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Hypoxia is caused by a cancer-promoting milieu characterized by persistent
inflammation. NF-κB and HIF-1α are critical participants in this transition.
Tumor development and maintenance are aided by NF-κB, while cellular
proliferation and adaptability to angiogenic signals are aided by HIF-1α. Prolyl
hydroxylase-2 (PHD-2) has been hypothesized to be the key oxygen-dependent
regulator of HIF-1α and NF-transcriptional B’s activity. Without low oxygen levels,
HIF-1α is degraded by the proteasome in a process dependent on oxygen and 2-
oxoglutarate. As opposed to the normal NF-κB activation route, where NF-κB is
deactivated by PHD-2-mediated hydroxylation of IKK, this method actually
activates NF-κB. HIF-1α is protected from degradation by proteasomes in
hypoxic cells, where it then activates transcription factors involved in cellular
metastasis and angiogenesis. The Pasteur phenomenon causes lactate to build up
inside the hypoxic cells. As part of a process known as lactate shuttle, MCT-1 and
MCT-4 cells help deliver lactate from the blood to neighboring, non-hypoxic
tumour cells. Non-hypoxic tumour cells use lactate, which is converted to
pyruvate, as fuel for oxidative phosphorylation. OXOPHOS cancer cells are
characterized by a metabolic switch from glucose-facilitated oxidative
phosphorylation to lactate-facilitated oxidative phosphorylation. Although
PHD-2 was found in OXOPHOS cells. There is no clear explanation for the
presence of NF-kappa B activity. The accumulation of the competitive inhibitor
of 2-oxo-glutarate, pyruvate, in non-hypoxic tumour cells is well established. So,
we conclude that PHD-2 is inactive in non-hypoxic tumour cells due to pyruvate-
mediated competitive suppression of 2-oxo-glutarate. This results in canonical
activation of NF-κB. In non-hypoxic tumour cells, 2-oxoglutarate serves as a
limiting factor, rendering PHD-2 inactive. However, FIH prevents HIF-1α from
engaging in its transcriptional actions. Using the existing scientific literature, we
conclude in this study that NF-κB is the major regulator of tumour cell growth and
proliferation via pyruvate-mediated competitive inhibition of PHD-2.
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1 Introduction

Cancer is a genetic abnormality in which the body’s old or
flawed cells evade signals of programmed cell death and acquire
uncontrolled replicative potential. Cancer can be categorized as
solid tumors (carcinoma, sarcoma, melanoma, and lymphoma)
and leukemia (no cell mass formation). However, all genetic
aberrations that result in abnormal cell growth is not cancer.
Mutation in cells results in the formation of “neoplasm”.The
neoplasm may either bud into an enormous cell mass that is
not malignant as well as remains confined to a particular location
is referred to as a “benign tumor” (like adenomas, fibroids,
hemangiomas and lipomas) or may possess malignant
characteristics and metastasize to nearby organs and tissues
through blood and lymph referred to as a “malignant tumour”
(like adenocarcinomas, basal cell carcinomas and squamous cell
carcinomas) (Cooper and Hausman, 2007); Fares et al., 2020).
Although there are several causes of cancer, inflammation remains
a significant one. An essential contributor to the formation of
malignant tumours is an exaggerated immune response to
inflammation that results in a condition known as chronic
inflammation (Karin et al., 2006; Schottenfeld and Beebe-
Dimmer, 2006). TNF-, IL-1, IL-7, IL-8, IL-17, and other pro-

tumorigenic cytokines and interleukins are secreted by infiltrating
immune cells at the site of infection in a chronic inflammatory
microenvironment (León et al.; Hung et al., 2012; Fu et al., 2015;
Hospital, 2018; Seol et al., 2019).In combination with reactive
oxygen species (ROS), these pro-tumorigenic cytokines lead to
DNA damage by inducing genotypic changes in degraded tissue
mucosa in favour of tumour initiation and development (Kryston
et al., 2011; Kidane et al., 2014) (Figure 1). In the initial phase of
tumor growth, oxygen supply is not a limiting factor for mutant
cell survival because of easy access to pO2 from nearby
vasculature. As the size of the tumor increases to more than
400µm, a hypoxic environment is created, especially at the
center of cancer, because nutrients and oxygen can diffuse only
up to a radius of 200 µm (Christensen et al., 2010; Grimes et al.,
2014; Däster et al., 2017; Riffle and Hegde, 2017). In this regard,
the tumor mass can be divided into three distinct zones: the non-
hypoxic zone, intermittent hypoxic zone (OXOPHOS), and severe
hypoxic zone. Bioenergetics in these three zones is highly
interdependent and complex. Early transmuted (non-hypoxic)
cells that make up the lining of blood vessels aerobically derive
energy from glucose through glycolysis and oxidative
phosphorylation. However, in fast-proliferating cells, O2 is a
limiting factor for oxidative phosphorylation.
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Consequently, glycolysis is the only source of energy in rapidly
proliferating tumor cells, which is evident from the increased
intracellular accumulation of glycolysis’s end product, pyruvate.
Accumulated pyruvate is converted into lactate in hypoxic cells.
The lactate generated is transferred into non-hypoxic and
OXOPHOS cells through monocarboxylate transporter-1 (MCT-
1). Hypoxic cells that form the core of the tumor mass are under the
control of hypoxia-inducible factor -1α (HIF-1α). The stabilization
and transcriptional activity of HIF-1α is controlled by two oxygen-
dependent dioxygenases, namely, prolyl hydroxylase-2 (PHD-2)
and factor inhibiting hypoxia-inducible factor-1 (FIH-1), through
the N-terminal and C-terminal domains, respectively (Qutub and
Popel, 2006; Brahimi-Horn and Pouysségur, 2007; Hu et al., 2007;
Koh and Powis, 2012; Akanji et al., 2019).It would be appropriate to
mention that previous studies have pointed out differential
regulation of HIF-1α by NTAD and CTAD (Dayan et al., 2009);
only CTAD is reported to directly bind with the co-activators CBP/
P300 through the CH-1 region and regulate HIF-1α transcriptional
activity. In contrast to CTAD, the mechanism that regulates the
transcriptional function of NTAD is poorly understood. Moreover,
it has also been reported that NTAD is responsible for gene
specificity and regulates proteasomal degradation rather than
transcriptional activation of HIF-1α (Dayan et al., 2006; Hu
et al., 2007).

Studies have shown that as the oxygen gradient in solid tumors
falls from 40 mmHg pO2 (5% O2) in the non-hypoxic zone to
10 mmHg pO2 (1% O2) in the intermittent hypoxic (OXOPHOS)
zone, PHD-2 loses its activity, whereas FIH-1 is inhibited only under
severely hypoxic conditions <10 mmHg pO2 (1% O2) (Dayan et al.,
2006; 2009). Thus, in the non-hypoxic zone where PHD-2 and FIH-
1 are functional, HIF-1α is degraded and transcriptionally
inactivated. In contrast, in the OXOPHOS zone, HIF-1α is
stabilized due to the inactivation of PHDs but remains
transcriptionally inactive due to the presence of FIH. In the
hypoxic zone, HIF-1α is both stable and transcriptionally active
due to the inactivation of both PHDs and FIH-1. As the O2

concentration diminishes in the intermittent hypoxic and
severely hypoxic zone during tumor development, HIF-1α
becomes stabilized and progressively becomes transcriptionally
active due to the inactivation of PHD first and FIH-1 second. In
such cases, angiogenesis, glycolysis, fatty acid synthesis, migration,
metastasis, malignant cell survival, and proliferation are regulated in
non-hypoxic and intermittent hypoxic zones to support tumor
progression. There is an intriguing possibility that during the
early stage of tumor initiation and progression when oxygen
tension is limiting for transcriptional activity HIF- 1α, other
mechanisms could be responsible for regulating malignant cell
survival and proliferation.

Research over the past decade has pointed out that NF-κB is a
driver of inflammation that gives rise to cancer under a chronic
inflammatory microenvironment (Pikarsky et al., 2004). Activation
of NF-κB in both premalignant cells and cells of the
microenvironment (phagocytes, T cells, and B cells) is crucial in
the early stages of tumor development and progression (Wang et al.,
2014). NF-κB is activated firstly in cells of tumor microenvironment
in response to binding of pathogen-associated microbial patterns
(PAMPs) and danger-associated molecular patterns (DAMPs) with
toll-like receptors (TLRs). This association eventually activates the

IKK complex, leading to transcriptional activation of NF-κB in cells
of the microenvironment. In response to NF-κB actuation, cells in
the tumor microenvironment secrete proinflammatory mediators,
such as TNF-α and IL-1. These proinflammatory mediators act on
their specific receptors present on premalignant cells and further
lead to the induction of NF-κB in premalignant cells through the
IKKβ-mediated canonical NF-κB signaling pathway (Martins et al.,
2016). This canonical stimulation of NF-κB induces genes involved
in cellular proliferation, survival, angiogenesis, and metastasis.

In this study, we propose to determine the possible role of lactate
shuttle in the activation of NF-κB in non-hypoxic and intermittent
hypoxic malignant cells. We have also directed our study to answer
few specific questions.

a) How, NF-kappa B and HIF-1α play a crucial role in
tumorigenesis and progression.

b) To what extent does factor inhibiting HIF-1α (FIH1) continue to
function while Prolylhydroxylase-2 (PHD-2) activity is
suppressed by the lactate shuttle in non-hypoxic and
intermittently hypoxic cells?

c) Under normoxia, NF-κB is activated at the expense of HIF-1α
due to the downregulation of PHD2 mediated by the lactate
shuttle.

d) In the early stages of carcinogenesis, when oxygen tension is
normal, HIF-1α is inactive. How can NF-κB promote tumour
initiation and survival during this time?

e) PHD2 mediates NF-κB and HIF-1α double regulation,
suggesting it may be a useful novel pharmacological target.

2 How inflammation contributes to the
formation of neoplasm?

2.1 Inflammation

Inflammation is the first line of the body’s defense mechanism
that protects against infection and injury. Inflammation is defined
by a sequence of responses involving vasodilation, migration of
immune cells, and leakage of plasma proteins at the site of disease or
injury. Phagocytic cells that arrive at the site of inflammation,
especially neutrophils, macrophages, and dendritic cells, express
pattern recognition receptors called “Toll-Like Receptors” (TLR’s).
The binding of inflammatory factors (such as cytokines,
chemokines, PAMPs, and DAMPs) with TLRs triggers a
signaling cascade that leads to the induction of NF-κB
(Freedman et al., 2002; Tolle and Standiford, 2013; Chen et al.,
2018). NF-κB is a primary transcriptional regulator of inflammation
and regulates tissue repair and wound healing (Landén et al., 2016).

The inflammatory response to an infection or injury usually
subsides after tissue repair; however, an exaggerated inflammatory
response results in a condition known as chronic inflammation.
During chronic inflammation, leaky vasculature and increased ATP
requirement cause hypoxia. Under such a hypoxic inflammatory
microenvironment, infiltrating immune cells at the site of infection
or injury produce reactive oxygen species (ROS), which causes
damage to the DNA by altering gene expression and genetic
sequences. The accumulation of ROS and cytokines further
elevates NF-κB activity to create a pro-tumorigenic
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microenvironment that favors tumor initiation and development
(Liou and Storz, 2010). Thus, the NF-κB pathway mediates the
crosstalk between chronic inflammation and cancer, in which early
transmuted malignant cells proliferate and form tiny tumors (Ben-
Neriah and Karin, 2011).

2.2 NF-κB regulatory machinery

NF-κB has been reported to govern the expression of the
immunoglobulin κ-light chain in B lymphocytes. Later, NF-κB
was recorded as a group of transcription regulators consisting of
NF-κBp65 (RelA), RelB, Rel-c, (p50/p105), and (p52/p100)
subunits (Sen and Baltimore, 1986). These transcription factors
comprise a preserved Rel homology domain (RHD) that facilitates
them to undergo homo or hetero-dimerization (Perkins,
2012).The major heterodimer of NF-κB is p65/50, which
remains segregated in the cytoplasm and tightly clubbed with
an inhibitor of kappa B (IκB) family proteins (comprising IκBα,
IκBβ, and IκBε) along with two precursors, that is, p105/IκBγ and
p100/IκBδ) (Ghosh et al., 1995). The binding of NF-κB dimers to
IκBs with the help of 7–8 ankyrin repeats (Malek et al., 2003)
prevents nuclear translocation of NF-κB dimers and consequently
inhibits their transcriptional activity (Marienfeld et al., 2003).

Pathways regulating NF-κB transcriptional activity include
the canonical pathway (or classical pathway) and the alternative
pathway (or the non-canonical pathway) (Sun, 2011; Sun et al.,
2013; Dorrington and Fraser, 2019). The key regulator of these
pathways is a cytoplasmic complex known as the “IKK complex.”
The IKK complex is composed of the catalytic subunits IKKα (or
IKK1) and IKKβ (or IKK2) along with the modulatory subunit
IKKγ (or NEMO). Both IKKα and IKKβ share 52% sequence
chronology and 70% homology but play distinct yet pivotal roles
in pan NF-κB regulation (Liu et al., 2012). NEMO/IKKγ has an
N-terminal coiled-coil domain that interacts with IKKα and IKKβ
and mainly functions as a regulatory subunit in the IKK complex.
IKKα and IKKβ are essential regulators of IκBs, and their
activation is necessary for all NF-κB signaling pathways,
whether classical or alternative (Oeckinghaus et al., 2011).
Release of NF-κBp65 dimer from the inhibitor of kappa B
(IκB) requires phosphorylation of IKKα or IKKβ at specific
serine residues in the activation loop, that is, serine-176(S-
176) and serine-180(S-180) for IKKα and serine-177(S-177),
and serine-181(S-181) for IKKβ. Once activated, IKKα or
IKKβ, in turn, phosphorylates inhibitor of kappa B (IκBs),
further leading to β-TrCP-dependent E3 ubiquitin ligase-
mediated 26s-proteasomal degradation of inhibitor of kappa B
(IκBs). Henceforth, the NF-κB dimer can migrate from the

FIGURE 1
Crosstalk between NF-κB signaling in inflammatory cells and premalignant cells. I. NF-κB activation in inflammatory cells involves binding of PAMPs,
DAMPs, and endogenous TLR ligands with TLR receptors, which are associated with TRAF-6. II. Binding of PAMPs, DAMPs, and endogenous TLR ligands
with TLR’s leads to activation of the IKKαβγ complex, which further results in phosphorylation, ubiquitination, and degradation of IκB. III. Degradation of
IκB renders p50 and p65 heterodimers free to migrate to the nucleus and activate NF-κB. IV. Activation of NF-κB in inflammatory cells results in the
secretion of pro-inflammatory cytokines, including TNF-α and IL- 1. V. Released pro-inflammatory cytokines bind to their specific receptors on pre-
malignant cells and activate the IKKαβγ complex, which further results in phosphorylation, ubiquitination, and degradation of IκB. VI. Degradation of IκB
renders p50 and p65 heterodimer free to migrate to the nucleus and activates the transcription of genes responsible for cell survival, proliferation,
migration, metastasis, and angiogenesis. VII. ROS generated by phagocytic NADPH to counter infectious pathogens, along with the ROS generated by
activation of NF-κB in inflammatory cells, enters the cytosol. VIII. Oxidative stress caused by large amounts of ROS not only damages DNA, but also ionizes
Fe2+ to Fe3+. As a result, PHD-2, which requires Fe2+ as a cofactor for its activity, is inactivated. ROS-induced DNA damage and PHD-2 inactivation further
contribute to NF-κB activation in pre-malignant cells.
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cytoplasmic space to the nucleus, triggering gene expression
(Gilmore, 2006; Dorrington and Fraser, 2019).

2.2.1 IκB kinase (IKK) function
The pivotal step in NF-κB induction is cytokine-inducible

phosphorylation specific for amino-terminal regulatory serines at
Ser32 and Ser 36 of IκBα or at Ser19 and Ser 23 in IκBβ. Even though
various enzymes mediate phosphorylation of IκB, only IKK meets
the acrostics of IκBα/β degradation, which includes fast signal
induction and concurrent phosphorylation of the pair of serine
residues, Ser32 together with Ser 36 of IκBα and Ser19 along with Ser
23 in IκBβ, respectively (Gilmore, 2006).

Another essential characteristic of IKK-mediated
phosphorylation is the choice of serine as a target for
phosphorylation over thionine, which matches IκBα/β
degradation. As discussed previously, IKKα and IKKβ are

catalytic subunits of the IKK complex, which are stimulated in
cells in response to TNF-α and IL-1. Both subunits possess an
activation loop in their kinase domains, similar to other protein
kinases, along with a sequence homology between both kinases
(Johnson et al., 1996; Mercurio et al., 1997). The activation loop
contains specific sites on IKKα (S176, S180) and IKKβ (S177, S181),
the phosphorylation of which results in a conformational change
that is responsible for kinase activation (Ling et al., 1998). Moreover,
replacing serine with alanine inhibits the activation of IKK, although
a similar substitution with glutamic acid imitates activity equal to
phosphoserine. It would be appropriate to mention that
modification in S176 and S180 of IKKα to alanine, either on one
or both of the serine residues, does not have any effect on TNF-α-
and IL-1 mediated IKK activity (Mercurio et al., 1997; Delhase,
1999). This finding suggests that, in the case of proinflammatory
stimuli, phosphorylation of IKKα is not necessary for stimulation of

FIGURE 2
(A) Canonical NF-κB pathway. I- Represent binding of TNF-α, Interleukins, Lipopolysaccharides and other cytokines with their specific receptor
resulting in activation of TAK kinase-1. II- Activation of TAK-1 result in phosphorylation of IKKB unit of the triad consisting of IKKα, IKKβ and IKKγ. III-
Phosphorylation of IKKB further result in phosphorylation of IκB at Ser19 and Ser23. IV- This phosphorylation allows for ubiquitination and proteasomal
degradation of IκB. V- Thismodification renders NF-κB dimer (p65 and p50) free to translocate to the nucleus. VI- NF-κB dimer (p65 and p50) further
binds with specific response elements on DNA and triggers gene transcription of several genes involved in angiogenesis, metastasis, migration and
cellular proliferation. (B) Non- canonical NF-κB pathway. I- denotes the binding of TNFR ligands to their respective receptors, which results in the
activation of NF-κB inducing kinase-1 (NIK). II- NIK phosphorylates IKKα, causing it to be activated. III- Finally, activated IKKα phosphorylates p100. IV-
IKKαmediated phosphorylation of p100 marks it for ubiquitination and proteasomal processing to yield p52. V-p52 forms an active dimer with Rel B and
translocates to the nucleus. VI- p52 and Rel B dimer bind to the DNA and cause gene transcription.
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the IKK complex. Research has also indicated that similar
modifications of S177 and S181 in IKKβ to alanine abolished
TNF-α-and IL-1 mediated IKK activity. Thus, activation of the
IKK complex by proinflammatory stimuli depends entirely on
the phosphorylation of IKKβ and not on IKKα.

2.2.2 The canonical pathway (classical pathway)
The canonical pathway is activated by the binding of TNF-α,

interleukins, and chemokines to their specific receptors on cell
membranes, which starts the IKK complex. The exact mechanism
and the proteins involved in the activation of this complex
are under investigation. However, stimulation by
proinflammatory cytokines such as Ilβ1, TNF-α, and TLR
ligands in the case of toll-like receptors (TLR) in macrophages
and mouse embryonic fibroblasts (MEFs), triggers TGF-β-
activated kinase 1 (TAK-1)-mediated phosphorylation of IKKβ
at S177, which subsequently catalyzes autophosphorylation at
S181, resulting in activation of the IKKβ complex. Furthermore,
this activated cytoplasmic complex phosphorylates IκBα at serine
residues S32 and S36, whereas for IκBβ at serine residues S19 and
S23. This phosphorylation primes IκBs for ubiquitination by the
(SCF)/(β-TCP) E3 ubiquitin ligase complex, followed
by proteasomal degradation, which facilitates the release of
NF-κB dimers. NF-κB dimers, released, are free to migrate to
the nucleus and trigger transcription of genes involved in various
cellular functions and bioenergetics, including cellular
proliferation and metabolism (Gilmore, 2006; Oeckinghaus
et al., 2011) (Figure 2).

2.2.3 The non-canonical or alternative pathway
Unlike the canonical NF-KB pathway, which is fast and

activated by a wide range of inflammatory cytokines and other
external factors, the non-canonical pathway is slow and only
activated by a small subset of TNF-superfamily receptors, such as
LTβR, BAFFR, CD40, CD30, CD27, RANK, TNFR2, FN14, and
CD134. Henceforth, the biological functions of this pathway are
more specialized and specifically associated with lymphoid organ
and immune cell development, as well as immunological response
and homeostasis (Sun, 2017).

Briefly, the non-canonical NF-κB pathway is activated by NF-κB
inducing kinase (NIK). In the inactive state, NIK remains bound to
TRAF3 which is complexed with TRAF2 and cIAP1/2. Further,
cIAP1/2 ubiquitinates NIK, marking it for proteasomal degradation.
However, binding of TNFR ligands (such as BAFF, RANKL,
LTα1β2, TWEAK, etc.) with their specific receptors, TRAF3,
TRAF2, and cIAP1/2 triad complex is recruited to the membrane
binding site of the receptor-ligand complex, leaving NIK unbound.
Moreover, cIAP1/2, instead of ubiquitinating NIK now ubiquitinates
TRAF3 and marks it for proteasomal degradation which further
facilitates the stabilization of NIK. As a result, NIK starts
accumulating, and its level inside the cell increases.
Consequently, NIK phosphorylates and induces IKKα
homodimer. Activated IKKα in turn phosphorylates C-terminal
serine residues (866 and 870) of the p100 subunit of inactive
RelB and p100 heterodimer. The subsequent transduction
mechanism involves p100 ubiquitination by the (SCF)/(β-TCP)
E3 ubiquitin ligase complex followed by proteasomal processing
to yield a p52 subunit. This event is followed by the association of

p52 with RelB to form an active dimer which translocates to the
nucleus and triggers gene transcription (Figure 2) (Sun, 2011).

Solid tumors primarily exhibit canonical signaling, whereas
hematological cancers primarily exhibit non-canonical signaling
(Kaltschmidt et al., 2018). Therefore, canonical signaling is the
main subject of this review.

2.3 Biological effects of NF-κB in cancer cells

2.3.1 Effect of NF-κB on cell cycle
NF-κB is the critical modulator of the tumor microenvironment

in the early stages of tumor development. NF-κB is integral to
tumorigenesis, involving tumor initiation (formation of transformed
cells), tumor promotion (early transformed cells proliferate rapidly
and increase in both size and number), and tumor progression
(transformed cells acquire malignant potential) (Pitot et al., 1981;
Barcellos-Hoff et al., 2013). It takes approximately three to five
oncogenic mutations for a normal cell to become malignant. This is
because most oncogenic mutations are acquired de novo, and rarely,
germline mutations result in cancer (Fearon and Vogelstein, 1990;
Grivennikov et al., 2010).

Under non-hypoxic or intermittent hypoxic conditions,
wherein HIF-1α is dormant, NF-κB initiates tumor growth by
enhancing reactive nitrogen species and ROS generation that
cause damage and impart oncogenic characteristics. Moreover,
NF-κB activation results in cell cycle alterations and ensures that
both DNA strands acquire mutations and transfer to progenitor
cells (Ledoux and Perkins, 2014; Kiraly et al., 2015). NF-κB may
also cause aneuploidy and epigenetic changes, resulting in
tumorigenesis (Ren et al., 2011; Nakshatri et al., 2015).
Further, by inhibiting p53 induced cell death, NF-κB
activation favors the malignant transformation of DNA
damaged cells (Gudkov et al., 2011). Henceforth, in solid
tumors, NF-κB regulates the transformation of normal cells to
premalignant cells and other premalignant cells to malignant
cells by inhibiting p53 induced programmed cell death and
enhancing the production of ROS and reactive nitrogen species.

2.3.2 Effect of NF-κB on programmed cell death
NF-κB suppresses apoptosis and enhances cellular

proliferation in various cancer pathologies, including B-cell
lymphoma, neuroblastoma, and breast carcinoma (Smith et al.,
2014; Zhi et al., 2014; Knies et al., 2015). A common determinant
among various tumors is the intrinsic NF-κB activity that confabs
intransigence to cell death by up-regulating anti-apoptotic genes.
Moreover, in the tumor microenvironment, NF-κB operates in a
paracrine fashion to expedite tumor cell proliferation (Greten
et al., 2004; Bassères and Baldwin, 2006). To repress apoptosis,
NF-κB activates a group of targeted genotypes that impede
distinct steps of the extrinsic and intrinsic apoptotic pathways.
The targets of NF-κB-mediated suppression of apoptosis include
inhibitors of apoptotic proteins such as XIAP, c-IAP1, and
c-IAP2. It is relevant to mention that XIAP, c-IAP1, and
c-IAP2 are involved in the inhibition of pro-caspase-9 and
blockade of caspase-3 and caspase-7 activity. Among other
targeted genes, BCL-2, BCL-XL, and NR13, which belong to
the BCL-2 family (Liston et al., 2003; Fulda, 2014). Therefore,
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NF-κB has a pivotal role in tumor cell survival by activating IAP’s
and BCL-2 family proteins. Therefore, by activation of inhibitors
of apoptotic proteins and BCL-2 family proteins, NF-κB plays a
pivotal role in malignant cell survival in solid tumors.

2.3.3 Effect of NF-κB on angiogenesis
Inflammation, as well as in an NF-κB dependent manner,

stimulates angiogenesis. Research has shown that constitutive
NF-κB activity regulates IL-8 and VEGF activity in cancer cells
(Huang et al., 2000; Bonavia et al., 2012). Furthermore, NF-κB, in
conjunction with iNOS, stimulates the production of proteases and
NO, which has a pivotal function in inflammation-induced
angiogenesis (Zhang et al., 2005; Costa et al., 2007). In addition,
NF-κB-targeted genes such as fibroblast growth factor, IL-8, matrix
metalloproteinase-9 (MMP-9), and others are involved in various
steps in the regulation of angiogenesis (Zhang et al., 2005). It is
pertinent to mention that MMP-2, 3, and 9 play an integral role in
the breakdown of the basement membrane as well as in remodeling

of the extracellular matrix, which not only facilitates cell migration
but also favors either angiogenesis (endothelial cells) or metastasis
(malignant cells) depending on the microenvironment (Huber et al.,
2004). Furthermore, in the tumor microenvironment, cancer-
associated fibroblasts (CAFs) facilitate the deposition of collagen
and another extracellular matrix (ECM) components. CAFs are
activated partially in an NF-κB-dependent manner and are vital in
the actuation of proinflammatory genes that regulate TNF-α,
interleukin (IL-1β and IL-6, VEGF, CXCL2, SDF-1, and many
other chemokines, thereby enhancing angiogenesis (Disis, 2010;
Erez et al., 2010; Kalluri, 2016). The above findings suggest that
NF-κB, through stimulation of iNOS, cytokines, chemokines, and
CAF in the tumor microenvironment, facilitates new vessel
formation to support budding tumors.

2.3.4 NF-κB in invasion and metastasis
The key factor contributing to invasion in the case of solid

tumors is acidosis. To survive under non-hypoxic and intermittent

FIGURE 3
HIF-1α regulation under normoxia and hypoxia. I. Normoxia represents pO2 > 40 mm Hg. (A) Under normal oxygen tension, PHD2
(prolylhydroxylase-2) hydroxylates HIF-1α at proline residues P402 and P564 and Factor Inhibiting HIF-1α hydroxylates HIF-1α at asparagine residue
N803. in presence of O2 as substrate, Oxoglutarate as co-substrate and Fe as cofactor. (B) Prolyl Hydroxylation of HIF-1α allows for binding of pVHL to
NTAD ( N-terminal transactivation domain) of HIF-1α. Binding of pVHL recruits ubiquitinin by activation of E3- ubiquitinin ligase whichmarks HIF-1α
for proteasomal degradation. (C) HIF-1α is degraded by 26S proteasome thus preventing stabilization and accumulation of HIF-1α. Asparginyl
hydroxylation of HIF-1α at CTAD (C-terminal transactivation domain) prevents binding of CBP/P300 to the CTAD (CH- 1 domain) and thereby inhibiting
downstream mechanism involved in HIF-1α transactivation. II. Hypoxia represents pO2 < 40 mmHg. (A) Under hypoxia HIF-1α escapes degradation and
gets stabilized since PHD2 enzymes which are responsible for its proteasomal degradation are inhibited. (B) Stabilized HIF-1α gets accumulated in the
cytosol till the oxygen tension reaches the level (pO2> 10 mmHg) that it becomes limiting for FIH-1, such that CBP/P300 proteins are able to bind to
CTAD. (C) HIF-1α translocate into the nucleus to bind with β-subunit that is constitutively expressed in the nucleus. HIF-1α further binds with hypoxia
response element on targeted gene and trigger gene transcription.
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hypoxic conditions malignant cells depend upon glycolysis despite
the presence of O2, a phenomenon called the “Warburg Effect”
(Warburg, 1956; Chandel, 2021). Whereas, under hypoxic
conditions malignant cells utilize anaerobic glycolysis for energy
production, a phenomenon called the “Pasteur Effect” (Kim et al.,
2006; Milane et al., 2011). However, the end product of glycolysis, in
both the cases, is lactic acid, resulting in the accumulation of lactic
acid inside the cell (Gatenby et al., 2007). To survive, efflux of lactic
acid from the cell by MCT-4 is necessary. The resultant increase in
acidity and decrease in pH of the extracellular environment
generates ROS and facilitates the activation of NF-κB (Gatenby
and Gillies, 2004; Gupta et al., 2014).

NF-κB can directly trigger the expression of genes that stimulate
epithelial to mesenchymal transition (EMT) and offer invasive
characteristics to malignant cells, such as TWIST1, SLUG, and

SNAIL (Wu and Zhou, 2009; Pires et al., 2017). Stimulation of
these genes initiates neoangiogenesis and promotes EMT-induced
cancer cell extravasation into the blood and lymphatic vessels.
Therefore, preparing a protective pre-metastatic niche that allows
for the survival and proliferation of metastatic initiating tumor cells
(Psaila and Lyden, 2009).

Other mechanisms by which NF-κB promotes migration and
metastasis is through upregulation of proto-oncogenes such as
c-myc and cyclin D1 (You et al., 2002; Ledoux and Perkins,
2014), regulating selectins and integrins, which are essential
players in invasion and colonization at distal sites (Collins et al.,
1995; Nguyen et al., 2009), and increasing cell surface expression of
the chemokine receptor CXCR4, thereby promoting metastasis and
invasion (Helbig et al., 2003). From the above discussion, it is clear
that lactic acidosis is a prominent regulator of NF-κB in solid

FIGURE 4
Structure of IKKγ, IKKα, IKKβ andHIF-1α. (I) Represents the structure of IKKγ or NEMO. IKKγ is a 419 amino acid dimeric fragment consisting of a series
of parallel intermolecular coiled coil domains (represented as CC1 and CC2). The amino acid terminus (N-terminus) is vital for interaction with IKKα and
IKKβ. Linker 1 serves for interaction with viral trans activators like HTLV-1 and Tax and V-Flip. C-terminus function for signal transmission while NOA and
Zinc Finger (ZF) domains bind to polyubiquitin chains. (II,III) represents the structure of IKKα and IKKβ respectively. IKKα is a 745 amino acid fragment
consisting of an activation loop from amino acid 176–180whereas IKKβ is a 756 amino acid fragment consisting of activation loop from 177–181 on amino
terminous. A ubiquitin like domain is present (from amino acid 307–384) on carboxy terminous of IKKβ but not on IKKα. The function of leucine zipper
domain is to allow homo and heterodimerization of the kinases. The function of helix loop helix is less clear but it seems to be involved in the modulation
of kinase activity. A 40 amino acid region at the extreme carboxy terminous of the kinases (AA-705–743) is required for their interaction with NEMO. (IV)-
represents the structure of HIF-1α. HIF-1α is a 826 amino acid sequence consisting of basic helix loop helix motif and a PAS domain. The sequence
possess a N-terminal trans activation domain (N-TAD) on Oxygen dependent degradation domain (ODDD) of HIF-1α along with C-terminal
transactivation. The HIF-1α consists of prolyl hydroxylation site at Pro402 and P4 as w ro56ell as pVHL binding site at Leu532 respectively on that lie on
ODDD. The CTAD of HIF-1α consists of Asparginyl hydroxylation site at N803.
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tumors, which provides cells with invasive potential and protects
them with a pre-metastatic niche.

Till now, we have seen that hypoxia arising from an exaggerated
immune response to inflammation activates NF-κB, which regulates
downstream mechanisms of tumor initiation and development.
Now, as the tumor size keeps on increasing, as it increases more
than 400 μm, cells at the center of the tumor are under severely
hypoxic conditions. To survive under such a hostile environment,
these cells take the help of another transcription regulator that we
will see in the following section of this manuscript.

3 How do tumor cells adapt under
hypoxia?

3.1 Hypoxia

Perturbation in oxygen supply results in a condition termed
hypoxia, characterized by reduced pO2 in a particular tissue
compared to pO2 in well-vasculature tissues (Semenza, 2014).
Tumor hypoxia results from either reduced oxygen delivery due to
occlusion or leakage of blood vessels or increased oxygen consumption,
which may be attributed to rapid cellular division (Vaupel et al., 2004).

3.2 Mechanistic regulation of HIF-1α

One of the significant factors contributing to the adaptation
of malignant cells to the hypoxic tumor environment is the
hypoxia-inducible factor (HIF) (Vaupel et al., 2004; Semenza,
2012). The master transcriptional regulator HIF belongs to a
group of two bHLH domain-containing proteins from the PAS
(PER-ARNT-SIM) family (Wang et al., 1995), with three isoforms:
HIF-1, 2, and 3 (Wang and Semenza, 1995; Gu et al., 1998; Keith et al.,
2012). Each isoform of HIF has two subunits, α, and β. The α-subunit
is present in the cytoplasm and is regulated by hypoxia. The aryl
hydrocarbon receptor nuclear translocator (ARNT), commonly
referred to as the β-subunit, is integrally expressed in the nucleus
and is induced by dimerization with the α-subunit (Jiang et al., 1996;
Déry et al., 2005). HIF-1α acts as an oxygen sensor and is regulated by
two sets of enzymes belonging to a class of 2- oxoglutarate, ascorbate,
and iron-dependent dioxygenases called prolyl hydroxylases (PHDs)
and factor inhibiting hypoxia-inducible factor-1 (FIH-1). Prolyl
hydroxylase exists in three isoforms: PHD-1, 2, and 3. Among all
PHDs, PHD-2 is the most prominent regulator of HIF-1α in solid
tumors (Kaelin and Ratcliffe, 2008)].

Under non-hypoxic conditions (pO2 > 40 mmHg) (Figures 3),
HIF-1α undergoes proteasomal degradation by PHD-2 via a process
that involves post-translational hydroxylation of HIF-1α at proline
residues (P402 and P564) in the human sequence present in
O2 dependent degradation (ODD) domain (Bruick, 2001;
Schofield and Ratcliffe, 2005). Hydroxylation eventually allows
the binding of von Hippel-Lindau tumor suppressor protein
(pVHL) and recruitment of E3-ubiquitin ligase that combine to
form the E3-ubiquitin ligase complex, which ultimately marks HIF-
1α for degradation by the 26-S proteasome (Maxwell et al., 1999;
Kaelin, 2003). On the other hand, FIH hydroxylates HIF-1α at an
asparagine residue (N803) that abrogates the binding of histone

acetyltransferases such as P300 and CBP (CREB binding protein
(CBP) to the C-terminal transactivation domain (CTAD) on HIF-1α
and blocks the transactivation of genes regulated by HIF-1α (Lando
et al., 2002; McNeill et al., 2002).

Under hypoxic conditions such as ischemia and cancer, as the
oxygen tension (pO2) reaches below 40 mmHg, PHD2 is inactivated,
followed by FIH (at pO2 < 10 mmHg). In the pO2 range of 40 and
10 mmHg, due to inactive PHD-2, HIF-1α escapes proteasomal
degradation and subsequently stabilizes, and its cytoplasmic level
increases. However, at this stage, the transcriptional function
of HIF-1α is inhibited by FIH-1 activity (Koivunen et al., 2004;
Stolze et al., 2004; Rani et al., 2022). As pO2 deteriorates further and
reaches below <10 mmHg, FIH loses its functional activity (Dayan
et al., 2006). After that, cytoplasmic HIF-1αmigrates to the nucleus,
where it forms a dimer with HIF-1β. The HIF-1αβ dimer further
binds with co-factor CBP/P300 to interact with HIF-1α responsive
element “5′-RCGTG-3′” on target genes and triggers gene
transcription (Semenza et al., 1996).

Apart from HIF-1α, hypoxia also activates NF-κB through
phosphorylation of IKKβ (Koong et al., 1994). Moreover,
evidence suggests that only canonical NF-κB signaling is oxygen-
sensitive (Oliver et al., 2009; Taylor and Cummins, 2009).
Interestingly, both HIF-1α and IKKβ were found to possess a
highly conserved LxxLAP motif (Figure 4; Supplementary Table
S1), which contains sites for prolyl hydroxylation. Research has
shown that PHD-2 activity is necessary for the downregulation of
NF-κB activity (Cummins et al., 2006; Takeda et al., 2011).
Therefore, PHD-2 is a vital regulator of the oxygen sensing
mechanism because it regulates the activity of both
transcriptional factors important in regulating cellular responses
to hypoxia. It is pertinent to mention that FIH-1 also hydroxylate
various members of the NF-κB pathway, such as p105 and IκBα, but
its significance on NF-κB remains elusive (Cockman et al., 2006).

3.3 Biological effects of HIF-1α in tumor cell

3.3.1 HIF-1α and glucose metabolism
HIF-1α was initially recognized as a transcriptional activator of

erythropoietin gene (EPO), was found to upregulate the expression
of genes encoding glycolytic enzymes and glycolytic flux
(GLUT1 and GLUT3), indicating that HIF-1α is an essential
factor contributing to the “Warburg effect” (Samanta and
Semenza, 2018).

First, it seems that OXOPHOS inhibition results due to a lack
of oxygen, but this is not the case. HIF-1α achieves maximum
stability at 1% O2 due to inactivation of FIH, but OXOPHOS can
occur at even lower O2 concentrations (0.1%–0.7%) (Kennedy
and Jones, 1986; Wilson et al., 1998; Stolze et al., 2004). This
provides sufficient evidence that HIF-1α is stable well before O2

becomes limiting for OXPHOS. Therefore, HIF-1α has an
instrumental role in the transfer of energy production from
OXOPHOS to aerobic glycolysis.

It is well established that HIF-1α is the key to the production of
nucleotides, amino acids, fatty acids, lipids, and glycogen for the
synthesis of cellular components in hypoxic microenvironments. In
such cases, glucose is required to maintain cell energetics and
provide biosynthetic intermediates such as ribose-5-phosphate,
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one carbon for nucleotide synthesis, and amino acids for protein
synthesis resulting in an upsurge in demand for glucose. To counter
such glucose crises, HIF-1α adapts to several mechanisms (Figure 5).
Research has shown that malignant cells can compensate for the loss
of glucose by utilizing intracellular glycogen for their survival and
proliferation. Moreover, cancer cells can increase their glycogen
accumulation by inducing enzyme glycogen synthase, which serves
as a glucose reserve for the pentose phosphate pathway (Pescador
et al., 2010). It has also been shown that HIF-1α upregulates the
expression of glycogen phosphorylase, an enzyme required for
glycogen metabolism. Research indicates that cancer cells target
glycogen metabolism via the liver by glycogen phosphorylase to
escape p53 dependent senescence via repression of ROS generation
(Favaro et al., 2012).

Recent research has shown that some cancer cells, such as
glioblastoma and breast cancer, utilize exogenous acetate to

acetyl-CoA for lipid synthesis and biomass accumulation
(Mashimo et al., 2014; Schug et al., 2015). The enzyme catalyzing
this reaction is acetyl CoA synthase −2, an important target gene of
HIF-1α and is integral to cancer cell survival and proliferation under
hypoxic conditions (Kamphorst et al., 2014). These findings suggest
that to meet the energy requirement of rapidly proliferating cells,
HIF-1α shifts metabolism from oxidative phosphorylation to
aerobic glycolysis. To manage glucose crises, HIF-1α facilitates
glycogen and acetate by activating enzyme glycogen synthase and
glycogen phosphorylase in hypoxic cancer cells.

3.3.2 HIF-1α regulator of cellular acidity and redox
homeostasis

HIF-1α activates pyruvate dehydrogenase kinase-1(PDK1),
which phosphorylates and renders mitochondrial pyruvate
dehydrogenase ineffective. As a result, glycolytic pyruvate is not

FIGURE 5
Utilization of Glucose by cancer cells. Cancer cell uptake Glucose inside the cell with the help of glucose transporters (GLUTs). Glucose then
undergoes glycolysis, in first step of glycolysis, glucose is converted to Glucose-6-phosphate by Hexokinase, that is utilized by cancer cells for nucleotide
synthesis and production of NADPH by PPP shunt. When in abundance glucose-6-phosphate is stored in form of glycogen. Glucose -6-phosphate then
gets converted to 3-phosphoglycerate to provide for nucleotide synthesis through folate metabolism. Ultimately in the last step of glycolysis,
phospho-enol-pyruvate is converted to pyruvate. Due toWarburg effect pyruvate is converted to lactate and excreted out of the cell. Undermild hypoxic
conditions, pyruvate derived from malate aspartate shuttle and exogenous lactate as well as oxidative metabolism of glutamine runs the Krebs cycle to
generate ATP. On the other hand, under severe hypoxia due to activation pyruvate kinase-1, pyruvate does not undergo conversion to citrate instead
utilized for other vital process of cell survival. While citrate is aerobically generated from glutamine by conversion of glutamine to glutamate and
ultimately to α-ketoglutarate. α-ketoglutarate is further converted by Isocitrate dehydrogenase-2 to isocitrate and then citrate by acoitase-2. Ultimately,
citrate is converted to acetylcoA for fatty acid synthesis.
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converted to acetyl-CoA and NADH, decreasing the NADH flux to
the electron transport chain (ETC) and production of ROS. The
pyruvate thus accumulated undergoes conversion to lactate by the
activity of lactate dehydrogenase A (LDHA) (Semenza et al., 1996;
Papandreou et al., 2005). The lactate generated increases the
cytosolic acidity and inhibits glycolysis. Therefore, lactate is
effluxed out of the cell through a cell surface transporter known
as MCT-4, which ultimately contributes to extracellular acidification
and provides a favorable microenvironment for cellular
proliferation. Henceforth, HIF-1α, through direct regulation of
PDK1, LDHA, and MCT-4, effectively saves cancer cells from
acidosis and harmful reactive oxygen species (Gatenby et al.,
2007; Pinheiro et al., 2012; Doherty and Cleveland, 2013; Singh
et al., 2023). Past research suggests that HIF-1α dependent
expression of PDK-1 is required for metastatic colonization of
breast cancer cells in the liver, contrary to lung or bone
metastasis (Dupuy et al., 2015). Finally, to combat toxic ROS,
HIF-1α indirectly induced the expression of glutathione. Since
glutathione synthesis requires NADPH, HIF-1α triggers HMP
shunt by initiating O-GlcNAcylation of glucose 6-phosphate
dehydrogenase (Rao et al., 2015). Therefore, to protect cancer
cells from harmful ROS, HIF-1α activates PDK-1, impairs the
Kreb cycle, thereby reducing NADH flux to the electron
transport chain and generating ROS. Moreover, HIF-1α also
increases NADPH production from the HMP pathway to
upregulate glutathione synthesis to maintain redox homeostasis.

3.3.3 Modulation of lipid and fatty acid synthesis
Fatty acid synthesis requires the activity of ATP citrate lyase for

the conversion of Kreb-cycle-derived citrate into acetyl-CoA.
Acetyl-CoA undergoes carboxylation in the presence of the
enzyme acetyl-CoA carboxylase (ACC) to produce malonyl-CoA,
which is subsequently grouped into long-chain fatty acids by the
enzyme fatty acid synthase (FASN) (Pavlova and Thompson, 2016).

Many studies have reported that FASN activity is required for
lipid biosynthesis and cellular proliferation in various cancer
pathologies (Currie et al., 2013; Zaidi et al., 2013). Moreover,
downregulation of FASN was found to promote breast cancer
prognosis (Roy et al., 2020; Singh et al., 2021b; 2021a) (Singh
et al., 2016; Roy et al., 2017; Singh M. et al., 2018; Devi et al.,
2019a). It has been suggested that FASN activity is upregulated in
response to an increase in the expression of SREBP-1c by HIF-1α
(Furuta et al., 2008; Singh L. et al., 2018). Fatty acid, triacylglycerol,
and cholesterol synthesis under hypoxia are supplemented by fatty
acid uptake from the extracellular compartment by upregulating
PPARγ and fatty acid-binding protein (FABP-3,7) whose
transcription is regulated by HIF-1α (Krishnan et al., 2009;
Bensaad et al., 2014). Furthermore, HIF-1α enhances the
endocytosis of lipoproteins by increasing the number of cell
surface receptors, LRP-1 (lipoprotein receptor −1) and VLDL
receptor (VLDLR) (Perman et al., 2011).

In addition, fatty acids produced by overexpression of FASN are
utilized for membrane synthesis by conversion into phospholipids
or stored in the form of triacylglycerols in lipid droplets. Moreover,
the esterification of free fatty acids to neutral TAGs and their storage
in lipid droplets saves cells from lipotoxicity (Mukerjee et al., 2021).
It prevents cancer cells from intratumoral hypoxia from harmful free
radicals generated during the cycles of hypoxia and reoxygenation

(Young et al., 2013; Bensaad et al., 2014; Yoo et al., 2014; Ackerman
et al., 2018). During harsh times, cancer cells can utilize lipid
droplets to produce signaling molecules, such as sphingosine 1,
as well as for ATP production via β-oxidation in mitochondria
(Ackerman and Simon, 2014). Previous findings suggest that
hypoxia induces HIF-1α dependent lipid droplet accumulation in
tumor cells (Mylonis et al., 2012; Kourti et al., 2015). Moreover,
phosphorylation of HIF-1α can prevent lipid droplet
accumulation and malignant cell proliferation under hypoxic
(Mylonis et al., 2012; Karagiota et al., 2019). Henceforth, HIF-1α
fulfills the fatty acid requirement of rapidly proliferating cells by
inducing expression of FASN, PPARγ, and FABP-3.7 which
increases the production of fatty acid and ensures their
storage in the form of lipid droplets. These lipid droplets act
as a reservoir of fatty acid during times of starvation and protect
cells from lipotoxicity and harmful ROS.

3.3.4 HIF-1α mediated angiogenesis, metastasis
and invasion

Under hypoxic conditions, HIF-1α regulates a vast set of genes
and pro-angiogenic factors both in tumor mass and vascular
endothelial cells, including vascular endothelial growth factor
(VEGF) (Forsythe et al., 1996), angiopoietin-2 (ANGPT-2)
(Simon et al., 2008), stromal-derived factor-1α (SDF-1α)
(Ceradini et al., 2004), stem cell factor (SCF) (Bosch-Marce et al.,
2007), and platelet-derived growth factor-β (PDGF-β) (Kelly et al.,
2003). All of these are crucial players in the sequence of events
involved in tumor angiogenesis. VEGF is pivotal not only for
endothelial cell activation and proliferation through VEGF-R
signaling but is also responsible for reduced vascular endothelial
cell apoptosis by the upregulation of BCL-2 (Gerber et al., 1998).
VEGF is also secreted in a paracrine fashion from pericytes in
response to PDGF secreted from tumor cells (Reinmuth et al., 2001).
HIF-1α also governs vascular tone by modulating NOS (Rey and
Semenza, 2010). ANGPT-2 weakens the interactions between
endothelial cells and smooth muscle cells, responsible for
endothelial cell migration (Maisonpierre et al., 1997). In vivo
investigations have reported that targeting HIF-1α remarkably
inhibits tumor vascularization (Lee et al., 2009). HIF-1α induces
metastasis, which is the primary cause of tumor-related deaths
(Balamurugan, 2016). Limitations of tumor metastasis and
invasiveness rests upon HIF-1α mediated transcriptional
activation of matrix metalloproteinases (MMPs) and enzyme lysyl
oxidase (Wong et al., 2011). Reports reveal that HIF-1α directly
promotes epithelial to mesenchymal transition (EMT) by inducing
the loss of E-cadherin (Krishnamachary et al., 2006; Zhang et al.,
2014). It has been found that HIF-1α, through direct regulation of
the TWIST gene, induces metastasis (Yang et al., 2008). CXCR-4 and
urokinase-type plasminogen activator receptor (uPAR) are
important receptor targets of HIF-1α in hypoxia-mediated
metastasis (Staller et al., 2003; Büchler et al., 2009). The above
studies suggest that the cells which are at the center of tumor mass
require blood supply for transport of O2, nutrients, and growth
factors; therefore, HIF-1α activates angiogenic factors such as VEGF,
ANGPT-2, SDF-1α, SCF, and PDGF-β to facilitate neoangiogenesis,
endothelial cell proliferation, and endothelial cell migration.
Moreover, HIF-1α also induces tumor dissemination to distal
cites by directly activating TWIST, CXCR-4, and uPAR.

Frontiers in Pharmacology frontiersin.org11

Rastogi et al. 10.3389/fphar.2023.1108915

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1108915


3.3.5 HIF-1α and apoptosis
Hypoxia plays a dual role in the regulation of apoptosis under

graded oxygen conditions. A study reported that cells treated with
staurosporine were less sensitive to apoptosis under severe hypoxia
(0.1% oxygen) (Dong et al., 2003). HIF-1α has both pro-and anti-
apoptotic effects. Pro-apoptotic activity occurs from continuous or
extreme hypoxia, which arises from the interaction of HIF-1α with
p53. The anti-apoptotic activity of-HIF-1α arises at the level of O2 at
which HIF-1α can dimerize with ARNT, thereby increasing the
transcription of anti-apoptotic genes (Piret et al., 2002).

Another study reported that two different forms of HIF-1α
should be held liable for various activities. The phosphorylated form
of HIF-1α dimerizes with ARNT and triggers antiapoptotic genes.
On the other hand, dephosphorylated HIF-1α interacts with p53,
thereby stabilizing p53, which induces apoptosis via BAX
overexpression (Suzuki et al., 2001). Apart from BAX,
BNIP3 and NIX are also overexpressed at the transcriptional
level during hypoxia. When oxygen is sparse, HIF-1α promotes
mitophagy and inhibits mitochondrial biogenesis by upregulating
BNIP3 expression and inhibiting c-Myc-dependent mitochondrial
generation (Sowter et al., 2001; Zhang et al., 2007; Zhang et al.,
2008). The above studies suggest that below 0.1% oxygen (wherein
both PHD-2 and FIH are inactive), HIF-1α can dimerize with ARNT
and activate transcription of genes that inhibit apoptosis. Whereas,
pro-apoptotic effects of HIF-1α may be attributed to its cross-talk
p53 which need further investigation.

4 Bioenergetics of normal cells versus
cancer cells

The energy requirement of the cell is fulfilled by the catabolism
of carbohydrates, proteins, and fat. The energy production starts
with the catabolism of carbohydrates to glucose, which is further
converted to pyruvate via a set of ten enzymatic reactions forming a
pathway known as “Glycolysis” (DeBerardinis et al., 2008). In brief,
glycolysis is a two phase process. First, is the “investment phase” in
which ATP is utilized to produce high energy intermediates (such as
conversion of glucose to glucose-6- phosphate by hexokinase and
conversion of fructose -6-phosphate to fructose-1,6-bisphosphate by
phosphofructokinase). Second is the “pay off phase” in which high
energy intermediates are broken down to generate ATP molecules
(such as conversion of 1,3-bis phosphoglycerate to 3-
phosphoglycerate by phosphoglycerate kinase and conversion of
phosphoenolpyruvate to pyruvate by pyruvate kinase).
Furthermore, glycolysis also generates NADH from conversion of
glyceraldehyde-3-phosphate to 1,3-bis phosphoglycerate by
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Chandel,
2015).

Overall, glycolysis contributes to the generation of four ATPs
and two NADH molecules from one molecule of glucose. However,
the utilization of two ATPs in the investment phase reduces the net
gain to 2-ATPs and 2 NADH. Therefore, if we spare NADH, which
requires oxygen for energy production, at least two ATPs are
generated from substrate-level phosphorylation whenever a
glucose molecule undergoes glycolysis (Bonora et al., 2012). The
end product of glycolysis, pyruvate, yields different products under
aerobic and aerobic conditions. In the absence of oxygen, pyruvate is

transformed to lactic acid by lactate dehydrogenase A (LDHA) and
is expelled out of the cell (Semenza et al., 1996).

In contrast, in the presence of oxygen, pyruvate is transformed
to acetyl-CoA under the catalytic influence of the pyruvate
dehydrogenase enzyme. This acetyl-CoA yielded from pyruvate
(from glycolysis) combined with oxaloacetate to generate citrate.
This marks the start of energy production, which is inside the
mitochondria called the “Citric acid cycle.” The citric acid cycle
liberates essential metabolic intermediates, such as alpha-
ketoglutarate, succinate, fumarate, malonate, and oxaloacetate.
These intermediates are metabolic precursors of amino acids,
nucleotides, fatty acids, hemes, and porphyrins, which are
essential components for synthesizing cell membranes, DNA,
proteins, and other macromolecules (DeBerardinis et al., 2008).

It is appropriate to mention that similar to glycolysis, the TCA
cycle can generate two ATPs from substrate-level phosphorylation,
which occurs when the succinic CoA synthetase enzyme catalyzes
the reversible reaction of succinyl CoA to succinate (Galluzzi et al.,
2010). The oxidation of acetyl-CoA to CO2 by the electron transport
chain reduces NAD+ and FAD+ to form high-energy carriers
NADH and FADH2 during the cycle. For this reason, the Kreb
cycle, though it does not require oxygen for functioning, requires
oxygen for the oxidation of NADH and FADH2 to yield NAD+ and
FAD+ by an electron transport chain (or oxidative
phosphorylation), which is coupled to the Kreb cycle (Martínez-
Reyes and Chandel, 2020). In normal cells, ATP is generated mainly
from OXOPHOS, accounting for nearly 89% of the total cellular
energy, while substrate-level phosphorylation contributes 11% of the
whole cellular energy. Approximately 32–38 total ATPmolecules are
generated from the complete oxidation of one molecule of glucose.
Cancer cells switch from oxidative phosphorylation to glycolysis for
most of their energy requirements. This prevents the generation of
harmful reactive oxygen species (ROS) by ETC (ROS are the product
of electron acceptation by O2 in ETC) and facilitates rapid ATP
supply to fast proliferating cells since glycolysis is a quicker process
than oxidative phosphorylation. This dependency of cancer cells on
glycolysis and excessive production of lactate from pyruvate, despite
the presence of O2, is termed the Warburg effect (Warburg, 1925;
Epstein et al., 2014; Shestov et al., 2014; Warburg Berlin-Dahlem,
2016).

4 Energy generation and transcriptional
regulation of tumor cell proliferation
under graded oxygen tension: Role of
lactate shunt

As previously discussed, as tumors grow away from blood
vessels, areas that are distal to blood vessels or sometimes due to
poor vasculature experience graded oxygen tension (Campillo et al.,
2019). Various models have been proposed previously, which
classify the tumor into two zones: the non-hypoxic zone, which
has an adequate supply of oxygen to support tumor cell growth, and
the second is the hypoxic zone, which lacks oxygen. In solid tumors,
it is important to consider a third zone that is intermittent hypoxic
simply because tumors have intermittently hypoxic patches.
Therefore, to understand how cells of the same tumor respond
differently to different pO2, we bifurcated the tumor cells into three
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zones based on the oxygen gradient (Figure 6). The three zones are i)
non-hypoxic zone (40 < pO2 < 160 mmHg), ii) intermittent hypoxic
zone (10 < pO2 < 40 mmHg), and iii) severely hypoxic zone (pO2 <
10 mmHg) (McKeown, 2014). To survive, cells in these zones
cooperate with each other to fulfill their metabolic needs called
“Metabolic Symbiosis.” In recent times, lactate has evolved as the
molecule which facilitates this “Metabolic Symbiosis” (Guppy et al.,
1993). In the subsequent section, we will see how lactate facilitates
cells to tackle energy crises in all three zones.

The non-hypoxic zone (40 < pO2 < 160 mmHg) comprised
oxygenated tumor cells. These cells have free access to O2 because
they lie close to the blood vessels. In the early phase of tumor
development, these cells prefer glycolysis over oxidative
phosphorylation because glycolysis can supply ATP faster to
rapidly proliferating cells as compared to oxidative
phosphorylation and also reduces the oxidative stress on tumor
cells (Guppy et al., 1993; Pfeiffer et al., 2001). However, as the size of
the tumor increases, a large amount of glucose is required not only to
maintain cell energetics but also to provide biosynthetic
intermediates such as ribose-5-phosphate, one carbon for
nucleotide synthesis, as well as amino acids for protein synthesis,
resulting in an increase in the demand for glucose. Therefore,
oxygenated tumor cells reduce glucose uptake and increase

lactate uptake from the extracellular environment during tumor
development. Lactate is picked up from the extracellular
environment through MCT-1 and is converted to pyruvate by
LDHB. Pyruvate generated from lactate enters the Krebs cycle
and provides energy through oxidative phosphorylation. This
metabolic switch from glycolysis to oxidative phosphorylation
provides a large number of ATPs and TCA cycle intermediates
and makes glucose readily available for the survival of hypoxic cells
that are distal to blood supply (Feron, 2009).

The intermittent hypoxic zone (10 < pO2 < 40 mmHg) is the
connecting link between the non-hypoxic zone and severely hypoxic
zone, and therefore acts as a bridge that maintains a continuous
supply of glucose from the non-hypoxic location the periphery to the
severely hypoxic zone at the center. Similar to non-hypoxic cells,
these cells rely mainly on the Kreb cycle and oxidative
phosphorylation to generate ATP by utilizing pyruvate generated
from lactate, thereby sparing glucose for utilization in severely
hypoxic zones (Sonveaux et al., 2008; Nakajima and Van Houten,
2013). Therefore, these cells are also known as OXOPHOS cells. In
addition to exogenous lactate uptake, OXOPHOS cells also take up
glutamine for oxidative glutamine metabolism. In oxidative
glutamine metabolism, glutamine is converted to glutamate by
glutaminase, and glutamate dehydrogenase converts glutamate to

FIGURE 6
Metabolic Symbiosis under graded oxygen to produce ATP. Bioenergetics involved in solid tumor is highly complex. Cells which are closed to blood
vessels have normal supply of oxygen and glucose therefore obtain energy through glycolysis and kreb cycle initially but as the size of the tumor increases
the demand of glucose increases more and more to compensate for this ever increasing demand of glucose there is an upsurge in MCT-1 expression in
non-hypoxic cells and they take up exogenous lactate from extracellular tumor microenvironment and convert it to pyruvate by the action of
enzyme lactate dehydrogenase B (LDHB). and further this extemporaneously generated pyruvate is utilized to gain energy through Kreb cycle thus
sparing glucose for utilization by hypoxic areas which are far from blood vessels. Second in line are intermittently hypoxic cells which utilize both
exogenous lactate as well as oxidative glutamine metabolism for energy requirement. Ultimately the core of tumor is formed by severely hypoxic cells
which lack access to both blood and oxygen therefore glycolysis is the only source for energy replenishment and therefore undergo rapid glycolysis and
generate huge amount of lactate resulting in lactic acidosis. Therefore, in order to survive cancer cells, excrete this lactate out of the cell. This excreted
lactate serves as pool of extracellular lactate which can be taken by non-hypoxic and intermittent hypoxic cells for energy production. Hence this cycle
goes on and on leading to increase in tumor mass by rapid cellular proliferation and survival.
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the TCA cycle intermediate 2-oxoglutarate. Anaplerotically, 2-
oxoglutarate undergoes oxidative glutamine metabolism,
producing energy and rejuvenating the pool of Kreb cycle
intermediate precursors of nucleotides, amino acids, and lipids
(Moreadiths and Lehningert, 1984; DeBerardinis et al., 2007).

The severely hypoxic zone (pO2 < 10 mmHg) consists of glycolytic
cells that obtain energy from glycolysis only due to impairment of
mitochondrial oxidative phosphorylation. Citrate deficit arising from
the impaired mitochondrial function is partially fulfilled by
“anaplerosis” from reductive glutamine metabolism in these cells
(Moreadiths and Lehningert, 1984; DeBerardinis et al., 2007).
Impairment of oxidative phosphorylation by mitochondrial defects is
attributed to the activation of HIF-1α, which causes selective mitophagy
to reduce oxygen consumption and ROS production under hypoxia
(Zhang et al., 2008). Moreover, HIF-1α activates the enzyme pyruvate
dehydrogenase kinase-1 (PDK1), which phosphorylates and thereby
blocks the function of mitochondrial pyruvate dehydrogenase, which
converts pyruvate to acetyl-CoA, thereby uncoupling pyruvate from the
Kreb cycle [114]. HIF-1α further induces the enzyme LDHA, which
oxidizes pyruvate to lactate, and in the process, NADH is oxidized to
NAD+ (Semenza et al., 1996). NAD + functions as an electron acceptor
in the glycolytic pathway and therefore plays a vital role in the
continuous running of glycolysis to support the energy requirements
of rapidly proliferating cells (Bui and Thompson, 2006; Fan et al., 2011).
Lactate, a by-product of glycolysis, is effluxed out of the cell by
monocarboxylate transporter-4 (MCT-4), which is also a
transcriptional target of HIF-1α (Pinheiro et al., 2012). Extracellular
lactate accumulation favors migration and metastasis and acts as a
reservoir of energy for non-hypoxic and OXOPHOS cells (Goetze et al.,
2011; Dhup et al., 2012; Brooks, 2018).

From the above, it is clear that “metabolic symbiosis between
the three zones is necessary for holistic growth and proliferation
of cancer cells, and lactate shunt is the key to this metabolic
adaptation.” Compared to energy production, tumor growth
and proliferation regulation under graded oxygen tension are
much more complex. Studies over the past decade have
emphasized HIF-1α as the central regulator of tumor cell
survival, proliferation, angiogenesis, and metastasis under
graded oxygen tension (Schofield and Ratcliffe, 2004). Here,
we focus on the intricacies tangled in the modulation of HIF-1α
in the non-hypoxic, intermittent hypoxic, and severely hypoxic
zones.

In the non-hypoxic zone (40 < pO2 < 160 mmHg), both PHD-2
and FIH-1 remain functional, which contribute to proteasomal
degradation and transcriptional inactivation of HIF-1α, respectively
(Maxwell et al., 1999; Bruick, 2001; Lando et al., 2002; Kaelin, 2003). In
intermittent hypoxic zones (10 < pO2 < 40 mmHg), PHD-2
is inactivated while FIH-1 remains functional (Koivunen et al., 2004;
Stolze et al., 2004). Therefore, how HIF-1α regulates the transcriptional
factors responsible for cell growth and proliferation in these zones
remains a question. Research postulates that Lactate uptake from
the extracellular environment and its subsequent conversion to
pyruvate by LDHB enzyme could be responsible for non-hypoxic
activation of HIF-1α since pyruvate acts as a competitive inhibitor
of oxoglutarate (α-ketoglutarate), which is a co-substrate for enzymes
PHD-2 and FIH-1. Therefore, reduced levels of α-ketoglutarate might
lead to the inactivation of PHD-2 and FIH-1, thereby facilitating the
stabilization and transcriptional activity of HIF-1α (De Saedeleer et al.,
2012). Notably, it has been found the Michaelis constant (Km) of FIH
for the substrate α-ketoglutarate is 55–60 µM, which is just double that

FIGURE 7
Common targets of HIF-1α and NF-κB. Inflammation, Mitophagy, Autophagy, Cell Cycle Changes, Apoptosis, Invasion, Migration, Metastasis,
Angiogenesis, Metabolism.
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of PHD-2, whose Km value for α-ketoglutarate is 25 µM (Koivunen
et al., 2004).

Moreover, it has been found that FIH remains functional up to
pO2 = 10 mmHg, while PHD-2 is inactivated as soon as pO2

reaches <40 mmHg. Therefore, even if PHD-2 is inactivated by
competitive inhibition of α-ketoglutarate by pyruvate, FIH-1
remains active and prevents HIF-1α transcriptional activity (Rani
et al., 2022). Thus, pyruvate-induced competitive inhibition of α-
ketoglutarate will only contribute to the stability of HIF-1α but not
to the functional activity of HIF-1 α in non-hypoxic cells. Now, a
question still remains: how does tumor cell survival, proliferation,
angiogenesis, and metastasis occur in the truancy of HIF-1α. This
raises an intriguing possibility that other transcriptional regulators
are involved that facilitate cellular adaptation when oxygen tension
is limiting for HIF- 1α.

In severely hypoxic zones (pO2 < 10 mmHg), both PHD-2 and
FIH-1 are inactivated in response to oxygen. As a result, HIF-1α
becomes stable and activates genes responsible for tumor cell growth
survival.

5 Different hypotheses for NF-κB
activation and their future
endorsement: Role of PHDs

5.1 PHDs as a dual regulator of HIF-1α and
NF-κB

While HIF-1α is an extensively studied transcriptional regulator
under hypoxia, other transcriptional regulators exist (Nakayama

FIGURE 8
Mechanism of Lactate shuttle mediated activation of NF-κB under graded oxygen tension. As the tumor size increases to more than 200 μm, the
diffusion of oxygen decreases, which marks the beginning of the condition known as “intratumoral” hypoxia. Moving from the periphery to the core
(400 μm), cells are under graded oxygen tension, which ranges from 160 mmHg to less than 10 mmHg. Based on this, cells can be divided into three
zones. In Figure A. represents a cell that lies in the non-hypoxic zone (160 > pO2 > 40 mmHg), B. represents a cell that lies in the intermittent hypoxic
zone (40 > pO2 > 10 mmHg), and C. represents a cell that lies in a severely hypoxic zone (pO2 < 10 mmHg). In a non-hypoxic cancer cell (A) and
intermittent hypoxic cancer cell (B), effluxed lactate enters through MCT-1 and is converted to pyruvate by the enzyme lactate dehydrogenase B. The
conversion of lactate to pyruvate causes competitive inhibition of 2-oxoglutarate by pyruvate, which is the substrate for enzyme Prolylhydroxylase-
2(PHD-2). Henceforth, PHD-2 fails to degrade IKKβ, resulting in the activation of NF-κB, which further regulates the downstream mechanism of cancer
cell survival, growth, and proliferation. In contrast, HIF-1α, which assumes stability due to inactivation of PHD-2, does not undergo transcriptional
activation because of hydroxylation at N803 of its C-TAD by factor inhibiting HIF-1α (FIH-1). Although FIH-1, similar to PHD-2, belongs to the group of 2-
oxoglutarate dependent dioxygenases, has a Km value of 55-60μM for 2-oxoglutarate, which is double that of PHD-2, whose Km value for 2-
oxoglutarate is 25 μM. Moreover, FIH-1 remained active up to an oxygen tension of 10 mmHg. Therefore, FIH-1 effectively inhibits HIF-1α transcriptional
activity in non-hypoxic and intermittent hypoxic zones. Henceforth, it can be postulated that in these zones cell survival and proliferation is under
influence of NF-κB. In hypoxic cancer cells, lactate accumulates due to excessive glycolysis, which results in an increase in intracellular acidity. In order to
cope with intracellular acidity, hypoxic cancer cells efflux lactate into the extracellular environment through monocarboxylate transporter-4 (MCT-4).
Moreover, in hypoxic cancer cells, both PHD-2 and FIH-1 were inactive due to very low oxygen tension (pO2 < 10 mmHg). Thus, HIF-1α is both stable and
transcriptionally active along with NF-κB. Therefore, cell survival and proliferation are influenced by both HIF-1α and the inflammatory partner NF-κB.
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and Kataoka, 2019). NF-κB is also a transcriptional regulator. NF-κB
is a crucial modulator of angiogenesis, metastasis, migration, cell
survival, and proliferation (Gilmore, 2006), but its role in
conjunction with HIF-1α has not been studied extensively. A few
studies have established a link between HIF-1α and NF-κB; however,
the results have been contradictory. Although it appears that both
HIF-1α and NF-κB work hand in hand, establishing a well-defined
mechanism has proven elusive (BelAiba et al., 2007; Nam et al., 2011;
Azoitei et al., 2016).

Interestingly, PHDs that regulate HIF-1α activity were also found to
regulate NF-κB signaling through IKKβ. An in vitro study showed that
inhibition of PHDs moderately activated IKKβ in cells cultured under
hypoxic conditions (Walmsley et al., 2005). It would be appropriate to
mention that NF-κB activation is regulated by IKKβ induced
phosphorylation and degradation of IκB inhibitors (IκBα and IκBβ).
It has been reported that ischemia leads to hypoxia, which can suppress
PHD1 function, thereby enhancing IKKB expression for NF-κB
activation (Cummins et al., 2006; Xie et al., 2014).

It was also found that PHD-2 downregulation increased NF-κB-
mediated expression of IL-8 and angiogenin in certain tumors.
The same study also reported that stimulation of NF-κB activity
by TNF-α treatment was impaired in the presence of PHD-2, which
further confirms that PHD-2 is a negative modulator of NF-κB
(Chan et al., 2009). Moreover, a functional link between both ROS
and PHD2 pathways was provided by showing that the conversion
of NAD + to NADH and H+ by LDHBwas converted from lactate to
pyruvate.

Competitively inhibits PHD. but also stimulates NAD(P) H
oxidase (Végran et al., 2011). NAD(P) H oxidase generates ROS
from a pool of NADH. ROS generated may contribute to the
inhibition of PHD-2, leading to an increase in basal NF-κB
activity (Gerald et al., 2004; Pan et al., 2007). From the above
findings, there appears to be a negative regulatory loop between
PHDs and NF-κB.

5.2 Various mechanisms of NF-κB activation

Endothelial cells have an increased expression of MCT-1, which
allows them to take up a large amount of lactate from the
extracellular environment. Although MCT-1 operates bi-
directionally depending on the concentration gradient, the
unidirectional movement of lactate is maintained by its higher
affinity for lactate (Km = 3–6 mM) and an ever-increasing
extracellular pool of lactate effluxed from glycolytic cells through
MCT-4 (Km = 25–30 mM) (Halestrap, 2013; Benjamin et al., 2018).

This effluxed lactate is converted to pyruvate in the presence of
the enzyme LDHB to run the Krebs cycle for energy production,
thereby sparing glucose for distal hypoxic areas [171] (Figure 7).
However, LDHB converts NAD+ to NADH andH+, thus generating
NAD(P) H oxidases. NAD(P) H oxidases produce large amounts of
ROS. Moreover, pyruvate, which is a competitive inhibitor of 2-
oxoglutarate, inhibits PHD2. Both excessive ROS production and
inhibition of PHD2 contribute to NF-κB activation (Gatenby and
Gillies, 2004). It is pertinent to mention that MCT-4 plays a pivotal
role in NF-κB activation indirectly by effluxing lactate out of the cell,
which is further taken up by MCT-1 from the extracellular
environment.

Specific blocking of MCT-1 could be a possible mechanism to
inhibit NF-κB activity by preventing competitive inhibition of PHD-
2 and generation of ROS. On the other hand, specific blockage of
MCT-4 leads to decreased extracellular lactate levels, creating a
negative feedback loop, thereby inhibiting lactate uptake by MCT-1.
Blocking both MCT-1 and 4 could be a more dynamic approach
because it would disrupt the metabolic symbiosis of lactate both
intracellularly and extracellularly, rendering NF-κB ineffective.

Activation of NF-κB by this mechanism is dependent on the
uptake of lactate; however, there is a need to investigate the level at
which cells would prefer to take lactate instead of glucose when both
are available in abundance. Secondly, cells could hire other
mechanisms to overcome the effect of blockage of MCTs and
increase intra-or extracellular acidity.

Modern research has focused on inhibiting the enzyme LDHB, a
crucial enzyme involved in converting lactate to pyruvate. Inhibition
of the activity of this enzyme has resulted in decreased disease
prognosis in breast, colon, and ovarian tumors. This enzyme not
only replenishes NADPH for fatty acid synthesis but also maintains
redox homeostasis. This enzyme indirectly activates HIF-1α because
of the competitive inhibition of PHD2 by pyruvate. However,
whether competitive inhibition of pyruvate leads to activation of
NF-κB remains a matter of research (Brisson et al., 2016; Mishra and
Banerjee, 2019). Few researchers have suggested that competitive
inhibition of PHD2 does not activate NF-κB in oxidative tumor cells
but activates HIF-1α (De Saedeleer et al., 2012; Van Hée et al., 2015).
It has been shown that PHD2 activation results in decreased
activation of HIF-1α and NF-κB; thus, how the inhibition of the
same regulating factor results in reduced expression of HIF-1α and
not of NF-κB requires further investigation.

6 Unresolved riddle and proposed
hypothesis.

It has been known for quite some time that inflammation, when
left unchecked, might eventually result in cancer. The precise
mechanism driving this event, however, remains unclear. Many
studies (Höckel and Vaupel, 2004) have pointed to hypoxia as a
prognostic factor that changes normal cells into cancerous ones in a
chronic inflammatory milieu. Previous studies have implicated NF-
B and HIF-1α as two significant transcriptional regulators in this
transition. But how they interact is still a mystery. The two
transcription factors control separate aspects of cell growth and
division. While HIF-1α promotes malignant cell adaptability and
proliferation, nuclear factor-kappa B (NF-kappa B) is essential for
tumour initiation and survival (Dolcet et al., 2005; Masoud and Li,
2015). Many studies have looked into the method by which these
two proteins cooperate, however the results have been inconsistent.
While some research suggests that HIF-1α activates following NF-
κB suppression, others show that the opposite is true. Still other
research suggests that NF-κB regulates the HIF-1-mediated
response. Overall, little is known about HIF-1’s involvement with
its inflammatory companion NF-κB. Basal NF-κB activity is
essential for HIF-1α activation, and this has been stressed by a
small but vocal group of researchers in recent years, although there is
not yet enough evidence to back up these claims. Moreover, it is
pretty understandable that sufficient oxygen is available in the early
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phase of tumorigenesis because the affected area is close to the blood
vessels. Therefore, HIF- 1α undergoes proteasomal degradation due to
the presence of PHD2. Although non-hypoxic stabilization of HIF-1α
and NF-κB is very high on the cards by inhibition of PHD2 by ROS
and TCA cycle intermediates (Lee et al., 2016), the presence of FIH is
likely to seize the transcriptional activity of HIF-1α, while NF-κB
undergoes transcriptional activation. Therefore, in the initial phase of
tumors, it could be hypothesized that cellular proliferation is HIF-1α
independent and NF-κB-dependent. It is pertinent to mention that
PHD2 inhibition is necessary for the transcriptional activity of both
HIF-1α and NF-κB.

Past research suggests that NF-κB and HIF-1α share commonly
targeted genes (Rocha, 2007; Park and Hong, 2016) (Figure 7);
therefore, they both may be regulated by similar mechanisms.
Despite the presence of FIH-1, angiogenesis, metastasis, migration,
and other phenomena necessary for cellular proliferation take place.
Therefore, it could be hypothesized that until oxygen becomes limiting
for FIH, NF-κB regulates tumor cell growth and expansion through
pyruvate-mediated competitive inhibition of PHD-2 (Figure 8).

7 Conclusion

To regulate HIF-1α and NF-κB, the PHD-2 is the typical
checkpoint. Because of this, activating PHD-2 either directly or
indirectly may represent a novel approach to treating solid tumours.
PHD-2 may be directly activated by small-molecule chemical
activators (Roy et al., 2018; Devi et al., 2019a; Roy et al., 2019).
(Devi et al., 2019b). It is worth noting that there are just a few of
compounds thought to be PHD-2 activators, and none of them have
made it to market as of yet. In addition, the response in tandem with
NF-κB downregulation is still not clear.

Activating PHD-2 in a roundabout way may be accomplished by
focusing on MCT-1 and LDHB. Recent studies have indicated that
inhibiting MCT-1 has a significant impact on cancer treatment,
although their effect in tandem with PHD-2 activity has yet to be
studied. As with Akt inhibition, LDHB inhibition was found to be
useful in cancer therapy, but selective LDHB inhibitors have not
been discovered as of yet. Consequently, it is important to study
the impact of novel selective inhibitors of LDHB on carcinogenesis.
The current study elucidates the function of NF-κB in the first
stages of tumour development and proliferation, when HIF-1α is
inactive due to elevated pO2. This review also sheds light on how,
under normal oxygen tension, downregulation of PHD-2 by the

lactate shuttle activates NF-κB but not HIF-1α. The review
highlights PHD-2 as a dual down regulator of HIF-1α and IKK,
and proposes that, like HIF-1α, PHD-2 causes hydroxylation and
proteasomal degradation of IKK.
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Glossary

TNF-α tumor necrosis factor-α
IL interleukin

ROS reactive oxygen species

PAMPs pathogen associated molecular patterns

DAMPs damage/danger associated molecular patterns

TLRs toll like receptors

NF-κB nuclear factor kappa light chain enhancer of activated B- cells

OXOPHOS oxidative phosphorylation

MCT-1 monocarboxylate transporter-1

MCT-4 monocarboxylate transporter-4

LDHA lactate dehydrogenase-A

LDHB lactate dehydrogenase-B

GLUT-1 glucose transporter-1

GLUT-3 glucose transporter-4

HIF-1α hypoxia inducible factor-1α
HIF-1β hypoxia inducible factor-1β
PHD-2 prolylhydroxylase-2

ODDD oxygen dependent degradation domain

pVHL Von-hippel-Lindau tumor repressor protein

FIH-1 factor inhibiting hypoxia inducible factor 1α
CBP CREB binding protein

CTAD C- terminal transactivation domain

HRE hypoxia response element

2-OG 2- oxoglutarate

TCA tricarboxylic Acid cycle

IκB inhibitor of nuclear factor kappa B

IKK inhibitor of nuclear factor kappa-B kinase

NEMO NF-κB essential modulator

MEFs mouse embryonic fibroblasts

TAK-1 transforming growth factor -β- activated kinase-1

SCF SKP1-cullin-1-F- box protein

βTrCP beta transducing repeats containing protein

VEGF vascular endothelial growth factor

MMP’s matrix metalloproteinases

CAF’s cancer associated fibroblasts

ECM extracellular matrix

CXCl-2 C-X-C motif chemokine ligand 2

SDF-1 stromal cell-derived factor-1

c-myc cellular myelocytomatosis oncogene

CXCR4 C-X-C chemokine receptor type 4

bHLH basic helix loop helix

PAS PER-ARNT-SIM

ARNT aryl hydrocarbon receptor nuclear translocator

ATP adenosine triphosphate

ETC electron transport chain

PDK-1 pyruvate dehydrogenase kinase-1

IDH-1 isocitrate dehydrogenase-1

IDH-2 isocitrate dehydrogenase-2

ACO-1/2 aconitase-1/2

ACl ATP- citrate lyase

ACC acetyl CoA carboxylase

FASN fatty acid synthase

SREBP-1 sterol regulatory element binding protein-1

PPARγ peroxisome proliferator receptor-γ
FABP fatty acid binding protein

LRP-1 lipoprotein receptor related protein

VLDLR very low density lipoprotein receptor

TAGs Triacylglycerols

AGPAT2 acylglycerol-3-phosphate acyl transferase-2

DAG diacylglycerol

NHE1 sodium hydrogen exchanger-1

Ca9 carbonic anhydrase-9

BAFFR B-cell activating factor receptor

CD cluster of differentiation

RANK receptor activator of nuclear factor κ B

TNFR2 tumor necrosis factor receptor 2

FN14 fibroblast growth factor-inducible 14

TWEAK tumour necrosis factor (TNF)-like weak inducer of
apoptosis
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