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A singular challenge in stem cell research today is the expansion and propagation
of functional adult stem cells. Unlike embryonic stem cells, which are immortal in
culture, adult stem cells are notorious for the difficulty encountered when attempts
are made to expand them in culture. One overlooked reason for this difficulty may
be the inherent asymmetric cell kinetics of stem cells in postnatal somatic tissues.
Senescence is the expected fate of a culture whose growth depends on adult stem
cells that divide with asymmetric cell kinetics. Therefore, the bioengineering of strat-
egies to expand adult stem cells in culture requires knowledge of cellular mecha-
nisms that control asymmetric cell kinetics. The properties of several genes recently
implicated to function in a cellular pathway(s) that regulates asymmetric cell kinet-
ics are discussed. Understanding the function of these genes in asymmetric cell
kinetics mechanisms may be the key that unlocks the adult stem cell expansion
problem.
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OVERVIEW

The purpose of this article is to present a critical review of genes involved in the regulation of
asymmetric stem cell kinetics. Though an essential process for normal tissue function in mammals,
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asymmetric cell kinetics are often overlooked in stem cell studies; and when they are considered, it
is often with ambivalence, uncertainty, or confusion. An important aim of this review is to clarify
the role of asymmetric cell kinetics in mammalian stem cell function, in particular as it relates to
adult stem cells in somatic tissues. If asymmetric cell kinetics are an intrinsic property of adult stem
cells in vivo, it can be anticipated that their study will significantly impact biomedical research
efforts to isolate and expand adult stem cells for use in tissue engineering, gene therapy, and cell
replacement therapy. Here, this concept will be explored from the perspective of how knowledge of
asymmetric cell kinetics genes can better inform current research to propagate adult stem cells in
culture for therapeutic purposes. Before beginning the main treatment of asymmetric cell kinetics
genes, it will be instructive to review briefly several motivations that currently drive many stem cell
research initiatives.

ADULT STEM CELLS: STILL IN THE CELL THERAPY GAME

Presently, there is a tremendous revival of the concept of mammalian cell “de-differentiation” or
“transdifferentiation” under way in the field of stem cell biology. The term transdifferentiation was
originally coined by developmental biologists to describe the ability of apparently fully differenti-
ated embryonic cells of one tissue type to become cells of a different tissue type in response to either
surgical removal of an adjoining tissue segment or in vitro cell culture[1,2]. Transdifferentiation is
now commonly used to describe a somewhat similar behavior attributed to stem cells in postnatal
somatic tissues (i.e., adult stem cells). Several in vivo and in vitro studies suggest that adult stem
cells originated in one tissue are able to produce cells with gene expression properties characteristic
of cells in other tissues when they are transferred to a different tissue environment[3,4,5]. In par-
ticular, the ability of bone marrow–derived cells to yield cells with properties specific for liver
hepatocytes[6,7,8], neurons[9,10], and cardiac myocytes[11] has received considerable attention,
because of the relative ease with which bone marrow can be harvested from donors for clinical
purposes[12,13].

Despite these remarkable developments, adult stem cell research has in no way captured the
public interest in the way that embryonic stem cell research has. This is true even though embryonic
stem cell research is besieged by highly emotionally charged political, moral, and ethical debates
and is very likely to remain so for many years to come[13,14,15,16,17,18]. There are two factors
that account for this surprising situation. The first of these is that the known tumorigenic properties
of embryonic stem cells in postnatal tissues have been largely overlooked by both scientists and
journalists. Remarkably, the basis for proving that human embryonic stem cells are totipotent is the
demonstration that they form teratomas in postnatal tissues. Tumor tissues that originate from all
three germ layers of the developing embryo (endoderm, mesoderm, ectoderm) are found in embry-
onic stem cell–derived teratomas[19]. Although this has received surprisingly little attention, the
tumor-forming property of embryonic stem cells poses a perplexing barrier to their use for cell
therapy. It is reasonable to expect that this barrier to therapeutic application will be no less formi-
dable than the cancer problem itself.

The second factor contributing to the paradox in public attention to the two types of stem cells
is the well-acknowledged challenge of expanding adult stem cells in culture[13,20,21]. Embryonic
stem cells can divide exponentially in culture for long periods while maintaining their pluripotency.
This ability is the basis for expectations that they can be produced in sufficient number for cell
therapy applications. Of course, as noted earlier, the same properties that allow large-scale expan-
sion of embryonic stem cells will also promote tumor formation in cell transplant recipients. Unlike
embryonic stem cells, so far, adult stem cells have proven refractory to traditional methods of cell
culture. As of this writing, the author is aware of only one report of long-term culture of putative
adult stem cells with retention of their ability to produce differentiating progeny cells. Even in this
report the exact origin and nature of the expanded cells were uncertain; and no studies were re-
ported that address whether the cells have sustained transforming mutations[22].
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Many view the difficulty of expanding adult stem cells in culture as a major barrier to their
development for use in human cell replacement therapy[13,21,23]. Attempts to expand adult stem
cells in culture are further hindered by the absence of molecular markers that can be used to identify
and quantify adult stem cells. If the nature of the block to expansion of adult somatic stem cells in
culture were fully understood, there might be more optimism for future success in adult stem cell
research. Understanding why adult stem cell preparations senesce in culture is essential to efforts to
bioengineer methods to promote their expansion in culture.

There are many biological mechanisms that may be essential for adult stem cell function in
vivo, but whose disruption ex vivo constitutes the barrier to adult stem cell expansion. Included
among these are growth factor signaling, extracellular matrix contact, telomere maintenance, cell-
cell interaction, and intrinsic asymmetric cell kinetics. The last of these, asymmetric cell kinetics, is
a defining property of adult stem cells. Recently, it was proposed that the asymmetric cell kinetics
program of adult stem cells also poses a fundamental barrier to their propagation and expansion in
culture[24,25]. The aim of this review is to consider this aspect of asymmetric stem cell kinetics
with critical discussion of several genes recently implicated to function as determinants of adult
stem cell kinetics.

Perhaps, it is not surprising that each of the five genes that will be considered for their potential
role as asymmetric cell kinetics genes are already known to have functions in cell growth regula-
tion. For two of the proteins encoded by these genes, the p53 tumor suppressor protein and inosine-
5′-monophosphate dehydrogenase (IMPDH), the rate-limiting enzyme for guanine nucleotide
biosynthesis, there is excellent evidence for their ability to regulate asymmetric cell kinetics. For
the remaining three proteins, the cyclin-dependent kinase inhibitor p21waf1/cip1/sdi1 and two other known
tumor suppressors, p63 and Pten, the evidence is less clear. However, there are sufficient reports in
the general area of stem cell kinetics to merit a consideration of whether these three proteins are also
involved in the regulation of adult stem cell asymmetric cell kinetics. Each of these important
cellular proteins will be discussed, in turn, from the perspective of studies that suggest a possible
role in cellular mechanisms responsible for regulating the asymmetric cell kinetics of adult stem
cells. Understanding how these proteins function to regulate asymmetric cell kinetics may yield
keys to successful bioengineering strategies for expansion of adult stem cells in culture.

ASYMMETRIC CELL KINETICS, THE ESSENCE OF ADULT STEM CELLS IN
VIVO, THE BANE OF THEIR EXPANSION EX VIVO

The discovery of transdifferentiation by adult stem cells might have been predicted based on their
unique differentiation properties. In postnatal somatic tissues, adult stem cells remain undifferenti-
ated while simultaneously producing highly differentiated progeny cells. They accomplish this by
asymmetric cell divisions that yield a new replacement stem cell and a transit cell daughter. De-
pending on the tissue type, transit cell daughters either differentiate directly or divide first to pro-
duce the variety of differentiated cell types that form the tissue[26,27]. Previously, there was one
widely held view to account for the emergence of this pattern of cell differentiation in adult tissues.
During embryonic development, cells destined to become adult stem cells were thought to undergo
a restriction from pluripotency, the ability to give rise to all the different cell types in the body, to
either multipotency or unipotency. Multipotent and unipotent stem cells are able to produce mul-
tiple cell types or only one cell type, respectively, but not all cell types. Now, the discovery of adult
stem cell transdifferentiation may necessitate a revised explanation for the limited differentiation
potential of adult stem cells in their tissue of residence[5,28,29].

Transdifferentiation may reflect a tissue mechanism in which local environmental factors dic-
tate the differentiation of transit daughters and their descendants, while compartmentalized stem
cells maintain their autonomous undifferentiated pluripotent state. Thus, the apparent tissue-spe-
cific restriction of stem cell potency that occurs during embryonic and fetal development may not
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reflect major changes in stem cell gene expression programs. Instead, the required gene reprogram-
ming would take place in transit cells in response to local environmental signals from surrounding
differentiated cells, extracellular matrices, and soluble factors. Recent studies support this alterna-
tive explanation[5]. Several groups have shown that when presumably ectoderm-derived adult neu-
ral stem cells are cultured alone or in contact with other cell types in vitro, they can produce progeny
cells that express proteins and morphological features that are characteristic of myocytes, which are
a mesoderm cell fate. Moreover, injection of genetically marked neural stem cells into mouse and
chicken embryos indicated that these cells could yield progeny that develop into all three embryonic
germ layers[5,30]. To reflect this different view of the cellular basis for adult stem cell
transdifferentiation, this property is here defined as “transpotency”. Transpotency is the adult stem
cell property of latent multipotency or perhaps, more aptly, locally masked pluripotency (see Fig. 1).

Although asymmetric cell division is generally appreciated as an essential property of adult
stem cells, the importance of their associated asymmetric cell kinetics is often overlooked. The
ability of adult mammalian tissues to renew cells while maintaining a constant cell mass is owed to
asymmetric stem cell kinetics[26,27,31]. The fate of all cells in transit daughter lineages is terminal
division arrest. Only stem cells have division capacity that lasts for the entire mammalian life
span[31,32]. For more than 3 decades, investigators have debated the exact mathematical form of
asymmetric stem cell kinetics in vivo[27,29,32,33,34]. Some have argued that asymmetric kinetics
are accomplished by pools of proliferating stem cells that divide to produce stochastically either
new stem cells or differentiating progeny. Others maintain that it is accomplished by individual
stem cells that produce one new undifferentiated stem cell and one differentiating progenitor cell at
each division according to a determined program. In either case, the net result is a constant number
of stem cells in adult tissues that produce differentiating progeny cells that ultimately all become
nondividing, terminally arrested cells.

Rambhatla and others[25] recently proposed that a major barrier to the growth of adult stem
cells in culture is their intrinsic asymmetric cell kinetics. In vivo, asymmetric cell kinetics provide
tissue cell renewal in adult vertebrates that maintain near constant tissue cell mass. Ex vivo, the
continuation of this cell kinetics program will result in increasing numbers of nondividing cells
without a commensurate increase in stem cell number. As cultures are diluted for passage to new
culture vessels, stem cells, which do not increase in number, are postulated to be diluted-out relative
to a continually increasing fraction of nondividing cells. This basic cell kinetics eventuality has
been proposed as the fundamental basis for replicative senescence of diploid mammalian cells in
culture; and, thusly, the major barrier to the propagation and expansion of adult stem cells in cul-
ture[24,25; see Fig. 2]. Therefore, the key to solving the adult stem cell expansion problem may be
found in understanding the nature of molecular mechanisms that regulate asymmetric cell kinetics.

FIGURE 1. Transpotency, a manifestation of adult stem cell pluripotency. Shown are models for tissue turnover units
produced by adult stem cells in somatic tissues[25,53]. In each turnover, a single adult stem cell (green) cycles with
deterministic asymmetric cell kinetics to replace itself while producing differentiating transit cell progeny. (A)
Transdifferentiation. Translocation of an adult stem cell to a different tissue environment may result in changes in the stem
cell (green circle becomes green square) that lead to the production of transit cell progeny (squares) characteristic of the
new tissue of residence. (B) Transpotency. An alternative mechanism to account for “transdifferentiation” is altered instruction
of transit cells by the new tissue environment without any fundamental change in the potency of the stem cell. In this way,
transpotency is synonymous with stable stem cell pluripotency associated with local instruction of transit cell differentiation.



1910

Sherley: Asymmetric Cell Kinetics Genes TheScientificWorldJOURNAL (2002) 2, 1906–1921

FIGURE 2. The asymmetric cell kinetics barrier to expansion of adult stem cells in culture. When tissue cells are explanted
to culture, a large number (N) of adult stem cell–based tissue turnover units is obtained. Green circles represent adult stem
cells, blue and yellow circles indicate differentiating transit cells, and red circles depict mature, terminally arrested cells
that together comprise the basic turnover unit. It is postulated that in culture these tissue units regain their basic asymmetric
cell kinetics, even though phenotypic differentiation of progeny cells is not restored. Because adult stem cell number does
not increase during asymmetric cell kinetics, the stem cell fraction decreases with time as transit cells accumulate and fill
up culture vessels. After the initial transfer of cells to culture (Po), successive dilutions of replete cultures (Pn-i) eventually
yield a culture dilution in which no stem cells are transferred (Pn). This event is soon followed by a complete replicative
arrest of the culture when all transit cells complete terminal maturation and division arrest[25]. Schematic graphs (cell
number, CN vs. time, t) depict change in growth rate with successive passages in culture.

By discovering molecular pathways that allow reversible programming of adult stem cells so that
they divide continuously with symmetric kinetics (i.e., exponential self-renewal), it may be possible
to expand them in culture with retention of their innate ability to produce diverse types of differen-
tiating transit cells given appropriate instruction.

ASYMMETRIC CELL KINETICS GENES

Genes responsible for asymmetric cell kinetics went largely without discussion until the develop-
ment of cultured cell systems that model deterministic asymmetric stem cell kinetics predicted to
occur in vivo[25,35,36,37,38]. In contrast, many genes have been described that function in mecha-
nisms for asymmetric cell division[39,40,41]. There are many examples of asymmetric cell divi-
sions during embryonic development that result in phenotypically distinct daughter cells. Such
asymmetric cell divisions are essential for normal embryonic development. As noted earlier, similar
asymmetric divisions also occur during postnatal tissue cell differentiation in association with asym-
metric stem cell kinetics. However, most investigations of asymmetric cell divisions reported to
date have focused on developmental processes in embryonic tissues. Unlike postnatal asymmetric
divisions, these embryonic asymmetric divisions are not associated with asymmetric cell kinetics.
Therefore, the relationship of previously described genes involved in regulation of embryonic asym-
metric divisions to adult asymmetric stem cell kinetics is uncertain[42].

Asymmetric cell kinetics is a special subset of asymmetric cell divisions. They occur primarily
in late fetal and postnatal tissues and are characterized by production of one daughter cell that
retains the capacity for division for the life span of the host and one daughter whose final descen-
dants are all short-lived nondividing cells (i.e., a nondividing lineage). During the expansive phase
of embryonic development, many phenotypically asymmetric cell divisions occur, but they are inte-
grated with symmetric cell kinetics. Symmetric cell kinetics yield two lineages with equivalent
division capacity. Although the lineages may be phenotypically distinct, they are equivalent for
producing long-lived dividing progeny cells. The first evidence for the establishment of stem cells
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with asymmetric cell kinetics is in the fetus when adult tissue architecture begins to emerge[43,44].
Until late in embryonic development, asymmetric cell kinetics would be quite disruptive to embry-
onic tissues.

Genes involved in the regulation of asymmetric cell kinetics might be expressed in adult stem
cells themselves or in cells that either interact with adult stem cells or produce substances that
interact. The second and third mechanisms have been the focus of research to define the nature of
stem cell niches. There is a large body of work, in invertebrate and mammalian species, describing
genes whose expression in cells adjacent to stem cells may modulate stem cell division and differ-
entiation. The reader is directed to excellent reviews on this topic[3,28,45]. It is probable that simi-
lar extrinsic mechanisms will contribute to the regulation of adult somatic stem cell asymmetric cell
kinetics[28,45]. However, to date, the best candidates for genes that regulate mammalian adult
somatic stem cell kinetics appear to function in a cell-autonomous fashion, as will be discussed
here.

p53

The first demonstration that mammalian cells could divide with determined asymmetric cell kinet-
ics also identified the first candidate for a cell-autonomous asymmetric cell kinetics control gene.
This was the p53 tumor suppressor gene in adult-derived murine mammary epithelium cells in
culture[35,36]. When up-regulated by less than 50% above the basal level of endogenous wild-type
p53 in these cells, p53 induced a switch from symmetric cell kinetics which produce two dividing
daughters (underlying the exponential kinetics that typify established cell lines) to determined asym-
metric cell kinetics. The asymmetric cell kinetics were characterized by divisions producing one
continuously dividing daughter and one viable daughter arrested in G1/S of the cell cycle[35].
Subsequent studies with p53-null murine fetal fibroblasts demonstrated that simple restoration of
wild-type p53 to basal expression levels restored determined asymmetric cell kinetics[25]. The
same cell kinetics program was observed for cells in presenescent cultures of murine fetal fibro-
blasts and human lung fibroblasts[25,35]. These observations led to the proposal that p53-depen-
dent asymmetric cell kinetics is a major barrier to the propagation of adult somatic tissue cells in
culture[24,25]. Consistent with this hypothesis, a well-known requirement for immortalization of
both murine and human cells in culture is loss of wildtype p53 function[46,47].

An important consideration is whether these in vitro findings with p53 are relevant to adult stem
cell mechanisms in vivo. In several examined epithelial tissues, p53 protein expression is detected
primarily in basal cells localized in regions thought to harbor adult stem cells[48,49]. Several differ-
ent lines of transgenic p53 knockout mice have been derived. The consistent predominant pheno-
type of the p53 knockout mice is early development of diverse tumors[50,51,52]. This finding is
consistent with well-established ideas that increased symmetric stem cell divisions induce elevated
rates of carcinogenesis[31,53]. Previously, other hypotheses have been advanced to account for the
remarkable cancer phenotype of these mice (e.g., DNA damage checkpoint arrest deficiency; [54]).
However, consistent with the hypothesis of deficient asymmetric stem cell kinetics, in ex vivo stud-
ies, cells cultured from diverse tissues of p53 knockout animals no longer senesce in culture[51,55].
The absence of senescence by cultures of p53-null tissue cells is consistent with abrogation of the
asymmetric cell kinetics barrier to adult stem cell expansion by removal of p53-dependent regula-
tion[24,25]. Of course, the many genomic alterations that are associated with p53-deficient cells
render them quite useless as expanded “stem cells”[54,56].

IMPDH

Compared to in vivo experimental models, in vitro cultured cell models offer greater accessibility
and experimental control for molecular and biochemical analyses. These advantages of cultured
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cell models were instrumental in the discovery of an essential component of the mechanism by
which p53 expression modulates cell kinetics symmetry. Cultured cells engineered to have investi-
gator-controlled expression of p53 were used to show that p53 expression causes down-regulation
of IMPDH. Although the responsible molecular mechanism has not been determined, p53 expres-
sion is associated with coordinate down-regulation of IMPDH mRNA, protein, and cellular activ-
ity[57,58]. Two lines of evidence suggest that IMPDH down-regulation is required for p53-dependent
asymmetric cell kinetics. First, nucleotide salvage compounds that promote the formation of the
product of the IMPDH reaction (e.g., xanthosine monophosphate, XMP) prevent the p53-induced
switch to asymmetric cell kinetics[35,57,58]. Second, forced expression of an IMPDH transgene
prevents p53-dependent asymmetric cell kinetics[25,59].

The demonstration that IMPDH is a rate-determining component of the p53-dependent path-
way for asymmetric cell kinetics invoked a role for cellular guanine nucleotides in asymmetric cell
kinetics control mechanisms. Initial studies suggested that the critical guanine nucleotide(s) is a
ribonucleotide(s)[35,57]. However, the exact identity of the acting guanine ribonucleotide(s) and
its target(s) have not been determined.

In mice and humans, there are two reported IMPDH genes, designated type I and type II[60].
The human type II IMPDH gene shows elevated expression in malignancies and other highly prolif-
erative growth states. In contrast, the type I gene does not exhibit growth-related regulation. The
murine type II IMPDH gene mediates p53-dependent asymmetric cell kinetics in the cultured cell
models described earlier[25,58,59]. It is noteworthy that the type II IMPDH gene is a member of a
recently defined set of genes whose expression is associated with hematopoetic stem cell-enriched
populations[61]. Transgenic knockout of the type II IMPDH genes in mice has not yielded addi-
tional information on the possible role of IMPDH in adult stem cell kinetics. IMPDH II gene knock-
out resulted in embryonic lethality, even though the type I gene appeared to be functional[62].

p21waf1/cip1/sdi1

The p21waf1/cip1/sdi1 (p21) cyclin-dependent kinase inhibitor is much better known than IMPDH as a
p53-responsive gene target. From the time of its identification, p21 has been considered a key
mediator of p53-dependent checkpoint arrest in response to DNA damaging agents[38,63]. How-
ever, two recent reports suggest a possible role for p21 in homeostatic controls for adult stem cell
kinetics. Because this emerging view of p21 cellular function is largely based on studies in p21
knockout mice, the exact nature of the involvement of p21 in stem cell function is less clear than
that of p53 and IMPDH. Topley and others[64] studied alterations in keratinocyte cell kinetics in the
skin of p21 knockout mice. Two properties of cells isolated from the epidermis of these mice indi-
cated an expanded pool of either keratinocyte stem cells or primitive epidermal progenitor cells. In
vitro culture analyses showed that p21 knockout mice had high numbers of clonogenic keratinocytes
that occurred at frequency of about 1 in 1,000 isolated primary keratinocytes. In contrast, no similar
clonogenic cells were detected in primary keratinocyte cells derived from wildtype mice. Compared
to cells from wildtype mice, keratinocytes derived from p21 knockout mice and, subsequently,
retrovirally marked, had a 20-fold greater capacity for what appeared to be clonal repopulation of
entire hair follicles. This second property supports the authors’ conclusion that p21 may function
cell-autonomously to regulate the proliferation and/or differentiation potential of either adult
keratinocyte stem cells or very primitive keratinocyte progenitors for epidermis and hair follicles.

Cheng and others[65] evaluated effects of p21 gene knockout on hematopoietic stem cell (HSC)
kinetics. In serial transplantation assays, bone marrow cells from p21 knockout mice showed a
greatly reduced ability to reconstitute the hematopoietic system of lethally irradiated recipient mice.
Because this phenotype was demonstrable by transfer of mutant cells into wildtype recipient mice,
p21 appeared to act in a cell-autonomous fashion. Flow cytometry analysis indicated that the HSC
compartment of knockout mice had a significantly reduced fraction of noncycling cells. The authors
proposed that p21 deficiency compromised the ability of HSCs to maintain a quiescent state that
serves to protect them from toxic injury and that is required for hematopoiesis homeostasis.
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Consistent with the proposal that p21 is an important determinant of adult stem cell kinetics,
p21 knockout mice exhibit an early cancer phenotype (though with a longer latency than p53 knock-
out mice), and, in fact, 65% of the detected tumors are hematopoietic in origin[66]. Like p53 defi-
ciency, p21 deficiency also promotes an extended life span for cultured human fibroblasts[67,68],
and p21 expression is elevated in senescent cell cultures[67]. It is noteworthy that, although p21 is
still widely held to be a mediator of p53-dependent checkpoint arrest in response to DNA damage,
p21 knockout mice failed to give the full checkpoint deficiency phenotype noted for p53 knockout
mice[69].

Although p21 is viewed as a universal cyclin kinase inhibitor, capable of inhibiting several
different G1 and S phase-specific cyclin kinase complexes[70], surprisingly, in response to its p53-
induced expression, only the cyclin-dependent kinase 2/cyclin E complex (cdk2/E) shows detect-
able inhibition[71,72]. This S phase-promoting cyclin kinase complex has been implicated to regulate
the activity of DNA replication machines, and, thus, is a plausible component of a p53-based path-
way for asymmetric cell kinetics[73]. Whether cdk2/E is a downstream component of a p53-p21
pathway for regulation of adult stem cell kinetics will require more research targeted at interrogat-
ing this possibility.

AN EMERGING GENETIC CONTROL PATHWAY FOR ADULT STEM CELL
ASYMMETRIC CELL KINETICS

The described in vitro studies with cultured model cells make it clear that IMPDH down-regulation
is a rate-determining factor for p53-induced asymmetric cell kinetics. However, a similar depen-
dency between p53 and p21 has not been directly established to date. In addition, the findings with
p21 knockout mice do not necessarily indicate a function in the regulation of asymmetric cell kinet-
ics. Cheng and others cautiously point out that effects on other processes such as stem cell quies-
cence, cell differentiation, and apoptosis could also be responsible for their observations[65]. In
fact, given current ideas on the location of stem cells in epithelial tissues, the microanatomical
distribution of p21 expression in epithelial tissues does not fit well with a function in stem cells. P21
protein does not show significant expression in basal regions presumed to harbor stem cells based
on differentiation and cell kinetics mapping experiments. Instead, in both murine and human epithe-
lia, p21 is highly expressed in regions of newly produced terminally differentiating cells[74].

Allowing that the phenotype of p21 mice does reflect some degree of involvement in asymmet-
ric stem cell kinetics, then adult stem cell kinetics control may be considered to result from p53-
dependent “counter-regulation” of IMPDH and p21, IMPDH activity being down-regulated in concert
with up-regulation of p21 (see Fig. 3). In this model, neither p53-responsive target would be suffi-
cient to maintain asymmetric cell kinetics alone. An important question for future investigations is
how might IMPDH function and p21 function be integrated to produce daughter cells with different
cell kinetics fates.

Both p21 and IMPDH receive regulation inputs from extracellular and intracellular factors
other than p53, and thus their link to p53 may be only one of several inputs for maintenance of stem
cell kinetics. Certainly, asymmetric inheritance of any of these three gene products by one of the
daughter cells might be an important aspect of the control mechanism. At first, this may seem
implausible for an essential enzyme like IMPDH. However, the existence of two isoenzymes in
mammalian cells opens up the possibility of asymmetric inheritance of one isoenzyme for the pur-
pose of driving asymmetric cell kinetics.

p63

It is improbable that p53, IMPDH, and p21 are the sole regulators of asymmetric cell kinetics. In
addition to the possibility of other genes that, like p53, regulate the actions of IMPDH and p21,
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FIGURE 3. Emerging asymmetric cell kinetics genes. Diagrammed are genes implicated in the regulation of asymmetric
cell kinetics. For components drawn with solid lines, there is good evidence that their function is rate-determining for
asymmetric cell kinetics. Weaker evidence is available for the involvement of components drawn with dotted lines.
Expression of green components promotes asymmetric cell kinetics; whereas red components promote symmetric kinetics
that may support the exponential expansion of adult stem cells in culture. The nature of possible effects of components in
yellow is unclear. P53 may be a central component of a cellular pathway that regulates the cell kinetics of adult stem cells.
It simultaneously down-regulates IMPDH expression while up-regulating p21 expression, two events that favor the
maintenance of asymmetric cell kinetics.

there are likely to be many cellular components whose response to changes in IMPDH and p21 are
required for asymmetric stem cell kinetics. Given the implication of small molecules like guanine
ribonucleotides, the target range of p21, and the cellular endpoints of active cycling and S phase
arrest, the existence of additional downstream asymmetric cell kinetics control genes seems certain.

In keeping with this expectation of more asymmetric stem cell kinetics genes, recently, two
additional genes have been implicated to play a role in regulating adult stem cell kinetics. The first,
p63, is itself a member of the p53 gene family[75, reviewed in 76]. Different transcription units for
p63 produce variant proteins that can either transcriptionally activate known p53-responsive genes
(including p21) or interfere with p53-dependent gene transcription[75,76]. Like p53, p63 protein is
expressed in basal cells in murine and human epithelia. Unlike p53, p63 is not expressed in rare
cells, but instead is frequently detected in basal cells in diverse epithelial tissues[75,76,77,78]. This
finding indicates that p63 expression is not restricted to epithelial stem cells that are estimated to
contribute less than 1 in 1,000 cells in epithelial tissues[26,27,31].

Despite its pattern of high frequency of cellular expression, Yang and others have proposed that
p63 might be a determinant of stem cell kinetics because of the epithelial phenotype of p63 knock-
out mice[76,79]. These animals die as newborns with many poorly developed or undeveloped epi-
thelial tissues[79,80]. Because vestigial cells that express mature differentiation markers in otherwise
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degenerate tissues could be found in late stage embryos (“nonregenerative differentiation”), Yang
and others proposed that the animals had a defect in asymmetric stem cell division[76,79]. This
view must be taken cautiously because of the nature of the p63 knockout phenotype, which is
largely embryonic in origin. Both the report by Yang[79] and a simultaneous report by Mills and
others[80] showed that developmental defects in p63 knockout embryos are noticeable as early as
embryonic day 9.5 (the earliest time that p63 can be detected in the embryo; [80]) and 10.5. These
stages are prior to the time that asymmetric somatic tissue stem cells are thought to be estab-
lished[43,44].

Although the evidence, as discussed above, indicates a role for p63 in embryonic development,
it does not rule out an additional role in adult stem cell function. In fact, a recent report describes a
strong association between p63 expression and putative adult stem cells in the human corneal epi-
thelium[78]. An excellent map of the in vitro proliferative capacity of human corneal epithelium has
been constructed. The basal layer of the corneal limbus, which is thought to contain stem cells that
cycle slowly in vivo, has a higher fraction of cells with the greatest in vitro proliferative capacity
(called holoclones) than other regions of the epithelium[81]. Immunohistochemical analysis showed
that p63 was frequently expressed in basal cells of the limbus. Holoclones derived from corneal cell
cultures (15% of total limbus-derived cell clones) expressed significantly higher levels of p63 pro-
tein as compared to cell clones with diminished proliferative capacity and presumed to originate
from early and late transit cells. Similar relationships between proliferative capacity and p63 ex-
pression were noted in analyses with human epidermis that yield similar, but somewhat rarer (6.6%)
holoclones that are thought to derive from either epidermal stem cells or earlier progenitors[81].

Whereas the association between p63 expression and epithelial holoclones is certainly provoca-
tive, there is still sufficient cause for caution in assigning p63 a direct role in adult stem cell func-
tion. The fact that p63 expression is so frequent in basal epithelial cells and that holoclones are so
frequent in epithelial cultures raises an important concern. These data do not fit well with the con-
cept that stem cells are rare in adult tissues, where rare is defined as existing at a frequency that is
<1/1,000. Therefore, either ideas on the frequency of stem cells in some epithelial tissues must be
revised, or the conclusions regarding p63 and holoclones must be revised to consider, respectively,
functions in cell types and origin from cell types other than adult somatic stem cells.

Pten

The second new candidate for involvement in regulation of adult stem cell kinetics, Pten, is also a
known tumor suppressor protein. The Pten gene encodes a phosphatase that is frequently mutated in
a variety of human cancers; and germline mutations in Pten predispose for an overlapping spectrum
of diseases that include cancer syndromes and developmental defects[82,83]. Again, studies with
gene knockout mice are the basis for considering Pten as a regulator of adult stem cell kinetics.
Traditional knockout of Pten results in embryonic lethality, presumably because of a role for the
protein in early embryonic development. Groszer and others used a conditional, targeted Cre-loxp
approach to develop mice that underwent Pten knockout primarily in CNS cells at mid-gestation[84].
These mice exhibited brain abnormalities associated with increased neuronal proliferation and de-
creased apoptosis. In vitro studies with neurosphere cultures developed with cells from knockout
mice indicated that Pten deficiency increased neural stem/progenitor cell proliferation. Moreover,
the effects of the mutation were specific for neural stem cell kinetics, as alterations in the differen-
tiation of progenitor cells were not observed. Though these effects were demonstrated with cultured
cells, ongoing production of differentiated cells in neurosphere cultures precluded the determina-
tion of whether Pten effects on stem/progenitor proliferation were cell-autonomous[84].

Like p63 knockout animals, Pten Cre-loxp knockout mice die immediately after birth, and the
mutant phenotype is for the most part embryonic in origin. Unlike Yang and others in their work on
p63[79], Groszer’s group does not propose that Pten is an effector of adult stem cell kinetics. As
noted earlier, the distinction between effects in embryonic stem cells and adult stem cells is an
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important one to make, though it is often confused. Unlike p53, Pten deficiency leads to embryonic
lethality. The embryonic requirement for Pten function may continue into midgestation and even
the neonatal phase of brain development. Thus, the mutant phenotypes reported by Groszer and
others for Pten knockout in the CNS[84] are most probably due to Pten function in embryonic stem
cell kinetics, not adult.

For both Pten and p63, future success in defining the nature of their involvement in adult stem
cell kinetics in vivo will require experiments that avoid the embryonic lethality and pathology,
respectively, encountered in transgenic knockout studies. This might be accomplished by one of
two related approaches. Production of transgenic mice derived with inducible p63 or Pten genes
would allow an evaluation of the effects of their overexpression on cell kinetics during fetal, neona-
tal, and adult tissue development. Similarly, conditional transgenic knockout mice would allow
investigation of their requirement for tissue stem cell kinetics at prescribed stages of development.
The development of such transgenic mice is well within the capability of modern molecular genet-
ics technology.

MECHANISMS OF CELL-AUTONOMOUS ASYMMETRIC INHERITANCE

A defining feature of asymmetric cell divisions that characterize cell differentiation during embry-
onic development is asymmetric inheritance. Asymmetrically inherited factors can be intracellular
or extracellular. Differentiating cells have been shown to asymmetrically partition existing proteins
or RNAs and to exhibit unequal expression of specific genes. These mechanisms result in daughter
cells with significantly different amounts of critical cell fate determinants. Daughters can also “in-
herit” different extracellular environments (e.g., basal vs. apical location, specific cell-cell interac-
tions) that may either independently induce cell fate decisions or promote asymmetric localization
of intracellular fate determinants prior to cell division[39,40,41,85].

Adult stem cells in vivo might also employ asymmetric inheritance mechanisms to achieve
asymmetric cell kinetics. There is evidence that the adult stem cell niche in both invertebrates and
vertebrates plays a role in regulating adult stem cell kinetics[28,45]. However, as discussed, the
demonstration of asymmetric cell kinetics by isolated cells in vitro[25,35,36,86] suggests the exist-
ence of cell-autonomous asymmetric inheritance of determinants of asymmetric cell kinetics. The
five genes considered in this article have not been specifically evaluated for expression symmetry
between cycling and noncycling daughters. Of course, finding that one or more of them were ex-
pressed asymmetrically might lead to an understanding of the molecular basis of deterministic asym-
metric cell kinetics. However, such observations would raise a new question, which is, in fact, the
fundamental issue. What types of cellular mechanisms could account for cell-autonomous asym-
metric inheritance?

The simple explanation that asymmetric cell kinetics could be based on the stochastic partition-
ing of “cell kinetics determinant” molecules between two daughter cells is deceptive. The basic idea
is that for a freely diffusing determinant, it is unlikely that daughter cells will inherit exactly the
same number of molecules. The cell inheriting the larger (or smaller) share, however so slight,
would be fated, for example, to become the continuous cycling stem cell. However, it is difficult to
envision a biological control mechanism that would be so finely tuned as to function robustly with
this basis for operation. Synthesis and turnover of the cell kinetics determinant would have to be
exquisitely well controlled to prevent failed kinetics programs due to stochastic fluctuations in
factor concentration.

At first, a cell kinetics determinant that exists in a single copy, so that only one daughter can
inherit it, seems like an elegant solution to the problems of stochastic variation in the concentration
of an asymmetrically inherited determinant. For example, a single-copy messenger RNA might
seem an effective mechanism. However, such a cell kinetics determinant would, in fact, have proba-
bilistic properties that would result in its failure to support the deterministic asymmetric cell kinet-
ics. Two different molecular mechanisms might yield a single-copy mRNA. A gene might be of such
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extreme length or of such poor transcriptional efficiency that, on average, only one complete gene
transcript was produced before each stem cell division. However, either of these mechanisms might
occasionally yield more than 1 or no complete copies of the mRNA in daughter cells. Such events
would be catastrophic for tissue units in vivo. In addition, as in the case of asymmetric inheritance
based on unequal determinant concentration, strict coordination of the synthesis and turnover of a
single-copy determinant with cell division rates would also be essential for reliable function.

The single-copy determinant model for cell-autonomous asymmetric inheritance becomes more
plausible, if two additional features are invoked. First, the cell kinetics determinant must be stable
on the time scale of mammalian life spans. Second, production of new copies of the cell kinetics
determinant must be tightly restricted. Consider a stem cell bearing a stable single-copy determi-
nant that confers stem cell kinetics. At division only one of the daughter cells inherits the determi-
nant, and it becomes the new stem cell. A general inhibitor is required in both daughter cells to
prevent the production of new stem cell kinetics determinants. Without the determinant, the other
daughter would be prevented from acquiring a stem cell fate, thereby rendering it permissive to
differentiation instruction.

This discussion would not be complete without consideration that the actual answer to the
fundamental question of cell-autonomous asymmetric inheritance may be that determined asym-
metric cell kinetics in vitro only appear to be cell-autonomous. Specific communication between
newly divided daughter cells could be the key to the mechanism. For example, both new daughters
may “compete” to instruct each other to be the stem cell daughter with only one winner possible.
The loser would function as a stem cell, whereas the winner would initiate a transit cell differentia-
tion program. Instruction might be in the form of inhibitory cell-cell contact or a mutually secreted
factor that inhibits/promotes the acquisition of stem cell kinetics. A mechanism of this type has been
suggested for apparently cell-autonomous binary fate decisions during development in C. elegans[85].
Fairly simplistic interacting regulatory loops could result in a faithful mechanism to insure asym-
metric cell kinetics by the stem cell daughter. The schemes considered here provide a general frame-
work for future investigations of asymmetric cell kinetics control genes. One or more of them may
be involved in the elaboration and regulation of key cell kinetics determinants that exhibit cell-
autonomous asymmetric inheritance or that form stem cell-transit cell regulatory loops that yield
asymmetric daughter cell kinetics fates.

A GENETIC BASIS FOR BIOENGINEERING THE EXPANSION OF ADULT
STEM CELLS IN CULTURE

To date, no rationale approach to the general problem of expanding adult stem cells in culture has
been described. The asymmetric cell kinetics genes described in this review (summarized in Fig. 3)
have potential to become the basis for the development of such an approach. Present research is
focused on the identification of specific growth factors or cellular proteins that might promote stem
cell propagation in culture. Factors that increase adult stem cell viability, proliferation, and replica-
tive life span or that prevent cell differentiation are common targets for research in this area. These
investigations are essential to the development of a complete understanding of stem cell function,
but it is unlikely that they will lead to a solution to the expansion problem; unless they also attend to
the barrier posed by intrinsic asymmetric cell kinetics.

P53 and IMPDH have emerged as rate-determining factors in a cellular pathway that regulates
asymmetric cell kinetics; and p21 and p63 have some characteristics that implicate them as compo-
nents of the same or related pathways for cell kinetics control. Continued investigation of the role of
these genes in adult stem cell kinetics will be required to elucidate the complete genetic structure of
adult stem cell kinetics control mechanisms. Development of a detailed understanding of molecular
and biochemical features of this pathway is the first step in bioengineering methods to expand adult
stem cells in culture. A method to reversibly convert asymmetric cell kinetics to symmetric cell
kinetics is the critical requirement for success. Asymmetric cell kinetics genes may hold the secrets
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that must be revealed to realize the goals of identifying adult stem cells and procuring them in the
quantities required for successful therapeutic development.

ACKNOWLEDGEMENTS

Many thanks to J. Lansita, K. Panchalingham, R. Helmi, and Drs. J.-F. Paré and C. Semino for
critical review of the manuscript.

REFERENCES

1. Eguchi, G. (1976) ‘Transdifferentiation’ of vertebrate cells in cell culture. In Embryogenesis in Mammals, Ciba
Foundation Symposium 40. Elsevier, New York. pp. 241–258.

2. Asashima, M. and Okada, T.S. (2001) Spemann’s influence on Japanese developmental biology. Int. J. Dev. Biol.
45, 57–65.

3. Watt, F.M. and Hogan, B.L.M. (2000) Out of Eden: stem cells and their niches. Science 287, 1427–1430.
4. Morrison, S.J. (2001) Stem cell potential: can anything make anything? Curr. Biol. 11, R7–R9.
5. Clark, D. and Frisén, J. (2001) Differentiation potential of adult stem cells. Curr. Opin. Genet. Dev. 11, 575–580.
6. Petersen, B.E., Bowen, W.C., Patrene, K.D., Mars, W.M., Sullivan, A.K., Murase, N., Boggs, S.S., Greenburger,

J.S., and Goff, J.P. (1999) Bone marrow as a potential source of hepatic oval cells. Science 284, 1168–1170.
7. Lagasse, E., Connors, H., Al-Dhalimy, M., Dohse, M., Osborne, L., Wang, X., Weissman, I.L., and Grompe, M.

(2000) Purified hematopoietic stem cells can differentiate into hepatocytes in vivo. Nat. Med. 6, 1229–1234.
8. Krause, D.S., Theise, N.D., Collector, M.I., Henegariu, O., Hwang, S., Gardner, R., Neutzel, S., and Sharkis, S.J.

(2001) Multi-organ, multi-lineage engraftment by a single bone marrow-derived stem cell. Cell 105, 369–377.
9. Brazelton, T.R., Rossi, F.M.V., Keshet, G.I., and Blau, H.M. (2000) From marrow to brain: expression of neuronal

phenotypes in adult mice. Science 290, 1775–1779.
10. Mezey, E., Chandross, K.J., Harta, G., Maki, R.A., and McKercher, S.R. (2000) Turning blood into brain: cells

bearing neuronal antigens generated in vivo from bone marrow. Science 290, 1779–1782.
11. Orlic, D., Kajstura, J., Chimenti, S., Jakoniuk, I., Anderson, S.M., Li, B., Pickel, J., McKay, R., Nadal-Ginard, B.,

Bodine, D.M., Leri, A., and Anversa, P. (2001) Bone marrow cells regenerate infarcted myocardium. Nature 410,
701–705.

12. Vogel, G. (2000) Stem cells: new excitement, persistent questions. Science 290, 1672–1674.
13. McKay, R. (2000) Stem cells – hype and hope. Nature 406, 361–364.
14. Shapiro, H.T. (1999) Ethical dilemmas and stem cell research. Science 285, 2065.
15. McLaren, A. (2001) Ethical and social considerations of stem cell research. Nature 414, 129–131.
16. Vogel, G. (2001) The hottest stem cells are also the toughest. Science 292, 429.
17. Aldhous, P. (2001) Can they rebuild us? Nature 410, 622–625.
18. Moreno, J.D. (2001) A tragic compromise on stem cell derivation. J. Biomed. Biotech. 1, 95.
19. Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel, J.J., Marshall, V.S., and Jones, J.M.

(1998) Embryonic stem cell lines derived from human blastocysts. Science 282, 1145–1147.
20. Glimm, H. and Eaves, C.J. (1999) Direct evidence for multiple self-renewal divisions of human in vivo repopulat-

ing hematopoietic cells in short-term culture. Blood 94, 2161–2168.
21. Vogel, G.V. (2001) Can adult stem cells suffice? Science 292, 1820–1822.
22. Toma, J.G., Akhavan, M., Fernandes, K.J., Barnabe-Heider, F., Sadikot, A., Kaplan, D.R., and Miller, F.D. (2001)

Isolation of multipotent adult stem cells from the dermis of mammalian skin. Nat Cell Biol. 3, 778–784.
23. Donovan, P.J. and Gearhart, J. (2001) The end of the beginning for pluripotent stem cells. Nature 414, 92–97.
24. Merok, J.R. and Sherley, J.L. (2001) Breaching the kinetic barrier to in vitro somatic stem cell propagation. J.

Biomed. Biotech. 1, 25–27.
25. Rambhatla, L., Bohn, S.A., Stadler, P.B., Boyd, J.T., Coss, R.A., and Sherley, J.L. (2001) Cellular senescence: ex

vivo p53-dependent asymmetric cell kinetics. J. Biomed. Biotech 1, 28–37.
26. Potten, C.S. and Morris, R.J. (1988) Epithelial stem cells in vivo. J. Cell Sci. Suppl. 10, 45–62.
27. Loeffler, M. and Potten, C.S. (1997) Stem cells and cellular pedigrees - a conceptual introduction. In Stem Cells.

Potten, C.S., Ed. Harcourt Brace, San Diego, CA. pp.1–28.
28. Fuchs, E. and Segre, J.A. (2000) Stem cells: a new lease on life. Cell 100, 143–156.
29. Weissman, I.L. (2000) Stem cells: units of development, units of regeneration, and units of evolution. Cell 100,

157–168.
30. Clarke, D.L., Johansson, C.B., Wilbertz, J., Veress, B., Nilsson, E., Karlstrom, H., Lendahl, U., and Frisen, J.

(2000) Generalized potential of adult neural stem cells. Science 288, 1660–1663.



1919

Sherley: Asymmetric Cell Kinetics Genes TheScientificWorldJOURNAL (2002) 2, 1906–1921

31. Cairns, J. (1975). Mutation selection and the natural history of cancer. Nature 255, 197–200.
32. Lajtha, L.G. (1979) Stem cell concepts. Differentiation 14, 23–34.
33. Matioli, G., Niewisch, H., and Vogel, H. (1970). Stochastic stem cell renewal. Rev. Eur. Etud. Clin. Biol. XV, 20–

22.
34. Ro, S. and Rannala, B. (2001) Methylation patterns and mathematical models reveal dynamics of stem cell turnover

in the human colon. Proc. Natl. Acad. Sci. U. S. A. 98, 10519–10521.
35. Sherley, J.L., Stadler, P.B., and Johnson, D.R. (1995). Expression of the wildtype p53 antioncogene induces gua-

nine nucleotide-dependent stem cell division kinetics. Proc. Natl. Acad. Sci. U. S. A. 92, 136–140.
36. Sherley, J.L., Stadler, P.B., and Stadler, J.S. (1995) A quantitative method for the analysis of mammalian cell

proliferation in culture in terms of dividing and non-dividing cells. Cell Prolif. 28, 137–144.
37. Sherley, J.L. (1996) The p53 tumor suppressor gene as regulator of somatic stem cell renewal division. Cope 12, 9–

10.
38. Sherley, J.L. (2000). Tumor suppressor genes and cell kinetics in the etiology of malignant mesothelioma. In

Sourcebook of Asbestos Diseases. Vol. 21. Peters, G.A. and Peters, B.J., Eds. Peters and Peters, Santa Monica, CA.
pp. 91–141.

39. Doe, C.Q. (1996) Spindle orientation and asymmetric localization in Drosophila: both inscuteable? Cell 86, 695–
697.

40. Knoblich, J.A. (1997) Mechanisms of asymmetric cell division during animal development. Curr. Opin. Cell Biol.
9, 833–841.

41. Hawkins, N. and Garriga, G. (1998) Asymmetric cell division: from A to Z. Genes Dev. 12, 3625–3638.
42. Lin, H. and Schagat, T. (1997) Neuroblasts: a model for the asymmetric division of stem cells. Trends Genet. 13,

33–39.
43. Schmidt, G.H., Winton, D.J., and Ponder, B.A.J. (1988) Development of the pattern of cell renewal in the crypt-

villus unit of chimaeric mouse small intestine. Development 103, 785–790.
44. Martens, D.J., Tropepe, V., and van der Kooy, D. (2000) Separate proliferation kinetics of fibroblast growth factor-

responsive and epidermal growth factor-responsive neural stem cells within the embryonic forebrain germinal
zone. J. Neurosci. 20, 1085–1095.

45. Spradling, A., Drummond-Barbosa, D., and Kai, T. (2001) Stem cells find their niche. Nature 414, 98–104.
46. Harvey, D.M. and Levine, A.J. (1991) p53 alteration is a common event in the spontaneous immortalization of

primary Balb/c murine embryo fibroblasts. Genes Dev. 5, 2375–2385.
47. Shay, J.W., Tomlinson, G., Piatyszek, M.A., and Gollahon, L.S. (1995) Spontaneous in vitro immortalization of

breast epithelial cells from a patient with Li-Fraumeni syndrome. Mol. Cell. Biol. 15, 425–432.
48. Ahomadegbe, J.C., Barrois, M., Fogel, S., Le Bihan, M.L., Douc-Rasy, S., Duvillard, P., Armand, J.P., and Riou, G.

(1995) High incidence of p53 alterations (mutation, deletion, overexpression) in head and neck primary tumors and
metastases; absence of correlation with clinical outcome. Frequent protein overexpression in normal epithelium
and in early non-invasive lesions. Oncogene 10, 1217–1227.

49. Antoniades, H.N., Galanopoulos, T., Neville-Golden, J., Kiritsy, C.P., and Lynch, S.E. (1994) p53 expression
during normal tissue regeneration in response to acute cutaneous injury in swine. J. Clin. Invest. 93, 2206–2214.

50. Donehower, L.A., Harvey, M., Slagle, B.L., McArthur, M.J., Montgomery, Jr., C.A., Butel, J.S., and Bradley, A.
(1992) Mice deficient for p53 are developmentally normal but susceptible to spontaneous tumours. Nature 356,
215–221.

51. Tsukada, T., Tomooka, Y., Takai, S., Ueda, Y., Nishikawa, S., Yagi, T., Tokunaga, T., Takeda, N., Suda, Y., Abe, S.,
Matsuo, I., Ikawa, Y. and Aizawa, S. (1993) Enhanced proliferative potential in culture of cells from p53-deficient
mice. Oncogene 8, 3313–3322.

52. Purdie, C.A., Harrison, D.J., Peter, A., Dobbie, L., White, S., Howie, S.E., Salter, D. M., Bird, C.C., Wyllie, A.H.,
Hooper, M.L., and Clarke, A.R. (1994) Tumour incidence, spectrum and ploidy in mice with a large deletion in the
p53 gene. Oncogene 9, 603–609.

53. Herrero-Jimenez, P., Thilly, G., Southam, P.J., Tomita-Mitchell, A., Morgenthaler, S., Furth, E.E., and Thilly, W.G.
(1998). Mutation, cell kinetics, and subpopulations at risk for colon cancer in the United States. Mutat. Res. 400,
553–578.

54. Levine, A.J. (1997) p53, the cellular gatekeeper for growth and division. Cell 88, 323–331.
55. Harvey, M., Sands, A.T., Weiss, R.S., Hegi, M.E., Wiseman, R.W., Pantazis, P., Giovanella, B.C., Tainsky, M.A.,

Bradley, A., and Donehower, L.A. (1993) In vitro growth characterization of embryo fibroblasts isolated from p53-
deficient mice. Oncogene 8, 2457–2467.

56. Reya, T., Morrison, S.J., Clarke, M.F., and Weissman, I.L. (2001) Stem cells, cancer, and cancer stem cells. Nature
414, 105–111.

57. Sherley, J.L. (1991) Guanine nucleotide biosynthesis is regulated by the cellular p53 concentration. J. Biol. Chem.
266, 24815–24828.

58. Liu, Y., Riley, L.B., Bohn, S.A., Boice, J.A., Stadler, P.B., and Sherley, J.L. (1998) Comparison of Bax, Waf1, and
IMP dehydrogenase regulation in response to wild-type p53 expression under normal growth conditions. J. Cell.
Physiol. 177, 364–376.



1920

Sherley: Asymmetric Cell Kinetics Genes TheScientificWorldJOURNAL (2002) 2, 1906–1921

59. Liu, Y., Bohn, S.A., and Sherley, J.L. (1998) Inosine-5′-monophosphate dehydrogenase is a rate-determining factor
for p53-dependent growth regulation. Mol. Biol. Cell 9, 15–28.

60. Zimmerman, A.G., Gu, J.-J., Laliberte, J., and Mitchell, B.S. (1998) Inosine-5′-monophosphate dehydrogenase:
regulation of expression and role in cellular proliferation and T lymphocyte activation. Prog. Nucleic Acid Res. 61,
181–209.

61. http://stemcell.princeton.edu/cgi-bin/SCDB/form_search.perl via Phillips, R.L., Ernst, R.E., Brunk, B., Ivanova,
N., Mahan, M.A., Deanehan, J.K., Moore, K.A., Overton, G.C., and Lemischka, I.R. (2000) The genetic program of
hematopoietic stem cells. Science 288, 1635–1640.

62. Gu, J.J., Stegmann, S., Gathy, K., Murray, R., Laliberte, J., Ayscue, L., and Mitchell, B.S. (2000) Inhibition of T
lymphocyte activation in mice heterozygous for loss of the IMPDH II gene. J. Clin. Invest. 106, 599–606.

63. El-Deiry, W.S., Tokino, T., Velculescu, V.E., Levy, D.B., Parsons, R., Trent, J.M., Lin, D., Mercer, W.E., Kinzler,
K.W., and Vogelstein, B. (1993) WAF1, a potential mediator of p53 tumor suppression. Cell 75, 817–825.

64. Topley, G.I., Okuyama, R., Gonzales, J.G., Conti, C., and Dotto, G.P. (1999) p21(WAF1/Cip1) functions as a suppressor
of malignant skin tumor formation and a determinant of keratinocyte stem-cell potential. Proc. Natl. Acad. Sci. U.
S. A. 96, 9089–9094.

65. Cheng, T., Rodrigues, N., Shen, H., Yang, Y., Dombkowski, D., Sykes, M., and Scadden, D.T. (2000) Hematopoi-
etic stem cell quiescence maintained by p21cip1/waf1. Science 287, 1804–1808.

66. Martin-Caballero, J., Flores, J.M., Garcia-Palencia, P., and Serrano, M. (2001) Tumor susceptibility of p21(Waf1/
Cip1)-deficient mice. Cancer Res. 61, 6234–6238.

67. Noda, A., Ning, Y., Venable, S.F., Pereira-Smith, O.M., Smith, J.R. (1994) Cloning of senescent cell-derived in-
hibitors of DNA synthesis using an expression screen. Exp. Cell Res. 211, 90–98.

68. Brown, J.P., Wei, W., and Sedivy, J.M. (1997) Bypass of senescence after disruption of p21CIP1/WAF1 gene in
normal diploid human fibroblasts. Science 277, 831–834.

69. Deng, C., Zhang, P., Harper, J.W., Elledge, S.J., and Leder, P. (1995) Mice lacking p21CIP1/WAF1 undergo normal
development, but are defective in G1 checkpoint control. Cell 82, 675–684.

70. Xiong, Y., Hannon, G.J., Zhang, H., Casso, D., Kobayashi, R., and Beach, D. (1993) p21 is a universal inhibitor of
cyclin kinases. Nature 366, 701–704.

71. Lin, D., Fiscella, M., O’Connor, P.M., Jackman, J., Chen, M., Luo, L.L., Sala, A., Travali, S., Appella, E., Mercer,
W.E. (1994). Constitutive expression of B-myb can bypass p53-induced Waf1/Cip1-mediated G1 arrest. Proc.
Natl. Acad. Sci. U. S. A. 91, 10079–10083.

72. Latham, K.M., Eastman, S.W., Wong, A., and Hinds, P.W. (1996). Inhibition of p53-mediated growth arrest by
overexpression of cyclin-dependent kinases. Mol. Cell. Biol. 16, 4445–4455.

73. Krude, T., Jackman, M., Pines, J., and Laskey, R.A. (1997) Cyclin/Cdk-dependent initiation of DNA replication in
a human cell-free system. Cell 88, 109–119.

74. Gartel, A.L., Serfas, M.S., Gartel, M., Goufman, E., Wu, G.S., El-Deiry, W.S., and Tyner, A.L. (1996) p21 (WAF1/
CIP1) expression is induced in newly nondividing cells in diverse epithelia and during differentiation of the Caco-
2 intestinal cell line. Exp. Cell Res. 227, 171–181.

75. Yang, A., Kaghad, M., Wang, Y., Gillett, E., Fleming, M.D., Dotsch, V., Andrews, N.C., Caput, D., and McKeon, F.
(1998) p63, a p53 homolog at 3q27-29, encodes multiple products with transactivating, death-inducing, and domi-
nant-negative activities. Mol. Cell 2, 305–316.

76. Yang, A. and McKeon, F. (2000) P63 and p73: p53 mimics, menaces and more. Nat. Rev. Mol. Cell Biol. 1, 199–
207.

77. Signoretti, S., Waltregny, D., Dilks, J., Isaac, B., Lin, D., Garraway, L., Yang, A., Montironi, R., McKeon, F., and
Loda, M. (2000) p63 is a prostate basal cell marker and is required for prostate development. Am. J. Pathol. 157,
1769–1775.

78. Pellegrini, G., Dellambra, E., Golisano, O., Martinelli, E., Fantozzi, I., Bondanza, S., Ponzin, D., McKeon, F., and
De Luca, M. (2001) p63 identifies keratinocyte stem cells. Proc. Natl. Acad. Sci. U. S. A. 98, 3156–3161.

79. Yang, A., Schweitzer, R., Sun, D., Kaghad, M., Walker, N., Bronson, R.T., Tabin, C., Sharpe, A., Caput, D., Crum,
C., and McKeon, F. (1999) P63 is essential for regenerative proliferation in limb, craniofacial and epithelial devel-
opment. Nature 398, 714–718.

80. Mills, A.A., Zheng, B., Wang, X.-J., Vogel, H., Roop, D.R., and Bradley, A. (1999) P63 is a p53 homologue
required for limb and epidermal morphogenesis. Nature 398, 708–713.

81. Pellegrini, G., Golisano, O., Paterna, P., Lambiase, A., Bonini, S., Rama, P., and De Luca, M. (1999) Location and
clonal analysis of stem cells and their differentiated progeny in the human ocular surface. J. Cell Biol. 145, 769–
782.

82. Di Cristofano, A., Pesce, B., Cordon-Cardo, C., and Pandolfi, P.P. (1998) Pten is essential for embryonic develop-
ment and tumour suppression. Nat. Genet. 19, 348–355.

83. Cantley, L.C. and Neel, B.G. (1999) New insights into tumor suppression: PTEN suppresses tumor formation by
restraining the phosphoinositide 3-kinase/AKT pathway. Proc. Natl. Acad. Sci. U. S. A. 96, 4240–4245.

84. Groszer, M., Erickson, R., Scripture-Adams, D.D., Lesche, R., Trumpp, A., Zack, J.A., Kornblum, H.I., Liu, X.,
and Wu, H. (2001) Negative regulation of neural stem/progenitor cell proliferation by the Pten tumor suppressor
gene in vivo. Science 294, 2186–2189.



1921

Sherley: Asymmetric Cell Kinetics Genes TheScientificWorldJOURNAL (2002) 2, 1906–1921

85. Morrison, S.J., Shah, N.M., and Anderson, D.J. (1997) Regulatory mechanisms in stem cell biology. Cell 88, 287–
298.

86. Huang, S., Law, P., Francis, K., Palsson, B.O., Ho, A.D. (1999) Symmetry of initial cell divisions among primitive
hematopoietic progenitors is independent of ontogenic age and regulatory molecules. Blood 94, 2595–2604.

This article should be referenced as follows:

James L. Sherley (2002) Asymmetric cell kinetics genes: the key to expansion of adult stem cells in culture. In Reviews
in Stem and Progenitor Cells. TheScientificWorldJOURNAL 2, 1906–1921.

Handling Editor:

Sally A. Moody, Principal Editor for Cell Fate and Determination — a domain of TheScientificWorldJOURNAL.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Anatomy 
Research International

Peptides
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 International Journal of

Volume 2014

Zoology

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Molecular Biology 
International 

Genomics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Signal Transduction
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Evolutionary Biology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biochemistry 
Research International

Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Genetics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Virolog y

Hindawi Publishing Corporation
http://www.hindawi.com

Nucleic Acids
Journal of

Volume 2014

Stem Cells
International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Enzyme 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Microbiology


