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ARTICLE INFO ABSTRACT

Keywords: Hypoxic reactivation of Kaposi's sarcoma-associated herpesvirus (KSHV) refers to the phenomenon under low

KSHV oxygen where the virus goes from latent to lytic replication. Typically, healthy cells generally cease cell division

HYP‘”_‘ia ) and DNA replication under hypoxic conditions due to limited resources, and the presence of physiological in-
Eea;tw;a}mn hibitors. This restricted replication under hypoxic conditions is considered an employed strategy of the cell to
eplication e . . . P . . P
TraI;'lscription minimize energy consumption. However, cancerous cells continuously replicate and divide in hypoxic conditions
Epigenetics by reprogramming several aspects of their cell physiology, including but not limited to metabolism, cell cycle,

LANA DNA replication, transcription, translation, and the epigenome. KSHV infection, similar to cancerous cells, is
known to bypass hypoxia-induced restrictions and undergo reactivation to produce progeny viruses. In previous
studies we have mapped several aspects of cell physiology that are manipulated by KSHV through its latent
antigens during hypoxic conditions, which allows for a permissive environment for its replication. We discuss the
major strategies utilized by KSHV to bypass hypoxia-induced repression. We also describe the KSHV-encoded
antigens responsible for modulating these cellular processes important for successful viral replication and

persistence in hypoxia.

1. Introduction

Typically, most viral families do not exhibit a latent phase of infection,
however, a few families are known to enter true latency (Speck & Ganem,
2010). Among them, herpesviruses, which are large double-stranded DNA
virus, are the most prevalent and capable of undergoing latent infection
across all the subfamilies of these viruses (Speck & Ganem, 2010; Weid-
ner-Glunde et al., 2020). Certain members of this family, which include
Kaposi's sarcoma associated herpesvirus (KSHV) are ubiquitous, opportu-
nistic, oncogenic herpesvirus linked to several proliferative diseases, and
are reported to infect large world's population (Angeletti et al., 2008).
Once infected, the KSHV genome latently persists in the infected in-
dividuals for their life time (Damania et al., 2022; Thorley-Lawson, 2015).
Other common herpesviruses, which are known to maintain latency in-
cludes herpes simplex virus (HSV1 and HSV2), varicella-zoster virus
(VZV), and Epstein Barr Virus (EBV) (Cohen, 2020; Sehrawat et al., 2018;
Soldan & Lieberman, 2023). During latency, the genome of infecting vi-
ruses are highly modified, mostly through epigenetic modifications, to
minimize expression of viral-encoded genes (Lieberman, 2016). The
expression of a small number of viral-encoded genes is necessary for
evading recognition by host immune system (Lieberman, 2016; Sack &
Herzog, 2009). During latency exhibited by the majority of herpesviruses,

* Corresponding author.
E-mail address: erle@pennmedicine.upenn.edu (E.S. Robertson).

https://doi.org/10.1016/j.cellin.2024.100200

the viral genome persists silently as a chromosome-tethered episome
within the infected cells and replicate synchronously with host genome
(Kim & Kim, 2022; Sorel & Dewals, 2018). In all cases of herpesvirus la-
tency where chromosome-tethered-episomes are the mechanism of
genome persistence, a unique antigen encoded by these viruses plays
crucial roles in persistence of the viral genome by tethering it to the host
chromosome (Serquina & Ziegelbauer, 2017).

In the case of Epstein-Barr virus, EBNA1 plays a major role in teth-
ering of its genome with the host chromosome (Kang & Kieff, 2015;
Serquina & Ziegelbauer, 2017). Here the central Gly-Arg-rich region
(amino acids 325-376) of EBNA1 plays a central role in chromosome
attachment. However, the N-terminal sequences (8-67) of EBNA1 also
play a role in this interaction (Frappier, 2012; Kang & Kieff, 2015; Shire
et al.,, 2006). KSHV-encoded LANA has functional homology with
EBV-encoded EBNAL1 and plays pivotal roles in KSHV persistence as well
as reactivation (Nakajima et al., 2024; Uppal et al., 2014). KSHV epi-
somes are tethered with host chromosome by concomitant interaction of
LANA with host chromosomes and KSHV episome. The C-terminal of
LANA attaches itself to the host chromosome, while the N-terminal of
LANA binds with the terminal repeat region within the KSHV episome
(Kumar et al., 2022; Purushothaman et al., 2016). In contrast, alpha
herpesviruses establish latency within terminally differentiated,
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non-dividing neurons, which eliminates the need for the tethering of the
viral genome to the host chromosome (Salazar et al., 2023). Conse-
quentially, these viruses are reported to not express any identified pro-
tein during latent infection (Salazar et al., 2023). Exceptionally, HHV6 is
known to integrate in the telomeric region of the host chromosomes
(Kaufer & Flamand, 2014). In addition to herpesviruses, few other vi-
ruses are known to undergo latency. The most notable among other vi-
ruses are Human immunodeficiency virusl (HIV1), Human
Papillomavirus (HPV) and Hepatitis B virus (HBV) (Lieberman, 2016;
Platt et al., 2020). However, unlike most of the herpesviruses, these vi-
ruses in general maintain latency by integrating into the host chromo-
somes (Pantry & Medveczky, 2017). The latent infections of all the
above-mentioned viruses, can persist for the life of their hosts. Several
internal and external factors have been reported to induce reactivation of
the viruses capable of undergoing latency (Traylen et al., 2011). These
factors, in general are capable of inducing physiological stress within the
host cell. Most prominent physiological stress inducing factors include
ionizing radiation, metabolite scarcity, reactive oxygen species, hypoxic
conditions or chemical compounds capable of interfering with epigenetic
homeostasis can induce viral reactivation (Grinde, 2013; Jones, 2023).

Kaposi's sarcoma-associated herpesvirus (KSHV) represents a typical
example of a virus that can undergo reactivation during hypoxia (Aneja &
Yuan, 2017; Davis et al., 2001). Nevertheless, other herpesviruses such as
HSV, VZV, EBV, and CMV can also undergo reactivation under hypoxic
conditions through various mechanisms, including the suppression of the
immune response, and activation of specific cellular pathways that pro-
mote viral replication (Aneja & Yuan, 2017; Verzosa et al., 2021).
Additionally, hypoxia may lead to tissue damage or inflammation,
creating an environment conducive to viral reactivation. Hypoxia alters
the cellular microenvironment, to stimulate viral replication and pro-
duction of infectious virions (Castillo-Rodriguez et al., 2022; Thaker
et al., 2019).

The non-herpesviruses are also reported to respond within the hyp-
oxic microenvironment in a manner that can promote their reactivation.
Hypoxia has been suggested to contribute to HBV reactivation in liver
cells by modulating cellular signaling pathways involved in viral repli-
cation (Wing et al., 2021). Hypoxic conditions can also impair host im-
mune responses against HBV, leading to increased viral replication.
Similarly, hypoxia has been implicated in promoting HCV replication and
liver disease progression. Hypoxic conditions in the liver microenviron-
ment can influence HCV replication and the host immune response,
contributing to viral persistence and liver damage (Vassilaki et al., 2013).
Human Immunodeficiency Virus (HIV) itself does not directly undergo
reactivation under hypoxia, but it can enhance its own replication, and
disease progression by promoting viral transcription, immune dysregu-
lation, and tissue damage (Zhuang et al., 2020).

Recently, reactivation of Marek's Disease Virus (MRV) in lymphoma-
derived latently infected T-lymphocytes was reported in response to
hypoxia and HIFla upregulation (Zhuang et al., 2020). The molecular
mechanism of hypoxia-induced reactivation of these viruses have been
explained on the basis of up-regulated expression of lytic switch proteins
encoded by these viruses, which are required as an activator for repli-
cation and transcription of these viruses (Orlando et al., 2020; Yfantis
et al., 2023). For example, the promoter region of the KSHV lytic switch
protein contains six hypoxia responsive elements (HREs). The most
widely accepted core sequence of the putative HRE sequences is accepted
as 5'-RCGTG-3' (R = G/A). Nevertheless, other similar sequences such as
TCAGGTG and BACGTSSK (where B = G/C/T, S = G/C, and K = G/T) are
also shown to be responsive to HIF1a (Cai, Lan, et al., 2006). In addition
to the RTA promoter, promoter regions of several other KSHV-encoded
genes have been reported to harbor HREs, suggesting a direct role of
HIF1la and hypoxia in regulating the expression of other KSHV-encoded
genes, and possibly required for facilitating KSHV reactivation in the
hypoxic tumor micro-environment. The most prominent KSHV-encoded
genes with tested functional HREs within their promoter region in-
cludes LANA and vGPCR (Davis et al., 2023; Singh et al., 2018). Similar
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to that completed for KSHV, bioinformatics analysis on the complete
genome of Marek's Disease Virus showed presence of more than 200
hypoxia responsive elements, which can facilitate expression of a number
of MRV-encoded genes in hypoxia (Mallet et al., 2022).

Although, it is evident that hypoxia can regulate activities at the
genome and proteome at multiple levels to facilitate reactivation of many
viruses, as well as their associated pathogenesis, the understanding of
hypoxia-induced viral reactivation remain a major challenge for the field.
This is mainly due to adverse and nonpermissive effects of hypoxia on
many areas of cellular physiology. Hypoxia, can adversely affect cell
cycle progression, DNA replication, transcription and translation (Ort-
mann et al., 2014). Moreover, hypoxia can mediate epigenetic changes,
generation of reactive oxygen species and post-translational modifica-
tions (Patterson et al., 2012; Verdikt & Thienpont, 2024). In this current
review, we will focus on discussing the different aspects of KSHV reac-
tivation under conditions of hypoxia in the tumor microenvironment.

2. The inhibitory role of hypoxia on cell cycle progression and
DNA replication

Hypoxia plays a crucial role in various physiological and pathological
processes within the cell that can lead to dysregulation of the cell cycle
(Semenza, 2000). Understanding how hypoxia can influence the highly
regulated series of events that control the cell cycle is essential for
unraveling its role in virus-induced disease states such as cancer (Ort-
mann et al., 2014; Semenza, 2000). The cell cycle consists of four major
phases: G1 (Gap 1), S (Synthesis), G2 (Gap 2), and M (Mitosis). These
phases are orchestrated by a complex network of regulatory proteins,
cyclins, and cyclin-dependent kinases (CDKs), ensuring precise timing
and progression through each stage (Harris, 2002). The transition be-
tween phases is tightly regulated to maintain genomic stability and
proper replication of the cellular genome to produce daughter cells.
Eukaryotic cells, in general respond to hypoxia through various mecha-
nisms orchestrated by the hypoxia-inducible factor (HIF) protein family,
primarily HIF-1a and HIF-2a (Hu et al., 2003). Under normoxic condi-
tions, prolyl hydroxylases (PHDs) hydroxylate HIF-a subunits, marking
them for degradation via the ubiquitin-proteasome pathway (Strowitzki
etal., 2019). In contrast, hypoxia inhibits PHD activity, leading to HIF-1a
stabilization and subsequent translocation to the nucleus (Marxsen et al.,
2004). There, HIFs dimerize with HIF-1p and bind to hypoxia-response
elements (HREs) on the genome, activating the transcription of target
genes involved in adaption to low oxygen levels (Marxsen et al., 2004).
Hypoxia alters the progression through the G1 phase by influencing the
expression of cyclins and CDKs at both transcriptional and
post-translational levels (Hubbi & Semenza, 2015). It is known that
hypoxia induces cell cycle arrest at Gl by upregulating the
cyclin-dependent kinase inhibitors (CKIs) p21 and p27 (Gardner et al.,
2001; Hubbi & Semenza, 2015). These CKIs inhibit the activity of
cyclin-CDK complexes, thereby halting cell cycle progression and pro-
moting cellular quiescence or senescence (Gardner et al., 2001; Penny-
cook & Barr, 2020). DNA replication during the S phase is critical for
maintaining genomic integrity. In addition, hypoxia-induced HIF acti-
vation regulates genes involved in DNA replication and repair (Tang
et al., 2021). Under prolonged hypoxic conditions, cells can undergo
replication stress due to impaired DNA synthesis and increased DNA
damage, leading to genomic instability (Pires et al., 2010). However, the
role of hypoxia and its impact on G2/M transition remains an area of
further investigation (Druker et al., 2021). Similarly, the regulation of
mitotic checkpoints and spindle assembly during hypoxia remains an
area of further research (Fischer et al., 2004).

Hypoxia significantly impacts the cell cycle, which is crucial for
cellular replication and division. Disruptions in cell cycle due to hypoxia
can lead to severe outcomes, including cancer. Therefore, the phases of
cell cycle are tightly controlled by proteins which include cyclins and
cyclin-dependent kinases (CDKs) to ensure proper cell division, and
genomic stability. Under hypoxic conditions, the hypoxia-inducible
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factors (HIFs), particularly HIF-1a, are stabilized and so activate genes
that help cells adapt to low oxygen microenvironment. Hypoxia often
causes cell cycle arrest in the G1 phase by upregulating inhibitors like
p21 and p27, halting progression and promoting cellular quiescence or
senescence. It also affects DNA replication during the S phase, leading to
replication stress and genomic instability.

Notably, hypoxia significantly impacts mitochondrial ATP production
due to limited oxygen availability, a limiting substrate for oxidative
phosphorylation (Flood et al., 2023). In normoxic conditions, mito-
chondria utilizes oxygen as the final electron acceptor in the electron
transport chain (ETC) to drive synthesis of ATP through oxidative
phosphorylation (Taylor & Scholz, 2022). However, under hypoxic
conditions, the reduced oxygen levels impair the function of the ETC,
leading to a decrease in ATP production (Wheaton & Chandel, 2011).
This insufficiency triggers a metabolic shift towards anaerobic glycolysis,
where cells increase glucose uptake and lactate production to generate
ATP independently of oxygen. Although glycolysis is less efficient than
oxidative phosphorylation in terms of ATP yield, it provides a rapid
response to energy demands under low oxygen conditions (Weljie &
Jirik, 2011; Wheaton & Chandel, 2011). Moreover, prolonged hypoxia
can lead to mitochondrial dysfunction and an increase in the production
of reactive oxygen species (ROS) (Kung-Chun Chiu et al., 2019), further
compromising cellular energy balance and contributing to
hypoxia-induced cellular stress and damage. Together, these conditions
highly restrict other cellular processes such as transcription and trans-
lation. Nevertheless, physiological inhibitors, low ATP conditions and
other stresses activate autophagy as well as proteasomal degradation of
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key proteins required for cell cycle progression and DNA replication
(Gomez-Virgilio et al., 2022; Lilienbaum, 2013). The overall inhibitory
effect of hypoxia on cell cycle progression and DNA replication is shown
in Fig. 1.

In conclusion, hypoxia impairs the ETC, leading to decreased ATP
production and a metabolic shift towards anaerobic glycolysis. This shift,
though less efficient, provides a rapid ATP source under low oxygen.
Prolonged hypoxia can cause mitochondrial dysfunction, increased
reactive oxygen species (ROS), and cellular stress. These conditions
inhibit key cellular processes, including cell cycle progression and DNA
replication, while activating autophagy and proteasomal degradation to
manage cellular stress.

3. Metabolic reprogramming of infected cells during hypoxic
reactivation of KSHV

KSHYV infection can reprogram the metabolic activity of infected cells
to favor its persistence and tumorigenesis as well as its reactivation
(Delgado et al., 2010; Yogev et al., 2014). Metabolite profiling of KSHV
infected cells suggest a wide difference between metabolite pools of
KSHV infected cells when compared to control cells, including those
which are common to anabolic pathways of most cancer cells (Delgado
et al., 2012; Singh et al., 2018). KSHV infection-mediated elevation of
metabolites pools are due to enhanced anabolic activity rather than
degradation from respective macromolecules (Liu et al., 2021; Singh
et al., 2018). This reprogramming, in part is mediated by altering the
expression of core metabolic enzymes, and helps in mimicking metabolic

Fig. 1. An inhibitory role for hypoxia on cell cycle
progression and DNA replication. Hypoxic condi-
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status as those utilized by cancer cells (Li & Gao, 2021). Here, these cells
are highly dependent on glycolytic ATP even in the presence of molecular
oxygen, a phenomenon commonly known as Warburg effect (Delgado
et al., 2010). This glucose dependency of KSHV positive cells is well
evident from high glucose uptake and subsequent high lactate release by
KSHYV infected cells (Singh et al., 2018). Some of the studies investigating
this reprogramming have shown that over-expression of host factors like
glucose transporters (GLUTs) and hypoxia-inducible factor (HIFla) is
essential for these changes in KSHV-infected cells (Shrestha et al., 2017).
Additionally, a reduction in mitochondrial copy number and down-
regulation of EGLN2 and HSPA9 have been observed following
over-expression of KSHV-encoded microRNAs, which are thought to
contribute to metabolic alterations driven by KSHV (Yogev et al., 2014).
Host mitochondria is also targeted during KSHV infection, which not
only necessitate up-regulation of glycolysis, but also alters the apoptotic
pathways (Holmes et al., 2020). Although, the targeting mechanism of
mitochondria by KSHV is not fully understood, mitochondrial localiza-
tion of KSHV-encoded vCyclin, vFLIP and Kaposin is well established
(Holmes et al., 2020).

In addition to reprogramming carbohydrate metabolism, KSHV
infection can modulate metabolism of fatty acids and amino acids, where
inhibition of key enzymes in these pathways can led to apoptosis of
infected cells (Choi et al., 2020; Dai et al., 2017; Delgado et al., 2012; Li
et al.,, 2019). However, it is interesting to observe that, KSHV trans-
formed Rat primary embryonic metanephric mesenchymal precursor
cells are more dependent on glutamine than glucose, and glutaminolysis
is necessary for their survival and tumorigenesis (Li et al., 2019). In these
cells, transcripts related to glutamine metabolism such as Glutaminase
(GLS) are reported to be up-regulated, and the up-regulation of Cys-
teine/Glutamine antiporter (SLC7A11/xCT) by KSHV emphasize the
importance of glutamine metabolism in KSHYV life cycle (Sanchez et al.,
2015).

Similar to the glucose and glutamine metabolism, the alteration in the
fatty acid metabolism is also critical for the KSHV latency maintenance
and pathogenesis, especially in endothelial cells (Sanchez et al., 2017).
Further, well-orchestrated lipid metabolism is crucial for survival of
KSHV-infected primary as well as transformed cells (Sanchez et al., 2015,
2017). Metabolic profiling from B-cells as well as KSHV-infected PEL cells
demonstrated an increased fatty acid synthesis compared to non-infected
primary B cells (Singh et al., 2018). A high abundance of membrane
lipids such as phosphatidylcholine and phosphatidylethanolamine has
been reported in KSHV-infected cells, which is mainly mediated through
high levels of the core fatty acid synthesizing enzyme, fatty acid synthase
(FASN) (Bhatt et al., 2012). Furthermore, treatment of KSHV-infected
cells with an inhibitor of FASN, such as C75, can effectively affect
viability of these cells in a dose-dependent manner (Bhatt et al., 2012).

The stabilization of HIF1a by KSHV infection during normoxia is well
established phenomenon, where KSHV-encoded LANA can mediate
degradation of vHL, the negative regulator of HIFla to allow its accu-
mulation under normoxic conditions (Cai, Knight, et al., 2006). HIFla
plays significant role in KSHV latency as well as its reactivation through
hypoxia/HIFla-dependent differential expression of KSHV-encoded
genes, which can shift the metabolic equilibrium to favor KSHV reac-
tivation (Shrestha et al., 2017; Singh et al., 2018). Hypoxia and HIF1a are
crucial for KSHV-mediated pathogenesis, as they modulate the expres-
sion of several KSHV-encoded proteins (Singh et al., 2018). KSHV
infection alone can replicate numerous physiological and metabolic
changes typical of hypoxia, which is common in cancer cells. Hypoxia
also significantly influences the biology of KSHV reactivation, where
HIFla facilitates RTA-mediated reactivation by binding with LANA and
upregulating RTA expression (Kumar et al., 2022). Additionally, hypoxia
enhances viral reactivation potential of the known inducer of lytic
replication, 12-O-tetradecanoylphorbol-13-acetate (TPA) (Davis et al.,
2001). The role of hypoxia is also critical in maintaining latency and
KSHV-associated pathogenesis, as the promoter of the key latent gene
cluster coding for LANA, vFLIP, and vCyclin contains hypoxia-responsive
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elements and can be activated by HIF1a (Singh et al., 2018). However,
the management of the metabolic requirement for KSHV-positive cells
during hypoxic reactivation, and which factors are involved in this
reprogramming remain a poorly explored domain of KSHV biology.

Whole transcriptomics RNA sequencing studies on KSHV-positive and
-negative cells grown under normoxic or hypoxic conditions revealed
differential expression of several metabolic pathway genes. Critical host-
encoded genes were implicated in redirecting the metabolic flux towards
the pentose phosphate pathway, aiding in the production of intermediate
metabolites for nucleotide biosynthesis (Singh et al., 2018). The
KSHV-encoded vGPCR was identified as a novel target of HIFla and a
major viral component in this metabolic reprogramming, with its
HIFla-dependent expression driven by the functional hypoxia-responsive
elements within the vGPCR promoter (Singh et al., 2018, 2021). Expres-
sion of vGPCR alone induced changes in the metabolic phenotype similar
to those seen in KSHV-infected cells under hypoxic conditions. Silencing
HIFla reversed the hypoxia-associated phenotype in KSHV-positive cells.
Analysis of the host transcriptome identified several common targets of
hypoxia and KSHV-encoded factors, along with other synergistically acti-
vated genes in major cellular pathways, including those involved in car-
bohydrate, lipid, and amino acid metabolism (Singh et al., 2018, 2021).
Additionally, some of the DNA methyl-transferases were synergistically
regulated by the combination of KSHV and hypoxia at both the transcript
and protein levels (Singh et al., 2018). This synergistic effects of HIF1a and
KSHV-encoded proteins on metabolic reprogramming of KSHV-infected
cells in the hypoxic tumor micro environment can induce global changes
in host gene expression (Singh et al., 2018). The over-expression of vGPCR
correlates with increased glucose uptake, and its down-regulated expres-
sion in ShHIF1a knock down cells indicates its role as a major player in
regulating the metabolic changes of KSHV-infected cells in hypoxia. The
similarity in global transcript changes between KSHV-positive and
KSHV-negative cells in hypoxia suggests a HIFla-associated role in
KSHV-related pathology and reactivation (Singh et al., 2018, 2021). The
schematic for vGPCR-dependent metabolic reprogramming of KSHV
infected cells under hypoxic conditions is provided in Fig. 2.

4. Modulation of the replication and transcriptional machinery
by KSHV during hypoxic reactivation

DNA replication is a highly orchestrated process ensuring accurate
duplication of the genome (Petropoulos et al., 2019). DNA replication
starts during the S phase of the cell cycle and involves a series of highly
regulated steps (Petropoulos et al., 2019; Sclafani & Holzen, 2007).
Specific sequences within the genome serve as origins of replication
where licensing of replication commences (Leonard & Mechali, 2013). In
eukaryotes, the origins of replication are recognized by the Origin
Recognition Complex (ORC) protein, a multi-subunit protein complex
that binds to these sites before a cell actually enters in the S-phase (Hu &
Stillman, 2023). The binding of subunits of the ORC proteins is the first
step in the formation of the pre-replicative complex (pre-RC) (Hu &
Stillman, 2023). Following ORC binding at origin of replication, other
essential replication proteins such as Cdc6 and Cdt1 are recruited (Chen
et al.,, 2007; Hu & Stillman, 2023). This facilitates the loading of the
minichromosome maintenance (MCM) helicases complex onto the DNA
(Chen et al., 2007). The MCM complex is composed of six subunits
(MCM2-7), and is crucial for unwinding of the DNA helix, a prerequisite
for replication (Bochman & Schwacha, 2009). The loading of MCMs
completes the assembly of the pre-RC, rendering the origin 'licensed' for
replication (Bochman & Schwacha, 2009). However, the helicase activity
of MCM:s is attained during S phase through its phosphorylation by CDKs
(Wei et al., 2013). The activation of Pre-RC complex enables binding of
the GINS complex and Cdc45, forming the active CMG
(Cdc45-MCM-GINS) helicase to unwind DNA strands (Ilves et al., 2010).
The recruitment of DNA polymerases to the replication fork is mediated
by the action of primase, a subunit of DNA polymerase o, which syn-
thesizes short RNA primers complementary to the single-stranded DNA.
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Fig. 2. Metabolic reprogramming during KSHV infection and HIF1a-induced expression of vGPCR. In KSHV infected cells, stabilization of HIF1a following the
induction of hypoxia enables sustained expression of KSHV-encoded vGPCR. RNA sequencing data revealed diverse metabolic changes as a direct result of KSHV
infection through the action of vGPCR. Expression of glycolytic genes and glucose uptake in particular, is substantially up-regulated in KSHV infected cells, while direct
complementary down-regulation of glycogen metabolism and TCA cycle genes has also been shown. vGPCR has been shown to negatively affect transketolase (TKT) in
the pentose phosphate pathway, and has been shown to be required for efficient blocking of TKT expression during hypoxia. Frame-shift knock-out of vGPCR or its
knock-down, does not result in any significant change in the expression of TKT reported, under similar hypoxic conditions. Further, vGPCR has also been shown to
induce the generation of reactive oxygen species (ROS), with a potential role in epigenetic reprogramming viral and host genomes, which mediate changes in the

expression of metabolic genes.

These primers provide a starting point for DNA polymerase & and e,
which extend the primers, synthesizing the leading and lagging strands,
respectively (Nasheuer & Meaney, 2024). The initiation of DNA repli-
cation is tightly regulated to ensure that each segment of the genome is
replicated once and only once per cell cycle, preventing genomic insta-
bility (Nasheuer & Meaney, 2024; Sclafani & Holzen, 2007). In addition
to these core components, a myriad of other factors, including chromatin
remodelers and histone chaperones, facilitate the accessibility of the
replication machinery to DNA, ensuring efficient and accurate replication
(Chakraborty et al., 2021; Ransom et al., 2010). Hypoxia can signifi-
cantly impact DNA replication by disrupting several critical aspects of the
initiation, elongation and termination (Ransom et al., 2010). Under
hypoxic conditions, the cellular environment undergoes a metabolic
shift, leading to reduced ATP production and increased generation of
reactive oxygen species (ROS) (Ransom et al., 2010; Wheaton & Chandel,
2011). These changes can impair the activity of key enzymes and regu-
latory proteins involved in DNA replication. The activation of
hypoxia-inducible factors (HIFs) under low oxygen conditions can also
lead to transcriptional downregulation of essential replication factors,
such as components of the minichromosome maintenance (MCM) heli-
case complex and DNA polymerases, thereby hindering the formation of
the pre-replicative complex (pre-RC) and the initiation of DNA synthesis.
(Druker et al., 2021; Pires et al., 2010). Additionally, hypoxia-induced
oxidative stress can cause DNA damage, activating checkpoint path-
ways that halt cell cycle progression to allow for repair, further delaying
or inhibiting DNA replication (Olcina et al., 2014). The replication stress
induced by hypoxia can result in replication fork stalling and collapse,
leading to genomic instability and potential cell death if the damage is
irreparable (Tsegay et al., 2019; Zhang et al., 2022).

Nevertheless, KSHV and other related viruses are known to undergo
reactivation after bypassing these repressive activities (Cai, Lan, et al.,
2006; Davis et al., 2001). An analysis for transcript level expression of
genes involved in cell cycle progression and DNA replication suggested a
similar expression pattern for these genes in both KSHV negative or
positive background under hypoxic conditions (Singh et al., 2019).
However, proteomic analysis for components of cell cycle progression
and DNA replication shows that KSHV infection can rescue hypoxia
dependent degradation of these proteins (Singh et al., 2019). Among the

KSHV-encoded antigens, Latency associated nuclear antigen (LANA) was
reported to interact with specific replication related proteins and protect
them from hypoxia-mediated degradation, by inhibiting their ubiquiti-
nation under hypoxic conditions (Singh et al., 2019). Similar to the cell
cycle and DNA replication components, the major RNA transcribing
enzyme RNA-Polll was reported to undergo degradation in hypoxic
conditions (Bose et al., 2024). This could explain the compromised
transcriptional status of several genes under hypoxic conditions. Inter-
estingly, KSHV-encoded LANA requires supplementation from HIF1a and
NEDD4 to prevent its polyubiquitination (Bose et al., 2024). vCyclin,
another antigen encoded by KSHV, facilitates KSHV replication during
hypoxic condition by regulating levels of HIF1a through interaction and
mutual degradation through the lysosomal pathway. Interestingly, HIF1a
acts as a transactivator for vCyclin expression and can mediate a vCyclin
dominant or depleted phase in infected cells. A more detail description of
how vCyclin mediates regulation of HIFl« is provided in the following
section. Together, protection of cell cycle, DNA replication and RNA
transcription-associated protein by KSHV-encoded LANA can signifi-
cantly manipulate hypoxia-mediated repression to bypass repression of
DNA replication, and hence, promote KSHV reactivation under these
conditions (Bose et al., 2024; Singh et al., 2019). A schematic showing
KSHV-encoded LANA-mediated modulation of the replication machinery
under hypoxic conditions is provided in Fig. 3.

5. Epigenetic reprograming induced by KSHV during hypoxic
reactivation

Epigenetic reprogramming plays a pivotal role in establishing latency
upon initial infection by KSHV (Campbell et al., 2020). Although, the
initial cycles of KSHV replication proceed through lytic means, the KSHV
genome undergoes circularization and chromatinization through several
layers of epigenetic modification in a concurrent process (Campbell et al.,
2020; Uppal et al., 2015). The employed sophisticated array of epigenetic
reprogramming by KSHV helps to establish latency by evading host im-
mune responses, which facilitates its pathogenicity (Frohlich &
Grundhoff, 2020; Uppal et al., 2015). Upon infection, KSHV rapidly as-
sociates with the host cell's epigenetic landscape, manipulating chro-
matin structure and histone modifications to establish a transcriptionally
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repressive environment conducive to latency (Lieberman, 2016; Toth
et al., 2013). This is primarily mediated through recruitment of host
histone deacetylases (HDACs), which remove acetyl groups from his-
tones, leading to chromatin condensation and gene silencing (Hopcraft
et al., 2018; Toth et al., 2013). KSHV-encoded LANA plays a pivotal role
in genome persistence by tethering the viral episome to host chromatin,
ensuring that it is maintained during successive cell divisions (Juillard
et al., 2016). LANA also recruits polycomb repressive complexes (PRC1
and PRC2) to the viral genome, facilitating histone H3 lysine 27 trime-
thylation (H3K27me3), a mark associated with transcriptional repression
(Scholl & De, 2022; Toth et al., 2016). Concurrently, KSHV utilizes host
DNA methyl-transferases (DNMTs) to methylate CpG islands within its
genome, further reinforcing a repressive chromatin state (Campbell et al.,
2020; Journo et al., 2021). Despite epigenetic reprogramming of the
KSHV genome, a subset of lytic genes remains poised for reactivation,
marked by bivalent chromatin domains characterized by the presence of
both activating (H3K4me3) and repressive (H3K27me3) histone marks,
allowing for rapid transcriptional activation upon reactivation signals
(Toth et al., 2010). Additionally, KSHV infection induces changes in the
host cell DNA methylation patterns, contributing to oncogenesis (Kuss--
Duerkop et al., 2018).

Hypoxia, a common feature in the tumor microenvironment, further
influences KSHV epigenetics by stabilizing HIF1a, which in turn activates
viral gene expression and can lead to reactivation (Srivastava et al.,
2023). The interplay between hypoxia and KSHV epigenetics highlights
its ability to exploit cellular stress responses for its advantage. Moreover,
KSHV manipulates host chromatin remodeling complexes such as
SWI/SNF to facilitate both latency and reactivation (Gwack et al., 2003).
During hypoxic reactivation, viral proteins such as RTA (replication and
transcription activator) can displace repressive complexes and recruit
transcriptional coactivators to activate lytic gene expression (Liang et al.,
2002). RTA also interacts with cellular ubiquitin ligases to degrade
repressive histone marks, allowing for a swift transition from latency to
the lytic phase (Spires et al., 2023). Epigenetic reprogramming by KSHV,
especially in hypoxia is not limited to the viral genome; the virus also
induces global changes in the host epigenome, contributing to an
immune-suppressive and tumor-promoting environment (Singh et al.,

2022). Moreover, hypoxia can affect chromatin structure, making DNA
less accessible to the replication machinery, thus impeding replication
initiation (Batie et al., 2018). We recently observed that KSHV positive
cells shows highly up-regulated expression of different histone marks
such as H3K4Me3, H3K9Me3 and H3K27Me3, and hypoxia can also
synergistically enhance their targeted modification of H3 histones (Singh
et al., 2022). The differential enrichment of these markers on the KSHV
genome suggests a preferential replication start site during hypoxic
reactivation of KSHV (Singh et al., 2022). An investigation to identify the
KSHV-encoded factor mediating the up-regulated expression of these
markers suggests involvement of multiple KSHV-encoded antigens such
as LANA, RTA and vGPCR (Singh et al., 2022). A schematic illustrating
the up-regulated expression and the differential enrichment of these
markers on the KSHV genome is provided in Fig. 4.

6. HIFla-mediated repression of DNA replication is bypassed
during hypoxic reactivation of KSHV

In addition to the above-mentioned challenges for replication under
hypoxic conditions, HIF1a, the master regulator induced in hypoxia, it-
self, represents a major challenge for replication (Hubbi et al., 2013;
Kumar Singh et al., 2021). HIF1a dependent repression of DNA replica-
tion is mediated through two major pathways. HIF1a induced senescence
represents a critical cellular response to hypoxic stress, characterized by
stable cell cycle arrest that prevents proliferation and replication of
hypoxic cells (Gao et al., 2023; Welford & Giaccia, 2011). This represents
a state of irreversible growth arrest accompanied by changes in cell
morphology, gene expression, and the secretion of pro-inflammatory
cytokines, collectively known as the senescence-associated secretory
phenotype (SASP) (Coppe et al., 2010; van Vliet et al., 2021). This pro-
cess is mediated through several mechanisms, including the upregulation
of cyclin-dependent kinase inhibitors such as p21 and p27, which inhibit
the activity of cyclin-CDK complexes, leading to cell cycle arrest (Koshiji
et al., 2004). Additionally, HIF-1a can induce production of reactive
oxygen species (ROS), and stabilize p53, both of which contribute to the
onset of senescence (Zhang et al., 2021). Senescent cells, while no longer
proliferating, remain metabolically active and can influence their
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microenvironment through the SASP, impacting tissue function and
promoting inflammatory responses (Takasugi et al., 2022). The induction
of senescence by HIFla serves as a protective mechanism against un-
controlled cell division in hypoxic conditions, which can prevent con-
sumption of required energy and metabolite pools (Eales et al., 2016;
Takasugi et al., 2022).

Alternatively, HIF1a interaction with CDC6 results in inhibition of
MCMs activation, hence preventing licensing of DNA replication (Ort-
mann et al., 2014). Importantly, KSHV-encoded genes create a feedback
loop phenomenon for the expression of HIF1a under hypoxic conditions.
Importantly, under hypoxic conditions, KSHV-encoded LANA is known to
be stabilized due to HIFla transactivation, and LANA can recruit the
EC5S ubiquitin complex to mediate degradation of the von hippel lindau
(VHL) protein, which is a negative regulator of HIF1a (Cai, Knight, et al.,
2006). Further, HIF1a is known to up-regulate vGPCR by transactivating
functional HREs within its promoter (Singh et al., 2018). vGPCR also
facilitates HIF1a expression at the transcript level by activating MAPK
and p38 pathway (Sodhi et al., 2000). This situation suggests constitutive
upregulated expression of HIF1a in KSHV positive cells. Nevertheless,
HIFla levels and activity must be controlled to bypass replicative
repression mediated in hypoxic conditions. Interestingly, vCyclin tran-
scribed from the polycistronic operon also encoding LANA, is now re-
ported to interact physically with HIFla to mediate its lysosomal
degradation (Kumar Singh et al., 2021). The vCyclin-mediated degra-
dation of HIF1a has been shown to release HIF1a mediated repression of
replication, and allow KSHV positive cells to proliferate in an anchorage
dependent or independent manner (Kumar Singh et al., 2021).

7. Therapeutic targets and strategies against KSHV

While no definitive treatment or cure exists against KSHV infection as
of now, several strategies are being investigated for potent relief of KSHV
and KSHV-associated diseases. A combination of classical small molecule
development and next-generation therapies offer some promise.
Currently, therapeutic strategies are largely focused on improving end-
stage outcomes for KSHV-associated tumorigenic diseases, with limited
focus on eradication of the virus itself.

Interleukin-10 (IL-10) is a cytokine molecule that is speculated or

known to modulate several aspects of virus mediated tumorigenesis.
Elevated levels of IL-10 also considered a biomarker for Kaposi's Sarcoma
Inflammatory Cytokine Syndrome (KICS) patients (Alomari & Totonchy,
2020). Neutralization of IL-10 may offers a prospective mechanism
through which KSHV-associated diseases ca be checked. For example,
restoration of IFN-y production on HIV-1-specific CD4 T-cells following
IL-10 blockade, restores the function of these cells in vitro (Porichis et al.,
2014; Wilson & Brooks, 2011). There is also evidence that blockade of
IL-10 can also mitigate viral infection (Brooks et al., 2006). However, the
specific mechanisms that contribute to this remain elusive. Conversely,
combination of interleukins and modified compounds, such as the com-
bination of IL-12 and pegylated liposomal doxorubicin, have also been
shown to produce therapeutic value in phase II clinical trials, with 83% of
enrolled patients reporting complete or partial response to KS tumors
(Little et al., 2007). Other trials have focused on the fusion of two IL-12
heterodimers to antibodies to elicit a response to necrotic cells (Sharifi
et al.,, 2001). Similarly, a phase I pilot project in 32 AIDS-KS patients
previously showed that administration of IL-12 led to at least partial KS
tumour response in 61% of enrolled patients (Little et al., 2006).
Potential of Immunotherapies has been also evaluated against Pri-
mary effusion lymphoma (PEL) cell lines and KSHV-associated diseases
(Davis et al., 2017). Several immunotherapy candidates are being
investigated for their efficacy in primarily treating KSHV-associated
diseases, and secondarily treating or limiting KSHV infection. Lenalido-
mide has been accelerated into a phase II trial with HIV-associated KS
patients which reported a response rate of 40% (from a total of 12 par-
ticipants) (Pourcher et al., 2017). Pomalidomide is reported for its ability
to restore MHC-I expression during lytic replication and restoring
expression of critical molecules such as ICAM-1 (Davis et al., 2019).
Immunotherapies targeting programmed cell death protein 1 (PD1) or
programmed death ligand 1 (PD-L1) have been largely successful, in part
due to the inhibitory PD-L1 being induced for overexpression in
numerous cancers (Wang et al., 2016). Clinical trials with anti-PD-1
antibodies have shown substantial anti-tumour responses in
HIV-associated KS patients, and a combinatorial clinical trial combining
nivolumab and ipilimumab (an antibody against CTLA-4) in classical KS
patients may show enhanced T cell function (Lurain et al., 2022). Rit-
uximab, an anti-CD20 antibody, may indeed have promise in this realm
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as it may kill KSHV-infected B-cells at germinal center and thus limit the
scope of inflammatory cytokines worsening both infection and associated
disease. However, rituximab is currently limited in scope within this
context, as a trial involving Multicentric Castleman's Disease (MCD) pa-
tients led to flaring of Kaposi's sarcoma and MCD in at least two-thirds of
patients (Neuville et al., 2005; Ramaswami et al., 2021). The scope of
immunotherapies in KSHV-associated diseases is reviewed extensively in
Lurain et al., 2022 (Lurain et al., 2022).

7.1. KSHV vaccines

Notable targets for a KSHV vaccine lie largely in the viral glyco-
proteome and the latently expressed proteome. Glycoproteins are of
fundamental importance to gammaherpesvirus infection, including
KSHV and EBV (Spear & Longnecker, 2003). KSHV encodes at least eight
glycoproteins within its genome, of which some including gB and gH are
partially conserved in herpesviruses, and others are considered critical
for various functions including viral entry and attachment (Chandran,
2010; Mortazavi et al., 2020; Zhu et al., 2005). Preliminary studies with
some of these putative targets have shown promising data, including the
development of neutralizing antibodies in mice administered with these
glycoproteins as part of a virus-like particle vaccine candidate (Barasa
et al., 2017; Fricke et al., 2022; Mulama et al., 2019). Conversely, tar-
geting latently expressed that are essential for non-structural functions
like viral persistence, such as vGPCR, vIL6, and K1, may offer an alter-
native set of targets for a preventive vaccine against KSHV. However,
engineering a vaccine against KSHV is severely limited in scope due to
the lack of adequate animal models for KSHV infection and a funda-
mental short-term inability to test the efficacy of a KSHV vaccine in
inhibiting downstream processes like tumorigenesis. As such, most cur-
rent research is restricted to the study of immunotherapies or the eluci-
dation of novel targets (Casper et al., 2022).

7.2. Novel viral targets

Targeting KSHV DNA polymerases and latent antigens which
include LANA and vFLIP, along with targeting broader viral processes
like capsid assembly all offer promise in terms of eliminating the ma-
lignant effects of KSHV infection. A screen of National Cancer Institute
compound libraries has shown that a compound, currently named
NSC373989, can inhibit viral reactivation by inhibiting ORF9/0RF59
complex activity in vitro (Dorjsuren et al., 2006). Similarly, targeting
fundamental compounds necessary for viral processes may indeed limit
the scope of viral-mediated cell proliferation. For example, targeting
viral DNA binding proteins can inhibit or dysregulate viral DNA repli-
cation. Some compounds have shown activity that can dysregulate
these proteins. However, much remains to be known about whether
these compounds target specific viral DNA binding proteins or larger
protein complexes (Yan et al., 2014).

Finally, targeting latent antigens directly may offer a route to viral
clearance even after the virus has established latency. Foundational ex-
periments with LANA have shown that targeting the antigen with RNA
interference or chemical agents can induce cell death, and treating cells
with cell chaperone inhibitors can contribute to the degradation of LANA
(Chen et al., 2012; Curreli et al., 2005; Godfrey et al., 2005). Some groups
have focused on other viral antigens like VFLIP to report similar results,
such as by designing small molecules that can antagonise the vFLIP-IKKy
interaction to promote apoptosis in PEL cell lines (Briggs et al., 2017).
However, a fundamental limitation of direct latent antigen targeting is
the substantial potential of off-target effects in the host, as well as most
strategies leading to cell death. While intrinsically beneficial as cell death
can limit viral genome copy number from increasing indefinitely,
excessive cell death may trigger alternate host responses that may cause
as-of-yet unknown side effects, which largely outweigh the current po-
tential of antigen-targeting as a means to eliminate KSHV from its host.
Several comprehensive review of novel targets and classical approaches
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to the treatment of KSHV infection are now well described (Naimo et al.,
2021).

8. Conclusion

Hypoxic reactivation of Kaposi's sarcoma-associated herpesvirus
(KSHV) underscores the intricate interplay between viral strategies and
host cellular physiology. KSHV leverages hypoxic conditions to repro-
gram a number of cellular processes, facilitating its reactivation and lytic
replication despite the general inhibitory environment. Through detailed
mechanisms involving the stabilization of hypoxia-inducible factors
(HIFs), reprogramming of metabolic pathways, protection of the repli-
cation and transcription machinery, and epigenetic modifications, KSHV
can bypass the repressive effects of hypoxia. The ability of the virus to
manipulate host cellular mechanisms to its advantage, especially under
stress conditions like hypoxia, highlights the complexity of its lifecycle
and its potential for persistence associated with its pathogenesis. Un-
derstanding the intricate viral-host interactions not only sheds light on
the pathobiology of KSHV but also opens avenues for targeted thera-
peutic interventions aimed at disrupting these processes to control KSHV-
associated diseases. Future research focusing on the precise molecular
mechanisms and the potential therapeutic targets within these pathways
will be crucial for developing effective interventional treatments or
strategies to curb KSHV-related malignancies and other hypoxia-induced
viral pathologies.
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