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Summary

Hypoxia inducible factor (HIF), a central regulator for detecting and adapting to cellular oxygen levels,
transcriptionally activates genes modulating oxygen homeostasis and metabolic activation. Beyond this,
HIF influences many other processes in the complex response to hypoxic stress. Hypoxia, in part
through HIF-dependent mechanisms, influences epigenetic factors, including DNA methylation and
histone acetylation, which modulate hypoxia-responsive gene expression in cells. Hypoxia profoundly
affects expression of many noncoding RNAs classes that have clinicopathological implications in
cancer. HIF can regulate noncoding RNAs production while, conversely, noncoding RNAs can
modulate HIF expression. There is recent evidence for crosstalk between circadian rhythms and
hypoxia-induced signalling, suggesting involvement of molecular clocks in adaptation to fluxes in
nutrient and oxygen sensing. HIF induces increased production of cellular vesicles facilitating
intercellular communication at a distance, for example promoting angiogenesis in hypoxic tumors.
Overall, understanding the complex networks underlying cellular and genomic regulation in response

to hypoxia via HIF may identify novel and specific therapeutic targets for many diseases.
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Introduction

Oxygen is essential for mammalian metabolism and physiological functions because of its use in
cellular energy production and cofactor/substrate for many enzymes. The central regulator of oxygen
detection and adaptation at the cellular level is hypoxia inducible factor (HIF), a heterodimeric
transcription factor that consists of either HIF-1oo or HIF-2ae and HIF-13/ARNT subunits. In the
presence of oxygen (normoxia), HIFa interacts and binds to the von Hippel-Lindau (VHL) protein,
which consequently activates the ubiquitin ligase system, leading to proteasomal degradation of HIFa.
Hydroxylation of proline residues in HIFa is vital for VHL binding and depends on a-ketoglutarate-
dependent dioxygenases, prolyl hydroxylases (PHD), and the asparaginyl hydroxylase, factor-inhibiting
HIF (FIH). During hypoxia, PHDs are inactive, leading to HIF-o stabilization and dimerization with
HIF-1pB. Upon dimerization, HIF translocates to the nucleus to bind to E-box-like hypoxia response
elements (HREs) within the promoter region that contain the sequence 5'-[A/G]JCGTG-3’ (Kaelin and
Ratcliffe, 2008). HIF activates genes that control cellular oxygen homeostasis, including genes involved
in oxygen consumption, erythrocyte production, angiogenesis, and mitochondrial metabolism. Hypoxic
cells counter stress by transcriptional and post-transcriptional mechanisms, mainly regulated by HIF.
These molecular changes allow cells to adapt to stress by lowering oxygen consumption through a shift
to glycolysis rather than oxidative metabolism and by reducing energy demand for cellular processes
such as cell division (Ratcliffe, 2013). Most solid tumors have some degree of hypoxia and is associated
with poor clinical outcome. Induction of HIF activity upregulates genes involved in many hallmarks of
cancer, including metabolic reprogramming, cell proliferation, invasion and metastasis, apoptosis, and

resistance to therapies (Rankin and Giaccia, 2016).

In contrast to these, other well-studied pathways, in this review, we discuss recent advances in the
biology of hypoxia and HIF regulating epigenetics, non-coding RNAs, biological clocks and cellular
vesicles. These findings provide new insights on the complex networks underlying cellular and genomic

regulation in response to hypoxia and may provide novel targets for future therapies.



Hypoxia, HIFs and epigenetics

DNA and histone methylation are two key mechanisms of epigenetic regulation of gene expression.
The histone methylation is modulated via histone methyltransferases and histone demethylases. Histone
acetylation is a common marker of gene activation, whereas histone deacetylation is a maker of
repression. Methylation status of specific amino acids in histones lead to gene activation or repression.
For example, histone 3 lysine 4 methylations (H3K4me, me2 and me3) are markers of gene activation,
while histone 3 lysine 9 methylations (H3K9me2 and me3) and H3K27me3 are markers of transcription

suppression (Dawson, 2017).

Several histone lysine demethylases (KDM) are induced under hypoxia upon HIF-1a stabilization
Table 1. All Jumonji-type KDMs are members of the 2-oxoglutarate-dependent dioxygenase family (2-
OGDO), thus dependent on oxygen and a Krebs cycle intermediate “2-oxoglutarate” to catalyse their
enzymatic reactions. Most of KDM enzymes are structurally similar to the HIF hydroxylase Factor
Inhibiting HIF-1 (FIH), suggesting that KDM enzymes may act as molecular oxygen sensors in the cell.
KDMs can either enhance or suppress gene expression. For instance, KDMs can demethylate histone 3
di- or trimethylated lysine 4 (H3K4me2 and 3) and H3K36me2 and 3 (activation markers) or H3K9mel
and 2 and H3K27me2 and 3 (repression markers). Several Jumonji domain containing histone lysine
demethylases (KDM2-7) present different protein binding domains, allowing their interaction with

other chromatin associated proteins (Estaras et al., 2013).

Pollard et al. and Beyer et al. (2008) reported KDM3A and KDM4B induction under hypoxia in HIF-
la dependent manner (Beyer et al., 2008; Pollard et al., 2008). Krieg et al. (2010) identified KDM3A
dependent genes, many of which are hypoxia inducible genes such as adrenomedullin (ADM), heme
oxygenase 1 (HMOX1), and SERPINE1. KDM3A loss significantly reduces expression of these genes
and tumor growth in vivo models (Krieg et al., 2010). Therefore, hypoxic regulation of KDM3A acts as

a signal amplifier to facilitate hypoxic gene expression, ultimately enhancing tumor growth.

KDMA4B is also induced by hypoxia in a HIF-1a-dependent manner in colorectal cancer cells, which

decreases H3K9me3 level at the promoter of hypoxia-inducible genes (Salminen et al., 2016). KDM4B



is involved in cell proliferation, apoptosis, and cell cycle arrest. Hence, the expression of KDM4B in
CRC correlates positively with the hypoxia marker, carbonic anhydrase 9 (CA9) expression (Salminen

etal., 2016).

Genome-wide analysis of HIF-1a binding sites reported HRE sites on the promoter region of two other
histone demethylases, KDM4C (JMJD2C) and KDM5B (JARID1B). Both of KDMs found significantly
upregulated under hypoxia (Xia et al., 2009). KDM5B catalyzes the removal of methyl groups from
tri-, di-, and monomethylated lysine 4 of histone H3 (H3K4me3/2/1), while KDM4C converts specific
trimethylated histone residues to dimethylated residues. At protein level, KDM4C selectively interacts
with HIF-1a and that enhances HIF-1a binding to HRE to activate transcription of several genes which
encode proteins for metabolic reprogramming and metastasis such as BNIP3, LDHA, LOX, PDK1,
and SLC2A1 (Luo et al., 2012). KDMA4C is overexpressed in several malignancies, including prostate,
bladder, and lung cancers. In contrast, KDM4C is reported downregulated in melanoma and triple

receptor negative breast cancer, where it inhibits cell proliferation (Klein et al., 2014).

Protein expression of KDM5B and KDM3A (JMJD1A) are significantly induced in hypoxic cells and
in renal cancer cells that have lost VHL expression. However, the demethylase activity of both enzymes
is reduced but remains active under low oxygen stress (Beyer et al., 2008), suggesting that HIF mediates
upregulation of their expression which might provide a secondary mechanism to retain a dynamic
regulation of H3K9 methylation in hypoxia. Recently, KDM3A was reported to enhance glycolysis
through interaction with HIF-1a in cancer cells. KDM3A facilitate HIF 1a-mediated Phosphoglycerate
Kinase 1 (PGK1) transcription by reducing the levels of H3K9me2 at the HRE site on the PGK1
promoter in hypoxia (Wan et al., 2017). Mutated JMJD1A (H1120Y) failed to interact with HIF-1a and
was unable to reduce the level of H3K9me2 at the HRE of PGK1 promoter, thus suggesting that the
demethylase activity of KDM3A is essential for cooperation with HIF-1a and for the modulation of
levels of H3K9me2 to enhance glycolysis. Generally, hypoxia globally induces levels of H3K4mez2,
H3K4me3, H3K79me3, H3K9me2, H3K9me3 and H3K36me3 in different cell line models. These
changes indicate hypoxia inhibits or significant reduces the enzymatic activity of different histone

demethylase such as KDM5A, KMD6B (Johnson et al., 2008; Prickaerts et al., 2016; Tausendschon et



al., 2011; Zhou et al., 2010). There are limited data on biochemical and kinetics of KDMs activity with

respect to oxygen availability (Cascella and Mirica, 2012), however, it is clear that enzymatic activity

of KDMs is altered under hypoxia with potential consequences on gene regulation.

Hypoxia also influences the remodeling of the nucleosome architecture for transcriptional regulation.
Johnson et al. (2008) found an increase in total histone H3 occupancy at the promoters of hypoxia-
suppressed genes such as ALB and AFP and decreased occupancy at hypoxia-upregulated genes such
as EGR1 and vascular endothelial growth factor (VEGF), suggesting an inverse correlation between
nucleosome occupancy and transcriptional activation in response to hypoxia. Hypoxia-induced VEGF
and EGR1 promoters were marked with increased H3K9 acetylation and a significant decrease in
H3K9me2 and H3K27me2 methylation (Johnson et al., 2008). In contrast, hypoxia-repressed AFP and

ALB promoters showed low acetylation of H3K9 and high H3K9 and H3K27 methylation.

Several chromatin-modifying complexes control hypoxia-inducible gene expression. The SWI/SNF
chromatin remodeling complex is associated with HIF-1a to regulate hypoxia inducible genes (Kenneth
et al., 2009). A nucleosome remodeling deacetylase complex, Metastasis-associated 1 (MTAL) is
significantly induced in hypoxic breast cancer cells. MTAL physically associates with HIF-1a to
increase HIF-1a transcriptional activity and VEGF expression (Yoo et al., 2006). The imitation switch
(ISWI) is another chromatin remodeling complex linked to the hypoxic response. Unlike the SWI/SNF
complex, ISWI downregulation promotes HIF-1a. activity without affecting its levels. Moreover, ISWI
depletion alters a subset of HIF-1a target genes and, subsequently, reduces autophagy and increases
cell death during hypoxia. The ISWI is vital for the regulation of gene and protein expression level of
FIH by altering RNA polymerase Il loading onto the FIH promoter (Melvin and Rocha, 2012). These
findings suggest a dynamic remodeling of the chromatin structure under hypoxia, which influences the

downstream regulation of transcription.

Pan-genomic analysis of DNAsel hypersensitivity sites and nucleosome occupancy revealed that, under
hypoxia, a large number of HIF binding sites overlap with open chromatin sites defined in normoxic

cells (Schodel et al., 2011; Tanimoto et al., 2010). Thus, HIF may bind at pre-existing open chromatin



sites as described for glucocorticoid receptor binding at the genome wide level (John et al., 2011). The
open chromatin conformation is associated with HIF binding at the enhancer site in cells with VHL
loss, but not in cells with intact VHL (Platt et al., 2016), suggesting cell type specificity in the formation

of enhancer for HIF transcriptional response.

Several studies shown that hypoxia modulate chromatin remodelling and histone modifications to
facilitate transcription of HIF dependent genes. Integrated genomic analysis using massively parallel
sequencing revealed that, under hypoxia, RNApol2 is already bound at the promoter of most hypoxia-
inducible genes in normoxic cells. However, during hypoxia, there was a slight increase in loading of
RNApol2 at the TSS with significant increase in release of pre-bound promoter-paused RNApol2 across
the body of the gene. Similarly, little change in H3K4me3 signal was observed at the promoter under
hypoxia, but the signal increased downstream of the TSS (Choudhry et al., 2014) . These findings
support the hypothesis that RNApol2 recruits histone methyl transferases that trimethylate H3K4 to

facilitate transcriptional regulation during hypoxia.

Large numbers of HIF-binding sites are located at long chromosomal distances from hypoxia inducible
transcripts. Therefore, it is challenging to define the specific targets of HIF binding sites and to
determine how HIF affects the chromatin conformation over the distance to interact with functional
elements. Recently, Platt et al. (2016) employed a high-resolution chromosome conformation method
to defined specific high attitude interactions of HIF-binding regions with single or multiple promoters
of hypoxia-inducible genes. They reported the presence of multiple chromosomal loops, which generate
interaction between promoter-enhancer, and enhancer-enhancer during hypoxia (Platt et al., 2016).
They found that promoter distant HIF-binding sites establish cis-interactions with HIF inducible genes
to maintain the transcriptional repertoire, supporting the notion that hypoxia causes dynamic changes
in the chromosome structure for HIF to bind at primed enhancer—promoter complexes, allowing rapid

activation of its transcriptional cascade through the release of promoter paused RNA polymerase II.

Hypoxia-induced histone demethylases regulate not only gene expression, but also modulate chromatin
structures such as heterochromatin and polycomb complexes. For instance, hypoxia modulates
chromatin conformation to induce expression of SLC2A3 (GLUTS3), through interaction between
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KDM3A and HIF-1a in endothelial cells (Mimura et al., 2012). KDM3A is recruited at the promoter
of SLC2A3 gene in a HIF-la-dependent manner, inducing SLC2A3 expression and subsequently

promoting glycolysis.

Reduction of heterochromatin because of increase expression of specific histone demethylases (KDM3,
KDM4, and KDMB®6) is commonly associated with oncogenesis (Slee et al., 2012; Young and Hendzel,
2013) . In contrast, KDM2 and KDM5 overexpression promotes the maintenance of heterochromatin
and genome stability (Li et al., 2014). Hypoxia upregulates euchromatic histone-lysine N-
methyltransferase 2 (G9a) to increase the H3K9me2 level and, consequently, controls the expression of
several hypoxia-regulated genes, including breast cancer 1, early onset (BRCAL), colon cancer,
nonpolyposis type 2 (MIh1) and mutL homolog 1 (Lu et al., 2011). Hypoxia also modulates the de-

SUMOylation of transcriptional repressor CTCF (CCCTC binding factor) (Wang et al., 2012).

Histone deacetylases (HDACs) are other epigenetic modifications, which are altered in hypoxic
conditions. Hypoxia regulate the expression and activity of several HDACs. Histone Deacetylase 1
(HDACL1) overexpression enhances angiogenesis of human endothelial cells by downregulating
hypoxia-responsive tumor suppressor genes, including p53 and VHL (Kim et al., 2001). Several HDACs
(Class I and Class ll1a) found to promote HIF-1a stability and accumulation by regulating HIF-1a-PHD2
interaction. HDAC4, HDACS5, HDACS6 enhance HIF-1a stability and activity through modulation of
acetylation level and activity of key HIF-1a cofactors such as HSP90 and p300 (Chen et al., 2015; Geng
etal., 2011; Kong et al., 2006; Schoepflin et al., 2016). Inhibition of either HDAC4 or HDACS reduces
HIF-1a protein levels and suppresses HIF-1a activity (Chen et al., 2015). Therefore, HDACs may be
involved in the regulation of posttranslational processing of HIF-1a by modulating the Hsp70/Hsp90.
On the other hand, HDAC inhibition (Vorinostat) was reported to increase HIF-2o accumulation,
which suppresses sarcomas tumor growth in a HIF-2a dependent manner (Nakazawa et al., 2016).
These findings provide a rationale for targeting HIF with HDAC inhibitors. Hypoxia upregulates
HDACS3 to regulate the expression of EMT markers in cancer cells (Wu et al., 2011). HDAC3
deacetylates the histone 3 lysine 4 (H3K4Ac) in the promoter regions of EMT marker genes and elevates

the levels of H3K4me2 and H3K4me3. Hypoxia-induced EMT is abolished upon HDAC3 suppression.



Under hypoxia, HDACS3 interacts with the WD repeat domain 5 (WDRS5), which increases the activity
of histone methyltransferases (HMT) (Wu et al., 2011). HDAC3 enhances HMT activity by increasing
the stability of the HMT complex or through conformational remodeling. However, the molecular

mechanisms remain to be explored.

Histone modifications in collaboration with DNA methylation play a vital role in controlling gene
expression and modulating chromatin structure. The HIF-1a promoter contains an HRE, which harbors
a CpG island. In colon cancer, this site is aberrantly demethylated, allowing binding of HIF-1a to its
own promoter (Koslowski et al., 2011). This leads to auto-transactivation of HIF-1a expression and
transactivation of HIF-1a target genes. Treating tumor cells with DNMT inhibitor, 5-aza-deoxycitidine
(5-aza-dC) elevates the expression of hypoxia-induced genes. DNA methylation can also affect HIF-1a
stability. For example, VHL hypermethylation results in HIF-1a. constitutive activation. Epigenetic
silencing of VHL has been associated with increased nuclear translocation of HIF-1a, and upregulation
of HIF-1a target genes such as CA9 and GLUT1 (Schmitt et al., 2009). VHL hypermethylation has been
observed in many solid epithelial tumors and cancer cell lines (Sanchez-Vega et al., 2013; Stewart et
al., 2016). In gastric cancer, CA9 expression is associated with tumor progression and metastasis. CA9
overexpression has been linked with promoter DNA hypomethylation (Nakamura et al., 2011). In
addition, studies reported PHD3silencing because of DNA methylation in multiple myeloma, prostate
cancer, B cell lymphoma, and breast cancer cell lines (Hatzimichael et al., 2010; Place et al., 2011).
However, epigenetic silencing of PHD3showed no significant effect on HIF-1a or HIF-2a protein
levels. The above studies reported that PHD3 and VHL, two vital enzymes involved in HIF-1a protein

destabilization and regulators of the HIF pathway, are commonly hypermethylated under hypoxia.

HRE methylation status can have a profound impact on HIF transactivation of its target genes. HRE
hypermethylation blocks the HIF binding at erythropoietin (EPO) enhancer and represses its expression
(Wenger et al., 1998). Mammalian stanniocalcin-2 (STC2) is a secreted glycoprotein, which is
overexpressed in cancer and involved in EMT, drug resistance, and cell proliferation (Chen et al., 2016).
HRE hypermethylation at STC2 promoter has been reported in different cancer cell lines. Treating

cancer cells with 5-aza-2'-deoxycytidine (5-aza-CdR) under hypoxia significantly increased STC2



expression (Law et al., 2008). Another example is BCL2/Adenovirus E1B 19kDa Interacting Protein
3 (BNIP3) is induced by hypoxia in a HIF-dependent manner. BNIP3 is a mitochondrial protein that
functions as a pro-apoptotic factor (Feng et al., 2016; Vasagiri and Kutala, 2014). In contrast to many
other cancers, some colorectal and pancreatic cancer cell lines showed little or no hypoxic induction of
BNIP3 despite an intact HIF signaling pathway (Bacon et al., 2007; Okami et al., 2004). Analysis
revealed that BNIP3 promoter is located within a CpG island and is hypermethylated under hypoxia,
thus blocking BNIP3 induction. Hypermethylation silencing of BNIP3 is detected in 66% of primary
colorectal and 49% of primary gastric cancers and associated with worse clinical outcome (Murai et

al., 2005).

The ten-eleven translocation (TET) family proteins promote key epigenetic changes and regulate
crucial cancer development processes. In mammals, TET enzymes catalyze DNA demethylation by
hydroxylating 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC). 5hmC is further
oxidized to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) and subsequently substituted with
an unmodified cytosine by base-excision repair (BER) to complete demethylation (Ito et al., 2011;
Tahiliani et al., 2009). Similar to PHDs, TET enzymes are dependent on Fe2+- and are a-ketoglutarate
dioxygenases. Decrease in 5mC oxidation due to reduce TET activity causes an increase in DNA
methylation levels. Shahrzad et al. reported global DNA hypomethylation in hypoxic colorectal and
melanoma cancers measured by the amount of 5mC. They found an inverse correlation between the
magnitude of tumor hypoxia and the incidence of methylation both in cells and in xenograft models
(Shahrzad et al., 2007). In addition, prolong hypoxic stress causes hypomethylation of
retrotransposable Alu or short interspersed nuclear elements (SINEs) and reverses transcriptase coding
long interspersed nuclear element (LINE) transcripts in glial tumor and osteosarcoma (Pal et al., 2010).
These repetitive elements play a vital role increasing genomic instability during hypoxia. In
hepatocellular carcinoma, hypoxia induces global DNA demethylation by decreasing S-
adenosylmethionine (SAM) levels both in vitro and in vivo. Methionine adenosyltransferase 2A

(MAT2A) catalyzes the production of SAM. Hypoxia induces MAT2A expression in a HIF-1a
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dependent manner and recruits p300 and HDACL1 (Liu et al., 2011b). This suggests that hypoxia

promotes DNA demethylation via HIF-1a activation and transcriptional upregulation of MAT2A.

In contrary to these observations, other studies reported that hypoxia causes DNA hypermethylation.
Watson et al. (2009) found an increase in global DNA methylation and H3K9 histone acetylation in
hypoxia-adapted PwR-1E benign prostate epithelial cells. They found upregulation of DNA
methyltransferase DMNT3b and gene-specific changes in DNA methylation (Watson et al., 2009). In
another study, prolonged hypoxia exposure of human cardiac fibroblast cells caused a pro-fibrotic
phenotype. The hypoxia-induced pro-fibrotic phenotype was associated with global DNA

hypermethylation and increased levels of DNMT1 and DNMT3B (Watson et al., 2014).

Recently, Thienpont and colleagues (2016) reported that hypoxia promotes hypermethylation through
5hmC loss in a number of human cancer and murine cell lines. Hypoxia-induced hypermethylation is
due to reduced activity of TETS, but not their expression. The hypoxic reduction of TET activity was
independent of TET expression, metabolism, HIF, and reactive oxygen species. Using DNA-
immunoprecipitation sequencing (DIP-seq), they found that global loss of 5hmC in hypoxic conditions
and primarily at promoter region of genes associated with gain of 5mC. The Cancer Genome Atlas
(TCGA) data revealed an inverse association between TET2 and TET3 expression and DNA
hypermethylation, while a positive association with TET1 and TET3 mutations and hypermethylation
(Thienpont et al., 2016), indicating that reduced TET activity limits 5hmC generation and promotes
DNA hypermethylation. Interestingly, hypoxia-induced DNA hypermethylation in breast tumors
occurred at the promoter region of tumor suppressor genes, but oncogenes were not affected (Thienpont
et al., 2016). These findings reveal that hypoxia reduces TET activity, leading to downregulation of
tumor suppressor genes, and establishes a link between hypoxia and DNA methylation. In contrast,
other studies reported a positive regulation and activity of the TET proteins and induction of global
DNA hypomethylation during hypoxia. Wu et al. (2015) reported that HIF-1o-dependent regulation of
TET1 and TET3 promotes global DNA hydroxymethylation during hypoxia. Hypoxia-induced
overexpression of TET1/TET3 proteins activates the TNFa- p38-MAPK pathway to enhance breast

cancer stemness. Expression of 5hmC, TET1, and TET3 was significantly correlated with tumor
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hypoxia, tumor progression, and poor clinical outcome in breast cancer (Wu et al., 2015b). Moreover,
HIF-independent TET1 overexpression, leading to global DNA hypomethylation, was also reported in
scleroderma fibroblasts (Hattori et al., 2015). Tsai et al. (2014) demonstrated that hypoxia regulates the
expression of TET1 that interacts with HIF-1a and HIF-2a to enhance their transactivation activity and
promote hypoxia-induced EMT. Furthermore, several groups reported that TET proteins are linked with
glucose and lipids metabolism (Chen et al., 2013; Tsai et al., 2014). Accumulation of fumarate and
succinate metabolites can increase HIF-1a levels and expression of HIF target genes in part by
inhibiting the PHD enzymes in cancer cells (Isaacs et al., 2005; Selak et al., 2005). Fumarate and
succinate also inhibit TET1 and TET2 enzymes, resulting in DNA hypermethylation and
downregulation of HIF dependent genes (Laukka et al., 2016). There are several contradictory data in
the literature on the regulation of TETs and their impact on DNA methylation in hypoxic conditions.
Further investigations are needed to understand the mechanism underlying TET protein function and

its up/downstream regulators in hypoxia.

Many studies demonstrated that hypoxia provokes epigenomic alterations in the chromatin and DNA
methylation landscape, which consequently modulates the transcriptional output of tissues. However,
hypoxic epigenetic change is a complex mechanism, which is variable in response because of various
factors, including level of oxygen, exposure time to hypoxia, type of hypoxic treatments, tissue and cell
line specific responses, and hypoxia dependent and independent protein synthesis. These factors could
explain inconclusive results from many global histone and DNA methylation studies on hypoxia. For
example, KDM3A and KDM4B activity does not change at 1% O, tension, whereas the reduction of O;

to 0.2% significantly abrogates histone demethylase activity (Beyer et al., 2008).

Overall, it is clear that different epigenetic factors including transcriptional co-regulators, DNA
methylation, histone and chromatin modifications mediate regulation of hypoxia-responsive gene
expression through HIF dependent and non-dependent mechanisms in cancer. Further epigenetic

mechanisms to control hypoxia response will be the major focus of upcoming research endeavors.

Hypoxia, HIFs and non-coding RNAs
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Recent large-scale genomic sequencing projects revealed that less than 2% of human transcriptional
output encodes for proteins, while the remaining genome encrypts different classes of non-coding
RNAs. Emerging evidence has been revealed that hypoxia regulates expression of different non-coding
RNAs classes and they in turn influence on HIF expression and stability. These hypoxia/HIF associated
non-coding RNAs modulate range physiological and pathological pathways including cellular growth,

metabolism and angiogenesis.

HIF and microRNA

MicroRNAs (miRNAs) are a class of small RNAs (~22 nucleotide duplexes) that regulate RNA stability

and mRNA translation. The extensive literature on the regulation of individual and genome-wide
miRNA expression, biogenesis miRNA pathway, and the regulation of miRNA target genes in hypoxia
has been recently reviewed (Choudhry et al., 2016). Hypoxia has a profound impact on miRNAs
expression, which is controlled by a complex network of gene regulation. For instance, hypoxia directly
regulates miRNA expression through HIF or indirectly by other hypoxia-regulated factors such as Oct-
4. miRNA also regulates expression or stabilization of HIF-1a and/or HIF-2a by direct binding to their
MRNASs or through controlling the expression of a regulatory unit of the HIFs such as VHL or a PHD.

In addition, miRNA biogenesis machinery is tightly regulated by hypoxia.

Hypoxic miRNA expression signatures have been develop from primary tumors and cancer cell lines,
including brain, breast, colorectal, and bladder cancers (Agrawal et al., 2014; Blick et al., 2015;
Choudhry et al., 2016). Most miRNAs identified in the hypoxia signature such as miR -23, miR-24,
miR-26, miR-27, miR-103, miR-107, miR-181, miR-210, and miR-213 are commonly overexpressed

in different tumor types.

Several differentially expressed miRNAs were identified in human endothelial cells grown under
hypoxia (1% O for 24 hours), including miR-210, which is overexpressed in most hypoxic tumors, and
miR-150, which is downregulated in hypoxic tumor studies (Voellenkle et al., 2012). Similarly, RNA-
seq analysis of the breast cancer cell line (MCF-7) grown under hypoxia indicated the upregulation of

41 miRNAs and downregulation of 28 miRNA by hypoxia (Camps et al., 2014). Analysis of hypoxic
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responses at different time points (16, 32, and 48 hours) indicated an increase in the number of
differentially expressed miRNAs with time. Several hypoxia-regulated miRNAs are located within
intronic regions of protein coding genes. However, there was no significant association between the
mMiRNA and host gene expression during hypoxia (Camps et al., 2014). Some of the upregulated
hypoxia-induced miRNAs (miR-210-3p, miR-27a-3p, and miR-24-3p) were associated with a hypoxic

signature in breast cancer.

Various miRNAs upregulated by hypoxia are direct targets of HIF-1a and/or HIF-2a. HIF binds to their
promoter region to induce their expression and target both upstream and downstream signaling
molecules that function as oncogenes and/or tumor suppressors. Changes in hypoxia-regulated miRNAs
have been associated with clinico-pathological features and clinical outcome in various cancer types
(Favaro et al., 2011; Rupaimoole et al., 2016a). miR-34 expression is decrease in hypoxic conditions to
modulate the tumor microenvironment and EMT by targeting IL6, NOTCH1, and JAG1 (Rokavec et
al., 2014). Another study reported that miR-34 targets CD44, hence influencing cancer stem cell
signaling (Liu et al., 2011a). miR-15 and miR-16 function as tumor suppressor by downregulating anti-
apoptotic oncogenes. miR-155 is upregulated in hypoxia and has an HRE in its promoter in colorectal
cancer cell lines (Bruning et al., 2011). Hypoxic downregulation of miRNAs, Let-7a, miR-135a, miR-
146a, and miR-30, causes the upregulation of pro-metastatic genes, including RHOB1, TAGLN,

SRTAD1, TXNIP, JAG1, CTGF, and JUN.

miR-210 is a well-established target of HIF-1a and is strongly induced in most cancer types in response
to hypoxia. miR-210 reduces the level of glycerol-3-phosphate dehydrogenase 1-like (GPDI1L) to
stabilize HIF-1a protein by downregulating HIF-1a hyperhydroxylation, suggesting a positive feedback
loop of HIF-1a dependent regulation via miR-210 (Kelly et al., 2011). In addition, miR-210 feedback
loop functions through targeting HIF-1a inhibitor such as Succinate Dehydrogenase Complex Subunit
D (SDHD). Thus, miR-210 downregulates SDHD functions to promote HIF-1a stabilization (Gorospe

etal., 2011).
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Many miR-210 targets regulate several key cellular processes, including cell cycle, cell morphology,
polarization, differentiation, apoptosis, metabolism, tumor migration, and metastasis (Qin et al., 2014).
The mitochondrial iron sulfur scaffold protein (ISCU) is among the critical targets of miR-210 (Chan
et al., 2009). ISCU is a vital component of iron sulfur clusters, which are cofactors for many enzymes,
including those that modulate metabolism, iron homeostasis, and oxidative stress. In addition, ISCU is
a key part of TCA cycle components, including succinate dehydrogenase and mitochondrial complex
components. miR-210 reduces the ISCU expression, which results in decreased tricarboxylic acid
“TCA” cycle and mitochondria electron transport chain function (Favaro et al., 2010). In breast cancer,
miR-210 and ISCU levels were inversely correlated and low ISCU expression was associated with poor
recurrence-free survival. miR-210 enhances angiogenesis and metastasis by promoting glucose
transporters such as GLUT-1. Induction of GLUT-1 generates an extracellular microenvironment that
supports angiogenesis through upregulation of VEGF and Platelet-Derived Growth Factor
(PDGF)(Bailey et al., 2012). In addition, miR-210 can regulate VEGF cellular expression by regulating
levels of EFNA3 and PTP1B, which are adverse regulators of VEGF. Downregulation of EFNA3 or
PTP1B by miR-210 causes increased VEGF production and leads to angiogenesis (Fasanaro et al., 2008;
Kim et al., 2013). miR-210 is also involved in controlling apoptosis by negatively regulating the
expression of key molecules of apoptosis-related cell signaling pathways, including apoptosis-Inducing
Factor Mitochondrion-associated 3 (AIFM3) (Yang et al., 2012), CASP8AP2 (Kim et al., 2009), and
SIN3A. miR-210 promotes metastasis by downregulating the vacuole membrane protein 1 (VMP1),
which inhibits cell migration and invasion. Increased level of miR-210 results in a decrease in VMP1
gene and protein expression in various cancer types, thus promoting cell migration and invasion (Ying

etal., 2011).

In addition to HIF, several other factors play a role in modulating miRNA expression in hypoxia. For
example, hypoxia activates the AKT signaling, resulting in an increase of miR-21 expression in an NF-
«kB- and CREB- dependent manner (Polytarchou et al., 2011). HIFs control the expression of several
transcription factors. The promoter region of miR-210 contains several conserved transcription factor
sites, including Oct-4, which is regulated by hypoxia (Ivan et al., 2008). HIFs also control the expression

15



of the transcription factor, TWISTL1, which regulates oncogenic miR-10b that mediates metastasis
(Haque et al., 2011). In endothelial cells, C/EBP-a /RUNX-1 transcription factor induces the expression
of miR-424 during hypoxia to modulate vascular remodelling (Ghosh et al., 2010). These findings

indicate the role of HIF-independent regulation of miRNA expression under hypoxia.

Studies reported that many miRNAs modulate the expression of HIFs and/or regulatory units of the HIF
pathway. These miRNAs are commonly downregulated in hypoxia, resulting in increased HIF gene and
protein expression. miR-18a is suppressed by hypoxia in different cancer types and directly targets the
3'-UTR of HIF-1a to inhibit metastasis (Wu et al., 2015a). Moreover, hypoxia reduces the expression
of miR-199a, which targets 3'-UTR of HIF-1a, and HIF-2a. Changes in miR-199a affect HIF levels
and the expression of genes that control cell migration and metastasis, including the matrix-remodeling
enzyme, lysyl oxidase (LOX) (Joshi et al., 2014). miR-138 directly targeted SOX4 and HIF-/« in
ovarian cancer, modulating tumor migration and invasion phenotypes (Yeh et al., 2013). miR338-3p
also binds the 3-UTR of HIF-1a, resulting in decrease expression of HIF-1a and its regulated genes

such as VEGF and GLUT-1 (Xu et al., 2014).

Recent studies uncovered a novel oncogenic role of hypoxia in regulating the miRNA biogenesis
pathway (Bandara et al., 2017). Hypoxia activates EGFR signaling to enhance cell growth and
tumorigenesis. This activation increases the phosphorylated form of AGO2 at Tyr 393, hence
obstructing the interaction between DICER1 and AGO2 and blocking miRNA accumulation and
maturation. Hypoxia-induced EGFR dependent AGO2-Tyr 393 phosphorylation is vital for cellular
adaptation under hypoxia and is associated with poor clinical survival outcome of patients with breast
cancer (Shen et al., 2013). Global miRNA downregulation in the hypoxic tumor microenvironment
results from alteration and suppression of key members of the miRNA biogenesis pathway. Hypoxia
downregulates Dicer and Drosha in an ETS1/ELK1-dependent manner. Moreover, deep RNA
sequencing revealed aberrant miRNA maturation under hypoxia that was linked with increased ovarian
cancer progression. Similarly, in breast cancer, enzymes involved in microRNA biogenesis (Dicer,
Drosha, TARPB2, and DCGRS8) were significantly repressed under hypoxic conditions (Bandara et al.,

2014). Recently, Rupaimoole et al. (2016b) demonstrated that Dicer downregulation during hypoxia
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results from hypoxia-induced miR-630, which targets the 3'-UTR of Dicer. They reported that mice
treated with a combination of anti-miR-630 and anti-VEGF therapy presented smaller tumors with less
metastatic nodules compared with mice treated with anti-VEGF therapy alone (Rupaimoole et al.,
2016b). These findings not only provide novel insights on miRNA biogenesis downregulation detected
under hypoxia, but also identify potential therapeutic targets that are deregulated in cancer. In another
study, DICER suppression during hypoxia was due to epigenetic alteration. This involves inhibition
of oxygen-dependent H3K27me3 demethylases, KDM6A/B, which consequently hypermethylate
the DICER promoter, leading to DICER downregulation of in hypoxic breast cancer cells (van den

Beucken et al., 2014).

HIF and IncRNAs

Several long noncoding RNAs (IncRNAs) are also aberrantly expressed in hypoxic tumor
microenvironments. LncRNAs are a heterogenous class of non-coding RNAs, which are more than
200 nucleotides in length. They include antisense RNAs, transcribed ultraconserved regions (T-
UCR), intergenic RNAs, and pseudogenes. Growing evidence has established that IncRNAs play vital
roles in regulating genome at several levels, including genomic imprinting, transcription activation

or inactivation, RNA splicing, translation control and RNA interference

Recent studies demonstrated the regulation of IncCRNAs in response to hypoxia modulate the HIF
pathway, metabolism, tumor growth, and metastasis (Choudhry et al., 2016). However, the exact
mechanisms underlying the interaction of IncRNAs with the hypoxic tumor microenvironment
require further elucidation. Current findings indicate two mechanisms of interaction of IncRNAs and
hypoxia in cancer, Figure 1. First, hypoxia regulates hypoxia-responsive INcRNA expression via HIF.

Additionally, IncRNAs modulate HIF expression and pathways Table 2.

HIF directly regulates IncRNAs transcription in hypoxia. In silico and experimental analyses identified
the presence of HREs at the promoter region of most hypoxia-responsive IncRNAs. HIF ChIP-seq
analysis identified that HIF-2a bound slightly more at INcRNA promoters than HIF-1a in hypoxic MCF-

7 breast cancer cells. NEAT1 was identified among the most highly upregulated IncRNAs during
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hypoxia and is dependent on HIF-2a Figure 1a (Choudhry et al., 2015). On the other hand, UCA1(Xue
et al., 2014), EFNA3 (Gomez-Maldonado et al., 2015), H19 (Matouk et al., 2016), MALAT1
(Choudhry et al., 2014; Michalik et al., 2014), and HOTAIR (Bhan et al., 2017; Zhou et al., 2015),
FALEC (Zhao et al., 2017), HAS2-AS1 (Zhu et al., 2017) are example of HIF-1o dependent
IncRNAs that contains HREs on their promoters. These studies provide evidence that the hypoxia-

responsive INCRNAs can be directly regulated by HIF in different types of cancer.

Through different mechanisms, some IncRNAs can also be indirectly influenced by HIF. For instance,
HIF upregulates the expression of WT1 IncRNA in a TET2- and TET3- (DNA demethylating
enzymes) dependent manner in leukemia cells (McCarty and Loeb, 2015). Moreover, HIF-1a
dependent HDAC3 reduces INCRNA-LET expression by decreasing acetylation levels in the InCRNA-
LET promoter region, suggesting that INCRNA-LET is indirectly regulated by HIF-1a Figure 1b
(Yang et al., 2013). These examples indicate that HIF indirectly regulates IncRNA expression via

epigenetic modulation.

LncRNAs have the ability to control gene expression through diverse mechanisms as a guide,
scaffold, decoy, or sponge. Recent studies demonstrated the role of INcRNAs in the direct and indirect
regulation of HIF expression and pathway. An antisense INCRNA named HIF-20 promoter upstream
transcript (HIF2PUT) is a cis-regulatory IncRNA, which co-regulates HIF-2a mRNA in osteosarcoma
(Wang et al., 2015). Similarly, HIF-1a locus contains two antisense transcripts, one transcribed from
the 3'-UTR “3'aHIF-1a” and the other from the 5’-promoter region “5'aHIF-10” of the sense HIF-/«
MRNA (Bertozzi et al., 2011). These aHIF-1a IncRNAs negatively regulate HIF-/a mRNA level in cis
by modulating chromatin or mRNA stability (Uchida et al., 2004) and associated with clinical outcome
(Tasharrofi et al., 2016). In mesenchymal glioblastoma stem-like cells (GSCs),aHIF-/a interacts with
proteins including insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) and ATP-
dependent RNA helicase A (DHX9) to regulate expression of high mobility group AT-hook 1
(HMGAL) and HIF-2a in hypoxic stress (Mineo et al., 2016).. The above studies indicate a new role

of IncRNAs directly regulating HIF levels.

18



Other IncRNAs indirectly regulate HIF levels. For instance, in pancreatic ductal adenocarcinoma
(PDAC), low expression of INcRNA ENST00000480739 inhibits HIF-1a expression by upregulating
osteosarcoma amplified-9 (OS-9) (Sun et al., 2014). OS-9 induces an interaction between HIF-1o and
proline hydroxylase domain (PHD2/3) protein, leading to HIF-1a degradation (Baek et al., 2005).
0S-9 inhibition in hypoxia abrogates ENST00000480739-induced downregulation of HIF-1a. In
addition, ENST00000480739 upregulation significantly reduces the expression of HIF-1a-dependent
genes, including MXI-1, PDGFC and MMP28 (Sun et al., 2014), indicating that ENST00000480739
may negatively control HIF-1a activity by inducing OS-9 expression. Similarly, RERT-INncRNA
transcriptionally upregulates PHD1 (EGLN2) expression and consequently suppress HIF-1a activity
(Zhu et al., 2012). Long intergenic non-coding RNA, regulator of reprogramming “Linc-RoR,” is also
induced under hypoxia and modulates HIF-1a expression. Suppression of hypoxia-induced linc-RoR
reduces the expression of HIF-1a and pyruvate dehydrogenase kinase isozyme 1 (PDK1), indicating
that linc-RoR promotes hypoxia responses by controlling HIF-1a levels and its target genes (Takahashi
et al., 2014). Studies indicated that linc-RoR might function as a miRNA sponge under hypoxia to
modulate and control the expression of miRNAs such as miR-145 that regulates the expression of HIF-
lo and HIF-dependent genes (Takahashi et al., 2014; Zhou et al., 2014). Similar, PVT1 and UCAL act
as sponges for miR-186 and miR-18a, respectively, hence regulate HIF-1o expression (Huang et al.,
2017; Li et al., 2016c). Low expression of Maternally expressed gene 3 (MEG3) IncRNA has been
reported in multiple cancer types. Recently, downregulation of MEG3 promoter due to
hypermethylation leads to c-Jun inhibition of PHLPP1 transcription, which enhance protein translation
of HIF-1a and activation of the Akt/p70S6K/S6 axis (Zhou et al., 2017). The INncRNA-SARCC
(Suppressing Androgen Receptor in Renal Cell Carcinoma) found differentially respond to hypoxia in
a VHL-dependent manner in renal cancer. LncRNA-SARCC physically interacts with androgen
receptor (AR) to suppress the AR/HIF-20/C-MYC axis (Zhai et al., 2016). HIF-2a suppress LncRNA-
SARCC expression via binding to its hypoxia-responsive elements in the LncRNA promoter,
suggesting a negative feedback loop between LncRNA-SARCC and HIF-2a that modulates

tumorigenesis for RCC in hypoxia.
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Under hypoxia, HIF-1o epigenetically decreases INCRNA-LET expression, while INCRNA-LET
destabilizes HIF-/a mRNA level via degrading nuclear factor 90 (NF90). Low IncRNA-LET
expression promotes HIF-1a accumulation (Yang et al., 2013). On the other hand, HIF-1a directly
binds at the promoter region for the transcriptional activation of lincRNA-p21, while lincRNA-p21
enhances HIF-1o accumulation by disrupting the HIF-1a-VHL interaction during hypoxia Figure 1c
(Yang et al., 2014). Both lincRNA-p21 and IncRNA-LET form feedback loops that reciprocally

regulate HIF levels under hypoxia.

LncRNAs can also modulate HIF-1a accumulation and activation in normoxia. Recently, a ~1.5 kb
long intergenic non-coding RNA for kinase activation (LINK-A) was found to be important for the
growth factor-induced normoxic HIF-1a signalling in triple receptor-negative breast cancer (TNBC)
(Lin et al., 2016). LINK-A is essential for the recruitment and enzymatic activation of Tyrosine
protein Kinase 6, also known as breast tumour kinase (BRK). This activation is triggered by Heparin-
binding EGF-like growth factor (HB-EGF),which mediates epidermal growth factor receptor (EGFR)
and transmembrane glycoprotein NMB (GPNMB) heterodimerization ‘EGFR:GPNMB’. LINK-A
recruits activated BRK along with leucine-rich repeat kinase 2 (LRRK2) which leads to HIF-1a
phosphorylation at Tyr 565 and Ser 797, respectively. The phosphorylation at Tyr 565 supresses
hydroxylation at the Pro 564, which averts HIF1a protosomal degradation in normoxia. Whereas, the
Ser 797 phosphorylation enhances HIF1a—p300 interaction resulting in HIF-1o target genes
activation in the presence of HB-EGF Figure 1d (Linetal., 2016). Interestingly, LINK-A expression
and LINK-A induced normoxic HIF 1o signalling activation were associated with TNBC and induced
glycolysis reprogramming in breast cancer. Another example of a INCRNA regulating HIF-1a activity
is IncRNA cancer susceptibility candidate 9 (CASC9) which is found highly expressed in
nasopharyngeal carcinoma (NPC) (Su et al., 2017). CASC9 binds HIF-1a and promotes the
stabilization and activation of HIF-1a, thus inducing glycolysis metabolism and tumorigenesis. Both

LINK-A and CASC9 need to be further investigated for their expression and function in hypoxia.

The host gene of microRNA-31 (MIR31HG), also known as a long noncoding HIF-1a co-activating

RNA (LncHIFCAR), was reported to activate the pseudohypoxia signature required for hypoxia-
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induced metabolic reprogramming (Shih et al., 2017). Suppression of LncHIFCAR but not mir-31
significantly downregulated hypoxia-induced glucose uptake and lactate production.
Mechanistically, IncHIFCAR physically interacts with HIF-1o and binds to HIF-1 target genes.
Consequently, this results in the recruitment of co-activator p300 which enabled the activation of
HIF-1 transcriptional network (Shih et al., 2017). Moreover, hypoxia-responsive IncCRNA uc.475
regulates polypeptide glycosylation (Ferdin et al., 2013). These are examples of INCRNAs that have

an effect on the regulation or stabilization of HIF, hence they potentially modulate tumor metabolism.

Increasing evidence suggests that hypoxia-responsive INCRNAs play important roles in regulating all
the hallmarks of cancer. Several hypoxia-responsive INCRNAs are involved in regulating apoptosis
via different pathways. Suppression of HIF-1a-dependent UCAL during hypoxia induces apoptosis
in bladder cancer cells through upregulation of Bax and cell cycle arrest at G1 phase and
downregulation of Bcl-2 (Zhen et al., 2017). Hypoxic exosomal IncRNA-UCAL1 reported to stimulate
tumor growth and progression via EMT (Xue et al., 2017). H19 is overexpressed in various types of
tumors with anti-apoptotic function and dependent on the tumor suppressor p53 (Matouk et al., 2016).
NEATL, HIF2PUT, MALAT1, and H19 regulate the proliferation of cancer cells during hypoxia.
Hypoxia-induced NEAT1 is essential for the formation of nuclear structures called paraspeckles during
hypoxia. NEAT1 knockdown remarkably inhibits cell proliferation and survival in both normoxia and
hypoxia. However, the inhibition was more significant in hypoxic conditions (Choudhry et al., 2015).
Similar regulation of cell proliferation was observed for UCA1 and hypoxia-induced noncoding
ultraconserved transcripts (HINCUTSs) (Ferdin et al., 2013; Xue et al., 2014). aHIF-1o shown to
promote mesenchymal glioblastoma stem-like cells (GSCs) growth, self-renewal, and hypoxia-
dependent molecular reprogramming (Mineo et al., 2016). Recently, histone methyl-transferase
MLL1 modulation with HIF-10 and p300 found to control induction of HOTAIR under hypoxia hence

promote tumorigenesis (Bhan et al., 2017).

The hypoxic microenvironment promotes angiogenesis and EMT via a series of signaling pathways,
including HIF pathways. Examples of IncRNAs that probably regulate cancer angiogenesis include

linc-ROR, which regulates HIF-1 activity (Takahashi et al., 2014) and hypoxia-induced MALAT1
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that promotes vascular growth in vivo (Michalik et al., 2014). HIF-1a dependent induction of HAS2-

AS1 promotes hypoxia-regulated EMT and invasiveness via stabilizing HAS2 (Zhu et al., 2017).

In addition to miRNAs and IncRNAs, in-depth investigation of hypoxic non-coding transcriptome
identified other classes of hypoxia-responsive non-coding RNAs such as snRNAs, piwiRNAs,
tRNAs, and circular RNAs (Boeckel et al., 2015; Choudhry et al., 2016). However, their functional

implication in hypoxia biology and metabolism remains to be determined.

Hypoxia, HIFs and the circadian clock

In living organisms, the circadian clock characterizes the 24-h oscillations that control daily
rhythmicity of molecular, physiological, and behavioral processes. A master clock modulating
circadian rhythms is located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Takahashi,
2017). The SCN is a central oscillator induced by environmental signals, thus coordinating the SCN-
driven output rhythms. A set of genes coordinate the biological rhythms including clock genes,
CLOCK/NPAS2, BMAL1/2(ARNTL/2), ARNTS3, Period (PER1, PER2, and PER3), cryptochrome
(CRY1 and CRY2), and MOP3. In mammals, the molecular clock is composed of activators
(CLOCK/BMAL) that promote the transcription of repressors (PER/CRY) that, in turn, suppress the
forward limb in a cycle, which repeats itself every 24 hours, with an additional supporting loop
involving the nuclear receptor REV-ERB and the retinoic acid receptor-related orphan receptor (ROR)
transcription factors (Takahashi, 2017). A growing number of studies demonstrated that alteration of
the circadian clock is linked with the initiation and progression of several types of cancers, including

HCC, colorectal, breast, blood and lung cancers (Fu and Kettner, 2013).

Recent studies reported interrelationships between hypoxic response pathways and circadian pathways.
The fundamental components of circadian clockwork and oxygen homeostasis are the PAS protein
family members (PER and CLOCK) and HIF-1a. Numerous genes are involved in the circadian clock
circuitry, and response to hypoxia is deregulated in diseases and stress conditions, hence influencing

the physiological process as well as disease progression and outcome.
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The underlying mechanism could involve the transcriptional control of circadian gene expression by
HIF or though HIF protein—protein interactions, leading to decreased proteolytic degradation of
circadian proteins. In vivo experiments revealed that hypoxia upregulates levels of circadian proteins,
PER1 and CLOCK, possibly through protein interaction between PER1 and HIF-1a (Chilov et al.,
2001). In addition, HIF-1a interacts with BMAL1/MOP3 and CLOCK to regulate gene expression
(Ghorbel et al., 2003; Hogenesch et al., 1998), suggesting that HIF-1a. may regulate the circadian
clockwork, and the crosstalk between hypoxia and circadian pathways modulates the expression of
target genes. Hypoxia-induced HCC with CoCI2 revealed an increase in of the expression of Clock,
BMAL1, and CRY2, and decreased levels of PER1, PER2, PER3, CRY1, and CKIg in hypoxia. Both
HIF-1a and HIF-2a are involved in regulating the expression of circadian genes in HCC. However, they

transcriptionally regulate different set of circadian genes (Yu et al., 2015).

The post-translational modifications of core clock proteins significantly contribute in the circadian
system flux. These modifications control the timing between the activation and the repression of
circadian transcription to regulate distinct functions. For example, BMAL1, a clock protein, is subject
to various post-translational modifications, including phosphorylation though casein kinase (CK) 1 6/
and CK 2 (Agostino et al., 2009; Sahar et al., 2010). Under hypoxia, CK16 plays a vital role,
phosphorylating the N-terminal heterodimerization (PAS) domain of HIF-1a. This obstructs the
association with ARNT, thereby controlling the activity of HIF-1a during hypoxia (Kalousi et al.,

2010).

The circadian organization of the molecular clockwork affects VEGF levels in hypoxic cells. For
instance, PER2 and CRY1 inhibit hypoxia-induced VEGF promoter activity, indicating a negative
feedback loop, which periodically suppresses the transcriptional upregulation of VEGF during
hypoxia, resulting in the circadian fluctuation of its gene expression (Koyanagi et al., 2003).
Moreover, the basic helix-loop-helix (bHLH) transcription factors, differentiated embryonic
chondrocyte-expressed gene 1 (DEC1) and DEC2, are part of an important crosstalk between hypoxia

responses and circadian pathways (Sato et al., 2016).
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Recently, number of studies have showed the crosstalk and feedback loops between circadian clock
and oxygen sensing pathways Figure 2. Peek et al. (2017) reported a bidirectional crosstalk between
circadian and HIF pathways that modulates the metabolic adaptation in a tissue-specific manner.
Genetic disruption of the core clock component, BMALL, in mouse skeletal muscle reduces anaerobic
glycolysis, HIF-1a activity, and the expression of its target genes, including PHD3, VEGFA, MCT4,
PK-M, and LDHA. HIF-1a binds directly on the promoters of several core clock genes. In response to
strenuous exercise, expression level of CLOCK and HIF-1a target genes varied depending on the time
of day in mice. They concluded that circadian clock cooprate with HIF-1a. to mediate anaerobic
glycolysis in Muscle (Peek et al., 2017). Another study showed that the hypoxia response is gated by
the circadian clock through HIF-1a that act as a regulatory node that connects both pathways (Wu et
al., 2017). Genome-wide analysis of HIF-1a. and BMAL1 binding revealed hypoxia-clock reciprocal
regulation at the genome level. An in vivo heart attack model described that the circadian clock
protects the heart from hypoxia-induced cell death (Wu et al., 2017), suggesting that the circadian
clock can be utilized therapeutically to reduce the severity of hypoxia-associated diseases. Adamovich
et al. (2017) measured continuous oxygen levels in the blood and tissue of rodents and identified daily
rhythms in tissue oxygenation. Interestingly, the physiological oxygen rhythms synchronize clocks in
cultured cells in a HIF-la-dependent manner. Moreover, modulation of oxygen levels hasten the
recovery of wild-type mice from a jet lag protocol, but not that of HIF-1a-deficient mice (Adamovich
etal., 2017). These recent studies provide strong evidence of important crosstalk between circadian and
hypoxia signaling pathways in HIF-1a dependent fashion (Adamovich et al., 2017; Peek et al., 2017;

Wau et al., 2017) Figure 2.

Currently, circadian rhythm and hypoxia-signaling are active areas of research aiming at identifying
the molecular mechanisms and regulators of these pathways in cells. The absence of models in which
these pathways can be investigated under controlled conditions delayed our progress in understanding

the crosstalk between hypoxia and the circadian clock in physiological and pathological states.
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Interestingly, circadian clocks are capable of not only predict changes in the external light cycle, but

also regulate adaptation to flux in nutrient and oxygen sensing.

Hypoxia, HIFs and cellular vesicles

The discovery of cellular vesicles including exosomes and microvesicles led to a better understanding
of cell-cell interaction and communication. Exosomes originate from endocytic multivesicular bodies
that follow the endosomal pathway and end up with exocytosis. Exosomes range from 30-100 nm in
size. Recent studies suggest that cancer-associated exosomes, through their content, induce metastasis
and create a pre-metastatic niche. For instance, low cellular pH is a hallmark of tumor malignancy. In
cancer cells, the acidic microenvironment leads to increased exosomal release and uptake by recipient
cells (Parolini et al., 2009). Riches et al. measured the release of exosomes from normal human
mammary and breast cancer cells. They reported a significant increase in release of exosomes from
cancer cells compared to that from normal parent cells within 24 hours (Riches et al., 2014). Recent
findings clearly suggest that cellular vesicles serve as a significant mediator of cell-to-cell
communication within the tumor microenvironment to facilitate tumorigenesis and modulate
metabolism. For example, breast cancer cells can suppress glucose uptake of stromal cells in the pre-
metastatic niche, by releasing cellular vesicles that contain high levels of the miR-122 which
downregulate the glycolytic enzyme pyruvate kinase (Fong et al., 2015). In vivo suppression of miR-
122 restores glucose uptake in distant organs and significantly reduce metastasis. These data suggest
breast cancer cells derived vesicles can reprogram energy metabolism and create a niche with high
glucose availability for their own consumption. Proteomic analysis of exosomes released from HCC
revealed enrichment of glucose metabolism regulatory proteins (Zhang et al., 2017). Exosomal miR-
126 is an emerging novel regulator of different aspects of cell metabolism including glucose
homeostasis, mitochondrial respiration and regulation of genes involved in gluconeogenesis and
oxidative stress (Tao et al., 2016; Tomasetti et al., 2014). Recently, cancer-associated fibroblasts
exosomes shown to promote metabolic reprogramming in cancer cells through supressing
mitochondrial function and inducing glucose metabolism of other cancer cells (Zhao et al., 2016).
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Increasing evidence suggests that hypoxia secreted cellular vesicles in a tumor microenvironment are
involved in a number of functions, such as prompting intratumoral heterogeneity, responding to
immunological reactions, inducing cancer-associated fibroblasts, metabolic reprograming and

promoting angiogenesis and metastasis.

HIF and exosomes

Many studies reported that tumor hypoxia increases the release of exosomes from malignant cells. HIF
regulates the expression of many plasma membrane receptors, including glucose transporter (GLUT-
1), transferrin receptor, and Epidermal Growth Factor Receptor (EGFR), and it is thought that increased
expression of receptors causes their activation and internalization, which consequently induces
endocytosis and promotes exosome release. Hypoxia-induced exosomes content varies depending on
cell origin including signal transducers, transcription factors, enzyme, lipids, mMRNAs, and non-coding
RNAs Table 3. Aberrant exosomal secretion is associated with the adaptation to a different
microenvironment that promotes cancer survival. King et al. (2012) found that exosome secretion

increased as which contained high levels of HIF-regulated miR-210 (King et al., 2012).

Several studies indicated that hypoxia-induced exosomes contribute to tumor angiogenesis and
metastasis. Aga et al. (2013) detected HIF-1a in exosomes secreted from invasive Epstein—Barr virus
(EBV) malignancy, nasopharyngeal carcinoma (NPC). The oncoprotein, latent membrane protein 1
(LMP1), upregulates HIF-10 expression in exosomes. Interestingly, transcriptionally active HIF-1a was
detected in recipient cells upon exosome uptake. In addition, HIF-1a regulates exosome-mediated pro-
metastatic effects through epithelial-mesenchymal transition (EMT) changes in E- and N-cadherin
expression in the recipient cells (Aga et al., 2014). Exosomes secreted from prostate cancer under
hypoxia enhance stemness, invasiveness, and EMT by modulating the cancer-associated fibroblast
phenotype in prostate stromal cells (Ramteke et al., 2015). Hypoxic prostate cancer exosomes are
unique and express high levels of proteins such as heat shock proteins (HSP90 and HSP70), matrix
metalloproteinases, AKT, annexin II, IL6, TGFB2, p-catenin, TNFla, CD63, and CD81 compared to

those observed in normoxic secreted exosomes (Ramteke et al., 2015). Similarly, Rong et al. (2016)
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showed that hypoxia induces the secretion of exosomes that express immunosuppressive cytokines such

as TGF-B and IL-10 from breast cancer cells (Rong et al., 2016).

Co-culturing of K562 leukemic cells with human umbilical vein endothelial cells (HUVECS)
significantly promoted tube formation by HUVECs during hypoxia (Tadokoro et al., 2013). Exosomes
released during hypoxia were similar in size as those secreted during normoxia. Interestingly, exosomal
miR-210 released from leukemic cells during hypoxia downregulates the expression of the anti-
angiogenic factor, Ephrin-A3 (EFNAS3), in HUVECs, indicating the interaction between cancer and
endothelial cells via exosomes to modulate angiogenesis during hypoxia (Tadokoro et al., 2013).
Similarly, Umezu et al. (2014) developed an in vitro chronic hypoxia model by continuous growth of
multiple myeloma (MM) cell lines (more than 6 months) under hypoxic conditions, named hypoxia-
resistant MM cells. This model mimics the in vivo microenvironment of bone marrow myeloma cells.
The number of exosomes secreted from hypoxia-resistant MM cells is twice that secreted by parental
cells grown in normoxia or hypoxia (Umezu et al., 2014). Exosomes released from hypoxia-resistant
MM cells promote tube formation of HUVECs during normoxia, but to a greater degree under hypoxia.
Interestingly, secreted miR-135b by hypoxia-resistant MM cells induces the endothelial tube formation
in hypoxia and enhances HIF-1 transcriptional activity by inhibiting factor-inhibiting hypoxia-inducible
factor 1 (FIH-1) (Umezu et al., 2014). Further studies reported that exosomes secreted from pericytes
upon HIF activation promote the angiogenic activity of endothelial cells (Mayo and Bearden, 2015).
Moreover, exosomes derived from hypoxic endothelial cells remodel the extracellular matrix via

exosome-associated lysyl oxidase-like 2 (LOXL2) for fibrosis and wound healing (de Jong et al., 2016).

Recently, Ling et al. demonstrated that hypoxia increases oral squamous cell carcinoma (OSCC)-
derived exosomes, which promotes cell migration and invasion in a HIF-1a- and HIF-2a-dependent
manner(Li et al., 2016a). miR-21 was the most significantly upregulated miRNA in exosomes released
from hypoxic OCSS cells. miR-21 suppression in hypoxic OSCC cells reduced miR-21 expression in
exosomes and significantly impaired cancer cell migration and invasion. Exosomal miR-21 promotes
the expression of snail and vimentin, while decreasing E-cadherin expression. Moreover, exosomal

miR-21 levels and HIF-1a/HIF-2a expression were associated with lymph node metastasis in patients
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with OSCC (Li et al., 2016a). Moreover, miR-24-3p is found enriched in hypoxic cells and exosomes
from neural progenitor cells (NPC) cells and serum. miR-24-3p regulates T-cell proliferation and

differentiation and may be a prognostic marker for NPC (Ye et al., 2016).

Both in vitro and clinical studies using specimens from patients with glioblastoma multiforme (GBM)
showed enrichment of hypoxia-regulated mMRNAs and proteins such as platelet-derived growth factors
(PDGF), matrix metalloproteinases, I1L-8, caveolin 1, and lysyl oxidase in exosomes (Kucharzewska et
al., 2013). Many of these molecules modulate angiogenesis and are associated with poor clinical
outcome in patients with glioma. In GBM, hypoxia-induced exosomes stimulate endothelial cells
through several growth factors and cytokines, leading to the activation of PI3K/AKT signaling and
migration. Hypoxia-induced GBM exosomes significantly increase cell proliferation, tumor
vascularization, and pericyte vessel coverage (Kucharzewska et al., 2013). This study indicates that
exosomal protein and RNA content recapitulates the oxygenation status of exosome releasing cells and

patient tumors.

Hypoxic regions are also detected in adipose tissues because of adipocyte hypertrophy. Hypoxia induces
release of exosomes from differentiated adipocytes. Hypoxia-derived exosomes are enriched in proteins
responsible for de novo conversion of acetyl-CoA to fatty acids, including fatty acid synthase, acetyl-
CoA carboxylase, and glucose-6-phosphate dehydrogenase, suggesting a role of hypoxia-induced
release of exosomes by adipocytes in regulating lipogenesis. Given that lipid metabolism is one of the
hallmarks of hypoxic cancer cells, increased accumulation of lipids during hypoxia may stimulate and
induce the biogenesis and secretion of extracellular vesicles. Hypoxic prostate cancer exosomes are
significantly enriched in triglycerides, owing to the activation of lipogenic enzymes and signaling
molecules, which play important roles in prostate cancer invasiveness (Schlaepfer et al., 2015).
Moreover, fatostatin and silibinin (lipogenesis inhibitors) reduce the concentration of extracellular
vesicles and VEGF level in exosomes, suggesting the important role of lipid metabolism in hypoxic

prostate cancer exosomes supporting cancer invasiveness and metastasis.
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HIF and microvesicles

HIF also regulates other extracellular vesicles such as microvesicles. These vesicles are budded directly
from the membranes and shed from almost all cell types. Microvesicles have a wide range of sizes from
100 nmto 1 pm and play an important role in intercellular communication. Wang et al. (2014) reported
that HIF mediates microvesicle production by breast cancer cells during hypoxia. HIF increases the
activity of a member of the Rab family of small GTPases, RAB22A, which co-localizes with budding
microvesicles at the cell surface. RAB22A is HIF-dependent and essential for the formation of vesicle,
trafficking, and membrane fusion. Thus, microvesicle biogenesis depends on HIF-1o during hypoxia.
RAB22A is required to promote invasion and metastasis of recipient breast cancer cells (Wang et al.,
2014). Similarly, Berchem et al. (2016) reported that hypoxia-derived microvesicles from GR-Heu and
K562 tumor cells suppress natural Killer (NK) cell function and decrease cytotoxicity compared to
macrovesicles released during normoxia. Impaired cytotoxicity of NK cells by hypoxia-derived
microvesicles results from decreased expression of NKG2D in a tumor growth factor (TGF-f1)-
dependent manner. In addition, miR-23a is significantly overexpressed during hypoxia when compared
to that in normoxic tumor microvesicles. miR-23a directly regulates the expression of Lysosomal-
associated membrane protein 1 (LAMP-1)/CD107a in NK cells (Berchem et al., 2016), suggesting that
suppressive signals of immune cells such as TGF-p1 and miR23a in the hypoxia-derived microvesicles

impair the antitumor immune response during hypoxia.

The above studies suggest that hypoxia/HIF affects the synthesis of extracellular vesicles and their
biological effects in the tumor microenvironment, contributing to the major hallmarks of cancer and
supplementing many of the pathways induced directly in cells by hypoxia e.g. metabolism, angiogenesis
and EMT. It is also reasonable to think that cellular vesicles are heterogeneous and this may contribute

to tumour heterogeneity adding new layer of complexity in our understanding of cancer.

Hypoxia/HIF regulation on exosome and microvesicles function is a new and exciting area of research,

however, it is in early stages. The direct mechanism of extracellular vesicles induction by HIF and
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impact of HIF in modulating processes including cellular vesicles formation, content selection, loading,
trafficking, and release remains to be determined. How these processes are orchestrated during hypoxia

should be further investigated.

Future Perspectives

Decades of research on hypoxia and HIF biology significantly improved our understanding of oxygen
homeostasis in health and diseases. However, advancement in analytical tools and genomic
technologies opened new important areas for investigation. Recently, pan-genomic analysis several
cancer risk polymorphisms overlap with HIF-binding sites hence modulate HIF signalling and cancer

development (Grampp et al., 2016; Grampp et al., 2017).

The role of HIF in hypoxia responses has been the topic of many investigations. Some of these studies
provide inconsistent findings because of the experimental tools used and design biases. For instance,
researchers utilized either cell-based in vitro models or animal models maintained under hypoxia to
infer their conclusions. However, hypoxia responses vary between cell lines from the same cancer type
and between models and within subpopulations of the same cell line (Ledaki et al., 2015). The other
major barrier to investigating the effects of hypoxia on tumor cells in vitro is that cells can only grow
for a few days under hypoxic conditions. In most studies, cells are commonly exposed to hypoxia for
24-72 h. In such cases, tumor cells might respond to acute hypoxic stress, which could be different
from long-term intratumoral hypoxia.

The new mechanisms described above point to many ways of individualising responses in each cell,
influencing neighbouring cells and those at a great distance, diversifying the response well beyond the
recognised core metabolism genes. This provides the possibility of substantial advances in biomarkers
of hypoxia in specific tissues, but also far more specific modulation of the hypoxia response than
previously recognised e.g. use of JQ1 a BRD4 modulator that specifically inhibited induction of a subset

of genes in hypoxia (da Motta et al., 2017).
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Deciphering the role of epigenetics, non-coding RNAs, circadian rhythms and extracellular vesicles in
hypoxia will advance our understanding of cellular modulation under low oxygen stress, and should

lead to the development of more specific therapeutic agents.

Acknowledgements

The authors would like to acknowledge the support from the Deanship of Scientific Research (DSR),
King Abdulaziz University (KAU), Jeddah the Ministry of Education for Saudi Arabia as well as the
KAU Research Endowment Fund (WAQF) (HC). In addition, acknowledge the support from the Cancer

Research UK (ALH) and Breast Cancer Research Foundation (ALH).

Conflict of interest disclosure: None

31



References

Adamovich, Y., Ladeuix, B., Golik, M., Koeners, M.P., and Asher, G. (2017). Rhythmic Oxygen Levels
Reset Circadian Clocks through HIFlalpha. Cell Metab 25, 93-101.

Aga, M., Bentz, G.L., Raffa, S., Torrisi, M.R., Kondo, S., Wakisaka, N., Yoshizaki, T., Pagano, J.S., and
Shackelford, J. (2014). Exosomal HIF1alpha supports invasive potential of nasopharyngeal
carcinoma-associated LMP1-positive exosomes. Oncogene 33, 4613-4622.

Agostino, P.V., Harrington, M.E., Ralph, M.R., and Golombek, D.A. (2009). Casein kinase-1-epsilon
(CK1epsilon) and circadian photic responses in hamsters. Chronobiol Int 26, 126-133.

Agrawal, R., Pandey, P., Jha, P., Dwivedi, V., Sarkar, C., and Kulshreshtha, R. (2014). Hypoxic
signature of microRNAs in glioblastoma: insights from small RNA deep sequencing. BMC Genomics
15, 686.

Bacon, A.L,, Fox, S., Turley, H., and Harris, A.L. (2007). Selective silencing of the hypoxia-inducible
factor 1 target gene BNIP3 by histone deacetylation and methylation in colorectal cancer. Oncogene
26,132-141.

Baek, J.H., Mahon, P.C., Oh, J., Kelly, B., Krishnamachary, B., Pearson, M., Chan, D.A., Giaccia, A.J.,
and Semenza, G.L. (2005). 0S-9 interacts with hypoxia-inducible factor 1alpha and prolyl
hydroxylases to promote oxygen-dependent degradation of HIF-1alpha. Mol Cell 17, 503-512.
Bailey, K.M., Wojtkowiak, J.W., Hashim, A.l., and Gillies, R.J. (2012). Targeting the metabolic
microenvironment of tumors. Adv Pharmacol 65, 63-107.

Bandara, V., Michael, M.Z., and Gleadle, J.M. (2014). Hypoxia represses microRNA biogenesis
proteins in breast cancer cells. BMC Cancer 14, 533.

Bandara, V., Michael, M.Z., and Gleadle, J.M. (2017). MicroRNA biogenesis in hypoxia. Microrna.
Berchem, G., Noman, M.Z., Bosseler, M., Paggetti, J., Baconnais, S., Le Cam, E., Nanbakhsh, A.,
Moussay, E., Mami-Chouaib, F., Janji, B., et al. (2016). Hypoxic tumor-derived microvesicles
negatively regulate NK cell function by a mechanism involving TGF-beta and miR23a transfer.
Oncoimmunology 5, e1062968.

Bertozzi, D., lurlaro, R., Sordet, O., Marinello, J., Zaffaroni, N., and Capranico, G. (2011).
Characterization of novel antisense HIF-1alpha transcripts in human cancers. Cell Cycle 10, 3189-
3197.

Beyer, S., Kristensen, M.M., Jensen, K.S., Johansen, J.V., and Staller, P. (2008). The histone
demethylases JMJD1A and JMJD2B are transcriptional targets of hypoxia-inducible factor HIF. ] Biol
Chem 283, 36542-36552.

Bhan, A., Deb, P., Shihabeddin, N., Ansari, K., Brotto, M., and Mandal, S.S. (2017). Histone
methylase MLL1 coordinates with HIF and regulate IncRNA HOTAIR expression under hypoxia. Gene
629, 16-28.

Blick, C., Ramachandran, A., McCormick, R., Wigfield, S., Cranston, D., Catto, J., and Harris, A.L.
(2015). Identification of a hypoxia-regulated miRNA signature in bladder cancer and a role for miR-
145 in hypoxia-dependent apoptosis. Br J Cancer 113, 634-644.

Boeckel, J.N., Jae, N., Heumuller, A.W., Chen, W., Boon, R.A., Stellos, K., Zeiher, A.M., John, D.,
Uchida, S., and Dimmeler, S. (2015). Identification and Characterization of Hypoxia-Regulated
Endothelial Circular RNA. Circ Res 117, 884-890.

Bruning, U., Cerone, L., Neufeld, Z., Fitzpatrick, S.F., Cheong, A., Scholz, C.C., Simpson, D.A., Leonard,
M.O., Tambuwala, M.M., Cummins, E.P., et al. (2011). MicroRNA-155 promotes resolution of
hypoxia-inducible factor l1alpha activity during prolonged hypoxia. Mol Cell Biol 31, 4087-4096.
Camps, C., Saini, H.K., Mole, D.R., Choudhry, H., Reczko, M., Guerra-Assuncao, J.A., Tian, Y.M., Buffa,
F.M., Harris, A.L., Hatzigeorgiou, A.G., et al. (2014). Integrated analysis of microRNA and mRNA
expression and association with HIF binding reveals the complexity of microRNA expression
regulation under hypoxia. Mol Cancer 13, 28.

32



Cascella, B., and Mirica, L.M. (2012). Kinetic analysis of iron-dependent histone demethylases: alpha-
ketoglutarate substrate inhibition and potential relevance to the regulation of histone
demethylation in cancer cells. Biochemistry 51, 8699-8701.

Chan, S.Y., Zhang, Y.Y., Hemann, C., Mahoney, C.E., Zweier, J.L., and Loscalzo, J. (2009). MicroRNA-
210 controls mitochondrial metabolism during hypoxia by repressing the iron-sulfur cluster assembly
proteins ISCU1/2. Cell Metab 10, 273-284.

Chen, B., Zeng, X., He, Y., Wang, X, Liang, Z., Liu, J., Zhang, P., Zhu, H., Xu, N., and Liang, S. (2016).
STC2 promotes the epithelial-mesenchymal transition of colorectal cancer cells through AKT-ERK
signaling pathways. Oncotarget 7, 71400-71416.

Chen, Q., Chen, Y., Bian, C., Fujiki, R., and Yu, X. (2013). TET2 promotes histone O-GlcNAcylation
during gene transcription. Nature 493, 561-564.

Chen, S., Yin, C,, Lao, T., Liang, D., He, D., Wang, C., and Sang, N. (2015). AMPK-HDACS5 pathway
facilitates nuclear accumulation of HIF-1alpha and functional activation of HIF-1 by deacetylating
Hsp70 in the cytosol. Cell Cycle 14, 2520-2536.

Chilov, D., Hofer, T., Bauer, C., Wenger, R.H., and Gassmann, M. (2001). Hypoxia affects expression
of circadian genes PER1 and CLOCK in mouse brain. FASEB J 15, 2613-2622.

Choudhry, H., Albukhari, A., Morotti, M., Haider, S., Moralli, D., Smythies, J., Schodel, J., Green, C.M.,,
Camps, C., Buffa, F., et al. (2015). Tumor hypoxia induces nuclear paraspeckle formation through
HIF-2alpha dependent transcriptional activation of NEAT1 leading to cancer cell survival. Oncogene
34, 4482-4490.

Choudhry, H., Harris, A.L., and Mclintyre, A. (2016). The tumour hypoxia induced non-coding
transcriptome. Mol Aspects Med 47-48, 35-53.

Choudhry, H., Schodel, J., Oikonomopoulos, S., Camps, C., Grampp, S., Harris, A.L., Ratcliffe, P.J.,
Ragoussis, J., and Mole, D.R. (2014). Extensive regulation of the non-coding transcriptome by
hypoxia: role of HIF in releasing paused RNApol2. EMBO Rep 15, 70-76.

da Motta, L.L., Ledaki, I., Purshouse, K., Haider, S., De Bastiani, M.A., Baban, D., Morotti, M., Steers,
G., Wigfield, S., Bridges, E., et al. (2017). The BET inhibitor JQ1 selectively impairs tumour response
to hypoxia and downregulates CA9 and angiogenesis in triple negative breast cancer. Oncogene 36,
122-132.

Dawson, M.A. (2017). The cancer epigenome: Concepts, challenges, and therapeutic opportunities.
Science 355, 1147-1152.

de Jong, 0.G., van Balkom, B.W., Gremmels, H., and Verhaar, M.C. (2016). Exosomes from hypoxic
endothelial cells have increased collagen crosslinking activity through up-regulation of lysyl oxidase-
like 2. J Cell Mol Med 20, 342-350.

Estaras, C., Fueyo, R., Akizu, N., Beltran, S., and Martinez-Balbas, M.A. (2013). RNA polymerase I
progression through H3K27me3-enriched gene bodies requires JMJD3 histone demethylase. Mol Biol
Cell 24, 351-360.

Fasanaro, P., D'Alessandra, Y., Di Stefano, V., Melchionna, R., Romani, S., Pompilio, G., Capogrossi,
M.C., and Martelli, F. (2008). MicroRNA-210 modulates endothelial cell response to hypoxia and
inhibits the receptor tyrosine kinase ligand Ephrin-A3. J Biol Chem 283, 15878-15883.

Favaro, E., Lord, S., Harris, A.L., and Buffa, F.M. (2011). Gene expression and hypoxia in breast
cancer. Genome Med 3, 55.

Favaro, E., Ramachandran, A., McCormick, R., Gee, H., Blancher, C., Crosby, M., Devlin, C., Blick, C.,
Buffa, F., Li, J.L., et al. (2010). MicroRNA-210 regulates mitochondrial free radical response to
hypoxia and krebs cycle in cancer cells by targeting iron sulfur cluster protein ISCU. PLoS One 5,
€10345.

Feng, C.C., Lin, C.C,, Lai, Y.P., Chen, T.S., Marthandam Asokan, S., Lin, J.Y., Lin, K.H., Viswanadha, V.P.,
Kuo, W.W., and Huang, C.Y. (2016). Hypoxia suppresses myocardial survival pathway through HIF-
lalpha-IGFBP-3-dependent signaling and enhances cardiomyocyte autophagic and apoptotic effects
mainly via FoxO3a-induced BNIP3 expression. Growth Factors 34, 73-86.

33



Ferdin, J., Nishida, N., Wu, X., Nicoloso, M.S., Shah, M.Y., Devlin, C., Ling, H., Shimizu, M., Kumar, K.,
Cortez, M.A,, et al. (2013). HINCUTs in cancer: hypoxia-induced noncoding ultraconserved
transcripts. Cell Death Differ 20, 1675-1687.

Fong, M.Y., Zhou, W., Liu, L., Alontaga, A.Y., Chandra, M., Ashby, J., Chow, A., O'Connor, S.T., Li, S.,
Chin, A.R,, et al. (2015). Breast-cancer-secreted miR-122 reprograms glucose metabolism in
premetastatic niche to promote metastasis. Nat Cell Biol 17, 183-194.

Fu, L., Chen, L., Yang, J., Ye, T., Chen, Y., and Fang, J. (2012). HIF-1alpha-induced histone demethylase
JMJD2B contributes to the malignant phenotype of colorectal cancer cells via an epigenetic
mechanism. Carcinogenesis 33, 1664-1673.

Fu, L., and Kettner, N.M. (2013). The circadian clock in cancer development and therapy. Prog Mol
Biol Transl Sci 119, 221-282.

Geng, H., Harvey, C.T., Pittsenbarger, J., Liu, Q., Beer, T.M., Xue, C., and Qian, D.Z. (2011). HDAC4
protein regulates HIFlalpha protein lysine acetylation and cancer cell response to hypoxia. J Biol
Chem 286, 38095-38102.

Ghorbel, M.T., Coulson, J.M., and Murphy, D. (2003). Cross-talk between hypoxic and circadian
pathways: cooperative roles for hypoxia-inducible factor 1alpha and CLOCK in transcriptional
activation of the vasopressin gene. Mol Cell Neurosci 22, 396-404.

Ghosh, G., Subramanian, I.V., Adhikari, N., Zhang, X., Joshi, H.P., Basi, D., Chandrashekhar, Y.S., Hall,
J.L,, Roy, S., Zeng, Y., et al. (2010). Hypoxia-induced microRNA-424 expression in human endothelial
cells regulates HIF-alpha isoforms and promotes angiogenesis. J Clin Invest 120, 4141-4154.
Gomez-Maldonado, L., Tiana, M., Roche, O., Prado-Cabrero, A., Jensen, L., Fernandez-Barral, A.,
Guijarro-Munoz, |., Favaro, E., Moreno-Bueno, G., Sanz, L., et al. (2015). EFNA3 long noncoding RNAs
induced by hypoxia promote metastatic dissemination. Oncogene 34, 2609-2620.

Gorospe, M., Tominaga, K., Wu, X., Fahling, M., and Ivan, M. (2011). Post-Transcriptional Control of
the Hypoxic Response by RNA-Binding Proteins and MicroRNAs. Front Mol Neurosci 4, 7.

Grampp, S., Platt, J.L., Lauer, V., Salama, R., Kranz, F., Neumann, V.K., Wach, S., Stohr, C., Hartmann,
A., Eckardt, K.U., et al. (2016). Genetic variation at the 8g24.21 renal cancer susceptibility locus
affects HIF binding to a MYC enhancer. Nat Commun 7, 13183.

Grampp, S., Schmid, V., Salama, R., Lauer, V., Kranz, F., Platt, J.L., Smythies, J., Choudhry, H., Goppelt-
Struebe, M., Ratcliffe, P.J., et al. (2017). Multiple renal cancer susceptibility polymorphisms
modulate the HIF pathway. PLoS Genet 13, e1006872.

Haque, I., Banerjee, S., Mehta, S., De, A., Majumder, M., Mayo, M.S., Kambhampati, S., Campbell,
D.R., and Banerjee, S.K. (2011). Cysteine-rich 61-connective tissue growth factor-nephroblastoma-
overexpressed 5 (CCN5)/Wnt-1-induced signaling protein-2 (WISP-2) regulates microRNA-10b via
hypoxia-inducible factor-1alpha-TWIST signaling networks in human breast cancer cells. J Biol Chem
286, 43475-43485.

Hattori, M., Yokoyama, Y., Hattori, T., Motegi, S., Amano, H., Hatada, |., and Ishikawa, O. (2015).
Global DNA hypomethylation and hypoxia-induced expression of the ten eleven translocation (TET)
family, TET1, in scleroderma fibroblasts. Exp Dermatol 24, 841-846.

Hatzimichael, E., Dasoula, A., Shah, R., Syed, N., Papoudou-Bai, A., Coley, H.M., Dranitsaris, G.,
Bourantas, K.L., Stebbing, J., and Crook, T. (2010). The prolyl-hydroxylase EGLN3 and not EGLN1 is
inactivated by methylation in plasma cell neoplasia. Eur J Haematol 84, 47-51.

Hogenesch, J.B., Gu, Y.Z,, Jain, S., and Bradfield, C.A. (1998). The basic-helix-loop-helix-PAS orphan
MOP3 forms transcriptionally active complexes with circadian and hypoxia factors. Proc Natl Acad
Sci US A 95, 5474-5479.

Huang, T., Liu, H.W., Chen, J.Q., Wang, S.H., Hao, L.Q,, Liu, M., and Wang, B. (2017). The long
noncoding RNA PVT1 functions as a competing endogenous RNA by sponging miR-186 in gastric
cancer. Biomed Pharmacother 88, 302-308.

Huang, Z., and Feng, Y. (2016). Exosomes derived from hypoxic colorectal cancer cells promotes
angiogenesis through Wnt4 induced beta-catenin signaling in endothelial cells. Oncol Res.

34



Isaacs, J.S., Jung, Y.J., Mole, D.R,, Lee, S., Torres-Cabala, C., Chung, Y.L., Merino, M., Trepel, J., Zbar,
B., Toro, J., et al. (2005). HIF overexpression correlates with biallelic loss of fumarate hydratase in
renal cancer: novel role of fumarate in regulation of HIF stability. Cancer Cell 8, 143-153.

Ito, S., Shen, L., Dai, Q., Wu, S.C., Collins, L.B., Swenberg, J.A,, He, C., and Zhang, Y. (2011). Tet
proteins can convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science 333,
1300-1303.

Ivan, M., Harris, A.L., Martelli, F., and Kulshreshtha, R. (2008). Hypoxia response and microRNAs: no
longer two separate worlds. J Cell Mol Med 12, 1426-1431.

John, S., Sabo, P.J., Thurman, R.E., Sung, M.H., Biddie, S.C., Johnson, T.A., Hager, G.L., and
Stamatoyannopoulos, J.A. (2011). Chromatin accessibility pre-determines glucocorticoid receptor
binding patterns. Nat Genet 43, 264-268.

Johnson, A.B., Denko, N., and Barton, M.C. (2008). Hypoxia induces a novel signature of chromatin
modifications and global repression of transcription. Mutat Res 640, 174-179.

Joshi, H.P., Subramanian, L.V., Schnettler, E.K., Ghosh, G., Rupaimoole, R., Evans, C., Saluja, M., Jing,
Y., Cristina, I, Roy, S., et al. (2014). Dynamin 2 along with microRNA-199a reciprocally regulate
hypoxia-inducible factors and ovarian cancer metastasis. Proc Natl Acad Sci US A 111, 5331-5336.
Jung, K.O., Youn, H., Lee, C.H., Kang, K.W., and Chung, J.K. (2017). Visualization of exosome-
mediated miR-210 transfer from hypoxic tumor cells. Oncotarget 8, 9899-9910.

Kaelin, W.G., Jr., and Ratcliffe, P.J. (2008). Oxygen sensing by metazoans: the central role of the HIF
hydroxylase pathway. Mol Cell 30, 393-402.

Kalousi, A., Mylonis, I., Politou, A.S., Chachami, G., Paraskeva, E., and Simos, G. (2010). Casein kinase
1 regulates human hypoxia-inducible factor HIF-1. J Cell Sci 123, 2976-2986.

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

Kenneth, N.S., Mudie, S., van Uden, P., and Rocha, S. (2009). SWI/SNF regulates the cellular response
to hypoxia. J Biol Chem 284, 4123-4131.

Kim, H.W., Haider, H.K., Jiang, S., and Ashraf, M. (2009). Ischemic preconditioning augments survival
of stem cells via miR-210 expression by targeting caspase-8-associated protein 2. J Biol Chem 284,
33161-33168.

Kim, J.H., Park, S.G., Song, S.Y., Kim, J.K., and Sung, J.H. (2013). Reactive oxygen species-responsive
miR-210 regulates proliferation and migration of adipose-derived stem cells via PTPN2. Cell Death
Dis 4, e588.

Kim, M.S., Kwon, H.J.,, Lee, Y.M., Baek, J.H., Jang, J.E., Lee, S.W., Moon, E.J., Kim, H.S,, Lee, S.K.,
Chung, H.Y., et al. (2001). Histone deacetylases induce angiogenesis by negative regulation of tumor
suppressor genes. Nat Med 7, 437-443.

King, H.W., Michael, M.Z., and Gleadle, J.M. (2012). Hypoxic enhancement of exosome release by
breast cancer cells. BMC Cancer 12, 421.

Klein, B.J., Piao, L., Xi, Y., Rincon-Arano, H., Rothbart, S.B., Peng, D., Wen, H., Larson, C., Zhang, X.,
Zheng, X., et al. (2014). The histone-H3K4-specific demethylase KDM5B binds to its substrate and
product through distinct PHD fingers. Cell Rep 6, 325-335.

Kong, X., Lin, Z., Liang, D., Fath, D., Sang, N., and Caro, J. (2006). Histone deacetylase inhibitors
induce VHL and ubiquitin-independent proteasomal degradation of hypoxia-inducible factor lalpha.
Mol Cell Biol 26, 2019-2028.

Koslowski, M., Luxemburger, U., Tureci, O., and Sahin, U. (2011). Tumor-associated CpG
demethylation augments hypoxia-induced effects by positive autoregulation of HIF-1alpha.
Oncogene 30, 876-882.

Koyanagi, S., Kuramoto, Y., Nakagawa, H., Aramaki, H., Ohdo, S., Soeda, S., and Shimeno, H. (2003). A
molecular mechanism regulating circadian expression of vascular endothelial growth factor in tumor
cells. Cancer Res 63, 7277-7283.

35



Krieg, A.J., Rankin, E.B., Chan, D., Razorenova, O., Fernandez, S., and Giaccia, A.J. (2010). Regulation
of the histone demethylase JMJD1A by hypoxia-inducible factor 1 alpha enhances hypoxic gene
expression and tumor growth. Mol Cell Biol 30, 344-353.

Kucharzewska, P., Christianson, H.C., Welch, J.E., Svensson, K.J., Fredlund, E., Ringner, M., Morgelin,
M., Bourseau-Guilmain, E., Bengzon, J., and Belting, M. (2013). Exosomes reflect the hypoxic status
of glioma cells and mediate hypoxia-dependent activation of vascular cells during tumor
development. Proc Natl Acad Sci US A 110, 7312-7317.

Laukka, T., Mariani, C.J., lhantola, T., Cao, J.Z., Hokkanen, J., Kaelin, W.G., Jr., Godley, L.A., and
Koivunen, P. (2016). Fumarate and Succinate Regulate Expression of Hypoxia-inducible Genes via TET
Enzymes. J Biol Chem 291, 4256-4265.

Law, A.Y., Lai, K.P., Ip, C.K., Wong, A.S., Wagner, G.F., and Wong, C.K. (2008). Epigenetic and HIF-1
regulation of stanniocalcin-2 expression in human cancer cells. Exp Cell Res 314, 1823-1830.

Ledaki, I., Mclintyre, A., Wigfield, S., Buffa, F., McGowan, S., Baban, D., Li, J.L., and Harris, A.L. (2015).
Carbonic anhydrase IX induction defines a heterogeneous cancer cell response to hypoxia and
mediates stem cell-like properties and sensitivity to HDAC inhibition. Oncotarget 6, 19413-19427.
Lee, H.Y., Choi, K., Oh, H., Park, Y.K., and Park, H. (2014). HIF-1-dependent induction of Jumoniji
domain-containing protein (JMJD) 3 under hypoxic conditions. Mol Cells 37, 43-50.

Li, L., Li, C., Wang, S., Wang, Z,, Jiang, J., Wang, W.,, Li, X., Chen, J., Liu, K., Li, C., et al. (2016a).
Exosomes Derived from Hypoxic Oral Squamous Cell Carcinoma Cells Deliver miR-21 to Normoxic
Cells to Elicit a Prometastatic Phenotype. Cancer Res 76, 1770-1780.

Li, W., He, X., Xue, R., Zhang, Y., Zhang, X., Lu, J., Zhang, Z., and Xue, L. (2016b). Combined over-
expression of the hypoxia-inducible factor 2alpha gene and its long non-coding RNA predicts
unfavorable prognosis of patients with osteosarcoma. Pathol Res Pract 212, 861-866.

Li, X., Liu, L., Yang, S., Song, N., Zhou, X., Gao, J., Yu, N., Shan, L., Wang, Q., Liang, J., et al. (2014).
Histone demethylase KDM5B is a key regulator of genome stability. Proc Natl Acad SciUS A 111,
7096-7101.

Li, X., Wu, Y., Liu, A, and Tang, X. (2016c). Long non-coding RNA UCA1 enhances tamoxifen
resistance in breast cancer cells through a miR-18a-HIF1alpha feedback regulatory loop. Tumour Biol
37,14733-14743.

Lin, A, Li, C., Xing, Z., Hu, Q., Liang, K., Han, L., Wang, C., Hawke, D.H., Wang, S., Zhang, Y., et al.
(2016). The LINK-A IncRNA activates normoxic HIFlalpha signalling in triple-negative breast cancer.
Nat Cell Biol 18, 213-224.

Liu, C., Kelnar, K., Liu, B., Chen, X., Calhoun-Davis, T., Li, H., Patrawala, L., Yan, H., Jeter, C., Honorio,
S., et al. (2011a). The microRNA miR-34a inhibits prostate cancer stem cells and metastasis by
directly repressing CD44. Nat Med 17, 211-215.

Liu, Q., Liy, L., Zhao, Y., Zhang, J., Wang, D., Chen, J., He, Y., Wu, J., Zhang, Z., and Liu, Z. (2011b).
Hypoxia induces genomic DNA demethylation through the activation of HIF-1alpha and
transcriptional upregulation of MAT2A in hepatoma cells. Mol Cancer Ther 10, 1113-1123.

Lu, Y., Chu, A,, Turker, M.S., and Glazer, P.M. (2011). Hypoxia-induced epigenetic regulation and
silencing of the BRCA1 promoter. Mol Cell Biol 31, 3339-3350.

Luo, W., Chang, R., Zhong, J., Pandey, A., and Semenza, G.L. (2012). Histone demethylase JMJD2C is a
coactivator for hypoxia-inducible factor 1 that is required for breast cancer progression. Proc Natl
Acad Sci U S A 109, E3367-3376.

Matouk, I.J., Halle, D., Raveh, E., Gilon, M., Sorin, V., and Hochberg, A. (2016). The role of the
oncofetal H19 IncRNA in tumor metastasis: orchestrating the EMT-MET decision. Oncotarget 7,
3748-3765.

Mayo, J.N., and Bearden, S.E. (2015). Driving the Hypoxia-Inducible Pathway in Human Pericytes
Promotes Vascular Density in an Exosome-Dependent Manner. Microcirculation 22, 711-723.
McCarty, G., and Loeb, D.M. (2015). Hypoxia-sensitive epigenetic regulation of an antisense-oriented
IncRNA controls WT1 expression in myeloid leukemia cells. PLoS One 10, e0119837.

36



Melvin, A., and Rocha, S. (2012). Chromatin as an oxygen sensor and active player in the hypoxia
response. Cell Signal 24, 35-43.

Michalik, K.M., You, X., Manavski, Y., Doddaballapur, A., Zornig, M., Braun, T., John, D., Ponomareva,
Y., Chen, W., Uchida, S., et al. (2014). Long noncoding RNA MALAT1 regulates endothelial cell
function and vessel growth. Circ Res 114, 1389-1397.

Mimura, I., Nangaku, M., Kanki, Y., Tsutsumi, S., Inoue, T., Kohro, T., Yamamoto, S., Fujita, T.,
Shimamura, T., Suehiro, J., et al. (2012). Dynamic change of chromatin conformation in response to
hypoxia enhances the expression of GLUT3 (SLC2A3) by cooperative interaction of hypoxia-inducible
factor 1 and KDM3A. Mol Cell Biol 32, 3018-3032.

Mineo, M., Ricklefs, F., Rooj, A.K., Lyons, S.M., lvanov, P., Ansari, K.l., Nakano, I., Chiocca, E.A.,
Godlewski, J., and Bronisz, A. (2016). The Long Non-coding RNA HIF1A-AS2 Facilitates the
Maintenance of Mesenchymal Glioblastoma Stem-like Cells in Hypoxic Niches. Cell Rep 15, 2500-
25009.

Murai, M., Toyota, M., Suzuki, H., Satoh, A., Sasaki, Y., Akino, K., Ueno, M., Takahashi, F., Kusano, M.,
Mita, H., et al. (2005). Aberrant methylation and silencing of the BNIP3 gene in colorectal and gastric
cancer. Clin Cancer Res 11, 1021-1027.

Nakamura, J., Kitajima, Y., Kai, K., Hashiguchi, K., Hiraki, M., Noshiro, H., and Miyazaki, K. (2011).
Expression of hypoxic marker CA IX is regulated by site-specific DNA methylation and is associated
with the histology of gastric cancer. Am J Pathol 178, 515-524.

Nakazawa, M.S., Eisinger-Mathason, T.S., Sadri, N., Ochocki, J.D., Gade, T.P., Amin, R.K., and Simon,
M.C. (2016). Epigenetic re-expression of HIF-2alpha suppresses soft tissue sarcoma growth. Nat
Commun 7, 10539.

Okami, J., Simeone, D.M., and Logsdon, C.D. (2004). Silencing of the hypoxia-inducible cell death
protein BNIP3 in pancreatic cancer. Cancer Res 64, 5338-5346.

Pal, A., Srivastava, T., Sharma, M.K., Mehndiratta, M., Das, P., Sinha, S., and Chattopadhyay, P.
(2010). Aberrant methylation and associated transcriptional mobilization of Alu elements
contributes to genomic instability in hypoxia. J Cell Mol Med 14, 2646-2654.

Parolini, |., Federici, C., Raggi, C., Lugini, L., Palleschi, S., De Milito, A., Coscia, C., lessi, E., Logozzi, M.,
Molinari, A., et al. (2009). Microenvironmental pH is a key factor for exosome traffic in tumor cells. J
Biol Chem 284, 34211-34222.

Peek, C.B., Levine, D.C., Cedernaes, J., Taguchi, A., Kobayashi, Y., Tsai, S.J., Bonar, N.A., McNulty,
M.R., Ramsey, K.M., and Bass, J. (2017). Circadian Clock Interaction with HIFlalpha Mediates
Oxygenic Metabolism and Anaerobic Glycolysis in Skeletal Muscle. Cell Metab 25, 86-92.

Place, T.L., Fitzgerald, M.P., Venkataraman, S., Vorrink, S.U., Case, A.J., Teoh, M.L., and Domann, F.E.
(2011). Aberrant promoter CpG methylation is a mechanism for impaired PHD3 expression in a
diverse set of malignant cells. PLoS One 6, e14617.

Platt, J.L., Salama, R., Smythies, J., Choudhry, H., Davies, J.0., Hughes, J.R., Ratcliffe, P.J., and Mole,
D.R. (2016). Capture-C reveals preformed chromatin interactions between HIF-binding sites and
distant promoters. EMBO Rep 17, 1410-1421.

Pollard, P.J., Loenarz, C., Mole, D.R., McDonough, M.A., Gleadle, J.M., Schofield, C.J., and Ratcliffe,
P.J. (2008). Regulation of Jumonji-domain-containing histone demethylases by hypoxia-inducible
factor (HIF)-1alpha. Biochem J 416, 387-394.

Polytarchou, C., lliopoulos, D., Hatziapostolou, M., Kottakis, F., Maroulakou, I., Struhl, K., and Tsichlis,
P.N. (2011). Akt2 regulates all Akt isoforms and promotes resistance to hypoxia through induction of
miR-21 upon oxygen deprivation. Cancer Res 71, 4720-4731.

Prickaerts, P., Adriaens, M.E., Beucken, T.V., Koch, E., Dubois, L., Dahlmans, V.E., Gits, C., Evelo, C.T.,
Chan-Seng-Yue, M., Wouters, B.G., et al. (2016). Hypoxia increases genome-wide bivalent epigenetic
marking by specific gain of H3K27me3. Epigenetics Chromatin 9, 46.

Qin, Q., Furong, W., and Baosheng, L. (2014). Multiple functions of hypoxia-regulated miR-210 in
cancer. J Exp Clin Cancer Res 33, 50.

37



Ramteke, A., Ting, H., Agarwal, C., Mateen, S., Somasagara, R., Hussain, A., Graner, M., Frederick, B.,
Agarwal, R., and Deep, G. (2015). Exosomes secreted under hypoxia enhance invasiveness and
stemness of prostate cancer cells by targeting adherens junction molecules. Mol Carcinog 54, 554-
565.

Rankin, E.B., and Giaccia, A.J. (2016). Hypoxic control of metastasis. Science 352, 175-180.

Ratcliffe, P.J. (2013). Oxygen sensing and hypoxia signalling pathways in animals: the implications of
physiology for cancer. J Physiol 591, 2027-2042.

Riches, A., Campbell, E., Borger, E., and Powis, S. (2014). Regulation of exosome release from
mammary epithelial and breast cancer cells - a new regulatory pathway. Eur J Cancer 50, 1025-1034.
Rokavec, M., Oner, M.G., Li, H., Jackstadt, R., Jiang, L., Lodygin, D., Kaller, M., Horst, D., Ziegler, P.K.,
Schwitalla, S., et al. (2014). IL-6R/STAT3/miR-34a feedback loop promotes EMT-mediated colorectal
cancer invasion and metastasis. J Clin Invest 124, 1853-1867.

Rong, L., Li, R,, Li, S., and Luo, R. (2016). Immunosuppression of breast cancer cells mediated by
transforming growth factor-beta in exosomes from cancer cells. Oncol Lett 11, 500-504.
Rupaimoole, R., Calin, G.A., Lopez-Berestein, G., and Sood, A.K. (2016a). miRNA Deregulation in
Cancer Cells and the Tumor Microenvironment. Cancer Discov 6, 235-246.

Rupaimoole, R., Ivan, C,, Yang, D., Gharpure, K.M., Wu, S.Y., Pecot, C.V., Previs, R.A., Nagaraja, A.S.,
Armaiz-Pena, G.N., McGuire, M., et al. (2016b). Hypoxia-upregulated microRNA-630 targets Dicer,
leading to increased tumor progression. Oncogene 35, 4312-4320.

Sahar, S., Zocchi, L., Kinoshita, C., Borrelli, E., and Sassone-Corsi, P. (2010). Regulation of BMAL1
protein stability and circadian function by GSK3beta-mediated phosphorylation. PLoS One 5, e8561.
Salminen, A., Kaarniranta, K., and Kauppinen, A. (2016). Hypoxia-Inducible Histone Lysine
Demethylases: Impact on the Aging Process and Age-Related Diseases. Aging Dis 7, 180-200.
Sanchez-Vega, F., Gotea, V., Petrykowska, H.M., Margolin, G., Krivak, T.C., Deloia, J.A., Bell, D.W.,,
and Elnitski, L. (2013). Recurrent patterns of DNA methylation in the ZNF154, CASP8, and VHL
promoters across a wide spectrum of human solid epithelial tumors and cancer cell lines. Epigenetics
8, 1355-1372.

Sato, F., Bhawal, U.K., Yoshimura, T., and Muragaki, Y. (2016). DEC1 and DEC2 Crosstalk between
Circadian Rhythm and Tumor Progression. J Cancer 7, 153-159.

Schlaepfer, I.R., Nambiar, D.K., Ramteke, A., Kumar, R., Dhar, D., Agarwal, C., Bergman, B., Graner,
M., Maroni, P., Singh, R.P., et al. (2015). Hypoxia induces triglycerides accumulation in prostate
cancer cells and extracellular vesicles supporting growth and invasiveness following reoxygenation.
Oncotarget 6, 22836-22856.

Schmitt, A.M., Schmid, S., Rudolph, T., Anlauf, M., Prinz, C., Kloppel, G., Moch, H., Heitz, P.U.,
Komminoth, P., and Perren, A. (2009). VHL inactivation is an important pathway for the development
of malignant sporadic pancreatic endocrine tumors. Endocr Relat Cancer 16, 1219-1227.

Schodel, J., Oikonomopoulos, S., Ragoussis, J., Pugh, C.W., Ratcliffe, P.J., and Mole, D.R. (2011). High-
resolution genome-wide mapping of HIF-binding sites by ChIP-seq. Blood 117, e207-217.
Schoepflin, Z.R., Shapiro, I.M., and Risbud, M.V. (2016). Class | and lla HDACs Mediate HIF-1lalpha
Stability Through PHD2-Dependent Mechanism, While HDACS, a Class Ilb Member, Promotes HIF-
lalpha Transcriptional Activity in Nucleus Pulposus Cells of the Intervertebral Disc. J Bone Miner Res
31,1287-1299.

Selak, M.A., Armour, S.M., MacKenzie, E.D., Boulahbel, H., Watson, D.G., Mansfield, K.D., Pan, Y.,
Simon, M.C., Thompson, C.B., and Gottlieb, E. (2005). Succinate links TCA cycle dysfunction to
oncogenesis by inhibiting HIF-alpha prolyl hydroxylase. Cancer Cell 7, 77-85.

Shahrzad, S., Bertrand, K., Minhas, K., and Coomber, B.L. (2007). Induction of DNA hypomethylation
by tumor hypoxia. Epigenetics 2, 119-125.

Shen, J., Xia, W., Khotskaya, Y.B., Huo, L., Nakanishi, K., Lim, S.0., Du, Y., Wang, Y., Chang, W.C,,
Chen, C.H., et al. (2013). EGFR modulates microRNA maturation in response to hypoxia through
phosphorylation of AGO2. Nature 497, 383-387.

38



Shi, X.F., Wang, H., Kong, F.X., Xu, Q.Q., Xiao, F.J., Yang, Y.F., Ge, R.L., and Wang, L.S. (2017).
Exosomal miR-486 regulates hypoxia-induced erythroid differentiation of erythroleukemia cells
through targeting Sirt1. Exp Cell Res 351, 74-81.

Shih, J.W., Chiang, W.F., Wu, A.T.H., Wu, M.H., Wang, L.Y,, Yu, Y.L., Hung, Y.W., Wang, W.C., Chu,
C.Y.,, Hung, C.L,, et al. (2017). Long noncoding RNA LncHIFCAR/MIR31HG is a HIF-1alpha co-activator
driving oral cancer progression. Nat Commun 8, 15874.

Slee, R.B., Steiner, C.M., Herbert, B.S., Vance, G.H., Hickey, R.J., Schwarz, T., Christan, S., Radovich,
M., Schneider, B.P., Schindelhauer, D., et al. (2012). Cancer-associated alteration of pericentromeric
heterochromatin may contribute to chromosome instability. Oncogene 31, 3244-3253.

Stewart, G.D., Powles, T., Van Neste, C., Meynert, A., 0'Mahony, F., Laird, A., Deforce, D., Van
Nieuwerburgh, F., Trooskens, G., Van Criekinge, W., et al. (2016). Dynamic epigenetic changes to VHL
occur with sunitinib in metastatic clear cell renal cancer. Oncotarget 7, 25241-25250.

Su, X., Li, G., and Liu, W. (2017). The Long Noncoding RNA Cancer Susceptibility Candidate 9
Promotes Nasopharyngeal Carcinogenesis via Stabilizing HIF1alpha. DNA Cell Biol 36, 394-400.

Sun, Y.W., Chen, Y.F,, Li, J., Huo, Y.M,, Liu, D.J., Hua, R., Zhang, J.F., Liu, W., Yang, J.Y., Fu, X.L., et al.
(2014). A novel long non-coding RNA ENST00000480739 suppresses tumour cell invasion by
regulating OS-9 and HIF-1alpha in pancreatic ductal adenocarcinoma. Br J Cancer 111, 2131-2141.
Tadokoro, H., Umezu, T., Ohyashiki, K., Hirano, T., and Ohyashiki, J.H. (2013). Exosomes derived from
hypoxic leukemia cells enhance tube formation in endothelial cells. J Biol Chem 288, 34343-34351.
Tahiliani, M., Koh, K.P., Shen, Y., Pastor, W.A., Bandukwala, H., Brudno, Y., Agarwal, S., lyer, L.M,, Liu,
D.R., Aravind, L., et al. (2009). Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in
mammalian DNA by MLL partner TET1. Science 324, 930-935.

Takahashi, J.S. (2017). Transcriptional architecture of the mammalian circadian clock. Nat Rev Genet
18, 164-179.

Takahashi, K., Yan, I.K., Haga, H., and Patel, T. (2014). Modulation of hypoxia-signaling pathways by
extracellular linc-RoR. J Cell Sci 127, 1585-1594.

Tanimoto, K., Tsuchihara, K., Kanai, A., Arauchi, T., Esumi, H., Suzuki, Y., and Sugano, S. (2010).
Genome-wide identification and annotation of HIF-1alpha binding sites in two cell lines using
massively parallel sequencing. Hugo J 4, 35-48.

Tao, H., Wang, M.M., Zhang, M., Zhang, S.P., Wang, C.H., Yuan, W.J,, Sun, T., He, L.J., and Hu, Q.K.
(2016). MiR-126 Suppresses the Glucose-Stimulated Proliferation via IRS-2 in INS-1 beta Cells. PLoS
One 11, e0149954.

Tasharrofi, B., Soudyab, M., Nikpayam, E., Iranpour, M., Mirfakhraie, R., Sarrafzadeh, S., Geranpayeh,
L., Azargashb, E., Sayad, A., and Ghafouri-Fard, S. (2016). Comparative expression analysis of
hypoxia-inducible factor-alpha and its natural occurring antisense in breast cancer tissues and
adjacent noncancerous tissues. Cell Biochem Funct 34, 572-578.

Tausendschon, M., Dehne, N., and Brune, B. (2011). Hypoxia causes epigenetic gene regulation in
macrophages by attenuating Jumonji histone demethylase activity. Cytokine 53, 256-262.
Thienpont, B., Steinbacher, J., Zhao, H., D'Anna, F., Kuchnio, A., Ploumakis, A., Ghesquiere, B., Van
Dyck, L., Boeckx, B., Schoonjans, L., et al. (2016). Tumour hypoxia causes DNA hypermethylation by
reducing TET activity. Nature 537, 63-68.

Tomasetti, M., Nocchi, L., Staffolani, S., Manzella, N., Amati, M., Goodwin, J., Kluckova, K., Nguyen,
M., Strafella, E., Bajzikova, M., et al. (2014). MicroRNA-126 suppresses mesothelioma malignancy by
targeting IRS1 and interfering with the mitochondrial function. Antioxid Redox Signal 21, 2109-2125.
Tsai, Y.P., Chen, H.F., Chen, S.Y., Cheng, W.C., Wang, H.W., Shen, Z.J., Song, C., Teng, S.C., He, C., and
Wu, K.J. (2014). TET1 regulates hypoxia-induced epithelial-mesenchymal transition by acting as a co-
activator. Genome Biol 15, 513.

Uchida, T., Rossignol, F., Matthay, M.A., Mounier, R., Couette, S., Clottes, E., and Clerici, C. (2004).
Prolonged hypoxia differentially regulates hypoxia-inducible factor (HIF)-1alpha and HIF-2alpha
expression in lung epithelial cells: implication of natural antisense HIF-1alpha. J Biol Chem 279,
14871-14878.

39



Umezu, T., Tadokoro, H., Azuma, K., Yoshizawa, S., Ohyashiki, K., and Ohyashiki, J.H. (2014).
Exosomal miR-135b shed from hypoxic multiple myeloma cells enhances angiogenesis by targeting
factor-inhibiting HIF-1. Blood 124, 3748-3757.

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

Vasagiri, N., and Kutala, V.K. (2014). Structure, function, and epigenetic regulation of BNIP3: a
pathophysiological relevance. Mol Biol Rep 41, 7705-7714.

Vinas, J.L., Burger, D., Zimpelmann, J., Haneef, R., Knoll, W., Campbell, P., Gutsol, A., Carter, A., Allan,
D.S., and Burns, K.D. (2016). Transfer of microRNA-486-5p from human endothelial colony forming
cell-derived exosomes reduces ischemic kidney injury. Kidney Int 90, 1238-1250.

Voellenkle, C., Rooij, J., Guffanti, A., Brini, E., Fasanaro, P., Isaia, E., Croft, L., David, M., Capogrossi,
M.C., Moles, A., et al. (2012). Deep-sequencing of endothelial cells exposed to hypoxia reveals the
complexity of known and novel microRNAs. RNA 18, 472-484.

Wan, W., Peng, K., Li, M., Qin, L., Tong, Z., Yan, J., Shen, B., and Yu, C. (2017). Histone demethylase
JMJD1A promotes urinary bladder cancer progression by enhancing glycolysis through coactivation
of hypoxia inducible factor lalpha. Oncogene.

Wang, J., Wang, Y., and Lu, L. (2012). De-SUMOylation of CCCTC binding factor (CTCF) in hypoxic
stress-induced human corneal epithelial cells. J Biol Chem 287, 12469-12479.

Wang, T., Gilkes, D.M., Takano, N., Xiang, L., Luo, W., Bishop, C.J., Chaturvedi, P., Green, J.J., and
Semenza, G.L. (2014). Hypoxia-inducible factors and RAB22A mediate formation of microvesicles
that stimulate breast cancer invasion and metastasis. Proc Natl Acad Sci US A 111, E3234-3242.
Wang, Y., Yao, J., Meng, H., Yu, Z., Wang, Z., Yuan, X., Chen, H., and Wang, A. (2015). A novel long
non-coding RNA, hypoxia-inducible factor-2alpha promoter upstream transcript, functions as an
inhibitor of osteosarcoma stem cells in vitro. Mol Med Rep 11, 2534-2540.

Watson, C.J., Collier, P., Tea, I., Neary, R., Watson, J.A., Robinson, C., Phelan, D., Ledwidge, M.T.,
McDonald, K.M., McCann, A., et al. (2014). Hypoxia-induced epigenetic modifications are associated
with cardiac tissue fibrosis and the development of a myofibroblast-like phenotype. Hum Mol Genet
23,2176-2188.

Watson, J.A., Watson, C.J., McCrohan, A.M., Woodfine, K., Tosetto, M., McDaid, J., Gallagher, E.,
Betts, D., Baugh, J., O'Sullivan, J., et al. (2009). Generation of an epigenetic signature by chronic
hypoxia in prostate cells. Hum Mol Genet 18, 3594-3604.

Wenger, R.H., Kvietikova, I., Rolfs, A., Camenisch, G., and Gassmann, M. (1998). Oxygen-regulated
erythropoietin gene expression is dependent on a CpG methylation-free hypoxia-inducible factor-1
DNA-binding site. Eur J Biochem 253, 771-777.

Wou, F., Huang, W., and Wang, X. (2015a). microRNA-18a regulates gastric carcinoma cell apoptosis
and invasion by suppressing hypoxia-inducible factor-lalpha expression. Exp Ther Med 10, 717-722.
Wu, M.Z,, Chen, S.F., Nieh, S., Benner, C., Ger, L.P., Jan, C.I., Ma, L., Chen, C.H., Hishida, T., Chang,
H.T., et al. (2015b). Hypoxia Drives Breast Tumor Malignancy through a TET-TNFalpha-p38-MAPK
Signaling Axis. Cancer Res 75, 3912-3924.

Wu, M.Z,, Tsai, Y.P., Yang, M.H., Huang, C.H., Chang, S.Y., Chang, C.C., Teng, S.C., and Wu, K.J. (2011).
Interplay between HDAC3 and WDRS is essential for hypoxia-induced epithelial-mesenchymal
transition. Mol Cell 43, 811-822.

Wu, Y., Tang, D, Liu, N., Xiong, W., Huang, H,, Li, Y., Ma, Z., Zhao, H., Chen, P., Qj, X., et al. (2017).
Reciprocal Regulation between the Circadian Clock and Hypoxia Signaling at the Genome Level in
Mammals. Cell Metab 25, 73-85.

Xia, X., Lemieux, M.E., Li, W., Carroll, J.S., Brown, M., Liu, X.S., and Kung, A.L. (2009). Integrative
analysis of HIF binding and transactivation reveals its role in maintaining histone methylation
homeostasis. Proc Natl Acad Sci U S A 106, 4260-4265.

40



Xu, H., Zhao, L., Fang, Q., Sun, J., Zhang, S., Zhan, C,, Liu, S., and Zhang, Y. (2014). MiR-338-3p inhibits
hepatocarcinoma cells and sensitizes these cells to sorafenib by targeting hypoxia-induced factor
lalpha. PLoS One 9, e115565.

Xue, M., Chen, W, Xiang, A., Wang, R., Chen, H., Pan, J., Pang, H., An, H., Wang, X., Hou, H., et al.
(2017). Hypoxic exosomes facilitate bladder tumor growth and development through transferring
long non-coding RNA-UCA1. Mol Cancer 16, 143.

Xue, M., Li, X., Li, Z., and Chen, W. (2014). Urothelial carcinoma associated 1 is a hypoxia-inducible
factor-lalpha-targeted long noncoding RNA that enhances hypoxic bladder cancer cell proliferation,
migration, and invasion. Tumour Biol 35, 6901-6912.

Yang, F., Huo, X.S., Yuan, S.X., Zhang, L., Zhou, W.P., Wang, F., and Sun, S.H. (2013). Repression of the
long noncoding RNA-LET by histone deacetylase 3 contributes to hypoxia-mediated metastasis. Mol
Cell 49, 1083-1096.

Yang, F., Zhang, H., Mei, Y., and Wu, M. (2014). Reciprocal regulation of HIF-1alpha and lincRNA-p21
modulates the Warburg effect. Mol Cell 53, 88-100.

Yang, W., Sun, T., Cao, J., Liu, F., Tian, Y., and Zhu, W. (2012). Downregulation of miR-210 expression
inhibits proliferation, induces apoptosis and enhances radiosensitivity in hypoxic human hepatoma
cells in vitro. Exp Cell Res 318, 944-954,

Ye, S.B., Zhang, H., Cai, T.T., Liu, Y.N., Ni, J.J., He, J.,, Peng, J.Y., Chen, Q.Y., Mo, H.Y., Jun, C., et al.
(2016). Exosomal miR-24-3p impedes T-cell function by targeting FGF11 and serves as a potential
prognostic biomarker for nasopharyngeal carcinoma. J Pathol 240, 329-340.

Yeh, Y.M., Chuang, C.M., Chao, K.C., and Wang, L.H. (2013). MicroRNA-138 suppresses ovarian
cancer cell invasion and metastasis by targeting SOX4 and HIF-1alpha. Int J Cancer 133, 867-878.
Ying, Q., Liang, L., Guo, W., Zha, R,, Tian, Q., Huang, S., Yao, J., Ding, J., Bao, M., Ge, C., et al. (2011).
Hypoxia-inducible microRNA-210 augments the metastatic potential of tumor cells by targeting
vacuole membrane protein 1 in hepatocellular carcinoma. Hepatology 54, 2064-2075.

Yoo, Y.G., Kong, G., and Lee, M.O. (2006). Metastasis-associated protein 1 enhances stability of
hypoxia-inducible factor-l1alpha protein by recruiting histone deacetylase 1. EMBO J 25, 1231-1241.
Young, L.C., and Hendzel, M.J. (2013). The oncogenic potential of Jumonji D2 (JMJD2/KDM4) histone
demethylase overexpression. Biochem Cell Biol 91, 369-377.

Yu, C., Yang, S.L., Fang, X., Jiang, J.X., Sun, C.Y., and Huang, T. (2015). Hypoxia disrupts the expression
levels of circadian rhythm genes in hepatocellular carcinoma. Mol Med Rep 11, 4002-4008.

Zhai, W., Sun, Y., Jiang, M., Wang, M., Gasiewicz, T.A., Zheng, J., and Chang, C. (2016). Differential
regulation of LncRNA-SARCC suppresses VHL-mutant RCC cell proliferation yet promotes VHL-normal
RCC cell proliferation via modulating androgen receptor/HIF-2alpha/C-MYC axis under hypoxia.
Oncogene 35, 4866-4880.

Zhang, )., Ly, S., Zhou, Y., Meng, K., Chen, Z., Cui, Y., Shi, Y., Wang, T., and He, Q.Y. (2017). Motile
hepatocellular carcinoma cells preferentially secret sugar metabolism regulatory proteins via
exosomes. Proteomics.

Zhao, H., Yang, L., Baddour, J., Achreja, A., Bernard, V., Moss, T., Marini, J.C., Tudawe, T., Seviour,
E.G., San Lucas, F.A,, et al. (2016). Tumor microenvironment derived exosomes pleiotropically
modulate cancer cell metabolism. Elife 5, e10250.

Zhao, R., Sun, F., Bei, X., Wang, X., Zhu, Y., Jiang, C., Zhao, F., Han, B., and Xia, S. (2017). Upregulation
of the long non-coding RNA FALEC promotes proliferation and migration of prostate cancer cell lines
and predicts prognosis of PCa patients. Prostate 77, 1107-1117.

Zhen, S., Hua, L., Liu, Y.H., Sun, X.M., Jiang, M.M., Chen, W., Zhao, L., and Li, X. (2017). Inhibition of
long non-coding RNA UCA1 by CRISPR/Cas9 attenuated malignant phenotypes of bladder cancer.
Oncotarget 8, 9634-9646.

Zhou, C., Huang, C., Wang, J., Huang, H., Li, J., Xie, Q., Liu, Y., Zhu, J., Li, Y., Zhang, D., et al. (2017).
LncRNA MEG3 downregulation mediated by DNMT3b contributes to nickel malignant transformation
of human bronchial epithelial cells via modulating PHLPP1 transcription and HIF-1alpha translation.
Oncogene.

41



Zhou, C,, Ye, L., Jiang, C., Bai, J., Chi, Y., and Zhang, H. (2015). Long noncoding RNA HOTAIR, a
hypoxia-inducible factor-1alpha activated driver of malignancy, enhances hypoxic cancer cell
proliferation, migration, and invasion in non-small cell lung cancer. Tumour Biol 36, 9179-9188.
Zhou, X., Gao, Q., Wang, J., Zhang, X., Liu, K., and Duan, Z. (2014). Linc-RNA-RoR acts as a "sponge"
against mediation of the differentiation of endometrial cancer stem cells by microRNA-145. Gynecol
Oncol 133, 333-339.

Zhou, X., Sun, H., Chen, H., Zavadil, J., Kluz, T., Arita, A., and Costa, M. (2010). Hypoxia induces
trimethylated H3 lysine 4 by inhibition of JARID1A demethylase. Cancer Res 70, 4214-4221.

Zhu, G., Wang, S., Chen, J., Wang, Z,, Liang, X., Wang, X., Jiang, J., Lang, J., and Li, L. (2017). Long
noncoding RNA HAS2-AS1 mediates hypoxia-induced invasiveness of oral squamous cell carcinoma.
Mol Carcinog.

Zhu, Z., Gao, X., He, Y., Zhao, H., Yu, Q,, Jiang, D., Zhang, P., Ma, X., Huang, H., Dong, D., et al. (2012).
An insertion/deletion polymorphism within RERT-IncRNA modulates hepatocellular carcinoma risk.
Cancer Res 72, 6163-6172.

42



Table 1. HIF dependent histone lysine demethylases:

Histone lysine Other symbols Target Types cells
Demethylases References
(KDMs)
KDM3A JMID1A H3K9mel liver cancer, (Krieg et al.,
JHDM2A H3K9me2 glioblastoma, 2010; Pollard et
clear-cell renal | al., 2008; Xia et
cell carcinoma, | al., 2009)
osteosarcoma,
breast cancer
and cervical
carcinoma
KDM2B JHDM1 H3K4me3 liver cancer, (Xiaetal.,
H3K36mel glioblastoma 2009)
H3K26me2
KDM4B JMJID2B H3K9me2 liver cancer, (Beyer et al.,
H3K9me3 glioblastoma, 2008; Fu et al.,
H3K36me2 clear-cell renal | 2012; Krieg et
H3K36me3 cell carcinoma, | al., 2010;
osteosarcoma, Pollard et al.,
breast cancer 2008; Xiaet al.,
and cervical 2009)
carcinoma,
colon cancer,
epithelial cells
KDM5B JAR1D1B H3K4me2 liver cancer, (Krieg et al.,
H3K4me3 glioblastoma, 2010; Xiaetal.,
clear-cell renal | 2009)
cell carcinoma
KDM6B JMJD3 H3K27me2 liver cancer, (Leeetal.,
H3K27me3 glioblastoma, 2014; Xiaet al.,
adipose tissue 2009)
KDM4C JMJD2C H3K9me2 liver cancer, (Beyer et al.,
H3K9me3 glioblastoma, 2008; Pollard et
H3K36me2 osteosarcoma, al., 2008; Xia et
H3K36me3 breast cancer al., 2009)
and cervical
carcinoma,
epithelial cells
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Table 2. LncRNAs regulate HIF pathways in cancer:

InNcRNA Regulation HIF Cancer types Impact on HIF Reference
in hypoxia depende pathway
nce
INCRNA-LET Downregula Gallbladder e Regulates (Yang et
ted cancer, HIF1a level al., 2013)
squamous-cell
lung cancer,
hepatocellular
carcinoma and
colorectal
cancers
HIF2PUT Osteosarcoma e Upregulates (Lietal,
HIF20. 2016b)
aHIF-1a Upregulated | HIF-1o. | Multiple cancer e Downregulate | (Uchida et
types s HIFla al., 2004)
Linc-ROR Upregulated Hepatocellular e Upregulates (Takahashi
carcinoma HIF1la etal.,
2014)
lincRNA-p21 Upregulated | HIF-1o. | Cervical cancer, e Upregulates (Yang et
breast cancer HIF1lo al., 2014)
e Enhances
glycolysis
RERT Hepatocellular e Downregulate | (Sunetal.,
carcinoma s HIF 2014)
ENST000004807 Pancreatic o Downregulate | (Sunetal.,
39 cancer s HIF-1o. 2014)
PVT1 Gastric cancer e Downregulate | (Huang et
HIF-1a al., 2017)
MEG3 Lung cancer e Upregulate (Zhou et
HIF-1a al., 2017)
protein
translation
UCA1l Upregulated | HIF-1c. | Breast cancer e Upregulate (Lietal.,
HIF-1a 2016¢)
LncRNA- Downregula | HIF-2o. | Renal cell e Upregulate (Zhai et
SARCC ted in RCC carcinoma HIF-2a al., 2016)
VHL wild-
type
CASC9 Nasopharyngeal e Upregulate (Suetal.,
carcinoma HIF-1a 2017)
LncHIFCAR Upregulated Oral carcinoma e Upregulate (Shih et
HIF-1a al., 2017)
LINK-A Triple-negative e Upregulate (Linetal.,
breast cancer HIF-1a 2016)
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Table 3. Secreted molecules in exosomes under hypoxia:

Molecules Type Cancer HIF Reference
dependent
HIF-1a Transcription Nasopharyngeal (Agaetal.,
Factor carcinoma 2014)
miR-210 Non-coding RNA | Breast cancer (Jungetal.,
leukaemia 2017; King et
al., 2012)
miR-486 Non-coding RNA Erythroleukemia, (Shi et al.,
Endothelial cells 2017; Vinas et
al., 2016)
miR-24-3p Non-coding RNA | Nasopharyngeal (Yeetal.,
carcinoma. 2016)
miR-135b Non-coding RNA | Multiple myeloma (Umezu et al.,
2014)
miR-21 Non-coding RNA | Oral squamous cell HIF-1a (Lietal.,
carcinoma and HIF- | 2016a)
20
Myristic, Palmitic, Fatty acid Prostate cancer (Schlaepfer et
Palmitoleic, Stearic, al., 2015)
Oleic, Linoleic,
Arachidonic
TGF-B, IL10 Breast cancer (Rong et al.,
2016)
Whnt4 MRNA and Protein | Colorectal cancer HIF-1 a (Huang and
Feng, 2016)
Proteins: mRNA and Glioblastoma (Kucharzewska
MMP9, PTX3, IL8, | Proteins etal., 2013)
PDGF-AB/AA,
CD26, PAI1,CAV1
MRNAS:
IGFBP3, NDRG1,
LOX, ADM,
IGFPB3, BNIP3,
ID2, NDRG1,
PLOD2, PAI1

Tetraspanins (CD81
and CD63), HSP70,
HSP90 , MMP-2,
MMP-9, TGF-B2,
TNFla, IL6

Protein, cytokines,
growth factors

Prostate cancer

(Ramteke et al.,
2015)
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Figure 1. Examples of regulatory mechanisms between IncRNAs and HIFs: a) HIF-2a binds HRE
at the promoter region of NEAT1 to induce its expression under hypoxia. Upregulated NEAT1 increases
the formation of paraspeckle bodies. On the other hand, upon hypoxia the editing of RNA is also
increased. Hyper-edited RNA molecules (in particular A to | editing) bind to paraspeckle bodies and
retained in the nucleus, thus inhibit their translation. b) Hypoxia downregulates INCRNA-LET
expression through hypoxia-induced HDAC3, a HIF-1a dependent gene. Hypoxia-induced HDAC3
reduces the histone H3 and H4 acetylation-mediated modulation at the promoter region of LncRNA-
LET which consequently supress its expression. Decrease INCRNA-LET expression increases the
abundance of NF90 protein hence upregulates HIF-1o level. ¢) Hypoxia induces lincRNA-P21
expression in a HIF-1a dependent manner. Hypoxia induced lincRNA-P21 binds to VHL and HIF-1a
that causes disassociation of VHL and HIF-10, therefore inhibiting proteasome-dependent degradation
of HIF-1a under hypoxia. LincRNA-p21 is modulate the Warburg effect through regulating expression
of a number of glycolysis related genes. d) Signal from Heparin-binding EGF (HB-EGF) triggers
‘EGFR:GPNMB’ heterodimerization. This lead to the recruitment of LINK-A which interacts with
both BRK and LRRK2 to facilitate phosphorylation of HIF 1o and promotes glycolysis reprogramming
in TNBC.

Figure 2. Bidirectional interactions between circadian clock and HIF pathways: Under hypoxia,
HIF-1a heterodimerize with HIF-1p in nucleus and binds to HRESs in the promoters of hypoxia-induced
genes. Upon recruitment of CBP/P300 (co-activator), HIF-1a:HIF-1p complex drive the transcription
of target genes such as glycolysis related genes and some circadian clock genes such PERs, CRYs and
DECs. On the other hand, BMAL1 heterodimerize with CLOCK to form a BMAL1:CLOCK complex
which binds at E-box containing motifs and transactivate the clock-controlled genes such as PERSs,
CRYs, REV-ERB, RORs, including HIF-1a. The CBP/P300 act as co-activator to induce the activation.
There are number of interconnected feedback loops between HIF and circadian clock pathways that
regulate the circadian transcription. The key feedback is a native loop of PER and CRY
(transcriptionally activated by HIF and by BMALL:.CLOCK) lead to the repression  of
CLOCK:BMAL1 mediated transcription. The other feedback loop is by ROR which activates
BMALL1:CLOCK by binding the ROR-elements (RORE). In addition, ROR physically interact with
HIF-1a hence, inducing the stabilization and transcriptional activation of HIF-1a. The REV-ERB act
as a repressor for BMAL1 transcription by competing at the same ROR sequence. HIF-1o dependent
DEC:s also negatively feedback by supressing BMAL1:CLOCK transactivation. These interactions and
feedback loops provide strong evidence that HIF play an important role in modulating the circadian
rhythm.
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