more aggressive
and metastatic tumors will also be sequenced, but in 2 mice with adenocarcinomas, mutations in one mouse
are totally different from mutations in the other.

In a pancreatic cancer
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are even better because by giving doxycycline in the drinking water to the pregnant mothers, expression of the
oncogene can be delayed until the animals are adults. Because pancreatic cancer is a disease of adults, this
model is more appropriate.

However, this model does not develop any tumors. The adult acinar cells are resistant to KRAS, and the mice
only develop tumors when the pancreas is damaged by pancreatitis3.

In general, blocking the EGFR/RAS/PI3K oncogenic cascade is a bad idea, particularly because of feedback loops.
Normal acini do not express EGFR. However, even the earliest lesions, called metaplasia, already expressing
EGFR, and all PanINs, whether low-grade or high-grade or tumor, also express EGFR.

In the mice that are given pancreatitis, acinar cells in even relatively normal looking pancreatic areas express
EGFR. The same is true in human cells. Normal acini in human samples do not have any EGFR. But in biopsies
from people with pancreatitis, the so-called normal acinar cells already express high levels of EGFR.

Also, cells in different stages of tumor development, from metaplasia all the way through to metastasis, all
express EGFR. In the lung, EGFR mutations and KRAS mutations are mutually exclusive. And in the colon, patients
with KRAS mutations are not given cetuximab.

Mice with oncogenic KRAS alone survive for a long time. At 1 year of age, only about 10% of the mice are dead.
When the double tumor suppressor p16INK4a/p19ARFlx/lox is introduced, the tumors are very aggressives.

However, if EGFR is eliminated, not only do the mice survive, there are no tumors, no lesions, and not even
early-grade PanINs. The few lesions that do develop express EGFR. When EGFR is eliminated in the lung or in
the intestine, however, there is no increase in survival.

EGFR is essential for tumor initiation or even PanIN initiation. In mice that are wild type for p53 and EGFR, if
p53 is eliminated, the mice die in 20 weeks. If EGFR is eliminated, once again the mice die, but this time, there
is 83% increased survival. Loss of p53 somehow activates oncogenic pathways independent of EGFR signaling
to promote pancreatic cancer.

Allthis is in tumor initiation. To repeat experiments in tumor progression, tumors were cultured and the experiments
conducted in early explants. In this system, eliminating EGFR by shRNA has a big effect on representative tumors
with only oncogenic KRAS, with KRAS and loss of p16 and p19, or KRAS and loss of p53. But if these explants
are maintained, the cells will grow, suggesting that the patients develop tumors despite the therapeutic effect.

The goal now is to identify those pathways that the p53 knockout activates that cannot be turned off in the absence
of EGFR. Two pathways were chosen to begin with: STAT3 and a PI3K inhibitor. Neither of them has much effect,
but when combined, the effect is dramatic. This is preliminary data, but it creates a base to test other inhibitors
and see which ones might have an effect.
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BRAF deletion enhances mutant
KRAS-driven tumorigenesis in vivo

A report on a lecture by
Leisa Johnson
Genentech Inc., South San Francisco, USA

KRAS and BRAF both frequently acquire gain-of-function mutations in human tumors, but the mutations
are mutually exclusive, suggesting that the two genes have overlapping, redundant functions. In conditional
mouse models of KRAS612D-driven non-small cell lung cancer and pancreatic ductal adenocarcinoma, deletion
of one or both alleles of BRAF significantly enhances lung tumor burden and disease progression, leading
to decreased overall survival. These findings are in contrast to others who have reported a unique requirement
for CRAF in these models. By immunohistochemical staining, a fraction of tumors in the double heterozygote
mice show complete loss of BRAF expression, suggesting that BRAF functions as a suppressor of oncogenic
KRAS signaling. Various experiments also suggest that although BRAF may be dispensable for MAPK pathway
activation, it serves a critical role in suppressing oncogenic KRAS-induced transformation by regulating
CRAF activity and establishing negative feedback regulation of constitutive mutant KRAS signaling.
Leisa Johnson described these experiments, as well as preclinical interrogation of genetically engineered
mouse models and orthotropic models to address some of the contentious work on anti-angiogenic inhibitors.

There have been many knockout mouse models that have tried to address the role of effectors downstream
of oncogenic RAS and their role in tumorigenesis. Knocking down most of these effectors inhibits oncogenesis.

Similar experiments were done to determine whether effectors in the RAF/MEK/ERK signaling cascade would
also inhibit tumorigenesis.

These experiments relied on BRAF rather than on CRAF. ARAF, BRAF and CRAF are highly homologous,
but have different signaling epitopes and roles in the process. CRAF is more tightly regulated, but BRAF
appears to be the primary kinase, coupling RAS with MEK/ERK signaling in the cell. BRAF is also most
frequently mutated in human cancer.

Knocking out CRAF has shown that it is required for KRAS612D-driven mutagenesis in the lung’.2. By contrast,
others have reported that knocking out BRAF has little impact and, if anything, may even delay tumorigenesis
and increase overall survival.

However, the following experiments .

. Figure 1
have found the opposite result: In both _ K KB KBB _ BRAF expression in
non-small cell lung cancer (NSCLC) 4 : : KRASG120-driven tumors.
and pancreatic ductal adenocarcinoma
(PDAC], BRAF deletion decreases
overall survival in KRASG12D-driven
carcinomas.

With both heterozygous and
homozygous loss of BRAF, a time
course analysis using microCT found an
increase in overall tumor burden,
driven by an increase in tumor number.




Figure 2

BRAF deletion increases
CRAF membrane
localization and decreases
negative feedback.

These experiments used BRAF immunohistochemical staining (IHC) as a marker to determine the popout
rates in the tumors. BRAF IHC is sensitive to copy number, and detects full expression, heterozygote expression
or loss of expression. In some of the heterozygote mice, there is a complete loss of the other copy of BRAF,
and an indication of inefficient popout in the BB mice.

By laser capture microdissection of the tumors also, heterozygote BRAF mice appear to be losing the other
wild type copy, suggesting that BRAF may act as a tumor suppressor.

To analyze this further, more than 1,000 lesions were counted for each genotype, and the time frames broken
down into more or less than 20 weeks after induction. The tumors were scored for atypical alveolar hyperplasia,
the earliest stage of disease, benign adenomas, and low- and high-grade carcinomas.

In mice both less and more than 20 weeks after induction, there was a distribution change in the frequency
of late-stage disease, with a decline in the earliest stage lesions and a compensatory increase in adenomas
and adenocarcinomas. The data suggest that loss of BRAF accelerates Kras&12D-driven tumor progression.

However, analysis of the Ki67 index in these tumors shows no difference between the two groups of mice.
There are also no discernible differences in the Kié7 index between the earliest benign lesions and later-
stage disease, suggesting that loss of BRAF does not significantly alter overall tumor proliferation.

BRAF loss also does not affect levels of phospho-ERK. However, there is a trend towards increased pERK
in KB and KBB animals, which is accounted for by an increase in adenocarcinomas.

Signaling effects:

These findings have been difficult to parse in vivo. Mouse embryonic fibroblast lines have been generated
to try and assess the events better in vitro. Two different clones have been made for each of these lines,
using lenti-Cre-loxp self-excising virus so that there is no long-term Cre expression.

Once the entire population has fully deleted both copies of BRAF, the mice consistently have a higher
proliferation rate than either the controls or the heterozygotes. Mirroring the overall survival patterns, the
heterozygotes also have a proliferative advantage.

Biochemically, in both the heterozygote and homozygote mice, loss of BRAF induces and augments CRAF
activation and downstream effector signaling.

For example, there is an increase in the activation of pCRAF at serine 338 following epidermal growth factor
(EGF) induction. There is

GF Membrane also augmented expression
wRTK (Particulatel) Membrane fraction | of pMEK and pERK, but
ol lp 4 Kras Het importantly, the pathway
g i sg:f ) w o gets down-regulated. pAKT
is also elevated for a more
= Braf | s | sustained time but down-
Negative| regulated following EGF
feedback|
i pHERS/Z E induction.
— g In KRAS heterozygotes with
Crmpiic L wild type BRAF, there is
oluble
always some basal amount
Crafs33e |ee
== E of signaling in this pathway
LRP6 s -I under starvation conditions.
EGF induction typically
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increases downstream signaling and increases phospho-serine 338 levels at the membrane.

However, when BRAF is deleted, CRAF may automatically translocate to the membrane, resulting in at least
a two- to three-fold increase in pCRAF, and in pERK and pMEK signaling. When the pathway is now induced
with EGF, it starts translocating faster into the nucleus and starts dampening down.

The loss of BRAF also increases colony number. Unsurprisingly, this growth is more dependent on CRAF
than on ARAF3. When a BRAF inhibitor is used, it binds to BRAF and dimerizes with CRAF. Homodimers of
CRAF activate this pathway, and there is still some negative feedback. In the case of BRAF null, CRAF is
up-regulated at the plasma membrane, and there is enhanced signaling in response to growth factors or
even at the basal state.

To summarize, BRAF is a unique effector that suppresses KRAS612D-driven tumorigenesis via tighter negative
feedback regulation. BRAF loss increases tumor number and burden, decreases overall survival in mouse
models of NSCLC and PDAC, accelerates tumor progression and increases proliferation in vitro, and results
in enhanced pCRAF membrane localization and downstream signaling.

Exploring angiogenesis:

Angiogenic inhibitors are currently controversial in the field. Genentech’s Avastin or bevacizumab has been
shown to have significant efficacy in different tumor types. The extent of that benefit depends on tumor type,
and it is approved for NSCLC, metastatic colon and renal cancers, and recurrent glioblastoma multiforme
(GBM).

A'significant issue with the drug is
that there is no predictive
biomarker that can help select
patients most likely to respond to
therapy. However, recent work
suggests a promising signature
that is translating well into the
clinic in retrospective analyses.

Figure 3

Short-term «x-VEGF
treatment does not
accelerate the onset of
metastases in PNETs,
but sunitinib does.

Regional Lymph Node

The clinical evidence to date
suggests that tumors will
eventually escape therapy
targeting the vascular endothelial
growth factor (VEGF). A major
confounder is that once a patient
experiences an adverse event,
they discontinue the drug, making
it difficult to interpret the observations. A recent ovarian cancer trial, which failed in phase Ill, suggests
that prolonged treatment achieves better results.

It's important to establish optimal duration and combination for dosing with anti-VEGF as well as other anti-
angiogenic drugs. It's also critical to elucidate mechanisms of inherent refractoriness and resistance in
response to this therapy.

Does the choice of molecular inhibitor influence effects on tumor invasiveness and metastatic potential?
And is this tumor type- and model-specific, which the clinic is tending to indicate?

Experiments to address these questions relied on several different inhibitors. Genetech has a monoclonal



antibody called B20-4.1.1, the Avastin equivalent for mouse studies. The goat anti-mouse VEGF antibody is
likely to have problems in an immunocompetent mouse. DC101 is a monoclonal antibody that binds to VEGFR2
and blocks VEGF binding and signaling. Finally, sunitinib is a small molecule inhibitor that binds to all three
VEGF receptors as well as several other RTKs.

The experiments used four different genetically engineered mouse models. RIP-Tag2 is a neural endocrine
model that uses SV40 T-antigen to functionally inactivate the RB and p53 tumor suppressor genes. Because
of oncomouse patent issues, an in-house version of RIP-Tag2, dubbed RIP-TR Antigen, was developed.

Another model also functionally inactivates RB and p53 through the expression of adenovirus Cre into the
lung following intranasal administration. Two KRAS-driven tumors, one of the lung and one of the pancreas,
were also used.

In the RIP-TB Ag, overall tumor burden decreases with both anti-VEGF and sunitinib, but only anti-VEGF
achieves statistical significance. Importantly, sunitinib treatment increases the number of tumors. Both
treatments significantly decrease microvascular density by about 30-50%, and both increase overall survival.

In the neuroendocrine SCLC model, by contrast, treatment lowers vascular density. The mice are not responsive
to single agents but they are highly responsive to the chemotherapeutic doublet of carboplatin and CPT-11
that is commonly used in the clinic.

When an anti-VEGF agent is added to that combination, there is a slight further reduction in overall tumor
burden over 6 weeks. That correlates ultimately to a quadrupling in the median overall survival which, in
this model, is highly significant.

Quantitative analysis:

Quantitative analysis reveals that sunitinib treatment significantly increases the tumor number for both invasive
carcinomas 1 (IC1s) and IC2s. Single agent anti-VEGF also shows a statistically significant increase in the
invasive borders, but only in the IC2s. So, the two drugs differ in their effects on tumor morphology.

Sunitinib also shifts the tumor distribution, with a decrease in the islet adenomas, and a concomitant increase
in IC2s. Single agent anti-VEGF also shows a significant increase in IC2s, but not much of an impact on
either islet adenomas.

However, even though there is an increase in invasive borders, it does not have a clear effect on metastasis.
Sunitinib results in significant increases in both lymph node metastases and liver metastases, the two most
common sites, and an overall rate that is significantly higher than that of controls or anti-VEGF.

The results are similar in the SCLC model. Analysis of up to 140 lesions shows no significant increase in
late-stage disease. Importantly, this was done at 14 days, but even long-term, in mice that have been on
the drug for up to 7 months, there is no change in the overall distribution.

In the short term, there is also no significant change in metastases, and longer term, the combination of
anti-VEGF with chemotherapy extends the time it takes to see local metastases at lymph nodes and distant
metastases in the liver.

If a drug affects the invasiveness and metastatic potential of tumors, withdrawing it would be expected to
accelerate tumorigenesis. This phenomenon is known as rebound.

In the RIP-TRB Ag mice or the SCLC mice, discontinuing anti-VEGF doesn’t increase microvascular density
or metastases. Overall, there is no evidence for rebound following discontinuation of anti-VEGF4.

When data from five different trials — two colorectal cancer trials and one each of renal, pancreas and breast
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cancers — were analyzed retrospectively, those results Figure 4
also showed no evidence of rebound. In fact, one trial BMECA.32 _BIRCAIl ] Elevated dosage of

. . . . "o S ahe o8 sunitinib compromises
showed a significant improvement in time to progressive . barrier function in the lung
e q microvasculature.

disease. These trials also did not show any difference in
the spectrum or incidence of metastasis.

This observation supports a model in which disruption of the microvascular barrier is the primary injury
event following treatment with elevated sunitinib, which may subsequently elicit the observed downstream,
pro-inflammatory effects.

Vehicle

Giving anti-VEGF continuously from an early stage of the
disease delays progression. When the NSCLC model mice
are treated with anti-VEGF for 14 weeks, after 2 weeks
of induction, they show mostly atypical alveolar
hyperplasias, significant decreases in tumor burden and
a delay in progression to advanced disease.

Sunitinib

At the end of 14 weeks, there is no increase in metastases
in mice treated with anti-VEGF relative to controls, either
alone or in combination with chemotherapy. So, at least
in these four GEMMs, there is no difference in metastasis
rates.

When BALB/c mice are pretreated with sunitinib, serafinib
or gleevec for 7 days and then inoculated with 66c14, a
murine breast cell line, all three inhibitors increase the
number of mets that can seed and outgrow in the lung.
However, anti-VEGF, anti-PIGF, DC101 or soluble FLT1 do
not show that effect.

Using Ricinus lectin shows that 7 days of treatment with
sunitinib induces leaky vasculature within the normal lung
niche, increasing the extravasation of tumor cells. By
contrast, anti-VEGF does not increase Ricinus staining.

Bradyldrin Sunitinib (1X) Anti-VEGF Anti-RW
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Deconstructing pa3 pathways
In vivo using mouse models

A report on a lecture by

Laura Attardi

Departement of Radiation Oncology and Genetics, Stanford University
School of Medicine, Stanford, USA

The tumor suppressor p53 is a transcriptional activator that can induce numerous target genes, but it also
displays other biochemical activities. Analysis of p53 knock-in mouse strains expressing mutants altered
in the first, second or both transcriptional activation domains (TAD) reveals that the TADT mutant p5325.26
is compromised for transactivation of most known p53 targets, but retains the ability to activate a few primarily
novel target genes. By contrast, the TAD2 mutant p5353.5 retains wild type transactivation potential, and
the quadruple mutant p5325.26, 53,5 |acks transactivation activity altogether. Although p5325.26 cannot induce
growth arrest or apoptosis in response to acute genotoxic stress, it suppresses the development of tumors
in mouse models of non-small cell lung cancer, B and T-cell lymphomas and pancreatic cancer, indicating
the clear distinction in p53 responses to acute DNA damage and oncogenic signaling. Comparing the gene
expression profiles of cells expressing the different p53 variants generated a list of mostly novel p53-dependent
genes that are likely to be important for tumor suppression. Most of these genes are direct p53 targets
and encode proteins with tumor suppressor activity. Laura Attardi addressed the importance of mitigating
the deleterious p53-dependent side effects of DNA-damaging radiation and chemotherapies while preserving
p53 tumor suppressor function.

Data from human both sporadic and hereditary cancers have shown that p53 is a critical tumor suppressor.
Mice lacking p53 develop cancer at 100% frequency. What's more, when p53 deficiency is in the background
of other tumor models, it virtually always accelerates or enhances tumorigenesis. Mice are therefore useful
models to understand the mechanism by which p53 functions.

p53is also a cellular stress sensor. It responds to a plethora of diverse stress signals, including DNA damage,
hypoxia, oncogene expression and nutrient starvation. These stresses cause p53 to activate any of several
cell fates, such as a temporary cell cycle arrest, senescence or apoptosis. And all of these responses are
thought to contribute to p53's activity as tumor suppressor.

p53 also has numerous physiological and Figure 1
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Figure 2
Defining the role of p53
transactivation function.

The protein was also thought to have originally played a role in protecting the germline from genotoxic damage.

Downstream of oncogene expression, p53 promotes senescence and apoptosis as safeguards against tumor
development. The mechanics of this activity are poorly understood, but this understanding is important clinically
because it would be optimal to find ways to minimize the side effects of cancer therapies without perturbing
p53’s tumor suppression function.

p53 is a known transcriptional activator and, as such, has a DNA-binding domain, a transactivation domain
(TAD) and an oligomerization domain. It binds to consensus sites in a variety of genes, and to mRNAs, lincRNAs
and microRNAs to drive their activation.

What's perhaps less known is that p53 has a number of diverse biochemical activities. For example, it plays
arolein transcriptional repression and in various other DNA-based processes, including replication, repair
and recombination. It also has some cytoplasmic functions, the best characterized of which is its ability to
perturb mitochondrial membrane integrity through its interaction with BCL-2 family members.

Independent effects:

A number of target genes downstream of p53 are known to be involved in cell cycle arrest, apoptosis and
senescence programs. But strikingly, mice lacking these genes don’t show a clear cancer predisposition.
For example, mice lacking p21 are defective in the cell cycle arrest response to DNA damage, and those
lacking PUMA have a faulty apoptosis response to DNA damage, but even mice lacking both p21 and PUMA
do not develop cancer.

This begs the question, what is the role of
TAD1 TAD2 DBD oD transcriptional activation in tumor suppression?
p53*% I T W Are there new critical p53 target genes to be
25,26 identified, or is transcriptional activation not
p53%%5¢ C e | relevant? To parse the target gene activation
53,54 function of p53 from its transactivation-
p53202653:54 O Y | independent effects, a panel of knock-in mutant
25,2653,54 mice were made by introducing transcriptionally

defective mutants in the p53 locus.

The p53 TAD is bipartite. The knock-in mutant mice have alterations in TAD1, TAD2 or both. Human p53
with mutations in residues 22 and 23 of the first TAD domain (corresponding to mouse residues 25 and 26)
has been shown in reporter assays to be severely compromised in transactivation, but retains sequence-
specific DNA binding activity. p53 protein with mutations in residues 53 and 54 in TAD2 is partially compromised
for transactivation in reporter assays. A quadruple mutant with mutations in residues 25, 26, 53 and 54 is
completely defective for transactivation.

These knock-in mutants are conditional, carrying a lox/stop/lox cassette, and adenoviral Cre is used to activate
expression of the mutants. This is a tight system, with widespread expression of the p53 mutants.

When gene expression in p53 wild type cell lines is compared with expression in the mutants, surprisingly,
the p53%3.54 mutant looks like the wild type. The quadruple mutant is reminiscent of a p53 knockout in that
it does not transactivate targets. However, this mutant does bind DNA, as shown by chromatin
immunoprecipitation. The most interesting and most informative mutant is p5325.2¢, which, at the microarray
level, looks intermediate between wild type p53 and p53 null cells?.

To expand these observations, Northern blot analysis was used to examine several classical p53 target genes,
and p53%3.54 again looks like wild type whereas the quadruple mutant looks like a p53 null. And p5325.2¢ has
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an important phenotype in that it is compromised for activation of most p53 target genes, but retains the
ability to activate a select few, including BAX2.

When mice are irradiated, p5353.54 and wild type both show robust apoptosis in the ‘radio-sensitive’ organs
— spleen, thymus and small intestine — as seen by TUNEL staining. By contrast, mutations in TAD1 abolish
the ability of p53 to drive apoptosis, either alone or in combination with TAD2 mutations.

This finding suggests that p53’s full transcriptional activation potential is critical for it to drive responses
to acute DNA damage. This fits with what is known about some of p53’s target genes: p21 is a critical cell
cycle mediator of p53’s ability to induce G1 arrest in response to DNA damage, whereas NOXA, PERP and
PUMA play important roles in apoptosis downstream of DNA damage.

Dispensable function:

The mechanism of p53 action may be different downstream of different oncogenes or in different
microenvironments. In the activated KRAS-driven lung tumor model, adenoviral Cre activates KRAS expression
and drives the formation of non-small lung cancer. In the backdrop of p53 nullzygosity, there is progression
of tumors.

At 12 weeks of age, like wild type p53, the p5325.26 TAD1 mutant surprisingly efficiently suppresses tumor
development in the lung. So, despite its inability to activate most known p53 target genes, it's completely
effective in suppressing cancer. The p53%35 mutant is also efficient at tumor suppression, which is perhaps
unsurprising given its active transcriptional profile. With the quadruple mutant, there is a dramatic reversal
of tumor suppressor activity, and robust tumors are observed in the lung.

These observations suggest that TAD1 and efficient transactivation of most p53 target genes are dispensable
for tumor suppression3. Transactivation is important for tumor suppression, however, because when both
TAD1 and TAD?2 are mutated, tumor suppressor activity is largely lost.

p53 null mice also spontaneously develop primarily thymic lymphomas. By immunohistochemical staining,
the Rosa 26 Cre-ER allele does not induce p53in all cells in the thymus. The thymus has a mixed cell population
of cells expressing the mutant, as well as some that fail to recombine the stop elements and therefore remain
p53 null.

When these cohorts are treated with tamoxifen, p53 wild type mice are alive whereas the p53 null mice die
very quickly. p5325-26 mutant mice and the quadruple mutant mice both look indistinguishable from the p53
null mice, with identical kinetics of tumor formation.

However, when the tumors are analyzed for their p53 status, tumors in the p5325-26 mutant mice never express
p5325-26, suggesting that tumor formation is incompatible with expression of this mutant. By contrast, the
quadruple mutant mice have tumors expressing that mutant of p53.

These observations basically suggest again that, as in the lung cancer model, p5325-26 is a tumor suppressor.
The null cells therefore have a selective advantage and outgrow to form a tumor, whereas the quadruple
mutant is inactive and cells

Figure 3
derived from these mice can p5325.26 suppresses tumor
readily form tumors. development.

The E-p-MYC lymphoma model
and activated KRAS-driven
pancreatic cancers both show
the same kind of pattern, where
tumors form with expression of




Figure 4

Tumor suppression-
associated p53 targets fall
into numerous functional
categories.

the quadruple mutant, but not with expression of the p5325-26 mutant. These data suggest that the p5325-2¢
mutant is universally active as a tumor suppressor, whereas the quadruple mutant is noté.

In summary, complete p53 transactivation, mediated by TAD1, is required for acute DNA damage responses
in vivo. Complete p53 transactivation is dispensable for senescence and tumor suppression, however.
Transactivation is critical for all p53 activity, as the quadruple mutant has loss of all activity.

The findings suggest that mechanisms by which p53 triggers responses to acute DNA damage and to oncogenic
signals are different. TAD1 is prominent for DNA damage response, and either TAD1 or TAD2 can work in
the setting of oncogenic stress.

Because of its selective ability to activate only a small set of p53 target genes efficiently, p5325-26 can be
used to identify those genes most important for tumor suppression.

Direct targets:

When wild type and p53 null mouse embryo fibroblasts are compared, more than 1,000 genes are differentially
expressed. By defining genes activated efficiently in cells with tumor suppressor active genotypes
(wild-type p53, p5325-26, p5353.54] relative to cells with tumor suppressor inactive genotypes (the quadruple
mutant and p53 null) a more limited list of 130 differentially expressed genes can be generated.

By and large, the tumor suppression gene expression signature segregates human breast cancers with wild
type p53 from those with p53 mutation pretty efficiently. Similarly, breast cancers that have higher expression
of the gene set tend to have better survival than those with lower expression, indicating that this gene set
is relevant in human cancer.

As an additional filtering step, the list of 130 genes can be narrowed down to those that are commonly down-
regulated in mouse and human cancers, based on the EBI gene atlas. This generates a limited set of 14
genes that are potentially novel tumor suppressor targets of p53.

These genes are always more highly

Acute Oncogenic expressed in wild type than in p53 null
% DNA Damage Signals cases. Interestingly, only one of these,
PHLDAZ3, is a known p53 target gene. The
genes fall into three major functional
categories, encoding proteins involved in

regulating actin dynamics, cell signaling,
and DNA repair.

All of these genes are p53-dependent,
and the p5325-26 mutant effectively
activates them in MEFs and in lung cell
lines. In fact, chromatin
immunoprecipitation reveals that nearly
all of the genes are direct p53 targets, and
are therefore proximal to p53. And
virtually all these genes are activated
when human p53 is stimulated in
fibroblasts.

Cell Cycle
Arrest genes were introduced into HRAS p53-
deficient cells. The genes were cloned

Apophosls Tumor Suppression To examine gene function, the target
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into expression vectors carrying an HA tag, and assessed for their ability to arrest the cell cycle, as measured
by BrdU incorporation.

Compared with GFP as a negative control, wild type p53 robustly inhibits cell cycle progression. Of the target
genes, a couple of genes have no effect on cell cycle progression, but several have a partial effect and inhibit
BrdU labeling.

It makes sense that p53 targets might only partially recapitulate p53 function because a network of targets
presumably collaborates for full p53 function. The data are encouraging because they suggest that these
target genes have activities consistent with tumor suppression.

Knocking down p53 expression causes robust tumor growth when transformed MEFs are implanted into
immunodeficient mice. Using shRNAs against the p53 targets shows that they enhance tumor growth to
varying extents. None of them is as efficient as p53 knockdown, but again, that makes sense given that p53
activates a whole network of targets to induce tumor suppression.

Going back to the bigger list of 130 differentially expressed genes, 55 are genes activated by p53, and only
a small handful are known p53 targets. There are a number of new genes that may be interesting to pursue.

Overall, these new tumor suppression-associated p53 targets fall into numerous functional categories, including
classical cell cycle arrest, apoptosis, DNA repair, actin dynamics, cell signaling and metabolism.
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Epithelial stem cells and
the epithelial-mesenchymal
transition

Areport on a lecture by
Robert A. Weinberg
Whitehead Institute for Biomedical Reasearch, MIT, Cambridge, USA

The progression of primary carcinomas to stages of invasion and metastasis involves complex changes
whose molecular bases have been elusive. The acquisition of many of these phenotypes is associated with
a cell-biological program termed the epithelial-mesenchymal transition (EMT). Once this program is activated,
both normal and neoplastic epithelial cells acquire many attributes usually associated with high-grade
malignancy, including motility, invasiveness, and a heightened resistance to apoptosis. This program is
choreographed by a set of transcription factors normally expressed during embryogenesis and wound healing.
Stromal cells release a spectrum of EMT-inducing signals, including TGF-f3, canonical and non-canonical
Whnts and prostaglandin EZ2, that act in concert to induce EMT. This initial paracrine induction of the EMT
is followed by the expression of the same factors by mesenchymal cells, resulting in autocrine signaling
that maintains the mesenchymal state. Forcing mammary epithelial cells through an EMT confers on them
the additional trait of stemness. Mammary epithelial cell progenitors can spontaneously enter into the stem
cell state without the forced expression of any of the EMT transcription factors, indicating that the
interconversion of progenitors into stem cells and the reverse can both occur spontaneously.
Robert A. Weinberg suggested that transit-amplifying/progenitor cells are the direct targets of the mutations
that drive multi-step tumor progression.

The invasion-metastasis cascade is a complex process, and raises question of how cancer cells acquire
the distinct capabilities that enable them to form metastases at distant sites. One possible solution to this
is a cell biology program called the epithelial-mesenchymal transition (EMT).

This program enables epithelial carcinoma cells to become mesenchymal, and begin to invade into nearby
stroma. Cells that have undergone EMT tend to be on the outer edges of islands of carcinoma cells, and
have acquired expression of the mesechymal marker vimentin.

The EMT program is ancient, and was
present in the ancestors of all modern
metazoans. It can be choreographed
by 6 to 8 different tr