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Abstract Over the last 15 years, basic science and clin-

ical studies have been conducted to identify cancer stem

cells (CSCs) in several types of cancer to reveal their

mechanistic involvement in cancer recurrence for thera-

peutic exploitation. Exposure of cancer cells and tissues to

hypoxia, or sub-atmospheric concentrations of oxygen

(\21 % O2), stimulates a variety of stress responses that

bias the cells toward a self-preserving, anti-apoptotic

phenotype, properties that are found in CSCs. Despite

major advances in our understanding of hypoxia, CSCs,

and their interrelated nature, some of the most promising

cancer therapy has been of limited clinical efficacy, in part

because of the inherently hypoxic nature of growing

tumors. In this paper we discuss recent findings regarding

the behavior of breast and brain CSCs under hypoxia, and

the mechanisms of their chemo and/or radioresistance and

metastatic potential.
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Introduction

Cancer stem cells (CSCs) are slow-dividing subpopulations

of tumors with the ability to repopulate eradicated cancer

cells by asymmetric cell division, resulting in cancer

recurrence and patient mortality. CSCs have the same

intrinsic properties as healthy stem cell populations found

throughout the body, including the ability for self-renewal

and capacity for multilineage differentiation [1]. Over the

last 15 years, basic science and clinical studies have been

conducted to identify CSCs in several types of cancer to

reveal the complexities of their behavior for therapeutic

exploitation.

Exposure of cells and tissues to hypoxia, or sub-atmo-

spheric concentrations of oxygen (\21 % O2), stimulates a

variety of stress response pathways that bias the cells

toward a self-preserving, anti-apoptotic phenotype. As

early as 1906, evidence for the protective effects of

hypoxia against radiation, in both cancer and healthy tis-

sue, began to accumulate in the literature [2, 3]; however,

dissection of hypoxia-dependent pathways has come to the

forefront of cancer and radiation research only in the past

few decades. Exposure of cells and tissues to hypoxia has

revealed a tightly-regulated cascade of events that lead to

increased expression of pro-survival factors that impart

chemo and/or radioresistance [4–6]. In short, hypoxia sta-

bilizes the hypoxia inducible factor-a proteins, which form

a heterodimeric transcription factor complex. This complex

binds the hypoxia-responsive elements of transcriptional

targets involved in various pro-survival processes, for

example angiogenesis, metabolism, and proliferation [7].

Because of this, the hypoxic state and the expression level

of HIF1a tend to correlate with more aggressive tumors

and poor patient prognosis [8–10]. The exact mechanisms

by which hypoxia induces its protective effects are

S. W. Crowder � D. A. Balikov � H.-J. Sung (&)

Department of Biomedical Engineering, Vanderbilt University,

VU Station B, Box 351631, Nashville, TN 37235, USA

e-mail: hak-joon.sung@vanderbilt.edu

S. W. Crowder � D. A. Balikov � H.-J. Sung

Center for Stem Cell Biology, Vanderbilt University Medical

Center, Nashville, TN, USA

Y.-S. Hwang � H.-J. Sung

Department of Maxillofacial Biomedical Engineering, School of

Dentistry, Kyung Hee University, Seoul, South Korea

123

Curr Pathobiol Rep (2014) 2:33–40

DOI 10.1007/s40139-013-0035-6



complex and remain under investigation, but are broadly

recognized to include:

– increased genomic instability and aberrant cell cycling

[8, 11–16];

– dysregulated reactive oxygen species and redox mech-

anisms [17–22];

– a metabolic shift toward aerobic glycolysis [23–27];

and

– mitigated expression of pro-apoptotic factors [28–32].

Despite major advances in our understanding of

hypoxia, CSCs, and their interrelated nature, some of the

most promising cancer therapy has been of limited clinical

efficacy over the past few years, in part because of the

inherently hypoxic nature of growing tumors. In this paper

we discuss recent findings regarding the behavior of breast

and brain CSCs under hypoxia, and the mechanisms of

their chemo and/or radioresistance and metastatic potential.

Breast CSCs

The involvement of CSCs in breast cancer was first dis-

covered in 2003 when a CD44?CD24-/low Lineage- sub-

population of tumor cells from human patient samples were

shown to have tumor-initiating capacity in immunodefi-

cient mice [33]. Interestingly, injection of as few as 100 of

these tumorigenic cells gave rise to palpable tumors within

12 weeks. Continual serial passaging of these cells yielded

a similar subpopulation. CD44- cells from the patient

tumor samples were non-tumorigenic, even when 10,000

cells were injected. In the years since, there has been an

exponential increase in the number of breast cancer

research studies attempting to identify the mechanisms by

which breast CSCs resist classical chemotherapy and/or

radiation and to identify the signaling that drives tumor

recurrence.

Because tumors require blood perfusion to maintain

viability and proliferation, anti-angiogenic therapy (i.e.

therapy that prevents vascularization of the tumor) has

been regarded as promising intervention for cancer treat-

ment [34]. However, limited efficacy of anti-angiogenic

therapy has been observed in clinical and pre-clinical

studies, including studies of mouse models that demon-

strated increased invasiveness and metastasis after inhibi-

tion of the vascular endothelial growth factor (VEGF)

pathway [35, 36]. In 2009, Conley et al. [37] demonstrated

that treatment with an anti-angiogenic agent, sunitinib,

increased intratumoral hypoxia, which stimulated an

increase in the number of aldehyde dehydrogenase

(ALDH)-positive CSCs in vitro through a HIF1a-depen-

dent mechanism. Furthermore, the tumors that developed

after in vivo implantation of immortalized cancer cells

were much larger in animals treated with sunitinib than in

vehicle-treated controls.

Another recent study demonstrated an inverse correla-

tion between the number of CSCs present in a given cell

population and the enhanced chemoprotective effect of

hypoxia in four immortalized cell lines and two samples

derived from patients with recurring breast cancer [38].

Specifically, the resistance to radiation of cell populations

in which the percentage of CSCs was low was greatly

enhanced by culture under hypoxic conditions; however,

for populations with a high percentage of CSCs, or for any

cell population cultured in CSC-enriched mammospheres,

no additional protective effect against radiation damage

was observed when the cells were cultured under hypoxic,

as compared with normoxic, conditions. The authors con-

ducted gene-level screening of relevant antioxidative

enzymes and concluded that expression of superoxide

dismutase 2 (SOD2), but not SOD1, proportionally corre-

lated with the number of breast CSCs in the population.

These results suggest that breast CSCs have resistance to

radiation via an SOD2-mediated, oxygen concentration-

independent mechanism.

The hypoxia-inducible protein carbonic anhydrase IX

(CAIX) regulates tumor pH and cell survival by improving

the transport of acids that accumulate within the tumor

because of the large distances between cells and capillaries

[39]. In a recent study, inhibition of CAIX gene expression

or functional activity inhibited breast CSC expansion under

hypoxia, an effect that was mediated downstream by the

mammalian target of rapamycin complex 1 (mTORC1)

[40]. Defined markers of tumorigenic breast CSCs

(CD44?CD24-/low) were used to show that gene-level

knockdown of CAIX reduced the number of breast CSCs

in vitro, and their potential to undergo the epithelial-to-

mesenchymal transition (EMT). Furthermore, treatment

with a specific, small-molecule inhibitor of CAIX, U-104,

reduced the volume of orthotopic tumors in mice and vir-

tually eliminated metastatic capability of primary tumors to

the lungs, indicating the potential for CAIX as a novel

therapeutic target for breast cancer treatment.

The status of estrogen receptor (ER) expression is

also considered a strong indicator of the hypoxic response

of breast CSCs, including mammosphere formation

capacity and resistance to anti-angiogenic therapies [41•].

In a recent article by Harrison et al. [41•], 13 patient-

derived samples and four immortalized cell lines were

classified as either ER-a-positive or negative, and their

response to hypoxia was characterized. Mammosphere

formation in vitro and tumor formation in vivo of ER-a-

positive cells, but not ER-a-negative cells, was enhanced

under 1 % oxygen, as compared with 21 % oxygen,

through a hypoxia inducible factor 1-alpha (HIF1a)-

dependent mechanism. Because Notch1 is a downstream
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mediator of ER-a and has been shown to be involved in

breast CSC maintenance and proliferation [42], the authors

further demonstrated that hypoxic culture of ER-a-positive

cells stimulated upregulation of Notch genes, and that

mammosphere formation capacity under hypoxic condi-

tions could be reduced by specifically blocking Notch

activity with either gamma secretase inhibitor (GSI) or

shRNA. Finally, the authors used an in-vivo xenograft

model to demonstrate that the size of ER-a-positive tumors

correlated with the proportion of CSCs in the tumor, but an

inverse correlation was observed for ER-a-negative

tumors. Taken together, this study reveals that ER status

regulates the response to hypoxia in breast CSCs via

Notch- and HIF1a-dependent pathways, and might provide

new insights leading to anti-angiogenic clinical therapy.

To elucidate the specific involvement of Notch signaling

in hypoxia-induced tumor metastasis, Xing et al. [43••]

analyzed expression of Notch ligands in 779 breast cancer

patients and identified a significant correlation between

Jagged2 expression and patient survival. Furthermore,

Notch and Jagged2 were strongly upregulated at the hyp-

oxic invasive front in immunohistochemistry samples from

61 patients, and in-vitro hypoxic culture induced Jagged2

activation and EMT, an effect that was susceptible to

blockage by the Notch inhibitor, GSI. This large-scale

study confirmed involvement of the Notch pathway, spe-

cifically Jagged2, in hypoxia-driven breast cancer metas-

tasis, and provided a potential prognostic marker for future

clinical applications.

Another protein called CD44, a transmemebrane gly-

coprotein that binds hyaluronic acid, has been associated

with aggressive, metastatic breast cancers [44]. A recent

study investigated the relationship between hypoxia and a

variety of CD44 isoforms in two immortalized breast

cancer cell lines, MDA-MB-231 and SUM-149 [45]. Both

cell lines were triple-negative (i.e. did not express estrogen

receptor (ER), progesterone receptor (PR), or Her2-neu),

indicative of the most aggressive, lethal forms of breast

cancer. The authors induced hypoxia by exposure to either

0.2 % O2 or 200 lM CoCl2; this stimulated significant

upregulation of two CD44 isoforms, and HIF1a and

HIF2a. By use of RNA interference techniques, hypoxia-

stimulated expression of CD44 variants 6 and 8 was shown

to be regulated by HIF1a, but not HIF2a, at both the gene

and protein-levels. Finally, CD44 expression was shown to

correlate with regions of tumor hypoxia in vivo, confirming

the in-vitro findings.

The tumor suppressor Period2 (PER2) is a circadian

clock protein that, when lost, promotes invasion, metasta-

sis, and the EMT, and correlates with poor prognosis in

breast cancer patients through a mechanism of action that

was recently described [46]. PER2 was shown to act as a

transcriptional co-repressor by recruiting the polycomb

proteins EZH2, SUZ12, and HDAC2 to the OCT4 binding

sites of multiple EMT-related genes, including TWIST1 and

SLUG, thereby preventing EMT and invasion. Further-

more, exposure to hypoxia resulted in degradation of

PER2, which disrupted its repressive activity, and stimu-

lated expression of EMT genes; this relationship was cor-

roborated in clinical samples in which a negative

correlation between hypoxia and PER2 was demonstrated.

With advances in general understanding of microRNAs

(miRNAs), the involvement of a variety of these in regu-

lating the response of breast CSCs to hypoxia is attracting

interest. In 2011 Hwang-Verslues et al. [46] reported that

miRNA-495 regulates the aggressiveness and hypoxic

response of breast CSCs both in vitro and in vivo. When

immortalized breast cancer cells devoid of CSCs were

transfected with miRNA-495, significant increases in col-

ony-formation ability and invasive capacity in vitro and

tumor formation capacity (i.e. tumor volume) when

implanted in vivo were observed. These results were shown

to correlate with reduced E-cadherin and REDD1 expres-

sion. When cultured under low-oxygen conditions, miR-

NA-495 inhibited REDD1 expression, which promoted

resistance to hypoxia, and stimulated an increase in the

number of breast CSCs during the first two days.

Similar to the incorrect functionality of cell cycle reg-

ulators (e.g. p53) that leads to cancerous transformation

and malignancy, dysregulation of oxygen-dependent stress-

response factors can impart detrimental characteristics to

cancer cells. For example, aberrant activation of the

hypoxia-responsive protein, HIF2a, under normoxic con-

ditions has been shown to impart stem cell-like properties

to immortalized cancer cells through an ALDH-dependent

pathway [47]. Inhibition of ALDH reduced the prolifera-

tion and self-renewal of breast CSCs in vitro, and dimin-

ished tumor-initiating capacity and lung metastasis in vivo.

Brain CSCs

In addition to the wide-ranging involvement of CSCs in

breast cancer, study of CSCs has also been fundamental to

our understanding of the growth and metastatic potential of

glioblastoma multiforme (GBM). Beginning in 2004, when

CSCs in solid tumors were, primarily, known to exist in

breast cancer only, two groups were able to separate and

identify such CSCs from GBM tumors [48, 49]. Galli et al.

[48], using isolated GBM patient lines, identified precursor

cells with the functional capabilities of stem cells and

determined that these stem cells had the capacity to form

tumor masses. Similarly, Singh et al. [49] isolated GBM

CD133? cells with stem cell properties in vitro. When as

few as 100 of these cells were implanted in NOD-SCID

mouse brains, proliferative tumors were formed, whereas
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CD133- cells had the potential to engraft on to the brain

only. Together, these studies formed the foundation for

future work to study the involvement of CSCs in GBM and

perhaps develop novel therapy targeting these cells.

In GBM, anti-VEGF treatment has not been effective

because of evasive mechanisms. One study determined that

GBM resistance was associated with upregulation of genes

associated with mesenchymal origin and pro-inflammatory

response factors [50]. Prolonged anti-VEGF therapy can

also push GBM into mesenchymal and/or stem cell phe-

notypes that, over time, inhibit the effectiveness of the anti-

VEGF therapy [51]. Because of these observed responses,

it is no surprise that induced hypoxic environments pro-

duce mesenchymal and stem cell phenotypes, as both cell

populations are known to be located in low-oxygen envi-

ronments. Hence, researchers have been focused on

understanding the effect of hypoxia, specifically molecular

mechanisms, in maintaining GBM CSCs and the resistance

of GBM to anti-angiogenic therapy. On the basis of the

pioneering studies in 2004, recent work has focused on

further characterization of CSCs and their functional

properties. One such characterization has been stemness

markers and behavior. Li et al. [52] performed an in-vitro

study to determine whether hypoxia enhanced stemness of

CSCs. Hypoxia treatment of two established cell lines and

primary glioma cells for 48 h promoted CD133 expression.

OCT4 and SOX2 mRNA levels also increased significantly

whereas GFAP (a marker of differentiation in neuronal cell

lineages) decreased. When DAPT, an inhibitor of the

Notch pathway, was added to the cells, the opposite trends

were observed for OCT4, SOX2, and GFAP, leading the

authors to speculate that hypoxia in some way dediffer-

entiates glioma cells into CSC-like populations. Similar

trends were also seen in earlier work by a Danish group

[53].

Although hypoxic environments have been proved to

induce formation of stemness genes, more work has been

conducted to study the behavior of crucial molecules that

mediate the changes of stemness. Mathieu et al. [54••] took

a broad approach by screening cell lines of different cancer

types and human embryonic stem cells for overlapping

changes of common genes when grown under hypoxic

conditions. They showed that OCT4, NANOG, SOX2,

KLF4, cMYC, and miRNA 302 were all induced under low

oxygen tension in 11 cancer types, including that of the

brain. Using OCT4 as a target gene of interest, the group

found that when cancer cells were altered to express non-

degradable HIF1a and HIF2a and OCT4-GFP, use of

hypoxic culture conditions revealed a positive correlation

between OCT4-GFP and non-degradable HIF levels. Sub-

sequent experiments using siRNA to knockdown HIF1a
and HIF2a showed the opposite trend, with reduced

expression of hESC markers. The authors completed their

findings by study of primary glioma-derived CD133- cells,

which they grew under hypoxic culture conditions. The

low-oxygen conditions induced the cells to express the

same hESC markers as before but also to form well-defined

neurosphere structures associated with GBM. Thus, the

authors suggested that HIF targets might act as crucial

molecules affecting the dynamic states of stemness in

cancer.

Although Mathieu et al. discovered that HIF1a and

HIF2a were involved in the transformation of CSCs, their

individual functions in the larger hypoxia signaling cascade

had not yet been clarified. Bar et al. [55] contributed to this

by determining whether HIF1a or HIF2a dominates long

term phenotype characterization. Two glioma stem cell

lines and three patient lines cultured under hypoxic con-

ditions for 72 h had gene profiles that matched those in

previous work by other groups, for example increases in

CD133, HIF, KLF4, and SOX2. They also observed more

prominent gene expression of LOX, HIG2, and VEGF and

of downstream Notch pathway factor Hey2/Hes1 and

ligands Jag1/Jag2. FACS confirmed that neurospheres

formed under hypoxia comprised, primarily, CD133? cells.

Interestingly, if neurospheres with diameters as small as

100 lm were seeded they would mature into larger neur-

ospheres characteristic of previous in-vitro experiments

whereas spheres with diameters less than 100 lm did not

mature. When mRNA and protein extraction was per-

formed on these neurospheres, mRNA levels were higher

for HIF1a than HIF2a. In addition, only HIF1a was

expressed at the protein level. Bar et al. then studied

xenograft models of the glioma stem cells (GSCs) and

confirmed their in-vitro phenotype findings with one

important caveat: hypoxia does not select for the best GSCs

that maximize induced stemness transformation. HIF1a
may be of central importance in the transformation, but no

physiological cutoffs indicating clonal selection from

hypoxia were seen in the study.

In contrast with Bar et al., Seidel et al. [56] obtained

results indicating that HIF2a was the primary mediator of

CSC transformation. Initial screening of candidate genes

for isolating GSCs was based on three established glio-

blastoma cell lines grown under hypoxic conditions; this

yielded 73 overlapping genes of interest, most of which

were involved in the Wnt and TGF-b pathways. Primary

glioblastoma cell lines were then grown under 1 % oxygen,

and significant upregulation of CD133 and selected can-

didate genes ASPHD2, NFEL2L, MAML3, NFATc2, and

ABL2 was observed. HIF also colocalized with these cells

under hypoxia. By use of a Tet-off inducible system, the

group determined that only HIF2a led to a significant

increase in expression of the candidate marker genes and
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that a major HIF2a target was OCT4. Knockdown of

HIF2a confirmed its function as the primary mediator for

glioblastoma tumor stem cell phenotype, because of

reduced levels of CD133, ASPHD2, and MAML3. In

contrast with reports claiming crucial involvement of

HIF1a in hypoxia-mediated CSC phenotypes, Seidel et al.

found that HIF1a reduced sphere formation. This obser-

vation had been made in other studies of HIF1a [57].

Other research groups have also been interested in how

hypoxia affects the ability of CSCs to form tumors. This

has meant searching for less conventional downstream

targets of HIF, and Heddleston et al. [58•] discovered

histone methyl transferase mixed lineage leukemia 1

(MLL1) regulated tumorigenic potential in glioma stem

cells. Xenograft-derived non-stem cells of glioblastoma

were found to have increased levels of MLL1 under hyp-

oxic conditions. When shRNA knockdown of HIF1a and

HIF2a was introduced, MLL1 mRNA levels decreased,

indicating MLL1 is a downstream target. When shRNA

against MLL1 decreased HIF2a expression and did not

effect HIF1a expression, ChIP analysis showed that HIF2a
bound to the MLL1 promoter and did not vary when grown

under normoxic or hypoxic culture conditions. MLL1

specifically caused a loss of H3K4m3 and gain of

H3K27m3, consistent with transcriptional activation of the

HIF2a locus. Other targets of MLL1 included PGK1 and

VEGF, thus rationalizing MLL1’s functional consequences

of participating in some part in tumor angiogenesis. From a

phenotypic perspective, loss of MLL1 greatly reduced cell

proliferation and self-renewal, thus demonstrating its

importance in GSC growth. This was further illustrated

when shRNA-transfected glioblastoma cells against MLL1

greatly increased tumor latency in xenografts.

Finally, cancer stem cell researchers have focused on

finding molecules responsible for the cells’ interaction with

or quasi-similarity to endothelial cell types involved in

tumor vasculogenesis. As previously mentioned, tumors

require a blood supply to sustain themselves and enable

tumor growth, and it is known that GSCs expressing CDH5

can transdifferentiate into endothelial cells. Mao et al. [59]

discovered that CDH5 mRNA levels were significantly

higher in high-grade tumors than in low-grade tumors and

that only tumor grade correlated with CDH5 levels.

Compared with normal human brain, in which CDH5 is

found on endothelial cells only, GBM samples also had

GSCs expressing CDH5 and the proportion of GSCs with

CDH5 increased with each passage (GSC5 at 8.4 % and

GSC11 at 11.5 %). Bioinformatic analysis of probable

CDH5 interactions in these cells included HIF2a, VWF

and PECAM-1, but HIF2a was the most reliable predicted

gene and known to be specifically expressed in endothelial

cells. When cells were grown under hypoxic conditions,

CDH5 mRNA increased 2.6 to 17.0-fold. shRNA

knockdown of HIF1a and HIF2a also resulted in signifi-

cant reduction in CDH5 in GSCs, and ChIP confirmed

HIF1a and HIF2a interaction with the CDH5 promoter.

Given these findings, the group knocked down CDH5 in

GSCs grown in matrigel and found their capacity for tub-

ulogenesis was severely diminished.

Conclusion and Future Direction

As revealed above, it is increasingly clear that hypoxic

conditions stimulate CSCs to undergo metastatic transfor-

mation with improved survival by providing protective

effects in both brain and breast tumor models. Continuous

progress has been made in the elucidation of mechanisms

driving the causative involvement of CSCs under hypoxia

in cancer recurrence and failure of therapy. However,

significant challenges still remain in attempts to understand

the complex relationship among mechanistic factors within

the context of spatiotemporal and patient-to-patient varia-

tions. Moreover, it is difficult to quantitatively investigate

the effect of complex microenvironmental factors associ-

ated with hypoxia on CSC behavior by use of in-vivo

models because of challenges associated with isolating

specific microenvironmental interactions as well as dis-

cerning the effects of hypoxia on CSC-mediated cancer

Fig. 1 a A general summary of the effects of hypoxia-induced HIF

expression in CSCs. HIF activity is regulated by oxygen tension and

promotes a pro-survival phenotype, including increases in angiogen-

esis, proliferation, genomic instability, and aberrant cell cycle

regulation, and a shift toward glycolysis, all of which contribute to

chemo and/or radioresistance. b A experimental model proposed for

study of the effects on CSC behavior of different degrees of hypoxia,

and how these effects can lead to metastatic potential and patient

mortality
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recurrence and metastasis. One solution the authors suggest

is to develop unique models that enable systematic inves-

tigation of hypoxic microenvironmental factors regulating

CSC behavior and lead to discovery of therapeutic targets

to prevent the contribution of CSCs to cancer recurrence

and metastasis. For example, we have developed an envi-

ronmentally relevant in-vitro model of carcinogenic

hypoxia in which a metal carcinogen, nickel sulfate, is

applied under hypoxic conditions [60]. By using this model

we characterized the passage-dependent response of human

stem cells in terms of early transformation in vitro, and the

in-vivo consequences of implanted human stem cells. The

results indicate that carcinogenic hypoxia modulates the

activity of three critical transcription factors (c-MYC, p53,

and HIF1), resulting in accumulation of reactive oxygen

species and causing human stem cells to undergo cancer-

like behavioral changes. Also, some promising 3D engi-

neered tissue models have been developed by another

group for study of cancer metastasis in vitro [61]. Moore

et al. [62] developed an oxygen gradient model for study of

vascular tissue remodeling. This type of tissue-engineering

model could be used to investigate malignant transforma-

tion of CSCs under conditions of different oxygen content

(Fig. 1). Considering the natural convergence of tissue

engineering, stem cell biology, and cancer biology, col-

laborative efforts among researchers in these three fields

seems a promising means of addressing the challenges.
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