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Abstract
A novel transgenic mouse has been developed that allows clonal cell lineages to be
labeled by random mutagenesis and traced in virtually any tissue. A green fluorescent
cell lineage is generated by a random mutation at an enhanced green fluorescent proteim
(EGFP) gene containing a premature stop codon (referred to as the stop-EGFP gene)
labeling individual mutants and ensuring clonality.

Using the stop-EGFP mouse, we successfully performed in vivo imaging of sterm
cell clonal lineages in the mouse dorsal epidermis and found cell lineages that descended
from single epidermal stem cells were capable of generating multiple adjacent
corneocytes, providing evidence for horizontal migration of epidermal cells between
epidermal proliferative units (EPUs), in contrast to the classical EPU model. Repeated
analyses of the same clonal cell lineages in the dorsal epidermis were performed over
time to study the dynamics of the clonal development of particular cell lineages. The
stop-EGFP system is expécted to provide a novel tool for‘investigating clonal cell
lineages of stem cells in various adult tissues as well as during development.

The stop-EGFP mouse system can also be applied to estimate rates of in vivo
somatic mutation because the system allows individual mutations in a tissue, or an organ,
to be identified by detecting green fluorescent colonies (i.e., clonal cell lineages
descended from mutant cells) that were generated by unique mutations at the premature
stop codon within the stop-EGFP gene. Using the stop-EGFP system, we estimated the
rate of mutation induced by a potent mutagen, ENU (N-ethyl-N-nitrosourea) in the mouse
liver and compared mutation rates among the different liver lobes. A time-course study

of mutations in the liver of ENU-treated stop-EGFP mice revealed that the apparent
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mutation frequencies change significantly depending on the time (following exposure) of
sampling. An explicit statistical model was developed to better estimate the mutation rate
induced by ENU in the liver. Comparison with vehicle-treated liver revealed a 3.4-fold
increase in mutation frequency over control in ENU-treated liver, which is consistent
with other previous reports and thus supports the utility of the stop-EGFP mouse as an in

vivo mutation detection system.
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Chapter 1. Introduction

Parts of this chapter have been submitted.

Ro S. (2005) Tracing clonal lineages of stem cells in vivo: the stop-EGFP mouse. In:
Progress in Stem Cell Research (Greer EV, ed.). New York: Nova Science Publishers (in
press).
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Overview
Understanding the types of daughter cells that individual precursor cells give rise to (and
their distribution) is of great importance both in developmental biology and in stem cell
biology. Recent studies suggest that stem cells in an adult tissue may have the capability
to produce cells of even developmentally unrelated tissue types under experimentally
modified conditions (Blau et al., 2001; Weissman et al., 2001). To unequivocally
determine how diverse a range of cell types and how expansive a clonal cell lineage a
single precursor cell (or stem cell) of a particular tissue can produce, a fate mapping
technique that allows one to trace individual clonal cell lineages in a mammalian system
in vivo is required. Although various mapping techniques have been developed so far,
labeling of single cells is difficult to achieve and very few systems have been efficiently
applied to fate mapping of single precursor cells (Clarke and Tickle, 1999; Flake, 2001).

To facilitate tracing of clonal cell lineages in a mammalian system in vivo, a
novel transgenic mouse system was developed as part of my research (Chapter 2). The
transgenic mouse (referred to as the stop-EGFP mouse) carries a premature stop codon-
containing EGFP (enhanced green fluorescent protein) gene that acts as a target gene for
mutations. Individual cells are labeled by means of random mutations and cell lineages
descended from single cells that have undergone mutations express EGFP allowing
clonal cell lineages to be traced in vivo via fluorescence imaging. To test the applicability
of the system for investigating stem cell clonal lineages, we apply the system to trace
stem cell lineages in the mouse dorsal epidermis (Chapter 3).

Another question of fundamental importance is the rate of in vivo somatic

mutation in mammals. Somatic mutations play an important role in the initiation and
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progression of cancer, as well as being an important factor of aging. Despite this
importance, little is currently known about in vivo rates of mutation, especially in non
germ-line (somatic) cells. Novel systems are therefore needed that allow one to study in
vivo mutation rates in a mammalian system. Only a few mammalian systems have been
developed for investigating processes of somatic mutation in vivo. These include the lacl
and lacZ transgenic mouse systems (Gossen et al., 1989; Kohler et al., 1991) and the Aprt
system (Jones et al., 1985), as well as several others (Winton et al., 1988). A shortcoming
of these systems is that they can only provide mutant frequency (i.e., the number of
mutant cells divided by total cells counted) from which mutation rate often cannot be
estimated accurately (Heddle, 1999; Thompson et al., 1998). To precisely determine the
mutagenic effect of a chemical mutagen, a defective gene, or some other factor, a novel
mutation detection system directed at estimating rates of mutation (rather than mutant
frequency) is required.

The stop-EGFP mouse system developed in my research has considerable
potential for use in estimating rates of in vivo somatic mutation in a mammalian system
because the system allows individual mutations in a tissue or an organ to be identified by
detecting green fluorescent colonies (i.e., clonal cell lineages descended from mutant
cells) that were generated by unique mutations at the premature stop codon in the stop-
EGFP gene. The ability to identify independent mutations should facilitate accurate
estimation of mutation rates, which is difficult, or impossible, to achieve using other in
vivo mutation detection systems. The final component of this research examines the
feasibility of using the stop-EGFP mouse to estimate rates of somatic mutation in vivo

(Chapter 4).
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I. Green Fluorescent Protein (GFP) and Its Applications

1. GFP and its variants

GFP is a naturally fluorescent protein of 27-kDa size that emits green light of 508 nm
when excited at 488 nm. The formation of its chromophore is autocatalytic, requiring no
cofactors (Tsien, 1998). Its strong visible fluorescence without any cofactor or substrate
allows direct detection of even single cells in live tissues (Chalfie et al., 1994; Yu et al,,
2003). The protein is known to be non-cytotoxic and its expression does not perturb
normal cellular processes (Chan et al., 2001; Feng et al., 2000; Okabe et al., 1997). As a
result GFP has been widely applied to a variety of problems, ranging from cell lineage
mapping to cellular trafficking of proteins.

GFP was originally isolated from the jellyfish Aequorea victoria, which will be
referred to as wild-type GFP throughout the thesis. The natural form of the protein has
several properties that can be undesirable for scientific purposes. First, the protein is
excited at 395 nm, which falls within the range of ultraviolet (UV) light, and the imaging
process can therefore result in UV-related toxicity in live cells (Basu-Modak and Tyrrell,
1993; Tyrrell, 2000). Second, the fluorescent intensity of wild-type GFP is very low
(Cormack et al., 1996), which limits applications of the protein as it can be difficult to
detect in some circumstances. Third, the protein exhibits poor expression in certain
mammalian and plant species (Chiu et al, 1996; Yang et al., 1996). When transgenic
mice were generated in which wild-type GFP was expressed under the control of a
ubiquitous promoter, many tissues did not express the protein (Ikawa et al., 1998).

To increase the versatility of GFP, many variant forms of the protein have been

generated by altering one or more amino acids (Cormack et al., 1996; Cubitt et al., 1995).
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Most importantly, substituting phenylalanine for leucine at codon 64 and serine for
threonine at codon 65 greatly improves fluorescence intensity (35 times brighter
fluorescence relative to wild-type GFP) when excited at 488 nm in studies using
equalized amounts of protein (Cormack et al., 1996). In addition, expression in
mammalian systems has been improved by introducing 190 silent base changes to the
coding sequence of the gene to systematically replace the native codons of the wild-type
GFP with codons preferentially found in highly expressed human genes (Haas et al.,
1996). The combination of the two codon substitutions described above and the 190
silent base substitutions leads to substantially brighter ﬂuorescenbe and higher expression
levels in mammalian cells (Yang et al., 1996), and the resulting protein (referred to as
enhanced green fluorescent protein, “EGFP”) has been widely used in a variety of
contexts. In transgenic mice carrying the EGFP gene under the control of a ubiquitous
promoter, all the organs exhibited strong green fluorescence (Ikawa et al., 1998; Okabe et
al, 1997).

The tyrosine residue at codon 66 of GFP (equivalent to codon 67 of EGFP
because of insertion of an additional codon right after the initiation codon, see Figure 2-
6) is the core of the fluorophore and predominantly determines wavelengths of light for
both excitation and emission (Heim and Tsien, 1996). For example, substitution of the
tyrosine residue in EGFP to histidine results in major shifts of excitation and emission
peaks to shorter wavelengths (380 and 440 nm, respectively) (Heim et al., 1994). The
resulting protein is referred to as enhanced blue fluorescent protein (EBFP). Similarly,
substitution of tyrosine at codon 67 of EGFP (or at codon 66 of GFP) to tryptophan shifts

the emission peak to 475 nm and leads to cyan fluorescence emission from the protein
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(Heim and Tsien, 1996). In the proteins with altered spectrums, other substitutions are
usually included to increase the intensity of fluorescence. The EGFP variants and their
characteristics are listed in Table 1-1 (Hadjantonakis and Nagy, 2001; Patterson et al.,

2001; Tsien, 1998).

Table 1-1. Fluorescent proteins and their characteristics.

Fluorescent  Excitation Emission Relative intensity Relative
protein peak (nm)  peak (nm) of fluorescence*  bleaching time
EBFP 380 440 1 1
ECFP 433 475 28 28
EGFP 488 507 35 33
EYFP 513 527 35 12

* Information on relative intensity of fluorescence can be found at the website of
Clontech, http://www.clontech.com/clontech/techinfo/fags/LivingColors/variants.shtml.
This Table was modified from Patterson et al (2001) and Tsien (1998).

2. Application of EGFP

Cell lineage studies rely on a biochemical or genetic marker to label one or more cells

and identify their descendent lineages. For a marker to be suitable for use in cell lineage
studies, its minimal properties should be that it is stable over several generations of cell
division, that it not be secreted or transferred to other cells, and that it not perturb in any

way normal cellular processes. Ideally, a marker would also allow cell fate to be
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followed over some period of time in living tissues. In these regards, EGFP satisfies all

the requirements for a versatile lineage marker (Zernicka-Goetz, 1999) (Table 1-2).

Table 1-2. Advantages of EGFP as a cell lineage marker.

Characteristics of EGFP Advantages

Can be expressed in various organisms Permanent genetic marking

Non-toxic protein Does not perturb normal cellular
processes

Very bright signal Imaging at the single-cell level

No substrates or cofactors required Live imaging of animal or tissue

(avoids possible artifacts that might be
introduced during fixation process)

Non-invasive imaging performed Time-lapse study or repeated analyses

A cell carrying the gene encoding functional EGFP will transmit the gene to its
progeny, thus the cell lineage that originated from the cell will express EGFP and be
easily detected in vivo by fluorescence imaging. The first aim of my research was to
develop a general method to trace clonal cell lineages using EGFP as an in vivo clonal
marker (Chapter 2) and to apply the method to identify clonal lineages of stem cells in
the mouse dorsal epidermis (Chapter 3) (see Figure 1-6).

In vivo mutation detection systems in which a bacterial transgene such as /acl or
lacZ is inserted into the mouse genome have been widely used for mutation studies

(Gossen et al., 1989; Kohler et al., 1991). One disadvantage of such systems is that the
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target genes for mutations are prokaryotic and the systems therefore may not represent
the characteristics of mutations one would expect to see in mammalian genes (Skopek,
1998). The EGFP gene has been genetically modified to enhance the mammalian
characteristics of the gene (Yang et al., 1996). Thus, if the EGFP gene is used as a
mutational target, it can better reveal mutational characteristics of typical mammalian
genes. Furthermore, an EGFP-based mutation detection system could allow direct
detection of independent mutations by imaging green fluorescent mutant colonies in vivo
or in situ. Due to the strong fluorescence from the protein and recent advances in
fluorescence imaging techniques, direct detection of single-cell mutants in the system is
feasible (Chalfie et al., 1994; Yu et al., 2003), which also enhances the efficiency of the
mutation detection system. The second aim of my research (Chapter 4) has been to
develop a novel in vivo mutation detection system using EGFP as a mutational reporter

that allows independent mutations to be directly detected in tissues of interest.

I1. Stem Cell Biology and Fate MappinEg

1. Stem cells, transit amplifving (TA) cells, and differentiated cells

Stem cells are undifferentiated cells with the capacity for prolonged self-renewal and are
capable of producing differentiated cells of various cell types needed for periodic tissue
renewal and tissue regeneration after injury (Loeffler and Potten, 1997; Watt and Hogan,
2000; Weissman, 2000). The pathway to differentiation from stem cells usually involves
producing intermediate cells, called transit amplifying (TA) cells, that can rapidly divide
and subsequently differentiate into mature cells of specific types (Alison et al., 2002;

Loeffler and Potten, 1997) (Figure 1-1). Thus, production of TA cells facilitates the
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Figure 1-1. Pathway to differentiation from a stem cell.

A stem cell (open circle) can either self-renew or commit to a pathway leading to
differentiation. The pathway to differentiation involves producing intermediate TA cells
(gray circles), which divide and subsequently differentiate into specific types of mature
cells (black circles). As TA cells divide, their lineage potentlals are presumed to
decrease. Adapted from Alison et al. (2002).
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process of tissue renewal or regeneration, which requires production of new cells, as well
as commitment of cells to specific cell lineages (Watt and Hogan, 2000). Because stem
cells are the only cells capable of continuous tissue renewal, the population of stem cells
must be maintained. It is still not known how stem cells maintain their numbers. Two
competing models have been proposed (Loeffler and Potten, 1997, Ro and Rannala,
2001) (Figure 1-2). The deterministic model proposes that a small number of stem cells
reside in a niche, each generating exactly one stem cell and one TA cell at each
(asymmetrical) cell division. The daughter TA cell leaves the niche to proliferate for
tissue renewal while the daughter stem cell remains in the niche; each stem cell is
‘immortal’ under this model. The stochastic model proposes that many stem cells exist in
a niche with each stem cell division producing either two, one, or zero stem cells (and
either zero, one, or two proliferating TA cells, respectively). This leads to ‘‘drift’’ in the
numbers of descendents of each stem cell lineage over time. Determining whether a
daughter cell of a stem cell remains a stem cell or becomes a TA cell might depend on
asymmetrical segregation of cell-fate determinants or differential influences from the
microenvironment (Spradling et al., 2001; Watt and Hogan, 2000).

Compared to stem cells, TA cells possess limited proliferative capacity and
restricted potential for lineage commitment (Watt and Hogan, 2000). Within the
population of TA cells, there could be a hierarchy of lineage potential (Alison et al.,
2002). For example, early TA cells are likely more lineage-flexible than late TA cells,
which have undergone several proliferation cycles (Figure 1-1). After undergoing several
cell divisions, TA cells differentiate into mature cells that have functional specializations

in tissues, but have no proliferative capacity.
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Figure 1-2. Deterministic and stochastic models of stem cell population dynamics.

Open circles represent stem cells and filled circles represent TA cells. The probability
(Pr) that either two stem cells (and no TA cells), or two TA cells (and no stem cells)
result from the division of a stem cell is q. The probability that one stem cell and one TA
cell result is p. The deterministic model assumes that ¢ =0 and p = 1 and the stochastic
model assumes that p <1 and q > 0.
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2. Identification and location of stem cells in adult tissues

In most tissues and organs, the identity of the stem cells in adult tissues has remained
elusive and a hallmark of stem cells is the lack of expression of a specific stem cell
marker (Blau et al., 2001; Flake, 2001; Robert, 2004). Even in hematopoietic cells where
the stem cell population has been best characterized, isolation of stem cells using putative
hematopoietic stem cell markers results in a heterogeneous cell population in which some
of the cells fail to demonstrate the capacity for prolonged self-renewal and/or
reconstitution of all cells of the blood (Morrison and Weissman, 1994). Furthermore,
stem cells generally cannot be identified purely by morphology or location (Flake, 2001).
Due to the lack of specific stem cell markers, alternative methods based on
characteristics of stem cells have been proposed to identify the stem cell population. One
such method is to generate label-retaining cells (LRC) (Bickenbach, 1981). Mice are
repeatedly treated with a nucleotide analogue such as tritiated thymidine (H-TdR) or 5-
bromo-2’-deoxyuridine (BrdU) when the tissue is in a hyperproliferative state such that
all the dividing cells (i.e., both stem cells and TA cells) incorporate the label in newly
synthesized DNA. The labeled cells are analyzed after several weeks or months during
which the label in rapidly proliferating cells will dilute out (Bickenbach, 1981; Braun and
Watt, 2004). Stem cells are believed to divide at a much slower rate than TA cells
(Morrison et al., 1997; Robert, 2004) and the label in TA cells is therefore expected to
dilute out during the waiting time between the exposure and monitoring of labeled cells
while slowly dividing stem cells retain the label.

Application of this labeling technique to the mouse skin led to the finding of

putative stem cells in the tissue where LRC were mostly restricted to the basal layer in
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the epidermis and the bulge of the hair follicle (Cotsarelis et al., 1990; Mackenzie and
Bickenbach, 1985; Morris et al., 1985; Morris and Potten, 1999). These LRC in the skin
exhibited several stem cell attributes such as high colony-forming efficiency in vitro and
the capacity to give rise to cells of various types present in the skin in vivo (Morris and
Potten, 1994; Taylor et al., 2000). One problem with the method is that not all label-
retaining cells will be stem cells (Braun and Watt, 2004; Potten, 2004). Some cells might
not divide, for example, due to the cytotoxic damage by *H-TdR or BrdU incorporation.
Furthermore, in tissues with a very slow turnover rate (e.g., liver cells), non-stem cells
may also retain the label.

Putative stem cells have been identified in many adult tissues, and their locations
have also been approximately described (Table 1-3). In tissues with a high turnover rate
in which stem cells have been well studied, the location of stem cells is better understood
(Niemann and Watt, 2002; Potten and Loeftler, 1990). In the epidermis, for example,
stem cells are presumed to exist in the basal layer and basal TA cells generated from a
stem cell are thought to move directly upward to terminally differentiate into corneocytes
(Potten, 2004). Kinetic studies have shown that proliferation of epidermal cells is
restricted to the basal layer suggesting that stem cells divide laterally with the plane of
the basement membrane of extracellular matrix (i.e., along the basal layer) although a
recent study by the Fuchs’ group suggests that epidermal stem cells can divide
perpendicularly to the membrane through asymmetric cell divisions (Lechler and Fuchs,
2005). About 10% of basal cells in the epidermis are presumed to be stem cells (Potten

and Morris, 1988).
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Table 1-3. Putative stem cells in adult tissues and their stem cell niches.

Tissue (organ) Identification and/or location of putative stem cells
Epidermis Basal layer

Small intestine Crypt base

Large intestine Crypt base

Liver Terminal bile ductules (canals of Hering)

Lung Tracheal basal cells, Clara cells, alveolar type II pneumocytes
Skeletal muscle Satellite cells in muscle fibers

Hematopoietic tissue Hematopoietic stem cells in bone marrow

Neural tissue Subventricular zone of the central nervous system
Pancreas Duct cells

Prostate Basal cell layer

Adapted from Korbling and Estrov (2003) and Otto (2002).

Several putative markers of epidermal stem cells have been identified (Barthel
and Aberdam, 2005; Morasso and Tomic-Canic, 2005). For example, epidermal stem
cells have been shown to express higher levels of a6 and B, integrins and lower levels of
the transferrin receptor CD71 when compared with TA cells (Jones and Watt, 1993; Li et
al., 1998; Tani et al., 2000). The stem cells are also thought to preferentially express the
cytokeratins K15 and K19 as well as B-catenin (Lyle et al., 1998; Tumbar et al., 2004;
Zhu and Watt, 1999). Interestingly, studies investigating the transcriptional profile of
several lineages of adult and embryonic stem cells show that integrins a6 and f; are
highly expressed in stem cells (Ramalho-Santos, et al., 2002). Integrins have important

structural and regulatory roles in the epidermis and transduce signals from the
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extracellular matrix to the interior of cells (Goldfinger et al., 1999; Mainiero et al., 1996).
Thus, it is speculated that integrins are involved in regulating proliferation and
differentiation of epidermal cells. Recently, it has been suggested that stem cells located
in the bulge of the hair follicle have the potential to maintain the epidermis (Niemann and
Watt, 2002). The bulge stem cell concept has gained strong support from double-
labelling studies by Taylor et al. in which the fate of the progeny of stem cells in the
bulge was traced (Taylor et al., 2000). This study showed that the bulge stem cells
produce daughter cells that differentiate to form the epidermis, hair follicles and
sebaceous glands in response to a penetrating wound.

3. The proliferative unit

In a constantly renewing tissue, a distinct compartment of cellular proliferation is thought
to exist as a unit of tissue renewal, which is maintained by a single stem cell, or a few
stem cells, located within. Stem cells within a proliferative compartment (also referred to
as a “proliferative unit”) are thought to be responsible for the replacement of
differentiated cells within the unit (Slack, 2000; Terskikh et al., 2003). Supporting this
idea, it has been shown that there is a distinct proliferative unit in the epithelium of the
small intestine (Bjerknes and Cheng, 1999; Griffiths et al., 1988; Schmidt et al., 1988).
Likewise, there is evidence for a proliferative unit in the mouse dorsal epidermis, which
is composed of a single column of corneocytes plus epidermal cells directly below the
column, and maintained by a single stem cell located in the basal layer of the epidermis
(Allen and Potten, 1974; Mackenzie, 1997; Potten and Morris, 1988). In other tissues

with a high turnover rate, it is also expected that a proliferative compartment may exist
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which is maintained by one, or a few, stem cells present in the compartment (Slack,
2000).

In response to a stimulus such as wounding, however, stem cells could provide
cells beyond a proliferative unit. Following skin wounding, for example, epidermal cells
appear to migrate to wounded sites beyond their proliferative compartments (Martin,
1997). As well, when hyperproliferation in the mouse epidermis was induced by chronic
irradiation with 280 — 320 nm ultraviolet (UV) rays, cell lineages found in the epidermis
revealed clonal expansion of basal cells to neighboring proliferative units (up to about
100 adjacent epidermal proliferative units) along the basal layer (Zhang et al., 2001). In
the epithelium of the small intestine, larger clonal cell lineages beyond the normal size of
the proliferative unit have been detected following treatment with cytotoxic reagents
(Winton, 1997).

The precise definition of a proliferative unit in many tissues remains unresolved
and an objective of my research (Chapter 3) will be to attempt to identify the size of the
proliferative unit in the mouse epithelium (see Figure 1-6).

4. Lineage potential of stem cells

It is a subject of great interest in stem cell biology to determine how many different types
of cells a single stem cell in a particular tissue can give rise to. In many cases, stem cells
in adult tissues are multipotent in that they can produce cells belonging to a variety of
cell lineages. For example, in the epithelium of the small intestine, there are four classes
of mature differentiated cells and a single stem cell located in the crypt base can produce
cells of all four types (Bjerknes and Cheng, 1999; Cheng and Leblond, 1974). Likewise,

stem cells located in the bulge region of the hair follicle can produce not only cells of all
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the hair follicle lineages, but also sebocytes and epidermal cells in response to a
penetrating wound (Oshima et al., 2001; Taylor et al., 2000). However, some stem cells,
such as basal stem cells of the epidermis, are unipotent so that they appear to only give
rise to epidermal cells.

It has long been thought that adult mammalian stem cells are restricted to
producing the cell types normally found in the tissue in which they reside. However,
recent studies imply that stem cells may have the capability to produce cells of
developmentally unrelated tissue types in experimentally modified conditions (Blau et
al., 2001; Tosh and Slack, 2002; Weissman et al., 2001). Various studies have shown
evidence for flexibility of lineage determination of adult stem cells. Transplanted bone
marrow-derived stem cells can give rise to hepatocytes (Petersen et al., 1999), endothelial
and myocardial cells (Lin et al., 2000), neuronal cells (Brazelton et al., 2000), and
skeletal muscle cells (Ferrari et al., 1998) in adult mice. Hematopoietic stem cells appear
to show a similar degree of lineage potential flexibility, such that they can give rise to
hepatocytes, cardiac myocytes, and epithelial cells of the liver, gut, lung, and skin
(Jackson et al., 2001; Krause et al., 2001; Lagasse et al., 2000). Furthermore, neuronal
stem cells from adult mouse brain can produce blood cells, immune cells, and skeletal
muscle cells (Bjornson et al., 1999; Galli et al., 2000). It is especially remarkable that
cells derived from one germ layer appear to have the potential to give rise to cell types
that derive from another germ layer (e.g., mesoderm-derived bone marrow cells may give
rise to endoderm-derived hepatocytes).

The validity of stem cell plasticity, however, has been recently questioned

(Anderson et al., 2001; Raff, 2003; Wagers and Weissman, 2004). It has been suggested
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that cell-cell fusion could explain apparent lineage switching of transplanted stem cells
(Raff, 2003; Wagers and Weissman, 2004). In most reported cases, claims that
transplanted cells give rise to cells of a different lineage are based on detecting a
particular marker of the new cell type, while retaining a genetic marker of the
transplanted cells (Anderson et al., 2001). Fusion of transplanted cells and host cells of
other tissue types will allow expression of both markers, which can lead to erroneous
claims of lineage switching. Two independent studies have now shown that embryonic
stem cells can spontaneously fuse with neuronal stem cells or bone marrow cells in
culture (Terada et al., 2002; Ying et al., 2002). Confirming the in vitro studies, in vivo
studies have also shown that the generation of hepatocytes from transplanted bone
marrow cells was actually due to cell fusion processes rather than the differentiation of
transplanted cells into hepatocytes (Vassilopoulos et al., 2003; Wang et al., 2003).
Similarly, cell fusion has been implicated as the underlying mechanism for contributions
of transplanted hematopoietic stem cells to injured skeletal muscle (Camargo et al.,
2003).

Another problem with reports claiming the plasticity of stem cells is that a
heterogeneous population of donor cells was used in most studies, thus contamination of
stem cells of diverse tissue origins is possible (Wagers and Weissman, 2004; Weissman
et al., 2001). For example, initial reports that skeletal muscle stem cells could produce
blood cells (Jackson et al., 1999) were invalidated because it turned out that the blood
cells were actually produced from hematopoietic stem cells present in the muscle, rather
than skeletal muscle stem cells (McKinney-Freeman et al., 2002). Therefore, to

demonstrate plasticity of stem cells, it is essential to exclude the possibility that multiple
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stem cells could be contributing to the observed outcome and to use purified (ideally
single) stem cells (Wagers and Weissman, 2004).

To unequivocally determine the lineage potentials of stem cells, a mapping
technique is required that allows cell lineages of single stem cells to be traced in vivo.
The stop-EGFP mouse system we have developed allows tracing of cell lineages that
originated from single progenitor cells, thus it is expected that the system could be
efficiently applied in future to address such issues in stem cell biology.

5. Embryonic stem cells and clinical potential of stem cells

At the blastocyst stage, the embryo forms an inner cell mass (ICM), which is capable of
building up all three primary germ layers, the endoderm, mesoderm, and ectoderm
(Gerecht-Nir and Itskovitz-Eldor, 2004; Wobus and Boheler, 2005). In the early 1980s,
the mouse ICM was successfully isolated and propagated in an embryonic state under
specific culture conditions, generating an embryonic stem (ES) cell line (Evans and
Kaufman, 1981; Martin, 1981). ES cells are characterized by nearly unlimited self-
renewal and have the developmental capacity to differentiate into cells of all somatic cell
lineages in vitro as well as into germ cells. Significant efforts have been made to isolate
ES cells from other species including rabbits (Graves and Moreadith, 1993), pigs (Li et
al., 2003), primates (Thomson et al., 1995), and humans (Amit et al., 2000; Thomson et
al., 1998).

Embryonic stem cells have a huge clinical potential as they hold the capacity to
provide every type of cell and tissue in the body. A growing number of studies show that,
upon transplantation, ES cell derivatives may restore the physiological function of

injured organs (Brustle et al., 1999; Svendsen and Smith, 1999). In animal models of
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human diseases, ES cell derivatives have shown a promising therapeutic potential
(Wobus and Boheler, 2005). For example, a highly enriched population of midbrain
neural stem cells derived from mouse ES cells has been found to promote partial
recovery in a rat model of Parkinson disease (Kim et al., 2002). Similarly, transplantation
of early differentiated cells derived from mouse ES cells significantly improved cardiac
function in postinfarcted hearts (Yang et al., 2002).

Adult stem cells could also be used for treating various degenerative diseases.
Hematopoietic stem cells (HSCs) have the capability to generate cells of all lineages in
the hematopoietic system and have been used to treat patients with erythrocyte disorders
such as sickle cell anemia and pB-thalassemia (Gaziev and Lucarelli, 2003). Considering
ethical issues regarding embryonic stem cell research, use of adult stem cells for
therapeutic purposes could be a good alternative (Rizvi and Wong, 2005). If adult stem
cells proved capable of producing cells of developmentally unrelated tissue types (see
section II-4), the potential of adult stem cells for treating various degenerative diseases
such as Parkinson disease would be very promising.

6. Techniques for mapping cell fates

As highlighted by the stem cell plasticity studies (section II-4), it is of great importance
to determine the range of types of daughter cells that a single stem cell can give rise to in
a mammalian system in vivo. As well, there has been interest in determining how
expansive a clonal cell lineage a single stem cell can produce (e.g., in revealing the
potential of single stem cells to provide cells to replenish other cellular compartments or
proliferative units, for example). To address these issues, a fate mapping technique is

required that allows one to trace clonal cell lineages in vivo. Although many different
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mapping techniques have been developed, accurate labeling of single cells has proven
very difficult to achieve and few systems have proven efficient for fate mapping of single
precursor cells.

Labeling methods using tritiated thymidine CH-TdR) or bromodeoxyuridine
(BrdU) simultaneously label large numbers of cells that are undergoing proliferation.
Thus, it is unlikely that a cell lineage generated by these methods will have originated
from a single progenitor cell. Another limitation is that signals from labeled cells are
diluted out after multiple cell divisions (Flake, 2001; Stern and Fraser, 2001).
Intracellular injection of tracers allows one to label single cells but it is hard to label
small cells or cells located deep in tissue (Clarke and Tickle, 1999; Stern and Fraser,
2001). Furthermore, this method also suffers from the problem of signal dilution due to
cell division. Mapping techniques using replication-deficient retroviruses that carry a
marker gene can overcome the dilution problem (Sanes et al., 1986). However, the
retrovirus-mediated methods can only label cells that are undergoing proliferation. As
well, labeling of single cells is not easily achieved, even when using a very low titer of
viruses, hindering clonal analysis of a cell lineage (Clarke and Tickle, 1999; Stern and
Fraser, 2001). Laser-induced uncaging methods can allow labeling of single cells but the
methods remain technically demanding and their utility as a cell fate mapping technique
has not yet been widely demonstrated (Clarke and Tickle, 1999).

Transgenic mouse systems have been developed with the aim of allowing a clonal
cell lineage to be traced in developmental studies. Bonnerot and Nicolas developed a
transgenic mouse carrying a mutant /acZ gene (referred to as the laacZ gene) generated

by placing a 289 base-pair internal duplication in the /acZ gene (Bonnerot and Nicolas,
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1993). The duplication leads to premature termination of translation and thus the laacZ
gene cannot produce functional protein. Spontaneous homologous recombination within
the duplication recreates an open reading frame for beta-galactosidase and leads to lacZ
expression in tissues. Thus, individual cells having undergone a revertant mutation and
their descendants in the JaacZ mouse can be identified histochemically. Similarly,
DePrimo et al. modified the human placental alkaline phophatase (PLAP) gene by
inserting seven repeated GC base pairs and created a transgenic mouse carrying the
modified PLAP gene (DePrimo et al., 1998). Loss of one G residue from the poly (G)
tract restores the open reading frame and allows expression of functional PLAP in cells
which can be identified histochemically.

Given the importance of lineage potential of stem cells and cellular population
dynamics to a complete understanding of stem cell biology, it is no surprise that cell fate
mapping has become an intensive area of stem cell research. The ideal method for stem
cell fate mapping would be a technique that allows one to label single stem cells in a
tissue and subsequently trace their clonal cell lineages with minimal experimental
perturbations. However, there are no molecular or phenotypic markers to identify stem
cells, and thus it is virtually impossible to specifically label stem cells (Alison et al.,
2002; Flake, 2001). Furthermore, even if there were a marker to identify stem cells,
labeling single cells is very challenging (see above).

To trace stem cell lineages at the single-cell level, Winton et al developed a
mutation-induced marker in mice heterozygous at the D/b-1 locus, which determines the
expression of binding sites for the lectin Dolichos biflorus agglutinin (DBA) in the

epithelium of the intestine (Winton et al., 1988). Mutation of the wild-type allele of a
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DIb-1 heterozygous mouse results in a ribbon of unstained cells on the villus (clonally
expanded cells of a mutant) when the tissue is stained with DBA-peroxidase conjugate.
Because random mutation allows individual cells to be labeled, tracing cell lineages that
originated from single cells is possible in this system. In the study, mutations were
induced using a mutagen, ENU (N-ethyl-N-nitrosourea) to randomly label epithelial cells
in the small intestine, and the tissue was analyzed after several tissue turnovers to
specifically detect clonal cell lineages that originated from stem cells. Because stem cells
persist in constantly renewing tissues while other cells do not, cell lineages generated
from mutant stem cells will remain following tissue renewal, while cell lineages that
originated from non-stem cell mutants (induced by the ENU exposure) are eliminated.

The ingenious method developed by Winton et al. was successfully applied to
trace stem cell clonal lineages and revealed that stem cells in the crypt base can give rise
to cells of diverse cell types present in the epithelium of the small intestine (Bjerknes and
Cheng, 1999). A major limitation of the DIb-1 system, however, is that it can only be
applied to the epithelium of the small intestine. As suggested by the authors, the method
can in principle be extended to other constantly renewing tissues for tracing stem cell
clonal lineages if suitable markers are available for the tissues that can be obtained in a
heterozygous state or can be generated in transgenic animals (Winton et al., 1988).

Applying a similar strategy of random mutagenesis for labeling individual cells,
Bjerknes et al. demonstrated existence of functional multipotential stem cells in adult
mouse gastric epithelium (Bjerknes and Cheng, 2002). They used transgenic mice that
carry a single copy of the bacterial lacZ gene to label individual cells by chemical

mutagenesis. Cells incurring inactivating mutations in the single lacZ allele will lose B-
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galactosidase activity and will not stain for the enzyme. The mutated cells and their
progeny that inherit the nonfunctional allele will be unstained and thus distinguishable
from neighboring stained cells. Analysis for unstained cell lineages after allowing
sufficient time for tissue renewal revealed stem cell clonal lineages in gastric epithelium.
The system, however, has a few caveats. Adult transgenic mice carrying the bacterial
lacZ gene frequently show variegation of transgene expression (Montoliu et al., 2000)
making it hard to tell whether particular cells in an unstained stem cell lineage originated
from mutated stem cells or whether they lost f-galactosidase activity simply due to
transgene inactivation. Furthermore, identifying unstained cell lineages on the
background of stained cells is technically challenging.

Methods using chemical mutagenesis of a transgene to label single cells for stem
cell fate mapping potentially allow stem cell lineages to be traced at the single-cell level
and are very promising. A transgenic mouse carrying a reporter gene (e.g., the gene
encoding green fluorescent protein) that can be activated by chemical mutagenesis and
easily detected should be preferred because detecting cell lineages that descended from

mutated stem cells is expected to be much easier in this case.

II1. Processes of DNA Mutation

1. Spontaneous mutation, mutation rate, and mutation frequency

Mutation refers to heritable changes in the genetic material (usually DNA or RNA),
which arise either spontaneously or due to exposure to mutagenic agents. Spontaneous
mutation results mainly from very infrequent errors occurring during DNA replication.

The fidelity of DNA replication is estimated to be roughly in the range of one error per
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10" nucleotides synthesized in eukaryotic cells (Kunkel and Bebenek, 2000). The
extremely high fidelity of DNA replication is maintained by three factors: DNA
polymerases, exonucleolytic proofreading, and mismatch repair (Jiricny, 1998). DNA
polymerases are highly precise enzymes, which can synthesize a double strand of DNA
with an error rate of 10 per base pair (Kunkel, 1992). Should a non-complementary
nucleotide be incorporated by mistake, the proofreading 3’ = 5’ exonuclease activity of
DNA polymerases excises the terminal non-complementary nucleotide, which adds a
further increase (roughly two orders of magnitude) to the fidelity of the DNA replication
process (Kunkel, 1992). Mispaired bases that have escaped the exonucleolytic
proofreading become substrates for mismatch repair (MMR) enzymes. MMR enzymes
provide roughly two orders of magnitude increase in the fidelity of replication (Umar and
Kunkel, 1996). To successfully restore the original DNA sequence, MMRSs recognize
base-base mismatches, and direct the process of correction of replication errors in the
newly synthesized strand by a mechanism that discriminates between the parent and the
daughter strand (Schofield and Hsieh, 2003).

Mutation rate can be expressed as the number of mutations per gene (or
nucleotide) during a specified interval of time (e.g., number of cell divisions).
Knowledge of mutation rate is often required to address underlying mutational
mechanisms (Drake, 1970). In order to obtain unbiased estimates of mutation rates,
information is required concering the number of independent mutational events at a
target site or gene and the number of generations (or cell divisions) of a population of
cells. Mutant frequency refers to the relative number of mutants in a population, which

can be very different from the mutation rate especially in rapidly dividing tissues
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(Thompson et al., 1998). The mutant frequency not only depends on the mutation rate,
but also the number of generations of a cell population (Ono et al., 1995). Another
characteristic of the mutant frequency is that it is dependent on the history of mutant
cells. If a mutation occurs early in the population history, as opposed to later, the mutant
cell will have more opportunity to divide and expand clonally (Heddle, 1999) (Figure 1-
3). Thus even if underlying mutational mechanisms are the same (i.e., mutation rates are
the same) in two populations of cells, mutant frequencies can appear to be very different
due to the different histories of population dynamics.

There is currently little known about in vivo rates of mutation, especially in
somatic tissues of mammals. Using our newly developed stop-EGFP transgenic mouse
system in which independent mutations can be easily identified, it is attempted to
estimate rates of mutation in somatic tissues in my mutation research (Chapter 4) (see
Figure 1-6).

2. Induced mutation

In addition to spontaneous mutation, mutations can be induced by exposure to mutagenic
agents such as ionizing irradiation or various chemicals. Ionizing radiation was the first
environmental agent shown to be mutagenic (Muller, 1927). It is of high energy and can
penetrate living tissues. In the process of tissue penetration, the high energy rays generate
oxygen-derived free radicals (e.g., the hydroxyl radical) which cause various kinds of
damage to DNA (Breimer, 1988). Although the molecular mechanisms of the mutagenic
effects of ionizing radiation are not clearly understood, the radiation induces many forms
of DNA damage including base alterations, DNA-protein cross-links, and single-strand

or double-strand breaks (Breimer, 1988).
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Mutation O

Figure 1-3. Clonal expansion of mutant cells in two exponentially growing cell
populations.

A mutation occurring early in the population history results in a large number of mutant
cells (shown in A) than a late mutation (shown in B). Thus, although the numbers of
mutational events are the same (or mutation rates are the same) in two populations of
cells, the resulting mutant frequencies can appear to be significantly different.

A filled circle represents a mutant cell. Arrows indicate cell divisions that produce two
daughter cells. MF stands for mutant frequency.
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Ultraviolet (UV) rays have lower energy and penetrate only the surface layer of
the cell in animals. Although UV radiation does not induce ionization, UV is known to be
a potent mutagenic agent. Two major classes of UV-induced DNA lesions are
cyclobutane pyrimidine dimers, which are formed by cross-linkage of two adjacent
pyrimidines on the same strand of DNA, and (6-4) photoproducts (Rycyna and Alderfer,
1985; Setlow and Carrier, 1966). These UV-induced DNA alterations lead to mutations
when unrepaired or misrepaired. UV radiation can also produce DNA damage indirectly
by creating reactive oxygen species (Ichihashi et al., 2003).

3. Chemical mutagens

In addition to mutagenic radiation, various chemicals are known to have mutagenic
effects. The first chemical mutagen to be discovered was mustard gas, an alkylating
agent, which transfers alkyl groups to the bases in DNA. (Auerbach and Robson, 1946).
Chemical mutagens can be classified into two groups: those that are mutagenic to both
replicating and nonreplicating DNA, such as the alkylating agents and those that are
mutagenic only to replicating DNA. The latter group includes base analogs, which are
purines and pyrimidines with structures similar to the normal bases of DNA (Litman and
Pardee, 1956).

The mutagenic base analogs have structures sufficiently similar to the normal
bases so that they are metabolized and incorporated into DNA during replication, but
different enough to induce base mispairing, and thus mutation (Negishi et al., 1994). The
two most common base analog mutagens are 5-bromouracil and 2-aminopurine
(Goodman et al., 1985). 5-bromouracil can pair with both adenine and guanine, thus can

induce transition mutations (i.e., AT>GC or GC->AT). As an analog of adenine, 2-
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aminopurine pairs readily with thymine during DNA replication. However, it also pairs
frequently with cytosine, thus leading to transition mutations such as CG>TA or
TA->CG.

Alkylating agents such as ethyl methansulfonate (EMS) and N-ethyl-N-
nitrosourea (ENU) cause DNA adducts by transferring methyl or ethyl groups to the
bases (Sega, 1984; Shibuya and Morimoto, 1993). Although these transferred ethyl
groups alone do not constitute a mutation, their presence can cause base mispairing
during DNA replication, which subsequently leads to mutations (Figure 1-4). Alkylating
agents exhibit less specificity in their mutagenicity than base analogs, and induce various
types of mutations including transitions, transversions, and frameshift mutations (Sega,
1984). ENU is a laboratory-synthesized potent mutagen that efficiently causes random,
single base pair mutations in a wide range of organisms and in a variety of tissues
(Russell et al., 1979). ENU acts directly through alkylation of nucleic acids without any
metabolic processing required for its activation (Singer and Dosanjh, 1990). The ethyl
group of ENU can be transferred to oxygen or nitrogen radicals at a number of reactive
sites such as the N1, N3, and N7 groups of adenine; the O6, N3, and N7 of guanine; the
02, 04, and N3 of thymine; and the O2 and N3 of cytosine (Balling, 2001). These
transferred ethyl groups are DNA adducts which alone do not constitute a mutation;
however, their presence can cause mistaken identity of the ethylated base during DNA
replication, which results in mispairing. After DNA replication, a single base pair
substitution exists that is unidentifiable to cellular repair systems. The mutagen can
induce all possible substitution mutations, among which AT to TA transversion is the

most common type of mutation found in the mouse germline (Noveroske et al., 2000).
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Figure 1-4, Fixation of mutation induced by an alkylating agent.

An alkylating agent causes DNA adducts by transferring methyl or ethyl groups to the
bases. In this illustration a DNA adduct (indicated as an asterisk) on thymine (T) induces
base mispairing with T during DNA replication. Another round of DNA replication
induces base substitution to AT from original TA and the mutation is permanently fixed
in DNA.
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4. DNA repair systems

In response to diverse lesions that arise in DNA due to exposure to various types of
mutagenic agents, specific DNA repair systems are activated to repair the DNA damages,
and prevent them from being fixed as mutations. In the human, up to 130 genes have
been identified that are associated with DNA repair (Wood et al., 2001). Because the
genome is constantly subjected to a plethora of mutagens, diverse and systematic DNA
repair systems are expected to exist to maintain the integrity of the genetic information.
In the case of helix-distorting lesions such as pyrimidine dimers induced by UV
radiation, nucleotide-excision repair (NER) excises and replaces the damaged nucleotide
residues (Christmann et al., 2003; Hoeijmakers, 2001). NER is achieved by dual, single-
stranded incisions on either side of DNA adduct and removal of a fragment of about 30
nucleotides, followed by gap filling by DNA polymerase and ligation of the nicks by
DNA ligase (Friedberg, 2001). DNA lesions induced by ionizing radiation or alkylating
agents are subjected to base-excision repair (BER) whereby damaged bases are excised
from the genome as free bases by a DNA glycosylase (Christmann et al., 2003; Lindahl
and Wood, 1999). Both NER and BER are carried out by somewhat different
mechanisms depending on whether DNA damage is located in transcriptionally active
regions (transcription-coupled repair, TCR) or not (global genome repair, GGR)
(Friedberg, 2003). TCR removes lesions from the transcribed strand of transcriptionally
active genes where the stalled RNA polymerase is removed or displaced from the lesions
preceding the repair (Svejstrup, 2002). On the contrary, GGR removes DNA lesions from
the non-transcribed regions of the genome and the non-transcribed strand of transcribed

regions.
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The mismatch repair (MMR) system is responsible for removal of base
mismatches caused by base deamination, oxidation, methylation, and replication errors
(Schofield and Hsieh, 2003). The MMR machinery not only binds to base-base
mismatches and insertion/deletion loops arising spontaneously during replication and
homologous recombination, but also to various chemically induced DNA lesions such as
alkylation-induced O°-methylguanine paired with cytosine or thymine, UV-induced
photoproducts, and 8-oxoguanine (Colussi et al., 2002; Duckett et al., 1996; Wang et al.,
1999). Base mismatches or chemically modified bases are recognized by the MutSa.
complex which binds to the lesions and signals downstream excision steps (Schofield and
Hsieh, 2003). Subsequently, the excision of the DNA strand containing the mispaired
base is performed by exonuclease I and a new strand is synthesized by Pold (Genschel et
al., 2002; Longley et al., 1997).

In addition to the aforementioned DNA repair systems, which involve excision
and replacement of damaged DNA, another form of repair systems exists which involves
direct reversal of DNA damage (Friedberg et al., 2004). For example, alkylated lesions
such as 06-methy1guanine can be repaired by O°-methylguanine-DNA methyltransferase
which directly removes the deleterious methyl group from the DNA guanine residue
(Christmann et al., 2003).

DNA double-strand breaks (DSB) arise from ionizing radiation, X-rays or free
radicals and are highly potent inducers of genotoxic effects (e.g., chromosomal breaks or
exchanges) and cell death (Aylon and Kupiec, 2004). There are two main pathways for
DSB repair, homologous recombination (HR) and non-homologous end-joining (NHEJ)

(Kanaar et al., 1998). When, after replication, a second identical DNA copy is available,
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HR seems to be preferred. Otherwise, cells rely on NHEJ which is more error-prone
(Hoeijmakers, 2001). In the case of HR, a damaged chromosome enters into physical
contact with an undamaged DNA molecule with which it shares sequence homology and
which is used as a template to copy the missing information into the broken locus
(Morrison and Takeda, 2000). HR starts with nucleolytic reaction of the DSB generating
3’ single-stranded DNA fragments which then form two regions of heteroduplex DNA
with intact homologous template (Christmann et al., 2003). Following DNA
polymerization, ligation of newly synthesized DNA to the resected broken chromosome
generates a joint molecule containing two Holliday junctions (Kanaar et al., 1998). The
resulting structure is resolved according to the classical model of Holliday (Holliday,
1964). In contrast, NHEJ is a mechanism that is able to bring broken DNA ends together
and rejoin them in the absence of long tracts of sequence homology (Hefferin and
Tomkinson, 2005). NHE] is initiated by binding of a Ku70 and Ku80 heterodimeric
complex to DSB (Jeggo et al., 1992; Reeves and Sthoeger, 1989). This results in the
recruitment of other proteins such as DNA protein kinase (DNA-PK), Artemis and DNA
ligase IV which are involved in ligation of the broken ends (Hefferin and Tomkinson,
2005).

5. Mutations and diseases

Many diseases are caused by mutations, either in somatic cells (as in cancer), or in germ-
line cells (as in inherited disorders). Mutations are also a key component in biological
processes such as aging. Thus, an elevated mutation rate will increase the susceptibility
to such diseases or conditions, especially cancer. The relationship between increased

mutation rates and tumor susceptibility has a long history of study, showing that
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increased mutations correlate with an increased incidence of tumor development
(Burdette, 1955; Jackson and Loeb, 2001). It has been shown that exposure to chemical
mutagens or ionizing radiation increases the incidence of tumor development (Bertram,
2000; Little, 2000) and that individuals with defective DNA repair genes are also more
susceptible to tumor development (Liu et al., 1999; Papadopoulos and Lindblom, 1997).
The rate of mutation can be elevated in various ways. There are hundreds of
genes, including genes coding for various kinds of DNA repair enzymes, which can
influence the mutation rate (Loeb, 1991). Defects in those genes will result in an elevated
mutation rate, which leads to the accumulation of mutations in the genome and finally to
the development of cancer and various metabolic disorders. Exposure to chemical
mutagens and ionizing radiation can also lead to elevating the mutation rate in the
genome. Considering the important role that mutations play in the development of
various diseases, especially cancer, it is of great importance to develop a novel mutation
assay system that can precisely quantify changes in mutation rate in individuals induced

by a chemical mutagen, a defective gene, or some other cause.

IV. Mutation Assay Systems

1. In vitro genotoxicity assavs using bacterial systems

To uncover the important factors influencing rates of somatic mutation (and by
extension, rates of cancer, etc) refined techniques are needed to estimate rates of somatic
mutation in cells exposed to potential environmental, or genetic, risk factors. In vitro
assays for evaluating the mutagenicity of a chemical substance are now well established,

the most widely-used being the Ames Salmonella test (Ames et al., 1973). This in vitro
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mutagenicity assay is a short-term bacterial reverse mutation assay specifically designed
to detect mutagenic substances that can produce genetic damage that leads to gene
mutations. The test uses Salmonella strains with preexisting mutations in various genes in
the histidine operon, that leave the bacteria unable to grow and form colonies in the
absence of histidine (Mortelmans and Zeiger, 2000). New mutations that can restore the
gene’s function allow the mutated cells to survive in the absence of the amino acid. By
comparing the number of revertant colonies between non-treated control bacterial plates
and those treated with various substances, the mutagenic effect of the substances can be
measured. The Ames test is used world-wide as an initial screen to determine the
mutagenic potential of substances because of advantages of time and cost effectiveness.
Similarly, the Escherichia coli reverse mutation assay which detects trp+ revertant
colonies from the bacteria with a defective biosynthesis of tryptophan, is also used as a
substitute for, or as an addition to the Ames Salmonella test (Green and Muriel, 1976).
However, evidence has accumulated that in vitro genotoxicity results may not
reflect in vivo exposures, or mutagenic mechanisms in vitro may be different from those
that occur in vivo (MacGregor et al, 2000). A major limitation of prokaryotic
mutagenicity assays is that metabolic enzymes present in mammalian cells that can
transform a non-mutagenic into a mutagenic substance (genotoxicity) may not be present
in the prokaryotic cell. Rodent liver homogenates (S-9) have been added to the Ames
assay to mimic the mammalian environment, but the ability of the Ames test to identify
known carcinogens (e.g., those substances known to cause cancer in mice) remains low

(Gossen et al., 1994).
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2. In vivo mutation assays

If in vivo mutation detection were found to be feasible, this could offer an efficient test
for mutagenicity that is expected to be more sensitive than in vitro methods in evaluating
potential mutagens. To this end, the mouse specific-locus test (Russell, 1951) was
proposed to examine the rate of germ-line mutation at several loci influencing phenotype
(coat color, etc) and this approach has been extended to many more loci using molecular
markers. The method involves mating homozygous wild-type mice, treated or controls, to
stock mice which are homozygously recessive at several marker loci. If a germ-line
mutation at one of those loci in wild-type mice is transmitted to offspring that inherit the
other recessive allele from stock mice, then the offspring will exhibit the mutant
phenotype. Germ-line mutation frequency can then be estimated from the numbers of
mutant versus the total offspring observed and total number of loci tested. A serious
limitation of the specific-locus test is that enormous numbers of mice must be bred to
detect even large changes in mutation rates. The total number of opportunities to detect
mutations in this system is roughly proportional to twice the number of mice bred
multiplied by the number of target loci examined.

We currently have limited knowledge of in vivo rates of mutation, especially in
non germ-line cells (somatic cells) of mammals. Only a few mammalian systems have
been developed for investigating in vivo mutagenicity in somatic tissues (see below) and
these systems can only provide mutant frequency (number of mutant cells divided by
total cells counted) (see section III-1). Theoretically, in an expanding cell population
mutant frequency increases with each generation of cell division.

The Dolichos biflorus (DIb-1) assay system (Tao et al., 1993; Winton et al.,
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1988), the hypoxanthine-guanine phosphoribosyl transferase gene (hprr) system (Jones et
al., 1985), and the lac! or lacZ transgenic mouse system (Gossen et al., 1989; Kohler et
al., 1991) are the most widely used in vivo mutation assay systems. Although all three
systems have been successfully used for studying the mutagenic effect of substances on
somatic tissues in vivo, all the methods have serious disadvantages and limitations.

3. The Dib-1 system

The DIb-1 system quantifies somatic mutations in an endogeneous gene, DI/b-1 in the
epithelial cells of the small intestine (see section II-6). The frequencies of unstained
mutant ribbons in villi are compared between controls and treated animals to test the
mutagenicity of a substance (Tao et al., 1993). Using the system, the mutagenic effect of
various agents has been efficiently tested in the small intestine including gamma
radiation, ethylating agents, and base analogs (Cosentino and Heddle, 1999; Schmidt et
al., 1990; Winton et al., 1989).

A problem with the mutation assay in the DIb-I system is that small mutant
colonies cannot be easily detected because it is very difficult to identify small unstained
colonies on the background of stained cells. This may cause the mutant frequencies to be
underestimated. Furthermore, the applicability of the DIb-1 system is greatly limited
because it can only be applied to the epithelium of the small intestine (Reliene and
Schiestl, 2003).

4. The Aprt mutation system

The hprt system utilizes the endogenous hypoxanthine-guanine phosphoribosyl
transferase gene (hprt) as a mutational target. The assay system is based on the cloning of

hprt-negative T lymphocytes by growing them in 6-thioguanine-containing medium and
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mutant frequency is calculated from counting the number of resistant colonies (Jones et
al., 1985). The system has been efficiently applied for studying spontaneous and induced
mutations in T lymphocyte populations in the thymus and spleen (Skopek et al., 1992;
Walker et al., 1997). However, the period of time required to select the resistant colonies
(7 — 10 days) is long. Another problem with the system is that a mutation in the gene
might be deleterious, and thus the mutant cells might be selected against in the mouse,
which could again lead to underestimates of the mutant frequency (Heddle, 1998).

5. The mouse spot test

An in vivo mutation system has also been developed for testing mutagenicity of a
substance in a somatic tissue as an extension of the germ-line mouse specific locus test
(Russell and Major, 1957). The method involves exposing embryos heterozygous for
several coat-color genes to a potentially mutagenic agent slated for testing and then
observing clones of mutant cells in adulthood. A somatic mutation in a dominant allele in
a melanocyte precursor cell results in a brownish or gray color spot (a clonal lineage that
originated from the mutant melanocyte precursor cell) in the black fur. The assay,
however, has several shortcomings. First, color spots can arise due to other causes such
as pigment cell death, misdifferentiation, or epigenetic changes (Russell, 1977; Russell
and Major, 1957). Furthermore, the assay requires a large number of animals and can be
applied to limited tissue types (Reliene and Schiestl, 2003).

6. The lacZ and lacl transgenic mouse mutation detection systems

In the early 1990s, transgenic mouse models for in vivo mutation detection were
developed by inserting either the lacZ, or lacl, bacterial transgene into mice (Gossen et

al., 1989; Kohler et al., 1991). The advent of these mouse systems has created a new era
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in the field of mutagenicity assays (Gossen et al., 1994; Nohmi et al., 2000). Since its
development, the transgenic mutation assay system has been widely used for measuring
mutations induced by various mutagenic agents in different tissues (Dean et al., 1999;
Suzuki et al.,, 1999; Thybaud et al, 2003). The transgenic mouse has been
commercialized as Muta™Mouse (Covance Inc., Princeton, NJ) or Big Blue® Mouse
(Stratagene, La Jolla, CA) which employs the bacterial lacZ or lacl transgene,
respectively as a target gene for mutations. In the mutation assay, genomic DNA of the
transgenic mouse is extracted from the tissue of interest, and a reporter cassette
containing the lacZ, or lacl, gene is isolated from the mouse genome and recovered as
viable phage using the lambda phage packaging kit (Figure 1-5). Whether the target gene
has mutated or not is determined by growing the phage on E.coli under suitable
conditions (Dycaico et al., 1994; Nohmi et al., 2000). The most remarkable feature of the
transgenic mouse mutation detection system is that any tissue can be used for the
mutation assay, which allows tissue-specificity of mutagenic effects of a substance to be
investigated (Suzuki et al., 1999). Another advantage of the transgenic system is that the
transgenic loci in the system are genetically neutral, so that mutants are not eliminated by
selective pressure in vivo (Cosentino and Heddle, 2000; MacGregor et al., 2000).
Furthermore, identified mutants can be easily cloned and sequenced, providing mutation
spectra which are very useful for elucidating mechanisms of mutational events (Dycaico
et al., 1994; MacGregor et al., 2000).

The validity of the lacZ, or lacl, transgenic mouse system for studying somatic
mutations in mammals has been questioned, however, because many features of the

bacterial lacZ and lacl genes, the target genes for mutations, are typically prokaryotic
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Figure 1-5. Schematic illustration of the lacZ transgenic mutation assay.

Tissue of interest is collected from the lacZ transgenic mouse treated with a mutagen.
Genomic DNA is extracted from the tissue and exposed to an in vitro lambda phage
packaging extract to isolate a reporter cassette containing the /acZ gene from the genomic
DNA. The rescued phages containing the reporter gene are then plated on a lacZ(-) E.
coli strain in the presence of X-gal (5-bromo-4-chloro-3-indoyl-B-D-Galactopyranoside)
for selection of mutant and non-mutant /acZ phages. Infection of a phage containing
mutant lacZ gene results in a colorless plaque (open circle) as opposed to a blue plaque
(filled circle), which results from infection of a phage containing non-mutant /acZ gene.
The frequency of white plaques corresponds to mutant frequency induced by the mutagen
in the tissue of the mutagen-treated mouse. Other bacterial transgenic mutation systems
(e.g., the lacl transgenic mouse system) employ similar procedures for mutation assay.
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(codon usage, etc) and the systems therefore may not represent the characteristics of
mutations one would expect to see in mammalian genes (Skopek, 1998). As well, the
bacterial transgenes are untranscribed in the mouse and contain a high content of CpG
dinucleotides which are methylated in mammalian cells to produce 5methylcytosine, a
known promutagenic base (Grippo et al., 1968; Shen et al., 1994). To overcome the
methylation problem, Skopek and colleagues developed a transgenic mouse carrying a
modified bacterial lacl transgene that had a significantly reduced CpG content (Skopek et
al., 1998). Furthermore, transgenic mice have been developed carrying a modified lac/
gene that was created by re-encoding the amino acid sequence of Jacl with mammalian
codons, and is regulated by a mammalian promoter (Scrable and Stambrook, 1997).
These modified bacterial transgenes have the potential to be efficiently used as an in vivo
mutational target gene that is expected to better represent the mammalian characteristics
of mutations than the original /acl gene.

7. Mutation assay systems using GFP as a reporter for mutation

Mutation detection systems using the GFP gene as a target for mutations have been
developed (Cariello et al., 1998; Bachl and Olsson, 1999). A system that detects loss of
the protein function due to a mutation in the GFP gene would be practically unreliable
because identifying mutant (non-fluorescent) cells on the background of fluorescent cells
would be very difficult. Thus, an effective GFP-based mutation detection system should
rely on detection of a gain of protein function, as is induced, for example, by a revertant
mutation that changes a gene encoding a non-functional protein to that encoding a
functional fluorescent protein. This idea has been previously applied to a few mutation

assay systems in which the function of GFP was removed by introducing a gene knock-
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out mutation (e.g., a frameshift mutation, or a premature stop codon) within the coding
region of the gene (Cariello et al., 1998; Bachl and Olsson, 1999). In those systems, a cell
having undergone a revertant mutation that functionally eliminates a gene knock-out
mutation expresses the functional GFP, and thus becomes green fluorescent. One obvious
merit of such systems is that the mutation assays are very easy and time-efficient because
detection of mutant cells can be directly performed using fluorescence imaging or
fluorescence activated cell sorting (FACS) (Bachl and Olsson, 1999).

Cariello et al. introduced an additional nucleotide into the coding region of the
GFP gene, which knocked out the gene due to a frameshift mutation (Cariello et al.,
1998). Bacterial cells carrying the mutant GFP gene were treated with various mutagens
that induce a frameshift mutation. The treatments yielded increased numbers of green
fluorescent colonies which were generated by a revertant mutation that deleted a
nucleotide within the coding region. Similarly, Bachl et al. developed a mammalian cell
line mutation assay system in which the GFP reporter gene contains a premature stop
codon (TAG) at codon 107 which renders the gene non-functional (Bachl and Olsson,
1999). They created the premature stop codon by substituting G for C at codon 107
(TAC) within the GFP gene. In the system, the functional GFP is only expressed when
the stop codon reverts to TAC or TAT (both encoding a tyrosine) by transversion
mutations. The mutation assay system was specifically designed to study the
hypermutation mechanism in the immunoglobulin (Ig) gene in a mammalian cell line. To
induce hypermutation at the premature stop codon within the mutant GFP gene, the Ig
enhancers were included in the vector. Although the system has proven effective for the

hypermutation study, its general application to mutational studies (such as genotoxicity
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testing) has not been attempted thus far. In the system, only specific mutations at the
premature stop codon can restore GFP function (i.e., a mutation from TAG to TAC or
TAT, which encodes the original amino acid, tyrosine at codon 107). Thus, the system
cannot detect all possible base substitutions such as a substitution from G to A.

Although a mutation assay system that employs detection of a revertant mutation
in a mutant GFP gene facilitates the process of identifying mutations, the small number
of mutational target sites reduces the efficiency of the system. With the aim of increasing
the number of target sites for mutations that can induce expression of functional GFP,
Dobrovolsky et al. developed a mutation detection system in which the GFP gene is
placed under the control of a strong repressor (Dobrovolsky et al., 2002). The GFP is
normally not expressed due to the repressor, but any mutation in the repressor gene that
eliminates the repressor function can lead to expression of the GFP. Although this
strategy appears elegant, the leakiness of the repressor leads to expression of the protein
even in the absence of mutation, resulting in overlapping ranges of fluorescence intensity
between non-mutant cells and mutant cells when analyzed using FACS. This makes it
hard to distinguish mutant from non-mutant cells, and thus estimates of mutant frequency

from this system are expected to be inaccurate.

V. Aims of Research (see Figure 1-6 for a flow chart)

Although various cell fate mapping techniques have been developed so far, labeling of
single cells is rarely achieved. With the aim of tracing clonal cell lineages, I have
developed a novel transgenic mouse (referred to as the stop-EGFP mouse) which carries

a premature stop codon-containing enhanced green fluorescent protein (EGFP) gene as a
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Figure 1-6. Diagram summarizing the aims of research.

The first aim of my research is to develop a novel transgenic mouse (referred to as “the
stop-EGFP mouse”) carrying a premature stop codon-containing enhanced green
fluorescent protein (EGFP) gene (described in Chapter 2). The stop-EGFP mouse is
applied to stem cell research (described in Chapter 3) and mutation research (described in
Chapter 4). The objectives in stem cell research are to trace clonal cell lineages that
originated from stem cells in the mouse dorsal epidermis and to identify the size of the
epidermal proliferative unit that a single stem cell maintains. The objective in mutation
research is to estimate the rate of mutation induced by a chemical substance in the liver
and thus to evaluate the mutagenic effect of the substance.
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target gene for mutations. In the stop-EGFP system, individual cells can be randomly
labeled via infrequent mutations at the site of the premature stop codon in the stop-EGFP
gene. A cell having undergone a mutation at the premature stop codon and its clonal
descendants will express functional EGFP, thus a clonal cell lineage can be traced by
following a green fluorescent colony. To test the efficiency of the stop-EGFP system for
in vivo analysis of a clonal cell lineage, I have applied the system to the mouse dorsal
epidermis and investigated clonal cell lineages in vivo that originated from single
epidermal stem cells.

The stop-EGFP mouse can also be used to carry out in vivo mutation studies.
There are several mouse mutation detection systems currently being widely used.
Existing systems all have one or more undesirable properties, however. For example,
some systems use an untranscribed bacterial gene as a mutational target and some
provide only mutant frequency from which it is difficult to accurately estimate mutation
rate. The stop-EGFP mouse system is expected to be an efficient mutation detection
system because the target gene has characteristics of mammalian genes, and also because
mutant colonies (i.e., independent mutations) can be directly observed in a tissue or
organ using fluorescence imaging facilitating accurate estimation of mutation rates. To
verify the applicability of the stop-EGFP system to mutation studies, I used the stop-
EGFP mouse to estimate the rate of somatic mutations induced by a potent mutagen,
ENU (N-ethyl-N-nitrosourea). The numbers of independent mutational events (i.e., the
number of mutant colonies) were counted and used to estimate the rate of mutation

induced by the mutagen in the liver.
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The objective of this thesis is to provide evidence to support the utility of the
stop-EGFP system for tracing clonal lineages of stem cells and for estimating somatic
mutation rates. I attempt to verify the utility of the system by applying it to the mouse
dorsal epidermis and the liver, respectively. Although the same approach using the stop-
EGFP mouse could be, in principle, extended to other adult or developing tissues,
verification of the utility in other tissues beyond the epidermis and liver is not provided
in this thesis. Further studies in the future will be carried out to determine the extent of
types of tissues where the stop-EGFP mouse can be efficiently applied for cell lineage

and/or mutation studies.
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Chapter 2. Generation and Characterization of the
Stop-EGFP Mouse

Parts of this chapter have been previously published.

Ro S, Rannala B. (2004) A stop-EGFP transgenic mouse to detect clonal cell lineages
generated by mutation. EMBO Rep. 5: 914-920.
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L. Introduction

A cell fate mapping technique that allows clonal cell lineages to be identified has several
important advantages in addressing critical issues in stem cell biology (see sections II-3
and II-4, Chapter 1). Although many different mapping techniques have been developed,
achieving accurate labeling of single cells and subsequent tracing of their clonal cell
lineages remains a challenge (see section II-6, Chapter 1). To facilitate the investigation
of clonal cell lineages, a novel transgenic mouse system (referred to as the stop-EGFP
mouse) was developed as part of my research. The stop-EGFP mouse carries a premature
stop codon-containing EGFP (enhanced green fluorescent protein) gene as a target gene
for mutations. The principle of the stop-EGFP mouse system is that individual cells are
labeled by means of random mutations arising at the premature stop codon within the
stop-EGFP gene and cell lineages descended from the labeled (mutant) single cells
express EGFP, which will allow clonal cell lineages to be traced in vivo via fluorescence
imaging. Utilizing the stop-EGFP mouse system for tracing cell lineages is expected to
have at least two major advantages. First, the stop-EGFP system allows one to investigate
clonal cell lineages via fluorescence imaging of EGFP. Second, one can potentially
investigate the dynamics of the development of a particular cell lineage by repeated in
vivo imaging of the same cell lineage over time (see section 1-2, Chapter 1).

The stop-EGFP system also has the potential to be applied to in vivo mutation
studies in which the stop-EGFP gene is used as a reporter for mutation. In the stop-EGFP
system, a mutant cell which has undergone a mutation at the premature stop codon within
the stop-EGFP gene is expected to express EGFP and thus become green fluorescent.

This will facilitate the process of identifying mutations in this system because detection
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of green fluorescent mutant cells on the background of non-fluorescent cells can be easily
and directly performed via fluorescence imaging.

The EGFP gene includes genetic modifications that confer gene mammalian
characteristics, such as changes to the codon usage pattern that render it more typical of
codon usage in mammalian genes (see section I-1, Chapter 1). Thus, a mutation detection
system using the stop-EGFP gene as a mutational target is expected to have an important
advantage over other transgenic mouse mutation detection systems using bacterial
transgenes, lacl or lacZ in revealing mutational characteristics more typical of
mammalian genes (Gossen et al., 1989; Kohler et al., 1991).

The stop-EGFP gene is placed under the control of a ubiquitous promoter, which
will allow mRNA to be transcribed from the gene in every tissue in the stop-EGFP
mouse. Transcription of the stop-EGFP gene will better reflect the gene characteristics of
endogeneous genes in the mammalian system, offering another potential advantage over
the lacl or lacZ transgenic mouse system in which the bacterial transgene is not
transcribed. Another novel feature of the stop-EGFP system is that it can provide a 3-
dimensional representation of the distribution of mutations in an organ, which allows
mutation frequencies in different sectors of the organ to be directly compared.

Based on several anticipated advantages (as outlined above) and the potential
versatility of the stop-EGFP system for cell lineage (and mutation) studies, the first phase
of my research focused on developing the stop-EGFP transgenic mouse (see Figure 1-6).
In this chapter, I will describe in detail the procedures by which the stop-EGFP system

has been developed and also the characteristics of the transgenic mouse system.
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I1. Materials and Methods

1. Generation of the stop-EGFP and the wild-type EBFP genes

The plasmid pCX-EGFP was obtained which had been used to generate a “Green mouse”™
(Okabe et al., 1997). The plasmid harbors the wild-type EGFP gene under the control of
the chicken beta-actin promoter. To generate a premature stop codon-containing EGFP
gene from pCX-EGFP, PCR was performed using the primers STOPEGFPS and 3EGFP
(see Table 2-1 for primer sequences). PCR was performed in 50 pl reactions containing 1
unit of Ventg® DNA polymerase (New England Biolabs), 0.2 mM dNTP (Roche), 1 uM
primers, and 10 ng of pCX-EGFP. The reactions were performed in a thermocycler
(iCycler, Bio-Rad) with an initial denaturation at 95 °C for 5 minutes, followed by 28
cycles of denaturation at 95 °C for 1 minute, annealing at 58 °C for 1 minute, extension at
72 °C for 1 minute, followed by a final extension at 72 °C for 5 minutes. The reaction
products were resolved on a 1% low melting agarose gel (U ltraPure™ Agarose,
Invitrogen) in 1% TAE (40 mM Tris-Acetate, | mM EDTA, pH 8.3). A PCR product of
750 bp was isolated from the gel and purified using a centrifugal filter device
(Ultrafree®-DA, Millipore). The purified PCR product (750 bp) was digested with EcoRI
and subsequently used to replace the EGFP gene within pCX-EGFP after digestion of the
plasmid with EcoRI. The new construct is referred to as pCX-stop-EGFP (see Figure 2-8
for the genetic map of pCX-stop-EGFP). The substitution of the stop-EGFP gene for the
wild-type EGFP gene was confirmed by DNA sequencing using a LiCor-4200LR
automated sequencer (LiCor Biosciences). Six nucleotides (GAGGAG) were inserted

immediately upstream of the premature stop codon (TAG) to make it easy to distinguish
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Table 2-1. PCR primers and their sequences.

Primer Sequence (5’ to 3°)

STOPEGFP5 AGAATTCGCCACCATGGTGGAGGAGTAGAGCAAGGGCGAG-
GAGCTGTTC

3EGFP GTGAATTCTTACTTGTACAGCTC

SDMEBFP5 GTGACCACCCTGACCCACGGCGTGCAGTGCTTC

SDMEBFP3 GAAGCACTGCACGCCGTGGGTCAGGGTGGTCAC

EGFPLYSS AGAATTCGCCACCATGGTGGAGGAGAAGAGCAAGGGCGAG-
GAGCTGTTC

EGFPLEUS5S AGAATTCGCCACCATGGTGGAGGAGTTGAGCAAGGGCGAG-
GAGCTGTTC

EGFPTRPS AGAATTCGCCACCATGGTGGAGGAGTGGAGCAAGGGCGAG-
GAGCTGTTC

EGFPMIDDLES GAGGGCGACACCCTGGTGAACC

PCR100R GCAAAGAATTCGCCACCATG

PCR100L CCGTTTACGTCGCCGTCCAG

EBFPONLYS TTCGCCACCATGGTGAGC
EBFPONLY3 CGTCCTTGAAGAAGATGGTC
QTEGEFP5 GCTGCTGCCCGACAACC
QTEGFP3 GAACTCCAGCAGGACCATGTG
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the stop-EGFP gene from the wild-type EBFP (enhanced blue fluorescent protein) gene
by PCR (see text).

The wild-type EBFP gene was generated from the wild-type EGFP gene within
pCX-EGFP using site-directed mutagenesis. The procedures used followed the
manufacturer’s guidelines (QuickChange™, Stratagene). The nucleotide C was
substituted for T at the 199 nucleotide position of the EGFP gene (thus, encoding
histidine rather than tyrosine at codon 67) (see Figure 2-6) using the primers SDMEBFP5
and SDMEBFP3 (see Table 2-1). The resulting construct is referred to as pCX-EBFP.
Sequence change at the site was confirmed by DNA sequencing.

2. Generation of revertant forms of the stop-EGFP gene

To confirm the neutrality of the premature stop codon site, three possible revertant forms
of the stop-EGFP gene, containing either AAG (encoding lysine), TTG (encoding
leucine), or TGG (encoding tryptophan) at the site of the premature stop codon, were
generated by PCR using pCX-stop-EGFP as a template, EGFPLYSS, EGFPLEUS, or
EGFPTRPS (see Table 2-1 for primer sequences) as a forward primer, and 3EGFP as a
backward primer. The same PCR reaction conditions were used as described above (see
section II-1). Each PCR product was purified from a 1% low melting agarose gel
(UltraPure™ Agarose, Invitrogen) and subsequently used to replace the stop-EGFP gene
within pCX-stop-EGFP after digestion of the plasmid and each PCR product with EcoRI
(see section II-1). The resulting constructs are referred to as pCX-Lys-EGFP, pCX-Leu-
EGFP, and pCX-Trp-EGFP, respectively. Sequence changes were confirmed by DNA

sequencing.
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3. Fluorescence intensity of proteins expressed from revertant constructs

To test the intensity of green fluorescence of protein expressed from each construct, a
transient expression experiment was performed using the NIH3T3 mouse fibroblast cell
line. The procedures used followed the manufacturer’s guidelines (FuGENE 6
Transfection Reagent, Roche). Briefly, 22 hours before the transfection experiment, 0.25
x 10° cells were plated in each well of 24-well plate. On the day of the experiment, cells
were 70 — 80% confluent. 24 ul of serum free media containing 1 ul of FuGENE 6
reagent was mixed with 0.33 pg of each DNA plasmid and incubated at room
temperature for 30 minutes. The complex mixture was added to each well containing
NIH3T3 cells. After incubation at 37 °C for 36 hours, the transfected cells were washed
twice with 1x PBS (2.7 mM Potassium Cloride, 1.5 mM Potassium Phosphate
Monobasic, 138 mM Sodium Cloride, 8 mM Sodium Phosphate Dibasic, pH 7.4).
Transfected cells in each well were illuminated with a mercury lamp and imaged using
an inverted fluorescence microscope. To quantitatively compare the intensity of
fluorescence from each protein, fluorescence activated cell sorting (FACS) analysis was
performed. The transfected cells were dissociated by treating of cells with trypsin and
used for the FACS analysis. Flow cytometry analysis was performed using FACScan
(BD Biosciences) equipped with 488 nm argon laser and standard filters for collection of
green fluorescence signal. Data files were analyzed with CellQuest software (BD

Biosciences).
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4. Animal experiments

All experiments using live mice were performed in compliance with the
recommendations of the Canadian Council on Animal Care and have been approved by
the Health Sciences Animal Policy and Welfare Committee of the University of Alberta.
5. Microinjection and genomic PCR

The pCX-stop-EGFP and pCX-EBFP constructs were each digested with Sa/l and BamHI
producing a DNA fragment of 3.2 kb, which then was purified (see Figure 2-8). The 3.2
kb fragment from pCX-stop-EGFP was mixed with that from pCX-EBFP with a ratio of
4 to 1, and then microinjected into the pronuclei of fertilized eggs from two different
inbred strains (C57BL/6 and FVB/N) using standard techniques. The microinjection
experiment was performed by staff in the transgenic animal facility at the University of
Alberta.

Genotypes of mice produced were determined by genomic PCR using primers,
EGFPMIDDLES and 3EGFP (see Table 2-1 for sequences). These primers are designed
to generate PCR products of 380 bp from the transgenes. To extract genomic DNA, 1 cm
of a tail tip was cut from each mouse and then incubated in a volume of 400 ul of
proteinase K/SDS (Sodium Dodecyl Sulphate) buffer at 37 °C overnight (Miller et al.,
1988). Protein pellet and debris were removed by a salting out procedure (Miller et al.,
1988) and the supernatant was transferred to a new tube. Genomic DNA was precipitated
by adding 2 volumes of room temperature absolute ethanol. Precipitated genomic DNA
was washed with 70 % ethanol and resuspended in 100 pl TE buffer (10 mM Tris-Cl, 1
mM EDTA, pH 8.0). Genomic PCR was performed in a volume of 25 pl containing 1 ul

of genomic DNA (prepared by the method described above), 1 unit of recombinant Tag
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DNA polymerase (Invitrogen), 2 mM MgCl, (Invitrogen), 0.2 mM dNTP (Roche), and 1
uM primers. The reactions were performed in a thermocycler (iCycler, Bio-Rad) with an
initial denaturation at 95 °C for 5 minutes, followed by 40 cycles of denaturation at 95 °C
for 1 minute, annealing at 49 °C for 1 minute, extension at 72 °C for 50 seconds,
followed by a final extension at 72 °C for 5 minutes. The reaction products were resolved
on 1% agarose gels (UltraPure™ Agarose, Invitrogen) containing 0.5 pg/ml ethidium
bromide and visualized using an ImageMaster VDS gel documentation system
(Amersham Biosciences).

To determine the presence of both transgenes (i.e., the stop-EGFP gene and EBFP
gene), PCR was performed using genomic DNA and primers, PCR100R and PCR100L
(see Table 2-1 for sequences). These primers are designed to generate PCR products of
100 bp from the stop-EGFP gene and 91 bp from the EBFP gene. Genomic PCR was
performed in a volume of 25 pl containing 1 pl of genomic DNA (prepared by the
method described above), 1 unit of recombinant 7ag DNA polymerase (Invitrogen), 2
mM MgCl; (Invitrogen), 0.2 mM dNTP (Roche), and 1 uM primers. The reactions were
performed in a thermocycler (iCycler, Bio-Rad) with an initial denaturation at 95 °C for 5
minutes, followed by 42 cycles of denaturation at 95 °C for 1 minute, annealing at 52 °C
for 1 minute, extension at 72 °C for 30 seconds, followed by a final extension at 72 °C for
3 minutes. The reaction products were resolved on 4% low melting agarose gels
(UltraPure™ Agarose, Invitrogen) containing 1 pg/ml ethidium bromide and visualized
using an ImageMaster VDS gel documentation system (Amersham Biosciences). A 10 bp
DNA ladder (Life Technologies) was used as a size marker. When the presence of the

EBFP gene could not be verified with PCR using these primers, the presence of the gene
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was further tested using primers, EBFPONLYS and EBFPONLY3 (Table 2-1). These
primers are designed to specifically generate PCR products of 320 bp from the EBFP
gene without amplifying the stop-EGFP gene (see section III-6). The reactions were
performed in a thermocycler (iCycler, Bio-Rad) with an initial denaturation at 95 °C for 5
minutes, followed by 40 cycles of denaturation at 95 °C for 1 minute, annealing at 47 °C
for 1 minute, extension at 72 °C for 60 seconds, followed by a final extension at 72 °C for
5 minutes. The reaction products were resolved on 1% agarose gels (UltraPure™
Agarose, Invitrogen) containing 0.5 pg/ml ethidium bromide and visualized using an
ImageMaster VDS gel documentation system (Amersham Biosciences).

6. Breeding and maintenance of transgenic lines

To generate transgenic offspring and maintain transgenic lines, transgenic founders of the
C57BL/6 strain were mated with C57BL/6 wild-type inbred mice and transgenic
founders of the FVB/N strain were mated with BALB/c wild-type inbred mice. All mice
used for breeding were kept in a VAF (Virus Antibody Free) facility and cared for by
staff in Health Sciences Lab Animal Services (HSLAS). Genotypes of offspring were
determined by genomic PCR using primers, EGFPMIDDLES and 3EGFP (see section II-

5 for PCR reaction conditions).

7. Southern blot analysis and competitive PCR

To further verify transgene integration into the mouse genome, Southern blot analysis
was performed. Tail tip biopsies from transgenic mice were used for extraction of
genomic DNA (see section II-5). In Southern blot analysis, 10 ug of genomic DNA (size
of about 6 x 10° bp in the diploid genome) per sample were digested with Pstl. As

reference copy numbers of the transgenes, 10 pg (corresponding to one copy), 20 pg
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(corresponding to two copies), and 100 pg (corresponding to ten copies) of pCX-stop-
EGFP (size of about 6 10° bp) were digested with Sa/l and BamHI (producing a DNA
fragment of 3.2 kb, see section II-5). Digested genomic DNA and reference DNA were
electrophoresed on a 0.8% agarose gel. The gel was stained in a solution of 1 pg/ml
ethidium bromide for 20 minutes after electrophoresis. After rinsing in deionized water,
the gel was soaked in 0.25 M HCI for 10 minutes. The gel was then rinsed in deionized
water and soaked in denaturing solution (1.5 M NaCl, 0.5 M NaOH) for 40 minutes with
gentle rocking. The gel was then rinsed in deionized water and incubated in
neutralization solution (1.5 M NaCl, 0.5 M Tris-HCI, pH 7.0) for 40 minutes with gentle
rocking. The DNA was transferred to a nylon membrane (Hybond-N, Amersham
Biosciences) by traditional capillary blotting overnight. After transfer, the DNA was
bound to the membrane by UV cross-linking. The membrane was pre-hybridized in
Church and Gilbert hybridization solution (Church and Gilbert, 1984) for one hour at 65
°C. The hybridization solution was replaced with fresh solution containing 1 x 10°
cpm/ml of [ & -**P]dCTP-labeled EcoRI fragment (containing the stop-EGFP gene) of
pCX-stop-EGFP (see Figure 2-8) and 100 pg/ml salmon sperm DNA (both denatured in a
boiling-water bath and chilled quickly in ice water before adding to the hybridization
solution). The Southern blot was probed at 65 °C overnight. After hybridization, the
membrane was washed twice for 15 minutes with 2x SSC/0.1% SDS and twice for 15
minutes with 0.1x SSC/0.1% SDS at 55 °C (20x SSC: 3M NaCl, 0.3 M sodium citrate,
pH 7.2). The blot was wrapped in plastic wrap and exposed to BioMax film (Kodak) at

-80 °C overnight.
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A competitive PCR (Gilliland et al., 1990; Diviacco et al., 1992) was performed
to determine the relative ratio of the two transgenes in each transgenic line using primers,
PCR100R and PCR100L. These primers are designed to generate PCR products of 100
bp from the stop-EGFP gene and 91 bp from the EBFP gene (see section II-5 for reaction
conditions).

To quantitatively determine the total copy number of the transgenes in each transgenic
line, real-time PCR was performed. Primers and probes were designed by the Primer
Express 1.0 software program (Applied Biosystems). Real-time PCR analysis was
performed using primers, QTEGFPS5 and QTEGFP3 (Table 2-1). These primers are
designed to yield products of 91 bp. The ABI Prism 7900HT sequence detection system
(Applied Biosystems) was used. Reaction volumes of 7 ul were prepared in 384-well
Micro-Amp optical plates (Applied Biosystems). Enzymes and reagents were from
Sigma-Aldrich (Canada) and Invitrogen (Canada). Each reaction contained 1x buffer K,
3.5 mM MgCl,, 200 uM dATP, dCTP, dGTP, 800 nM forward and backward primers,
SYBR I Green (Molecular Probes), 1x ROX reference dye (Invitrogen), 0.03 unit/ul
JumpStart Tag DNA polymerase (Sigma), and 20 ng genomic DNA. Each test sample
was run in duplicate. PCR conditions were 94 °C for 40 seconds, then 40 cycles of 94 °C
for 15 seconds, 60 °C for 1 minute. The runs were monitored via the Sequence Detection
Software 2.1. After each run, a semi-log amplification plot was shown, in which the
progression of the reactions along the PCR cycles was indicated by the increase in the
normalized reporter fluorescence emission ( A Rn). A threshold in the linear region of the

semi-log amplification plot was established at an arbitrary value of the A Rn normalized
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reporter fluorescence emission. For each reaction, a Ct value, which is the number of
cycles necessary to reach the threshold, was identified. The absolute copy numbers of the
transgenes were determined by the ratios to the copy number in line F#24 (presumed to
carry one or two copies of the EBFP gene, see section III-7).

9. Reverse Transcription-PCR (RT-PCR)

To test expression of the two transgenes at the transcriptional level, reverse-
transcriptional PCR (RT-PCR) was performed. RNA was extracted from various tissues
and used as a substrate for reverse transcription (RT). First-strand complementary DNA
(cDNA) synthesis from mRNA was performed using 5 pg total RNA and Superscript II
reverse transcriptase (Invitrogen). The procedures used followed the manufacturer’s
guidelines. RT reactions were carried out at 42 °C for 50 minutes followed by
inactivation of the reactions by heating at 70 °C for 15 minutes. The same reactions were
performed without reverse transcriptase (a negative control, see below).

Subsequent PCR reactions were performed in 25 pl reactions containing 1 unit of
recombinant 7ag DNA polymerase (Invitrogen), 2 mM MgCl,, 0.2 mM dNTP (Roche), 1
UM primers, and 1 ul of cDNA from first-strand reactions. Primers EGFPMIDDLES and
3EGFP were initially used for PCR reactions. To further verify mRNA transcription from
both the stop-EGFP and EBFP genes, PCR reactions were performed using primers
PCR100R and PCR100L. These primers are designed to generate PCR products of 100
bp from the stop-EGFP cDNA and 91 bp from the EBFP ¢cDNA (see section II-5 for
reaction conditions). The same PCR reactions were performed using 1 pl of the
aforementioned reactions without the reverse transcription process (by not adding reverse

transcriptase) and used as negative controls.
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10. Western blotting

Protein extracts were prepared by homogenizing each organ (100 — 250 mg weight) in 1
ml 2x sample buffer (0.13 M Tris-HCI pH 6.8, 4% sodium dodecyl sulfate, 20%
glycerol). After homogenization, each sample was transferred to a new tube. Genomic
DNA was sheared by mixing up and down through a 22G needle 15 times, followed by a
26G needle 15 times. Samples were then incubated at 65 °C for 5 minutes, followed by
centrifugation at 14,000 rpm for ten minutes. Supernatants were transferred to new tubes
and stored at -80 °C.

Approximately, 10 pg of proteins from each sample were loaded to a well on a
mini-gel and resolved on a 15% polyacrylamide gel. Pre-stained SDS-PAGE standards
(Bio-Rad) were used as a size marker. After electrophoresis, proteins were transferred to
a nitrocellulose membrane (Trans-Blot Transfer Medium, Bio-Rad). The blot was
blocked in blocking buffer (5% powdered skim milk in rinse buffer, TBST: 25 mM Tris-
HCI pH 8.0, 150 mM NacCl, 0.05 % Tween-20) at 4 °C for 16 hours. The blot was then
treated with rabbit polyclonal anti-GFP antibody (1:1000 dilution in blocking buffer) at
room temperature with shaking for one and half hours. Following treatment with the
primary antibody, the blot was washed with TBST four times in 10 minute intervals
before treatment with horseradish peroxidase-conjugated anti-rabbit antibody (Amersham
Biosciences) at room temperature with shaking for one and half hours (1:5000 dilution in
blocking buffer). The blot was then washed with TBST five times in 10 minute intervals.
Proteins were detected using a chemiluminescent substrate (Amersham Biosciences). The

blot was exposed to BioMax film (Kodak). The anti-GFP antibody and purified GFP (a
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positive control) were obtained as a generous gift from Dr. Luc Berthiaume (Department

of Cell Biology, University of Alberta).

II1. Results

1. The stop-EGFP system

To increase the efficiency with which individual cells are labeled by means of mutations,
a premature stop codon (e.g., TAG) was introduced at a putatively neutral codon site
within the EGFP gene. This allows a mutation arising at any one of the three nucleotides
of the stop codon (TAG) to restore EGFP function (except in the case of a mutation from
G to A at TAG, which produces another stop codon, TAA) because any substitution for
the amino acid encoded by a neutral codon does not affect the protein function. That is, if
a premature stop codon is located at a neutral codon site within the EGFP gene, all
possible mutations from the premature stop codon TAG to AAG, CAG, GAG, TCG,
TGG, TTG, TAC, and TAT should restore EGFP function except in the case of TAA
(Figure 2-1). The fact that multiple copies of a transgene are usually inserted in a linear
array in a transgenic mouse also increases the efficiency of this system for generating
labeled cells via mutations (Goldman et al., 2004; Palmiter and Brinster, 1986). If a
transgenic mouse carries 10 copies of the premature stop codon-containing EGFP gene,
for example, 30 nucleotides are mutational targets (3 target nucleotides at a premature
stop codon x 10 copies of the gene) which will restore EGFP function when mutated.
The mechanism by which the stop-EGFP system operates is illustrated in Figure
2-2. In cells of the stop-EGFP mouse, mRNA transcribed from the stop-EGFP gene will

be translated in the cytoplasm by ribosomes which bind to the mRNA and initiate the
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TAG (Stop Codon)

AAG (Lys) TCG (Ser) TAA (STOP)
CAG (Gln) TGG (Trp) TAC (Tyr)
GAG (Glu) TTG (Leu) TAT (Tyr)

Figure 2-1. Possible substitutions from the premature stop codon, TAG and encoded
amino acids from the substitutions.

Nine DNA substitutions can be generated at the premature stop codon from which seven
different amino acids can be encoded. Mutation from G to A at the third site of TAG (i.e.,
GC - AT transition) generates another stop codon, TAA. The seven amino acids
encoded from revertant mutations at the premature stop codon can be classified five
groups based on the molecular characteristics of amino acids (Lehninger et al., 1993).
Amino acids, leucine (nonpolar aliphatic), tryptophan (aromatic), and lysine (positively
charged) were selected to test the neutrality of the premature stop codon site (see section
II1-5).
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Figure 2-2. Schematic representation illustrating the mechanism by which the stop-
EGFP system operates.

(A) In the absence of a mutation, cells containing the stop-EGFP gene will exhibit no
green fluorescence when illuminated with the excitation light. (B) Cells having
undergone a mutation at the premature stop codon will exhibit green fluorescence when
excited with the 488 nm excitation light.
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translation process at the start codon. When a ribosome encounters the premature stop
codon during the elongation process, it terminates the translation process leading to the
release of truncated peptides. Thus, in the absence of a mutation cells containing the
stop-EGFP gene will exhibit no green fluorescence when illuminated with the excitation
light (Figure 2-2A). On the other hand, if a mutation occurs at the premature stop codon,
mRNA transcribed from the mutated copy of the stop-EGFP gene no longer contains the
premature stop codon and this allows a ribosome to pass through the codon site where the
premature stop codon was originally located, resulting in the synthesis of a full length
protein. Because the premature stop codon was located at a neutral codon site, expressed
protein is as functional as the wild-type EGFP, regardless of the specific amino acid
encoded by the mutated site. Therefore, cells having undergone a mutation at the
premature stop codon will exhibit green fluorescence when excited with the 488 nm
excitation light (Figure 2-2B).

In the stop-EGFP system, random mutations at the premature stop codon of the
stop-EGFP gene allow labeling of individual cells in tissue. Cells having undergone a
mutation at the premature stop codon and their clonal descendants will express functional
EGFP, thus clonal cell lineage can be traced by following green fluorescent colonies. For
example, cell fate mapping of clonal cell lineages can be performed after tissue renewal
(or tissue regeneration) (Figure 2-3).

If the stop-EGFP gene is only used as a target gene for mutations, the system is
incapable of detecting a GC to AT transition mutation because the change produces
another stop codon TAA from TAG (Figure 2-1). To make up for the inability of the

stop-EGFP system to detect a GC to AT transition mutation at the premature stop codon,

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2-3. Schematic illustration showing an example of application of the stop-
EGFP system to cell fate mapping study.

Mutation at the premature stop codon within the stop-EGFP gene labels individual cells
in tissue of the stop-EGFP mouse. After tissue renewal or regeneration, green fluorescent
cell lineages can be imaged allowing fate mapping of clonal cell lineages.
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the wild-type enhanced blue fluorescent protein (EBFP) gene was used as another
mutational target. The EBFP gene differs from the EGFP gene by only a single
nucleotide. The difference occurs in codon 67: CAC (encoding histidine) of the EBFP
gene and TAC (encoding tyrosine) of the EGFP gene (Heim et al., 1994). An amino acid
encoded by codon 67 (equivalent to codon 66 of the GFP or BFP gene, see section I-1,
Chapter 1) determines the wavelengths of lights for both excitation and emission of the
fluorescent proteins and substitution of a single amino acid at the codon site leads to a
different type of fluorescent protein. Therefore, if a mutation changes C to T at the 199
nucleotide of the EBFP gene (i.e., GC => AT transition), a wild-type EGFP gene will be
generated (i.e., a mutation from CAC to TAC at codon 67) (Figure 2-4). A transgenic
system carrying both the stop-EGFP gene and the wild-type EBFP gene can therefore
detect all possible point mutations arising by either transversions (AT = TA, AT > CG,
GC - TA, and GC - CQG) or transitions (AT = GC and GC > AT) (see Figure 2-5).

2. Identifying the site for a premature stop codon

Several factors were considered in choosing the site for a premature stop codon to be
introduced. Most importantly, the site should be located in a region which is of no
functional importance such that any amino acid encoded from the site does not degrade
the function of EGFP. Choosing such a site will significantly increase the efficiency with
which a revertant mutation is detected at the premature stop codon. Amino acids located
very close to the N-terminal region of EGFP are presumed to be functionally neutral
(Dopf and Horiagon, 1996; Li et al., 1997). Choosing a codon site very close to the
translation initiation codon of the EGFP gene (corresponding to the N-terminal of the

protein) as the location for a premature stop codon has another advantage in that the
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TAG (stop codon)
GC - AT transition
TAA (stop codon)

199™ (Codon 67)

}
EBFP ...... CAC ........

gene ieen. GTG ...

GC = AT transition

EGFP ...... TAC ........
gene e ATG L

Figure 2-4. The wild-type EBFP gene which can detect a GC to AT transition
mutation.

GC to AT transitional mutation at the premature stop codon does not restore EGFP
function because it generates another stop codon, TAA. The wild-type EBFP gene can
make up for the inability of the stop-EGFP gene to detect a GC to AT transition mutation
at the premature stop codon. A mutation that changes C to T (i.e., GC to AT transition) at
the 199" nucleotide of the EBFP gene generates a wild-type EGFP gene.
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A. Premature stop codon B. Codon 67 of

in the stop-EGFP gene the EBFP gene
--TAG-- - —CAC--
--ATC-- ——CTCG--
Transversion Transition Transition
\ 4 v v
--TTG-- --TAT-- --TGG-- --TAC--
--AAC-- --ATA-- --ACC-- --ATG--
--TCG-- --TAC--
~--AGC-- --ATG--

Figure 2-5. The stop-EGFP system using the wild-type EBFP gene as a
supplementary target gene for mutations.

A transgenic system carrying both the stop-EGFP gene and the wild-type EBFP gene can
detect all possible point mutations arising by either transversions (AT > TA, AT - CG,
GC > TA, and GC - CQG) or transitions (AT = GC and GC - AT). Examples of
detection of all possible transition and transversion mutations in the stop-EGFP system
are shown.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



proximity of the stop codon to the translation initiation codon prevents cells from
producing long truncated peptides which might have deleterious effects on a cell.
However, one risk of introducing a premature stop codon very near the translation start
codon of the EGFP gene is that translation termination at the premature stop codon might
not be very efficient, which could lead to a high background level of green fluorescence
from cells in the stop-EGFP mouse. It has been reported that placing a stop codon
immediately after an initiation codon can lead to a low efficiency of translation
termination (McCaughan et al., 1998). We chose to insert a stop codon (TAG) between
the second and third codon, such that DNA sequences beyond the insertion are identical
to those of the wild-type EGFP (Figure 2-6). To increase the distance between the
initiation codon and the premature stop codon, six nucleotides were additionally inserted
immediately upstream of the premature stop codon. Thus, 9 nucleotides
(GAGGAGTAG) in total were inserted between the second and third codon of the EGFP
gene. Another reason that nine nucleotides were inserted (instead of three) is that the
insertion of additional nucleotides allows PCR to be used to verify integration of both the
stop-EGFP gene and EBFP gene into the mouse genome. For example, genomic PCR
using an appropriate primer set will yield a 100 bp PCR product from the stop-EGFP
gene and a 91 bp product from the wild-type EBFP gene. PCR products with that length
difference can be easily separated on a 4% agarose gel (see section I1I-6).

3. Abrogating a possible immune response to EGFP revertants

If revertant EGFP were first expressed via a mutation in the adult stop-EGFP mouse, the
protein might be recognized as a foreign antigen by the immune system, and cells

expressing the revertant EGFP killed by cytotoxic T lymphocytes (CTL). Although it has
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Figure 2-6. DNA sequences of the EGFP gene, the stop-EGFP gene, and the EBFP
gene and translated amino acid sequences.

DNA sequences of the EGFP gene and translated amino acid sequences are shown.

To create the stop-EGFP gene, 9 nucleotides including a stop codon (GAGGAGTAG)
were inserted immediately downstream of codon GTG (in bold) (see section III-2). The
EBFP gene was created by a site-directed mutagenesis at codon 67 in the EGFP gene that
changed T at codon 67 in the EGFP gene to C (see section III-1). When the EGFP gene
was artificially created from the wild-type GFP gene to optimize gene expression in
mammalian cells and increase fluorescence intensity (Cormack et al., 1996; Yang et al.,
1996) an additional codon, GTG, was inserted immediately downstream of the initiation
codon. Thus, codon 66 (TAC) in the wild-type GFP gene (which predominantly
determines wavelengths of light for both excitation and emission) corresponds to codon
67 in the EGFP gene. Peptides of LFTGVVPIL (codon 8 — 16), NYNSHNVYI (codon
145 —153), and HYLSTQSAL (codon 200 — 208) are three best candidates to bind to H2-
K9 molecules (see section III-3 and Table 2-2).
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(GAGGAGTAG)

ATGGTG AGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGAC
M V S K G E EL F T G V V P I L V E L D
1 5 10 15 20

GGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTAC
G bV NGHI KV F SV S G E G E G DAT Y
21 25 30 35 40

GGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACC
G K L. T L XK F I ¢ T T G K L P V P W P T
41 45 50 55 60

(CAC)
CTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAG
r v T™L T Y GV Q CF S R Y P D HM K
61 65 70 75 80

CAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTC
Q H D F F K s A M P E G Y V Q E R T I F
81 85 90 95 100

TTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTG
F K D D GNY XK T RAEV KUPF E G D T L
101 105 110 115 120

GTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCAC
vV N R I E L K G I D F K E D G N I L G H
121 125 130 135 140

AAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAAC
K L. Y N Y N S H NV Y I M A D K Q K N
141 145 150 155 160

GGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCC
G I K vV N F X I R HNTIEDG S V QL A
161 165 170 175 180

GACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCAL
D H' Y Q Q N TP I GD G P VL L P DN H
181 185 190 195 200

TACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTC
Yy L S T Q S A L S K D P N E K R D HMV
201 205 210 215 220
CTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAA

L L £ F v T A A G I TIL G M D E L Y K -
221 225 230 235
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been presumed in some mouse studies that EGFP elicits a very weak, or no immune
response, a strong CTL response against EGFP-expressing cells has been detected in the
BALB/c strain and a moderate CTL response in the C57BL/6 strain (Gambotto et al.,
2000; Stripecke et al., 1999). The possibility of an immune response elicited by revertant
EGFP can therefore not be neglected. Because EBFP differs from EGFP by only a single
amino acid (that is encoded by codon 67), transgenic mice exposed to EBFP from
conception can be expected to have no immune response to revertant EGFP.

As a host defense mechanism, the immune system identifies and eliminates cells
expressing foreign proteins (due to viral infection or oncogenesis, for example). Major
histocompatibility complex (MHC) class I molecules bind oligopeptide fragments
derived from a cell’s expressed proteins and display them on the cell surface for
surveillance by the immune system (Rock and Goldberg, 1999; York and Rock, 1996).
The immune system is nonreactive to MHC class I-presented peptides derived from
normal cellular proteins because of self-tolerance. However, when nonnative proteins are
expressed in cells, foreign peptides will be presented on the surface of the cells, which
leads to the stimulation of CTL to kill the cells expressing the foreign proteins. In mouse,
three types of MHC class I molecules can be generated from three MHC gene loci, H-2K,
H-2D, and H-2L (Sher et al., 1985). In the BALB/c strain (harboring the MHC haplotype
H-2% three different types of MHC class I molecules encoded by the loci are designated
H2—Kd, H2-Dd, and H2-Ld, respectively. On the other hand, in the C57BL/6 strain
(harboring the MHC haplotype H-2°) only two types of MHC class I molecules, H2-K®
and H2-DP can be generated because of the absence of H-2L gene in the strain (Sher et

al., 1985).
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Peptides that bind to MHC class I molecules are usually 8 — 10 amino acids long
(Rock and Goldberg, 1999). Depending on a type or an allelic variant of MHC class I
molecules, MHC class I-presented peptides have a characteristic pattern of amino acid
residues at two or three specific positions (Rammensee et al., 1995). For example, in the
BALB/c strain H2-K¢ molecules preferentially bind 9 amino acids long peptides
containing tyrosine at the second and isoleucine or leucine at the ninth residue from the
N-terminal of the peptides (Falk et al., 1991; Rammensee et al., 1995). On the other
hand, peptides binding to H2-L® molecules usually contain proline at the second and
phenylalanine or leucine at the ninth residue from the N-terminal (Corr et al., 1992).

Characteristic patterns of peptides preferentially binding to H-2 and H-2°
haplotype MHC molecules allow one to predict peptide regions of a protein that are
likely to bind to a given type of MHC class I molecules in the BALB/c and C57BL/6
strains (the genetic backgrounds of the transgenic lines we developed, see section II1-6).
The prediction can be facilitated using an epitope prediction program such as MAPPP
(MHC class I antigenic peptide processing prediction) which is available at

http://www.mpiib-berlin.mpg.de/MAPPP/ (Hakenberg et al., 2003). Using the MAPPP

program, candidate peptides derived from EBFP, EGFP, and EGFP revertants were
predicted that could bind to MHC class I molecules in the BALB/c and C57BL/6 strains.
The three best candidates to bind to each type of MHC class I molecules in the BALB/c
(H-2%) and C57BL/6 (H-2") strains are listed in Table 2-2 and 2-3, respectively. For
example, in the BALB/c strain peptides of LFTGVVPIL (codon 8 — 16), NYNSHNVYI
(codon 145 — 153), and HYLSTQSAL (codon 200 — 208) derived from EGFP are three

candidates that are most likely to bind to H2-K® molecules (Table 2-2 and Figure 2-6).
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Table 2-2. Peptides that likely bind to MHC class I molecules in the BALB/c strain.

Three best candidate peptides derived from EBFP, EGFP, and EGFP revertants that are
predicted to bind to each type of MHC class I molecules in the BALB/c strain (H-2*
haplotype). An epitope prediction program, MAPPP (MHC class I antigenic peptide
processing prediction available at http://www.mpiib-berlin.mpg.de/MAPPP/) was used.

i) H2-D — No epitopes predicted.

ii) H2-K*

EBFP EGFP EGFP Revertants
HYLSTQSAL HYLSTQSAL HYLSTQSAL
(codon 200 — 208) (codon 200 - 208) (codon 203 - 211)
NYNSHNVYI NYNSHNVYI NYNSHNVYI
(codon 145 — 153) (codon 145 - 153) (codon 148 - 156)
LFTGVVPIL LFTGVVPIL LFTGVVPIL

(codon 8 — 16)

(codon 8 —16)

(codon 11 - 19)

(iii) H2-L*

EBFP EGFP EGFP Revertants
TPIGDGPVL TPIGDGPVL TPIGDGPVL
(codon 187 — 195) (codon 187 - 195) (codon 190 — 198)
DPNEKRDHM DPNEKRDHM DPNEKRDHM
(codon 211 —219) (codon 211 -219) (codon 214 - 222)
MVSKGEELF MVSKGEELF EX*SKGEELF
(codon 1-19) (codon 1 —9) (codon 4 —- 12)

X* denotes an amino acid encoded from the site of the premature stop codon, TAG after
undergoing a revertant mutation (e.g., lysine, glutamine, etc). See Figure II-1 for amino
acids that can be encoded by revertant mutations at the premature stop codon.
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Table 2-3. Peptides that likely bind to MHC class I molecules in the C57BL/6 strain.

Three best candidate peptides derived from EBFP, EGFP, and EGFP revertants that are
predicted to bind to each type of MHC class I molecules in the C57BL/6 strain (H-2°
haplotype). An epitope prediction program, MAPPP (MHC class I antigenic peptide
processing prediction available at http://www.mpiib-berlin.mpg.de/MAPPP/) was used.

i) H2-D"

EBFP EGFP EGFP Revertants
DTLVNRIEL DTLVNRIEL DTLVNRIEL
(codon 118 — 126) (codon 118 — 126) (codon 121 - 129)
DGDVNGHKF DGDVNGHKF DGDVNGHKF
(codon 20 — 28) (codon 20 — 28) (codon 23 — 31)
YNSHNVYIM YNSHNVYIM YNSHNVYIM

(codon 146 — 154)

(codon 146 — 154)

(codon 149 —157)

(i) H2-K®

EBFP EGFP EGFP Revertants
GDATYGKL GDATYGKL GDATYGKL
(codon 36 —43) (codon 36 —43) (codon 39 — 46)
ATYGKLTL ATYGKLTL ATYGKLTL
(codon 38 —45) (codon 38 — 45) (codon 41 —48)
GEELFTGV GEELFTGV GEELFTGV

(codon 5 —12)

(codon 5 —12)

(codon 8 — 15)
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All candidate peptides listed in Table 2-3 are located in regions where the amino
acid sequences of EBFP, EGFP, and EGFP revertants are identical, strongly suggesting
that EGFP revertants will be recognized as self-proteins in the C57BL/6 strain stop-
EGFP mouse exposed to EBFP from conception. The differences in amino acid
sequences among EBFP, EGFP, and EGFP revertants lie in two regions of the proteins;
the N-terminal region (due to the 9 nucleotides inserted in the stop-EGFP gene) and the
position of the amino acid encoded by codon 67 (see sections III-1 and III-2). Those two
regions are not included in candidate peptides which predictably bind to MHC class I
molecules in the C57BL/6 strain.

In the BALB/c strain, the peptide corresponding to amino acid residue 4 — 12 of
EGFP revertants could bind to H2-L? molecules (Table 2-2). The peptide region of EGFP
revertants includes the amino acid residue that is encoded from the site of the premature
stop codon after the site undergoes a revertant mutation. Because the peptide region of
EGFP revertants is different from that of EBFP, it is speculated that EGFP revertants
might elicit immune response via H2-L molecule-mediated CTL response in the stop-
EGFP mouse generated using the BALB/c strain even if the mouse is exposed to EBFP
from conception.

4. Construction of plasmids

To allow the stop-EGFP system to be applied to diverse tissues, the stop-EGFP gene
should be under the control of a ubiquitous promotor that can direct expression of the
gene in every tissue. Okabe et al. constructed a plasmid in which the wild-type EGFP
gene was placed under the controls of the $-actin promotor (referred to as pCX-EGFP)

(Okabe et al., 1997). They showed that transgenic mice carrying the plasmid (referred to
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as “Green mice”) expressed the transgene ubiquitously by using direct imaging of diverse
tissues and organs illuminated with the appropriate wavelength of light. Variegation of
transgene expression was not detected in most transgenic lines when splenic and thymic
T lymphocytes from mice were collected and analyzed by fluorescence activated cell
sorting (FACS) (Okabe et al., 1997). We have obtained the plasmid pCX-EGFP and
replaced the wild-type EGFP gene with a premature stop codon-containing EGFP gene
(see section II-1). Substitution of the stop-EGFP gene for the wild-type EGFP gene in the
construct was confirmed by DNA sequencing (Figure 2-7). The resulting construct is
referred to as pCX-stop-EGFP (Figure 2-8).

The pCX-EBFP construct was generated from pCX-EGFP via a site-directed
mutagenesis at codon 67 in the EGFP gene (equivalent to codon 66 of the GFP or BFP
gene) (Figure 2-7). The mutagenesis changed T at codon 67 in the EGFP gene to C which
creates a codon that encodes histidine instead of tyrosine (see section I-1, Chapter 1). A
substitution at codon 146 of the EBFP gene (equivalent to codon 145 of the BFP gene)
can increase the intensity of blue fluorescence from EBFP roughly 2-fold (Heim and
Tsien, 1996). However, the substitution at codon 146 was not included in our construct
because it could lead to a decrease in the green fluorescence intensity of revertant EGFP
when a revertant EGFP gene is generated from the EBFP gene via mutation from Cto T
at codon 67. Detection of mutations in the stop-EGFP mouse will be carried out via
imaging of green fluorescence from cells, thus maintaining intensity of green
fluorescence from revertant EGFP is our main concern. As mentioned above, the main

reason that the wild-type EBFP gene is utilized in the stop-EGFP system is that the EBFP
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Figure 2-7. Sequencing data of the wild-type EGFP gene, the stop-EGFP gene, and
the wild-type EBFP gene.

DNA sequences from the second codon of the wild-type EGFP gene (A) and the stop-
EGFP gene (B) are shown. The stop-EGFP gene was generated by introducing nine
nucleotides including a premature stop codon (GAGGAGTAG) between the second
codon (GTG) and the third codon (AGC) of the EGFP gene. The wild-type EBFP gene
was generated from the wild-type EGFP gene by changing TAC at codon 67 of the EGFP
gene (C) to CAC (D) via a site-directed mutagenesis.
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Figure 2-8. The genetic map of pCX-stop-EGFP.

Nine nucleotides including a premature stop codon (GAGGAGTAG) were inserted into
EGFP cDNA. The plasmid was modified from pCX-EGFP (Okabe et al., 1997).
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gene provides a target for GC = AT transition mutation that the stop-EGFP gene cannot
detect at the premature stop codon, TAG.

5. Experimental verification of the neutrality of the premature stop codon site

For the stop-EGFP system to function as an effective cell fate mapping and mutation
detection system, the premature stop codon in the stop-EGFP gene should terminate the
process of protein synthesis efficiently at the site, otherwise background green
fluorescence from non-mutant cells might make it difficult to identify green fluorescent
mutant cells and their descendent cell lineages. In addition, the premature stop codon
should be located at a neutral codon site such that any nonsynonymous mutations at the
premature stop codon will result in expression of functional EGFP revertants. Using an in
vitro cell culture system in which the stop-EGFP gene and revertant forms of the gene
were transiently expressed, we tested whether the premature stop codon site in the stop-
EGFP gene satisfies both requirements.

To test the intensities of green fluorescence of EGFP revertants, we artificially
created several revertant forms of the stop-EGFP gene using PCR (see section 1I-2 and
Figure 2-9). Nine DNA substitutions in total can be generated at the premature stop
codon from which seven different amino acids can be encoded (see Figure 2-1).

Three possible revertant forms of the stop-EGFP gene, containing AAG
(encoding lysine), TTG (encoding leucine), or TGG (encoding tryptophan) in place of the
premature stop codon (TAG), were selected to compare the intensities of green
fluorescence of the revertant EGFP with that of the wild-type EGFP (see Figure 2-9). The
three revertant forms are expected to be found most frequently when the stop-EGFP

system is treated with the mutagen, ENU (N-ethyl-N-nitrosourea) which was used in our
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Figure 2-9. Generation of revertant forms of the stop-EGFP gene.

Three possible revertant forms of the stop-EGFP gene, containing AAG, TTG, or TGG in
place of the premature stop codon (TAG), were generated using PCR. DNA sequences

are shown at the site of the premature stop codon (i.e., codon 5) for the stop-EGFP gene
(A), the AAG-revertant (B), the TTG-revertant (C), and the TGG-revertant (D).
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cell fate mapping (Chapter 3) and mutation studies (Chapter 4). The most common
mutations induced by ENU are AT - TA transversions with the second most common
being AT = GC transitions (Noveroske et al., 2000; Popp et al., 1983). Thus, ifa
mutation at the premature stop codon is induced by treatment with ENU, the most
commonly observed types of revertant codons from TAG are expected to be AAG, TTG,
CAG, and TGG.

Green fluorescence from cells transiently expressing each revertant form of the
stop-EGFP gene was comparable to that from cells transiently expressing the wild-type
EGFP gene (Figure 2-10). The finding strongly suggests that the site of the premature
stop codon is a functionally neutral codon. Green fluorescence from cells expressing the
stop-EGFP gene (Figure 2-10E) was minimal and comparable to that of non-transfected
cells (data not shown) and cells transfected with the wild-type EBFP gene (Figure 2-10F)
demonstrating that the premature stop codon efficiently terminates protein synthesis. The
data from the cell culture experiment suggests that the site we chose to introduce the
premature stop codon meets the two requirements described above.

To quantitatively compare the intensity of green fluorescence from cells
expressing each construct, FACS analysis was performed (Figure 2-11). No significant
difference in fluorescence intensity was detected between cells expressing the wild-type
EGFP gene and cells transfected with the three revertant forms of the stop-EGFP genes.
Green fluorescence from those cells show a broad range of fluorescence intensity (see
Figure 2-11E to H). We speculate the difference in the fluorescence intensity within the
same group could result from differences in gene copy numbers among cells or

differences in health among cells. Fluorescence from cells expressing the stop-EGFP
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Figure 2-10. Transient expression of revertant forms of the stop-EGFP gene in the
NIH3TS3 cell line.

Three possible revertant forms of the stop-EGFP gene, each containing AAG (encoding
lysine), TTG (encoding leucine) or TGG (encoding tryptophan) at the site of the
premature stop codon, were generated and used for the transfection experiment (see text).
All three revertants, AAG-revertant (A), TTG-revertant (B) and TGG-revertant (C),
expressed functional proteins, which were as strongly fluorescent as the wild-type EGFP
(D). The result strongly supports the neutrality of the position of the premature stop
codon. Green fluorescence from cells transfected with the stop-EGFP gene (E) is
comparable to that from negative controls, the EBFP gene-transfected cells (F) and non-
transfected cells (data not shown).
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Figure 2-11. FACS analysis of cells transfected with each construct.

(A) Forward-scatter (FSC-H) vs. side-scatter (SSC-H) profile. The gate was set as
indicated. (B) — (H) Green fluorescence (FL1-H) vs. cell counts. The marker M1 defines
a range of fluorescence that excludes at least 99% of non-transfected cells (see Panel B).
The average intensity of fluorescence from cells whose fluorescence intensities are
within the range of M1 is indicated in each panel. (B) Non-transfected cells, (C) cells
transfected with the wild-type EBFP gene, (D) cells transfected with the stop-EGFP
gene, (E) cells transfected with the wild-type EGFP gene. (F) — (H) cells transfected with
revertant forms of the stop-EGFP genes which contain AAG (Panel F), TTG (Panel G) or
TGG (Panel H), respectively at the site of the premature stop codon. FI stands for
fluorescent intensity. The percentage (%) of cells that the marked region (M1) contains is
shown in each panel.
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gene was minimal and comparable to that from non-transfected cells and cells expressing
the wild-type EBFP gene (see Figure 2-11). Fluorescence beyond the background level of
autofluorescence was occasionally detected from cells transfected with the stop-EGFP
gene (4.5% of total cells analyzed). The fluorescent signals from those cells are likely
due to inefficient termination of the translation process at the premature stop codon of the
stop-EGFP gene, especially in cells carrying a high copy of the stop-EGFP gene. The
mean intensity of fluorescence from those fluorescent cells, however, is about 70-fold
less than that from cells expressing the wild-type EGFP gene or revertant forms of the
stop-EGFP gene (Figure 2-11). Thus, it is unlikely that the background level of green
fluorescence from cells expressing the stop-EGFP gene would interfere with detection of
green fluorescent mutant cells in the stop-GFP system.

6. Generation of transgenic mice

Fertilized oocytes from two different inbred strains of mice (C57BL/6 and FVB/N) were
used in order that transgenic mice could be generated in two different genetic
backgrounds. Before the microinjection, the stop-EGFP gene and the wild-type EBFP
gene were mixed as a ratio of 4 to 1 in the expectation that more copies of the stop-EGFP
gene to be integrated into the mouse genome than those of the EBFP gene. Each copy of
the stop-EGFP gene provides a mutational target of three nucleotides in comparison to
one nucleotide in the case of the EBFP gene, thus creating a transgenic mouse with
relatively more copies of the stop-EGFP gene is desirable.

In the case of the C57BL/6 genetic background, the pronuclei of 190 fertilized
eggs were microinjected with the transgenes and then transplanted in oviducts of

pseudopregnant foster mothers. In total, 16 mice were born, of which three appeared
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transgenic when tested for the transgenes by an initial genomic PCR screening (Table 2-4

and Figure 2-12A).

Table 2-4. Generation of transgenic mice with the C57BL/6 genetic background.

strain # of eggs # of births  # of transgenic # of double-
microinjected founders transgenic founders
C57BL/6 190 16 3 2

Using a primer set that specifically generates 100 bp PCR product from the stop-
EGFP gene and 91 bp PCR product from the EBFP gene, transgenic mice were tested for
the presence of both transgenes. PCR analysis revealed that only one transgenic mouse
(#25) carried both the stop-EGFP and EBFP gene and the other two transgenic mice (#22
and 24) carried only the stop-EGFP gene (Figure 2-12B). As a positive control, plasmid
pCX-stop-EGFP was mixed with pCX-EBFP with a ratio of 1 to 1 and used for PCR.
Although the same copy of the two genes was used for PCR, resulting PCR products
show that the stop-EGFP gene is preferentially amplified (see Figure 2-12B lane P). If
the copy number of the EBFP gene were, for example, six times lower than that of the
stop-EFP gene in transgenic mice, it would be hard to detect the presence of the EBFP
gene by use of this PCR method. Thus, the possibility that the EBFP gene was not
detected due to the sensitivity of the PCR method used cannot be ruled out. To further

test for the presence of the EBFP gene, we performed an EBFP gene-specific PCR test.
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Figure 2-12. Genotyping of mice by PCR with the C57BL/6 genetic background.

(A) Transplantation of microinjected embryos produced 16 mice. PCR screening
revealed that mice #22, 24, and 25 were transgenic. P denotes a positive control (plasmid
DNA harboring the stop-EGFP gene, pCX-stop-EGFP). (B) Presence of both transgenes
in the three transgenic founders #22, 24, and 25 was tested by PCR which generates
different sizes of PCR products from the two transgenes (see Materials and Methods).
S/M denotes a size marker and NT denotes a non-transgenic mouse. As a positive
control, pCX-stop-EGFP (plasmid harboring the stop-EGFP gene) was mixed with pCX-
EBFP (plasmid harboring the EBFP gene) with a ratio of 1 to 1 and then used for the
PCR (denoted as P). (C) The presence of the EBFP gene in the transgenic founders was
further tested by PCR that specifically generated PCR products from the EBFP gene
without amplifying the stop-EGFP gene. S and B denote pCX-stop-EGFP and pCX-
EBFP, respectively. NT denotes a non-transgenic mouse. Gels were stained in ethidium
bromide. Black and white images were inverted using Adobe® Photoshop® (4.0 LE) for
better resolution.

113

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A

P 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

S/M P NT#22 #24 #25

100 bp =
91 bp —>»

S B NT #22 #24 #25

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A primer was designed that binds to the EBFP gene but not to the stop-EGFP gene
because of the 9 nucleotides insertion (GAGGAGTAG) (see Figure 2-6). PCR using the
primer specifically generated PCR products from the EBFP gene without amplifying the
stop-EGFP gene and verified that transgenic mouse #24 also carried the EBFP gene
(Figure 2-12C). The PCR test further verified that transgenic mouse #22 did not carry the
EBFP gene.

The two transgenic founders carrying both transgenes (i-e., #24 and 25 mice)
were bred with C57BL/6 wild-type inbred mice to produce transgenic offspring.
However, transgenic mouse #24 died during pregnancy and produced no offspring.
Founder #25 produced transgenic offspring which were subsequently used for more
characterizations of the transgenic line.

In the case of the FVB/N genetic background, the pronuclei of 110 fertilized eggs
were microinjected with the transgenes, which produced 24 mice (Table 2-5). An initial
genomic PCR screening revealed three mice were transgenic (see Figure 2-13A). To
distinguish them from mice with the genetic background of the C57BL/6 strain, the three
transgenic mice with the FVB/N genetic background are labeled as F#11, F#19, and
F#24. When the presence of both the stop-EGFP gene and the EBFP gene was tested
using the aforementioned primer set, only two transgenic founders (F#11 and F#19)
carried both transgenes while one transgenic founder (F#24) carried only the EBFP gene
(Figure 2-13B). Founders F#11 and F#19 were bred with wild-type BALB/c inbred mice
to produce transgenic offspring. Although the FVB/N strain has been used extensively in
transgenic research because of superior reproductive performance and prominent

pronuclei which facilitate microinjection of transgenes (Taketo et al., 1991), the strain
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has several health issues (Goelz et al., 1998; Mahler et al., 1996). Thus, a conversion of
the genetic background of the transgenic founders from FVB/N to BALB/c was

undertaken by successive breeding with the latter strain.

Table 2-5. Generation of transgenic mice with the FVB/N genetic background.

strain # of eggs # of births  # of transgenic # of double-
microinjected founders transgenic founders
FVB/N 110 24 3 2
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Figure 2-13. Genotyping of mice by PCR with the FVB/N genetic background.

(A) Implantation of microinjected embryos produced 24 mice. PCR screening revealed
that mice #11, 19, and 24 were transgenic. To distinguish them from mice with the
genetic background of the C57BL/6 strain, the three transgenic mice with the FVB/N
genetic background are labeled as F#11, F#19, and F#24. P denotes a positive control
(plasmid DNA harboring the stop-EGFP gene, pCX-stop-EGFP). (B) Presence of both
transgenes in the three transgenic founders F#11, F#19, and F#24 was tested by PCR
analysis which can differentiate the two transgenes by producing different sizes of PCR
products. S/M and NT denote a size marker and a non-transgenic mouse, respectively.
Gels were stained in ethidium bromide. Black and white images were inverted using
Adobe® Photoshop® (4.0 LE) for better resolution.
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Founder F#19 successfully transmitted the transgenes to offspring. Founder F#11
failed to transmit the transgenes to the next generation. Among 22 offspring of founder
F#11, none were found to be transgenic when the presence of the transgenes was tested
by genomic PCR. It is speculated that F#11 mouse is a mosaic transgenic mouse and only
a subset of cells carry the transgenes (Palmiter et al., 1984). Although a transgene is
usually integrated into a mouse chromosome before the first cell division of a fertilized
oocyte (Palmiter and Brinster, 1986), it occasionally happens that transgenes are
integrated after cell divisions of fertilized oocytes and the germ-line cells do not carry the
transgenes (Wilkie et al., 1986).

From the microinjection experiment using fertilized oocytes of two different
strains and subsequent breeding of transgenic founders, two transgenic lines (#25 and
F#19) were established. To determine whether the stop-EGFP gene and EBFP gene
cosegregate in both transgenic lines, the presence of the two transgenes in 12 transgenic
mice of line #25 and 19 transgenic mice of line F#19 was tested by genomic PCR that
produces different sizes of PCR products from the two transgenes (see above). The
genomic PCR showed that all transgenic offspring tested (31 mice in total) carried both
transgenes. The data strongly suggests that the two transgenes were integrated into a
single chromosome locus in each transgenic founder and thus segregate together. This
finding is consistent with previous studies that developed transgenic mice carrying two
different transgenes (Jankowsky et al., 2001; Sola et al., 1998). When a transgene is
integrated into the mouse genome, multiple copies of the transgene are commonly
integrated into the same site on a chromosome in a tandem, head-to-tail array (Goldman

et al., 2004; Palmiter and Brinster, 1986). This is equally true for integration of different
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transgenes (Goldman et al., 2004). Two different genes, especially sharing very similar
sequences, are highly likely to be integrated into the same site of a chromosome.

In total, 19 mice among the 45 offspring of founder #25 and 30 mice among the
68 offspring of founder F#19 were found to be transgenic when tested for the transgenes
by genomic PCR (Table 2-6). Thus, the frequency at which offspring carry the transgenes
is close to 50% for both transgenic lines (42% for line #25 and 44% for line F#19, see
Table 2-6) suggesting the transgenes are inherited in a dominant Mendelian fashion
(Table 2-7). Transgenic mice of both lines have not shown any sign of abnormality and
discomfort, which is consistent with other studies using transgenic mice carrying the
EGFP gene (Feng et al., 2000; Okabe et al., 1997). The transgenic mice typically

survived more than a year (data not shown).

Table 2-6. Frequency that offspring carry the transgenes.

Average No. M/F #of Tg Tg M/F Tg

litter size offspring ratio  offspring ratio frequency*
Line #25 1.5 45 22/23 19 8/11 42%
Line F#19 8.5 68 39/29 30 18/12 44%

*Tg frequency was calculated from the number of Tg offspring divided by the number of
offspring. Tg denotes Transgenic and M/F denotes Male/Female.

Table 2-7. Likelihood ratio test of the frequencies of transgene transmission.

2logA (P=3/4) 2logA (Pg=1/2) 2logA (Pe=1/4) 7 (a=0.05)
Line #25 21.72% 1.09 6.34% 3.84
Line F#19 29.29% 0.943 11.72% 3.84

* Null hypotheses (Py=3/4 and P¢=1/4) are rejected because the log-likelihood values are
significantly higher than the y *(a = 0.05) value.
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7. Southern blotting

Genomic DNA was collected from three transgenic offspring of each transgenic founder
and used for Southern blot analysis to further verify transgene integration into the mouse
genome and also roughly estimate the total combined copy number of both transgenes
(the stop-EGFP gene and EBFP gene). The Southern blot analysis revealed that line F#19
carries more copies of the transgenes than line #25 (Figure 2-14A). Genomic DNA
samples prepared from three different transgenic offspring of founder #25 all showed an
identical band intensity at the expected size of 3.2 kb, implying that the transgenic
offspring carry the same copy number of the transgenes.

However, the transgenic offspring of founder F#19 showed two different band
intensities at the expected size of 3.2 kb (Figure 2-14A). One genomic sample showed a
stronger band intensity at the size of 3.2 kb than the other two. These data suggest that
some transgenic offspring of founder F#19 might carry more copies of the transgenes
than others. To examine whether the pattern of different band intensities is observed
extensively among transgenic offspring of founder F#19, we performed the Southern blot
experiment again using more genomic DNA samples. Southern blot analysis using
genomic DNA samples from 24 transgenic offspring of founder F#19 also revealed two
distinct band intensities at 3.2 kb as detected in the previous experiment (6 out of the 24
genomic DNA samples showed a stronger band intensity, data not shown). Based on
these observations, we speculated that two types of transgenic mice were generated from
the same transgenic founder, one carrying more copies of the transgenes than the other.
To establish both types of transgenic lines, we selected two transgenic offspring which

carry high and low copy numbers of the transgenes (F#19-15 and F#19-6, respectively)
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Figure 2-14. Southern blot analysis of genomic DNA of transgenic mice.

(A) Southern blot test shows that line F#19 and line #25 carry more than 10 copies of the
transgenes. Transgenic offspring of founder F#19 showed two different band intensities
at the size of 3.2 kb (the correct size of the transgenes injected). Offspring of transgenic
founder F#24 (which carries only the EBFP gene, see Figure 2-13B) are expected to
carry one, or two, copies of the transgene. Copy numbers of 1, 2 and 10 were used as
references (see section II-7). (B) Southern blot analysis using genomic DNA collected
from transgenic offspring of F#19-15 (carrying a high copy number of the transgenes)
and F#19-6 mice (carrying a low copy number) shows no further variations in the copy
numbers of the transgenes among offspring of the same parents. (C) Southern blot test
using genomic DNA of 7 transgenic mice of line F#19-15 in successive generations. All
samples tested show the same band intensity at the size of 3.2 kb.
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and bred them with wild-type BALB/c inbred mice. Southern blot analysis performed
using genomic DNA collected from transgenic offspring of F#19-15 and F#19-6 mice
showed that there were no further variations in the copy numbers of the transgenes
among transgenic offspring of the same parents (Figure 2-14B). We speculate that the
transgenes integrated into a chromosome of founder F#19 had likely undergone gene
rearrangement at the locus (such as transgene amplification or partial deletion of
transgenes) during the first or second mitotic cell division of the fertilized oocyte (Shani,
1986) and thus at the site of transgene integration, two different copy numbers of the
transgenes exist among the population of germ-line cells of founder F#19 (see
Discussion). For example, transgenic offspring F#19-6 might have been generated from a
germ cell carrying a lower copy number of the transgenes because of the deletion of
some copies of the transgenes. As a result, we have established two transgenic sub-lines
(e.g., line F#19-15 versus F#19-6) which are descended from the same transgenic
founder, F#19 but carry different copy numbers of the transgenes.

Line F#19-15, which carries a high copy number of the transgenes, was
subsequently used for studies of stem cell lineages and mutation research (see Chapters 3
and 4). The stop-EGFP mouse of line F#19-15 has been bred for four generations thus far
and the transgenes have been consistently transmitted to subsequent generations as a
Mendelian dominant trait. Additional gene rearrangement has not been detected in
successive generations when the genomic DNA has been analyzed by Southern blotting

(Figure 2-14C).
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8. Determination of the copy numbers of the transgenes

Although Southern blot analysis can roughly suggest the copy number of the transgenes,
precise estimates of the copy numbers were difficult to predict simply by comparison
with the references (Figure 2-14A). To better determine the total copy numbers of the
transgenes, real-time PCR was performed (Figure 2-15). For a reaction containing
genomic DNA of each transgenic line a Ct value, which is the number of cycles
necessary to reach a threshold of reporter fluorescence emission, was identified and used
to estimate the copy number of the transgenes in the transgenic line by comparing with
the Cr value of the reference reaction containing genomic DNA of line F#24 (i.e., line
carrying one or two copies of the transgenes, see Figure 2-14A). The estimated ratio of
the copy number in each transgenic line to that in line F#24 is listed in Table 2-8.
Assuming that line F#24 carries two copies of the EBFP gene (Figure 2-14A and also see
Figure 2-13B), line F#19-15 is estimated to carry about 30 copies of the transgenes (the
stop-EGFP gene and the EBFP gene together) and line F#19-6 is expected to carry about
20 copies of the transgenes.

Although the total copy numbers of the transgenes were estimated from Southern
blotting or the quantitative PCR (i.e., real-time PCR), the individual copy numbers of the
stop-EGFP gene and the EBFP gene in each transgenic line were still unknown. A
competitive PCR can be performed to determine a relative ratio of the copy numbers of
two genes (or mRNAs) with homologous sequences but with different sizes (Gilliland et
al., 1990; Diviacco et al., 1992). Primers are designed to bind to the identical sequences
of two competitor genes thus providing the same efficiency of primer binding. The

advantage of a competitive PCR is that any predictable or unpredictable variable that
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Figure 2-15. Amplification plots of the transgenes.

The normalized reporter fluorescence emission ( A Rn) is plotted versus cycle number.
(A) The real-time PCR shows that lines F#19-6 and #25 carry significantly higher copy
numbers of the transgenes (the stop-EGFP gene and the EBFP gene together) than line
F#24 which is expected to carry one or two copies of the transgenes (see Figure 2-14).
(B) The PCR shows that the copy number of the transgenes in line F#19-15 is about 16
times higher than that of line F#24.
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Table 2-8. Total copy number of the transgenes in each transgenic line estimated by
Southern blot analysis and real-time PCR.

Transgenic line Copy number estimated Ratio of copy number estimated
from Southern blotting* from real-time PCR**
Line F#24 1-2 1
Line #25 ~10 3.88
Line F#19-6 >10 10.96
Line F#19-15 >>10 15.80

*Estimation based on the data shown in Figure 2-14A.

**The relative ratio of the copy number in each transgenic line to that in line F#24 was
estimated from real-time PCR analysis.

affects PCR amplification has the same effect on both competitor genes, thus the final
ratio of amplified products is expected to reflect the initial ratio of the two genes
regardless of the number of amplification cycles.

Genomic DNA from each transgenic line was prepared and used for a competitive
PCR to determine the ratio of the copy numbers of the two transgenes. A competitive
PCR using pCX-stop-EGFP (plasmid containing the stop-EGFP gene) and pCX-EBFP
(plasmid containing the EBFP gene) with a ratio of 1 to 1 showed that the stop-EGFP is
more efficiently amplified than the EBFP gene and thus accurate estimation of the ratio
of the copy numbers of the two transgenes could be difficult. To get a better estimation of
the ratio, pCX-stop-EGFP was mixed with pCX-EBFP with ratios of 1 to 1,4 to 3,2 to 1,

and 1 to 2 and then used for a competitive PCR to provide references for the ratios of the
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copy numbers. Through comparison with the references, the ratios of the copy number of
the stop-EGFP gene to that of the EBFP gene in transgenic lines F#19-15 and #25 were
roughly estimated as 4 to 3 and 1 to 1, respectively (see Figure 2-16). The ratio of the
copy number of the stop-EGFP gene to that of the EBFP gene in transgenic line F#19-6
appears to be close to 1 to 2. Although the stop-EGFP gene and the EBFP gene were
injected with a ratio of 4 to 1, the ratio of the copies of the two transgenes integrated into
the mouse genome was considerably different from the 4 to 1 ratio. Estimated copy
numbers of the stop-EGFP gene and the EBFP gene in each transgenic line are listed in

Table 2-9.

Table 2-9. Estimated copy numbers of the stop-EGFP gene and the EBFP gene in
each transgenic line.

F#24  #25 F#19-6 F#19-15
Estimated total copy number of the 2 7.76 8) 21.92 (22) 31.6 (32)
transgenes*
Estimated ratio of the stop-EGFP gene  ND** 1:1 1:2 4:3
to the EBFP gene (see Figure 2-16)
Estimated copy number of the stop- 0 4 7 18
EGFP gene
Estimated copy number of the EBFP 2 4 15 14
gene

*Estimations are based on the real-time PCR data (see Table 2-8) assuming two copies of
the transgenes in line F#24. The closest integer to the estimated copy number for each
transgenic line is shown in parenthesis.

**Not determined.
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Figure 2-16. Competitive PCR analysis of genomic DNA from transgenic mice.

A competitive PCR was performed to determine the ratios of the stop-EGFP gene to the
EBFP gene. The primers used generate PCR products of 100 bp from the stop-EGFP
gene and 91 bp from the EBFP gene (see Materials and Methods). For references, pCX-
stop-EGFP (plasmid containing the stop-EGFP gene) was mixed with pCX-EBFP
(plasmid containing the EBFP gene) with ratios of 1to 1,4t03,2to 1, and 1 to 2 and
then used for a competitive PCR (1/1, 4/3, 2/1, and 1/2 , respectively).
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9, Reverse transcription-PCR (RT-PCR)

To test expression of the two transgenes at the transcriptional level, reverse transcription-
PCR (RT-PCR) was performed. From various tissues of the stop-EGFP mouse (such as
the kidney, skin, etc), mRNA was collected and subsequently used for reverse
transcription to synthesize cDNA. The cDNA generated was then amplified by PCR. The
RT-PCR experiment demonstrated that mRNA is transcribed from the transgenes in all
organs tested (i.e., the liver, kidney, lung, spleen, and skin) (Figure 2-17A). To verify
mRNA transcription from both the stop-EGFP and EBFP genes, PCR reactions were
performed using a primer set that is expected to generate PCR products of 100 bp from
the stop-EGFP cDNA and 91 bp from the EBFP ¢cDNA (see section II-9). The RT-PCR
experiment demonstrated that mRNA is transcribed from both transgenes in all organs
tested (Figure 2-17B). When PCR was performed without the reverse transcription
process, no bands were detected (see Figures 2-17A and B). This result shows that the
RT-PCR products detected in various tissues were not generated from contaminating
genomic DNA, but from mRNA transcripts.

In eukaryotic systems, mRNA transcripts containing a premature stop codon are
degraded by the mechanism called nonsense-mediated mRNA decay (Maquat, 2004;
Singh and Lykke-Andersen, 2003). In a mammalian system, a stop codon located more
than 50 to 55 nucleotides upstream of the last exon-exon junction of mRNA is
recognized as a premature stop codon and the mRNA is led to rapid decay; mRNA
transcript from a gene without an intron is not targeted for nonsense-mediated mRNA

decay even if the mRNA contains a premature stop codon (Maquat & Li, 2001). Because
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Figure 2-17. RT-PCR of mRNA collected from various tissues of the stop-EGFP
mouse (line F#19-15).

(A) cDNA was synthesized from mRNA by reverse transcription and PCR was
performed using the reverse transcribed cDNA. The primers used for the PCR generate
PCR products of 380 bp from the cDNA of the transgenes. The RT-PCR analysis shows
that the transgenes are expressed in various tissues (left panel). No bands were detected
when PCR was performed without reverse transcription. (right panel). (B) PCR was also
performed using a primer set that generates PCR products of 100 bp from the stop-EGFP
cDNA and 91 bp from the EBFP ¢cDNA. The RT-PCR analysis shows that both the stop-
EGFP gene and the EBFP gene are expressed in the kidney, lung, spleen, skin, and liver
(left panel). No bands were detected of either 100 bp or 91 bp size when PCR was
performed without reverse transcription (right panel). Gels were stained in ethidium
bromide. Black and white images were inverted using Adobe® Photoshop® (4.0 LE) for
better resolution.
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the stop-EGFP gene does not contain an intron, mRNA transcribed from the stop-EGFP
gene is not degraded and thus can be detected using RT-PCR.

10. Western blotting

To test the transgene expression at the protein level, imaging of EBFP was performed
using skin tissue from the stop-EGFP mouse (line F#19-15). Because the two transgenes
(the stop-EGFP gene and EBFP gene) are shown to be integrated into the same site of a
chromosome (see section I1I-6), expression of the EBFP gene can indirectly verify
expression of the stop-EGFP gene.

Fresh ear skin from mice was used for direct imaging of EBFP. No apparent
difference was detected in the intensity of blue fluorescence between transgenic mice and
non-transgenic mice when cells were imaged using a fluorescence microscope (data not
shown). We presume that the result more likely reflects inefficiency of EBFP as a gene
expression marker rather than indicating a lack of protein expression from the transgene
in the stop-EGFP mouse. EBFP is not an efficient expression marker due to rapid
photobleaching and low fluorescence intensity and imaging of EBFP has proven to be
hard (Patterson et al., 2001; Tsien, 1998). Due to the difficulty of EBFP imaging, we
pursued an alternative method, Western blotting to verify protein expression from the
EBFP gene.

Proteins were extracted from the spleen and kidney of the stop-EGFP mouse and
analyzed using anti-GFP antibody which also binds to EBFP. EBFP-specific bands,
approximately 27 kDa, were detected in both tissues of the stop-EGFP mouse (Figure 2-
18). The data demonstrates that the transgenes are expressed in the stop-EGFP mouse

confirming the RT-PCR data (see section III-9). Thus, once a nonsynonymous mutation
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Figure 2-18. Western blot analysis of protein extracts from tissues of the stop-EGFP
mouse.

Protein extracts were prepared from the spleen and kidney of the stop-EGFP mouse and
its non-transgenic littermate and then used for Western blotting. EBFP-specific bands
(about 27 kDa) were detected in both tissues of the stop-EGFP mouse. Purified GFP was
used as a positive control (denoted as P). NT and TG denote a non-transgenic littermate
and a transgenic mouse, respectively.
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arises at the premature stop codon of the stop-EGFP gene in a cell of the stop-EGFP
mouse, it is expected that revertant EGFP is expressed in the cell which would become

green fluorescent when illuminated with the 488 nm excitation light (see section III-1).

IV. Discussion

In this chapter we have described the development of a novel transgenic mouse system
for studies of cell fate mapping, as well as mutation research. In principle, the stop-EGFP
transgenic mouse allows single cells to be labeled by means of random mutations and
clonal cell lineages to be traced in vivo using fluorescence imaging. The system should
also be applicable to studies of in vivo mutations whereby the stop-EGFP gene would
serve as a target gene for mutations.

Two transgenic lines have been established (#25 and F#19) from the
microinjection experiment and subsequent breeding. Southern blot analysis shows that
two different transgene copy numbers exist among transgenic offspring of founder F#19
(Figure 2-14A). One possible explanation for the Southern blot data is that the transgenes
were integrated into two different sites in the genome (e.g., two different chromosomes)
of the F#19 founder mouse, one site carrying a higher copy number than the other.
Offspring would then carry different copy numbers of the transgenes depending on which
chromosomes they inherit. Alternatively, the transgenes integrated into a chromosome
might have undergone gene rearrangement (e.g., gene amplification or deletion) at the
locus during the first or second mitotic cell division of the fertilized oocyte. Considering
that the transgenes have been transmitted to offspring of the founder mouse with the

frequency of about 50% (Table 2-6), we believe gene rearrangement is the more
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plausible explanation for the presence of two different copy numbers of the transgenes
among the transgenic offspring of founder F#19 mouse. Had the transgenes been
integrated into two different chromosomes, the probability that transgenic offspring are
generated would have been closer to 75%. A likelihood ratio test rejects this hypothesis
(see Table 2-7). To determine whether the transgenic loci in chromosomes for the two
transgenic lines generated from the F#19 founder (i.e., lines F#19-15 and F#19-6) are
identical, we are planning a fluorescence in situ hybridization (FISH) experiment in the
future (Harwood et al., 2005; Matsui et al., 2002).

Although transgenes integrated into the mouse genome are in general, stable for
many generations without rearrangement (Palmiter and Brinster, 1986), there have been
reports of transgenes that were either rearranged, partially deleted, or amplified (Kearns
et al., 2001; Shani, 1986). No additional variation in copy number of the transgenes was
detected in subsequent generations. Although the transgenes had likely undergone gene
rearrangement during the first or second mitotic cell division of the fertilized oocyte after
microinjection, they have been stably inherited through successive generations without
further gene rearrangement.

From the real-time PCR analysis, the relative ratio of the copy number in each
transgenic line to that in line F#24 was estimated. Because the copy number of the
transgenes in line F24 was not precisely determined for the present study, it is hard to
determine the copy numbers in other lines as well. For example, line F#19-15 could carry
16 copies or 32 copies of the transgenes depending on whether line F#24 carries one
copy or two copies of the transgenes (see Table 2-8). Comparison of the copy number of

the transgenes with that of endogeneous genes such as hypoxanthine-guanine
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phosphoribosyl transferase gene (hprf) and glyceraldehyde-3-phosphate dehydrogenase
gene is expected to provide precise estimates of the copy number of the transgenes and
will be performed in the future.

One concern with the stop-EGFP system is whether the level of protein
expression from a single mutant copy of the stop-EGFP gene will be sufficient for
detection under a fluorescence microscope. However, protein expression from a
transgene is more likely affected by the location of the transgene in the genome than by
the copy number of the transgene. Transgenic mice carrying single copies of transgenes
have been developed in other studies in which a high level of protein expression from the
transgenes was detected (Bronson et al., 1996; Caron et al., 2002). Furthermore, among
the transgenic lines carrying the EGFP gene which have been developed by Okabe et al.,
one transgenic line carried only one copy of the EGFP gene but still exhibited bright
green fluorescence from cells (personal communication with Dr. Okabe). Thus, although
a mutation arises at the premature stop codon in only one copy of the stop-EGFP gene,
the mutant copy can be expected to express revertant EGFP highly enough for detection
using a fluorescence microscope.

More studies can be carried out to further characterize the stop-EGFP mouse
system. For example, to test whether the stop-EGFP mouse shows variegation of
transgene expression (Garrick et al., 1998), an immunohistochemical analysis using anti-
EBFP antibody can be performed in various tissues, which will determine what
proportion of cells in tissue express the transgene. Furthermore, more diverse tissues
should be tested for transgene expression (e.g., using Western or Northern blotting) to

establish ubiquitous expression of the transgenes in the stop-EGFP mouse. Another
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important characterization of the transgenic system is to determine the transgenic loci in
chromosomes for various stop-EGFP transgenic lines using a FISH method. These

additional analyses will further increase the utility of the stop-EGFP system and will be

carried out in the near future.
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Chapter 3. Tracing Clonal Lineages of Epidermal Stem
Cells in vivo
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L. Introduction
Investigation of the distribution and the types of daughter cells that individual precursor
cells give rise to is of great importance not only in developmental studies but also in stem
cell biology. Recent studies imply that stem cells in an adult tissue, which have long been
thought to produce only limited cell types in a given tissue, have the capability to
produce even cells of developmentally unrelated tissue types in experimentally modified
conditions (see section II-4, Chapter 1). However, the validity of claims on the potential
of stem cells (i.e., lineage-switching potentials) has been often questioned. Most reports
claiming lineage-switching of stem cells used heterogeneous population of cells for the
studies, thus contamination of stem cells of diverse tissue origins is possible. To address
the issues and, to a certain extent, to evaluate the clinical potential of stem cells for
treating various degenerative diseases (see section II-5, Chapter 1), a novel single-cell
marking technique that allows tracing of clonal lineages of stem cells in vivo is required.
Such a technique could also reveal the proliferative potential of single stem cells.
Investigation of distributions of clonal lineages of stem cells using the technique would
allow one to study at the single-cell level how stem cells maintain the proliferative unit in
a tissue under the normal steady-state condition and how stem cells could expand the
proliferative unit in response to a hyperproliferative signal (see section II-3, Chapter 1).
Although various cell fate mapping techniques have been developed, labeling of
single cells has proven difficult and few systems have been efficiently applied to fate
mapping of single precursor cells (see section II-6, Chapter 1). Recently, we developed a
transgenic mouse (referred to as the stop-EGFP mouse) in an attempt to trace clonal cell

lineages in vivo (Chapter 2). The efficiency of the stop-EGFP system for in vivo analysis
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of stem cell clonal lineages is demonstrated in this chapter by applying the system to the
mouse dorsal epidermis.

Epidermis is composed of four layers: basal layer, spinous layer, granular layer,
and cornified layer (Allen and Potten, 1974; Turksen and Troy, 1998) (Figure 3-1). In
some cases, such as mouse dorsal epidermis, the spinous and granular layers are not
distinct. The proliferative activity in the epidermis is restricted to the basal layer where
stem cells and transit amplifying (TA) cells are presumed to be located (Potten, 1981).
Basal cells move upward to the comified layer via spinous and granular layers to
replenish cells being lost at the surface of the epidermis. During the vertical migration,
epidermal cells get larger, become flattened, and terminally differentiate into corneocytes
(cells in the outermost comified layer) (Figure 3-1).

In many constantly renewing tissues, such as the epidermis and the epithelium of
the small intestine, a distinct compartment of cellular proliferation is thought to exist,
which functions as a unit of tissue renewal (Slack, 2000). A single or a few stem cells
located within a proliferative compartment (also referred to as a “proliferative unit”)
maintain the unit by constantly producing cells, which make up for the cells being lost
(see section I1-3, Chapter 1). In the mouse dorsal epidermis, it has been proposed that a
proliferative unit is composed of a single column of corneocytes plus epidermal cells
directly below the column (Potten, 1981; Potten and Morris, 1988).

According to the model proposed by Potten and colleagues, each epidermal
proliferative unit (EPU) contains 10.6 cells on average in the basal layer (with a stem cell
in the center) and surrounding TA basal cells that descend ’from a central stem cell move

directly upward to terminally differentiate into corneocytes (Potten, 1974; Potten, 2004).
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Figure 3-1. Schematic representation of the structure of the epidermis.

The epidermis consists of four layers: basal, spinous, granular, and cornified layers. In
the mouse dorsal epidermis, spinous and granular layers are not distinct. Basal cells move
directly upward to terminally differentiate into corneocytes via spinous and granular
layers. During the vertical migration, epidermal cells get larger and become flattened.
According to the classical EPU model proposed by Potten et al. (Allen and Potten, 1974,
Potten and Morrison, 1988), the epidermal proliferative unit (EPU) is about 30 um wide
and consists of a single column of corneocytes plus granular, spinous, and basal cells
directly below the column.
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The model specifies that an EPU is a unit of cellular proliferation maintained by a single
central stem cell, and thus two neighboring EPUs (or two adjacent columns of
corneocytes) will be maintained by two different stem cells located within each
respective EPU. Thus, the classical EPU model suggests that epidermal cells do not
migrate between EPUs (Figure 3-2).

The concept of the EPU was experimentally verified in a study by Mackenzie
(1997) investigating cell lineages in the mouse epidermis using retroviral transduction
encoding the lacZ gene. In this study, it was observed that lacZ-labeled cell clusters
derived from single stem cells corresponded to single columns of corneocytes plus
epidermal cells beneath them, as suggested by the EPU model. Ultra-structural
morphology and kinetic data of the epidermal tissue also have supported the EPU
concept (Mackenzie, 1970; Potten, 1974; Allen and Potten, 1974). However, several
recent reports bring the EPU model into question. Using chimeras of mice made from
strains that express different H-2 antigens, Schmidt et al. observed that epidermal cells of
both strains were located under a single column of corneocytes (i.e., within a single
EPU), suggesting that epidermal cells might migrate between EPUs and thus an EPU
might not be a proliferative compartment (Schmidt et al., 1987). As well, recent
epidermal cell lineage studies using replication-deficient /acZ-carrying retrovirus suggest
that a single basal stem cell might maintain multiple EPUs (Ghazizadeh and Taichman,
2001; Kameda et al., 2003). The method using retroviral transduction, however, has the
limitation that cell lineages expanding to multiple EPUs might be generated from
multiple stem cells which are independently labeled by the retroviral infection and thus

the clonality of cell lineages detected in the studies is not guaranteed.
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Figure 3-2. Schematic illustration of EPUs (from surface view).

Each hexagon represents the boundary of a single EPU (corresponding to the area of a
single corneocyte at the surface of the epidermis). Three EPUs are shown here with basal
cells overlapped. The classical EPU model specifies that epidermal cells belonging to one
EPU cannot move to another EPU and migration of epidermal cells is restricted to within
an EPU.
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To unequivocally determine the proliferative unit that a single epidermal stem cell
maintains, a cell fate mapping technique is required that allows cell lineages that
originated from single cells to be identified. Because the stop-EGFP mouse is expected to
allow clonal cell lineages to be identified in vivo, we applied the stop-EGFP mouse to the
mouse dorsal epidermis to investigate the extent of a proliferative unit that a single stem
cell can contribute to in the epidermis. To increase the efficiency with which individual
cells are labeled by means of mutations at the premature stop codon within the stop-
EGFP gene, we treated stop-EGFP mice with a potent mutagen ENU (N-ethyl-N-
nitrosourea). Cell lineages were then investigated in vivo after several epidermal
turnovers following ENU treatment to specifically identify stem cell clonal lineages in
the epidermis. Because stem cells persist in constantly renewing tissues while other cells
do not, cell lineages generated from green fluorescent mutant stem cells will remain
following tissue renewal while cell lineages that originated from non-stem cell mutants
(induced by the ENU exposure) are eliminated (see section II-6, Chapter 1). Using five
ENU-treated stop-EGFP mice, we investigate stem cell clonal lineages in the epidermis.

Imaging of the skin cells of a live mouse has been successfully performed by
many groups (Bussau et al., 1998; Izzo et al., 2001). Izzo et al. (2001) analyzed in vivo
GFP expression in dermal fibroblasts of live mice using a laser scanning confocal
microscope. Bussau et al. (1998) imaged epidermal cells of live mice after staining the
epidermis with a fluorescent dye. In these studies, a laser scanning confocal microscope
allowed individual cells to be imaged and detailed morphology and cellular organization
of epidermal cells to be visualized. Because detection of EGFP expression in individual

cells requires no additional substrates and fluorescence imaging is itself non-invasive,
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even repeated in vivo analyses of a specific cell lineage over time is feasible.

In a follow-up study using 11 ENU-treated stop-EGFP mice, we successfully
performed repeated imaging of the same clonal cell lineages over time in the epidermis
(see section III-3). To test the effect of treatment with ENU on the proliferative structure
maintained by stem cells, we performed in vivo imaging of the dorsal epidermis of 26
untreated stop-EGFP mice and investigated clonal cell lineages generated by spontaneous

mutations (Ro and Rannala, 2005).

I1. Materials and Methods

The handling of ENU (N-ethyl-N-nitrosourea) followed standard operating protocols
developed by the Office of Environmental Health & Safety at the University of Alberta.
Detailed descriptions of protocols can be downloaded from http://www.rannala.org.

1. Personal protective equipment for handling ENU

A waterproof cover-all gown (Fisher Scientific) and nitrile gloves (Fisher Scientific)
were worn during all procedures involving the handling of ENU as well as a P100
particulate respirator (3M) and a splash-shield (Fisher Scientific).

2. Preparation of ENU solution

The ENU solution was prepared in a type 1IB2 biosafety cabinet that exhausts 100% to
the outside. A vial containing approximately 1 g of ENU powder was purchased
(ISOPAC, Sigma). A 10 ml quantity of 95% ethanol was injected into a vial through the
rubber injection port and ENU was dissolved by gentle shaking of the vial. A 90 ml
quantity of Phosphate-Citrate (0.1 M Sodium Phosphate and 0.05 M Sodium Citrate, pH

5.0) was added to the ENU solution and mixed by inverting and shaking the vial.
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3. Animal experiments

All experiments using live mice were performed in compliance with the
recommendations of the Canadian Council on Animal Care and have been approved by
the Health Sciences Animal Policy and Welfare Committee of the University of Alberta.
4. Injection of ENU

Mice were weighed and the optical density (OD) of the ENU solution at 398 nm was
measured immediately prior to injection to precisely determine the concentration of the
ENU solution. A concentration of 1 mg/m1 of ENU corresponds to OD 0.72 at 398 nm.
Mice were anesthetized by inhalation of isoflurane gas prior to ENU injection. ENU was
administered intraperitoneally at a dose of 150 mg/kg body weight. Following the
injection, mice were place in disposable cages and kept in the cages inside the biosafety
cabinet for 24 hours. At the end of this 24 hour period, the outside of the disposable cage
was wiped with the ENU-inactivating solution (see below) before placing the cage in the
regular animal room. Four days after the ENU injection, mice were transferred from the
disposable cages to regular cages and the disposable cages were incinerated.

5. Inactivation and disposal of ENU

The stability of aqueous solutions of ENU is highly dependent on pH of the solution. The
half-life of ENU at pH 7.0 is 1.5 hours, and at pH 9.0 the half-life is 0.05 hours. ENU
was inactivated with ENU inactivating solution (0.1 M NaOH and 20% Na,S,03). All the
needles and materials that were in contact with ENU were rinsed with the ENU-
inactivating solution and left inside the biosafety cabinet for 24 hours under fluorescent
light. All personal protective equipment, disposable cages and bedding were incinerated

after use.
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6. In vivo imaging of the mouse dorsal skin

One week before the in vivo imaging experiment, mice were anesthetized by inhalation
of isoflurane gas. After the mice were sedated, the hair (2.5 cm x 2.5 cm area) in the
lower part of the dorsal skin was clipped using electric clippers (Oster Golden A5, small
animal clippers with a number 40 blade, Oster Professional Products). A depilatory agent
(Nair, Church & Dwight Co., Inc.) was applied to the clipped area for two and one-half
minutes.

On the day of the imaging experiment, mice were anesthetized with a mixture of
ketamine and acepromazine administered intraperitoneally. To facilitate the in vivo
imaging, a mouse restraint with a window on the bottom plate was used. The procedures
for the imaging study are shown in Figure 3-3. The depilated area of the epidermis was
illuminated by a 50 W mercury lamp and scanned using a Zeiss Axiovert 200M inverted
microscope with a 10x F-Fluar lens (NA 0.5) and LP 520 emission filter (Carl Zeiss).
With the emission filter (LP 520), EGFP-expressing cells exhibited typical green color
while autofluorescence from the skin revealed yellowish color. Images of green
fluorescent cells were collected with a confocal laser scanning microscope (LSM 510
NLO, software version 3.0, Carl Zeiss) mounted on the Zeiss Axiovert 200M inverted
microscope with a 10x F-Fluar lens (NA 0.5). The 488 nm laser line was used to image
EGFP with a band pass filter (505 — 530 nm wavelength) for detecting emissions from
EGFP. In order to reduce photobleaching, laser intensity was set to minimum while it is
possible to collect reasonable signal (typical acousto-optical tunable filter setting was 10
— 15%). The animals had their eyes lubricated while under the microscope. Following

imaging, the animals were returned to a cage in the animal facility.
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Figure 3-3. Procedures for in vivo imaging of the mouse dorsal epidermis.

(A) Mouse is anesthetized for the in vivo imaging one week after depilation. (B) A 25
mm x 25 mm cover slip is placed on the window of the mouse restraint shown in panel
A. (C) To prevent the mouse from directly contacting metal surface of the restraint (and
also to keep it warm), the mouse is wrapped with cotton pad. (D) The mouse is placed
with the depilated dorsal skin on the cover slip of the mouse restraint. (E) The
constrained mouse is placed on the microscope stage of an inverted fluorescence
microscope and the depilated skin is scanned using the microscope.
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II1. Results

1. In vivo detection of epidermal stem cell clonal lineages

To determine the potential utility of the stop-EGFP mouse for mapping a clonal cell
lineage that originated from a stem cell, we applied the stop-EGFP system to the mouse
dorsal epidermis. Compared to internal organs, skin is readily accessible and relatively
less invasive procedures are required for performing in vivo imaging. Furthermore, the
epidermis is a constantly renewing tissue and thus stem cell lineages in the tissue can be
relatively efficiently identified by performing cell lineage analysis after several tissue
turnovers following labeling of cells (see section II-6, Chapter 1).

To investigate clonal cell lineages that descended from stem cells in the
epidermis, we induced mutations in an 8 week old stop-EGFP mouse using a potent
mutagen, ENU and performed in vivo imaging of the dorsal skin at 6 weeks post-ENU
administration. The turnover rate of the epidermal tissue is estimated to be about two
weeks (Potten, 1975), thus one expects approximately three epidermal turnovers during
the 6 week period, so that cell lineages that originated from non-stem cell mutants
(induced by the ENU exposure) can be expected to have disappeared after that period.
Several studies suggest that an interval of 6 weeks after labeling is enough to eliminate
epidermal cell lineages that originated from transit amplifying (TA) cells, allowing
epidermal stem cell lineages to be specifically detected (Schneider et al., 2003).

For the in vivo imaging, the lower part of the dorsal skin was chosen because
imaging of that skin area is least affected by movements due to the respiration and
cardiac pumping. Depilation of hair is required because very strong autofluorescence

from hair will prevent imaging of the epidermis. Imaging was performed at least one
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week after the depilation, which provides sufficient time for the renewal of the outermost
layer of the epidermis (Potten et al., 1987) which might have been damaged due to the
treatment with a depilatory agent. Hair usually did not reappear until up to 12 days
following depilation.

In vivo imaging of the dorsal epidermis of a stop-EGFP mouse at 6 weeks post-
ENU administration revealed an epidermal stem cell clonal lineage containing three
adjacent corneocytes (Figure 3-4A) (Ro and Rannala, 2004). The hexagonal shape is
characteristic of the morphology of a cornified cell (corneocyte) in the outermost layer of
the epidermis. This finding is counter to the classical model for stem cell clonal lineages
in the mouse dorsal epidermis (Potten, 1981; Potten and Morris, 1988). The classical
model specifies that an EPU is composed of a single column of corneocytes plus
epidermal cells directly below the column and is a unit of cellular proliferation
maintained by a single stem cell within the unit. Thus, two neighboring EPUs (or two
adjacent columns of corneocytes) will be maintained by two different stem cells located
within each respective EPU. In other words, under the classical EPU model if a basal
stem cell has undergone a mutation at the premature stop codon of the stop-EGFP gene,
only one EPU (occupying the area of a single corneocyte on the skin surface) should
become green fluorescent (see illustrations in Figures 3-5A and C).

However, Figure 3-4A shows a cell lineage that descended from a single
epidermal stem cell can generate at least three adjacent corneocytes (i.e., epidermal cells
bélonging to three adjacent EPUs). The probability that the three EGFP-expressing
corneocytes we observed were generated from more than one stem cell, each having

undergone independent mutation at the premature stop codon of the stop-EGFP gene, is
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Figure 3-4. Green fluorescent mutant colonies in the dorsal epidermis of ENU-
treated stop-EGFP mice.

(A) In vivo imaging of the dorsal epidermis of a stop-EGFP mouse at 6 weeks post-ENU
administration revealed an epidermal stem cell clonal lineage containing three adjacent
corneocytes. Bright fluorescent signals within the hexagonal cells are from a deeper layer
(see Figure 3-6). (B) Mutations were induced in a 7-month-old stop-EGFP mouse by
treatment with ENU and imaging of the dorsal skin was performed at 13 weeks post-
ENU administration. The in vivo imaging experiment also revealed an epidermal stem
cell clonal lineage containing three adjacent corneocytes. (C) Imaging of the same cell
lineage (shown in panel B) at 20 um below revealed green fluorescent signals of cells on
the basal layer. (D) In vivo imaging of the dorsal epidermis of another stop-EGFP mouse
at 18 days post-ENU administration revealed a green fluorescent mutant colony
containing a single corneocyte on the skin surface. The cell lineage was not detected
when the same area of the dorsal epidermis was imaged again at 6 weeks post-ENU
administration. Scale bars, 20 um.
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Figure 3-5. The two opposing models for a stem cell clonal lineage in the mouse
dorsal epidermis.

The classical EPU model proposes that an EPU is a clonal unit of cellular proliferation.
According to the EPU model, a single stem cell having undergone a mutation at the
premature stop codon of the stop-EGFP gene should generate only one green fluorescent
EPU (A), which occupies the area of a single corneocyte on the skin surface (C). The
opposing model proposes that epidermal cells can migrate to adjacent EPUs and a single
stem cell can provide epidermal cells for more than one EPU. The finding of epidermal
stem cell clonal lineages containing three adjacent corneocytes (i.e., epidermal cells
belonging to three adjacent EPUs) in our study strongly supports the latter model. A stem
cell clonal lineage detected in our study (shown in green) is schematically represented
(B), which contained three adjacent corneocytes on the skin surface (D).
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virtually zero due to the low frequency of mutation which insures clonality. Thus, the
finding strongly suggests that a single stem cell is capable of providing epidermal cells
for at least three adjacent EPUs via horizontal migration of either basal or suprabasal
cells (see illustrations in Figures 3-5B and D). Longitudinal optical sectioning of the cell
lineage shown in Figure 3-4A shows a green fluorescent area of cells in the basal layer
(approximately 40 pm x 30 um) considerably smaller than that in the cornified layer
(i.e., area of three corneocytes, approximately 40 um x 90 pm) (Figure 3-6).

To demonstrate that the above finding is not restricted to a young mouse,
mutations were also induced in a 7 month old stop-EGFP mouse via treatment with ENU,
and in vivo imaging of the dorsal skin was performed at 13 weeks post-ENU
administration (i.e., after approximately 6.5 epidermal turnovers). This imaging
experiment also revealed a clonal cell lineage containing three neighboring corneocytes
(Figure 3-4B) with a considerably smaller area of green fluorescent signal in the basal
layer (Figure 3-4C). Because epidermal tissue is renewed every 2 weeks (Potten, 1975),
it is very unlikely that this clonal cell lineage (detected at 13 weeks post-ENU
administration) originated from a non-stem cell. No green fluorescent epidermal cells
were detected in the dorsal skin of four untreated stop-EGFP mice suggesting that the
green fluorescent cell lineages we observed were generated in adult mice exposed to
ENU rather than arising due to spontaneous mutation.

2. Imaging of the epidermis at earlier time points following exposure to ENU
Imaging of the dorsal epidermis of two ENU-treated stop-EGFP mice was performed at
one week post-ENU administration in an attempt to detect more mutant cells than those

found at later time points after epidermal turnovers. Considering that TA cells are about
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Figure 3-6. Longitudinal optical sectioning of the epidermal cell lineage shown in
Figure 3-4A.

The reference depth, O um, was chosen arbitrarily as a depth where a fairly bright signal
was detected. The image was scanned at 4 pm intervals of depth, moving the focal plane
vertically from the reference depth to successively deeper layers. The brighter fluorescent
signals seen in deeper optical sections are presumed to be basal cells or suprabasal cells.
Each image was taken using a 10% objective. Scale bars, 20 um.
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10 times more numerous than stem cells in the mouse epidermis (Potten, 1974) and that
epidermis renews every two weeks (Potten, 1975), it is expected that many more mutant
cells could be observed at one week post-ENU administration (both TA and stem cell
mutants are expected to be detected) than, for example, at 6 weeks post-ENU treatment
since only stem cell mutants are expected to be detected. However, no mutant cells were
detected from the in vivo imaging of two stop-EGFP mice at one week post-ENU
treatment. We speculate that it might take more than one week for mutant cells to express
the mutant phenotype. Expression of the mutant phenotype will require several processes
such as fixation of a mutation following DNA replication, transcription from a mutant
copy of the stop-EGFP gene, accumulation of mutant mRNA containing no premature
stop codon, and finally expression of revertant EGFP at a level sufficient for detection
under a fluorescence microscope. These processes might happen slowly and thus it might
be hard to detect mutant cells at an earlier time point following exposure to ENU due to
insufficient expression of revertant EGFP.

At 18 days post-ENU administration, another stop-EGFP mouse was anesthetized
and the dorsal skin was scanned for EGFP-expressing mutants. The in vivo imaging
experiment revealed a green fluorescent mutant colony containing a single corneocyte on
the skin surface (Figure 3-4D). The same area of the epidermis was imaged again at 6
weeks post-ENU administration and the green fluorescent cell lineage was not detected.
Although we cannot rule out the possibility that we accidentally missed the cell lineage
in the second imaging, we speculate that the cell lineage might have either originated
from a transit amplifying (TA) cell, which disappeared after epidermal turnover, or

represent a stem cell lineage that was lost (this might occur if stem cell turnover is a
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stochastic birth-death process, for example). Kameda et al. reported similar observations
(Kameda et al., 2003). They found small epidermal cell lineages at 2 — 4 weeks following
infection with lacZ-carrying retrovirus but did not observe such small cell lineages more
than 10 weeks after the retroviral infection. They suggested that these small cell lineages
had originated from transit amplifying cells and not stem cells, and disappeared after
tissue turnover (Kameda et al., 2003).

The epidermal cell lineage observed at 13 weeks post-ENU administration
(shown in Figure 3-4B) was detected again when the same area of the skin was re-imaged
at 16 weeks post-ENU administration.

3. Dynamics of epidermal proliferation studied by repeated imaging

In the first in vivo imaging experiment using five ENU-treated stop-EGFP mice, both of
the two stem cell clonal lineages we detected contained three adjacent corneocytes (i.e.,
epidermal cells belonging to three adjacent EPUs) (see Figures 3-4A and B). The
question can therefore be raised whether three EPUs constitute the actual size of the
proliferative compartment that a single epidermal stem cell contributes to. To investigate
whether epidermal stem cells always provide epidermal cells for three EPUs, we
replicated the in vivo imaging experiment using 11 ENU-treated stop-EGFP mice. The in
vivo imaging of the dorsal skin of the 11 mice performed at 8 weeks post-ENU
administration (i.e., after roughly four epidermal turnovers) revealed 9 epidermal clonal
cell lineages containing 1 — 4 adjacent corneocytes, showing that the number of EPUs
that a single stem cell can contribute to can be larger than three. The numbers of cell
lineages observed containing different numbers of adjacent corneocytes are listed in

Table 3-1. The proportion of clonal cell lineages that contain multiple adjacent
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corneocytes (which contradict the classical EPU model) is therefore 44% versus 56% of

clonal cell lineages that contain single corneocytes (which fit the classical EPU model).

Table 3-1. In vivo imaging of the dorsal epidermis of 11 stop-EGFP mice performed
at 8 weeks post-ENU administration.

One Two Three Four
corneocyte corneocytes corneocytes corneocytes
Number of cell
5 1 2 1

lineages found

One important advantage of using our stop-EGFP system in cell lineage studies is
that the system can be used for repeated analyses of the same clonal cell lineages over
time, which could allow one to study the dynamics of the clonal development of a
particular cell lineage. We have performed repeated in vivo imaging of the same clonal
cell lineages in the epidermis over time to investigate the process of epidermal
proliferation from clonal cell lineages. Selected clonal cell lineages were re-imaged four
days after they were initially detected (Figure 3-7). During the intervening four day
period some epidermal cell lineages expanded while others reduced or maintain their
sizes. For example, one cell lineage (Figure 3-7A) expanded from containing three
adjacent corneocytes to four adjacent corneocytes (Figure 3-7B), while another cell

lineage (Figure 3-7C) contracted from containing three adjacent corneocytes to two
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Figure 3-7. Repeated analyses of the same cell lineages in the epidermis over time.

The first in vivo imaging was performed at 8 weeks post-ENU administration. The
imaging study revealed epidermal clonal cell lineages containing multiple adjacent
comeocytes (A, C, and E). Four days later, the second imaging of the same cell lineages
was performed in vivo (B, D, and F, respectively). Scale bars, 20 um.
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adjacent corneocytes (Figure 3-7D). Cell lineages were also observed whose sizes did not
change during the 4 day period (Figures 3-7E and F). The success of the repeated
imaging experiment which followed the same clonal cell lineages over time suggests that
the stop- EGFP system could be efficiently applied to study the dynamics of clonal
development of particular cell lineages.

The observation that some cell lineages contracted (e.g., shrinking from
containing three to two adjacent cormeocytes) suggests that the apparent expansion of
clonal cell lineages to multiple EPUs is not likely to be an artifact due to intercellular
diffusion of the EGFP protein. If diffusion of the EGFP protein were the actual reason
that expanded clonal cell lineages were observed (rather than migration of epidermal
cells to adjacent EPUs), then repeated imaging might be expected to show continuous
expansion of cell lineages to adjacent EPUs. Furthermore, the EGFP protein has been
widely used as a versatile cell lineage marker in a variety of studies and secretion or
diffusion of the protein to adjacent cells has not been thus far reported (Yu et al., 2003;
Zemicka-Goetz, 1999).

4. In vivo imaging of the epidermis of non-treated stop EGFP mice

The finding of stem cell clonal lineages containing multiple adjacent corneocytes
strongly suggests that a single stem cell can provide epidermal cells beyond its own EPU,
which contradicts the classical EPU model. However, the question can be raised whether
the stem cell lineages we observed reflect the characteristics of epidermal stem cells
under the normal steady-state condition. Treatment of cells with mutagenic and cytotoxic

ENU, as was done in our earlier studies, might alter the local cellular environment of
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epidermis or induce hyperproliferation of epidermal cells, in which case the normal
behavior of stem cells might be altered (Winton, 1997; Balling, 2001).

To test whether expanded epidermal clonal cell lineages containing multiple
adjacent corneocytes can be observed in stop-EGFP mice in the absence of treatment
with ENU, in vivo imaging of the dorsal epidermis was performed using untreated stop-
EGFP mice. In this case, any green fluorescent clonal cell lineages that are observed will
have been generated by spontaneous mutations occurring at the premature stop codon
within the stop-EGFP gene. Such mutations will occur at an extremely low frequency,
thus imaging of many mice is required to detect clonal cell lineages in the tissue.

In vivo imaging of the dorsal epidermis of 26 untreated stop-EGFP mice revealed
four epidermal clonal cell lineages containing multiple adjacent corneocytes (see Figures
3-8A and B). These observations strongly suggest that under the normal steady-state
condition, epidermal cells can migrate horizontally between EPUs, which is counter to
the classical EPU model (Potten, 1974). The clonal cell lineage shown in Figure 3-8B, in
particular, reveals 5 (or possibly six) adjacent corneocytes (i.e., epidermal cells belonging
to five, or possibly six, adjacent EPUs) which exceeds even the numbers of adjacent
corneocytes in clonal lineages found in the previous in vivo imaging studies using ENU-
treated stop-EGFP mice. In those studies, the largest clonal cell lineage observed
appeared to have expanded to four EPUs (Ro, 2004). The in vivo imaging experiment
using 26 untreated stop-EGFP mice also revealed single columns of corneocytes which
better fit the classical EPU model (Figure 3-8D and E). In total, six green fluorescent
patches containing single columns of corneocytes were observed (Table 3-2). The

proportion of clonal cell lineages that contain multiple adjacent corneocytes (which
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Figure 3-8. In vivo imaging of epidermal clonal cell lineages found in the dorsal
epidermis of untreated stop-EGFP mice.

(A and B) The in vivo imaging experiment revealed epidermal clonal cell lineages
containing multiple adjacent corneocytes. In panel B, the morphology of corneocytes
located lower is not completely seen due to the line generated by skin fold (indicated by
arrows). (C) Longitudinal optical sectioning detected no green fluorescent signals at
deeper layers below the three corneocytes shown in panel A. (D and E) Single columns
of corneocytes which better fit the EPU model were also detected. Scale bars, 20 pm.
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contradict the classical EPU model) is therefore 40% versus 60% of clonal cell lineages
that contain single corneocytes (which fit the classical EPU model) (see Table 3-2). Thus,
we suggest that clonal expansion of cell lineages to multiple neighboring EPUs is a

normal feature of epidermal cells under the steady-state condition.

Table 3-2. In vivo imaging of the dorsal epidermis of 26 untreated stop-EGFP mice.

single two three five (or six)
corneocyte corneocytes corneocytes corneocytes
Number of cell
lineages found 6 2 1 1

The clonality of epidermal cell lineages found in our in vivo imaging experiment
is guaranteed because cells were labeled by means of random and very infrequent
spontaneous mutations. The green fluorescent cell lineages that we observed in this study
(using untreated stop-EGFP mice) are unlikely to be stem cell clonal lineages because
longitudinal optical sectioning of the cell lineages detected no green fluorescent signals
below the cornified layer (see Figure 3-8C). Although the clonal cell lineages containing
multiple adjacent corneocytes found in this study appear to have originated from mutant
TA cells, rather than mutant stem cells, the finding still implies that a single stem cell can
contribute to multiple EPUs because a TA cell that has undergone a mutation must
originate from a single stem cell (i.e., a TA cell can always be traced back to a single

stem cell).
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IV. Discussion

The results presented here support the utility of the stop-EGFP mouse as a system for
investigating clonal cell lineages. The system has been successfully applied to tracing
clonal cell lineages that originated from single epidermal stem cells and its utility is
expected to extend to other renewing tissues such as the gastrointestinal epithelial tissues.
Although various cell fate mapping techniques have been developed, tracing of clonal
cell lineages is rarely achieved in general. Furthermore, in most cases existing techniques
for tracing cell lineages suffer from problems such as signal dilution by cell division or
perturbation of normal cellular processes. Due to the versatility of EGFP as an in vivo
cell lineage marker (see section 1-2, Chapter 1), the stop-EGFP mouse system has
advantages over other mapping techniques in that it allows clonal cell lineages that
descended from single cells to be traced in vivo and also achieves permanent labeling of
cells via genetic marking with minimal invasiveness.

In vivo imaging of the dorsal epidermis of ENU-treated stop-EGFP mice (after
several epidermal turnovers) revealed that epidermal cells can migrate horizontally to
adjacent EPUs and a single stem cell can contribute to multiple EPUs, contradicting the
classical EPU model. Nevertheless, an important question is whether the stem cell
lineages we observed reflect the characteristics of epidermal stem cells under the normal
steady-state condition. Treatment of cells with mutagenic and cytotoxic ENU, as was
done in our earlier studies, might alter the local cellular environment of epidermis or
induce hyperproliferation of epidermal cells. Observations of epidermal clonal cell
lineages larger than a single EPU have been reported previously in circumstances where

hyperproliferation in the mouse epidermis was induced by epidermal tissue
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transplantation or by chronic irradiation with 280 — 320 nm UV (Mackenzie, 1997,
Zhang et al., 2001). Cell lineages generated in the UV-induced hyperproliferative
epidermis show clonal expansion of basal cells to as many as 100 adjacent EPUs (Zhang
et al., 2001). Furthermore, following skin wounding, epidermal cells become
hyperproliferative and migrate to wound sites beyond the EPU boundary (Christophers,
1971; Martin, 1997). Furthermore, it has been recently reported that upper follicular cells
could migrate to the epidermis and differentiate into epidermal cells in response to a
penetrating wound (Taylor et al., 2000).

ENU is a mutagenic and cytotoxic agent (Balling, 2001) and treatment with the
mutagen might therefore be expected to induce some cell death with subsequent
hyperproliferation of epidermal cells leading to an artificial expansion of stem cell clonal
lineages. In the epithelium of the small intestine, for example, treatment with a mutagen
led to an increase in the mean size of clonal cell lineages by comparison with those found
in untreated normal tissue (Winton, 1997). Furthermore, it has been shown that
application of a carcinogen can induce transient epidermal hyperplasia and affect the
tissue homeostasis significantly (Elgjo, 1968; Skjaeggestad, 1964). Thus, it is possible
that our previous observations that stem cell clonal lineages expanded to multiple EPUs
may have been induced by treatment with ENU (Ro, 2004; Ro and Rannala, 2004).

However, our study using untreated stop-EGFP mice (see section III-4) identified
clonal cell lineages containing multiple adjacent comeocytes (i.e., epidermal cells
belonging to multiple EPUs) strongly suggesting that the expansion of clonal cell
lineages to multiple EPUs arises under the normal steady-steady condition as well as

under hyperproliferative states in the epidermis. Based on these findings, we propose an
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alternative to the classical EPU model (Figure 3-9). Our “Niche-Sharing” model of EPU
structure specifies that under the normal steady-state condition a single stem cell not only
maintains its own EPU, but also can contribute to adjacent EPUs by providing
differentiated cells. In other words, the actual proliferative compartment in the epidermis
may be larger than a single EPU. In this model, several EPUs constitute a larger
proliferative compartment whereby multiple stem cells of different EPUs cooperatively
provide epidermal cells for the compartment as a whole (Figure 3-9B).

The characteristic morphology of large hexagonal cells detected in the outermost
layer of the epidermis could verify their identity (i.e., corneocytes), and longitudinal
optical sectioning using a confocal laser scanning microscope can reveal the distribution
of an EGFP-labeled clonal cell lineage in the epidermis. To better reveal the distribution
of a cell lineage and cell identities, an immunohistochemical assay using antibodies
against cell type-specific markers can be carried out. Tissue sections analyzed
immunohistochemically might also better reveal the EPU and surrounding tissue
structures in the epidermis. Further investigation of EGFP-labeled clonal cell lineages
expanding to multiple EPUs will be carried out in the near future using an
immunohistochemical analysis.

The stop-EGFP transgenic mouse system could be applied to other tissues that
undergo renewal (e.g., epithelial tissues of the gastrointestinal tract) or to tissues with
regenerative capabilities. For example, if liver regeneration in an ENU-treated stop-
EGFP mouse is induced following partial hepatectomy (Michalopoulos and DeFrances,

1997) or treatment of hepatotoxic chemicals (Alison et al., 1998), clonal cell lineages
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Figure 3-9. Comparison of the classical EPU model and the “Niche-Sharing” model
of EPUs.

Cells in green represent a clonal cell lineage that originated from an epidermal basal stem
cell under each model. (A) The classical EPU model identifies an EPU as a clonal unit of
cellular proliferation and no horizontal migration between EPUs is expected. Thus,
cellular migration occurs only within an EPU, mainly vertical migration from the basal
layer to the cornified layer for terminal differentiation (see arrows). (B) The Niche-
Sharing model proposes that epidermal cells can migrate to adjacent EPUs and thus a
single stem cell can contribute to multiple EPUs. Arrows indicate horizontal migration of
epidermal cells among EPUs.
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could be detected in the regenerated liver that might provide insights into the liver
regeneration process.

By repeated imaging of the same clonal cell lineages over time, we were able to
observe the dynamics of the clonal development of epidermal cell lineages (see Figure 3-
7). The success of the repeated imaging experiment supports the potential of the stop-
EGFP system to be applied to various studies such as those focused on the development
of clonal cell lineages, migration of cells that descended from a single cell, differentiation
processes from single progenitor cells, etc.

One potential weakness of the stop-EGFP mouse is that the mutation rate at the
premature stop codon within the stop-EGFP gene appears to be low even after treatment
with a potent mutagen, ENU. This reduces the efficiency with which labeled cells are
generated via mutation in the stop-EGFP system. Imaging of a 2.5 cm x 2.5 cm area of
an ENU-treated stop-EGFP mouse reveals one or fewer stem cell lineages on average.
Thus, imaging of many mice might be required to detect clonal cell lineages in a tissue of
interest. Repeated treatments with ENU or another mutagen could help to increase the
expected frequency of mutations at the premature stop codon. Another strategy is to
create a transgenic mouse carrying a very high copy number of the stop-EGFP gene.
Alternatively, a transgenic mouse carrying the wild-type EGFP gene under the control of
a strong repressor could be generated in which a mutation at the repressor gene leads to

expression of EGFP.
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Chapter 4. Inferring Somatic Mutation Rates Using the
Stop-EGFP Mouse

Parts of this chapter have been previously published or submitted.

Ro S, Rannala B. (2004) A stop-EGFP transgenic mouse to detect clonal cell lineages
generated by mutation. EMBO Rep. 5: 914-920.

Ro S, Rannala. (2005) Inferring somatic mutation rates using the stop-EGFP
mouse. (manuscript submitted)
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L. Introduction

Somatic mutation is a process of fundamental importance in many human diseases such
as cancetr; it also is a key component in biological processes such as aging (Gorbunova
and Seluanov, 2005; Sedelnikova et al., 2004). Many factors influence the rates (and
patterns) of somatic mutation. Some influences are environmental (e.g., exposure to
chemicals and UV-radiation, see sections III-2 and III-3, Chapter 1) and others are
genetic (e.g., GC content of DNA sequences, mutations in DNA repair genes, etc, see
sections III-4 and III-5, Chapter 1). To uncover the important factors influencing rates of
somatic mutation (and by extension, rates of cancer, etc) refined techniques are needed to
estimate rates of somatic mutation in cells exposed to potential environmental, or genetic,
risk factors. In vitro assays (e.g., the Ames Salmonella test) for evaluating the
mutagenicity of a chemical substance are now well established. A limitation of
prokaryotic mutagenicity assays, however, is that metabolic enzymes present in
mammalian cells that can transform a non-mutagenic into a mutagenic substance
(genotoxicity) may not be present in the prokaryotic cell (see section IV-1, Chapter 1). If
in vivo mutation detection were found to be feasible, this could offer a potentially rapid,
and inexpensive, test for mutagenicity that could be expected to be more sensitive than in
vitro methods in evaluating potential carcinogens.

Mouse somatic mutation detection systems have been developed which utilized
either the Dolichos biflorus (DIb-1) locus, or the hypoxanthine-guanine phosphoribosyl
transferase gene (hprt), as a mutational target (see sections IV-3 and IV-4, Chapter 1). In
the early 1990s, transgenic mouse models for in vivo mutation detection were developed

by inserting either the lacl, or lacZ, bacterial transgene into mice (see section IV-6,
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Chapter 1). One shortcoming of in vivo mutation detection systems using bacterial
transgenes is that they can only provide mutant frequency (i.e., the relative number of
mutants in a population of cells) from which mutation rate often cannot be estimated
accurately (see section III-1, Chapter 1). To precisely determine the mutagenic effect of a
chemical mutagen, a defective gene, or some other factor, a novel mutation detection
system directed at estimating rates of mutation (rather than mutant frequency) is
desirable.

The transgenic mouse we developed carries a premature stop codon-containing
enhanced green fluorescent protein gene (i.e., the stop-EGFP gene) which can function as
a reporter for mutation (Ro and Rannala, 2004). In principle, a cell having undergone a
mutation at the premature stop codon within the stop-EGFP gene expresses functional
EGFP and thus mutant cells can be identified using fluorescence imaging. In the stop-
EGFP system, independent mutations in a tissue or an organ are expected to be counted
by detecting green fluorescent colonies. The ability to identify independent mutations
should facilitate accurate estimation of mutation rates (see section II1-1, Chapter 1).

The first aim of this chapter is to verify that the stop-EGFP system can be utilized
as a novel in vivo mutation detection system with which one can quantify the number of
independent mutations. For this purpose, ENU (N-ethyl-N-nitrosourea) is used as an
agent to induce mutations. We treated the stop-EGFP mouse (line F#19-15) with ENU at
a dose of 150 mg/kg body weight and the number of independent mutations having arisen
in each lobe of the liver was counted at 5 months post-ENU administration.

Mutagenesis in live mammals is a complex process which involves DNA damage

incurred by exposure to a mutagen, fixation of mutations, expression of mutant
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phenotypes, etc (Heddle, 1999). Most of these processes happen slowly and maximum
mutant frequency could be observed as long as several months after treatment with a
mutagen depending on tissues (Douglas et al., 1995; Sun and Heddle, 1999). In the liver
where tissue turnover is very slow, it has been observed that mutant frequency
continuously increases over two months after treatment with ENU (Wang et al., 2004)
while tissues with a fast turnover such as bone marrow reach the maximal mutant
frequency less than a week (Douglas et al., 1996). It is suggested that one of the most
important variables in mutagenesis experiments in vivo is the time between treatment and
mutation assay (Heddle, 1999). Time-course studies have been carried out to determine
the time points of the maximum mutant frequencies for different tissues and different
mutation assay systems. The D/b-1 mutation detection system shows the maximum
mutant frequency in the small intestine at about 2 weeks post-ENU administration (Sun
et al., 1999). A time-course study carried out using the Aprt mutation detection system
indicated that the times (following exposure to ENU) needed to reach the maximum
mutant frequency in the splenic T cells were variable depending on animal age at
treatment (Walker et al., 1999). In the mammary gland and germ-cells of the lacZ
transgenic mouse, the maximum mutant frequencies were observed at 4 and 5 weeks,
respectively after ENU treatment (Douglas et al., 1995; Sun et al., 1999). Because
sampling times can significantly affect the mutant frequency observed in a given tissue
(Mirsalis et al., 1993), to efficiently determine the mutagenic effect of a substance it is
recommended that samples are taken at the time point when the highest mutant frequency
is expected to be observed (Heddle et al., 2003). The times (following exposure to a

mutagen) of the maximum mutant frequency, however, are hard to know in advance
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because they could be varied depending on the tissues and mutation detection systems
used (Thybaud et al., 2003). Thus, multiple sampling times are recommended to identify
the maximum mutant frequency in a tissue after treatment with a mutagen (Heddle et al.,
2003).

In the stop-EGFP mouse treated with ENU, DNA adducts generated by exposure
to the mutagen will be fixed as mutations during subsequent cell divisions. Expression of
the mutant phenotype will require transcription from a mutant copy of the stop-EGFP
gene, accumulation of mutant mRNA (containing no premature stop codon), and finally
protein synthesis from the mutant mRNA to a level high enough for detection under a
fluorescence microscope. Thus, a mutation assay carried out at an early time point might
underestimate the actual mutation frequency induced by a mutagen due to insufficient
expression of revertant EGFP from some mutant cells which are undetectable under a
fluorescence microscope.

The second aim of this chapter is to accurately estimate the rate of somatic
mutations induced by exposure to ENU taking into account the lag time until expression
of the mutant phenotype using an explicit statistical model and the data from a time-
course study of mutations. Twelve stop-EGFP mice (line F#19-15) were sacrificed at
different time points after ENU administration, and changes in the number of mutations
over time were investigated in the left caudal lobe of the liver.

Finally, we tested the mutagenic effect of ENU in the liver using the stop-EGFP
mouse system. For this purpose, ten stop-EGFP mice were treated with vehicle and the

mutation frequency in the control group was compared with that in the ENU-treated

group.
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II. Materials and Methods
(For a description of the preparation and injection of ENU, see Materials and Methods in
Chapter 3)

1. Animal treatment and mutation assay in the kidney and the liver

Mice were anesthetized by inhalation of isoflurane gas prior to injection. For the ENU-
treated group, ENU was administered intraperitoneally at a dose of 150 mg/kg body
weight. Control mice were injected intraperitoneally with vehicle (9.5% ethanol in
Phosphate-Citrate buffer, see section II-2, Chapter 3) in a volume of 20 ml/kg body
weight. For mutation assay, mouse was euthanized by CO, asphyxiation and perfused
with 10 ml of saline followed by 10 ml of 4% paraformaldehyde. The liver and kidney
were removed from the mouse and were stored in 4% paraformaldehyde at 4 °C with
gentle agitation for 11 hours. After fixation, the organs were transferred to PBS with 1
mM MgCl, and stored at 4 °C overnight. The organs were sectioned into slices (100 um
in thickness) using a vibratome. Each slice was transferred to a 24-well plate containing
PBS with 1 mM MgCl, and stored until the imaging experiment. At least 4 hours before
imaging, slices were transferred to microscopic slides for mounting. PBS and glycerol
were mixed and used as a mounting media. Slices were illuminated by use of a 50 W
mercury lamp and scanned using a Zeiss Axiovert 200M inverted microscope with a 10x
F-Fluar lens (NA 0.5) and LP 520 emission filter (Carl Zeiss). Images of green
fluorescent cells were collected with a confocal laser scanning microscope (LSM 510
NLO, software version 3.0, Carl Zeiss) mounted on the Zeiss Axiovert 200M inverted

microscope with a 25x% F-Fluar lens (NA 0.8). The 488 nm laser line was used to image
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EGFP with a band pass filter (505 — 530 nm wavelength) for detecting emissions from
EGFP.

2. DAPI (4, 6-Diamidino-2-

henylindole) staining and co-localization of nuclei
Several slices containing EGFP signals were selected and used to verify co-localization
of DAPI-stained nuclei and bright EGFP signals within mutant cells. Slices were
incubated for 30 minutes at room temperature in a PBS solution containing 1 pg/ml of
DAPIL Slices were then briefly washed with PBS and dehydrated by storing them in 30,
50, 60, 70, 90, 100% ethanol, serially for 5 minutes at each step. Slices were then
mounted in methyl salicylate. The DAPI-stained EGFP-expressing cells were imaged
using a confocal laser scanning microscope (LSM 510 NLO, software version 3.0, Carl
Zeiss) with an Argon laser (488 nm) to activate EGFP and a two-photon laser of 760 nm
to activate DAPI-stained DNA.

3. Estimating the total number of cells in each lobe

Slices were stained with DAPI and dehydrated, and then mounted in methyl salicylate.
The total number of nuclei in each slice was estimated by following methods: Randomly
chosen 100 um x 100 um areas (at least five different areas per slice) were scanned along
the z-axis and all nuclei contained in this volume were imaged. To count the total number
of nuclei in the specified volume, imaging software (Imaris, version 3.0) was used (and
then confirmed by manual counting). The area of each slice was measured using
MetaMorph (Universal Imaging Corp.). The total number of cells in each slice was then
estimated by multiplying the average number of nuclei in a unit area by the area

measured. The total number of cells in each lobe was estimated by multiplying the total
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cell number in a reference slice by the total number of slices of a similar size sectioned

from the organ. (see section II-4 for statistical methods)

4. Statistical methods and equations to calculate total cell number, mutation

frequency and mutation rate

The total cell numbers, mutation frequencies, and mutation rates can be estimated as
follows using data from experiments with the stop-EGFP mouse in which an organ is
sectioned and mutant cells are counted. The standard deviations and 95% confidence
intervals are derived for the estimators based on standard theory for the propagation of
errors (Taylor, 1997). Let 4;; be the area of microscopic section i from organ lobe j. Let S;
be the total number of sections from lobe j and let I; be the number of sections from lobe j
for which the area (in units of pm?) is measured, where S; > I. Let Cy be the number of
cells counted in the ™ of K areas of a specified size randomly sampled from section i of
lobe j, where Kj; is the number of areas sampled from section i of lobe j. Let M; be the

total number of mutations detected in lobe j. The mean area of the sections from lobe j is

and the standard deviation is

1 I, -
03 = JTZi:l(A/‘ - Aij)z'
J

An estimate of the total area of lobe j is

A.=Zj><S,,

J J

and the standard deviation is
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The mean number of cells in a specified area of section i of lobe j is

— 14
C,=—> C,,
i Kij kz; ijk

and the standard deviation is

l v« =
%, = \/_K_ Zk=1 (Cij - Cijk)z'

g

An estimate of the total number of cells in lobe j is

This equation assumes there is no variation in mean cell densities among sections within
a lobe. The 95% confidence interval for the estimate of C; is (C; - 1.96 x 6C;, C; + 1.96 x

o C)) where

An estimate of the mutation frequency is f; = M; / C;. The 95% confidence interval for the
estimated mutation frequency is (f; - 1.96 x of}, f; + 1.96 x of;) where

O-A. O-El., Mj
o, = =4 == | X .
i A. C. C.

J y J

If interested in estimating the mutation rate r;, the estimator r; = M; / C; is still used but

the percent standard deviation is increased by a term equal to the inverse of the square

root of M; so that
1 UA. GE, M
o, = +—L+ =L x—L,
w/Mj 4, C; ) C;
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II1. Results

1. Mutation assay in four lobes of the liver of an ENU-treated stop-EGFP mouse

To verify that the stop-EGFP system can be utilized for quantifying the number of
independent mutations having arisen in vivo, we treated the stop-EGFP mouse (line
F#19-15) with ENU (N-ethyl-N-nitrosourea) at a dose of 150 mg/kg body weight. ENU
was used as an agent to induce mutations in an attempt to increase the efficiency with
which mutations are generated and thus to facilitate the process of counting mutations.

The liver of the stop-EGFP mouse from line F#19-15 was analyzed at 5 months
post-ENU administration to detect green fluorescent mutants. In a scan of the entire liver
of an ENU-treated stop-EGFP mouse, a total of 26 independent mutations were identified
(Figure 4-1) demonstrating that the stop-EGFP mouse system can be used to count
independent mutations having arisen in an entire organ in vivo. The study supports the
utility of the stop-EGFP system as a novel in vivo mutation detection system.

The mutant cells contained what appeared to be brighter nuclei. The bright spots
were confirmed to be nuclei by use of DAPI (4°, 6-Diamidino-2-phenylindole) staining
(Figures 4-1A and B). Most of the mutant colonies (24 mutants) displayed two nuclei.
The fact that many hepatocytes are present as binucleate cells might explain the observed
predominance of the two-nucleus mutants in the liver (Alison et al., 2004). Hepatocytes
are normally proliferatively quiescent without induced regeneration (Sell, 2001). In this
study, a mutant colony carrying more than two nuclei has not been detected at 5 months

post-ENU administration and this may reflect the slow rate of cell turnover in this tissue.
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. .
. .
Figure 4-1. Green fluorescent mutant cells in the liver.

Panels A and B show merged images of EGFP signals and DAPI signals of mutant cells
detected in the liver. The bright green fluorescent signals within these cells are co-
localized with the DAPI-stained nuclei. In the liver, a total of 26 independent mutations
were identified. Panels C and D show images of EGFP signals of mutant hepatocytes.
Scale bars, 10 pm.
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2. Estimation of the rate of mutation induced by ENU in the liver

To verify that somatic mutation rates can be easily estimated using the number of
independent mutations obtained from the stop-EGFP mouse system, the liver of an ENU-
exposed stop-EGFP mouse was divided into 4 lobes: left caudal, right anterior, left
anterior, and right caudal. Then, the number of independent mutation events in each lobe
was counted and used to estimate the rate of mutation induced in the lobe by treatment
with ENU. The mutation rates were compared to test whether there are significant
differences in rates of mutation induced by ENU among the lobes. There have been
reports that suggest certain mutagens might be more mutagenic to some lobes than others
(Lawson and Pound, 1974, Singh et al., 2001). The fact that in some cases tumors
induced by treatment with a mutagen arise preferentially in specific lobes also supports
the idea that each lobe might have a different response to certain mutagens (Richardson
et al., 1986).

The number of mutations, and estimated total number of cells, in each lobe are
shown in Table 4-1. The estimated mutation rate induced by ENU-exposure for the entire
liver was (1.87 + 0.27) x 107 per cell. No significant differences in mutation rates were
found among the different liver lobes (although mutation frequencies were significantly
different in some cases). If mutations occur according to a Poisson process, the percent
standard error of the estimated mutation rate is greater than the percent standard error of
the mutation frequency by a factor equal to the inverse square root of the number of
mutations observed. Thus, it is quite possible that mutation frequencies can be

significantly different among tissues while the underlying mutation rates are identical.
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Table 4-1. Observed distribution of stop-EGFP revertant mutations in four lobes of

the liver.

Lobe Mutation Count Cell Count Mutation Rate
Left caudal 12 (6.61 £ 2.32) x 10’ (1.82 + 3.04) x 107
Right anterior 6 (3.06 = 0.84) x 10 (1.96 + 0.25) x 107
Left anterior 1 (2.04 £ 0.32) x 10’ (0.49 = 0.25) x 107
Right caudal 7 (2.18 + 0.43) x 10’ (3.21 £ 0.84) x 107
All 26 (13.89 + 1.99) x 10’  (1.87 + 0.27) x 107

3. Time-course study of mutations in the liver

We investigated how mutation frequency changes over time in the liver of the stop-EGFP
mouse (line F#19-15) after treatment with ENU to determine the proper sampling time
and more importantly to estimate an unbiased frequency of mutation induced by the
mutagen (see next section). Twelve stop-EGFP mice were treated with ENU at a dose of
150 mg/kg body weight. ENU-treated stop-EGFP mice were euthanized at 1, 3, and 7
months post-ENU administration and the number of mutations in the left caudal lobe of
the liver from each mouse was counted (Table 4-2). The time course study of mutations
in the liver suggests the number of mutations detected in the tissue can increase with time
after treatment with ENU. We speculate the time period for one month after treatment
with ENU might be too short for mutant cells in the liver to exhibit the mutant phenotype
(i.e., the expression level of EGFP revertant is not high enough for detection under a

fluorescence microscope). Expression of the mutant phenotype in the liver of the stop-
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EGFP mouse treated with ENU will require fixation of a mutation following DNA
replication, transcription from a mutant copy of the stop-EGFP gene, accumulation of
mutant mRNA containing no premature stop codon, and finally protein synthesis from
the mutant mRNA at a level sufficient for detection under a fluorescence microscope.
These processes might take months in the liver and thus it is suggested that a mutation
assay in the liver of the stop-EGFP mouse should be performed at least three months
after treatment with a mutagen to get the maximum number of mutations induced by the

mutagen in the tissue and thus to better determine the mutagenic effect of the mutagen.

Table 4-2. Time course study of mutation frequency induced by ENU in the left
caudal lobe of the liver.

Months # of mice # of mutations # of mutations Mean mutation
post-ENU  analyzed in each mouse in total frequency per lobe
treatment (Mean + SE)

1 4 0,2,0,0 2 0.5+0.50
3 3 2,3,7 12 4+1.53
7 5 0,2,1,12,6 21 42+220

4. Inferring mutation rates induced by ENU and time to expression of the mutant

phenotype

A model is presented to estimate the rate of mutation per cell induced by ENU and the
average waiting time until the mutant phenotype is expressed in the liver based on the

data presented in Table 4-2.
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Let X; be the total number of cells in mouse i that carry a mutation in the stop-
EGFP gene as a consequence of exposure to a strong mutagen at time 7 = 0 (time is
measured in units of months). Let ¥; be the number of clonal lineages of cells expressing
revertant EGFP that are observed in mouse i that is scanned for mutations at time 7T; after
mutagen exposure. We assume that mutations in individual cells are rare events (and the
total number of cells imaged is large). The process by which mutant cells arise can
therefore be modeled as a Poisson process with rate uN where L is the probability of
mutation per cell and N is the total number of cells imaged. The probability distribution
of X; is then

(N

Pr(X; | N) = X1

It is assumed that a cell is equally likely to begin expressing revertant EGFP at anytime
after a mutation arises, with rate A, and once expression begins it continues indefinitely.

The waiting time until expression then follows an exponential distribution,

pT — ﬂe—iT ,
where 1/A is the average waiting time until a mutant copy of the stop-EGFP gene is
expressed (thus showing the mutant phenotype). The probability that a cell carrying a

mutant copy of the stop-EGFP gene is expressing revertant EGFP at (or before) time T'is

then

T
g, = [AeHdt=1-€".
0
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It is reasonable to assume that the time to expression is an independent random variable
when considering cells with independent mutations. The probability distribution of the

number of clonal lineages expressing revertant EGFP in the ith mouse is then

X,
Pr(Y, | X,, ) =(Y'J(1 eyl M),

The actual number of mutations, X, is an unobserved random variable and so we instead

consider the marginal distribution of Y,

PL(Y, | L sN) = 3P, | X, DPHCX, ),

X,=0

= i (#N);’"e'w );f)(l—e-lﬂ)ﬂ- ),
X;=0 i i

_{uN(- e Myt =)
7 :

If n mice are imaged in total, Y = {Y;} is a vector of the counts of numbers of revertant
EGFP-expressing clonal lineages per mouse, and T = {7}} is a vector of the elapsed times

since mutagen exposure for the imaged mice, the joint log-likelihood of the data is

10gL(Y | 4,44 N) = D_logPx(¥; [4,44.N).

i=1

To jointly maximize this likelihood over A and p we need to solve the set of equations,

Aosl _ Z{LN—N(I —e )} =0,
au S\uN
Ologl —AT.( Y, j}
=3 Te | — L~ uN | =0.
a Z}{ M e

Note that the first equation has an explicit solution,
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n

>y,

’[1___ . i=1 )
NY (1-e*)

i=1
Substituting this solution for p into the second equation gives an equation in one

unknown,

1 T —’@F—ZYJ 1=y =0.
R - 07
The root of this equation in A can be determined by a simple one-dimensional numerical

search, providing maximum likelihood estimates (MLEs) of A and p. The variances of

the MLEs can be estimated as

wr(i)e|-Z g

2=4
FloglL
ar ) _.

p=p

@(

where

a1y 2 ff -ty 2T,
Flogl &)° T,.([e 1T uN - Ye

o i=1 [e_n’ - 1]2

Using the result that the asymptotic distribution of the MLEs is multivariate normal we

use as a 95% confidence interval (CI),

6+ 1/var(é) x1.96,
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where 0 is the parameter of interest (e.g., A or p). For the mouse data presented in Table
4-1 using N = 6.6 x 10’ in the left caudal liver lobe, the maximum likelihood estimates
and 95% CIs are 1/A. = 4.1 (2.7, 8.0) months and p = 7.7 x 10® (4.9 x 10®, 1.0 x 107) per
cell. Thus, the average waiting time until the mutant phenotype is expressed in the liver is
about 4 months after treatment with ENU and the mutation rate in the liver of the stop-
EGFP mouse treated with ENU at a dose of 150 mg/kg body weight is estimated to be
about 8 x 10°® per cell.

5. Testing the mutagenic effect of ENU in the liver

The mutagenic effect of ENU in the liver was tested by comparing mutation frequency in
the left caudal liver lobe between ENU-treated stop-EGFP mice and vehicle-treated
control stop-EGFP mice. Because the average waiting time until the mutant phenotype is
expressed in the liver is estimated to be 4.1 months after treatment (see section III-4), we
performed mutation assay of the control group at 5 months post-vehicle treatment. From
imaging of the entire left caudal liver lobe of 10 vehicle-treated stop-EGFP mice, we
found 12 mutations in total (i.e., 1.2 mutations per lobe, see Table 4-3). To calculate the
mutation frequency induced by ENU in the liver at 5 months post-ENU treatment, the
numbers of mutations found at 3 months post-ENU treatment were combined with those
found at 7 months post-ENU administration (see Table 4-2). The combined mutation
frequency is expected to represent the mutation frequency in the liver at about 5 months
post-ENU administration. A total of 33 mutations were found in the left caudal liver lobe
of 8 ENU-treated stop-EGFP mice (Table 4-3). The mutation frequency of 4.1 per lobe in

ENU-treated group is significantly higher than the mutation frequency in the control

group (p < 0.05).
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Table 4-3. Mean mutation frequency per the left caudal liver lobe in control and
ENU-treated mice

A. Control group (treated with vehicle only)

Months # of mice # of mutations # of mutations Mean mutation
post- analyzed in each mouse in total frequency per lobe
treatment (Mean + SE)
5 10 0,0,0,0,1 12 1.2+042
1,2,2,2,4

B. ENU-treated group (at a dose of 150 mg/kg)*

Months # of mice # of mutations # of mutations Mean mutation
post- analyzed in each mouse in total frequency per lobe
treatment (Mean + SE)
5.5 8 2,3,7,0, 33 4.1+1.41
2,1,12,6

*The numbers of mutations found at 3 and 7 months post-ENU treatment were combined
to estimate the mutation frequency induced by ENU at about 5 months post-ENU
administration (see Table 4-2)

Treatment of the stop-EGFP mouse with ENU at a dose of 150 mg/kg yielded a
3.4-fold increase in mutation frequency in the liver when compared with control (Figure
4-2). Previous studies using a transgenic mouse mutation detection system carrying a
bacterial transgene such as lac/ or lacZ have shown that mutation frequency was elevated

2-fold to 6-fold above background in the liver following treatment of mice with ENU at a
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Figure 4-2. Comparison of mutation frequency between control and ENU-treated
liver.

Graph indicates the mean mutation frequency per the left caudal liver lobe = SE. The
mean mutation frequency in ENU-treated liver was significantly higher than that in
control liver (p < 0.05, ¢-test).
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dose of 100 - 250 mg/kg (Table 4-4). Thus, our result showing a 3.4-fold increase in
mutation frequency over control in ENU-treated liver is consistent with previous reports,
verifying the applicability of the stop-EGFP mouse to identifying potential mutagens in a

mammalian system.

Table 4-4. Fold increase in mutation frequency over control in ENU-treated liver in
various mutation detection systems

Target gene Dose (mg/kg) Fold increase References

lacl 100 44 Zimmer et al. (1999)
lacZ 150 2.0 Collaborative study group (1996)
lacZ 150 6.0 Mientjes et al. (1998)
cll/cl 100 2.7 Zimmer et al. (1999)
gpt 250 3.0 Yamada et al. (1999)
stop-EGFP 150 34 Ro et al. (2005) unpublished data

6. Mutation assay in the kidney

In six kidneys from ENU-treated stop-EGFP mice, five green fluorescent mutant cells
were detected at five months post-ENU administration (Figure 4-3). All mutant cells
detected were single cells and this may reflect the slow rate of cell turnover in this tissue.
The kidney can be anatomically divided into two parts, the cortex and medulla. All

mutations found in the kidney were located in the cortex area (data not shown). The
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Figure 4-3. Green fluorescent mutant cells in the kidney.

Merged images of EGFP signals and DAPI signals of mutant cells detected in the kidney
are shown (A and B). The bright green fluorescent signals within these cells are co-
localized with the DAPI-stained nuclei. Scale bars, 10 pm.
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mutation frequency was not estimated in the kidney due to the small number of mutations

observed in the organ.

IV. Discussion

The stop-EGFP mouse system can be utilized as an in vivo mutation detection system by
using the stop-EGFP gene as a reporter for mutation, which allows independent
mutations to be counted by imaging of green fluorescent mutant colonies. Identifying
independent mutations facilitates estimating mutation rate which better addresses the
mutagenic effect of a potential mutagen than the mutant frequency. We successfully
applied the stop-EGFP mouse to counting independent mutations having arisen in the
entire liver and also to estimating the rate of mutation induced by ENU in the organ. The
overall mutation rate induced by ENU-exposure for the entire liver was estimated to be
about (1.87 £ 0.27) x 107 per cell. No differences in underlying mutation rates were
found among the different liver lobes. Thus the data suggests that treatment with ENU
likely has the same effect on all liver lobes.

A test for a mutagenic effect is most efficient at the time (following exposure)
when the highest mutant frequency is achieved and thus when a mutation assay is carried
out using the lacl, or lacZ, transgenic mouse system it is recommended that samples are
taken at the time of the highest mutant frequency for a given tissue. However, the time of
maximum mutant frequency may be hard to predict (Thybaud et al., 2003). Sampling at
an earlier time point likely underestimates mutation frequency because some mutant cells
might not express the mutant phenotype yet. Sampling at a late time point after mutant

frequency has reached a plateau also might be problematic. It has been suggested that the
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plateau frequency can be lower than the maximum mutant frequency (Heddle et al.,

2003; Nakajima et al., 1999; Wolff et al., 2001). Mutant cells might be selected against in
some cases (€.g., in the Aprt mutation detection system), which could lead to decrease in
mutant frequency at a later time point (Heddle, 1998). Because mutant frequency can
vary significantly depending on sampling time, it is critical to determine an estimate of
mutation rate which can accurately reflect the actual mutagenic effect on cells regardless
of the effect of sampling times.

Based on an explicit model developed for this purpose (see section I11-4) we
could accurately estimate the rate of mutation induced by ENU using the data from the
time-course study with twelve ENU-treated stop-EGFP mice. The estimated mutation
rate induced by treatment with ENU in the liver was 7.7 x 10 per cell. The average
waiting time until the mutant phenotype is expressed in the liver is estimated to be 4.1
months after ENU treatment. The estimated average waiting time is slightly longer than
the time of the maximum mutant frequency achieved in the liver of the transgenic mouse
carrying a bacterial gene (about 2 — 3 months after ENU treatment) (Douglas et al., 1996;
Wang et al., 2004). In the stop-EGFP system, to exhibit the mutant phenotype, mutant
cells must express revertant EGFP at a level sufficient for detection under a fluorescence
microscope. However, in the bacterial transgene-based systems such as the lacZ, or lacl,
transgenic mouse, mutant phenotypes are observed in an in vitro bacterial assay system
thus gene expression from the mutant gene in vivo is not required for the assay. Thus, it
is reasonable to speculate that more waiting time would be required to detect a mutant
phenotype from mutant cells in the stop-EGFP system than in the lacZ, or lacl,

transgenic mouse.
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Compaﬁson of ENU-induced mutation frequency with the background mutation
frequency in the liver was carried out using stop-EGFP mice. From the observation of 12
mutations in the left caudal liver lobe from 10 vehicle-treated stop-EGFP mice, the
background mutation frequency was estimated to be 1.2 per lobe on average (see section
III-5). In ENU-treated liver of stop-EGFP mice, the mean mutation frequency was
estimated to be 4.1 per lobe. Our data showing a 3.4-fold increase in mutation frequency
over control in ENU-treated liver are consistent with other previous reports using the
lacl, or lacZ, transgenic mouse system. Thus, our study supports the utility of the stop-
EGFP system as a novel in vivo mutation detection system which can identify potential
mutagens. Comparison of mutation frequency per cell between ENU-treated and control
liver will provide a better evaluation of the mutagenic effect of ENU in the liver than
comparison of mutation frequency per lobe. After estimating the total number of cells in
each lobe (see section II-3), we plan to estimate mutation frequency per cell in the liver

in the near future.
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Chapter 5. General Discussion
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I. The Stop-EGFP System

1. Research outlines

In this thesis, we have developed a novel transgenic mouse system carrying a premature
stop codon-containing EGFP gene (referred to as the stop-EGFP géne) as a target for
mutations (Ro and Rannala, 2004). Nonsynonymous mutation at the premature stop
codon in the stop-EGFP gene allows revertant EGFP to be expressed in individual
mutants and their clonal descendent cells, thus clonal cell lineages can be traced by
following green fluorescent colonies using fluorescence imaging.

Investigation of clonal cell lineages of progenitor cells is of great significance in
stem cell research and developmental biology, and could address controversial issues
such as the potential of stem cells to give rise to cells of a variety of tissue types or to
provide cells for other cellular compartments under various circumstances (see sections
I1-3 and II-4, Chapter 1). Cell fate mapping systems based on random mutagenesis are
well suited for cell lineage studies because the clonality of cell lineages generated in
these systems is virtually guaranteed. A serious problem of previously developed systems
using spontaneous revertant mutation to label cells for fate mapping (Bonnerot and
Nicolas, 1993; DePrimo et al., 1998) is that it is difficult, or impossible, to determine the
time points during development when revertant mutational events occurred, which is of
critical importance in identifying the developmental origin of the cell lineages that are
generated (see section II-6, Chapter 1). This can be a serious problem in applying either
system to study stem cell clonal lineages in an adult renewing tissue because it is not
known whether cell lineages generated in these systems have originated from embryonic

cells, adult stem cells, or proliferating non-stem cells (i.e., transit amplifying cells).
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The loss of function mutation-based labeling systems such as the DIb-1 system,
and the transgenic mouse carrying a single copy of the lacZ gene, allow individual cells
to be labeled via chemically induced mutations (Bjerknes and Cheng, 2002; Winton et
al., 1988). In those systems the frequencies of spontaneous mutations are relatively low
and thus cells can be labeled at specific time points via treatment with a potent mutagen.
A serious disadvantage of both systems is that the labeling method via mutation relies on
inactivation of the reporter genes thus both systems require that unstained cell lineages
can be identified on the background of stained cells, which is technically challenging in
most cases. Transgenic mouse systems carrying a reporter gene that can be activated
(rather than inactivated) via chemical mutagenesis, therefore, would be preferable. In
general, reactivation of a knock-out gene by revertant mutation can only be achieved via
specific mutations at a specific target nucleotide, thus the efficiency with which labeled
cells are generated is expected to be extremely low. Introducing a premature stop codon
at a neutral codon within a reporter gene can increase the efficiency with which labeled
cells are generated because a nonsynonymous mutation at any one of the three
nucleotides of the premature stop codon will restore the reporter gene function. The fact
that multiple copies of a transgene are usually inserted in a linear array in a transgenic
mouse increases the efficiency of the system for detecting mutations.

Based on this idea, we created the stop-EGFP gene harboring a premature stop
codon at a neutral codon site and the stop-EGFP mouse carrying multiple copies of the
stop-EGFP gene. Due to the versatility of EGFP as a cell lineage marker, the stop-EGFP
mouse system allows in vivo detection of clonal cell lineages via fluorescence imaging as

well as repeated analysis of the same cell lineages over time. Because the stop-EGFP
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gene can function as a reporter for mutation, the stop-EGFP system can also be utilized
as an in vivo mutation detection system. The system allows independent mutations to be
identified and thus has the potential to provide better estimates of mutation rates than
other in vivo mutation detection systems such as the lacl, or lacZ, transgenic mouse
(Gossen et al., 1989; Kohler et al., 1991).

2. Future prospects

The stop-EGFP system could be applied to other organisms. For example, transgenic fish
and birds that ubiquitously express EGFP have been developed (Chapman et al., 2005;
Gong et al., 2001; Higashijima et al., 1997) and presumably stop-EGFP transgenic
animals could be easily created as well. If transgenic animals carrying the stop-EGFP
gene were developed using other species, one might be able to investigate species
difference in mutagenic response to a mutagen. One potentially interesting application is
to use the stop-EGFP transgenic fish for mutagenicity testing in aquatic environments.
Detection of potential mutagenic substances in aquatic environments is relevant to public
health, as well as to the conservation of fish populations. When aquatic environments are
contaminated with mutagenic substances, organisms are chronically exposed at a low
level. Since fish mutation detection systems are thought to be more sensitive to such an
exposure than rodent mutation detection systems (Winn et al., 2000), a transgenic fish
mutation detection system might be efficient for use in toxicology testing in aquatic

environments.
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I1. Application of the Stop-EGFP Mouse to Cell Fate Mapping

1. Research outcomes

In this thesis, the efficiency of the stop-EGFP mouse system as a cell fate mapping
technique was evaluated by applying the system to tracing stem cell clonal lineages in the
mouse dorsal epidermis. Using the system, we were able to trace clonal lineages of
epidermal stem cells and found that single stem cells could contribute to a larger
proliferative compartment than previously thought, which contradicts the classical model
for epidermal stem cell lineages (Potten, 1974). Expansion of epidermal cell lineages to
multiple EPUs has been observed previously using other lineage-tracing methods such as
the retroviral transduction method (Ghazizadeh and Taichman, 2001; Kameda et al.,
2003). However, due to the uncertainty of the clonality of cell lineages generated using
such methods it was difficult to conclude whether a single stem cell can contribute to
multiple EPUs. Using the stop-EGFP system allowed us to label individual cells by
means of infrequent andb random mutations and thus the clonality of resulting cell
lineages is certain. Our findings from the in vivo lineage tracing study using the stop-
EGFP mouse strongly support the idea that a single epidermal stem cell can contribute to
multiple adjacent EPUs.

Labeling of individual cells using the stop-EGFP mouse system can be achieved
via induced (by means of treatment with a mutagen) or spontaneous mutations. Although
treatment with a mutagen increases the average number of clonal cell lineages generated
(and thus can be more efficient), its mutagenic and cytotoxic effects may also cause
alterations in the normal cellular environment. Thus, data from such studies should be

interpreted with caution because cell lineages found in mutagen-treated mice might not
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reflect normal cellular behavior under the steady-state condition. Thus, it is important to
investigate whether cell lineages found in mutagen-treated mice can also be detected in
untreated mice in which clonal cell lineages arise via spontaneous mutations.

2. Future prospects

Stem cells are the only cells remaining following tissue renewal. It is relatively easy to
trace stem cell lineages in constantly renewing tissues (such as the epidermis) by labeling
cells and investigating cell lineages later after several tissue turnovers. It is not possible
to utilize this approach for tracing stem cell lineages in slowly renewing tissues such as
in the liver. Without further knowledge on the stem cell identities, tracing stem cell
lineages will be hard to achieve in those tissues. Another characteristic of stem cells is
the regenerative potential to repair damaged tissues in response to mechanical wounds or
infection. Stem cells are actively proliferative under such conditions and cell lineages
generated during the regeneration process would likely represent stem cell lineages. If
tissue regeneration were induced in tissues such as the liver of the stop-EGFP mouse
after treatment with a mutagen to randomly label cells, resulting green fluorescent cell
lineages might represent clonal cell lineages that originated from liver stem cells.
Although we performed in vivo imaging of clonal cell lineages only in the
epidermis in this study, a similar approach could potentially be applied to other organs.
In vivo imaging of cells expressing GFP has been performed in various organs (including
repeated in vivo imaging of the same GFP-expressing cells over time) such as the liver,
muscle and brain (Chen et al., 2000; Feng et al., 2000; Hoffman, 2002; Naumov et al.,
1999). If such repeated in vivo imaging of the same tissue sites were performed over time

using the stop-EGFP mouse system, one might be able to investigate the dynamics of the
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clonal development of a cell lineage (e.g., in the regenerating liver). Another advantage
of using GFP as a cell lineage marker is that external imaging of even single cells in
internal organs can be performed (Yang et al., 2002). Thus, one might be able to
investigate the dynamics of the clonal development of a cell lineage in an internal organ
by repeated external imaging of the stop-EGFP mouse over time. With the current
revolutionary development of GFP imaging techniques, the potential applications of the
stop-EGFP mouse can be expected to increase in the future.

In addition to clonal cell lineage studies in adult tissues, the stop-EGFP system
also has the potential to be efficiently applied to tracing clonal cell lineages in
developmental studies. Embryos can be exposed to ENU in utero at various time points
during development by exposing pregnant mice to the mutagen. In our system, cells can
be labeled at a specific time point during development by treatment with a pulse of the
mutagen, thus a clonal cell lineage can be generated that originated from a precursor cell

present in a specific stage during development.

II1. Application of the Stop-EGFP Mouse to Mutation Studies

1. Research outcomes

In this thesis, the efficiency of the stop-EGFP mouse system as an in vivo mutation
detection system was evaluated by applying the system to estimate the rate of mutation
induced by ENU in the liver. The stop-EGFP mouse can detect independent mutations
that have arisen in a tissue, thus it has the potential to provide better estimates of
mutation rates. The stop-EGFP mouse system allowed mutation rates in different sectors

of the organ (e.g., different liver lobes) to be estimated and compared.
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From the time-course study of mutations induced by ENU in the liver of the stop-
EGFP mouse (up to seven months after ENU treatment) it was found that the apparent
mutation frequencies significantly change depending on the sampling times (section III-
3, Chapter 4). Expression of the mutant phenotype in cells of the stop-EGFP mouse
treated with ENU depends on several processes such as transcription from a mutant copy
of the stop-EGFP gene, protein synthesis from the mutant mRNA, etc. Thus, mutation
assays carried out at an early time point might fail to detect some mutant cells which
have not yet achieved sufficient expression of revertant EGFP from a mutant copy of the
stop-EGFP gene. This could lead to skewed estimates of mutation frequency. An explicit
model was developed (see section II1-4, Chapter 4) to allow the rate of somatic mutations
induced by a mutagen in the liver to be accurately estimated taking account of the lag
time until expression of the mutant phenotype.

Comparison of mutation frequency in the left caudal liver lobe between ENU-
treated and control mice enabled us to evaluate the mutagenic effect of ENU in the liver.
A 3.4-fold increase in mutation frequency over control in our study was consistent with
other previous reports, supporting the utility of the stop-EGFP mouse as an in vivo
mutation detection system.

2. Future prospects

Similar approaches can be applied to other potential mutagens to accurately estimate the
mutation rates induced by these substances. As well, several strains of knock-out mice
with a deficient DNA repair gene (see section III-4, Chapter 1) have already been
generated (Wijnhoven and Steeg, 2003; Winter and Gearhart, 2001). Mutation rate /or

and/ mutation frequency in these strains of knock-out mice could be estimated using the
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stop-EGFP system after crossing the knock-out mice with stop-EGFP mice. It would also
be interesting to investigate hypermutability in cancer using the stop-EGFP mouse (Loeb
et al., 2003; Nowell, 1976). Various types of tumors can be induced in stop-EGFP mice
by crossing them with tumor-prone mice such as mice with a viral oncogene (Jakubczak
et al., 1996), or a deficient p53 (Buettner et al., 1996) and mutation rates in tumor

samples could be estimated to examine hypermutation in cancer cells.

IV. Limitations of the Current Stop-EGFP Mouse System and Future Directions
One drawback of using the stop-EGFP system for tracing green fluorescent cell lineages
is that background cells and surrounding tissue structures were not easily identified.
Observing background cells might reveal more detailed histological information
regarding the green fluorescent clonal cell lineages that are identified. Autofluorescent
signals could be used for imaging background cells, but the signals are generally weak
and unreliable. Initially, we expected that the co-injected EBFP gene could help with
imaging of surrounding tissue structures. However, imaging of EBFP was unsuccessful
due to rapid photobleaching and low signal intensity as previously reported (Patterson et
al., 2001; Tsien, 1998). To perform better histological studies of clonal cell lineages in
the stop-EGFP system, one could perform fluorescence imaging of EGFP with the help
of immunohistochemical methods (e.g., using cell type-specific antibodies).

Generating a stop-EGFP mouse carrying other fluorescent protein genes instead
of the EBFP gene might be another solution. One promising candidate is ECFP
(enhanced cyan fluorescent protein) which has relatively good intensity of fluorescence

and low photobleaching (see section I-1, Chapter 1). Although the fact that the emission
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peak of ECFP is somewhat close to that of EGFP could be a problem, using a proper
excitation light and emission filters could better distinguish EGFP signal from ECFP
signal. Considering that EYFP (enhanced yellow fluorescent protein) and ECFP have
more distinct excitation and emission spectra (see Table 1-1), a combination of EYFP
and ECFP might also work. For example, a transgenic mouse carrying a premature stop
codon-containing EYFP gene in addition to a functional ECFP gene could be generated.
This could be an ideal choice for cell fate mapping studies; clonal cell lineages
expressing EYFP could then be imaged as well as surrounding tissue expressing ECFP.
Another potential weakness of the stop-EGFP mouse is that the mutation rate at
the premature stop codon within the stop-EGFP gene appears to be low even after
treatment with a potent mutagen, ENU. This reduces the efficiency with which labeled
cells are generated via mutation in the stop-EGFP system. Thus, imaging of many mice
might be required to detect clonal cell lineages in a tissue of interest. Repeated treatments
with ENU or another mutagen could help to increase the expected frequency of mutations
at the premature stop codon. Another strategy is to create a transgenic mouse carrying a
very high copy number of the stop-EGFP gene or an inbred line homozygous for the
transgene (i.e., carrying the stop-EGFP gene on both homologous chromosomes).
Although the low mutation rate in the stop-EGFP system may appear
disadvantageous, the extremely low rate of spontaneous mutation in the stop-EGFP
mouse can also be perceived as an advantage because it enables cells to be labeled at a
specific time point by treatment with a pulse of mutagen. Therefore, imaging
experiments carried out after several tissue turnovers in an adult renewing tissue of mice

treated with a mutagen could allow one to specifically trace cell lineages that descended
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from stem cells of the tissue. As well, treatment of an embryo with a pulse of mutagen
could allow clonal cell lineages to be generated that originated specifically at a time point
of interest without contamination by cell lineages generated by spontaneous mutations

occurring at other time points during development.
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