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The present invention is directed to methods for readily
propagating somatic hair follicle stem cells or melanocyte
stem cells. The methods comprise enhancing guanine nucle-
otide (GNP) biosynthesis, thereby expanding guanine nucle-
otide pools. This in turn conditionally suppresses asymmetric
cell kinetics in the explanted cells. The methods of the inven-
tion include pharmacological methods and genetic methods.
For example, the resulting cultured somatic hair follicle stem
cells can be used for a variety of applications including cell
replacement therapies such as hair transplants, gene thera-
pies, and tissue engineering applications, such as the genera-
tion of artificial skin and skin regeneration strategies includ-
ing skin grafts.
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METHODS FOR EX VIVO PROPAGATION OF
SOMATIC HAIR FOLLICLE STEM CELLS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit under 35 U.S.C.
119 (e) of the U.S. provisional Patent Application No. 60/577,
532, filed Jun. 7, 2004.

GOVERNMENT FUNDING

This invention was supported by National Science Foun-
dation grant 9843342 and the government of the United States
has certain rights thereto.

FIELD OF THE INVENTION

The present application is directed to the ex vivo expansion
of hair follicle stem cells and melanocyte stem cells and to
their use in cell replacement therapies including skin grafts,
hair transplantation strategies, and tissue engineering appli-
cations. Preferably somatic hair follicle stem cells from
human tissue are used.

BACKGROUND OF THE INVENTION

Stem cells have the ability to differentiate into a variety of
cells and tissues. Thus, considerable attention has focused on
stem cells and their uses in a multitude of applications,
including tissue engineering, tissue regeneration, and gene
therapy. Stem cells have been isolated from both embryonic
and adult tissues. Somatic stem cells that are derived from
adult tissue still have the ability to renew adult tissues (Fuchs
and Segre, 2000). Thus, in light of the ongoing controversies
surrounding the use of embryonic stem cells, the use of
somatic stem cells are a particularly attractive alternative.

The presence of stem cells in somatic tissues has been well
established using functional tissue cell transplantation assays
(Reisner et al., 1978). However, isolation and propagation of
somatic stem cells has proven difficult. Methods to isolate and
expand stem cells from somatic tissue, particularly without
significant differentiation, are highly desirable. There have
been some questions raised regarding how multi-potent adult
stem cells are related to embryonic stem cells. Thus, it is
important to be able to obtain and cultivate many different
types of somatic stem cells. In particular, the availability of a
method for producing hair follicle stem cells and melanocyte
stem cells from adult tissues would greatly contribute to cell
replacement therapies and tissue engineering. For example,
hair follicle stem cells have the ability to produce hair, sweat
glands. sebaceous glands and skin cells (Oshima et al., 2001).
One of the problems encountered with artificial skin is that it
does not have sweat glands or sebaceous glands, leading to
problems with thermo-regulation and dryness, respectively,
when large segments are grafted. It would be desirable to have
other cells that could be used in tissue engineering applica-
tions, such as in the generation of functional skin grafts.

There has been considerable difficulty encountered in
obtaining human somatic hair follicle stem cells that can be
propagated and cultured ex vivo. One factor is the predomi-
nant way somatic stem cells divide is by asymmetric cell
kinetics. During asymmetric kinetics, one daughter cell
divides with the same kinetics as its stem cell parent, while the
second daughter gives rise to a differentiating non-dividing
cell lineage. The second daughter may differentiate immedi-
ately: or, depending on the tissue, it may undergo a finite
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number of successive symmetric divisions to give rise to a
larger pool of differentiating cells.

Such asymmetric cell kinetics are a major obstacle to
somatic cell expansion in vitro (Merok and Sherley, 2001;
Rambhatla et al., 2001; Sherley, 2002). In culture, continued
asymmetric cell kinetics results in dilution and loss of an
initial relatively fixed number of stem cells by the accumula-
tion of much greater numbers of their terminally differentiat-
ing progeny. If a sample includes both exponentially growing
cells as well as somatic stem cells, the growth of the expo-
nentially growing cells will rapidly overwhelm the somatic
stem cells, leading to their dilution. Even in instances where
it is possible to select for relatively purer populations, for
example by cell sorting, asymmetric cell kinetics prevent
expansion.

Another factor is that during the hair growth cycle, the cells
are believed fo migrate from the bulge region to a place at the
base of the hair follicle known as the bulb (Fuchs, 2001).
These migratory patterns and the general difficulty of dissect-
ing these regions from hair follicles have foiled attempts to
establish hair follicle stem cell lines.

Thus, despite the need for methods to isolate such stem
cells from an individual and expand them ex vivo, it has not
been possible to do so.

SUMMARY OF THE INVENTION

We have now invented methods for readily propagating
somatic hair follicle stem cells and melanocyte stem cells.
The methods shift hair follicle stem cells from asymmetric
cell kinetics to symmetric cell kinetics, which promote expo-
nential expansion of adult stem cells in culture. Symmetric
stem cell kinetics are characterized by divisions that produce
two stem cells and no differentiating cells. This shift in kinet-
ics symmetry is referred to as “suppression of asymmetric
cell kinetics.” The methods comprise enhancing guanine
nucleotide (GNP) biosynthesis. thereby expanding guanine
nucleotide pools. This in turn conditionally suppresses the
asymmetric cell kinetics exhibited by for example somatic
hair follicle cells. The methods of the invention include phar-
macological methods and genetic methods. One preferred
method of enhancing guanine nucleotide biosynthesis is to
bypass or override normal inosine-5'-monophosphate dehy-
drogenase (IMPDH) regulation. IMPDH catalyzes the con-
version of inosine-5' monophosphate (IMP) to xanthosine
monophosphate (XMP) for guanine nucleotide biosynthesis.
This step can be bypassed or overridden by providing a gua-
nine nucleotide precursor (rGNPr) such as xanthosine or
hypoxanthine, respectively. The next metabolite in the GNP
pathway is guanine monophosphate (GMP), which in turn is
metabolized to the cellular guanine nucleotides. The resulting
cultured somatic hair follicle stem cells can be used for a
variety of applications including cell replacement therapies
such as hair transplants, gene therapies, and tissue engineer-
ing such as skin grafts.

In one preferred embodiment of the invention, somatic hair
follicle stem cells or melanocyte stem cells are removed,
preferably hair follicle stem cells, and cultivated in the pres-
ence of compounds such as guanine nucleotide precursors
(rGNPrs), which lead to increased guanine nucleotide pools.
Preferably, the rGNPr is xanthosine or hypoxanthine. Even
more preferably, the rGNPr is xanthine.

In another preferred embodiment of the invention, the
somatic hair follicle stem cells are propagated in a primitive
undifferentiated state but retain the ability to be induced to
produce differentiating progeny cells. Differentiation can be
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induced by the site where the cell is placed in a subject or
appropriately engineered material.

Another preferred embodiment provides for deriving
clonal lines of somatic hair follicle stem cells by limiting
dilution plating or single cell sorting in the presence of com-
pounds which enhance guanine nucleotide biosynthesis,
thereby suppressing asymmetric cell Kinetics.

In another embodiment of the invention, genes that lead to
constitutive upregulation of guanine ribonucleotides (rtGNPs)
are introduced into the somatic hair follicle stem cells. Pre-
ferred genes are those that encode inosine-5'monophosphate
dehydrogenase (IMPDH) or xanthine phosphoribosyltrans-
ferase (XPRT). More preferably, XPRT.

In yet another embodiment, the guanine nucleotide precur-
sor (rGNPr) such as xanthosine, xanthine and hypoxanthine
can be added topically to a subject having hair follicle cells.
Preferably one adds a topical substance containing xanthine
or hypoxanthine as the active ingredient. One preferred area
of topical administration is the scalp.

Another embodiment of the invention provides methods
for administering hair follicle stem cells or melanocyte stem
cells to a patient in need thereof, comprising the steps of (1)
isolating the stem cells from an individual; (2) expanding for
example the somatic hair follicle stem cells in culture using
pharmacological or genetic methods to enhance guanine
nucleotide biosynthesis to expand guanine nucleotide pools
and suppress asymmetric cell kinetics; and thereafter, (3)
administering the expanded hair follicle stem cells to said
individual in need thereof.

Further embodiments of the invention provide for addi-
tional manipulations, including genetic manipulation of the
somatic hair follicle stem cells or melanocyte stem cells prior
to administration to the individual.

Another preferred embodiment provides for the use of
expanded somatic hair follicle stem cells or melanocyte stem
cells to identify molecular probes specific for such stem cells
in tissues or tissue cell preparations.

Another preferred embodiment of the invention provides
transgenic non-human animals into whose genome is stably
integrated an exogenous DNA sequence comprising a ubiqg-
uitously-expressed promoter operably linked to a DNA
sequence encoding a protein that leads to constitutive upregu-
lation of guanine nucleotides, including the gene encoding
inosine-5'-monophosphate dehydrogenase (IMPDH) or xan-
thine phophoribosyl transferase (XPRT). Preferably, the
transgene is XPRT driven by a ubiquitously expressed pro-
moter. Preferably, the transgenic animal is a mouse.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1B depict the in vivo asymmetric kinetics of
somatic stem cells. FIG. 1A, In vivo, somatic stem cells (§SC,
bold-lined circles) can exhibit one of three division programs:
1) Highly restricted symmetric kinetics that produce two
similar somatic stem cells (brackets); 2) Dormancy (stippled
circle); and 3) Asymmetric kinetics, the most populated
somatic stem cell kinetics state in most tissues. Asymmetric
somatic stem cells underlie turnover units (TU; Hererro-
Jimenez et al., 1998). Turnover units are comprised of three
cell types: an asymmetric somatic stem cell, transit cells
{thin-lined open circle), and mature, differentiated, non-di-
viding terminal cells (closed circle). Asymmetric somatic
stem cells divide to produce another asymmetric somatic
stem cell and a transit cell. Depending on the type of tissue,
the transit cell may undergo no further division, or a finite
number of successive divisions may occur. However, all tran-
sit lineage cells mature into differentiated, non-dividing ter-
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minal cells. FIG. 1B, Mde1 cells with conditional asymmetric
cell kinetics (due to p53-induced down-regulation of
IMPDH) can be induced to switch from symmetric kinetics
(left compartment) to two types of asymmetric kinetics pro-
grams (right compartment) that have the key features of
asymmetric somatic stem cell kinetics in vivo.

FIG. 2 depicts a cell kinetics barrier to the expansion of
somatic stem cells in vitro. Of explanted tissue cells, somatic
stem cells (bold-lined, open circles) have the capacity for
long-term division ex vivo. However, if they retain even a
rudimentary form of their in vivo asymmeiric cell kinetics
program, in vitro, their numbers will not increase. Instead,
they will be diluted by the continuous accumulation of cells in
terminal arrest lineages (closed circles). Continuous passage
of cultures will result in “senescence” as a kinetics endpoint.
In order to establish an immortal cell line, mutations must
occur that either interfere with the maturation of terminal
cells (immature terminal cells, thin-lined open circles) or that
convert stem cells to symmetric exponential Kinetics. in
which only stem cells are produced. If asymmetric stem cell
kinetics were suppressed, this model predicts that stem cells
could be expanded in culture with fewer growth-activating
mutations, like p53 mutations. P53 mutations relieve repres-
sion of IMPDH expression.

FIG. 3 shows the explosive outgrowth of hair follicle cells
when rGNPrs are used for selection. Hair follicle (HF) in
culture with stem cell multiplication technique applied. Bot-
tom (B) of follicle’s collagen capsule has burst open due to
inability to contain rapidly multiplying hair follicle cells.
Outgrowing follicle cells (FCs) are morphologically distinct
from fibroblasts (F) seen in FIG. 4.

FIG. 4 shows the poor outgrowth of hair follicle cells when
multiplication technique using rGNPrs is not employed. Hair
follicle (HF) in culture with undesirable fibroblasts (F) grow-
ing from untreated outer surface. HS, hair-shaft exiting hair
follicle.

FIG. 5 shows a micrograph of undifferentiated hair follicle
stem cell line 5B8. This is a representative micrograph of
crystal violet-stain for one of several hair follicle stem cell
lines prepared and cultured under non-differentiating condi-
tions.

FIG. 6 shows the production of differentiated cell types by
culturing hair follicle stem cell line 5B8 under differentiating
conditions. Micrograph of crystal violet-stain for line SB8
cells under conditions that promote cell differentiation. Dif-
ferentiated cells contain vesicles (V) not present when grown
under routine culture conditions. These vesicles also contain
lipids, the chief byproduct of the skin’s oil-producing acces-
sory organ. the sebaceous gland. Thus, SB8 cells have the
ability to produce differentiated skin accessory organs, one of
the principal properties of hair follicle stem cells.

FIG. 7 shows a transmission electron microscopy (TEM)
analysis of the ultrastructure of the putative hair follicle stem
cell line 5B8. A transmission electron micrograph shows a
primary cilium (P) that protrudes from the interior of a 5B8
cell. This analysis shows that this clonally-derived hair fol-
licle cell line is capable of producing at least two types of
differentiated cells, one characterized by primary cilium for-
mation and the other by sebaceous differentiation (as shown
in FIG. 6).

FIGS. 8A-8B show differentiated phenotypes of a Xn-
derived hair follicle epithelial cell line. FIG. 8A and FIG. 8B
show phase micrographs of crystal violet-stained colonies of
a Xn-derived clonal hair follicle cell line (40x mag.). FIG. 8A,
In the center of colonies, where cells are growth-arrested, a
high degree of differentiation is evident by dark purple cells,
which contain light-reflective vesicles. FIG. 8B, At the colony
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edges, where there is active cell growth, few differentiated
cells are present. FIG. 8C, A higher magnification (400x)
light micrograph shows vesicles in crystal-violet stained
cells. Note that the differentiated cells lie amidst undifferen-
tiated cells with crystal-violet stained nuclei.

FIGS. 9A-9D show that a colcemid arrest assay (CAA) can
detect asymmetric self-renewal in cultures of engineered cell
lines. After 24 hours of culture, p53-null cells (FIGS. 9A and
9C) and p53-inducible cells (FIGS. 9B and 9D; i.e., inducible
IMPDH down-regulation) grown under conditions that
induce asymmetric self-renewal in cultures of p53-inducible
cells, were either allowed to continue growth (FIG. 9A and
FIG. 9B) or were treated with colcemid (FIG. 9C and FIG.
9D). Shown are flow cytometry histograms from analyses of
untreated and treated cultures for propidium iodine fluores-
cence, indicating relative DNA content. In FIGS. 9A and 9B,
the left major peak corresponds to G1 cells with 2N DNA
content. The right major peak corresponds to G2/M cells with
4N DNA content. S phase cells with variable DNA content
contribute the fluorescence area between the major two
peaks. The G1 peak that remains in FIG. 9D after colcemid
arrest reflects the large fraction of arrested cells produced by
asymmetric self-renewal in cultures of p53-expressing cells
(i.e., IMPDH down-regulated). The colcemid arrest profile of
symmetrically cycling p53-null cells (FIG. 9C) is consistent
with their known very low fraction of non-cycling cells.

FIGS. 10A-10D shows CAA detection of non-cycling
progeny cells in cycling cultures of a mouse hair follicle stem
cell line. Lig-8 cells with independently confirmed asymmet-
ric self-renewal (Semino et al., 2003; Lee et al., 2003, 2004)
was used as a positive control, FIGS. 10A and 10C. One of
three different mouse hair follicle epithelial cell lines (FIGS.
10B and 10D). with independent evidence of sebocyte differ-
entiation. were evalnated. FIGS. 10A and 10B, respective
untreated cells under routine growth conditions. FIGS. 10C
and 10D, respective colcemid treated cultures. The persistent
major left peak at the position of G1 cells with 2N relative
DNA content in FIG. 10C reflects the known production of
non-cycling progeny cells produced by the asymmetric self-
renewal Lig-8 cells. In FIG. 10D, hair follicle cells show a
similar DNA content profile, consistent with a large fraction
of asymmetrically self-renewing adult stem cells.

FIGS. 11A-11D show colcemid arrest evidence for asym-
metric self-renewal by putative adult mouse hair follicle stem
cells. Strain 3C5, a typical xanthine-derived cell strain (FIGS.
11 A and 11B) and strain 5B8, a vesicle forming strain (FIGS.
11C and 11D), were cultured in the presence (FIG. 11B and
FIG. 11D) and absence (FIG. 11A and FIG. 11C) of the
mitotic blocker colcemid for approximately 1 cell generation.
Cultures were evaluated by flow cytometry with propidium
iodide. The flow cytometry histograms show G1 phase cell
peaks (at a relative fluorescent intensity of 200 on the
abscissa) that do not progress to a G2/M arrest by colcemid (at
400). These colcemid arrest profiles are indicative of asym-
metrically self-renewing adult stem cells that produce non-
cycling, differentiating progeny cells continuously. The rela-
tive cell cycle fractions are indicated in the top right corner for
each histogram.

DETAILED DESCRIPTION OF THE INVENTION

We have now discovered methods for propagating somatic
hair follicle stem cells and melanocyte stem cells by condi-
tionally suppressing asymmetric cell kinetics in the explanted
hair foilicle stem cells. This is accomplished by enhancing
guanine nucleotide biosynthesis, thereby expanding guanine
ribonucleotide pools. The methods of the invention include
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pharmacological methods and genetic methods. Somatic hair
follicle stem cells can be used for a variety of applications
including. but not limited to, cell replacement therapies such
as hair transplants, gene therapies, tissue engineering of such
as artificial skin and skin graft technology.

As used herein, somatic hair follicle stem cells derived
from adult tissues are sometimes referred to as somatic stem
cells or hair follicle stem cells or simply as stem cells.
Somatic hair follicle stem cells include any stem cell isolated
from the hair follicle. As used herein a stem cell is multi-
potent and can give rise to a number of different cells, in
contrast to differentiated cells. These include, but are not
limited to, the multi-potent stem cell that gives rise to at least
four different epidermal structures, the hair shaft, sebaceous
glands. sweat glands, and epidermal keratinocytes (skin cells)
and melanocyte stem cells responsible for producing melano-
cytes that produce melanin and put pigment into the hair
shatt.

Adult somatic stem cells predominantly divide by asym-
metric cell kinetics (see FIG. 1). While somatic stem cells
also undergo limited symmetric divisions (that produce two
identical stem cells) in developing adult tissues, such sym-
metric kinetics are restricted to periods of tissue expansion
and tissue repair. Inappropriate symmetric somatic stem cell
divisions evoke mechanisms leading to apoptosis of duplici-
tous stem cells (Potten and Grant, 1998). Some stem cells
may also lie dormant for long periods before initiating divi-
sion in response to specific developmental cues, as in repro-
ductive tissues like the breast. However, the predominant cell
kinetics state of somatic stem cells is asymmetric (Cairns,
1975; Poldosky, 1993; Loeffler and Potten, 1997).

During asymmetric cell kinetics, one daughter cell divides
with the same kinetics as its stem cell parent, while the second
daughter gives rise to a differentiating non-dividing cell lin-
eage. The second daughter may differentiate immediately; or
depending on the tissue, it may undergo a finite number of
successive symmetric divisions to give rise to a larger pool of
differentiating cells. The second daughter and its dividing
progeny are called transit cells (Loeffler and Potten, 1997).
Transit cell divisions ultimately result in mature, differenti-
ated. terminally arrested cells. In tissues with high rates of cell
turnover, the endpoint for differentiated terminal cells is pro-
grammed cell death by apoptosis.

Asymmetric cell kinetics evolved in vertebrates as a
mechanism to insure tissue cell renewal while maintaining a
limited set of stem cells and constant adult body mass. Muta-
tions that disrupt asymmetric cell kinetics are an absolute
requirement for the formation of a clinically significant tumor
mass (Caims, 1975). In many ways, asymmetric cell kinetics
provide a critical protective mechanism against the emer-
gence of neoplastic growths that are life threatening.

In culture, continued asymmetric cell kinetics of explanted
cells are a major obstacle to their expansion in vitro (FIG. 2).
Ongoing asymmetric kinetics results in dilution and loss of an
initial relatively fixed number of stem cells by the accumula-
tion of much greater numbers of their terminally differentiat-
ing progeny. If a sample includes both exponentially growing
cells as well as somatic stem cells, the growth of the expo-
nentially growing cells will rapidly overwhelm the somatic
stem cells, leading to their dilution.

One regulator of asymmetric cell kinetics is the p53 tumor
suppressor protein. Several stable cultured murine cell lines
have been derived that exhibit asymmetric cell kinetics in
response to controlled expression of the wild-type murine
p33 (FIG. 1 B). (Sherley, 1991; Sherley et al, 1995 A-B; Liu
etal., 1998 A-B: Rambhatla et al., 2001).
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The p53 model cell lines have been used to define cellular
mechanisms that regulate asymmetric cell kinetics. In addi-
tion to p53, the rate-limiting enzyme of guanine nucleotide
biosynthesis, inosine-5'-monophosphate  dehydrogenase
(IMPDH) is an important determinant of asymmetric cell
kinetics. IMPDH catalyzes the conversion of IMP to xan-
thosine monophosphate (XMP) for guanine nucleotide bio-
synthesis. This enzymatic reaction is rate-determining for the
formation of the next metabolite in the pathway. GMP, from
which all other cellular guanine nucleotides are derived.

Accordingly, high levels of GNPs promote exponential
kinetics, whereas low levels of GNPs promote asymmetric
cell kinetics. The present invention provides methods for
expanding somatic hair follicle stem cells or melanocyte stem
cells ex vivo by enhancing guanine nucleotide biosynthesis,
thereby expanding cellular pools of GNPs and conditionally
suppressing asymmetric cell kinetics.

According to methods of the invention, expansion of the
human multi-potent somatic hair follicle stem cells can start
with only a single cell. Preferably, one can start with a com-
position containing only 1% human multi-potent somatic hair
follicle stem cells. These multi-potent human hair follicle
stem cells can be enriched up to at least 30%. for example at
least 40%, 50%. 60%, 70%, 80%, 90%, 95% of the entire
composition because of the suppression of asymmetric cell
kinetics.

Mechanisms which function downstream of the GNPs to
regulate cell kinetics (i.e. asymmetric v. symmetric) can also
be used to conditionally suppress asymmetric cell kinetics
thereby effectively permitting a greater percent of expression
by the stem cell. These mechanisms include both genetic
and/or pharmacological approaches, analogous to those
described in detail herein. For example, one can enhance
expression of a protein downstream of the GNP biosynthesis
pathway, if that protein inhibits asymmetric cell kinetics.
Alternatively, one can downregulate expression of a protein
downstream of the GNP pathway if it promotes asymmetric
cell kinetics.

Pharmacological Methods for Stem Cell Expansion

In the pharmacological method of the present invention,
somatic hair follicle stem cells or melanocyte stem cells are
cultivated in the presence of compounds which enhance gua-
nine nucleotide biosynthesis. This expands guanine nucle-
otide pools, which in turn suppress the undesired asymmetric
cell kinetics thereby permitting expansion of stem cells
resulting in production of a greater percent of stem cells.
Preferably, the compounds are guanine nucleotide precursors
(rGNPrs). More preferably. the rtGNPr xanthosine (Xs), xan-
thine (Xn) or hypoxanthine (Hx). More preferably the rtGNPr
xanthosine or hypoxanthine. Even more preferably, the
rGNPr is xanthine. These compounds can be used at effective
concentrations ranging from 1 uM to 5 mM. Preferably the
concentration ranges from 1 uM to 1 mM. More preferably
the concentration is in the range of 50 uM to 1500 uM. One
skilled in the art can determine the effective concentration
necessary to suppress asymmetric kinetics of the hair follicle
stem cell to be propagated.

Genetic Methods for Hair Follicle Stem Cell Expansion

In one embodiment of the invention, genes that lead to
constitutive upregulation of guanine ribonucleotides (rGNPs)
are introduced into the somatic hair follicle stem cells. Pre-
ferred genes are those that encode inosine-5'monophosphate
dehydrogenase (IMPDH) or xanthine phosphoribosyltrans-
ferase (XPRT), or other genes which have the same biochemi-
cal effect. More preferably, the gene is XPRT. While there are
currently no known mammalian forms of XPRT, and its sub-
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strate xanthine is present in very low levels in mammalian
cells. the activity of the transgenic XPRT can be regulated by
supplying xanthine exogenously. As explained below, it is
preferred that the genes are operably linked to an inducible
promoter.

In another embodiment of the invention, transgenic ani-
mals are generated with introduced genes that lead to consti-
tutive upregulation of rGNPs. Methods for making transgenic
animals are well known to those skilled in the art and any such
method can be used.

In one preferred embodiment, the transgene introduced
into the animal is the gene encoding for xanthine phosphori-
bosyltransferase (XPRT), for example from the protozoan
Leishmania donovani. The XPRT enzyme can convert xan-
thine into xanthosine monophosphate, the critical precursor
for cellular guanine nucleotides. This enzyme has no mam-
malian counterpart and its substrate can enter the cell via
ubiquitously expressed nucleobase transporters. Therefore,
one can control the kinetics of adult stem cells expressing
XPRT that are derived from the transgenic animal by supple-
menting with or depriving the culture medium of xanthine. In
the presence of xanthine, XPRT-expressing cells increase
their cellular level of guanine nucleotides independently of
their normal endogenous pathway involving the conversion
of inosine monophosphate to xanthosaine monophosphate by
the enzyme inosine monophosphate dehydrogenase. Prefer-
ably, the transgene is operably linked to an inducible pro-
moter.

As used herein, the introduction of DNA into a host cell is
referred to as transduction, sometimes also known as trans-
fection or infection. Stem cells can be transduced ex vivo at
high efficiency.

As used herein, the terms “transgene”, “heterologous
gene”, “exogenous genetic material”, “exogenous gene” and
“nucleotide sequence encoding the gene” are used inter-
changeably and meant to refer to genomic DNA, cDNA,
synthetic DNA and RNA, mRNA and antisense DNA and
RNA, and sRNAs, miRNAs and RNAi’s, which are intro-
duced into the stem cell. The exogenous genetic material may
be heterologous or an additional copy or copies of genetic
material normally found in the individual or animal. When
cells are to be used as a component of a pharmaceutical
composition in a method for treating human diseases, condi-
tions or disorders, the exogenous genetic material that is used
to transform the cells may also encode proteins selected as
therapeutics used to treat the individual and/or to make the
cells more amenable to transplantation.

An expression cassette can be created for expression of the
gene that leads to constitutive upregulation of guanine ribo-
nucleotides. Such an expression cassette can include regula-
tory elements such as a promoter, an initiation codon, a stop
codon, and a polyadenylation signal. Itis necessary that these
elements be operable in the stem cells or in cells that arise
from the stem cells after infusion into an individual. More-
over. it is necessary that these elements be operably linked to
the nucleotide sequence that encodes the protein such that the
nucleotide sequence can be expressed in the stem cells and
thus the protein can be produced. Initiation codons and stop
codons are generally considered to be part of a nucleotide
sequence that encodes the protein.

A variety of promoters can be used for expression of the
transgene. Promoters that can be used to express the gene are
well known in the art. Promoters include cytomegalovirus
(CMYV) intermediate early promoter, a viral LTR such as the
Rous sarcoma virus LTR, HIV-LTR, HTLV-1 LTR, the simian
virus 40 (SV40) early promoter, E. colilac UV5 promoter and
the herpes simplex tk virus promoter. For example, one can
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use a tissue specific promoter, i.e. a promoter that functions in
some tissues but not in others. Such promoters include EF2
responsive promoters, etc. Regulatable promoters are pre-
ferred. Such systems include those using the lac repressor
from E. coli as a transcription modulator to regulate transcrip-
tion from lac operator-bearing mammalian ceil promoters
(Brown, M. et al., Cell, 49:603-612 (1987)), those using the
tetracycline repressor (tetR) (Gossen, M., and Bujard, H.,
Proc. Natl. Acad. Sci. USA 89:5547-5551 (1992); Yao, F. et
al., Human Gene Therapy, 9:1939-1950 (1998); Shockelt, P,
et al., Proc. Natl. Acad. Sci. USA, 92:6522-6526 (1995)).
Other systems include FK506 dimer, VP16 or p65 using
astradiol, RU486, diphenol murislerone or rapamycin. Induc-
ible systems are available from Invitrogen, Clontech and
Ariad. Systems using a repressor with the operon are pre-
ferred. Regulation of transgene expression in target cells rep-
resents a critical aspect of gene therapy. For example, the lac
repressor from Escherichia coli can function as a transcrip-
tional modulator to regulate transcription from lac operator-
bearing mammalian cell promoters (M. Brown et al., Cell,
49:603-612 (1987)); Gossen and Bujard (1992); (M. Gossen
etal., Natl. Acad. Sci. USA, 89:5547-5551 (1992)) combined
the tetracycline repressor (tetR) with the transcription activa-
tor (VP 16) to create a tetR-mammalian cell transcription
activator fusion protein, tTa (tetR-VP16), with the tetO-bear-
ing minimal promoter derived from the human cytomegalovi-
rus (hCMV) major immediate-carly promoter to create a
tetR-tet operator system to control gene expression in mam-
malian cells. Recently Yao and colleagues (F. Yao et al., Hum
Gene Ther. September 1;9(13):1939-50 (1998)). demon-
strated that the tetracycline repressor (tetR) alone, rather than
the tetR-mammalian cell transcription factor fusion deriva-
tives can function as potent trans-modulator to regulate gene
expression in mammalian cells when the tetracycline opera-
tor is properly positioned downstream for the TATA element
of the CMVIE promoter. One particular advantage of this
tetracycline inducible switch is that it does not require the use
of a tetracycline repressor-mammalian cells transactivator or
repressor fusion protein, which in some instances can be toxic
to cells (M. Gossen et al., Narl. Acad. Sci. USA, 89:5547-5551
(1992): P. Shockett et al., Proc. Naitl. Acad. Sci. USA,
92:6522-6526 (1995)}, to achieve its regulatable effects.

The effectiveness of some inducible promoters increases
over time. In such cases one can enhance the effectiveness of
such systems by inserting multiple repressors in tandem, e.g.
TetR linked to a TetR by an [RES. Alternatively, one can wait
at least 3 days before screening for the desired function.
While some silencing may occur, it is minimized given the
large number of cells being used, preferably at least 1x10%,
more preferably at least 1x10°, still more preferably at least
1x10°, and even more preferably at least 1x107, the effect of
silencing is minimal. One can enhance expression of desired
proteins by known means to enhance the effectiveness of this
system. For example, using the Woodchuck Hepatitis Virus
Posttranscriptional Regulatory Element (WPRE). See Loeb,
V. E, et al., Human Gene Therapy 10:2295-2305 (1999);
Zufferey, R., etal., J. of Virol. 73:2886-2892 (1999); Donello,
J.E.,etal., J of Virol. 72:5085-5092 (1998).

Examples of polyadenylation signals useful to practice the
present invention include but are not limited to human col-
lagen I polyadenylation signal, human collagen II polyade-
nylation signal, and SV40 polyadenylation signal.

In order to maximize protein production, codons may be
selected which are most efficiently translated in the cell. The
skilled artisan can prepare such sequences using known tech-
niques based upon the present disclosure.
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The exogenous genetic material that includes the transgene
operably linked to the regulatory elements may remain
present in the cell as a functioning cytoplasmic molecule, a
functioning episomal molecule or it may integrate into the
cell’s chromosomal DNA. Exogenous genetic material may
be introduced into cells where it remains as separate genetic
material in the form of a plasmid. Alternatively, linear DNA,
which can integrate into the chromosome, may be introduced
into the cell. When introducing DNA into the cell, reagents,
which promote DNA integration into chromosomes, may be
added. DNA sequences, which are useful to promote integra-
tion, may also be included in the DNA molecule. Alterna-
tively, RNA may be introduced into the cell.

Selectable markers can be used to monitor uptake of the
desired gene. These marker genes can be under the control of
any promoter or an inducible promoter. These are well known
in the art and include genes that change the sensitivity of a cell
to a stimulus such as a nutrient. an antibiotic, etc. Genes
include those for neo, puro, tk, multiple drug resistance
(MDR), etc. Other genes express proteins that can readily be
screened for such as green fluorescent protein (GFP), blue
fluorescent protein (BFP), luciferase, LacZ, nerve growth
factor receptor (NGFR), etc.

For example. one can set up systems to screen hair follicle
stem cells automatically for the marker. In this way one can
rapidly select transduced hair follicle stem cells from non-
transformed cells. For example, the resultant particles can be
contacted with about one million cells. Even at transduction
rates of 10-15% one will obtain 100-150,000 cells. An auto-
matic sorter that screens and selects cells displaying the
marker, e.g. GFP, can be used in the present method.

When the transgene is XPRT, cells expressing XPRT will
be resistant to cytotoxic IMPDH inhibitors such as mycophe-
nolic acid in the presence of xanthine. Thus, transduced hair
follicle stem cells can be selected from non-transformed cells
by culturing transfectants in the presence of an IMPDH
inhibitor (such as mycophenolic acid) and xanthine. One can
use other markers to readily select transduced cells.

Vectors include chemical conjugates, plasmids, phage, etc.
The vectors can be chromosomal, non-chromosomal or syn-
thetic. Commercial expression vectors are well known in the
art, for example pcDNA 3. I, pcDNA4 HisMax, pACH,
pMT4, PND, etc. Preferred vectors include viral vectors,
fusion proteins and chemical conjugates. Retroviral vectors
include Moloney murine leukemia viruses and pseudotyped
lentiviral vectors such as FIV or HIV cores with a heterolo-
gous envelope. Other vectors include pox vectors such as
orthopox or avipox vectors, herpesvirus vectors such as a
herpes simplex I virus (HSV) vector (Geller, A. 1. et al.,
(1995), J. Neurochem, 64: 487; Lim, F,, et al., (1995) in DNA
Cloning: Mammalian Systems, D. Glover, Ed., Oxford Univ.
Press, Oxford England; Geller, A. I. et al. (1993), Proc Nail.
Acad. Sci.: US.A. 90:7603; Geller, A. 1, et al., (1990) Proc
Natl. Acad. Sci USA 87:1149), adenovirus vectors (LeGal
LaSalle et al. (1993), Science, 259:988; Davidson, et al.
(1993) Nat. Gener 3: 219; Yang, et al., (1995) J. Virol. 69
2004) and adeno-associated virus vectors (Kaplitt, M. G., et
al. (1994) Nar. Genet. 8: 148).

The introduction of the gene into the stem cell can be by
standard techniques, e.g. infection, transfection, transduction
or transformation. Examples of modes of gene transfer
include e.g., naked DNA, CaPO, precipitation, DEAE dext-
ran, electroporation, protoplast fusion, lipofection, cell
microinjection, and viral vectors, adjuvant-assisted DNA,
gene gun, catheters, efc.

The vectors are used to transduce the hair follicle stem cells
ex vivo. One can rapidly select the transduced cells by screen-
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ing for the marker. Thereafter, one can take the transduced
cells and grow them under the appropriate conditions or insert
those cells into a host animal.

In one embodiment, one can use a composition for topical
administration containing the rGNPr as the active ingredient.
The composition includes a topical carrier. Such carriers are
well known in the art and selected to provide the composition
in the desired form, e.g., as a liquid, lotion, cream, paste, gel,
powder or ointment and may be comprised of a material of
either naturally occurring or synthetic origin. Examples
include water, alcohols and other non-toxic organic solvents,
glycerin, mineral oil, silicone, petroleum jelly, lanolin, fatty
acids, vegetable oils, parabens, waxes and the like. In one
preferred embodiment the composition may be administered
in the form of a shampoo.

Somatic Hair Follicle Stem Cells

The hair follicle stem cells and the melanocyte stem cells of
the present invention may be isolated from tissue of an adult
mammal, preferably a human. The cells include but are not
limited to, melanocyte stem cells responsible for producing
melanocytes that put pigment into the hair shaft and the
multi-potent hair follicle stem cell that gives rise to different
epidermal structures, e.g. the hair shaft, sebaceous glands,

sweat glands, and epidermal keratinocytes. Different hair ,

follicle stem cells can be isolated from other cells by means
known in the art. Melanocytes can be readily identified from
other cells. For example, melanocytes contain
microphthalmia transcription factor. Ajthough the multi-po-
tent stem cell that gives rise to the hair shaft, sebaceous
glands, sweat glands, and epidermal keratinocytes is exem-
plified herein, the methods of ex vivo propagation described
herein can be applied to any hair follicle stem cell whether it
be muti-potent, pluripotent, or a unique progenitor subtype,
such as a stem cell that produces only sebaceous glands and
not, for example, sweat glands.

The somatic hair follicle stem cells act as precursor cells,
which produce daughter cells that mature into differentiated
hair follicle cells. The hair follicle stem cells can be isolated
from the individual in need of hair follicle stem cell therapy,
or from another individual. Preferably, the individual is a
matched individual to insure that rejection problems do not
occur. Those having ordinary skill in the art can readily iden-
tify matched donors using standard techniques and criteria.
Other therapies to avoid rejection of foreign cells are known
in the art. For example, somatic hair follicle stem cells may be
immune-privileged, so the graft versus host disease after allo-
genic transplant may be minimal or non-existent (Weissman,
2000). Hair follicle stem cells from a matched donor may be
administered by any known means, for example, intravenous
injection, or injection directly into the appropriate tissue,
such as the skin on the scalp.

Cells can be obtained from donor tissue, such as donor skin
or scalp, by dissociation of individual cells from the connect-
ing extracellular matrix of the tissue. Tissue is removed using
a sterile procedure, and the cells are dissociated using any
method known in the art including treatment with enzymes
such as trypsin, collagenase, and the like, or by using physical
methods of dissociation such as with a blunt instrument.

In one preferred embodiment, intact hair follicles are dis-
sected from the skin under sterile conditions. The hair shaft is
then resected at its point of exit from the follicle. The intact
follicle is then digested with enzymes, repeatedly washed,
and filtered with a nylon mesh to remove external cells (e.g.,
dermal fibroblasts) that adhere to the follicle capsule. The
follicle is then opened with a single longitudinal incision and
placed in culture medium.
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Any medium can be used that is capable of supporting cell
growth, including HEM, DMEM, RPML. F-12, and the like,
containing supplements which are required for cellular
metabolism such as glutamine and other amino acids, vita-
mins, minerals and useful proteins such as transferrin and the
like. Medium may also contain antibiotics to prevent con-
tamination with yeast, bacteria and fungi such as penicillin,
streptomycin, gentamicin and the like. In some cases, the
medium may contain serum derived from bovine, equine,
chicken and the like. Serum can contain xanthine, hypoxan-
thine, or other compounds which enhance guanine nucleotide
biosynthesis, although generally at levels below the effective
concentration to suppress asymmetric cell kinetics. Thus,
preferably a defined, serum-free culture medium is used, as
serum contains unknown components (i.e. is undefined).
Preferably, if serum is used, it has been dialyzed to remove
rGNPrs. A defined culture medium is also preferred if the
cells are to be used for transplantation purposes. A particu-
larly preferable culture medium is a defined culture medium
comprising a mixture of DMEM, F 12, and a defined hormone
and salt mixtore. As indicated herein, by including a com-
pound such as a rGNPr, asymmetric cell kinetics are sup-
pressed. Thus, the effect of division by differentiated transit
cells, which results in the diluting of the hair follicle stem
cells, is reduced.

The culture medium can be supplemented with a prolifera-
tion-inducing growth factor(s). As used herein, the term
“growth factor” refers to a protein, peptide or other moiecule
having a growth, proliferative, differentiative, or trophic
effect on stem cell. Growth factors that may be used include
any trophic factor that allows hair follicle stem cells to pro-
liferate, inciuding any molecule that binds to a receptor on the
surface of the cell to exert a trophic, or growth-inducing effect
on the cell. Preferred proliferation-inducing growth factors
include EGF, amphiregulin, acidic fibroblast growth factor
(aFGF or FGF-1), basic fibroblast growth factor (bFGF or
FGF-2), transforming growth factor alpha (TGF.alpha.), and
combinations thereof. Growth factors are usually added to the
culture medium at concentrations ranging between about 1
fg/ml to 1 mg/ml. Concentrations between about 1 to 100
ng/ml are usually sufficient. Simple titration experiments can
be easily performed to determine the optimal concentration of
a particular growth factor. In one preferred embodiment, Epi-
dermal growth factor is used.

In addition to proliferation-inducing growth factors, other
growth factors may be added to the culture medium that
influence proliferation and differentiation of the cells includ-
ing NGF, platelet-derived growth factor (PDGF), thyrotropin
releasing hormone (TRH), transforming growth factor betas
(TGFBs), insulin-like growth factor (IGF-1) and the like.
Differentiation can also be induced by growing cells to con-
fluncey.

Hair follicle stem cells can be cultured in suspension or on
a fixed substrate. For example, the stem cells can be grown on
a hydrogel, such as a peptide hydrogel, as described below.
Alternatively, the stem cells can be propagated on tissue
culture plates or in suspension cultures. Cell suspensions can
be seeded in any receptacie capable of sustaining cells, par-
ticularly culture flasks, cultures plates, or roller bottles, more
particularly in small culture flasks such as 25 cm2 cultures
flasks. Preferably, the hair follicle stem cells are grown on
tissue culture plates. In one preferred embodiment, cells are
cultured at high cell density to promote the suppression of
asymmetric cell kinetics.

Conditions for culturing should be close to physiological
conditions. The pH of the culture medium should be close to
physiological pH, preferably between pH 6-8, more prefer-
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ably between about pH 7 to 7.8, with pH 7.4 being most
preferred. Physiological temperatures range between about
30° C. 10 40° C. Cells are preferably cultured at temperatures
between about 32° C. to about 38° C., and more preferably
between about 350 C to about 37° C.

Cells are preferably cultured for 3-30 days, preferably at
least about 7 days, more preferably atleast 10 days, still more
preferably at least about 14 days. Cells can be cultured sub-
stantially longer. They can also be frozen using known meth-
ods such as cryopreservation, and thawed and used as needed.

Another preferred embodiment provides for deriving
clonal lines of somatic hair follicle stem cells by limiting
dilution plating or single cell sorting. Methods for deriving
clonal cell lines are well known in the art and are described for
example in Puck et al., 1956; Nias et al., 1965; and Leong et
al., 1985.

Uses of Expanded Somatic Hair Follicle Stem Cells

The present invention also provides for the administration
of expanded populations of hair follicle stem cells and mel-
anocyte stem cells to a patient in need thereof. The term
“administration” as used herein refers to well recognized
forms of administration, such as intravenous or injection, as
well as to administration by transplantation, for example
transplantation of intact hair follicle cells containing trans-
planted hair follicle stem cells, or transpiantation of skin
grafts containing transplanted hair follicle stem cells or trans-
plantation of tissue engineered skin derived from hair follicle
stem cells.

The expanded hair follicle stem cells of the present inven-
tion can be used for a variety of purposes, including, but not
limited, to hair transplant therapy, such as transplantation of
hair follicles or skin grafts containing transplanted stem cells
into the scalp or skin; tissue engineering applications, such as
their use in generation of functional artificial skin or func-
tional skin grafts; and in gene therapy applications.

The expanded hair follicle stem cells of the invention are
also particularly useful for facilitating research on hair fol-
licle stem cell biology and differentiation.

In one preferred embodiment. autologous hair follicle stem
cells are used to replace injured hair follicle cells and produce
functional tissue engineered skin and skin grafts. The use of
autologous hair follicle stem cells reduces the need for
immune suppression interventions upon transplant. One can
also administer topical compositions containing the rGNPr to
an individual to stimulate production of the desired stem
cells.

One can administer the hair follicle stem cells and option-
ally melanocyte stem cells to individuals desiring hair trans-
plants in the same manner conventional hair transplants use.

Transplantation of tissue engineered artificial skin or skin
grafts with newly introduced hair follicle stem cells, is par-
ticularly useful for treatment of injured skin, such as found in
burn victims. Recent developments in artificial skin engineer-
ing have yielded an artificial dermis that can be used for skin
grafting. However, the benefits of such a skin graft are lim-
ited, as it is unable to fully restore the abilities of real skin to
secrete desiccation-resistant oils and sweat for thermo-regu-
lation. The limitations can be resolved through the utilization
of hair follicle stem cells. Hair follicle stem cells are respon-
sible for the generation of skin accessory organs such as
sebaceous glands as well as hair follicles. Therefore. the use
of hair follicle stem cells in engineering skin can bridge the
gap between artificial and natural skin.
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Methods for generation of artificial skin are known in the
art. See, for example, U.S. Pat. Nos. 4,489,304, 6,733,530,
5,800,811 and 6.689.608, which are herein incorporated by
reference in their entirety.

For engineering of artificial skin, the ex vivo propagated
hair follicle stem cells of the invention can be mixed with
other cells, such as cultured keratinocytes, fibroblasts, and
mesenchymal stem cells, as described in U.S. Pat. Nos. 5,800,
811 and 5.489,304.

In one preferred embodiment because hair follicle stem
cells differentiate into keratinocytes, hair, sweat glands and
sebaceous glands, the hair follicle stem cells can be used in
isolation for the generation of artificial skin. In one preferred
embodiment, autologous cells are used in the generation of
artificial skin.

Propagated hair follicle stem cells can also be used in skin
regeneration and wound healing strategies. For example,
matrices such as those described in U.S. Pat. No. 4,060,081,
the teachings of which are incorporated herein by reference in
its entirety, can be seeded with hair follicle stem cells to
ensure proper formation of functional skin.

In one preferred embodiment, individual hair follicle stem
cells can be introduced into the skin or scalp by injection.

Hair follicle stem cells are particularly useful for treating
hairloss, such as caused by male pattern baldness or alopecia.
Individual hair follicles, where hair follicle stem cells have
been introduced can be transplanted, by surgical means, into
the skin or scalp of an individual. As such, hair loss is com-
bated by the ability of the hair follicle stem cells to produce
hair. For example, transplantation of hair follicles into the
scalp, or into or into skin grafts would effectively increase the
number of functional hair follicles in balding individuals.
Such transplantation could complement or replace follicular
unit transplantation (FIT), the current means of hair restora-
tion.

Gene Therapy Applications

According to the invention, in addition to the introduction
of genes that lead to constitutive upregulation of guanine
ribonucleotides, the somatic hair follicle stem cells or mel-
anocyte stem cells, preferably the hair folticle stem cells, can
be further genetically altered prior to reintroducing the cells
into the individual for gene therapy. to introduce a gene whose
expression has therapeutic effect on the individual.

For example, the hair follicle cells may have a defective
gene that inhibits hair growth. By introducing normal genes
in expressible form, individuals suffering from such a defi-
ciency can be provided the means to compensate for genetic
defects and eliminate. alleviate or reduce some or all of the
symptoms of the deficiency.

A vector can be used for expression of the transgene encod-
ing a desired wild type hormone or a gene encoding a desired
mutant hormone. Preferably. as described above, the trans-
gene is operably linked to regulatory sequences required to
achieve expression of the gene in for example the hair follicle
stem cell or the cells that arise from the hair follicle stem cells
after they are infused into an individual. Such regulatory
sequences include a promoter and a polyadenylation signal.
The vector can contain any additional features compatible
with expression in stem cells or their progeny, including for
example selectable markers.

Administration of Expanded Somatic Hair Follicle Stem
Cells

The methods of the invention involve administering the
expanded hair follicle stem cells or melanocyte stem cells to
an individual by standard means, such as intravenous infusion
and mucosal injection, as well as administration to an indi-
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vidual by transplantation. Transplantation techniques are
well known to those skilled in the art and include surgical and
skin grafting techniques.

In one preferred embodiment, hair follicle stem cells are
introduced into an intact hair follicle present in the skin or
scalp of an individual, or in a skin graft. Individual hair
follicle stem cells can be introduced by injection. When
regrowing hair, one preferably also co-administers melano-
cyte stem cells.

In another embodiment, the hair follicle stem cells are used
to engineer skin either alone or in the presence of additional
stem cell niche components, such as stromal cells and extra-
cellular matrix. The newly engineered skin is then trans-
planted into an individual by surgical means.

The discovery that isolated stem cells may be expanded ex
vivo and administered intravenously provides the means for
systemic administration. In certain applications, such as gene
therapeutic methods, systemic administration by intravenous
infusion may be desired. In a preferred embodiment, the stem
cells are administered to an individual by infusion into the
superior mesenteric artery or celiac artery. The stem cells may
also be delivered locally by irrigation down the recipient’s
airway or by direct injection into the mucosa of the intestine.

After isolating the hair follicle stem cells, the cells can be
administered after a period of time sufficient to allow them to
convert from asymmetric cell kinetics to exponential kinetics,
typically after they have been cultured from 1 day to over a
year. Preferably the cells are cultured for 3-30 days, more
preferably 4-14 days, most preferably at least 7 days.

In one embodiment of the invention, the stem cells can be
induced to differentiate following expanston in vitro, prior to
administration to the individual. Preferably, the pool of gua-
nine ribonucleotides is decreased at the same time differen-
tiation 1s induced, for example by removal of the rGNPr from
the culture medium (if a pharmacological approach has been
used) or by downregulating expression of the transgene.

Differentiation of the hair follicle stem cells can be induced
by any method known in the art which activates the cascade of
biological events which lead to growth, which include the
liberation of inositol triphosphate and intracellular Ca**, lib-
eration of diacyl glycerol and the activation of protein kinase
C and other cellular kinases, and the like. Treatment with
phorbol esters, differentiation-inducing growth factors and
other chemical signals can induce differentiation. Differen-
tiation can also be induced by plating the cells on a fixed
substrate such as flasks, plates, or coverslips coated with an
ionically charged surface such as poly-L-lysine and poly-L-
omithine and the like.

Other substrates may be used to induce differentiation such
as collagen, fibronectin, laminin, MATRIGEL™ (Collabora-
tive Research), and the like. Differentiation can also be
induced by leaving the cells in suspension in the presence of
a proliferation-inducing growth factor, without reinitiation of
proliferation.

Differentiation can be determined using immunocy-
tochemistry techniques well known in the art. Immunocy-
tochemistry (e.g. dual-label immunofluorescence and immu-
noperoxidase methods) utilizes antibodies that detect cell
proteins to distinguish the cellular characteristics or pheno-
typic properties of differentiated cell types compared to
markers present on hair follicle stem cells.

For intravenous administration of hair follicle stem cells,
the isolated hair follicle stem cells are removed from culture
dishes, washed with saline, centrifuged to a pellet and resus-
pended in a glucose solution which is infused into the patient.

Between 10* and 10" cells per 100 kg person are admin-
istered per infusion. Preferably, between about 1-5x10* and
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1-5x107 cells are infused intravenously per 100 kg person.
More preferably, between about 1x10* and 5x10° cells are
infused intravenously per 100 kg person. The cells can also be
injected directly into the intestinal mucosa through an endo-
scope.

In some embodiments, a single administration of cells is
provided. In other embodiments, multiple administrations are
used. Multiple administrations can be provided over periodic
time periods such as an initial treatment regime of 3-7 con-
secutive days, and then repeated at other times.

Another embodiment of the invention provides transgenic
non-human animals into whose genome is stably integrated
an exogenous DNA sequence comprising a constitutive pro-
moter expressed in all cell types operably linked to a DNA
sequence encoding a protein that leads to constitutive upregu-
lation of guanine nucleotides, including the gene encoding
inosine-5-monophosphate dehydrogenase (IMPDH) or xan-
thine phophoribosyl transferase (XPRT). Preferably, the
transgene is XPRT. Preferably, the transgenic animal is a
mammal such as a mouse, rat or sheep.

The term “animal” here denotes all mammalian animals
except humans. It also includes an individual animal in all
stages of development, including embryonic and fetal stages.
A“transgenic” animal is any animal containing cells that bear
genetic information received, directly or indirectly, by delib-
erate genetic manipulation at the subcellular level, such as by
microinjection or infection with recombinant virus.

“Transgenic” in the present context does not encompass
classical crossbreeding or in vitro fertilization, but rather
denotes animals in which one or more cells receive a recom-
binant DNA molecule. Although it is highly preferred that
this molecule be integrated within the animal’s chromo-
somes, the invention also encompasses the use of extrachro-
mosomally replicating DNA sequences, such as might be
engineered into yeast artificial chromosomes.

The term “germ cell line transgenic animal” refers to a
transgenic animal in which the genetic information has been
taken up and incorporated into a germ line cell, therefore
conferring the ability to transfer the information to offspring.
If such offspring, in fact, possess some or all of that informa-
tion, then they, too, are transgenic animals.

The information to be introduced into the animal is pref-
erably foreign to the species of animal to which the recipient
belongs (i.e., “heterologous”), but the information may also
be foreign only to the particular individual recipient, or
genetic information already possessed by the recipient. In the
last case, the introduced gene may be differently expressed
than is the native gene.

The transgenic animals of this invention are other than
human, and produce milk, blood serum, and urine. Farm
animals (pigs, goats, sheep. cows, horses, rabbits and the
like), rodents (such as mice), and domestic pets (for example,
cats and dogs) are included in the scope of this invention. One
preferred animal is a mouse. Mouse strains which are suitable
for the derivation of transgenic mice as described herein are
any common laboratory mouse strain. Preferred mouse
strains to use for the derivation of transgenic mice founders of
the present invention include FVB and C57 strains. Prefer-
ably, founder mice are bred onto wild-type mice to create
lines of transgenic mice.

1t is highly preferred that a transgenic animal of the present
invention be produced by introducing into single cell
embryos appropriate polynucleotides that encode XPRT or
IMPDH, or fragments or modified products thereof, in a
manner such that these polynucleotides are stably integrated
into the DNA of germ line cells of the mature animal, and are
inherited in normal mendelian fashion.
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Advances in technologies for embryo micromanipulation
now permit introduction of heterologous DNA into fertilized
mammalian ova. For instance, totipotent or pluripotent stem
cells can be transformed by microinjection, calcium phos-
phate mediated precipitation, liposome fusion, retroviral
infection or other means, the transformed cells are then intro-
duced into the embryo, and the embryo then develops into a
transgenic animal. In a highly preferred method, developing
embryos are infected with a retrovirus containing the desired
DNA, and transgenic animals produced from the infected
embryo. In a most preferred method, however, the appropriate
DNAs are coinjected into the pronucleus or cytoplasm of
embryos, preferably at the single cell stage, and the embryos
allowed to develop into mature transgenic animals. Those
techniques as well known. See reviews of standard laboratory
procedures for microinjection of heterologous DNAs into
mammalian fertilized ova, including Hogan et al., Manipu-
lating the mouse embryo, (Cold Spring Harbor Press 1986);
Krimpenfort et al., Bio/Technology 9:844 (1991); Palmiter et
al., Cell, 41: 343 (1985): Kracmer et al., Genetic manipula-
tion of the early mammalian embryo, Cold Spring Harbor
Laboratory Press 1985; Hammer et al., Nature, 315: 680
(1985); Wagner et al., U.S. Pat. No. 5,175,385; Krimpenfort
et al.,, U.S. Pat. No. 5,175,384, the respective contents of
which are incorporated by reference. See also U.S. Pat. Nos.
4,736,866, 5,387,742, 5,545.806, 5,487,992, 5.489,742,
5,530,177, 5,523,226, 5,489,743, 5,434,340, and 5,530,179.

In another embodiment of the invention, a method is pro-
vided for treating baldness. The method comprises adminis-
tering to a subject a composition that stimulates conversion of
hair follicle stem cells from asymmetric cell kinetics to sym-
metric cell kinetics resulting in enhanced proliferation of said
hair follicle stem cells with areversibly reduced production of
differentiating progeny cells.

In one preferred embodiment, the agent that stimulates
conversion of the stem cells from asymmetric cell kinetics to
symmetric cell kinetics is a guanine nucleotide precursor
(rGNPr), a analogue or derivative thereof, such as xanthosine,
hypoxanthine, or xanthine. These agents can be used in the
form of a hair product.

As used herein “baldness” refers to the loss of hair or its
failure to grow on any portion of the scalp or skin and is not
limited to the complete absence of hair.

The composition for treating baldness can be administered
by any means known to those skilled in the art. In one embodi-
ment the composition is administered topically. Alternatively,
the hair product composition can be administered by any
known means, such as injection, e.g. injection into the scalp.

The invention further provides for compositions compris-
ing a population of human somatic hair follicle stem cells.
Such compositions can comprise a population of cells from
10-100,000, or more, of somatic hair follicle stem cells. One
can have any number of cells as part of the population includ-
ing, but not limited to, 10, 20, 30, 40, 50, 100, 300, 500, 600,
800, 1,000 etc. cells in the composition.

In one embodiment, the composition is made up of at least
60% multi-potent somatic hair follicle stem cells. In another
embodiment, the composition is at least 70%, at least 75%, at
least 80%, at least 85%, at least 90%, at least 95% or at least
99% multi-potent somatic hair follicle stem cells.

A cell is multi-potent if it can still differentiate into at least
two, preferably three other cells associated with hair follicle
cells as described above. The multi-potency of cells can be
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determined by methods well known to those skilled in the art
and by using methods as described herein.

EXAMPLES
Example 1

Propagation of Somatic Mouse Whisker Follicle
Stem Cells

Purine nucleoside metabolites (i.e., rGNPrs) have been
used as pharmacological agents to switch hair follicle stem
cells from their default asymmetric cell kinetics program to
symmetric kinetics. In mice. stem cells are thought to lie in
the bulge region of the hair follicle. However, during the hair
growth cycle, the cells are believed to migrate from the bulge
region to a place at the base of the hair follicle known as the
bulb (Fuchs, 2000). These migratory patterns and the general
difficulty of dissecting these regions from hair follicles have
foiled attempts to establish hair follicle stem cells lines. We
have avoided these barriers by isolating intact mouse whisker
hair follicles (methods of Kobayashi et al., 1993; Jahoda and
Oliver, 1991), transecting them, and culturing outgrowth cells
in the presence of three different agents, xanthosine (Xs),
xanthine (Xn), and hypoxanthine (Hx). The purines Xn and
Hx utilize distinct cellular enzymes to accomplish the same
effect as Xs. increased production of guanine ribonucle-
otides.

Intact mouse whisker hair follicles were dissected from the
skin under sterile conditions. The hair shaft was resected at its
point of exit from the follicle. The intact follicle was then
digested with trypsin, repeatedly washed, and filtered with a
nylon mesh to remove external cells that adhere to the follicle
capsule. The follicle was then opened with a single longitu-
dinal incision and place in culture medium supplemented
with 10% dialyzed fetal bovine serum, epidermal growth
factor, and one of three different purine nucleoside metabo-
lites (Hypoxyanthine, xanthosine, or xanthine) each supple-
mented to 400 uM.

Trypsinization and filtration to remove any cells adherent
to the outer wall of hair follicles precluded dermal fibroblast
growth, resulting in no fibroblasts from within the follicle
itself (FIG. 3). Epithelial cells readily grew out in cultures of
transected hair follicles supplemented with purine nucleoside
precursors. This is in contrast to the poor outgrowth of hair
follicle cells when protease treatment and purine nucleoside
metabolites are not used (FIG. 4)

The first effect of the purine metabolites was noted when
cell counts were performed on secondary cultures. Among all
cultures starting with three transfected hair follicles in one
well of a 24-well plate, those supplemented with Xn reached
confluency first. Confluent primary cultures were transferred
into to 25-cm? flasks. Seven days after this transfer, cell
counts were performed before transferring cultures to 75-cm?
flasks. At this time, cultures supplemented with Xn and Hx
exhibited 5- to 6-fold more cells than those receiving no
purine supplement or Xs did. Each purine nucleoside metabo-
lite tested showed results consistent with shifting adult stem
cells from asymmetric cell kinetics to symmetric cell kinetics.

After ouigrowth of the follicle epithelial cells, cultures
were trypsinized to harvest cells for secondary culture. Har-
vested cells were then plated by limiting dilution in 96 well
plates in the presence or absence of the respective concentra-
tion of purine metabolite used for their initial outgrowth. In
this manner, purine metabolite-dependent clonal expansion
was verified. The results of these analyses are outline in Table
1. Only the Xn-supplemented culture yielded a significant



US 7,655,465 B2

19

number of cell clones with a marked dependence on Xn.
Seventeen Xn-derived clones were transferred to 24-well
plates, and 15 survived expansion to full scale cultures for
cryo-preservation.

TABLE 1

Cell clone efficiency from purine-supplemented
hair follicle epithelial cell cultures with and
without purine-supplementation during cloning,

Cloning Condition Cloning Condition

Purine-free Purine-supplemented
(positive wells/ (positive wells/
Culture Supplement total wells) total wells)
Control (no purine) 0/96 not done
Hx 0/96 6/480
Xs 0/96 1/480
Xn 4/96 50/480

In this experiment, xanthine worked the best in promoting
enhanced growth of mouse whisker follicle epithelial cells,
suggesting a higher fraction of stem cells.

Several lines were obtained with properties indicative of
hair follicle cells. For example, see FIG. 5 that shows an
undifferentiated hair follicle stem cell line, 5B8, that has been
cultured in non-differentiating conditions and stained with
crystal violet indicating that the cell Jine remains undifferen-
tiated. Under differentiating conditions, cells of line 5B8
differentiate into cells that contain lipids of sebaceous glands
(FIG. 6). Transmission electron microscopy (TEM) analysis
of the ultrastructure of hair follicle stem cell line 5B8 reveals
that the cell line is capable of producing at least two types of
differentiated cells, one characterized by sebaceous differen-
tiation (FIG. 6) and one characterized by primary cilium
formation (FIG. 7). It is expected that cell line SB8 also has
sweat production capacity. This will be confirmed when
appropriate tests are developed to measure the trait.

Three different epithelial morphologies are readily seen
among the Xn-derived hair follicle epithelial cell lines. The
most dramatic of these is exhibited by 3 of the 15 Xn-derived
cell lines. As shown in FIG. 8, upon reaching confluency, the
lines produce cells with large membrane vesicles. The
vesicles are noted to be highly light-reflective and yellowish
in color in the light microscope, properties of sebum (Sheu et
al., 1999). The appearance of these cells at confluency indi-
cates a need for growth arrest, a common requirement for
differentiation. The content of the vesicles can be further
evaluated using the lipid dyes like Nile red, Sudan black, and
oil red. Such, chemical composition analyses of extracted
lipids can confirm the identification of sebum, which is com-
posed of tryiglycerides, wax esters, and squalene (Sheu et al.,
1999). These droplets stain positively for oil red.

Example 2
Transgenic Adult Stem Cell Producer Mice

We have generated transgenic mice ubiquitously express-
ing the xanthine phosphoribosyltransferase (XPRT) gene. We
used the gene encoding for XPRT from the protozoan Leis-
mania donovani. The XPRT enzyme can convert Xanthine
into xanthosine monophosphate, the critical precursor for
cellular guanine nucleotides. This enzyme has no mammalian
counterpart and its substrate can enter the cell via ubiqui-
tously expressed nucleobase transporters. Therefore, we can
control the kinetics of adult stem cells expressing XPRT by
supplementing with or depriving the culture medium of xan-
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thine. In the presence of xanthine, XPRT-expressing cells
increase their cellular level of guanine nucleotides indepen-
dently of their normal endogenous pathway involving the
conversion of inosine monophosphate to xanthosine mono-
phosphate by the enzyme inosine monophosphate dehydro-
genase.

We have generated transgenic mice ubiquitously express-
ing the XPRT gene under the control of the chicken B-actin/
CMV enhancer. We have shown that adult stem cell-enriched
populations from skeletal muscle, pancreas or small intestinal
epithelium show enhanced proliferation in xanthine-supple-
mented culture medium when cells are explanted from XPRT-
transgenic mice. We have also shown that the culture of
pancreatic cells from one of the transgenic lines gives rise to
clusters of small cells with large nuclei. This feature is typical
of ductal cells, from which a subset is believed to correspond
to the pancreatic adult stem cells. The combination of XPRT
expression with xanthine-supplementation allows us to effi-
ciently expand adult stem cells from all tissue types, includ-
ing hair follicles. Access to pure or enriched population of
somatic hair follicle stem cells is of great scientific and eco-
nomic interest for those developing tissue bioengineering
protocols and defining hair follicle stem cell properties.

Example 3

Use of a Colcemid Arrest Assay (CAA) to Provide
Cell Kinetics Evidence for Derivation of Mouse Hair
Follicle Stem Cells

The Colcemid Arrest Assay (CAA)

Asymmetric self-renewal is a defining property of adult
stem cells. Depending on the extent of division in the non-
stem cell lineage, the associated asymmetric cell kinetics can
also be used to identify adult stem cells in culture. We have
described the use of several assays for the detection of asym-
metric cell kinetics in culture, including serial micro-colony
analyses (Sherley et al., 1995ab; Lee et al., 2003), time lapse
video microscopy (Rambhatla et al., 2001), and fluorescence
in situ cytometry (Lee et al., 2003). We have also developed a
new method for analysis of asymmetric cell kinetics in cul-
tured cells that is based on flow cytometry detection of the
production of non-cycling progeny cells. This development
was motivated by our discovery that, even under differentiat-
ing conditions, adult hepatic stem cells continue to divide and
produce arrested progeny which undergo cell cycle arrest
coincident with differentiation (G. G. Crane and J. L. Sherley,
in preparation). Therefore, we recognized that an assay that
could detect the production of non-cycling cells would also be
an assay for adult stem cell asymmetric self-renewal.

The new assay is called the colcemid arrest assay (CAA).
We used our engineered cell lines with experimentally con-
trolled asymmetric self-renewal to develop it (Rambhatla et
al., 2001; FIG. 9). Cell cultures are treated with the microtu-
bule antagonist colcemid for a complete generation period.
Conventional methods for propidium iodine staining and
standard flow cytometry are used to quantify the DNA content
of cells after colcemid treatment. In the presence of colcemid,
cycling cells arrest in mitosis of the cell cycle with 4N DNA
content. After one generation period, all previously cycling
cells contain this amount of DNA. Therefore, for cell cultures
with only symmetrically cycling cells, essentially the entire
culture arrests in mitosis with 4N DNA (compare FIGS. 9A
and 9C). In contrast, the DNA content of non-cycling cells is
unchanged. Since many types of cell cycle arrest occur in G1
phase of the cell cycle, in which the DNA content is 2N,
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arrested progeny cells are easily distinguished in flow cytom-
etry from previously cycling stem cells that have been
arrested by colcemid. Thus, CAA can identify and quantify
the cycling stem cell fraction and the arrested differentiated
progeny fraction of an asymmetrically self-renewing adult
stem cell population (compare FIG. 9B and 9D). Moreover,
by performing CAA serially, it is possible to determine the
rate of preduction of arrested progeny. In pilot studies with
engineered cell lines, the CAA-determined rates were in good
agreement with expectations based on previous lineage-spe-
cific cell kinetics assays.

The CAA has good sensitivity, being able to reproducibly
detect arrested fractions as low as 10%. However, the speci-
ficity of the assay has two limitations. First, if progeny cells
arrest in G2 of the cell cycle, which also has a 4N DNA
content. they will be obscured by colcemid-arrested cycling
cells. This problem is somewhat mitigated by the fact that, in
general, G2 cells are a small fraction of cultured cell popula-
tions. Thus far, in independent analyses, we have not found
G2 to be a significant phase for progeny cell arrest. Second. if
arrested cells are produced for reasons besides asymmetric
self-renewal (e.g., stochastic differentiation), the CAA can-
not make this distinction. Therefore, we use the CAA as a
convenient first test for asymmetric self-renewal. If CAA
does not indicate production of non-cycling cells, then asym-
metric self-renewal is unlikely. When they are detected, then
the CAA must be supported with more specific assays like
daughter pair analysis (Lee et al., 2003) to establish that adult
stem cell lineages are present. Once asymmetric self-renewal
is established. it is strong evidence of adult stemness; and
thereafter CAA can be used for substantial high volume quan-
titative cell kinetics evaluations.

Cell Kinetics Evidence for Derivation of Mouse Hair Follicle
Stem Cells

As described in Example 1, we expanded stem cells from
whisker hair foliicles of the adult mouse and prepared stem
cell lines. Given the evidence of mixed populations of cycling
and differentiating cells in the sebum-producing cell lines, we
decided to evaluate them with the CAA. As a positive control,
we analyzed our adult rat hepatocyte stem cell line Lig-8,
which we have shown by independent lineage analysis to
exhibit asymmetric self-renewal. As shown in FIGS. 10A and
10C, Lig-8 cultures show a significant fraction of non-cycling
cells in the CAA. Three independently derived sebum-pro-
ducing hair follicle cell lines show evidence of production of
asignificant fraction of arrested cells (e.g., see FIGS. 10B and
10D). Combined with the evidence of significant differentia-
tion, these CAA results indicate cultures with a high degree of
asymmetric self-renewal, indicative of adull stem cells.

Given the current views of the adult hair follicle stem cells’
multi-potency, the sebum-producing cell lines may also pro-
duce other types of differentiated hair follicle-derived cell
types.

Adult mouse hair follicle stem cell strains 3C5 (a typical
xanthine-derived cell strain) and strain 5B8 (a vesicle form-
ing strain) also show in vitro evidence for asymmetric self-
renewal in a CAA (See FIGS. 11A-11D). Strain 3C5 (FIGS.
11A and 11B) and strain 5B8 (FIGS. 11C and 11D), were
cultured in the presence (FIG. 11B and FIG. 11D) and
absence (FIG. 11A and FIG. 11C) of the mitotic blocker
colcemid for approximately 1 cell generation. Cultures were
evaluated by flow cytometry with propidium iodide. The flow
cytometry histograms show G1 phase cell peaks (at a relative
fluorescent intensity of 200 on the abscissa) that do not
progress to a G2/M arrest by colcemid (at 400). These colce-
mid arrest profiles are indicative of asymmetrically self-re-
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newing adult stem cells that produce non-cycling, differenti-
ating progeny cells continuously.
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We claim:

1. A method of proliferating undifferentiated hair follicle

cells in vitro, comprising:

a) isolating undifferentiated hair follicle cells from a mam-
mal: and

b) culturing said undifferentiated hair follicle cells in a
culture medium comprising xanthine under conditions,
and for a time sufficient, to result in proliferation of the
undifferentiated hair follicle cells.

2. The method of claim 1, wherein said xanthine is present

in an amount of 1-5,000 pM.

3. The method of claim 2, wherein said xanthine is present

in an amount of 50-1,500 uM.

4. A method for administering undifferentiated hair follicle

cells to a subject, wherein said method comprises:

a) isolating undifferentiated hair follicle cells from said
subject or from an individual who is histologically
matched to said subject;

b) culturing said isolated undifferentiated hair follicle cells
in a culture medium comprising xanthine for at least 10
days under conditions sufficient to result in proliferation
of the undifferentiated hair follicle cells; and

¢) administering said undifferentiated hair follicle cells to
said subject.

5. A method for deriving clonal cell lines of undifferenti-

ated hair follicle cells, comprising:

a) isolating a hair follicle from a mammal;

b) transecting the isolated hair follicle;

¢) culturing the transected hair follicle in the presence of
xanthine to yield a culture of hair follicle epithelial cells;

d) performing limiting dilution plating on the culture of
hair follicle epithelial cells to isolate single undifferen-
tiated hair follicle cells; and

e) culturing the isolated single undifferentiated hair follicle
cells in the presence of xanthine to produce clonally
expanded undifferentiated hair follicle cells.

6. The method of any one of claims 1, 4, or 5, wherein the

undifferentiated hair follicle cells are somatic hair follicle

stem cells.



