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Abstract: Hypoxia, or gradients of hypoxia, occurs in most growing solid tumors and may result in
pleotropic effects contributing significantly to tumor aggressiveness and therapy resistance. Indeed,
the generated hypoxic stress has a strong impact on tumor cell biology. For example, it may contribute
to increasing tumor heterogeneity, help cells gain new functional properties and/or select certain cell
subpopulations, facilitating the emergence of therapeutic resistant cancer clones, including cancer
stem cells coincident with tumor relapse and progression. It controls tumor immunogenicity, immune
plasticity, and promotes the differentiation and expansion of immune-suppressive stromal cells.
In this context, manipulation of the hypoxic microenvironment may be considered for preventing or
reverting the malignant transformation. Here, we review the current knowledge on how hypoxic
stress in tumor microenvironments impacts on tumor heterogeneity, plasticity and resistance, with a
special interest in the impact on immune resistance and tumor immunogenicity.
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1. Introduction

The tumor microenvironment (TME) is a complex system that consists of the extracellular matrix
(ECM) and numerous cell types including fibroblasts, adipose cells, immune cells, endothelial cells as
well as components of the blood and lymphatic vascular networks and the nervous system. TME plays
an important role in tumor development and progression [1-3]. It involves soluble factors and
metabolic changes. Among these metabolic changes, hypoxia plays a pivotal role in shaping the
TME [4,5]. In such a system, hypoxia appears as an essential metabolic element to control cellular
plasticity and tumor heterogeneity [6,7]. It is well established that hypoxic stress is a feature of
most solid tumors and is associated with poor clinical outcomes in various cancer types [2,8-11].
Hypoxia arises due to a combination of excessive oxygen consumption by growing tumor cells and the
disorganized tumor-associated vasculature [3]. Considerable evidence now suggests that hypoxia plays
an important role in tumor progression, affecting both metastatic spread and selection of cells with more
aggressive phenotypes [7,12,13]). This is at least partly explained by the fact that hypoxia can promote
cancer cell stemness, invasion or metastatic capacities via the activation of hypoxic cascades and

Int. ]. Mol. Sci. 2018, 19, 3044; d0i:10.3390/ijms19103044 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0003-3089-7886
https://orcid.org/0000-0002-6647-516X
https://orcid.org/0000-0003-4778-5039
http://www.mdpi.com/1422-0067/19/10/3044?type=check_update&version=1
http://dx.doi.org/10.3390/ijms19103044
http://www.mdpi.com/journal/ijms

Int. J. Mol. Sci. 2018, 19, 3044 20f19

hypoxia-inducible factors (HIFs). To date, the mechanisms at play are still far from being understood.
The adaptive responses to hypoxia are regulated by HIFs. The master regulator of the hypoxic response
is the hypoxia-inducible factor 1 (HIF-1). In mammalian cells, the response to hypoxia depends in large
part on the activation of HIF-1, a heterodimeric transcription factor consisting of a hypoxia-inducible
HIF-1 subunit and a constitutively expressed HIF-1(3 subunit [14]. HIF-1 transactivates target genes
containing cis acting hypoxia response elements that contain the HIF-1-binding site sequence. HIF-1x
protein levels are tightly regulated by the cellular pO2. Under hypoxic stress, hypoxia-dependent
stabilization of HIF dimers allows for the induction of numerous genes regulating various biological
processes and functions in cells, including angiogenesis, cell survival, proliferation, pH regulation,
and metabolism [4].

2. Hypoxia Induced Tumor Plasticity and Heterogeneity

Tumors contain distinct cell types that collectively create microenvironmental conditions
controlling the tumor growth and its evolution. Insufficient concentration of oxygen in
the growing tumor generates hypoxic stress, which can lead to metabolic, epigenetics and
phenotypic reprogramming of the cells coincident with fluctuations in the composition of the
microenvironment [15,16], while potentially affecting the functions, the phenotype and/or the number
of microenvironmental cell components [5,6]. As a corollary, hypoxia should be considered as a
driver of cell plasticity, since it can promote the capacity of a cell to shift from its original cellular
state to a distinct cellular state. One interesting unanswered question is the impact of hypoxic stress
on tumor heterogeneity. It is well established that tumors exhibit substantial heterogeneity with
potential consequences on their evolution in time and response to treatments [17-20]. So far, the
extent of this heterogeneity has been only partially explored, especially in relation to the diverse
mutational landscapes found in tumors [17]. Clearly, more work is now needed to explore and
define the phenotypic heterogeneity of the various cell types. The advent of single-cell approaches
offers a unique opportunity to gain insights into tumor heterogeneity [21-24]. Recently, using
breast tumors, Azizi and colleagues nicely showed that environmental factors, including hypoxia
present in the tumor, but marginal in the normal tissue, were linked to the increased diversity of
immune phenotypic states of T cells, myeloid cells and Natural killer (NK) cells [23]. Tumor-resident
T cells appeared to be particularly responsive to such regulation, as shown by the increased number
of gene signatures activated in highly hypoxic tumors. The findings also suggest that various
degrees of hypoxia, inflammation, and nutrient supply, or a combination of these factors in the
local microenvironment could lead to a spectrum of phenotypic states while promoting the enrichment
of certain subpopulations such as the Treg subset. The work of Palazon et al. recently revealed the
essential role of HIF-1x in regulating the effector state of CD8+ T cells [25]. Hypoxia stimulated
the production of the cytolytic molecule granzyme B in a HIF-1o- but not HIF-2a-dependent
fashion. Importantly, hypoxia through HIF-1x also increased the expression of activation-related
costimulatory molecules CD137, OX40, and GITR, and checkpoint receptors PD-1, TIM3, and LAG3.
This may have important implications for tumor immunology. Further experimental data from these
investigators already denote the importance of the HIF1/VEGF-A axis to promote vascularization and
T cell infiltration.

Aside from its impact on stromal components, the cell plasticity of cancer cells represents
a major source of phenotypic heterogeneity in the tumor. Here again, HIFs, angiogenesis and
inflammatory factors such as VEGF, or TGF-f (induced and activated under hypoxic conditions),
might exert important regulatory functions. A prime example of this notion comes from the numerous
studies demonstrating that all these factors can stimulate epithelial-mesenchymal transition (EMT)
and/or support a mesenchymal state [13,26,27]. It is also well established that certain cancer
cells have the capacity to transit between epithelial and mesenchymal phenotypes, or states, via
epithelial-mesenchymal transition (EMT), or the reverse process, mesenchymal-epithelial transition
(MET) [26]. In such a scenario, cancer cell plasticity is tightly regulated by signals perceived from
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the TME and anatomic sites. Notably, hypoxic stress might enable other types of phenotypic
changes. For instance, HIF-1x and hypoxia could contribute to the neuroendocrine transformation of
prostate tumors and adenocarcinoma cells through cooperation with the transcription FoxA2, reduced
Notch-mediated signaling, and induction of neuronal and neuroendocrine gene programs in the
cells [28-30]. Despite substantial evidence for a role of hypoxia in triggering EMT programs, the
exact mechanisms at play remain relatively unclear. Both promoting and suppressing roles of hypoxia
have been described in human and in mouse laboratory models [31-35]. In fact, our knowledge
of what really occurs in patient tumors is still fragmentary. In this regard, the study of Puram et
al. is particularly valuable [36]. These investigators profiled transcriptomes of ~6000 single cells
from 18 head and neck squamous cell carcinomas. This included the analysis of 2216 malignant cells
allowing the study of intra-tumoral phenotypic diversity of the cells. They found that malignant
cells varied within and between tumors in their expression of signatures related to cell cycle, stress,
hypoxia, epithelial differentiation, and partial EMT. One notable aspect of the findings was the strong
correlation found between hypoxia and EMT signatures in the individual tumors. Similarly, we recently
explored the relationship between hypoxia status and EMT-TF expression levels by analyzing lung
adenocarcinomas included in the TCGA-LUAD project [37]. In this large cohort, hypoxia signatures, as
well as HIFIA mRNA expression, were significantly and positively correlated with EMT-TF expression
levels. In an attempt to better model the impact of hypoxia in non-small cell lung cancer (NSCLC), we
exploited the primary NSCLC IGR-Heu cells and observed that EMT-related phenotypic changes were
particularly exacerbated when hypoxic stress was maintained for a prolonged period. Moreover, under
these experimental conditions, the shift towards a mesenchymal phenotype was only observed in a
fraction of stressed cells. While some cells undergo EMT, others do not shift towards the EMT spectrum.
Therefore, despite long-term exposure to hypoxic stress, a high proportion of clones retained epithelial
features contributing to expand the phenotypic diversity in the cancer cell population (Figure 1) [37].
It is also interesting to keep in mind that in vivo, cancer cells may be exposed to chronic or intermittent
hypoxic stresses, and depending on their location, to various hypoxia levels [38]. The propensity
of hypoxic stress to generate cancer cell heterogeneity was further illustrated by the recent study of
Lehmann and colleagues [39]. In their attempt to dissect how plasticity of tumor cell migration and
EMT is involved in the early metastatic steps, they identified the hypoxia/HIF-1 axis as an inducer
of amoeboid detachment and the production of heterogeneous cell subsets whose phenotype and
migration were dependent or independent of Twist-mediated EMT. Taken together, these reports
underscore the importance of hypoxic stress in mediating tumor plasticity and heterogeneity.
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Figure 1. Tumors contain distinct cell types that collectively enable tumor growth and progression.
Hypoxic stress can contribute by increasing cell plasticity, genomic instability and phenotypic
heterogeneity of certain carcinoma cells, leading to intra-tumor heterogeneity and the emergence
of cancer clones resistant to therapies and anti-tumor immunity.

3. Impact of Plasticity and Heterogeneity on Tumor Immune Escape

Evidence is accumulating that tumor plasticity and heterogeneity might be key determinants
in the emergence of therapy resistant cancer clones (Figure 1) [19,40]. Considering the relationship
between tumors and the immune system, it becomes quite clear that EMT or dedifferentiation can turn
even highly immunogenic cancer clones into poorly immunogenic cancer variants resistant to T cell
immune attacks through various mechanisms accompanying their phenotypic reprogramming [41-43].
This includes defects in the antigen-presentation machinery involving major histocompatibility
complex (MHC) class I molecules, defects in immune recognition following loss of adhesion molecules,
gain or loss of immune-modulatory factors and secretion of immunosuppressive substances, or gain of
anti-apoptotic properties by the cancer cells against cytotoxic immune effectors. Thus, the acquisition
of a more mesenchymal phenotype by cancer cells has been associated with deficiencies in the MHC I
antigen presentation pathway [44—47], downregulation of E-Cadherin [37], which could be critical for
the recognition of cancer cells by tumor infiltrating lymphocytes (TILs) expressing [48,49], hyperactivity
of TGF-beta signaling [45], or increased expression of programmed death-ligand 1 (PD-L1) [46,50,51].
Such immune resistant phenotypes are not only relevant for resistance to T-cell-mediated killing.
Numerous reports showed evidence of a link between acquisition of mesenchymal features by
cancer cells and their relative protection from NK-cell-mediated lysis [37,52,53], or phagocytosis
through direct or indirect mechanisms [54]. Ricciardi and colleagues observed that exposing carcinoma
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cells to inflammatory cytokines not only promotes EMT in these cells but also confers a number of
immunomodulatory properties, including interference with proliferation, differentiation and apoptosis
of NK, T and B cell populations [55]. On the other hand, immune cells such as macrophages and NK
cells can also mediate EMT of cancer cells, and presumably, could influence immune resistant states of
carcinoma cells [56-58].

A study by Huergo-Zapico et al. recently showed that NK-cells could mediate EMT programs
in melanoma cells, simultaneously potentiating the immune resistance capacity of the latter. On the
contrary, data from at least two studies using various model systems have raised the possibility that
EMT induction could increase cancer cell susceptibility to NK cells through up-regulation of NKG2D
ligands or cell adhesion molecule 1 (CADM1) [59,60]. This further highlights the contextual nature of
the events. For a better understanding of these discrepancies, we suggest that special attention should
be paid to the dynamic and the continuum of EMT states, as well as on the timing and the nature of
the EMT inducers used to manipulate laboratory models. Considering the role of hypoxic stress in our
recent study, we demonstrated that a prolonged hypoxic stress (1% O,) promotes EMT in the NSCLC
IGR-Heu population in a manner that depends on the hypoxia effector HIF-1-« [37]. As mentioned
above, while some cells experienced profound phenotypic changes toward mesenchymal states, others
do not, thus generating cancer cell heterogeneity in the cancer cell population. This was reflected by the
presence of a mixture of cells moving along the EMT spectrum with more epithelial or mesenchymal
phenotypes. Among the cancer subclones emerging from this hypoxic stress, those with a more
mesenchymal phenotype had an increased propensity to resist attacks by cytotoxic lymphocytes as
compared to the more epithelial counterpart. This was illustrated by their reduced susceptibility to
both cytotoxic T cells (CTL) and NK cell-mediated lysis [37]. In another study, hypoxia-induced EMT
of hepatocellular carcinoma cells promoted an immunosuppressive TME by stimulating expression of
indoleamine 2,3-dioxygenase (IDO) in monocyte-derived macrophages [61].

Work by Zhang indicates that HIF-1« can stimulate CD47 expression, an important factor for
maintaining plasticity of the cells, which also enables breast cancer cells to avoid phagocytosis by
macrophages [62]. CD47 hampers the “eat me signal” on cancer cells by interacting with SIRP on
macrophages impairing phagocytosis. More recently, Noman and colleagues identified CD47 as a
direct target of SNAI1 and ZEB1 [54]. They observed that the CD47 blockade sensitized cancer cells to
phagocytosis, particularly in breast cancer cells with Mesenchymal features. In Triple-negative breast
cancers (TNBCs), a heterogeneous group of breast tumors that can present many of the salient features
found during EMT, the recent report by Samanta et al. revealed that several immuno-modulatory
molecules including CD47, PD-L1 and CD73 are direct HIF target genes in TNBC cells [63]. Thus, CD47
expression could reduce killing by macrophages, whereas CD73 and PD-L1 mediate independent
mechanisms to inhibit the T-cell effector functions. The coordinate transcriptional induction of
these factors was especially observed in cells exposed to certain chemotherapeutic agents such as
carboplatin, doxorubicin, gemcitabine, or paclitaxel. Taken together, this data gives great insight into
how plasticity of the cancer cells can be linked to a multi-resistant phenotype involving resistance
to chemotherapy and immune resistance. The high amount of TGF-f3 (another HIF target gene)
produced by certain carcinoma cells, or the stromal compartment, could also be crucial in dampening
the immune response in tumors [20,64—67]. Moreover, interactions between the different contingents
should be highlighted. For instance, carcinoma cells with a mesenchymal or a partial EMT features
could cooperate and interact with cancer associated-fibroblasts to regulate their phenotype, and
presumably immune suppression [36]. Substantial evidence also indicates the role of HIF-mediated
immune plasticity in shaping anti-tumor immunity [5,6,68]. As mentioned above, HIF1 could be a
major regulator of effector CD8+ T cell functions [25]. An interesting study by Hatfield and colleagues
reported that hypoxia reversal via supplemental oxygenation had significant anti-tumor effects in
mouse models, resulting in long-term survival of the mice [69]. Importantly, the observed effects
were mainly attributed to the presence of T and natural killer cells. Investigators further showed
an association with increased intratumoral infiltration, reduced immunosuppression by regulatory
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T cells and inhibition of tumor-reactive CD8 T cells concomitant with increased pro-inflammatory
cytokines and decreased immunosuppressive substances including TGF-§3. It is known that dendritic
cell differentiation and maturation is impaired under hypoxia, with negative effects on their T-cell
activating functions [70]. The work of Facciabene and colleagues invoked the role hypoxia in the
recruitment of Tregs through inducing expression of chemokine CC-chemokine ligand 28 (CCL28),
which in turn, promotes angiogenesis and tumor tolerance [71]. Further research also indicates the
direct role of HIF-1w in regulating the functionality and plasticity of T-regs [72,73]. Myeloid-derived
suppressor cells (MDSCs) and tumor-associated macrophages (TAMs) are also known to contribute
to tumor-mediated immune escape [74]. Eubank and colleagues showed evidence for a role of HIF-1
and HIF-2 in the promotion of macrophage angiogenic property [75]. HIF-1 could also regulate
their inhibitory functions on T cells [4,5]. Interestingly, the study of Corzo et al. showed that hypoxia
via HIF-1x could somehow extend the suppressive function of tumor MDSCs while redirecting their
differentiation toward macrophages in the TME [76]. Finally, we showed that hypoxia could regulate
the tumor MDSC functions by direct transcriptional induction of the programmed death-ligand 1
(PD-L1) in these cells, resulting in increased MDSC-mediated T cell tolerance [77].

4. Mechanisms of Hypoxia-Induced Cancer Stem Cells

CSCs are a subpopulation of cancer cells that have the ability to self-renew, to divide, to give
rise to another malignant stem cell and to drive tumor growth and heterogeneity [78,79]. Hypoxia is
a significant culprit for the development of tumor cell resistance to therapy, which is in part due
to the generation of cancer stem cells (CSCs) [80-82]. Both HIF-1x and HIF-2« have been found to
contribute to the mechanisms involved in mediating stemness [80,82-84]. Despite numerous studies
in cancer model systems, the molecular mechanisms underlying the CSC generation, downstream
of HIFs have not yet been completely elucidated. So far, they have been explored in various cancer
models. HIF proteins can directly or indirectly regulate the expression of genes involved in the
initiation and maintenance of stem cells such as (OCT4, SOX2, KLF4, MYC, NANOG, CRIPTO, Wnt
or NOTCH) [80,85-88]. In addition to their essential functions during embryonic development, these
genes could exert diverse functions in cancer. In certain human tumors, they might represent valuable
tools to predict recurrence and tumor plasticity, although such prognostic value is far from being
established [79,89-94].

In response to hypoxia, HIF-2a was shown to upregulate OCT4 and SOX2 expression resulting in
an increase in the migratory capacity of glioma cells [95,96]. In the study of Tang et al., increased levels
of HIF-1« in colorectal cancer cells was associated with increased chemoresistance through the GLI2
transcription factor, which coincides with an increase in cancer stem cells [97]. Similarly, HIF-1x and
HIF-2o have been shown to increase the expression of the stem cell marker CD133 in glioblastoma cells
concurrent with increased chemoresistance [98]. In breast cancer cells, HIF-1« and HIF-2« increased
NANOG mRNA by stimulating expression of AlkB homolog 5 (ALKBHS5), an m(6)A demethylase able
to demethylate NANOG mRNA [99]. HIF-1 was required for the activation of the p38 MAP kinase
pathway and inhibition of ERK signaling resulting in stabilization of NANOG, KLF4, and enrichment
of breast cancer stem cells [100]. Clearly, understanding how these different signaling mechanisms
interact to drive tumor progression and therapy resistance under variable oxygenation conditions will
be critical to the efforts to develop more effective cancer therapies.

5. EMT at the Crossroad of Stemness

EMT has been proposed to drive invasion, resistance to therapy, and spreading of cancer to distant
sites [13,26,27]. Cells that are committed to EMT also exhibit numerous attributes that are known
to be characteristics of stemness [101]. Although cancer stem cells account for only a small part of
the tumor bulk, they are assumed to be the main players involved in therapeutic resistance, cancer
relapse, and distant metastasis. Hypoxia and HIF proteins likely contribute to the molecular link
between EMT and stemness (Figure 1). Indeed, HIFs are not only involved in the regulation of stem cell
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factors, in response to hypoxic stress HIF1 protein activates the expression of EMT-transcription factors
TWIST1 or ZEB1, which ultimately promotes EMT [31,102]. HIF1 can also help cells transition to a
more mesenchymal phenotype by regulating the lysyl oxidases LOX and LOXL2, leading to repression
of E-cadherin [34,103]. Other studies have reported that Notch signaling and the EMT-TF SNAIL could
be involved in this network as well [35]. It is important to note that cancer cells undergoing EMT in
response to hypoxia will not only gain mesenchymal properties, but also may acquire stem cell-like
features [104]. Signaling pathways leading to EMT involves TGF-3, STAT3, miR-210 among others
(Notch, Nanog) [26,104-106]. TGF-3 expression is regulated by HIF-1, and in turn, TGF-$ plays an
important role in stabilizing HIF-1 [37,107]. TGF-3 has been described as having a dual function both
in suppressing as well as promoting cancer stem cell populations [108]. The effect of TGF-f3 has also
been correlated with the stage of the cancer; at early stages TGF-f3 has anti-growth effects, whereas at
late stages, it promotes the development of aggressive growth [109]. Interestingly, in breast cancer, stem
cell-like cells obtained after TGF-{3 exposure showed resistance to radiation therapy [110]. Likewise,
renal cell carcinoma cells having acquired a stem-like phenotype after TGF-f3-induced EMT showed an
increase in chemoresistance [111]. In gynecologic cancer patients, the use of chemotherapy can induce
TGF-f signaling resulting in reduced chemosensitivity [112]. In primary lung cancer cells, TGF-3
exposure led to an increase in cancer stem cell population through repression of miRNA138 [113] while
in colon cancer, TGF-3 seems to play a key role in angiogenesis, tumor growth and metastasis [114].
On the other hand, in the context of hepatocellular carcinoma, TGF-f resulted in a decrease in cell
survival of stem-like side populations [115]. Collectively, these studies highlight the importance of
HIFs and TGF-p in the regulation of EMT, and provide support for the development of strategies
exploiting these pathways to overcome therapy resistance.

It should be noted that STAT3 also plays an important role in the regulation of cancer stem cells
and therapy resistance [116,117]. STAT3 has been demonstrated to be a potent stabilizer of HIF-1 in
multiple cancer cell models [118-121]. Moreover, at the molecular level, STAT3 signaling is complex
and cooperates with several other pathways implicated in cancer growth. This has recently been
reviewed by Galoczova et al. [116]. There is currently a need and ample room to better explore STAT3
implications in EMT, cancer stem cells and tumor resistance to therapy. Of particular interest is the
development of strategies for STAT3 inhibition, which has been shown to induce apoptotic cell death
of STAT3 dependent cancer cells [122]. MicroRNAs also deserve particular attention. They are small
non-coding RNAs that function in post-transcriptional regulation of gene expression and in mRNA
silencing. Recent studies unraveled the role of hypoxia in the regulation of microRNA machinery
components Drosha and Dicer in cancer cells with important consequences for miRNA biogenesis and
tumor progression [123,124]. In particular, this work points to the role of hypoxia in promoting EMT
and stem cell phenotypes through mechanisms involving oxygen-dependent H3K27me3 demethylases
KDMB6A /B or HIF-1 target ETS1/ELK1, which ultimately may lead to derepression of certain EMT-TFs
such as the miR-200 target ZEB1. On the other hand, miR-210 is highly induced in response to hypoxic
stress and it regulates HIF expression [125,126]. miR-210 is known to have important functions during
cancer progression, with both promoting and suppressive roles [127]. Inhibition of miR-210 through
small molecules results in inhibition of tumorigenesis in a mouse model for triple negative breast
cancer [128]. In ovarian cancer cells, it was found to be a promoter of EMT by causing a decrease in
E-cadherin, and increase in vimentin [129]. In lung cancer cells, miR-210 was found to regulate the
susceptibility of cancer cells to lysis by cytotoxic T cells [126].

6. Hypoxia, DNA Repair and Genomic Instability

Hypoxic regions are heterogeneous within tumors and the hypoxic phase can vary with time
and intensity (acute and/or chronic). Accumulating evidence demonstrates that this component of
the TME can be associated with an increase in genomic instability of tumor cells, covering a wide
range of alterations, from point mutations to chromosomal instability. The magnitude of genetic
aberrations such as increases in gene mutations and gene amplifications due to variation in severity of
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hypoxia can be 5-1000-fold [130]. Indeed, several studies have suggested that hypoxia can induce DNA
damage, alter cell cycle checkpoints and/or the sensing and repair of DNA damage, and consequently
favor genetic instability (Figure 1) [131-133]. In this regard, several teams have documented an
increase in the rate of DNA mutations in cells exposed to in vitro or in vivo hypoxic conditions, mostly
using reporter assays [134-136]. The origins of these hypoxia-induced DNA mutations are probably
multiple, emerging from hypoxia-mediated oncogene amplification, induction of DNA damages or
DNA replication stress, deregulation of DNA damage checkpoint signaling, interference with DNA
repair or escape from cell death [132]. Importantly, cycles of hypoxia and re-oxygenation are common
phenomena seen in solid tumors and characterized by an increase in the intracellular free radical
species [133,137,138], which are also strongly associated with accumulation of DNA damage [133].
However, in the absence of re-oxygenation (chronic hypoxia), hypoxia-induced genetic instability
mostly arises from the influence of hypoxic conditions on DNA-damage repair pathways or the
induction of a replicative stress, without detectable induced DNA damage [131]. It will be important
to further investigate this intriguing possibility, especially in vivo.

In the case of DNA damage, the G1/S and the G2/M checkpoints kinases ataxia telangiectasia
mutated [139], ATM-Rad3-related (ATR) and CHK2/CHK]I, respectively, transmit signals to the effector
molecules such as p53, p21 and CDC25 to prevent cell cycle progression or to initiate programmed cell
death. Interestingly, emerging evidence suggests that different severities and durations of hypoxia
may have different effects on cell cycle checkpoint controls. For example, oxygen levels such as 0.2%
can bypass ATM or ATR and cell cycle checkpoint signaling allowing the propagation of tumor cells
with potentially altered DNA that can contribute to genomic instability [140]. Furthermore, it has been
proposed that hypoxia can exert selective pressure that leads to expansion of tumor cells with reduced
apoptotic capacity due to, for example, TP53 mutations [141], which is considered as the guardian of
genome integrity. As mentioned above, DNA repair pathways, especially homologous recombination
(HR), mismatch repair (MMR), non-homologous end joining (NHE]) and base-excision repair (BER)
have also been shown to be compromised under hypoxic conditions [131,132]. For example, it was
demonstrated that hypoxia can decrease the expression of the HR-related protein RAD51 in a HIF-1x
independent manner [142]. Similarly, reduced expression of the NHE]J-related proteins DNA-PKcs,
Ku70, Ku80 and DNA-ligase IV has been observed in hypoxic conditions [143]. Hypoxia has been
also shown to transcriptionally downregulate the MMR genes MLH1, MSH2 and MSHS6 [144] and a
hypoxia driven microsatellite instability (MSI) has been proposed [132]. This hypoxic modulation of
DNA repair pathways is thus thought to be of major importance in the genomic instability induced by
chronic hypoxic conditions.

The induction of DNA damage, the alteration of DNA-damage cell cycle checkpoints and a
functional decrease in the DNA repair pathways under hypoxic conditions probably contribute to
“mutator” phenotypes in hypoxic cells and to genomic instability, which might have important effects
on the anti-tumor immune response and tumor immunogenicity. For example, recent studies have
provided new insights into how specific genomic alterations deriving from genome instability can
impact on immune evasion of antitumor immunity [43]. Moreover, recent findings demonstrate
the role of double strand break repair pathway in up-regulation of PD-L1 expression by cancer
cells [145]. However, the influence of hypoxia-induced DNA-damages in PD-L1 expression is currently
unknown. Importantly, a potential mutational burden in hypoxic cells could also be linked to
their immunogenicity. Indeed, during the past few years, several groups have identified cancer
rejection antigens formed by peptides that are entirely absent from normal human tissues, so-called
“neo-antigens”. Such neo-antigens are solely created by tumor-specific DNA alterations/mutations
that result in the formation of novel protein sequences. As compared with non-mutated self-antigens,
neo-antigens are thought to be of particular relevance to tumor control, as the quality of the T cell pool
that is available for these antigens is not affected by central tolerance [146]. As a result, neo-antigens
appear to represent ideal targets for T cell-based cancer immunotherapy [147]. In this regard, tumors
harboring deleterious mutations in the DNA repair pathways were found to carry a high number of
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candidate neo-antigens, which is associated with a clinical benefit from immune checkpoint inhibitor
therapy (anti-PD1) (Le, 2015 #2213), indicating that a high burden of tumor neo-antigens correlates with
a durable response to anti-immune checkpoint-based immunotherapy. Two recent studies revealed
that mutations and/or loss of the DNA repair mechanism leads to increased mutational load, thus
resulting in enhanced neo-antigen generation in cancer cells [148,149]). Nevertheless, the hypothesis
that hypoxia-induced DNA damages/genomic instability can lead to a high mutational burden and
high numbers of neo-antigens, increasing the potential immunogenicity of hypoxic cells, has never
been validated.

7. Therapeutic Targeting of Hypoxia in Cancer

In view of the importance of the link between cancer stem cells, cell plasticity and therapeutic
implications in cancer development, targeting the hypoxic niches may offer a great advantage in
anti-cancer therapy. This is because targeting hypoxic niches results in eliminating diverse cell
populations including cancer stem cells, and preventing the commitment of certain highly plastic cells
to an EMT program [27,150].

In support of this idea, it was shown that oxygen administration to patients does transiently
relieve tumor hypoxia, and as a result, improve therapy [151]. As such, detection of hypoxic areas
in vivo is an essential first step. Recent development of two-photon molecular probes in detecting
hypoxia in tissue in vivo and in vitro recently demonstrated some efficacy in detecting hypoxia in deep
tumor tissue [152]. However, its effective use in the human situation needs to be established. Another
important issue to be addressed is for the drugs to be targeted to the hypoxic zones. Several approaches
for targeting hypoxic tumor cells are being explored including hypoxia-activated prodrugs, gene
therapy, recombinant anaerobic bacteria and specific targeting of HIFs, or targeting pathways important
in hypoxic cells such as the mTOR and UPR pathways [27,153,154]. Hypoxia activated prodrugs are
drugs that are converted to their active state under a hypoxic environment. These have been developed
and used in combination with chemotherapy or targeted therapy [155]. Recombinant anaerobic
bacteria have been considered as gene delivery vehicles to cancer cell sites and spare normal tissue.
The Clostridium strain that expresses prodrug-converting enzymes has been used, allowing for high
therapeutic doses in the tumor [156]. A combination of hypoxia-activated drugs with nanotechnology
can be used to enhance tumor specific delivery of anti-cancer agents to the hypoxic tumor zone.

HIF1, being presumably the most powerful factor in the hypoxic response represents an ideal
target for therapy. In this regard, the development of selective HIF-1x antagonists remains an
important clinical challenge [157,158]. Nonetheless, molecule inhibitory drugs reducing HIF-1x
levels, or targeting HIF1 stability/activity may provide interesting benefits in anti-cancer therapy.
Nanoparticle formulations containing amino bisphosphonate zoledronic have been successfully used
in combination with doxorubicin to sensitize cancer cells to multidrug resistance through inhibiting
HIE-1 [159,160]. Inhibitors affecting HIF protein translation include cardiac glycosides, PX-478 or
topoisomerase I inhibitors [161-167]. Translation of HIF1 mRNA is known to be controlled by the
PI3K/AKT/mTOR pathway. Inhibition of this pathway could decrease HIF expression and the
resultant tumorigenesis [168-170]. As an alternative, targeting pathways downstream of HIF signaling
includes the use of anti-VEGF therapy (monoclonal antibodies targeting VEGF (bevacizumab) or small
molecule inhibitors targeting the VEGF receptor), which has been used for anti-angiogenic/vascular
normalization effects in certain medical indications including ovarian, renal, lung or colorectal cancers,
in combination with chemotherapy [171]. Finally, recent studies give promise to our ultimate ability
to design specific inhibitors of HIFs. A new class of HIF antagonists are currently being tested and
have already proven to selectively target HIF-2« with relatively low toxicity compared to current
anti-angiogenic drugs [158,172-174].
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8. Conclusions

Expansion of resistant cancer cell clones during cancer treatment is a major issue for cancer
therapy. It reflects a clonal evolution resulting from genomic instability, cellular plasticity and
activation of stemness pathways, as well as complex regulatory networks orchestrated by the TME.
Tumor microenvironmental hypoxia is a relevant example that demonstrates how microenvironmental
parameters can interfere and neutralize immune cell functions. Converging evidence now suggests its
potential value as a prognostic factor as well as a predictive factor owing to its multiple contributions to
chemoresistance, radio resistance, angiogenesis, resistance to cell death, altered metabolism, genomic
instability, cell plasticity and various immune-related aspects. There is a clear rationale to develop
efficient ways to target microenvironmental hypoxia to prevent tumor evolution and the emergence
of therapy resistance. However, information on the mechanisms at play is still fragmentary and may
vary in a contextual manner. Despite insightful experimental studies using in vitro or in vivo models,
the challenge remains for scientists and clinicians alike to gain a better understanding of how human
tumors respond to hypoxia. It will also be critical to develop specific agents for targeting hypoxia
and associated pathways. This has the potential to provide innovative cancer therapies that can
enhance antitumor immunity and overcome the barriers of treatment resistance, tumor tolerance and
escape from immune surveillance. In the era of cancer immunotherapy, current strategies such as
immune checkpoint blockade have focused on attempting to target immune cells directly to boost the
immune system of the host. Is it possible to use therapeutic targets derived from the hypoxic TME and
associated pathways as new therapeutic solutions for immunotherapy of cancer? This question merits
further investigation. An important challenge will be to determine the best combination strategies as
well as the optimal timing and sequence of these combinations.

We are still at the beginning of an exciting period of discovery, and integrating the manipulation
of hypoxic stress in cancer immunotherapy may lead to more durable and effective cancer
immunotherapy approaches in the future.

Author Contributions: Writing-Original Draft Preparation, S.T., REZ.,, GH.V,, AF, WE.-S,S.B,, PB, ].T,, S.C.;
Writing-Review & Editing, S.T., REZ., GH.V,, ].T.,, S.C,; Visualization, S.T.; Supervision, S.T., S.C.

Funding: This work was supported by la Ligue Contre le Cancer (EL2015.LNCC/SaC), Institut National du
Cancer (PLBIO15-266), and the SIRIC-SOCRATE program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Balkwill, ER.; Capasso, M.; Hagemann, T. The tumor microenvironment at a glance. J. Cell. Sci. 2012, 125,
5591-5596. [CrossRef] [PubMed]

2. Semenza, G.L. Defining the role of hypoxia-inducible factor 1 in cancer biology and therapeutics. Oncogene
2010, 29, 625-634. [CrossRef] [PubMed]

3. Semenza, G.L. Hypoxia-inducible factors in physiology and medicine. Cell 2012, 148, 399—-408. [CrossRef]
[PubMed]

4.  Majmundar, A.].; Wong, W.J.; Simon, M.C. Hypoxia-inducible factors and the response to hypoxic stress.
Mol. Cell 2010, 40, 294-309. [CrossRef] [PubMed]

5. Noman, M.Z.; Hasmim, M.; Messai, Y.; Terry, S.; Kieda, C.; Janji, B.; Chouaib, S. Hypoxia: A key player
in antitumor immune response. A review in the theme: cellular responses to hypoxia. Am. ]. Physiol.
Cell Physiol. 2015, 309, C569—-C579. [CrossRef] [PubMed]

6.  Terry, S.; Buart, S.; Chouaib, S. Hypoxic stress-induced tumor and immune plasticity, suppression, and
impact on tumor heterogeneity. Front. Immunol. 2017, 8, 1625. [CrossRef] [PubMed]

7. Taddei, M.L.; Giannoni, E.; Comito, G.; Chiarugi, P. Microenvironment and tumor cell plasticity: An easy
way out. Cancer Lett. 2013, 341, 80-96. [CrossRef] [PubMed]


http://dx.doi.org/10.1242/jcs.116392
http://www.ncbi.nlm.nih.gov/pubmed/23420197
http://dx.doi.org/10.1038/onc.2009.441
http://www.ncbi.nlm.nih.gov/pubmed/19946328
http://dx.doi.org/10.1016/j.cell.2012.01.021
http://www.ncbi.nlm.nih.gov/pubmed/22304911
http://dx.doi.org/10.1016/j.molcel.2010.09.022
http://www.ncbi.nlm.nih.gov/pubmed/20965423
http://dx.doi.org/10.1152/ajpcell.00207.2015
http://www.ncbi.nlm.nih.gov/pubmed/26310815
http://dx.doi.org/10.3389/fimmu.2017.01625
http://www.ncbi.nlm.nih.gov/pubmed/29225600
http://dx.doi.org/10.1016/j.canlet.2013.01.042
http://www.ncbi.nlm.nih.gov/pubmed/23376253

Int. ]. Mol. Sci. 2018, 19, 3044 11 0f 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mouriaux, F; Sanschagrin, F.; Diorio, C.; Landreville, S.; Comoz, E; Petit, E.; Bernaudin, M.; Rousseau, A.P;
Bergeron, D.; Morcos, M. Increased HIF-1« expression correlates with cell proliferation and vascular markers
CD31 and VEGF-A in uveal melanoma. Invest. Ophthalmol. Vis. Sci. 2014, 55, 1277-1283. [CrossRef]
[PubMed]

Chen, X; Iliopoulos, D.; Zhang, Q.; Tang, Q.; Greenblatt, M.B.; Hatziapostolou, M.; Lim, E.; Tam, W.L.; Ni, M.;
Chen, Y;; et al. XBP1 promotes triple-negative breast cancer by controlling the HIF1x pathway. Nature 2014,
508, 103-107. [CrossRef] [PubMed]

Zhou, J.; Huang, S.; Wang, L.; Yuan, X.; Dong, Q.; Zhang, D.; Wang, X. Clinical and prognostic significance of
HIF-1x overexpression in oral squamous cell carcinoma: A meta-analysis. World J. Surg. Oncol. 2017, 15, 104.
[CrossRef] [PubMed]

Buart, S.; Terry, S.; Noman, M.Z.; Lanoy, E.; Boutros, C.; Fogel, P.; Dessen, P.; Meurice, G.; Gaston-Mathe, Y.;
Vielh, P; et al. Transcriptional response to hypoxic stress in melanoma and prognostic potential of GBE1 and
BNIP3. Oncotarget 2017, 8, 108786-108801. [CrossRef] [PubMed]

Rankin, E.B.; Giaccia, A.J. Hypoxic control of metastasis. Science 2016, 352, 175-180. [CrossRef] [PubMed]
Tsai, Y.P; Wu, K.J. Hypoxia-regulated target genes implicated in tumor metastasis. J. Biomed. Sci. 2012, 19,
102. [CrossRef] [PubMed]

Wang, G.L.; Semenza, G.L. Purification and characterization of hypoxia-inducible factor 1. J. Biol. Chem.
1995, 270, 1230-1237. [CrossRef] [PubMed]

Xie, H.; Simon, M.C. Oxygen availability and metabolic reprogramming in cancer. J. Biol. Chem. 2017, 292,
16825-16832. [CrossRef] [PubMed]

Tsai, Y.P.; Wu, K J. Epigenetic regulation of hypoxia-responsive gene expression: Focusing on chromatin and
DNA modifications. Int. ]. Cancer 2014, 134, 249-256. [CrossRef] [PubMed]

McGranahan, N.; Swanton, C. Clonal heterogeneity and tumor evolution: past, present, and the future. Cell
2017, 168, 613-628. [CrossRef] [PubMed]

Junttila, M.R.; de Sauvage, EJ. Influence of tumour micro-environment heterogeneity on therapeutic response.
Nature 2013, 501, 346-354. [CrossRef] [PubMed]

Holzel, M; Bovier, A.; Tuting, T. Plasticity of tumour and immune cells: A source of heterogeneity and a
cause for therapy resistance? Nat. Rev. Cancer 2013, 13, 365-376. [CrossRef] [PubMed]

Fridman, W.H.; Zitvogel, L.; Sautes-Fridman, C.; Kroemer, G. The immune contexture in cancer prognosis
and treatment. Nat. Rev. Clin. Oncol. 2017, 14, 717-734. [CrossRef] [PubMed]

Tirosh, I; Izar, B.; Prakadan, S.M.; Wadsworth, M.H., 2nd; Treacy, D.; Trombetta, J.J.; Rotem, A.; Rodman, C.;
Lian, C.; Murphy, G.; Fallahi-Sichani, M.; et al. Dissecting the multicellular ecosystem of metastatic melanoma
by single-cell RNA-seq. Science 2016, 352, 189-196. [CrossRef] [PubMed]

Costa, A.; Kieffer, Y.; Scholer-Dahirel, A.; Pelon, E; Bourachot, B.; Cardon, M.; Sirven, P.; Magagna, I.;
Fuhrmann, L.; Bernard, C.; et al. Heterogeneity and immunosuppressive environment in human breast
cancer. Cancer Cell 2018, 33, 463-479. [CrossRef] [PubMed]

Azizi, E.; Carr, A.].; Plitas, G.; Cornish, A.E.; Konopacki, C.; Prabhakaran, S.; Nainys, J.; Wu, K.; Kiseliovas, V.;
Setty, M.; et al. Single-cell map of diverse immune phenotypes in the breast tumor microenvironment. Cell
2018, 174, 1293-1308. [CrossRef] [PubMed]

Lavin, Y.; Kobayashi, S.; Leader, A.; Amir, E.D.; Elefant, N.; Bigenwald, C.; Remark, R.; Sweeney, R.;
Becker, C.D.; Levine, ].H,; et al. Innate immune landscape in early lung adenocarcinoma by paired single-cell
Analyses. Cell 2017, 169, 750-765. [CrossRef] [PubMed]

Palazon, A.; Tyrakis, P.A.; Macias, D.; Velica, P.; Rundqvist, H.; Fitzpatrick, S.; Vojnovic, N.; Phan, A.T,;
Loman, N.; Hedenfalk, I; et al. An HIF-1a/ VEGF-A Axis in cytotoxic t cells regulates tumor progression.
Cancer Cell 2017, 32, 669—-683. [CrossRef] [PubMed]

Nieto, M.A; Huang, R.Y,; Jackson, R.A.; Thiery, ].P. EMT: 2016. Cell 2016, 166, 21-45. [CrossRef] [PubMed]
Paolicchi, E.; Gemignani, F.; Krstic-Demonacos, M.; Dedhar, S.; Mutti, L.; Landi, S. Targeting hypoxic
response for cancer therapy. Oncotarget 2016, 7, 13464-13478. [CrossRef] [PubMed]

Qi, J.; Nakayama, K.; Cardiff, R.D.; Borowsky, A.D.; Kaul, K.; Williams, R.; Krajewski, S.; Mercola, D.;
Carpenter, PM.; Bowtell, D.; et al. Siah2-dependent concerted activity of HIF and FoxA2 regulates formation
of neuroendocrine phenotype and neuroendocrine prostate tumors. Cancer Cell 2010, 18, 23-38. [CrossRef]
[PubMed]


http://dx.doi.org/10.1167/iovs.13-13345
http://www.ncbi.nlm.nih.gov/pubmed/24481264
http://dx.doi.org/10.1038/nature13119
http://www.ncbi.nlm.nih.gov/pubmed/24670641
http://dx.doi.org/10.1186/s12957-017-1163-y
http://www.ncbi.nlm.nih.gov/pubmed/28521842
http://dx.doi.org/10.18632/oncotarget.22150
http://www.ncbi.nlm.nih.gov/pubmed/29312568
http://dx.doi.org/10.1126/science.aaf4405
http://www.ncbi.nlm.nih.gov/pubmed/27124451
http://dx.doi.org/10.1186/1423-0127-19-102
http://www.ncbi.nlm.nih.gov/pubmed/23241400
http://dx.doi.org/10.1074/jbc.270.3.1230
http://www.ncbi.nlm.nih.gov/pubmed/7836384
http://dx.doi.org/10.1074/jbc.R117.799973
http://www.ncbi.nlm.nih.gov/pubmed/28842498
http://dx.doi.org/10.1002/ijc.28190
http://www.ncbi.nlm.nih.gov/pubmed/23564219
http://dx.doi.org/10.1016/j.cell.2017.01.018
http://www.ncbi.nlm.nih.gov/pubmed/28187284
http://dx.doi.org/10.1038/nature12626
http://www.ncbi.nlm.nih.gov/pubmed/24048067
http://dx.doi.org/10.1038/nrc3498
http://www.ncbi.nlm.nih.gov/pubmed/23535846
http://dx.doi.org/10.1038/nrclinonc.2017.101
http://www.ncbi.nlm.nih.gov/pubmed/28741618
http://dx.doi.org/10.1126/science.aad0501
http://www.ncbi.nlm.nih.gov/pubmed/27124452
http://dx.doi.org/10.1016/j.ccell.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29455927
http://dx.doi.org/10.1016/j.cell.2018.05.060
http://www.ncbi.nlm.nih.gov/pubmed/29961579
http://dx.doi.org/10.1016/j.cell.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28475900
http://dx.doi.org/10.1016/j.ccell.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29136509
http://dx.doi.org/10.1016/j.cell.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27368099
http://dx.doi.org/10.18632/oncotarget.7229
http://www.ncbi.nlm.nih.gov/pubmed/26859576
http://dx.doi.org/10.1016/j.ccr.2010.05.024
http://www.ncbi.nlm.nih.gov/pubmed/20609350

Int. ]. Mol. Sci. 2018, 19, 3044 12 0of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Danza, G.; Di Serio, C.; Rosati, E; Lonetto, G.; Sturli, N.; Kacer, D.; Pennella, A.; Ventimiglia, G.; Barucci, R.;
Piscazzi, A.; et al. Notch signaling modulates hypoxia-induced neuroendocrine differentiation of human
prostate cancer cells. Mol. Cancer Res. 2012, 10, 230-238. [CrossRef] [PubMed]

Lin, T.P,; Chang, Y.T.; Lee, S.Y.; Campbell, M.; Wang, T.C.; Shen, S.H.; Chung, H.]J.; Chang, Y.H.; Chiu, AW.,;
Pan, C.C,; et al. REST reduction is essential for hypoxia-induced neuroendocrine differentiation of prostate
cancer cells by activating autophagy signaling. Oncotarget 2016, 7, 26137-26151. [CrossRef] [PubMed]
Yang, M.-H.; Wu, M.-Z.; Chiou, S.-H.; Chen, P.-M.; Chang, S.-Y; Liu, C.-].; Teng, S.-C.; Wu, K.-J. Direct
regulation of TWIST by HIF-1x promotes metastasis. Nature Cell Biol. 2008, 10, 295-305. [CrossRef] [PubMed]
Scortegagna, M.; Martin, R.J.; Kladney, R.D.; Neumann, R.G.; Arbeit, ] M. Hypoxia-inducible factor-1«
suppresses squamous carcinogenic progression and epithelial-mesenchymal transition. Cancer Res. 2009, 69,
2638-2646. [CrossRef] [PubMed]

Luo, D.; Wang, J.; Li, J.; Post, M. Mouse Snail Is a Target Gene for HIF. Mol. Cancer Res. 2011, 9, 234-245.
[CrossRef] [PubMed]

Schietke, R.; Warnecke, C.; Wacker, I.; Schodel, J.; Mole, D.R.; Campean, V.; Amann, K.; Goppelt-Struebe, M.;
Behrens, J.; Eckardt, K.U,; et al. The lysyl oxidases LOX and LOXL2 are necessary and sufficient to repress
E-cadherin in hypoxia: Insights into cellular transformation processes mediated by HIF-1. J. Biol. Chem. 2010,
285, 6658-6669. [CrossRef] [PubMed]

Sahlgren, C.; Gustafsson, M.V, Jin, S.; Poellinger, L.; Lendahl, U. Notch signaling mediates hypoxia-induced
tumor cell migration and invasion. Proc. Natl. Acad. Sci. USA 2008, 105, 6392-6397. [CrossRef] [PubMed]
Puram, S.V,; Tirosh, I; Parikh, A.S,; Patel, A.P; Yizhak, K ; Gillespie, S.; Rodman, C.; Luo, C.L.; Mroz, E.A;
Emerick, K.S.; et al. Single-cell transcriptomic analysis of primary and metastatic tumor ecosystems in head
and neck cancer. Cell 2017, 171, 1611-1624. [CrossRef] [PubMed]

Terry, S.; Buart, S.;; Tan, T.Z,; Gros, G.; Noman, M.Z.; Lorens, J.B., Mami-Chouaib, F; Thiery, J.P;
Chouaib, S. Acquisition of tumor cell phenotypic diversity along the EMT spectrum under hypoxic pressure:
Consequences on susceptibility to cell-mediated cytotoxicity. Oncolmmunology 2017, 6, €1271858. [CrossRef]
[PubMed]

Harrison, L.; Blackwell, K. Hypoxia and anemia: Factors in decreased sensitivity to radiation therapy and
chemotherapy? Oncologist 2004, 9, 31-40. [CrossRef] [PubMed]

Lehmann, S.; Te Boekhorst, V.; Odenthal, J.; Bianchi, R.; van Helvert, S.; Ikenberg, K.; Ilina, O.; Stoma, S.;
Xandry, J.; Jiang, L.; et al. Hypoxia induces a HIF-1-dependent transition from collective-to-amoeboid
dissemination in epithelial cancer cells. Curr. Biol. 2017, 27, 392-400. [CrossRef] [PubMed]

Keener, A.B. Shapeshifters in cancer: How some tumor cells change phenotype to evade therapy. Nat. Med.
2016, 22, 1194-1196. [CrossRef] [PubMed]

Landsberg, J.; Kohlmeyer, J.; Renn, M.; Bald, T.; Rogava, M.; Cron, M.; Fatho, M.; Lennerz, V.; Wolfel, T.;
Holzel, M.; et al. Melanomas resist T-cell therapy through inflammation-induced reversible dedifferentiation.
Nature 2012, 490, 412-416. [CrossRef] [PubMed]

Terry, S.; Savagner, P.; Ortiz-Cuaran, S.; Mahjoubi, L.; Saintigny, P.; Thiery, ].P.; Chouaib, S. New insights into
the role of EMT in tumor immune escape. Mol. Oncol. 2017, 11, 824-846. [CrossRef] [PubMed]

Spranger, S.; Gajewski, T.F. Impact of oncogenic pathways on evasion of antitumour immune responses.
Nat. Rev. Cancer 2018, 18, 139-147. [CrossRef] [PubMed]

Akalay, I; Janji, B.; Hasmim, M.; Noman, M.Z.; Andre, F,; De Cremoux, P.; Bertheau, P; Badoual, C.; Vielh, P;
Larsen, AK,; et al. Epithelial-to-mesenchymal transition and autophagy induction in breast carcinoma
promote escape from T-cell-mediated lysis. Cancer Res. 2013, 73, 2418-2427. [CrossRef] [PubMed]

Akalay, I; Tan, T.Z.; Kumar, P; Janji, B.; Mami-Chouaib, F; Charpy, C.; Vielh, P; Larsen, A.K,; Thiery, J.P;
Sabbah, M.; et al. Targeting WNT1-inducible signaling pathway protein 2 alters human breast cancer
cell susceptibility to specific lysis through regulation of KLF-4 and miR-7 expression. Oncogene 2015, 34,
2261-2271. [CrossRef] [PubMed]

Dongre, A.; Rashidian, M.; Reinhardt, F.; Bagnato, A.; Keckesova, Z.; Ploegh, H.L.; Weinberg, R.A.
Epithelial-to-Mesenchymal Transition Contributes to Immunosuppression in Breast Carcinomas. Cancer Res.
2017, 77, 3982-3989. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/1541-7786.MCR-11-0296
http://www.ncbi.nlm.nih.gov/pubmed/22172337
http://dx.doi.org/10.18632/oncotarget.8433
http://www.ncbi.nlm.nih.gov/pubmed/27034167
http://dx.doi.org/10.1038/ncb1691
http://www.ncbi.nlm.nih.gov/pubmed/18297062
http://dx.doi.org/10.1158/0008-5472.CAN-08-3643
http://www.ncbi.nlm.nih.gov/pubmed/19276359
http://dx.doi.org/10.1158/1541-7786.MCR-10-0214
http://www.ncbi.nlm.nih.gov/pubmed/21257819
http://dx.doi.org/10.1074/jbc.M109.042424
http://www.ncbi.nlm.nih.gov/pubmed/20026874
http://dx.doi.org/10.1073/pnas.0802047105
http://www.ncbi.nlm.nih.gov/pubmed/18427106
http://dx.doi.org/10.1016/j.cell.2017.10.044
http://www.ncbi.nlm.nih.gov/pubmed/29198524
http://dx.doi.org/10.1080/2162402X.2016.1271858
http://www.ncbi.nlm.nih.gov/pubmed/28344883
http://dx.doi.org/10.1634/theoncologist.9-90005-31
http://www.ncbi.nlm.nih.gov/pubmed/15591420
http://dx.doi.org/10.1016/j.cub.2016.11.057
http://www.ncbi.nlm.nih.gov/pubmed/28089517
http://dx.doi.org/10.1038/nm1116-1194
http://www.ncbi.nlm.nih.gov/pubmed/27824819
http://dx.doi.org/10.1038/nature11538
http://www.ncbi.nlm.nih.gov/pubmed/23051752
http://dx.doi.org/10.1002/1878-0261.12093
http://www.ncbi.nlm.nih.gov/pubmed/28614624
http://dx.doi.org/10.1038/nrc.2017.117
http://www.ncbi.nlm.nih.gov/pubmed/29326431
http://dx.doi.org/10.1158/0008-5472.CAN-12-2432
http://www.ncbi.nlm.nih.gov/pubmed/23436798
http://dx.doi.org/10.1038/onc.2014.151
http://www.ncbi.nlm.nih.gov/pubmed/24931170
http://dx.doi.org/10.1158/0008-5472.CAN-16-3292
http://www.ncbi.nlm.nih.gov/pubmed/28428275

Int. ]. Mol. Sci. 2018, 19, 3044 13 of 19

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Tripathi, S.C.; Peters, H.L.; Taguchi, A.; Katayama, H.; Wang, H.; Momin, A.; Jolly, M.K,; Celiktas, M.;
Rodriguez-Canales, J.; Liu, H.; et al. Inmunoproteasome deficiency is a feature of non-small cell lung cancer
with a mesenchymal phenotype and is associated with a poor outcome. Proc. Natl. Acad. Sci. USA 2016, 113,
E1555-E1564. [CrossRef] [PubMed]

Le Floc’h, A ; Jalil, A.; Vergnon, I.; Le Maux Chansac, B.; Lazar, V.; Bismuth, G.; Chouaib, S.; Mami-Chouaib, F.
A E B 7 integrin interaction with E-cadherin promotes antitumor CTL activity by triggering lytic granule
polarization and exocytosis. J. Exp. Med. 2007, 204, 559-570. [CrossRef] [PubMed]

Djenidi, F.; Adam, J.; Goubar, A.; Durgeau, A.; Meurice, G.; de Montpreville, V.; Validire, P.; Besse, B.;
Mami-Chouaib, F. CD8+CD103+ tumor-infiltrating lymphocytes are tumor-specific tissue-resident memory
T cells and a prognostic factor for survival in lung cancer patients. J. Immunol. 2015, 194, 3475-3486.
[CrossRef] [PubMed]

Chen, L.; Gibbons, D.L.; Goswami, S.; Cortez, M.A.; Ahn, Y.H.; Byers, L.A.; Zhang, X,; Yi, X.; Dwyer, D.;
Lin, W.; et al. Metastasis is regulated via microRNA-200/ZEB1 axis control of tumour cell PD-L1 expression
and intratumoral immunosuppression. Nat. Commun. 2014, 5, 5241. [CrossRef] [PubMed]

Noman, M.Z.; Janji, B.; Abdou, A.; Hasmim, M.; Terry, S.; Tan, T.Z.; Mami-Chouaib, F; Thiery, J.P.; Chouaib, S.
The immune checkpoint ligand PD-L1 is upregulated in EMT-activated human breast cancer cells by a
mechanism involving ZEB-1 and miR-200. Oncolmmunology 2017, 6, €1263412. [CrossRef] [PubMed]
Hamilton, D.H.; Huang, B.; Fernando, R.L; Tsang, K.Y.; Palena, C. WEEI inhibition alleviates resistance to
immune attack of tumor cells undergoing epithelial-mesenchymal transition. Cancer Res. 2014, 74, 2510-2519.
[CrossRef] [PubMed]

Hamilton, D.H.; Griner, L.M.; Keller, ] M.; Hu, X.; Southall, N.; Marugan, J.; David, ].M.; Ferrer, M.; Palena, C.
Targeting estrogen receptor signaling with fulvestrant enhances immune and chemotherapy-mediated
cytotoxicity of human lung cancer. Clin. Cancer Res. 2016, 22, 6204—6216. [CrossRef] [PubMed]

Noman, M.Z.; Van Moer, K.; Marani, V.; Gemmill, R.M.; Tranchevent, L.C.; Azuaje, F.; Muller, A.; Chouaib, S.;
Thiery, J.P.; Berchem, G.; et al. CD47 is a direct target of SNAI1 and ZEB1 and its blockade activates
the phagocytosis of breast cancer cells undergoing EMT. Oncolmmunology 2018, 7, e1345415. [CrossRef]
[PubMed]

Ricciardi, M.; Zanotto, M.; Malpeli, G.; Bassi, G.; Perbellini, O.; Chilosi, M.; Bifari, F.; Krampera, M.
Epithelial-to-mesenchymal transition (EMT) induced by inflammatory priming elicits mesenchymal stromal
cell-like immune-modulatory properties in cancer cells. Br. ]. Cancer 2015, 112, 1067-1075. [CrossRef]
[PubMed]

Su, S.; Liu, Q.; Chen, J.; Chen, J.; Chen, F; He, C.; Huang, D.; Wu, W.; Lin, L.; Huang, W,; et al. A
positive feedback loop between mesenchymal-like cancer cells and macrophages is essential to breast cancer
metastasis. Cancer Cell 2014, 25, 605-620. [CrossRef] [PubMed]

Liu, C.Y,; Xu, J.Y;; Shi, X.Y.; Huang, W.; Ruan, T.Y.; Xie, P.; Ding, J.L. M2-polarized tumor-associated
macrophages promoted epithelial-mesenchymal transition in pancreatic cancer cells, partially through
TLR4/IL-10 signaling pathway. Lab. Investig. 2013, 93, 844-854. [CrossRef] [PubMed]

Huergo-Zapico, L.; Parodi, M.; Cantoni, C.; Lavarello, C.; Fernandez-Martinez, J.L.; Petretto, A.;
DeAndres-Galiana, E.J.; Balsamo, M.; Lopez-Soto, A.; Pietra, G.; et al. NK-cell editing mediates
epithelial-to-mesenchymal transition via phenotypic and proteomic changes in melanoma cell lines.
Cancer Res. 2018, 78, 3913-3925. [CrossRef] [PubMed]

Lopez-Soto, A.; Huergo-Zapico, L.; Galvan, J.A.; Rodrigo, L.; de Herreros, A.G.; Astudillo, A.; Gonzalez, S.
Epithelial-mesenchymal transition induces an antitumor immune response mediated by NKG2D receptor.
J. Immunol. 2013, 190, 4408-4419. [CrossRef] [PubMed]

Chockley, PJ.; Chen, J.; Chen, G.; Beer, D.G.; Standiford, T.J.; Keshamouni, V.G. Epithelial-mesenchymal
transition leads to NK cell-mediated metastasis-specific immunosurveillance in lung cancer. J. Clin. Investig.
2018, 128, 1384-1396. [CrossRef] [PubMed]

Ye, L.Y.; Chen, W,; Bai, X.L.; Xu, X.Y.; Zhang, Q.; Xia, X.F; Sun, X,; Li, G.G,; Hu, Q.D.; Fu, QH,;
et al. Hypoxia-induced epithelial-to-mesenchymal transition in hepatocellular carcinoma induces an
immunosuppressive tumor microenvironment to promote metastasis. Cancer Res. 2016, 76, 818-830.
[CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1521812113
http://www.ncbi.nlm.nih.gov/pubmed/26929325
http://dx.doi.org/10.1084/jem.20061524
http://www.ncbi.nlm.nih.gov/pubmed/17325197
http://dx.doi.org/10.4049/jimmunol.1402711
http://www.ncbi.nlm.nih.gov/pubmed/25725111
http://dx.doi.org/10.1038/ncomms6241
http://www.ncbi.nlm.nih.gov/pubmed/25348003
http://dx.doi.org/10.1080/2162402X.2016.1263412
http://www.ncbi.nlm.nih.gov/pubmed/28197390
http://dx.doi.org/10.1158/0008-5472.CAN-13-1894
http://www.ncbi.nlm.nih.gov/pubmed/24626094
http://dx.doi.org/10.1158/1078-0432.CCR-15-3059
http://www.ncbi.nlm.nih.gov/pubmed/27267852
http://dx.doi.org/10.1080/2162402X.2017.1345415
http://www.ncbi.nlm.nih.gov/pubmed/29632713
http://dx.doi.org/10.1038/bjc.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/25668006
http://dx.doi.org/10.1016/j.ccr.2014.03.021
http://www.ncbi.nlm.nih.gov/pubmed/24823638
http://dx.doi.org/10.1038/labinvest.2013.69
http://www.ncbi.nlm.nih.gov/pubmed/23752129
http://dx.doi.org/10.1158/0008-5472.CAN-17-1891
http://www.ncbi.nlm.nih.gov/pubmed/29752261
http://dx.doi.org/10.4049/jimmunol.1202950
http://www.ncbi.nlm.nih.gov/pubmed/23509364
http://dx.doi.org/10.1172/JCI97611
http://www.ncbi.nlm.nih.gov/pubmed/29324443
http://dx.doi.org/10.1158/0008-5472.CAN-15-0977
http://www.ncbi.nlm.nih.gov/pubmed/26837767

Int. ]. Mol. Sci. 2018, 19, 3044 14 of 19

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Zhang, H.; Lu, H,; Xiang, L.; Bullen, ].W.; Zhang, C.; Samanta, D.; Gilkes, D.M.; He, J.; Semenza, G.L. HIF-1
regulates CD47 expression in breast cancer cells to promote evasion of phagocytosis and maintenance of
cancer stem cells. Proc. Natl. Acad. Sci. USA 2015, 112, E6215-E6223. [CrossRef] [PubMed]

Samanta, D.; Park, Y.; Ni, X.; Li, H.; Zahnow, C.A.; Gabrielson, E.; Pan, F; Semenza, G.L. Chemotherapy
induces enrichment of CD47(+)/CD73(+)/PDL1(+) immune evasive triple-negative breast cancer cells.
Proc. Natl. Acad. Sci. USA 2018, 115, E1239-E1248. [CrossRef] [PubMed]

Thomas, D.A.; Massague, J. TGF-§ directly targets cytotoxic T cell functions during tumor evasion of immune
surveillance. Cancer Cell 2005, 8, 369-380. [CrossRef] [PubMed]

Hasmim, M.; Noman, M.Z.; Messai, Y.; Bordereaux, D.; Gros, G.; Baud, V.; Chouaib, S. Cutting edge:
Hypoxia-induced Nanog favors the intratumoral infiltration of regulatory T cells and macrophages via direct
regulation of TGF-p1. J. Immunol. 2013, 191, 5802-5806. [CrossRef] [PubMed]

Mariathasan, S.; Turley, S.J.; Nickles, D.; Castiglioni, A.; Yuen, K.; Wang, Y.; Kadel, E.E., III; Koeppen, H.;
Astarita, ].L.; Cubas, R.; Jhunjhunwala, S.; et al. TGF attenuates tumour response to PD-L1 blockade by
contributing to exclusion of T cells. Nature 2018, 554, 544-548. [CrossRef] [PubMed]

Tauriello, D.V.E,; Palomo-Ponce, S.; Stork, D.; Berenguer-Llergo, A.; Badia-Ramentol, J.; Iglesias, M.;
Sevillano, M.; Ibiza, S.; Canellas, A.; Hernando-Momblona, X.; et al. TGFf drives immune evasion in
genetically reconstituted colon cancer metastasis. Nature 2018, 554, 538-543. [CrossRef] [PubMed]
Palazon, A.; Aragones, J.; Morales-Kastresana, A.; de Landazuri, M.O.; Melero, I. Molecular pathways:
Hypoxia response in immune cells fighting or promoting cancer. Clin. Cancer Res. 2012, 18, 1207-1213.
[CrossRef] [PubMed]

Hatfield, S.M.; Kjaergaard, J.; Lukashev, D.; Schreiber, T.H.; Belikoff, B.; Abbott, R.; Sethumadhavan, S;
Philbrook, P; Ko, K.; Cannici, R.; et al. Immunological mechanisms of the antitumor effects of supplemental
oxygenation. Sci. Transl. Med. 2015, 7, 277. [CrossRef] [PubMed]

Mancino, A.; Schioppa, T.; Larghi, P.; Pasqualini, F.; Nebuloni, M.; Chen, I.H.; Sozzani, S.; Austyn, ].M.;
Mantovani, A.; Sica, A. Divergent effects of hypoxia on dendritic cell functions. Blood 2008, 112, 3723-3734.
[CrossRef] [PubMed]

Facciabene, A.; Peng, X.; Hagemann, 1.S.; Balint, K.; Barchetti, A.; Wang, L.P.; Gimotty, P.A; Gilks, C.B.;
Lal, P; Zhang, L.; et al. Tumour hypoxia promotes tolerance and angiogenesis via CCL28 and T(reg) cells.
Nature 2011, 475, 226-230. [CrossRef] [PubMed]

Lee, ].H.; Elly, C.; Park, Y.; Liu, Y.C. E3 Ubiquitin Ligase VHL Regulates Hypoxia-Inducible Factor-1« to
Maintain Regulatory T Cell Stability and Suppressive Capacity. Immunity 2015, 42, 1062-1074. [CrossRef]
[PubMed]

Clambey, E.T.; McNamee, E.N.; Westrich, ]J.A.; Glover, L.E.; Campbell, E.L.; Jedlicka, P.; de Zoeten, E.F;
Cambier, J.C.; Stenmark, K.R.; Colgan, S.P.; et al. Hypoxia-inducible factor-1 x-dependent induction of FoxP3
drives regulatory T-cell abundance and function during inflammatory hypoxia of the mucosa. Proc. Natl.
Acad. Sci. USA 2012, 109, E2784-E2793. [CrossRef] [PubMed]

Antonios, J.P,; Soto, H.; Everson, R.G.; Moughon, D.; Orpilla, ].R.; Shin, N.P; Sedighim, S.; Treger, J.; Odesa, S.;
Tucker, A.; et al. Inmunosuppressive tumor-infiltrating myeloid cells mediate adaptive immune resistance
via a PD-1/PD-L1 mechanism in glioblastoma. Neuro Oncol. 2017, 19, 796-807. [CrossRef] [PubMed]
Eubank, T.D.; Roda, ].M.; Liu, H.; O’Neil, T.; Marsh, C.B. Opposing roles for HIF-1«x and HIF-2« in the
regulation of angiogenesis by mononuclear phagocytes. Blood 2011, 117, 323-332. [CrossRef] [PubMed]
Corzo, C.A.; Condamine, T.; Lu, L.; Cotter, M.].; Youn, J.I.; Cheng, P.; Cho, H.I; Celis, E.; Quiceno, D.G;
Padhya, T.; et al. HIF-1« regulates function and differentiation of myeloid-derived suppressor cells in the
tumor microenvironment. J. Exp. Med. 2010, 207, 2439-2453. [CrossRef] [PubMed]

Noman, M.Z.; Desantis, G.; Janji, B.; Hasmim, M.; Karray, S.; Dessen, P.; Bronte, V.; Chouaib, S. PD-L1is a
novel direct target of HIF-1x, and its blockade under hypoxia enhanced MDSC-mediated T cell activation.
J. Exp. Med. 2014, 211, 781-790. [CrossRef] [PubMed]

Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001,
414, 105-111. [CrossRef] [PubMed]

Tang, D.G. Understanding cancer stem cell heterogeneity and plasticity. Cell Res. 2012, 22, 457-472. [CrossRef]
[PubMed]

Keith, B.; Simon, M.C. Hypoxia-inducible factors, stem cells, and cancer. Cell 2007, 129, 465-472. [CrossRef]
[PubMed]


http://dx.doi.org/10.1073/pnas.1520032112
http://www.ncbi.nlm.nih.gov/pubmed/26512116
http://dx.doi.org/10.1073/pnas.1718197115
http://www.ncbi.nlm.nih.gov/pubmed/29367423
http://dx.doi.org/10.1016/j.ccr.2005.10.012
http://www.ncbi.nlm.nih.gov/pubmed/16286245
http://dx.doi.org/10.4049/jimmunol.1302140
http://www.ncbi.nlm.nih.gov/pubmed/24227785
http://dx.doi.org/10.1038/nature25501
http://www.ncbi.nlm.nih.gov/pubmed/29443960
http://dx.doi.org/10.1038/nature25492
http://www.ncbi.nlm.nih.gov/pubmed/29443964
http://dx.doi.org/10.1158/1078-0432.CCR-11-1591
http://www.ncbi.nlm.nih.gov/pubmed/22205687
http://dx.doi.org/10.1126/scitranslmed.aaa1260
http://www.ncbi.nlm.nih.gov/pubmed/25739764
http://dx.doi.org/10.1182/blood-2008-02-142091
http://www.ncbi.nlm.nih.gov/pubmed/18694997
http://dx.doi.org/10.1038/nature10169
http://www.ncbi.nlm.nih.gov/pubmed/21753853
http://dx.doi.org/10.1016/j.immuni.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/26084024
http://dx.doi.org/10.1073/pnas.1202366109
http://www.ncbi.nlm.nih.gov/pubmed/22988108
http://dx.doi.org/10.1093/neuonc/now287
http://www.ncbi.nlm.nih.gov/pubmed/28115578
http://dx.doi.org/10.1182/blood-2010-01-261792
http://www.ncbi.nlm.nih.gov/pubmed/20952691
http://dx.doi.org/10.1084/jem.20100587
http://www.ncbi.nlm.nih.gov/pubmed/20876310
http://dx.doi.org/10.1084/jem.20131916
http://www.ncbi.nlm.nih.gov/pubmed/24778419
http://dx.doi.org/10.1038/35102167
http://www.ncbi.nlm.nih.gov/pubmed/11689955
http://dx.doi.org/10.1038/cr.2012.13
http://www.ncbi.nlm.nih.gov/pubmed/22357481
http://dx.doi.org/10.1016/j.cell.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17482542

Int. ]. Mol. Sci. 2018, 19, 3044 15 0f 19

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Carnero, A.; Lleonart, M. The hypoxic microenvironment: A determinant of cancer stem cell evolution.
Bioessays 2016, 38, S65-574. [CrossRef] [PubMed]

Ayob, A.Z.; Ramasamy, T.S. Cancer stem cells as key drivers of tumour progression. J. Biomed. Sci. 2018, 25,
20. [CrossRef] [PubMed]

Saito, S.; Lin, Y.C,; Tsai, M.H.; Lin, C.S.; Murayama, Y.; Sato, R.; Yokoyama, K.K. Emerging roles of
hypoxia-inducible factors and reactive oxygen species in cancer and pluripotent stem cells. Kaohsiung J. Med.
Sci. 2015, 31, 279-286. [CrossRef] [PubMed]

Peng, G.; Liu, Y. Hypoxia-inducible factors in cancer stem cells and inflammation. Trends Pharmacol. Sci.
2015, 36, 374-383. [CrossRef] [PubMed]

Covello, K.L,; Kehler, J.; Yu, H.; Gordan, ].D.; Arsham, A.M.; Hu, C.J.; Labosky, P.A.; Simon, M.C.; Keith, B.
HIF-2«x regulates Oct-4: Effects of hypoxia on stem cell function, embryonic development, and tumor growth.
Genes Dev. 2006, 20, 557-570. [CrossRef] [PubMed]

Mazumdar, J.; Dondeti, V.; Simon, M.C. Hypoxia-inducible factors in stem cells and cancer. J. Cell. Mol. Med.
2009, 13, 4319-4328. [CrossRef] [PubMed]

Bianco, C.; Cotten, C.; Lonardo, E.; Strizzi, L.; Baraty, C.; Mancino, M.; Gonzales, M.; Watanabe, K.;
Nagaoka, T.; Berry, C.; et al. Cripto-1 is required for hypoxia to induce cardiac differentiation of mouse
embryonic stem cells. Am. J. Pathol. 2009, 175, 2146-2158. [CrossRef] [PubMed]

Westfall, S.D.; Sachdev, S.; Das, P.; Hearne, L.B.; Hannink, M.; Roberts, R.M.; Ezashi, T. Identification of
oxygen-sensitive transcriptional programs in human embryonic stem cells. Stem Cells Dev. 2008, 17, 869-881.
[CrossRef] [PubMed]

Wahab, SSM.R;; Islam, F.; Gopalan, V.; Lam, A K. The Identifications and Clinical Implications of Cancer
Stem Cells in Colorectal Cancer. Clin. Colorectal Cancer 2017, 16, 93-102. [CrossRef] [PubMed]

van Schaijik, B.; Davis, P.F,; Wickremesekera, A.C.; Tan, S.T.; Itinteang, T. Subcellular localisation of the stem
cell markers OCT4, SOX2, NANOG, KLF4 and ¢-MYC in cancer: A review. J. Clin. Pathol. 2018, 71, 88-91.
[CrossRef] [PubMed]

Yeung, T.M.; Gandhi, S.C.; Bodmer, W.E. Hypoxia and lineage specification of cell line-derived colorectal
cancer stem cells. Proc. Natl. Acad. Sci. USA 2011, 108, 4382—4387. [CrossRef] [PubMed]

Mu, P; Zhang, Z.; Benelli, M.; Karthaus, W.R.; Hoover, E.; Chen, C.C.; Wongvipat, J.; Ku, S.Y,; Gao, D.;
Cao, Z.; et al. SOX2 promotes lineage plasticity and antiandrogen resistance in TP53- and RB1-deficient
prostate cancer. Science 2017, 355, 84-88. [CrossRef] [PubMed]

Zayed, H.; Petersen, L. Stem cell transcription factor SOX2 in synovial sarcoma and other soft tissue tumors.
Pathol. Res. Pract. 2018, 214, 1000-1007. [CrossRef] [PubMed]

Terry, S.; El-Sayed, 1.Y.; Destouches, D.; Maille, P.; Nicolaiew, N.; Ploussard, G.; Semprez, F.; Pimpie, C.;
Beltran, H.; Londono-Vallejo, A.; et al. CRIPTO overexpression promotes mesenchymal differentiation
in prostate carcinoma cells through parallel regulation of AKT and FGFR activities. Oncotarget 2015, 6,
11994-12008. [CrossRef] [PubMed]

Koh, M.Y,; Lemos, R., Jr,; Liu, X.; Powis, G. The hypoxia-associated factor switches cells from HIF-1a- to
HIF-2x-dependent signaling promoting stem cell characteristics, aggressive tumor growth and invasion.
Cancer Res. 2011, 71, 4015-4027. [CrossRef] [PubMed]

Bhagat, M.; Palanichamy, ].K.; Ramalingam, P.; Mudassir, M.; Irshad, K.; Chosdol, K.; Sarkar, C.; Seth, P;
Goswami, S.; Sinha, S.; et al. HIF-2oc mediates a marked increase in migration and stemness characteristics
in a subset of glioma cells under hypoxia by activating an Oct-4/Sox-2-Mena (INV) axis. Int. ]. Biochem.
Cell Biol. 2016, 74, 60-71. [CrossRef] [PubMed]

Tang, Y.A.; Chen, Y.F; Bao, Y.; Mahara, S.; Yatim, S.; Oguz, G.; Lee, PL.; Feng, M.; Cai, Y,; Tan, E.Y,; et al.
Hypoxic tumor microenvironment activates GLI2 via HIF-1x and TGF-$32 to promote chemoresistance in
colorectal cancer. Proc. Natl. Acad. Sci. USA 2018, 115, E5990-E5999. [CrossRef] [PubMed]

Ahmed, E.M.; Bandopadhyay, G.; Coyle, B.; Grabowska, A. A HIF-independent, CD133-mediated mechanism
of cisplatin resistance in glioblastoma cells. Cell Oncol. 2018, 41, 319-328. [CrossRef] [PubMed]

Zhang, C.; Samanta, D.; Lu, H.; Bullen, ].W.; Zhang, H.; Chen, I.; He, X.; Semenza, G.L. Hypoxia induces
the breast cancer stem cell phenotype by HIF-dependent and ALKBH5-mediated m(6)A-demethylation of
NANOG mRNA. Proc. Natl. Acad. Sci. USA 2016, 113, E2047-E2056. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/bies.201670911
http://www.ncbi.nlm.nih.gov/pubmed/27417124
http://dx.doi.org/10.1186/s12929-018-0426-4
http://www.ncbi.nlm.nih.gov/pubmed/29506506
http://dx.doi.org/10.1016/j.kjms.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/26043406
http://dx.doi.org/10.1016/j.tips.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25857287
http://dx.doi.org/10.1101/gad.1399906
http://www.ncbi.nlm.nih.gov/pubmed/16510872
http://dx.doi.org/10.1111/j.1582-4934.2009.00963.x
http://www.ncbi.nlm.nih.gov/pubmed/19900215
http://dx.doi.org/10.2353/ajpath.2009.090218
http://www.ncbi.nlm.nih.gov/pubmed/19834060
http://dx.doi.org/10.1089/scd.2007.0240
http://www.ncbi.nlm.nih.gov/pubmed/18811242
http://dx.doi.org/10.1016/j.clcc.2017.01.011
http://www.ncbi.nlm.nih.gov/pubmed/28237538
http://dx.doi.org/10.1136/jclinpath-2017-204815
http://www.ncbi.nlm.nih.gov/pubmed/29180509
http://dx.doi.org/10.1073/pnas.1014519107
http://www.ncbi.nlm.nih.gov/pubmed/21368208
http://dx.doi.org/10.1126/science.aah4307
http://www.ncbi.nlm.nih.gov/pubmed/28059768
http://dx.doi.org/10.1016/j.prp.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29773426
http://dx.doi.org/10.18632/oncotarget.2740
http://www.ncbi.nlm.nih.gov/pubmed/25596738
http://dx.doi.org/10.1158/0008-5472.CAN-10-4142
http://www.ncbi.nlm.nih.gov/pubmed/21512133
http://dx.doi.org/10.1016/j.biocel.2016.02.017
http://www.ncbi.nlm.nih.gov/pubmed/26923292
http://dx.doi.org/10.1073/pnas.1801348115
http://www.ncbi.nlm.nih.gov/pubmed/29891662
http://dx.doi.org/10.1007/s13402-018-0374-8
http://www.ncbi.nlm.nih.gov/pubmed/29492900
http://dx.doi.org/10.1073/pnas.1602883113
http://www.ncbi.nlm.nih.gov/pubmed/27001847

Int. ]. Mol. Sci. 2018, 19, 3044 16 of 19

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Lu, H; Tran, L,; Park, Y;; Chen, I; Lan, J.; Xie, Y.; Semenza, G.L. Reciprocal regulation of DUSP9 and DUSP16
expression by HIF1 controls ERK and p38 MAP kinase activity and mediates chemotherapy-induced breast
cancer stem cell enrichment. Cancer Res. 2018, 78, 4191-4202. [CrossRef] [PubMed]

Scheel, C.; Weinberg, R.A. Cancer stem cells and epithelial-mesenchymal transition: Concepts and molecular
links. Semin Cancer Biol. 2012, 22, 396-403. [CrossRef] [PubMed]

Zhang, W,; Shi, X.; Peng, Y.; Wu, M.; Zhang, P.; Xie, R.; Wu, Y.; Yan, Q.; Liu, S.; Wang, J. HIF-1« Promotes
Epithelial-Mesenchymal Transition and Metastasis through Direct Regulation of ZEB1 in Colorectal Cancer.
PLoS ONE 2015, 10, €0129603. [CrossRef] [PubMed]

Erler, ].T.; Bennewith, K.L.; Nicolau, M.; Dornhofer, N.; Kong, C.; Le, Q.T.; Chi, ].T; Jeffrey, S.S.; Giaccia, A.J.
Lysyl oxidase is essential for hypoxia-induced metastasis. Nature 2006, 440, 1222-1226. [CrossRef] [PubMed]
Kaur, G.; Sharma, P,; Dogra, N.; Singh, S. Eradicating cancer stem cells: Concepts, issues, and challenges.
Curr. Treat. Opt. Oncol. 2018, 19, 20. [CrossRef] [PubMed]

Cai, Z.; Cao, Y.; Luo, Y;; Hu, H,; Ling, H. Signalling mechanism(s) of epithelial-mesenchymal transition and
cancer stem cells in tumour therapeutic resistance. Clin. Chim. Acta 2018, 483, 156-163. [CrossRef] [PubMed]
Zavadil, J.; Cermak, L.; Soto-Nieves, N.; Bottinger, E.P. Integration of TGF-3/Smad and Jaggedl/Notch
signalling in epithelial-to-mesenchymal transition. EMBO ]. 2004, 23, 1155-1165. [CrossRef] [PubMed]
McMahon, S.; Charbonneau, M.; Grandmont, S.; Richard, D.E.; Dubois, C.M. Transforming growth
factor 31 induces hypoxia-inducible factor-1 stabilization through selective inhibition of PHD2 expression.
J. Biol. Chem. 2006, 281, 24171-24181. [CrossRef] [PubMed]

Bellomo, C.; Caja, L.; Moustakas, A. Transforming growth factor 3 as regulator of cancer stemness and
metastasis. Br. ]. Cancer 2016, 115, 761-769. [CrossRef] [PubMed]

Tang, J.; Gifford, C.C.; Samarakoon, R.; Higgins, PJ. Deregulation of negative controls on TGF-f1 signaling
in tumor progression. Cancers 2018, 10, 159. [CrossRef] [PubMed]

Konge, J.; Leteurtre, F.; Goislard, M.; Biard, D.; Morel-Altmeyer, S.; Vaurijoux, A.; Gruel, G.; Chevillard, S.;
Lebeau, J. Breast cancer stem cell-like cells generated during TGFB-induced EMT are radioresistant.
Oncotarget 2018, 9, 23519-23531. [CrossRef] [PubMed]

Singla, M.; Kumar, A.; Bal, A.; Sarkar, S.; Bhattacharyya, S. Epithelial to mesenchymal transition induces
stem cell like phenotype in renal cell carcinoma cells. Cancer Cell Int. 2018, 18, 57. [CrossRef] [PubMed]
Zhu, H.; Gu, X; Xia, L.; Zhou, Y.; Bouamar, H.; Yang, ].; Ding, X.; Zwieb, C.; Zhang, ]J.; Hinck, A.P; et al.
A Novel TGEp Trap Blocks Chemotherapeutics-Induced TGFp1 Signaling and Enhances Their Anticancer
Activity in Gynecologic Cancers. Clin. Cancer Res. 2018, 24, 2780-2793. [CrossRef] [PubMed]

Zhang, F; Li, T.; Han, L.; Qin, P; Wu, Z.; Xu, B.; Gao, Q.; Song, Y. TGFf1-induced down-regulation
of microRNA-138 contributes to epithelial-mesenchymal transition in primary lung cancer cells.
Biochem. Biophys. Res. Commun. 2018, 496, 1169-1175. [CrossRef] [PubMed]

Chruscik, A.; Gopalan, V.; Lam, A K. The clinical and biological roles of transforming growth factor 3 in
colon cancer stem cells: A systematic review. Eur. J. Cell Biol. 2018, 97, 15-22. [CrossRef] [PubMed]

Kim, ].B.; Lee, S.; Kim, H.R.; Park, S.Y.; Lee, M.; Yoon, ].H.; Kim, Y.J. Transforming growth factor-f decreases
side population cells in hepatocellular carcinoma in vitro. Oncol Lett. 2018, 15, 8723-8728. [CrossRef]
[PubMed]

Galoczova, M.; Coates, P.; Vojtesek, B. STAT3, stem cells, cancer stem cells and p63. Cell. Mol. Biol. Lett. 2018,
23, 12. [CrossRef] [PubMed]

Groner, B.; von Manstein, V. Jak Stat signaling and cancer: Opportunities, benefits and side effects of targeted
inhibition. Mol. Cell. Endocrinol. 2017, 451, 1-14. [CrossRef] [PubMed]

Jung, J.E.; Lee, H.G.; Cho, I.H.; Chung, D.H.; Yoon, S.H.; Yang, YM.; Lee, ] W.; Choi, S.; Park, JW.; Ye, SK,;
et al. STAT3 is a potential modulator of HIF-1-mediated VEGF expression in human renal carcinoma cells.
FASEB]. 2005, 19, 1296-1298. [CrossRef] [PubMed]

Xu, Q.; Briggs, ].; Park, S.; Niu, G.; Kortylewski, M.; Zhang, S.; Gritsko, T.; Turkson, J.; Kay, H.; Semenza, G.L.;
et al. Targeting Stat3 blocks both HIF-1 and VEGF expression induced by multiple oncogenic growth
signaling pathways. Oncogene 2005, 24, 5552-5560. [CrossRef] [PubMed]

Jung, J.E.; Kim, H.S,; Lee, C.S,; Shin, Y.J.; Kim, Y.N.; Kang, G.H.; Kim, T.Y.; Juhnn, Y.S; Kim, S.J.; Park, ] W,;
et al. STAT3 inhibits the degradation of HIF-1ax by pVHL-mediated ubiquitination. Exp. Mol. Med. 2008, 40,
479-485. [CrossRef] [PubMed]


http://dx.doi.org/10.1158/0008-5472.CAN-18-0270
http://www.ncbi.nlm.nih.gov/pubmed/29880481
http://dx.doi.org/10.1016/j.semcancer.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22554795
http://dx.doi.org/10.1371/journal.pone.0129603
http://www.ncbi.nlm.nih.gov/pubmed/26057751
http://dx.doi.org/10.1038/nature04695
http://www.ncbi.nlm.nih.gov/pubmed/16642001
http://dx.doi.org/10.1007/s11864-018-0533-1
http://www.ncbi.nlm.nih.gov/pubmed/29556842
http://dx.doi.org/10.1016/j.cca.2018.04.033
http://www.ncbi.nlm.nih.gov/pubmed/29709449
http://dx.doi.org/10.1038/sj.emboj.7600069
http://www.ncbi.nlm.nih.gov/pubmed/14976548
http://dx.doi.org/10.1074/jbc.M604507200
http://www.ncbi.nlm.nih.gov/pubmed/16815840
http://dx.doi.org/10.1038/bjc.2016.255
http://www.ncbi.nlm.nih.gov/pubmed/27537386
http://dx.doi.org/10.3390/cancers10060159
http://www.ncbi.nlm.nih.gov/pubmed/29799477
http://dx.doi.org/10.18632/oncotarget.25240
http://www.ncbi.nlm.nih.gov/pubmed/29805752
http://dx.doi.org/10.1186/s12935-018-0555-6
http://www.ncbi.nlm.nih.gov/pubmed/29681769
http://dx.doi.org/10.1158/1078-0432.CCR-17-3112
http://www.ncbi.nlm.nih.gov/pubmed/29549162
http://dx.doi.org/10.1016/j.bbrc.2018.01.164
http://www.ncbi.nlm.nih.gov/pubmed/29407170
http://dx.doi.org/10.1016/j.ejcb.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29128131
http://dx.doi.org/10.3892/ol.2018.8441
http://www.ncbi.nlm.nih.gov/pubmed/29805610
http://dx.doi.org/10.1186/s11658-018-0078-0
http://www.ncbi.nlm.nih.gov/pubmed/29588647
http://dx.doi.org/10.1016/j.mce.2017.05.033
http://www.ncbi.nlm.nih.gov/pubmed/28576744
http://dx.doi.org/10.1096/fj.04-3099fje
http://www.ncbi.nlm.nih.gov/pubmed/15919761
http://dx.doi.org/10.1038/sj.onc.1208719
http://www.ncbi.nlm.nih.gov/pubmed/16007214
http://dx.doi.org/10.3858/emm.2008.40.5.479
http://www.ncbi.nlm.nih.gov/pubmed/18985005

Int. ]. Mol. Sci. 2018, 19, 3044 17 of 19

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Pawlus, M.R.; Wang, L.; Hu, C.J. STAT3 and HIF1 o cooperatively activate HIF1 target genes in MDA-MB-231
and RCC4 cells. Oncogene 2014, 33, 1670-1679. [CrossRef] [PubMed]

Wong, A.L.A; Hirpara, ].L.; Pervaiz, S.; Eu, ].Q.; Sethi, G.; Goh, B.C. Do STAT3 inhibitors have potential in
the future for cancer therapy? Exp. Opin. Investig. Drugs 2017, 26, 883-887. [CrossRef] [PubMed]
Rupaimoole, R; Wu, SY,; Pradeep, S.; Ivan, C.; Pecot, C.V; Gharpure, KM.; Nagaraja, A.S,;
Armaiz-Pena, G.N.; McGuire, M.; Zand, B.; et al. Hypoxia-mediated downregulation of miRNA biogenesis
promotes tumour progression. Nat. Commun. 2014, 5, 5202. [CrossRef] [PubMed]

van den Beucken, T.; Koch, E.; Chu, K.; Rupaimoole, R.; Prickaerts, P.; Adriaens, M.; Voncken, J.W.,;
Harris, A.L.; Buffa, EM.; Haider, S.; et al. Hypoxia promotes stem cell phenotypes and poor prognosis
through epigenetic regulation of DICER. Nat. Commun. 2014, 5, 5203. [CrossRef] [PubMed]

Kelly, T.J.; Souza, A.L.; Clish, C.B.; Puigserver, P. A hypoxia-induced positive feedback loop promotes
hypoxia-inducible factor 1« stability through miR-210 suppression of glycerol-3-phosphate dehydrogenase
1-like. Mol. Cell. Biol 2011, 31, 2696-2706. [CrossRef] [PubMed]

Noman, M.Z.; Buart, S.; Romero, P; Ketari, S.; Janji, B.; Mari, B.; Mami-Chouaib, F; Chouaib, S.
Hypoxia-inducible miR-210 regulates the susceptibility of tumor cells to lysis by cytotoxic T cells. Cancer Res.
2012, 72, 4629-4641. [CrossRef] [PubMed]

Bavelloni, A.; Ramazzotti, G.; Poli, A.; Piazzi, M.; Focaccia, E.; Blalock, W.; Faenza, I. MiRNA-210: A Current
Overview. Anticancer Res. 2017, 37, 6511-6521. [PubMed]

Costales, M.G.; Haga, C.L.; Velagapudi, S.P.; Childs-Disney, J.L.; Phinney, D.G.; Disney, M.D. Small molecule
inhibition of microRNA-210 reprograms an oncogenic hypoxic circuit. . Am. Chem. Soc. 2017, 139, 3446-3455.
[CrossRef] [PubMed]

Ding, L; Zhao, L.; Chen, W,; Liu, T; Li, Z; Li, X. miR-210, a modulator of hypoxia-induced
epithelial-mesenchymal transition in ovarian cancer cell. Int. . Clin. Exp. Med. 2015, 8, 2299-2307.
[PubMed]

Bindra, R.S.; Glazer, PM. Genetic instability and the tumor microenvironment: Towards the concept of
microenvironment-induced mutagenesis. Mutat. Res. 2005, 569, 75-85. [CrossRef] [PubMed]

Scanlon, S.E.; Glazer, PM. Multifaceted control of DNA repair pathways by the hypoxic tumor
microenvironment. DNA Repair 2015, 32, 180-189. [CrossRef] [PubMed]

Luoto, K.R.; Kumareswaran, R.; Bristow, R.G. Tumor hypoxia as a driving force in genetic instability.
Genome Integr. 2013, 4, 5. [CrossRef] [PubMed]

Bristow, R.G.; Hill, RP. Hypoxia and metabolism. Hypoxia, DNA repair and genetic instability.
Nat. Rev. Cancer 2008, 8, 180-192. [CrossRef] [PubMed]

Reynolds, T.Y.; Rockwell, S.; Glazer, PM. Genetic instability induced by the tumor microenvironment.
Cancer Res. 1996, 56, 5754-5757. [PubMed]

Li, C.Y;; Little, ].B.; Hu, K.; Zhang, W.; Zhang, L.; Dewhirst, M.W.; Huang, Q. Persistent genetic instability in
cancer cells induced by non-DNA-damaging stress exposures. Cancer Res. 2001, 61, 428-432. [PubMed]
Keysar, S.B.; Trncic, N.; Larue, S.M.; Fox, M.H. Hypoxia/reoxygenation-induced mutations in mammalian
cells detected by the flow cytometry mutation assay and characterized by mutant spectrum. Radiat. Res.
2010, 173, 21-26. [CrossRef] [PubMed]

Kondoh, M.; Ohga, N.; Akiyama, K.; Hida, Y.; Maishi, N.; Towfik, A.M.; Inoue, N.; Shindoh, M.; Hida, K.
Hypoxia-induced reactive oxygen species cause chromosomal abnormalities in endothelial cells in the tumor
microenvironment. PLoS ONE 2013, 8, €80349. [CrossRef] [PubMed]

Zhang, C.; Cao, S.; Toole, B.P,; Xu, Y. Cancer may be a pathway to cell survival under persistent hypoxia and
elevated ROS: A model for solid-cancer initiation and early development. Int. |. Cancer 2015, 136, 2001-2011.
[CrossRef] [PubMed]

Gentles, A.J.; Newman, A.M.; Liu, C.L.; Bratman, S.V.; Feng, W.; Kim, D.; Nair, V.S.; Xu, Y.; Khuong, A.;
Hoang, C.D.; et al. The prognostic landscape of genes and infiltrating immune cells across human cancers.
Nat. Med. 2015, 21, 938-945. [CrossRef] [PubMed]

Pires, L.M.; Bencokova, Z.; Milani, M.; Folkes, L.K.; Li, J.L.; Stratford, M.R.; Harris, A.L.; Hammond, E.M.
Effects of acute versus chronic hypoxia on DNA damage responses and genomic instability. Cancer Res. 2010,
70, 925-935. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/onc.2013.115
http://www.ncbi.nlm.nih.gov/pubmed/23604114
http://dx.doi.org/10.1080/13543784.2017.1351941
http://www.ncbi.nlm.nih.gov/pubmed/28714740
http://dx.doi.org/10.1038/ncomms6202
http://www.ncbi.nlm.nih.gov/pubmed/25351346
http://dx.doi.org/10.1038/ncomms6203
http://www.ncbi.nlm.nih.gov/pubmed/25351418
http://dx.doi.org/10.1128/MCB.01242-10
http://www.ncbi.nlm.nih.gov/pubmed/21555452
http://dx.doi.org/10.1158/0008-5472.CAN-12-1383
http://www.ncbi.nlm.nih.gov/pubmed/22962263
http://www.ncbi.nlm.nih.gov/pubmed/29187425
http://dx.doi.org/10.1021/jacs.6b11273
http://www.ncbi.nlm.nih.gov/pubmed/28240549
http://www.ncbi.nlm.nih.gov/pubmed/25932166
http://dx.doi.org/10.1016/j.mrfmmm.2004.03.013
http://www.ncbi.nlm.nih.gov/pubmed/15603753
http://dx.doi.org/10.1016/j.dnarep.2015.04.030
http://www.ncbi.nlm.nih.gov/pubmed/25956861
http://dx.doi.org/10.1186/2041-9414-4-5
http://www.ncbi.nlm.nih.gov/pubmed/24152759
http://dx.doi.org/10.1038/nrc2344
http://www.ncbi.nlm.nih.gov/pubmed/18273037
http://www.ncbi.nlm.nih.gov/pubmed/8971187
http://www.ncbi.nlm.nih.gov/pubmed/11212225
http://dx.doi.org/10.1667/RR1838.1
http://www.ncbi.nlm.nih.gov/pubmed/20041756
http://dx.doi.org/10.1371/journal.pone.0080349
http://www.ncbi.nlm.nih.gov/pubmed/24260373
http://dx.doi.org/10.1002/ijc.28975
http://www.ncbi.nlm.nih.gov/pubmed/24828886
http://dx.doi.org/10.1038/nm.3909
http://www.ncbi.nlm.nih.gov/pubmed/26193342
http://dx.doi.org/10.1158/0008-5472.CAN-09-2715
http://www.ncbi.nlm.nih.gov/pubmed/20103649

Int. ]. Mol. Sci. 2018, 19, 3044 18 of 19

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Graeber, T.G.; Osmanian, C.; Jacks, T.; Housman, D.E.; Koch, C.J.; Lowe, S.W.; Giaccia, A.]. Hypoxia-mediated
selection of cells with diminished apoptotic potential in solid tumours. Nature 1996, 379, 88-91. [CrossRef]
[PubMed]

Bindra, R.S.; Schaffer, PJ.; Meng, A.; Woo, ].; Maseide, K.; Roth, M.E; Lizardi, P.; Hedley, D.W.; Bristow, R.G.;
Glazer, PM. Down-regulation of Rad51 and decreased homologous recombination in hypoxic cancer cells.
Mol. Cell. Biol. 2004, 24, 8504-8518. [CrossRef] [PubMed]

Tsuchimoto, T.; Sakata, K.; Someya, M.; Yamamoto, H.; Hirayama, R.; Matsumoto, Y.; Furusawa, Y,;
Hareyama, M. Gene expression associated with DNA-dependent protein kinase activity under normoxia,
hypoxia, and reoxygenation. J. Radiat. Res. 2011, 52, 464—471. [CrossRef] [PubMed]

Mihaylova, V.T.; Bindra, R.S.; Yuan, J.; Campisi, D.; Narayanan, L.; Jensen, R.; Giordano, F,; Johnson, R.S.;
Rockwell, S.; Glazer, PM. Decreased expression of the DNA mismatch repair gene Mlh1 under hypoxic
stress in mammalian cells. Mol.Cell. Biol 2003, 23, 3265-3273. [CrossRef] [PubMed]

Sato, H.; Niimi, A.; Yasuhara, T.; Permata, T.B.M.; Hagiwara, Y.; Isono, M.; Nuryadi, E.; Sekine, R.; Oike, T.;
Kakoti, S.; et al. DNA double-strand break repair pathway regulates PD-L1 expression in cancer cells.
Nat. Commun. 2017, 8, 1751. [CrossRef] [PubMed]

Schumacher, T.N.; Schreiber, R.D. Neoantigens in cancer immunotherapy. Science 2015, 348, 69-74. [CrossRef]
[PubMed]

Lu, Y.C.; Robbins, P.F. Cancer immunotherapy targeting neoantigens. Semin. Immunol. 2016, 28, 22-27.
[CrossRef] [PubMed]

Germano, G.; Lamba, S.; Rospo, G.; Barault, L.; Magri, A.; Maione, F.; Russo, M.; Crisafulli, G.; Bartolini, A.;
Lerda, G.; et al. Inactivation of DNA repair triggers neoantigen generation and impairs tumour growth.
Nature 2017, 552, 116-120. [CrossRef] [PubMed]

Chae, Y.K.; Anker, J.F; Bais, P, Namburi, S.; Giles, FJ.; Chuang, ].H. Mutations in DNA repair genes
are associated with increased neo-antigen load and activated T cell infiltration in lung adenocarcinoma.
Oncotarget 2018, 9, 7949-7960. [CrossRef] [PubMed]

Pattabiraman, D.R.; Weinberg, R.A. Tackling the cancer stem cells—What challenges do they pose? Nat. Rev.
Drug Discov. 2014, 13, 497-512. [CrossRef] [PubMed]

Jahanban-Esfahlan, R.; de la Guardia, M.; Ahmadi, D.; Yousefi, B. Modulating tumor hypoxia by
nanomedicine for effective cancer therapy. J. Cell. Physiol. 2018, 233, 2019-2031. [CrossRef] [PubMed]

Liu, Y; Liu, W,; Li, H,; Yan, W,; Yang, X,; Liu, D.; Wang, S.; Zhang, ]J. Two-photon fluorescent probe for
detection of nitroreductase and hypoxia-specific microenvironment of cancer stem cell. Anal. Chim. Acta
2018, 1024, 177-186. [CrossRef] [PubMed]

Wigerup, C.; Pahlman, S.; Bexell, D. Therapeutic targeting of hypoxia and hypoxia-inducible factors in
cancer. Pharmacol. Ther. 2016, 164, 152-169. [CrossRef] [PubMed]

Wilson, W.R.; Hay, M.P. Targeting hypoxia in cancer therapy. Nat. Rev. Cancer 2011, 11, 393-410. [CrossRef]
[PubMed]

Baran, N.; Konopleva, M. Molecular pathways: Hypoxia-activated prodrugs in cancer therapy. Clin. Cancer
Res. 2017, 23, 2382-2390. [CrossRef] [PubMed]

Cao, S.; Cripps, A.; Wei, M.Q. New strategies for cancer gene therapy: Progress and opportunities. Clin. Exp.
Pharmacol. Physiol. 2010, 37, 108-114. [CrossRef] [PubMed]

Lee, K.; Zhang, H.; Qian, D.Z; Rey, S.; Liu, J.O.; Semenza, G.L. Acriflavine inhibits HIF-1 dimerization,
tumor growth, and vascularization. Proc. Natl. Acad. Sci. USA 2009, 106, 17910-17915. [CrossRef] [PubMed]
Martinez-Saez, O.; Gajate Borau, P.; Alonso-Gordoa, T.; Molina-Cerrillo, J.; Grande, E. Targeting HIF-2 «
in clear cell renal cell carcinoma: A promising therapeutic strategy. Crit. Rev. Oncol. Hematol. 2017, 111,
117-123. [CrossRef] [PubMed]

Kopecka, J.; Porto, S.; Lusa, S.; Gazzano, E.; Salzano, G.; Giordano, A.; Desiderio, V.; Ghigo, D.; Caraglia, M.;
De Rosa, G.; et al. Self-assembling nanoparticles encapsulating zoledronic acid revert multidrug resistance
in cancer cells. Oncotarget 2015, 6, 31461-31478. [CrossRef] [PubMed]

Kopecka, J.; Porto, S.; Lusa, S.; Gazzano, E.; Salzano, G.; Pinzon-Daza, M.L.; Giordano, A.; Desiderio, V.;
Ghigo, D.; De Rosa, G.; et al. Zoledronic acid-encapsulating self-assembling nanoparticles and doxorubicin:
A combinatorial approach to overcome simultaneously chemoresistance and immunoresistance in breast
tumors. Oncotarget 2016, 7, 20753-20772. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/379088a0
http://www.ncbi.nlm.nih.gov/pubmed/8538748
http://dx.doi.org/10.1128/MCB.24.19.8504-8518.2004
http://www.ncbi.nlm.nih.gov/pubmed/15367671
http://dx.doi.org/10.1269/jrr.10137
http://www.ncbi.nlm.nih.gov/pubmed/21905307
http://dx.doi.org/10.1128/MCB.23.9.3265-3273.2003
http://www.ncbi.nlm.nih.gov/pubmed/12697826
http://dx.doi.org/10.1038/s41467-017-01883-9
http://www.ncbi.nlm.nih.gov/pubmed/29170499
http://dx.doi.org/10.1126/science.aaa4971
http://www.ncbi.nlm.nih.gov/pubmed/25838375
http://dx.doi.org/10.1016/j.smim.2015.11.002
http://www.ncbi.nlm.nih.gov/pubmed/26653770
http://dx.doi.org/10.1038/nature24673
http://www.ncbi.nlm.nih.gov/pubmed/29186113
http://dx.doi.org/10.18632/oncotarget.23742
http://www.ncbi.nlm.nih.gov/pubmed/29487705
http://dx.doi.org/10.1038/nrd4253
http://www.ncbi.nlm.nih.gov/pubmed/24981363
http://dx.doi.org/10.1002/jcp.25859
http://www.ncbi.nlm.nih.gov/pubmed/28198007
http://dx.doi.org/10.1016/j.aca.2018.03.030
http://www.ncbi.nlm.nih.gov/pubmed/29776544
http://dx.doi.org/10.1016/j.pharmthera.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27139518
http://dx.doi.org/10.1038/nrc3064
http://www.ncbi.nlm.nih.gov/pubmed/21606941
http://dx.doi.org/10.1158/1078-0432.CCR-16-0895
http://www.ncbi.nlm.nih.gov/pubmed/28137923
http://dx.doi.org/10.1111/j.1440-1681.2009.05268.x
http://www.ncbi.nlm.nih.gov/pubmed/19671071
http://dx.doi.org/10.1073/pnas.0909353106
http://www.ncbi.nlm.nih.gov/pubmed/19805192
http://dx.doi.org/10.1016/j.critrevonc.2017.01.013
http://www.ncbi.nlm.nih.gov/pubmed/28259286
http://dx.doi.org/10.18632/oncotarget.5058
http://www.ncbi.nlm.nih.gov/pubmed/26372812
http://dx.doi.org/10.18632/oncotarget.8012
http://www.ncbi.nlm.nih.gov/pubmed/26980746

Int. ]. Mol. Sci. 2018, 19, 3044 19 of 19

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Zhang, H.; Qian, D.Z; Tan, Y.S.; Lee, K.; Gao, P;; Ren, Y.R;; Rey, S.; Hammers, H.; Chang, D.; Pili, R; et al.
Digoxin and other cardiac glycosides inhibit HIF-1x synthesis and block tumor growth. Proc. Natl. Acad.
Sci. USA 2008, 105, 19579-19586. [CrossRef] [PubMed]

Schito, L.; Rey, S.; Tafani, M.; Zhang, H.,; Wong, C.C.; Russo, A.; Russo, M.A.; Semenza, G.L.
Hypoxia-inducible factor 1-dependent expression of platelet-derived growth factor B promotes lymphatic
metastasis of hypoxic breast cancer cells. Proc. Natl. Acad. Sci. USA 2012, 109, E2707-E2716. [CrossRef]
[PubMed]

Beppu, K.; Nakamura, K.; Linehan, W.M.; Rapisarda, A.; Thiele, C.J. Topotecan blocks hypoxia-inducible
factor-1a and vascular endothelial growth factor expression induced by insulin-like growth factor-I in
neuroblastoma cells. Cancer Res. 2005, 65, 4775-4781. [CrossRef] [PubMed]

Rapisarda, A.; Uranchimeg, B.; Sordet, O.; Pommier, Y.; Shoemaker, R.H.; Melillo, G. Topoisomerase
I-mediated inhibition of hypoxia-inducible factor 1: Mechanism and therapeutic implications. Cancer Res.
2004, 64, 1475-1482. [CrossRef] [PubMed]

Rapisarda, A.; Uranchimeg, B.; Scudiero, D.A.; Selby, M.; Sausville, E.A.; Shoemaker, R.H.; Melillo, G.
Identification of small molecule inhibitors of hypoxia-inducible factor 1 transcriptional activation pathway.
Cancer Res. 2002, 62, 4316-4324. [PubMed]

Koh, M.Y.; Spivak-Kroizman, T.; Venturini, S.; Welsh, S.; Williams, R.R.; Kirkpatrick, D.L.; Powis, G.
Molecular mechanisms for the activity of PX-478, an antitumor inhibitor of the hypoxia-inducible factor-1c.
Mol. Cancer Ther. 2008, 7, 90-100. [CrossRef] [PubMed]

Welsh, S.; Williams, R.; Kirkpatrick, L.; Paine-Murrieta, G.; Powis, G. Antitumor activity and
pharmacodynamic properties of PX-478, an inhibitor of hypoxia-inducible factor-1x. Mol. Cancer Ther.
2004, 3, 233-244. [PubMed]

Liang, S.; Medina, E.A.; Li, B.; Habib, S.L. Preclinical evidence of the enhanced effectiveness of combined
rapamycin and AICAR in reducing kidney cancer. Mol. Oncol. 2018. [CrossRef] [PubMed]

Peng, W.; Zhang, S.; Zhang, Z.; Xu, P; Mao, D.; Huang, S.; Chen, B.; Zhang, C.; Zhang, S. Jianpi Jiedu
decoction, a traditional Chinese medicine formula, inhibits tumorigenesis, metastasis, and angiogenesis
through the mTOR/HIF-1a/VEGF pathway. ]. Ethnopharmacol. 2018, 224, 140-148. [CrossRef] [PubMed]
Xing, Y.; Mi, C.; Wang, Z.; Zhang, Z.H.; Li, M.Y,; Zuo, HX.; Wang, J.Y,; Jin, X.; Ma, J. Fraxinellone
has anticancer activity in vivo by inhibiting programmed cell death-ligand 1 expression by reducing
hypoxia-inducible factor-1a and STAT3. Pharmacol. Res. 2018, 135, 166-180. [CrossRef] [PubMed]

Feliz, L.R.; Tsimberidou, A.M. Anti-vascular endothelial growth factor therapy in the era of personalized
medicine. Cancer Chemother. Pharmacol. 2013, 72, 1-12. [CrossRef] [PubMed]

Chen, W,; Hill, H.; Christie, A.; Kim, M.S.; Holloman, E.; Pavia-Jimenez, A.; Homayoun, F.; Ma, Y.; Patel, N.;
Yell, P; et al. Targeting renal cell carcinoma with a HIF-2 antagonist. Nature 2016, 539, 112-117. [CrossRef]
[PubMed]

Cho, H,; Du, X,; Rizzi, ].P; Liberzon, E.; Chakraborty, A.A.; Gao, W.; Carvo, L; Signoretti, S.; Bruick, RK;
Josey, ].A.; et al. On-target efficacy of a HIF-2o antagonist in preclinical kidney cancer models. Nature 2016,
539, 107-111. [CrossRef] [PubMed]

Cuvillier, O. The therapeutic potential of HIF-2 antagonism in renal cell carcinoma. Transl. Androl. Urol.
2017, 6, 131-133. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1073/pnas.0809763105
http://www.ncbi.nlm.nih.gov/pubmed/19020076
http://dx.doi.org/10.1073/pnas.1214019109
http://www.ncbi.nlm.nih.gov/pubmed/23012449
http://dx.doi.org/10.1158/0008-5472.CAN-04-3332
http://www.ncbi.nlm.nih.gov/pubmed/15930297
http://dx.doi.org/10.1158/0008-5472.CAN-03-3139
http://www.ncbi.nlm.nih.gov/pubmed/14983893
http://www.ncbi.nlm.nih.gov/pubmed/12154035
http://dx.doi.org/10.1158/1535-7163.MCT-07-0463
http://www.ncbi.nlm.nih.gov/pubmed/18202012
http://www.ncbi.nlm.nih.gov/pubmed/15026543
http://dx.doi.org/10.1002/1878-0261.12370
http://www.ncbi.nlm.nih.gov/pubmed/30107094
http://dx.doi.org/10.1016/j.jep.2018.05.039
http://www.ncbi.nlm.nih.gov/pubmed/29852266
http://dx.doi.org/10.1016/j.phrs.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30103001
http://dx.doi.org/10.1007/s00280-013-2124-y
http://www.ncbi.nlm.nih.gov/pubmed/23463481
http://dx.doi.org/10.1038/nature19796
http://www.ncbi.nlm.nih.gov/pubmed/27595394
http://dx.doi.org/10.1038/nature19795
http://www.ncbi.nlm.nih.gov/pubmed/27595393
http://dx.doi.org/10.21037/tau.2017.01.12
http://www.ncbi.nlm.nih.gov/pubmed/28217462
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hypoxia Induced Tumor Plasticity and Heterogeneity 
	Impact of Plasticity and Heterogeneity on Tumor Immune Escape 
	Mechanisms of Hypoxia-Induced Cancer Stem Cells 
	EMT at the Crossroad of Stemness 
	Hypoxia, DNA Repair and Genomic Instability 
	Therapeutic Targeting of Hypoxia in Cancer 
	Conclusions 
	References

