Advances in Experimental Medicine and Biology 1136

HypoXia
and Cancer
Metastasis

2 Springer



Advances in Experimental Medicine
and Biology

Volume 1136

Editorial Board:

IRUN R. COHEN, The Weizmann Institute of Science, Rehovot, Israel
ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research,

Orangeburg, NY, USA

JOHN D. LAMBRIS, University of Pennsylvania, Philadelphia, PA, USA
RODOLFO PAOLETTI, University of Milan, Milan, Italy

NIMA REZAEI, Tehran University of Medical Sciences, Children’s Medical
Center Hospital, Tehran, Iran



More information about this series at http://www.springer.com/series/5584


http://www.springer.com/series/5584

Daniele M. Gilkes
Editor

Hypoxia and Cancer
Metastasis

@ Springer



Editor

Daniele M. Gilkes

Breast and Ovarian Cancer Program,
Department of Oncology

The Johns Hopkins School of Medicine
Baltimore, MD, USA

ISSN 0065-2598 ISSN 2214-8019  (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-3-030-12733-6 ISBN 978-3-030-12734-3  (eBook)

https://doi.org/10.1007/978-3-030-12734-3

© Springer Nature Switzerland AG 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, express or implied, with respect to the material
contained herein or for any errors or omissions that may have been made. The publisher remains
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-12734-3

Preface

I am pleased to introduce the book entitled Hypoxia and Cancer Metastasis
in the Advances in Experimental Medicine and Biology series. The latest
books on hypoxia and cancer, edited by Celeste Simon in 2010 and Giovanni
Melillo in 2014, offered an excellent overview for scientists interested in the
role of hypoxia in cancer biology. The current book aims to provide an update
with a specific focus on hypoxia and metastasis. I am thankful that each
contributor wholeheartedly welcomed the invitation to contribute chapters to
provide a comprehensive (to-date) understanding of the role of hypoxia in
metastasis. Each of the contributors has spent their career focused on
understanding the role of hypoxia in human disease, in particular, cancer.

Metastasis is the leading cause of cancer death. Of all the processes
involved in tumorigenesis, local invasion and the formation of metastases are
the most clinically relevant because they result in deaths attributed to cancer.
Intratumoral hypoxia is found in a majority of solid tumors and is associated
with an increased risk of metastasis and cancer treatment failure. This has
prompted the need for intensive investigation by cancer biologists, clinicians,
and scientists, alike. Therefore, the purpose of this book is to provide a review
of clinical and preclinical studies that explore the influence of hypoxia in the
metastatic process. The first chapter provides an introduction and lays the
groundwork for the book. Chapter 2 provides an up-to-date review on the
clinical and preclinical methods used to quantify hypoxia in tumors. The
chapters that follow examine the role of hypoxia in integral steps that are
required for metastatic disease including the role of hypoxia in angiogenesis
and lymphangiogenesis, secreted factors that influence homing and migration,
and metabolic programming to enhance cell fitness and promote tumor
heterogeneity. The closing chapters discuss the role of hypoxia in immune
suppression and resistance to therapy. The final chapter discusses current
clinical trials and emerging therapies aimed at targeting hypoxic cells.

The book is designed for researchers both new and heavily engaged in
hypoxia research. The overall goal is to encourage the development of
matched biomarkers and therapeutics for cancers in which hypoxia plays a
detrimental role.

Baltimore, MD, USA Daniele M. Gilkes
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Hypoxia Mediates Tumor
Malignancy and Therapy

Resistance

Weibo Luo and Yingfei Wang

Abstract

Hypoxia is a hallmark of the tumor microenvi-
ronment and contributes to tumor malignant
phenotypes. Hypoxia-inducible factor (HIF)
is a master regulator of intratumoral hypoxia
and controls hypoxia-mediated pathological
processes in tumors, including angiogenesis,
metabolic reprogramming, epigenetic repro-
gramming, immune evasion, pH homeostasis,
cell migration/invasion, stem cell pluripo-
tency, and therapy resistance. In this book
chapter, we reviewed the causes and types of
intratumoral hypoxia, hypoxia detection
methods, and the oncogenic role of HIF in
tumorigenesis and chemo- and radio-therapy
resistance.
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Reduced O, availability, known as hypoxia, is a
hallmark of the tumor microenvironment. This
biological phenomenon was initially observed in
lung carcinoma by Thomlinson and Gray in
1950s [146]. Accumulating studies have demon-
strated that hypoxia exists in all solid tumors
including breast, pancreas, brain, liver, lung,
stomach, cervix, ovary, head-and-neck, prostate,
bladder, kidney, skin, and colon tumors [6, 7, 14,
77,118, 146, 151, 166], and that up to 50-60% of
tumor regions exhibit much lower O, levels than
their tissues of origin [152]. For example, the
median partial pressure of O, (pO,) is about 10
mmHg in breast tumors, which is significantly
less than 65 mmHg in normal breast tissues
[152]. While the presence of intratumoral hypoxia
is independent of tumor size, grade, stage, or his-
tology [106], hypoxia regulates many pathologi-
cal processes to promote tumor malignancy and
is significantly correlated with poor clinical out-
come in cancer patients.

D. M. Gilkes (ed.), Hypoxia and Cancer Metastasis, Advances in Experimental Medicine and Biology 1136,
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Definition of Intratumoral
Hypoxia

1.1

Intratumoral hypoxia is the result of an imbal-
ance of reduced O, supply by abnormal tumor
vessels and increased O, consumption by highly
proliferative cancer cells. The tumor blood ves-
sels are often occluded and leaky [19], resulting
in transient perfusion-limited hypoxia within a
tumor, also known as acute hypoxia. The time
frame of acute hypoxia is variable in tumors, and
it can last for several minutes to days [13].
Hypoxia also causes the significant morphologi-
cal changes of endothelial cells in the tumor ves-
sels, which functionally reduces O, diffusion to
the surrounding tumor tissues [44]. As a result,
the area within 70-100 pm away from the blood
vessel is relatively oxygenated but oxygen diffu-
sion is dramatically impaired beyond 100—
150 pm distance to the blood vessel, leading to
hypoxia or even anoxia in the necrotic regions.
This type of intratumoral hypoxia has been
termed ‘diffusion-limited’ hypoxia or chronic
hypoxia. Chronic hypoxia exists from several
hours to weeks in tumors [13]. Emerging studies
showed that the pO, levels may fluctuate by
cyclic hypoxia and reoxygenation within a tumor,
which is defined as intermittent hypoxia [103].
Several studies have reported fluctuations of
blood flow in human and murine tumors using

Blood vessel

Oxygenated g%

Fig. 1.1 Heterogeneity of intratumoral hypoxia
Solid tumors display t he gradient pO, levels. The tissues
surroundin g the blood vessel are relatively oxygenated,

laser Doppler and O, microelectrode approaches
[61, 74, 115]. Intermittent hypoxia may robustly
increase oxidative stress in tumors [94]. Martinive
P et al. showed that intermittent hypoxia makes
tumor cells and endothelial cells more resistant to
apoptosis and radiotherapy [97]. Cancer cells
exposed to intermittent hypoxia have been shown
to be more aggressive and increase ability in
tumor initiation and metastasis in xenograft mice
[28, 123]. Overall, solid tumors suffer the tempo-
ral and spatial changes of pO,, which lead to het-
erogeneous and gradient O, distribution
(Fig. 1.1). Three types of hypoxia trigger the dis-
tinct intracellular signaling pathways in tumor
cells by altering O, concentration and flux time
duration and have a significant pathological role
in tumorigenesis.

Detection of Intratumoral
Hypoxia

1.2

As hypoxia drives tumorigenesis and also medi-
ates resistance to chemo- and radio-therapy, the
measurement of intratumoral hypoxia has great
value for the basic cancer research and clinical
prognosis/diagnosis in cancer patients. Many
invasive and non-invasive approaches have been
developed to detect and quantify the pO, levels
within a tumor in experimental conditions as well

but O, diffusion is significantly impaired beyond 100 pm
distance to the blood vessel, which leads to hypoxia or
even anoxia in the necrotic regions
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Table 1.1 Methods in detection of intratumoral hypoxia

‘ Application ‘ References
Invasive methods
Polarographic oxygen electrode Direct method [36]
Luminescence-based optical sensor Direct method [33]
Pimonidazole Immunohistochemistry [57]
HIF-1a Immunohistochemistry [125]
Carbonic anhydrase IX Immunohistochemistry [125]
18F-2-nitroimidazolpentafluoropropylacetamiede (EF5) Immunohistochemistry [57]
Non-invasive methods
18F-fluoromisonidazole (18F-FMISO) PET [76]
2-deoxy-2-(18F)fluoro-D-glucose (18F-FDG) PET [138]
18F-fluoro-erythronitroimidazole (18F-FETNIM) PET [34]
18F-fluoro-azomycin-arabinoside (18F-FAZA) PET [114]
18F-2-nitroimidazolpentafluoropropylacetamiede (EF5) PET [168]
18F-EF3 PET [92]
18F-FRP170 PET [70]
18F-flortanidazole (HX4) PET [150]
[(68) Ga]-HP-DO3A-nitroimidazole PET [159]
Cu-ATSM PET [64]
BI-TAZGP PET [120]
897r-labeled ¢G250-F(ab’), PET [63]
123]-lodoazomycin arabinoside SPECT [113]
9mTc-cyclam-2-nitroimidazole Planar scintigraphy [4]
%Ga-metronidazole MRI [101]
Oxygen-enhanced MRI MRI [110]
Dynamic contrast-enhanced MRI MRI [43]
Blood oxygen level-dependent MRI MRI [110]
Tissue oxygen level dependent MRI MRI [8]

as the clinical settings (Table 1.1). The eppendorf
polarographic needle electrode is the most direct
method that utilizes the electrochemical reduc-
tion of O, at the cathode to measure pO, [36]. The
electrode is sensitive and can rapidly detect pO,
changes in tumors. However, this invasive
approach measures local pO, levels surrounding
the electrode, which cannot represent the entire
tumor due to the heterogeneity of intratumoral
hypoxia. The electrode itself consumes O, during
measurement, leading to the overestimation of
tumor hypoxia. Therefore, this method has limi-
tations for clinical application.
Immunohistochemical methods have been
also developed to detect intratumoral hypoxia in
preclinical cancer models and biopsies from can-
cer patients (Table 1.1). Pimonidazole, which
was originally developed as a hypoxic cell radio-
sensitizer for clinical use [108], binds to thiol
groups from proteins, peptides, and amino acids

specifically in viable hypoxic cancer cells.
Pimonidazole-positive cells can be visualized by
an antibody-based immunohistochemical assay
under microscopy [57]. Likewise, hypoxia-
inducible factor (HIF)-la, a subunit of the
hypoxia regulator HIF, and its target gene car-
bonic anhydrase IX are also frequently used as
hypoxia markers to detect hypoxic regions in
tumors by the immunohistochemical approach
[125]. Therefore, immunohistochemical staining
generates the high-resolution hypoxic regions at
a single cell level within a tumor. Although
immunohistochemical methods have been widely
employed to quantify hypoxic regions in solid
tumors, the disadvantage of these methods is that
they display a static but not dynamic hypoxia sta-
tus in tumors.

The non-invasive imaging methods including
positron emission tomography (PET), single
photon  emission computed tomography
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(SPECT), and magnetic resonance imaging
(MRI) have been widely employed in clinical
diagnosis. These approaches are considered as
the practical, sensitive, and reproducible hypoxia
imaging methods. A number of hypoxia PET
radiotracers have been developed for the repeti-
tive measurement of intratumoral hypoxia in the
animal models and cancer patients (Table 1.1).
The current hypoxia PET radiotracers are classi-
fied into two major families, 18F-labelled
nitromidazole analogs and Copper(Il)-labelled
diacetyl-bis(N*-methythiosemicarbzaone)
(Cu-ATSM) analogs. 18F-fluoromisonidazole
(18F-FMISO) is the first PET tracer for hypoxia
detection in the clinical studies [76]. Like other
2-nitroimidazole analogs, 18F-FMISO is metab-
olized into reactive intermediates, and these
intermediates are further reduced to the nitro-
radical anion that can bind to intracellular macro-
molecules in hypoxic cells. In contrast,
18F-FMISO intermediates are re-oxidized into
the original compound under normoxia. As such,
18F-FMISO is irreversibly trapped and accumu-
lated in viable hypoxic cells below 10 mmHg,
which can be detected by a PET scanner for
quantification of spatial and temporal pO, levels
in many human cancers, including breast, brain,
lung, head-and-neck, prostate, and kidney can-
cers [33, 65,76, 119, 149]. However, 18F-FMISO
has little clinical value in rectal and pancreatic
cancers because of their non-specific accumula-
tion in normoxic colon tissues or no accumula-
tion in pancreatic tumors [122, 128].

Cu-ATSM is another class of hypoxia PET
radiotracer that is used for clinical prognosis in
cancer patients. Cu offers a series of radioiso-
topes (60Cu, 61Cu, 62Cu, 64Cu, and 67Cu) and
64Cu is often used for PET imaging due to its
appropriate half-life (12.7 hr) and good imaging
resolution [64]. 64Cu-ATSM is highly membrane
permeable and requires less time to enter the cell,
compared to 2-nitroimidazole analogs. After
uptaken to the cell, Cu(Il)-ATSM is reduced to
Cu(I)-ATSM" by intracellular thiols. Reduced
Cu(I)-ATSM- can be re-oxidized back to Cu(Il)-
ATSM by O, and then exits from the cell under
normoxia. However, Cu(I)-ATSM- is dissociated
under hypoxia and free Cu(l) is trapped within

hypoxic cells, where the acidic environment
facilitates destabilization of Cu(I)-ATSM and
cellular Cu(I) trapping [40]. The application of
the Cu-ATSM approach for prognostic evaluation
has been studied in patients with head-and-neck
cancer, cervical cancer and lung cancer [41, 51,
144].

18F-fluorodeoxyglucose (18F-FDG) is a
D-glucose analog and has been extensively used
as a hypoxia marker in preclinical and clinical
cancer studies. The rationale of this radiotracer is
that hypoxia increases the expression of the glu-
cose transporters and glycolytic enzymes, and
shifts glucose oxidation towards glycolysis in
cancer cells [129]. Therefore, cancer cells rely on
increased glucose uptake for their growth under
hypoxia. 18F-FDG is accumulated in the cytosol
after entering the cell through the glucose trans-
porters because of lack of a 2-hydroxyl group and
its phosphorylation by hexokinases, which blocks
its degradation via the glycolytic pathway and
prevents leave from cancer cells, respectively.
18F-FDG has a short half-life (110 min) and has
been used for diagnosis in patients with colorec-
tal cancer, breast cancer, head-and-neck cancer,
kidney cancer, or lung cancer [52, 59, 60, 68,
107]. However, the cellular concentration of 18F-
FDG is also very high in normal cells with high
glucose consumption, such as normal cerebral
cortex and basal ganglia in the brain, which gen-
erates a rather high background in the PET image
[11].

MRI is another non-invasive imaging method
that is increasingly being used to measure the
temporal and spatial pO, levels in tumors because
of its high spatial resolution and relatively low
cost. It utilizes a large external magnetic field to
image nuclei of atoms (such as 'H, 'F, or 13C) in
the body and pO, can be quantified in the pres-
ence of the contrast agent. Several functional
MRI techniques, including blood oxygen level
dependent (BOLD) MRI, tissue oxygen level
dependent (TOLD) MRI, dynamic contrast
enhanced (DCE) MRI, and oxygen enhanced
(OE) MRI, have been developed to quantify pO,
changes in tumors [8, 43, 110]. MRI has been
applied to assess tumor hypoxia for prediction of
outcome in the pre-clinical and clinical radiation
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studies [35]. Please see Chap. 2 by Dewhirst and
colleagues for a review of the clinical and pre-
clinical methods for quantifying the extent of
hypoxia in human tumors.

1.3  HIF Is a Master Regulator
in Response to Intratumoral

Hypoxia

Numerous studies have demonstrated that intra-
tumoral hypoxia promotes angiogenesis, glycol-
ysis, cell invasiveness, cell survival, and immune
evasion, leading to cancer progression and metas-
tasis [131]. These cellular adaptive responses to
intratumoral hypoxia are mainly mediated by a
family of HIFs [130]. HIF is a heterodimeric
transcription factor, consisting of a and p sub-

HIF-1a

Fig. 1.2 Regulation of HIF transcriptional activity in
cancer cells

HIF-a is prolyl hydroxylated by PHDs and targeted by the
ubiquitin E3 ligase complex Cul2-ElonginB/C-VHL for
proteasomal degradation under normoxia. HIF-a is also
hydroxylated on the asparagine residue by FIH-1, which
blocks the recruitment of the coactivators p300/CBP,
leading to HIF inactivation. Under hypoxia, the enzy-
matic activity of PHDs and FIH-1 is impaired due to
reduced O, and increased ROS. As a result, HIF-a escapes
from proteasomal degradation and dimerizes with HIF-1p.

units [154]. So far, three HIF family members
(HIF-1, HIF-2, and HIF-3) have been identified
in mammals [53, 135, 147]. HIF-1a is ubiqui-
tously expressed in most cell types, whereas
HIF-2a expression is limited to certain cells,
such as endothelial cells [147]. While a total of
19 distinct HIF-3a transcripts have been identi-
fied in the human genome database due to alter-
native mRNA splicing mechanisms, only 8
variants may encode HIF-3a protein [91]. HIF-1
and HIF-2 are the most well-studied members
and mediate many common and unique biologi-
cal responses to intratumoral hypoxia [132]. The
functions of HIF-3 are diverse as different HIF-3a
isoforms appear to be a gene activator or repres-
sor through distinct mechanisms [99, 165].
HIF-a is regulated by the O,-dependent
ubiquitin-proteasome mechanism (Fig. 1.2) [91].

\

The heterodimer binds to the hypoxia response element
and cooperates with epigenetic regulators including p300,
ZMYNDS, BRD4, and JMJD2C to activate the target
genes whose protein products mediate angiogenesis, met-
abolic reprogramming, epigenetic reprogramming, inva-
sion/metastasis, pH homeostasis, cell survival, autophagy,
maintenance of stem cells, and immune evasion. The
methyltransferases G9a/GLP methylate lysine 674 on
HIF-1a to inhibit HIF-1 transcriptional activity in glio-
blastoma cells



W. Luo and Y. Wang

In well-oxygenated cells, HIF-a is hydroxylated
on the proline (Pro) residues (e.g., Pro 402 and
564 on human HIF-1a) by a family of prolyl
hydroxylases (PHDs) with O, as the substrate
[66]. PHD2 is mainly responsible for prolyl
hydroxylation of HIF-1a [16]. The Von Hippel-
Lindau (VHL) protein recruits prolyl hydroxyl-
ated HIF-a to the ubiquitin E3 ligase complex
Cullin2/Elongin-B/C, leading to HIF-a polyubiq-
uitination and subsequent protein degradation in
the 268 proteasome [98]. Under hypoxia, PHDs’
enzymatic activity is robustly reduced and HIF-a
fails to be prolyl hydroxylated, so that HIF-o pro-
tein escapes from proteasomal degradation and
dimerizes with HIF-1f to enhance the transcrip-
tion of hundreds of genes, whose protein prod-
ucts regulate  angiogenesis, metabolism,
epigenetics, pH homeostasis, stem cell pluripo-
tency, cell survival, cell migration/invasion,
immune evasion, and tumor growth and metasta-
sis (Fig. 1.2). The enzymatic activity of PHDs is
also inhibited by reactive oxygen species (ROS),
whose production is significantly increased under
hypoxia (Fig. 1.2) [23]. Therefore, multiple lay-
ers of molecular regulation have been shown to
control HIF transcriptional activity in cancer
cells.

1.4  HIF and Tumor Angiogenesis

Previous studies demonstrated that HIF-1a,
HIF-2a, and HIF-1p knockout mice all are
embryonic lethal due to defective vasculariza-
tion, indicating an essential role of HIF-1 and
HIF-2 in vascular remodeling [67, 78, 95]. This
scenario has been also documented in tumors.
HIF-1 and HIF-2 are the key regulators of
hypoxia-induced angiogenesis in tumors [80]. It
has been well-known that HIF-1 and HIF-2
directly induce the expression of many genes
involved in multiple steps of angiogenesis,
including VEGFA, VEGFR2, PDGFB, bFGE,
ANGPTI, ANGPT2, ANGPT3, ANGPT4, TEK,
MMP-1, SDF-1, and CXCR4 [1, 2,20,47,62,71,
96, 109, 127, 137, 161]. Multiple cell types
including cancer cells, endothelial cells, and reg-
ulatory T cells are involved in the hypoxia-

induced release of angiogenic factors in tumors
[47, 50, 96]. Thus, HIF-1 and HIF-2 actively par-
ticipate in vascular permeability, endothelial cell
proliferation, basement membrane degradation,
sprouting, cell migration, and tube formation,
leading to new blood vessel formation in tumors.
New blood vessel formation is required to sup-
port rapidly proliferating cancer cells with O, and
nutrients, thereby promoting tumor formation,
development, and metastasis. Inhibition of angio-
genesis by VEGF or VEGF receptor inhibitors
impairs tumor growth in the experimental mouse
models of human cancers as well as in cancer
patients [124]. Please see Chap. 5 for an exten-
sive review of hypoxic signalling in angiogenesis
and lymphangiogenesis.

1.5 HIF and Metabolic

Reprogramming in Tumors

Otto Warburg observed the high rate of glycoly-
sis in tumor tissues even in the presence of oxy-
gen, a phenomenon known as the Warburg effect
[155]. HIF-1 represents one of the molecular
mechanisms of the Warburg effect in renal cancer
[129]. HIF-1 induces the expression of glucose
transporters and glycolytic enzymes to enhance
glucose uptake and oxidation (Fig. 1.3) [133].
Many glycolytic enzymes including hexokinase
2 and phosphofructokinase 1 appear to be onco-
genes that mediate tumor initiation and growth
[157, 163]. Pyruvate dehydrogenase kinase
(PDK) 1 and PDK3 are also the direct HIF-1 tar-
get genes and induced by hypoxia to phosphory-
late and inactivate pyruvate dehydrogenase
complex, thereby shifting pyruvate metabolism
towards lactate in cancer cells [72, 87]. Induction
of lactate dehydrogenase A (LDHA) by HIF-1
further promotes glycolytic flux into lactate in
cancer cells [133]. Lactate is secreted into the
extracellular space by the monocarboxylate
transporter (MCT) 4 [42]. High lactate levels in
tumors are positively correlated with increased
metastasis in head-and-neck cancer patients [18].
Interestingly, it was shown that extracellular lac-
tate can be transported into oxygenated tumor
cells by MCT1 and, as a fuel, supports the tricar-
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Fig. 1.3 HIF-dependent metabolic reprogramming in
cancer cells

HIF directly induces the expression of the glucose trans-
porters and glycolytic enzymes to upregulate glucose
uptake and oxidation in cancer cells. PDK1 is also upreg-
ulated by HIF-1 in cancer cells and promotes the meta-

Succinate

boxylic acid (TCA) cycle and respiration in these
neighboring cancer cells [139]. These findings
have been also observed in human patients with
non-small-cell lung cancer [45]. Targeting MCT1
by the small molecule inhibitor blocks the growth
of lung tumors in xenograft mice [116].

Recent studies uncovered the feedback role of
the glycolytic enzymes in HIF-dependent gly-
colysis in multiple types of cancer cells. Pyruvate
kinase M2 enhances the transcriptional activity
of HIF-1 and HIF-2 to promote the expression of
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bolic shift towards lactate production by inactivating
PDH. The extracellular lactate is transported via MCT1
into the neighboring cancer cells as a fuel to support their
survival. HIF also enhances reductive glutamine metabo-
lism to sustain the TCA cycle and to increase lipogenesis
in cancer cells

the glucose transporter GLUTI1 and glycolytic
enzymes LDHA and PDKI, thereby increasing
glucose uptake and glycolysis in renal and cervi-
cal cancer cells [90]. Aldolase A (ALDOA)
increases HIF-la protein stability through
lactate-mediated PHD inhibition to promote HIF
transcriptional activity in lung cancer cells [27].
ALDOA activates HIF to increase MMP9 expres-
sion, thereby promoting lung cancer metastasis.
In contrast, fructose-1,6-bisphosphatase 1
(FBP1) inhibits HIF-1 to decrease glycolysis in
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renal cancer cells [83]. The FBPI gene is lost in
human clear cell renal cell carcinoma and loss of
FBP1 promotes renal cancer progression by
increasing HIF-dependent glycolysis. Therefore,
the glycolytic enzymes regulate HIF to control
glycolysis and tumor malignancy.

Glucose donates the carbon to generate acetyl-
CoA, which enters the TCA cycle for the synthe-
sis of ATP, intermediate metabolites, and amino
acids. Activation of HIF leads to increased gly-
colysis but decreased glycolytic flux into the
TCA cycle in cancer cells (Fig. 1.3) [72, 134].
Although glucose-derived carbon source is sig-
nificantly reduced in hypoxic cells, HIF enhances
glutaminolysis to sustain the TCA cycle and lipo-
genesis, which are necessary for cancer cell sur-
vival under hypoxia [102, 156]. Isocitrate
dehydrogenase (IDH) 1/2 are responsible for the
reductive carboxylation of glutamine-derived
a-ketoglutarate for de novo lipogenesis under
hypoxia, although it is unclear how hypoxia pro-
motes the reductive activity of IDH1/2 in cancer
cells. HIF-1 also increases the ubiquitin E3 ligase
SIAH2-mediated ubiquitination and subsequent
degradation of the EI1 subunit of the
a-ketoglutarate dehydrogenase complex, thereby
facilitating reductive glutamine metabolism in
hypoxic cells [142]. Therefore, activation of HIF
reprograms the cellular metabolic pathways to
supplement the intracellular metabolites that are
necessary for cancer cell growth under hypoxia
(Fig. 1.3). Chapter 5 contains further discussion
of hypoxia and metabolic reprogramming in
cancer.

1.6  HIF and Epigenetic

Reprogramming in Tumors

Hypoxia mediates reprogramming of the chro-
matin landscape by inducing many HIF-
dependent epigenetic regulators in cancer cells
[91]. It has been reported that hypoxia induces
the global increases in histone modifications
including dimethyl lysine 4 of histone H3
(H3K4me2), trimethyl lysine 4 of histone H3
(H3K4me3), dimethyl lysine 9 of histone H3
(H3K9me2), dimethyl lysine 79 of histone H3
(H3K79me?2), acetyl lysine 14 of histone H3

(H3K14ac), and dimethyl arginine 3 of histone
H4 (H4R3me2) in hepatoma-derived Hepa 1-6
cells, but inhibits acetyl lysine 5 of histone H4
(H4K5ac), acetyl lysine 12 of histone H4
(H4K12ac), and acetyl lysine 5 of histone H2A
(H2AK5ac) in breast cancer cells [69, 158].
H3Kl14ac and acetyl lysine 16 of histone H4
(H4K16ac) at the local hypoxia response element
is also elevated by hypoxia in breast cancer cells
[32]. Hypoxia upregulates many members of the
histone demethylase Jumonji domain-containing
protein (JMJD) family in cancer cells in a HIF-1-
and/or HIF-2-dependent manner (Table 1.2).
Although O, is required for the catalytic activity
of the JMJD family members [136], several
JMID family members including JMIDIA,
JMJD2B, and JMJD2C are reported to be active
in hypoxic cells, which may be due to the com-
pensatory mechanism by increased protein levels
of these enzymes under hypoxia [49, 79, 89].
JIMID2C selectively demethylates trimethyl
lysine 9 of histone H3 (H3K9me3) but not tri-
methyl lysine 36 of histone H3 (H3K36me3) at
the hypoxia response element to increase HIF-1
binding and HIF-1 target gene expression in
breast cancer cells (Fig. 1.2) [89]. JMID2C is
highly amplified in breast cancer and knockdown
of JMJD2C inhibits triple-negative breast tumor
growth and metastasis to lungs in mice [85, 89].
Likewise, JIMJD1A (also named as KDM3A) is
recruited to the promoter of the SLC2A3 gene by
HIF-1a and demethylates H3K9me2 to induce
SLC2A3 expression in endothelial cells [104].
JMID1A knockdown reduces colon cancer
growth in mice [79]. It was also reported that
JMID2B demethylates H3K9me3 at the pro-
moter of hypoxia-inducible genes SLC2AI,
UCAI, ELF3, and IFI6 to increase their expres-
sion in HCT116 cells [49]. In contrast, the
demethylase activity of JMJD3 and JARID1A/B
is impaired under hypoxia, leading to increased
trimethyl K27 and trimethyl K4 of histone H3,
respectively [26]. Histone deacetylase 3 is also
induced by HIF-1 and decreases H3K4ac in
breast cancer cells, which promotes H3K4me?2
and H3K4me3 by recruiting the methyltransfer-
ase WDRS [158]. Hypoxia induces the methyl-
transferase G9a at both transcriptional and
post-translational levels in cancer cells, which is



