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Topic Introduction

Tissue Recombination Models for the Study
of Epithelial Cancer

Yang Zong,1 Andrew S. Goldstein,2,3,5,6,7 and Owen N. Witte1,2,4,5,6

1Howard Hughes Medical Institute, University of California, Los Angeles, California 90095; 2Department of
Molecular and Medical Pharmacology, University of California, Los Angeles, California 90095; 3Department of
Urology, University of California, Los Angeles, California 90095; 4Department of Microbiology, Immunology, and
Molecular Genetics, University of California, Los Angeles, California 90095; 5Jonsson Comprehensive Cancer
Center, David Geffen School of Medicine, University of California, Los Angeles, California 90095; 6Eli and Edythe
Broad Center of Regenerative Medicine and Stem Cell Research, University of California, Los Angeles, California
90095

Animal models of cancer provide fundamental insight into the cellular and molecular mechanisms
of human cancer development. As an alternative to genetically engineered mouse models, increasing
evidence shows that tissue recombination and transplantation models represent an efficient approach
to faithfully recapitulate solid epithelial cancer in mice. Cancer can be rapidly initiated through
lentiviral delivery of defined genetic alterations into target cells that are grown in a physiological
milieu with an appropriate epithelial–stromal interaction. Through genetic manipulation of distinct
subpopulations of epithelial cells and mesenchymal cells, this powerful system can readily test both
cell-autonomous roles of genetic events in the epithelial compartment and the paracrine effects of the
microenvironment. Here we review the recent advances in mouse models of several epithelial cancers
achieved using orthotopic transplantation and tissue recombination strategies, with an emphasis on
the dissociated cell in vivo prostate regeneration model to investigate prostate cancer.

INTRODUCTION

Investigation of critical elements underlying human cancer development requires in vivo model
systems. Attempts to inoculate experimental animals with representative fragments of human
tumors have been recorded since the mid-1800s (McConnell 1908; Woolley 1958). Although there
were a few examples of successful heterotransplantation, the vast majority of these early studies ended
up with negative results (McConnell 1908). Immune responses associated with the heterologous
transfer of human tissues are the predominant mechanism for the rejection of transplanted grafts. A
significant advance in overcoming the immune response was made with mice genetically engineered
with mutations resulting in the loss of functional inflammatory cells. Multiple strains of immunode-
ficient mice—including nude (Nu/Nu) (Pantelouris 1968), beige (Lystbg) (Gallin et al. 1974; Roder
1979), and various subtypes of severe combined immunodeficient mice (SCID, Prkdcscid) such as C.B-
17 SCID(Dorshkind et al. 1984),NODSCID(Shultz et al. 1995), andNODSCIDgamma(NSG) (Shultz
et al. 2005)—have become the most commonly used hosts for generating human cancer xenografts.

With the availability of these immunodeficient mice, heterologous transplantation of human
cancers is generally performed as subcutaneous inoculation under the skin of host mice. However,
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given the critical microenvironmental influences on tumorigenesis (Bhowmick et al. 2004; Joyce and
Pollard 2009; Bissell and Hines 2011), it is well accepted that the supportive microenvironment of
transplantation sites and the inductive effects of surrounding stromal tissues also play important roles
in transplantation-based models of human epithelial cancer. We will discuss the advantages and
limitations of orthotopic xenografting and tissue recombination approaches, mainly using the
mammary fat pad transplantation and the dissociated prostate in vivo regeneration as examples.

It is impossible to ignore the pioneering research in hematological malignancies that led to
transplantation-based models of solid epithelial cancers. The relative ease with which primary
human leukemic cells can be isolated from peripheral blood and bone marrow has allowed the
identification of genetic alterations and cell populations critical for blood-based disease development
and progression. To validate the function of genetic changes in vivo, many murine models of various
leukemias and other myeloproliferative disorders have been successfully established using retroviral
transduction and bone marrow transplantation (Daley et al. 1990; Kelliher et al. 1990; Kroon et al.
1998; Wernig et al. 2006). These transplantation-based models of hematological malignancies have
proven to be very useful in bettering our understanding of leukemogenesis and testing novel thera-
peutic strategies.

Despite some differences in etiology and disease evolution between leukemias and solid epithelial
cancers, a growing body of evidence shows that solid epithelial cancers can also be faithfully recapit-
ulated in mice by coupling virological tools with tissue recombination/transplantation approach
techniques. We will explore how solid epithelial cancers have been studied in a manner analogous
to leukemia, using tissue recombination and transplantation tomix andmatch different genetic events
with different target cell populations to model the development of human cancers in mice.

TUMOR XENOGRAFTS GROWN IN ORTHOTOPIC VERSUS SUBCUTANEOUS SITES

In the traditional xenograft model of human cancers, in vitro cultured cancer cells are injected into
immunodeficient mice subcutaneously, resulting in the formation of palpable and visible lumps at the
transplantation site over a period of time ranging from weeks to many months. Owing to the low cost,
ease of use, and the convenience of monitoring tumor growth in live recipients, the subcutaneous
xenograft approach has extensively been used in the solid tumor biology field. Although it remains a
useful strategy to dissect the complexity of signaling pathways in cancer and to identify novel ther-
apeutic agents, some subcutaneous xenograft models do not have good clinical correlations and fail to
consistently predict drug responses (Kuo et al. 1993; Sharpless and Depinho 2006; Talmadge et al.
2007). The major mechanism for the compromised clinical relevance of subcutaneous xenograft
models is the fact that human cancer cells are transferred into a nonphysiological site, where
cancer cells are rapidly grown with the support of reactive stroma and neovasculature from host
mice. Owing to the infiltration of host cells not typically found in the tissue site of interest and the
absence of an appropriate interaction between cancerous epithelial cells and their native microenvi-
ronment, ectopic subcutaneously implanted tumors poorly reproduce the biological behavior and
clinical response of human cancers (Sharpless and Depinho 2006; Talmadge et al. 2007).

Orthotopic transplantation places cancer cells into the corresponding sites where cancer would
be expected to arise naturally. This improved approach provides local signals that are lacking in a
subcutaneous milieu and allows the propagation of a human cancer of interest in a relevant tissue
context. Because the approach provides more physiological tumor–stroma interaction and commu-
nication with neighboring normal cells in the anatomically matched organ, orthotopic xenograft
studies can more closely recapitulate the biological aspects of cancer growth in humans when com-
paredwith the subcutaneous inoculationmodel.Many studies using this technique have been reported
to successfully model cancers of various tissue origins, including the lung, breast, prostate, bladder,
colon, pancreas, and brain (Kaye et al. 1986; Capella et al. 1999; Hoffman 1999; Chan et al. 2009).

By parallel comparison of subcutaneous and orthotopic xenografts, significant differences in
tumor behavior between the two approaches have been described (Nakajima et al. 1990; Deramaudt
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et al. 2006; Fleming et al. 2010). The orthotopic tumors tend to grow more rapidly, with enhanced
properties of local invasion and remote metastasis. In some orthotopic transplantation models of
human cancers, spontaneous metastatic disease can be observed in their clinically relevant target
organs (Yang et al. 1999; Kuperwasser et al. 2005). Dissemination that follows natural routes can
be achieved in orthotopic models to generate multiple metastatic lesions, especially if the primary
tumors are surgically removed, which prolongs survival and thus allows sufficient time for previously
seeded cancer cells to grow into advanced metastases (Munoz et al. 2006; Francia et al. 2011).

Orthotopic tumor growth cannot be measured as readily as subcutaneous tumors and often
requires complex imaging modalities to noninvasively monitor progression and metastasis (Weis-
sleder 2002; Condeelis andWeissleder 2010). Although such experiments may be more time-consum-
ing and expensive than monitoring the standard subcutaneous xenografting approach, orthotopic
transplantation provides a more faithful platform for studying the genetic and biological evolution of
human cancers. Orthotopic systems could also be amore reliable predictive tool for testing anticancer-
targeted compounds for clinical effectiveness, particularly when examining the efficacy of drugs to
treat late-stage cancers as well as potential agents against tumor stroma and host immune components.

MAMMARY FAT PAD AS AN ORTHOTOPIC SITE FOR STUDYING BREAST CANCER

For breast cancer and mammary gland biology analogous to the human breast, the most widely used
anatomic location in transplantation-based studies has been the mammary fat pad (MFP) in female
mice. More than a half-century ago, Deome et al. (1959) first showed that normal murine mammary
tissue transplanted into recipient mice could regenerate normal hormone-responsive gland structures
only when the tissue was engrafted into theMFP. By comparison to subcutaneous transplantation, the
growth-promoting effects of the MFP were well illustrated in this study, which showed that the
incidence of tumors derived from hyperplastic alveolar nodules was much higher when this precan-
cerous tissue was transplanted into theMFP than into the dorsal subcutis of syngeneic mice. TheMFP,
especially the fourth of the five paired MFPs, has since become the predominant transplantation site
for many studies of mammary gland development and breast cancer.

The elegant work of DeOme and his coworkers was based on their fundamental observations of
normal murine mammary gland development, wherein the majority of ductal outgrowth in the MFP
occurs after puberty. It has been shown that the MFP arises in the mouse embryo as a large sheet of
condensed mesenchyme at Day 14 of gestation. The majority of the MFP is devoid of mammary
glandular parenchyma until after puberty. At puberty, the growing ducts elongate to progressively fill
the entire MFP (Sakakura et al. 1982, 1987; Neville et al. 1998). This developmental pattern allows
scientists to surgically resect the part of the MFP (�20% by area) that is filled with mammary
epithelial glands in weanling female mice (3 wk of age). The “cleared” MFP will not contain any
residual mammary glandular structure as the mice mature and provides an optimal space to introduce
donor epithelial cells into their native microenvironment (see Protocol: The Cleared Mammary Fat
Pad Transplantation Assay for Mammary Epithelial Organogenesis [Lawson et al. 2014]).

These key findings have opened a new field for the study of mammary stem cells and the etiology of
breast cancer. Using the technique of transplantation into the murine MFP, both normal stem cells
(Kordon and Smith 1998; Shackleton et al. 2006; Stingl et al. 2006) and tumor initiating cells (Al-Hajj
et al. 2003; Ginestier et al. 2007; Zhang et al. 2008) in mammary epithelium have been prospectively
identified over the last few decades. The cellular hierarchy of mammary stem/progenitor cells during
physiological conditions (Van Keymeulen et al. 2011) and the hormonal influences on the pool size
and regenerative activity of mammary stem cells (Asselin-Labat et al. 2010; Joshi et al. 2010) have been
revealed by mammary reconstitution assays, using the cleared MFP as the standard site in host mice.
By coupling this orthotopic transplantation technique with genetic manipulation of short-term cul-
tured primary mammary epithelial cells via retroviral transduction, an ex vivo mammary reconsti-
tution assay has been established to model the initiation step of breast cancer in mice (Edwards et al.
1996). The functions of several genes associated with breast cancer development, such as myc
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(Edwards et al. 1988), ErbB2 (Bradbury et al. 1993), Wnt-1 (Edwards et al. 1992), and Wnt-4
(Bradbury et al. 1995) have been tested in this system. Moreover, the reciprocal transplantation
approach using mammary epithelial cells and gland-free MFP from knockout and wild-type mice
alsomakes it feasible to distinguish the definite effects of the epithelial–intrinsic and stromal responses
to various hormones and growth factors on the process of mammogenesis (Brisken et al. 1998;Wiesen
et al. 1999; Gallego et al. 2001; Mallepell et al. 2006).

Using the MFP transplantation approach, the microenvironmental contribution of genetic
changes in the stroma to mammary tumorigenesis has also been evaluated (Barcellos-Hoff and
Ravani 2000; Medina 2010). For example, it has been shown that Ets2 deficiency in the stroma of
the MFP suppresses mammary tumor growth induced by polyomavirus middle T (PyMT) oncogene,
which is correlated with decreased macrophage expression of matrix metalloproteinases Mmp3 and
Mmp9 (Man et al. 2003). Recently, the function of stromal Mmp9 expression has been directly tested
by orthotopically transplanting murine mammary tumors into Mmp9−/− host mice, showing that loss
of Mmp9 in the stroma not only results in slower tumor growth but also sensitizes tumors to
doxorubicin treatment (Nakasone et al. 2012). In summary, orthotopic transplantation into the
MFP is a very useful tool to investigate the cellular basis and molecular mechanisms for normal
mammary development as well as breast cancer evolution.

TISSUE RECOMBINATION MODELS TO MIMIC THE NATIVE TUMOR MICROENVIRONMENT

In addition to orthotopic transplantation into normal anatomic sites, tissue recombination of epi-
thelia andmesenchyme of relevant origins can also provide an appropriate physiological milieu for the
growth and progression of solid epithelial tumors. Starting in the 1950s, developmental biologists
revealed that tissue morphogenesis requires reciprocal interactions between the epithelial and mes-
enchymal compartments, and that themesenchyme plays critical roles in the induction and patterning
of epithelial development (Grobstein 1953a,b; Auerbach 1960; Alescio and Cassini 1962; Fleischmajer
1967). Building on these findings in mice, the pioneering work by Cunha and colleagues provided the
seminal observations about mesenchymal–epithelial interactions in hormonal responses in the
normal development of sex hormone-regulated peripheral tissues, including prostate (Cunha and
Lung 1978), seminal vesicle (Cunha 1972a,c), and salivary gland (Cunha 1972b).

From these studies, a very useful system of tissue recombination has been developed for the
analysis of epithelial development, most notably in themouse prostate. Tissue fragmentsmechanically
dissected from rodent embryonic urogenital sinus mesenchyme (UGSM) at mid-gestation provide
potent inductive influences to support prostate epithelial morphogenesis, when epithelial fragments
from urogenital tissue of embryonic or postnatal origin are combined with UGSM cells (Cunha et al.
1980; Norman et al. 1986; Cunha 2008). The anterior chamber of the eyes of adult male mice was
initially used as a transplantation site for the grafts, whereas the kidney capsule of immunodeficient
mice has been eventually chosen as the preferable site because it offers a rich vascular environment
conducive to the robust growth of grafts. The availability of two large kidneys allows for the trans-
plantation of multiple distinct grafts into an individual host, minimizing the number of recipient
mice. Tissue recombinants grown under the renal capsule display prostatic branching tubular archi-
tecture with secretion-filled ducts that are histologically normal in appearance (Norman et al. 1986).

Compared to orthotopic transplantation of mammary epithelial cells into the MFP, the technical
challenge of prostate orthotopic transplantation is considerably higher. The tissue recombination
system developed by Cunha and colleagues lowers the demand for surgical skill, but still provides a
simulated microenvironment for engrafted epithelial tissues to grow. The system, consisting of pros-
tate tissue fragments and UGSM cells, is a useful model for studying gene function in both the
epithelial and mesenchymal compartments in prostate development and prostate carcinogenesis.
Several laboratories have used this model to investigate the biological consequences of genetic deletion
events commonly found in patient tumors (i.e., Rb inactivation or loss of Nkx3.1) during prostate
cancer initiation (Wang et al. 2000; Kim et al. 2002).
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There are several disadvantages to the tissue fragment recombination assay that have been im-
proved upon using a dissociated cell approach. The bulkiness of tissue fragments blocks widespread
cell–cell contact between epithelial and mesenchymal components and prevents subsequent uniform
genetic manipulation following the preparation of tissue fragments, resulting in limited flexibility of
the system. To overcome these technical restraints, our laboratory modified the tissue recombination
system to include enzymatic dissociation of adult prostate tissues into single-cell suspensions, which
allows for accurate quantitation, easy labeling, and purification of live cells with cell surface markers
(Xin et al. 2005; Lawson et al. 2007; Goldstein et al. 2008) and uniform genetic manipulation by viral
vector technologies. After combining dissociated prostate cells from postnatal mice with murine
embryonic UGSM cells that have been cultured and propagated short-term in vitro (see Protocol:
Preparation of Urogenital Sinus Mesenchymal Cells for Prostate Tissue Recombination Models
[Zong et al. 2014a]), collagen plugs containing both epithelial and mesenchymal components are
implanted under the kidney capsules of SCID male mice (see Protocol: Dissociated Prostate Regen-
eration under the Renal Capsule [Zong et al. 2014b; also Xin et al. 2003]). After 4–8 wk of regener-
ation in vivo, the resulting grafts are filled with glandular tubules, which contain secretion-filled
lumens and express a panel of epithelial markers consistent with normal prostate development
(Fig. 1). We have also compared different transplantation sites for in vivo regeneration of mouse
prostate recombinants and found that tissue recombinants grown under the kidney capsule generate
larger grafts relative to those implanted subcutaneously, although no significant differences in the
histology of the regenerated tubules were observed (Fig. 2).

Using this dissociated-cell tissue recombination/transplantation assay and incorporating other
genetic tools, such as lentivirus-based gene transfer and shRNA-mediated gene knockdown, we
have successfully established several prostate cancer models to study the Pten/PI3K/AKT pathway
(Xin et al. 2005, 2006; Lukacs et al. 2010). Recently, the biological roles of ETS family transcription
factors associated with common gene fusions in human prostate cancer, namely ERG and ETV1, have
been tested in our dissociated-cell prostate regeneration system. We found that overexpression of
these ETS proteins in adult murine prostate epithelial cells is sufficient to induce the formation of
epithelial hyperplasia and focal prostatic intraepithelial neoplasia (PIN) lesions, but not progression to
carcinoma (Zong et al. 2009) (Fig. 3A). These observations are similar to the recently reported
phenotype of transgenic mice with prostate-specific expression of ERG (Klezovitch et al. 2008;
Tomlins et al. 2008) or ETV1 (Tomlins et al. 2007; Shin et al. 2009).

Tissue recombination models of prostate cancer can accurately recapitulate human disease phe-
notypes and also the neoplastic lesions developed in transgenic mice. Inspired by these encouraging
findings, research using the tissue recombination/transplantation technique has been developed to
establish models of solid epithelial cancer of several other tissue origins. For example, using an ex vivo
cell recombination/subrenal xenografting approach, Abate-Shen and colleagues recently described an
invasive bladder cancer model, in which a human bladder cell line is infected with lentiviral vectors
encoding RNA interference-mediated knockdown of p53 and PTEN and combined with rat embry-
onic bladder mesenchyme. This is followed by transplantation under the renal capsule of nude mice
(Puzio-Kuter et al. 2009). Similarly, a malleable in vivo endometrial regeneration system has been
constructed from dissociated murine uterine epithelium and stroma using the tissue recombination
technique. Regenerated endometrial glands in the subrenal grafts respond to pharmacologic variations
in a hormonal milieu similar to the native endometrium. Furthermore, using this system, cell-au-
tonomous activation of the PI3-kinase pathway via biallelic loss of PTEN or activation of AKT was
found to be sufficient for the initiation of endometrial carcinoma in naïve adult uterine epithelia
(Memarzadeh et al. 2010).

STRENGTHS AND WEAKNESSES OF THE TISSUE RECOMBINATION/TRANSPLANTATION MODEL

We have discussed the orthotopic transplantation and tissue recombination assays for modeling the
evolution of solid cancers in mice. It is important to note that genetically engineered mouse models
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(GEMMs) represent an alternative approach to study the etiology and pathophysiology of human
cancers. Both approaches are quite useful, but have their own advantages and limitations. Because the
pros and cons of GEMM and methodologies to improve this powerful tool are discussed thoroughly
elsewhere, we will mainly summarize the strengths and drawbacks of the tissue recombination/
transplantation assay.

First, the tissue recombination/transplantation assay is a very flexible system to rapidly produce
cancer inmicewith high cost-effectiveness. By simply swapping the genes of choice in lentiviral vectors,
different forms andmutants of a given oncoprotein or tumor suppressor can be functionally examined
in this system. For example, using the lentiviral transduction and tissue recombination technique, it is
easy andefficient to test the in vivo roles of several constitutively activated formsanddominant-negative
mutants of Src kinase and the related family members in prostate tumorigenesis (Cai et al. 2011b).

Adult mouse prostateA

B

E16 murine pelvic UGS

50 μm

p63 AR

50 μm

50 μm 50 μm

Single cell suspension Subrenal grafts

Cultured UGSM cells

CK5/CK8 CK5/CK8/DAPI

FIGURE 1.Normal glandular tubules regenerated from dissociated adult mouse prostate epithelial cells in the presence
of UGSM cells. (A) Schematic design for the dissociated cell in vivo prostate regeneration model. (B) Immunofluo-
rescence and immunohistochemistry analyses of regenerated tubules with antibodies against cytokeratin 5 (CK5),
cytokeratin 8 (CK8), p63, and AR.
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FIGURE 2. Comparison of mouse prostate grafts regenerated in different transplantation sites in SCID mice. (A) Gross
appearance and weight measurement of representative prostate grafts grown subcutaneously or under the kidney
capsule for 3 mo. (B) Hematoxyline and eosin staining of mouse prostate grafts regenerated in different transplantation
sites as indicated.
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FIGURE 3.Murine PIN and prostate adenocarcinoma induced by defined genetic alterations in the dissociated prostate
regeneration model. (A) Histologic analysis of regenerated glands derived from lentiviral-transduced adult mouse
prostate epithelial cells, showing that overexpression of ERG or myristoylated Akt1 (myrAkt1) leads to PIN lesions,
whereas enhanced AR signaling does not induce any significant neoplastic abnormalities. (B) Mouse prostate adeno-
carcinoma resulting from different combinations of genetic changes as indicated.
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Moreover, collaborative effects in carcinogenesis are typically assessed by cross-breeding geneti-
cally modified animals to generate compound mouse models. However, the cost and time of cross-
breeding, as well as matching strain genetic background, can provide significant obstacles. By double
infection with different single-gene viral stocks or preparation of a single polycistronic lentiviral
vector, various combinations of genetic events can be easily introduced and quickly assessed in the
epithelial cells of interest (Xin et al. 2006; Cai et al. 2011a; Drake et al. 2012). Using this efficient
strategy, we showed that high levels of ERG protein collaborate with activation of the PI3K/AKT
pathway or enhanced AR signaling, resulting in the progression of PIN lesions to frank prostate
adenocarcinoma (Zong et al. 2009) (Fig. 3B). In GEMMs, the phenotype of ERG overexpression
alone is quite controversial (Klezovitch et al. 2008; Tomlins et al. 2008; Carver et al. 2009; King et al.
2009), possibly because of the distinct isoforms of ERG protein and the different mouse genetic
backgrounds used in these studies. Consistent with our results using an ex vivo lentiviral transduction
and tissue regeneration approach (Zong et al. 2009), several independent groups have reported
synergistic effects between ERG overexpression and an aberrant PTEN/AKT pathway using the
cross-breeding strategy (Carver et al. 2009; King et al. 2009).

The high degree of engineering flexibility of the tissue recombination/transplantation system is
exemplified by the ability to achieve temporospatial expression of genetic changes with multiple
choices of promoters. Incorporation of tetracycline-inducible technology renders this system more
regulatable and reversible, where transcriptional activation of downstream genes is tightly controlled
by the binding of tetracycline or its derivative, doxycycline, to the transactivator protein. Using this
approach, we have determined the requirement for sustained Src kinase activity in prostate tumor
maintenance, showing that murine prostate carcinoma induced by constitutively activated Src mutant
is dependent on activated Src signaling (Cai et al. 2011a).

All epithelial cells of a specific lineage in the target organ of GEMMs usually carry the introduced
genetic alterations, even though the expression pattern can be mosaic or patchy (Mulholland et al.
2011). In contrast, the intrinsic nature of lentiviral transduction results in only a fraction of the
transplanted cells receiving the genetic information to express the gene of interest, whereas the
remaining cells are unchanged. Given that human cancers usually originate from few epithelial
cells interacting with their neighboring normal counterparts, the mixture of normal and genetically
modified cells provides the tissue recombination system a unique advantage for more closely mod-
eling cancer initiation within a normal background.

In addition, the availability of linked color markers in lentiviral vectors can facilitate phenotypic
analyses and metastasis tracking. By monitoring the dynamic changes in fluorescent or biolumines-
cent signals, tumor responses to anticancer drugs can be noninvasively followed in host mice. Fluo-
rescence also provides a useful marker to distinguish and purify cancerous cells from adjacent normal
epithelium by flow cytometry–based methods for serial transplantation into recipient mice.

The versatility of the tissue recombination/transplantation model allows researchers to address
a variety of important questions related to cancer initiation and progression. By genetically manip-
ulating distinct subsets or populations of epithelial cells, the action of an oncogene in different target
cells can be readily evaluated in the absence of cell-type or lineage-specific promoters. Previous studies
in our laboratory used this strategy to directly compare the in vivo responses of purified prostate basal
cells (Lin-Sca-1 + CD49f hi) and their luminal counterparts (Lin-Sca-1-CD49f low) to multiple onco-
genic stimuli, and showed that murine basal cells are efficient targets for prostate cancer initiation
(Lawson et al. 2010). Alternatively, the cells of origin for solid tumors have also been explored using
GEMMs. For example, recent studies using an in vivo lineage tracing approach and the cross-breeding
strategy showed that not only prostate stem cells with basal characteristics but also some stem cells/
progenitors within the luminal lineage are susceptible to malignant transformation induced by Pten
deletion (Wang et al. 2009; Choi et al. 2012). However, the GEMM approach is typically more
expensive and relies largely on the specificity of the promoters.

In addition to testing the cell-intrinsic function of genetic changes, the tissue recombination/
transplantation model offers a unique platform to investigate microenvironmental influences in
tumorigenesis. By introducing various genetic changes and epigenetic alterations intomultiple cellular
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components of the stroma, the contribution of the tumor microenvironment to cancer initiation and
progression can be dissected. Using UGSM cells engineered to overexpress fibroblast growth factor 10
(FGF10), we showed that enhanced mesenchymal expression of FGF10 led to the formation of
multifocal PIN or prostate adenocarcinoma in the adjacent epithelium, and the disease was serially
transplantable with no requirement of continuous exposure to high levels of this paracrine growth
factor (Memarzadeh et al. 2007). These data suggest that epithelial cancers can be solely initiated by
genetic alterations in the stroma, preceding any subsequent mutations in adjacent epithelial cells.
Reciprocally, it has been reported that prolonged activation of FGF receptor 1 in murine prostate
epithelia with chemical inducers of dimerization causes disease progression from PIN to adenocar-
cinoma (Acevedo et al. 2007).

By orthotopically engrafting cancer cells into different recipient mice harboring distinct somatic
mutations or into host strains of distinct genetic backgrounds, it is possible to define the relative
contribution of each cellular component in the tumor microenvironment as well as the role of germ-
line variability on biological phenotypes. For example, in a recent study, primarymammary carcinoma
cells from murine MMTV-Erbb2 tumors were injected into the MFP of wild-type, Rag1−/−, CD4−/−,
and CD8−/− mice. Pulmonary metastasis was found to be significantly diminished in Rag1−/− and
CD4−/− mice, but unaltered in CD8−/− mice when compared with wild-type mice, indicating that
CD4+ T cells promote metastasis in this mouse model of breast cancer (Tan et al. 2011).

Although the tissue recombination/transplantation system offers a relatively inexpensive approach
for testing awide range of genetic alterations, cell types, andmicroenvironmental influences, thismodel
cannot recapitulate all aspects of the genetics, heterogeneous context, and complex biology of human
cancers. For example, propagationof geneticallymanipulated tissue recombinants in immunocompro-
mised mice may prohibit the effects of the host immune response. The potential biases introduced
through physical dissociation, lentiviral transduction, and transplantation could also cause discrepan-
cies. In the tissue recombination/transplantation model, cancer initiation and tissue regeneration
usually occur simultaneously, which may not reflect the condition of cancer development in humans.
However, using the doxycycline-inducible technique, it is possible to overcome this shortcoming by
uncouplingcancer initiationfromthetissueregenerationprocess (Caietal.2011a). Inaddition,owingto
the multistep procedure, the tissue recombination/transplantation approach is labor intensive and
technically demanding, and great care needs to be taken at all steps to minimize the variability.

HUMAN TISSUE RECOMBINATION STRATEGIES TO CONVERT BENIGN HUMAN EPITHELIA TO CANCER

Although both GEMM and mouse tissue recombination/transplantation models of cancer shed light
on the cellular basis and molecular mechanisms for the development of human cancers, it is well
recognized that there are fundamental differences inmany aspects of cancer biology betweenmice and
humans. These differences include telomere dynamics, related DNA repair mechanisms, and other
factors yet to be discovered. The transforming ability of the same genetic events can be different
between target cells of mouse and human origin (Rangarajan and Weinberg 2003; Heyer et al. 2010).
Additionally, certain ligand–receptor interactions are incompatible across species, such as human
hepatocyte growth factor (HGF) receptor (also called MET), which does not bind with the mouse
HGF ligand (Rong et al. 1992).

Human cancer cell lines derived from primary or metastatic tumors can be useful for solving the
issue of cross-species differences. However, the limited collection of such cell lines and the potential
artifacts introduced during long-term culture can complicate results. Primary benign human tissue
can serve as an alternative source of starting materials to study cancer development in orthotopic
transplantation-based mouse models of human cancers. By genetically manipulating primary benign
cells freshly isolated from human donor tissues, the biological consequences of a range of genetic
alterations can be tested singly or in combinations using the tissue recombination/transplantation
technique. Recently, we successfully established a direct in vivo transformation assay starting with
naïve human prostate epithelial cells (Goldstein et al. 2010, 2011). Using an ex vivo lentiviral trans-
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duction and in vivo regeneration approach, we showed that CD49fhiTrop2hi basal cells from primary
benign human prostate tissue can initiate prostate cancer in immunodeficient mice. The cooperative
effects of AKT, ERG, and AR in basal cells closely recapitulated the histologic andmolecular features of
human prostate cancer, with loss of basal cells and expansion of luminal cells expressing prostate-
specific antigen and α-methylacyl-CoA racemase (Goldstein et al. 2010). These findings suggest that
basal cells are one cell type of origin in human prostate cancer.

Using primary, noncancerous human epithelial cells, several human-in-mouse models of skin
carcinoma, melanoma, and breast cancer have been developed in a similar fashion to study the cell-
autonomous roles of oncogenic events (Fan et al. 1997; Khavari 2006; Wu et al. 2009). In addition,
microenvironmental influences in carcinogenesis have also been examined in a human mammary
reconstitution system, where the mouse MFP of SCID mice is “humanized” by introducing human
mammary fibroblasts, thus facilitating proper colonization and growth of humanmammary epithelial
cells in the chimeric stroma (Kuperwasser et al. 2004). In this system, genetic modification of human
mammary fibroblasts to overexpress either HGF or TGF-β1 results in the outgrowth of malignant
lesions from a cell preparation of morphologically normal human mammary epithelia (Kuperwasser
et al. 2004).

CONCLUSIONS

The tissue recombination/transplantation model is a very powerful system with a high degree of
flexibility that enables its use for broad applications. Certain questions about the tissue recombination
model still need to be resolved, including the effects of the loss of cell–cell contact during tissue
dissociation and lentiviral transduction. Despite a few limitations, this model can faithfully recapit-
ulate the biology and context of human solid tumors in a fast and cost-effective manner. By testing the
effects of a wide range of genetic events and epigenetic changes on the same target material, this
approach bypasses any concerns about genetic background. Therefore, distinct genetic alterations and
pathway activation can be compared in a common setting. As recent studies suggest that epithelial
cancers may arise from the transformation of multiple distinct cells of origin, the tissue recombination
approach allows for direct comparisons of common genetic alterations expressed in different target
cells. Most important, this approach allows for parallel investigation of cancer initiation and progres-
sion in both rodent and human tissues. In summary, the tissue recombination/transplantation model
provides a unique platform for the functional validation of candidate target genes and the develop-
ment of anticancer drugs.
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