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Stem cells in cancer initiation and progression
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While standard therapies can lead to an initial remission of aggressive cancers, they are often only a transient solution. The
resistance and relapse that follows is driven by tumor heterogeneity and therapy-resistant populations that can reinitiate
growth and promote disease progression. There is thus a significant need to understand the cell types and signaling
pathways that not only contribute to cancer initiation, but also those that confer resistance and drive recurrence. Here, we
discuss work showing that stem cells and progenitors may preferentially serve as a cell of origin for cancers, and that cancer
stem cells can be key in driving the continued growth and functional heterogeneity of established cancers. We also describe
emerging evidence for the role of developmental signals in cancer initiation, propagation, and therapy resistance and discuss
how targeting these pathways may be of therapeutic value.

Introduction
Cancers arise from a series of mutations or genomic alterations
that provide a cell with an extensive ability to evade pro-
apoptotic and growth-inhibitory signals and to be self-sufficient
in growth signals that enable them to divide endlessly (Nowell,
1974). Other genetic alterations in these cells aid angiogenesis,
tissue invasion, and metastasis (Fearon and Vogelstein, 1990;
Hanahan and Weinberg, 2000, 2011). The rarity of cancers and
the time needed for them to develop reflect the low probability of
any one cell acquiring the correct set and sequence of mutations.
In addition, cancer-initiating mutations are likely to arise in
primitive tissue stem cells as these naturally self-renew and
persist long-term, allowing accumulation of the necessary mu-
tations. Alternatively, transforming events could occur in early
progenitors if the mutations confer these cells with self-renewal
capacity (Tan et al., 2006). Consistent with this, several groups
have experimentally verified that both the resident tissue stem
cells and progenitors can serve as cells of origin in hematological
cancers as well as in solid tumors.

After establishment and initiation, how a tumor continues to
propagate itself is a key question with implications for therapy.
The conventional view of tumor propagation has been that most
cancer cells have the capability to proliferate extensively and
form new tumor cells. This model, however, could not explain
why large numbers of cancer cells were needed to initiate cancer
in vivo (Bruce and Van Der Gaag, 1963) and the low frequency
of colonies seen when cancer cells were plated in vitro. The
fact that tumors are heterogeneous, and have a limited subset
of cells with the potential to drive cancer growth, was first

demonstrated in acute myeloid leukemia (AML; Bonnet and
Dick, 1997; Lapidot et al., 1994). The identification of malignant
stem cells in leukemia initiated a search for similar populations
in solid tumors, and about a decade later, a small population of
cells with tumor-initiating properties were identified in mam-
mary cancers (Al-Hajj et al., 2003) and in brain cancers that
preferentially gave rise to tumors in immunodeficient mice
(Singh et al., 2003, 2004).

Similar to stem cells, cancer stem cells (CSCs) have been
thought of as cells at the top of a hierarchy ofmore differentiated
cell populations (Fig. 1 A). CSCs have also emerged as being
particularly drug resistant (Fig. 1 B; Adhikari et al., 2010; Dick,
2008; Hambardzumyan et al., 2006; Liu et al., 2006a; Lytle et al.,
2018; Reya et al., 2001), another property enriched in stem cells.
Beyond the structural similarities between normal stem cells
and CSCs in terms of hierarchical organization, another shared
hallmark is the utilization of developmental signaling pathways
both during initiation and propagation. Shared gene expression
patterns of leukemia (Gentles et al., 2010) and brain tumor stem
cells with their normal counterparts (Yan et al., 2011) suggests
that they use and depend on developmental and stem cell pro-
grams. Since cancers co-opt normal stem cell signals to promote
malignant growth, there is increased interest in targeting these
pathways to control disease progression. In this review, we
discuss the origin of cancer, highlight the functional character-
ization of cancer initiating cells/CSCs in established tumors, and
describe strategies targeting intrinsic stem cell signals, as well as
supportive signals from the niche, in an effort to improve
therapeutic outcomes.
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Cell of origin
Hematological malignancies
Chronic myeloid leukemia (CML) is the classic example of a
disease where the initiating oncogenic event (the BCR-ABL
translocation) occurs in the hematopoietic stem cell (HSC). This

concept was proposed in the early 1950s because patients were
found to have BCR-ABL mutations in multiple hematopoietic lin-
eages (Dameshek, 1951; Tough et al., 1963; Whang et al., 1963).
Later experiments confirmed that only BCR-ABL–expressingHSCs
and not progenitor cell populations are capable of recapitulating

Figure 1. Normal and CSC hierarchy. Normal stem cells and
CSCs can self-renew and differentiate into more mature cells.
(A) Normal stem cells generate the progenitors and mature
tissues of the body while CSCs generate more cancer cells.
(B) Tumors treated with chemotherapy can leave residual
chemoresistant CSCs that can regrow a tumor, whereas CSC
targeted therapy may lead to tumor regression and eventual
resolution.
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the characteristics of disease in immunodeficient mice (Huntly
et al., 2004; Neering et al., 2007). Work using mouse models
has indicated that BCR-ABL translocations in the HSCs give rise
to CML, while those occurring in more committed progenitors
lead to the induction of acute lymphoid leukemia (ALL; Li et al.,
1999; Zhao et al., 2007), indicating that the differentiation state
of the cell of origin can have a significant impact on disease
trajectory and signaling dependencies, independent of the
driver mutation.

Like CML, the AML founding clone is generally an HSC or an
early progenitor (Bonnet and Dick, 1997), and paired diagnosis
and relapse sequencing show that following therapy, tumor cells
with either acquired or preexisting mutations that confer re-
sistance survive selectively (Ding et al., 2012). Work in mouse
models of MLL-AF9–driven AML indicate that while both the
granulocytemacrophage progenitor and the HSC serve as cells of
origin, the HSC-derived cancer more closely resembles the hu-
man disease (Krivtsov et al., 2006, 2013). Consistent with this
observation, HSCs have also been shown to be the cell of origin
in human AML in a study where a large cohort of primary hu-
man AML patients were sequenced for commonly occurring
mutations (Shlush et al., 2014). This identified point mutations
in the DNAmethyltransferase DNMT3A in ∼25% of the samples,
of which ∼90% also had a mutation in the NPM1 gene. While the
DNMT3A mutation could also be detected in T cells of some
patients, NPM1 could not, indicating that DNMT3A changes
probably occur in an ancestral cell like the HSC that can give rise
to both myeloid and lymphoid lineages. The fact that only the
DNMT3A mutation could be detected in the normal HSCs of
patients who had received treatment indicated that these were
most likely to be the AML cells of origin (Shlush et al., 2014). It is
of interest to note that DNMT3A (Lin et al., 2018; Nangalia et al.,
2015) and NPM1 (Bains et al., 2011) mutations alone do not
generally give rise to leukemia and are associated with more
benign diseases such as myeloproliferative neoplasms and
myelodysplastic syndrome. Thus, these data indicate that se-
quential acquisition of mutations leads to the progression of
myeloproliferative neoplasms and/ormyelodysplastic syndrome
to more aggressive diseases such as AML, as has been shown in
the context of colon cancers, where mutations in Apc precede
those in the Ras allele (Fearon and Vogelstein, 1990; Vogelstein
et al., 1988).

Solid cancers
Consistent with the leukemia paradigm, stem/progenitor pop-
ulations can often serve as the primary cells of origin in solid
cancers. For instance, mutations inWnt signaling, such as loss of
APC, can initiate colon cancer, which then progresses with ad-
ditional mutations such as activation of Ras and phosphoinosi-
tide 3-kinase signaling. The low frequency of these mutations
and the time taken for disease progression suggest that the
initiating mutation is likely to be in the stem cells (Tomasetti
et al., 2017; Vogelstein et al., 1988). Experimental verification of
this hypothesis has come frommouse models, where APC loss in
the intestinal stem cell compartments results in rapid induction
of colon adenomas, indicating that these cells can be the cells of
origin of cancer (Barker et al., 2009; Powell et al., 2012). Single

tumor gland and single-cell sequencing experiments in human
colon cancer have since confirmed that most tumors arise from a
single clone, which acquires mutations early during cancer in-
itiation (Dalerba et al., 2011; Sottoriva et al., 2015).

Like colon adenocarcinomas, studies with mouse models
have implicated stem cells as cells of origin for squamous cell
carcinomas (SCC). Thus, mutations in Kras and p53 (Raimondi
et al., 2009), or loss of Pten and Tgfb signaling (Bian et al., 2012),
can drive head and neck SCC only from undifferentiated basal
cells of the epithelium. Similarly, overexpression of Stat3 and
Sox2 oncogenic signals in undifferentiated basal cells results in
esophageal SCC formation, while their expression in more dif-
ferentiated lineages has no impact (Liu et al., 2013). Consistent
with this, overexpression of Kras along with loss of p53 can
promote cutaneous SCC formation only if the mutations occur in
either the inter-follicular epithelium or the bulge stem cells
(Lapouge et al., 2011; White et al., 2011). Since the presence of
these mutations in epithelial progenitors or transit-amplifying
cells has no impact on SCC initiation, these studies collectively
indicate that the undifferentiated basal stem cells are the cells of
origin for several types of SCCs.

While mutations in either stem or progenitor cells can give
rise to tumors, the resulting tumors can differ. For instance, in
mouse models of breast cancer, loss of BRCA1 and p53 in luminal
progenitors results in adenocarcinomas resembling human dis-
ease, while the same mutations in basal stem cells gives rise to
malignant adenomyoepitheliomas, a tumor type rarely seen in
BRCA patients (Molyneux et al., 2010). In other systems, mu-
tations in either progenitors or stem cells result in distinct tu-
mor types; thus, loss of p53, Nf1, and Pten in neural stem cells,
neural progenitors, or oligodendrocyte progenitors gives rise to
distinct subtypes of glioblastoma (Alcantara Llaguno et al., 2009;
Alcantara Llaguno et al., 2015). These data collectively indicate
that the cell of origin has a significant impact on disease type.
Interestingly, in some instances, the driver mutations override
the cellular context to initiate similar tumor types; thus, acti-
vation of hedgehog signaling in either the neuronal stem or
precursor cells results in formation of molecularly similar ag-
gressive medulloblastomas (Yang et al., 2008). In addition to
stem cells and progenitors, in certain contexts, such as breast
cancer and melanoma cell lines, more differentiated cells appear
to be able acquire features of stem cells either spontaneously
(Chaffer et al., 2011), or upon expression of epigenetic regulators
(Roesch et al., 2010). This may indicate that differentiated cells
harbor latent potential to acquire properties of stem cells in
specific contexts. Collectively, the studies usingmousemodels of
disease or primary human patient samples indicate that while
tumors generally arise fromnormal tissue stem/progenitor cells,
the cell of origin as well as the driver mutations can be critical
for determining tumor identity (Fig. 2).

Cancer stem cells
The initial identification and characterization of CSCs relied on
prior knowledge of normal tissue stem cells since the markers
used to isolate the CSCs were often similar to their normal
counterparts, e.g., CD34 in leukemic stem cells (LSC; Gentles
et al., 2010) and CD133 in brain tumors (Yan et al., 2011).
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However, it is important to note that surface markers can be
divergent between normal and malignant stem cells, and the
defining characteristic of a CSC is the functional ability of these
cells to give rise to other cell types within the tumor and
propagate disease in vivo.

Hematological malignancies
The initial experiments defining leukemia stem cells identified a
small population (<1%) within the primary cancer with the
ability to engraft disease in immunocompromised mice. This
population shared the phenotypic characteristics of normal
HSCs (CD34+ CD38–) and could generate more differentiated
CD38+ cells, placing it at the top of a hierarchy, much like its
normal counterpart (Lapidot et al., 1994). More recently, it has
become clear that these cells can also drive relapse after therapy
(Shlush et al., 2017). Interestingly, while CML is driven by a

population that closely resembles HSCs, the leukemia stem cells
in blast crisis CML appear to share characteristics of a common
myeloid progenitor cell (Jamieson et al., 2004), indicating that
more committed progenitors may acquire the ability to self-
renew and propagate disease (Fig. 2 B).

The observations above could not account for the genetic
diversity observed in several tumors and the idea that cancers
evolve genetically with disease progression. To determine the
evolution of genetic diversity in the context of functional het-
erogeneity, an analysis of the Philadelphia Chromosome copy
number variations in primary human BCR-ABL+ ALL samples
was performed to define the ancestry of functional stem cell
populations (Notta et al., 2011). These experiments showed that
some patients may contain several different clonal clusters of
LSC populations that evolve independently and contribute to-
ward genetic diversity. Moreover, they may grow at differential
rates in xenograft assays and in the patient and have unique
responses to therapy. This clonal diversity within the CSC pool
presumably allows the tumor to adapt to different environments
and highlights the importance of identifying therapeutic ap-
proaches that eliminate all stem cell clones (Notta et al., 2011).
One way to achieve this goal would be to understand the signals
that sustain these cells and identify common signatures, if any,
between these pools. Work in AML has indicated that enhanced
stem cell gene expression programs are highly predictive of poor
therapeutic response and relapse in patients (Eppert et al., 2011;
Gentles et al., 2010; Shlush et al., 2017), and it would be of in-
terest to determine if this also holds true for other hematological
diseases.

Solid cancers
Work from hematological malignancies drove interest in the
identification of CSCs in solid cancers. Much like the LSCs, gli-
oblastoma CSC populations were first identified using markers
of normal neuronal stem cells and were shown to be at the top of
a hierarchy with the ability to differentiate unidirectionally to
more mature glial cells (Singh et al., 2003, 2004). This paradigm
is supported by work in several other primary human cancers
such as medulloblastoma (Yang et al., 2008), breast (Al-Hajj
et al., 2003), ovarian (Zhang et al., 2008), colon (O’Brien et al.,
2007; Ricci-Vitiani et al., 2007), prostate (Collins et al., 2005;
Patrawala et al., 2007), and pancreatic cancer (Hermann et al.,
2007), as well as SCCs of skin (Driessens et al., 2012) and cervix
(Bajaj et al., 2011). While the frequency of cancer-propagating
cells in several cancers has been reported to be small, the CSC
population may be larger in some cancers, such as melanomas
(Boiko et al., 2010; Quintana et al., 2008), and may become
enriched after therapy and in relapse settings. Differences in the
projected extent of the CSC fraction may in part be due to the
transplant models used and whether the recipients are immu-
nocompromised or immunocompetent.

In some tumors, the CSCs have been found to be heteroge-
nous with several different sub-clones of CSCs marked by dif-
ferent cell surface markers. For instance, in addition to CD133,
markers such as stage-specific embryonic antigen 1 and α6-
integrin can also identify populations with the ability to initi-
ate tumors in xenograft models (Lathia et al., 2010; Son et al.,

Figure 2. The origin of cancers. (A) Cancer can be driven by a variety of
changes such as genetic mutations, genome instability, and heterochromatin
changes. (B) These changes often arise in populations such as stem cells or
more mature progenitor cells.
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2009). Distinct CSC populations have been observed in colon
cancers marked by CD133, CD44, CD26, or any combination of
the three (Dalerba et al., 2007; O’Brien et al., 2007; Pang et al.,
2010; Ricci-Vitiani et al., 2007). These differences in cell marker
profiles indicate that there may be more than one type of CSC
population within a given tumor or that CSCs may evolve and
acquire different phenotypic markers with disease progression.

The experiments discussed above were largely dependent
on transplantation to prove the importance of the CSCs in
tumor propagation. To counter criticisms that these may be a
transplantation-specific phenomenon, three key studies focused
on targeting these subpopulations within autochthonous models
to determine whether this led to inhibition of tumor growth. In a
mouse model of SCC, the in vivo eradication of the Sox2+ CSC
population via diphtheria toxin led to complete regression of the
tumor (Boumahdi et al., 2014). Similarly, deleting Nestin+ stem
cells arrested the growth of glioblastomas and sensitized them to
chemotherapy (Chen et al., 2012). Interestingly, continuous ab-
lation of Lgr5+ colon CSCs not only arrested the growth of pri-
mary tumors but also dramatically reduced metastasis (de Sousa
e Melo et al., 2017). Collectively, these studies indicate that CSCs
are essential for maintaining tumors and driving metastasis and
therapy resistance, and support the idea that targeting these cells
may significantly improve therapeutic outcomes (Fig. 1 B).

Cancer stem cells in metastasis
Stem cells and stem cell signals have been implicated in meta-
static progression of the tumor from the primary site to a distal
location (Charafe-Jauffret et al., 2009; Hermann et al., 2007;
Pang et al., 2010; Bajaj et al., 2011; Jang et al., 2015; Mani et al.,
2008). As cells leave the primary tumor, they undergo an epi-
thelial to mesenchymal transition (EMT) to acquire the char-
acteristics of more mobile mesenchymal cells. Key studies using
in vitro breast cancer cells have shown that the acquisition of
EMT is accompanied by a transcriptional program indicative of
the stem cell state (Mani et al., 2008). These differential tran-
scriptional profiles may be due to inherent changes in the epi-
genetic landscape of the cell of origin. For instance, the
chromatin of genes associated with EMT is more open and ac-
cessible in stem cells of SCCs arising from the hair follicle stem
cells and not in the less metastatic, more differentiated SCCs that
arise from epidermal stem cells (Latil et al., 2017). However, it is
also possible that these epigenetic states are more dynamic since
SCC cells can express signatures of both the hair follicle and
epidermal stem cells at any given point of time, indicating that
epigenetic changes can lead to lineage plasticity (Ge et al., 2017).

Consistent with the possibility that metastatic cells harbor
stem cell properties, circulating tumor cells with the ability to
recreate tumors at a secondary site can also express markers of
primary tumor stem cells (Baccelli et al., 2013). Since cells isolated
from the primary tumor using markers such as ALDH have an
enhanced capacity tometastasize (Charafe-Jauffret et al., 2009), it
is likely that the CSCs and metastatic cells have overlapping
phenotypic and signaling profiles. This is supported by the ob-
servation that in primary pancreatic cancer, cells that express
CXCR4 and have the ability to metastasize are a subset of tumor-
propagating chemoresistant CD133+ CSCs (Hermann et al., 2007).

Recent studies interrogating populations undergoing EMT at
a single-cell level have confirmed the existence of a continuum
of cellular states reflective of a fully epithelial, mesenchymal, or
several intermediate EMT states (McFaline-Figueroa et al., 2019;
Pastushenko et al., 2018). Importantly, the progression of EMT
could be halted by disrupting oncogenic developmental signals,
such as Ras (McFaline-Figueroa et al., 2019), suggesting that the
signals sustaining these distinct metastatic populations may all
rely on a core network of stem cell programs. A better under-
standing of the links between CSCs and metastasis could be a
new avenue to define strategies to target metastatic progression.

Stem cell signals in cancer
Aberrant activation of signals required for normal development
can promote oncogenic transformation. This includes Ptch1
mutations in basal cell carcinoma (Gallatin et al., 1983), APC
mutations in colon cancer (Kinzler et al., 1991; Nishisho et al.,
1991), and Notch mutations in T-ALL (Ellisen et al., 1991), all
developmental pathways that have also been shown to play a
critical role in maintaining normal tissue stem cells. Like their
normal counterparts, stem cells from many cancers also rely on
these developmental signals to maintain self-renewal and evade
chemotherapy (Fig. 3).

Hedgehog signaling
Much of the initial work on Hedgehog signaling in cancer was
done in brain tumors, where aberrant activation of this pathway
is common. An extensive study on gliomas has revealed that
Hedgehog-Gli signaling regulates the expansion of CD133+ glioma
stem cells (Clement et al., 2007; Zbinden et al., 2010). In addition,
this pathway is also elevated in the more primitive, highly pro-
liferative regions of medulloblastomas, and inhibiting Hedgehog
signaling can promote apoptosis of medulloblastoma cells (Bar
et al., 2007). Thus, there are clinical trials under way to test the
impact of Hedgehog inhibitors in medulloblastomas. A similar
requirement for active Hedgehog signaling has been reported in
pancreatic cancer (Thayer et al., 2003) and in multiple myeloma,
where blocking this pathway results in the loss of clonal expan-
sion and concomitant differentiation (Peacock et al., 2007). In the
mammary system, inhibiting Hedgehog signaling reduces not
only the ability of mammary CSCs to form primary spheres, but
also their ability to self-renew and form secondary spheres (Liu
et al., 2006b). Hedgehog signaling has been shown to be critical
for the maintenance of stem cells in myeloid leukemia (Zhao
et al., 2009); this and other observations formed the basis of
trials testing Hedgehog antagonists in myeloid leukemia and ul-
timately led to the recent approval for Glasdegib in AML
(Norsworthy et al., 2019). Since activated Hedgehog signaling can
also up-regulate drug transporters on the surface of CSCs and
thus promote chemoresistance (Sims-Mourtada et al., 2007), this
pathway may regulate several aspects of the stem cell state and
broadly promote cancer progression. It is thus not surprising that
inhibitors of this pathway are the most advanced in the clinic.

Wnt signaling
The Wnt signaling pathway was originally identified in breast
cancer before its role in development was described. After the
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original observation that Wnt signaling was activated in breast
cancer, it has been linked tomultiple other cancers, most notably
colon cancer, where 95% of cases harbor mutations in APC. The
ability of Wnt signaling to influence stem cells in leukemia was
shown in the context of CML, where β-catenin–nullmice showed
profound defects in the ability to develop BCR-ABL–induced
CML (Zhao et al., 2007). The few CMLs that did arise were not
serially transplantable, highlighting a critical requirement for
this pathway for CML stem cell proliferation and self-renewal.
Inhibitors of the Wnt pathway targeting the β-catenin/CBP in-
teractions (PRI-724) are in trials for aggressive myeloid diseases
(NCT01606579). Consistent with the critical role for Wnt path-
way mutations in colon cancer initiation and progression, colon

CSCs have also been shown to have high Wnt reporter activity,
and exogenously activated Wnt can promote the proliferation of
these cells (Vermeulen et al., 2010). In addition, Wnt signaling is
critical for sustaining aggressive triple-negative breast CSCs
(Jang et al., 2015), and several trials such as those with vantic-
tumab (NCT01345201), (LGK974)189 (NCT01351103), and Ipa-
fricept (Jimeno et al., 2017) have been initiated to target the Wnt
pathway in breast cancers.

Notch signaling
Notch signaling has been found to be a critical signal for the
development and propagation of multiple cancers including
T-ALL, breast cancer, and pancreatic cancer. The possibility that

Figure 3. Signals sustaining CSCs. Cancer cells are sustained by developmental signaling pathways and interactions with the niche. ABC, ATP binding
cassette; HNSCC, head and neck squamous cell carcinoma; LRP, lipoprotein receptor–related protein; NSCLC, non-small-cell lung carcinoma.
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the Notch pathway may have a role in maintaining CSCs was
first established in medulloblastomas, where inhibition of Notch
cleavage and activation led to a striking reduction in the CD133+

CSCs, and a significant loss in their ability grow in vivo
(Hallahan et al., 2004). Consistent with this, the constitutive
activation of Notch2 increased the CSC population, and its in-
hibition completely eradicated stem cells, while leaving the
more differentiated populations unaffected (Fan et al., 2006).
In addition to medulloblastomas, Notch signaling is essential
for the growth and expansion of stem cells from primary
glioblastomas both in vitro and in vivo. Inhibition of Notch in

murine brain implants of human primary gliomas not only led
to the depletion of CSCs but also affected endothelial cells, and
thus disrupted tumor angiogenesis, leading to a dramatic re-
duction in tumor growth (Fan et al., 2010). Importantly, Notch
signaling can confer radioresistance to the glioblastoma CD133+

CSC population, highlighting the critical role of this pathway in
brain tumor stem cells (Wang et al., 2010). In pancreatic cancer,
Mir-34 microRNA–mediated down-regulation of Notch1/2 re-
sults in a significant reduction in both tumor growth and the
CD44+/CD133+ CSC population (Ji et al., 2009; Mullendore et al.,
2009). Consistent with this, Musashi, a regulator of the Numb/

Figure 4. The normal and malignant stem cell niche. Stem cell interactions with the microenvironment lead to changes in the niche that promote cancer
progression. (A and C) Normal stem cells reside in niches guided by complex signaling to control their activation and proliferation. (B) LSCs induce cell death
and aberrant signaling within the bone marrow microenvironment. (D) Solid tumor stem cells reside in dense stroma and transformed cells that protect them
from chemotherapy. Boxes represent niche cells in A and B or C and D. OB, osteoblast; EC, endothelial cells; CAR, CXCL12-abundant reticular cells; CAF, cancer-
associated fibroblasts; MSC, mesenchymal stromal cells; TAM, tumor-associated macrophages.
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Notch signaling axis, marks the chemoresistant CSC pop-
ulations in pancreatic cancer (Fox et al., 2016) and myeloid
leukemias (Ito et al., 2010). Activated Notch signaling is also
essential for maintaining the CSC populations in cervical can-
cers (Bajaj et al., 2011) and ovarian cancers (Hopfer et al., 2005),
and inhibitors of the Notch ligand Dll4 are currently in trials for
aggressive colon and ovarian carcinomas (NCT03035253).
Thus, Notch signaling plays a critical role in promoting
therapy-resistant CSC populations across malignancies.

Microenvironmental dependencies
While the role of the microenvironment in sustaining solid
cancer growth is well established, its contribution in maintain-
ing the CSC populations is only beginning to be explored. CD44-
mediated interactions (Jin et al., 2006) of leukemic progenitors
with the osteoblast niche can promote chemoresistance (Lane
et al., 2011), and osteopontin–CD44 interactions can support
glioma stem cells (Pietras et al., 2014). Adhesive interactions
with the endothelial cells are particularly critical for maintain-
ing brain tumor stem cells (Calabrese et al., 2007), and the
CD98/VLA-4/VCAM1 (Bajaj et al., 2016) signaling axis between
leukemia stem cells and endothelial cells has been shown to be
essential for myeloid leukemia propagation in vivo. Since
blocking VLA-4–mediated interactions with fibronectin can
promote chemosensitivity in AML (Matsunaga et al., 2003),
these adhesive interactions are emerging as novel therapeutic
targets for aggressive leukemias. New pathways such as Tspan3
are emerging as key points of control for leukemia propagation;
these may in part function by mediating interactions of leuke-
mia stem cells with an SDF-1–enriched niche and protecting the
undifferentiated state (Kwon et al., 2015). Consistent with this,
blocking SDF-1/CXCR4 signaling can influence leukemia differ-
entiation (Tavor et al., 2004). Clinical trials aimed at defining
the impact of blocking CD98 (Bixby et al., 2015), CD44 (Vey et al.,
2016), and CXCR4 (Mart́ınez-Cuadrón et al., 2018; Uy et al., 2012)
signaling have shown some promise and indicate that better
targeting agents and/or combinatorial therapy could be benefi-
cial in controlling disease progression.

Future directions
While much has been learned about intrinsic dependencies of
CSCs, how they interact with the microenvironment remains
largely unknown. Emerging studies on stromal cell populations,
such as endothelial cells in leukemias (Bajaj et al., 2016) and
brain tumors (Calabrese et al., 2007), stromal myofibroblasts in
colon cancer (Vermeulen et al., 2010), cancer-associated fibro-
blasts in lung and breast cancers (Su et al., 2018), and mesen-
chymal stromal cells in leukemias (Jacamo et al., 2014), suggest
that stromal cells can support CSCs just as they support normal
stem cells (Fig. 4). New technologies such as single-cell se-
quencing aimed toward characterizing the stromal cell niche of
cancers in its entirety may be critical to providing a framework
for experiments aimed at identifying the specific niche of
the CSCs.

In this context, some recent studies have performed exten-
sive single-cell sequencing on both the normal and preleukemic
bone marrow stromal cell populations to determine both the

niche of normal HSCs and how it is altered with the initiation of
cancer (Baryawno et al., 2019; Wolock et al., 2019). These show
that during initiation, leukemias disrupt and alter the niche
(Baryawno et al., 2019), consistent with earlier studies showing
that CML stem cells can disrupt osteoblast proliferation, leading
to increased fibrosis and a supportive growth environment for
LSCs at the expense of HSCs (Schepers et al., 2013). Similarly,
solid cancers can alter the metastatic niche even before coloni-
zation (Kaplan et al., 2005; Costa-Silva et al., 2015; Olmeda et al.,
2017). Single-cell sequencing of primary human breast, lung,
and pancreatic cancers has revealed heterogeneity not only in
the cancer populations but also in immune and other cells of the
microenvironment (Bartoschek et al., 2018; Bernard et al., 2019;
Elyada et al., 2019; Lawson et al., 2018; Ma et al., 2019; Wagner
et al., 2019). Defining the spatial localization of CSCs with re-
spect to specific niche cells, and understanding how these in-
teractions contribute to cancer progression and response to
therapy, will be exciting future avenues of work.

While there is some debate on the origin, markers, and fre-
quency of CSCs, a large body of literature now shows that there
is significant heterogeneity within multiple cancer types and
that subpopulations harbor preferential ability to drive tumor
initiation, metastasis, and therapy resistance (Gawad et al., 2014;
Saadatpour et al., 2014; Bakker et al., 2016; Tirosh et al., 2016;
Darmanis et al., 2017). The work discussed here indicates that
such cells not only promote cancer progression but also may be
able to adapt and grow in different environments. Under-
standing both the intrinsic signals that maintain these aggres-
sive stem cell populations and the microenvironmental
interactions they depend on will be critical in designing multi-
faceted therapeutic approaches to target aggressive cancers.
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Delwel, K. Döhner, L. Bullinger, A.L. Kung, et al. 2013. Cell of origin
determines clinically relevant subtypes of MLL-rearranged AML. Leu-
kemia. 27:852–860. https://doi.org/10.1038/leu.2012.363

Kwon, H.Y., J. Bajaj, T. Ito, A. Blevins, T. Konuma, J. Weeks, N.K. Lytle, C.S.
Koechlein, D. Rizzieri, C. Chuah, et al. 2015. Tetraspanin 3 Is Required
for the Development and Propagation of Acute Myelogenous Leukemia.
Cell Stem Cell. 17:152–164. https://doi.org/10.1016/j.stem.2015.06.006

Lane, S.W., Y.J. Wang, C. Lo Celso, C. Ragu, L. Bullinger, S.M. Sykes, F. Fer-
raro, S. Shterental, C.P. Lin, D.G. Gilliland, et al. 2011. Differential niche
and Wnt requirements during acute myeloid leukemia progression.
Blood. 118:2849–2856. https://doi.org/10.1182/blood-2011-03-345165

Lapidot, T., C. Sirard, J. Vormoor, B.Murdoch, T. Hoang, J. Caceres-Cortes, M.
Minden, B. Paterson, M.A. Caligiuri, and J.E. Dick. 1994. A cell initiating
human acute myeloid leukaemia after transplantation into SCID mice.
Nature. 367:645–648. https://doi.org/10.1038/367645a0

Lapouge, G., K.K. Youssef, B. Vokaer, Y. Achouri, C. Michaux, P.A. Sotir-
opoulou, and C. Blanpain. 2011. Identifying the cellular origin of squa-
mous skin tumors. Proc. Natl. Acad. Sci. USA. 108:7431–7436. https://doi
.org/10.1073/pnas.1012720108

Lathia, J.D., J. Gallagher, J.M. Heddleston, J. Wang, C.E. Eyler, J. Macswords,
Q. Wu, A. Vasanji, R.E. McLendon, A.B. Hjelmeland, and J.N. Rich. 2010.
Integrin alpha 6 regulates glioblastoma stem cells. Cell Stem Cell. 6:
421–432. https://doi.org/10.1016/j.stem.2010.02.018

Latil, M., D. Nassar, B. Beck, S. Boumahdi, L. Wang, A. Brisebarre, C. Dubois,
E. Nkusi, S. Lenglez, A. Checinska, et al. 2017. Cell-Type-Specific
Chromatin States Differentially Prime Squamous Cell Carcinoma
Tumor-Initiating Cells for Epithelial to Mesenchymal Transition. Cell
Stem Cell. 20:191–204.e5. https://doi.org/10.1016/j.stem.2016.10.018

Lawson, D.A., K. Kessenbrock, R.T. Davis, N. Pervolarakis, and Z. Werb. 2018.
Tumour heterogeneity and metastasis at single-cell resolution. Nat. Cell
Biol. 20:1349–1360. https://doi.org/10.1038/s41556-018-0236-7

Li, S., R.L. Ilaria Jr., R.P. Million, G.Q. Daley, and R.A. Van Etten. 1999. The
P190, P210, and P230 forms of the BCR/ABL oncogene induce a similar
chronic myeloid leukemia-like syndrome in mice but have different
lymphoid leukemogenic activity. J. Exp. Med. 189:1399–1412. https://doi
.org/10.1084/jem.189.9.1399

Lin, M.E., H.A. Hou, C.H. Tsai, S.J. Wu, Y.Y. Kuo, M.H. Tseng, M.C. Liu, C.W.
Liu, W.C. Chou, C.Y. Chen, et al. 2018. Dynamics of DNMT3A mutation
and prognostic relevance in patients with primary myelodysplastic
syndrome. Clin. Epigenetics. 10:42. https://doi.org/10.1186/s13148-018
-0476-1

Liu, G., X. Yuan, Z. Zeng, P. Tunici, H. Ng, I.R. Abdulkadir, L. Lu, D. Irvin, K.L.
Black, and J.S. Yu. 2006a. Analysis of gene expression and chemore-
sistance of CD133+ cancer stem cells in glioblastoma. Mol. Cancer. 5:67.
https://doi.org/10.1186/1476-4598-5-67

Liu, S., G. Dontu, I.D. Mantle, S. Patel, N.S. Ahn, K.W. Jackson, P. Suri, and
M.S. Wicha. 2006b. Hedgehog signaling and Bmi-1 regulate self-
renewal of normal and malignant human mammary stem cells. Cancer
Res. 66:6063–6071. https://doi.org/10.1158/0008-5472.CAN-06-0054

Liu, K., M. Jiang, Y. Lu, H. Chen, J. Sun, S.Wu,W.Y. Ku, H. Nakagawa, Y. Kita,
S. Natsugoe, et al. 2013. Sox2 cooperates with inflammation-mediated
Stat3 activation in the malignant transformation of foregut basal pro-
genitor cells. Cell Stem Cell. 12:304–315. https://doi.org/10.1016/j.stem
.2013.01.007

Bajaj et al. Journal of Cell Biology 10

Stem cells in cancer initiation and progression https://doi.org/10.1083/jcb.201911053

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
c
b
/
a
r
t
i
c
l
e
-
p
d
f
/
2
1
9
/
1
/
e
2
0
1
9
1
1
0
5
3
/
1
3
9
6
5
7
4
/
j
c
b
_
2
0
1
9
1
1
0
5
3
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
0
9
 
F
e
b
r
u
a
r
y
 
2
0
2
1

https://doi.org/10.1016/0092-8674(90)90186-I
https://doi.org/10.1038/nature17988
https://doi.org/10.1038/304030a0
https://doi.org/10.1073/pnas.1420822111
https://doi.org/10.1073/pnas.1420822111
https://doi.org/10.1016/j.cell.2017.03.042
https://doi.org/10.1016/j.cell.2017.03.042
https://doi.org/10.1001/jama.2010.1862
https://doi.org/10.1001/jama.2010.1862
https://doi.org/10.1158/0008-5472.CAN-04-1813
https://doi.org/10.1158/0008-5472.CAN-04-1813
https://doi.org/10.1016/j.ccr.2006.11.008
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.stem.2007.06.002
https://doi.org/10.1016/j.stem.2007.06.002
https://doi.org/10.1038/sj.bjc.6602719
https://doi.org/10.1038/sj.bjc.6602719
https://doi.org/10.1016/j.ccr.2004.10.015
https://doi.org/10.1016/j.ccr.2004.10.015
https://doi.org/10.1038/nature09171
https://doi.org/10.1182/blood-2013-06-511527
https://doi.org/10.1182/blood-2013-06-511527
https://doi.org/10.1056/NEJMoa040258
https://doi.org/10.1056/NEJMoa040258
https://doi.org/10.1038/srep12465
https://doi.org/10.1371/journal.pone.0006816
https://doi.org/10.1371/journal.pone.0006816
https://doi.org/10.1158/1078-0432.CCR-17-2157
https://doi.org/10.1158/1078-0432.CCR-17-2157
https://doi.org/10.1038/nm1483
https://doi.org/10.1038/nature04186
https://doi.org/10.1038/nature04186
https://doi.org/10.1126/science.1651562
https://doi.org/10.1038/nature04980
https://doi.org/10.1038/leu.2012.363
https://doi.org/10.1016/j.stem.2015.06.006
https://doi.org/10.1182/blood-2011-03-345165
https://doi.org/10.1038/367645a0
https://doi.org/10.1073/pnas.1012720108
https://doi.org/10.1073/pnas.1012720108
https://doi.org/10.1016/j.stem.2010.02.018
https://doi.org/10.1016/j.stem.2016.10.018
https://doi.org/10.1038/s41556-018-0236-7
https://doi.org/10.1084/jem.189.9.1399
https://doi.org/10.1084/jem.189.9.1399
https://doi.org/10.1186/s13148-018-0476-1
https://doi.org/10.1186/s13148-018-0476-1
https://doi.org/10.1186/1476-4598-5-67
https://doi.org/10.1158/0008-5472.CAN-06-0054
https://doi.org/10.1016/j.stem.2013.01.007
https://doi.org/10.1016/j.stem.2013.01.007
https://doi.org/10.1083/jcb.201911053


Lytle, N.K., A.G. Barber, and T. Reya. 2018. Stem cell fate in cancer growth,
progression and therapy resistance. Nat. Rev. Cancer. 18:669–680.
https://doi.org/10.1038/s41568-018-0056-x

Ma, K.Y., A.A. Schonnesen, A. Brock, C. Van Den Berg, S.G. Eckhardt, Z. Liu,
and N. Jiang. 2019. Single-cell RNA sequencing of lung adenocarcinoma
reveals heterogeneity of immune response-related genes. JCI Insight. 4:
e121387. https://doi.org/10.1172/jci.insight.121387

Mani, S.A., W. Guo, M.J. Liao, E.N. Eaton, A. Ayyanan, A.Y. Zhou, M. Brooks,
F. Reinhard, C.C. Zhang, M. Shipitsin, et al. 2008. The epithelial-
mesenchymal transition generates cells with properties of stem cells.
Cell. 133:704–715. https://doi.org/10.1016/j.cell.2008.03.027

Mart́ınez-Cuadrón, D., B. Boluda, P. Mart́ınez, J. Bergua, R. Rodrı́guez-Veiga,
J. Esteve, S. Vives, J. Serrano, B. Vidriales, O. Salamero, et al. 2018. A
phase I-II study of plerixafor in combination with fludarabine, idar-
ubicin, cytarabine, and G-CSF (PLERIFLAG regimen) for the treatment
of patients with the first early-relapsed or refractory acute myeloid
leukemia. Ann. Hematol. 97:763–772. https://doi.org/10.1007/s00277
-018-3229-5

Matsunaga, T., N. Takemoto, T. Sato, R. Takimoto, I. Tanaka, A. Fujimi, T.
Akiyama, H. Kuroda, Y. Kawano, M. Kobune, et al. 2003. Interaction
between leukemic-cell VLA-4 and stromal fibronectin is a decisive
factor forminimal residual disease of acutemyelogenous leukemia.Nat.
Med. 9:1158–1165. https://doi.org/10.1038/nm909

McFaline-Figueroa, J.L., A.J. Hill, X. Qiu, D. Jackson, J. Shendure, and C.
Trapnell. 2019. A pooled single-cell genetic screen identifies regulatory
checkpoints in the continuum of the epithelial-to-mesenchymal transi-
tion.Nat. Genet. 51:1389–1398. https://doi.org/10.1038/s41588-019-0489-5

Molyneux, G., F.C. Geyer, F.A. Magnay, A. McCarthy, H. Kendrick, R. Na-
trajan, A. Mackay, A. Grigoriadis, A. Tutt, A. Ashworth, et al. 2010.
BRCA1 basal-like breast cancers originate from luminal epithelial pro-
genitors and not from basal stem cells. Cell Stem Cell. 7:403–417. https://
doi.org/10.1016/j.stem.2010.07.010

Mullendore, M.E., J.B. Koorstra, Y.M. Li, G.J. Offerhaus, X. Fan, C.M. Hen-
derson, W. Matsui, C.G. Eberhart, A. Maitra, and G. Feldmann. 2009.
Ligand-dependent Notch signaling is involved in tumor initiation and
tumor maintenance in pancreatic cancer. Clin. Cancer Res. 15:2291–2301.
https://doi.org/10.1158/1078-0432.CCR-08-2004

Nangalia, J., F.L. Nice, D.C. Wedge, A.L. Godfrey, J. Grinfeld, C. Thakker, C.E.
Massie, J. Baxter, D. Sewell, Y. Silber, et al. 2015. DNMT3A mutations
occur early or late in patients with myeloproliferative neoplasms and
mutation order influences phenotype. Haematologica. 100:e438–e442.
https://doi.org/10.3324/haematol.2015.129510

Neering, S.J., T. Bushnell, S. Sozer, J. Ashton, R.M. Rossi, P.Y. Wang, D.R. Bell,
D. Heinrich, A. Bottaro, and C.T. Jordan. 2007. Leukemia stem cells in a
genetically defined murine model of blast-crisis CML. Blood. 110:
2578–2585. https://doi.org/10.1182/blood-2007-02-073031

Nishisho, I., Y. Nakamura, Y. Miyoshi, Y. Miki, H. Ando, A. Horii, K. Koyama,
J. Utsunomiya, S. Baba, and P. Hedge. 1991. Mutations of chromosome
5q21 genes in FAP and colorectal cancer patients. Science. 253:665–669.
https://doi.org/10.1126/science.1651563

Norsworthy, K.J., K. By, S. Subramaniam, L. Zhuang, P.L. Del Valle, D.
Przepiorka, Y.L. Shen, C.M. Sheth, C. Liu, R. Leong, et al. 2019. FDA
Approval Summary: Glasdegib for Newly Diagnosed Acute Myeloid
Leukemia. Clin. Cancer Res. 25:6021–6025. https://doi.org/10.1158/1078
-0432.CCR-19-0365

Notta, F., C.G. Mullighan, J.C. Wang, A. Poeppl, S. Doulatov, L.A. Phillips, J.
Ma,M.D. Minden, J.R. Downing, and J.E. Dick. 2011. Evolution of human
BCR-ABL1 lymphoblastic leukaemia-initiating cells.Nature. 469:362–367.
https://doi.org/10.1038/nature09733

Nowell, P.C. 1974. Diagnostic and prognostic value of chromosome studies in
cancer. Ann. Clin. Lab. Sci. 4:234–240.

O’Brien, C.A., A. Pollett, S. Gallinger, and J.E. Dick. 2007. A human colon
cancer cell capable of initiating tumour growth in immunodeficient
mice. Nature. 445:106–110. https://doi.org/10.1038/nature05372

Olmeda, D., D. Cerezo-Wallis, E. Riveiro-Falkenbach, P.C. Pennacchi, M.
Contreras-Alcalde, N. Ibarz, M. Cifdaloz, X. Catena, T.G. Calvo, E. Ca-
ñón, et al. 2017. Whole-body imaging of lymphovascular niches iden-
tifies pre-metastatic roles of midkine. Nature. 546:676–680. https://doi
.org/10.1038/nature22977

Pang, R., W.L. Law, A.C. Chu, J.T. Poon, C.S. Lam, A.K. Chow, L. Ng, L.W.
Cheung, X.R. Lan, H.Y. Lan, et al. 2010. A subpopulation of CD26+
cancer stem cells with metastatic capacity in human colorectal cancer.
Cell Stem Cell. 6:603–615. https://doi.org/10.1016/j.stem.2010.04.001

Pastushenko, I., A. Brisebarre, A. Sifrim, M. Fioramonti, T. Revenco, S.
Boumahdi, A. Van Keymeulen, D. Brown, V. Moers, S. Lemaire, et al.

2018. Identification of the tumour transition states occurring during
EMT. Nature. 556:463–468. https://doi.org/10.1038/s41586-018-0040-3

Patrawala, L., T. Calhoun-Davis, R. Schneider-Broussard, and D.G. Tang.
2007. Hierarchical organization of prostate cancer cells in xenograft
tumors: the CD44+alpha2beta1+ cell population is enriched in tumor-
initiating cells. Cancer Res. 67:6796–6805. https://doi.org/10.1158/0008
-5472.CAN-07-0490

Peacock, C.D., Q. Wang, G.S. Gesell, I.M. Corcoran-Schwartz, E. Jones, J. Kim,
W.L. Devereux, J.T. Rhodes, C.A. Huff, P.A. Beachy, et al. 2007.
Hedgehog signaling maintains a tumor stem cell compartment in
multiple myeloma. Proc. Natl. Acad. Sci. USA. 104:4048–4053. https://doi
.org/10.1073/pnas.0611682104

Pietras, A., A.M. Katz, E.J. Ekström, B. Wee, J.J. Halliday, K.L. Pitter, J.L.
Werbeck, N.M. Amankulor, J.T. Huse, and E.C. Holland. 2014.
Osteopontin-CD44 signaling in the glioma perivascular niche enhances
cancer stem cell phenotypes and promotes aggressive tumor growth.
Cell Stem Cell. 14:357–369. https://doi.org/10.1016/j.stem.2014.01.005

Powell, A.E., Y. Wang, Y. Li, E.J. Poulin, A.L. Means, M.K. Washington, J.N.
Higginbotham, A. Juchheim, N. Prasad, S.E. Levy, et al. 2012. The pan-
ErbB negative regulator Lrig1 is an intestinal stem cell marker that
functions as a tumor suppressor. Cell. 149:146–158. https://doi.org/10
.1016/j.cell.2012.02.042

Quintana, E., M. Shackleton, M.S. Sabel, D.R. Fullen, T.M. Johnson, and S.J.
Morrison. 2008. Efficient tumour formation by single human mela-
noma cells. Nature. 456:593–598. https://doi.org/10.1038/nature07567

Raimondi, A.R., A. Molinolo, and J.S. Gutkind. 2009. Rapamycin prevents
early onset of tumorigenesis in an oral-specific K-ras and p53 two-hit
carcinogenesis model. Cancer Res. 69:4159–4166. https://doi.org/10.1158/
0008-5472.CAN-08-4645

Reya, T., S.J. Morrison, M.F. Clarke, and I.L. Weissman. 2001. Stem cells,
cancer, and cancer stem cells. Nature. 414:105–111. https://doi.org/10
.1038/35102167

Ricci-Vitiani, L., D.G. Lombardi, E. Pilozzi, M. Biffoni, M. Todaro, C. Peschle,
and R. De Maria. 2007. Identification and expansion of human colon-
cancer-initiating cells. Nature. 445:111–115. https://doi.org/10.1038/
nature05384

Roesch, A., M. Fukunaga-Kalabis, E.C. Schmidt, S.E. Zabierowski, P.A. Braf-
ford, A. Vultur, D. Basu, P. Gimotty, T. Vogt, and M. Herlyn. 2010. A
temporarily distinct subpopulation of slow-cycling melanoma cells is
required for continuous tumor growth. Cell. 141:583–594. https://doi
.org/10.1016/j.cell.2010.04.020

Saadatpour, A., G. Guo, S.H. Orkin, and G.C. Yuan. 2014. Characterizing het-
erogeneity in leukemic cells using single-cell gene expression analysis.
Genome Biol. 15:525. https://doi.org/10.1186/s13059-014-0525-9

Schepers, K., E.M. Pietras, D. Reynaud, J. Flach, M. Binnewies, T. Garg, A.J.
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