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Abstract

Introduction |n this narrative review, we unravel the complex interplay between oncogenic viruses, cellular
metabolism, and glucose transporter (GLUT) dysregulation in viral-induced malignancies.

Methods By explaining the diverse mechanisms through which seven major oncoviruses manipulate metabolic
pathways and GLUT expression, particularly GLUT1, we provide novel insights into the critical role of metabolic
reprogramming in viral replication and oncogenesis.

Results Our exploration of the molecular pathways targeted by viral oncoproteins reveals a similarity between the
metabolic alterations induced by viral infections and those observed in neoplastic transformation. A key finding of our
review is the overexpression of GLUTSs, particularly GLUT1, as a hallmark of both viral infections and many cancers.
Conclusions By elucidating the complex interplay between viral oncoproteins, oncogene activation, tumor
suppressor gene loss, and GLUT overexpression, we highlight the potential of GLUTs as novel targets for diagnosis,
prognosis, and therapy of viral-induced malignancies.

Keywords Glucose transporters (GLUTs), Metabolic reprogramming, Viral infections, Cancer metabolism, Warburg
effect

*Correspondence: 3Physiology Research Center, Institute of Neuropharmacology, Kerman
Mohsen Nakhaie University of Medical Sciences, Kerman, Iran
mohsennakhaee1367@gmail.com “Department of Biology, Faculty of Science, Yazd University, Yazd, Iran
!Gastroenterology and Hepatology Research Center, Institute of Basic °Clinical Research Development Unit, Afzalipour Hospital, Kerman

and Clinical Physiology Sciences, Kerman University of Medical Sciences, University of Medical Sciences, Kerman, Iran

Kerman, Iran ®Endocrinology and Metabolism Research Center, Institute of Basic and
Department of Microbiology, Golestan University of Medical Sciences, Clinical Physiology Sciences, Kerman University of Medical Sciences,
Gorgan, Iran Kerman, Iran

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0009-0005-0891-6691
https://orcid.org/0009-0001-5977-3521
https://orcid.org/0009-0007-5488-6969
https://orcid.org/0000-0001-7605-2593
http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-024-13013-y&domain=pdf&date_stamp=2024-10-28

Shahpar et al. BMC Cancer (2024) 24:1329

Background

The recent update of the “Hallmarks of Cancer” review
has underscored the significance of metabolic transfor-
mation in cancer cells, identifying dysregulation of cel-
lular metabolism as an emerging hallmark. This altered
metabolism is a critical player in oncogenesis, driven by
the activation of oncogenes and the loss of tumor sup-
pressor genes [1].

Glucose, the primary energy source for mammalian
cells, undergoes a complete breakdown to produce 36
adenosine triphosphate (ATP) molecules in the pres-
ence of oxygen. However, cancer cells favor glycolysis,
particularly in hypoxic conditions, a metabolic pathway
that yields only two ATP molecules from a single glucose
molecule [2]. In fact, in cancerous cells, aerobic glycolysis
becomes an increased source of energy. This metabolic
phenomenon involves the conversion of pyruvate into
lactate using the enzyme lactate dehydrogenase (LDH),
even in the presence of oxygen. This effect involves the
modulation of crucial regulatory enzymes involved
in aerobic glycolysis, including glucose transporters
(GLUTs), hexokinase, phosphofructokinase, pyruvate
kinase, and LDH [3].

Glucose, as a nonpolar molecule, requires the assis-
tance of GLUTs for active cellular entry, as it cannot
passively diffuse into cells. The family of GLUTs plays a
critical role in facilitating the initial steps of glucose utili-
zation within cells. Based on their affinity, structure, and
functions, 14 GLUT proteins are expressed in humans,
and they are categorized into three classes based on
sequence similarity [4, 5]. The first class, GLUT1-4, is
the most extensively studied. GLUT1 is mainly expressed
in erythrocytes, fibroblasts, and various tissues. GLUT2
is primarily found in pancreatic beta cells, the liver, and
the kidney. GLUT3 is mainly present in the brain, and
GLUT4, an insulin-responsive glucose transporter, is
expressed in the heart, skeletal muscle, adipose tissue,
and brain [5].

Cancer cells exhibit an increased demand for glucose
compared to normal cells, mainly because of their uncon-
trolled proliferation. This heightened demand is facili-
tated by the upregulation of GLUTs and the manipulation
of various metabolic pathways. Overexpression of these
transporters can promote carcinogenesis and enhance
tumor invasiveness [6]. Interestingly, their expression
could also serve as diagnostic and prognostic markers for
cancer.

One notable clinical use of altered glucose metabolism
in cancer cells is using glucose analogs, such as fluoro-
deoxyglucose (FDG), in tumor identification and moni-
toring. FDG accumulates in cancerous cells due to high
expression levels of GLUTs and its inability to undergo
glycolysis. FDG has been applied to diagnose various

Page 2 of 15

cancers. This method has improved cancer monitoring
through positron emission tomography (PET) [7, 8].

Studies have also shown non-specific overexpression
of various GLUT isoforms, particularly GLUT1, across
diverse human tissues, with pronounced upregulation
in hypoxic regions surrounding necrotic zones within
tumors. These findings suggest that GLUTs may serve
as promising targets for cancer therapeutics [9]. Recent
studies have revealed that metabolic reprogramming in
cancer is influenced by the activation of oncogenes or the
loss of tumor suppressors, contributing to tumor pro-
gression [10].

Oncogenic viruses play a significant role in the devel-
opment of malignancies, accounting for nearly 15% of
cancer cases [11, 12]. These viruses exert their influence
by manipulating various cellular pathways, particularly
those related to glucose metabolism and energy supply.
Similar to malignant cells that rely on the Warburg effect
for energy supply and proliferation, oncogenic viruses
also depend on this metabolic phenomenon for their
survival [13, 14]. Previous studies have highlighted the
involvement of viral oncogenic proteins in initiating and
manipulating various metabolic signaling pathways [15].

Notably, while viral infections commonly result in a
dysregulated expression of GLUTs, numerous types of
cancer have also reported upregulation of GLUTs due to
disruptions in gene expression, protein re-localization, or
stabilization. In this paper, we will discuss the molecular
mechanisms underlying changes in GLUT expression
during viral infections and investigate the specific types
of GLUTs that become activated in response to different
oncoviruses.

This review will, particularly, investigate the involve-
ment of GLUTs in the development of malignancies
caused by several RNA and DNA oncoviruses, including
Human Papillomavirus (HPV), Hepatitis C Virus (HCV),
Human T-lymphotropic Virus 1 (HTLV-1), Epstein-Barr
Virus (EBV), Hepatitis B Virus (HBV), and Kaposi’s Sar-
coma-associated Herpesvirus (KSHV). These viruses are
causative agents for various forms of tumors in distinct
types of tissues. For example, HPV is responsible for can-
cer in epithelial cells, whereas HTLV-1 and HBV cause
cancer in lymphocytes and hepatocytes, respectively.

What is particularly fascinating is that despite their
variations in genetic composition, replication cycle, and
the kinds of malignancies they induce, different viruses
often impact similar metabolic pathways, especially those
involving GLUTs. Oncoviruses successfully manipu-
late cell processes using glucose transporters, allowing
for rapid growth. This shared characteristic emphasizes
the significance of GLUTs in the development of can-
cer caused by viruses and their potential as targets that
may be widely used for therapeutic intervention. Hence,
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this review will provide valuable insights into the role of
GLUTs in the context of both viral infections and cancer.

HPV

HPV is a highly prevalent sexually transmitted infec-
tion (STI) with a significant impact on public health. It
is caused by a group of more than 200 related viruses,
with about 40 types specifically affecting the genital area
as well as the mouth and throat [16, 17]. Despite their
prevalence, most HPV infections are asymptomatic and
do not lead to serious health problems. However, cer-
tain types of HPV are associated with the development
of genital warts and various cancers [18]. HPV infection,
particularly the HPV16 subtype, is implicated in the etiol-
ogy of lung and cervical cancers. A key aspect of HPV16
oncogenicity is its ability to increase GLUT1 expression
in cancer cells, which is driven by the viral oncoproteins
E6 and E7 through the manipulation of various pathways
to promote malignancy [19] (Fig. 1).

HPV
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Firstly, the E6 oncoprotein of HPV16 is known to
degrade the p53 tumor suppressor protein, thereby inhib-
iting apoptosis and altering glucose metabolism. This
degradation leads to increased glycolysis through Tp53-
induced glycolysis and apoptosis regulator (TIGAR) and
the upregulation of GLUT1 and GLUT4, which is a hall-
mark of cancer cell metabolism [9, 20, 21].

Additionally, c-Myc, a well-known oncogene, interacts
with E6, resulting in the upregulation of glycolysis-related
enzymes, including enolase 1 (ENO-1), hexokinase 1/2
(HK1/2) phosphofructokinase 1/2 (PFK1/2), GLUTI,
and lactate dehydrogenase A (LDHA). This interaction
underscores the complex network of oncogenic sig-
nals that promote cancer cell survival and proliferation
[22-24].

In lung cancer cell lines, the overexpression of E6 has
been shown to increase the expression of thioredoxin
(Trx), a disulfide reductase that plays a role in the intra-
cellular antioxidant system and is necessary for main-
taining oxidative stress balance and protecting cells from
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Fig. 1 HPV and GLUTs Dysregulation. The E6/E7 proteins enhance the nuclear accumulation of HIF-1a through the downregulation of PTEN and its
downstream TXNIP. Concurrently, E6/E7 proteins activate the PI3K/AKT pathway, which also results in the nuclear accumulation of HIF-1a. The E6 protein
increases the expression of TRX, activating the NF-kB pathway and promoting the transcription of HIF-1a. This nuclear accumulation of HIF-1a upregu-
lates GLUT1 expression at both mRNA and protein levels. The E6 protein also degrades the P53 tumor suppressor protein, leading to the upregulation of
GLUT1/4 and an increase in glycolysis through TIGAR. Furthermore, the interaction of E6 with c-Myc upregulates ENO-1, HK1/2, PFK1/2, GLUT1, and LDHA,
thereby enhancing glycolysis (E6 does not alter Myc expression levels but increases Myc phosphorylation, leading to enhanced stability and transcrip-
tional activity of c-Myc). *'+p’denotes phosphorylation of the associated protein or molecule



Shahpar et al. BMC Cancer (2024) 24:1329

HCV

Glucose

Insulin receptor “

+p

Page 4 of 15

Glucose

v GLUT 2/4 Glucose
A - A

Gluconeogenesis/Glycolysis
A

_

- \ /,_, PEPCK, G6Pase .

vGLUT 4
4 Degradation l‘”"/ ®
l—_| IRS1/2
4TNF-a, IL-6  $TSC1/TSC2
PI3Ks Translocation of GLUT 4
+p

HCV core

S > AKT
NS4A ROS - .
NS5A _Mitochondrial

damage |

i i [Fox01 ;

Fig. 2 HCV and GLUTs Dysregulation. The HCV core protein leads to the upregulation of TNF-a and interleukin-6, and the downregulation of the TSC1/
TSC2 complex. This combination results in the degradation of IRS1/2, leading to the downregulation of the PI3K/AKT pathway. This downregulation
subsequently decreases the translocation of GLUT4 to the cellular membrane and increases the nuclear accumulation of FoxO1. The HCV non-structural
proteins NS4A and NS5A induce. mitochondrial damage, leading to the production of reactive oxygen species (ROS) and activation of the JNK pathway.
This results in decreased phosphorylation of FoxO1, leading to its nuclear accumulation. FoxO1 is a regulatory protein involved in glucose metabolism.
The nuclear accumulation of FoxO1 upregulates gene expression of PEPCK and G6Pase, leading to increased gluconeogenesis and glucose production,
and the downregulation of GLUT2/4.*'+p’ denotes phosphorylation of the associated protein or molecule

oxidative damage. Trx, in turn, activates the NF-«B path-
way, a transcription factor that results in the transcrip-
tion of hypoxia-inducible factor —1 a (HIF-1a), which
upregulates GLUT1 expression. Additionally, the activa-
tion of NF-kB results in the nuclear translocation of P65
and, finally, upregulation of GLUT1 mRNA and protein
levels [25].

The thioredoxin-interacting protein (TXNIP) regu-
lates the intracellular redox state and glucose metabo-
lism, which are associated with GLUT1 expression and
glucose uptake. In lung cancer, HPV16 E6/E7 proteins
downregulate PTEN, leading to the inhibition of TXNIP
expression. This inhibition results in the accumulation of
HIF-1a by inhibiting the translocation of nuclear HIF-1a
to the cytoplasm and the upregulation of GLUT1 expres-
sion at both mRNA and protein levels [26].

Furthermore, HPV infection, particularly with high-risk
types like HPV-16, significantly alters cellular signaling
pathways, including the PI3K/Akt/HIF-1a/GLUT axis.
The HPV oncoproteins E6 and E7 activate the PI3K/Akt

signaling pathway, leading to several downstream effects
crucial for cancer progression, including metabolic
changes. The activation of the PI3K/Akt pathway can
induce the stabilization and activation of HIF-1la, even
under normoxic conditions. This HPV-induced pseudo-
hypoxic state promotes the expression of genes involved
in angiogenesis, metabolism, and epithelial-mesenchymal
transition (EMT). HIF-1a activation, in turn, increases
the expression of various GLUTs, particularly GLUT1
[27]. When investigating the prognostic value of cervi-
cal cancer, high GLUT1 expression and the presence of
the HPV16 subtype are independent prognostic factors
for overall survival. High GLUT1 expression is associ-
ated with older age, squamous cell carcinoma, advanced
tumor stage, pelvic lymph node metastases, and a lower
rate of hysterectomy. The prognostic impact is particu-
larly significant in the HPV16-positive group, which also
exhibits decreased immune cell scores [28]. Furthermore,
another study found that cervical tumor cells enhance
glucose utilization by upregulating GLUT1. According
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Fig. 3 HTLV1 and GLUTs Dysregulation. TGF-B promotes the phosphorylation of Smad proteins. The phosphorylated Smad 2/3/4 complex translocates
to the nucleus, leading to increased expression of GLUT1. The SNX27 protein promotes the recycling of GLUT1 to the plasma membrane. TAX-1 down-
regulates the Smad and SNX27 pathways, resulting in decreased expression and translocation of GLUT1 *'+p’denotes phosphorylation of the associated
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protein or molecule. **'p’vector indicates phosphorylated proteins

to the strong induction of GLUTI mRNA and protein in
HPV-positive cervical squamous intraepithelial neoplasia
3 (CIN 3) lesions, it was concluded that GLUT1 overex-
pression is an early event in cervical neoplasia [29].

In summary, the HPV16 subtype is a critical factor in
the development of lung and cervical cancers, primar-
ily through the modulation of glucose metabolism by
its E6 and E7 oncoproteins. The upregulation of GLUT1
expression is a key event in this process, with significant
implications for cancer prognosis and potential thera-
peutic strategies.

HCV

HCV is a single-stranded RNA virus that belongs to the
Flaviviridae family. Within infected individuals, the RNA
replication process of HCV is error-prone, resulting in
high genetic diversity and the emergence of genetically
related variants called quasispecies. Variations in the
hypervariable region can indicate the presence of differ-
ent quasispecies, which may contribute to the chronicity
of HCV infection. The genome of the virus consists of a
single open reading frame (ORF), which is made up of

3010 amino acids. This ORF is flanked by non-translated
regions (NTRs) at the 5" and 3’ ends, which play a cru-
cial role in viral replication and translation. The 5 NTR
contains an internal ribosome entry site that is responsi-
ble for initiating the translation of the HCV protein. The
translation of the HCV protein leads to the formation of a
single polyprotein. This polyprotein is then processed by
cellular proteases to produce the structural proteins that
make up the viral particles, such as the core and envelope
glycoproteins E1 and E2. The polyprotein is alternatively
processed by viral proteases to produce nonstructural
(NS) proteins such as p7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B. As of 2015, an estimated 71 million people
worldwide were affected by chronic HCV infection, with
varying prevalence rates across regions. The primary
modes of HCV transmission include transfusion of blood
products and unsafe healthcare practices [30, 31]. HCV
infection is a major cause of advanced hepatic fibrosis
and cirrhosis, with a significantly increased risk for the
development of hepatocellular carcinoma (HCC) [32]
(Fig. 2).
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HCV infection disrupts glucose metabolism through
various mechanisms. Notably, the HCV proteins NS4A
and NS5A induce mitochondrial damage, leading to the
production of reactive oxygen species and activation of
the JNK pathway. This ultimately results in decreased
phosphorylation and nuclear accumulation of FoxOl,
a regulatory protein involved in glucose metabolism of
the liver, muscle, adipose tissue, and pancreas, thereby
impacting glucose metabolism by upregulating enzymes
involved in glucose production pathways, such as glu-
cose-6 phosphatase and phosphoenolpyruvate carboxy
kinase 2, which result in increased gluconeogenesis, gly-
colysis, and down-regulation of GLUT2/4 [33, 34]. The
downregulation of GLUT2/4 in HCV infection, while
seemingly counterintuitive, aligns with observations
in overall hepatocellular carcinoma (HCC). In HCC,
GLUT?2 expression often decreases in preneoplastic and
neoplastic hepatic lesions, while other GLUTs, particu-
larly GLUT1, may be upregulated.

Furthermore, HCV core proteins interfere with insu-
lin signaling pathways by upregulating the Ser312 phos-
phorylation of insulin receptor substrate 1 (IRS-1) (the

key molecule involved in the propagation of insulin sig-
nal downstream from the insulin receptor), promoting
its degradation and impairing insulin signaling to the
PI3K/Akt pathway. Additionally, HCV proteins interact
with cellular structures such as the endoplasmic reticu-
lum (ER) and mitochondria, resulting in oxidative stress
and the upregulation of pro-inflammatory cytokines like
tumor necrosis factor-a (TNF-a), interleukin 8, inter-
leukin 6 (IL-6), transforming growth factor § (TGE-p),
suppressor of cytokines (SOC3), and Fas ligand. This
infection also down-regulates the TSC1/TSC2 complex
and causes subsequent upregulation of mTOR/S6K1,
which leads to Ser1101 phosphorylation of IRS-1 and
its subsequent degradation. These events, along with
the down-regulation of the TSC1/TSC2 complex and
the induction of TNF-a/IL-6 production, disrupt insu-
lin-mediated transactivation of the glucose transporter
GLUTY4, leading to reduced glucose uptake and contrib-
ute to insulin resistance and tumorigenesis [35-37].

In HCC, various glucose transporters, includ-
ing GLUT1, GLUT2, GLUT3, GLUT5, GLUTS6, and
GLUTY, play complex roles. High expression of GLUT1
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is associated with larger tumor size, increased vascu-
lar invasion, and a poorer prognosis. GLUT2 expression
is elevated in HCC but decreased in preneoplastic and
neoplastic hepatic lesions. High expression of GLUTS3 is
linked to elevated a-fetoprotein levels, large tumor size,
poor histological differentiation, poor prognosis, and
reduced overall survival in HCC [38—40]. Other GLUTs,
such as GLUT5, GLUT6, and GLUTY, also exhibit signif-
icant involvement in HCC. For example, GLUT5 expres-
sion is significantly higher in liver metastases compared
to primary lung tumors and is elevated in liver carcinoma
[9, 41]. These findings highlight the diverse roles of differ-
ent GLUTs in HCC and suggest potential implications for
future research and therapeutic strategies.

It is important to note that studies specifically discuss-
ing GLUT status in HCV-associated HCC are scarce.
In this review, we have discussed GLUT regulation in
HCV infection and HCC separately, considering the
overlapping pathways between HCV infection and HCC
development as potentially sharing similar etiologies.
While HCV infection influences glucose metabolism
through modulation of GLUT1, GLUT2, and GLUT4,

the alterations in GLUT expression in HCC are not nec-
essarily specific to HCV-related cases. For instance, the
overexpression of various GLUTs, including GLUTI,
GLUT?2, GLUT3, GLUTS5, GLUTS6, and GLUTY, has been
observed in HCC regardless of etiology. Future research
should focus on elucidating the specific mechanisms by
which HCV infection may contribute to altered GLUT
expression in the context of HCC development.

In summary, HCV infection influences glucose metab-
olism through the modulation of GLUT1, GLUT2, and
GLUT4, contributing to the pathogenesis of the diseases
associated with this virus.

HTLV

HTLV-1 is the first human oncogenic retrovirus that
has been identified as the causative agent of two severe
diseases: adult T cell leukemia/lymphoma and myelopa-
thy/tropical spastic paraparesis [42, 43]. HTLV-1 infects
nearly 20 million individuals worldwide, with Japan,
Africa, the Caribbean, and South America as the endemic
regions [44]. The mechanisms of HTLV-1 infection and
its cellular tropism are complex and not fully elucidated.
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Several receptors are important in HTLV-1 transmis-
sion. For instance, HTLV-1 attaches to heparan sulfate
proteoglycan, which is present in the host cell. Addition-
ally, the envelope proteins of the virus, particularly their
interactions with the GLUT1 receptor, play a pivotal role
in the virus’s attachment, entry, and subsequent patho-
genicity in host cells [45-48]. The virus’s life cycle and
pathogenicity are influenced by its regulatory and acces-
sory genes, with the regulatory gene Tax-1 playing a cru-
cial role in virus replication and the transcription of viral
gene products. The PDZ binding motif at the carboxyl
terminus of Tax-1 is important in cellular transformation.
GLUT1 is a key receptor for HTLV-1, and its interaction
with the virus’s envelope glycoproteins is essential for the
virus’s entry into host cells. The expression of GLUT1 is
not inherent in quiescent primary T cells but is induced
upon T cell activation, which is significant as it enhances
the infectivity of HTLV-1. Moreover, the expression of
GLUT1 on T lymphocytes is increased by mitogens or
TGE-B, which in turn increases the infectivity of HTLV-
I [49]. Interestingly, while overexpression of GLUT1 in
cells that produce HTLV-1 virus-like particles reduces

infectivity, overexpression of GLUT3, a closely related
protein, does not have the same effect. This specificity
suggests that GLUT1’s role in HTLV-1 pathogenesis is
unique and not easily replicated by other glucose trans-
porters [47] (Fig. 3).

TAX-1 is a multifunctional protein that not only drives
the transcription of viral gene products but also interacts
with various host cell proteins to modulate the virus’s life
cycle. One such interaction is with nexin 27 (SNX27),
which is involved in the recycling of GLUT1 from endo-
somal vesicles to the plasma membrane. This interac-
tion is crucial for maintaining GLUT1 expression on the
cell surface, and disruption of this interaction leads to
reduced surface expression of GLUT1, increased release
of HTLV-1 into the supernatant, and decreased cell-to-
cell-mediated HTLV-1 infection. The interaction between
TAX-1 and SNX27 may alter this regulation, potentially
affecting the receptor molecule’s availability for HTLV-1.
Moreover, plasma membrane-bound receptor molecules
have been shown to interfere with virion release and
infectivity in other retroviruses, including human immu-
nodeficiency virus (HIV) [50].



Shahpar et al. BMC Cancer (2024) 24:1329

Page 9 of 15

1GLUT 4

tGLUT 1 {GLUT 2/4

I I

—

SNX27 and Smad
Signaling Pathways

— PI3Ks / AKT / HIF-1a—
Insulin Signaling
Pathway Disruption

—

g
%
i

—

E I LI S L
G " o & Ty

T HEY * hov * *umiv-i*
E M £ 1 I 3

JGLUT 1

tGLUT 1 AGLUT 1 JGLUT 1/3
f A
i
Q
S [—]
E ©
EZ HIF-1a B e
~ 2 x ©
E& 4 Oz
X A=)
<2 E%R
T = ~ O
5c Eo
fan) -2 < =
v 0 ER Stress ~
L 9 o
Z$ A é n
LMP1 &T
*
. *T Pl _ﬂ,‘ Y
* EBV © i HBV ~ “' KSHV ™
% % Ty

Fig. 7 Oncoviral Manipulation of Glucose Metabolism and GLUT Expression. This figure summarizes the key mechanisms by which oncoviruses (HPV,
HCV, HTLV-1, EBV, HBV, and KSHV) alter cellular glucose metabolism and GLUT expression, particularly GLUT1

TGE-p has an important role in preventing the growth
of T cells during the mid-G1 phase as well as in promot-
ing tumorigenesis. It achieves this by binding to the Type
I (TBRI) and Type II (TPRII) serine/threonine kinase
receptor complex, which triggers the phosphorylation of
downstream targets, including the Smad proteins. The
resulting Smad2/3/4 complex then moves to the nucleus,
leading to the increased expression of GLUT1. How-
ever, the protein TAX-1 can inhibit this Smad-dependent
pathway, which results in a decrease in GLUT1 expres-
sion [51].

Overexpression of GLUT1 in HTLV-1-resistant cell
lines, such as MDBK, increases the titer of HTLV-1 and
HTLV-2 Env-pseudotyped particles [52]. This finding
indicates that the level of GLUT1 in target cells correlates
with the titer of the HTLV-1/2 Env-pseudotyped virus,
suggesting that GLUT1 availability is a limiting factor for
HTLV-1 infectivity [53].

In summary, the interactions between HTLV-1,
GLUT1, and SNX27 are critical for the virus’s life cycle
and pathogenesis. The protein interaction between
TAX-1 and SNX27 play a significant role in modulat-
ing the localization and expression of GLUT1, which in
turn affects the infectivity and transmission of HTLV-1.

Understanding these molecular mechanisms provides
insight into potential therapeutic targets for the treat-
ment of HTLV-1-associated diseases.

EBV

EBV, also known as human herpesvirus 4, is a gamma
herpesvirus that infects a large portion of the human
population. While generally harmless, EBV can cause
infectious mononucleosis, commonly known as mono, in
teenagers or young adults. In rare cases, individuals with
a healthy immune system can experience chronic active
infection [54]. However, EBV has also been linked to
various types of cancers, including Burkitt’s lymphoma,
Hodgkin’s lymphoma, natural killer cell lymphoma, naso-
pharyngeal carcinoma, post-transplant lymphoprolifera-
tive disorder, and EBV-positive gastric adenocarcinoma
[55]. EBV induces extensive methylation in both the host
and viral genomes, which plays a role in facilitating cel-
lular functions that support virus persistence and propa-
gation. Tumors that are positive for EBV exhibit distinct
genetic alterations compared to EBV-negative tumors.
For example, EBV-positive gastric adenocarcinoma often
shows recurring PIK3CA mutations, extensive DNA
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hypermethylation, and amplification of the JAK2, CD274,
and PDCD1LG2 genes [56].

Nasopharyngeal carcinoma (NPC) is a type of can-
cer that is strongly associated with EBV. NPC cells tend
to have increased expression of GLUT1. This increased
expression of GLUT1 is associated with lymph node
metastasis and clinical stage [57]. The Epstein-Barr virus
latent membrane protein 1 (LMP1) plays a critical role
in the transformation of B-cells by mediating NF-«kB and
AKT/mTORCI1 signaling pathways, which in turn influ-
ence the expression of GLUT1. As a result, GLUTI,
which is typically expressed at low levels, becomes highly
expressed during tumorigenesis and is considered a
marker of tumor progression. LMP1 upregulates the
transcriptional mRNA and protein levels of GLUT1, and
knocking down LMP1 expression significantly reduces
glucose uptake. Independent data also confirmed these
results in different types of EBV-related cancer, such as
B-cell lymphomas [58, 59].

Additionally, LMP1 contributes to metabolic repro-
gramming by disrupting the regulation of glycolysis
enzymes such as hexokinase 2 [60]. This reprogramming
of EBV-mediated glycolysis in NPC cells leads to
increased production of IL-1f, IL-6, and GM-CSEF, which
results in the induction of myeloid-derived suppressor
cells that contribute to T-cell suppression. Similar dys-
regulation of GLUT1 by LMP1-activated NF-«B has been
observed in other types of EBV-related cancers, such as
B-cell lymphomas [61].

In summary, EBV, particularly LMP1, influences glu-
cose metabolism in cancer cells, including the upregu-
lation of GLUT]1, through the activation of NF-kB and
mTORCI1 signaling pathways. This alteration in glucose
metabolism is a hallmark of various types of cancer,
including NPC associated with EBV infection. GLUT1
overexpression in NPC is correlated with tumor progres-
sion and metastasis (Fig. 4).

HBV

HBV is a DNA virus that specifically infects hepatocytes
(liver cells) and is a leading cause of liver cirrhosis and
hepatocellular carcinoma worldwide [62, 63]. The virus
enters hepatocytes through the binding of the large
HBV surface proteins to the HBV receptor on the cell
surface, known as sodium taurocholate co-transporting
polypeptide. In chronic HBV carriers, the accumulation
of the HBV large surface proteins (LHBs) can trigger an
ER overload response, leading to ER stress-mediated cell
proliferation, metabolic changes, and genomic instability
[64].

One significant consequence of chronic HBV infection
is metabolic alterations observed in patients, particu-
larly during the immune-tolerance phase [65]. ER stress
signaling, specifically XBP1 (a major, well-conserved
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component of the unfolded protein response (UPR)),
plays a crucial role in regulating glucose metabolism
through pathways involving hypoxia-inducible factor 1
(HIF1), GLUT1, and GLUT?2. The HIF1 pathway is acti-
vated under conditions of low oxygen levels (hypoxia)
and plays a vital role in cellular adaptation to hypoxic
environments [66, 67]. In the context of HBV infection,
HIF1 signaling can induce the transcription of GLUT1
as well as several rate-limiting glycolytic enzymes. This
adaptive response may allow hepatocytes to overcome
the energy imbalance caused by the hypoxia-induced
decline in mitochondrial activity [68, 69] (Fig. 5).

In recent years, many studies have demonstrated that
HBV replication depends on the AMPK-ULK1-induced
autophagy and Akt/mTOR suppressed ULK1-induced
autophagy pathways. Low glucose levels and inhibition
of GLUTs activate the AMPK-mTOR-ULK1-autophagy
axis in hepatocytes, which is involved in HBV replication
[68-71]. Manipulating glucose concentrations and using
inhibitors like 2-DG, which inhibit glycolysis and activate
the Akt/mTOR pathway, can suppress HBV replication
[72].

In summary, HBV infection influences glucose metab-
olism through the modulation of GLUT1 and GLUT?2,
contributing to the pathogenesis of the diseases asso-
ciated with this virus. This understanding of the role of
GLUT in HBV infection could provide valuable insights
for future research and potential therapeutic strategies.

KSHV
KSHYV, also known as human herpesvirus 8, is a virus
that can cause several human malignancies, primarily
in immunocompromised individuals. These malignan-
cies include Kaposi’s sarcoma (KS), primary effusion
lymphoma, and multicentric Castleman’s disease. KSHV
can establish a persistent infection by becoming latent in
CD19* peripheral B-lymphocytes, with the viral genome
persisting as a circular episome in the host cell’s nucleus.
KSHYV exhibits a biphasic life cycle consisting of a latent
phase and a transient lytic reactivation phase. During
the latent phase, the latency-associated nuclear antigen
plays a crucial role in maintaining latency and ensuring
proper distribution of viral episomes during cell divi-
sion [73-75]. It is important to note that while KSHV
can establish a persistent infection in CD19" peripheral
B-lymphocytes, KS, one of the main malignancies associ-
ated with KSHYV, is of endothelial cell origin. The preva-
lence of KSHV varies geographically, with higher rates
observed in Sub-Saharan Africa and the Mediterranean
region. KSHV infection is most commonly associated
with immunodeficiency states, including HIV infection,
iatrogenic immunodeficiency, and aging [76] (Fig. 6).
KSHV-infected cells have been found to influence vari-
ous signal transduction pathways, including the PI3K/
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Akt/mTOR signaling pathway. This pathway plays a vital
role in regulating multiple biological processes, including
apoptosis, metabolism, cell proliferation, and cell growth.
By manipulating this pathway, KSHV gains an advantage
in promoting the growth and survival of infected cells,
particularly those with high proliferation rates that rely
on glucose metabolism [76, 77]. PTEN, a dual protein/
lipid phosphatase, inhibits the PI3K/Akt pathway primar-
ily by targeting phosphatidylinositol 3,4,5-triphosphate
produced by PI3K. In fact, PTEN acts as a tumor sup-
pressor by counteracting the activation of the PI3K/Akt
pathway and inhibiting cell growth and proliferation [78].

The PI3K/Akt/mTOR pathway is involved in regulating
glucose metabolism, including glucose uptake and gly-
colysis. Activation of this pathway promotes the expres-
sion of GLUT1 and re-localizes it to the cell membrane,
thereby increasing glucose uptake [79]. This alteration
in GLUT1 expression and membrane exposure is closely
linked to cancer progression, as cancer cells require effi-
cient biosynthesis of macromolecules to support their
high proliferation rates. The altered GLUT1 membrane
trafficking in KSHV-infected cells increases their sen-
sitivity to cell death induced by the glycolysis inhibitor
2-Deoxy-D-glucose (2DG), which inhibits glycolysis [80].
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Our review suggests that KSHV-associated malignan-
cies are particularly dependent on glycolysis and glucose
uptake through GLUTI1. Therefore, therapeutic strate-
gies that target GLUT1 directly or interfere with glycoly-
sis, such as the use of 2DG, may be effective in treating
these cancers. By disrupting the altered metabolism that
KSHYV induces in infected cells, these approaches could
potentially inhibit tumor growth and progression. More-
over, the PI3K/Akt pathway has been a target of interest
in cancer therapy. Inhibition of this pathway has shown
promise in suppressing tumor cell proliferation and
inducing apoptosis in vitro and in vivo. Various inhibitors
of the PI3K/Akt pathway have been explored in clinical
trials as potential anticancer agents [80, 81].

Conversely, it is interesting to note that in another
study, it has been suggested that under nutrient stress
conditions, KSHV-infected cells downregulate the
expression of glucose transporters GLUT1 and GLUT3
through the activation of the AKT and NF-kB pro-sur-
vival pathways by KSHV microRNAs and vFLIP, par-
ticularly in human KS tumors. This downregulation of
GLUT1 and GLUTS3 is believed to suppress aerobic gly-
colysis, which is likely important in these tumors. The
study also found that GLUT1 and GLUT3 inhibit the

Table 1 Viral manipulation of glucose metabolism and signaling pathways

Virus Viral protein Glycolytic enzymes Signaling pathways GLUTs Associated malignancy ref
HPV E6/E7 HK1/2 HIF-1a GLUT1 Lung Cancer [84]
PFK1/2 c-Myc GLUT4 Cervical Cancer [25,26]
ENO-1 P53 [85]
LDHA PI3K/Akt
NF-kB
HCV NS4A HK2 PI3K/Akt GLUT2 HCC [86]
NS5A INK GLUT4 [87]
Core protien FoxO1
HTLV-1 Tax-1 Not known Smad GLUT1 ATL [88]
HAM/TSP [89]
EBV LMP-1 HK2 AKT/mTORC1 GLUT1 NPC [29]
NF-kB DLBCL [90]
BL [91]
HL [92]
NKCL (93]
PTLD
HBV LHBs Not known AKT/mTORC1/ULK1 GLUT1 HCC [94]
AMPK/ULK1
HIF-1a
XBP1
KSHV miRNA HK2 PI3K/Akt, GLUT1 KS [95]
VFLIP PKM2 NF-kB, GLUT3 PEL [73]
PDK-1 HIF-1a MCD [82]

HPV: Human Papillomavirus, HCV: Hepatitis C Virus, HTLV-1: Human T lymphotropic virus type-1, EBV: Epstein-Barr Virus, HBV: Hepatitis B Virus, KSHV: Kaposi’s
Sarcoma-associated Herpesvirus,, E6/E7: HPV-encoded proteins, NS5A: Non-Structural Protein 5 A, NS4A: Non-Structural Protein 4 A, Tax-1: HTLV-1 oncoprotein,
LMP-1: Latent Membrane Protein 1, LHBs: hepatitis B virus large surface proteins, miRNA: microRNA, vFLIP: Viral FLICE Inhibitory Protein,, GLUT: Glucose Transporter,
HK2: Hexokinase 2, PFK: Phosphofructokinase, ENO: Enolase, PKM2: Pyruvate Kinase M2, PDK-1: Pyruvate Dehydrogenase Kinase 1, HIF-1a: Hypoxia-Inducible Factor
1-q, PI3-K: Phosphoinositide 3-Kinase, mTORC1: Mammalian Target of Rapamycin Complex 1, NF-kB: Nuclear Factor kappa-light-chain-enhancer of activated B cells,
Akt: Protein Kinase B, AMPK: AMP-activated protein kinase, ULK1: Unc-51 like autophagy activating kinase 1, JNK: c-Jun N-terminal kinases, FoxO1: Forkhead box O1,
mTORC: mammalian target of rapamycin complex, HCC: Hepatocellular Carcinoma, ATL: Adult T-cell Leukemia, HAM/TSP: HTLV-1 Associated Myelopathy/Tropical
Spastic Paraparesis, NPC: Nasopharyngeal Carcinoma, DLBCL: Diffuse Large B-cell Lymphoma,, BL: Burkitt’s Lymphoma, HL: Hodgkin’s Lymphoma, NKCL: Natural
Killer Cell Lymphoma, PTLD: Post-Transplant Lymphoproliferative Disorder, KS: Kaposi's sarcoma, PEL: primary effusion lymphoma, MCD: multicentric Castleman’s
disease
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constitutive activation of the AKT and NF-kB pro-sur-
vival pathways [82].

In summary, KSHV infection modulates the PI3K/
AKT/mTOR pathway, leading to increased GLUT1
expression and membrane exposure in infected cells.
This alteration in glucose metabolism is associated with
cancer progression and renders KSHV-infected cells
dependent on glycolysis. Targeting GLUT1 and glycolysis
inhibitors like 2DG may have potential therapeutic appli-
cations in KSHV-associated malignancies.

The Warburg effect, a typical common metabolic
shift observed in most tumor cells, is characterized
by increased aerobic glycolysis and reduced oxidative
phosphorylation for energy production. This adaptation
allows cells to thrive in tumor environments and is essen-
tial for the survival of tumor cells. During latent infection
of endothelial cells, KSHV triggers aerobic glycolysis and
lactic acid production while reducing the Warburg effect.
Glycolysis inhibitors selectively induce apoptosis in
KSHV-infected endothelial cells without affecting unin-
fected cells [13]. GLUT3 is upregulated in many cancer
cell lines under hypoxic conditions, leading to increased
glucose uptake. Similarly, GLUT3 expression is synergis-
tically enhanced when KSHV-infected cells are exposed
to hypoxia, suggesting that GLUT3 plays a key role in the
elevated glucose uptake in KSHV-infected cells [83].

Conclusions

This review provides a detailed explanation of the cru-
cial role played by glucose transporters in the metabolic
reprogramming of virally infected cells and cancer cells
(summarized in Table 1; Fig. 7). It also explores how
oncoviruses exploit these transporters via different meta-
bolic pathways, with a particular focus on the importance
of the Warburg effect.

Our analysis emphasized that GLUT1 is significantly
elevated in most cancers, whereas GLUT2 and GLUT4
seem exclusive to certain virus types and the infected tis-
sue. Understanding the intricate methods used by onco-
viruses to regulate GLUT activity could be helpful in the
development of novel cancer treatments. For instance,
developing medications specifically targeting certain
GLUTs could disrupt the metabolic advantages of viruses
to cancer cells, thereby inhibiting their uncontrolled pro-
liferation and expansion.

As a result, it is vital to research to examine the impact
of viral load and the latent phase of viral infection on
GLUT expression. Furthermore, it is necessary to assess
the possibility of therapeutic options that simultaneously
target viral components and GLUT-mediated metabolic
pathways.

Overall, the interplay of virology with oncology, spe-
cifically in GLUT regulation, presents a hopeful avenue
for further exploration of potential strategies for cancer
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therapy by targeting new factors that might enhance
patient outcomes.
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