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Preface

The concept that cancer stem cells play an important role in malignant
tumors is gaining more and more support due to recent advances in
the field. The latest progress in this area is increasingly reported and
commented on in the lay press, documenting the high excitement and
hopes it generates.

An intricate relationship between stem cells and cancer cells was
originally identified in leukemia, and evidence has now accumulated
that cancer stem cells are also found in many solid tumor types including
breast, prostate, and colon carcinomas. They are closely related to normal
stem cells, a very small number of which are found in most tissues.
Normal stem cells divide asymmetrically and have the unique capacity
to produce an identical daughter cell and one that can differentiate.
These progenitor cells have the ability to give rise to all the specialized
cells of a given tissue. This process is strictly controlled by the niche
microenvironment in which these cells reside, so that the number of stem
cells remains constant. Mutations in normal stem cells and failure of the
control mechanisms provided by the niche may both play essential roles
in the formation of cancer stem cells and in the development of tumors.

The exciting new findings in this field were made possible mainly
through the development of novel techniques such as high-speed cell
sorting and by the identification of specific cell surface markers. This
allowed the purification of the very rare cancer stem cells present in
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tumors (often less than 1%). Some of the markers are shared by cancer
stem cells of various origins, but others are specific for the tumor type.
The establishment of culture conditions appropriate for maintaining the
stem cell phenotype will be instrumental in the study of cancer stem
cells.

Importantly, cancer stem cells have properties very different from
those of the rest of the tumor cell population. They divide much more
slowly, which allows them to escape from traditional radio- and chemo-
therapies that hit fast-multiplying cells. Also, they have very efficient
systems to pump out drugs, making them highly resistant to most con-
ventional therapies. Current treatments might therefore only hit the bulk
of the tumor but spare cancer stem cells, thus leading to recurrence and
metastasis.

Both the origin and the precise impact of cancer stem cells on tu-
mor pathogenesis are still debated. Normal stem cells may over time
accumulate genetic and epigenetic changes that disturb the control of
self-renewal. An arrest of progenitor cell differentiation and the recov-
ery of unlimited proliferation properties may also be responsible for the
initiation and progress of cancer.

On the other hand, some experts in the field consider cancer stem cells
to represent the bad seeds of tumors and suggest that eliminating them
has the potential to eradicate the disease. The targeting of cancer stem
cells, however, represents a shift in focus and will probably require the
identification of novel drugs. This is an enormous challenge because of
the paucity of cancer stem cells, the technical difficulties of keeping them
in culture, and their unusual drug resistance. However, the identification
of proliferation and differentiation pathways that are active in cancer
stem cells but not in normal, differentiated cells may offer interesting
new opportunities for selective therapies.

The Cancer Stem Cell Workshop was organized to discuss recent ad-
vances and controversies in this fast-moving research area. We have tried
to bring together many of the internationally highly recognized experts
in this relatively young field who, through a variety of approaches, have
made seminal contributions, thus leading to major strides forward. We
are grateful to all of them for their excellent presentations and lively dis-
cussions, and also for their contributions to this book. We are convinced
that the proceedings of the workshop will allow a better understanding
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of the important role that cancer stem cells play in tumors and help in the
future development of more effective and selective cancer treatments.

Finally, we would like to express our gratitude to the Ernst Schering
Foundation for its generous support and perfect organization, which
allowed us to hold this workshop under the best possible conditions.
Our grateful thanks to the Berlin-Brandenburg Academy of Sciences
and Humanities and to Prof. G. Stock for hosting the meeting on their
premises.

Berlin, March 2007

Otmar D. Wiestler
Dominik Mumberg
Bernard Haendler
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Abstract. An important issue in cancer therapy is the presence of a population
that is resistant to anticancer treatment. This resistance has been partly ascribed
to the presence of quiescent stem cells in a cancer population. However, how
the quiescent state is induced in a proliferating cancer population is totally ob-
scure. We think that our study on the stem cell system of pigment cells will
provide some insight into the molecular basis for cancer stem cells, because the
quiescent melanocyte stem cell would be the ideal model for understanding the
process generating quiescent stem cells. In this article, we review our latest un-
derstanding of the quiescent stem cells of the melanocyte lineage by referring
to some related topics of cancer stem cells.
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1 Introduction

The main purpose of this symposium is to discuss cancer stem cells
(Clarke et al. 2006). While the cancer stem cell is not the direct subject
of our study, we agree that the cancer stem cell is a notion that may have
the potential to radically change our strategy of cancer treatment. The
underlying idea is to regard cancer as a hierarchical entity comprising
cell populations of distinct characteristics. However, this recognition is
not novel. Indeed, there may be no researchers who believe that cancer
consists of a homogeneous population. In most cases, in fact, a sim-
ple histological examination is enough to discern the heterogeneity of
cancer. However, the molecular mechanisms underlying the generation
of hierarchical diversity in cancer cells and the functional significance
of the diversity have been left largely uninvestigated until recently. For
decades, cancer research was concerned with how genetic alterations
that accumulate in the genome lead to uncontrolled growth of cells (Vo-
gelstein and Kinzler 2004). This direction of study thus assumed that
a particular cancer population is represented by the most malignant pop-
ulation that is expected to dominate the population, and the cells that can
grow less are regarded as those disappearing over time. The notion of
the cancer stem cell brought this simple competition rule into question
by showing that even a slowly cycling population can be the most ma-
lignant population. Hence, treatment of cancer needs to take into con-
sideration not only the mechanisms driving cancer cells to proliferate,
but also those conferring stem cell features. In this respect, it is inter-
esting that the cancer stem cell has been defined by two features. One
is proliferative ability in secondary recipients (Bonnet and Dick 1997),
and the other is resistance to anticancer treatment, or in other words,
quiescence (Dean et al. 2005). The two features appear contradictory.
This may be due either to coexistence of two types of stem cells in
one cancer or to coexpression of two contradictory features in the same
stem cells. Nonetheless, this question can only be answered by defining
the molecular mechanisms underlying the formation of cancer stem cell
populations.

Indeed, this question remains unresolved even in the study of normal
stem cell systems. In this symposium, we review our study of normal
stem cells with these questions about cancer stem cells in mind.
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2 The Melanocyte Stem Cell Serves as an Ideal Model
to Understand Quiescence of Stem Cells

Hair pigmentation is mediated by the melanocyte (MC) stem cell (SC)
system residing in each individual hair follicle (HF). The melanocyte
stem cell (MSC) system represents a regenerative type SC system that
undergoes a regeneration cycle repeating quiescent and activated states.
Concerning the MSC system, the regeneration cycle is regulated coordi-
nately with that of follicular keratinocytes (hair cycle). We have shown
previously that MSCs are distinguished from other compartments of
MCs by a number of features (Fig. 1) (Nishimura et al. 2002). First,
MSCs localize in the vicinity of the bulge region of the HF, whereas
other compartments are located in the hair matrix at the lower part of
the HF. Second, MSCs are quiescent until being reactivated when the
new hair regeneration cycle is initiated. Third, MSCs are resistant to
block of the c-kit signal, whereas the c-kit signal is essential for sur-
vival of other MC compartments. In fact, when an antagonistic mAb
to c-kit is injected in neonatal mice, all mice become depigmented be-
cause of depletion of mature MCs. However, MSCs are resistant to this
treatment and are able to completely replenish the MC system in the
next hair regeneration cycle. Using these phenomenological features,
we next attempted to distinguish MSCs in molecular term.

During the course of the characterization of MSCs, we were intrigued
by the parallelism between the resistance of MSCs to antagonistic anti-
c-kit mAb and the resistance of cancer SCs to therapy. The most strik-
ing example is the gastrointestinal stromal tumor (GIST) that is caused
by gain-of-function mutations of the c-kit gene. Like melanocyte SCs,
a small fraction of the GIST resists treatment with imatinib, which in-
hibits c-Kit function. While the imatinib treatment suppresses the growth
of the GIST tumor, thereby bringing complete remission to the patient,
the tumor recurs in all cases in which treatment is stopped. Moreover,
even with continuous treatment, GIST eventually recurs because of the
accumulation of additional mutations that render the tumor cells re-
sistant to imatinib treatment (van der Zwan and DeMatteo 2005). Al-
though it is not clear whether the imatinib-resistant fraction of GIST
corresponds to the stem cells that we defined in the MC system, this
result encourages us to think that investigation of the mechanisms un-
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Fig. 1. Characteristics of the stem cell compartment of melanocyte in hair folli-
cles. Melanocytes present in a special region of the upper part of hair follicles,
which is designated the bulge region, were proven to be stem cells with a num-
ber of characteristics listed in the figure

derlying the maintenance of MSCs in the bulge region would provide
some clues for understanding the resistance of tumor SCs to treatment.
Nonetheless, the most important issue in this respect is to define SCs in
molecular term.

3 Definition of MSC

How to define SCs is the first issue for the investigation of any SC sys-
tems. In the MC system, the most reliable means to distinguish SCs
from other compartments is by its localization. As shown in Fig. 1,
MSC:s localize in the upper area of HFs, whereas other compartments
are in the lower part that is called the hair matrix. Using transgenic mice
that are engineered to express GFP specifically in the MC lineage, we
isolated individual MSCs that are defined as GFP* cells in the upper
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Localization Embryonic Hair matrix Bulge
Gene expression
+ House keeping genes normal normal low
+ Wnt-dependent genes medium high - ~low
In vitro proliferation good low good

Genes expressed at high level in the quiescent stem

Wnt signal : Wif1 (10.3x), Sfrp1 (13x), Dab2 (7.8x), Dkk4 (6.7x)

Notch signal: Notch1 (7.8x), Mfng (81x), Hes1 (20x), Heyl (31x)
Fig. 2. Characterization of melanocytes purified from different regions of skin.
Melanocytes were prepared from embryonic skin or hair follicles of neonatal
mice. Hair follicle melanocytes were further divided into two populations in
terms of their localization. Results from DNA chip analyses and in vitro prolif-
eration assay using XB2 cell line are summarized. Also listed are genes whose
expression in the quiescent stem cells is higher

part of HFs, prepared cDNA by RT-PCR, and analyzed gene expression
at the single-cell level and compared it with that from cDNAs from MCs
in the embryonic epidermis and from MCs in the hair matrix of adult
HFs (Osawa et al. 2005).

Figure 2 presents characteristics of gene expression profiles in these
three MC populations. While gene expression profiles of three popula-
tions differ from each other to varying extents, MSCs are special in two
features, one being the low level of housekeeping gene expression and
the other being the suppressed expression of melanocyte-specific genes.

4 Isolation of MSCs En Masse

An important purpose for defining MSCs in molecular terms is to de-
velop a method for purifying MSCs en masse, rather than at a single
cell level. Our finding that the expression level of various housekeeping
genes is low in MSCs appeared to be applicable for this purpose. Indeed,
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the transgenic mouse that we used for isolating single MSCs expresses
GFP under the control of the chicken actin (CAG) promoter, a typical
housekeeping gene. Hence, we investigated whether or not MSCs are
distinguished from other compartments in terms of the expression of
the CAG-driven GFP. When skin of P10 neonates was dissociated and
analyzed by FACS, we were able to detect both GFP"&" and GFP'*
populations (Osawa et al. 2005). In order to confirm that the GFP'*%
population indeed represents MSCs, we analyzed the skin of mice that
were injected with Ack2, an antagonistic anti-c-kit mAb, at the neona-
tal stage, because this treatment depleted all MCs except MSCs in the
bulge region. As expected, Ack?2 treatment depleted the GFP"€" popu-
lation, whereas some of the GFP'®Y population remained unaffected.
By FACS sorting, we were able to confirm that the GFP!®¥ cells share
many characteristics of MSCs, such as downregulation of a group of
MC-specific genes. Because FACS sorting allows us to obtain a suffi-
cient number of cells, quantitative analysis of gene expression is easier
with sorted cell populations than with manually isolated single cells.
By the use of a new series of experiments with FACS-sorted MSCs, we
could define other features of MSCs that are also listed in Fig. 2.

At present, the molecular mechanisms underlying the low house-
keeping gene expression in MSCs are not clear, and we are currently
investigating these mechanisms. Moreover, it would also be interesting
to know whether or not there are other stem cells that share the same
feature.

5 Evaluation of Gene Function
by MC-Specific Gene Manipulation

Despite the global suppression of transcription, we could find genes that
are expressed at higher levels in MSCs. The function of such a molecule
can be assessed by using MC-specific gene knockout (KO). The Notch
signaling pathway is an example that we have investigated to a consid-
erable extent (Moriyama et al. 2006). Comparing gene expression of
FACS-sorted MSCs and other compartments by DNA microarray, we
found that Notch 1 and its downstream molecule Hesl are expressed
severalfold higher in MSCs than other compartments. In order to in-
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vestigate the role of the Notch signaling pathway, we exploited the
MC-specific, conditional KO of RBPJk, which is in the downstream
of Notch signaling pathway, with Cre recombinase driven by the tyrosi-
nase promoter. All mice bearing the genotype of conditional KO are
born depigmented to variable degrees. Thus Notch signaling is involved
in the embryonic development of MCs. Selecting mice in which some
pigmentation remained, we next examined whether or not MSCs are
maintained in such pigmented follicles and we found that all remaining
pigmentation disappeared in the next hair cycle. These results indicate
that the Notch signal is required both in embryonic development of MCs
and in maintenance of MSCs in the HF. Because pigmentation is not re-
quired in the life of the mouse, the MC stem cell system provides an
ideal model for analyzing the function of molecules in vivo.

6 Induction of Quiescent MSCs Requires Multiple Steps

Another important molecular signature of MSCs is the low expression
of genes that are essential for development of MC. This group of genes
includes the most upstream genes, such as Sox10 and Mitf, and genes
that are regulated by these upstream genes, although there are genes
such as Pax3 whose expression is also maintained in MSCs. Recent
studies suggested the involvement of the Wnt signal in the activation
of Mitf and Sox10 and therefore their downstream genes(Lang et al.
2005). During migration of MCs into developing HFs, those migrating
to the hair matrix maintain expression of these genes, whereas those
trapped in the bulge region become negative in this expression. This
result strongly suggests that the downregulation of these genes is an ac-
tive process involving extrinsic signals. Because the expression of these
genes has been implicated to be regulated by the Wnt signal, it is likely
that the Wnt signal is somehow suppressed in MSCs. Consistent with
this, it was demonstrated that a high level of Wnt inhibitors, such as
Dkk3, Sfrp1, and Dab2, are expressed in the bulge region of HFs (Mor-
ris et al. 2004; Tumbar et al. 2004). Moreover, MSCs themselves ex-
pressed a higher level of Wnt inhibitors, such as Wifl, Sfrpl, Dab2,
and Dkk4(Osawa et al. 2005). From these results, we speculated that
inhibition of the Wnt signal is an essential process for the induction of
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quiescent MSCs, which takes place during the MC migration into devel-
oping HFs. Indeed, histological study showed that Sox10 expression in
MC:s is downregulated at the upper area of developing HFs, while those
reached in the lower part of HFs express Sox10 (Osawa et al. 2005).

However, it is clear that Wnt inhibition may not be sufficient for in-
ducing MCs to become quiescent MSCs. For instance, the downregu-
lation of a set of housekeeping genes is another important feature of
MSCs, but it is unlikely that expression of housekeeping genes is regu-
lated by the Wnt signal. More strikingly, we have found that MSCs
freshly isolated from the bulge region of HFs are able to survive for
more than a week in a simple medium without exogenous growth fac-
tors (our unpublished observation). This suggests that in the final stage
of MSC differentiation, MSCs have acquired an autonomous ability to
survive in the absence of a supporting microenvironment. Of interest
in this context are previous studies showing that epigenetic silencing of
Wht inhibitors is found in colorectal cancer (Suzuki et al. 2004). Thus
Wht inhibitors play a role in controlling the tumor cells. If quiescent
stem cells exist in such cancers, it would be interesting to know whether
or not they inactivate the Wnt pathway again to gain quiescence.

7 A Working Hypothesis for the Induction
of Quiescent MSCs

Figure 3 summarizes our working hypothesis about the process by which
proliferating MCs generated through embryonic development are in-
duced to become quiescent MSCs. In this model, at least three distinct
processes are supposed to be completed in order to induce the quies-
cent MSC: (1) downregulation of housekeeping genes by a mechanism
that suppresses transcription in a global manner, (2) downregulation of
MC-specific molecules by inhibiting the Wnt signal, and (3) acquisition
of a cell-autonomous survival ability in the absence of a niche. We are
speculating that all three processes are regulated extrinsically by the ad-
jacent environment. However, we are also proposing that once quiescent
MSC:s are induced, the role of a niche may be limited, because MSCs
can survive autonomously.
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Signal ? Signal Signal ?

(Wnt inhibitors)
Downregulation Acquisition of
of house keeping  gppression of MC  Niche independent
genes dut_: to master genes such  survival
suppression of 55 50410 and Mitf
RNA transcription Completion of MSC
( probably Block of differentiation
downregulation differentiation
of cdk9)

Developing MC

Signal

(Wnt from hair papilla)

Irreversible commitment to
differentiation

Production of pigmented MC

Fig. 3. Three steps during the induction of the quiescent stem cell, which is
regulated extrinsically by the microenvironment. During neonatal development,
melanocyte differentiation diverges into two pathways. One is to undergo ir-
reversible commitment to mature melanocytes with pigmentation, which takes
place in the population migrating to the hair matrix. The second pathway is
possible only for the melanocytes remaining in the upper part of the developing
hair follicles. From gene expression analysis, three distinct steps are supposed
to be required for inducing quiescent stem cells. At the end of these processes,
the stem cell acquires a cell-autonomous survival ability

How is transcription of housekeeping genes is suppressed? What is
the actual order of the three processes? How is the cell-autonomous
survival ability induced in MSCs? All these questions remain for future
study. Our preliminary data suggested that the proportion of RNA poly-
merase II (Pol II) whose serine 2 residue is phosphorylated is signifi-
cantly low in MSCs, although it is found abundantly in most cells. These
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data suggest that the global transcriptional suppression is due to ineffi-
cient elongation that requires serine 2 phosphorylation of Pol II. Inter-
estingly, low serine 2 phosphorylation is observed before downregula-
tion of Sox10 (Freter et al., unpublished data). This result suggests that
global suppression, Wnt inhibition, and induction of cell-autonomous
ability for survival would be the actual order of the three processes, al-
though further studies are required to determine the actual order.

8 Induction of Quiescent MSCs In Vitro:
Future Direction

As described previously, there is an established method for MC-specific
gene manipulation. Thus evaluation of the functional role of any
molecules in the induction of the quiescent MSC may not be difficult.
Moreover, we have a definite prediction about the phenotype due to
MSC-specific failure. Because MSC differentiation is completed later
than MC colonization into hair matrix, defects specifically affecting the
MSC should be expressed as a mouse that is born pigmented, but is
loosely pigmented in the next hair cycle.

On the other hand, evaluation of an extrinsic signal involved in the
induction of quiescent MSCs may not be easy. There is no established
method to manipulate genes in the microenvironment adjacent to MSCs.
In fact, nearly nothing is known concerning the cellular nature of the
functional microenvironment for MSCs. We think that in vitro culture
of embryonic MCs may solve this problem, because in vitro culture
provides an easier assessment of extrinsic molecules on MCs. The goal
of the in vitro study is thus to define the extrinsic condition that induces
the quiescent MSC from the proliferating MC.

While a number of culture conditions have been reported for MCs,
we found that none of the previous methods is suited for culturing pu-
rified MCs. Probably this is because previous culture conditions are op-
timized for cell mixtures containing MCs in the presence of other skin
components. Hence, we explored the culture conditions that can sup-
port proliferation and differentiation of MCs that are freshly purified
from skin and found that a keratinocyte cell line, XB2 (Rheinwald and
Green 1975), is able to support clonogenic proliferation of purified MCs
(Yonetani et al., in press). The proliferation of MCs under these culture
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conditions is c-Kit dependent, and its differentiation is promoted by
endothelin. More importantly, MCs in the culture can reconstitute the
whole MC stem cell system in the in vivo assay of hair reconstitution
from dissociated keratinocytes. This indicates that MCs proliferating in
culture are functional also in vivo and can give rise to MSCs upon en-
countering the in vivo microenvironment. Hence, it is likely that the new
culture conditions recapitulate the actual processes in the mouse skin.

With this new tool, we are currently trying to identify molecules that
can induce the quiescent MSCs from proliferating MCs. To date, what
we have discovered in the in vitro system is that bFGF can support
proliferation of MCs while suppressing further differentiation and also
that bFGF can generate a population that can survive in the absence of c-
Kit. Clearly, more studies are needed to attain our goal of inducing the
quiescent MSC in this culture system. Nonetheless, we are confident
that all necessary tools are ready for studying quiescence in the MC
stem cell system.

Coming back to the questions of whether the two definitions of can-
cer stem cells, resistance to cancer treatment and proliferative activity
in the secondary recipient, represent different features of the same can-
cer stem cell or two different cancer stem cells, our preliminary result in
MSCs would be interesting. That is, when we compared the prolifera-
tion of MCs from the hair matrix and quiescent MSCs in the upper part
of HFs in the new culture system, we unexpectedly found that only the
quiescent MSCs undergo sustained proliferation (Fig. 2). This indicates
that although MCs in the hair matrix are proliferating in vivo, they are
already committed to the differentiation pathway. Nonetheless, in the
MC stem cell system, proliferative ability in the culture and quiescence
are two features of the same MSC. Hence, a similar situation is also
likely to be present in some cancer. In this context, we are interested
in the fact that chronic myelocytic leukemia and GIST are malignan-
cies that share some common features with the MC stem cell system.
Both are derived from cells that are c-Kit dependent, and stem cells
can be defined in terms of resistance to treatments that inhibit prolifera-
tive signals. Hence, our study on the molecular mechanisms underlying
induction of quiescent MSCs by extrinsic factors will provide an im-
portant clue for understanding those cancer stem cells and help in the
development of new therapies.
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Abstract. Mutations leading to overexpression and activation of the oncogenes
Myc and Ras are among the most frequent lesions known to occur in human
and murine cancers. These genes are also the pioneering example for oncogene
cooperation during tumorigenesis, whereby the anticancer effects of Myc dereg-
ulation (apoptosis) and oncogenic Ras (senescence) are antagonized and there-
fore canceled out by each other. Here I review the role of endogenous and over-
expressed c-Myc in murine skin, focusing primarily on epidermal stem cells.
In addition, recent data suggesting an essential role for the endogenous c-Myc-
p21€™P1 pathway in Ras-driven skin tumorigenesis are discussed.
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1 The Myc Proto-oncogenes

Human c-Myc was the second proto-oncogene identified and encodes
a short-lived basic-helix-loop-helix-leucine zipper protein localized in
the nucleus. Overexpression of Myc family members has been detected
in a large variety of human cancers including Burkitt lymphoma (c-
Myc), neuroblastoma (N-Myc), and small cell lung cancer (L-Myc)
(Grandori et al. 2000). However, despite its early recognition as a crucial
gene promoting tumorigenesis, the molecular and cellular functions of
Myc proteins, particularly their physiological roles in vivo, remain sur-
prisingly enigmatic. Myc proteins dimerize with Max, and Myc-Max
heterodimers can activate or repress two large, independent sets of tar-
get genes (Fernandez et al. 2003; Adhikary and Eilers 2005; Dang et al.
2006; Guccione et al. 2006). In addition, recent data suggest a possible
novel function for Myc activity in controlling global chromatin struc-
ture (Knoepfler et al. 2006). The biological roles of Myc activity are
manifold and include promotion of proliferation, angiogenesis, cellular
growth, and apoptosis, as well as inhibition of terminal differentiation.
In contrast to L- myc, which is a nonessential gene, both c-Myc and N-
Myc are required for embryonic development, and knockout embryos
die at E10.5 and E11.5, respectively, making it necessary to employ con-
ditional approaches to study these genes in the adult organism (Trumpp
et al. 2001; Knoepfler et al. 2002; Murphy et al. 2005). Recent stud-
ies have uncovered an unexpected novel role for Myc activity in the
differentiation of blood stem cells. Here c-Myc appears to control the
balance of hematopoietic stem cell (HSC) self-renewal and differentia-
tion by controlling their entry and exit from the stem cell niche (Wilson
et al. 2004; Murphy et al. 2005). In addition, gain- and loss-of-function
studies of c-Myc in the skin epidermis and the intestine indicate a role
for this gene in stem/progenitor function (Arnold and Watt 2001; Waikel
et al. 2001; Benitah et al. 2005; Bettess et al. 2005; Murphy et al. 2005;
Zanet et al. 2005; Muncan et al. 2006; Oskarsson et al. 2006). More-
over, c-Myc is one of only four genes (together with KLF4, Oct3/4,
and Sox2) sufficient for the generation of embryonic stem cell-like cells
directly from adult tail fibroblasts (Takahashi and Yamanaka 2006), fur-
ther implicating Myc activity in the regulation of stem cell function.
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2 Distinct Consequences of c-Myc Overexpression
in Epidermal Cell Types

A number of transgenic mouse models have been used to study the in
vivo effects of c-Myc ectopic or overexpression in murine skin. For ex-
ample, human c-Myc (Waikel et al. 1999) or 4-OH tamoxifen-inducible,
human c-MycER (Pelengaris et al. 1999; Flores et al. 2004) were tar-
geted to the postmitotic (endogenously c-Myc"°®) suprabasal compart-
ment of the skin with the loricrin or involucrin promoters, respectively.
In both cases, the mice developed epidermal hyperplasia and papillo-
mas as a result of differentiated keratinocytes re-entering the cell cy-
cle while subsequent terminal differentiation was inhibited. Interest-
ingly, Loricrin-Myc mice exhibit reduced sensitivity to UV-B-induced
apoptosis, suggesting that Myc may possess unexpected antiapoptotic
functions, at least in some cell types (Waikel et al. 1999). Similar tu-
mors were obtained by overexpressing mouse c-Myc within the basal
layer of the epidermis, hair follicle outer root sheath, sebaceous glands,
and hair follicle bulge region with the keratin 5 (K5) promoter (Roun-
behler et al. 2001). In contrast to the loricrin-Myc mouse model, p53-
dependent apoptosis was substantially increased in K5-Myc mice, indi-
cating that Myc-mediated apoptosis/survival might be cell type specific
and/or stress dependent. Interestingly, K5-Myc skin showed enhanced
sensitivity to DMBA/TPA two-stage skin carcinogenesis because pa-
pillomas appeared earlier and more frequently and were significantly
larger in size compared to controls. In addition, high c-Myc activity was
observed to promote conversion from benign papillomas to malignant
carcinomas (Rounbehler et al. 2001).

Finally, two mouse models have been produced that use the kera-
tin 14 (K14) promoter to overexpress human c-Myc or c-MycER in the
same regions as K5-Myc. Both of these mouse models develop seba-
ceous and epidermal hyperplasia at the expense of hair follicle develop-
ment, suggesting a role for c-Myc in early cell fate decisions (Arnold
and Watt 2001; Waikel et al. 2001; Owens and Watt 2003). In addition,
the migration of keratinocytes was impaired both in vitro and in vivo,
and a large number of genes involved in adhesion and migration, such
as Pp-integrin, were downregulated, linking c-Myc activity to a possi-
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ble role in controlling cell adhesion and migration (Frye et al. 2003;
Gebhardt et al. 2006).

Most interestingly, K14-Myc mice also present with a complete loss
of epidermal tissue in areas associated with physical stress, such as
around the head and neck, due to scratching. This observation raised
the hypothesis that sustained elevated levels of c-Myc activity prevent
the maintenance of epidermal stem cells (ESCs) in areas of high tis-
sue renewal and repair. This theory is supported by the observation
that putative epidermal stem cells, identified as BrdU “label-retaining
cells”, are severely depleted within K14-Myc hypoplastic epidermis
(Waikel et al. 2001). Epidermal loss was also observed in mice lack-
ing Racl, a small GTP-binding protein of the Rho family that con-
trols cell adhesion and cytoskeletal architecture, in the epidermis (Ben-
itah et al. 2005). Similar to the K14-Myc mice, elimination of Racl
in the epidermis caused a transient hyperplasia followed by epidermal
thinning and finally loss of normal skin function, suggesting ESC de-
pletion. Most strikingly, this phenotype was associated with increased
c-Myc expression, and the authors demonstrated that Racl negatively
regulates c-Myc expression through p2l-activated kinase 2 (PAK2)
phosphorylation (Benitah et al. 2005). Although the exact mechanism
for the loss of ESCs in these models still remains to be elucidated, one
plausible explanation is the premature differentiation of ESCs, similar
to what has been observed in HSCs overexpressing c-Myc (Wilson et al.
2004; Wilson and Trumpp 2006). The mechanism by which c-Myc ac-
tivity is thought to regulate the stem cell populations of both skin and
blood is mediated by influencing the interaction of stem cells with the
specialized stem cell microenvironment, known as the stem cell niche.
Myc overexpression downregulates the expression of a number of crit-
ical cell adhesion molecules on stem cells, promoting their exit from
the niche, which induces differentiation and subsequent loss of multi-
potent stem cell activity (Frye et al. 2003; Wilson et al. 2004; Murphy
et al. 2005; Wilson and Trumpp 2006). At first glance this may appear
counterintuitive, considering the substantial tumor-promoting activity
of c-Myc. However, it is important to note that, in addition to its role
in driving proliferation of progenitor cells by inhibiting cell cycle exit,
c-Myc also blocks terminal differentiation. Therefore, c-Myc expres-
sion strongly increases the usually very low self-renewal activity of
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progenitor populations, causing the typical hyperplastic phenotypes fre-
quently associated with high Myc activity in preneoplastic lesions (Cory
et al. 1999; Grandori et al. 2000). In summar