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Abstract The traditional path of drug development passes from in vitro
screening and response assessment to validation of drug efficacy in cell line
xenografts. While xenografts have their merits, historically, more often than not,
they have not served as an accurate predictor of drug efficacy in humans. The
refinement and increased availability of genetically engineered mouse models
(GEMMs) of cancer has made GEMMs an attractive avenue for the preclinical
testing of therapeutic agents. The histopathologic and genetic resemblance of
GEMMs to human cancer are an important measure to evaluate their suitability
for pre-clinical studies and a number of studies using kinase inhibitors have
now been performed in GEMMs. We have highlighted several of the salient
advantages and challenges associated with GEMM studies. Well-characterized
GEM models of human cancer should aide in the prioritization of both estab-
lished and novel therapeutics.
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1 Introduction

Although a cancer researcher might become optimistic in these heady days of
rationally targeted anti-cancer therapies, three trends remain a cause for concern
(reviewed in Kola and Landis 2004; Peterson and Houghton 2004; Sharpless and
Depinho 2006). First, the number of registered pharmaceutical new chemical
entities (NCEs) is not growing rapidly, but instead is leveling off or even declining
over the last decade. As registration of an NCE is the first real stage of drug
development, this observation suggests that novel anti-cancer drugs are still very
difficult and expensive to produce. This fact reflects the second concerning trend:
the failure rate of oncologic drugs that enter human testing is still very high, perhaps
greater than 95%. This observation in turn reflects the third worrisome trend: by a
variety of metrics, most novel anti-cancer therapies fail in human testing because of
the lack of efficacy. For example, the attrition rate of compounds at the Phase II
stage may be over 70%, and the response rate of phase I trials remains low com-
pared to the incidence of toxicity in such studies (Decoster et al. 1990; Roberts et al.
2004). In aggregate, these trends indicate that oncologic drugs remain very hard to
develop, largely because the rare successes have to subsidize the testing of inef-
fective compounds in humans, and that these problems will be with us for much
time. Clearly, one reason for the high attrition rate of anti-cancer compounds is the
lack of predictive preclinical models for drug efficacy testing prior to human use.
Several approaches have been suggested to prioritize would-be therapeutics, and in
this chapter, we will focus on efforts to improve drug efficacy testing in mice using
human cancer xenografts and genetically engineered murine models (GEMMs).

2 Classical Preclinical Testing in Xenograft Models

As described in the previous chapter, drug development usually follows a defined
course. Potential cancer therapies are discovered through in vitro screens or more
recently by targeted drug design. Such compounds are then tested for activity in
vitro using a variety of cancer cell lines, and if sufficiently promising, then tested
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in vivo. In vivo testing typically consists of several parts including an analysis of
pharmacology, pharmacodynamics and toxicology. For several decades, in vivo
efficacy testing has largely been done in one way: through the use of xenograft
models. In these models, cell lines are grown, generally subcutaneously, in
immunodeficient (e.g. SCID) mice. Typically, 106 malignant cells are injected
subcutaneously into the flank, a brief wait occurs, and then therapy with the
potential anti-neoplastic is begun at the first sign of tumor growth, or even before a
tumor appears. An agent is usually considered ‘‘active’’ in these assays if it slows
tumor development (i.e. decreases progression) (Fig. 1a).

Xenograft models offer a number of advantages, including their ease of use,
public availability, and relatively modest infrastructural needs (e.g. long-term
animal housing, imaging, etc). Assuredly, many important studies leading to
changes in clinical care have been done using representative samples of human
cancers grown as xenografts (see for example Peterson and Houghton 2004;
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Fig. 1 Generation of mice bearing xenograft or GEMM tumors. a Xenograft tumors are generated
by bolus injections of human cell lines derived from cell cultures. The cells are amplified to
sufficient numbers in vitro and then injected subcutaneously, (or far more rarely orthotopically) and
allowed to develop tumors. Drug treatment can be initiated prior to tumor formation or in the setting
of a measurable tumor. Subcutaneous xenograft tumor growth is typically assessed by
bidimensional tumor measurements using calipers. b GEMM tumors occur spontaneously or after
conditional oncogene activation or tumor suppressor gene inactivation. Depending on the GEM
model and site of tumor development, mice are screened for tumor formation by palpation (e.g.
melanoma or breast GEMMs) or radiographically (e.g. MRI or microCT for lung tumors). Drug
treatment is usually initiated after tumor formation with the intent of shrinking a measurable tumor
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Sausville and Burger 2006). Moreover, in some instances, e.g. certain rare cancers,
no other small animal model for such cancers exists, and their use in these cases is
undoubtedly preferable to the alternative of none in vivo efficacy testing.

Although almost every FDA-approved, anti-cancer agent developed in the
modern era has shown activity in some xenograft system, these systems have a
mixed record of predicting efficacy in humans (Johnson et al. 2001; Voskoglou-
Nomikos et al. 2003). It is clear that many ineffective compounds are passing the
xenograft filter and then later failing, at great expense, in human phase II trials. Of
equal concern, however, is the possibility that potentially active agents are not
making it to human testing because of a lack of efficacy in these systems. We
contend that the predictive value of these assays would be sharply improved with
three relatively straightforward modifications to standard xenograft testing:

1. Determining a compound’s activity in several cell lines of a given tumor type
rather than one or two examples, usually chosen in a non-random way.

2. Considering tumor regression or prolonged stabilization, rather than mere non-
progression (or tumor growth inhibition ‘‘TGI’’), as success in these assays.

3. Assuring that drug treatments are given with pharmacologically realistic doses
and schedules with regard to human use of the same agent.

Furthermore, the use of orthotopically transplanted xenograft tumors (e.g.
Kerbel et al. 1991; Mitsiades et al. 2003; Rofstad 1994) or uncultured, patient-
specific ‘tumorgrafts’ (Garber 2009) represent meaningful advances over tradi-
tional xenografting of established human cancer cell lines.

Although these changes seem straightforward, the current literature suggests
that much academic xenograft testing fails to meet even these modest standards.
When carefully done, drug efficacy testing in xenograft models has clear merit and
will continue to play an important role for years to come. However, the limited
predictive power of these models suggests that drug development decisions should
not be based solely on drug performance in these models and instead be com-
plemented by drug efficacy testing in other disease-relevant animal models. In the
following section, we will suggest that GEMMs could fill this important void in
the current drug development paradigm.

3 Harnessing Genetically Engineered Murine
Models for Drug Efficacy Testing

The design and production of GEMMs have been described at length elsewhere
(Frese and Tuveson 2007; Jonkers and Berns 2002). In brief, transgenic and
knockout alleles are combined to produce strains of mice that are predisposed to
autochthonous tumors. Generally, such models rely on the use of transgenic alleles
directing the expression of oncogenic ‘‘driver’’ proteins in the tissue of interest.
For example, expression of mutant K-Ras can be induced in the adult murine
pancreas or lung to cause pancreatic adenocarcinomas (Bardeesy et al. 2006;
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Hingorani et al. 2005) or non-small cell lung cancer (Johnson et al. 2001;
Meuwissen et al. 2001) respectively. To shorten tumor latency, such systems often
also include deletion of relevant tumor suppressor genes (e.g. p16Ink4a, p53, Pten)
in the same tissues (see for example Ji et al. 2007). Importantly, the use of modern
CRE-Lox and doxycycline-inducible technologies allows for the somatic and
tissue-specific induction of these genetic lesions, thereby providing an opportunity
to direct almost any combination of oncogene and tumor suppressor mutations to
the presumed cell of origin of the cancer type under investigation.

Compared to their widespread use in the study of human cancer biology, the use
of GEMMs for the development of novel anti-cancer therapeutics, such as kinase
inhibitors, is far less established. In this latter scenario, genetically predisposed
animals are observed for tumor development, and therapy is usually begun after
advanced tumors develop. An agent is considered ‘active’ if it causes significant
tumor regression, or at the very least, prolonged stable disease (Fig. 1b). Tumors
arising in GEMMs can also be used to derive a large number of genetically related
cell lines which can help to better define the activity of agents that have already
shown at least some activity in xenograft assays. For example, inhibitors of poly-
ADP-Ribosylase (PARP) demonstrated considerable activity in combination with
cytotoxics in a variety of xenograft assays (see e.g. Donawho et al. 2007), but
GEMM studies from Jonkers and colleagues were instrumental in convincingly
defining the potent single-agent activity of these compounds specifically in
BRCA1/2-deficient, as opposed to proficient, cancers (Evers et al. 2008;
Rottenberg et al. 2008). This specific efficacy of PARP inhibitors in BRCA1/2-
deficient tumors, which has been convincingly confirmed in human patients (Fong
et al. 2009), was not evident solely from the xenograft testing of these compounds.

GEMMs differ from xenografts in several important aspects that may be very
relevant for drug efficacy testing (Table 1). First, GEMM tumors occur in animals
with an intact immune system and unperturbed DNA repair mechanisms. Second,
as GEMMs rely on the accumulation of stochastic genetic events for tumor pro-
gression, these models follow a stepwise progression and recapitulation of the
tumor heterogeneity of human solid tumors. Third, as cancers occur autochtho-
nously in these models, GEMMs afford a more faithful recapitulation of tumor–
stroma interactions found in human cancer. Which of these differences between

Table 1 Comparison of xenograft models and genetically engineered mouse models (GEMMS)

Xenograft GEMM

Functional immune system No Yes
Intact DNA repair mechanisms No Yes
Stochastic genetic events during tumor progression No Yes
Faithful tumor stromal interactions No Yes
Variability of tumor penetrance No Yes
Tumor latency Short Long
Ease of tumor response assessment Easy Difficult (imaging)
Infrastructure needed Small Large
Differences in human and mouse genomes N/A Yes
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GEMMs and xenografts is most relevant for the evaluation of any particular new
agent is currently unclear, but a number of recent observations clearly point toward
an important role of the tumor microenvironment in the initiation, progression and
maintenance of tumors. Chronic inflammation, for example, is a risk factor for
certain cancers, and once tumors have formed, the interaction between neoplastic
cells with various components of the surrounding microenvironment including
inflammatory cells, vascular and lymphatic networks, and the extracellular matrix
can either promote or inhibit tumor growth (reviewed in Mueller and Fusenig
2004). It is not hard to see why xenograft models might not accurately recapitulate
this aspect of cancer biology: fully transformed cells—often selected for their
propensity to grow as rapidly as possible after transplantation—are injected as a
bolus into a stroma that is deranged and disorganized by the ectopic transplant of a
large number of foreign cells. In contrast, the neoplastic cells of GEM tumors form
in a stepwise manner similar to in situ human tumors in the setting of an appro-
priately responsive tumor microenvironment. Such differences between tumor
development in the xenograft versus autochthonous setting have been suggested to
explain the marked differences observed in the role of hypoxia and Id proteins in
tumor angiogenesis in the two settings (Ruzinova et al. 2003; Sikder et al. 2003).
Likewise, recent work from Pollard and colleagues has suggested differences in the
gene expression of tumor-associated macrophages (TAMs) in xenograft versus
GEM models (Ojalvo et al. 2009). We expect these differences to be of signifi-
cance as TAMs have been suggested to augment tumor angiogenesis, invasion and
matrix remodeling; modulate drug delivery, and modulate a host anti-tumor
immune response. Given these multiple differences in the reaction of diverse
stromal elements, the ability to more faithfully model the stroma–tumor interaction
appears to be a particular strength of GEMMs compared to xenograft assays.

4 Comparing the Track Record of Xenograft
and GEM Models

While many arguments can be made for and against the utility of xenografts versus
GEMMs for in vivo drug efficacy testing, the most relevant question ultimately is
which model better predicts the clinical efficacy of anti-cancer therapeutics in
humans. There currently is not a large body of drug development experience using
both xenograft and GEMM approaches to allow a rigorous comparison between
both approaches. However, a few examples do exist.

One of the oldest examples involves the use of the peroxisome proliferator-
activated receptor c (PPARc) agonists for the treatment of colorectal cancer.
Previous work had shown that PPARc agonists could promote the differentiation
and cell cycle arrest of primary cells derived from human liposarcomas (Demetri
et al. 1999). Because PPARc was noted to be highly expressed in colonic epi-
thelium as well as the wealth of epidemiologic data connecting dietary fat intake
with colorectal cancer risk, two separate groups evaluated the effect of PPARc
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agonists on colorectal cancer, using different systems, publishing starkly
contrasting results. PPARc agonist treatment of subcutaneous xenografts derived
from established colorectal cancer cell lines appeared to slow their growth rate and
promote their differentiation (Sarraf et al. 1998). In contrast, PPARc agonist
treatment of mice genetically engineered to develop intestinal polyps secondary to
germ line deletion of a single copy of the Apc gene (Min mice) resulted in
tumorigenic acceleration, causing an increased number of colonic polyps
(Saez et al. 1998). The xenograft studies led to a single institution, phase II clinical
trial evaluating the effectiveness of an FDA-approved PPARc agonists, troglitaz-
one, in patients with metastatic colorectal cancer. Of the 25 patients enrolled, there
were no objective responses noted and the median progression-free survival (PFS)
was a mere 1.6 months (Kulke et al. 2002), which compares poorly even to
historical PFS noted with best supportive care.

A second example of discrepant results of drug efficacy testing between
xenografts and GEMMs comes from the experience of testing anti-angiogenic
agents such as endostatin and angiostatin. These agents demonstrated impressive
activity in xenograft studies (O’Reilly et al. 1997; O’Reilly et al. 1996; O’Reilly
et al. 1994) compared to a much more limited activity in GEMMs (Bergers et al.
1999). These discrepancies may be explained by the described differences in
angiogenesis between xenograft and autochthonous tumor models (reviewed in
Alani et al. 2004); but in any event, the results in GEMMs were more consistent
with the limited anti-tumor activity of these agents in clinical trials in humans.

A more recent example is the comparison of gemcitabine efficacy in autoch-
thonous versus transplanted pancreatic tumors (Olive et al. 2009). Pancreatic
cancer GEMMs, like human pancreatic cancers, are generally resistant to
gemcitabine chemotherapy (objective response rates of 5–10%). This chemore-
sistance however, does not appear to be cell-autonomous as transplantation of cell
lines derived from pancreatic cancer GEMMs into a syngeneic flank increases the
sensitivity of these tumors to gemcitabine to that of cultured human cell line
xenografts. Indeed, the relative chemoresistance of autochthonous tumors appears
to be a reflection of suboptimal drug delivery into fibrotic and poorly vascularized
pancreatic GEM tumors, a characteristic that accurately reflects its human coun-
terpart and speaks to the importance of the interactions between tumor cells and
stroma discussed in our previous section. Our group has measured intra tumoral
drug levels in GEMM versus xenograft models, and seen large and unanticipated
differences in drug exposure between the two types of systems (NES, WYK and
William Zamboni, submitted). Ongoing efforts will attempt to further determine
the physiologic bases for these differences between GEMMs and xenografts with
regard to intra-tumor drug delivery.

To more systematically address the utility of GEMMs for drug development,
Johnson and colleagues recently examined this issue in KRas mutant lung and
pancreatic cancers (Singh et al. 2010), examining the effects of combining cyto-
toxic chemotherapy with agents inhibiting epidermal growth factor receptor
(EGFR) and vascular endothalial growth factor receptor (VEGFR) in highly
faithful GEMMs. Comparison of data from large phase III randomized trials in
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humans with the results seen in lung and pancreatic cancer GEMMs treated
similarly suggests many similarities. For example, the combination of EGFR
inhibition and chemotherapy worsens survival of both mice and humans with KRas
mutant NSCLC. Importantly, some discrepancies were noted as well. For example,
combined gemcitabine and VEGF inhibition in KRas mutant pancreatic cancer
prolonged survival in GEM models of pancreatic cancer, while this approach has
not been of benefit in human patients with pancreatic cancer. This particular
discrepancy appeared to result from heterogeneity among the GEMM tumors, with
a subset benefitting from angiogenesis inhibition, and another subset displaying
behavior more similar to the human disease. This heterogeneity may provide an
opportunity to better understand the efficacy of anti-VEGF agents in human
tumors. Such discrepancies were modest, however, and the authors concluded that
for these models, GEMMs performed well in predicting human Phase III results.

5 Refining Kinase Inhibitor Therapy in GEMMs

There are several examples demonstrating the utility of GEMMs for the devel-
opment of kinase inhibitors and related molecules (e.g. rapamycin) for solid
tumors. Even when these results only confirm established findings in cancer
patients (e.g. the demonstration of efficacy of anti-EGFR agents in EGFR-mutant
lung cancer), the tractability of GEM systems compared to human testing is of
significant value as these systems can be used to rapidly test novel combinations of
therapeutics and model secondary resistance in ways not possible in human
clinical trials. A few particularly instructive examples are:

1. EGFR mutant lung cancer in GEMMs: As discussed in detail in ‘‘EGFR
Mutant Lung Cancer’’, most patients with non-small cell lung cancer do not
respond to therapeutic inhibition of the EGFR. However, a subset of patients
experience rapid and dramatic responses (Shepherd et al. 2005). This sensitivity
has subsequently been shown to correlate with somatic activating mutations in the
EGFR kinase domain (Lynch et al. 2004; Paez et al. 2004; Pao et al. 2004). In
mice, transgenic expression of tetracycline inducible alleles of either of the two
most common EGFR activating mutations (the point mutant, L858R, in exon 21 or
deletion of a four amino acid sequence LREA in exon 19) is sufficient for the
development of lung adenocarcinoma with brochioloalveolar features (BAC) (Ji
et al. 2006a; Politi et al. 2006). Furthermore, confirming the effects seen in humans,
treatment of established EGFR-driven tumors with the small molecule EGFR
inhibitors, erlotinib and HKI-272, resulted in dramatic radiographic responses.
Notably however, foretelling the results to be shown in both human lung and
colorectal cancer, mutant K-Ras driven lung tumors appeared to be relatively
resistant to EGFR inhibitor therapy.

In addition to the activating mutations in the kinase domain of EGFR, in-frame
deletions of the extracellular domain of EGFR, so-called EGFRvIII, have been
found in other solid tumors (most notably in glioblastoma) as well as a small
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subset of lung cancers. In contrast to EGFR kinase domain mutants, however,
which showed equivalent tumor response to both reversible (erlotinib) and
irreversible (HKI-272) inhibitors of EGFR, EGFRvIII-driven lung tumors were
considerably more sensitive to irreversible inhibitors of EGFR than reversible
inhibitors such as erlotinib (Ji et al. 2006b). These data suggest that irreversible
inhibitors of EGFR may be more effective in the treatment of tumors harboring
EGFRvIII mutations such as glioblastomas (GBM).

Lung cancers treated with EGFR inhibitors eventually develop resistance to
therapy. The majority of patients who develop drug resistance also acquire a
secondary mutation in the kinase domain of EGFR, T790M, which is thought to
sterically hinder the binding of reversible inhibitors (Balak et al. 2006; Kosaka
et al. 2006; Pao et al. 2005). Generation of a doxycycline inducible GEMM that
expressed both the L858R and the T790M alleles demonstrated, as predicted, that
these bitransgenic mice were resistant to erlotinib but remained relatively sensitive
to HKI-272 (Li et al. 2007). In a separate report, Pao and colleagues show that
L858R/T790M tumors were resistant to erlotinib, but could be rendered sensitive
by simultaneous treatment with the anti-EGFR monoclonal antibody, cetuximab
(Regales et al. 2009). While yet to be tested clinically, these results suggest a
possible therapeutic value of irreversible EGFR inhibitors and/or combined EGFR
targeting.

2. Ras-mutant lung cancer in GEMMs: Ras and related small GTPases have been
considered ‘undruggable’ based on biochemical characteristics as well as the dis-
couraging number of failed anti-RAS efforts. Unlike the successful development of
nM binding ATP-competitive inhibitors for blocking the low lM ATP binding
activity of protein kinases, it has not been feasible to develop analogous inhibitors to
block the 10 pM Kd of GTP-binding to RAS (Bos et al. 2007). Instead, more recent
anti-RAS drug discovery efforts have focused on blocking key downstream
signaling molecules such as AKT and RAF/MEK/ERK (Cox and Der 2002). As
predicted from our knowledge of signaling redundancies, K-Ras driven murine lung
adenocarcinomas do not respond substantially to pharmacologic inhibition of MEK,
EGFR or the PI3K alone. When MEK inhibitors and PI3K inhibitors were com-
bined, however, marked and unexpected synergy was observed (Engelman et al.
2008). This therapeutic combination appears to be effective in both HER2 and
EGFR driven lung cancers as well (Faber et al. 2009). This synergy, first
convincingly demonstrated in GEMMs, has led to related human clinical trials in
RAS-mutant cancers. Moreover, while inactivation of LKB1 on a background of
KRas activation imparts resistance to dual MEK and PI3K inhibition, sensitivity can
be restored by the addition of the Src inhibitor, dasatinib (Carretero et al. 2010).

An additional attractive therapeutic target in K-Ras driven lung cancers is
c-MET. K-Ras-driven murine lung cancers express high levels of activated c-MET
as well as increased levels of its ligand hepatocyte growth factor (HGF) (Yang
et al. 2008). Preclinical testing of the c-MET inhibitor, PHA-665752, in K-Ras
driven lung cancer GEMM, results in a decreased number of tumors as well as an
increase in apoptosis of both tumor and endothelial cells (Yang et al. 2008). While
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this result has yet to be confirmed in the clinic, trials are in progress using various
strategies to inhibit the c-MET pathway.

3. Prostate Cancer GEMs with PI(3)K Pathway Activation: Prostate adeno-
carcinomas are characterized by a high rate of inactivation of the PTEN tumor
suppressor gene with consequent upregulation of the PI3K/AKT/mTOR pathway.
There are now several well-characterized GEMMs of prostate cancer based on
PTEN inactivation or Akt activation in prostate epithelial cells, which result with
variable penetrance and latency in prostate intraepithelial neoplasia (PIN) and
prostate adenocarcinoma (Shappell et al. 2004). Of the numerous downstream
effector pathways of activated Akt, early studies demonstrated that treatment of
Akt-driven PIN with the inhibitor of the mammalian target of rapamycin (mTOR)
inhibitor, RAD001 (everolimus), resulted in complete reversal of established PIN,
suggesting that the mTOR pathway is a critical mediator of Akt-driven prostate
adenocarcinomas (Majumder et al. 2004). Furthermore, in a separate prostate
cancer GEM model built on the combined inactivation of the Nkx3.1 homeobox
gene and Pten, while inhibition of either mTOR or the MEK/ERK pathway using
rapamycin and PD0325901 appeared to restrain tumor growth, combined mTOR
and MEK inhibition had marked synergistic effects (Kinkade et al. 2008). Based in
part on this work, there are now ongoing clinical trials evaluating the effectiveness
of mTOR inhibitors in prostate cancer (Figlin et al. 2008).

4. BRAF Mutant Melanoma in GEMMs: Malignant melanoma is characterized
by a frequent incidence of concomitant B-Raf activation and PTEN loss (Daniotti
et al. 2004; Tsao et al. 2004). Correspondingly, melanocyte-specific expression of
mutant, activated BRafV600E with concomitant Pten deletion results in the rapid
formation of pigmented and highly metastatic melanoma (Dankort et al. 2009).
These genetic lesions result in the activation of both the PI3K and mTOR path-
ways. In keeping with the above results, therapeutic treatment of established Pten
deficient, B-Raf mutant melanomas with either a MEK inhibitor (PD325901) or the
mTORC1 inhibitor, rapamycin, modestly inhibited their growth, but did not result
in tumor regression. As in the other aforementioned systems, concurrent inhibition
of both pathways results in tumor regression that correlates with inhibition of
MEK and mTOR signaling, suggesting that dual inhibition of the MEK/ERK and
PI3K/AKT/mTOR pathways may be efficacious in B-Raf/PTEN mutant cancers.

6 ‘‘Credentialing’’ GEMMs as Genetically Faithful Models

Human and murine genomes differ in important ways, and these differences may
affect the nature of cooperating tumorigenic events and suitability of these models
for drug efficacy testing. While there have been relatively few comprehensive
comparisons between the transcriptional profiles and genetic complexity of cancer
GEMMs and their human counterparts, a few analyses in this regard have proven
informative and are described below:
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1. Cooperating Genetic Events in GEMMs: With regard to genetic lesions in
GEM tumors, the published results have suggested that GEMMs may not possess
the same degree of genetic complexity in terms of copy-number variants, aneu-
ploidy and point mutations as human tumors (see for example Ellwood-Yen et al.
2003; Kim et al. 2006). A period of telomere dysfunction which may occur at an
early stage of most human but not murine tumor progression has been suggested as
one cause for this discrepancy, and tumor-bearing mice with ‘humanized’ telomere
length exhibit increased cytogenetic complexity reminiscent of the human disease
(Artandi et al. 2000; Maser et al. 2007). Despite these genome-wide differences, a
number of secondary genetic events important in the evolution of human tumors
appear to be conserved in the progression and metastasis of GEM tumors such as
the amplification of KRas2 and Myc in pancreatic ductal adenocarinomas, Nedd9
in Ras induced melanomas, and loss of Fbxw7 and Pten in Atm;p53 deficient
lymphomas (Bardeesy et al. 2006; Ellwood-Yen et al. 2003; Kim et al. 2006;
Maser et al. 2007). In a similar light, murine hepatocellular carcinomas (HCCs)
induced by transplanted, genetically defined, liver progenitor cells were found to
have focal amplifications of Myc and Yap, both known oncogenic events in the
development of HCC (Zender et al. 2006).

2. Genome-Wide Expression Profiling: A recent study by Perou et al. of GEMM
transcriptional profiles is particularly informative. The authors performed a micro-
array-based, comprehensive assessment of gene expression in more than 20 breast
cancer GEMMs, and compared these expression profiles with a large number of
human tumors using a novel cross-platform method for transcriptome normalization
(Herschkowitz et al. 2007). The authors found great heterogeneity among breast
cancer GEMMs, and were able to identify a few models with significant transcrip-
tional overlap to human breast cancer subtypes. For example, the C3-Large T
Antigen model appeared transcriptionally similar to the basal-like subtype of breast
cancer. In retrospect, this similarity likely reflects the fact that RB and p53 inacti-
vation are signature events of most basal-like cancers, and Large T Antigen similarly
inactivates these two archetypal tumor suppressor genes. Likewise, the MMTV-
Her2/Neu model was transcriptionally similar to human Her2 ? breast cancer, again
consistent with the molecular genetics of these tumors. Surprisingly, no good murine
model was identified for human estrogen receptor expressing (ER ? or luminal)
breast cancer, at least in terms of transcriptional profiles.

Expression profiling and assessment of copy number alterations by array CGH
of PTEN, TP53 and Rb deficient mouse gliomas showed remarkable similarity in
syntenic regions of gene amplification and loss (Chow et al. 2011). In contrast to
the expression profiling of breast cancer GEMMs, which suggested that each
GEMM can be classified into a single molecular subtype of human breast cancer,
subgroups of these mice resembled the proneural, proliferative and mesenchymal
molecular subtypes of glioblastoma previously shown to have prognostic signifi-
cance suggesting that secondary genetic events are driving the molecular classi-
fication of glioblastomas. Similar studies using a Myc gene signature derived from
a Myc-driven prostate cancer GEMM indicates that this model faithfully reca-
pitulates the molecular changes seen in a subset of human prostate cancers
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harboring Myc activation (Ellwood-Yen et al. 2003). These observations suggest
that faithful GEM models of some, but probably not all, human cancers can be
identified, and reiterate the importance of GEMM credentialing.

In summary, the available genomic data suggests that some aspects of human
tumor progression are recapitulated in GEMMs, but that relevant inter-species
differences also exist. Therefore, characterization and validation (e.g. ‘creden-
tialing’) of a GEMM is requisite prior to widespread use for pre-clinical testing
(Fig. 2). It is worth noting in this context that established human cancer cell
lines—the alternative source of cancer cells for in vivo drug efficacy testing—are
far from perfect with regard to genetic faithfulness to human cancer. Many tumor
lines have been in culture for years or decades, and therefore subject to ex vivo
genetic events associated with in vitro progression and drift. Moreover, the ability
to be grown in vitro may differ markedly depending on a tumor’s attendant genetic
lesions. For example, p16INK4a expression is an important barrier to in vitro growth
for many cell types, and therefore not unexpectedly, the frequency of p16INK4a

Model Validation & Characterization
• histopathology
• tumor latency & penetranceGEMM Development

Testing of Investigational 
Agents
• single agents
• combinations

• gene expression
• DNA copy number analysis

GEMM Development
• genetically faithful
• experimentally tractable

A B A+B

PK & PD Assessment
Response Assessment
• histopathologicCorrelative Studies

• molecular characterization • radiographicmolecular characterization
• derivation of tumor cell lines
• treatment for resistance

Before After

Fig. 2 Workflow and infrastructural needs for GEMM testing. GEM models are first designed
and developed based on genetic events faithful to human cancers. The model is then characterized
and validated histopathologically and molecularly prior to therapeutic testing. Once a model is
characterized, investigational agents are tested as single agents or in combination. Treated and
untreated mice are assessed for tumor response (typically radiographically or other imaging
modalities using RECIST-like criteria) with pharmacokinetic (PK) and pharmacodymanic (PD)
monitoring. Other correlative studies such as the molecular characterization of treated tumors and
culture and in vitro evaluation of GEMM tumor cell lines can be performed as indicated
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inactivation in cell lines often greatly exceeds the in vivo mutation frequency of
p16INK4a in the same tumor type. Therefore, in vitro drift and the need for culture
strongly influence in vitro and xenograft approaches.

7 Logistic Considerations in Developing a ‘‘Mouse Clinic’’

An important consideration when one considers the use of GEMMs for drug
efficacy testing is the amount of time required to breed a sufficiently large cohort
of animals for informative preclinical drug testing. While GEMMs possess one or
more index genetic lesions, the neoplastic cells in these models require the
acquisition of subsequent genetic alterations to progress into cancer. These sec-
ondary genetic events occur stochastically resulting in genetic heterogeneity as
well as differences in penetrance, tumor latency and therapeutic responsiveness.
Our experience has been that many efficacious therapeutics will cause tumor
regression in only a subset of animals within a given GEM model. For example,
some classical cytotoxics can induce profound tumor regression in a small fraction
of breast GEM models, but such agents are not active in most tumors from animals
of this genotype (unpublished data NES, WYK and Charles Perou). As these mice
are syngeneic, this heterogeneity of response likely reflects the differences in
cooperating genetic events during tumor progression in this model. While this
presence of responders and non-responders within a given model is clearly similar
to the experience of Phase II/III testing in humans with a given tumor type, such
heterogeneity also necessitates the study of larger numbers of mice. For these
reasons, we typically analyze 12–16 mice per initial therapeutic cohort, as opposed
to cohort sizes of 4–8 mice that we use for xenograft testing.

Additionally, many cancer GEMMs are multiallelic, typically requiring a
conditional knock-out, activatable knock-in, or transgenic allele as well as a Cre or
tetracycline-inducible allele to control spatial expression of the genes of interest.
The need for multiple alleles can decrease breeding efficiency if the employed
alleles cannot be homozygosed, and also produces a need for rapid and accurate
animal genotyping. Inefficient breeding and mutli-allele genotyping in turn can
increase the needed cage space for GEMM testing and also significantly augment
the experimental cost. One approach to these problems is to identify GEMMs that
are relatively simple to use. For example, for the testing of anti-RAS therapeutics,
we have relied extensively on the Tyr-RASInk4a/Arf-/- model from Chin and
colleagues (Chin et al. 1997). This model is very faithful to the genetics of human
melanoma featuring a melanocyte-specific, activated RAS transgene integrated on
the Y-chromosome combined with germ line p16INK4a and Arf inactivation (Ink4a/
Arf-/-), an allele which can be homozygosed. Therefore, by crossing Tyr-RA-
SInk4a/Arf-/- males with Ink4a/Arf-/- females, a cohort is produced where no
genotyping is required (all the males get cancer) and all the progeny mice are
useful (the males develop tumors and the females are used for future breeding).
While this degree of efficiency is not possible for all models, often more efficient
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breeding schemes can be developed to allow for low-cost and rapid cohort
development.

Drug efficacy testing in GEMMs requires substantial expertise, infrastructure to
set up mouse colonies for efficient drug efficacy testing in GEMs (Fig. 2), and a
commitment to test multiple agents, including ‘boring’ older cytotoxic agents in
addition to more novel targeted therapies. Without assessment of multiple agents,
we believe it is hard to assess the activity of any single compound. Likewise,
several challenges must be solved including access to adequate cage space, the
development of well-defined processes for animal husbandry and genotyping,
meticulous record keeping, and for some models, infrastructure to permit serial
animal imaging. Moreover, access to expertise in cancer histopathology is a
critical and, in our view, still under appreciated need in GEMM experiments.
Lastly, we believe in the modern era, where GEMM experiments require a modest
amount of companion pharmacologic (PK) and pharmacodynamic (PD) monitor-
ing to be fully informative. For example, the demonstration that a compound has
activity in a given model is only helpful if complementary PK analyses indicate
that drug levels associated with efficacy are levels that could be reasonably
achieved in humans. Perhaps even more difficult is understanding why compounds
that should work based on our understanding of tumor signaling still fail in certain
models. In these instances, PD monitoring can be particularly informative; for
example sometimes showing that failure of an agent correlates with a lack of in
vivo inhibition of the relevant drug target. For these reasons, we have come to
believe that GEMM analyses must necessarily be complemented by PK/PD
monitoring.

A historical impediment regarding GEMM testing involves a series of legal
issues related to the involved technologies. In particular, the topic of ‘Oncomouse’
patents has been covered extensively elsewhere (Hanahan et al. 2007; Marshall
2002; Sharpless and Depinho 2006). In our view, however, several recent devel-
opments have conspired to mitigate this problem including the expiration of some
of these patents, the licensing of these patents by many large Pharma entities and
decisions in the US and Canadian Supreme Courts that have limited the scope of
these patents and bolstered the legal notion of ‘safe harbor’ which may shelter
some GEMM testing. For whichever of these reasons, in the last few years,
GEMM testing of novel therapeutics has now become commonplace in many
institutions and has begun to be more widely embraced by large Pharma. While
these patents may still pose problems for those industry workers in entities that
have not taken license for these patents, this issue appears to no longer be a major
experimental impediment in most settings.

8 Future Perspectives

Despite the relatively recent introduction of GEMMs for pre-clinical drug devel-
opment, we believe that there have already been some remarkable successes that
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will speed up the development of active human therapeutics. In particular, there
has been significant work with kinase inhibitors and related molecules in several
GEM models of lung adenocarcinoma, prostate carcinoma and melanoma; and we
expect publication of a raft of additional GEMM therapeutic stories in many other
tumor types in the next few years.We believe the published experience suggests
that GEMM testing adds immediate value to xenograft testing for pre-clinical
efficacy studies.

Some cancer researchers believe that while GEMM testing is clearly of benefit,
it is better left to the industry, which has the in-house wherewithal to meet the
challenges of GEMM testing. In fact, these researchers are partially correct, as the
forward-thinking industry has begun to move into GEMM testing with great
enthusiasm, a move we wholeheartedly endorse. Unfortunately, however, we
believe that such a desire to compartmentalize academic versus industry science
may have contributed to a hesitation among large funding agencies to support
laudable and highly translational GEMM efforts As a reflection of this, the most
ambitious academic GEMM efforts have relied extensively on private, state and
industry funding. Nonetheless, we believe that this line of research is too important
to cede solely to the industry, and see an increasing need for such investigation in
federally financed academic labs that have no commercial interest in the devel-
opment of the agents that they are testing.

We have highlighted several of the challenges associated with GEMM studies,
most notably the need for requisite infrastructure to support this work. Despite
these challenges, we feel GEMM testing can be done cost-effectively with suffi-
cient rapidity to directly shape human clinical trials of novel agents. Lastly, as
mentioned, while we are cheered by significant recent industry investments in
GEMM testing, it is crucial that widespread and vibrant GEMM testing also
proceed in academia conducted by dispassionate scientists interested in improving
clinical cancer care.
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