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Lecture objectives

Identify key properties of stem cells and cancer stem cells


Describe methods for assaying stemness in cancer and their 
limitations


Understand the cell of origin hypothesis


Understand lineage plasticity and its relationship to stemness 



Properties of mammalian stem cells

Shibata and Shen (2013) Bioassays 35: 253-260
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divisions, with daughter cells presumably losing access to the
basal lamina and subsequently committing to differentiation.9,10

Asymmetrically dividing stem cell populations must be able
to switch to symmetric stem cell expansion in cases when
some stem cells are lost or when extensive regeneration is
required.11,12 The above studies havemostly relied onmeasuring
asymmetry of divisions in in vitro assays. More work is needed to
assess the balance of symmetric and asymmetric division in un-
perturbed dynamics in vivo and to understand the mechanisms
that control this switch. Recent long-term ex vivo expansion as
well as in vivo tracing and single-cell RNA sequencing studies
have suggested extensive heterogeneity in the potency of indi-
vidual HSCs. These studies question the predominant presence
of invariant asymmetric divisions in the stem cells of the bone
marrow13,14 (discussed in the section ‘‘multipotency’’).

It has gradually become evident that themajority of solid tissue
stem cell populations with active homeostatic turnover appear to
be maintained through symmetric divisions generating equipo-
tent daughter cells (Figure 2). Depending on the position in their
stem cell niche, these daughter cells will persist as stem cells or
will enter a differentiation trajectory.15 This ‘‘neutral competition’’
of stem cells for niche space has now been described for the
intestinal epithelium,16,17 stomach epithelium,18 esophageal
epithelium,19 spermatogenesis in the testis,20 as well as for the
epidermis and associated skin appendages.21–24 In these tis-
sues, stem cell division leads to two potential stem cells that—
depending on their access to stem cell niche factors—remain
as stem cells or commit to differentiation. Rather than individual

Figure 1. Hallmarks of stemness in
mammalian tissues
We describe a set of six complementary hallmarks
that can be observed among tissue resident stem
cells. These collectively enable the stem cell’s
function to replace lost cells in the corresponding
tissues.

stem cells persisting long-term, the niche
size imposes space constraints, thus
strictly controlling the number of potential
stem cells. This mode of competition is
described as a neutral drift, which eventu-
ally leads to clonality: within a given niche,
a tissue constantly yet stochastically
loses stem cell clones, whereas other
stem cell clones expand and eventually
become dominant. Therefore, longevity
cannot be determined at the level of
the individual stem cell but should be
ascribed to a stem cell population.

The neutral competitionmodel suggests
complete stochasticity for every stem
cell division. However, both intrinsic
and extrinsic factors such as the starting
position in a niche or the acquisition
of oncogenic mutations will affect the
outcome of daughter cell fate. As a case
in point, intestinal stem cells residing at
the periphery of the stem cell niche have

a higher likelihood to be displaced by dividing neighbors than
those sitting at the bottom of the crypt.25 Although these cells
are intrinsically equipotent (and in isolation would expand with
equal efficiency), their position in the niche affects their competi-
tiveness in the native tissue context. Committed cells that have
exited the niche at the crypt bottom in some cases display retro-
grade movement and claim vacant positions in the niche space,
reversing their trajectory back to a multipotent state.26 Oncogenic
mutations affect the likelihood of maintaining longevity by gaining
niche independence or even inhibiting healthy stem cells, essen-
tially switching neutral competition to biased drift by increasing
the odds of outcompeting neighboring stem cells.27–29

ASCs can display quiescence or continious cell cycle
activity
The traditional picture of a stem cell includes quiescence as one
of its hallmarks, as this would prevent their exhaustion, minimize
replication-associated DNA mutations, and thus ensure
longevity. Quiescence is defined as a prolonged yet reversible
cell-cycle exit. It is indeed tempting to speculate that minimizing
stem cell division to an absolute minimum would allow for a
reduced accumulation of DNA damage, preventing stem cell
loss (or cancer). In this scenario, cell number expansion is over-
whelmingly accomplished by rapidly dividing daughter cells.
Although some adult tissues contain a quiescent stem cell pop-
ulation,30 this is not universal to all tissues. Importantly, quies-
cence is a relative concept rather than an absolute measure,
as also quiescent stem cells inevitably undergo mitosis.
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Models for tumor heterogeneity

Dick (2009) Nat. Biotech. 27: 44-46
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leukemia models (EM-myc, bcr/abl/CDKN2 
and Mll-Enl) having frequencies higher than 1 
in 10 cells6 and others (MOZ-TIF or Pten–/–)  
showing frequencies of 1 in 104 to 1 in 106 
cells4. Like mouse tumors, human tumors will 
likely exhibit wide variation in the frequency of 
tumor-initiating cells, even in immune-deficient 
models, as has now been found for melanoma 
by Quintana et al.1. We should be open to the 
existence of human cancers that have high fre-
quencies of tumor-initiating cells and that do 
not follow the hierarchy model.

How should the field move forward? Stem cell 
principles developed over many years, which 
established that the hematopoietic system is 
organized as a hierarchy, provide a useful guide2. 
The first principle is the importance of develop-
ing assays capable of reading out any tumor cell 
that possesses stem cell function. Thus, empha-
sis should be placed on developing xenotrans-
plant models that are devoid of immunity. It is 
perhaps not surprising that innate immunity 
has such a strong effect in melanoma, as this 
type of tumor is known to be highly immuno-
genic. It is unlikely that a similar effect will be 
observed in brain tumors, given that the brain 
is an immune-privileged site. In addition, as the 
murine microenvironment may not always be 
sufficient to reveal CSC potential, efforts should 
be made to humanize recipient mice. In paral-
lel, more CSC studies in murine models, like 
those described above, should be undertaken to 
guide xenotransplant experiments. Finally, two 
recent reports7,8 demonstrate how sophisticated 
genetic tools can be used to carry out lineage 
tracking of CSCs in murine models. Although 
these studies did not attempt cell fractionation, 
they provide clear evidence of a hierarchy in 
colon cancer.

The second principle is to develop tumor end-
points that will enable discrimination between 
CSCs (or progenitors) that retain extensive 
proliferative potential but have limited self-
renewal capacity and CSCs that possess exten-
sive capacity for self-renewal. CSCs are often 
thought of as homogeneous. However, clonal 
tracking studies have shown that many human 
leukemia stem cells can make a large graft of leu-
kemia but then extinguish, whereas a minority 
of these stem cells exhibit long-term repopula-
tion with the capacity to extensively self-renew2. 
Thus, although all human leukemia stem cells 
generate a ‘tumor’, they vary considerably in 
their self-renewal capacity. It is highly likely 
that solid-tumor CSCs are similarly heteroge-
neous. Accordingly, CSC assays must extend 
long enough, or through enough rounds of 
serial transplantation, to distinguish CSCs with 
different capacities for self-renewal. Such tests 
of heterogeneity must be carried out on single 
CSCs using single-cell transplants or lentiviral 

ally homogeneous and therefore do not follow 
the hierarchy model? Some may argue the fine 
point that even with a CSC frequency of 1 in 4, 
75% of the tumor cells still lack CSC activity. And 
if the CSCs respond differently to cancer therapy, 
it would still be meaningful to purify them and 
investigate their unique biology. Quintana et 
al.1 attempted this, but no markers that could 
fractionate the tumor were found. However, 1 
in 4 is a very high frequency, and considerable 
efforts would be needed to prove beyond doubt 
that a true hierarchy exists, including discovery 
of a cell-surface marker or metabolic pathway 
that enables fractionation followed by detailed 
quantitative analysis of transplanted mice.

As in other areas of cancer research, we should 
be guided by experimental murine cancer 
models, which enable syngeneic transplanta-
tion, thereby overcoming immune rejection. 
In a recent study of three murine breast can-
cer models—MMTV-Wnt-1, MMTV-neu and  
p53+/–—the CSC frequency was different for 
each model: 1 in 177, 1 in 112 and 1 in 1,090, 
respectively5. Importantly, this study demon-
strated tumor fractionation into CSC and non-
CSC fractions. Wide variation in the frequency of 
tumor-initiating cells has also been observed in 
murine leukemia models, with some lymphoid 

immunodeficient (NOD/SCID) mice and found 
that this is not a reliable assay as only four of seven 
samples generated tumors within 8 weeks. Using 
a limiting dilution approach, they determined 
that the frequency of the melanoma cancer– 
initiating cell (MC-IC) was 1 in 106 cells. However, 
increasing the time of observation to 32 weeks 
increased the number of tumors scored, rais-
ing the MC-IC frequency to 1 in 105 cells. These 
findings seemed in keeping with recent reports of 
CSCs in other solid tumors3. However, as NOD/
SCID mice retain innate immunity, the authors 
turned to a newer mouse model that is depleted 
in natural killer cells (NOD/SCID/Il2rg–/–). With 
these mice and the use of Matrigel to provide a 
more supportive microenvironment, the MC-IC 
frequency rose to between 1 in 9 and 1 in 4 cells. 
Clearly, innate immunity in the NOD/SCID 
recipients was restricting a large proportion of 
melanoma cells that had CSC potential.

A priori, neither the stochastic model nor the 
hierarchy model makes any predictions as to 
the frequency of CSCs: they could be frequent 
or rare4. However, if a tumor is functionally 
homogeneous (that is, every cell is tumorigenic 
or proliferative), the hierarchy model becomes 
meaningless. So, does the work of Quintana et 
al.1 suggest that melanoma tumors are function-

Figure 1  Models of tumor heterogeneity. Tumors are composed of phenotypically and functionally 
heterogeneous cells. There are two theories as to how this heterogeneity arises. According to the 
stochastic model, tumor cells are biologically equivalent but their behavior is influenced by intrinsic and 
extrinsic factors and is therefore both variable and unpredictable. Thus, tumor-initiating activity cannot 
be enriched by sorting cells based on intrinsic characteristics. In contrast, the hierarchy model postulates 
the existence of biologically distinct classes of cells with differing functional abilities and behavior. Only 
a subset of cells has the ability to initiate tumor growth; these cancer stem cells possess self-renewal and 
give rise to nontumorigenic progeny that make up the bulk of the tumor. This model predicts that tumor-
initiating cells can be identified and purified from the bulk nontumorigenic population based on intrinsic 
characteristics. This figure and figure legend were originally published in ref. 2.
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Classical cancer stem cell model

Shibata and Shen (2013) Bioassays 35: 253-260
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Tumor heterogeneity and evolution

Alizadeh et al. (2015) Nat. Med. 21: 846-853
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Therapeutic targeting and heterogeneity

Kreso and Dick (2014) Cell Stem Cell 14: 275-291

can ‘‘dedifferentiate’’ to T-ICs (Schwitalla et al., 2013). Likewise,
perivascular nitric oxide that is released by endothelial cells can
activate Notch signaling and induce a stem-like state in PDGF-
induced gliomas (Charles et al., 2010). These studies highlight
the dynamic nature of cancer cells and show the importance of
the stem cell state in tumor generation.

Given the importance of these concepts, it will be important to
show whether other cancers possess such properties. As well, it
will be critical to determine to what extent plasticity exists in pri-
mary tumor tissue, as opposed to cell lines, and whether it is

induced in vivo. Although provocative, some studies reporting
plasticity were not done clonally and this is essential to under-
stand the homogeneity of cells in each state and the frequency
of cells that are able to change states. Is every non-T-IC able
to generate a new T-IC, or are only some non-T-ICs responsible
for the generation of new T-IC? If only some, does this reflect
heterogeneity of the non-T-IC population? Clearly tumors with
a high probability of interconversion between T-IC and non-
T-IC states render hierarchical cellular organization less mean-
ingful than if such interconversions are rare. Normal tissue
stem cells can also ‘‘dedifferentiate’’ into a more primitive state
when normal tissue homeostasis is perturbed, for example dur-
ing transplantation procedures or following stem cell ablation
(Rinkevich et al., 2011; Tata et al., 2013; Van Keymeulen et al.,
2011). Thus, it will be important to determine the probability of
being in one state versus another and the factors that influence
such interconversions (Gupta et al., 2009). However, even in
tumors where the interconversion rate is high, the available
data indicates that when a cancer cell possesses stemness
properties it is more likely to progress, metastasize, resist ther-
apy, and self-renew, compared towhen it is in the opposite state.
Thus, even for tumors that do not strictly follow the CSC model,
the concept that stemness is an important aspect of the biology
of that cell remains strong. As such, novel approaches will be
needed to eradicate cells that display determinants of stemness.

Epigenetics and Stemness
The primary, nonmutational mechanism that governs develop-
mental hierarchies is epigenetic regulation of the genome. Epige-
netic modifications of DNA, histones, and nucleosomes as well
as noncoding RNAs, including miRNA, allow for modification of
gene expression (Baylin and Jones, 2011; Iorio and Croce,
2012). Alterations in the epigenome dictate cell fate specification
and have been used as means of reprogramming noncancerous
cells. Although epigenetic modifications are not as stable as
mutational changes and can be reversed, some types of modifi-
cation are a stable, heritable means by which distinct cellular
states and functions can be generated. The importance of epige-
netic regulation in generating diversity apart from genetic muta-
tion has been shown in several systems. For example, a small
proportion of slowly cycling melanoma cells that are essential
for tumor growth can be purified based on the expression of
JARID1B, amember of the jumonji/ARID1 histone 3 K4 demethy-
lases (Roesch et al., 2010). Other epigenetic factors including
members of the Polycomb group of transcriptional repressors
(BMI-1 and EZH2) that are linked to normal stem cell self-renewal
have been shown to exhibit variation in expression levels within
tumors and play a role in tumor progression (Sparmann and van
Lohuizen, 2006). Further support for the role of stemness in can-
cer biology is emerging from cancer genome-sequencing efforts
showing that genetic disruption of epigenetic regulators of
normal stem cell function is critical for cancer pathogenesis.
Mutation in DNMT3A, which is highly recurrent in AML, causes
major dysregulation of gene expression leading to upregulation
of stemness genes and increased repopulation and self-renewal
of normal HSC (Ley et al., 2010; Shah and Licht, 2011).
Other highly recurrent mutations in genes such as IDH1/IDH2
and TET2 affect epigenetic programs that underlie stemness
for many cancers, including AML (Abdel-Wahab and Levine,

Figure 3. Functional Diversity between Cells within Subclones
Impacts Response to Therapy
Each clone (depicted by the different colors) contains a mixture of cells that
vary with respect to their stemness and/or proliferative ability, including rela-
tively dormant cells. Together these factors represent the functional diversity
present within single genetic subclones. Chemotherapy can reduce tumor
burden by eliminating the highly proliferative cells within subclones, while
sparing the relatively dormant cells; following therapy, these cells can seed a
new cancer. Thereby, subclonal diversity can be altered with chemotherapy
and can allow for the selection of cells with additional genetic mutations that
confer a survival advantage. Not depicted in the diagram is the concept that
chemotherapy-resistant cells can exist before treatment and can be selected
following chemotherapy. Thus, chemotherapy can introduce newmutations to
confer treatment resistance, but it can also select preexisting cells that
accumulated mutations, which confer chemotherapy resistance during the
long evolution of the tumor before it was diagnosed.
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have unlimited proliferative potential and can acquire the ability to
metastasize. For many years, however, it has been recognized that
small numbers of disseminated cancer cells can be detected at sites
distant from primary tumours in patients that never manifest
metastatic disease58,60. One possibility is that immune surveillance is
highly effective at killing disseminated cancer cells before they can
form a detectable tumour. Another possibility is that most cancer
cells lack the ability to form a new tumour such that only the 
dissemination of rare cancer stem cells can lead to metastatic disease
(reviewed in ref. 45). If so, the goal of therapy must be to identify and
kill this cancer stem cell population. If solid cancer stem cells can be
identified prospectively and isolated, then we should be able to iden-
tify more efficiently new diagnostic markers and therapeutic targets
expressed by the stem cells.

If tumour growth and metastasis are driven by a small population
of cancer stem cells, this might explain the failure to develop thera-
pies that are consistently able to eradicate solid tumours61. Although
currently available drugs can shrink metastatic tumours, these effects
are usually transient and often do not appreciably extend the life of
patients62,63. One reason for the failure of these treatments is the
acquisition of drug resistance by the cancer cells as they evolve;
another possibility is that existing therapies fail to kill cancer stem
cells effectively.

Existing therapies have been developed largely against the bulk
population of tumour cells because they are often identified by their
ability to shrink tumours. Because most cells with a cancer have 
limited proliferative potential, an ability to shrink a tumour mainly
reflects an ability to kill these cells. It seems that normal stem cells
from various tissues tend to be more resistant to chemotherapeutics
than mature cell types from the same tissues64. The reasons for this are
not clear, but may relate to high levels of expression of anti-apoptotic
proteins65–68 or ABC transporters such as the multidrug resistance
gene69,70. If the same were true of cancer stem cells, then one would
predict that these cells would be more resistant to chemotherapeutics
than tumour cells with limited proliferative potential. Even therapies
that cause complete regression of tumours might spare enough 
cancer stem cells to allow regrowth of the tumours. Therapies that 
are more specifically directed against cancer stem cells might 
result in much more durable responses and even cures of metastatic
tumours (Fig. 5).

Genomics may provide a powerful means for identifying drug 
targets in cancer cells. Although targeting genetic mutations does not

require isolation of the stem cells, there are likely to be differences in
gene expression between cancer stem cells and tumour cells with 
limited proliferative potential. The application of microarray 
analysis to malignant tumours has shown that patterns of gene
expression can be used to group tumours into different categories,
often reflecting different mutations71–74. As a result, tumour types
that cannot be distinguished pathologically, but that can be 
distinguished on the basis of differences in gene-expression profile,
can be examined for differences in treatment sensitivity. 
However, gene-expression profiling is often conducted on tumour
samples that contain a mixture of normal cells, highly proliferative
cancer cells, and cancer cells with limited proliferation potential.
This results in a composite profile that may obscure differences
between tumours, because the highly proliferative cells that drive
tumorigenesis often represent a minority of cancer cells. 
Gene-expression profiling of cancer stem cells would allow the 
profile to reflect the biology of the cells that are actually driving
tumorigenesis. Microdissection of morphologically homogeneous
collections of cancer cells is one way of generating profiles that reflect
more homogeneous collections of cells75,76. The next frontier will be
to purify the cancer stem cells from the whole tumour that retain
unlimited proliferative potential and to perform gene-expression
profiling on those cells. In addition to being a more efficient way of
identifying new therapeutic and diagnostic targets, the profiling of
cancer stem cells might sharpen the differences in patterns observed
between different tumours.

Perspectives
The ideas discussed in this review can be summarized as a set of
propositions. First, self-renewal is the hallmark property of stem cells
in normal and neoplastic tissues. Second, in the haematopoietic 
system, long-term self-renewal is limited to rare long-term HSCs and
some lymphocytes; other cell types lack this potential. Third, 
cells that continue to divide over long periods of time are much more
likely to accumulate mutations that cause neoplasia. Thus 
genetic changes that lead to myeloid leukaemias must occur either in
long-term HSCs or in progeny that first acquire the ability to 
self-renew. The fact that normal long-term HSCs in leukaemia
patients often have leukaemia-associated translocations strongly
supports the idea that leukaemic mutations often accumulate in
HSCs. Mutations that lead to certain types of lymphoma may 
accumulate in lymphocytes, given their ability to self-renew over the
long term. Fourth, in other normal tissues that contain self-renewing
stem cells, such as the epithelia, the genetic changes that are steps in
the progression to solid tumours probably also occur in the stem
cells, or in progeny that acquire the potential for self-renewal. 
Fifth, distinct signalling pathways control stem cell self-renewal in
different tissues. But perhaps within individual tissues, the same
pathways are used consistently by both normal stem cells and cancer
cells to regulate proliferation. For example, Wnt signalling regulates
the self-renewal of normal stem cells in the blood and epithelia. 
Constitutive activation of the Wnt pathway has been implicated 
in a number of epithelial cancers. The regulation and consequences
of Wnt signalling in normal and neoplastic cells need to be 
further elucidated. Sixth, understanding the signalling pathways that
are used by for normal stem cells and neoplastic cells should 
facilitate the use of normal stem cells for regenerative medicine and
the identification of cancer stem cell targets for anticancer therapies.
Seventh, within most tumours there may exist cancer stem cells that
can self-renew indefinitely, in contrast to most stem cells that 
may have limited proliferative potential. Finally, in order to cure 
cancer, it is necessary and sufficient to kill cancer stem cells. To
accomplish this it will be necessary to identify and characterize the
properties of these cells.

There are many connections between stem cells and cancer that
are important to understand. Just as the signals that are known to
control oncogenesis are providing clues about the control of 
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Figure 5 Conventional therapies may shrink tumours by killing mainly cells with
limited proliferative potential. If the putative cancer stem cells are less sensitive to
these therapies, then they will remain viable after therapy and re-establish the
tumour. By contrast, if therapies can be targeted against cancer stem cells, then they
might more effectively kill the cancer stem cells, rendering the tumours unable to
maintain themselves or grow. Thus, even if cancer stem cell-directed therapies do
not shrink tumours initially, they may eventually lead to cures.
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Distinct assays for progenitor activity
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Different in vitro clonogenic assays 
(sphere-forming, organoid culture and 
co-culture assays) have been developed to 
address the question of tissue heterogeneity 
and to study the proliferation, self-renewal 
and differentiation of different cell popula-
tions at the single-cell level. The sphere-
forming assay has been used extensively in 
the field of neuronal SCs to characterize cells 
that are able to form free-floating spheres, 

called neurospheres, from adult brain tissue17. 
This assay has been used with many other 
tissues, including breast, cornea, pancreas, 
prostate and trachea tissue18. Although 
sphere-forming assays can assess clono-
genicity, long-term renewal capacities and 
multilineage differentiation, it is important 
to note that not only SCs but also their 
transit-amplifying progeny are able to form 
spheres and that, by contrast, quiescent SCs 

cannot form spheres18,19. Therefore, although 
the sphere-forming assay is a good comple-
mentary approach to assess SC proliferation 
and differentiation, it does not allow for 
the accurate quantification of SC frequency 
in vivo. More recently, culturing cells in a 
three-dimensional, non-adherent condi-
tion embedded in Matrigel supplemented 
with soluble molecules, known as organoid 
culture, has been successfully used to culture 
and expand SCs and progenitors from differ-
ent epithelia such as intestine, colon, gastric 
and liver epithelia20–24.

The sphere-forming assay has also been 
used to identify CSCs in solid tumours. As 
in normal tissues, only a fraction of cells 
from human brain25, primary colon26 and 
breast cancers27 are able to form spheres. In 
most cases, the cells that preferentially form 
spheres are also the ones that preferentially 
form secondary tumours on xenotransplan-
tation25,26,28–30. By contrast, in mouse glioma, 
cells expressing low levels of inhibitor of 
DNA binding 1 (ID1) generated secondary 
tumours more efficiently than ID1hi cells 
on transplantation but presented lower self-
renewal potential in a sphere-forming assay 
in vitro31. These apparent discrepancies could 
be explained by differences in growth factors 
and the components of the microenviron-
ment between xenotransplantation and 
in vitro culture assay, or it could be that these 
cells contribute differently to short-term and 
long-term tumour growth. It will be impor-
tant to define in the future to what extent the 
ability of tumour cells to grow as spheres is 
directly correlated with their ability to sustain 
tumour growth in vivo.

SCs were first discovered in haemato-
poietic tissue3. The ‘gold-standard’ assay to 
assess haematopoietic SC (HSC) potential 
is the transplantation of a discrete popula-
tion of cells into sublethally irradiated mice, 
allowing the assessment of the long-term 
renewing capacities of these cells and their 
differentiation potential in vivo32,33. In 
landmark studies, Dick and colleagues34,35 
fractionated different subpopulations of 
bone marrow cells from patients with acute 
myeloid leukaemia (AML) and demon-
strated that only a minor population of 
AML cells expressing markers of normal 
HSCs presents the potential to propagate 
the leukaemia in immunodeficient mice34,35. 
Following these papers, many other stud-
ies have shown that populations of cells 
presenting a higher ability to re-form the 
parental tumour on transplantation into 
immunodeficient mice can be prospec-
tively isolated from a great variety of solid 
tumours, such as breast cancer36, brain 

Figure 1 | Hierarchy in normal tissues and tumours. a|^ # cellWlar JierarcJy in nQrmal tissWes Qr 
tumours implies that not all cells are equivalent and that only stem cells (SCs) present long-term 
self-renewal and differentiation potential. SCs give rise to new SCs and to more committed pro-
genitors, which have a restricted renewal potential and which ultimately give rise to terminally 
differentiated cells. b|^ (WnctiQnal assays� sWcJ as in vitro clonogenic assays, transplantation and 
lineage-tracing experiments (marked cells are shown in green), can be used to assess the renewal 
and differentiation potential of SCs, committed progenitors and differentiated cells. Owing to 
their long-term renewal potential, only SCs or cancer SCs (CSCs) would be able to be serially 
passaged in vitro, to be serially transplanted in vivo and to give rise to big clones in lineage-tracing 
experiments. The committed progenitors give rise to colonies or spheres in vitro only transiently, 
to secondary tumours on transplantation that cannot be serially transplanted, and to small and 
transient clones in lineage-tracing experiments. Differentiated cells should fail to form colonies 
or spheres in vitro, as well as grafts and clones of multiple cells in vivo.
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Common pitfalls in assaying tumor initiation

Shackleton et al. (2009) Cell 138: 822-829
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potential is common and there is little 
evidence of hierarchical organization, 
heterogeneity in response to therapy 
likely arises primarily from clonal evo-
lution, not from epigenetic differences 
between cancer stem cells and their 
progeny.

The Cancer Stem Cell Model 
Addresses Potential, Not Fate
The cancer stem cell literature has 
addressed the potential of cancer cells 
to contribute to disease, not the actual 
fate of cells within patients. Potential 
describes what cells are capable of doing 
under permissive conditions, whereas 
fate describes what they actually do in 
a speci!c circumstance. The central 
tenet of the cancer stem cell literature 
has been that the vast majority of cells 
within at least some cancers have lost 
the potential to proliferate extensively, as 
revealed by their inability to transfer dis-
ease to immunocompromised mice and 
in some cases by their inability to pro-
liferate in culture. It has been proposed 
that the nontumorigenic cancer cells can 
be ignored in therapy because they lack 
the potential to contribute to disease.

These inferences regarding tumori-
genic potential are sometimes confused 
with the question of which cells are actu-
ally fated to contribute to disease in 
patients. The issue of fate is a different 
question that has not been addressed by 
the cancer stem cell !eld. Indeed, there 

are almost no data in all of cancer biol-
ogy that address the question of whether 
many cancer cells or few cancer cells are 
actually fated to contribute to disease in 
patients because this question can only 
be addressed within the patient and 
therefore is experimentally less feasible. 
It is important to bear in mind that just 
because a cell has the potential to form 
a tumor does not mean that it actually 
does so within a patient. Cancer cells 
with tumorigenic potential might be held 
in check, transiently or permanently, by 
environmental or immunological mecha-
nisms that prevent them from actually 
contributing to disease.

To test the cancer stem cell model, it is 
necessary to identify all of the cells with 
the potential to proliferate extensively 
and to contribute to disease (Figure 1). 
If a cancer cell has the potential to form 
a tumor in any assay, then it has not 
entered an epigenetic state in which it 
has lost the ability to proliferate, and it is 
perilous to ignore this cell when treating 
a patient. For this reason, tumorigenic 
potential is presumably the key consid-
eration when devising therapeutic strat-
egies because therapies must target all 
cells with the potential to contribute to 
disease in a patient. It is not safe to base 
therapeutic strategies on assumptions 
regarding fate because fate is context 
dependent. Cancer cells fated to con-
tribute to disease in one context (such as 
in a primary tumor) may be quite different 

from cells fated to contribute to disease 
in other contexts (such as after metasta-
sis or therapy). Rational approaches to 
therapy must therefore target all of the 
cells with the potential to contribute to 
disease.

A fundamental question is whether 
immunocompromised mice are reliable 
models for studying human cancer. The 
answer may depend upon the aspect 
of cancer biology being studied. Trans-
plantation into highly immunocompro-
mised mice is the best, albeit imperfect, 
way of assessing which human cancer 
cells have the potential to form tumors/
leukemias. In contrast, such stud-
ies often cannot address the extent to 
which these cells might be positively or 
negatively regulated by environmental 
mechanisms, such as immune function, 
in patient tissues. For example, an inter-
esting question is whether some cancer 
cells are more immunogenic than oth-
ers in patients. This question should not 
be confused with the cancer stem cell 
model, which addresses the very differ-
ent issue of whether intrinsic epigenetic 
differences among cancer cells limit 
their proliferative potential. The question 
of whether some cancer cells are more 
immunogenic than others in patients 
may not be directly testable because it 
requires tumorigenesis assays that rep-
licate the syngeneic immune response 
that occurs in patients against their 
own tumors. The xenogeneic immune 

Figure 1. Testing the Cancer Stem Cell Model
During the dissociation of solid tumors (left), conditions must be optimized to maximize the preservation of cell viability and surface marker expression. During 
cell separation (middle), care must be taken to use viability dyes and markers to exclude dead cells, hematopoietic cells, endothelial cells, and stromal cells (if 
possible) by "ow cytometry from the cancer cell preparation. The tumorigenicity of all cells must be tested in assays optimized for the engraftment of human 
cancer cells (right). For nontumorigenic cell populations, it is critical to con!rm that they contain live cancer cells, rather than normal cells or debris. If markers 
can be identi!ed that distinguish tumorigenic from nontumorigenic cells, an important question is whether these cancer cell populations are distinguished by 
epigenetic rather than genetic differences.
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The concept of CSCs, in its most rigor-
ous definition, implies that all cancer cells 
are genetically equivalent and differ only 
transcriptionally and/or epigenetically. 
However, it is now clear that, during acute 
lymphocytic leukaemia (ALL) progression, 
multiple genetically different clones of 
leukaemia-propagating cells coexist at the 
same time, and that the clonal architecture 
of the leukaemia is highly dynamic during 
disease progression, which suggests rapid 
multi-branching events rather than the 
linear accumulation of mutations51,52. In 
a related study, it was demonstrated that 
human ALL leukaemia-propagating cells 
arise from minor subclones that were pre-
sent at the time of the diagnosis and that 
resemble the clones found during relapse 
after therapy, suggesting that the xenotrans-
plantation assay may select for the most 
aggressive clones53. To assess how the 
evolution of genetically diverse subclones 

during tumour progression and response 
to chemotherapy affects intratumoural het-
erogeneity, the repopulation dynamics of 
150 clones from ten human colon cancers 
was monitored during serial transplanta-
tion. Analyses revealed that initial tumour 
heterogeneity was mostly maintained over 
serial transplantations, although subtle 
genetic changes could have been over-
looked. However, the long-term persistence 
of these clones differs with serial transplan-
tation. Some clones are present in all serial 
transplants (persistent clones), other clones 
are lost rapidly (transient clones) or are 
present initially and then disappear (short-
term clones). Other clones that are barely 
detectable in the primary tumours become 
predominant in the later transplants, sug-
gesting that they are not initially highly 
proliferative but become activated during 
transplantation (dormant clones). Finally, 
some clones are detected initially, then not 

detected but then reappear (fluctuating 
clones). This analysis demonstrates the 
considerable clonal dynamics of tumour 
cells on xenotransplantation. These differ-
ent types of clones were not equally sensi-
tive to chemotherapy, with the slow-cycling 
clones being the most resistant and con-
tributing to tumour regrowth after therapy, 
illustrating that the cells that fuel tumour 
growth can be different from the cells that 
are responsible for tumour relapse54. These 
results, therefore, suggest that tumour pro-
gression is associated with clonal evolution 
in which TPCs may compose the units of 
genetic evolution and selection. Moreover, 
the generation of monoclonal tumours by 
xenotransplantation of single human colon 
cancer cells showed that tumour hetero-
geneity is not exclusively the consequence 
of genetic heterogeneity and is partially 
explained by the differentiation potential of 
individual tumour cells55.

Figure 3 | The TPC assay. To assess tumour-propagating potential, different 
populations of tumour cells are isolated by flow cytometry and transplanted 
into immunodeficient mice. A combination of a tissue-specific and lineage-
negative (LIN–) markers allows the isolation of tumour cells, which can then 
be separated in different subpopulations on the basis of cell surface marker 
expression or enzymatic activity. Transplanting limiting dilutions of tumour 
cells and assessing the fraction of transplanted cells giving rise to secondary 
tumours allows for the estimation of tumour-propagating cell (TPC) fre-
quency. Subsets of tumour cells giving rise to secondary tumours more  

frequently than unsorted tumour cells are enriched in TPCs. In certain cases, 
serial transplantation is required to distinguish a population of tumour cells 
with long-term self-renewal potential. Finally, some tumour cells may not 
form secondary tumours in the absence of stromal cells, owing to their strong 
dependence on the microenvironment. Transplantation constitutes a good 
approach to determine whether certain tumour cells have long-term self-
renewal properties, as well as the capacity to generate all the cell types that 
are found in primary tumours. However, this method does not indicate 
whether TPCs are responsible for tumour growth within the primary tumours.
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Heterogeneity without hierarchical organization
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response that occurs in mice against 
human cells is much more powerful 
and depends upon very different immu-
nological mechanisms than the syn-
geneic response in patients does. For 
these reasons, it is critical to distinguish 
between questions of potential that can 
be addressed in xenograft models and 
questions of fate that must be addressed 
in human tissues or in models of mouse 
cancer.

Underestimating Tumorigenic 
Potential
The xenogeneic immune response that 
mice mount against human cells is a 
critical variable that determines the 
ability of human cancer cells to engraft 
in mice. Even highly immunocompro-
mised NOD/SCID mice, lacking B and 
T cells, retain natural killer cells that 
reject most transplanted human cells 
(McKenzie et al., 2005). As human can-
cer cells are transplanted into increas-
ingly immunocompromised mice, fewer 
and fewer cells are required to transfer 
disease (Bonnet and Dick, 1997; Feur-
ing-Buske et al., 2003; Kennedy et al., 
2007; Quintana et al., 2008).

The use of NOD/SCID mice can 
underestimate the frequency of human 
cancer cells with tumorigenic poten-
tial due to the xenogeneic immune 
response in these mice. The percent-
age of melanoma cells that form tumors 
in NOD/SCID mice de!cient in the 
interleukin-2 receptor γ chain (IL2Rγnull 
mice), which lack T, B, and natural killer 
cells, is orders of magnitude higher 
than the percentage that form tumors 
in NOD/SCID mice. Although only ~1 in 
a million melanoma cells form tumors 
in NOD/SCID mice, 1 in 4 can form 
tumors in NOD/SCID IL2Rγnull mice 
when coinjected with Matrigel (Quin-
tana et al., 2008). Thus tumorigenic 
potential is a common attribute of cells 
in some human cancers, even though 
tumorigenic cells can appear to be rare 
in the NOD/SCID mouse transplanta-
tion assay.

Although this suggests that the fre-
quency of leukemogenic/tumorigenic 
cells in other cancers should be re-
evaluated in optimized assays, it does 
not necessarily mean that such cells 
will be as common in other cancers 
as they are in melanoma. Additional 

work is required to determine which 
cancers have common leukemogenic/
tumorigenic cells and which have rare 
leukemogenic/tumorigenic cells (Fig-
ure 1). This is a critical issue as models 
and therapies must account for the full 
spectrum of human cancer cells with 
the potential to contribute to disease.

Even highly immunocompromised 
NOD/SCID IL2Rγnull mice may underes-
timate the frequency of human cancer 

cells with tumorigenic potential due to 
differences between the mouse and 
human tissue environments. Incompat-
ibilities between mouse ligands and 
human receptors for certain growth 
factors and adhesion molecules may 
impair the survival, proliferation, or 
migration of human cells in mice. More-
over, human cancers are often hetero-
topically transplanted into mice (that is, 
transplanted into locations that differ 

Figure 2. Cancers Need Not Be Hierarchically Organized to Be Heterogeneous
CD133 expression distinguishes tumorigenic from nontumorigenic cancer cells in some brain tumors 
and some colon cancers (Singh et al., 2004; O’Brien et al., 2007; Ricci-Vitiani et al., 2007). However, the 
expression of CD133 (or other stem cell markers) by small subpopulations of cells in other cancers does 
not necessarily mean that these cells are cancer stem cells. CD133 expression was heterogeneous in 
melanomas from 6 of 12 patients (Quintana et al., 2008). 
(A) Representative CD133 staining in one of these melanomas (positive staining was de!ned using an 
isotype control). 
(B) A reanalysis of the CD133− (blue) and CD133+ (red) fractions after separation using magnetic beads. 
(C) When these cells were transplanted into NOD/SCID IL2Rγnull mice, both the CD133− and CD133+ frac-
tions of cells contained high frequencies of tumorigenic cells (D) (Quintana et al., 2008). The tumors that 
arose from CD133− cells and from CD133+ cells contained similar proportions of CD133− and CD133+ 
cells. This indicates that individual cancer cells can recapitulate the heterogeneity of the tumors from 
which they derive, even when there is no evidence that the cancer follows a cancer stem cell model or 
that tumorigenic cells are hierarchically organized.

Shackleton et al. (2009) Cell 138: 822-829



Efficient tumor initiation by single melanoma cells

Quintana et al. (2008) Nature 456: 593-598

derived from several patients (Supplementary Table 2). These
included markers of other cancer stem-cell populations, melano-
cytes, melanoma, neural-crest derivatives and other cell types.
Fifteen of these markers (A2B5, c-kit, CD44, CD49B, CD49D,
CD49f, CD54, CD133, CD166, E-cadherin, HNK-1, L1CAM,
MCAM, N-cadherin and p75) were heterogeneously expressed by
melanoma cells from multiple patients and were tested for the ability
to distinguish tumorigenic from non-tumorigenic melanoma cells in
vivo (Supplementary Table 2). In each case, melanoma cells were
fractionated by flow cytometry (except CD133, which was sometimes
fractionated using magnetic beads as in previous studies10,32) and cells
that expressed different levels of the indicated markers were injected
into NOD/SCID Il2rg2/2 mice. In every case, tumours arose from all
fractions of cells. We found no marker that distinguished tumori-
genic from non-tumorigenic cells (Supplementary Table 2). Detailed
results are shown for CD49f (a6 integrin, a marker expressed by many
different stem cells33) and L1CAM (which is associated with CD133
expression in glioma stem cells34) in Supplementary Fig. 5.

A previous study found that 1 in 120,735 (0.00083%) ABCB51

metastatic melanoma cells formed tumours in NOD/SCID mice, a

tenfold enrichment over unfractionated cells1. Because ABCB5
expression has been shown to correlate with the expression of
CD166 and CD133 (ref. 35), we tested whether CD166 or CD133 could
enrich tumorigenic melanoma cells in the modified xenotransplanta-
tion assay (Supplementary Fig. 6). The frequency of CD1331 cells in
tumours from 12 different patients was consistently lower (usually
lower than 5%) than the frequency of tumorigenic cells in the same
tumours (5–20%; Supplementary Fig. 6b). Moreover, CD1331 cells
were not enriched for tumorigenic melanoma cells. Both CD1331 and
CD1332 fractions from two different melanomas exhibited very high
frequencies of tumorigenic cells (Supplementary Fig. 6c). Flow cyto-
metry indicated that all of the resulting tumours contained both
CD1331 and CD1332 cells, irrespective of whether they were derived
from CD1331 or CD1332 cells (data not shown). Both CD1661 and
CD1662 fractions also contained very high frequencies of tumorigenic
melanoma cells (Supplementary Fig. 6f). We have therefore been
unable to identify any phenotypic differences that distinguish tumori-
genic from non-tumorigenic melanoma cells. These results raise the
possibility that markers that enrich rare cells with tumorigenic poten-
tial in NOD/SCID mice may fail to distinguish tumorigenic from non-
tumorigenic cells in assays that detect much higher frequencies of
tumorigenic cells, though more work will be required to test this fully.

Discussion

Our data demonstrate that modifications in xenotransplantation
assays can dramatically increase—by several orders of magnitude—
the detectable frequency of cells with tumorigenic potential. This
means that some cancers that appear to have rare tumorigenic cells
in NOD/SCID mice actually have very common cells with tumori-
genic capacity under other conditions. Other cancers may still have
infrequent tumorigenic cells, even when studied under optimized
conditions, but the frequency and phenotypic diversity of these cells
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Figure 3 | A high percentage of human melanoma cells are tumorigenic, but
normal human cells are not. a, Large doses of primary human melanocytes
and/or mesenchymal stem cells were mixed with Matrigel and transplanted
into NOD/SCID Il2rg2/2 mice. No tumours were palpable after 22 weeks.
The frequency of melanoma-initiating cells in 12 human tumours obtained
either from xenografts (b) or directly from patients (c) was calculated by
limiting dilution analysis. Tumours from patients 498 and 509 were primary
cutaneous lesions (cut), whereas other tumours were metastases
(Supplementary Table 1). In each case, live human melanoma cells were
isolated by flow cytometry, mixed in Matrigel and injected subcutaneously
into NOD/SCID Il2rg2/2 mice. Eleven per cent of melanoma cells from
xenografts and 25% of melanoma cells directly from patients formed
tumours within 32 weeks of transplantation. Weeks to palpability
(mean 6 s.d.) are indicated for the lowest dose of cells from each tumour.
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single human melanoma cells. a, Flow-cytometrically isolated human
melanoma cells derived from xenografts from four patients were diluted into
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by phase contrast microscopy. In control experiments, the presence of single
cells was confirmed by the observation of single nuclei with Acridine Orange
staining (inset) in 90 out of 90 cases. The single cells were mixed with
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Clonal analysis of tumor growth
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Self-renewal in adult SCs and CSCs
Different assays have been developed to 
monitor the self-renewal of SCs and CSCs. 
Serial passages of colonies or spheres 
in vitro, as well as serial transplantation of 
tumour cells, are frequently used to assess 
the long-term self-renewal capacities of 
SCs and CSCs. Similarly to the assessment 
of the long-term renewal properties of 
HSCs32,33, serial transplantation of tumour 
cell populations is required to assess the 
long-term renewal properties of tumour 
cells, as secondary tumours often reach the 
size that requires ending the experiment 
only a few weeks after their transplanta-
tion, precluding the assessment of their 
long-term renewal potential. In mouse 
SCC, TPCs are not enriched in primary 
tumour cells expressing high or low levels 
of the cell surface marker CD34 (REFS 50,56). 
However, TPC frequency increased in 
CD34hi and decreased in CD34low cells dur-
ing serial transplantations50 (FIG. 3). Likewise, 
spinocerebellar ataxia type 1 (SCA1; also 
known as ATXN1)-positive cells in mouse 

lung adenocarcinoma are enriched in 
TPCs that can be serially grafted, whereas 
SCA1-negative cells only give rise to small 
secondary tumours that cannot be serially 
transplanted57.

The genetic lineage-tracing approach has 
become the gold-standard assay to assess 
the fate and long-term renewal potential of 
epithelial SCs in their natural environment. 
It has also been used successfully to define 
their heterogeneity, renewal and differentia-
tion potential in many tissues during devel-
opment, homeostasis, repair and tumour 
initiation6,58,59. In mouse lineage-tracing 
experiments, transgenic animals express 
a drug-inducible Cre in a specific lineage 
together with a reporter gene. On Cre acti-
vation, the reporter gene is permanently 
expressed in the cells expressing the Cre 
and all their future progeny. The fraction of 
labelled cells that persist over time is indica-
tive of the renewal potential of these cells 
and the different types of differentiated 
cells represent the differentiation potential 
of SCs.

Lineage tracing in the gut and the epi-
dermis showed that labelled SCs and their 
progeny could persist up to 1 year following 
their initial labelling, demonstrating their 
long-term self-renewal capacities21,60,61. SCs 
in these tissues divide asymmetrically to 
maintain the pool of SCs and to give rise 
to committed progenitors with restricted 
renewal potential, which generate terminally 
differentiated cells that are lost over time. 
Interestingly, in both the intestine62 and 
epidermis61, clonal analysis revealed that the 
balance between self-renewal and differen-
tiation is achieved at the population level but 
that SC fate decision occurs stochastically at 
the cellular level61–64. SCs can also undergo 
symmetric differentiation, leading to the 
loss of some SCs, meaning that SCs are not 
always long-lived.

Several studies have recently used 
lineage tracing in pre-existing tumours to 
assess the fate of individual tumour cells65,66 
in their native environment (FIG. 4). Our 
group carried out clonal labelling of skin 
tumours and assessed the persistence and 

Figure 4 | Clonal analysis to assess the mode of tumour growth. Clonal 
analysis by genetic lineage-tracing experiments allows the assessment of 
the fate of individual tumour cells during tumour growth. In this example, 
a low dose of tamoxifen is administered to mice bearing skin tumours and 
expressing Cre recombinase fused to oestrogen receptor (Cre–ER) under 
the control of a promoter targeting proliferative tumour cells together 
with a reporter gene. Tamoxifen administration should lead to the label-
ling of cells (indicated by cells in green) that are sufficiently distant from 

each other to assess the fate of individual labelled cells over time. These 
quantifications allow the determination of clone survival and growth 
potential. Mathematical modelling of the clonal fate data can be used to 
predict the proliferation dynamics that lead to clonal diversity. These pre-
dictions can then be tested and challenged by new experiments to refine 
the model. Using this approach, several studies have already demon-
strated the existence of cancer stem cells (CSCs) in different mouse models 
of solid tumours65,66,74,75. 
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Lineage tracing of clonal evolution in prostate cancer

Tshering et al. (2023) Dev. Cell 58: 1071-1086Schepers et al. (2012) Science 337: 730-735
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Evolutionary history of a lethal prostate cancer

Haffner et al. (2013) J. Clin. Invest. 123: 4918-4922

brief report

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 11   November 2013 4921

which suggests that generation and selection of a cell clone harbor-
ing these alterations was a later event, likely arising after androgen 
deprivation therapy (Supplemental Figure 3). Furthermore, a lung 
lesion that was biopsied 16 months prior to autopsy showed no evi-
dence for ALT and ATRX alterations, despite having the PTEN, TP53, 
and SPOP mutations, amplification of AR, and high proliferation 
rates (Ki-67 index, >25%) similar to those of the autopsy metastases 
(Figure 3 and Supplemental Figures 9 and 10). This indicates that 
the ATRX alteration may represent a very late event in this case.

Interestingly, the lymph node metastasis resected at radical 
prostatectomy did not harbor PTEN, SPOP, TP53, or ATRX muta-

tions (Supplemental Figures 9 and 10), suggestive of an indepen-
dent clonal/subclonal origin of this lesion. This finding provides 
proof-of-concept of the potential utility of repeated longitudinal 
evaluation of lesions during clinical management in order to effec-
tively target the evolving spectrum of molecular alterations during 
progression (21–24). These observations also suggest that mul-
tiple tumor clones may arise, regress, and evolve during disease 
progression and treatment, similar to what has been observed for 
other cancers (21–24). However, the degree of clonal heterogene-
ity within the primary tumor and between the primary tumor 
and distant metastases may vary significantly in different tumor 

Figure 3
Molecular and pathological findings in the primary tumor and their clonal relationship to the distant metastases. (A) PTEN staining in a cross-section of 
the primary prostatectomy specimen (LA, left anterior; RA, right anterior; LP, left posterior; RP, right posterior). Individual tumor areas that were further 
analyzed are indicated; green dotted outline denotes areas containing tumor glands. P1 was the only lesion in the primary tumor devoid of PTEN stain-
ing in neoplastic cells. The adjacent P2 stained positive for PTEN, and in this regard was representative of the bulk tumor outside P1. Arrows indicate 
tumor cells. Note that the surrounding normal stroma showed strong immunoreactivity for PTEN. Original magnification, =2 (top); =40 (bottom). Scale 
bar: 10 mm. (B) Summary of the analyzed consensus genomic alterations in the primary tumor and metastases. The presence and absence of the 
consensus mutations are denoted by blue and gray, respectively. (C) Proposed model of disease progression in this index case, based on sequencing 
and molecular pathological analyses. Phylogenetic relationships of distant metastases were calculated based on structural rearrangements.
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which suggests that generation and selection of a cell clone harbor-
ing these alterations was a later event, likely arising after androgen 
deprivation therapy (Supplemental Figure 3). Furthermore, a lung 
lesion that was biopsied 16 months prior to autopsy showed no evi-
dence for ALT and ATRX alterations, despite having the PTEN, TP53, 
and SPOP mutations, amplification of AR, and high proliferation 
rates (Ki-67 index, >25%) similar to those of the autopsy metastases 
(Figure 3 and Supplemental Figures 9 and 10). This indicates that 
the ATRX alteration may represent a very late event in this case.

Interestingly, the lymph node metastasis resected at radical 
prostatectomy did not harbor PTEN, SPOP, TP53, or ATRX muta-

tions (Supplemental Figures 9 and 10), suggestive of an indepen-
dent clonal/subclonal origin of this lesion. This finding provides 
proof-of-concept of the potential utility of repeated longitudinal 
evaluation of lesions during clinical management in order to effec-
tively target the evolving spectrum of molecular alterations during 
progression (21–24). These observations also suggest that mul-
tiple tumor clones may arise, regress, and evolve during disease 
progression and treatment, similar to what has been observed for 
other cancers (21–24). However, the degree of clonal heterogene-
ity within the primary tumor and between the primary tumor 
and distant metastases may vary significantly in different tumor 

Figure 3
Molecular and pathological findings in the primary tumor and their clonal relationship to the distant metastases. (A) PTEN staining in a cross-section of 
the primary prostatectomy specimen (LA, left anterior; RA, right anterior; LP, left posterior; RP, right posterior). Individual tumor areas that were further 
analyzed are indicated; green dotted outline denotes areas containing tumor glands. P1 was the only lesion in the primary tumor devoid of PTEN stain-
ing in neoplastic cells. The adjacent P2 stained positive for PTEN, and in this regard was representative of the bulk tumor outside P1. Arrows indicate 
tumor cells. Note that the surrounding normal stroma showed strong immunoreactivity for PTEN. Original magnification, =2 (top); =40 (bottom). Scale 
bar: 10 mm. (B) Summary of the analyzed consensus genomic alterations in the primary tumor and metastases. The presence and absence of the 
consensus mutations are denoted by blue and gray, respectively. (C) Proposed model of disease progression in this index case, based on sequencing 
and molecular pathological analyses. Phylogenetic relationships of distant metastases were calculated based on structural rearrangements.

Downloaded on November 12, 2013.   The Journal of Clinical Investigation.   More information at  www.jci.org/articles/view/70354
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Complex heterogeneity in metastatic prostate cancer

Gundem et al. (2015) Nature 520: 353-357

despite a median sequencing depth of 4713 (Supplementary Informa-
tion, section 4e).

Mutations found subclonally in the prostate tumour but clonally in
all metastases expose the metastasizing subclone in four cases: A22, A29,
A31 and A32. In each of these patients, phylogenetic reconstruction
indicates that the metastases are derived from a minor subclone, en-
compassing fewer than 50% of the tumour cells. In three cases (A32,
A10 and A34), more than one subclone from the primary tumour was
involved in seeding of metastases, indicating that multiple subclones
achieved metastatic potential (Supplementary Information, section 4e).
In the case of A31 and A32, driver alterations that could confer selective
advantage on the metastasising subclone(s) were identified (Fig. 2).
In A32, both copies of TP53 as well as one copy of PTEN, RB1 and
CDKN1B21 were inactivated early in tumour evolution (Fig. 2). Addi-
tional aberrations occurred separately in the purple and mid blue sub-
clones to achieve homozygous inactivation of these tumour suppressor
genes via independent mechanisms (Supplementary Information, sec-
tion 4e). In A31, a PPP2R5A deletion and an AR duplication occurred
in the metastasising subclones (purple or orange); interestingly, the pink

cluster showed no evidence of metastatic spread, despite displaying
many important oncogenic alterations including events affecting TP53
and MLL3 (also known as KMT2C; Fig. 2, Extended Data Figs 3a and 8a).

Annotation of oncogenic/putative oncogenic alterations (Supplemen-
tary Information, section 4c; Supplementary Table 2; Extended Data
Table 2) on the phylogenetic trees provides some insight into the se-
quence of oncogenic events that take place during metastatic progres-
sion under ADT. The tumour cells in each patient share a common
clonal origin (Fig. 2, grey clusters). In all patients but one (A34), this
mother clone represents the largest cluster of mutations (range 40–90%
of all mutations) and contains the majority of driver mutations (Figs 2
and 4a, b) similar to previous observations in pancreatic cancer22. In con-
trast, oncogenic alterations disrupting genes important for AR signalling
were rarely on the trunk. All patients had at least one alteration directly
affecting the AR locus or genes involved in AR signalling, with wide-
spread heterogeneity and convergent evolution observed across mul-
tiple samples from the same patient.

In the great majority of cases, aberrations in AR signalling seem to
have occurred after metastatic spread, although A21 and A24 are excep-
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Progenitor cells and the origin of cancer
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Cell types of the adult prostate

Toivanen and Shen (2017) Development 144: 1382-1398
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Lineage hierarchy and origin of breast cancer

Visvader and Stingl (2014) Genes Dev. 28: 1143-1158

2010; Bai et al. 2012). In all of these cases, the luminal
progenitor rather than the MaSC emerged as the cell of
origin for basal-like cancers developing in these carriers.
Thus, the genetic background of these individuals ap-
pears to have preprogrammed cells specifically within the
luminal lineage toward a basal-like phenotype.

Genetic lesions also contribute to tumor heterogeneity,
although their precise role in the generation of intertu-
moral breast heterogeneity is yet to be established.
Nevertheless, a number of genome-wide sequencing
studies of breast cancers have identified a plethora of
somatic mutations that are common to specific subtypes
of breast cancer (for review, see Ellis and Perou 2013).
Figure 6 indicates some of the recurrent somatic alter-
ations associated with breast cancer subtypes. Of note,
mutations in the tumor suppressor p53 and activating
mutations in PIK3CA are commonly found across the
different subtypes. The tumor suppressor retinoblastoma
Rb is frequently associated with luminal B and triple-
negative tumors, and targeted mouse models have shown
that inactivation of Rb1 in mammary epithelial progen-
itor cells can recapitulate these subtypes, thus supporting
a role for genetic lesions in directly influencing tumor
histopathology (Jiang et al. 2010). The recent observation
that different cancer subtypes could arise from BLG-cre
targeted cells in different genetic backgrounds indicated
that genetic drivers are important determinants of phe-
notype, but the precise cell types in which the genes were
inactivated are yet to be defined (Melchor et al. 2014).
Although both the initiating genetic events and the ‘‘cell
of origin’’ inevitably act in concert to determine tumor
pathology and behavior, the microenvironment also plays

a pivotal role in influencing the course of tumorigenesis
(Polyak and Kalluri 2010).

Concluding remarks

Many questions and challenges lie ahead for the mam-
mary gland field. What is the complexity within the
MaSC compartment? Can quiescent stem cells be pro-
spectively isolated, given that only cycling cells can be
tracked in vivo by lineage tracing? What are the constit-
uents of the niches for putative quiescent and activated
stem cells? There is increasing evidence that signals from
the mammary microenvironment can contribute to mam-
mary epithelial cell specification (Booth et al. 2008b), but
the nature of these instructive signals and the cell types
from which they emanate remain elusive. What is the
functional interrelationship between ER+ and ER! pro-
genitor cells? Are ER+ cells stochastically generated from
ER! cells, and do they exist in a state of flux? Do ductal
and alveolar luminal cells arise from their own lineage-
restricted precursors? Are unipotent lineage-restricted
stem cells a separate entity, or do committed progenitor
cells account for these functions? Further insight into
these questions, including the number of distinct stem
and progenitor subtypes and the degree of plasticity
inherent within the hierarchy, will demand the continued
isolation of highly purified populations, transplantation
assays, and in vivo cell fate mapping studies. These studies
hold the promise of eventually identifying the ‘‘cells of
origin’’ of cancer and novel biomarkers expressed by them,
which may enable earlier detection of breast cancer and
the development of effective preventive therapies.

Figure 6. Schematic model of the human breast epithelial hierarchy and potential relationships with breast tumor subtypes. The five
major tumor types are shown linked to their closest normal epithelial counterpart based on gene expression profiling. The HER2+

subtype could originate through amplification of the HER2 locus in a luminal target cell that is either ER+ or ER!. Examples of
commonly mutated genes in the different subtypes of breast cancer are indicated.

Visvader and Stingl
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Basal cell of origin for human prostate cancer?

Goldstein et al. (2010) Science 329: 568-571

Fig. 2. A model of PIN initiated in primary
basal cells. (A) Schematic of cell sorting,
lentiviral infection (with bicistronic vector
encoding activated/myristoylated AKT, ERG,
and the fluorescent marker RFP), and
transplantation to induce initiation of PIN.
LTR, long terminal repeat; IRES, internal
ribosome entry site; CMV, cytomegalovirus.
(B) Images of H&E-stained sections of grafts
derived from transduced basal and luminal
cells. Scale bars, 50 mm. (C) Immunohisto-
chemistry of basal cell–derived lesions demon-
strates prominent nuclear expression of AR,
with retention of p63+ cells, and cytoplasmic
staining for PSA and AMACR within PIN
lesions. Scale bars, 50 mm. (D) Serial sec-
tions of basal cell–derived PIN (solid arrow)
next to a benign tubule (open arrow) that
was not infected with lentivirus. High lev-
els of expression of RFP (red), membrane-
bound phospho-AKT (brown), and nuclear
ERG (green) in PIN (solid arrow) but not
in the neighboring uninfected benign tu-
bule (open arrow) are shown. Scale bars,
100 mm.

Fig. 3. A model of prostate cancer ini-
tiated in primary basal cells. (A) Sche-
matic of cell sorting, double lentiviral
infection (with GFP-encoding AR vector
and bicistronic AKT/ERG vector), and
transplantation to induce initiation of
prostate cancer. (B and C) High-power
images show similar staining patterns
between basal cell–derived human pros-
tate cancer (B) and clinical human pros-
tate cancer (C). H&E insets demonstrate
hyperchromatic nuclei with visible nucleo-
li at high magnification. Cancer lesions
are positive for AR, AMACR, and PSA and
do not express the basal cell marker p63.
Scale bars, 50 mm. Low-power images
provided in fig. S6 demonstrate the het-
erogeneity of disease grade in both clin-
ical human prostate cancer and basal
cell–derived human prostate cancer, with
coexistence of benign, PIN, and cancer
structures.
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Luminal cell of origin in organoid culture

Chua et al. (2014) Nat. Cell Biol. 16: 951-961




Plasticity of basal cells during tumor initiation

Homeostasis and regeneration: CK5-CreERT2/+; R26R-YFP/+

Tumor initiation: CK5-CreERT2; Ptenflox/flox; R26R-YFP/+

Wang et al. (2013) Nat. Cell Biol. 15: 274-283



Cell lineages and origin of prostate cancer
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Luminal cells are favored cells of origin for 
prostate cancer

Wang et al. (2014) Cell Rep. 8: 1339-1346
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Initiation of ERG-positive tumors from hybrid 
basal-luminal cells

Feng et al. (2025) Nature Genet. 57: 2177-2191
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dependence of the assay. Of six candidate TFs tested (representing AP-1, 
NF-κB, NFAT and STAT), only Stat3 deletion led to a reduction in graft 
weight similar to that seen with ERG deletion (Fig. 6g). We therefore 
focused on STAT3 for further analysis, recognizing that AP-1 and NF-κB 
cannot be fully eliminated as candidates due to redundancy of other 
proteins within the same family that might compensate for single gene 
deletion. Prostate adenocarcinomas developed in all mice transplanted 
with nontargeting (NT) sgRNA organoids but not in those in which 
either ERG or Stat3 was deleted (Fig. 6h). The few residual areas of ERG+ 
adenocarcinoma that retained Stat3 expression likely represent cells 
that escaped Stat3 knockout (Fig. 6h).

Having defined an ERG-specific chromatin context associated with 
tumor initiation, we postulated that the transcriptional programs acti-
vated by ERG likely involve one or more chromatin modifying enzymes. 
Using the single-cell data we identified two candidates (Kmt2a, Dot1l) 
highly and preferentially expressed in IM cells from PC and EPC mice 
(Fig. 7a). Of these, KMT2A messenger RNA expression also correlated 
with ERG-positive human PCa (Fig. 7b). Furthermore, the only two 
ETS-positive PCa cell lines examined in DepMap both show selective 
dependency on both KMT2A and DOT1L relative to seven ETS-negative 
PCa cell lines (Fig. 7c). Finally, sgRNA knockdown of either Kmt2a 
or Dot1l impaired ERG-induced luminal lineage specification in the 
organoid assay described earlier, providing evidence both enzymes 
play a role in ERG function (Fig. 7d) (see also Fig. 3h).

In light of the development of pharmacological inhibitors for 
KMT2A (Menin inhibitors)84–86 and DOT1L41,87,88, we evaluated both 
Kmt2a and Dot1l in the same ERG-dependent in vivo tumorigenic-
ity model used earlier for Stat3. Remarkably, both Kmt2a and Dot1l 
deletion impaired the growth of EPC-derived tumors to a comparable 
magnitude as that seen with ERG deletion (Fig. 7e–g and Extended 
Data Fig. 10a). As with the Stat3 experiments, the small foci of resid-
ual adenocarcinoma remaining in Kmt2a and Dot1l sgRNA ortho-
grafts retained target protein expression (Kmt2a/Mll1) or activity 
(H3K79me2 for Dot1l) (Extended Data Fig. 10b,c), further supporting 
the critical dependency of ERG-driven cancer on Kmt2a/Mll1 and 
Dot1l. Interestingly, Men1 (encoding Menin) sgRNA did not impair 

ERG-dependent tumor growth despite efficient reduction of Menin 
protein levels in tumors (Fig. 7h and Extended Data Fig. 10d), raising 
the possibility of ERG/KMT2A cooperativity through a mechanism 
independent of Menin.

Discussion
ERG translocations are the presumed driver event in nearly half of 
PCa in Western cohorts (~150,000 new cases per year), yet we have 
limited insight into precisely how ERG initiates PCa. This lack of under-
standing is, in part, due to limited availability of human PCa cell lines, 
patient-derived xenografts or organoid models that retain ERG expres-
sion. Through a combination of lineage tracing experiments coupled 
with cell-type-specific activation of ERG in basal versus luminal cells, 
we find that ERG-driven PCa initiate in a rare subset of basal cells pre-
sent in healthy mouse and human prostates (which we call BasalLum 
cells) that coexpress various canonical luminal lineage genes including, 
importantly, TMPRSS2. Upon ERG activation, BasalLum cells give rise 
to the highly proliferative IM cells, which subsequently differentiate 
into invasive luminal adenocarcinomas (Fig. 8). These findings help 
refine previous conclusions using various mouse and human models 
that implicate both basal and luminal cells as cells of origin for PCa31–40.

Taking advantage of recent advances that make it possible to 
profile transcriptomic and chromatin landscape changes at single-cell 
resolution, we then interrogated disease initiation and progression 
over time in an ERG GEMM model that accurately models ERG-driven 
disease initiation and progression. Through this analysis we identified a 
subfraction of highly proliferative epithelial cells with multi-lineage fea-
tures (basal, luminal, hillock, club) (IM cells) that appear within weeks 
of ERG activation and give rise to the invasive luminal adenocarcinomas 
that represent the clinical manifestation of the disease. Postulating 
that this IM cell subpopulation reflects a cellular context optimally 
primed to respond to the oncogenic potential of ERG, we searched for 
transcriptomic and chromatin landscape features uniquely present 
in ERG+ IM cells versus ERG+ luminal cells. This analysis revealed an 
ERG-specific chromatin state exclusively in IM cells, with selective 
enrichment in regions of newly open chromatin of binding motifs for 
ERG, NF-κB, AP-1, NFATC1 and STAT3, as well as elevated expression of 
the lysine methyltransferases KMT2A/MLL1 and DOT1L (Fig. 8).

To test whether these IM-specific differences in chromatin modify-
ing enzyme expression and TF motif accessibility are linked with the 
oncogenic potential of ERG, we developed an ERG-dependent in vivo 
tumorigenicity assay through which we could efficiently score the con-
sequences of perturbing each candidate (via CRISPR deletion). STAT3, 
KMT2A/MLL1 and DOT1L emerged as clear hits from these in vivo stud-
ies, with all three blocking tumorigenicity at levels comparable to that 
seen with ERG deletion. The fact that ERG remains robustly expressed 
in regions where Stat3-, Kmt2a- or Dot1l-deleted cells persist (as small 
noninvasive clusters) suggests that ERG may partner with all three 
proteins to activate tumorigenicity programs. Furthermore, prostate 
data from DepMap, albeit limited due to the small number of prostate 
cell lines evaluated, suggest that ERG/ETS+ human PCa cell lines may 
be selectively dependent on KMT2A and DOT1L (Fig. 7c).

The fact that pharmacological inhibitors of KMT2A/MLL1, DOT1L 
and STAT3 are in various stages of clinical investigation begs the ques-
tion of whether these compounds may have activity in PCa41,84,85,88,89. 
KMT2A/MLL1 has been previously implicated as a dependency in cas-
tration resistance PCa due to its role as a co-activator of AR signaling90. 
The in vivo sensitivity to Menin/MLL1 inhibition reported in this earlier 
work is based on ERG+ (VCaP) and ETV1+ (LNCaP/AR) PCa xenograft 
models, raising the possibility that these phenotypes may in fact be 
a consequence of ETS-specific dependencies. It is also worth noting 
that KMT2/MLL1 dependency has been reported for gastrointestinal 
stromal tumors91, a KIT-driven malignancy that is also ETS depend-
ent based on the lineage requirement for ETV1 in interstitial cells of 
Cajal, the cell of origin for gastrointestinal stromal tumors92. Thus, 
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Fig. 8 | Model on cell context dependency of ERG oncogenicity. ERG 
translocations (in the context of PTEN loss) that occur in a subset of basal cells 
with luminal transcriptomic features (BasalLum cells) enter a highly proliferative 
multi-lineage IM state that, in turn, drives invasive cancer with luminal 
differentiation. By contrast, ERG translocations that originate in luminal cells 
may develop intraductal hyperplasia but fail to progress to invasive cancer. 
The basal-derived IM cells provide a chromatin context to support maximal 
ERG-driven chromatin changes, featuring TFs (NF-κB, AP-1, NFAT, STAT) in 
addition to ERG and epigenetic regulators (MLL1, DOT1L).
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(also known as Lum_L2 or LumP) that express stem-like markers (Sca1, 
Trop2) and have increased regenerative potential48,70,71 are more abun-
dant in EPC and PC mice (Fig. 4a–c and Extended Data Fig. 7g–j) (together 
designated Lum_Mut)72. Most striking, however, are two cell clusters (1, 
10) that coexpress basal (Krt5/14/15/17, Trp63) and luminal (Krt8/18/19, 
Cd24a, Foxa1) lineage genes, which we collectively refer to as IM, based 
on earlier use of this terminology (Fig. 4d–f and Extended Data Fig. 7k).

Differential gene expression analysis of IM cells revealed elevated 
stemness, MYC, NF-κB, Stat signatures, cellular processes related to 
RNA processing and translation, as well as growth factor signaling 
specifically in IM cells in EPC mice (Fig. 4e,g, Extended Data Fig. 7l and 
Supplementary Tables 2 and 3). Cluster 10 is noteworthy for increased 
S and G2/M cycle scores and elevated levels of Ki67, Top2a and Pcna, 
indicative of high proliferation. IM cells also express marker genes seen 
in Hillock and club cells (Fig. 4e,f), two stem-like epithelial subtypes of 
lung and prostate involved in tissue regeneration73–76.

Relevance of IM state in ERG+ human prostate cancer
To determine whether the expanded IM population seen in GEMMs is 
relevant in human PCa, we first verified that gene sets identified through 
single-cell analysis of our EPC mice are present in single-cell data from 
ERG+ human PCa (Fig. 4g,h, Extended Data Fig. 8a, Supplementary 
Table 3 and Supplementary Note 5). To explore whether the IM cell state 
in ERG+ GEMMs is present in human PCa, we first noted that IM cells in 
EPC mice have reduced AR target gene signature expression compared 
with luminal cells, consistent with the fact that they are in transition 
between basal and luminal cell states (Extended Data Fig. 8b). Simi-
larly, ERG+ human PCa (particularly those with concurrent PTEN loss) 
display reduced AR pathway activation, reduced luminal signatures 
and elevated GEMM-derived IM signatures, as measured transcription-
ally in single-cell and bulk RNA-seq datasets (Fig. 5a,b). We next asked 
whether luminal or IM cell state signatures derived from ERG+ GEMMs 
might distinguish between different clinical outcomes in ERG+ human 
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Fig. 5 | IM signatures are associated with a worse outcome in ERG+ patients. 
a, Expression of basal/IM and luminal signatures across indicated scRNA-seq 
cell types from human primary PCa52. b, Expression of basal/IM and luminal 
signatures in bulk RNA-seq data of primary human PCa, separated based on 
ERG and PTEN statuses. E, ERG-fusion-positive (n = 141); P, PTEN deep deletion 
(n = 23); EP, ERG-fusion-positive and PTEN deep deletion (n = 62); DN, ERG-fusion-
negative, PTEN deep deletion-negative (n = 268). The center line represents the 

median, the box limits represent the upper and lower quartiles, and the minimum 
and maximum whiskers represent the 10th and 90th percentiles, respectively. 
c, Progression-free survival outcome using indicated signatures from two 
independent cohorts of patients with primary PCa, stratified based on ERG 
status. Data represent mean ± s.d.; one-way ANOVA with Tukey posttest to correct 
for multiple comparisons (b); log-rank (Mantel–Cox) test (c).



Human prostate tumor-repopulating cells

Bioassay to identify prostate cancer repopulating cells 

- 9 -

Toivanen et al. (2011) Stem Cells 29: 1310-1314



Two types of tumor-initiating cells in prostate xenografts

  

Qin et al. (2012) Cell Stem Cell 10: 556-569
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Lineage plasticity in development and cancer

CA02CH15_Abate-Shen ARI 21 December 2017 14:5

Cell fate
determination:
process by which a cell
assumes a specific
differentiated state

Differentiation:
process by which a less
specialized cell
acquires properties of
a more specialized cell,
usually a mature
functioning cell

Progenitor cell: cell
that can differentiate
into more specialized
cell types within a
tissue

Cellular identity: the
features of a cell that
are associated with its
differentiation state

Cellular plasticity:
ability of a cell to
change from one
identity to another

Senescence: process
by which cells stop
dividing and enter a
state of permanent
growth arrest without
undergoing cell death

INTRODUCTION: ROLLING BACK UP WADDINGTON’S HILL
Since the nineteenth century, studies of classical embryology supported a central dogma that
the process of cellular differentiation is progressive, unidirectional, and essentially irreversible.
Thus, starting with a pluripotent progenitor cell that can generate all somatic cell types within the
embryo, specification events progressively restrict cell fates and ultimately lead to the generation
of fully differentiated cell types. Through this process, cell fates become determined and can no
longer be reversed or altered. Thus, the process of cell fate determination can be metaphorically
likened to a ball rolling down a hill: A common starting point leads to multiple distinct paths, but
once a certain path has been selected, there is no turning back (Waddington 1957) (Figure 1).

However, studies over the past several decades have revealed that many differentiated cell types
have a greater potential for altering their identity than previously appreciated. It is now realized
that cellular plasticity, or the ability of differentiated cells to change their identity, is relatively
common in normal physiological contexts, as well as in cancer. Since the term “plasticity” is not
always used appropriately in the literature, we restrict our discussion of plasticity to scenarios in
which meaningful experimental evidence supports a phenotypic alteration in differentiation status.
Cellular plasticity may occur in response to physiological stresses, such as injury, inflammation,
or senescence, or may be a consequence of oncogenic stimuli. Such plasticity may have profound
implications for tumor progression, since it can provide a mechanism for cancer cells to evade
detection and treatment or to escape from the confines of the primary tumor.

The conceptual framework underlying cellular determination and plasticity was established
using experimental models that are amenable for direct analysis of lineage relationships in vivo. In
contrast, it is more challenging to unequivocally demonstrate lineage plasticity in human tumors.
Therefore, we first introduce conceptual aspects of lineage plasticity as understood in develop-
mental contexts, and then discuss their relationship to cancer. We describe the advantages and
disadvantages of experimental approaches that have been used to study plasticity and their appli-
cation to cancer biology. Finally, we discuss examples of lineage plasticity in cancer initiation and

Di!erentiationDi!erentiation

Stem cell

Di!erentiated cell typesDi!erentiated cell types

Dedi!erentiationTransdi!erentiation
(direct)

Transdi!erentiation
(direct)

ReprogrammingReprogramming

(Indirect)(Indirect)

Figure 1
Waddington’s (1957) landscape of differentiation, depicting the process of differentiation of a stem cell into
distinct cell types, visualized as a ball rolling down a hill. Pathways of dedifferentiation, transdifferentiation
(both direct and indirect), and reprogramming are indicated. Adapted from Waddington (1957, p. 29,
figure 4) with permission from Taylor & Francis.
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“ability of a cell to change from one identity to another ” 

Le Magnen et al. (2018) Annu. Rev. Cancer Biol. 2: 271-289

A phenotypic change in cellular state at the 
single-cell level, often in response to 
microenvironmental signals or drug treatment

Can occur through alterations at the 
genomic, epigenetic, transcriptional, or post-
transcriptional level

Can be reversible or irreversible

Can be difficult to distinguish from clonal 
selection at the population level



Lineage plasticity in castration-resistant prostate cancer
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Nkx3.1CreERT2/+; Ptenflox/flox; Trp53flox/flox; R26R-YFP (NPp53)

Transdifferentiation of luminal to neuroendocrine cells

Zou et al. (2017) Cancer Disc. 7: 736-749Zou et al. (2017) Cancer Disc. 7: 736-749


Luminal cells
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treatment
failure

“proliferative
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Neuroendocrine organoid lines from NPp53 mice

Zou et al. (2017) Cancer Disc. 7: 736-749Li et al. (2025) Nature, in press




Three distinct cell clusters in neuroendocrine organoids



Lineage-tracing analysis of transdifferentiation

Zou et al. (2017) Cancer Disc. 7: 736-749
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Neuroendocrine transdifferentiation in culture

Zou et al. (2017) Cancer Disc. 7: 736-749

Separate NPPO-1 NE and nonNE cells by flow sorting, mark nonNE cells with H2B-RFP and co-culture



scRNA-seq analysis of transdifferentiation



Screen for differential expression of epigenetic marks



Epigenetic marks at NE gene loci

Zou et al. (2017) Cancer Disc. 7: 736-749



NSD2 expression is prognostic for poor survival outcomes



Nsd2 KO reverts neuroendocrine phenotypes



Synergy of Nsd2 KO with enzalutamide treatment

Zou et al. (2017) Cancer Disc. 7: 736-749



Zou et al. (2017) Cancer Disc. 7: 736-749
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Key takeaways
“Stemness” in cancer is defined by functional assays that each 
have advantages and limitations


Cancer stem cells are a useful concept but may not be readily 
identifiable in all cancers and/or tumor stages 


Differences in cell of origin may be relevant in some cases for 
determining tumor properties and patient outcomes


Cancer stem cells may not represent a well-defined entity in 
“high-plasticity” tumors 


