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Cancer Stem Cell Division:
When the Rules of Asymmetry Are Broken

Subhas Mukherjee,1 Jun Kong,2 and Daniel J. Brat1–3

Asymmetric division of stem cells is a highly conserved and tightly regulated process by which a single stem
cell produces two daughter cells and simultaneously directs the differential fate of both: one retains its stem cell
identity while the other becomes specialized and loses stem cell properties. Coordinating these events requires
control over numerous intra- and extracellular biological processes and signaling networks. In the initial stages,
critical events include the compartmentalization of fate determining proteins within the mother cell and their
subsequent passage to the appropriate daughter cell. Disturbance of these events results in an altered dynamic of
self-renewing and differentiation within the cell population, which is highly relevant to the growth and pro-
gression of cancer. Other critical events include proper asymmetric spindle assembly, extrinsic regulation
through micro-environmental cues, and noncanonical signaling networks that impact cell division and fate
determination. In this review, we discuss mechanisms that maintain the delicate balance of asymmetric cell
division in normal tissues and describe the current understanding how some of these mechanisms are de-
regulated in cancer.

The universe is asymmetric and I am persuaded that life, as it is known to us, is a direct result
of the asymmetry of the universe or of its indirect consequences. The universe is asymmetric.

–Louis Pasteur

Introduction

Stem cells are a small and specialized population that
occupies specific biological niches of developing and

mature organisms. One capacity critical to their identity and
proper function is the ability to replicate in a manner that
maintains stemness, yet also generates daughter cells that are
capable of multilineage differentiation. This complex process
of asymmetric cell division allows a singular mother cell to
give rise to daughter cells distinct in size, shape, function, and
fate. The creation of two progeny with such differing destinies
requires a tightly regulated molecular program. As a rule,
disturbances in asymmetric cell division lead to the creation of
two daughter cells that retain stemness, have diminished ca-
pacity to fully differentiate [1,2]. Disrupted stem cell/progeny
dynamics lead to abnormal tissue growth properties, with
relevance to cancer quickly being recognized.

Since the description of asymmetric cell division by
Conklin over a century ago, mechanistic detail has been
slow to arrive [3]. Current understanding has relied on a
limited number of sources, with Drosophila being the prime
model used to study division properties of neuroblasts,
germline stem cells, and intestinal stem cells [1]. In mam-

malian systems, most advances have been made through the
study of mouse radial glial progenitors [4], neocortical
progenitors [5], and muscle satellite cells [6]. The more
recent recognition of a stem cell population in cancer has led
to investigations of asymmetric cell division in this disease,
using mammalian systems and Drosophila as models. Here,
we review the current understanding of asymmetric cell
division as it occurs normally and discuss how its disruption
is related to the development and progression of cancer,
highlighting the role of cancer stem cells in this process.

Mechanisms of Asymmetric Cell Division

Mechanisms regulating asymmetric cell division have been
explored in model systems ranging from Caenorhabditis elegans
to mammals, yet investigations of Drosophila have dominated
[1]. Achievement of asymmetric fate following cell division
depends on multiple critical processes: (i) correct localization
and function of fate-determining protein complexes at apical and
basal aspects; and (ii) proper asymmetric spindle assembly
and function; (iii) extrinsic regulation within the stem cell niche;
and (iv) influences from noncanonical signaling pathways [7].
This process begins at interphase and ends with cytokinesis.
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Regulation of Asymmetry Through Localization
of Fate Determinants

Drosophila neuroblasts in the developmental stages have
been a prime source of understanding intrinsic regulators of
asymmetric cell division. In this model, division is initiated
by apical localization of a protein complex—together known
as apical determinants—that includes atypical protein kinase
C (aPKC), partition defective 6 (PAR6), and lethal giant
larvae [L(2)GL]. A second complex including Miranda, Brat,
and Prospero, localizes to the basal aspect and are known as
basal determinants. Differential segregation of these fate-
mapping protein complexes eventually provides distinct
identities to daughter cells containing them. How the cell
determines which protein complex should move apically
versus basally remains a mystery.

Apical determinants

Normal conditions. During normal interphase, aPKC lo-
calizes apically upon forming a complex with PAR6 and
L(2)GL (Fig. 1). Aurora A, a serine-threonine protein ki-
nase initiates apical signaling by phosphorylating PAR6,
which in turn activates aPKC [1]. Activated aPKC phos-
phorylates L(2)GL, reducing its affinity with the complex
and leading to its replacement by PAR3 [1]. Under normal
conditions, activation of L(2)GL and the entry of PAR3
leads to the critical event of Numb phosphorylation, in-
activating and releasing it from the apical plasma mem-
brane (Fig. 1). Numb is a well-established Notch signaling
suppressor, and its inactivation therefore upregulates
Notch signaling, providing self-renewal properties to the
apical daughter [1].

FIG. 1. During asymmetric cell division, two distinct molecular programs take place on the apical and basal pole. Apical
pole: At the apical side, aPKC/PAR6/PAR3 complex formation initiates during interphase, giving apical pole the identity of
self-renewal. Aurora A protein kinase phosphorylates aPKC leading to its activation. Active aPKC phosphorylates L(2)GL
which releases L(2)GL from the complex and PAR3 enters. This complex phosphorylates Numb releasing it from the apical
membrane and increasing Numb concentration at the basal side. This keeps the Notch signal active on the apical side
causing stemness. Wnt signal also takes part in the self-renewal, though the detailed mechanism is not known. In metaphase
and telophase, apical microtubule arrangement is maintained by Inscuteable/Pins/Gai complex. Cytoskeletal adapter protein
binds with Pins and Gai whereas Mud forms a complex with Dlg and Knc73. These two complexes come together that
arranges the microtubules attached to Knc73. Basal pole: Adapter protein Miranda on the basal pole binds with Prospero
and Brat. Degradation of Miranda releases transcription factor Prospero that turns on the genes driving differentiation. Brat
on the other hand, acts as a translational repressor, possibly suppressing protein production needed for proliferation. brat
ortholog TRIM32 also transports cMYC to endosomes for its degradation. Higher accumulation of NUMB on the basal
membrane leads to the degradation of NOTCH1 inside endosomes. This suppresses Notch signal and its proliferative effect
on the basal side. aPKC, atypical protein kinase C. Color images available online at www.liebertpub.com/scd
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Results concordant with Drosophila have been estab-
lished using mammalian systems: during asymmetric cell
division of radial glia within the mouse brain ventricular
zone, the aPKC/PAR6/PAR3 complex accumulates at the
apical side [1] with the help of a small GTP-binding protein,
CDC42 [1]. This complex ensures apical adherens junction
integrity and establishes apico-basal polarity [8].

In neoplasia. In neoplastic disease, disruption of signal-
ing networks involved in asymmetric division typically
gives rise to a proliferative state and accumulation of stem-
like cells with limited capacity to differentiate. For example,
a mutant form of Drosophila aPKC that is constitutively
active initiates Notch signaling through reduction of active
Numb on apical and basal sides, thereby promoting neuro-
blast self-renewal and tumor formation [1,9]. In contrast,
suppression of aPKC results in reduced numbers of neuro-
blasts, establishing aPKC as a protumorigenic protein. Si-
milarly, Aurora A mutants generate tumors by enhanced
Notch signaling [7]. L(2)GL mutants also display a neo-
plastic proliferation of stem-like cells [10], likely through
the formation of a nonfunctional aPKC/PAR6/PAR3 com-
plex and activation of Notch on both apical and basal sides.

In mammalian systems, disruption of apical determinants
has similar effects. Overexpression of PAR3 drives radial
glial cells toward symmetric division and retention of stem-
like properties of both daughter cells [5] by keeping Numb
inactive, thereby enhancing Notch signaling [11]. PAR6
has been established as a causal factor for breast cancer
epithelial–messenchymal transition (EMT) through trans-
forming growth factor-beta (TGF-b) signaling. Mutated
PAR6 attenuates TGF-b signaling in mice and suppresses
lung metastasis of mammary tumors [12]. Loss of LGL1, a
mammalian ortholog of fly L(2)GL, disrupts neural pro-
genitor cell differentiation in the ventricular region of the
mouse cerebellum, and promotes proliferation [13].

There are numerous examples of human cancers that
harbor alterations in orthologs of Drosophila genes related
to asymmetric cell division. For example, deletions in
PARD6 (PAR6), PARD3 (PAR3), and DLG2 are prevalent
in human epithelial neoplasms. PARD6 deletion disrupts the
cell polarity causing neoplastic growths in lung and adrenal
cancer (Table 1). PARD3 deletion in squamous cell carci-
nomas and glioblastomas leads to the loss of cell polarity,
symmetric cell division, and enhanced proliferation. DLG2
is most frequently deleted in cervical and lung cancer, and
generates a phenotype similar to PARD3 deletion [14,15].
AURKB, the human ortholog of Aurora kinase is frequently
deleted in metastatic prostate adenocarcinoma, strongly sup-
porting a connection between neoplastic disease and dereg-
ulation of symmetric cell division (Table 1). In some human
cancer types, genes implicated in asymmetric cell division
have been shown to alter properties of cancer stem cells [1,16],
while in other instances this has not been demonstrated.

Basal determinants

Normal conditions. On the basal side during asymmetric
division, the combination of apical Numb phosphorylation and
the absence of aPKC/L(2)GL/PAR3 complex leads to accu-
mulation of active Numb, which inhibits Notch signaling and
directs this daughter toward differentiation. In addition to ac-
tive Numb, a highly coil-coiled adapter protein, Miranda, lo-

calizes basally during interphase and binds Prospero, a
transcription factor, and brain tumor (Brat), a translational re-
pressor [7]. Eventually, Miranda is degraded, releasing Pros-
pero and initiating a transcriptional program that promotes
differentiation [7]. Besides being a translational repressor, Brat
also attenuates self-renewing Wnt signaling in neuroblasts
through b-catenin/Armadillo inhibition [17].

Uncovering precise functions of Brat has been challeng-
ing due to its complex structure and reports of numerous,
seemingly unrelated functions [18]. Nevertheless, Brat has
been firmly established as a driver of differentiation in
neuroblasts (Fig. 1). One of the first roles described for Brat
was as a translational repressor of Hunchback in the embryo
[19], yet deeper mechanistic detail have not emerged. Based
on sequence homology and similar protein domains, the
mammalian ortholog of Brat belongs within the tripartite
motif containing protein family called TRIM. TRIM32, a
ubiquitin ligase, has been reported to drive neurogenesis in a
mouse model [1] and has several functions that include
activation of microRNAs (mi-RNAs), such as Let-7, and
binding of c-MYC to promote its degradation [1].

Similar to Drosophila, studies of the mammalian ortholog
of Prospero, PROX1, has established its role in supporting
neurogenesis in mouse models [20].

In neoplasia. Numb localization on the basal side is criti-
cal, since it attenuates Notch signaling (Fig. 1) driving differ-
entiation. As apical fate determinant proteins, such as aPKC
and L(2)GL, primarily regulate Numb activation, Numb lo-
calization at the basal side depends on them. Under conditions
where aPKC is inhibited, phosphorylation of L(2)GL does not
occur [1] on the apical side, resulting in attenuated Numb
phosphorylation and its failure to localize to the basal mem-
brane [1]. Thus, Numb’s aberrant maintenance causes inap-
propriate Notch signaling after division [21] resulting in
excessive proliferation of neuroblasts and tumor growth.

Mutations in miranda, prospero, or brat lead to a brain
tumor phenotype in Drosophila, characterized by massively
enlarged brains containing neuroblasts that fail to differen-
tiate. These mutants have remarkable similarity, pointing to
the common regulatory mechanism shared by these proteins.
Transplantation of mutant neuroblasts into the abdomen of
wild-type Drosophila results in tumor growth that is ulti-
mately fatal, suggesting they are more that benign or self-
limited proliferations [22–24]. Transplanted cells also show
metastatic behavior, with primary abdominal neuroblasts
forming secondary tumors disseminating far from the primary
tumor site [7].

Mutations of mammalian PROX1, the ortholog of Pros-
pero have been noted in pancreatic, esophageal, and colon
cancer. Mice xenograft experiments with pancreatic cancer
cells show reduced proliferation and self-renewal with the
introduction of PROX1 protein [25].

PROX1 alterations and reduced expression are seen in
several forms of human neoplasia (Table 1), including he-
matologic malignancies, where DNA methylation of PROX1
is predominant (56.3%) and contributes to the neoplas-
tic behavior [26]. In hepatocellular malignancies, PROX1
transcription is altered in a manner that promotes progres-
sion, while in breast cancer, epigenetic silencing has been
described [27,28]. NUMB gene mutation and deletion are
hallmark of many cancer types, such as uterine endometrial
carcinoma and adenoid cystic carcinoma, where mutation
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Table 1. Mutations and Copy Number Variations of Genes Relevant to Asymmetric

Cell Division in Human Cancers

Cancer

Genes
Genes

abbreviations
Chromosomal

location Deletion (%) Gain (%) Mutation (%)

Aurora kinase B AURKB 17p13.1 Head and neck squamous
cell carcinoma (TCGA,
Provisional) (76.69%)

Kidney renal papillary
cell carcinoma
(TCGA, Provisional)
(58.88%)

Small cell lung cancer
(CLCGP, Nature
Genetics 2012) [60]
(3.4%)

Kidney chromophobe
(TCGA, Provisional)
(75.76%)

Sarcoma (TCGA,
Provisional)
(24.67%)

Prostate
adenocarcinoma
(Broad/Cornell, Cell
2013) [61] (1.8%)

Cyclin D1 CCND1 11q13 Uterine carcinosarcoma
(TCGA, Provisional)
(39.29%)

Head and neck
squamous cell
carcinoma (TCGA,
Provisional)
(45.42%)

Uterine corpus
endometrioid
carcinoma (TCGA,
Nature 2013) [62]
(6.3%)

Skin cutaneous melanoma
(TCGA, Provisional)
(29.17%)

Ovarian serous
cystadenocarcinoma
(TCGA, Nature
2011) [63] (42.54%)

Colorectal
adenocarcinoma
(Genentech, Nature
2012) [64] (4.2%)

Cyclin E1 CCNE1 19q12 Brain lower grade glioma
(TCGA, Provisional)
(32.71%)

Uterine
carcinosarcoma
(TCGA, Provisional)
(78.57%)

Small cell lung cancer
(CLCGP, Nature
Genetics 2012) [60]
(3.4%)

NCI-60 cell lines (NCI,
Cancer Res. 2012) [65]
(26.67%)

Adrenocortical
carcinoma (TCGA,
Provisional)
(62.22%)

Colorectal
adenocarcinoma
(Genentech, Nature
2012) [64] (2.8%)

Cyclin-dependent
kinase 4

CDK4 12q14 Uterine carcinosarcoma
(TCGA, Provisional)
(21.43%)

Adrenocortical
carcinoma (TCGA,
Provisional)
(77.78%)

Skin cutaneous
melanoma (Broad,
Cell 2012) [66] (5%)

Skin cutaneous melanoma
(TCGA, Provisional)
(18.15%)

Ovarian serous
cystadenocarcinoma
(TCGA, Nature
2011) [63] (37.01%)

Pancreatic
adenocarcinoma
(TCGA, Provisional)
(2%)

Beta-catenin CTNNB1 3p21 Kidney renal clear cell
carcinoma (TCGA,
Provisional) (92.43%)

Bladder urothelial
carcinoma (TCGA,
Nature 2014) [67]
(35.94%)

Uterine corpus
endometrial
carcinoma (TCGA,
Provisional) (29.6%)

Head and neck squamous
cell carcinoma (TCGA,
Provisional) (73.86%)

Kidney renal papillary
cell carcinoma
(TCGA, Provisional)
(26.90%)

Adrenocortical
carcinoma (TCGA,
Provisional) (15.7%)

Disc large 1 DLG1 3q29 Lung adenocarcinoma
(TCGA, Provisional)
(29.57%)

Lung squamous cell
carcinoma (TCGA,
Nature 2012) [68]
(80.34%)

Skin cutaneous
melanoma (Yale,
Nature Genetics
2012) [69] (4.4%)

Adrenocortical carcinoma
(TCGA, Provisional)
(22.22%)

Ovarian serous
cystadenocarcinoma
(TCGA, Nature
2011) [63] (72.39%)

Bladder urothelial
carcinoma (TCGA,
Provisional) (3.8%)

Epidermal growth
factor receptor

EGFR 7p12 Uterine carcinosarcoma
(TCGA, Provisional)
(16.07%)

Glioblastoma
multiforme (TCGA,
Provisional)
(89.13%)

Lung adenocarcinoma
(TSP, Nature 2008)
[70] (18.4%)

Ovarian serous
cystadenocarcinoma
(TCGA, Provisional)
(15.99%)

Kidney renal papillary
cell carcinoma
(TCGA, Provisional)
(60.41%)

Stomach
adenocarcinoma
(TCGA, Provisional)
(5%)

G-protein signaling
modulator 1

GPSM2 1p13.3 Kidney chromophobe
(TCGA, Provisional)
(80.30%)

Uterine
carcinosarcoma
(TCGA, Provisional)
(35.71%)

Uterine corpus
endometrial
carcinoma (TCGA,
Provisional) (2.9%)

Lung adenocarcinoma
(TCGA, Provisional)
(32.61%)

Ovarian serous
cystadenocarcinoma
(TCGA, Nature
2011) [63] (30.27%)

Colorectal
adenocarcinoma
(Genentech, Nature
2012) [64] (2.8%)

(continued)
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Table 1. (Continued)

Cancer

Genes
Genes

abbreviations
Chromosomal

location Deletion (%) Gain (%) Mutation (%)

Lethal giant larvae 2 LLGL2 17q25.1 Kidney chromophobe
(TCGA, Provisional)
(72.73%)

Kidney renal papillary
cell carcinoma
(TCGA, Provisional)
(72.08%)

Skin cutaneous
melanoma (Broad,
Cell 2012) [66]
(5.8%)

Ovarian serous
cystadenocarcinoma
(TCGA, Provisional)
(36.73%)

Uterine
carcinosarcoma
(TCGA, Provisional)
(53.57%)

Colorectal
adenocarcinoma
(Genentech, Nature
2012) [64] (5.6%)

MicroRNA 146A MIR146A 5q34 Lung squamous cell
carcinoma (TCGA,
Nature 2012) [68]
(50.56%)

Kidney renal clear cell
carcinoma (TCGA,
Provisional)
(65.60%)

NA

Bladder urothelial
carcinoma (TCGA,
Provisional) (46.61%)

Adrenocortical
carcinoma (TCGA,
Provisional)
(65.56%)

NA

MicroRNA 34A MIR34A 1p36.22 Kidney chromophobe
(TCGA, Provisional)
(80.30%)

Uterine
carcinosarcoma
(TCGA, Provisional)
(33.93%)

NA

Liver hepatocellular
carcinoma (TCGA,
Provisional) (44.22%)

Ovarian serous
cystadenocarcinoma
(TCGA, Provisional)
(32.16%)

NA

MicroRNA LET7E MIRLET7E 19q13.41 Ovarian serous
cystadenocarcinoma
(TCGA, Nature 2011)
[63] (49.08%)

Adrenocortical
carcinoma (TCGA,
Provisional)
(62.22%)

NA

Brain lower grade glioma
(TCGA, Provisional)
(48.12%)

Uterine
carcinosarcoma
(TCGA, Provisional)
(50.00%)

NA

v-Myc avian
myelocytomatosis
viral oncogene
homolog

MYC 8q24.21 Sarcoma (TCGA,
Provisional) (15.33%)

Ovarian serous
cystadenocarcinoma
(TCGA, Provisional)
(79.26%)

Uterine
carcinosarcoma
(TCGA, Provisional)
(3.6%)

Kidney chromophobe
(TCGA, Provisional)
(13.64%)

Stomach
adenocarcinoma
(TCGA, Provisional)
(66.89%)

Uterine corpus
endometrial
carcinoma (TCGA,
Provisional) (2.9%)

Nuclear mitotic
apparatus protein 1

NUMA1 11q13 Uterine carcinosarcoma
(TCGA, Provisional)
(39.29%)

Ovarian serous
cystadenocarcinoma
(TCGA, Nature
2011) [63] (42.74%)

Bladder urothelial
carcinoma (TCGA,
Provisional) (7.7%)

Skin cutaneous melanoma
(TCGA, Provisional)
(29.46%)

Cancer cell line
encyclopedia
(Novartis/Broad,
Nature 2012) [71]
(33.67%)

Uterine corpus
endometrioid
carcinoma (TCGA,
Nature 2013) [62]
(7.1%)

Numb NUMB 14q24.3 Ovarian serous
cystadenocarcinoma
(TCGA, Nature 2011)
(50.31%)

Kidney chromophobe
(TCGA, Provisional)
(31.82%)

Adenoid cystic
carcinoma
(MSKCC, Nature
Genetics 2013) [72]
(3.3%)

Uterine carcinosarcoma
(TCGA, Provisional)
(50.00%)

Head and neck
squamous cell
carcinoma (TCGA,
Provisional)
(30.72%)

Skin cutaneous
melanoma (Broad,
Cell 2012) [66]
(1.5%)

Par-3 family cell
polarity regulator
beta

PARD3B 10p11.21 Kidney chromophobe
(TCGA, Provisional)
(72.73%)

Uterine
carcinosarcoma
(TCGA, Provisional)
(39.29%)

Skin cutaneous
melanoma (Yale,
Nature Genetics,
2012) [73] (9.9%)

Bladder urothelial
carcinoma (TCGA,
Provisional) (38.46%)

Ovarian serous
cystadenocarcinoma
(TCGA, Provisional)
(35.85%)

Uterine corpus
endometrial
carcinoma (TCGA
Provisional) (6.7%)

(continued)
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Table 1. (Continued)

Cancer

Genes
Genes

abbreviations
Chromosomal

location Deletion (%) Gain (%) Mutation (%)

Par-6 family cell
polarity regulator
alpha

PARD6A 16q22.1 Ovarian serous
cystadenocarcinoma
(TCGA, Nature 2011)
(79.75%)

Adrenocortical
carcinoma (TCGA,
Provisional)
(62.22%)

Bladder urothelial
carcinoma (TCGA,
Provisional) (3.8%)

Uterine carcinosarcoma
(TCGA, Provisional)
(66.07%)

Kidney renal papillary
cell carcinoma
(TCGA, Provisional)
(52.28%)

Skin cutaneous
melanoma (Broad,
Cell 2012) [66]
(3.3%)

POU class 5
homeobox 1

POU5F1 6p21.31 Kidney chromophobe
(TCGA, Provisional)
(77.27%)

Uterine
carcinosarcoma
(TCGA, Provisional)
(60.71%)

Bladder urothelial
carcinoma (TCGA,
Provisional) (3.8%)

Sarcoma (TCGA,
Provisional) (27.33%)

Skin cutaneous
melanoma (TCGA,
Provisional)
(49.40%)

Cervical squamous cell
carcinoma and
endocervical
adenocarcinoma
(TCGA, Provisional)
(2.8%)

Protein kinase C, iota PRKCI 3q26.3 Sarcoma (TCGA,
Provisional) (22.67%)

Ovarian serous
cystadenocarcinoma
(TCGA, Nature
2011) [63] (85.69%)

Skin cutaneous
melanoma (Broad,
Cell 2012) [66] (5%)

Lung adenocarcinoma
(TCGA, Provisional)
(20.87%)

Lung squamous cell
carcinoma (TCGA,
Nature 2012) [68]
(83.71%)

Kidney renal papillary
cell carcinoma
(TCGA, Provisional)
(2.4%)

Prospero homeobox 1 PROX1 1q41 Kidney chromophobe
(TCGA, Provisional)
(77.27%)

Breast invasive
carcinoma (TCGA,
Provisional)
(73.57%)

Skin cutaneous
melanoma (TCGA,
Provisional) (6.1%)

Sarcoma (TCGA,
Provisional) (28.67%)

Lung adenocarcinoma
(TCGA, Provisional)
(69.13%)

Cervical squamous cell
carcinoma and
endocervical
adenocarcinoma
(TCGA, Provisional)
(5.6%)

SRY (sex-determining
region Y)-box 2

SOX2 3q26.3-q27 Lung adenocarcinoma
(TCGA, Provisional)
(28.26%)

Lung squamous cell
carcinoma (TCGA,
Nature 2012) [68]
(84.83%)

Cervical squamous cell
carcinoma and
endocervical
adenocarcinoma
(TCGA, Provisional)
(2.8%)

Adrenocortical carcinoma
(TCGA, Provisional)
(21.11%)

Ovarian serous
cystadenocarcinoma
(TCGA, Nature
2011) (79.55%)

Pancreatic
adenocarcinoma
(TCGA, Provisional)
(2%)

Tripartite motif-
containing protein 3

TRIM3 11p15.5 Ovarian serous
cystadenocarcinoma
(TCGA, Provisional)
(56.59%)

Kidney chromophobe
(TCGA, Provisional)
(21.21%)

Uterine corpus
endometrial
carcinoma (TCGA,
Provisional) (4.2%)

Bladder urothelial
carcinoma (TCGA,
Nature 2014) [67]
(54.69%)

Lung adenocarcinoma
(TCGA, Provisional)
(15.65%)

Small cell lung cancer
(CLCGP, Nature
Genetics 2012) [60]
(3.4%)

Tripartite motif-
containing protein 32

TRIM32 19q33.1 Ovarian serous
cystadenocarcinoma
(TCGA, Nature 2011)
[63] (54.19%)

Adrenocortical
carcinoma (TCGA,
Provisional)
(37.78%)

Colorectal
adenocarcinoma
(Genentech, Nature
2012) [64] (6.9%)

Skin cutaneous melanoma
(TCGA, Provisional)
(48.81%)

Head and neck
squamous cell
carcinoma (TCGA,
Provisional)
(34.97%)

Uterine corpus
endometrial
carcinoma (TCGA,
Provisional) (5.4%)

The listed genes have been identified as potential regulators of asymmetric cell division in cancer. The table shows CNA and mutation rates for each gene
uncovered from BioPortal for Cancer Genomics developed by the Computational Biology Center at Memorial Sloan-Kettering Cancer Center
(www.cbioportal.org/public-portal/; access on August 06, 2014). Of all 69 cancer study data sets, we identified 48 studies that provide GISTIC [65] results,
with - 1 and - 2 representing hemizygous and homozygous deletion, respectively, and + 1 and + 2 representing gains. GISTIC results were downloaded
through web APIs invoked in MATLAB. We computed the percentage of gains and deletions events and report the two most frequently altered genes for
each cancer of interest [66–79].

CNA, Copy Number Alteration; GISTIC, Genomic Identification of Significant Targets in Cancer.
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induces self-renewal through Notch activation (Table 1).
NUMB protein is reduced in selective subsets of breast
cancer [8].

Orthologs of Brat in human cancer have also received
increasing attention, especially as related to brain tumors.
Among TRIM genes, TRIM3 has greatest sequence homol-
ogy to Drosophila brat. TRIM3 is also exclusively expressed
in the brain, similar to brat in Drosophila. TRIM3 is deleted
in about 25% of human glioblastomas and has a similar
deletion frequency in lower grade gliomas, suggesting it is
an early event in gliomagenesis [29]. Recent studies suggest
that TRIM3 also has E3 ubiquitin ligase activity and is a
tumor suppressor at least partially through ubiquitination
and degradation of p21. However, TRIM3 overexpression
suppresses proliferation in oligodendrogliomas in both
presence and absence of p21, suggesting other signaling
pathways are also impacted [30]. Recent work has corrob-
orated that *25% of GBMs have at least one TRIM3 allele
deleted and also suggested that nondeleted gliomas have
methylated TRIM3 that could account for its lower gene and
protein expression in nearly all GBMs [16]. Low TRIM3
protein expression in GBM neurospheres was associated
with upregulated Notch signaling, possibly through reduced
expression of the negative regulator NUMB. Reconstitution
of TRIM3 in TRIM3 null neurospheres led to increased
NUMB levels and suppressed Notch signaling. In both gli-
oma cell lines and neuropsheres, the lack of TRIM3 was
also tightly coupled with elevated expression and activity of
c-MYC. Functional studies showed that TRIM3 expression
within a glioma stem cell population (as defined by PKH-26
high) led to reduced symmetric cell division and rescued the
asymmetric cell division phenotype. Altogether, these data
suggest that the Brat mammalian ortholog TRIM3 regulates
cell proliferation and self-renewal signaling within a glioma
stem cell population [16].

Another Brat ortholog is TRIM32, which has been shown
to ubiquitinate MYC protein, thereby attenuating self-
renewal during asymmetric cell division in mice and in-
hibiting over proliferation and tumor formation [31].

Asymmetric Spindle Assembly

Apical spindle orientation

Normal conditions. During mitotic spindle formation in
metaphase and telophase, in preparation for asymmetric cell
division, microtubules are arranged in a manner to support
division into unequal daughters. The process starts with
apical localization of the cytoskeletal adapter protein In-
scuteable [32], which then binds with partner of inscuteable
(Pins), and the G protein receptor substrate Gai, in a re-
ceptor-independent manner [1]. Also on the apical side,
microtubule-bound kinesin Khc73 binds with disc large
(Dlg) and forms a complex with Gai, Pins, and Mud [1].
Altogether, this large protein complex is linked to the apical
cytoskeleton through Inscuteable and establishes the correct
spindle alignment and the orthogonal cleavage plane along
the apical/basal axis (Fig. 1).

In mammals, the ortholog of PINS is LGN. LGN binds
with a microtubule-associated protein NuMA and Gai to
establish asymmetric microtubule orientation [33]. In the
absence of LGN, PAR3 localizes exclusively to one cell and
drives excessive production of outer radial glia [1].

In neoplasia. Dlg is an established tumor suppressor,
with Drosophila mutants demonstrating loss of apico-basal
polarity in imaginal discs during development, resulting in
cellular enlargement. Absence of Dlg disrupts microfilament
and microtubule network and disrupts the localization of
basal determinants [1,34]. Inscuteable protein anchors
mitotic spindles that assist with localization of basal deter-
minants, such as Miranda and Prospero. In the absence
of Inscuteable, symmetric cell division occurs rather than
asymmetric, mostly due to Miranda and Prospero localizing
randomly [7]. The Pins and Mud also interact with one
another to establish proper spindle orientation. Loss of ei-
ther (or both) results in a lack of spindle alignment with the
asymmetric fate determinants, leading to their haphazard
localization and resulting in the formation of proliferative
neuroblasts-like cells [35].

Mouse LGN is closely related to Drosophila Pins and can
rescue Pins mutants to maintain asymmetric division. Ge-
netic mutation and siRNA experiments have shown that
functional loss of LGN leads to disruption of asymmetry in
radial glial cell division and leads to proliferation through
oblique division as opposed to vertical division [8]. Over-
expression of mammalian NuMA, an ortholog of Mud, re-
sults in aneuploidy in mouse myeloid cell [36] and may
cause neoplastic growth in the setting of additional alter-
ations, such as TP53 mutation [37].

A large number of human breast cancer cells show high
levels of LGN protein expression [38], suggesting that its
enhanced function may play a role in tumor development
and progression. LGN is a target of PBK/TOPK for phos-
phorylation and subsequent activation of LGN drives sym-
metric spindle orientation, resulting in proliferation and
tumor formation. Another well-known tumor suppressor in
colorectal carcinoma, adenomatous polyposis coli (APC),
binds with human DLG1 protein and negatively regulates
cell cycle progression [39]. APC also binds with b-catenin
through GSK-3b and axin complex, eventually leading to
b-catenin ubiquitination and degradation. This process
normally attenuates WNT-signaling and suppresses cell
proliferation, but the downstream effects are reversed in
cancer following the genomic alteration of signaling net-
work members [40,41].

Basal spindle orientation

In contrast to apical spindle organization, descriptions of
proper basal spindle arrangement have not emerged as
quickly. It has been assumed that Dlg and Pins promote
basal spindle orientation since basal determinants do not
localize in dlg and pins mutants; however, in these mutants
asymmetric cell division can still occur during telophase [1].
Further investigation is needed in this space.

Extrinsic Regulators of Asymmetric
Cell Division

Recent findings indicate that the microenvironment sur-
rounding stem cells—the stem cell niche—also influences
asymmetric cell division. Interestingly, whereas cell-intrinsic
mechanisms appear to dominate in Drosophila neuroblasts,
Drosophila germline stem cells have been a prime model for
exploring niche effects. Stem cells in Drosophila ovary and
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testis are attached to elements of the stem cell niche known as
cap and hub, respectively [42]. Physical attachment to these
niche components allows maintenance of stemness, whereas
detachment leads to differentiation. Therefore, germline stem
cells orient their apico-basal polarity in such a way that the
apical side remains attached, or at least in proximity, to niche
elements that support stemness.

The role of Wnt as a determinant of cell polarity is firmly
established in C. elegans and Drosophila [43] and recent
investigations also indicate a prominent role in asymmetric
cell division. For example, when immobilized WNT protein
is brought into proximity of embryonic stem cells about to
divide, the daughter cell closest to WNT will continue to
display pluripotency, whereas the distant daughter is des-
tined for differentiation [43].

Similar niche phenomena can be observed in in vivo
mammalian systems, where neural and epidermal stem cells
have been ideal models for investigation. In each of these
systems, cells receive both intrinsic and extrinsic (niche
driven) cues that guide asymmetric cell division [44].
Neural stem cells physically reside within the subventricular
zone of lateral ventricle, attached to ependymal cells that
line the ventricular surface [45]. During division, the
daughter cell that loses contact with the ependymal niche
proceeds to differentiate. Cellular growth factors from nearby
blood vessels and cerebrospinal fluid have also been shown to
promote neural stem cell proliferation [8]. Similar phenom-
ena have been observed in embryonic epidermal cells: fol-
lowing division, daughter cells that lose contact with the
basement membrane become differentiated suprabasal cells
[8]. Epidermal growth factor receptor (EGFR) and Notch
signaling pathways direct self-renewal in these settings [8].
Parallels with cancer biology are evident, since both acti-
vating EGFR alterations and dysregulated Notch signaling
are common in cancer [46]. Thus, the stem cell niche plays an
important role in asymmetric cell division, yet further studies
are needed to clarify mechanisms at a deeper level.

Wnt is a bona fide proto-oncogene strongly linked to
breast cancer, specific forms of medulloblastoma and other
forms of neoplasia. Dysregulation of Wnt promotes nuclear
localization of b-catenin, leading to target gene expression
that promotes tumor progression and is associated with poor
prognosis in some cancers. Wnt signaling (Fig. 1) is also a
primary driver of EMT [43], which could result, at least
partially, from dysregulation of asymmetric cell division.
WNT signaling maintains mammary stem cell population
early tumorigenic lesions of MMTV-Wnt1 transgenic mice
[47]. Moreover, recruitment of WNT by the extracellular
matrix component periostin promotes the maintenance of
cancer stem cells [48].

Noncanonical Signaling Pathway Influence
on Asymmetric Cell Division

Asymmetric localization of fate determining protein
complexes and asymmetric spindle arrangement are funda-
mental cell-intrinsic drivers of bipolar stem cell division.
While mechanisms have been partially established, initiat-
ing events or signals are not so forthcoming. There is
emerging evidence suggesting that growth-signaling path-
ways may directly or indirectly influence the initiation and
evolution of asymmetric cell division.

Myc regulation. MYC signaling pathways are key regu-
lators of cell growth, proliferation, and development and
have a strong impact on stem cell maintenance. Con-
stitutively active c-MYC has been linked with many neo-
plastic diseases [49].

A link between asymmetric cell division and dMyc
(Drosophila Myc) has been inferred in Drosophila neuro-
blasts and germline stem cells [50], as dMyc is expressed in
stem cells but not differentiated cells. During asymmetric
cell division, Drosophila Brat suppresses dMyc expression
post-transcriptionally in neuroblasts [31] and in germline
stem cells [51]. Thus, the self-renewing neuroblasts in Brat
mutant express high levels of dMyc [31].

TRIM32, a mouse homolog of Drosophila Brat ubiqui-
tinates c-MYC for its degradation in neural progenitors in
neocortex (Fig. 2A) [1] leading to differentiation. c-MYC
regulates cell cycle genes such as Cyclin D1 (Fig. 2A) [52],
chromatin modification, and energy metabolism that pro-
mote cell division and stemness. Both Drosophila Myc and
mammalian MYC bind to the promoter region of TORC1
target genes [50], suggesting a control over ribosome
synthesis and Insulin/TOR metabolism axis driving self-
renewal. Another potential mechanism is that MYC re-
presses a master regulator of endoderm differentiation,
GATA6 [50] and drives proliferation.

The excessive activity of MYC in many cancers sup-
ports a strong relationship between carcinogenesis and the
self-renewal program [53]. However, normal cellular safe-
guards appear to be broken in cancer. For example, in non-
neoplastic follicular basal cells, aberrant c-MYC activation
depletes the stem cell population and drives differentiation
[54] suggesting a protective mechanism against uncontrolled
proliferation in normal cells [54].

Self-renewal transcription factors and cell cycle regula-

tion. Transcription factors best known for maintaining
pluripotency include Nanog, Sox2, and Oct4 (Fig. 2B) [52].
These transcription factors have been shown to accumulate
on the self-renewal side of embryonic stem cell during
asymmetric cell division and are induced by WNT3a [43].
These factors regulate cell cycle and microRNA genes that
sustain pluripotency and stem cell identity on the apical
side. Copy number variation of pluripotent transcription
factors is evident in many human neoplastic growths, con-
firming the contribution of these factors (Table 1).

Cell cycle regulators ultimately determine a cell’s com-
mitment to divide and create progeny. Their defects are
known to drive specific diseases, including cancer. Cell
cycle entry and exit are determined by protein interactions
between cyclins and CDKs. During asymmetric cell division
in mammals, Rho GTPase CDC42 [55] accumulates on the
apical side along with the aPKC/PAR6/PAR3 complex.
CDC42, like other GTPases activates transcription of
CCND1 (Cyclin D1) mRNA in fibroblasts and epithelial
cells [55]. Overexpression of CyclinD1/CDK4 in mice in-
hibits neurogenesis resulting in thicker subventricular zone
with increased number of progenitors [56]. Cyclin D1/CDK4
controls G1-S cell cycle transition through the activation of
E2F in stem cells [57]. High levels of Cyclin-CDK ensure
short G1 phase in mice subventricular progenitor cells.

MicroRNA regulation. mi-RNA regulation of self-renewal
(Fig. 2C), pluripotency, and asymmetric cell division are also
relevant to cancer (Table 1). These short, noncoding RNAs
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target mRNAs in a sequence-specific manner and suppress
their expression [58]. Many mi-RNAs are regulated by self-
renewal transcriptional factors, such as Nanog, Oct4, and
Sox2 [52]. In the context of asymmetric cell division, Dro-
sophila protein Mei-P26 inhibits mi-RNA pathways and
mutant mei-P26 flies show germline over proliferation [59].
The recently discovered microRNA miR-34a localizes
asymmetrically and represses Notch signaling in differenti-
ated daughter cells [60]. Pro-self-renewal properties of miR-
146a have also been described in colorectal cancer stem cells
[60], in which miR-146a phenocopies Snail-dependent colo-
rectal cancers, likely because Snail regulates miR-146a
through the Wnt signaling pathway. Let-7, another class of
microRNA, regulates Ras oncogenic activity. In lung cancer,
Let-7 is downregulated, thus driving the proliferation, rather
than differentiation [61].

Loss of Asymmetric Division is Not Always
Complete in Cancer

The complete loss of asymmetric cell division and its
replacement by symmetric cell division is not a routine
finding in cancer. Rather, mechanisms of asymmetric cell
division are more often disrupted and likely influence the
balance of stem cells and nonstem cells. Indeed, several
asymmetric protein markers accumulate during division of
cancer cells in both human disease and animal models,

suggesting that asymmetric cell division still occurs [62,63].
In Drosophila, loss of one cell fate determinant such as brat,
mira, numb, l(2)gl, and pros leads to an accumulation of
neuroblasts. However, this loss does not stop the other de-
terminants from arranging asymmetrically during cell divi-
sion, suggesting that loss of asymmetry is only partial in
some cases. As an example in human cancer, polyploid giant
cancer cells have been described as having stem cell prop-
erties [62] and undergo asymmetric division. However,
these cells are also in a dynamic equilibrium with a nonstem
cell population and capable of phenotypic reversion [64].
These data and others suggest that deregulation of asym-
metric cell division in cancer is not always absolute or
complete, but rather disrupts the stem/progeny equilibrium
in a manner that favors abnormal growth properties.

Summary

Mechanisms of asymmetric cell division are necessarily
complex and much of our current understanding derives
from Drosophila [44].

� Early localization of apical and basal fate-determining
protein complexes direct bipolar division and disrup-
tion drives division toward symmetry, generating stem
cells with potential to generate neoplastic masses.

� Asymmetric arrangement of spindles and microtubules
also play a critical role in asymmetric cell division.

FIG. 2. Noncanonical signaling pathways regulate asymmetric cell division. (A) Various growth-signaling pathways
affect the asymmetric cell division balance. Progrowth regulators such as MYC shift the asymmetric cell division balance
toward self-renewal, through activating CYCLIN D1. On the basal side, Drosophila Brat or mammalian TRIM32 attenuates
MYC function to start differentiation signal. (B) Dysregulation of pluripotency and self-renewal transcription factors such
as NANOG, SOX2, OCT4, and SNAIL also initiate symmetric stem cell proliferation. Transcription factors such as PROX1,
C/EBP alpha, GATA1, GATA6 are expressed in the differentiated daughter cell. (C) MicroRNAs also regulate asymmetric
cell division by affecting stem cell renewal and differentiation. miR-146a drives stem cell renewal, whereas miR-34a and
Let-7 drive differentiation. Color images available online at www.liebertpub.com/scd
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� Mammalian systems have cell-extrinsic (micro-envi-
ronmental) cues that impact asymmetric cell division.

� Noncanonical pathways that indirectly influence
asymmetric cell division include transcription factors,
cell cycle regulators, signaling pathways, and micro-
RNAs.

Many cancers display disrupted asymmetric cell division
[8], which may be explained by disturbances of mechanisms
above. Further understanding of stem cell division in cancer
will provide opportunities for the development of novel
diagnostics and therapies.
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