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The premise:

Cells with identical  
genome 
phenotype 
environment 
history of environments 

 can display functionally 
heterogeneos behavior

Today: we 
start with 

cancer stem 
cells



Introduction: It takes many 
cancer cells to seed a new tumor

Most tumors are clonal, the progeny of a single cell	


BUT: new tumors can only be (experimentally) seeded 
if > 106 cells are injected	



many types of cancer cells have limited proliferative 
capacity and tumorigenic potential (e.g. AML)	


small pool of “stem” cells?	


small probability of re-entry into cell cycle?	


variations in microenvironment, subclones, 
independent somatic mutations?
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intrinsic hierarchy

homogeneity

heterogeneity but not a hierarchy



Hematopoietic malignancies 
retain remnants of normal 
differentiation programs	


Idea extends to solid tumors	



breast cancer: CD44+/CD24-	



!

brain tumors	


!

prostate	


...

A single cancer cell can initiate 
leukemia. (Not all, select few.)

REVIEW

The Increasing Complexity of the
Cancer Stem Cell Paradigm
Jeffrey M. Rosen1 and Craig T. Jordan2

The investigation and study of cancer stem cells (CSCs) have received enormous attention over the
past 5 to 10 years but remain topics of considerable controversy. Opinions about the validity
of the CSC hypothesis, the biological properties of CSCs, and the relevance of CSCs to cancer
therapy differ widely. In the following commentary, we discuss the nature of the debate, the
parameters by which CSCs can or cannot be defined, and the identification of new potential
therapeutic targets elucidated by considering cancer as a problem in stem cell biology.

In 1994, John Dick and colleagues published
their seminal paper that human acute myeloid
leukemia is organized as a hierarchy that

originates from a primitive hematopoietic cell, as
shown in Fig. 1 (1, 2). This report became the
paradigm for later studies, which suggested that a
similar model existed for solid tumors with can-
cer stem cells (CSCs) at the top of a hierarchical
pyramid (3). These studies were based on a sim-
ilar approach that uses fluorescence-activated cell
sorting (FACS) of primary human cells with anti-
bodies directed at defined cell-surface markers
followed by limiting dilution transplantation, usu-
ally into an orthotopic site in immunocompro-
mised mice (the xenograft model). Thus, the CSC
paradigm refers to the ability of a subpopulation of
cancer cells to initiate tumorigenesis by under-
going self-renewal and -differentiation, like nor-
mal stem cells, whereas the remaining majority of
the cells are more “differentiated” and lack these
properties.

Why Is There a Debate?
The concept that a specific subpopulation of tumor
cells possesses distinct stem cell properties implies
that CSCs arise as an intrinsic property of tumor
biology and development (Fig. 2). However, the
surroundingmicroenvironment (stromal fibroblasts,
adipocytes, and endothelial cells, as well as the
extracellular matrix) and the immune system are
known to play important roles in cancer progres-
sion (4, 5). Consequently, one caveat to the intrinsic
model in the context of a xenograft is the lack of
an appropriate microenvironment because of dif-
ferences between the mouse and human and the
lack of an intact immune system when evaluating
the tumor-initiating capacity of these human can-
cer cells. Thus, it is possible that the subpopulation
of cells that appeared nontumorigenic might
actually be tumorigenic in the presence of the ap-
propriate microenviroment. In other words, tumor

cells might be functionally homogeneous, with
heterogeneous potential arising as a consequence
of extrinsic cues or the lack thereof (Fig. 2).

Strasser and colleagues attempted to test the origi-
nal CSC hypothesis by using an alternative ap-
proach to the xenograft system. They used two
transgenicmousemodels in which the Em enhancer
was used to express either the c-myc or N-ras on-
cogenes to induce B or Tcell lymphomas, respec-
tively (6). Upon the analysis of transplants, these
authors concluded that “tumor growth need not
be driven by rare cancer stem cells” based upon
>10% of the transplanted cells, giving rise to
tumors in syngeneic mice. Alternatively, recent
studies by Guo et al. used a mouse model in
which deletion of the Pten tumor suppressor
gene in hematopoietic stem cells resulted in a
myeloproliferative disorder followed by acute T-
lymphoblastic leukemia (7). Using this model of
a human leukemia, these investigators demon-
strated by limiting dilution transplantation that a
rare population of leukemia stem cells (LSCs)
was responsible for leukemia development. Taken
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HSC LSC
Mutation(s)

Normal progenitor Leukemia progenitor

Normal blood cells Leukemic blasts

Self-renewal

Self-renewal

Fig. 1. Initial studies in leukemia provided the paradigm for the general CSC model. As shown on the left
side of the figure, a hematopoietic stem cell (HSC) gives rise to normal progenitors and mature blood cells.
The original model suggests that the HSC undergoes mutation(s) that give rise to its malignant counterpart,
the leukemia stem cell (LSC). The LSC retains some degree of developmental potential, generating the
leukemia progenitor and leukemic blast cells, which differ in their biological properties from the parent
LSC. As in normal hematopoiesis, the stem cell maintains the ability to undergo self-renewal and thereby
perpetuate the leukemia population.
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Cancer stem cell hypothesis takes 
the lead

Stem cell	



differentiation - 
heterogeneous progeny -> 
diversifies in a hierarchical 
process	



self-renewal - form new 
stem cell with identical 
potential	



homeostatic control - 
modulate and balance the 
first two	



Cancer Stem Cell	



tumorigenic potential - 
heterogeneous progeny -> 
all subpopulations of the 
tumor	



self-renewal - form new 
cancer stem cell with 
identical potential	



not good with homeostasis

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



Stem cells and some CSCs divide 
assymetrically
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Neuroblast
A D. melanogaster neural 
progenitor cell that generates 
all of the neurons and glial cells 
in the brain.

Asymmetric cell division in D. melanogaster. During 
the past 10 years, most of the progress in understanding  
asymmetric cell division in D. melanogaster has been 
made in neuroblasts, which are cells that delaminate from 
the ventral neuroectoderm during embryo genesis. In 
embryos, neuroblasts undergo up to 20 rounds of asym-
metric cell division to generate the neurons of the larval 

nervous system, and they become quiescent at the end of 
embryogenesis. During the larval stages of development, 
neuroblasts re-enter the cell cycle and continue to divide 
asymmetrically to generate the neurons of the adult fly 
brain19. Several types of larval neuro blasts can be dis-
tinguished on the basis of lineage and location (FIG. 1a), 
and unique markers exist to allow their identification 
(Supplementary information S2 (figure)). Most prevalent 
are the type I neuroblasts, which divide into a large cell 
that remains a neuroblast and a smaller ganglion mother 
cell (GMC); the GMC subsequently divides into two ter-
minally differentiated neurons. Type II neuroblasts are 
located in the dorsoposterior region of each central brain 
hemisphere and divide to give rise to a different cell line-
age to type I neuro blasts20–22. The smaller daughter cell of 
type II neuroblasts becomes an intermediate neural pre-
cursor (INP), which continues to undergo self-renewing 
asymmetric divisions, each division generating one INP 
and one GMC. Furthermore, specialized kinds of type I 
neuroblasts exist in the mushroom bodies19,23 and the 
optic lobes24.

The basic mechanism of asymmetric cell division  
is common to all D. melanogaster neuroblasts25–28 (FIG. 1b).  
The endocytic protein Numb29 (which inhibits Notch–
Delta signalling) and the translation inhibitor Brain 
tumour (BRAT)30 transiently accumulate at the basal 
plasma membrane in late prometaphase3,31–33. Their 
asymmetric localization is facilitated by two adap-
tor proteins that localize asymmetrically at the same 
time as Numb and BRAT. BRAT localizes by binding 
Miranda31,33, and Numb localization is facilitated by 
(but does not depend on) the adaptor protein Partner 
of Numb (PON)34,35. In type I neuroblasts and INPs, 
Miranda also transports the transcription factor 
Prospero into the GMC36–40. Slightly after the basal 
determinants localize, the mitotic spindle is set up in 
an apical–basal orientation so that these determinants 
are inherited by the basal daughter cell.

The asymmetric localization of basal determinants 
also requires another set of proteins that accumulate at 
the apical cell cortex before mitosis. These include the 
PDZ domain-containing proteins PAR3 and PAR6 and 
the protein kinase atypical PKC (aPKC13–17; the D. mela-
nogaster homologue of C. elegans PKC-3). The group of 
proteins also includes the adaptor protein Inscuteable41,42, 
which links PAR3–PAR6–aPKC to a second protein com-
plex containing the heterotrimeric G protein αi-subunit 
(Gαi)43 and the adaptor protein Partner of Inscuteable 
(PINS; also known as RAPS)43–45. PINS binds to the 
microtubule-associated dynein-bindin g protein MUD46–48 
and thereby provides a cortical attachment site for astral 
microtubules to ensure the apical–basal orientation of 
the mitotic spindle.

The initial apical localization of PAR3, PAR6 and 
aPKC is inherited from epithelial cells of the ventral 
neuroectoderm when the neuroblasts delaminate13,14,16,17. 
In these epithelial cells, Par proteins localize apically 
and are required for establishing and maintaining 
apico basal polarity. In fact, PAR3, PAR6 and aPKC — 
and their homologues in other organisms — play a key 
part in almost all known cell polarity events, including 

Figure 1 | Models for asymmetric cell division. a | Drosophila melanogaster type I 
neuroblasts divide asymmetrically into one neuroblast and one ganglion mother cell 
(GMC). The neuroblast self-renews, and the GMC divides terminally into two neurons. 
Type II neuroblasts divide into one self-renewing type II neuroblast and one immature 
intermediate neural precursor (INP). The INP starts expressing the neuroblast markers 
Asense and Deadpan to become a mature INP, which divides asymmetrically into one 
GMC and one mature INP. Differential expression of the markers Deadpan, Asense, 
Prospero and Embryonic lethal abnormal vision (ELAV) allows the unique identification  
of individual cell types in type I, type II and optic lobe (not shown) neuroblast lineages 
(see Supplementary information S2 (figure)). b | In D. melanogaster neuroblasts, the 
apically localized Partitioning defective 3 (PAR3)–PAR6–atypical protein kinase C (aPKC) 
complex is connected to partner of Inscuteable (PINS; also known as RAPS)–G protein 
α

i
-subunit (Gα

i
)–MUD by the adaptor protein Inscuteable. During mitosis, this apical 

complex directs the orientation of the mitotic spindle and the asymmetric localization of 
the adaptor proteins Partner of Numb (PON) and Miranda and, consequently, of the cell 
fate determinants Numb, Brain tumour (BRAT) and Prospero to the basal cell cortex.  
After mitosis, Numb, BRAT and Prospero act together to prevent self-renewal and induce 
cell cycle exit and differentiation. c | In the Caenorhabditis elegans zygote, the anterior 
Par proteins PAR-3, PAR-6 and PKC-like 3 (PKC-3) segregate into the anterior AB cell,  
and the posterior Par proteins PAR-1 and PAR-2 segregate into the posterior P1 cell. 
Polarization starts after fertilization, when interactions between the sperm centrosome 
and cortex allow PAR-2 to accumulate at the posterior cortex. This initiates an anterior 
contraction of the cortical actin cytoskeleton, which allows anterior movement of PAR-3, 
PAR-6 and PKC-3.
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Stem cells
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The simplest explanation for tumour formation is that 
defects in segregating determinants result in symmetric 
divisions, giving rise to two neuroblasts (FIG. 5a). The result-
ing exponential increase in neuroblast number would 
explain certain aspects of tumour formation. However, it 
does not explain why tumour neuroblasts do not exit the 
cell cycle but continue to proliferate even in adult brains32 
or after transplantation112. In addition, a detailed analysis  
of brat-mutant clones showed that tumour formation 
does not simply involve a series of symmetric divisions20. 

After an initial delay phase in which the BRAT-inheriting 
cell fails to initiate correct marker expression and enters 
a prolonged cell cycle block, it divides and enters a sec-
ond phase in which it proliferates rapidly and indefinitely. 
Thus, defects in asymmetric cell division cause the for-
mation of tumour neuroblasts that lack the mechanisms 
responsible for cell cycle exit during pupal development.

The formation of tumour neuroblasts in mutants 
with aberrant asymmetric cell division can be explained 
by genetic or epigenetic defects or by the intrinsic prop-
erties of the growth control mechanism. In the genetic 
model, DNA mutations are responsible for immortalizing 
neuro blasts; however, although aneuploidy does occur in 
transplanted neuroblast tumours104 and may be respon-
sible for their metastatic behaviour112, it has not been 
described in primary tumours. As mutations causing  
genome instability do not result in brain tumours111, 
it is more likely that transcriptional and/or epigenetic 
changes alter the behaviour of the mutant neuroblasts. 
The transcriptional network governing self-renewal in 
neuroblasts needs to be reprogrammed towards a stable 
and irreversible differentiation state after asymmetric cell 
division. Defects in this process could create a new sta-
ble state, in which the self-renewal programme is active 
but the modules controlling exit from proliferation are 
missing. For example, neuroblasts serially express dif-
ferent transcription factors at different developmental 
stages113, and a reset of this developmental timer during 
each defective asymmetric cell division could explain 
immortalization. Finally, it is possible that the growth 
control mechanism acting in pupae can deal with only a 
limited number of neuroblasts — for example, because a 
growth inhibitor is limiting or because neuroblasts secret 
an autocrine growth-promoting factor that competes 
with a systemic extrinsic factor.

Several redundant mechanisms have been proposed 
to stop neuroblast proliferation in wild-type flies. In the 
abdomen of the ventral nerve chord, transient expression 
of the homeotic gene abdominal A eliminates neuroblasts 
by inducing apoptotic cell death114. In the central brain, 
a decrease in insulin and phosphoinositide 3-kinase sig-
nalling causes a reduction in neuroblast size followed by 
caspase-mediated cell death during the pupal stages of 
development115. When caspase activation is prevented, 
neuroblast size is still reduced, and the cells are elimi-
nated by a caspase-independent autophagic pathway that 
is regulated by the transcription factor Forkhead box O 
(FOXO). When both FOXO and caspases are inhibited, 
neuroblasts continue to proliferate and generate func-
tional neurons, even in adult flies. Surprisingly, however, 
this does not result in a tumour, indicating that both an 
increase in neuroblast number and inhibition of the elimi-
nation pathways contribute to tumour formation.

Clearly, identifying the molecular events that connect 
asymmetric cell division to cell immortalization is one of 
the greatest new challenges in the field. This is particularly 
important because defects in asymmetric cell division are 
relevant for human tumorigenesis116 (see below)117,118 and 
may be part of the mechanisms that convert a normal 
mammalian stem cell into what is known as a cancer stem 
cell (BOX 1).

Figure 5 | Asymmetric cell division and tumour formation. a | Wild-type Drosophila 
melanogaster neuroblasts generate one large self-renewing daughter cell and one small 
differentiating daughter cell. The differentiating daughter cell exits the cell cycle after a 
terminal division (not shown). The neuroblast shrinks during pupal stages and undergoes 
apoptosis. In mutants that are defective in asymmetric cell division, the smaller daughter 
cell cannot differentiate. After some time, it undergoes mitosis and reverts to a tumour 
neuroblast. These tumour neuroblasts are abnormal because they do not exit the cell 
cycle during pupal stages. Whether the original neuroblast (blue) disappears or also 
continues to proliferate is unclear. b | Mammospheres that are grown from wild-type 
mammary gland tissue or erythroblastosis oncogene B2 (ERBB2)-mutant tumour tissue 
contain the same number of slowly proliferating (PKH26 dye-retaining) cells (PKH26high). 
In wild-type tissue, only the cells retaining the dye can form secondary mammospheres, 
but in tumour tissue mammospheres can be grown from any cell. c | In wild-type tissue, 
PKH26high cells localize Numb asymmetrically. When cultured, one dye-retaining cell 
remains, indicating that the initial division was asymmetric. When isolated from an ERBB2 
tumour model or from p53-mutant mice, PKH26high cells do not divide asymmetrically 
and all daughter cells lose the dye, indicating that the initial division was symmetric.
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Brain tumor 
in drosophila



Stem cells establish polarity before 
division to ensure assymetry

daughter cell sizes are generated, and how daughter cells
can inherit different fate determinants to enter distinct
differentiation pathways. We also summarize asymmet-
rically segregating cellular components where the func-
tional implications of the asymmetry are still obscure.
We focus on animal cells and occasionally include yeast
to illustrate functional principles. Asymmetric cell di-
vision also plays a major role in plants, but since the
mechanisms are quite distinct, we refer to several excel-
lent recent reviews on this topic (Abrash and Bergmann
2009; Menke and Scheres 2009).

Generating different daughter cell sizes

The size of the two daughter cells is determined by the
cleavage furrow, which in turn is specified by the position
of the mitotic spindle (Glotzer 2004). A centrally located
mitotic spindle will result in two daughter cells of the
same size, whereas any displacement of the spindle
toward one pole will generate one larger and one smaller
daughter cell. In some cases, like polar body extrusion,
this can lead to extreme asymmetry, where one of the
daughter cells is barely large enough to hold one copy of
the genetic material. In somatic divisions, however, cell
size asymmetry is mild and, only rarely, one daughter cell
is more than double the size of the other.

The Par protein complex One of the best-understood
model systems for generating cell size asymmetry is the

zygote of Caenorhabditis elegans. After fertilization, C.
elegans embryos divide into a larger anterior AB and
a smaller posterior P1 daughter cell (Cowan and Hyman
2004a). Sperm entry triggers a series of events that result
in a subdivision of the cell cortex into an anterior and a
posterior domain (Cowan and Hyman 2004a). This results
in a stronger capacity of the posterior cortex to exert force
on the mitotic spindle. The spindle is displaced toward
the posterior end, and, therefore, the division plane forms
in an asymmetric manner. It turns out that the proteins
controlling these events are part of a fundamental mech-
anism for cell polarity and asymmetric cell division that
is conserved in worms, flies, and vertebrates.

Core components of this machinery were discovered in
a landmark genetic screen for ‘‘par’’ (partitioning defect)
mutants in which AB and P1 have the same size (Kemphues
et al. 1988). Based on their localization pattern, three
classes of Par proteins can be distinguished: The serine/
threonine kinase PAR-1 (Guo and Kemphues 1995)
and the RING finger protein PAR-2 (Boyd et al. 1996)
accumulate on the posterior cell cortex, whereas the
anterior cell cortex is occupied by the PSD95/Dlg/ZO1
(PDZ) domain proteins PAR-3 and PAR-6, and by an
atypical protein kinase C (aPKC, called PKC-3 in C.
elegans). In addition, the serine–threonine kinase PAR-4
(Watts et al. 2000) and the 14–3–3e protein PAR-5 (Morton
et al. 2002) are necessary for generating asymmetry but
are not asymmetrically distributed themselves. The in-
dividual Par proteins show distinct levels of functional
conservation: While par-2 is found only in C. elegans, the
other Par proteins are conserved in animals but not in
fungi or plants (Ohno 2001; Suzuki and Ohno 2006). In
animals, the conserved Par proteins regulate epithelial
apical–basal polarity and many other aspects of cell polar-
ity (Ohno 2001; Suzuki and Ohno 2006). Par-3, Par-6,
and aPKC regulate asymmetric cell division in diverse
organisms including Drosophila, mouse, and chicken.
More recently, a function for the Drosophila homologs
of PAR-5 and PAR-1 in this process has been described as
well (Krahn et al. 2009). Par-3, Par-6, and aPKC form
a complex that localizes asymmetrically, controls the
activity of aPKC in space and time, and acts as a scaffold
for the assembly of further asymmetry factors. Par-6 has
been reported to bind and regulate aPKC kinase activity,
and the two proteins are strictly codependent for their
asymmetric localization. Par-6 also binds to the small
GTPase Cdc42 through an N-terminal Cdc42/Rac in-
teractive binding (CRIB) domain, and Cdc42 is another
important regulator of aPKC activity (Joberty et al. 2000;
Johansson et al. 2000; Lin et al. 2000; Qiu et al. 2000).
Par-3 is less tightly bound and localizes asymmetrically
without the other partners in certain mutant conditions
(Beers and Kemphues 2006). It competes with other
partners for binding to Par-6 (Yamanaka et al. 2006), and
might act as an adaptor that regulates substrate specificity
by simultaneously binding both aPKC and its substrates.

Establishing polarity In C. elegans, subdivision of the
cell cortex into an anterior and a posterior domain starts
with fertilization (Cowan and Hyman 2004a; Gonczy

Figure 1. Modes of asymmetric cell division. (A) Asymmetric
cell fate specification is regulated by a niche-derived signal.
Cells that contact the niche retain their identity, whereas cells
that become detached from the niche after division adopt
a different cell fate. (B) External polarity induces the asymmetric
localization of cell fate determinants (green). (C) Intrinsic
asymmetry localizes polarity proteins (red), which instruct cell
fate determinants (green) to segregate asymmetrically during
mitosis in the absence of extracellular cues (DNA, blue).
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staining in mammospheres was confirmed by RNA interference
(Figure S4). To analyze Numb distribution immediately after
mitosis, we treated PKHhigh cells with blebbistatin, a small
molecule that arrests cytokinesis and leads to the formation of
binucleated cells (Straight et al., 2003). In !60% (n = 82) of the
WT PKHhigh cells, the anti-Numb staining was weakly cyto-
plasmic and formed a clear crescent at the cell membrane,
whereas in !25% Numb was uniformly localized around the
cell cortex (Figures 2B and S5). Together, these data demon-
strate that the first mitotic division of WT PKHhigh cells is most
frequently asymmetric.

In contrast, time-lapse and Numb localization analyses of
ErbB2 tumor PKHhigh cells revealed symmetry of the first division
(42.1 ± 6.2 hr after seeding) in 78.2% of cells (n = 156; Figure 2A)
and uniform distribution around the cortex in 74.5% (n = 47;
Figures 2B and S5). Altogether, these findings suggest that

Figure 2. Frequencies of Asymmetric and
Symmetric Divisions of WT, ErbB2 tumor,
or p53"/" PKHhigh Cells
(A) Top: schematic representation of the divisional

history of a single PKHhigh cell that divides asym-

metrically or symmetrically. Bottom: time-lapse

microscopy images of the first divisions of WT,

ErbB2 tumor, p53"/", or N3-treated ErbB2 tumor

PKHhigh cells. Elapsed time (from seeding) is indi-

cated. The pie charts show the relative frequen-

cies of asymmetric and symmetric divisions.

(B) Numb confocal immunofluorescence. PKHhigh

cells from M2 WT, ErbB2 tumor, or p53"/" mam-

mospheres were plated in the presence of 25 mM

blebbistatin for 36 hr, fixed for 10 min in paraformal-

dehyde, and stained with anti-Numb and DAPI.

DIC, differential interference contrast; Merge,

merged channels. The pie charts show the rela-

tive frequencies of asymmetric and symmetric

divisions.

symmetric and asymmetric divisions
coexist in both WT and ErbB2 MICs, but
in different proportions: WT MICs mainly
divide asymmetrically, whereas ErbB2
tumor MICs divide symmetrically.

Increased Replicative Potential
of ErbB2 Tumor SCs
We then investigated the replicative
potential of WT and ErbB2 tumor SCs
by serial replating of M1 mammospheres.
In WT cultures, the total number of mam-
mospheres decreased progressively at
each passage, until exhaustion after five
to six passages (Figure 3A). The cumula-
tive mammosphere number approxi-
mated an exponential curve (R2 = 0.99)
with a growth rate (GR) of!0.3, indicating
a similar decrease rate (!70%) at each
passage. Notably, total cell number
revealed identical patterns of variation

(GR!0.3; Figure 3B). Accordingly, the average size of WT mam-
mospheres remained constant throughout the passages
(Figure 3C), thus suggesting that WT SCs, once committed to
clonal expansion, maintain the same growth potential.

The number of ErbB2 tumor mammospheres instead
increased at every passage, with a constant !5-fold expansion
(GR !5; Figures 3A and 3B), suggesting that ErbB2 tumor SCs
are nearly immortal (up to 36 passages in selected experiments).
As for the WT mammospheres, the total cell number revealed
identical patterns of variation, with a GR of !5 and constant
mammosphere size during culture (Figures 3B and 3C).

Together, these findings demonstrate that WT SCs rapidly
lose self-renewal potential in culture, whereas ErbB2 tumor
SCs are nearly immortal, and suggest that these different
behaviors reflect intrinsic properties of WT and ErbB2 tumor
SCs. Furthermore, these data suggest that the two observed
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metrically or symmetrically. Bottom: time-lapse

microscopy images of the first divisions of WT,

ErbB2 tumor, p53"/", or N3-treated ErbB2 tumor

PKHhigh cells. Elapsed time (from seeding) is indi-

cated. The pie charts show the relative frequen-

cies of asymmetric and symmetric divisions.

(B) Numb confocal immunofluorescence. PKHhigh

cells from M2 WT, ErbB2 tumor, or p53"/" mam-

mospheres were plated in the presence of 25 mM

blebbistatin for 36 hr, fixed for 10 min in paraformal-

dehyde, and stained with anti-Numb and DAPI.

DIC, differential interference contrast; Merge,

merged channels. The pie charts show the rela-

tive frequencies of asymmetric and symmetric

divisions.

symmetric and asymmetric divisions
coexist in both WT and ErbB2 MICs, but
in different proportions: WT MICs mainly
divide asymmetrically, whereas ErbB2
tumor MICs divide symmetrically.

Increased Replicative Potential
of ErbB2 Tumor SCs
We then investigated the replicative
potential of WT and ErbB2 tumor SCs
by serial replating of M1 mammospheres.
In WT cultures, the total number of mam-
mospheres decreased progressively at
each passage, until exhaustion after five
to six passages (Figure 3A). The cumula-
tive mammosphere number approxi-
mated an exponential curve (R2 = 0.99)
with a growth rate (GR) of!0.3, indicating
a similar decrease rate (!70%) at each
passage. Notably, total cell number
revealed identical patterns of variation

(GR!0.3; Figure 3B). Accordingly, the average size of WT mam-
mospheres remained constant throughout the passages
(Figure 3C), thus suggesting that WT SCs, once committed to
clonal expansion, maintain the same growth potential.

The number of ErbB2 tumor mammospheres instead
increased at every passage, with a constant !5-fold expansion
(GR !5; Figures 3A and 3B), suggesting that ErbB2 tumor SCs
are nearly immortal (up to 36 passages in selected experiments).
As for the WT mammospheres, the total cell number revealed
identical patterns of variation, with a GR of !5 and constant
mammosphere size during culture (Figures 3B and 3C).

Together, these findings demonstrate that WT SCs rapidly
lose self-renewal potential in culture, whereas ErbB2 tumor
SCs are nearly immortal, and suggest that these different
behaviors reflect intrinsic properties of WT and ErbB2 tumor
SCs. Furthermore, these data suggest that the two observed

Cell 138, 1083–1095, September 18, 2009 ª2009 Elsevier Inc. 1087

Broken polarity in breast CSCs

Cicalese, A. et al. The tumor suppressor p53 
regulates polarity of self-renewing divisions in 
mammary stem cells. Cell 138, 1083–1095 (2009).



Induced EMT is a pathological “way 
back” from differentiation

Tacit assumption: assymetric division & differentiation 
are one-way	



two daughters -> different fates

Nature Reviews | Molecular Cell Biology
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A D. melanogaster neural 
progenitor cell that generates 
all of the neurons and glial cells 
in the brain.

Asymmetric cell division in D. melanogaster. During 
the past 10 years, most of the progress in understanding  
asymmetric cell division in D. melanogaster has been 
made in neuroblasts, which are cells that delaminate from 
the ventral neuroectoderm during embryo genesis. In 
embryos, neuroblasts undergo up to 20 rounds of asym-
metric cell division to generate the neurons of the larval 

nervous system, and they become quiescent at the end of 
embryogenesis. During the larval stages of development, 
neuroblasts re-enter the cell cycle and continue to divide 
asymmetrically to generate the neurons of the adult fly 
brain19. Several types of larval neuro blasts can be dis-
tinguished on the basis of lineage and location (FIG. 1a), 
and unique markers exist to allow their identification 
(Supplementary information S2 (figure)). Most prevalent 
are the type I neuroblasts, which divide into a large cell 
that remains a neuroblast and a smaller ganglion mother 
cell (GMC); the GMC subsequently divides into two ter-
minally differentiated neurons. Type II neuroblasts are 
located in the dorsoposterior region of each central brain 
hemisphere and divide to give rise to a different cell line-
age to type I neuro blasts20–22. The smaller daughter cell of 
type II neuroblasts becomes an intermediate neural pre-
cursor (INP), which continues to undergo self-renewing 
asymmetric divisions, each division generating one INP 
and one GMC. Furthermore, specialized kinds of type I 
neuroblasts exist in the mushroom bodies19,23 and the 
optic lobes24.

The basic mechanism of asymmetric cell division  
is common to all D. melanogaster neuroblasts25–28 (FIG. 1b).  
The endocytic protein Numb29 (which inhibits Notch–
Delta signalling) and the translation inhibitor Brain 
tumour (BRAT)30 transiently accumulate at the basal 
plasma membrane in late prometaphase3,31–33. Their 
asymmetric localization is facilitated by two adap-
tor proteins that localize asymmetrically at the same 
time as Numb and BRAT. BRAT localizes by binding 
Miranda31,33, and Numb localization is facilitated by 
(but does not depend on) the adaptor protein Partner 
of Numb (PON)34,35. In type I neuroblasts and INPs, 
Miranda also transports the transcription factor 
Prospero into the GMC36–40. Slightly after the basal 
determinants localize, the mitotic spindle is set up in 
an apical–basal orientation so that these determinants 
are inherited by the basal daughter cell.

The asymmetric localization of basal determinants 
also requires another set of proteins that accumulate at 
the apical cell cortex before mitosis. These include the 
PDZ domain-containing proteins PAR3 and PAR6 and 
the protein kinase atypical PKC (aPKC13–17; the D. mela-
nogaster homologue of C. elegans PKC-3). The group of 
proteins also includes the adaptor protein Inscuteable41,42, 
which links PAR3–PAR6–aPKC to a second protein com-
plex containing the heterotrimeric G protein αi-subunit 
(Gαi)43 and the adaptor protein Partner of Inscuteable 
(PINS; also known as RAPS)43–45. PINS binds to the 
microtubule-associated dynein-bindin g protein MUD46–48 
and thereby provides a cortical attachment site for astral 
microtubules to ensure the apical–basal orientation of 
the mitotic spindle.

The initial apical localization of PAR3, PAR6 and 
aPKC is inherited from epithelial cells of the ventral 
neuroectoderm when the neuroblasts delaminate13,14,16,17. 
In these epithelial cells, Par proteins localize apically 
and are required for establishing and maintaining 
apico basal polarity. In fact, PAR3, PAR6 and aPKC — 
and their homologues in other organisms — play a key 
part in almost all known cell polarity events, including 

Figure 1 | Models for asymmetric cell division. a | Drosophila melanogaster type I 
neuroblasts divide asymmetrically into one neuroblast and one ganglion mother cell 
(GMC). The neuroblast self-renews, and the GMC divides terminally into two neurons. 
Type II neuroblasts divide into one self-renewing type II neuroblast and one immature 
intermediate neural precursor (INP). The INP starts expressing the neuroblast markers 
Asense and Deadpan to become a mature INP, which divides asymmetrically into one 
GMC and one mature INP. Differential expression of the markers Deadpan, Asense, 
Prospero and Embryonic lethal abnormal vision (ELAV) allows the unique identification  
of individual cell types in type I, type II and optic lobe (not shown) neuroblast lineages 
(see Supplementary information S2 (figure)). b | In D. melanogaster neuroblasts, the 
apically localized Partitioning defective 3 (PAR3)–PAR6–atypical protein kinase C (aPKC) 
complex is connected to partner of Inscuteable (PINS; also known as RAPS)–G protein 
α

i
-subunit (Gα

i
)–MUD by the adaptor protein Inscuteable. During mitosis, this apical 

complex directs the orientation of the mitotic spindle and the asymmetric localization of 
the adaptor proteins Partner of Numb (PON) and Miranda and, consequently, of the cell 
fate determinants Numb, Brain tumour (BRAT) and Prospero to the basal cell cortex.  
After mitosis, Numb, BRAT and Prospero act together to prevent self-renewal and induce 
cell cycle exit and differentiation. c | In the Caenorhabditis elegans zygote, the anterior 
Par proteins PAR-3, PAR-6 and PKC-like 3 (PKC-3) segregate into the anterior AB cell,  
and the posterior Par proteins PAR-1 and PAR-2 segregate into the posterior P1 cell. 
Polarization starts after fertilization, when interactions between the sperm centrosome 
and cortex allow PAR-2 to accumulate at the posterior cortex. This initiates an anterior 
contraction of the cortical actin cytoskeleton, which allows anterior movement of PAR-3, 
PAR-6 and PKC-3.
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EMT -> CD44+/CD24-	


mammospheres -> number & 
structure	


markers: Vimentin & FN1 (also in 
normal mammary SCs)	



BUT: induced EMT -> 
Cancerous SCs

Epithelial Mesencymal Transition 
generates stem cell-like cells

the ability to seed mammospheres persisted in these cells after
functional inactivation of the EMT-inducing transcription factors
achieved by withdrawal of tamoxifen from their culture media.

Similar to immortalized human mammary epithelial cells,
tamoxifen-mediated activation of Snail in primary human mam-
mary epithelial cells resulted in the appearance of mesenchymal-
looking cells (Figure S3A), decreased expression of E-cadherin
(!3-fold), and increased expression of fibronectin (!3-fold)
and vimentin (!1.5-fold) (Figure S3B and S3C). In addition, these
cells exhibited a greatly increased ability (!10-fold) to form

mammospheres, as assayed once again in the absence of ongo-
ing tamoxifen treatment (Figures S3D and S3E). Collectively,
these data provided further evidence that untransformed human
mammary epithelial cells acquire stem cell characteristics fol-
lowing passage through an EMT.

CD44high/CD24low Cells Isolated from HMLEs Exhibit
Many Properties of Stem Cells
Since the cells that passed through an experimentally induced
EMT showed attributes of stem cells, we speculated that

Figure 1. The Epithelial-Mesenchymal Transition (EMT) Generates Cells with Properties of Stem Cells
(A) Phase-contrast images of HMLE cells expressing Snail, Twist, or the control vector, as well as HMLE cells treated with recombinant TGFb1 (2.5 ng/ml) for

12 days (bottom right).

(B) Relative expression of the mRNAs encoding E-cadherin, N-cadherin, vimentin, and fibronectin in HMLE cells induced to undergo EMT by the methods outlined

in (A), as determined by real-time RT-PCR. GAPDH mRNA was used to normalize the variability in template loading. The data are reported as mean ± SEM.

(C) FACS analysis of cell-surface markers, CD44 and CD24, in the cells described in (A).

(D) In vitro quantification of mammospheres formed by cells described in (A). The data are reported as the number of mammospheres formed/1000 seeded cells ±

SEM, (* - p < 0.05; *** - p < 0.001 compared to the control).
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Similar to immortalized human mammary epithelial cells,
tamoxifen-mediated activation of Snail in primary human mam-
mary epithelial cells resulted in the appearance of mesenchymal-
looking cells (Figure S3A), decreased expression of E-cadherin
(!3-fold), and increased expression of fibronectin (!3-fold)
and vimentin (!1.5-fold) (Figure S3B and S3C). In addition, these
cells exhibited a greatly increased ability (!10-fold) to form

mammospheres, as assayed once again in the absence of ongo-
ing tamoxifen treatment (Figures S3D and S3E). Collectively,
these data provided further evidence that untransformed human
mammary epithelial cells acquire stem cell characteristics fol-
lowing passage through an EMT.
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Many Properties of Stem Cells
Since the cells that passed through an experimentally induced
EMT showed attributes of stem cells, we speculated that

Figure 1. The Epithelial-Mesenchymal Transition (EMT) Generates Cells with Properties of Stem Cells
(A) Phase-contrast images of HMLE cells expressing Snail, Twist, or the control vector, as well as HMLE cells treated with recombinant TGFb1 (2.5 ng/ml) for

12 days (bottom right).

(B) Relative expression of the mRNAs encoding E-cadherin, N-cadherin, vimentin, and fibronectin in HMLE cells induced to undergo EMT by the methods outlined

in (A), as determined by real-time RT-PCR. GAPDH mRNA was used to normalize the variability in template loading. The data are reported as mean ± SEM.

(C) FACS analysis of cell-surface markers, CD44 and CD24, in the cells described in (A).

(D) In vitro quantification of mammospheres formed by cells described in (A). The data are reported as the number of mammospheres formed/1000 seeded cells ±

SEM, (* - p < 0.05; *** - p < 0.001 compared to the control).

706 Cell 133, 704–715, May 16, 2008 ª2008 Elsevier Inc.

HMLEs

Mani, S. A. et al. The epithelial-mesenchymal 
transition generates cells with properties of 
stem cells. Cell 133, 704–715 (2008).



Asymmetric cancer cell 
division regulated by AKT



Why are cultured cancer cells 
heterogeneous in proliferative potential?

In vivo tumors	



typically have a slowly 
proliferating pool of cells	



⋍ CSCs	


proliferative heterogeneity 
correlates with	



time to detection	


growth	


metastasis	


treatment response	



!

In vitro tumor cell lines	



aquired mutations that 
drive proliferation	



many lines also have 
slowly proliferating 
populations	



how can these remain in 
competition in spite of 
selection for fast growing 
cells?



Slowly proliferating MCF7 cells 
have low levels of ROS

MCF7s: highly proliferative 
cancer line (ER+/ERBB2-)	



synergy between mutations in 
CDKN2A & PIK3CA

Looking for CSCs: 	


slowly cycling hematopoietic, 
neural and breast adult and 
cancer SCs have low ROS	
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Fig. 1. Slowly cycling G0-like cancer cells in vitro. (A) FACS analysis of MCF7 cells with gates for sorting ROSlow (blue) and ROShigh (red) cells. Insets show cell-
cycle profiles of ROSlow and ROShigh populations. Tables indicate percentage of cells with respective DNA contents. (B–F) Cytospin of cells sorted for high or
low ROS staining and stained for (B) ESR1, (C) MKI67, (D) MCM2, (E) H3K9me2, and (F) HES1. Merged images represent respective stains merged with un-
derlying DAPI stain. (G) Heatmap of transcriptional profiles of three independent replicates of ROS-sorted MCF7 and HCT116 cells (columns). Rows depict
expression of genes with greater than twofold change in expression and FDR < 0.25. Numbers on the right indicate fold change. Colorgram depicts high (red)
and low (blue) relative levels of gene expression. (H) ROS-sorted cells stained for MKI67 and H3K9me2 either as cytospins (0 h) or after 24 h of culture. Merged
images represent respective stains merged with underlying DAPI stain. (I) Plot shows number of colonies from MCF7, ROSlow, or ROShigh from three in-
dependent experiments (each symbol represents one independent experiment). Error bars indicate SD. me2, dimethyl.
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101 102 103 104 105

2

4

6

8

10

0

2n
>2n

74%
26%

# 
ce

lls
 x

10
3

DCFDA signal

2n
>2n

15%
85%

1% 1%

DNA content DNA contentA

MCM2 merged

B

merged mergedMKI67MKI67

ROShighROSlow

H3K9me2 mergedmergedH3K9me2

D

MCM2 merged

C

ROS high ROS low

G

24 hours0 hours

MKI67

merged

H3K9me2

MKI67

merged

H3K9me2

MKI67

merged

H3K9me2

MKI67

merged

H3K9me2

24 hours0 hours

I

H

merged mergedESR1ESR1

E

F

0

200

300

400

ROSlow

# 
co

lo
ni

es

ROShigh

100
low high

HES1HES1 merged merged

RO
Shi

gh

RO
Slo

w

Fig. 1. Slowly cycling G0-like cancer cells in vitro. (A) FACS analysis of MCF7 cells with gates for sorting ROSlow (blue) and ROShigh (red) cells. Insets show cell-
cycle profiles of ROSlow and ROShigh populations. Tables indicate percentage of cells with respective DNA contents. (B–F) Cytospin of cells sorted for high or
low ROS staining and stained for (B) ESR1, (C) MKI67, (D) MCM2, (E) H3K9me2, and (F) HES1. Merged images represent respective stains merged with un-
derlying DAPI stain. (G) Heatmap of transcriptional profiles of three independent replicates of ROS-sorted MCF7 and HCT116 cells (columns). Rows depict
expression of genes with greater than twofold change in expression and FDR < 0.25. Numbers on the right indicate fold change. Colorgram depicts high (red)
and low (blue) relative levels of gene expression. (H) ROS-sorted cells stained for MKI67 and H3K9me2 either as cytospins (0 h) or after 24 h of culture. Merged
images represent respective stains merged with underlying DAPI stain. (I) Plot shows number of colonies from MCF7, ROSlow, or ROShigh from three in-
dependent experiments (each symbol represents one independent experiment). Error bars indicate SD. me2, dimethyl.
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and merged images. Merged images represent respective stains merged with underlying DAPI stain. (B) Micrographs of ROShigh- and ROSlow-sorted MCF7 cells,
HCT116 cells, and MDA-MB-231 cells stained for MCM2 and H3K9me2. (C) ROShigh- and ROSlow-sorted MCF7 cells stained for E-cadherin (CDH1; green) and
vimentin (VIM; red). (D) FACS dot plot for ROShigh (red) and ROSlow (blue) MCF7 cells stained for CD24 and CD44. (E) Cytospins of HCT116 ROS-sorted cells
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Fig. 1. Slowly cycling G0-like cancer cells in vitro. (A) FACS analysis of MCF7 cells with gates for sorting ROSlow (blue) and ROShigh (red) cells. Insets show cell-
cycle profiles of ROSlow and ROShigh populations. Tables indicate percentage of cells with respective DNA contents. (B–F) Cytospin of cells sorted for high or
low ROS staining and stained for (B) ESR1, (C) MKI67, (D) MCM2, (E) H3K9me2, and (F) HES1. Merged images represent respective stains merged with un-
derlying DAPI stain. (G) Heatmap of transcriptional profiles of three independent replicates of ROS-sorted MCF7 and HCT116 cells (columns). Rows depict
expression of genes with greater than twofold change in expression and FDR < 0.25. Numbers on the right indicate fold change. Colorgram depicts high (red)
and low (blue) relative levels of gene expression. (H) ROS-sorted cells stained for MKI67 and H3K9me2 either as cytospins (0 h) or after 24 h of culture. Merged
images represent respective stains merged with underlying DAPI stain. (I) Plot shows number of colonies from MCF7, ROSlow, or ROShigh from three in-
dependent experiments (each symbol represents one independent experiment). Error bars indicate SD. me2, dimethyl.
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Fig. 1. Slowly cycling G0-like cancer cells in vitro. (A) FACS analysis of MCF7 cells with gates for sorting ROSlow (blue) and ROShigh (red) cells. Insets show cell-
cycle profiles of ROSlow and ROShigh populations. Tables indicate percentage of cells with respective DNA contents. (B–F) Cytospin of cells sorted for high or
low ROS staining and stained for (B) ESR1, (C) MKI67, (D) MCM2, (E) H3K9me2, and (F) HES1. Merged images represent respective stains merged with un-
derlying DAPI stain. (G) Heatmap of transcriptional profiles of three independent replicates of ROS-sorted MCF7 and HCT116 cells (columns). Rows depict
expression of genes with greater than twofold change in expression and FDR < 0.25. Numbers on the right indicate fold change. Colorgram depicts high (red)
and low (blue) relative levels of gene expression. (H) ROS-sorted cells stained for MKI67 and H3K9me2 either as cytospins (0 h) or after 24 h of culture. Merged
images represent respective stains merged with underlying DAPI stain. (I) Plot shows number of colonies from MCF7, ROSlow, or ROShigh from three in-
dependent experiments (each symbol represents one independent experiment). Error bars indicate SD. me2, dimethyl.
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Two other cancer cell lines mimic 
heterogeneity of MFC7 cells

PLK1PLK1 mergedmerged

mergedmerged H4K12acH4K12ac

H3 coreH3 core mergedmerged

mergedmerged H4K16acH4K16ac

CDC6CDC6 mergedmerged

merged mergedAURKAAURKA

a

merged mergedGMNNGMNN

ROShighROSlow

MCF7

MCM2 mergedMCM2 merged

H3K9me2 mergedH3K9me2 merged

b

HCT116

H3K9me2 mergedH3K9me2 merged

MCM2 mergedMCM2 merged

ROShighROSlow

MDA MB 231

H3K9me2 mergedH3K9me2 merged

MCM2 mergedMCM2 merged

VIM mergedCDH1VIM mergedCDH1

101 103102 104

101

102

103

104

100

100

CD24

C
D

44

c

d

ROShighROSlow

merged mergedMYCMYC

mergedmergedH3S10ph H3S10ph

H3K4me2 mergedH3K4me2 merged

H3K27me3H3K27me3 merged merged

HCT116

ROShighROSlow

pS6RP
(235/236)

pS6RP
(235/236)

pS6RP
(240/244)

pS6RP
(240/244)

e

Fig. S1. Slowly cycling G0-like cancer cells in vitro. (A) Micrographs of ROShigh- and ROSlow-sorted MCF7 cells stained for MYC, CDC6, polo-like kinase 1 (PLK1),
aurora kinase A (AURKA), geminin (GMNN), H3S10ph, H3K4me2, H3K27me3, acetyl-H4k12, acetyl-H4K16ac, or H3 core. Shown are the proteins of interest
and merged images. Merged images represent respective stains merged with underlying DAPI stain. (B) Micrographs of ROShigh- and ROSlow-sorted MCF7 cells,
HCT116 cells, and MDA-MB-231 cells stained for MCM2 and H3K9me2. (C) ROShigh- and ROSlow-sorted MCF7 cells stained for E-cadherin (CDH1; green) and
vimentin (VIM; red). (D) FACS dot plot for ROShigh (red) and ROSlow (blue) MCF7 cells stained for CD24 and CD44. (E) Cytospins of HCT116 ROS-sorted cells
stained for pS6RP (235/236) and pS6RP (240/244). me2, dimethyl; me3, trimethyl; p, phosphorylated.
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Protein profile of ROSLOW cells 
point to diminished AKT signaling

resulting dataset identified 9 up- and 14 down-regulated protein
markers in ROSlow compared with ROShigh cells (FDR < 0.25)
(Fig. 2A). Interestingly, these differentially expressed proteins
included important members of the AKT/PKB signaling pathway
that suggested a down-regulation of AKT signaling in slowly cy-
cling ROSlow cells (i.e., pS6RP, p70S6K, pFOXO1, pGSK3αβ,
PRAS40) (18). Consistent with this inference, we found that
ROSlow cells had low levels of both phospho-AKT (pAKT-T308
and pAKT-S473) and its downstream target phospho-S6RP
(pS6RP-S235/236 and pS6RP-S240/244) (Fig. 2B and Fig. S1E).
Furthermore, ROSlow cells also expressed low levels of total AKT
protein itself (Fig. 2 C and D).

G0-Like Cancer Cells Arise Through Asymmetric Division. AKT sig-
naling plays a major role in promoting cell-cycle progression (18).
We therefore wondered whether slowly cycling AKTlow G0-like
cancer cells arise by suppressing AKT protein levels. To test this
hypothesis, we overexpressed a cDNA for an AKT1-mCherry
fusion protein in MCF7 cells to ask whether this would inhibit the
formation of G0-like cancer cells. However, forced AKT over-
expression did not appreciably change the frequency of these
cells. Instead, G0-like cancer cells with low endogenous AKT
levels also suppressed expression of exogenous AKT1-mCherry
protein in both MCF7 and HCT116 cells (Fig. S2 A and B).
In addition, we noted that actively dividing MCF7 cells occa-

sionally showed striking asymmetric expression of both the exog-
enous AKT1-mCherry and endogenous AKT protein, in contrast
to most dividing cells, which appeared symmetric (Fig. 3 A–C).
This asymmetric expression occurred exclusively in telophase
(after formation of the nuclear membrane but before cytokinesis)
in the thousands of dividing cancer cells that we examined. In
asymmetric mitosis, one daughter was in a proliferative stance
(e.g., H3K9me2high/HES1low) with diffuse AKT expression in both
the nucleus and cytoplasm (Fig. 3 B andD). Its sibling was in a G0-
like posture (e.g., H3K9me2low/HES1high) with perinuclear HES1
expression andmore intense nuclear localization of AKT (Fig. 3 B
and D). Importantly, G0-like cells in telophase that were AKT-
nuclearhigh appeared to suppress AKT protein expression to be-
come AKTlow after cell division (Fig. 3E). G0-like daughters in
interphase also had higher levels of nuclear-localized FOXO1, a
direct target of AKT signaling that localizes to the nucleus with
loss of AKT signaling and can strongly suppress cell-cycle pro-
gression (Fig. 3F) (18). We did not observe any consistent dif-
ferences in the size or general appearance of G0-like daughters.
G0-like cancer cells therefore appeared to arise through occa-
sional, asymmetric loss of AKT signaling (with nuclear localiza-
tion and then suppression of AKT protein), resulting in the birth
of a slowly cycling cancer cell.
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Fig. 2. Molecular profiling of G0-like cells. (A) Heatmap of proteomic pro-
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sorted cells stained for (B) pAKT (Ser473), pAKT (Thr308), pS6RP (235/236),
and pS6RP (240/244) and (C) pan-AKT. (D) Western blot for pan-AKT on bulk
and ROS-sorted MCF7 cells. p, phosphorylated.
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H3K9me2, and pan-AKT and (F) DAPI, HES1, H3K9me2, and FOXO1.
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Akt protein level and activity is 
low in ROSLOW cells

resulting dataset identified 9 up- and 14 down-regulated protein
markers in ROSlow compared with ROShigh cells (FDR < 0.25)
(Fig. 2A). Interestingly, these differentially expressed proteins
included important members of the AKT/PKB signaling pathway
that suggested a down-regulation of AKT signaling in slowly cy-
cling ROSlow cells (i.e., pS6RP, p70S6K, pFOXO1, pGSK3αβ,
PRAS40) (18). Consistent with this inference, we found that
ROSlow cells had low levels of both phospho-AKT (pAKT-T308
and pAKT-S473) and its downstream target phospho-S6RP
(pS6RP-S235/236 and pS6RP-S240/244) (Fig. 2B and Fig. S1E).
Furthermore, ROSlow cells also expressed low levels of total AKT
protein itself (Fig. 2 C and D).

G0-Like Cancer Cells Arise Through Asymmetric Division. AKT sig-
naling plays a major role in promoting cell-cycle progression (18).
We therefore wondered whether slowly cycling AKTlow G0-like
cancer cells arise by suppressing AKT protein levels. To test this
hypothesis, we overexpressed a cDNA for an AKT1-mCherry
fusion protein in MCF7 cells to ask whether this would inhibit the
formation of G0-like cancer cells. However, forced AKT over-
expression did not appreciably change the frequency of these
cells. Instead, G0-like cancer cells with low endogenous AKT
levels also suppressed expression of exogenous AKT1-mCherry
protein in both MCF7 and HCT116 cells (Fig. S2 A and B).
In addition, we noted that actively dividing MCF7 cells occa-

sionally showed striking asymmetric expression of both the exog-
enous AKT1-mCherry and endogenous AKT protein, in contrast
to most dividing cells, which appeared symmetric (Fig. 3 A–C).
This asymmetric expression occurred exclusively in telophase
(after formation of the nuclear membrane but before cytokinesis)
in the thousands of dividing cancer cells that we examined. In
asymmetric mitosis, one daughter was in a proliferative stance
(e.g., H3K9me2high/HES1low) with diffuse AKT expression in both
the nucleus and cytoplasm (Fig. 3 B andD). Its sibling was in a G0-
like posture (e.g., H3K9me2low/HES1high) with perinuclear HES1
expression andmore intense nuclear localization of AKT (Fig. 3 B
and D). Importantly, G0-like cells in telophase that were AKT-
nuclearhigh appeared to suppress AKT protein expression to be-
come AKTlow after cell division (Fig. 3E). G0-like daughters in
interphase also had higher levels of nuclear-localized FOXO1, a
direct target of AKT signaling that localizes to the nucleus with
loss of AKT signaling and can strongly suppress cell-cycle pro-
gression (Fig. 3F) (18). We did not observe any consistent dif-
ferences in the size or general appearance of G0-like daughters.
G0-like cancer cells therefore appeared to arise through occa-
sional, asymmetric loss of AKT signaling (with nuclear localiza-
tion and then suppression of AKT protein), resulting in the birth
of a slowly cycling cancer cell.
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sorted cells stained for (B) pAKT (Ser473), pAKT (Thr308), pS6RP (235/236),
and pS6RP (240/244) and (C) pan-AKT. (D) Western blot for pan-AKT on bulk
and ROS-sorted MCF7 cells. p, phosphorylated.
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resulting dataset identified 9 up- and 14 down-regulated protein
markers in ROSlow compared with ROShigh cells (FDR < 0.25)
(Fig. 2A). Interestingly, these differentially expressed proteins
included important members of the AKT/PKB signaling pathway
that suggested a down-regulation of AKT signaling in slowly cy-
cling ROSlow cells (i.e., pS6RP, p70S6K, pFOXO1, pGSK3αβ,
PRAS40) (18). Consistent with this inference, we found that
ROSlow cells had low levels of both phospho-AKT (pAKT-T308
and pAKT-S473) and its downstream target phospho-S6RP
(pS6RP-S235/236 and pS6RP-S240/244) (Fig. 2B and Fig. S1E).
Furthermore, ROSlow cells also expressed low levels of total AKT
protein itself (Fig. 2 C and D).

G0-Like Cancer Cells Arise Through Asymmetric Division. AKT sig-
naling plays a major role in promoting cell-cycle progression (18).
We therefore wondered whether slowly cycling AKTlow G0-like
cancer cells arise by suppressing AKT protein levels. To test this
hypothesis, we overexpressed a cDNA for an AKT1-mCherry
fusion protein in MCF7 cells to ask whether this would inhibit the
formation of G0-like cancer cells. However, forced AKT over-
expression did not appreciably change the frequency of these
cells. Instead, G0-like cancer cells with low endogenous AKT
levels also suppressed expression of exogenous AKT1-mCherry
protein in both MCF7 and HCT116 cells (Fig. S2 A and B).
In addition, we noted that actively dividing MCF7 cells occa-

sionally showed striking asymmetric expression of both the exog-
enous AKT1-mCherry and endogenous AKT protein, in contrast
to most dividing cells, which appeared symmetric (Fig. 3 A–C).
This asymmetric expression occurred exclusively in telophase
(after formation of the nuclear membrane but before cytokinesis)
in the thousands of dividing cancer cells that we examined. In
asymmetric mitosis, one daughter was in a proliferative stance
(e.g., H3K9me2high/HES1low) with diffuse AKT expression in both
the nucleus and cytoplasm (Fig. 3 B andD). Its sibling was in a G0-
like posture (e.g., H3K9me2low/HES1high) with perinuclear HES1
expression andmore intense nuclear localization of AKT (Fig. 3 B
and D). Importantly, G0-like cells in telophase that were AKT-
nuclearhigh appeared to suppress AKT protein expression to be-
come AKTlow after cell division (Fig. 3E). G0-like daughters in
interphase also had higher levels of nuclear-localized FOXO1, a
direct target of AKT signaling that localizes to the nucleus with
loss of AKT signaling and can strongly suppress cell-cycle pro-
gression (Fig. 3F) (18). We did not observe any consistent dif-
ferences in the size or general appearance of G0-like daughters.
G0-like cancer cells therefore appeared to arise through occa-
sional, asymmetric loss of AKT signaling (with nuclear localiza-
tion and then suppression of AKT protein), resulting in the birth
of a slowly cycling cancer cell.
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(yellow) and low (blue) relative levels of proteins. (B and C) Cytospins of ROS-
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H3K9me2, and pan-AKT and (F) DAPI, HES1, H3K9me2, and FOXO1.
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resulting dataset identified 9 up- and 14 down-regulated protein

markers in ROSlow compared with ROShigh cells (FDR < 0.25)
(Fig. 2A). Interestingly, these differentially expressed proteins
included important members of the AKT/PKB signaling pathway
that suggested a down-regulation of AKT signaling in slowly cy-
cling ROSlow cells (i.e., pS6RP, p70S6K, pFOXO1, pGSK3αβ,
PRAS40) (18). Consistent with this inference, we found that
ROSlow cells had low levels of both phospho-AKT (pAKT-T308
and pAKT-S473) and its downstream target phospho-S6RP
(pS6RP-S235/236 and pS6RP-S240/244) (Fig. 2B and Fig. S1E).
Furthermore, ROSlow cells also expressed low levels of total AKT
protein itself (Fig. 2 C and D).

G0-Like Cancer Cells Arise Through Asymmetric Division. AKT sig-
naling plays a major role in promoting cell-cycle progression (18).
We therefore wondered whether slowly cycling AKTlow G0-like
cancer cells arise by suppressing AKT protein levels. To test this
hypothesis, we overexpressed a cDNA for an AKT1-mCherry
fusion protein in MCF7 cells to ask whether this would inhibit the
formation of G0-like cancer cells. However, forced AKT over-
expression did not appreciably change the frequency of these
cells. Instead, G0-like cancer cells with low endogenous AKT
levels also suppressed expression of exogenous AKT1-mCherry
protein in both MCF7 and HCT116 cells (Fig. S2 A and B).
In addition, we noted that actively dividing MCF7 cells occa-

sionally showed striking asymmetric expression of both the exog-
enous AKT1-mCherry and endogenous AKT protein, in contrast
to most dividing cells, which appeared symmetric (Fig. 3 A–C).
This asymmetric expression occurred exclusively in telophase
(after formation of the nuclear membrane but before cytokinesis)
in the thousands of dividing cancer cells that we examined. In
asymmetric mitosis, one daughter was in a proliferative stance
(e.g., H3K9me2high/HES1low) with diffuse AKT expression in both
the nucleus and cytoplasm (Fig. 3 B andD). Its sibling was in a G0-
like posture (e.g., H3K9me2low/HES1high) with perinuclear HES1
expression andmore intense nuclear localization of AKT (Fig. 3 B
and D). Importantly, G0-like cells in telophase that were AKT-
nuclearhigh appeared to suppress AKT protein expression to be-
come AKTlow after cell division (Fig. 3E). G0-like daughters in
interphase also had higher levels of nuclear-localized FOXO1, a
direct target of AKT signaling that localizes to the nucleus with
loss of AKT signaling and can strongly suppress cell-cycle pro-
gression (Fig. 3F) (18). We did not observe any consistent dif-
ferences in the size or general appearance of G0-like daughters.
G0-like cancer cells therefore appeared to arise through occa-
sional, asymmetric loss of AKT signaling (with nuclear localiza-
tion and then suppression of AKT protein), resulting in the birth
of a slowly cycling cancer cell.
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(FDR < 0.25). Numbers on the right indicate FDR. Colorgram depicts high
(yellow) and low (blue) relative levels of proteins. (B and C) Cytospins of ROS-
sorted cells stained for (B) pAKT (Ser473), pAKT (Thr308), pS6RP (235/236),
and pS6RP (240/244) and (C) pan-AKT. (D) Western blot for pan-AKT on bulk
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Fig. 3. G0-like cancer cells arise through asymmetric division. (A–D) MCF7
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Induction of Asymmetric Cancer Cell Division with AKT Inhibition.
Both MCF7 and HCT116 have activating mutations in PIK3CA
that drive constitutive AKT signaling on which these cells de-
pend for their survival (19). It was thus curious that G0-like cells
found in MCF7 and HCT116 could tolerate suppression of AKT
signaling. We therefore asked whether experimental suppression
of AKT signaling could actually induce G0-like cancer cells
rather than killing them. We treated MCF7 cells with a small-
molecule, allosteric AKT-1/2 inhibitor (AKT-1/2i) for 72 h and
looked for G0-like cells (20). As expected, low-dose AKT-1/2i
(0.1 μM) had no appreciable effect on these cells, whereas a high
dose (5 μM) induced significant apoptosis (Fig. 4A). Surprisingly,
however, an intermediate dose of AKT-1/2i (2 μM) (which only
partially inhibited AKT signaling; Fig. 4B) increased the number
of MCM2low/H3K9me2low/HES1high G0-like cells from an esti-
mated 1% at baseline to about 50% of the population (Fig. 4 C
and D). Furthermore, AKT-1/2i treatment also increased the
frequency of asymmetric mitotic cells by approximately threefold
(Fig. 4E). These increases were associated with a profound
slowing of proliferation, which was completely reversible with
inhibitor washout, but no appreciable cell death (Fig. 4F). We
also obtained similar results in HCT116 cells and with a second,
clinical-grade allosteric AKT-1/2 inhibitor (MK-2206) (Fig. S3
A–Q) (21). In contrast, we could not induce a similar G0-like
marker profile in cells treated with 20 μM rapamycin (a specific
inhibitor of the mTOR kinase, which is a direct downstream
target of AKT), 10 nM staurosporine (a general protein kinase
inhibitor), or 50 μM N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-
phenyl]glycine-1,1-dimethylethyl ester (DAPT) (an inhibitor of
the γ-secretase/NOTCH pathway that regulates HES1), which
each inhibited MCF7 cell proliferation by ∼50% but did not
induce G0-like cells.
We also performed live-cell imaging experiments to examine

the dynamics of cancer cell division with and without AKT-1/2i
treatment. We first obtained serial images of MCF7 cells dividing
over time. We then analyzed these images to identify individual
cells, created lineage traces of these individual cells and their
progeny to identify sibling pairs, and measured intermitotic times
for each cell. We found that AKT inhibition slowed the average
cell-cycle time of MCF7 cells from 26 to 49 h and dramatically
increased the fraction of slowly cycling cells. For example, 1% of
cells had a cell-cycle time of >100 h at baseline, whereas AKT-
1/2i treatment increased this fraction to about 10% (Fig. 4G).
Furthermore, this increased proliferative heterogeneity was as-
sociated with an increase in asymmetric division. Sibling–sibling
differences in time to next mitosis increased from about 6.2 to
16.9 h on average. Whereas 2% of sibling cells had a difference
in time to next mitosis of >60 h at baseline, AKT-1/2i treatment
increased this fraction to about 10% (Fig. 4H and Movie S1). In
addition, AKT-1/2i induced asymmetric division more potently
when first delivered to cells just before mitosis rather than at
other points in the cell cycle (Fig. 4I). These results suggested
that quantitative inhibition of AKT signaling induced asymmet-
ric division with respect to the proliferative potential of daughter

A B

GAPDH

pAKT(Thr308)

pS6RP(Ser235/236)

AKT-1/2i

D
M

S
O

A
K

T-
1/

2i
 

2µ
M

A
K

T-
1/

2i
 

6d
 W

as
h

mergedHES1H3K9me2MCM2

mergedHES1H3K9me2MCM2

mergedHES1H3K9me2MCM2

0 50 100 150

2

5
10
20

50

1

%
 C

el
ls

100

 Cell cycle time (hours)

! Cell cycle time (hours)

! Cell cycle time (hours)

0 20 40 60

%
 S

ib
lin

g 
pa

ir
s

2

5
10

20

50

1

100

C

D F

G

E

H

%
 s

ur
vi

va
l

Dose (µM)

ApoptosisProliferation

80 100

I

200

120

0 20 40 60

%
 S

ib
lin

g 
pa

ir
s

2

5

10
20

50

1

100

80 100 120

Fig. 4. Induction of asymmetric cancer cell division with AKT inhibition. (A)
Titration curve of MCF7 cells treated with different doses of AKT-1/2i. (B)
Western blot of MCF7 cells treated with different doses of AKT-1/2i for pAKT
(Thr308) and pS6RP (Ser235/236). (C) Cells treated with DMSO or AKT-1/2i for
3 d at 2 μM concentration or treated with AKT-1/2i for 3 d followed by 6 d of
washout (AKT-1/2i -6dwash) and stained for MCM2, H3K9me2, and HES1. (D
and E) Cells treated with DMSO or AKT-1/2i for 3 d at 2 μM concentration
and counted for (D) G0-like cells or (E) asymmetric cells. (F) Colony formation
of MCF7 cells after 6 d of AKT-1/2i or DMSO followed by 12 d of washout.
Red and blue columns indicate control (DMSO) and AKT-1/2i-treated, re-
spectively. Error bars indicate mean ± SD. (G) Percentage of MCF7 cell-cycle
times <t for DMSO (red) versus 2 μM AKT-1/2i (blue) -treated cells. Cells were
grown in DMEM + 10% FCS for 1 d before being treated with either 1:1,000

DMSO or 2 μM AKT-1/2i at t = 0, with washout at t = 5 d. Events were
recorded by tracking the length of the first two complete cell-cycle divisions
after t = 0. Cell events in the AKT-1/2i group were discounted if exposure to
AKT-1/2i was <24 h before washout. n = 483 and 825 for DMSO- and AKT-1/
2i-treated cells, respectively. (H) Percentage of sibling pairs with cell-cycle
times <t for DMSO (red) versus 2 μMAKT-1/2i (blue) -treated cells. Treatment
protocol is the same as in G. n = 221 and 326 for DMSO- and AKT-1/2i-treated
cells, respectively. (I) Percentage of sibling pairs with cell-cycle time differ-
ences <t for cells initially exposed to 2 μM AKT-1/2i within 6 h after mitosis
(red; n = 41), between 6 and 12 h after mitosis (light red; n = 55), between 6
and 12 h before mitosis (light blue; n = 46), and within 6 h before mitosis
(blue; n = 34).
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Induction of Asymmetric Cancer Cell Division with AKT Inhibition.
Both MCF7 and HCT116 have activating mutations in PIK3CA
that drive constitutive AKT signaling on which these cells de-
pend for their survival (19). It was thus curious that G0-like cells
found in MCF7 and HCT116 could tolerate suppression of AKT
signaling. We therefore asked whether experimental suppression
of AKT signaling could actually induce G0-like cancer cells
rather than killing them. We treated MCF7 cells with a small-
molecule, allosteric AKT-1/2 inhibitor (AKT-1/2i) for 72 h and
looked for G0-like cells (20). As expected, low-dose AKT-1/2i
(0.1 μM) had no appreciable effect on these cells, whereas a high
dose (5 μM) induced significant apoptosis (Fig. 4A). Surprisingly,
however, an intermediate dose of AKT-1/2i (2 μM) (which only
partially inhibited AKT signaling; Fig. 4B) increased the number
of MCM2low/H3K9me2low/HES1high G0-like cells from an esti-
mated 1% at baseline to about 50% of the population (Fig. 4 C
and D). Furthermore, AKT-1/2i treatment also increased the
frequency of asymmetric mitotic cells by approximately threefold
(Fig. 4E). These increases were associated with a profound
slowing of proliferation, which was completely reversible with
inhibitor washout, but no appreciable cell death (Fig. 4F). We
also obtained similar results in HCT116 cells and with a second,
clinical-grade allosteric AKT-1/2 inhibitor (MK-2206) (Fig. S3
A–Q) (21). In contrast, we could not induce a similar G0-like
marker profile in cells treated with 20 μM rapamycin (a specific
inhibitor of the mTOR kinase, which is a direct downstream
target of AKT), 10 nM staurosporine (a general protein kinase
inhibitor), or 50 μM N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-
phenyl]glycine-1,1-dimethylethyl ester (DAPT) (an inhibitor of
the γ-secretase/NOTCH pathway that regulates HES1), which
each inhibited MCF7 cell proliferation by ∼50% but did not
induce G0-like cells.
We also performed live-cell imaging experiments to examine

the dynamics of cancer cell division with and without AKT-1/2i
treatment. We first obtained serial images of MCF7 cells dividing
over time. We then analyzed these images to identify individual
cells, created lineage traces of these individual cells and their
progeny to identify sibling pairs, and measured intermitotic times
for each cell. We found that AKT inhibition slowed the average
cell-cycle time of MCF7 cells from 26 to 49 h and dramatically
increased the fraction of slowly cycling cells. For example, 1% of
cells had a cell-cycle time of >100 h at baseline, whereas AKT-
1/2i treatment increased this fraction to about 10% (Fig. 4G).
Furthermore, this increased proliferative heterogeneity was as-
sociated with an increase in asymmetric division. Sibling–sibling
differences in time to next mitosis increased from about 6.2 to
16.9 h on average. Whereas 2% of sibling cells had a difference
in time to next mitosis of >60 h at baseline, AKT-1/2i treatment
increased this fraction to about 10% (Fig. 4H and Movie S1). In
addition, AKT-1/2i induced asymmetric division more potently
when first delivered to cells just before mitosis rather than at
other points in the cell cycle (Fig. 4I). These results suggested
that quantitative inhibition of AKT signaling induced asymmet-
ric division with respect to the proliferative potential of daughter
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Fig. 4. Induction of asymmetric cancer cell division with AKT inhibition. (A)
Titration curve of MCF7 cells treated with different doses of AKT-1/2i. (B)
Western blot of MCF7 cells treated with different doses of AKT-1/2i for pAKT
(Thr308) and pS6RP (Ser235/236). (C) Cells treated with DMSO or AKT-1/2i for
3 d at 2 μM concentration or treated with AKT-1/2i for 3 d followed by 6 d of
washout (AKT-1/2i -6dwash) and stained for MCM2, H3K9me2, and HES1. (D
and E) Cells treated with DMSO or AKT-1/2i for 3 d at 2 μM concentration
and counted for (D) G0-like cells or (E) asymmetric cells. (F) Colony formation
of MCF7 cells after 6 d of AKT-1/2i or DMSO followed by 12 d of washout.
Red and blue columns indicate control (DMSO) and AKT-1/2i-treated, re-
spectively. Error bars indicate mean ± SD. (G) Percentage of MCF7 cell-cycle
times <t for DMSO (red) versus 2 μM AKT-1/2i (blue) -treated cells. Cells were
grown in DMEM + 10% FCS for 1 d before being treated with either 1:1,000

DMSO or 2 μM AKT-1/2i at t = 0, with washout at t = 5 d. Events were
recorded by tracking the length of the first two complete cell-cycle divisions
after t = 0. Cell events in the AKT-1/2i group were discounted if exposure to
AKT-1/2i was <24 h before washout. n = 483 and 825 for DMSO- and AKT-1/
2i-treated cells, respectively. (H) Percentage of sibling pairs with cell-cycle
times <t for DMSO (red) versus 2 μMAKT-1/2i (blue) -treated cells. Treatment
protocol is the same as in G. n = 221 and 326 for DMSO- and AKT-1/2i-treated
cells, respectively. (I) Percentage of sibling pairs with cell-cycle time differ-
ences <t for cells initially exposed to 2 μM AKT-1/2i within 6 h after mitosis
(red; n = 41), between 6 and 12 h after mitosis (light red; n = 55), between 6
and 12 h before mitosis (light blue; n = 46), and within 6 h before mitosis
(blue; n = 34).
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Induction of Asymmetric Cancer Cell Division with AKT Inhibition.
Both MCF7 and HCT116 have activating mutations in PIK3CA
that drive constitutive AKT signaling on which these cells de-
pend for their survival (19). It was thus curious that G0-like cells
found in MCF7 and HCT116 could tolerate suppression of AKT
signaling. We therefore asked whether experimental suppression
of AKT signaling could actually induce G0-like cancer cells
rather than killing them. We treated MCF7 cells with a small-
molecule, allosteric AKT-1/2 inhibitor (AKT-1/2i) for 72 h and
looked for G0-like cells (20). As expected, low-dose AKT-1/2i
(0.1 μM) had no appreciable effect on these cells, whereas a high
dose (5 μM) induced significant apoptosis (Fig. 4A). Surprisingly,
however, an intermediate dose of AKT-1/2i (2 μM) (which only
partially inhibited AKT signaling; Fig. 4B) increased the number
of MCM2low/H3K9me2low/HES1high G0-like cells from an esti-
mated 1% at baseline to about 50% of the population (Fig. 4 C
and D). Furthermore, AKT-1/2i treatment also increased the
frequency of asymmetric mitotic cells by approximately threefold
(Fig. 4E). These increases were associated with a profound
slowing of proliferation, which was completely reversible with
inhibitor washout, but no appreciable cell death (Fig. 4F). We
also obtained similar results in HCT116 cells and with a second,
clinical-grade allosteric AKT-1/2 inhibitor (MK-2206) (Fig. S3
A–Q) (21). In contrast, we could not induce a similar G0-like
marker profile in cells treated with 20 μM rapamycin (a specific
inhibitor of the mTOR kinase, which is a direct downstream
target of AKT), 10 nM staurosporine (a general protein kinase
inhibitor), or 50 μM N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-
phenyl]glycine-1,1-dimethylethyl ester (DAPT) (an inhibitor of
the γ-secretase/NOTCH pathway that regulates HES1), which
each inhibited MCF7 cell proliferation by ∼50% but did not
induce G0-like cells.
We also performed live-cell imaging experiments to examine

the dynamics of cancer cell division with and without AKT-1/2i
treatment. We first obtained serial images of MCF7 cells dividing
over time. We then analyzed these images to identify individual
cells, created lineage traces of these individual cells and their
progeny to identify sibling pairs, and measured intermitotic times
for each cell. We found that AKT inhibition slowed the average
cell-cycle time of MCF7 cells from 26 to 49 h and dramatically
increased the fraction of slowly cycling cells. For example, 1% of
cells had a cell-cycle time of >100 h at baseline, whereas AKT-
1/2i treatment increased this fraction to about 10% (Fig. 4G).
Furthermore, this increased proliferative heterogeneity was as-
sociated with an increase in asymmetric division. Sibling–sibling
differences in time to next mitosis increased from about 6.2 to
16.9 h on average. Whereas 2% of sibling cells had a difference
in time to next mitosis of >60 h at baseline, AKT-1/2i treatment
increased this fraction to about 10% (Fig. 4H and Movie S1). In
addition, AKT-1/2i induced asymmetric division more potently
when first delivered to cells just before mitosis rather than at
other points in the cell cycle (Fig. 4I). These results suggested
that quantitative inhibition of AKT signaling induced asymmet-
ric division with respect to the proliferative potential of daughter
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Fig. 4. Induction of asymmetric cancer cell division with AKT inhibition. (A)
Titration curve of MCF7 cells treated with different doses of AKT-1/2i. (B)
Western blot of MCF7 cells treated with different doses of AKT-1/2i for pAKT
(Thr308) and pS6RP (Ser235/236). (C) Cells treated with DMSO or AKT-1/2i for
3 d at 2 μM concentration or treated with AKT-1/2i for 3 d followed by 6 d of
washout (AKT-1/2i -6dwash) and stained for MCM2, H3K9me2, and HES1. (D
and E) Cells treated with DMSO or AKT-1/2i for 3 d at 2 μM concentration
and counted for (D) G0-like cells or (E) asymmetric cells. (F) Colony formation
of MCF7 cells after 6 d of AKT-1/2i or DMSO followed by 12 d of washout.
Red and blue columns indicate control (DMSO) and AKT-1/2i-treated, re-
spectively. Error bars indicate mean ± SD. (G) Percentage of MCF7 cell-cycle
times <t for DMSO (red) versus 2 μM AKT-1/2i (blue) -treated cells. Cells were
grown in DMEM + 10% FCS for 1 d before being treated with either 1:1,000

DMSO or 2 μM AKT-1/2i at t = 0, with washout at t = 5 d. Events were
recorded by tracking the length of the first two complete cell-cycle divisions
after t = 0. Cell events in the AKT-1/2i group were discounted if exposure to
AKT-1/2i was <24 h before washout. n = 483 and 825 for DMSO- and AKT-1/
2i-treated cells, respectively. (H) Percentage of sibling pairs with cell-cycle
times <t for DMSO (red) versus 2 μMAKT-1/2i (blue) -treated cells. Treatment
protocol is the same as in G. n = 221 and 326 for DMSO- and AKT-1/2i-treated
cells, respectively. (I) Percentage of sibling pairs with cell-cycle time differ-
ences <t for cells initially exposed to 2 μM AKT-1/2i within 6 h after mitosis
(red; n = 41), between 6 and 12 h after mitosis (light red; n = 55), between 6
and 12 h before mitosis (light blue; n = 46), and within 6 h before mitosis
(blue; n = 34).
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increases with Akt inhibition

Induction of Asymmetric Cancer Cell Division with AKT Inhibition.
Both MCF7 and HCT116 have activating mutations in PIK3CA
that drive constitutive AKT signaling on which these cells de-
pend for their survival (19). It was thus curious that G0-like cells
found in MCF7 and HCT116 could tolerate suppression of AKT
signaling. We therefore asked whether experimental suppression
of AKT signaling could actually induce G0-like cancer cells
rather than killing them. We treated MCF7 cells with a small-
molecule, allosteric AKT-1/2 inhibitor (AKT-1/2i) for 72 h and
looked for G0-like cells (20). As expected, low-dose AKT-1/2i
(0.1 μM) had no appreciable effect on these cells, whereas a high
dose (5 μM) induced significant apoptosis (Fig. 4A). Surprisingly,
however, an intermediate dose of AKT-1/2i (2 μM) (which only
partially inhibited AKT signaling; Fig. 4B) increased the number
of MCM2low/H3K9me2low/HES1high G0-like cells from an esti-
mated 1% at baseline to about 50% of the population (Fig. 4 C
and D). Furthermore, AKT-1/2i treatment also increased the
frequency of asymmetric mitotic cells by approximately threefold
(Fig. 4E). These increases were associated with a profound
slowing of proliferation, which was completely reversible with
inhibitor washout, but no appreciable cell death (Fig. 4F). We
also obtained similar results in HCT116 cells and with a second,
clinical-grade allosteric AKT-1/2 inhibitor (MK-2206) (Fig. S3
A–Q) (21). In contrast, we could not induce a similar G0-like
marker profile in cells treated with 20 μM rapamycin (a specific
inhibitor of the mTOR kinase, which is a direct downstream
target of AKT), 10 nM staurosporine (a general protein kinase
inhibitor), or 50 μM N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-
phenyl]glycine-1,1-dimethylethyl ester (DAPT) (an inhibitor of
the γ-secretase/NOTCH pathway that regulates HES1), which
each inhibited MCF7 cell proliferation by ∼50% but did not
induce G0-like cells.
We also performed live-cell imaging experiments to examine

the dynamics of cancer cell division with and without AKT-1/2i
treatment. We first obtained serial images of MCF7 cells dividing
over time. We then analyzed these images to identify individual
cells, created lineage traces of these individual cells and their
progeny to identify sibling pairs, and measured intermitotic times
for each cell. We found that AKT inhibition slowed the average
cell-cycle time of MCF7 cells from 26 to 49 h and dramatically
increased the fraction of slowly cycling cells. For example, 1% of
cells had a cell-cycle time of >100 h at baseline, whereas AKT-
1/2i treatment increased this fraction to about 10% (Fig. 4G).
Furthermore, this increased proliferative heterogeneity was as-
sociated with an increase in asymmetric division. Sibling–sibling
differences in time to next mitosis increased from about 6.2 to
16.9 h on average. Whereas 2% of sibling cells had a difference
in time to next mitosis of >60 h at baseline, AKT-1/2i treatment
increased this fraction to about 10% (Fig. 4H and Movie S1). In
addition, AKT-1/2i induced asymmetric division more potently
when first delivered to cells just before mitosis rather than at
other points in the cell cycle (Fig. 4I). These results suggested
that quantitative inhibition of AKT signaling induced asymmet-
ric division with respect to the proliferative potential of daughter
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Fig. 4. Induction of asymmetric cancer cell division with AKT inhibition. (A)
Titration curve of MCF7 cells treated with different doses of AKT-1/2i. (B)
Western blot of MCF7 cells treated with different doses of AKT-1/2i for pAKT
(Thr308) and pS6RP (Ser235/236). (C) Cells treated with DMSO or AKT-1/2i for
3 d at 2 μM concentration or treated with AKT-1/2i for 3 d followed by 6 d of
washout (AKT-1/2i -6dwash) and stained for MCM2, H3K9me2, and HES1. (D
and E) Cells treated with DMSO or AKT-1/2i for 3 d at 2 μM concentration
and counted for (D) G0-like cells or (E) asymmetric cells. (F) Colony formation
of MCF7 cells after 6 d of AKT-1/2i or DMSO followed by 12 d of washout.
Red and blue columns indicate control (DMSO) and AKT-1/2i-treated, re-
spectively. Error bars indicate mean ± SD. (G) Percentage of MCF7 cell-cycle
times <t for DMSO (red) versus 2 μM AKT-1/2i (blue) -treated cells. Cells were
grown in DMEM + 10% FCS for 1 d before being treated with either 1:1,000

DMSO or 2 μM AKT-1/2i at t = 0, with washout at t = 5 d. Events were
recorded by tracking the length of the first two complete cell-cycle divisions
after t = 0. Cell events in the AKT-1/2i group were discounted if exposure to
AKT-1/2i was <24 h before washout. n = 483 and 825 for DMSO- and AKT-1/
2i-treated cells, respectively. (H) Percentage of sibling pairs with cell-cycle
times <t for DMSO (red) versus 2 μMAKT-1/2i (blue) -treated cells. Treatment
protocol is the same as in G. n = 221 and 326 for DMSO- and AKT-1/2i-treated
cells, respectively. (I) Percentage of sibling pairs with cell-cycle time differ-
ences <t for cells initially exposed to 2 μM AKT-1/2i within 6 h after mitosis
(red; n = 41), between 6 and 12 h after mitosis (light red; n = 55), between 6
and 12 h before mitosis (light blue; n = 46), and within 6 h before mitosis
(blue; n = 34).
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Induction of Asymmetric Cancer Cell Division with AKT Inhibition.
Both MCF7 and HCT116 have activating mutations in PIK3CA
that drive constitutive AKT signaling on which these cells de-
pend for their survival (19). It was thus curious that G0-like cells
found in MCF7 and HCT116 could tolerate suppression of AKT
signaling. We therefore asked whether experimental suppression
of AKT signaling could actually induce G0-like cancer cells
rather than killing them. We treated MCF7 cells with a small-
molecule, allosteric AKT-1/2 inhibitor (AKT-1/2i) for 72 h and
looked for G0-like cells (20). As expected, low-dose AKT-1/2i
(0.1 μM) had no appreciable effect on these cells, whereas a high
dose (5 μM) induced significant apoptosis (Fig. 4A). Surprisingly,
however, an intermediate dose of AKT-1/2i (2 μM) (which only
partially inhibited AKT signaling; Fig. 4B) increased the number
of MCM2low/H3K9me2low/HES1high G0-like cells from an esti-
mated 1% at baseline to about 50% of the population (Fig. 4 C
and D). Furthermore, AKT-1/2i treatment also increased the
frequency of asymmetric mitotic cells by approximately threefold
(Fig. 4E). These increases were associated with a profound
slowing of proliferation, which was completely reversible with
inhibitor washout, but no appreciable cell death (Fig. 4F). We
also obtained similar results in HCT116 cells and with a second,
clinical-grade allosteric AKT-1/2 inhibitor (MK-2206) (Fig. S3
A–Q) (21). In contrast, we could not induce a similar G0-like
marker profile in cells treated with 20 μM rapamycin (a specific
inhibitor of the mTOR kinase, which is a direct downstream
target of AKT), 10 nM staurosporine (a general protein kinase
inhibitor), or 50 μM N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-
phenyl]glycine-1,1-dimethylethyl ester (DAPT) (an inhibitor of
the γ-secretase/NOTCH pathway that regulates HES1), which
each inhibited MCF7 cell proliferation by ∼50% but did not
induce G0-like cells.
We also performed live-cell imaging experiments to examine

the dynamics of cancer cell division with and without AKT-1/2i
treatment. We first obtained serial images of MCF7 cells dividing
over time. We then analyzed these images to identify individual
cells, created lineage traces of these individual cells and their
progeny to identify sibling pairs, and measured intermitotic times
for each cell. We found that AKT inhibition slowed the average
cell-cycle time of MCF7 cells from 26 to 49 h and dramatically
increased the fraction of slowly cycling cells. For example, 1% of
cells had a cell-cycle time of >100 h at baseline, whereas AKT-
1/2i treatment increased this fraction to about 10% (Fig. 4G).
Furthermore, this increased proliferative heterogeneity was as-
sociated with an increase in asymmetric division. Sibling–sibling
differences in time to next mitosis increased from about 6.2 to
16.9 h on average. Whereas 2% of sibling cells had a difference
in time to next mitosis of >60 h at baseline, AKT-1/2i treatment
increased this fraction to about 10% (Fig. 4H and Movie S1). In
addition, AKT-1/2i induced asymmetric division more potently
when first delivered to cells just before mitosis rather than at
other points in the cell cycle (Fig. 4I). These results suggested
that quantitative inhibition of AKT signaling induced asymmet-
ric division with respect to the proliferative potential of daughter
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Fig. 4. Induction of asymmetric cancer cell division with AKT inhibition. (A)
Titration curve of MCF7 cells treated with different doses of AKT-1/2i. (B)
Western blot of MCF7 cells treated with different doses of AKT-1/2i for pAKT
(Thr308) and pS6RP (Ser235/236). (C) Cells treated with DMSO or AKT-1/2i for
3 d at 2 μM concentration or treated with AKT-1/2i for 3 d followed by 6 d of
washout (AKT-1/2i -6dwash) and stained for MCM2, H3K9me2, and HES1. (D
and E) Cells treated with DMSO or AKT-1/2i for 3 d at 2 μM concentration
and counted for (D) G0-like cells or (E) asymmetric cells. (F) Colony formation
of MCF7 cells after 6 d of AKT-1/2i or DMSO followed by 12 d of washout.
Red and blue columns indicate control (DMSO) and AKT-1/2i-treated, re-
spectively. Error bars indicate mean ± SD. (G) Percentage of MCF7 cell-cycle
times <t for DMSO (red) versus 2 μM AKT-1/2i (blue) -treated cells. Cells were
grown in DMEM + 10% FCS for 1 d before being treated with either 1:1,000

DMSO or 2 μM AKT-1/2i at t = 0, with washout at t = 5 d. Events were
recorded by tracking the length of the first two complete cell-cycle divisions
after t = 0. Cell events in the AKT-1/2i group were discounted if exposure to
AKT-1/2i was <24 h before washout. n = 483 and 825 for DMSO- and AKT-1/
2i-treated cells, respectively. (H) Percentage of sibling pairs with cell-cycle
times <t for DMSO (red) versus 2 μMAKT-1/2i (blue) -treated cells. Treatment
protocol is the same as in G. n = 221 and 326 for DMSO- and AKT-1/2i-treated
cells, respectively. (I) Percentage of sibling pairs with cell-cycle time differ-
ences <t for cells initially exposed to 2 μM AKT-1/2i within 6 h after mitosis
(red; n = 41), between 6 and 12 h after mitosis (light red; n = 55), between 6
and 12 h before mitosis (light blue; n = 46), and within 6 h before mitosis
(blue; n = 34).
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Induction of Asymmetric Cancer Cell Division with AKT Inhibition.
Both MCF7 and HCT116 have activating mutations in PIK3CA
that drive constitutive AKT signaling on which these cells de-
pend for their survival (19). It was thus curious that G0-like cells
found in MCF7 and HCT116 could tolerate suppression of AKT
signaling. We therefore asked whether experimental suppression
of AKT signaling could actually induce G0-like cancer cells
rather than killing them. We treated MCF7 cells with a small-
molecule, allosteric AKT-1/2 inhibitor (AKT-1/2i) for 72 h and
looked for G0-like cells (20). As expected, low-dose AKT-1/2i
(0.1 μM) had no appreciable effect on these cells, whereas a high
dose (5 μM) induced significant apoptosis (Fig. 4A). Surprisingly,
however, an intermediate dose of AKT-1/2i (2 μM) (which only
partially inhibited AKT signaling; Fig. 4B) increased the number
of MCM2low/H3K9me2low/HES1high G0-like cells from an esti-
mated 1% at baseline to about 50% of the population (Fig. 4 C
and D). Furthermore, AKT-1/2i treatment also increased the
frequency of asymmetric mitotic cells by approximately threefold
(Fig. 4E). These increases were associated with a profound
slowing of proliferation, which was completely reversible with
inhibitor washout, but no appreciable cell death (Fig. 4F). We
also obtained similar results in HCT116 cells and with a second,
clinical-grade allosteric AKT-1/2 inhibitor (MK-2206) (Fig. S3
A–Q) (21). In contrast, we could not induce a similar G0-like
marker profile in cells treated with 20 μM rapamycin (a specific
inhibitor of the mTOR kinase, which is a direct downstream
target of AKT), 10 nM staurosporine (a general protein kinase
inhibitor), or 50 μM N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-
phenyl]glycine-1,1-dimethylethyl ester (DAPT) (an inhibitor of
the γ-secretase/NOTCH pathway that regulates HES1), which
each inhibited MCF7 cell proliferation by ∼50% but did not
induce G0-like cells.
We also performed live-cell imaging experiments to examine

the dynamics of cancer cell division with and without AKT-1/2i
treatment. We first obtained serial images of MCF7 cells dividing
over time. We then analyzed these images to identify individual
cells, created lineage traces of these individual cells and their
progeny to identify sibling pairs, and measured intermitotic times
for each cell. We found that AKT inhibition slowed the average
cell-cycle time of MCF7 cells from 26 to 49 h and dramatically
increased the fraction of slowly cycling cells. For example, 1% of
cells had a cell-cycle time of >100 h at baseline, whereas AKT-
1/2i treatment increased this fraction to about 10% (Fig. 4G).
Furthermore, this increased proliferative heterogeneity was as-
sociated with an increase in asymmetric division. Sibling–sibling
differences in time to next mitosis increased from about 6.2 to
16.9 h on average. Whereas 2% of sibling cells had a difference
in time to next mitosis of >60 h at baseline, AKT-1/2i treatment
increased this fraction to about 10% (Fig. 4H and Movie S1). In
addition, AKT-1/2i induced asymmetric division more potently
when first delivered to cells just before mitosis rather than at
other points in the cell cycle (Fig. 4I). These results suggested
that quantitative inhibition of AKT signaling induced asymmet-
ric division with respect to the proliferative potential of daughter
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Fig. 4. Induction of asymmetric cancer cell division with AKT inhibition. (A)
Titration curve of MCF7 cells treated with different doses of AKT-1/2i. (B)
Western blot of MCF7 cells treated with different doses of AKT-1/2i for pAKT
(Thr308) and pS6RP (Ser235/236). (C) Cells treated with DMSO or AKT-1/2i for
3 d at 2 μM concentration or treated with AKT-1/2i for 3 d followed by 6 d of
washout (AKT-1/2i -6dwash) and stained for MCM2, H3K9me2, and HES1. (D
and E) Cells treated with DMSO or AKT-1/2i for 3 d at 2 μM concentration
and counted for (D) G0-like cells or (E) asymmetric cells. (F) Colony formation
of MCF7 cells after 6 d of AKT-1/2i or DMSO followed by 12 d of washout.
Red and blue columns indicate control (DMSO) and AKT-1/2i-treated, re-
spectively. Error bars indicate mean ± SD. (G) Percentage of MCF7 cell-cycle
times <t for DMSO (red) versus 2 μM AKT-1/2i (blue) -treated cells. Cells were
grown in DMEM + 10% FCS for 1 d before being treated with either 1:1,000

DMSO or 2 μM AKT-1/2i at t = 0, with washout at t = 5 d. Events were
recorded by tracking the length of the first two complete cell-cycle divisions
after t = 0. Cell events in the AKT-1/2i group were discounted if exposure to
AKT-1/2i was <24 h before washout. n = 483 and 825 for DMSO- and AKT-1/
2i-treated cells, respectively. (H) Percentage of sibling pairs with cell-cycle
times <t for DMSO (red) versus 2 μMAKT-1/2i (blue) -treated cells. Treatment
protocol is the same as in G. n = 221 and 326 for DMSO- and AKT-1/2i-treated
cells, respectively. (I) Percentage of sibling pairs with cell-cycle time differ-
ences <t for cells initially exposed to 2 μM AKT-1/2i within 6 h after mitosis
(red; n = 41), between 6 and 12 h after mitosis (light red; n = 55), between 6
and 12 h before mitosis (light blue; n = 46), and within 6 h before mitosis
(blue; n = 34).
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G0-like cells are enriched after 
cytotoxic treatment in vivo

cells, and that the precise timing of AKT signaling loss in mitosis
was important for this effect.

G0-Like Cells Are Enriched After Cytotoxic Treatment in Vivo. Our
findings demonstrated that rare, slowly cycling G0-like cells were
present in established human cancer cell lines. Moreover, these
G0-like cells appeared to down-regulate AKT protein and sig-
naling. We therefore asked whether we could find similar AKTlow

G0-like cancer cells in actual human tumors in vivo. We focused
on patients with newly diagnosed breast tumors who were given
neoadjuvant chemotherapy before definitive surgical resection of
their tumor. This scenario enabled us to examine matched tumor
biopsies that were obtained from individual patients before and
after treatment with multiple cycles of adriamycin, cyclophos-
phamide, and paclitaxel chemotherapy (Table S2).
Interestingly, we found occasional MCM2low/H3K9me2low/

HES1high G0-like cancer cells that expressed low levels of total
AKT protein in the pretreatment biopsies from each of the five
patients we examined (Fig. 5 A and C–E and Fig. S4 A and B).
These cells were not localized in any appreciable histopathologic
pattern but were present across all three molecularly distinct sub-
types of breast cancer (ER+, ERBB2+, ER−/ERBB2−). Further-
more, we found a striking enrichment in these AKTlow/MCM2low/
H3K9me2low/HES1high cells in matched biopsies obtained after
treatment from all five patients (Fig. 5B andC–E and Fig. S4A and
B). This clinical experiment suggested that slowly cycling G0-like
cancer cells could indeed be visualized using the AKTlow/
MCM2low/H3K9me2low/HES1high molecular profile in patients
with breast cancer, where they appeared to survive intensive ex-
posure to combination chemotherapy. Additional experiments in
vitro further suggested that G0-like cancer cells indeed appeared
to survive exposure to cytotoxic insult (Fig. S5).

Discussion
Our results suggest that rapidly proliferating cancer cells occa-
sionally suppress AKT signaling asymmetrically during mitosis to
produce a slowly cycling G0-like daughter cell with a ROSlow/
MKI67low/MCM2low/H3K9me2low/HES1high/AKTlow profile (Fig.

S6). Asymmetric inhibition of AKT signaling in one emerging
daughter cell is associated with nuclear localization followed
by suppression of AKT protein and proliferative arrest of this
newborn cell. Furthermore, inhibition of AKT signaling modu-
lates the MKI67, MCM2, H3K9me2, and HES1 marker profile
while also having a well-described role in regulating cellular ROS
levels that both coordinately mark G0-like cancer cells (22–24).
G0-like cancer cells are not stably quiescent in cell culture, but
rather tend to re-enter the cell cycle within days. Nevertheless,
the G0-like cells that we find in breast cancer patients appear to
be highly enriched after 6 mo of exposure to combination che-
motherapy. This suggests that G0-like cells might be able to
maintain a stable “out of cycle” state for a longer period of time
in vivo. We do not yet know whether G0-like cells in vivo are
indeed regulated by AKT suppression as in vitro. Nor do we
know whether G0-like cancer cells are enriched in vivo primarily
through selection or induction by chemotherapy. However, many
factors in the complex tumor microenvironment, including ex-
posure to chemotherapy, modulate AKT signaling, leading us to
speculate that AKT modulation (either naturally occurring or
pharmacologically induced) may in fact regulate the proportion
of G0-like cancer cells within actual human tumors (25, 26).
Interestingly, two recent reports have identified rare, slowly cy-
cling subpopulations in lung and melanoma cancer cell lines that
are drug resistant, but it is unclear whether these cells similarly
arise through asymmetric division (27, 28).
The asymmetric cancer cell division that we observe is not a

special property of a discrete subpopulation. Rather, it appears
to be a latent but general property of any cancer cell that can be
dynamically unmasked depending on the precise state of its AKT
signaling network. Presumably, both intrinsic and extrinsic factors
that modulate AKT signaling can shift the dynamic between
symmetric and asymmetric division. These observations may
therefore open previously unappreciated experimental opportu-
nities for studying asymmetric division in mammalian cell culture,
a long sought after but unrealized goal (29). It is critical to note
that this asymmetric cancer cell division which we describe does
not relate to the generation of cells with a different size or fate, as

C
K

+ 
ce

lls
 [%

]

0

20

40

60

80

100CA

0

P
at

ie
nt

 1
 p

re
-t

re
at

m
en

t
P

at
ie

nt
 1

 p
os

t-
tr

ea
tm

en
t

DAPI

pan-AKT

H3K9me2

cytokeratin merged

H3K9me2DAPI

pan-AKT cytokeratin merged

B

D

E

5

10

15

20
H3K9me2Low/HES1High

51 2 3 4

51 2 3 4

H3K9me2Low/MCM2Low

0
51 2 3 4

20

40

60

80

100
H3K9me2Low/pan-AktLow

C
K

+ 
ce

lls
 [%

]
C

K
+ 

ce
lls

 [%
]

Fig. 5. G0-like cells enriched after treatment in vivo. Human breast tumor samples from five different patients were stained for H3K9me2, MCM2, HES1, pan-
AKT, and cytokeratin. G0-like cytokeratin-positive cells (defined as H3K9me2low/MCM2low, H3K9me2low/HES1high, or H3K9me2low/pan-AKTlow) before and after
chemotherapy were counted. (A and B) Human breast tumor from patient 1 stained for DAPI (blue), dimethyl-H3K9 (green), human cytokeratin (yellow), and pan-
AKT (red) (A) before (pretreatment) and (B) after (posttreatment) chemotherapy. The arrow points to G0-like cells. (C–E) Bar graph of percentages of H3K9me2low/
MCM2low, H3K9me2low/HES1high, and H3K9me2low/pan-AKTlow cytokeratin-positive cells before (red) and after (blue) chemotherapy for the five patients.
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G0-like cells in vitro survive 
cytotoxic insult
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Fig. S5. G0-like cells are treatment-resistant in vitro. G0-like cancer cells are functionally resistant to cytotoxic treatment. (A) Micrograph of an MCF7 colony
stained with DAPI, MKI67, cleaved caspase 7 (CASP7), and H3K9me2. (Left) DAPI channel used to demarcate cells using CellProfiler. (Right) These outlines are
overlaid onto the merged image for the remaining three channels MKI67 (red), CASP7 (green), and dimethyl-H3K9 (blue). Arrows point to cells showing
absence of staining for MKI67, CASP7, and dimethyl-H3K9 markers. (B) Graphs show relative staining intensities of individual cells shown in A for dimethyl-
H3K9 versus MKI67 and dimethyl-H3K9 versus CASP7. G0-like cells are located in the lower left quadrant as demarcated by the two red lines and encompass the
cells indicated by arrows in A. (C) Micrograph of MCF7 cells treated with paclitaxel. (D) Graphs of marker intensities for cells treated with paclitaxel. (E)
Micrograph of cells treated with radiation. (F) Graphs of marker intensities for cells treated with radiation. (G) Micrograph of cells treated with fulvestrant. (H)
Graphs of marker intensities for cells treated with fulvestrant. P values represent two-sided Fisher’s exact test of the null hypothesis of independence between
being H3K9me2low and CASP7low.
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Discussion & Drawbacks
REVIEW

The Increasing Complexity of the
Cancer Stem Cell Paradigm
Jeffrey M. Rosen1 and Craig T. Jordan2

The investigation and study of cancer stem cells (CSCs) have received enormous attention over the
past 5 to 10 years but remain topics of considerable controversy. Opinions about the validity
of the CSC hypothesis, the biological properties of CSCs, and the relevance of CSCs to cancer
therapy differ widely. In the following commentary, we discuss the nature of the debate, the
parameters by which CSCs can or cannot be defined, and the identification of new potential
therapeutic targets elucidated by considering cancer as a problem in stem cell biology.

In 1994, John Dick and colleagues published
their seminal paper that human acute myeloid
leukemia is organized as a hierarchy that

originates from a primitive hematopoietic cell, as
shown in Fig. 1 (1, 2). This report became the
paradigm for later studies, which suggested that a
similar model existed for solid tumors with can-
cer stem cells (CSCs) at the top of a hierarchical
pyramid (3). These studies were based on a sim-
ilar approach that uses fluorescence-activated cell
sorting (FACS) of primary human cells with anti-
bodies directed at defined cell-surface markers
followed by limiting dilution transplantation, usu-
ally into an orthotopic site in immunocompro-
mised mice (the xenograft model). Thus, the CSC
paradigm refers to the ability of a subpopulation of
cancer cells to initiate tumorigenesis by under-
going self-renewal and -differentiation, like nor-
mal stem cells, whereas the remaining majority of
the cells are more “differentiated” and lack these
properties.

Why Is There a Debate?
The concept that a specific subpopulation of tumor
cells possesses distinct stem cell properties implies
that CSCs arise as an intrinsic property of tumor
biology and development (Fig. 2). However, the
surroundingmicroenvironment (stromal fibroblasts,
adipocytes, and endothelial cells, as well as the
extracellular matrix) and the immune system are
known to play important roles in cancer progres-
sion (4, 5). Consequently, one caveat to the intrinsic
model in the context of a xenograft is the lack of
an appropriate microenvironment because of dif-
ferences between the mouse and human and the
lack of an intact immune system when evaluating
the tumor-initiating capacity of these human can-
cer cells. Thus, it is possible that the subpopulation
of cells that appeared nontumorigenic might
actually be tumorigenic in the presence of the ap-
propriate microenviroment. In other words, tumor

cells might be functionally homogeneous, with
heterogeneous potential arising as a consequence
of extrinsic cues or the lack thereof (Fig. 2).

Strasser and colleagues attempted to test the origi-
nal CSC hypothesis by using an alternative ap-
proach to the xenograft system. They used two
transgenicmousemodels in which the Em enhancer
was used to express either the c-myc or N-ras on-
cogenes to induce B or Tcell lymphomas, respec-
tively (6). Upon the analysis of transplants, these
authors concluded that “tumor growth need not
be driven by rare cancer stem cells” based upon
>10% of the transplanted cells, giving rise to
tumors in syngeneic mice. Alternatively, recent
studies by Guo et al. used a mouse model in
which deletion of the Pten tumor suppressor
gene in hematopoietic stem cells resulted in a
myeloproliferative disorder followed by acute T-
lymphoblastic leukemia (7). Using this model of
a human leukemia, these investigators demon-
strated by limiting dilution transplantation that a
rare population of leukemia stem cells (LSCs)
was responsible for leukemia development. Taken

1Department of Molecular and Cellular Biology, Baylor College
ofMedicine, Houston, TX 77030, USA. 2James P.Wilmot Cancer
Center, University of Rochester School of Medicine, Rochester,
NY 14642, USA.

HSC LSC
Mutation(s)

Normal progenitor Leukemia progenitor

Normal blood cells Leukemic blasts

Self-renewal

Self-renewal

Fig. 1. Initial studies in leukemia provided the paradigm for the general CSC model. As shown on the left
side of the figure, a hematopoietic stem cell (HSC) gives rise to normal progenitors and mature blood cells.
The original model suggests that the HSC undergoes mutation(s) that give rise to its malignant counterpart,
the leukemia stem cell (LSC). The LSC retains some degree of developmental potential, generating the
leukemia progenitor and leukemic blast cells, which differ in their biological properties from the parent
LSC. As in normal hematopoiesis, the stem cell maintains the ability to undergo self-renewal and thereby
perpetuate the leukemia population.
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Akt supressing cancer therapy could backfire by enriching 
the resistant, slow growing population	


Authors speculate: “cancer cells divide assymetrically like 
normal stem cells”, but the G0-like daughter fails to exit 
cell cycle	



turns original paradigm around
Background very very weak	



may not be the author’s fault	


No in vivo model they can 
manipulate	



show environmental modulation of 
slow cycling cell pool



Discussion: Assymetric division 
need not be a one-way street!

Assymetric division need not be a one-way street	
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A D. melanogaster neural 
progenitor cell that generates 
all of the neurons and glial cells 
in the brain.

Asymmetric cell division in D. melanogaster. During 
the past 10 years, most of the progress in understanding  
asymmetric cell division in D. melanogaster has been 
made in neuroblasts, which are cells that delaminate from 
the ventral neuroectoderm during embryo genesis. In 
embryos, neuroblasts undergo up to 20 rounds of asym-
metric cell division to generate the neurons of the larval 

nervous system, and they become quiescent at the end of 
embryogenesis. During the larval stages of development, 
neuroblasts re-enter the cell cycle and continue to divide 
asymmetrically to generate the neurons of the adult fly 
brain19. Several types of larval neuro blasts can be dis-
tinguished on the basis of lineage and location (FIG. 1a), 
and unique markers exist to allow their identification 
(Supplementary information S2 (figure)). Most prevalent 
are the type I neuroblasts, which divide into a large cell 
that remains a neuroblast and a smaller ganglion mother 
cell (GMC); the GMC subsequently divides into two ter-
minally differentiated neurons. Type II neuroblasts are 
located in the dorsoposterior region of each central brain 
hemisphere and divide to give rise to a different cell line-
age to type I neuro blasts20–22. The smaller daughter cell of 
type II neuroblasts becomes an intermediate neural pre-
cursor (INP), which continues to undergo self-renewing 
asymmetric divisions, each division generating one INP 
and one GMC. Furthermore, specialized kinds of type I 
neuroblasts exist in the mushroom bodies19,23 and the 
optic lobes24.

The basic mechanism of asymmetric cell division  
is common to all D. melanogaster neuroblasts25–28 (FIG. 1b).  
The endocytic protein Numb29 (which inhibits Notch–
Delta signalling) and the translation inhibitor Brain 
tumour (BRAT)30 transiently accumulate at the basal 
plasma membrane in late prometaphase3,31–33. Their 
asymmetric localization is facilitated by two adap-
tor proteins that localize asymmetrically at the same 
time as Numb and BRAT. BRAT localizes by binding 
Miranda31,33, and Numb localization is facilitated by 
(but does not depend on) the adaptor protein Partner 
of Numb (PON)34,35. In type I neuroblasts and INPs, 
Miranda also transports the transcription factor 
Prospero into the GMC36–40. Slightly after the basal 
determinants localize, the mitotic spindle is set up in 
an apical–basal orientation so that these determinants 
are inherited by the basal daughter cell.

The asymmetric localization of basal determinants 
also requires another set of proteins that accumulate at 
the apical cell cortex before mitosis. These include the 
PDZ domain-containing proteins PAR3 and PAR6 and 
the protein kinase atypical PKC (aPKC13–17; the D. mela-
nogaster homologue of C. elegans PKC-3). The group of 
proteins also includes the adaptor protein Inscuteable41,42, 
which links PAR3–PAR6–aPKC to a second protein com-
plex containing the heterotrimeric G protein αi-subunit 
(Gαi)43 and the adaptor protein Partner of Inscuteable 
(PINS; also known as RAPS)43–45. PINS binds to the 
microtubule-associated dynein-bindin g protein MUD46–48 
and thereby provides a cortical attachment site for astral 
microtubules to ensure the apical–basal orientation of 
the mitotic spindle.

The initial apical localization of PAR3, PAR6 and 
aPKC is inherited from epithelial cells of the ventral 
neuroectoderm when the neuroblasts delaminate13,14,16,17. 
In these epithelial cells, Par proteins localize apically 
and are required for establishing and maintaining 
apico basal polarity. In fact, PAR3, PAR6 and aPKC — 
and their homologues in other organisms — play a key 
part in almost all known cell polarity events, including 

Figure 1 | Models for asymmetric cell division. a | Drosophila melanogaster type I 
neuroblasts divide asymmetrically into one neuroblast and one ganglion mother cell 
(GMC). The neuroblast self-renews, and the GMC divides terminally into two neurons. 
Type II neuroblasts divide into one self-renewing type II neuroblast and one immature 
intermediate neural precursor (INP). The INP starts expressing the neuroblast markers 
Asense and Deadpan to become a mature INP, which divides asymmetrically into one 
GMC and one mature INP. Differential expression of the markers Deadpan, Asense, 
Prospero and Embryonic lethal abnormal vision (ELAV) allows the unique identification  
of individual cell types in type I, type II and optic lobe (not shown) neuroblast lineages 
(see Supplementary information S2 (figure)). b | In D. melanogaster neuroblasts, the 
apically localized Partitioning defective 3 (PAR3)–PAR6–atypical protein kinase C (aPKC) 
complex is connected to partner of Inscuteable (PINS; also known as RAPS)–G protein 
α

i
-subunit (Gα

i
)–MUD by the adaptor protein Inscuteable. During mitosis, this apical 

complex directs the orientation of the mitotic spindle and the asymmetric localization of 
the adaptor proteins Partner of Numb (PON) and Miranda and, consequently, of the cell 
fate determinants Numb, Brain tumour (BRAT) and Prospero to the basal cell cortex.  
After mitosis, Numb, BRAT and Prospero act together to prevent self-renewal and induce 
cell cycle exit and differentiation. c | In the Caenorhabditis elegans zygote, the anterior 
Par proteins PAR-3, PAR-6 and PKC-like 3 (PKC-3) segregate into the anterior AB cell,  
and the posterior Par proteins PAR-1 and PAR-2 segregate into the posterior P1 cell. 
Polarization starts after fertilization, when interactions between the sperm centrosome 
and cortex allow PAR-2 to accumulate at the posterior cortex. This initiates an anterior 
contraction of the cortical actin cytoskeleton, which allows anterior movement of PAR-3, 
PAR-6 and PKC-3.
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Cell fate (terminal differentiation) Back and forth flux 
between phenotypes

A new dimension to heterogeneity in cancer	


implications to remission, resistance	


does not appear to be a stem-cell like mechanism	


does not correlate with EMT



Multi-stablity in the regulatory system
(latent) property of all cancer cells (nature)

modulated by environmentally regulated signaling pathways 
(nurture)

&

Outlook

Stochastic transitions	


A cell population can 
hedge its bets by adopting 
a mixture of opposing 
strategies	


General phenomenon in 
viruses to mammals 

 Go-like 
cells

cells in fast 
cycle

Breast 
cancer 
SCs

 

Balázsi, G., van Oudenaarden, A. & Collins, J. J. Cellular decision making 
and biological noise: from microbes to mammals. Cell 144, 910–925 (2011).



Thank you!
The premise:

Cells with identical 
genome
phenotype
environment
history of environments

 can display functionally 
heterogeneos behavior


