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Asymmetric cell division (ACD) gives rise to two daughter cells with different fates after
mitosis and is a fundamental process for generating cell diversity and for the
maintenance of the stem cell population. The cancer stem cell (CSC) theory
suggests that CSCs with dysregulated self-renewal and asymmetric cell division
serve as a source of intra-tumoral heterogeneity. This heterogeneity complicates
the diagnosis and treatment of cancer patients, because CSCs can give rise to
aggressive clones that are metastatic and insensitive to multiple drugs, or to
dormant tumor cells that are difficult to detect. Here, we review the regulatory
mechanisms and biological significance of asymmetric division in tumor cells, with
a focus on ACD-induced tumor heterogeneity in early tumorigenesis and cancer
progression. We will also discuss how dissecting the relationship between ACD and
cancer may help us find new approaches for combatting this heterogeneity.
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INTRODUCTION

Stem cells are known for their ability to self-renew and to differentiate into different
cell types (Morrison and Kimble, 2006). One strategy by which stem cells achieve these
two goals is through a unique mode of division: stem cells can either replicate itself
through symmetric cell division (SCD) or produce two daughter cells with different cell
fates through asymmetric cell division (ACD) (Kahney et al., 2017). A balance between
these two forms of division is essential for maintaining tissue homeostasis; failure to
maintain homeostasis can lead to severe outcomes such as tumorigenesis (Neumüller and
Knoblich, 2009).

Cancer stem cells (CSCs), a subpopulation of tumor cells that possess stem cell-like
properties, have been identified in many tumor types. Accumulating evidence suggests that
CSCs with dysregulated self-renewal and ACD give rise to tumor cells with a variety of
properties and thus serve as a source of intra-tumoral heterogeneity (Lee et al., 2016). This
heterogeneity complicates the diagnosis and treatment of cancer patients, because CSCs can
generate tumor cell clones that are multi-drug-resistant, metastatic, or dormant, which makes
them difficult to detect (Knoblich, 2010; Singh and Settleman, 2010; Viale et al., 2014). Here, we
review the current understanding of ACD and discuss the relationship between ACD and tumor
heterogeneity.
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MECHANISMS OF ASYMMETRIC CELL
DIVISION

The basic mechanisms of ACD were initially explored in
Drosophila melanogaster. The construction of the Drosophila
nervous system is mediated by embryonic neuroblasts (NBs)
through a series of ACD events: first of all, cellular
components in NBs are distributed asymmetrically before
mitosis, cell-fate-determining factors such as Numb、Brat
(TRIM32 in vertebrates) and Prospero (PROX1 in vertebrates)
are concentrated in the basal cell cortex, while the apical region
expresses strong stemness signals, leading to unequal separation
during cytokinesis (Bello et al., 2008; Bowman et al., 2008). As a
result, ACD of NBs produces another NB and a more
differentiated progenitor cell called ganglion mother cell
(GMCs). Studies in Drosophila have also uncovered proteins
involved in the establishment of cell polarity, including the
polarity complex Par3/Par6/aPKC and the related protein
WD40 protein lethal giant larvae (Lgl) (Lee et al., 2006a), as
well as protein kinase Aurora-A (Wirtz-Peitz et al., 2008).
Proteins necessary for polar coupling of mitotic spindle to the
cell cortex have been identified, such as Pins (LGN in vertebrates),
the Par3 binding protein Inscuteable, the heterotrimer G protein
subunit Gαi and the Dynein adapter Mud (NuMA in vertebrates)
(Izumi et al., 2006; Santoro et al., 2016). Insights into the
molecular mechanisms of ACD in the Drosophila model
warrant further studies in vertebrates.

In vertebrates, molecular determinants of ACD are highly
conserved; however, their modes of division may vary depending
on the cell/tissue type. In recent years, advancements in research
technologies, such as stem cell cultures, lineage tracing, cell
imaging and molecular tracers, have largely facilitated the
study of stem cell ACD in more complex mammalian systems,
providing insights into the complexity of cellular and
environmental asymmetry that play important roles in cell fate
determination (Santoro et al., 2016). Studies so far suggest that
ACD in mammalian stem cells is mediated by two different
mechanisms: one is niche-dependent ACD, which is induced by
external signals; the other is termed spontaneous ACD, which is
determined by the differential distribution of proteins, RNA
transcripts and macromolecules between two daughter cells.

Multiple studies have revealed that the Notch signaling
pathway plays a central role in instructing stem cell ACD
(Srinivasan et al., 2016a; Rossi and Desplan, 2017). Numb
negatively regulates Notch signaling, the asymmetric
distribution of Numb is regulated by the Par3/Par6/aPKC
complex; the assembly of the Par3/Par6/aPKC complex alters
the substrate specificity of aPKC to phosphorylate Numb,
resulting in its release from the apical cortex. Phosphorylated
Numb is localized to the basolateral cell cortex with the help of an
adapter protein, partner of Numb (PON), which is activated by
the Polo kinase (Gómez-López et al., 2014). Notch signaling is
restricted by the asymmetric distribution of Numb; Numb
mediates ubiquitin-dependent degradation of the Notch
receptor and blocks the nuclear translocation of Notch
intracellular domain (NICD1) (Mcgill and Mcglade, 2003). In
addition, studies have shown that the microRNA miR-34,

suppresses Notch expression by directly binding to the 3′
untranslated region (UTR) of Notch mRNA; the asymmetric
distribution of miR-34 results in distinct cell fates in the two
daughter cells, acting as a bimodal switch between self-renewal
and differentiation. Interestingly, miR-34 also inhibits Numb
expression by binding to the 3′UTR of Numb mRNA. Thus,
miR-34, Numb, and Notch form an incoherent feedforward loop
(IFFL), which maintains the homeostasis of Notch level (Bu et al.,
2016) (Figure 1A). This regulatory mechanism further fine-tunes
Notch signaling and cell fate determination.

Wnt signaling is another key regulator of stem cell ACD
(Varga and Greten, 2017). A Wnt ligand gradient in the stem
cell niche has been shown to instruct the directed movement of
centrosomes and mitotic spindles and mediate the differential
distribution of downstreamWnt signaling molecules in daughter
cells (Figure 1A). The daughter cell proximal to higher levels of
Wnt expresses high levels of Wnt pathway genes including β-
catenin and stemness-related genes, thereby maintaining the
stemness of the daughter cell. On the contrary, the daughter
cell distal to Wnt is destined to differentiate. ACD guided byWnt
in the stem cell niche ensures the orderly spatial distribution of
stem cells and differentiated progenies.

Another molecular determinant of ACD is p53 (Santoro et al.,
2016), a well-studied tumor-suppressor that induces cell-cycle
arrest and apoptosis in cells with DNA mutations or damage.
Importantly, p53 is involved in the maintenance of the stem cell
pool by regulating the modality of cell division. In mammary
gland epithelial cells, p53 expression induces a shift from
exponential growth to linear growth, restricting the expansion
of mammary epithelial cells by upregulating the ratio of stem cells
that undergo ACD (Cicalese et al., 2009). Furthermore, Numb
interacts with and stabilizes p53 by blocking the ubiquitination
and degradation of p53 induced by the E3 ubiquitin ligase MDM2
(Tosoni et al., 2015; Kim and Ronai, 2018) (Figure 1A).

ASYMMETRICCELLDIVISIONANDTUMOR
HETEROGENEITY
Asymmetric Cell Division and Cancer Stem
Cell Heterogeneity in Tumorigenesis
In the early stages of tumorigenesis, normal cells acquire key
driver mutations that confer a growth advantage, and undergo
rapid clonal expansion (Gerdes et al., 2014). It has been shown
that the aberrant expression of key regulators of ACD is an
important contributor to early carcinogenesis. When NBs
carrying loss-of-function mutations in key regulators of ACD
were allografted into the abdomen of wild-type adult Drosophila,
a rapid expansion and invasion of the mutant cell population into
the host’s abdomen was observed; and the tumorigenicity of the
mutant cells increased with subsequent passaging of the
allografts, suggesting that uncontrolled proliferation due to
dysregulation of ACD was one of the key factors in the
tumorigenic transformation (Lee et al., 2006a; Betschinger
et al., 2006; Lee et al., 2006b; Bowman et al., 2008). In
mammalian models, a switch from ACD to SCD in stem cells
triggers a severe disruption of tissue homeostasis and drives
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tumor formation (Klezovitch et al., 2004; Mccaffrey and Macara,
2009); regulatory factors of ACD are frequently found in lists of
aberrantly expressed genes associated with cancer (Pece et al.,

2004; Ito et al., 2010; Gómez-López et al., 2014). However,
mutating this factor alone is not sufficient for tumor initiation
in mammals (Iden et al., 2012; Mccaffrey et al., 2012).

FIGURE 1 | (A) Distinct regulatory machineries are involved in the two daughter cells during ACD of stem cells. Stem cell at the apical pole: formation of the aPKC/
PAR6/PAR3 complex plays a crucial role for the establishment of the ‘self-renewal’ identity at the apical pole. Aurora-A protein kinase activates aPKC, which then
phosphorylates L (2)GL; then L (2)GL is released from the complex and replaced by PAR3. The aPKC/PAR6/PAR3 complex phosphorylates Numb, releasing it from the
apical membrane. PON brings Numb to the basal pole that will become the differentiated daughter cell. By removing Numb, Notch signaling is active tomaintain the
stemness of the daughter cell at the apical side. Wnt signaling also participates in promoting self-renewal in the daughter cell, though details of the mechanism are not
known. Differentiated cell at the basal pole: the adapter protein Miranda recruits Prospero and Brat. As a translational repressor, Brat suppresses the synthesis of
proteins necessary for proliferation. The transcription factor Prospero promotes the expression of genes that drive differentiation after Miranda is degraded.
Ubiquitination-dependent degradation of P53 is inhibited by Numb, while the miR-34-Numb-Notch feedback loop suppresses Notch level and favors differentiation in
the daughter cell. (B) The relationship between tumor progression and the ratio of CSCs that undergo ACD versus SCD. When SCD and ACD are balanced, tumor
generates heterogeneity while maintaining the pool of CSCs. On the other hand, a switch from ACD to SCD in CSCs results in the expansion of the stem cell pool.
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It has been hypothesized that certain tumors originate from
normal stem cells (Sell, 2007), but the mechanisms by which
normal stem cells progressively undergo malignant
transformation are not clear (Kasper, 2008; Sell, 2010).
Recently, researchers have identified a link between the
dysregulated division pattern of +4 stem cell (SC) in the
gastric antrum and gastric carcinogenesis. +4 SCs, marked by
expression of Cck2r [a G-protein coupled receptor (GPCR)] and
Delta-like ligand 1 (DLL1), are Notchlow/Numb+ cells that
undergo ACD predominantly under normal conditions; and
their proliferation is inhibited by signaling from gastrin-
expressing endocrine cells. Studies in mouse models have
shown that treatments with carcinogens lead to a down-
regulation of gastrin secretion and as a result, + 4 SCs
gradually up-regulate the proportion of cells that undergo
symmetric division, leading to an expansion of the + 4 SC
pool. The disruption in tissue homeostasis caused by the
switch to symmetric division is thought to be closely related to
gastric carcinogenesis (Chang et al., 2020). Another study has
shown the involvement of ACD in early tumor formation in
mutant K-Ras-induced spontaneous lung cancer model. The pre-
cancerous adenoma cells initiated a positive CD44/Zeb1 feedback
loop through nuclear polarization of key transcription factors
during asymmetric division, generating an intermediate
transitional population of Zeb1hiCD44hi cells that are
tumorigenic (Liu et al., 2018).

CSCs have been reported to control the ratio of cells that
undergo ACD versus SCD during early tumorigenesis. In order to
achieve rapid clonal expansion and establish survival advantage,
CSCs enable self-renewal at a certain rate to preserve stemness,
while generating differentiated cells to constitute a heterogeneous
tumor. Table 1 summarizes recent reports on how ACD-related
pathways/genes influence cancer progression (Zimdahl et al.,
2014; Tosoni et al., 2015; Ali et al., 2016; Bai et al., 2016;
Damodaran et al., 2017; Keysar et al., 2017; Mizukawa et al.,
2017; Castro-Oropeza et al., 2018; Liu et al., 2018; Stypulkowski
et al., 2018; Sugioka et al., 2018; Choi et al., 2020; Pajuelo-Lozano
et al., 2020). Interestingly, the regulatory factors of ACD display
heterogeneous expression: factors that direct the differentiation of
daughter cells are often associated with loss-of-fuction mutations
or downregulation; while factors that maintain the stemness are
often overexpressed in tumors. These factors affect ACD and cell
heterogeneity directly or indirectly through Notch or Wnt
signaling pathway. For example, the palmitoacylase APT1
promotes the asymmetric localization of Numb and β-catenin
on the plasma membrane by interacting with CDC42. APT1
contributes to the activation of Notch or Wnt signaling, while
CDC42 restricts APT1 activity to only one of the two daughter
cells, results in formation of heterogeneous cell population during
ACD. APT1 and CDC42 cooperate to maintain a self-renewal
stem cell pool; and loss of APT1 depletes a specific tumorigenic
stem cell subpopulation (Stypulkowski et al., 2018). Another

TABLE 1 | ACD-related regulators and their role during cancer formation and progression.

Gene ACD-related
Pathway

Model cancer Type Dysregulation in
Cancer

Influence on
the division

mode

NUMB-interacting
protein (TBC1D15)

Numb-Notch1-
Nanog、P53

mouse Hepatocellular carcinoma (HCC) overexpressed promote symmetric
renewal、promote
stemness

MAD2 - mouse gastric carcinoma (GC) overexpressed promote stemness
Lnc34a Notch、Wnt mouse colon cancer overexpressed promote symmetric

renewal
CDC42 Wnt mouse triple receptor negative breast cancer (MDA-

MB-231 cell line)、blood/acute myeloid
leukemia

overexpressed promote ACD

Aurora-A Numb-
Notch、p53

Drosophila - overexpressed maintaince ACD、promote
stemness

miR-34a Numb-Notch mouse colon cancer decreased expression promote differentiation
CD44/Zeb1 loop - mouse lung adenocarcinoma express in cancer-generating

cells
promote ACD

SOX2 - mouse Head and Neck Squamous Cancer Stem Cells critical for propagation of CSCs maintaince ACD
EGFL6 - mouse ovarian cancer express in tumor vascular cells

and in some cancer cells
induce ACD

PKCι Notch mouse lung adenocarcinoma overexpressed drive ACD
APT1 Numb-

Notch、wnt
mouse MDA-MB-231 cell line critical for propagation of CSCs direct ACD

lis1 Numb-Notch mouse acute myelogenous leukemia (AML) critical for propagation of CSCs promote symmetric
renewal

miR-200b-3p Notch mouse pancreatic cancer decreased expression promote ACD
APC Wnt/β-catenin mouse colon cancer frequently mutated direct ACD
numb Numb-Notch mouse mammary carcinomas, lung cancer, chronic

myeloid leukemia
decreased expression promote differentiation

p53 Numb-Notch mouse Breast cancer decreased expression promote ACD
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study has shown that in KRAS-mediated lung adenocarcinoma
(LADC), the protein kinase Cι(PKCι) activates NOTCH3
expression by phosphorylating ELF3, which driving ELF3
recruitment to NOTCH3 promoter. The unequal distribution
of PKCι results in a difference in NOTCH3 signaling levels
between two daughter cells. This difference ultimately leads to
ACD of tumor-initiating cells (TICs), preserving the TIC pool
while generating heterogeneous populations (Ali et al., 2016).
These discoveries suggest that ACD plays an important role in
cell heterogeneity and cancer progression.

Asymmetric Cell Division and Cancer
Heterogeneity in Drug Resistance
CSCs are capable of responding rapidly and flexibly to
environmental challenges, making CSCs a major source of
drug-resistant tumor cells that give rise to disease recurrence
after drug treatment (Cabrera et al., 2015; Batlle and Clevers,
2017). The transition of CSCs from asymmetric to symmetric
renewal division increases the proportion of CSCs in a tumor,
which is predictive of malignant progression of disease and
increased difficulty in treatment (Lytle et al., 2018). Aside
from being able to swiftly adapt and react to various external
stresses, CSCs pose challenges to cancer therapy as they are a
source of high intra-tumoral heterogeneity (Singh et al., 2015),
which leads to different sensitivity to treatment in cancer patients
(Donnenberg and Donnenberg, 2005) (Figure 1B).

It has been shown that tumor cells can asymmetrically divide
to produce progenies that are slow-cycling and those that are fast-
cycling. Fast-cycling cells rapidly expand to accelerate tumor
progression, while slow-cycling cells have a relatively slower
doubling rate and may survive chemotherapy targeting the
rapidly proliferating population, therefore serving as an
important reservoir of tumor-initiating cells post-treatment.
Studies have demonstrated that after ACD, CSCs can produce
dormant cells that retain labeled nucleotide or fluorescent lipid
markers (Pece et al., 2010; Majumdar et al., 2020). In patients with
breast cancer, ACD of fast-cycling cancer cells produced slow-
cycling G0-like progenies that are AKTlowRoslowHes1hi, in a
process that is dependent on the asymmetric inhibition of
AKT/PKB kinase signals in the two daughter cells at the end
of mitosis (Dey-Guha et al., 2011). In colorectal cancer (CRC), a
subpopulation of tumor cells with stem cell properties, called
colorectal cancer-initiating cells (CCIC), harbors high internal
heterogeneity. There are two types of CCICs ——MYC-
dependent, fast-cycling cells expressing LGR5, CD133, and
CD44, and slow-cycling cells expressing BMI1, hTERT, and
HOPX. It was found that the 2 cell populations could be
transformed into each other by ACD (Srinivasan et al.,
2016b). Interestingly, compared to the one-way transition
from fast-cycling cells to slow-cycling cells in breast cancer,
ACD in colorectal cancer establishes a bi-directional transition
between the 2 cell populations, thereby sustaining both growth
potential and drug resistance of the tumor, enabling rapid
response and adaptation of the tumor to a dynamic environment.

Furthermore, tumor cells can generate progenies with survival
advantages through ACD, by the selective enrichment of factors

that are pro-survival to one of the daughter cells (Lytle et al.,
2018). For example, the ATP-binding cassette (ABC) transporters
(efflux pumps P glycoprotein 1, also known as ABCB1; and ABC
subfamily member 2 (ABCG2)) have the ability to nonspecifically
scavenge toxic substances; and cells with high levels of ABC
transporters are more resistant to cytotoxic chemotherapy. It was
found that in primary cell lines derived from neuroblastoma
patients, ACD of ABCG2hiABCA3hi tumor cells generated
subpopulations that were ABCG2hiABCA3hi and stem cell-like,
as well as subpopulations that were more differentiated and
ABCG2lowABCA3low, suggesting that drug pumps were
specifically inherited asymmetrically to a subset of daughter
cells to maintain the ABCG2hiABCA3hi cell population that
was highly drug-resistant (Hirschmann-Jax et al., 2004).
Moreover, a study in neuroblastoma found that CSCs
enhanced the therapeutic resistance of daughter cells by
asymmetrically co-enriching EGFR and nerve growth factor
receptor (p75NTR) in one of the two progeny cells; both
receptors in activated state prevent cells from differentiation
and enhance the self-renewal capacity of daughter cells
(Hitomi et al., 2021).

ACD can also generate and maintain stem cell-like
populations with temporary self-renewal capability. Granit
et al. discovered a link between asymmetric cell division and
the generation of progenitor-like triple negative breast cancer
(TNBC) cells. By staining a group of basal-like breast tumors for
the basal cell cytokeratin K14, the luminal cytokeratin K18, and
the mesenchymal marker vimentin (VIM), Granit found that
there were three prominent subpopulations in the tumor samples
of invasive TNBC: K14+K18+, K18+ and K18+VIM+, where the
K14+K18+ subpopulation was luminal progenitor-like and highly
tumorigenic. Importantly, they found that progenitor-like
K14+K18+ cells and luminal-like K14-K18+ were able to
convert to each other through undergoing ACD. Adjusting the
proportion of progenitor-like K14+ cells in TNBC tumors by
modulating modes of cell division is an important strategy for
promoting drug resistance and progression of TNBC (Granit
et al., 2018; Ragoussis, 2018). As more and more evidence
implicates the contribution of progenitor cells to the
progression of tumor malignancy, it is particularly important
to identify progenitor-like cells within tumors and to explore the
molecular mechanisms underlying ACD that gives rise to
progenitor-like tumor cells.

DISCUSSION

Since the discovery of ACD and the conserved pathways
associated with it, much effort has been devoted to studying
how ACD plays a role in various biological processes. In the past
10 years, there has been tremendous progress made in our
understanding of the connection between ACD and cancer.
The development of high-throughput sequencing, lineage
tracing, and other technologies has opened up a new chapter
in the study of the intercellular heterogeneity of tumors
(Hajirasouliha et al., 2014; Marjanovic et al., 2020); and ACD
as an important source of tumor heterogeneity has attracted
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unprecedented attention. People have begun to explore the
biological significance of ACD-related mechanisms in
generating heterogeneity. To date, researchers have discovered
specific mechanisms of ACD under pathological conditions that
are used by tumor cells to generate populations with different
properties to enrich the intratumoral heterogeneity (Armah,
2010; Pei and Wechsler-Reya, 2010; Granit et al., 2018;
Ragoussis, 2018; Hitomi et al., 2021). These findings may
provide new ideas for the search of novel therapeutic targets
for the treatment of cancer.

Although we have gained some insights into the relationship
between ACD and cancer progression, many questions remain to
be answered. First of all, the search for new cell types, cellular
components, and molecules that can participate in ACD is still
on-going. In recent years, asymmetry at the epigenetic level has
attracted much attention, as it may provide new insights into
tumor heterogeneity at the epigenetic level (Wooten et al., 2020;
Zion et al., 2020; French and Pauklin, 2021; Zion and Chen,
2021). Accumulating evidence indicates that progenitor cells may
be the origin of certain types of tumors; however, our knowledge
of ACD in these cell types is very limited. As for the regulation of
ACD, we lack understanding of the difference in regulatory
mechanisms of ACD under physiological and pathological
conditions at the molecular level. In particular, regulatory
pathways that are specifically activated under pathological
conditions deserve to be further explored. In addition, a
potential link between tumor metastasis and ACD remains to
be elucidated, as a few studies have implicated the association
between epithelial-mesenchymal transition (EMT) and ACD. A
study in non-small cell lung cancer (NSCLC) cells has shown that
signaling activities of the aPKC polarity pathway, a core pathway
of ACD, is sufficient to prevent EMT (Gunaratne et al., 2013). In
turn, in mouse mammary glands, EMTwas found to induce ACD

for the enrichment and maintenance of the pool of mammary
stem cells (Wu et al., 2019). These findings suggest that ACD and
EMT may cooperate to facilitate metastasis of tumor cells.

The heterogeneous population of tumor cells generated by
ACD is one of the many factors leading to drug resistance and
recurrence of tumors. Gaining more knowledge on how ACD
plays a role in cancer development will be of great significance for
the understanding of tumor malignancy and the search for
potential therapeutic strategies. Inducing ACD of CSCs as a
differentiation strategy was initially applied to the treatment of
patients with simple acute promyelocytic leukemia (APL) in
clinic and achieved some success; and this strategy has been
tested for the treatment of solid tumors in recent years (de Thé,
2018). A major advantage of this treatment is its low toxicity
compared to traditional chemotherapy and radiotherapy, as it
does not kill cells directly. However, the potential risks of these
therapeutic strategies are poorly understood. Therefore,
thoroughly dissecting the mechanistic details of ACD among
different cancer types is essential for further development of
therapeutic strategies targeting ACD in cancer.
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