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Abstract

Background: The initiation and progression of malignant tumors is driven by distinct subsets of tumor-initiating or

cancer stem-like cells (CSCs) which develop therapy/apoptosis resistance and self-renewal capacity. In order to be

able to eradicate these CSCs with novel classes of anti-cancer therapeutics, a better understanding of their biology

and clinically-relevant traits is mandatory.

Main body: Several requirements and functions of a CSC niche physiology are combined with current concepts for

CSC generation such as development in a hierarchical tumor model, by stochastic processes, or via a retrodifferentiation

program. Moreover, progressive adaptation of endothelial cells and recruited immune and stromal cells to the tumor site

substantially contribute to generate a tumor growth-permissive environment resembling a CSC niche. Particular

emphasis is put on the pivotal role of multipotent mesenchymal stroma/stem cells (MSCs) in supporting CSC

development by various kinds of interaction and cell fusion to form hybrid tumor cells.

Conclusion: A better knowledge of CSC niche physiology may increase the chances that cancer stemness-depleting

interventions ultimately result in arrest of tumor growth and metastasis.
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Background
Various models are available for the generation of tumor

initiating cells which subsequently give rise to neoplasias

and malignant cancers including a hierarchical [1, 2]

and a stochastic hypothesis [3, 4], a retrodifferentiation

program [5–7] or MSC-tumor cell fusion to describe

tumor initiation, heterogeneity, plasticity and progres-

sion [7–10].

Tumor models

The hierarchical model

Tumor initiation of the hierarchical model starts within

a normal stem cell niche (SCN) which regulates prolifer-

ation, apoptosis resistance and maintains stemness

whereby a normal stem cell evades regulation resulting

in an aberrant/tumorigenic stem-like cell, also known as

cancer stem-like cell (CSC) [11, 12]. Besides the escape

from regulation of normal stem cells, precursor or pro-

genitor cells might evade stem cell niche regulation lead-

ing to cancer progenitor cells (CPC). Nonetheless, both

CSCs and CPCs can develop within the stem cell niche

to initiate tumor growth and give rise to impaired differ-

entiated cell types with limited proliferative capacity. Ac-

cordingly, different CPCs can generate different subtypes

of tumors [8, 13]. CSCs are characterized by their poten-

tial of self-renewal allowing them to drive tumor growth

by generation of progeny with limited lifetime and pro-

liferative capacity and by evasion of clonal exhaustion

[14, 15]. Consequently, the hierarchical model delin-

eates a non-tumorigenic cancer cell population with a

distinct subset of CSCs featuring tumorigenic potential,

regulating tumorigenesis and constituting the tumor as

a heterogeneous population with distinct cell subsets in

a particular tissue or organ [8, 16]. Since CSCs are as-

sumed to be the cells of tumor origin, they are also desig-

nated as tumor-initiating cells (TICs) and may represent

different populations in primary and metastatic tumors or
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with respect to the type of tumor. TICs have been identi-

fied in various primary tumors including human acute

myeloid leukemia [2], breast cancer [1], human brain tu-

mors [17], pancreatic cancer [18], ovarian cancer [19], hu-

man melanomas [20], prostate cancer [21], lung cancer

[22], and human glioblastoma [23] among others. In

addition, metastatic tumor tissue e.g. of breast [24, 25] or

colon [26] also harbors TICs.

Examples of the hierarchical model have been shown

in solid tumors such as breast cancer and in non-solid

tumors such as acute myeloid leukemia [1, 2]. For in-

stance, during in vivo application in immunodeficient

mice only a subset of breast cancer cells developed

tumorigenicity and could be separated from the non-

tumorigenic population [1].

The stochastic model

The stochastic model represents a second feasibility to

circumstantiate tumor initiation. In comparison to the

hierarchical model, every tumor cell within the stochas-

tic model is biologically homogenous with an equal

probability to initiate, maintain and promote tumor

growth whereby functionalities depend on both, extrin-

sic factors originating from the tumor microenviron-

ment and intrinsic factors such as signaling pathways

and levels of transcription factors [8, 27]. Tumorigen-

esis occurs from normal differentiated somatic cells

that stochastically/randomly acquire oncogenic muta-

tions resulting in hyperplasia, genomic instability, aber-

rant proliferation and expansion [3, 28].

Examples of the stochastic model can also be found in

solid and non-solid tumors such as colorectal cancer, lung

adenocarcinoma and lymphoblastic leukemias [29–32].

Whereas the stochastic model primarily addresses

genetic heterogeneity without consideration of potential

phenotypic variations within the genetically homogenous

tumor cell population [8], the hierarchical model also

represents a valuable model for a tumor relapse in those

cancer patients where not all cancer cells and CSCs were

successfully targeted during therapeutic approaches.

Indeed, mouse xenografts of metastatic colon cancer

demonstrated cancer origin and metastatic progression

with features of both, the hierarchical model and the

stochastic model for CSCs [26]. Therefore, these two

models may provide supplementary information in view

of a tumor cell switch between both models. A possible

connection between the two models is represented by

retrodifferentiation processes [7] to enable interconver-

sion and correlation between the hierarchical and sto-

chastic model (see 1.3). Thus, it is conceivable that

tumor cells that arose according to the stochastic model

retrodifferentiate into stem-like cells.

Consequently, both models of tumor initiation result

in aberrant/tumorigenic stem-like cells which further

promote tumor development and progression. However,

little is known about the mechanism and the existence

of a cancer stem cell niche (CSCN) for CSC generation

and maintenance of tumor growth.

Retrodifferentiation

Whereas tumor tissue harbors a variety of different cell pop-

ulations including tumor cells in different states of develop-

ment, one possibility of CSC development includes the

hypothesis to be derived from neoplastic transformation

during development or self-renewal of normal tissue-

specific stem cells and to be primarily associated with solid

tumors [33]. Alternatively, CSCs can develop by a retrodif-

ferentiation process of differentiated tumor or tumor-

associated cells to acquire self-renewal capacity and to main-

tain tumorigenicity [34, 35]. Retrodifferentiation is charac-

terized by a reversion of all differentiated properties back to

a stem-like phenotype including rejuvenation [36]. Conse-

quently, retrodifferentiation extends the unidirectional view

of cellular hierarchy to multi-directional possibilities of de-

velopment, whereby retrodifferentiated and rejuvenated

stem-like tumor cells exhibit the potential of self-renewal.

Certain solid and non-solid in vitro tumor models were

developed to study retrodifferentiation [7, 37]. Thus, in-

duction of differentiation in a pheochromocytoma tumor

cell line by nerve growth factor (NGF) was associated with

a complete growth arrest and development of a sympa-

thetic neuron-like phenotype by extension of neuritic

processes similar to NGF-differentiated chromaffin

cells. Molecular signaling events of this tumor cell dif-

ferentiation involved NGF receptor-mediated phos-

phorylation of gp140trk and downstream signaling via

the transcription factors c-Fos and EGR-1 for the in-

duction of neuronal genes including transin, VGF-8 and

voltage-gated sodium channels among others [38, 39].

Interruption of the receptor-activated signaling cascade

e.g. by NGF removal reverted subsequent gene induc-

tion and the acquired neuronal functions and was ac-

companied by degeneration of the neurites. In parallel

to necroptosis in some cells, the rest of the differenti-

ated population reverted back to the pheochromocy-

toma tumor phenotype and regained proliferative

capacity during this retrodifferentiation program [40].

Moreover, in a human myeloid leukemia model, phor-

bol ester-induced differentiation of U937 leukemia cells

resulted in acquired adherence of cell cycle-arrested

and differentiated monocyte/macrophage-like cells for

several weeks. A decreasing threshold of phorbol ester

or interference with the downstream signaling cascade

of phorbol ester-activated protein kinase C interrupted

transactivating processes via AP-1 (predominantly Jun/Fos)

and NFκB and induced retrodifferentiation [41, 42]. This

also promoted some apoptosis and necroptosis by de-

creasing the activity of poly-ADP-ribose polymerase-1
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(PARP-1) which is important for DNA damage repair

and PARP-1-mediated proteasomal degradation of oxi-

dized and aberrant proteins [43–45]. Concomitant with

the accumulation of these damage products and in-

creasing formation of damage-associated molecular pat-

terns (DAMPs), a subsequent retrodifferentiation

process was induced in a majority of cells, whereby the

differentiated cells lost all acquired macrophage-like

properties and returned to a suspension growing

leukemic phenotype with regained self-renewing cap-

acity. These retrodifferentiated human cells are indis-

tinguishable from undifferentiated leukemia cells and

can repeatedly undergo such a phorbol ester-induced

differentiation/retrodifferentiation cycle.

Together, these findings suggest that certain stimuli

which may include damage products and DAMPs within

a tumor cell population can establish a CSCN and con-

tribute to a retrodifferentiation process to rejuvenate

tumor cells to a more stem-like phenotype with enhanced

self-renewal capacity (Fig. 1, Fig. 2a-c). Moreover, acquisi-

tion of tumor cell stemness via retrodifferentiation de-

pends on a sensitive balance of timely available metabolite

gradients and thresholds to enable the various steps of a

retrograde development towards a CSC.

Fig. 1 Hypothetical model for a CSCN compartment for CSC development. Due to oxygen and nutrient deprivation in a centralized localization

of the tumor, starving tumor cells shift energy metabolism to enhanced anaerobic glycolysis with lactate accumulation and release whereby some tumor

cells exhibit autophagy or undergo necroptosis by production of DAMPs. Interaction of DAMPs with adjacent tumor cells at oxygen-deprived hypoxic

conditions and lactate-mediated low pH can induce retrodifferentiation and CSC development. Recruitment and activation of immune cells by DAMPs

and the cytokine-mediated inflammatory environment is altered by immune-modulatory activities of cytokines-, chemokines- and exosomes-releasing

MSC also accumulating at the inflammatory sites of the tumor. Release of mediators and exosomes by both, tumor cells and MSC can also mutually alter

functionality of both cell types and induce CSC generation. Furthermore, MSC directly interact with tumor cells by various different mechanisms whereby

close interactions at certain conditions result in entosis or hybrid cell formation via MSC – tumor cell fusion. Both mechanisms develop different kinds of

hybrid cells which exhibit divergent functionalities during further tumor development. Subsequent selection processes of hybrid cells after MSC – tumor

cell fusion contribute to CSC development. CSCs in perivascular regions can be kept in a dormant/quiescent state before cytokine/growth

factor stimulation can activate re-entry into the proliferative cell cycle and self-renewal
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MSC – tumor cell hybrids by entosis or fusion

A sensitive balance of timely available internal and exter-

nal stimuli within a CSCN may also enable other modes

of CSC development such as MSC-tumor cell fusion or

entosis. Both types of interaction involve MSC as a po-

tential cellular partner resulting in distinct functional

hybrids. Although generally considered rare events, for-

mation of hybrid cells via entosis or via fusion follow

completely different mechanisms [46]. Entosis represents

a form of cell-in-cell internalization mediated by the Rho-

ROCK-actin/myosin pathway after loss of cell-matrix

adhesion with subsequent release, cell division, or degrad-

ation of the target cell in the newly formed hybrid [47–49]

which may contribute to the regulation of CSCs [46, 50].

Alternatively, tumor cell fusion depends on sensitive and

balanced conditions such as hypoxic environment, low pH

and appropriate membrane compatibility and the resulting

tumor hybrid cells share genomic parts of both fusion

partners while undergoing further post-fusion changes. In

most hybrid cells, subsequent cell division is hampered by

uncoordinated regulatory interactions of the two nuclei

from the fused cells eventually resulting in cell death.

Following a selection process with a loss of various chro-

mosomes, however, some MSC-tumor cell fusion hybrids

can re-establish a coordinated cell cycle progression by

exhibiting CSC properties such as self-renewal capacity

[51] (Fig. 1). Consequently, MSC-tumor cell entosis in

contrast to fusion-derived hybrids between MSC and

tumor cells develop different kinds of hybrid cell popula-

tions which most likely display divergent functionalities

during further tumor development. Fusion of MSC with

cells from different tumors including breast, ovarian,

gastric and lung cancer has been demonstrated in vitro

and in vivo [9, 52–54]. Moreover, human breast cancer

can also fuse with normal breast epithelial cells [55]. Ap-

pearance of aneuploidy or polyploidy in human tumor

cells with >46 chromosomes may result from aberrant/

asymmetric cell division or previous cell fusion. Indeed,

fusion of stem cells with other populations including

terminally differentiated cells or somatic cancer cells

has been discussed for recombination of DNA after nu-

clear fusion and reprogramming with potential contri-

bution to tumor initiation suggesting the formation of

CSCs [51, 56, 57].

Conditions and requirements for the CSCN
The normal SCN harbors stem cells and is responsible

for regulating stem cell maintenance, in particular the

Fig. 2 Formation of putative in vitro CSCN-like structures of primary human breast cancer-derived epithelial cells (HBCECs). Long-term cultivation

of primary HBCEC416 (passage 2) for 47 days (a) and HBCEC383 (passage 1) for 241 days (b) [105] was associated with development of a central

area with small proliferative active cells surrounded by a circle of larger growth-reduced and senescent cells demonstrating partial vesicle

accumulation and release (arrows). Together with gradients of various soluble factors, these biological material-containing stimulatory vesicles

may contribute to development of small-sized breast cancer stem-like cells and self-renewal. This is also substantiated by a significant expression of IL8

(PCR primer sense: 5′-AAAAAGCCACCGGAGCACT-3′; antisense: 5′-TTTCTGTGTTGGCGCAGTGT-3′; amplification product: 279 bp) in the corresponding

HBCECs as compared to normal juvenile HMECs in P13 or growth-arrested and aged HMECs in P15 [74, 75] with β-actin as a control (c).

Further supportive evidence is provided in breast and pancreatic cancer cells with IL8 expression by CSCs [102, 104, 106]
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balance between self-renewal and differentiation. More-

over, the normal SCN represents a dynamic and com-

plex compartment whereby additional components

including endothelial, immune and stromal cells, extra-

cellular matrix, cell adhesion molecules, soluble factors

and microvesicles/exosomes contribute to an environ-

ment necessary for enabling both, self-renewal and the

capability to differentiate [58]. Based on similarities

between normal stem cells and CSCs such as the poten-

tial to self-renew, there is increasing evidence that CSCs

also reside in similar niches, the CSCN, at the tumor site

[11, 12, 59]. To better understand tumorigenesis and the

concept of CSCs, appropriate models are helpful to elu-

cidate conditions and requirements in a CSCN (Fig. 1).

Previous work described that stem cells reside in fixed

compartments together with other cells determining

stem cell behavior and regulating stem cell maintenance

[60]. Thus, the CSCN may be regarded as defined com-

partment in which structural elements, soluble factors

and cell-to-cell interactions with adjacent cell types of

predominantly stromal origin contribute to cancer stem

cell maintenance (Fig. 1).

One major prerequisite for tumor growth is the supply

with nutrients and oxygen via blood vessels indicating

the necessity of a CSCN localizing in the vicinity of

vascular structures. Indeed, brain tumor stem cells have

been reported to reside at perivascular regions [12]. In

various stem cell niches, vascular cells have been attribu-

ted an important role in stem cell maintenance, e.g. in

the bone marrow [61], adult hippocampus [62], the in-

testine and skin [63].

Besides neo-vascularization within the tumor micro-

environment, the extracellular matrix (ECM) provides

an important structural scaffold comprising fibrous

proteins such as collagens, elastin, laminins, and fibro-

nectin, globular proteins including the IgG superfamily

integrins and cellular proteases, for instance MMPs,

cathepsins and kallikreins for ECM remodeling [64].

During tumorigenesis, the ECM appears commonly

dysregulated and disorganized [65, 66]. However, in-

creasing evidence suggests, that ECM compounds are

essential for stem cell niches. Stem cells have been

shown to be closely associated with laminins surrounded

by endothelial cells whereby progenitor cells were

demonstrated to express the laminin receptor α6β1 in-

tegrin [67]. Inhibition of binding to laminin prevented

adhesion to vascular endothelial cells thereby affecting

proliferation. This is in concert with recent findings

suggesting that adhesion to adjacent cells and extracel-

lular matrix components contributes to the regulation

of stem cell maintenance [68]. In the perivascular glio-

blastoma stem cell niche, laminin derived from non-stem

tumor cells and tumor-associated endothelial cells affected

tumor growth and CSC self-renewal capacity [69].

Moreover, laminin-111 in a three-dimensional cell culture

system induced quiescence of breast epithelial cells by

depletion of nuclear-associated actin [70, 71] (Fig. 1).

Whereas the level of nuclear actin contributes to balance

cell growth at least in breast tissue, the presence of laminin

within the ECM likely would also display an important

structural component of a CSCN.

When viewing a CSCN as a coordinated network of

locally interacting cells (endothelial (precursor) cells, ad-

ipocytes, immune cells (T cells, Natural killer (NK) cells,

dendritic cells (DC), macrophages) and mesenchymal

cells (fibroblasts, vasculature-associated pericytes, MSC))

together with dynamic thresholds and gradients of sol-

uble factors (exosomes and microvesicles, chemokines,

cytokines, growth factors, hormones, metabolites) in a

specific ECM environment (laminin, fibronectin, colla-

gen, proteoglycans, etc.), then interference with this

balanced homeostasis is predicted to alter CSC develop-

ment (Fig. 1). Thus, ECM degradation and remodeling

during tumor growth to enable tumor cell migration in-

volves a plethora of cellular proteases including MMPs,

cathepsins and kallikreins [72] which are also expressed

by CSCs. For instance, glioblastoma CSCs express

MMP-13 to enhance migration whereas knockdown of

MMP-13 reduced migratory and invasive capacity of

these CSCs [73]. Other matrix proteinases including

MMP-1, MMP-7, and MMP-9 play important roles in

normal and tumorigenic breast tissue remodeling and

development [74–76]. Thus, following laminin-111 deg-

radation by MMP-9 in the ECM, the tissue architecture

of breast cells becomes lost and cell proliferation is en-

hanced [77]. Cathepsins also contribute to ECM deg-

radation, whereby an additional function of cathepsins

includes the maintenance of CSC self-renewal [78].

Down-modulation of cathepsin B (concomitant with

the urokinase receptor (uPAR, CD87)) results in de-

creased expression of stem cell markers such as Sox2

and Nestin and reduces the glioma stem-like pool.

Human tissue kallikreins also belong to the family of

serine proteinases that are involved in degradation of

ECM components such as fibronectin, laminin and colla-

gen [79, 80]. In ovarian cancer, overexpression of human

kallikreins 4, 5, 6 and 7 accelerated tumor aggressiveness

and invasiveness [81]. However, kallikreins might also act

as ligands for proteinase-activated receptors (PARs), a

class of G protein-coupled receptors that are activated by

proteolytic cleavage [82]. PAR2 is activated by various

kallikreins and can promote invasiveness and metastatic

pathways in tumor cells either on its own [83] or by a

crosstalk via TGF-β signaling, thereby enhancing the pro-

migratory [84] and possibly pro-metastatic effects of this

growth factor. More importantly, human kallikrein 3 also

known as prostate-specific antigen (PSA) and used as

prognostic tumor marker in prostate cancer diagnosis was
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more than 7-fold upregulated in CD133-positive pros-

tate CSCs compared to other (CD133-negative) pros-

tate cancer cells [85] supporting the concept within a

CSCN that CSCs acquire increased migratory and

metastatic potential.

Apart from distinct ECM components and appropriate

restructure by distinct proteases that are required for a

CSCN to promote CSC development, self-renewal and

migration, adjacent cell types are also associated with a

CSCN establishment via direct and indirect communica-

tion processes with tumor-derived cells to enable CSC

development.

Potential role of MSC in the maintenance of
CSC/the CSCN
An important cell population during tumorigenesis is rep-

resented by MSC. These multipotent stromal cells are lo-

cated predominantly at perivascular niches of nearly all

human tissues and organs and display a plethora of func-

tions including tissue repair, immunomodulation and stem

cell homeostasis [86–89]. Subpopulations exhibiting differ-

ent properties within MSC cultures demonstrated a hetero-

geneous stem cell entity [90]. During tumorigenesis, MSC

are recruited to the inflammatory microenvironment of the

tumor site [91]. Various studies have demonstrated inter-

actions between MSC and cancer cells with support of

CSC maintenance including breast, ovarian, lung and

colon cancers [9, 52, 92–94]. In vivo studies revealed the

impact of bone marrow-derived MSC on breast cancer

stem-like cells by an accumulation of MSC and cytokine

release within the breast tumor microenvironment which

was associated with an increased number of CSCs [95].

Apart from the expression of specific surface markers,

MSC are characterized by their ability to differentiate

along the chondrogenic, osteogenic and adipogenic line-

ages [96] whereby also cross-germline differentiation cap-

acity of MSC with cellular properties other than from

mesodermal origin are discussed. At tumor sites, MSC

can differentiate into cancer-associated fibroblasts (CAFs)

which in turn favor tumor development [97, 98].

Co-culture experiments revealed the contribution of CAFs

as feeder cells to supply stemness factors since CAFs from

non-small cell lung carcinoma (NSCLC) patients pro-

moted lung cancer stem-like cell growth. Conversely, re-

moval of CAFs from the co-culture led to a down-

modulation of stem cell markers such as Oct3/4 and

Nanog followed by a partial differentiation of lung CSCs

[99]. Moreover, sarcomas were hypothesized to originate

from MSC by development of a CSC phenotype [50]. Fur-

thermore, in vitro and in vivo glioma stem cells were cap-

able to generate pericytes indicating an active role of

CSCs to remodel their CSCN for additional vasculature

and nutrient support [100]. In addition to MSC, CAFs

and pericytes, immune cells have also been suggested to

play a major role in CSCN maintenance, e.g. tumor-

associated macrophages (TAMs) facilitated survival and

growth of breast CSCs in vivo [101].

Regulation of CSC generation also involves a diverse

range of soluble factors including cytokines, chemokines,

growth factors, hormones, metabolites and further trophic

molecules. Breast cancer stem-like cells which are charac-

terized by low levels of CD24, high levels of CD44, and al-

dehyde dehydrogenase expression [1, 102, 103] have been

suggested to express the IL8-binding chemokine receptor

CXCR1. Neutralization of CXCR1 via a specific blocking

antibody or small-molecule inhibitors decreased CSC pop-

ulations and was accompanied by apoptosis/necroptosis of

the cancer cell population indicating the requirement of

IL8 signaling for CSC survival [104]. In vitro cultivation of

human breast cancer-derived epithelial cells (HBCECs)

[105] can develop CSCN-like structures which was also

accompanied by IL8 expression in contrast to normal hu-

man mammary epithelial cells (HMECs) (Fig. 2a-c).

Whereas HMEC culture eventually ends up in growth ar-

rest and senescence [74, 75] long term cultivation of

HBCEC populations maintains the capability to generate

new proliferative active cancer cells (Fig. 2a and b). A po-

tential IL8 production and corresponding signaling via

CXCR1 has also been attributed to CSCs of pancreatic

cancer [106].

Production and release of CCL5 by MSC has been

suggested to activate corresponding receptors such as

CCR5 on adjacent breast cancer cells thereby promoting

altered breast cancer development and metastasis [107].

Moreover, autocrine CCL5-signaling via its receptors

CCR1 and CCR3 accelerated migration and invasion of

ovarian CSCs while either removal of CCL5 or blockade

of CCR1 and CCR3 prevented their invasive potential

[108]. Further soluble factors which interfere with CSC

maintenance are microRNAs (miRs). For instance, miR-

34 expression resulted in a reduced pancreatic TIC

population [109] and exogenous miR-134 overexpression

decreased human endometrial CSC migration [110].

Direct communication of MSC with tumor cells as part of

a CSCN

According to their recruitment to tumor sites associated

with direct interactions of MSC with tumor cells, multi-

potent MSC may represent a major cellular component

of a CSCN since various studies reported mutual acqui-

sition of properties between both interaction partners

which alter the original cell fate [9, 52].

Gap junctions enable the direct interaction between

two neighboring cells, also known as gap junctional

intercellular communication (GJIC). Thereby, each cell

contributes equally to gap junction formation. Gap junc-

tion channels consist of hemichannels/connexons which

in turn are composed of six connexin protein subunits
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that form a pore through the plasma membrane [111, 112].

In general, ions like Ca2+, small molecules such as micro-

RNAs or second messenger are transported and exchanged

via gap junctions allowing regulation of cell proliferation,

differentiation and homeostasis maintenance [111, 113].

During co-culture with MSC, breast cancer cells acquired

CD90 expression as a mesenchymal stem cell surface

marker. Gap junction inhibitors decreased MSC-mediated

CD90 acquisition of breast cancer cells indicating the in-

volvement of GJIC in the process of cancer cell alteration

[9]. Furthermore, GJIC has been reported in cancer cell

dormancy. MiRs targeting CXCL12 were transferred via

gap junctions from bone marrow stromal to breast cancer

cells resulting in decreased CXCL12 levels and reduced

proliferation thereby promoting cancer cell quiescence

[114]. Moreover, bone marrow MSC-derived exosomes

which include miR-23b can induce quiescence in bone

marrow-associated breast cancer cells [115]. Dormancy/

quiescence of breast cancer cells has also been attributed

to interaction with the microvasculature, particularly endo-

thelial cell-derived thrombospondin-1 whereas escape from

dormancy and regained tumor cell proliferation is associ-

ated with sprouting neovasculature and availability of

appropriate growth factors in the perivascular niche [116]

(Fig. 1).

Whereas GJIC proceeds between two tightly adjacent

cells, nanotubes are characterized by thin, F-actin rich

structures which link interacting cells over longer dis-

tances. These dynamic cytoplasmic protrusions facilitate

communication via exchange of various biological cargo

including small molecules and organelles [117]. Notably,

nanotubes enabled the transfer of mitochondria from

bone marrow-derived MSC to breast cancer cells indu-

cing increased oxidative phosphorylation (OXPHOS),

proliferation and invasion of cancer cells [118]. Thus,

nanotubes represent a crucial interaction tool for can-

cer cells to acquire altered cellular functions facilitat-

ing tumor survival, growth and expansion.

The Notch signaling pathway plays a crucial role in

cellular processes including tissue repair, stem cell main-

tenance and regulation of immune cell functions [119].

There is increasing evidence that Notch signaling pro-

motes pro-tumorigenic functions in solid tumors and is

involved in cancer stem-like cell survival [120–122]. The

Notch signaling cascade starts with ligand binding from

the signal-sending cell to the notch receptor of the

signal-receiving cell followed by cleavage of the recep-

tors intracellular domain by a presenilin-γ-secretase.

The cleavage domain translocates into the nucleus and

activates downstream target genes by facilitating dis-

placement of a transcriptional repressor [123]. Recent

studies have identified MSC as signal-sending cell of

Notch signaling whereas breast cancer cells received sig-

nals. Acquired expression of the MSC marker CD90 by

breast cancer cells during co-culture was reduced by

blocking of Notch signaling [9] suggesting a functional

role of this pathway during cancer cell alteration. Addi-

tionally, CD90 has been proposed as marker for liver

CSCs. In CD90-positive liver CSC featuring chemoresis-

tance, migration, self-renewal, elevated invasiveness and

metastasis, the Notch signaling pathway was activated.

Conversely, inhibition of Notch signaling reduced migra-

tion, invasiveness and expression of stem cell-related

genes further strengthening the importance of Notch

signaling for CSCN maintenance [124].

Trogocytosis has been initially observed between im-

mune cells as an active mechanism whereby lympho-

cytes extract surface molecules from antigen-presenting

cells [125]. More recently, trogocytosis has been pro-

posed as interaction mechanism by exchange of mem-

brane patches and associated proteins between adjacent

cells including MSC and cancer cells. Thus, ovarian

tumor cells extracted membrane patches from stromal

cells harboring multidrug resistance proteins thereby de-

veloping chemoresistance to platin and taxans [126].

Likewise, rare tumors of the small cell carcinoma of the

ovary, hypercalcemic type (SCCOHT), demonstrated

progressive chemo- and apoptosis resistance mediated

by MSC [127].

Direct interaction and communication between MSC

and tumor cells including GIJC, nanotube formation,

Notch signaling, and trogocytosis may contribute to the

generation of CSCs together with mutual exchange of

distinct factors which alter properties of the involved cell

populations. For example, cancer cell–derived interleu-

kin1 can stimulate prostaglandin E2 secretion by MSC

operating in an autocrine manner to further induce ex-

pression of cytokines by the MSC which in turn activate

β-catenin signaling in the cancer cells in a paracrine

fashion and formation of CSCs [128].

Together, these different types of direct interactions

emphasize the importance and requirements of tumor-

associated cells such as MSC within a CSCN to relay

cellular properties that alter the original phenotype of

tumor cells towards CSCs.

Indirect communication of MSC with tumor cells

In addition to direct interactions altering CSC phenotype

and function, indirect communication plays a pivotal role

within CSCN. It involves both the release of soluble mole-

cules such as metabolites and hormones and the exchange

of microvesicles and exosomes [64].

In CSCN, metabolites including lactate, glutamine and

keton bodies mutually reprogram metabolism of stromal

stem cells and cancer cells favoring adaption of tumor

cells to dynamic fluctuation of CSCN. Activation of CSCN

homing CAFs by tumor cells leads to metabolic repro-

gramming of CAFs to a glycolytic phenotype meaning
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elevation of glucose uptake and elevation of lactate se-

cretion serving as nutrient for adjacent cancer cells

[129, 130]. On the one hand, lactate secretion increases

acidity of CSCN resulting in higher ECM protease ac-

tivity for migration and metastasis. On the other hand,

lactate is taken up by cancer cells which reprograms

their metabolism from glycolytic to respiratory mode

(OXPHOS) maintaining cancer growth [131]. Indeed,

osteosarcoma cells activate expression of lactate efflux

receptors in MSC concomitant with accelerated expres-

sion of lactate influx receptors and lactate uptake in

cancer cells. This metabolic shift increases ATP pro-

duction and enhances migratory potential of osteosar-

coma cells [132] indicating a necessity of acidification

and metabolic reprogramming for increased tumor

growth and progression. In addition to lactate, MSC

deliver further nutrients such as ketone bodies and

glutamine which can only be metabolized by OXPHOS

fostering cancer growth [131] or arachidonic acid me-

tabolites like prostaglandin E2 which modulates im-

mune cells and protects lymphoblastic leukemia cells

from cell death [133]. Moreover, prostaglandin E2- and

cytokine-producing MSC can create a cancer stem cell

niche together with other recruited cell populations to

enable tumor progression [128].

Furthermore, hormones as soluble agents have been

demonstrated to influence CSCs. For instance, proges-

terone induced the expansion of breast cancer stem-like

cells [134].

Exosomes are characterized as homogeneous, 40 to

100 nm small endocytosed membrane particles which

can be mutually exchanged by tumor cells and adjacent

cell populations in the tumor microenvironment, par-

ticularly macrophages and MSC. These small particles

contain a variety of proteins, lipids, functional RNAs

and regulatory miRs [135, 136]. Although data are con-

troversial concerning exosome function in tumorigen-

esis, there is predominant evidence that exosomes

contribute to tumor growth whereby also tumor cell-

derived exosomes play an important role [137, 138].

Recent work demonstrated the internalization of MSC-

derived exosomes by breast and ovarian cancer cells

resulting in new tumor cell properties and functions by

acquisition of MMP2 and ecto-5′-nucleotidase (CD73, a

MSC surface marker) activity, respectively, enabling

increased potential to reorganize the tumor microenvir-

onment [139]. Furthermore, MSC-derived exosomes

enhanced proliferation and migration of breast cancer

cells suggesting the involvement of Wnt signaling for

elevated migration capacity [140]. In addition, certain

miRs such as miR-222/223 from MSC-released exosomes

promote dormancy/quiescence and drug resistance in a

subset of breast cancer cells [141]. Intercellular communi-

cation between MSC and prostate cancer-derived exosomes

activated the MSCs to differentiate into myofibroblasts

whereby pro-angiogenic, pro-proliferative and pro-invasive

functions were induced to facilitate tumor progression

[142]. Tumor cell-derived exosomes in distinct organs also

display distinct integrin expression patterns that can stimu-

late resident cells (macrophages, endothelial cells, MSC) to

prepare a metastatic niche for tumor cells [143].

Potential role of hypoxia, autophagy and DAMPs
in CSC development
Although knowledge about CSCs originating from a

CSCN is limited, the tumor microenvironment in which

CSCs reside, provides a structural scaffold with various

resident cancer-associated aberrant cell types which con-

tribute to tumor growth and exchange soluble factors by

mutual intercellular communications. Due to progressively

increasing tumor cell growth and impaired vascularization,

some tumor cells within the center of a solid tumor have

limited access to nutrients. An impaired nutrient availability

during expansion of the tumor size leads to hypoxic

and more acidic conditions with starvation of the inner

tumor cells eventually resulting in autophagy and ne-

crosis/necroptosis [144] (see below).

Whereas such hypoxic and acidic milieu results from

the imbalance between tumor cell proliferation and

angiogenesis [145, 146], hypoxia represents one of the

hallmarks of solid tumors influencing tumor develop-

ment and progression [147] (Fig. 1).

Hypoxic signaling occurs via hypoxia inducible factors

HIF-1 and HIF-2 that regulate cellular response to low

oxygen and nutrient deficiency including activation of

specific genes that control metabolism, angiogenesis,

proliferation and differentiation [148]. Activation of

angiogenesis increases tumor vascularization, however,

tumor blood vessels feature abnormal pericyte coverage

and leaky endothelial layers [149] and are thus unable to

supply sufficient oxygen. Consequently, cancer cells

adapt their metabolism to these environmental condi-

tions also with altered energy metabolism. Normal cells

primarily depend on energy storage and consumption

via mitochondrial OXPHOS, however, cancer cells rely

on glycolysis followed by increased lactate production

which is supported by hypoxic conditions [150]. Similar

effects are observed in MSC cultures, whereby hypoxic

conditions were associated with induced HIF-1α expres-

sion and significantly elevated lactate production [151].

There is increasing evidence that cancer cells rely on both,

glycolysis with lactate accumulation and OXPHOS

whereby a shift between these two metabolic pathways in-

dicates rapid adaptability of tumor cells to certain envir-

onmental conditions. Moreover, HIF-1α and HIF-2α

expression were suggested to develop and maintain

CSCs in gliomas [152] and in human neuroblastoma

[153], respectively.
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Together with the significant alterations in cellular

metabolism, hypoxic conditions also mediate the activa-

tion of extracellular matrix proteases such as MT1-

MMP and MMP-2 in mammary tumor cells [154] or

gelatinase in distinct adenocarcinomas [155] which can

restructure the ECM and accordingly, the architecture of

a CSCN.

Furthermore, hypoxia induces epithelial-to-mesenchymal

transition (EMT), a process required for metastasis,

through activation of EMT transcription factors resulting

in e.g. loss of E-cadherin [156, 157]. In general, EMT is

characterized by alterations of epithelial-like cell properties

towards a mesenchymal phenotype including downregula-

tion of E-cadherin for loss of cell polarity, secretion of

proteases for ECM degradation and an increase in mesen-

chymal marker expression for accelerated migration and

invasiveness [158–160]. Cancer cells undergoing EMT

have been demonstrated to acquire mesenchymal cell traits

resulting in mesenchymal-like migration patterns of cancer

cells through tumor microenvironment. This mesenchymal

migration type is characterized by protease-dependency

to facilitate ECM degradation via MMPs, cathepsins

and kallikreins and to enhance movement through the

ECM [72, 161, 162]. An EMT program induced by

TGF-β is associated with the acquisition of stem cell

traits, proliferation arrest and enhanced resistance to

apoptotic stimuli including anti-cancer drugs (chemoresis-

tance). Recent data in pancreatic ductal adenocarcinoma

cells in vitro suggested that TGF-β1 induced the gener-

ation of CSC-like cells with clonogenic potential and that

this process can be efficiently inhibited with the anti-

cancer drug dasatinib (BMS-354825, Spryce) [163].

Following hypoxia and EMT, cancer cells can escape

the primary tumor niche and migrate and disseminate to

distant organs [164, 165].

Besides the contribution of hypoxic conditions to me-

tastasis, low pH/acidic conditions as a result of lactate

release from increased anaerobic glycolysis of tumor

cells may favor metastasis as well. Acidic conditions are

proposed to activate proteases such as cathepsins which

in turn degrade ECM for tumor invasion [166–168].

Also, acidic stress favors the development of CSCs in

gliomas [169].

Hypoxic and more acidic conditions in the inner part

of a tumor are often accompanied by starvation and

reduced tumor cell viability, Enhanced cell death of cen-

trally located tumor cells by progressive nutrient defi-

ciency, starvation and low oxygen levels can involve

three main mechanisms: apoptosis, autophagy and ne-

crosis/necroptosis. Apoptosis is a highly regulated cell

death program that can be triggered by both extrinsic

and intrinsic stimuli after induction in consequence of

inevitable cell stress [170, 171]. However, many cancer

cells and particularly those with a partial EMT phenotype

including CSCs exhibit resistance to apoptosis [172] since

in a hypoxic environment, expression of pro-apoptotic

members of the Bcl-2 family is decreased while protein

levels of anti-apoptotic mediators such as Bcl-xL are in-

creased [173, 174]. This EMT-mediated loss in apop-

tosis sensitivity partially accounts for a chemoresistant

phenotype. Autophagy is a well-regulated catabolic

process that usually exerts pro-survival functions via

lysosome-mediated degradation of intracellular mole-

cules that provides energy needed during starvation or

cellular stress [175]. Accordingly, autophagy plays an

important supportive role in cancer development.

Indeed, autophagy has been shown to promote survival

of disseminating, dormant/quiescent and stem-like

tumor cells and to be upregulated during metastasis

[176]. These stem-like tumor cells can represent a hete-

rogeneous population e.g. by subclones which carry

mutations of known oncogenic potential but do not ex-

hibit any signs of malignancy for long time and are

therefore distinguished as “neoplastic stem cells” [177].

An enhanced contribution of autophagy to CSC activa-

tion has also been demonstrated in breast cancer cells

by increased regulation of CD24low/CD44high breast

cancer stem-like cells [178]. Conversely, inhibition of

autophagy in pancreatic tumor cells was associated with

reduced activity of CSCs [179] further substantiating an im-

portant role of autophagy in regulating CSC functionality.

Necrosis depicts another process of cell death charac-

terized as random, accidental and unregulated [180].

Nonetheless, regulated, programmed necrosis in tumor

cells has been observed and termed necroptosis for

controlled cell death [181]. Apoptotic, autophagic and

necrotic/necroptotic cells within the tumor microenvir-

onment release damage-associated molecular patterns

(DAMPs) which serve as danger signals and are primarily

recognized by pattern recognition receptors (PRRs) such

as toll-like receptors [182] (Fig. 1). DAMPs are found in

all stressed cells and are delineated as a large group of un-

related mediators including S100 proteins, ATP, heat

shock proteins, hyaluronan, HMGB1 (high mobility group

box 1), and calcireticulin [183]. Particularly the DAMP-

associated protein HMGB1 has been suggested to pro-

mote cancer progression in malignant mesothelioma also

evidenced by elevated serum levels of malignant meso-

thelioma patients which indicates a supportive role of

DAMPs for CSC functions [184].

The release of DAMPs initiates an innate and adaptive

immune response attracting immune cells such as DC,

NK cells, macrophages and regulatory T cells (Tregs)

[182] (Fig. 1). Although inflammation induces anti-

tumor signaling which successfully eliminates the tumor

cells, opposite effects facilitate tumorigenesis due to

failure of an effective immune response and escape of

some tumor cells from immune surveillance which
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results in DAMP-mediated tumor progression [183].

Indeed, glioblastoma cancer progression was associated

with ineffective response of CSCs to DAMPs partially

due to a decreased toll-like receptor expression and

thereby, DAMPs contribute to CSC maintenance [185].

Reduced immune response to tumor cells can also be

mediated by MSC which are recruited to tumor sites

due to the inflammatory microenvironment (Fig. 1).

Overall, MSC interact with a variety of immune cells

and exhibit immune-modulatory functions. They sup-

press the cytotoxicity potential of NK cells or inhibit T

cell activation by altering immune cell functions and

favoring immune suppression [91]. Recent findings

substantiated the anti-proliferative effects of MSC on T

lymphocytes by expression of nitric oxide synthase and

production of nitric oxide metabolites [186]. Moreover,

MSC can regulate immune competence by release of

IL-10 or by producing the enzyme indoleamine-2,3-

dioxygenase (IDO) associated with induction of toler-

ance and a shift from Th1 to Th2 immune response.

Furthermore, Tregs are severely affected by DAMPs

such as adenosine and prostaglandin E2 [187, 188] and

can interact with other immune cells leading to limited

anti-tumor immunity [189].

Macrophages (M1) contribute to tumor destruction

via IFNγ activation followed by production of type 1 cy-

tokines and chemokines. Conversely, activation of M2

macrophages via MSC promotes tumorigenesis by pro-

duction of type 2 cytokines and chemokines strengthe-

ning the dual role of macrophages depending on the

phenotype and activation status. During progressive

adaption to the tumor microenvironment, TAMs repre-

sent a further macrophage phenotype that triggers

tumor development through support of angiogenesis

and ECM remodeling [190]. Consequently, even though

inflammation at tumor sites induces anti-tumor

responses, attracted MSC alter immune cell functions

and favor an immunosuppressive microenvironment

with reduced immune surveillance which contributes to

CSC development and promotion of tumor growth.

Together, the cascade of hypoxic conditions and low nu-

trient supply accompanied by limited apoptosis,

autophagy and necrosis/necroptosis followed by release of

DAMPs evokes an inflammatory microenvironment which

is modulated by interacting MSC. These mechanisms

which are also influenced by protease activities and subse-

quent ECM modulation interfere with the dynamic and

sensitive equilibrium of the CSCN which can critically

alter the amount of CSCs affecting clinical outcomes and

patient prognoses [191].

Conclusions
The presence of a CSC population as part of a heteroge-

neous tumor entity [192] is suggested with following

functions: 1) cancer maintenance by self-renewal capacity;

2) differentiation and development capacity; 3) chemo/

apoptosis resistance; 4) escape from immune surveillance.

CSCs can evolve from normal SCNs, from primary tumors,

from metastases with disseminated tumor cells after EMT,

from cell fusion following subsequent selection, and/or

from a retrodifferentiation process among others. Gen-

eration of CSCs requires a multistep cascade of devel-

opment including genetic and/or epigenetic changes.

CSC maintenance/protection in a dormant/quiescent

state within a specialized microenvironment and activa-

tion by cytokines/growth factors for cell cycle reentry

and tumor growth (relapse) remains a matter of debate

among alternative hypotheses and models of a CSCN.

According to metabolic alterations and functional

interference with the requirements of a carefully bal-

anced factor homeostasis for CSC generation, the sensi-

tive maintenance of a CSCN is likely subject to changes.

Such CSCN structures can be disabled at certain sites of

the tumor and newly established at more favorable

places within the tumor suggesting multiple and simul-

taneous possibilities for CSCNs with appropriate turn-

over. A potential CSCN turnover may depend on the

stability of the environment. For example, CSCNs of

tumor metastases in the bone marrow are more pro-

tected and stabilized in the spongy bone cavities as com-

pared to CSCNs in more metabolically-exposed tissues

such as primary organ-associated tumor tissues or lymph

node metastases. Nevertheless, the dynamic generation

and changes of CSCs within the plasticity of tumor tissues

and the continuously functional alterations/adaptations of

developing and metastasizing tumor cells by loss of

distinct functions and/or acquisition of new properties

represent the real challenge of a successful tumor therapy.

Abbreviations

CAF: Cancer-associated fibroblast; CPC: Cancer progenitor cell; CSC: Cancer

stem-like cell; CSCN: Cancer stem cell niche; DAMP: Damage-associated

molecular pattern; DC: Dendritic cell; ECM: Extracellular matrix; EMT: Epithelial-

mesenchymal transition; GJIC: Gap junctional intercellular communication;

HBCEC: Human breast cancer-derived epithelial cells; HMEC: Human mammary

epithelial cells; HMGB1: High mobility group box 1; miR: MicroRNA; MMP: Matrix

metalloproteinase; MSC: Mesenchymal stroma/stem cell; NK: Natural killer cell;

OXPHOS: Oxidative phosphorylation; PRR: Pattern recognition receptor;

SCN: Stem cell niche; TAM: Tumor-associated macrophage; TIC: Tumor-initiating

cell; Treg: Regulatory T cell

Acknowledgements

The authors declare no financial, personal, or professional conflict of interest.

All authors have critically read and approved this work. This work was

supported by a grant from the Erich und Gertrud Roggenbuck-Stiftung for

Cancer Research to RH.

Funding

This work was supported by a grant from the Erich und Gertrud

Roggenbuck-Stiftung for Cancer Research to RH.

Availability of data and materials

Not applicable.

Melzer et al. Molecular Cancer  (2017) 16:28 Page 10 of 15



Authors’ contributions

CM and RH drafted the manuscript. Figures were designed by JvO and RH.

HL and HU critically read and revised the manuscript. The manuscript was

finalized by RH. All authors read and approved the final manuscript.

Competing interests

The authors declare no financial, personal, or professional conflict of interest.

Consent for publication

All authors have critically read and approved this work.

Ethics approval and consent to participate

Not applicable.

Author details
1Biochemistry and Tumor Biology Lab, Department of Obstetrics and

Gynecology, Hannover Medical School, Medical University Hannover,

Carl-Neuberg-Str. 1, D – 30625 Hannover, Germany. 2First Department of

Medicine, University Hospital Schleswig-Holstein (UKSH), Campus Lübeck,

Lübeck, Germany. 3Department of General, Visceral-,

Thoracic-Transplantation- and Pediatric Surgery, UKSH, Campus Kiel, Kiel,

Germany.

Received: 24 October 2016 Accepted: 18 January 2017

References

1. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF.

Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad

Sci U S A. 2003;100(7):3983–8.

2. Bonnet D, Dick JE. Human acute myeloid leukemia is organized as a

hierarchy that originates from a primitive hematopoietic cell. Nat Med.

1997;3(7):730–7.

3. Foo J, Leder K, Michor F. Stochastic dynamics of cancer initiation. Phys Biol.

2011;8(1):015002.

4. Quail DF, Taylor MJ, Postovit LM. Microenvironmental regulation of cancer

stem cell phenotypes. Curr Stem Cell Res Ther. 2012;7(3):197–216.

5. Dubois-Pot-Schneider H, Fekir K, Coulouarn C, Glaise D, Aninat C, Jarnouen K,

Le Guevel R, Kubo T, Ishida S, Morel F, Corlu A. Inflammatory cytokines

promote the retrodifferentiation of tumor-derived hepatocyte-like cells to

progenitor cells. Hepatology. 2014;60(6):2077–90.

6. Hass R, Giese G, Meyer G, Hartmann A, Dork T, Kohler L, Resch K, Traub P,

Goppelt-Strube M. Differentiation and retrodifferentiation of U937 cells:

reversible induction and suppression of intermediate filament protein

synthesis. Eur J Cell Biol. 1990;51(2):265–71.

7. Hass R, Gunji H, Datta R, Kharbanda S, Hartmann A, Weichselbaum R, Kufe D.

Differentiation and retrodifferentiation of human myeloid leukemia cells is

associated with reversible induction of cell cycle-regulatory genes. Cancer Res.

1992;52(6):1445–50.

8. Plaks V, Kong N, Werb Z. The cancer stem cell niche: how essential is the niche

in regulating stemness of tumor cells? Cell Stem Cell. 2015;16(3):225–38.

9. Mandel K, Yang Y, Schambach A, Glage S, Otte A, Hass R. Mesenchymal

stem cells directly interact with breast cancer cells and promote tumor cell

growth in vitro and in vivo. Stem Cells Dev. 2013;22(23):3114–27.

10. Pawelek JM, Chakraborty AK. Fusion of tumour cells with bone marrow-

derived cells: a unifying explanation for metastasis. Nat Rev Cancer. 2008;

8(5):377–86.

11. Borovski T, De Sousa EMF, Vermeulen L, Medema JP. Cancer stem cell niche:

the place to be. Cancer Res. 2011;71(3):634–9.

12. Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B, Oh EY,

Gaber MW, Finklestein D, Allen M, Frank A, Bayazitov IT, Zakharenko SS,

Gajjar A, Davidoff A, Gilbertson RJ. A perivascular niche for brain tumor stem

cells. Cancer Cell. 2007;11(1):69–82.

13. Visvader JE, Lindeman GJ. Cancer stem cells in solid tumours: accumulating

evidence and unresolved questions. Nat Rev Cancer. 2008;8(10):755–68.

14. Greaves M, Maley CC. Clonal evolution in cancer. Nature. 2012;481(7381):

306–13.

15. Kreso A, Dick JE. Evolution of the cancer stem cell model. Cell Stem Cell.

2014;14(3):275–91.

16. Meacham CE, Morrison SJ. Tumour heterogeneity and cancer cell plasticity.

Nature. 2013;501(7467):328–37.

17. Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire J, Dirks PB.

Identification of a cancer stem cell in human brain tumors. Cancer Res.

2003;63(18):5821–8.

18. Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V, Wicha M, Clarke MF,

Simeone DM. Identification of pancreatic cancer stem cells. Cancer Res.

2007;67(3):1030–7.

19. Zhang S, Balch C, Chan MW, Lai HC, Matei D, Schilder JM, Yan PS, Huang TH,

Nephew KP. Identification and characterization of ovarian cancer-initiating cells

from primary human tumors. Cancer Res. 2008;68(11):4311–20.

20. Schatton T, Murphy GF, Frank NY, Yamaura K, Waaga-Gasser AM, Gasser M,

Zhan Q, Jordan S, Duncan LM, Weishaupt C, Fuhlbrigge RC, Kupper TS,

Sayegh MH, Frank MH. Identification of cells initiating human melanomas.

Nature. 2008;451(7176):345–9.

21. Maitland NJ, Collins AT. Prostate cancer stem cells: a new target for therapy.

J Clin Oncol. 2008;26(17):2862–70.

22. Eramo A, Lotti F, Sette G, Pilozzi E, Biffoni M, Di Virgilio A, Conticello C, Ruco L,

Peschle C, De Maria R. Identification and expansion of the tumorigenic lung

cancer stem cell population. Cell Death Differ. 2008;15(3):504–14.

23. Son MJ, Woolard K, Nam DH, Lee J, Fine HA. SSEA-1 is an enrichment

marker for tumor-initiating cells in human glioblastoma. Cell Stem Cell.

2009;4(5):440–52.

24. Hill RP, Perris R. “Destemming” cancer stem cells. J Natl Cancer Inst. 2007;

99(19):1435–40.

25. Ye X, Tam WL, Shibue T, Kaygusuz Y, Reinhardt F, Ng Eaton E, Weinberg RA.

Distinct EMT programs control normal mammary stem cells and tumour-

initiating cells. Nature. 2015;525(7568):256–60.

26. Odoux C, Fohrer H, Hoppo T, Guzik L, Stolz DB, Lewis DW, Gollin SM,

Gamblin TC, Geller DA, Lagasse E. A stochastic model for cancer stem cell

origin in metastatic colon cancer. Cancer Res. 2008;68(17):6932–41.

27. Dick JE. Stem cell concepts renew cancer research. Blood. 2008;112(13):

4793–807.

28. Tomasetti C, Vogelstein B, Parmigiani G. Half or more of the somatic

mutations in cancers of self-renewing tissues originate prior to tumor

initiation. Proc Natl Acad Sci U S A. 2013;110(6):1999–2004.

29. Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC, Leppert

M, Nakamura Y, White R, Smits AM, Bos JL. Genetic alterations during

colorectal-tumor development. N Engl J Med.

1988;319(9):525–32.

30. Wiesweg M, Eberhardt WE, Reis H, Ting S, Savvidou N, Skiba C, Herold T,

Christoph DC, Meiler J, Worm K, Kasper S, Theegarten D, Hense J, Hager T,

Darwiche K, Oezkan F, Aigner C, Welter S, Kuhl H, Stuschke M, Schmid KW,

Schuler M. High Prevalence of Concomitant Oncogene Mutations in

Prospectively Identified Patients with ROS1-Positive Metastatic Lung Cancer.

J Thorac Oncol. 2016;12:54–64.

31. Williams RT, Den Besten W, Sherr CJ. Cytokine-dependent imatinib

resistance in mouse BCR-ABL+, Arf-null lymphoblastic leukemia. Genes Dev.

2007;21(18):2283–7.

32. Tomasetti C, Vogelstein B. Cancer etiology. Variation in cancer risk among

tissues can be explained by the number of stem cell divisions. Science.

2015;347(6217):78–81.

33. Nguyen LV, Vanner R, Dirks P, Eaves CJ. Cancer stem cells: an evolving

concept. Nat Rev Cancer. 2012;12(2):133–43.

34. Cabillic F, Corlu A. Regulation of Transdifferentiation and Retrodifferentiation

by Inflammatory Cytokines in Hepatocellular Carcinoma. Gastroenterology.

2016;151(4):607–15.

35. Hass R. Retrodifferentiation–a mechanism for cellular regeneration? Biol

Chem. 2009;390(5–6):409–16.

36. Hass R. Rejuvenation in distinct cell populations - What does it mean? Exp

Gerontol. 2009;44(10):634–8.

37. Greenberg ME, Greene LA, Ziff EB. Nerve growth factor and epidermal

growth factor induce rapid transient changes in proto-oncogene

transcription in PC12 cells. J Biol Chem. 1985;260(26):14101–10.

38. Klein R, Jing SQ, Nanduri V, O’Rourke E, Barbacid M. The trk proto-oncogene

encodes a receptor for nerve growth factor. Cell. 1991;65(1):189–97.

39. Salton SR, Fischberg DJ, Dong KW. Structure of the gene encoding

VGF, a nervous system-specific mRNA that is rapidly and selectively

induced by nerve growth factor in PC12 cells. Mol Cell Biol. 1991;11(5):

2335–49.

40. Greene LA. Nerve growth factor prevents the death and stimulates the

neuronal differentiation of clonal PC12 pheochromocytoma cells in serum-

free medium. J Cell Biol. 1978;78(3):747–55.

Melzer et al. Molecular Cancer  (2017) 16:28 Page 11 of 15



41. Hass R, Pfannkuche HJ, Kharbanda S, Gunji H, Meyer G, Hartmann A, Hidaka

H, Resch K, Kufe D, Goppelt-Strube M. Protein kinase C activation and

protooncogene expression in differentiation/retrodifferentiation of human

U-937 leukemia cells. Cell Growth Differ. 1991;2(11):541–8.

42. Meinhardt G, Hass R. Differential expression of c-myc, max and mxi1 in

human myeloid leukemia cells during retrodifferentiation and cell death.

Leuk Res. 1995;19(10):699–705.

43. Gunji H, Hass R, Kufe D. Internucleosomal DNA fragmentation during

phorbol ester-induced monocytic differentiation and G0/G1 arrest. J Clin

Invest. 1992;89(3):954–60.

44. Harnacke K, Kruhoffer M, Orntoft TF, Hass R. Down-modulation of

poly(ADP-ribose) polymerase-1 (PARP-1) in human TUR leukemia cells

restores transcriptional responsiveness for differentiation and cell cycle

arrest. Eur J Cell Biol. 2005;84(11):885–96.

45. Selle A, Ullrich O, Harnacke K, Hass R. Retrodifferentiation and rejuvenation of

senescent monocytic cells requires PARP-1. Exp Gerontol. 2007;42(6):554–62.

46. Sottile F, Aulicino F, Theka I, Cosma MP. Mesenchymal stem cells generate

distinct functional hybrids in vitro via cell fusion or entosis. Sci Rep. 2016;6:36863.

47. Krishna S, Overholtzer M. Mechanisms and consequences of entosis.

Cell Mol Life Sci. 2016;73(11–12):2379–86.

48. Overholtzer M, Mailleux AA, Mouneimne G, Normand G, Schnitt SJ, King RW,

Cibas ES, Brugge JS. A nonapoptotic cell death process, entosis, that occurs

by cell-in-cell invasion. Cell. 2007;131(5):966–79.

49. Purvanov V, Holst M, Khan J, Baarlink C, Grosse R. G-protein-coupled

receptor signaling and polarized actin dynamics drive cell-in-cell invasion.

Elife. 2014;3.

50. Burns JS, Safwat A, Grisendi G, Kassem M, Dominici M. Sarcomas as a mise

en abyme of mesenchymal stem cells: exploiting interrelationships for cell

mediated anticancer therapy. Cancer Lett. 2012;325(1):1–10.

51. Dittmar T, Schwitalla S, Seidel J, Haverkampf S, Reith G, Meyer-Staeckling S,

Brandt BH, Niggemann B, Zanker KS. Characterization of hybrid cells derived

from spontaneous fusion events between breast epithelial cells exhibiting stem-

like characteristics and breast cancer cells. Clin Exp Metastasis.

2011;28(1):75–90.

52. Yang Y, Otte A, Hass R. Human mesenchymal stroma/stem cells exchange

membrane proteins and alter functionality during interaction with different

tumor cell lines. Stem Cells Dev. 2015;24(10):1205–22.

53. Wei HJ, Nickoloff JA, Chen WH, Liu HY, Lo WC, Chang YT, Yang PC, Wu CW,

Williams DF, Gelovani JG, Deng WP. FOXF1 mediates mesenchymal stem

cell fusion-induced reprogramming of lung cancer cells. Oncotarget. 2014;

5(19):9514–29.

54. Xue J, Zhu Y, Sun Z, Ji R, Zhang X, Xu W, Yuan X, Zhang B, Yan Y, Yin L, Xu H,

Zhang L, Zhu W, Qian H. Tumorigenic hybrids between mesenchymal stem

cells and gastric cancer cells enhanced cancer proliferation, migration and

stemness. BMC Cancer. 2015;15:793.

55. Tosun S, Fried S, Niggemann B, Zanker KS, Dittmar T. Hybrid Cells Derived

from Human Breast Cancer Cells and Human Breast Epithelial Cells Exhibit

Differential TLR4 and TLR9 Signaling. Int J Mol Sci. 2016;17:5.

56. Chen EH, Olson EN. Unveiling the mechanisms of cell-cell fusion. Science.

2005;308(5720):369–73.

57. Ogle BM, Cascalho M, Platt JL. Biological implications of cell fusion. Nat Rev

Mol Cell Biol. 2005;6(7):567–75.

58. Jones DL, Wagers AJ. No place like home: anatomy and function of the

stem cell niche. Nat Rev Mol Cell Biol. 2008;9(1):11–21.

59. Sneddon JB, Werb Z. Location, location, location: the cancer stem cell niche.

Cell Stem Cell. 2007;1(6):607–11.

60. Schofield R. The relationship between the spleen colony-forming cell and

the haemopoietic stem cell. Blood Cells. 1978;4(1–2):7–25.

61. Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst C, Morrison SJ. SLAM

family receptors distinguish hematopoietic stem and progenitor cells and

reveal endothelial niches for stem cells. Cell. 2005;121(7):1109–21.

62. Palmer TD, Willhoite AR, Gage FH. Vascular niche for adult hippocampal

neurogenesis. J Comp Neurol. 2000;425(4):479–94.

63. Fuchs E, Tumbar T, Guasch G. Socializing with the neighbors: stem cells and

their niche. Cell. 2004;116(6):769–78.

64. Melzer C, Yang Y, Hass R. Interaction of MSC with tumor cells. Cell Commun

Signal. 2016;14(1):20.

65. Gilkes DM, Semenza GL, Wirtz D. Hypoxia and the extracellular matrix:

drivers of tumour metastasis. Nat Rev Cancer. 2014;14(6):430–9.

66. Hui L, Chen Y. Tumor microenvironment: Sanctuary of the devil. Cancer Lett.

2015;368(1):7–13.

67. Shen Q, Wang Y, Kokovay E, Lin G, Chuang SM, Goderie SK, Roysam B,

Temple S. Adult SVZ stem cells lie in a vascular niche: a quantitative analysis

of niche cell-cell interactions. Cell Stem Cell. 2008;3(3):289–300.

68. Raymond K, Deugnier MA, Faraldo MM, Glukhova MA. Adhesion within the

stem cell niches. Curr Opin Cell Biol. 2009;21(5):623–9.

69. Lathia JD, Li M, Hall PE, Gallagher J, Hale JS, Wu Q, Venere M, Levy E, Rani

MR, Huang P, Bae E, Selfridge J, Cheng L, Guvenc H, McLendon RE, Nakano

I, Sloan AE, Phillips HS, Lai A, Gladson CL, Bredel M, Bao S, Hjelmeland AB,

Rich JN. Laminin alpha 2 enables glioblastoma stem cell growth. Ann

Neurol. 2012;72(5):766–78.

70. Alcaraz J, Xu R, Mori H, Nelson CM, Mroue R, Spencer VA, Brownfield D,

Radisky DC, Bustamante C, Bissell MJ. Laminin and biomimetic extracellular

elasticity enhance functional differentiation in mammary epithelia. EMBO J.

2008;27(21):2829–38.

71. Spencer VA, Costes S, Inman JL, Xu R, Chen J, Hendzel MJ, Bissell MJ.

Depletion of nuclear actin is a key mediator of quiescence in epithelial cells.

J Cell Sci. 2011;124(Pt 1):123–32.

72. Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and escape

mechanisms. Nat Rev Cancer. 2003;3(5):362–74.

73. Inoue A, Takahashi H, Harada H, Kohno S, Ohue S, Kobayashi K, Yano H, Tanaka

J, Ohnishi T. Cancer stem-like cells of glioblastoma characteristically express

MMP-13 and display highly invasive activity. Int J Oncol. 2010;37(5):1121–31.

74. Bertram C, Hass R. MMP-7 is involved in the aging of primary human

mammary epithelial cells (HMEC). Exp Gerontol. 2008;43(3):209–17.

75. Bertram C, Hass R. Cellular senescence of human mammary epithelial cells

(HMEC) is associated with an altered MMP-7/HB-EGF signaling and increased

formation of elastin-like structures. Mech Ageing Dev. 2009;130(10):657–69.

76. Chaturvedi S, Hass R. Extracellular signals in young and aging breast

epithelial cells and possible connections to age-associated breast cancer

development. Mech Ageing Dev. 2011;132(5):213–9.

77. Beliveau A, Mott JD, Lo A, Chen EI, Koller AA, Yaswen P, Muschler J, Bissell

MJ. Raf-induced MMP9 disrupts tissue architecture of human breast cells in

three-dimensional culture and is necessary for tumor growth in vivo. Genes

Dev. 2010;24(24):2800–11.

78. Gopinath S, Malla R, Alapati K, Gorantla B, Gujrati M, Dinh DH, Rao JS.

Cathepsin B and uPAR regulate self-renewal of glioma-initiating cells through

GLI-regulated Sox2 and Bmi1 expression. Carcinogenesis. 2013;34(3):550–9.

79. Bast Jr RC, Hennessy B, Mills GB. The biology of ovarian cancer: new

opportunities for translation. Nat Rev Cancer. 2009;9(6):415–28.

80. Borgono CA, Diamandis EP. The emerging roles of human tissue kallikreins

in cancer. Nat Rev Cancer. 2004;4(11):876–90.

81. Prezas P, Arlt MJ, Viktorov P, Soosaipillai A, Holzscheiter L, Schmitt M, Talieri M,

Diamandis EP, Kruger A, Magdolen V. Overexpression of the human tissue

kallikrein genes KLK4, 5, 6, and 7 increases the malignant phenotype of ovarian

cancer cells. Biol Chem. 2006;387(6):807–11.

82. Gieseler F, Ungefroren H, Settmacher U, Hollenberg MD, Kaufmann R.

Proteinase-activated receptors (PARs) - focus on receptor-receptor-

interactions and their physiological and pathophysiological impact. Cell

Commun Signal. 2013;11:86.

83. Fazilaty H, Gardaneh M, Bahrami T, Salmaninejad A, Behnam B. Crosstalk

between breast cancer stem cells and metastatic niche: emerging

molecular metastasis pathway? Tumour Biol. 2013;34(4):2019–30.

84. Zeeh F, Witte D, Gadeken T, Rauch BH, Grage-Griebenow E, Leinung N, Fromm

SJ, Stolting S, Mihara K, Kaufmann R, Settmacher U, Lehnert H, Hollenberg MD,

Ungefroren H. Proteinase-activated receptor 2 promotes TGF-beta-dependent

cell motility in pancreatic cancer cells by sustaining expression of the TGF-beta

type I receptor ALK5. Oncotarget. 2016;7:41095–109.

85. Portillo-Lara R, Alvarez MM. Enrichment of the Cancer Stem Phenotype in

Sphere Cultures of Prostate Cancer Cell Lines Occurs through Activation of

Developmental Pathways Mediated by the Transcriptional Regulator

DeltaNp63alpha. PLoS ONE. 2015;10(6), e0130118.

86. Bianco P. “Mesenchymal” stem cells. Annu Rev Cell Dev Biol. 2014;30:677–704.

87. Caplan AI. Why are MSCs therapeutic? New data: new insight. J Pathol.

2009;217(2):318–24.

88. Hass R, Kasper C, Bohm S, Jacobs R. Different populations and sources of

human mesenchymal stem cells (MSC): A comparison of adult and neonatal

tissue-derived MSC. Cell Commun Signal. 2011;9:12.

89. Yang Y, Melzer C, Bucan V, von der Ohe J, Otte A, Hass R. Conditioned

umbilical cord tissue provides a natural three-dimensional storage

compartment as in vitro stem cell niche for human mesenchymal stroma/

stem cells. Stem Cell Res Ther. 2016;7:28.

Melzer et al. Molecular Cancer  (2017) 16:28 Page 12 of 15



90. Majore I, Moretti P, Hass R, Kasper C. Identification of subpopulations in

mesenchymal stem cell-like cultures from human umbilical cord. Cell

Commun Signal. 2009;7:6.

91. Hass R, Otte A. Mesenchymal stem cells as all-round supporters in a normal

and neoplastic microenvironment. Cell Commun Signal. 2012;10(1):26.

92. Kfoury Y, Scadden DT. Mesenchymal cell contributions to the stem cell

niche. Cell Stem Cell. 2015;16(3):239–53.

93. Kolf CM, Cho E, Tuan RS. Mesenchymal stromal cells. Biology of adult

mesenchymal stem cells: regulation of niche, self-renewal and

differentiation. Arthritis Res Ther. 2007;9(1):204.

94. Shinagawa K, Kitadai Y, Tanaka M, Sumida T, Kodama M, Higashi Y, Tanaka S,

Yasui W, Chayama K. Mesenchymal stem cells enhance growth and

metastasis of colon cancer. Int J Cancer. 2010;127(10):2323–33.

95. Liu S, Ginestier C, Ou SJ, Clouthier SG, Patel SH, Monville F, Korkaya H, Heath A,

Dutcher J, Kleer CG, Jung Y, Dontu G, Taichman R, Wicha MS. Breast cancer

stem cells are regulated by mesenchymal stem cells through cytokine

networks. Cancer Res. 2011;71(2):614–24.

96. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D,

Deans R, Keating A, Prockop D, Horwitz E. Minimal criteria for defining

multipotent mesenchymal stromal cells. The International Society for

Cellular Therapy position statement. Cytotherapy. 2006;8(4):315–7.

97. Reagan MR, Kaplan DL. Concise review: Mesenchymal stem cell tumor-

homing: detection methods in disease model systems. Stem Cells. 2011;

29(6):920–7.

98. Spaeth EL, Dembinski JL, Sasser AK, Watson K, Klopp A, Hall B, Andreeff M,

Marini F. Mesenchymal stem cell transition to tumor-associated fibroblasts

contributes to fibrovascular network expansion and tumor progression.

PLoS ONE. 2009;4(4), e4992.

99. Chen WJ, Ho CC, Chang YL, Chen HY, Lin CA, Ling TY, Yu SL, Yuan SS, Chen YJ,

Lin CY, Pan SH, Chou HY, Chen YJ, Chang GC, Chu WC, Lee YM, Lee JY, Lee PJ,

Li KC, Chen HW, Yang PC. Cancer-associated fibroblasts regulate the plasticity

of lung cancer stemness via paracrine signalling. Nat Commun. 2014;5:3472.

100. Cheng L, Huang Z, Zhou W, Wu Q, Donnola S, Liu JK, Fang X, Sloan AE,

Mao Y, Lathia JD, Min W, McLendon RE, Rich JN, Bao S. Glioblastoma stem

cells generate vascular pericytes to support vessel function and tumor

growth. Cell. 2013;153(1):139–52.

101. Lu H, Clauser KR, Tam WL, Frose J, Ye X, Eaton EN, Reinhardt F, Donnenberg

VS, Bhargava R, Carr SA, Weinberg RA. A breast cancer stem cell niche

supported by juxtacrine signalling from monocytes and macrophages. Nat

Cell Biol. 2014;16(11):1105–17.

102. Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J, Cervera N, Finetti P, Hur

MH, Diebel ME, Monville F, Dutcher J, Brown M, Viens P, Xerri L, Bertucci F,

Stassi G, Dontu G, Birnbaum D, Wicha MS. Breast cancer cell lines contain

functional cancer stem cells with metastatic capacity and a distinct

molecular signature. Cancer Res. 2009;69(4):1302–13.

103. Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M,

Jacquemier J, Viens P, Kleer CG, Liu S, Schott A, Hayes D, Birnbaum D, Wicha

MS, Dontu G. ALDH1 is a marker of normal and malignant human

mammary stem cells and a predictor of poor clinical outcome. Cell Stem

Cell. 2007;1(5):555–67.

104. Ginestier C, Liu S, Diebel ME, Korkaya H, Luo M, Brown M, Wicinski J,

Cabaud O, Charafe-Jauffret E, Birnbaum D, Guan JL, Dontu G, Wicha MS.

CXCR1 blockade selectively targets human breast cancer stem cells in vitro

and in xenografts. J Clin Invest. 2010;120(2):485–97.

105. Hass R, Bertram C. Characterization of human breast cancer epithelial cells

(HBCEC) derived from long term cultured biopsies. J Exp Clin Cancer Res.

2009;28:127.

106. Chen L, Fan J, Chen H, Meng Z, Chen Z, Wang P, Liu L. The IL-8/CXCR1 axis

is associated with cancer stem cell-like properties and correlates with

clinical prognosis in human pancreatic cancer cases. Sci Rep. 2014;4:5911.

107. Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, Bell GW, Richardson AL,

Polyak K, Tubo R, Weinberg RA. Mesenchymal stem cells within tumour

stroma promote breast cancer metastasis. Nature. 2007;449(7162):557–63.

108. Long H, Xie R, Xiang T, Zhao Z, Lin S, Liang Z, Chen Z, Zhu B. Autocrine

CCL5 signaling promotes invasion and migration of CD133+ ovarian cancer

stem-like cells via NF-kappaB-mediated MMP-9 upregulation. Stem Cells.

2012;30(10):2309–19.

109. Ji Q, Hao X, Zhang M, Tang W, Yang M, Li L, Xiang D, Desano JT, Bommer

GT, Fan D, Fearon ER, Lawrence TS, Xu L. MicroRNA miR-34 inhibits human

pancreatic cancer tumor-initiating cells. PLoS ONE. 2009;4(8), e6816.

110. Gao Y, Liu T, Huang Y. MicroRNA-134 suppresses endometrial cancer stem

cells by targeting POGLUT1 and Notch pathway proteins. FEBS Lett. 2015;

589(2):207–14.

111. Kandouz M, Batist G. Gap junctions and connexins as therapeutic targets in

cancer. Expert Opin Ther Targets. 2010;14(7):681–92.

112. Klaunig JE, Shi Y. Assessment of gap junctional intercellular communication.

Curr Protoc Toxicol. 2009;2:17.

113. Zong L, Zhu Y, Liang R, Zhao HB. Gap junction mediated miRNA

intercellular transfer and gene regulation: A novel mechanism for

intercellular genetic communication. Sci Rep. 2016;6:19884.

114. Lim PK, Bliss SA, Patel SA, Taborga M, Dave MA, Gregory LA, Greco SJ, Bryan M,

Patel PS, Rameshwar P. Gap junction-mediated import of microRNA from bone

marrow stromal cells can elicit cell cycle quiescence in breast cancer cells.

Cancer Res. 2011;71(5):1550–60.

115. Ono M, Kosaka N, Tominaga N, Yoshioka Y, Takeshita F, Takahashi RU,

Yoshida M, Tsuda H, Tamura K, Ochiya T. Exosomes from bone marrow

mesenchymal stem cells contain a microRNA that promotes dormancy in

metastatic breast cancer cells. Sci Signal. 2014;7(332):ra63.

116. Ghajar CM, Peinado H, Mori H, Matei IR, Evason KJ, Brazier H, Almeida D,

Koller A, Hajjar KA, Stainier DY, Chen EI, Lyden D, Bissell MJ. The perivascular

niche regulates breast tumour dormancy. Nat Cell Biol. 2013;15(7):807–17.

117. Gurke S, Barroso JF, Gerdes HH. The art of cellular communication: tunneling

nanotubes bridge the divide. Histochem Cell Biol. 2008;129(5):539–50.

118. Caicedo A, Fritz V, Brondello JM, Ayala M, Dennemont I, Abdellaoui N, De

Fraipont F, Moisan A, Prouteau CA, Boukhaddaoui H, Jorgensen C, Vignais

ML. MitoCeption as a new tool to assess the effects of mesenchymal stem/

stromal cell mitochondria on cancer cell metabolism and function. Sci Rep.

2015;5:9073.

119. Del Papa B, Sportoletti P, Cecchini D, Rosati E, Balucani C, Baldoni S,

Fettucciari K, Marconi P, Martelli MF, Falzetti F, Di Ianni M. Notch1

modulates mesenchymal stem cells mediated regulatory T-cell induction.

Eur J Immunol. 2013;43(1):182–7.

120. Farnie G, Clarke RB. Mammary stem cells and breast cancer–role of Notch

signalling. Stem Cell Rev. 2007;3(2):169–75.

121. Rizzo P, Osipo C, Foreman K, Golde T, Osborne B, Miele L. Rational targeting

of Notch signaling in cancer. Oncogene. 2008;27(38):5124–31.

122. Sansone P, Storci G, Giovannini C, Pandolfi S, Pianetti S, Taffurelli M, Santini D,

Ceccarelli C, Chieco P, Bonafe M. p66Shc/Notch-3 interplay controls self-

renewal and hypoxia survival in human stem/progenitor cells of the mammary

gland expanded in vitro as mammospheres. Stem Cells. 2007;25(3):807–15.

123. Kopan R, Ilagan MX. The canonical Notch signaling pathway: unfolding the

activation mechanism. Cell. 2009;137(2):216–33.

124. Luo J, Wang P, Wang R, Wang J, Liu M, Xiong S, Li Y, Cheng B. The Notch

pathway promotes the cancer stem cell characteristics of CD90+ cells in

hepatocellular carcinoma. Oncotarget. 2016;7(8):9525–37.

125. Joly E, Hudrisier D. What is trogocytosis and what is its purpose? Nat

Immunol. 2003;4(9):815.

126. Rafii A, Mirshahi P, Poupot M, Faussat AM, Simon A, Ducros E, Mery E,

Couderc B, Lis R, Capdet J, Bergalet J, Querleu D, Dagonnet F, Fournie JJ,

Marie JP, Pujade-Lauraine E, Favre G, Soria J, Mirshahi M. Oncologic

trogocytosis of an original stromal cells induces chemoresistance of ovarian

tumours. PLoS ONE. 2008;3(12), e3894.

127. Otte A, Yang Y, von der Ohe J, Melzer C, Hillemanns P, Feuerhake F, Hass R.

SCCOHT tumors acquire chemoresistance and protection by interacting

mesenchymal stroma/stem cells within the tumor microenvironment. Int J

Oncol. 2016;49:2453–63.

128. Li HJ, Reinhardt F, Herschman HR, Weinberg RA. Cancer-stimulated

mesenchymal stem cells create a carcinoma stem cell niche via

prostaglandin E2 signaling. Cancer Discov. 2012;2(9):840–55.

129. Fiaschi T, Marini A, Giannoni E, Taddei ML, Gandellini P, De Donatis A,

Lanciotti M, Serni S, Cirri P, Chiarugi P. Reciprocal metabolic reprogramming

through lactate shuttle coordinately influences tumor-stroma interplay.

Cancer Res. 2012;72(19):5130–40.

130. Pavlides S, Vera I, Gandara R, Sneddon S, Pestell RG, Mercier I, Martinez-

Outschoorn UE, Whitaker-Menezes D, Howell A, Sotgia F, Lisanti MP. Warburg

meets autophagy: cancer-associated fibroblasts accelerate tumor growth and

metastasis via oxidative stress, mitophagy, and aerobic glycolysis. Antioxid

Redox Signal. 2012;16(11):1264–84.

131. Chiarugi P, Cirri P. Metabolic exchanges within tumor microenvironment.

Cancer Lett. 2016;380(1):272–80.

Melzer et al. Molecular Cancer  (2017) 16:28 Page 13 of 15



132. Bonuccelli G, Avnet S, Grisendi G, Salerno M, Granchi D, Dominici M,

Kusuzaki K, Baldini N. Role of mesenchymal stem cells in osteosarcoma and

metabolic reprogramming of tumor cells. Oncotarget. 2014;5(17):7575–88.

133. Naderi EH, Jochemsen AG, Blomhoff HK, Naderi S. Activation of cAMP

signaling interferes with stress-induced p53 accumulation in ALL-derived

cells by promoting the interaction between p53 and HDM2. Neoplasia.

2011;13(7):653–63.

134. Hilton HN, Santucci N, Silvestri A, Kantimm S, Huschtscha LI, Graham JD,

Clarke CL. Progesterone stimulates progenitor cells in normal human breast

and breast cancer cells. Breast Cancer Res Treat. 2014;143(3):423–33.

135. Hannafon BN, Ding WQ. Intercellular communication by exosome-derived

microRNAs in cancer. Int J Mol Sci. 2013;14(7):14240–69.

136. Lee Y, El Andaloussi S, Wood MJ. Exosomes and microvesicles: extracellular

vesicles for genetic information transfer and gene therapy. Hum Mol Genet.

2012;21(R1):R125–34.

137. Vallabhaneni KC, Penfornis P, Dhule S, Guillonneau F, Adams KV, Mo YY, Xu R,

Liu Y, Watabe K, Vemuri MC, Pochampally R. Extracellular vesicles from bone

marrow mesenchymal stem/stromal cells transport tumor regulatory

microRNA, proteins, and metabolites. Oncotarget. 2015;6(7):4953–67.

138. Wu S, Ju GQ, Du T, Zhu YJ, Liu GH. Microvesicles derived from human

umbilical cord Wharton’s jelly mesenchymal stem cells attenuate bladder

tumor cell growth in vitro and in vivo. PLoS ONE. 2013;8(4), e61366.

139. Yang Y, Bucan V, Baehre H, von der Ohe J, Otte A, Hass R. Acquisition of

new tumor cell properties by MSC-derived exosomes. Int J Oncol. 2015;

47(1):244–52.

140. Lin R, Wang S, Zhao RC. Exosomes from human adipose-derived mesenchymal

stem cells promote migration through Wnt signaling pathway in a breast

cancer cell model. Mol Cell Biochem. 2013;383(1–2):13–20.

141. Bliss SA, Sinha G, Sandiford OA, Williams LM, Engelberth DJ, Guiro K,

Isenalumhe LL, Greco SJ, Ayer S, Bryan M, Kumar R, Ponzio NM, Rameshwar P.

Mesenchymal Stem Cell-Derived Exosomes Stimulate Cycling Quiescence

and Early Breast Cancer Dormancy in Bone Marrow. Cancer Res. 2016;

76(19):5832–44.

142. Chowdhury R, Webber JP, Gurney M, Mason MD, Tabi Z, Clayton A. Cancer

exosomes trigger mesenchymal stem cell differentiation into pro-

angiogenic and pro-invasive myofibroblasts. Oncotarget. 2015;6(2):715–31.

143. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M,

Molina H, Kohsaka S, Di Giannatale A, Ceder S, Singh S, Williams C, Soplop N,

Uryu K, Pharmer L, King T, Bojmar L, Davies AE, Ararso Y, Zhang T, Zhang H,

Hernandez J, Weiss JM, Dumont-Cole VD, Kramer K, Wexler LH, Narendran A,

Schwartz GK, Healey JH, Sandstrom P, Labori KJ, Kure EH, Grandgenett PM,

Hollingsworth MA, De Sousa M, Kaur S, Jain M, Mallya K, Batra SK, Jarnagin WR,

Brady MS, Fodstad O, Muller V, Pantel K, Minn AJ, Bissell MJ, Garcia BA, Kang Y,

Rajasekhar VK, Ghajar CM, Matei I, Peinado H, Bromberg J, Lyden D. Tumour

exosome integrins determine organotropic metastasis. Nature. 2015;527(7578):

329–35.

144. Ouyang L, Shi Z, Zhao S, Wang FT, Zhou TT, Liu B, Bao JK. Programmed cell

death pathways in cancer: a review of apoptosis, autophagy and

programmed necrosis. Cell Prolif. 2012;45(6):487–98.

145. Sorensen BS, Busk M, Overgaard J, Horsman MR, Alsner J. Simultaneous

Hypoxia and Low Extracellular pH Suppress Overall Metabolic Rate and

Protein Synthesis In Vitro. PLoS ONE. 2015;10(8), e0134955.

146. Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer.

2011;11(6):393–410.

147. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression

and metastasis. Nat Med. 2013;19(11):1423–37.

148. Semenza GL. Hypoxia-inducible factors: mediators of cancer progression

and targets for cancer therapy. Trends Pharmacol Sci. 2012;33(4):207–14.

149. Armulik A, Genove G, Betsholtz C. Pericytes: developmental, physiological, and

pathological perspectives, problems, and promises. Dev Cell. 2011;21(2):193–215.

150. Zheng J. Energy metabolism of cancer: Glycolysis versus oxidative

phosphorylation (Review). Oncol Lett. 2012;4(6):1151–7.

151. Lavrentieva A, Majore I, Kasper C, Hass R. Effects of hypoxic culture

conditions on umbilical cord-derived human mesenchymal stem cells. Cell

Commun Signal. 2010;8:18.

152. Li Z, Bao S, Wu Q, Wang H, Eyler C, Sathornsumetee S, Shi Q, Cao Y, Lathia J,

McLendon RE, Hjelmeland AB, Rich JN. Hypoxia-inducible factors regulate

tumorigenic capacity of glioma stem cells. Cancer Cell. 2009;15(6):501–13.

153. Pietras A, Hansford LM, Johnsson AS, Bridges E, Sjolund J, Gisselsson D,

Rehn M, Beckman S, Noguera R, Navarro S, Cammenga J, Fredlund E, Kaplan DR,

Pahlman S. HIF-2alpha maintains an undifferentiated state in neural crest-like

human neuroblastoma tumor-initiating cells. Proc Natl Acad Sci U S A. 2009;

106(39):16805–10.

154. Munoz-Najar UM, Neurath KM, Vumbaca F, Claffey KP. Hypoxia stimulates

breast carcinoma cell invasion through MT1-MMP and MMP-2 activation.

Oncogene. 2006;25(16):2379–92.

155. Ridgway PF, Ziprin P, Alkhamesi N, Paraskeva PA, Peck DH, Darzi AW.

Hypoxia augments gelatinase activity in a variety of adenocarcinomas in

vitro. J Surg Res. 2005;124(2):180–6.

156. Bao B, Azmi AS, Ali S, Ahmad A, Li Y, Banerjee S, Kong D, Sarkar FH. The

biological kinship of hypoxia with CSC and EMT and their relationship with

deregulated expression of miRNAs and tumor aggressiveness. Biochim

Biophys Acta. 2012;1826(2):272–96.

157. Krishnamachary B, Zagzag D, Nagasawa H, Rainey K, Okuyama H, Baek JH,

Semenza GL. Hypoxia-inducible factor-1-dependent repression of E-cadherin

in von Hippel-Lindau tumor suppressor-null renal cell carcinoma mediated

by TCF3, ZFHX1A, and ZFHX1B. Cancer Res. 2006;66(5):2725–31.

158. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition.

J Clin Invest. 2009;119(6):1420–8.

159. Micalizzi DS, Farabaugh SM, Ford HL. Epithelial-mesenchymal transition in

cancer: parallels between normal development and tumor progression.

J Mammary Gland Biol Neoplasia. 2010;15(2):117–34.

160. Smith BN, Bhowmick NA. Role of EMT in Metastasis and Therapy Resistance.

J Clin Med. 2016;5:2.

161. Friedl P, Alexander S. Cancer invasion and the microenvironment: plasticity

and reciprocity. Cell. 2011;147(5):992–1009.

162. Friedl P, Wolf K. Tube travel: the role of proteases in individual and

collective cancer cell invasion. Cancer Res. 2008;68(18):7247–9.

163. Bartscht T, Rosien B, Rades D, Kaufmann R, Biersack H, Lehnert H, Gieseler F,

Ungefroren H. Dasatinib blocks transcriptional and promigratory responses

to transforming growth factor-beta in pancreatic adenocarcinoma cells

through inhibition of Smad signalling: implications for in vivo mode of

action. Mol Cancer. 2015;14:199.

164. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, Brooks M,

Reinhard F, Zhang CC, Shipitsin M, Campbell LL, Polyak K, Brisken C, Yang J,

Weinberg RA. The epithelial-mesenchymal transition generates cells with

properties of stem cells. Cell. 2008;133(4):704–15.

165. Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. Generation

of breast cancer stem cells through epithelial-mesenchymal transition. PLoS

ONE. 2008;3(8), e2888.

166. Carnero A, Lleonart M. The hypoxic microenvironment: A determinant of

cancer stem cell evolution. Bioessays. 2016;38 Suppl 1:S65–74.

167. Estrella V, Chen T, Lloyd M, Wojtkowiak J, Cornnell HH, Ibrahim-Hashim A,

Bailey K, Balagurunathan Y, Rothberg JM, Sloane BF, Johnson J, Gatenby RA,

Gillies RJ. Acidity generated by the tumor microenvironment drives local

invasion. Cancer Res. 2013;73(5):1524–35.

168. Webb SD, Sherratt JA, Fish RG. Alterations in proteolytic activity at low pH

and its association with invasion: a theoretical model. Clin Exp Metastasis.

1999;17(5):397–407.

169. Hjelmeland AB, Wu Q, Heddleston JM, Choudhary GS, MacSwords J, Lathia

JD, McLendon R, Lindner D, Sloan A, Rich JN. Acidic stress promotes a

glioma stem cell phenotype. Cell Death Differ. 2011;18(5):829–40.

170. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol.

2007;35(4):495–516.

171. Bertram C, Hass R. Cellular responses to reactive oxygen species-induced

DNA damage and aging. Biol Chem. 2008;389(3):211–20.

172. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.

2011;144(5):646–74.

173. Harrison LR, Micha D, Brandenburg M, Simpson KL, Morrow CJ, Denneny O,

Hodgkinson C, Yunus Z, Dempsey C, Roberts D, Blackhall F, Makin G, Dive C.

Hypoxic human cancer cells are sensitized to BH-3 mimetic-induced apoptosis

via downregulation of the Bcl-2 protein Mcl-1. J Clin Invest. 2011;121(3):1075–87.

174. Sermeus A, Genin M, Maincent A, Fransolet M, Notte A, Leclere L, Riquier H,

Arnould T, Michiels C. Hypoxia-induced modulation of apoptosis and BCL-2

family proteins in different cancer cell types. PLoS ONE. 2012;7(11), e47519.

175. He C, Klionsky DJ. Regulation mechanisms and signaling pathways of

autophagy. Annu Rev Genet. 2009;43:67–93.

176. Mowers EE, Sharifi MN, Macleod KF. Autophagy in cancer metastasis.

Oncogene, 2016.

177. Valent P, Bonnet D, Wohrer S, Andreeff M, Copland M, Chomienne C,

Eaves C. Heterogeneity of neoplastic stem cells: theoretical, functional,

and clinical implications. Cancer Res. 2013;73(3):1037–45.

Melzer et al. Molecular Cancer  (2017) 16:28 Page 14 of 15



178. Cufi S, Vazquez-Martin A, Oliveras-Ferraros C, Martin-Castillo B, Vellon L,

Menendez JA. Autophagy positively regulates the CD44(+) CD24(−/low)

breast cancer stem-like phenotype. Cell Cycle. 2011;10(22):3871–85.

179. Yang MC, Wang HC, Hou YC, Tung HL, Chiu TJ, Shan YS. Blockade of

autophagy reduces pancreatic cancer stem cell activity and potentiates the

tumoricidal effect of gemcitabine. Mol Cancer. 2015;14:179.

180. Su Z, Yang Z, Xu Y, Chen Y, Yu Q. Apoptosis, autophagy, necroptosis, and

cancer metastasis. Mol Cancer. 2015;14:48.

181. Su Z, Yang Z, Xie L, DeWitt JP, Chen Y. Cancer therapy in the necroptosis

era. Cell Death Differ. 2016;23(5):748–56.

182. Hou W, Zhang Q, Yan Z, Chen R, Zeh Iii HJ, Kang R, Lotze MT, Tang D.

Strange attractors: DAMPs and autophagy link tumor cell death and

immunity. Cell Death Dis. 2013;4, e966.

183. Hernandez C, Huebener P, Schwabe RF. Damage-associated molecular

patterns in cancer: a double-edged sword. Oncogene. 2016;35:5931–41.

184. Jube S, Rivera ZS, Bianchi ME, Powers A, Wang E, Pagano I, Pass HI,

Gaudino G, Carbone M, Yang H. Cancer cell secretion of the DAMP

protein HMGB1 supports progression in malignant mesothelioma.

Cancer Res. 2012;72(13):3290–301.

185. Alvarado AJ, Hale E, Mulkearns-Hubert D, Silver J. Lathia, Loss of damage-

associated molecular pattern sensing in cancer stem cells promotes

glioblastoma maintenance. Neuro Oncol. 2015;17(Suppl 5):v214.

186. Zinocker S, Vaage JT. Rat mesenchymal stromal cells inhibit T cell

proliferation but not cytokine production through inducible nitric oxide

synthase. Front Immunol. 2012;3:62.

187. Lotfi R, Kaltenmeier C, Lotze MT, Bergmann C. Until Death Do Us Part:

Necrosis and Oxidation Promote the Tumor Microenvironment. Transfus

Med Hemother. 2016;43(2):120–32.

188. Mandapathil M, Szczepanski MJ, Szajnik M, Ren J, Jackson EK, Johnson JT,

Gorelik E, Lang S, Whiteside TL. Adenosine and prostaglandin E2 cooperate

in the suppression of immune responses mediated by adaptive regulatory T

cells. J Biol Chem. 2010;285(36):27571–80.

189. Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev

Immunol. 2008;8(7):523–32.

190. Ostrand-Rosenberg S. Immune surveillance: a balance between protumor

and antitumor immunity. Curr Opin Genet Dev. 2008;18(1):11–8.

191. Chaffer CL, Brueckmann I, Scheel C, Kaestli AJ, Wiggins PA, Rodrigues LO,

Brooks M, Reinhardt F, Su Y, Polyak K, Arendt LM, Kuperwasser C, Bierie B,

Weinberg RA. Normal and neoplastic nonstem cells can spontaneously

convert to a stem-like state. Proc Natl Acad Sci U S A. 2011;108(19):7950–5.

192. Tang DG. Understanding cancer stem cell heterogeneity and plasticity. Cell

Res. 2012;22(3):457–72.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Melzer et al. Molecular Cancer  (2017) 16:28 Page 15 of 15


	Abstract
	Background
	Main body
	Conclusion

	Background
	Tumor models
	The hierarchical model
	The stochastic model

	Retrodifferentiation
	MSC – tumor cell hybrids by entosis or fusion

	Conditions and requirements for the CSCN
	Potential role of MSC in the maintenance of �CSC/the CSCN
	Direct communication of MSC with tumor cells as part of a CSCN
	Indirect communication of MSC with tumor cells

	Potential role of hypoxia, autophagy and DAMPs in CSC development
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

