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1 | INTRODUCTION
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Abstract

Human Endogenous Retroviruses (HERVs) are viral sequences integrated into the
human genome, resulting from the infection of human germ-line cells by ancient
exogenous retroviruses. Despite losing their replication and retrotransposition
abilities, HERVs appear to have been co-opted in human physiological functions
while their aberrant expression is linked to human disease. The role of HERVs in
multiple malignancies has been demonstrated, however, the extent to which HERV
activation and expression participate in the development of cancer is not yet fully
comprehended. In this review article, we discuss the presumed role of HERVs in
carcinogenesis and their promising diagnostic and prognostic implications. Addition-
ally, we explore recent data on the HERVs in cancer therapeutics, either through the
manipulation of their expression, to induce antitumor innate immunity responses
or as cancer immunotherapy targets. Finally, more precise and higher resolution
high-throughput sequencing approaches will further elucidate HERV participation in
human physiological and pathological processes.

KEYWORDS
cancer, evolution, HERVs in oncogenesis, HERV-K (HML-2), human endogenous retrovirus

Human Endogenous Retroviruses (HERVs) are viral sequences

integrated into the human genome, resulting from multiple invasion

The role of infectious agents and most dominantly viruses is well-
established in the development of human malignancy. In fact, an
estimated 12% of human cancers are linked to viral infections on a
global scale, with this estimation even higher for the developing
world.> Despite viruses being neither a necessary nor a sufficient
condition for the initiation of the carcinogenic process, several
mechanisms that lead to the “hallmarks of cancer,” including
uncontrollable cell proliferation and immortalization, evasion of the
host's growth-inhibitory and immunity mechanisms, modification in
energy metabolism, cellular invasion and metastasis as well as

angiogenesis, can be virally facilitated.?

events in human germ-line cells by ancient exogenous retroviruses.®
After these elements have been endogenized and reached fixation in
the human genome, HERVs are vertically transmitted via Mendelian
inheritance and are found scattered throughout the mammalian
genome® (Figure 1). The only HERV family to integrate the human
genome after the human-chimpanzee divergence is HERV-K (HML-2),
with these integrations occurring about 500000 years ago.* Unlike
endogenous retroviruses of other mammalian species that are
capable of replication and reinfection, and have a clear oncogenic
potential,> HERVs (with the probable exception of HERV-K [HML-2])

have become replication and retrotransposition defective, and their
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FIGURE 1 HERV life cycle. HERVS are viral sequences integrated into the human genome, resulting from multiple invasion events of ancient
exogenous retroviruses, after their horizontal transmission and the occurrence of retroviral epidemics. Endogenization occurred after the
infection of germ-line cells and subsequent vertical transmission, and these elements either became extinct or reached fixation in the human
genome, HERVs are vertically transmitted via Mendelian inheritance and are found scattered throughout the host's genome.

HERVs, human endogenous retroviruses.

transcription is strictly regulated by epigenetic mechanisms.® Some expression observed in human inflammation, autoimmunity, and
HERVs seem to have been co-opted in the hosts' physiological functions malignancy.®
and their exaptation offered evolutionary advantages to the host, with These render HERVs important compartments in the shaping

HERV products present in healthy tissues’ and aberrant HERV homeostasis preservation, and disease

of human evolution,
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development. Despite these implications, their exact functions and
roles in cancer development remain largely a terra-incognita and a
promising field of research regarding their pathophysiology in
malignancy development and their potential utilization as therapeutic
targets.

In this review, we aim to summarize recent data on the potential
role of endogenous retroviruses in the development of cancer in
humans. First, we describe their structure and their main expression
control mechanisms, along with the physiological functions of their
co-opted products and the presumed HERV oncogenic mechanisms.
Then, we describe their role in various human malignancies, and the
involved mechanisms and discuss their potential functions as
diagnostic and prognostic biomarkers in human cancer as well as

their role in cancer therapeutics

2 | HERVS: STRUCTURE AND EPIGENETIC
CONTROL, CO-OPTION, AND
TUMORIGENIC IMPLICATIONS

The original structure of a HERV resembles the one of a simple
replicable retrovirus. Long terminal repeats (LTRs) flank the proviral
sequences which contain gag, pro, pol, and env genes, essential for its
survival and preservation. LTRs serve a dual function, both as
mediators for the proper retroviral integration and as regulatory
elements, with promoter and enhancer function.” Accumulation of
deleterious mutations, either nonsense or causing frameshifts, and
recombination events leading to the creation of solitary LTRs, have
eliminated the coding capacity of the majority of HERV sequences,
while multiple transcription factors and epigenetic mechanisms
control their expression.® DNA methylation and histone modifica-
tions, methylation, and deacetylation, are the main epigenetic
mechanisms that regulate the expression of HERVs.© Interestingly,
the age of the LTR integration is determining for the type of
epigenetic control these elements are under, with evolutionarily
young LTRs, with high CpG density being regulated through DNA
methylation by DNA methyltransferases (DNMTs).1° On the other
hand, intermediate-age LTRs are controlled epigenetically by histone
lysine methyltransferases, and different LTRs appear to show tropism
for particular methyltransferases.'® Interestingly, evolutionarily old
LTRs appear to be controlled epigenetically by histone lysine
methyltransferases, while a major factor in their transcriptional
inactivation is the accumulation of non-sense mutations in their
sequences.©

HERVs have been preserved in the human genome and some of
their products have been co-opted for the survival of their hosts. The
most striking example of HERV exaptation is the importance of syncytins
in the successful placentation and the maternal immune tolerance to the
fetus.}12 Syncytin-1 and Syncytin-2, the Envelope proteins of HERV-W
and HERV-FRD respectively, are highly fusogenic glycoproteins that
participate in the formation of syncytia and are responsible for the fusion
of the villous trophoblast to the syncytiotrophoblast during early
pregnancy.’® Furthermore, Syncytins contribute to the protection of
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the developing fetus by inducing maternal immunosuppression during
gestation, leading to the evasion of the paternal antigens from the
maternal immune system®* and more specifically, the highly preserved
immunosuppressive domain of Syncytin-2 is a potent immuno-
suppressive factor that contributes to this effect.'*

No conclusive findings point to HERVs as oncogenic, but
numerous studies have demonstrated multiple mechanisms by which
HERVs and their products participate in the development of the
hallmarks of cancer.

The fusogenic properties of HERV envelope proteins, most
prominently the syncytins, can promote mitotic effects, cellular
invasion, and metastasis when they are expressed in an inappropriate
setting. More specifically, Syncytin-1 was found to enhance mitosis
and the metastatic dynamics of hepatocellular carcinoma,'® while its
fusogenic features with cell-cell adhesion increased the invasiveness in
endometrial carcinoma'®’ (Figure 2A). Furthermore, the immuno-
suppressive domain of Syncytin-2 exerts its effect through the
activation of mitogen-activated protein kinase (MAP kinase) and
causes T-helper 1 (Th1) immunosuppression with the inhibition of Thi-
related cytokines.'® These potent immunosuppressive properties of
Syncytin-2 have been linked to immune evasion and immunological
tolerance of tumors.*®

Based on the presence of a 292nt long deletion at the pol-env
gene region or its lack, HERV-K (HML-2) is further divided into type
I and Il viruses, with their main features being the production of
Env alternative transcripts Np9 and Rec respectively.r’ These
alternativeenv splicing products, with not yet known physiological
functions have been proposed as oncoproteins and have been
found both in malignant and normal tissues.?° Np9 can promote cell
expansion, growth and survival by triggering multiple molecular
pathways in leukemia stem/progenitor cells including the Wnt/f-
catenin, c-myc/AKT, ras-ERK, and Notch1 signaling path pathways
leading to increased cell stemness in cancer.??2 Rec and Np9
exercise tumorigenic effects in spermatogonial stem cells, by
leading to cellular proliferation and survival, as they interact with
the Promyelocytic Leukemia Zinc Finger (PLZF) transcription
repressor and prevent the repression of the MYC proto-oncogene
(NCBI Gene ID: 4609).2% A summary of the mechanisms by which
HML-2 facilitates the development of the hallmarks of cancer and
the progression of human malignancy can be found in Figure 3.

Moreover, HERV LTRs participate in human carcinogenesis
through the modification of the expression of host genes, through
their promoter and enhancer functions. “Global hypomethylation”
patterns are characteristic in malignant cells and are speculated to be
vital for the promotion of the hallmarks of cancer, as they lead to the
inappropriate transcriptomic release of multiple genomic sites,
enabling HERV activation.?* Two HERV-K (HML-2) proviruses
(3g12.3 and 11p15.4) have been recognized to be more active as
promoters in tumorigenic human mammary epithelial cells, and the
polymorphic RORA binding site, with its more active form present in
almost half of the population, on the 5'LTR of the polymorphic
11p5.4 HERV-K (HML-2) provirus was found to play a central role in

carcinogenesis.?®
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FIGURE 2 Oncogenic mechanisms related to Syncytin 1 expression: the examples of endometrial and hepatocellular carcinoma.

(A) Upregulation of Syncytin-1 mediated by the cAMP pathway leads to increased cellular fusion and thus increased invasiveness in endometrial
carcinoma. (B) Syncytin-1 leads to the development of malignant features in hepatocellular carcinoma cells through the activation of the MEK/
ERK pathway and has been correlated to doxorubicin resistance. cAMP, cyclic adenosine monophosphate; ERK, extracellular-signal regulated
kinase; MEK, mitogen-activated protein kinase. Created with BioRender.com.

Reprogramming of mature cells towards stemness expression
patterns that lead to features, such as pluripotency and self-renewal
potential, is essential in the maintenance of tumors and the
heterogeneity observed among their cellular populations.?® Such
malignant cell populations, Cancer Stem Cells (CSCs), are often held
responsible for increased tumor aggressiveness and treatment
resistance.?®

HERV-H, the most abundant HERV in the human genome, is
highly activated during the early stages of embryonic development and
is postulated to be able to swift mature cells towards pluripotency.?’
HERV-H LTRs, and most prominently LTR7, are activated by multiple

reprogramming transcription factors, including the Octamer-binding
Transcription Factor 4 (OCT4), Sex Determining Region Y-box 2
(SOX2), and Kriippel-like Factor 4 (KLF4/OSK) and their activation is
ceased upon programmed differentiation.?” In addition, stemness
induction has also been correlated to the HERV-K (HML-2) Env
protein, mediated by the upregulation of the mammalian target of
rapamycin (mTOR) pathway and epigenetic modifications mediated by
lysophosphatidylcholine acyltransferase (LPCAT1).28 Additionally, Env
inhibition has been linked to downregulation of the OCT-4 pathway
and thus reduction of stemness features and increased terminal
differentiation towards neural cells.® Finally, a novel full-length HERV
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FIGURE 3 HERV-K related oncogenesis. (A) LTRs through their promoter and enhancer functions modulate the expression of host genes
and thus participate in human carcinogenesis. (B) HERV-K protein expression appears to exert oncogenic functions including the induction of
the hallmarks of cancer and increased cellular oxidative stress, the activation of cancer-related molecular pathways like the ERK, AKT, and Notch
pathway, and the upregulation of B-catenin. Furthermore, Np9 and Rec seem to bind to ZFPs (PLZF and TZFP) and prevent them from
repressing the c-myc proto-oncogene expression. Finally, HERV-K specific immunogenicity has been correlated to multiple malignancies.

(C) Presence of HERV-K noninfectious virions and viral-like particles have been correlated to human malignancy, most strikingly in the case of
teratocarcinoma. (D) Transactivation of HERVs induced by known onco-virus and intra-viral interactions between HERV-K and onco-viruses
have also been linked to the development of the hallmarks of cancer in multiple virally mediated cancers.

ERK, extracellular-signal regulated kinase; HERV, human endogenous retrovirus; LTR, long terminal repeat; PLZF, promyelocytic leukemia zinc
finger; TZFP, testicular zinc finger protein; ZFP, zinc finger protein. Created with BioRender.com.

envelope protein, HEMO [human endogenous MER34 (medium-
reiteration-frequency-family-34) Open Reading Frame (ORF)] has been
recognized as an effector of pluripotency and stemness, and is actively
excreted in the circulation of pregnant women, as well as highly
expressed in multiple tumors.??

3 | HERV PARTICIPATION IN
MALIGNANCIES AND CLINICAL
IMPLICATIONS

In this part of our manuscript, we aim to discuss recent data on the
participation of HERVs in specific human malignancies, examine
the mechanisms that are employed per case, and review the
implication of HERVs in these tumors regarding clinal aspects of

the disease, such as tumor behavior, prognosis, and potential
therapeutic targets.

3.1 | Breast cancer

The potential pathogenic role of HERVs, and more importantly
HERV-K (HML-2), in the development of breast cancer is one of the
most extensively studied in malignancy concerning transposable
elements. HERV-K (HML-2) mRNA and antibodies against its
proteins, most importantly Rec, are elevated in serum and HERV-K
(HML-2) env expression is described in breast cancer tissue of
patients with in situ and stage | ductal carcinoma and was particularly
increased in patients that developed metastatic disease, suggesting
potential prognostic implications.*°
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Interestingly, knockdown of HERV-K (HML-2) env in breast
cancer cells led to reduced expression of oncogenic proteins, by
affecting the Ras/p-RSK/p-ERK pathways, while its restoration leads
to the re-establishment of the aforementioned pathways, the
downregulation of p53 proapoptotic protein and the upregulation
of the Transforming Growth Factor-B1 (TGF-B1), a crucial protein for
epithelial-to-mesenchymal transition.®* Contrary to the healthy
epithelium, stimulation of T-47D (RRID:CVCL_0553) breast cancer
cell-line with female sex hormones leads to the activation of
HERV-K env and pol genes through their respective hormonal nuclear
receptors.®? Also, the octamer motif, a transcription factor binding
site, located in the LTR, through its interaction with these hormonal
signals modulates the promoter/enhancer function of the LTR5H
with regard to downstream genes.3? This effect of estradiol and
progesterone on LTR5H behavior is mediated through the interaction
of mainly the Progesterone Receptor and the OCT4 motif in the LTR
region.®2 Since hormonal stimulation is a well-established contributor
in breast cancer, its tumorigenic effect could be HERV-mediated at
least to some extent. Additionally, HERV-K Env is highly expressed in
basal-like invasive ductal carcinoma and HERV-K expression was
correlated to the presence of the wild-type H-Ras protein upregula-
tion, which promotes cell proliferation, and inactivation of the
Retinoblastoma protein through phosphorylation.®® Finally, a long-
noncoding RNA (IncRNA) of endogenous retroviral origin that
includes the complete LTR70 and sequences from LTR56 and
MER67C, named TROJAN (GenBank: AK124454), is highly expressed
in Triple Negative Breast Cancer (TNBC), one particularly aggressive
and challenging to treat type of breast cancer.>* TROJAN increases
the proliferative and metastatic potential in TNBC and its effects
were reversed upon the deletion of the TROJAN sequence, as well as
after the administration of antisense oligonucleotides in mice.®*
TROJAN exercises its malignant potential by binding to the antitumor
Zinc Finger-MYND-type-containing 8 protein and leads to its
degradation through ubiquitination.* In the case of basal-like ductal
carcinoma and TNBR, HERVs seem appealing therapeutic targets,
since both are aggressive malignancies with limited options, due to
the lack of estradiol, progesterone and Human Epidermal Growth
Factor 2 (HER2) receptors on both of these tumor types.

Finally, HERVs were shown to be potential targets for
therapeutic interventions against cancer. Released HERV expression
via decreased H3K27me3 histone modification indicates responsive-
ness to trastuzumab, a monoclonal antibody against HER2, adminis-
tered in HER-positive malignancies, and resistance to trastuzumab
was correlated to elevated levels of this histone modification.®> This
effect is attributed to the type-l interferon (IFN) rich tumor
environment resulting from the presence of HERVs.>® Reversal of
HERV silencing due to increased H3K27me3 has been proposed as a
strategy to circumvent trastuzumab resistance and reduce immune
evasion in HER-positive breast cancer, utilizing antiviral responses
against HERVs.3> Additionally, chimeric antigen receptor (CAR) T-cell
immunotherapy appears to have promising applications in targeting
HERV expression on tumors. More specifically, CAR T-cells targeting
HERV-K Env have been shown to trigger robust inflammatory

responses against breast cancer cells and not MCF-10A
(RRID:CVCL_0598) healthy breast cells in cell cultures, while in
xenograft models in mice, CAR T-cells against HERV-K Env led to
significantly reduced breast tumor size and metastatic potential
which was correlated with increased p53 expression and reduced

p-ERK and Ras pathway induction.®®

3.2 | Teratocarcinoma and testicular cancer

Along with the implication of HERVs in mammary carcinomas, one
of the first correlations between cancer and HERVs regarded
teratocarcinoma, as HERV-K (HML-2) mRNA, proteins, noninfectious
virions were identified and HERV-K (HML-2) is capable to trigger
immune responses in teratocarcinoma tissues.®” In Tera-1
(RRID:CVCL_2776) cell line, a distinct proviral profile has been
reported with the prevalence of human-specific evolutionarily young
proviruses, forming noninfectious virions, and the transcription of
HERV-K (HML-2) proviruses correlated to the promoter activity of
their corresponding LTRs, with younger LTR5H demonstrating the
highest activity.®” Additionally, gag transcripts displayed the highest
abundancy, and interestingly, the majority of the expressed pro-
viruses in this cell line belonged to type | HERV-K (HML-2).%
Similarly, in the NCCIT (RRID:CVCL_1451) teratocarcinoma cells,
Np9 contributes to the survival and migration potential of cells and
its Np9 loss with CRISPR/Cas manipulation, although not sufficient to
eliminate these characteristics, significantly reduced the metastatic
potential of these cells and led to their increased vulnerability to
stressors like cellular starvation and chemotherapeutics.'® Hence,
targeting Np9 could be a useful adjuvant treatment to classical
pharmacological approaches.

Multiple HERV families have been involved in the development
of testicular carcinomas. Testicular Zinc Finger Protein (TZFP) is a
protein of little understood function, which appears to be a
transcriptional regulator during spermatogenesis, and represses the
Androgen Receptor (AR) (NCBI Gene ID: 367) and C-myc oncopro-
tein.3® HERV-K (HML-2) accessory protein Rec binds to TZFP and
leads to the release of AR and MYC gene expression in testicular
cancer, while HERV-K (HML-2) full-length Rec-transfected mice were
prone to in situ testicular cancer.®® Activation of HERV-W loci
mediated by LTR hypomethylation has also been described in
testicular cancer.®”

On the contrary, HERV-9 LTR12 is a promoter for the
expression of a proapoptotic isoform of p63 protein (GTAp63) in
male germ-line cells and is silenced in testicular tumors, which led to
the assumption of the evolutionary preservation of such integration
to ensure the host's fitness and reproductive ability.*® Interestingly,
Histone deacetylase (HDAC) inhibitors, were found at least partially
to owe their antitumor proapoptotic effects in testicular cancer to
the upregulation of GTAp63 by reestablishing the transcription of
HERV-9 LTR12 promoter function.*® Finally, in a study where
patients with multiple types of germ-cell tumors were included
persistence of antibodies against HERV-K Gag and Env after the
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administration of chemotherapy may be predictive of residual or

metastatic disease.*?

3.3 | Epithelial ovarian cancer
HERV activity was correlated to Epithelial ovarian cancer (EOC), as
increased levels of HERV-K Env are described in ovarian cancer
tissue compared to healthy ovarian tissues from the same patients
and benign ovarian tumors, and increased reverse transcriptase
activity was noted in these tissues and the plasma of the patients.*?
Additionally, HERV-K hypomethylation was correlated to resistance
to platinum and reduced progression-free and overall survival in
patients with ovarian clear cell carcinoma (OCCC).*3

Most importantly, HERV-K Env is immunogenic in EOC patients, as
elevated levels of HERV-K Env-specific antibodies were found in this
patient group and HERV-K Env can elicit adaptive immune responses
leading to increased specificity T-cells against EOC tissue.*? An ovarian
cancer prognosis score was designed, based on the expression of multiple
HERV families, and increased scores are indicative of a favorable
prognosis, even in the case of high-grade malignancy.** In fact, HERV
expression provokes increased infiltration of cytotoxic CD8 +PD1 +
T-cells, and acts preventatively against the immune evasion of malignant
cells, and based on this observation it was postulated that at least to some
extent the DNA-methylation manipulation through DNMT-inhibitors may
be useful in antitumor immune activation.**

3.4 | Endometrial carcinoma

HERVs and more particularly their Env proteins seem to play a role in
the progression and invasiveness of endometrial carcinoma. Differential
expression of multiple HERV env genes has been shown in endometrial
cancer and Syncytin-1 and -2 expression increased with advanced
endometrial cancer stage, while both syncytins and ERV-3 expression
demonstrated specificity for glandular carcinoma histology.*> Syncytin-1
expression is positively correlated to biomarkers of endometrial cancer
including the Estrogen Receptor and proliferation biomarker Ki-67, as
well as overall survival.'” Finally, Syncytin-1 induces cell-cell adhesion,
cellular proliferation, epithelial-to-mesenchymal transition, invasion and

migration in endometrial cancer.?4”

3.5 | Prostate cancer

HERVs both at an mRNA and protein level have been proposed as
diagnostic and prognostic biomarkers in prostate cancer. HERV-K
Gag protein demonstrates increased expression, mediated both by
the demethylation of its promoter and also by hormonal activation via
androgen stimulation in prostate cancer cell lines.*® Also, Gag
upregulation appears to be specific for malignant prostate tissue,

46,47

compared to benign neoplasia and normal prostate tissues, and

has been suggested as a useful immunohistochemistry biomarker for
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prostate cancer diagnosis.*” Furthermore, specific antibodies against
immunogenic epitopes of the HERV-K and HERV-H Env proteins
have been recognized, providing further potential diagnostic biomar-
kers.*® Interestingly, increases in the specific antibodies targeting
HERV-K Gag protein in prostate cancer patient plasma are correlated
to increased prostate cancer mortality, possibly due to increased

antigenic stimulation in the frames of increased disease burden.*®

3.6 | Urinary tract carcinoma

Aberrant expression of HERVs has also been described in urinary
tract malignancies. Syncytin-1 upregulation is more frequently
encountered in tissues of bladder urothelial cancer compared to
healthy tissues of the affected organ, while Syncytin-1 overexpres-
sing tumors were more aggressive.*’ This elevation in Syncytin-1
expression was correlated to increased HERV-W 3' LTR promoter
activity due to point mutations in its sequences.*’ Hence, the
detection of these 3' LTR mutations of HERV-W could serve as
prognostic indicators of more aggressive disease behavior.

An increasing number of reports underline the role of HERV
expression in clear-cell Renal Cell Carcinoma (ccRCC) with
important therapeutic implications, as HERV-E-derived antigens
appear to be promising targets for immunotherapy. Increased
expression of potentially immunogenic HERVs was correlated to
gene expression patterns indicative of immune check-point
activation, especially in the case of ccRCC, and these HERVs
include members of the HERV-K family, ERV-3-2 and HERV-
E.%%5! Three HERV-E transcripts were identified in ccRCC tissues
in contrast to healthy renal tissue and other types of tumors, one
of which is found to encode the whole sequence of the env gene
and evidence is suggestive of HERV-E-derived peptides on the
surface of ccRCC cells, that appear capable to elicit potent
CD8 + T-cell responses.®? Interestingly, the expression of HERV-
4700 (HERVERI-gammaretrovirus), which was ccRCC-specific,
demonstrates high translational potential and data suggest the
presence of anti-HERV-4700-specific CD8 + T cells.>? Addition-
ally, the presence of HERV-4700 epitopes on ccRCC cells was
predictive of response to anti-PD1 treatments,>2 but this was not
verified in all cohorts.>® Nevertheless, the implication of HERVs in
immune responses in the setting of malignancy and their potential
role as therapeutic targets is a promising study field that warrants
further elucidation. Notably, decitabine, a DNA demethylating
agent, facilitates responses to immune checkpoint blockade in
kidney cancer cell lines by releasing the expression of transpos-
able elements, including HERV-4700.°% This was postulated to
enhance viral mimicry on cancer cells, leading to innate immunity
antiviral responses and this pro-inflammatory cytokine micro-
environment leads to specific T-cellular responses in the treated
cells.>*

Finally, recent data suggest that HERV-K Env is upregulated on
the surface of ccRCC cells in comparison to healthy kidney tissue and
higher levels of HERV-K Env in ccRCC cells were correlated to better
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survival outcomes in patients with ccRCC, indicating the potential

function of HERV-K Env as an immunogenic tumor-antigen.>®

3.7 | Gastrointestinal cancer
Aberrant HERV expression, and more particularly deregulation of the
expression of the HERV-K viral genes env, np9, rec, and gag has been
recognized both in gastric and colon cancer.>®

The majority of the available evidence on HERV participation
in gastrointestinal malignancies regards colorectal cancer. Upre-
gulation of HERV-H transcripts including HERV-H noncoding
spliced transcripts is present in colorectal cancer samples and
increased HERV-H activity was shown in malignant regions, in

contrast to healthy adjacent tissues.>”

Interestingly, young
HERV-H integrations were the most intensely upregulated loci
throughout the stages of colon cancer.’® HERV-H expression was
correlated with lymph node involvement and microsatellite
instability, a phenomenon characterized by impaired mismatch
mutation repair mechanisms, leading to tumor hypermutability
and indicative of higher tumor immunogenicity, lymphocyte tumor
infiltration and better prognosis.’® Additionally, HERV-Kenv
expression has been linked to tumorigenic characteristics in the
DLD-1 (RRID:CVCL_0248) cell line and its knockout was linked to
the reduction of the proliferative and metastatic potential of these
cells, while evidence suggests that the tumorigenic properties of
the HERV-K env gene are linked to increased oxidative stress
burden.’” However, these findings were not confirmed in colon
cancer tissues.®%:¢1

HERV LTRs demonstrated increased hypomethylation in colon
cancer tissues compared to healthy colon, leading to HERV-H, HERV-
K, and HERV-P transcriptional release.®® Interestingly, right-sided
localization of colon cancer correlated to significantly increased
HERV-P and HERV-R expression compared to left-sided tumors,
indicating a different HERV-mediated malignancy profile, compatible
with the different molecular patterns observed per colon cancer
localization.?® Increased transcription of HERV-W-1, HERV-FRD,
ERV-3-1 (a completeenv sequence belonging to the HERV-R family)
and HERV-V-1 has been shown after the induction of resistance to
etoposide in colon cancer cells.®> Moreover, increased Syncytin-1
expression was linked to shortened overall survival in rectal, but did
not demonstrate the same effect in epithelial cancers of the colon.

Taken together, all these data indicate an important role of HERV
expression in colon cancer development, expansion and treatment
resistance and possibly HERVs may serve as targets of ancillary
treatment to enhance sensitivity to common chemotherapeutics, in

the cases where the prognosis is guarded.

3.8 | Hepatocellular carcinoma

HERV expression is implicated mainly in disease progression
and the prognosis of Hepatocellular Carcinoma (HCC). Syncytin-1 is

upregulated in HCC tissues, while higher expression levels are
independently correlated with higher tumor burden and worse
outcomes.® Syncytin-1 enhances the malignant dynamics of HCC
through the phosphorylation of the mitogen-activated protein kinase
(MEK)/ERK pathway and its expression predisposes to doxorubicin
resistance® (Figure 2B). Additionally, HERV-K (HML-2) expression
levels have been suggested as a novel prognostic biomarker for HCC
overall survival, with poorer outcomes in HCC patients with
increased HERV-K (HML-2) transcription in HCC tissues.®®
Intriguingly, HERV transactivation by Hepatitis B and C Viruses
(HBV and HCV, respectively) is another potential manner in which
HERVs take part in HCC development. Notably, higher levels of
Syncytin-1 are found in HCC tissues of Hepatitis B surface antigen
positive individuals compared to negative ones'® and Hepatitis B
virus oncoprotein X (HbX) leads to increased levels of spliced and
non-spliced transcripts of syncytin-1 gene and increased concentra-
tions of Syncytin-1 protein in Hep-G2 (RRID:CVCL_0027) cells.*
Finally, HCV upregulates the transcription of HERV-H and HERV-
Kpol genes compared to controls, which remain elevated even after
successful treatment and viral clearance.®® This finding offers a
plausible explanation for the maintainance of increased HCC rates

even after successful HCV clearance.®®

3.9 | Pancreatic cancer

Evidence on HERV implication in pancreatic cancer is limited, but it
suggests that increased activation of full-length HERV-K Env is
present in pancreatic tissues and cancer cell lines.®” Additionally,
increased reverse transcriptase activity was observed, and viral-like
particles were excreted from pancreatic cancer cell lines.®” HERV-K
was shown to be immunogenic in pancreatic cancer patients as they
demonstrated increased antibody titers against HERV-K Env and
Np9.%” HERV-K Env appears to facilitate cell proliferation and
metastasis.®” Interestingly, in pancreatic cancer cells, one novel
splice variant of the HERV-K env gene was identified (GenBank:
AY037928.1).¢”

3.10 | Lung cancer
Metagenomic analysis of the virome in the blood and nonsmall cell
lung cancer tissues has revealed an abundant HERV presence.®®
Significantly increased levels of HERV-K, HERV-H, HERV-P, and
HERV-R env mRNAs have been recognized in lung cancer tissues
compared to healthy controls.®” Adenocarcinoma tissues demon-
strated the most prominent increases compared to other lung cancer
histological types, and HERV-K, HERV-H, and HERV-P levels were
distinctive for lung adenocarcinoma compared to squamous and
small-cell lung cancer.®’

Aside from the potential of HERVs as diagnostic and differenti-
ating biomarkers in lung cancer, MER4 has been proposed as a
biomarker of responsiveness to immune check-point treatment in
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non-small cell lung cancer, as increased expression of MER4 was
associated with better response to these treatments and higher
immune infiltration in these tumors, leading to lower proliferation and

malignant potential.”®

3.11 | Glioblastoma multiforme

HERV contribution to inflammation and degeneration in the central
nervous system (CNS) has long been recognized. Recent data suggest
that HERVs may serve as a valuable treatment target of Glioblastoma
Multiforme (GBM), an especially challenging to treat malignancy and
the most common CNS malignancy in adults. In fact, LTRs of multiple
HERV families, in their vast majority belonging to the ERV-1
superfamily, demonstrate an upregulation in the GBM compared to
healthy brain tissues, in a specific manner, which renders these
elements promising targets.”? Interestingly, HERV-K, the family with
the widest implication in human pathology, demonstrated the
greatest downregulation in GBM tissues,”? and these findings are in
line with previous results, where HERV-K was not found to be a
suitable biomarker and target for GBM.”?

Additionally, multiple HERV families were found dysregulated in
the GBM highly proliferative A-172 (RRID:CVCL_0131) cell line,
including the upregulated HERV-K (HML-6) and ERV3 superfamily and the
downregulated ERV1 and PRIMA superfamilies.”® Most strikingly,
significant hypomethylation at the HERV-K (HML-6) locus 19g43b was
correlated with this increase in HERV-K (HML 6) expression.”® Interestingly,
HERV-K (HML-6) contains an intact ORF for a small Env protein ERVK3-1,
increased expression of which was recognized in the A-172 cell line
and GBM tissue samples and its presence was correlated with
reduced survival, independent of the presence isocitrate dehydro-
genases (IDH) mutations in GBM tissues,” a significant prognostic
biomarker in GBM.”* Thus, HERV-K (HML-6) and mainly ERVK3-1
expression may serve as a prognosticator and treatment target for GBM.

3.12 | Melanoma

Overexpression of HERV-K (HML-2) has been associated with the
development of melanoma and HERV-K (HML-2) has been implied as
a potential diagnostic and therapeutic target. More specifically,
upregulated transcription of HERV-K (HML-2) loci has been shown in
melanoma cells compared to normal melanocytes and these loci often
include ORFs for the expression of HERV-K (HML-2) Gag, Env, Np9,
and Rec retroviral proteins.”® Reverse transcription of spliced HERV-
K (HML-2) transcripts has also been shown in malignant cells, either
employing the L1 machinery of Long Interspersed Nuclear Elements
(LINEs) or the traditional retroviral reverse transcription.””> ERK-6
locus on 7p22.1 [HERV-K(HML-2.HOM)] presents particular interest
and is a promising diagnostic biomarker since its transcription was
found to be melanoma-specific and lack thereof characterized
healthy melanocytes.”” Transcriptional balance of the HERV-K
(HML-2) proteins seems to be an important regulator between the

MEDICAL VIROLOGY

proliferative and the invasive state of melanoma, and the Melanocyte
Inducing Transcription Factor (MIFT) plays an important part probably
through its binding to the HERV-K (HML-2) LTR5H.7¢ In fact, the
binding of MIFT to the LTR5H leads to the upregulation of Rec
expression and enhances the proliferative behavior in melanoma
cells, while at the same time Rec knock-down cells demonstrated a
reduced transcription of MIFT, upregulation of Env and Gag
expression, increased epithelial-to-mesenchymal transition and
development of invasive behavior and metastatic features.”® Addi-
tionally, significant Env presence was found in melanoma tissue
samples compared to other normal control tissues and CAR T-cells
targeting HERV-K Env demonstrated promising results in a mouse
xenograft model.””

Transcriptomic release of transposable elements in melanoma
tissues has also been demonstrated with the decreased levels of CpG
methylation levels of HERV-K and LINE-1 elements in melanoma cells
compared to healthy melanocytes of non-malignant nevi.”® Intrigu-
ingly, significant correlations occurred only between the levels of
CpG methylation levels of HERV-K elements and clinical parameters.
More specifically, shorter relapse-free survival and worse disease
prognosis were linked to lower methylation levels and higher
expression of HERV-K elements, independently of age and gender.”®
In agreement with these findings, HERV-K expression appears to be
non-redundant for the development of the CD133 antigen on
melanoma cells in melanoma cell lines, a marker tied to stemness
features in melanoma cells, including increased proliferation, meta-

static characteristics, and drug resistance.”’

3.13 | Leukemia

The participation of HERVs in the development and progression of
leukemias has been suggested by various studies. In Acute Myeloid
Leukemia (AML), ERVs demonstrate enhancer function for genes
related to cellular proliferation and growth. In fact, ERV deregulated
expression, mostly for LTR2 elements was shown to modify the
expression of adjacent genes, such as Zinc Finger Protein 611 (ZFP611)
and apolipoprotein C1/2/4-2 (APOC1/2/4-2) and E (APOE).2° Most
strikingly, APOC1 and APOE expression was correlated to cellular
death resistance in AML and to adverse prognosis with lower overall
survival rates.®° Deletion of LTR2 elements leads to reduced expression
of the aforementioned genes, consequently, leading to cellular
proliferation restriction and increased apoptosis of malignant cells.®°
Thus, these elements could be important targets for gene expression
manipulation in the therapeutics of cancer.

Additionally, the expression of ERV-3-1 is upregulated in the
blood and bone marrow cells of patients with AML, and this
upregulation was more prominent in the myeloid lineage compared
to the monocytic one.8? More importantly, the presence of the ERV-
3-1 protein was confirmed on the surface of leukemic cells of all
myeloid-phenotype AML patients and the majority of monocytic-
phenotype patients in immunohistochemical studies.®* ERV-3-1
upregulated expression was correlated to chromosome 8 trisomy



10 of 14
0o | \wiLEY-

KITSOU et AL.

MEDICAL VIROLOGY

leukemic genotype, however, this correlation was not significant in
the immunohistochemical study for the identification of the ERV-3-1
protein on leukemic cells.®* Deregulated HERV expression patterns
are recognized in multiple AML differentiation types. Significant
upregulation of the expression of HERV-E and concurrent down-
regulation of ERV-3-1 were found in AML with erythroid and
megakaryocytic differentiation, while significant downregulation of
HERV-K (HML-2) was observed in myeloid and monocytic AML
cells.®? These findings suggest that a more detailed analysis of the
HERV signatures in each AML phenotype may aid as a biomarker in
cases where diagnostic dilemmas are imposed.

HERYV participation has also been described in Chronic lympho-
cytic leukemia (CLL). Increased transcription of the HERV-K np9 and
gag genes was found in B-cell CLL patients, with the increases in the
gag gene expression being more modest and not reaching statistical
significance.®® Nevertheless, such implications of HERV-K have long
been discussed in CLL, as Peripheral Blood Mononuclear Cells
(PBMCs) of CLL patients demonstrated HERV-K-10-likegag gene
upregulation compared to those from healthy donors®* and both of
these genes are postulated to have oncogenic capacity and may be
promising treatment targets.

Interestingly, despite the positive correlations between the level
of HERV expression and increased age in humans®> and the limited
number of studies on HERV expression in pediatric diseases,
associations between HERV expression and leukemias have also
been demonstrated in pediatric populations. Higher HERV-K expres-
sion was found in pediatric leukemia patients compared to healthy
age-matched controls, especially regarding the upregulation of the
pol gene expression in Acute Lymphoblastic Leukemia (ALL)
patients.2® Additionally to ALL, other study groups have demon-
strated the role of the expression of the HERV-K env in pediatric

myeloid malignancies.8”

3.14 | Lymphomas
Hodgkin Lymphoma (HL), a mature B-cell malignancy, has been
correlated to the downregulation in HL cells of ERV-3, a HERV with
speculated antitumor properties such as reduced cell growth and
expansion.®® Interestingly, HL cells treatment with the histone
deacetylation inhibitor, vorinostat, and hypoxia mimetic agents leads
to increases in the expression of ERV-3 accompanied by increased
cellular apoptosis.2® Additionally, HL is characterized by the ectopic
expression of the Colony Stimulating Factor-1 Receptor (CSF1-R) on
B-cells, which leads to the CSF1/CSF1-R binding and consequently
tumor growth.®? The LTR of the “mammalian apparent LTR retro-
transposon” (MaLR) THE1 family acts as a promoter for this ectopic
expression of CSF1-R on B-cells in HL and similar effects have been
shown in aplastic large cell lymphoma, possibly through the
demethylation of THE1 LTR.®?

Regarding non-Hodgkin Lymphomas, Diffuse Large B-cell Lym-
phoma, the most common malignancy of this type, demonstrates

upregulation of the gag gene with relatively intact ORFs, belonging to

the HERV-V family (gagV1), which is a promising biomarker.”®
Conversely, Mycosis Fungoides (MF), the most common histological
type of primary cutaneous T-cell lymphoma, demonstrates signifi-
cantly increased transcription levels of HERV-W sequences com-
pared to healthy skin tissues of the same patient, and mainly
stemming from HERV-W loci on chromosome 6G21 and 7q21.2.7%
MF skin immunohistochemistry studies revealed the presence of
syncytin-1 encoded by the HERV-W locus at chromosome 7qg21.2,
and its presence was recognized as specific on the surface of
malignant T-cells.”* Interestingly, lack of Syncytin-1 expression was
found on non-malignant T-cells located in the skin due to local
inflammation due to Lichen Ruber Planus, indicating that its
expression is not indicative of a general inflammation state but is
rather lymphoma-specific.”*

In the case of the participation of HERVs in lymphoma
development, we should also consider the interaction between
HERVs and known oncogenic viruses implicated in the development
of lymphomas, notably Human T-lymphotropic Virus-1 (HTLV-1) and
Epstein-Barr Virus (EBV). One of the main oncogenic mechanisms by
which HTLV-1 infection leads to Adult T cell lymphoma is through the
oncogenic function of the Tax protein.”? Interestingly, among other
genomic sites, the transcription of which is modified by Tax, Tax
modulates the expression of HERV-W LTRs in Jurkat cells
(RRID:CVCL_0065), possibly via the cAMP response element-
binding protein (CREB) and the NF-kB pathways.”? It is reasonable
to assume that, among other mechanisms, this deregulation of HERV
elements mediates the modified gene expression that characterizes
the development of malignancy in HTLV-1 infection.”? Similarly, EBV
infection is a key player in the development of B-cell lymphomas and
most importantly, the Diffuse Large B-cell Lymphoma.”? Activation of
LTR promoter and enhancers is shown in EBV-transformed primary
B-cells, and this retroelement activation has been attributed to both
DNA methylation modification by the EBV infection, and also, to the
binding of EBV-derived transcription factors, such as EBV Nuclear
Antigen 2 (EBNA2).73

3.15 | Multiple myeloma
Currently, evidence on the role and the expression patterns of HERVs
in multiple myeloma is limited. Increased expression of HERV-Fc has
been described in multiple myeloma and plasma-cell leukemia
compared to controls.82

Intriguingly, two endogenous retroviral loci, one belonging to the
HERV-F1 family located on chromosome X and the other belonging
to the HERV-K family, on chromosome 1, appear to act synergistically
in the development and progression of multiple myeloma, through
either complementation or even through recombination.’ In fact, the
presence of almost complete gag and env genes of HERV-Fc1 locus
and the pol gene of HERV-K could potentially lead to the creation of a
recombinant replication capable virus, which can contribute posi-
tively to the development of plasma-cell dyscrasias and, thus,
multiple myeloma.”*
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3.16 | Kaposi's sarcoma and primary effusion
lymphoma

Despite the distinct histological origins and pathological features of
Kaposi's sarcoma (KS) and Primary Effusion Lymphoma (PEL), we
study these tumors together due to their aetiological association with
Kaposi's Sarcoma Herpesvirus (KSHV) and we describe the role of the
HERV-KSHV interactions in the pathogenetic pathways of these
cancers.

Recent in vitro and in vivo data suggest that de novo infection
and latency with KSHV, mediated by the Latency-associated nuclear
antigen (LANA, ORF73) and viral FADD-like interferon converting
enzyme inhibitory protein (vFLIP, ORF71), lead to the transactivation
of HERV-K.?® This endogenous retroviral transactivation appears to
be mediated both by intracellular pathways, including the MAPK and
the NF-kB pathway as well as by transcription factors binding at
HERV-K LTRs, like transcription factor Sp1.”> Furthermore, HERV-K
Env has been linked to the development of invasive characteristics in
primary Human Umbilical Vein Endothelial Cells (HUVEC) and its
knockdown reversed this effect, while the expression of the Vascular
Endothelial Growth Factor (VEGF) and its receptor VEGFR1 was also
diminished.”® Finally, Np9 seems to be the most important
endogenous retroviral oncogenic protein participating in the devel-
opment of KS, as KSHV de novo infection induces a significant
increase in np9 transcription in HUVEC, Np9 was found to upregulate
oncogenic pathways such as AKT, ERK and Notch-1 pathways and
increase f-catenin expression, and Np9 expression was significantly
increased in KS samples compared to normal skin tissue and latently
infected Telomerase-immortalized Endothelial Cells (TIVE).”®

Regarding the role of HERV-KSHYV interactions in the develop-
ment of PEL, recent data suggest the dysregulation of multiple
HERV families.?® Strikingly, similarly to KS, HERV-K expression was
found upregulated in PEL cells and PBMCs from KSHV infected
HIV-positive persons compared to KSHV uninfected HIV-positive

ones.””

4 | CONCLUSION

The role of HERVs in multiple malignancies has been demonstrated
and even though the extent to which HERV activation and expression
affect the development of cancer in humans is not yet totally
comprehended, it is evident that HERVs seem to be important
players in human disease and not just evolutionary fossils as they
have been once perceived. Multiple studies have shown their
promising perspectives as diagnostic and prognostic biomarkers in
various cancer types. Aside from the role of the expression of HERV
proteins during the early stages of cancer development and
throughout the disease course, where these proteins serve a
presumably carcinogenic role, recent advances in the field of cancer
therapeutics shed light on a novel and promising role of HERV
protein expression, this time as potent immune response triggers.

This is suggested by various studies where significant antitumor

MEDICAL VIROLOGY

results are demonstrated, either after the manipulation of HERV
expression, leading to viral mimicry phenomena and subsequent
induction of innate immunity responses, or after the generation of
HERV protein-specific CAR T-cells, as HERV-targeting cancer
immunotherapy.

Finally, future studies with the use of more precise and higher
resolution approaches will elucidate the exact role of HERVs and
transposable elements in general in human physiological and

pathological processes, such as carcinogenesis.
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