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Inducible Mouse Models for Cancer Drug Target REVIEW

Validation
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Center, Seoul, Korea

Genetically-engineered mouse (GEM) models have provided significant contributions to our understanding of cancer biology and
developing anticancer therapeutic strategies. The development of GEM models that faithfully recapitulate histopathological and clinical
features of human cancers is one of the most pressing needs to successfully conquer cancer. In particular, doxycycline-inducible transgenic
mouse models allow us to regulate (induce or suppress) the expression of a specific gene of interest within a specific tissue in a temporal
manner. Leveraging this mouse model system, we can determine whether the transgene expression is required for tumor maintenance,
thereby validating the transgene product as a target for anticancer drug development (target validation study). In addition, there is always
a risk of tumor recurrence with cancer therapy. By analyzing recurrent tumors derived from fully regressed tumors after turning off
transgene expression in tumor-bearing mice, we can gain an insight into the molecular basis of how tumor cells escape from their
dependence on the transgene (tumor recurrence study). Results from such studies will ultimately allow us to predict therapeutic responses
in clinical settings and develop new therapeutic strategies against recurrent tumors. The aim of this review is to highlight the significance
of doxycycline-inducible transgenic mouse models in studying target validation and tumor recurrence.
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INTRODUCTION

Recent explosive advances in high-throughput sequencing
technologies have led to the identification of numerous somatic
mutations in cancer genomes.l'6 However, only a few of them
functionally contribute to tumorigenesis. Therefore, distinguishing
‘driver’ mutations that have a casual role in tumorigenesis from
"passenger’ mutations, which have no effect on tumorigenesis, is
critical for our understanding of tumorigenesis. Yet, if the driver
mutations are not required for tumor maintenance, those gene
products cannot serve as anticancer drug targets.7'8 Techniques
used to assess whether the identified gene is associated with
tumor maintenance in in vitro culture systems, include

siRNA-mediated gene expression knockdown or small chemical
compound-mediated gene product activity inhibition.” If these
techniques abrogate gene product role in tumor cell growth, the
gene may be required for tumor cell growth and therefore serves
as a possible drug target for the inhibition of tumor growth.'**

Several in vivo mouse systems have been used to verify these
in vitro results. In particular, xenograft implantation systems
have been extensively used to confirm in vitro data and to test the
efficacies of small compounds for inhibiting tumor growth in
mice."*'* In these systems, either tumor cells or tumor tissues are
implanted into the immunocompromised mice to reproduce
tumor growth. These xenograft implantation systems have
several advantages over genetically-engineered mouse (GEM)
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models, such as being easy to prepare and use in a large cohort of
mice with synchronized tumor growth."* However, tumor growth
in xenograft implantation systems frequently fail to faithfully
recapitulate the genetics and histology of corresponding human
cancers, partially due to the lack of microenvironmental factors,
including stromal cell components and an immune system.'* In
this regard, conventional transgenic mouse models in which the
transgene is expressed under the control of a tissue-specific pro-
moter/enhancer regulatory elements are a more physiologically
relevant system for determining whether the transgene expre-
ssion is sufficient for tumor development and progression. Un-
fortunately, there is no means to regulate (either induce or
suppress) transgene expression in a temporal manner, making it
impossible to determine whether the transgene expression is
required for the maintenance of tumor phenotypes. To overcome
this limitation, the inducible transgenic mouse model was
developed. In this system, if turning off the expression of the
specific gene in tumor-bearing transgenic mice shows that
transgene expression is required for tumor maintenance, the
suppression of transgene expression will likely lead to tumor
regression, validating the transgene protein as a target for future
anticancer drug development.

Given that tumor recurrence is always a concern in cancer
therapy, understanding the molecular mechanisms underlying
therapeutic resistance of tumor cells is critical for developing new
therapeutic strategies against recurrent tumors. The majority of
fully regressed tumors after turning off the expression of trans-
gene by withdrawing doxycycline from the drinking water will
reoccur in the original tumor site as transgene expression-in-
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dependent.”™"’ By analyzing these recurrent tumors, we can

understand the molecular basis of how tumor cells escape from
their dependence on doxycycline-induced transgene expression.'”"’
Therefore, inducible mouse models enable us to extrapolate the
collected in vivo data to predict therapeutic responses in clinical
settings and develop new therapeutic strategies against recurrent
tumors.

In this review, we will highlight the importance of inducible
mouse models in studying target validation and tumor recurrence
by citing several previously developed inducible mouse models as
examples.

THE TETRACYCLINE/DOXYCYCLINE
(Tet)-INDUCIBLE TRANSGENIC MOUSE
MODEL (THE Tet-ON SYSTEM)

In the Tet-On system, the expression of the transgene is turned

on (induced) by administering doxycycline via drinking water and
turned off (suppressed) by withdrawing doxycycline from the

drinking water.”**

Two GEM models are required for this system.
The first model harbors a gene of interest fused to a modified
tetracycline response promoter element (TRE) that contains
seven repeats of a 19-nucleotide tetracycline operator (tetO)

20.21
sequence.

The second model expresses an artificial trans-
cription factor of tetracycline-inducible transactivator (rtTA)
under the control of a tissue-specific promoter. To express the
gene of interest in a specific tissue, these two mouse lines are
crossed to generate compound mice harboring transgenes of both
the gene of interest and 1tTA. In the presence of doxycycline
(adding doxycycline into the drinking water), doxycycline binding
to rtTA enables the doxycycline-bound rtTA to stably bind to the
TRE element, leading to the expression of the gene of interest in

%02 In the absence of doxycydline (withdrawing

a specific tissue.
doxycycline from the drinking water), doxycycline-free rtTA
cannot bind to the TRE element, resulting in the suppression of

the gene of interest.

EXAMPLES OF INDUCIBLE MOUSE
MODELS USED TO STUDY TARGET
VALIDATION AND TUMOR RECURRENCE

1. Inducible mouse models for lung cancer

Mutations in exons 18-21 of the human EGFR (AEGFR) gene
encoding the ATP-binding pocket of the receptor's tyrosine kinase
domain are found in approximately 10% and 35% of patients with
non-small cell lung cancer (NSCLC) in the US and in East Asia,
respectively.”” In particular, an L858R substitution in exon 21
(AEGFR L858R) and an in-frame deletion in exon 19 (AEGFR DEL)
are the two most common mutations. However, the identification
of these recurrent mutations at high frequencies in clinical
specimens does not necessarily mean that these mutations
functionally contribute to the initiation and progression of
NSCLC. Most importantly, for these mutations to serve as future
therapeutic targets, these mutations should be required for the
maintenance of NSCLC. Therefore, to determine whether these
two mutations are associated with initiation, progression, and
tumor maintenance of NSCLC, Dr. Wong's group developed in-
ducible transgenic mouse models.” Firstly, the group generated a
transgenic mouse model in which either AEGFR L858R or AEGFR
DEL was fused TRE to generate two GEM mouse models:
TRE-hEGFR L858R and TRE-hEGFR DEL. Secondly, these mice
were crossed with Clara cell secretory protein promoter ele-
ment-rtTA (CCSP-rtTA) mice to generate compound mice exp-
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ressing either AEGFR L858Ror hEGFR DELin lung type 2 alveolar
cells in a doxycycline-inducible manner 26: TRE-hEGFR L858R/C-
CSP-rtTA and TRE-hEGFR DEL/CCSP-rtTA. Administration of
doxycycline resulted in tumor development in murine lungs,
serially precancerous lesions and bronchioloalveolar carcinoma
within a few weeks, and invasive adenocarcinoma with more
than four weeks after induction.® In addition, withdrawal of
doxycycline to suppress the expression of AEGFR L858Ror hEGFR
DEL in tumor-bearing compound mice resulted in complete tumor
regression without recurrences.” These results suggest that lung
tumor cells are dependent on the expression of their respective
transgenes for their proliferation and survival, validating these
hEGFR mutant proteins as prospective drug targets for the tre-
atment of lung cancers harboring these specific ZGFRmutations.
These findings were immediately applied in preclinical trials of
pharmaceutical inhibitors specific to the EGFR mutants, such as
gefitinib and erlotinib, to test their therapeutic efficacy against
these inducible hEGFR mutant-driven mouse lung tumors.”
These tumor cells showed dramatic responses to the EGFR
tyrosine kinase inhibitors, verifying that the EGFR mutants serve
as drug targets for the treatment of human lung cancers harboring
these specific ZGFR mutations. In addition, these inducible
hEGFR mutant mouse models were validated as valuable tools for
efficacy studies of newly developed EGFR tyrosine kinase inhi-
bitors.

However, in clinical settings, the majority of primary EGFR
mutant non-small cell lung carcinomas that initially responded to
EGFR tyrosine kinase inhibitors became resistant to the inhi-
bitors.”** Several genomic studies of recurrent patient tumor
samples identified other genetic alterations, including the
secondary mutation of EGFR T/90M in the EGFR gene and

. . 23,29,30
mutations in the K-Ras gene.”*’

Using another inducible
mouse model that expresses a mutant ZGFR (EGFR T7) containing
both AEGFR L858R from the primary tumor and EGFR T/90M
from the recurrent tumor in murine lungs in the same manner
above, it was shown that EGFR TL is oncogenic and essential for
tumor maintenance.'® Given that an irreversible EGFR tyrosine
kinase inhibitor, HKI-272, previously showed high efficacy against
gefitinib-insensitive EGFR mutants, a therapeutic strategy com-
bining HKI-272 with gefitinib was proposed to treat primary
tumors driven by EGFR L858R and to prevent recurrent tumors
driven by EGFR T.790M., Preclinical trials of HKI-272 alone in EGFR
TL-driven murine lung tumors showed suboptimal responses,
consistent with unfavorable results from a phase I clinical trial of
HKI-272 for the treatment of previously treated NSCLC patients.'®
These studies suggest that results obtained from an inducible

mouse model mirror dlinical outcomes, validating inducible
mouse models as promising tools for predicting clinical responses
to cancer therapy.

2. Inducible mouse models for breast cancer (HER/Neu
and c-MYCQ)

HER2/Neu is a member of the epidermal growth factor receptor
family. HER/Neu protein overexpression and/or HER/Neu gene
amplification were observed in approximately 20% to 30%
primary human breast cancers, and were also associated with
breast cancer progression and poor prognoses.”” To determine
whether HER/Neu protein overexpression is associated with
initiation, progression, and tumor maintenance of breast cancer,
Dr. Chodosh's group developed inducible transgenic mouse
models.” Firstly, the group generated a transgenic mouse model
(7etO-NeuNT) in which a constitutively activate form of HER2/Neu
with a substitution of valine for glutamic acid in the transmem-
brane domain (NeuNT) was fused to the minimal tet operator
(7et0). Secondly, these mice were crossed with mouse mammary
tumor virus promoter-reverse tetracycline transactivator (MM-
TV-rtTA) mice to express transgenes in the breast epithelia of the
mammary ductal system. These MMTV-rtTA/TetO-NeuNT com-
pound mice developed multiple invasive mammary carcinoma
with pulmonary metastasis in the majority of tumor-bearing mice
with doxycycline administration.” After withdrawal of doxycycline,
the tumors including pulmonary metastatic tumors, rapidly and
fully regressed, suggesting that the activation of the HER2/Neu
signaling pathway is required for tumor maintenance of both
primary and metastatic tumors.'*”

Since tumor recurrence is concern of breast cancer progression,
they investigated the molecular mechanisms underlying recurrent
tumors derived from fully regressed tumors after turning off the
transgene expression in this mouse model.'® This study demon-
strated that Snail was upregulated in recurrent mammary
tumors, and Snail overexpression is sufficient for inducing rapid
tumor recurrence after suppressing the expression of the
transgene NeuNT in a xenograft model using tumor cell lines
derived from the primary mouse tumors.'® Therefore, Snai/may
serve as a target for the treatment of recurrent breast cancer
resulting from therapies against the HER2/Neu signaling pathway.

c-Myc gene amplification is also detected in up to 15% of
human breast cancers, with a much higher frequency of app-
roximately 50% in BRCAIl-dysfunctional breast cancer” To
investigate the functional contribution of ¢-Myc overexpression
inbreast cancer development and progression, an inducible transgenic
mouse model overexpressing ¢-MYC (MMTV-rtTA/TetO-c-Myrc)
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was also generated by Dr. Chodosh'’s group.® While c-M¥Cover-
expression is sufficient for the development of mammary adeno-
carcinoma, approximately half of the primary tumors failed to
regress after turning off the expression of the c:Myctransgene. In
addition, half of the fully regressed tumors recurred at the site of
original primary tumor.® Therefore, the majority of the initially
¢-Mycdriven tumors eventually lost their dependence on the
MYC signaling pathway, suggesting that ¢MYC may not be
appropriate as a therapeutic target for the treatment of human
breast cancers harboring c-Mjyc gene amplification.

3. An inducible mouse model for prostate cancer
(BRAF**%)

Many studies have reported the activation of the RAS/RAF/
MEK/ERK pathway in the majority of androgen-depletion inde-

-37 . aps
> However, counter-intuitively,

pendent (ADI) prostate cancers.
activating mutations in the RAS/RAF/MEK/ERK pathway are
infrequent in human prostate cancers.”® To study the role of the
activation of the RAS/RAF/MEK/ERK pathway in prostate cancer
initiation and progression in vivo, Dr. Chin's group generated an
inducible mouse model (Zyr-rtT4/TetO-BRAF™, in which the
expression of a potent activator of RAS/RAF/MEK/ERK signaling,
BRAF™™, is targeted to the murine prostate epithelia by tyro-
sinase promoter/enhancer (Tyr).” Although the tyrosinase promo-
ter/enhancer has specific activity in melanocytes, it also showed
activity in the prostate epithelia for unknown reasons.” These
mice developed invasive adenocarcinoma, and these tumors
further progressed to indolent ADI lesions after castration.”
However, as in the case of the inducible ¢-Mjyctransgenic mouse
model, transgene BRAF™™-driven prostate tumors constantly
grew even after turning off the transgene expression.” Therefore,
this study proposed that targeting BRAF*® for the treatment of
ADI prostate cancer does not have positive therapeutic potential.

4. An inducible mouse model for pancreatic cancer
(KRASG12D)

More than 95% of pancreatic ductal adenocarcinoma (PDAC)
harbor mutations in the KRAS gene.®™ The expression of
KRAS®'*” in murine pancreatic progenitor cells at a physiologi-
cally relevant level induced the full spectrum of pancreatic

cancers from pancreatic intraepithelial neoplasias to invasive

142

pancreatic cancer.”"* These results suggest that the mutant

KRAS®'?" is an oncogenic driver for the development of pan-
creatic cancer. To determine whether the mutant KRAS®'?” is
required for tumor maintenance, Dr. Depinho's group generated

an inducible mouse model wherein the mutant KRAS®? is

expressed in murine pancreatic cells at a physiological level in a
triple transgenic strain (tetO-Lox-Stop-Lox-KRAS®'*"/ROSA26-
Lox-Stop-Lox-rtTA-IRES-GFP/p48-Cre) in a doxycyline-inducible
manner. In this mouse model, Cre expression in murine pan-
creatic cells eliminates the Lox-Stop-Lox cassette containing
three repetitive transcriptional stop sequences from both tetO-
Lox-Stop-Lox-KRAS®'?” and ROSA26-Lox-Stop-Lox-rtTA-IRES-GFP
to express rtTA and GFP using the endogenous ROSA26 promoter
and to generate tetO-KRAS®'*®.*" In the presence of doxycycline,
the mutant KRAS®'?"
triple transgenic mice. Leveraging this elaborate mouse model,

they proved that mutant KRAS®'?” is required for the maintenance

is expressed in pancreatic cells of these

of mutant KRAS®'*-driven pancreatic tumors.” To understand the
molecular mechanisms of KRAS®*"-mediated pancreatic tumor
maintenance in this mouse model, they analyzed changes in the
transcriptome of mutant KRAS®'*-driven tumor samples at 24
hours after doxycyline withdrawal. They demonstrated that
multiple metabolic pathways are down-regulated in mutant
KRAS®'*"-driven tumors upon the termination of transgene
expression, suggesting that the mutant KRAS®'*" reprograms
metabolism to enhance tumor growth.”” Therefore, this study
proposes the possibility that mutant KRAS®'?”

metabolic pathways serve as drug targets for the treatment of

itself and associated

12D : :
mutant KRAS®*"-driven pancreatic cancers.

CONCLUSION

This short review article provides an overview of the signi-
ficance of doxycycline-inducible transgenic mouse models in
studying target validation and tumor recurrence by summarizing
studies using inducible mouse models for lung cancer
(TRE-hEGFR L858R/CCSP-rtTA, TRE-hEGFR DEL/CCSP-rtTA, and
TRE-EGFR TL/CCSP-rtTA), inducible mouse models for breast
cancer (MMTV-rtTA/TetO-NeuNTand MMTV-rtTA/TetO-c-Myd), an
inducible mouse model for ADI prostate cancer (Zyr-rtTA/
TetO-BRAF™, and an inducible mouse model for PDAC
(tetO-Lox-Stop-Lox-KRAS®'*°/ROSA26-Lox-Stop-Lox-1t TA-IRES-G
FP/p48-Cre). Despite investing much effort and time, many
researchers have failed to identify driver genes that functionally
contribute to tumor development. When a driver gene is
successfully identified, the driver gene may later be found not to
be required for tumor maintenance. Thus, this driver gene
product is not useful as a future drug target for the treatment of
related cancers. These failures can be partially attributed to the
limitations of in vitro and in vivo systems in studying target

- 16 o
validation and tumor recurrence.” For example, promising
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results regarding target validation through loss-of function study
using either siRNA-mediated knockdown or small chemical
inhibitor treatment with tumor cell lines are not frequently
reproduced in in vivo systems. As mentioned above, conventional
transgenic mouse models are limited for the study of target
validation and tumor recurrence due to the inability to regulate
transgene expression in a temporal manner. These limitations
are overcome with an inducible transgenic mouse model.
Despite the significance of inducible mouse models in
studying target validation and tumor recurrence, many were wary
about the extensive use of doxycycline due to its detrimental
effects on mitochondria. In particular, doxycycline impairs
mitochondrial proteostasis and induces some physiological
changes associated with energy metabolism in mice. In
addition, doxycycline is a tetracycline antibiotic, so it can change
the gut microbiome, ultimately affecting mice immune system

4547

and metabolism.™" These unwanted consequences might affect

the tumorigenic potential of certain genes in this doxycycline-in-
ducible mouse model. Therefore, the effects of doxycycline
should be well controlled to study the tumorigenic potential of
genes associated with immune responses and metabolic pathways
in particular.

The ultimate goal of cancer research is to develop therapeutic
strategies against primary tumors and recurrent tumors through
the study of target validation and tumor recurrence. Therefore,
inducible transgenic mouse models are indispensible tools for
accomplishing this goal.
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