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A B S T R A C T

Genetically engineered mouse models (GEMMs) of human cancer were first created nearly 30
years ago. These early transgenic models demonstrated that mouse cells could be transformed in
vivo by expression of an oncogene. A new field emerged, dedicated to generating and using
mouse models of human cancer to address a wide variety of questions in cancer biology. The aim
of this review is to highlight the contributions of mouse models to the diagnosis and treatment of
human cancers. Because of the breadth of the topic, we have selected representative examples
of how GEMMs are clinically relevant rather than provided an exhaustive list of experiments.
Today, as detailed here, sophisticated mouse models are being created to study many aspects of
cancer biology, including but not limited to mechanisms of sensitivity and resistance to drug
treatment, oncogene cooperation, early detection, and metastasis. Alternatives to GEMMs, such
as chemically induced or spontaneous tumor models, are not discussed in this review.

J Clin Oncol 29:2273-2281. © 2011 by American Society of Clinical Oncology

GENETICALLY ENGINEERED MOUSE MODELS
OF HUMAN CANCER: AN OVERVIEW

To most practicing oncologists, genetically engi-
neered mouse models (GEMMs) may represent an
interesting field of cancer biology with little imme-
diate clinical relevance. However, animal experi-
ments and clinical observations in the late 1990s led
to a convergence of the mouse modeling and oncol-
ogy communities. Around the same time that the
tyrosine kinase inhibitor (TKI) imatinib was starting
to show effectiveness in patients with BCR-ABL–
driven chronic myelogenous leukemia (CML), sev-
eral research groups showed in inducible transgenic
mouse models that sustained expression of a tumor-
inducing oncogene (eg, MYC in hematopoietic cells,
HrasG12V in the skin) was required for tumor
survival.1-3 By using mice in which an oncogene
could be turned on and turned off in specific tissues
at specific times (by addition or removal of an in-
ducer in the animal diet), investigators showed that,
once tumors formed, turning off expression (or de-
induction) of the oncogene led to rapid tumor re-
gression. Mechanisms underlying tumor regression
included apoptosis, cell cycle arrest, and differentia-
tion of tumor and/or vasculature cells. These obser-
vations revealed that cells that previously were viable
in the absence of the oncogene could somehow be-
come dependent on its expression for survival.
These first in vivo experimental demonstrations of

oncogene addiction implied that therapy directed
against a specific target driving tumor growth could
be effective at treating the disease.4 The results di-
rectly paralleled the early clinical trial results with
imatinib, in which the drug turned off ABL in
patients with CML, leading to dramatic responses
to therapy.5 Importantly, in mouse models with
oncogene-induced tumors, the loss of tumor sup-
pressor genes did not prevent tumor regression
when expression of the driving oncogene was
turned off. This observation was initially made
in HrasG12V-induced melanomas arising in the
absence of Ink4a/Arf.1 Analogous results were ob-
tained in KrasG12D-induced lung adenocarcino-
mas and Wnt1-induced mammary tumors arising
on Trp53 (mouse p53)- or Ink4A/Arf-deficient
backgrounds.6-8 Collectively, these data implied
that targeted therapy to inhibit a driving onco-
gene should work even in genetically complex
human tumors.1,6 Today, multiple other human
examples of oncogene addiction exist, including
mutant epidermal growth factor receptor (EGFR)–
driven lung adenocarcinomas, KIT-driven gastroin-
testinal stromal tumors, and BRAF-driven
melanomas, targeted by EGFR-, KIT-, and BRAF-
specific kinase inhibitors, respectively.9-13

As opposed to inactivating an oncogene, re-
cent work has explored the effect of restoring the
function of a deleted tumor suppressor gene.14-16

For example, lymphomas and sarcomas arising as
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a result of Trp53 loss alone or in combination with MYC overex-
pression regressed when Trp53 was reinstated, confirming that tumor
cells also become dependent on the changes occurring within a cell
when a tumor suppressor gene is lost. Thus, restoration of tumor
suppressor genes in human tumors appears to be a promising thera-
peutic strategy.

MAKING MORE CLINICALLY RELEVANT MOUSE TUMOR
MODELS USING NEW GENETIC TOOLS

The GEMMs that revealed oncogene dependence were generated by
using sophisticated mouse modeling techniques developed through-
out the years. Ideal GEMMs of human cancer feature tumors that are
initiated in a small subset of cells within an organ by a genetic lesion
found in the human counterpart and for which steps in tumor pro-
gression (eg, angiogenesis, acquisition of secondary mutations, ability
to metastasize) also resemble the human disease. Moreover, to addi-
tionally mimic most human sporadic cancers, the genetic lesion being
studied should be induced in adult tissues rather than during embry-
onic development. As a result of extensive refinement of techniques
for generating mouse models, GEMMs available today have many of
these features.

The first mouse models of cancer were created with the advent of
technologies to generate transgenic mice by pronuclear injection of
DNA.17 These transgenic constructs carried cDNAs encoding an on-
cogene downstream of a ubiquitous or tissue-specific promoter (Fig
1A), allowing for overexpression of a specific oncogene. Initially, these
efforts were aimed at understanding which genes (eg, SV40 early
region, MYC) could give rise to tumors and in which tissues.18,19

Subsequently, gene targeting in embryonic stem cells provided the
means to knock out genes (eg, Trp53, Rb, Nf1) and test directly the
effects of tumor suppressor gene loss in mice (Fig 1B).20-22 Early
models knocked out the genes in all tissues. Today, GEMMs allow for
inducible, tissue-specific expression of oncogenes as well as condi-
tional, tissue-specific deletion of tumor suppressors. Strategies to gen-
erate various models are described in detail in Figure 1.

These techniques have allowed nearly every cancer type to be
modeled in the mouse, including common adult cancers like breast,
prostate, and lung cancers and rarer tumors like pancreatic cancer.
Moreover, childhood tumors like medulloblastomas and rhabdomy-
osarcomas have also been modeled in GEMMs. For detailed descrip-
tions of several of these models, the reader is referred to recent
comprehensive reviews.23-28

GEMMs Versus Xenografts

Historically, xenografts have been the most extensively used
mouse models in preclinical drug testing. In xenografts, human
cancer–derived cells or tumor fragments are implanted into immu-
nodeficient mice subcutaneously or orthotopically (ie, into the organ
of interest) to propagate tumors that are monitored for response to
drug treatment. Xenografts are useful for these studies, because many
different drugs and dosing schedules can be tested against the same set
of cells (in different mice). One advantage of tumor xenografts is that
the starting material is usually derived from advanced cancers or
metastases; the cells presumably represent real human tumors replete
with genetic complexity. However, tumor-derived cell lines may not
completely recapitulate intratumor heterogeneity, because the cells

that grow may represent only a subpopulation of tumor cells. Another
disadvantage of xenografts is that tumor growth occurs in a host with
an impaired immune system and usually (in subcutaneous models) in
an artificial site where the original human tumor did not develop.
GEMMs circumvent these issues, because tumors arise in situ where
immune function, angiogenesis, and inflammatory processes can all
interact normally with the developing tumor. Thus, GEMMs allow for
the analysis of tumors as they develop through defined stages of
tumorigenesis, facilitating studies of the biology of the tumors early
and late in the process.

DEVELOPING NEW THERAPEUTIC STRATEGIES TO TREAT
CANCERS AND OVERCOME DRUG RESISTANCE

Testing New Targeted Therapies

As more is learned about the molecular alterations present in
individual tumors, the concept of oncogene addiction and the success
of kinase inhibitors have prompted the development of a plethora of
targeted agents. Consequently, the testing of agents in accurate pre-
clinical models reflective of human tumors has gained importance. As
an example, we describe how multiple new GEMMs of lung cancer are
providing valuable insight into treatment of the disease.

Lung adenocarcinomas frequently harbor mutations in genes
encoding ERBB family members and in components of their down-
stream signaling pathways, such as EGFR, ERBB2, KRAS, BRAF,
PIK3CA, and LKB1.29 Mutations are often mutually exclusive (eg,
EGFR and KRAS mutations are almost never found in the same
tumor.) and arise in different subgroups of patients with lung cancer
(eg, EGFR mutations are mostly found in lung tumors from patients
who have a limited smoking history in contrast to KRAS mutations
that are more frequently smoking-associated). Many groups have
generated GEMMs on the basis of mutations in these different genes.
In most cases, the mice develop lung adenocarcinomas, validating the
importance of the initiating oncogene in the genesis of this type of
tumor. Although the mice develop histopathologically similar tumors,
preclinical studies have shown that treatment strategies need to be
tailored to the specific mutation driving the tumor (Table 1).30-47 Mice
engineered to express the tyrosine kinase inhibitor (TKI) –sensitive
EGFR mutants (ie, an exon 19 deletion and an L858R mutant) develop
lung adenocarcinomas and respond to reversible and irreversible
EGFR TKIs.30,32,34 In contrast, as observed in humans, tumors carry-
ing mutant Kras or the TKI-resistant EGFRT790M mutant do not re-
spond to treatment with these drugs.30,31,35 These mouse models of
primary and acquired resistance to TKIs are now being used to test
new drugs and drug combinations, because effective therapies for
these tumors remain elusive.

In mice bearing tumors expressing the EGFRT790M mutant, at
least four novel treatment strategies have already been identified. In
one study, the authors systematically tested the standard chemother-
apeutic agents paclitaxel and pemetrexed, the irreversible TKI BIBW-
2992 and the anti-EGFR antibody cetuximab in EGFRL858R�T790M

mice with lung tumors detectable using magnetic resonance imag-
ing.34 None of these agents reproducibly elicited responses when ad-
ministered alone. However, treatment of mice with BIBW-2992 and
cetuximab in combination induced dramatic tumor regression. Anal-
ysis of tumor lysates from mice treated with BIBW-2992 plus cetux-
imab revealed depletion of both total and phosphorylated EGFR in
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contrast to lysates from tumors derived from mice treated with either
agent alone, in which a modest decrease in either phosphorylated
EGFR (with BIBW-2992 treatment) or total EGFR (with cetuximab
treatment) were observed. The combination of cetuximab with MM-
121, an antibody that prevents ligand-dependent activation of ERBB3
by its heterodimerization partners EGFR and ERBB2, also led to tu-
mor regression in mice with T790M-harboring tumors.42 A third
strategy involves combining drugs that target pathways downstream
of mutant EGFR like the phosphatidylinositol-3 kinase (PI3K) path-
way and the RAS pathway. To do this a combination of a PI3K/
mammalian target of rapamycin (mTOR) inhibitor and a MEK (MEK
is downstream of RAS) inhibitor were used and were shown to be
effective, although neither drug alone worked.39 Finally, a novel irre-

versible kinase inhibitor identified by virtue of its ability to selectively
inhibit the growth of cells expressing EGFRT790M mutants is effective
in mice with EGFRL858R�T790M– or EGFRDEL�T790M–induced tu-
mors.37 Multiple clinical trials are being planned on the basis of
these studies.

Promising strategies to treat KRAS mutant tumors have also been
identified from preclinical studies using GEMMs. For example, the
combination of a PI3K/mTOR inhibitor and an MEK inhibitor was
effective against KrasG12D-induced tumors (approximately six-fold
tumor shrinkage), whereas the MEK inhibitor alone led to only a
two-fold reduction in tumor volume and the PI3K/mTOR inhibitor
did not work at all.38 These preclinical data would predict that the
ongoing phase II clinical trials of AZD6244 (MEK1/2 inhibitor) or
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Fig 1. Schematic representation of DNA constructs used to generate genetically engineered mouse models (GEMMs) of human cancer. (A) In conventional transgenic
animals, transcription of a cDNA encoding an oncogene or a sequence encoding a short hairpin RNA (shRNA; to knockdown expression of a target gene) is driven by
a tissue-specific or ubiquitous promoter. (B) In this example of conventional gene targeting, the gene is disrupted by replacing its first exon with an antibiotic selection
gene (eg, a phosphoglycerate kinase-neomycin [PGK-neo] cassette). (C,D) To generate conditional knock-outs and knock-ins, recombinases (bacteriophage P1-derived
Cre recombinase and Saccharomyces Cerevisiae–derived Flp recombinase) are used to eliminate or activate expression of a functional gene at a specific time. For
example (C), an exon of a target gene is cloned between specific short direct repeats (loxP sites for Cre, and Frt sites for Flp). The target gene is functional until it is
exposed to the recombinase, at which time the flanked DNA is excised by the recombinase. Expression of the recombinase can be directed to a defined tissue by
generating transgenic mice that express the enzyme under the control of a tissue-specific promoter or by using viruses to deliver the enzyme to a tissue of interest.
(D) The Cre/loxP and Flp/FRT systems can also be used to conditionally express a mutant in a tissue of interest from its endogenous promoter or an oncogene/shRNA
from a housekeeping promoter.83,84 The main advantage of using recombinase-based systems is that they allow for tissue-specific expression of the sequence of
interest. A potential disadvantage is that, once recombination has occurred, the excision is irreversible. The recombinase can also be delivered using a viral vector (eg,
Adenovirus-cre), allowing the event to occur only in a small subset of cells within an otherwise normal tissue, which recapitulates the scenario that most frequently
occurs in human tumors.82 (E) An avian retrovirus–based method to deliver oncogenes somatically to subsets of cells within a tissue of interest has been used in
mice.85 Here, a transgenic mouse is generated that carries the receptor for the avian leukosis virus (ALV) under the control of a tissue-specific promoter. The mouse
is then infected with an ALV-pseudotyped retrovirus (RCAS) carrying an oncogene or, as shown recently, a microRNA.86 Mouse cells do not normally express the viral
receptor; thus, normal cells are not affected. In addition to ensuring that a subset of cells in the defined organ is infected, this method allows oncogenes to be
conditionally expressed in different tissues. It is particularly suited to highly proliferative tissues, because the replication-competent RCAS retrovirus only infects cycling
cells. (F) One of the most widely used methods to inducibly express oncogenes or shRNAs is to express them under the control of a tetracycline-inducible promoter.
Activation of the tetracycline-inducible promoter in the Tet-ON system occurs when the animal is exposed to tetracycline (or the tetracycline analog doxycycline) and
expresses the reverse tetracycline transactivator (rtTA) in the tissue(s) of interest. Withdrawal of tetracycline causes expression of the transgene to shut off. On the
contrary, in the Tet-OFF system, the tetracycline transactivator (tTA) induces expression from the tetracycline regulated promoter in the absence of tetracycline.
Expression is then repressed on addition of the drug. The Tet systems have been widely used in tumor maintenance studies to determine whether tumors have
become dependent on continuous expression of an oncogene or loss of a tumor suppressor gene. An alternative strategy to inducibly regulate the function of a protein
encoded by a transgene in vivo is to modify the protein to contain an estrogen-responsive moiety so that its activity can be induced by addition of the estrogen analog,
tamoxifen.87 tTa, tetracycline transactivator.
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ridaforolimus (mTOR inhibitor) in patients with KRAS-mutant lung
adenocarcinomas may not show a significant effect. Trials designed to
test the safety and efficacy of combining MEK and PI3K inhibitors are
being planned.

Although it is difficult to predict how successful these strategies
will be for treating human disease, they are based on targeting path-
ways on which many tumor cells are exquisitely dependent for their
survival. Stratification of patients to be included in trials on the basis of
accurate assessment of biomarkers that predict response to the drugs
will be essential for positive outcomes to be observed.

MOUSE MODELS OF DRUG RESISTANCE AND TUMOR RELAPSE

A major clinical problem is the development of acquired drug resis-
tance. Elucidation of mechanisms of acquired resistance could lead to
new treatment strategies. Ideally, mechanisms of drug resistance could
be studied on human tumor samples that have acquired resistance to a
particular drug. Although this approach has been successful for un-
derstanding acquired resistance to EGFR TKIs in the case of lung
cancer48-50 and to imatinib in CML51 and gastrointestinal stromal
tumors,52 obtaining adequate numbers of samples and sufficient ma-
terial for thorough molecular studies is challenging. Tumor cell lines
offer an attractive alternative approach to study drug resistance, be-
cause unlimited material is available. However, the findings in cell
lines do not always parallel the in vivo situation; hence, the clinical
relevance of results obtained using cell lines is not always clear.53

For these reasons, GEMMs are emerging as important vehicles to
study tumor relapse and drug resistance. Mouse tumors with defined
genetic mutations are monitored serially for tumor regression and

recurrence by using small animal imaging techniques (magnetic res-
onance imaging, computed tomography, positron emission tomogra-
phy [PET], ultrasound). For example, cyclical long-term treatment of
mice with lung adenocarcinomas harboring drug-sensitive EGFR mu-
tants eventually gives rise to erlotinib-resistant tumors with a spec-
trum of secondary alterations almost identical to that observed in
human tumors (ie, EGFR T790M and Met amplification), indicating
that this model can be used in discovery efforts to identify novel
mechanisms of resistance.54 Similarly, mice with KrasG12D-induced
lung adenocarcinomas treated with cisplatin develop drug resis-
tance.55 Compared with chemotherapy naive tumors, resistant tu-
mors display an unstable genome, confirming that mechanisms
hypothesized to account for cisplatin-resistance in human cancer ac-
tually occur in vivo.

Mouse models of acquired resistance to targeted therapies
have also uncovered novel mechanisms of drug resistance.56 For
example, mice with acute myelogenous leukemia (AML) arising as
a result of a deficiency in the tumor suppressor gene Nf1 (Neurofi-
bromin 1, a negative regulator of Ras signaling), and cooperating
mutations introduced by retroviral insertional mutagenesis derive
survival benefit from treatment with the MEK inhibitor, CI-1040.
Eventually, however, all of the mice ultimately succumb to the
disease because of outgrowth of AML clones with insertions in
genes that modulate Ras pathway activation (Rasgrp1, Rasgrp4, and
Mapk14). Whether these mechanisms occur in human tumors
treated with MEK inhibitors remains to be determined, but they
provide rational clues for investigation.

Inducible mouse models can also be used to study what leads to
tumor relapse after an initiating oncogene is turned off. This situation

Table 1. Summary of Preclinical Trials in GEMMs of Lung Adenocarcinoma

Drug Action Drug

Pathway

EGFRL858R EGFRDEL EGFRL�T EGFRD�T HER2YVMA KrasG12D PIK3CAH1047R BRAFV600E EML4-ALK

TKI Erlotinib30-33,36 R R PD PD PD PD ND ND ND
EGFR antibody Cetuximab32,34 R ND SD/TR ND ND ND ND ND ND
Irreversible TKI BIBW-299234-36 R ND SD/TR ND SD/TR ND ND ND ND
Irreversible TKI (BIBW2992),

mTOR inhibitor (rapamycin)
BIBW-2992 �

rapamycin36
ND ND ND ND R ND ND ND ND

Irreversible TKI (BIBW2992),
EGFR antibody (cetuximab)

BIBW-2992 �

cetuximab34
ND ND R ND ND ND ND ND ND

Irreversible TKI HKI-27232,33 R ND SD/TR ND ND ND ND ND ND
Irreversible TKI (BIBW2992),

mTOR inhibitor (rapamycin)
HKI-272 �

rapamycin33
ND ND R ND ND ND ND ND ND

EGFRT790M inhibitor WZ-400237 ND ND R R ND ND ND ND ND
PI3K/mTOR inhibitor NVP-BEZ23538-40 ND ND PD ND R: GDC-941 PD R ND ND
MEK1/2 inhibitor AZD-6244�38,39,45,46 ND ND PD ND ND SD/TR ND R: CI-1040/

PD0325901
ND

PI3K/mTOR inhibitor (NVP-BEZ235)
MEK1/2 inhibitor (AZD-6244)

NVP-BEZ235 �

AZD-624438,39,47
ND ND R ND ND R ND ND PD47

Multiple RTK inhibitor Sunitinib41 ND ND ND ND ND R ND ND ND
HSP90 inhibitor 17-AAG31,44,47 SD/TR ND SD/TR ND ND ND ND ND TR: DMAG
ALK inhibitor 2,4-pyrimidinediamine

derivative43,47
ND ND ND ND ND ND ND ND R: TAE684

ERBB3 antibody (MM-121)
EGFR antibody (cetuximab) MM-121 � cetuximab42 ND ND R ND ND ND ND ND ND

Abbreviations: GEMMs, genetically engineered mouse models; TKI, tyrosine kinase inhibitor; R, partial or complete response; PD, progressive disease; ND, not
determined; EGFR, epidermal growth factor receptor; SD/TR, stable disease or very transient response; mTOR, mammalian target of rapamycin; PI3K,
phosphatidylinositol-3 kinase; RTK, receptor tyrosine kinase; HSP90, heat-shock protein 90; ALK, anaplastic lymphoma receptor tyrosine kinase; ERBB, erythroblastic
leukemia viral gene homolog.

�Mice described in study by Dankort et al46 mostly developed lung adenomas, rarely adenocarcinomas.
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could mimic resistance to targeted therapy, even before targeted
therapeutics have been developed. For example, when tumors are
induced in the mammary gland by expression of MYC, oncogene
de-induction leads to tumor regression in 50% of cases. Tumors that
do not regress harbor Kras mutations and high levels of Ras pathway
activation.57,58 In contrast, mammary tumors induced by Wnt 1 (an
oncogene upstream of MYC) frequently harbor Hras mutations that
are not associated with high levels of Ras pathway activation, and the
tumors regress even in the presence of the secondary mutations.58

These experiments demonstrate how some but not all activating
mutations can render a tumor unresponsive to a specific, targeted
therapy. Additional studies have confirmed the preferential coop-
eration between MYC and oncogenic Kras in the mammary gland
by inducing expression of both oncogenes simultaneously. Accel-
erated tumor development was observed, and de-induction of both
oncogenes led to more sustained regression than either oncogene
alone, suggesting that combination therapy is beneficial in the
appropriate context.59 Nevertheless, disease relapsed even when
both oncogenes were turned off. These data highlight how resis-
tance to therapy can still occur even when both members of a
cooperating pair of oncogenes are targeted.

IMPROVING THE EFFECTIVENESS OF STANDARD CHEMOTHERAPY

For most advanced cancers, standard-of-care treatment regimens rely
heavily on cytotoxic chemotherapy. Although these drugs can be
effective at slowing down progression of the disease, they rarely lead to
cures. Recently, GEMMs have been used to develop potentially more
effective methods of administering chemotherapies to target tumor
cells and the tumor microenviroment. For example, in a mouse model
of neuroendocrine cancer (insulinoma) that reliably progresses from
early- (hyperplastic islets) to late-stage (islet cell carcinomas) disease,
the addition of a platelet-derived growth factor receptor (PDGFR)
inhibitor [imatinib] known to disrupt cells supportive of the tumor
microenvironment (ie, pericytes and endothelial cells) enhanced the
effectiveness of cyclophosphamide (CTX) treatment. Additional tu-
mor regression and an increase in survival was observed when the
maximum-tolerated dose (MTD) regimen was switched to mainte-
nance therapy with a metronomic regimen (continuous low-dose
CTX) plus imatinib or the vascular endothelial growth factor receptor
(VEGFR) and PDGFR inhibitor sunitinib (to disrupt endothelial
cells).60 On the basis of these preclinical studies in the mouse, a phase
II study in renal cell carcinoma has been initiated that uses gemcit-
abine given at its MTD followed by metronomic capecitabine plus the
kinase inhibitor sorafenib (that inhibits both VEGFR and PDGFR),
and this regimen has shown promising results.61 Similar experiments
performed in the same mouse model have shown that inhibition of
cathepsin proteases (proteolytic enzymes that are often found overex-
pressed at the invasive edges of tumors) in combination with the
chemotherapy-switch CTX regimen led to a reduced tumor burden
and increased survival.62

Another GEMM was recently used to show that the efficacy of
gemcitabine in human pancreatic adenocarcinoma is probably lim-
ited by its inability to readily perfuse in situ tumors as a result of poor
vascularization and dense stromal matrix.63 Interestingly, tumor
stroma could be disrupted by inhibition of the Hedgehog pathway,
which leads to an increase in angiogenesis and to higher levels of

gemcitabine in the tumor. Phase II clinical trials are in progress to test
the Hedgehog inhibitor GDC-0449 in combination with chemother-
apy in pancreatic cancer. However, resistance is likely to occur, be-
cause mice treated with both drugs only showed a transient response
to therapy.

USING GEMMS TO IDENTIFY BIOMARKERS AND
IMAGING STRATEGIES FOR EARLY DETECTION AND

RESPONSE PREDICTION

For most cancers, outcomes are significantly better when tumors are
diagnosed at early stages. However, many epithelial cancers are more
frequently diagnosed at advanced stages of the disease because of a lack
of useful biomarkers for the early detection of these tumors. New
approaches to find blood biomarkers for cancer or to develop imaging
techniques to screen high-risk individuals and the general population
for these cancers are necessary. One such approach has been to use
GEMMs, which allow for collection of blood from mice with geneti-
cally defined tumors at specific stages of tumorigenesis to identify
plasma biomarkers of disease.

In a mouse model of pancreatic cancer driven by mutant Kras
and loss of Ink4A/Arf (both of which are found in most human
pancreatic adenocarcinomas), analysis of the plasma proteome re-
vealed an increase in 165 proteins (� 1.5-fold increase; P � .05) in the
plasma of tumor-bearing mice relative to controls.64 This list of pro-
teins was additionally narrowed to exclude those that are likely to be
unrelated to cancer (ie, complement, coagulation, and acute phase
reactant proteins) and to focus on those that had a human ortholog
and showed increased levels of gene expression in both murine and/or
human pancreatic cancer. After validation in mouse plasma and tissue
samples, a panel of proteins, including ALCAM, ICAM1, LCN2,
TIMP1, REG1A, REG3 and IGFBP4, could distinguish sera among
individuals with pancreatic cancer, individuals with chronic pancre-
atitis, and healthy controls. Moreover, a smaller panel consisting of
LCN2, TIMP1, REG1A, REG3 and IGFBP4 was able to predict from
precancer sera samples which individuals from a clinical study (ie, the
Beta-Carotene and Retinol Efficacy Trial [CARET] trial) would de-
velop pancreatic cancer. Similar studies in mouse models of ovarian
and colon cancer have led to the identification of promising markers
for those diseases.65,66

The need for accurate and reliable tests to quickly identify pa-
tients who respond and who experience relapse to specific treatments
is paramount. Studies in GEMMs for which defined genetic mutations
are engineered to cause cancer are likely to be useful for the identifica-
tion of plasma protein changes that occur on treatment with specific
drugs. If these proteins are shown to reliably change in abundance on
oncogene induction and then again on treatment, they can be consid-
ered likely candidates that will distinguish patients who are respond-
ing to treatment with the drug from those who are not. Presumably,
on continuous drug treatment, if drug-resistant tumors were to
emerge, this same panel of proteins would begin to show changes,
returning to the levels observed when a tumor was present. Monitor-
ing of plasma protein levels in patients who are undergoing treatment
would be an easy and relatively inexpensive way to assess the effective-
ness of therapy.

GEMMs also have the potential to be important assets for the
development of molecular imaging techniques to monitor disease
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progression, response to therapy, and eventual disease relapse. Such
techniques could also pinpoint the biologic characteristics of individ-
ual tumors (eg, proliferation rate, signaling pathway changes). To
date, the use of GEMMs for the development of molecular imaging
has been limited, perhaps because of the need for both specialized
imaging equipment and mice carrying appropriate mutations. In re-
cent years, however, the rapid growth in the number of clinically
relevant GEMMs and the acquisition by many institutions of small
animal imaging modalities make this an auspicious moment for the
preclinical development of imaging modalities. As an example, in a
GEMM of high-grade glioma, the thymidine analog 3�-deoxy-3�-18F-
fluorothymidine (18F-FLT) was used for PET imaging to quantify
tumor cell proliferation.67 This imaging technique can now be used to
assess the effectiveness of different therapies in this particular model
and may be developed clinically to monitor how brain tumors re-
spond to specific drugs.

METASTATIC DISEASE IN GEMMS

One of the most frequent criticisms of the use of GEMMs in cancer
research is that they rarely recapitulate the metastatic phenotype seen
within human tumors. Several explanations may account for this
deficiency. First, human cancers are genetically more complex than
tumors arising in GEMMs, which generally carry alterations only in
one or two genes. Second, GEMMs are often engineered to develop
tumors quickly (for experimental reasons). Tumor burdens, there-
fore, may increase so rapidly that animals have to be euthanized before
metastatic tumors even have the possibility to emerge. Third, intrinsic
differences between mice and humans may also contribute to the lack
of metastases observed in GEMMs. Recognition of these shortcom-
ings has sparked efforts to more effectively model tumor progression
in GEMMs, especially by combining specific mutations observed in

human advanced cancers. In particular, combination of mutations in
oncogenes and tumor suppressor genes—a situation often observed
in human tumors—has proven to be an effective strategy to observe
metastases in GEMMs.

For example, in mouse lung adenocarcinomas arising as a result
of KrasG12D expression, layering on an additional mutation, such as
deletion of Trp53, leads to the development of lymph node metastases
in 50% of the mice and to rare distant metastases.68 When point
mutations at the TRP53 mutation hotspots R273 (R270 in the mouse)
and R175 (R172 in the mouse) are introduced on one of the Trp53
alleles, an increase in metastatic disease is not observed. By using a
slightly different strategy, however, another group used mice that
spontaneously activate KrasG12D in the lung epithelium and crossed
them with mice that carry the Trp53 R172H allele to generate com-
pound KrasLA1/�; p53R172H/� heterozygote mice. Strikingly, 36.5% of
these mice with lung adenocarcinomas also develop metastatic dis-
ease, mainly to intrathoracic sites. Metastases were also observed in
extrathoracic sites, such as the liver, adrenal gland, kidney, and body
wall. Neither brain nor bone was affected by metastases, possibly
indicating that tumors with this combination of genetic events are not
effective at colonizing these tissues. In another example, deletion of the
tumor suppressor Lkb1 (a serine/threonine kinase that regulates ade-
nine monophosphate-activated protein kinase [AMPK]) in mice ex-
pressing oncogenic Kras in the lung accelerated tumor onset, and
metastases were observed in two thirds of the mice examined.69 Fi-
nally, metastatic disease was observed in a mouse model of melanoma
only when expression of the BrafV600E mutant was combined with
deletion of the tumor suppressor Pten.70 Invasion of metastatic cells
into the subcutis and lesions in the lymph nodes and lungs were found
in almost all of the mice.

Significant advances in our understanding of the mechanisms
that underlie metastatic spread have occurred thanks to the use of
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Fig 2. Multiple uses of genetically engineered mouse models (GEMMs) of human cancer. Most clinically relevant problems in cancer biology studied by using GEMMs
include treatment, drug resistance, metastasis, early detection, and cancer prevention (the last is not discussed in this review).
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GEMMs. Namely, the notion that metastasis is a late step in tumor
progression was challenged by two elegant studies that used breast
cancer mouse models.71,72 In one study, the authors showed that
dissemination of cancer cells occurs early in the tumorigenic process
by transplanting premalignant mammary glands from MMTV-NeuT
(ie, rat activated Her2/Neu under the control of the mouse mammary
tumor virus promoter) transgenic mice into wild-type littermates.
Immunostaining of bone marrow for human epidermal growth factor
2 (HER2) or cytokeratin revealed evidence of host-derived cells as
early as the formation of atypical ductal hyperplasia in the mammary
gland and before the development of invasive cancer, with no increase
in the numbers of disseminated tumor cells (DTCs) with tumor pro-
gression. Evidence for early dissemination of tumor cells into both the
lung and bone marrow was also found in MMTV-PyMT (ie, polyo-
mavirus middle T antigen) transgenic mice. Importantly, with regard
to human cancer, DTCs were observed in the bone marrow of patients
who had breast cancer with ductal carcinoma in situ (and the DTCs
were not present in controls). The numbers of DTCs did not change
across different stages, which supports the murine studies. In the
second study, untransformed mammary cells either from wild-type
mice or from mice carrying inducible transgenes were able to colonize
an ectopic site (in this case, the lung) and give rise to tumors at the site
upon oncogene activation. Together, these studies demonstrate that
two important steps in metastatic spread, cell dissemination and col-
onization, do not occur exclusively in late stages of tumorigenesis and
that the functional requirements for these processes may be present in
premalignant cells.

The select examples highlighted here underscore the feasibility of
developing GEMMs of metastatic disease that are useful for under-
standing the molecular and cell biology basis of metastasis formation.
Future efforts to expand the spectrum of GEMMs that develop metas-
tases are necessary by the mouse modeling community to tackle this
complex problem.

THE NEXT FIVE YEARS

Integrating Data From Human Oncogenomic Studies

and Experiments in GEMMs

Many large integrative genomic projects have been undertaken
with the goal of identifying mutations, expression changes, and copy
number alterations present in human cancers.29,73-79 Understanding
the relevance of the individual gene variations observed in these valu-
able data sets requires additional validation in model systems to dis-
tinguish driver (responsible for the growth of the tumor) and
passenger (bystander) mutations and to determine whether specific
genetic changes found together define molecular subsets of the disease
that determine prognosis and treatment response. GEMMs will be
valuable to test some of the hypotheses formulated through analysis of
the genomic data. Information gleaned from such in vivo studies can
be taken back directly to the clinic to impact cancer treatment. The
additional data from large integrative studies will provide more infor-
mation about human cancer and will enable the development of even
more sophisticated mouse models of cancer.

Expanding Preclinical Studies in GEMMs

As described earlier in this review, xenograft models have histor-
ically been used for drug testing, but results from GEMMs have be-

come increasingly insightful. Consequently, centralized core resources
at academic and government research institutions are emerging to
facilitate the use of mouse models for preclinical studies (eg, http://ccr
.nci.nih.gov/research/Capr.aspx), which are labor intensive, are
expensive, and require a variety of expertise from mouse imaging
to the ability to do pharmacokinetic and pharmacodynamic stud-
ies. Such cores are likely to play an increasingly important role as
the use of GEMMs in preclinical studies of lead compounds be-
comes more widely adopted.

Technical Advances to Improve the Cost Effectiveness

of GEMMs

Increasing knowledge of the multitude of genetic changes present
in human tumors means that, to effectively understand the impact of
these changes on tumorigenesis and on the response to specific drugs,
we need to be able to mimic in the mouse, rapidly and cost effectively,
the compendium of mutations deemed to be important. This repre-
sents a challenge, because the generation of knock-out, knock-in, and
transgenic alleles is time consuming, as is breeding the different alleles.
Several laboratories have devised strategies to overcome some of these
problems. For example, multiple transgenic constructs can be intro-
duced sequentially into embryonic stem (ES) cells (potentially already
null for a specific tumor suppressor gene). The ES cells are then used to
generate chimeric mice, which can be directly used as experimental
animals.80 A major advantage of this system is that modified ES cells
carrying multiple combinations of genes can be frozen and stored
until needed, greatly reducing the costs that would be associated with
maintaining these complex strains. Somatic delivery of viral vectors
bearing one or more cDNAs or shRNAs of interest directly to organs is
also likely to be an effective and widely used strategy to test the role of
multiple genes in tumorigenesis in vivo.81,82

In conclusion, GEMMs of human cancer have contributed sig-
nificantly to our understanding of basic cancer biology. The rapid
development of new techniques to engineer mutations in the mouse
genome with tissue and temporal specificity has now provided us with
the tools to generate GEMMs that accurately mimic genetic changes
present in human cancers and that can be used to test specific targeted
therapies. As GEMMs continue to develop in sophistication, they will
not only allow us to unravel complex cancer biologic problems but will
also serve as platforms from which to develop strategies for early
detection and treatment (Fig 2).
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■ ■ ■

Glossary Terms

Genetically engineered mouse model: Mouse model in
which the genetic make-up of the mouse has been modified by
transgenic or gene-targeting technologies to affect expression of a
gene of interest or to express a mutant.

Oncogene dependence: Also called “oncogene addiction”,
these words are used to describe how some tumor cells require
expression of a specific oncogene for their survival despite the
fact that normal cells from which the tumor originated were via-
ble in the absence of the oncogene.

Oncogenomic: Oncogenomics is the study of the cancer genome
using high-throughput technologies.

Targeted therapeutics: Therapeutic agents that are specifically
modeled to inhibit very specific molecules in signal transduction path-
ways implicated in the disease.

Xenograft: Host graft from a species that is not related to
the recipient.
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