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The asymmetric division and tumorigenesis of stem cells
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[Abstract] Stem cells use asymmetric and symmetric cell division to generate progeny. Symmetric cell division is defined as the
generation of daughter cells that are destined to acquire the same fate. Stem cells divide asymmetrically to generate one daughter
with a stem-cell fate and one daughter with different fate. Disruption of the machinery that regulates asymmetric division may be a
reason for the generation of cancer. The asymmetric mechanism is maintained by cell polarity factors, cell fate determinants, and
the spindle apparatus. The mutation or dysregulation of these factors may change stem cells from asymmetric to symmetric cell
division, then leading to tumorigenesis. Therefore, further study is needed on the mechanisms of stem cell control between
asymmetric and symmetric cell division, as well as the relationships among stem cells, cancer stem cells, and tumor cells. It may

bring us a new approach for the resistance, recurrence, and metastasis of tumors.
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In recent years, the hypothesis of tumor-derived cancer stem
cells has received great attention. Cancer stem cells (CSCs)
define a few parts of cells in tumor tissue with the characteristics
of stem cells and the capacity of self-renewal, that produce
daughter cells that are the same as the parent cells. In addition,
with multiple differentiation potentials and highly proliferative
ability, CSCs produce different phenotypes in tumor cells!™.
Studies have demonstrated that CSCs may arise from normal
stem cells (NSCs) and transit-amplifying cells (TACs)™. Although
we are uncertain whether the NSC self-control disorders lead to
CSC or if TAC-retained characteristics of stem cells caused by
abnormal mutation leads to CSC, or both, CSC generation needs
a number of conditions, such as the mode of cell division, the cell
cycle, changes in cell signaling, changes in the stem-cell
microenvironment, and amplification of cells with genetic
changes. Among them, dysregulation of cell division is the
earliest and the most important effect on the generation of tumor
cells'?%!. Therefore, the correct understanding of the regulatory
mechanisms of NSC self-renewal and differentiation will help to
realize the origin, propagation, and differentiation of tumors. In
this study, based on the mode of cell division, we introduce the
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relationship between the dysregulation of the mode of cell division
and the formation of tumors.

The mode of cell division in stem cells

Stem cells maintain self-renewal and differentiation in two
ways?: asymmetric cell division and symmetric cell division
(Figure 1). In asymmetric cell division, stem cells divide only once
and fulfill the dual needs of self-renewal and differentiation.
Recently, two theories have further explained asymmetric
division. One theory posits that cytoplasmic asymmetric division
causes different cell fate determinants, known as intrinsic
asymmetry. The other proposes that two daughter cells have the
same developmental potential, yet due to different stem-cell
microenvironments result in different cell fate determinants, which
is known as extrinsic asymmetric division (Figure 1C). Intrinsic
asymmetry can be explained by controlled theories of cell polarity
factors (Figure 1A) and cell fate determinants (Figure 1B). Many
processes, like growth and development, require a number of
stem cells. However, according to asymmetric division, stem cells
cannot proliferate, limiting the ability of embryonic development,
tissue damage, and regeneration to proceed, which is a defect of
asymmetric cell division. Therefore, stem cells need another
mode of division to accomplish these requirements. Daughter
cells produced through symmetric division have the same fate:
both of the cells are either stem cells (Figure 1D) or differentiated
cells (Figure 1E). The advantage of symmetric division is that the
body can produce a certain type of cells in a short time. Thus,
symmetric division is common in embryonic development.
Evidence in adults has also proved that symmetric cell division, in
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Figure 1

Asymmetric and symmetric stem-cell division
Three modes of asymmetric division: A, intrinsic asymmetric division mediated by

cell polarity factors; B, intrinsic asymmetric division mediated by cell fate
determinants; C, extrinsic asymmetric division. Two modes of symmetric division:
D, daughter cells both have self-renewal capacities (the light green ones); E,
daughter cells are both differentiated cells (the pink ones).

particular, fulfills the needs of damage and regeneration!”.

The maintenance of stem cells depends on asymmetric cell
division or both asymmetric and symmetric cell division. The
conversion between asymmetric and symmetric division is dually
regulated by developmental and environmental signals. Some
mammalian stem cells shift between asymmetric and symmetric
division, according to different requirements and different stages,
and the stem cells apply different modes of division. For
example, in the embryonic development of both neural and
epithelial stem cells, symmetric cell division is used to increase
the number of stem cells. While in middle and late pregnancy,
asymmetric cell division is applied to increase the variety of
differentiated cells®. In neural stem cells, along with an increased
number of differentiated cells in the forebrain, cells delaminate
and stem cells divide asymmetrically to produce daughter cells.
One of the daughter cells remains in the ventricular zone, and the
other migrates to the overlying layer that is composed of different
differentiated neurons . During the formation of the stratified
epidermis, asymmetric division is the dominant mode on day
14.5. One of the daughter cells remains in the basal layer, and
the other migrates into the suprabasal layer and becomes a
committed progenitor, which produces a limited generation of
daughter cells by symmetric division before differentiation!®. For
these stem cells, defining symmetric or asymmetric division
depends on whether one or two daughter cells remain in their
original locations and on any stem cell related morphologic
differences.

Most adult stem cells are in a resting state; only a few are
active. Therefore, it is difficult to explore the division of stem
cells, and the available data for in-vivo studies is very limited. In
most tissues, we do not know whether asymmetric or symmetric
division maintains the dynamic balance of stem cells. However,
evidence has proved that some adult stem cells maintain the
number of stem cells by asymmetric division at rest. In neural
stem cells in the subventricular zone of the lateral ventricle,
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asymmetric division plays a dominant role in the steady state.
However, partial symmetric division has also been observed "’
Furthermore, a colony formation assay has shown that
undifferentiated neural progenitor cells divide asymmetrically!™.
Although some adult stem cells use asymmetric division in a
resting state, they can still divide symmetrically. In damage and
disease situations, neural stem cells and hematopoietic stem
cells use symmetric division to compensate for any reduction in
the stem cell pool caused by damage. Destroyed rodent forebrain
cells enhance cell division in the subventricular zone, including
increasing the number of dividing cells, which, in turn, promotes
neurogenesis!'”. However, the subventicular zone is composed of
different cells, whether the increased cell number completely
comes from stem cell division has yet to be studied. In situations
of damage, hematopoietic stem cells also divide symmetrically,
however, which mode they apply in the resting state we still do
not wunderstand. Chemotherapy induces damage in the
hematopoietic system, and hematopoietic stem cells divide and
increase the number of stem cells by symmetric division to
compensate for damage caused by any depletion of the stem cell
pool.
division  of

Asymmetric Drosophila

neuroblasts

Drosophila neuroblasts (NBs) are the main materials studied
in research on stem cell division'., Under normal conditions, NB
has the structure of the apical-basal axis. In mitosis, messenger
RNA (mRNA) and proteins are divided into apical and basal parts
(Figure 2). After cell mitosis, proteins in the apical part remain in
the larger cells, while proteins in the basal part enter into smaller
cells. The larger daughter cells retain the capacity of self-renewal,
and the smaller daughter cells become ganglion mother cells
(GMCs), which can further generate pairs of neurons and pairs of
neuroglial cells!™. The differences between NB and GMC are not
only reflected in the size of the cells, but also in the locations.
NBs locate at the top and have contact with the neural epidermis
(embryonic developmental stages) and the cortex (larval stage).
GMCs and their daughter cells move to the bottom and reach the
inner site of the developing central nervous system. In addition,
the gene expressions in NB and GMC are different?.

The maintenance of asymmetric cell division depends on the
maintenance of cell polarity. Cell polarity regulates the
asymmetric distribution of cell fate determinants and mediates the
correct orientation of the spindle. Spindle orientation in turn
affects cell polarity and the distribution of cell fate determinants.
Thus, cell polarity factors, cell fate determinants, and the spindle
affect each other and together maintain the mechanism of
asymmetric division of Drosophila NB.

Baz, DmPar-6, and DaPKC compose the Par complex at the
top of NBs. In the NB layered process, Insc gene is expressed.
Baz is an adapter protein and binds with Insc, moving Insc
anchors to the top of the NB. The Insc/Par complex constructs a
crescent complex. Insc also binds with molecular chaperones
Pins. Pins then binds with G protein a subunit Gai and forms the
apical complex in the NB apical cortex, which determines and
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maintains the polarity of the NB and regulates the location of cell
fate determinants and the orientation of the spindle. Molecules in
the apical complex are dependent on each other. Functional
deficiency or mutation of any one causes the failure in the
formation, maintenance, and function of the apical complex
(Figure 2).
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Figure 2 Drosophila neuroblast asymmetric division and
cancer cell formation

Lg1, DaPKC, Baz, Par6, INSC, Pins, and Gal1 form a functional apical complex
when wild-type neuroblasts divide. Apical complex formation then enables
asymmetric segregation of the basal components Mira/Brat/Pros and Pon/Numb
and mitotic spindle orientation, resulting in daughter cell fate determination. The
bigger cell has the apical complex and keeps self-renewal capacity, while the
GMC keeping cell fate determinants—Pros and Brat becomes differentiated. In
GMC, Pros suppresses the transcription of key genes in the cell cycle, leading to
a decrease in the biosynthesis of ribosomes and proteins. In the Brat mutated
Drosophila larva, without Brat and Pros separation into GMCs, the cell cycle did
not arrest, so GMCs became self-renewal cells, which keep dividing but not
differentiating. Either the apical complex or mutations of cell fate determinants
and spindle orientation failure could result in the formation of cancer-like cells.
(Modeled after Caussinus et al., 2007'?)

Asymmetric division of NBs is controlled by an intrinsic
mechanism. Cell fate determinants and adapter proteins
assemble on the basal cortex of NBs before NB division, and
include Mira, Pros, Brat, Numb, Pon, and so on. After NB
division, these basal molecules are assigned to GMCs and
determine the further differentiation of the GMCs. Mira is an
adapter protein and is essential for the orientation of Pros in the
basal cortex. Pros promotes GMC-specific gene expression, ends
NB-specific gene expression, and is a decisive factor of
asymmetric division in NBs. In GMCs, Mira is rapidly degraded
and Pros enters the nucleus to regulate transcription. The tumor
suppressor gene Brat also binds with Mira, and inhibits the
growth of GMCs and the expression of oncogene c-Myc. Pon is
also an adaptor protein and is essential for the correct distribution
of Numb. The asymmetric distribution of cell fate determinants in
NBs depends on apical cell polarity factors. Deficiency in apical
cell polarity factors causes the fate determinant factor to fail to
relocate to the bottom of the cell. The mechanisms of cell polarity
factors that regulate the asymmetric division of cell fate
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determinants has not been discovered, except for recently in the
apical complex, where three types of molecules are involved in
this process, including adaptor proteins, tumor suppressor
proteins (DIg and Lgl), and myosin Il and VIZ.

NBs originate from the neural epithelium. The division of
epithelial cell is in the horizontal plane and the division of NBs is
perpendicular to the horizontal plane, so the mitotic spindle must
be rotated!™>™. Spindle rotation is regulated by polar molecules at
the top and deficiency in any molecule makes the spindle orient
incorrectly!™. Studies have shown that the relationship between
spindle orientation and cell polarity is mediated by microtubules
through Pins/Gai, DIg, and Khc73 interactions '8, The mechanisms
of polar molecules at the top regulating spindle rotation are
related to the activation of the signaling pathway of the
receptor-independent G protein!™*,

Dysregulation of asymmetric division and
cancer

More and more studies have suggested that the dysregulation
of asymmetric stem cell division is the main reason for tumor cell
formation. Transplanting NBs with gene mutations related to
asymmetric division into wild-type Drosophila leads to
tumorigenesis!"!. More importantly, tumors only occur in the
implanted brain stem cells with mutations, but do not appear in
epithelial cells with the same mutation!™®l. With a simple model,
Dingli et al.'" proved that interfering with the asymmetric division
of stem cells caused rapid proliferation of mutated stem cells,
and several gene mutations could lead to this process.

Dysregulation of the asymmetric division of stem cells makes
stem cells divide symmetrically, although symmetric division
gives the plasticity of stem cell development, promotes cell
proliferation, and enhances regeneration, while it supplies intrinsic
chances for tumorigenesis. Symmetric cell division may be the
precondition for tumor transformation, and tumor formation may
be one of the possible ways for cells to adapt symmetric division.
How does dysregulation of asymmetric division cause
tumorigenesis? Cell polarity factors, mutations of the cell fate
determinants, and disorders of mitotic spindle orientation that lead
to tumorigenesis'72,

The abnormal functioning of DaPKC, Lg1, and Pins affect the
capacity for self-renewal of NBs and leads to tumorigenesis ?".
Clones with deficiencies of Pins in NBs could form tumors!". Lh1
mutations in NBs produce many phenotypes in NBs, while Pins
and Lg1 mutations produce a number of NBs with symmetric
division®". Lg1 and Pins are regulated by the abnormal location of
DaPKC in the cortex. Studies have shown that cell polarity plays
important roles in tumor development?. The loss of the Drosophila
cell polarity protein Scribble induces malignant results:
uncontrolled cells formed and tumors generated. In mammals,
knocking down Scribble in breast epithelial cells leads to the
abnormal development of three-directional cellular structures,
inhibits cell apoptosis, and tumors appear after a period of
latency. In the pathology of mouse and human spontaneous
breast cancer, not only Scribble expression reduces in patients,
but also Scribble location disorders are present. Both occurring
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simultaneously promote the formation of breast cancer. Molecular
mechanisms show that the deficiency of Scribble increased the
expression of c-Myc and that blocking the cell apoptotic pathway
induces carcinogenesis.

Caussinus et al.l'"? demonstrated that tissue with mutations of
Numb, Mira, or Pros could grow to 100 times larger than normal
tissue. Transplanting these cells into new hosts makes tumors
recur, suggesting that these cells acheive immortality and
chromosomal instability. These studies show that like the apical
complex DaPKC, Lg1, and Pins, abnormal cell fate determinants
also cause NB malignant transformation. Recently, two
independent groups using different methods proved that Brat
played roles in asymmetric division and tumorigenesis. After NB
division, Brat was assigned unevenly into GMCs. Lee et al. ?1
proved that the allelic mutation of Brat in Drosophila larvae
affected the number of nerve cells in the brain. Brat mutation
increased the number of daughter cells with the capacity for
self-renewal and decreased the number of differentiated cells® .
Betschinger et al.® considered that Brat bound with Mira, and
Mira, as a cortical adaptor of cell determinant factor Pros in NBs,
played a role. Both of their studies indicated that Brat bound with
Mira through a Mira-binding domain and colocalized to the basal
cortex of mitotic NBs. In NBs, both Brat and Pros are essential
for suppressing self-renewal in one of the daughter cells. Pros
regulates cell cycle related gene transcription, including cyclin
A, cyclin E, and string (cdc25)!®!, and Brat plays a role as
a transcriptional inhibitor®2¥. Additionally, Brat binds with RNA
interaction protein through direct protein-protein interactions to
inhibit specific mMRNA translations®®. Both Brat and Pros mutations
cause two daughter cells to appear with NB properties and lead
to the occurrence of brain tumors?24,

Regulatory factors that induce the asymmetric division of
stem cells play conservative roles in inhibiting tumorigenesis®”. In
mammal cells, the homologous proteins of Baz, Par6, DaPKC,
Lg1, and Numb have shown the ability of regulating asymmetric
cell division and tumor progression. Mammalian aPKC, Par3, and
LGN take part in regulating asymmetric division in epidermal
progenitor cells, and the disorders of these proteins cause skin
cancer!®1. Furthermore, it has been shown that asymmetric
assignment of homologous Numb in vertebrates play roles as cell
fate determinants!®!. Deficiencies of Numb in the mouse dorsal
forebrain induce damage of neural cell differentiation, abnormal
neural cells proliferation, and disrupt the cell cycle®™. Human Lg1
and HUGL-1 homologues are also absent in tumors®. In mice,
the absence of these genes leads to the depolarization of the
central nervous system and abnormal development®. In breast
cancer cells activated by the Notch signaling pathway, deletions
of the Numb gene has been found™!. The APC gene is necessary
for the asymmetric division of Drosophila spermatogonial stem
cells!®!1, APC is an important tumor suppressor gene in the
mammalian intestinal epithelium. Although we still do not know
whether APC plays a role in regulating the mode of division of
stem cells in the intestinal epithelium, except for a deficiency in
the regulation of growth, other characteristics of colon tumor cells
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are similar to those of the intestinal epithelium®. All these genes
inhibit tumorigenesis through many mechanisms independent of
the effect of cell polarity. However, as tumor suppressors,
asymmetric division may play a role in inhibiting carcinogenesis.
Besides, some genes undergo symmetric division and also play
roles as oncogenes in mammals. Under normal conditions,
atypical protein kinase aPKC, as a part of PAR-aPKC, locates
in the apical cortex of nerve cells, and specific expression
of aPKC promotes symmetric cell division in NBs®?l. DaPKC has
the potential of inducing tumorigenesis in Drosophila, and as an
oncogene plays a role in human lung cancer cells'™®. However,
AurA suppresses tumor formation by inducing aPKC asymmetric
location®™!. Therefore, we speculated that in mammals, and even
in humans, asymmetric division not only maintains the balance
between stem cell self-renewal and differentiation, but also
suppresses the formation of tumors.

Symmetric division may not only promote cell proliferation,
but also may induce aneuploidy production®". In combination with
that, the mechanism that regulates asymmetric division also
mediates spindle orientation. One originator of aneuploidy
induced by symmetric division is centrosomal defect, incomplete
morphology, or replication errors, which finally leads to
aneuploidy production at the time of chromosome division. As
early as 100 years ago, Boveri proposed that centrosomes may
cause tumor generation!®!. Recent studies have confirmed that
abnormal centrosomes affect the chromosome division through
the spindle and induced aneuploidy production!®!. In Drosophila
NBs, disordered centrosomes affect the asymmetric division of
cell fate determinants. Transplanting the deficient centrosomes of
NBs into wild-type Drosophila induces tumorigenesis, which is
consistent with cancer stem cell theory!™®. In mammalian cells,
regulatory roles of tumor suppressor genes are very important for
genetic stability. Actually, centrosomes and the spindle are tightly
regulated in asymmetrically divided cells, which can ensure that
daughter cells adopt different fates, while changes in spindle
orientation cause tumors in Drosophila!®!. Gene mutation and
aneuploidy may promote tumorigenesis through interference with
the mechanism of asymmetric cell division in adult stem cells®.

Prospects

So far, most studies about the relationship between the
modes of stem cell division and the formation of tumors originate
from research on Drosophila NBs. Little dysregulation of
asymmetric stem cell division may induce stem cells like tumor
cells and cancer stem cell production. Do the same or similar
mechanisms exist in mammals (including humans)? The answer
seems obvious. The existence of many malignant cancer stem
cells has been proved, including cancers of the brain, lung,
breast, prostate, colon, and so on. However, the relationship
among stem cells, cancer stem cells, and cancer cells still needs
to be validated by experimental and clinical data. In addition, how
stem cells regulate the balance between symmetric and
asymmetric cell division is not very clear. Most of the present
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studies are based on gene mutation, however, the mutations are
not reversible, and most of the mutations are transplanted
artificially, which may not ftranslate to situations in vivo.
Regulating the balance between symmetric and asymmetric
division should exist in other flexible and controlled ways, such as
recently hot techniques, including RNAi, which is a
post-transcriptional regulation mechanism. Endogenous microRNA
has been found to play regulatory roles in various fields “!. We
believe that microRNA may play a role in cell division.
Additionally, we should pay attention that the effect of cell polarity
on cell fate may be larger than estimated. Traditional adherent
cell cultures cannot simulate the complex three-directional
structure in vivo, and thus are unable to study the mechanism of
asymmetric division in stem cells correctly.

Theories related to asymmetric division and tumorigenesis
provide new thinking for cancer therapy. Through gene
modification (such as mutation and abnormally expressed genes),
post-transcriptional regulation (such as siRNA and microRNA), or
drugs (kinase inhibitors) to regulate the mode of stem cell
division, repair damaged related genes in asymmetric cell
division, or suppress the function of genes related to symmetric
cell division, may inhibit tumor cell production from the origin. All
of these will provide a theoretic basis and research direction for
conquering tumor cell resistance, suppressing malignant tumor
metastasis, and developing new drugs for recrudescent tumors.
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