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ABSTRACT

Kaposi's sarcoma-associated herpesvirus (KSHV) is a gamma-herpesvirus
implicated as the causative agent for several malignancies, including Kaposi's sarcoma,
primary effusion lymphoma, and certain forms of multicentric Castleman's disease.
KSHYV remains latently infective in its hosts by anchoring its genome to host
chromosomes and judiciously modulating viral protein expression, making it elusive to
immune detection. This nuanced expression, implicated in several human malignancies,
is primarily orchestrated by the Latency-associated nuclear antigen (LANA), pivotal for
viral genome replication and maintenance. LANA's expression is fine-tuned at multiple
strata—transcriptionally and translationally—with the mRNA's secondary structures
playing a crucial role. Among these, G-quadruplexes (G4s) emerge as highly stable and
evolutionarily conserved structures, influencing vital cellular processes such as
replication and transcription. These G4s liaise with cellular proteins, either bolstering or
disrupting these structures, thereby regulating LANA translation. Our previous work
highlighted the critical role of G4s within LANA mRNA, underscoring their influence on
LANA levels in infected cells. This study elucidates the role of Nucleolin (NCL) in
modulating LANA expression via its affinity for the G-quadruplexes in LANA mRNA.
This liaison leads to a reduction in LANA protein expression, driven by the sequestering
of its mRNA in the nucleus, a phenomenon evidenced by the colocalization of G4-rich
mRNA with NCL. Intriguingly, NCL's suppression, achieved through a short hairpin
RNA, precipitates a surge in LANA translation, as evidenced by altered LANA mRNA

levels in the cytoplasm. Collectively, our findings spotlight the regulatory capability of



G-quadruplex-mediated translational control by NCL, presenting potential avenues for

therapeutically manipulating KSHV latency.
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CHAPTER 1

INTRODUCTION



1. Background
1.1.1 G-quadruplexes

G-quadruplexes (G4s) are unique secondary structures found in guanine-rich
areas of DNA and RNA. They comprise consecutive guanine blocks separated by loops,
forming G-tetrads stabilized by Hoogsteen hydrogen bonds and ions like K+, Na+, or
Ca2+14, These structures, which differ from the classical Watson-Crick model, fold into
multiple planar G-tetrads. Their stability, influenced by the number of tetrads and loop
nucleotides, is vital in various cellular processes®’. Tools like QGRS Mapper and
Quadparser help identify potential G4-forming sequences (PQSs), and G4-specific
antibodies have confirmed their presence in cells®. In DNA, G4s play roles in
transcription, replication, and epigenetics, and their stabilization can impact RNA Pol Il
during transcription and telomere maintenance®*3, In RNA, G4s influence transcription,
translation, RNA maturation, and non-coding RNA functions, with a higher tendency to
form in RNA due to the absence of a complementary strand. They affect genome coding
capacity through mechanisms like alternative splicing'*. Ligands targeting G4s offer
potential as antiviral therapies, often featuring polycyclic aromatic structures interacting
with G4's -r stacking®'8, Adjustments to these ligands have improved their selectivity
and affinity. Given the widespread conservation of PQSs, G4-based antiviral therapy is a
promising strategy for tackling various viral strains, marking a significant step in antiviral
drug development.

The discovery of G-quadruplexes in the genomes of various organisms and their
involvement in regulating biological processes linked to disease development has

catalyzed the creation of drugs targeting these structures. This research has led to the



identification of G-quadruplex ligands. These small molecules exhibit a high affinity for
binding to G-quadruplexes, offering greater stability than they do with double-stranded
DNA. Notable examples of these ligands are BRACO-19, TMPyP4, PhenDC3, and

Pyridostatin.

1.1.2 G-quadruplexes Regulating Viruses

Due to the high conservation of G4 structures and their identification in viruses,
G4s present an excellent target for therapeutic intervention. G4 structures have been
identified in a range of viruses, including Herpesviruses, HIV-1, and several others®-?4,
HSV-1 has G4s present in the immediate early genes ICP0O and ICP4, which are crucial
for viral replication. Stabilizing the G4 structures within their promoter regions impedes
the binding of transcription factors and/or obstructs RNA polymerase access to these
promoters, thereby inhibiting viral replication?®. ICP4 effectively self-regulates its
promoter via a G4 interaction. BRACO-19 enhances ICP4 expression by stabilizing the
same G4 site involved in ICP4's autoregulation. Additionally, quindoline derivatives have
demonstrated potent anti-HSV-1 activity in the nanomolar range, effectively inhibiting
the expression of 1CP425,

G4s have been identified in the HIV-1 genome, particularly in the Long Terminal
Repeat (LTR) regions and the Nef gene, playing a crucial role in the virus's life cycle.
These G4 structures aid in RNA strand dimerization, essential for reverse transcription
and integration of viral DNA into the host genome. They also contribute to genetic
diversity and potential antiretroviral resistance. The Nef gene, essential in early viral

replication, can evade RNA interference due to its alternative folding patterns. HIV-1



also produces miR-N367, a microRNA targeting Nef for self-regulation?’. Research
focusing on these G4s led to the development of specific ligands like C-exNDIs, which
selectively interact with viral G4s. Experiments using luciferase reporter assays
demonstrated that G4-stabilizing ligands, including BRACO-19 and C-exNDls,
effectively inhibit HIV-1 activity by targeting these G4s in the LTR region. These ligands
showed significant potential in reducing viral activity both before and after the
integration of the HIV genome into the host*®.

There are several other viruses that are regulated through internal G4 sites,
however, the endeavor to target G4s faces several challenges. Firstly, despite their
specificity for G4 structures, there is still a risk of off-target effects on host G4s,
potentially resulting in cytotoxicity or other undesirable consequences. Secondly, the
high structural diversity of G4s demands the development of specific ligands tailored for
individual G4s in viruses. Lastly, achieving effective intracellular delivery of G4-binding
molecules poses a challenge due to the potential for degradation or inadequate cellular
uptake. Numerous small molecules have been synthesized and documented for their
interaction with G4 structures, showcasing antiviral activity by stabilizing or
destabilizing G4s. Research on developing G4-stabilizing ligands is continuously

progressing.

1.2.1 Herpesviruses
The Herpesviridae family encompasses a diverse range of herpesviruses that
infect humans and animals. Herpesviruses are large, enveloped DNA ranging from 120 to

260nm?8, They have a complex architecture: at their core is a linear, double-stranded



DNA genome containing 70-120 ORFs, encapsulated in an icosahedral capsid®®. The
virus is further protected by a protein-rich tegument layer, enclosed in a lipid envelope
obtained from the host cell, adorned with essential glycoproteins for viral entry and
pathogenicity. Herpesviruses are obligate parasites requiring the host's intracellular
machinery to replicate and produce infectious viruses. They are notorious for their ability
to establish lifelong latency in host cells, typically remaining dormant and utilizing host
cellular mechanisms for replication3%3%, They can reactivate to produce infectious
progeny, leading to various pathologies. Humans commonly encounter one or more
herpesviruses in their lifetime, often without severe complications unless in an
immunocompromised state, where the virus can lead to severe, even life-threatening
conditions®. Based on phylogenetic analysis, genome sequencing, and biological
properties, Herpesviridae viruses are classified into three sub-families:
alphaherpesvirinae, betaherpesvirinae, and gammaherpesvirinae. Each subfamily is
distinguished by its preferred site of latency. Alphaherpesviruses consist of herpes
simplex 1 and 2 (HSV-1 and HSV-2) and varicella-zoster virus (VZV) and reside in
neuronal cells. Betaherpesivurses infect epithelial cells, myeloid progenitors, or
lymphocytes and consist of cytomegalovirus (HCMV), human herpesvirus 6A, 6B, and 7
(HHV-6A, HHV6B, HHV-7)?. Gammaherpesviruses include Epstein Barr virus (EBV)
and Kaposi's sarcoma-associated herpesvirus (KSHV), which infect lymphocytes and

endothelial cells33-36,

1.2.2 KSHV Primary Infection

Most of the human population is infected with at least one type of herpesvirus,



which has the potential to cause various diseases or lead to the development of cancer.
Typically, primary infection with KSHV in a healthy person is asymptomatic. The virus
can remain dormant for decades; however, its clinical manifestations can be present in
certain instances. These vary from lymph node inflammation to symptoms resembling a
mild flu. In individuals with compromised immune systems, such as those with HIV or
those undergoing immunosuppressive therapy, EBV and KSHV infection can potentially

lead to various forms of cancer and may even be fatal®’.

1.2.3 KSHV-Associated Malignancies

In 1872, Moritz Kaposi characterized Kaposi's Sarcoma (KS) as "idiopathic
multiple pigmented sarcomas of the skin™ and exhibiting its highest prevalence in sub-
Saharan Africa, where over 50% of the population is infected. In the Mediterranean
region, the infection rate ranges between 10-25%, while in North America, Europe, and
Asia, the prevalence is notably lower, falling below 10%32°. The causative agent of this
condition remained unidentified until the AIDS epidemic of the 1980s, during which
there was a significant surge in KS cases among patients with acquired
immunodeficiency syndrome (AIDS), leading to the classification of KS as an AIDS-
related cancer®?. Subsequently, in 1994, Patrick Moore and Yuan Chang identified
KSHYV in lesions of AIDS patients using a PCR-based method. This groundbreaking
discovery led to the recognition of a new y-herpesvirus®.

Besides KS, KSHYV is recognized as the causative agent of diseases such as
Primary Effusion Lymphoma (PEL) and Multicentric Castleman's Disease (MCD,

categorizing it as an oncogenic virus. KS is an antiproliferative tumor caused by KSHV,



predominantly affecting lymphatic-endothelial cells*3. It manifests in various forms, such
as lesions or discolorations on the skin, oral mucosa, and internal organs**4°, KS is
classified into four distinct subtypes: Classic, Endemic, latrogenic, and AIDS-associated.
Classic KS typically presents as slow-developing lesions in older men, primarily
affecting the lower extremities*®. Endemic KS, more aggressive and often fatal, is
prevalent in Central and Eastern Africa, affecting younger populations with nodules
mainly on the lower limbs*’. latrogenic KS, associated with immunosuppressed organ
transplant patients, is characterized by rapid progression and can affect both skin and
internal organs®. Lastly, AIDS-associated KS, seen in patients with severely
compromised immune systems, is the most aggressive form, with widespread lesion
distribution*>%0, KS has many subtypes; however, AlDS-associated KS is the most
aggressive form of the disease*?. Each subtype of KS displays unique epidemiological
and clinical characteristics, reflecting the diverse impact of KSHV infection.

PEL, also known as Body Cavity-Based Lymphoma (BCBL), is an uncommon
and aggressive form of B cell lymphoma typically seen in individuals with compromised
immune systems or the elderly. PEL is frequently diagnosed in AIDS patients, often
alongside a co-infection with the EBV*!. Within PEL cells, KSHV genomes are present
in high numbers. Characteristically, the lymphoma manifests as fluid accumulation in
body cavities like the peritoneum, pericardium, and pleura, though it's rare in lymph
nodes and other regions®:%2, PEL tumors are aggressive, progress rapidly, and typically
show high resistance to chemotherapy, with survival of 2-6 months post-diagnosis*?.

Multicentric Castleman’s Disease (MCD)is a lymphoproliferative disorder

affecting B-cells. Like PEL, MCD is aggressive and results in high fatality, with patients



often succumbing within ten months of diagnosis*°3. MCD manifests in two distinct

forms: the unicentric type, which involves only a single lymph node, and the multicentric
variant, where multiple lymph nodes are affected, with the potential to extend even to the
spleen®. In AIDS patients, KSHV is linked to the plasmablastic variant of MCD, making

it the primary causative agent>°¢,

1.2.4 KSHYV Transmission and Treatments

KSHYV transmission occurs through both sexual and non-sexual means. In cases of
organ transplantation, recipients can become infected if the donor is KSHV positive®’.
Among those infected, saliva often contains high levels of KSHV, a result of viral
shedding in the oropharynx due to lytic reactivation of the virus®. Furthermore, the virus
can also be transmitted through various forms of fluid exchange, including oral sex,
blood transfusions, and the sharing of needles®. Most treatments for KS are ineffective in
targeting the KSHV virus and cannot prevent the formation of new tumors. Treatments
for KS, include chemotherapy, radiation, antiviral therapy, and tumor excision. These
treatments have adverse impacts and highlight the need for more effective treatment
options with fewer detrimental consequences.

After initial infection, herpesviruses enter a latent phase where they remain
dormant within the host cells, not producing any new infectious virions. However, under
specific conditions, these viruses can switch to a lytic reactivation phase, wherein they
resume replication and produce infectious virus. The lytic replication cycle of KSHV
plays a crucial role in tumor development. Utilizing antiviral therapies to target and

inhibit this lytic reactivation can, in some instances, effectively prevent the growth of



tumors®. A significant challenge in developing treatments explicitly targeted at KSHV
lies in the fact that in most Kaposi's Sarcoma tumors, the virus is in a latent state. The
currently approved antivirals are designed to target viral components that are active only
during the lytic cycle, rendering them ineffective against latent infections®.

A combination antiviral therapy (CART) approach has decreased the incidence of
AlIDS-associated KS by 80% and restores immune function by eliminating replicating
HIV. Additionally, cCART has reduced the frequency of new KS infections and decreased
the size of existing KS lesions®!. Ganciclovir and valganciclovir, lytic replication

inhibitors, have shown moderate effectiveness in treating MCD®2,

1.25 KSHV Genome

KSHYV has a genome ranging from 160 to 170kb. This includes a long unique
region (LUR) of approximately 140kb, which encodes more than 90 open reading frames
(ORFs)%. KSHV shares 71 genes with herpesvirus saimiri (HVS), many of which are
responsible for encoding structural proteins and enzymes critical for viral replication.
These genes are conserved across herpesvirus subfamilies®*%5. The LUR is bordered by
terminal repeats (TRs), each comprising 801bps with a high GC content, and these TRs
do not encode any proteins. The LUR itself is known to encode homologous proteins to
cellular proteins, suggesting an evolutionary acquisition during the virus-host co-

evolution process®,

1.2.6 KSHYV Infection and Life Cycle

KSHYV can target CD19+ peripheral blood B lymphocytes, endothelial cells,
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monocytes, epithelial cells, and keratinocytes. B-cells and monocytes are the primary
locations the virus remains latent®’. Here transcription of ORF72 (v-Cyclin D), ORF73
(LANA), K12 (Kaposin), K13 (v-FLIP), and microRNAs occurs®, Several cell lines,
including human dermal microvascular endothelial (HMVEC-d) cells, human foreskin
fibroblast (HFF) cells, human embryonic kidney 293 cells (HEK-293), human umbilical
vein endothelial (HUVEC) cells, telomerase-immortalized human umbilical vein
endothelial (TIVE) cells, human epithelial SLK cells, mouse fibroblasts, monkey kidney
CV-1 cells, and monkey kidney epithelial VERO cells, are effective for studying viral
latency. These cell lines can maintain the latent virus, making them ideal models for this
type of research®®.

Herpesviruses are characterized by a biphasic lifecycle that includes both latent
and lytic phases. 24 hours post-infection, KSHV established latency (Fig. 1). During
latent infection, the virus expresses only a limited number of genes, and its genome exists
as an episome, anchored to the host cell's chromosome. The lytic phase is transient and
governed by a sequential cascade of gene expression, beginning with immediate early
(IE) genes, progressing to early (E) genes, and concluding with late (L) genes. IE proteins
activate the expression of E genes, which are crucial for initiating viral DNA synthesis.

This is then followed by the activation of L genes, responsible for the assembly of

Virions30,31,60,69—71.

Figure 1: KSHV Life Cycle
KSHYV initiates infection by binding to specific receptors on the host cell, facilitating its entry by

endocytosis or direction fusion with the cell membrane. Post-entry, the virus uncoats, allowing the viral
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capsid to release its genome into the cell’s nucleus. KSHV establishes latency, during which only a subset
of genes are actively expressed. LANA binds to the TR sequence in KSHV to mediate replication and
maintains the viral episome by tethering it to the host mitotic chromosomes. Specific triggers can prompt
the virus to undergo lytic reactivation. In this active phase, KSHV replicates its genome and assembles new
viral particles. The newly synthesized DNA is incorporated into the capsids within the nucleus. The viral
particles are transported into the cytoplasm, where they acquire additional viral proteins (tegument

proteins) and egress the cell through exocytosis and are ready to infect new cells.
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KSHYV Latency and Lytic Replication

Once infection is established, the virus utilizes the host DNA replication
machinery for its own replication during latency. The virus tethers multiple copies to the
host chromosome to participate in cell division’>74, During latency, KSHV maintains a
compact chromatin structure, as limited genes are expressed: ORF72, LANA (OF73), and
K337576, The Latency-Associated Nuclear Antigen (LANA) is among the most

predominantly expressed proteins during the latent phase and is widely regarded as the
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“master regulator” of viral latency’’. LANA is believed to attach to LANA binding sites
(LBS) located within the Terminal Repeat (TR) regions of the genome, in conjunction
with histone proteins. These histones envelop the viral genome, which is crucial in
anchoring it to the host chromosome. It is this mechanism of interaction that is
considered pivotal in the tethering of the viral genome to the host's genetic material""8,

LANA interacts with various viral proteins, tumor suppressors, and transcription
factors. It undergoes several post-translational modifications, including acetylation,
phosphorylation, poly ADP-ribosylation, SUMOylation, and arginine methylation’”8,
For the persistence of the latent viral genome, it relies on the host's replication
machinery. LANA plays a role in ensuring the inheritance of the KSHV genome by
daughter cells, recruiting host cellular proteins like kinetochore proteins Bubl and
CENP-F. The viral genome features an origin of replication, ori-P, housing two LANA
binding sites. These sites facilitate the recruitment of the replication complex during the
cell cycle's S phase’”.

LANA also plays a critical role in regulating viral latency by inhibiting lytic
reactivation. It suppresses the expression of lytic genes during primary infection by
recruiting host polycomb repression complexes (PRC1 and PRC2) to promoter
regions’®2%, Moreover, LANA interacts with the Replication and Transcriptional
Activator (RTA), an immediate early gene in the lytic reactivation phase encoded by
ORF50. RTA is key in determining the switch between latency and lytic reactivation and
triggers the start of the lytic cycle®..

Following initial infection, the virus may re-enter the lytic cycle due to various

triggers, including external stimuli, hypoxia, or signals related to cell differentiation®?.
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During this phase, all viral genes are replicated via a process known as rolling circle
replication, which produces concentric viral DNA that is subsequently cleaved to
facilitate viral assembly and release®24. The lytic replication phase is crucial as it enables
the spread of KSHV and contributes to the progression of the disease’38%8, The switch
between the latent and lytic cycles is primarily regulated by the Replication and

Transcriptional Activator (RTA) and other immediate early (IE) proteins®,

1.2.8 LANA

LANA, encoded by ORF73 of KSHV, LANA, a multifunctional protein, 220-
230kDa, is critical for maintaining a persistent KSHV infection®’. To ensure the virus's
persistence in dividing tumor cells, KSHV's episomal DNA must replicate in tandem with
the host cell's cycle and segregate effectively during mitosis. The absence of LANA
disrupts the establishment and maintenance of a latent infection’®88,

LANA is primarily expressed in latently infected cells and is composed of three
distinct domains: the N-terminal, central, and C-terminal. The N-terminal domain
features a nuclear localization signal (NLS) and a chromosome-binding site (CBS). This
domain includes a 27 amino acid sequence with a bipartite NLS, rich in arginine and
glycine residues, essential for facilitating LANA's nuclear translocation through
interaction with importin -1, a key nuclear cytoplasmic receptor in eukaryotic cells.
Additionally, this domain is crucial for anchoring LANA to the host chromosome, thanks
to its chromatin-binding site that interacts with histones®”#, The central domain is
characterized by multiple repeats of hydrophilic amino acids, contributing to its unique

structure and function. Meanwhile, the C-terminal domain is composed of both
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hydrophobic and hydrophilic residues. This domain is integral to the chromatin binding
process, aids in the self-association of LANA, and is responsible for binding to the viral
DNA located in the TR (Terminal Repeat) region, playing a vital role in the maintenance
of the viral episome in latently infected cells’"°,

As mentioned earlier, KSHV's LUR is flanked by the TR region, which facilitates
the circularization of the genome. Within this TR region lies the primary LANA binding
site, LBS1. Modifications in LBS1 significantly impact LANA's binding efficiency. A
secondary binding site, LBS2, is also present, exhibiting a lower affinity for LANA.
However, LBS1 enhances LANA's ability to bind to LBS2%. Furthermore, a third
binding site, LBS3, is oriented in reverse. The dimerization of LANA leads to the
stabilization of this complex, and the resulting oligomer formation enables cooperative
binding to these lower affinity sites, reinforcing the viral genome's stability and
persistence®?.

The N-terminal region of LANA establishes interactions with histones H2A/H2B,
effectively anchoring viral proteins to the host's chromatin. It also binds to H2AX, an
H2A variant crucial in DNA break repair. This interaction enhances H2AX
phosphorylation, which in turn aids the binding between LANA and the KSHV Terminal
Repeat (TR) region, essential for maintaining the viral episome's persistence® %, Critical
for LANA's function are its N-terminal and C-terminal regions, which bind to MeCP2, a
protein involved in gene silencing and activation of euchromatin genes. This interaction
is key to LANA's positioning on human chromosomes near the KSHV genome, guiding it
towards heterochromatin regions®:. In addition, LANA forms complexes with

Kinetochore proteins such as CENP-F and Bubl, playing a significant role in mitotic
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processes. It also interacts with NUMA, a protein vital to the nuclear mitotic apparatus,
with this relationship evolving throughout the cell cycle®. Furthermore, LANA's
interaction with the Bromodomain and Extra-Terminal Domain (BET) family proteins,
particularly BRD4, is crucial for the progression of the G1/S phase during mitosis. The
co-localization of BRD4 with LANA on mitotic chromosomes indicates a potential role

in LANA's mechanism for tethering the viral genome to the host chromosome®-%,

1.3.1 Coronaviruses

Coronaviruses (CoV) are from the Coronaviridae family and the Nidovirales
order®. CoV are enveloped positive-sense single-stranded RNA and are distinguished by
crown-like spikes on their surfacel®10%, These viruses exhibit a broad host range, capable
of infecting various species including birds and mammals. In humans, coronaviruses are
responsible for a spectrum of illnesses, ranging from respiratory to gastrointestinal and
neurological disorders'?,

Coronaviruses are classified into four primary sub-groups: Alpha, Beta, Gamma,
and Delta coronaviruses'®19, Alpha and Beta coronaviruses predominantly infect
mammals, including bats, rodents, rabbits, and hedgehogs, which are considered a
primary reservoir, and humans®*. On the other hand, Gamma and Delta coronaviruses
are primarily known to infect avian species, though there have been instances of these
viruses infecting mammals'%,

Before the year 2000, human coronaviruses were dominated by four strains:
hCoV-0C43 (0C43) and hCoV-HKU1 (HKU1), which are betacoronaviruses, and

hCoV-229E (229E) and hCoV-NL63 (NL63), classified as alphacoronaviruses. These
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viruses typically caused mild respiratory illnesses, like the common cold, and were not
known to lead to serious health issues. Their prevalence and impact on health were
relatively moderate compared to the more virulent strains that would emerge later.
Prior to the turn of the millennium, the landscape of human coronaviruses was
largely dominated by four types: 229E, OC43, NL63, and HKUL. These viruses were
primarily associated with mild upper respiratory tract infections, akin to the common
cold, and did not typically lead to severe health concerns'®®107, However, the early 21st
century marked a dramatic shift in the perception and impact of coronaviruses due to the
emergence of three highly pathogenic strains. The first of these was the Severe Acute
Respiratory Syndrome Coronavirus (SARS-CoV), identified in 2002. Originating in
Guangdong, China, it caused a significant outbreak, characterized by severe respiratory
illness and some deaths, spreading to multiple countries before being contained in
2003'%, A decade later, in 2012, another deadly coronavirus emerged: the Middle East
Respiratory Syndrome Coronavirus (MERS-CoV). First reported in Saudi Arabia,
MERS-CoV was linked to severe respiratory illness, often accompanied by renal failure,
and exhibited a high fatality rate. Unlike SARS-CoV, MERS-CoV continues to cause
sporadic cases and outbreaks, primarily in the Arabian Peninsula'®-1%, The most
impactful of these novel coronaviruses, however, has been Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2), which was first detected in Wuhan, China, in
late 2019. This virus is the causative agent of the COVID-19 pandemic, leading to an
unprecedented global health crisis with millions of infections and deaths, profound

societal disruptions, and a massive international public health response!!?-114,
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1.3.2 Coronavirus Genomes

Coronaviruses are among the largest RNA viruses with a single RNA strand
between 26 to 32kb!>. The positive-sense single-strand RNA can either act as a
replication template or directly be translated by the host’s ribosomes®%°, The large
genome allows for the coding of several proteins, including structural proteins: spike (S),
envelope (E), membrane (M), and nucleocapsid (N) proteins, which are critical for virus
assembly and infection.

Each of these proteins has a distinct role in forming the viral particle and
virulence. The S protein forms a distinctive spike on the coronavirus surface and is
critical for virus-host cell attachment and entry (Fig. 2). It binds to specific receptors on
the host cell’s surface and facilitates viral entry through direct fusion with the host cell
membrane or by endocytosis!®. The E and M proteins are involved the viral particle
formation. The M protein defines the shape of the viral envelope and is crucial for
incorporating the S and E proteins into the virion'’. The N protein binds to the
coronavirus genome, packaging it into the helical ribonucleocapsid (RNP) structure. This
complex is essential for protecting the viral genome and plays additional roles in the
replication cycle and modulating the host cell’s response to infection!!®. Following the
synthesis of the structural proteins, they come together with the newly replicated genomic
RNA to complete the virion particle. The assembly occurs in the endoplasmic reticulum-
Golgi intermediate compartment in the host cell. After assembly, the viral particles are

then released from the cell through a process known as viral egress*®®.
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Figure 2: SARS-CoV-2 Viral Life Cycle

Spike (S) binds to the ACE2 receptor, inducing a conformation change in the S1subunit (Step 1), exposing
the S2 site for cleavage. On the right, if TMPRSS2 is present, S2 is cleaved on the cell surface. If the ACE2
complex does not encounter TMPRSS, the ACE-2 complex is internalized. The viral genome is then
released (Step 2), followed by hijacking the host’s ribosomes to translate RdRp (Step 3). Using the newly
synthesized RdRp, RNA replication occurs (Step 4), followed by genomic and subgenomic RNA synthesis
(Step 5). Subgenomic fractions act as mMRNA and are translated into structural proteins (Step 6). Following
the viral genome-nucleocapsid association, the nucleocapsid buds into the ERGIC (Step 7), followed by the
completion of virion formation in vesicles (Step 8). Lastly, the vesicle undergoes exocytosis, and the

SARS-CoV-2 virion is ready to infect new cells (Step 9).

In addition to these structural elements, the genome encodes numerous non-

structural proteins (nsps) that play roles in viral replication and modulating the host cell's
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environment?%121, The nsps in coronaviruses are derived from translating two large
polyproteins, ORF1a and ORF1b. This translation process involves a mechanism known
as ribosomal frameshifting, a unique feature in the replication strategy of coronaviruses.
Once these large polyproteins are synthesized, they undergo proteolytic cleavage, which
divides them into smaller, functional nsps. These nsps play critical roles in the virus's life

cycle, including replication and transcription of the viral genome!??,

1.3.3 Coronavirus Infections

Each coronavirus binds to specific receptors to initiate viral entry. NL63
recognizes the Angiotensin-Converting Enzyme 2 (ACE-2), the same receptor that
SARS-CoV and SARS-CoV-2 use for viral entry!6123, 229E binds to the human
aminopeptidase N (hAPN) receptor to attain entry'?*, HKU1 primarily utilizes 9-O-
acetylated sialic acid (9-O-Ac-Sia) Sia to facilitate the initial attachment to the host
cell*?>,0C43 uses the N-acetyl-9-O-acetylneuraminic acid (Neu5,9Ac2) receptor, a type
of sialic acid, for cell entry. MERS recognizes dipeptidyl peptidase-4 (DPP4) on the
host’s cell surface'?. Coronaviruses initiate infection by attaching to specific receptors
on the surface of host cells, a process dictated by the viral spike (S) protein’s affinity for
host receptors. For instance, in the case of SARS-CoV-2, the virus binds to the
angiotensin-converting enzyme 2 (ACE2) receptor®é. Upon attachment, the virus can
enter the host cell through one of two primary pathways: endocytosis or direct membrane
fusion. All mentioned coronaviruses Transmembrane Protease, Serine 2 (TMPRSS2) to
“prime” the S proteins for infection. TMPRSS2 cleaves the S protein, allowing for a

conformation change in the S protein, exposing the fusion peptide. Without TMPRSS
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facilitating the cleavage, the S protein cannot mediate the fusion of the viral and cellular
membranes!!6:127-129 Following attachment, endocytosis is the key mechanism the virus
uses to enter the host cells. Following the spike protein recognizing and binding to the
appropriate receptor on the host cell surface, the host cell engulfs the virus, enclosing it in
an endosome. The endosome is formed from the host cell’s plasma membrane allowing
for internalization of the cell. After the endosome containing the virus is internalized, the
acidic environment inside the endosome induces a crucial transformation in the viral E
proteins. Specifically for coronaviruses, this acidic environment triggers a conformational
change in the S protein. It is this alteration in the S protein structure that enables the viral
envelope to effectively fuse with the endosomal membrane. Following the fusion, the
viral RNA genome is released into the cytoplasm of the cell. As previously stated, the
viral RNA can then undergo translation and replication12116.123,125,130

Replication of the coronavirus genome involves the synthesis of a complementary
negative-sense RNA strand, which then serves as a template to produce new positive-
sense genomic RNA. This newly synthesized genomic RNA and the subgenomic RNAs
are used to create additional viral components. The assembly of new viral particles occurs
in the cytoplasm, typically in association with the endoplasmic reticulum and Golgi
apparatus. Structural proteins, along with the genomic RNA, come together to form new
virions. These newly formed viral particles are then transported to the cell surface in
vesicles and released into the extracellular space through exocytosis. Alternatively, in
some cases, the host cell may undergo lysis, a process where the cell breaks apart,

releasing the viral particles®®115120.121,131
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1.3.4 Human Coronavirus OC43, 229E, and NL63

OC43 is a betacoronavirus that that commonly infects humans®?. OC43 infection
is commonly associated with symptoms of the common cold: runny nose, cough, sore
throat, and fever. Most OC43 infections are mild, that virus can cause severe respiratory
illness in young children, the elderly, and those who are immune compromised. In
instances, OC43 can lead to pneumonia and bronchiolitis33,

0C43, 229E, and are coronaviruses known for causing mild upper respiratory
illnesses like the common cold. Symptoms include runny nose, cough, sore through,
fever!32, Most infections are mild, that virus can cause severe respiratory illness in young
children, the elderly, and those who are immune compromised. Occasionally these
coronaviruses can lead to pneumonia and bronchiolitis3. In rare cases, OC43 has been
associated with neurological diseases, like encephalitis!®*. NL63 can cause croup, an
infection of the larynx and trachea, especially in young children'®. There are rare
instances where NL63 results in acute respiratory distress syndrome (ARDS)%. These

viruses are known for their global and seasonal infections.

1.3.5 SARS-CoV-2 Pathophysiology

The emergence of SARS-CoV-2 is responsible for the COVID-19 pandemic and
has had a multifaceted impact globally since 2019. The World Health Organization
(WHO) has recorded more than 771 million confirmed cases of COVID-19 and 6.98
million deaths globally*37:138,

SARS-CoV-2 is transmitted through respiratory droplets and aerosols, with an

average incubation period of 4-5 days before the onset of symptoms. In most cases, the
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infection results in mild to moderate respiratory symptoms but can progress to a severe
illness a week after symptom onset, characterized by dyspnea and hypoxemia, due to
progressive respiratory failure!3®. As previously mentioned, SARS-CoV-2 spike protein
recognizes the host’s ACE-2 receptor and TMPRSS2 cleaves the spike protein to
facilitate the endocytosis of the virus!6140, Most infections are cleared at this stage
through the induction of type I or type Il interferons and the activation of B and T cell
responses. Type | and Il interferons are critical components of the innate immune
response. Interferons are signaling proteins released by the host cells due to pathogens.
Type | includes subtypes of interferon-alpha (IFN-a)) and interferon-beta (IFN-f), which
are produced by infected cells. They enhance the ability of immune cells to recognize and
attack infected cells, stimulate the production of antiviral proteins that inhibit viral
replication, and enhance antigen presentation. Type Il includes interferon-lambda (IFN-
A). defend against infections in the mucosal surfaces, such as those in the respiratory tract
where SARS-CoV-2 first establishes infection. IFN-A works similarly to type I
interferons but has a more localized effect, primarily affecting epithelial cells!4%142, B
cells produce antibodies against the virus that ideally neutralize the virus from binding to
and entering the host cells. Additionally, they mark infected cells for destruction by other
cells. There are two main types of T cells involved in responding to SARs-CoV-2. CD8+
cells, also known as cytotoxic T cells, can directly Kill virus-infected cells. CD4+ T cells,
or helper T cells, help B cells produce antibodies and aid in activating other immune
Ce”Sl43’144.

SARS-CoV-2 causes diffuse alveolar damage (DAD), characterized by

endothelial and alveolar lining cell injury. The lung damage caused by SARS-CoV-2
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infection progresses through two distinct phases: initially, an exudative phase
characterized by edema, cell death, the formation of hyaline membranes, and
inflammation; this is subsequently followed by a proliferative phase, wherein alveolar
type 2 (AT2) cells undergo hyperplasia to repair and regenerate the damaged
alveoli*>%4¢ Infected and damaged epithelial cells attract immune cells and increase
monocytes and macrophage infiltration in the lungs of COVID-19 patients with aberrant
activation of these cells. The immune response responds by secreting pro-inflammatory
cytokines IL-1p and IL-6, a unique feature of SARS-CoV-2 infection compared to other
pneumonia infections'4"148, Alveolar damage and epithelium disruption cause an
imbalance between coagulation and fibrinolysis, causing hyaline membrane formation. In

severe cases, lung regeneration can be impeded and lead to chronic respiratory failure'4°,

1.3.6 SARS-CoV-2 Treatments

The need to develop effective treatment for SARS-CoV-2 is essential for reducing
the mortality rate associated with COVID-19, but also for mitigating the broader
consequences of the pandemic on public health systems and communities worldwide.
One class of treatments is antivirals, medications specifically for treating viral infections.
Unlike antibiotics used to treat bacteria, they are ineffective at treating viruses. Antivirals
function by inhibiting the development or proliferation of viruses. There is an array of
mechanisms by which they work, such as: blocking viral entry, inhibiting viral
replication, or impairing viral assembly and release. Antivirals constitute a class of
medications specifically designed to treat viral infections. Contrasting with antibiotics,

which combat bacterial infections, antivirals are effective against viruses. Their primary
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function is to inhibit the growth and proliferation of viruses, thus playing a crucial role in
the management and treatment of various viral diseases*.

The antivirals and treatment strategies for SARS-CoV-2 have changed throughout
the pandemic. One strategy consisted of using an RdRp inhibitor, Favipiravir, because of
its promise in other RNA viruses such as Ebola and HIN1. Unfortunately, findings
revealed that it is ineffective at treating COVID-19%2, Lopinavir, in conjunction with
ritonavir combination therapy, are protease inhibitors initially tested for the treatment of
HIV, however, elevated triglycerides grade 3/4 and drug interactions necessitated the
need for further dosage testing®2. Lopinavir/ritonavir combination therapy for SARS-
CoV-2 yielded no significant improvement compared to placebo groups*®3. Ivermectin is
effective at treating parasitic infections while having some anti-inflammatory properties.
Ivermectin is effective at treating onchocerciasis, helminthiases, and scabies, but not
COVID-19. There is also the concern of misuse due to misinformation surrounding
ivermectin'®-155, Chloroquine and hydroxychloroquine have been explored due to use as
an antimalarial. They increase the endosomal pH, which is necessary for virus-host
membrane fusion. Despite promising initial reports, there is no conclusive data showing
efficacy against SARS-CoV-2. Additionally, there is the potential of cardiovascular
toxicity. Remdesivir is an antiviral developed for treating Ebola and inhibits viral RdRp.
Additional antivirals that have shown to be effective are nirmatrelvir with ritonavir and
Molnupiravirt®6.157,

Vaccines have been developed that administer mRNA corresponding to the
SARS-CoV-2 spike protein into patients, eliciting an immune response. mRNA vaccines

like Pfizer-BioNTech’s BNT162b2 and Moderna’s mRNA-1273 deliver synthetic mRNA
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encapsulated in lipid nanoparticles into the host cell**815°, Once injected, the mRNA is
used by the cell’s machinery to produce the spike protein, which is then presented on the
cell surface. This does not cause disease and triggers an immune response to produce
antibodies against SARS-CoV-2’s spike protein. Clinical trials demonstrated a high
efficacy of 95% for Pfizer-BioNTech and 94.1% for Moderna, in preventing COVID-19

infections after vaccinations58:159,

1.3.7 SARS-CoV-2 Variants

Late 2020, SARS-CoV-2 underwent significant mutations in its genome resulting
in variants with altered transmissibility and the ability to evade immune response. These
variants of concern (VOC) included Alpha, Beta, Gamma, Delta, and Omicron spread in
regions or globally®161, The VOCs had mutations in their spike proteins, especially
Omicron. This led to a significant antigenic shift from immune responses primed by
vaccines or past infections®2, The mutations that the VOC directly affected their
increased fitness and dominance over previous strains. Despite mutations, many T cell
responses remain affective against VOCs!63164, The Furin cleavage site (FCS) is crucial
for SARS-CoV-2 entry into cells, and mutations in the FCS have contributed to the
enhanced transmissibility of variants like Alpha and Delta®>'67. The emergence of
variants is unpredictable, continuous monitoring is necessary to understand SARS-CoV-

2’s future trajectory.
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CHAPTER 2

2. G-QUADRUPLEXES IN REGULATING VIRAL GENE EXPRESSIONS AND
THEIR IMPACTS IN CONTROLLING INFECTION.
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2.1 Abstract

G-quadruplexes (G4s) are non-canonical nucleic acid structures that play
significant roles in regulating various biological processes, including replication,
transcription, translation, and recombination. Recent studies have identified G4s in the
genomes of several viruses, such as herpes viruses, hepatitis viruses, and human
coronaviruses. These structures are implicated in regulating viral transcription,
replication, and virion production, influencing viral infectivity and pathogenesis. G4-
stabilizing ligands, like TMPyP4, PhenDC3, and BRACO-19, show potential antiviral
properties by targeting and stabilizing G4 structures, inhibiting essential viral life cycle
processes. This review delves into the existing literature on G-quadruplexes' involvement
in viral regulation, emphasizing specific G-quadruplex-stabilizing ligands. While
progress has been made in understanding how these ligands regulate viruses, further
research is needed to elucidate the mechanisms through which G-quadruplexes impact
viral processes. More research is necessary to develop G-quadruplex-stabilizing ligands
as novel antiviral agents. The increasing body of literature underscores the importance of
G-quadruplexes in viral biology and the development of innovative therapeutic strategies
against viral infections. Despite some ligands' known regulatory effects on viruses, a
deeper comprehension of the multifaceted impact of G-quadruplexes on viral processes is
essential. This review advocates for intensified research to unravel the intricate
relationship between G-quadruplexes and viral processes, paving the way for novel

antiviral treatments.

Keywords: G-quadruplex; G4; Secondary Structure; Virus Regulation; G4-Stabilizers; DNA; RNA
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2.2 Introduction

G-quadruplex (G4) are non-canonical secondary structures in guanine-rich DNA
and RNA sequences. These structures form two or more consecutive guanine blocks
separated by single-stranded loop regions. Four successive runs of guanine blocks result
in G-tetrads held together by Hoogsteen hydrogen bonding!-*. The hydrogen bonding in
G4s differs from the classical Watson-Crick model by the N7 group of guanines
interacting with an exocyclic amino group from a neighboring base. A monovalent or
divalent cation, such as K", Na*, or Ca?", stabilizes the tetrad>”’. Potassium is the
prevalent stabilizer due to its favorable ionic radius and Gibbs free energy of solvation!'¢®,
These structures fold into two or more planar G-tetrads, held together by Hoogsteen
hydrogen bonding between the guanines and n-n stacking between the quartets. The
stability of G4s is proportional to the number of stacked quartets, resulting in higher
strength and lower numbers of nucleotides comprising the loop regions, increasing
stability'®®. Computational tools are available for in silico determination of potential G4-
forming sequences (PQSs), such as QGRS Mapper, Quadparser, and PQSFinder®. The
formation of G-quadruplexes in cells has been demonstrated by G4-specific
antibodies®!"0,

G4 structures serve different regulatory roles in both DNA and RNA. G4s have
been identified in transcriptional, replicative, and epigenetic regulation in DNA.
Stabilizing G4s in DNA through ligands can cause stalling of the RNA Pol II during
transcription due to the bulky secondary structure of G4s°. Furthermore, there is
extensive research on the stabilizing properties G4s play in telomere maintenance'%-!3,

This review discusses various G-quadruplex stabilizing agents and their roles in
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modulating the G4s present in viruses. G4s serve as regulatory elements in transcription,
translation, RNA maturation, and regulating non-coding RNA'#. PQSs are prone to adopt
a secondary structure in RNA rather than DNA, given RNA's absence of a
complementary strand. This folding propensity contributes to the enhanced stability of
the RNA molecule!”!. PQSs are present in functional domains 5°-U2TR, ORF, and 3’-
UTR. G4s have been shown to affect the coding capacity of a genome through alternative
polyadenylation, alternative splicing, and induced frame shifts!*.

Several ligands can target the G-quadruplexes to modulate their stability. These
ligands show the establishment of a potential therapeutic avenue as antivirals. G4
stabilizing ligands share many characteristics, including polycyclic aromatic

scaffolding!-!7

. The ligands interact with the G4's w — m stacking, with the terminal
tetrad, and the lateral positive charged moieties interact with the phosphate groups within
the loops'®. Modifications to G4 stabilizing ligands have enhanced their selectivity and
binding affinity to G4 structures. Given the high conservation of PQSs., the feasibility of
a G4-based antiviral therapy is heightened, providing a promising avenue for combating

diverse viral strains. Consequently, targeting G4 structures in viruses presents a strategic

approach for effective antiviral interventions.

2.3 G-quadruplexes as antiviral targets

The prospect of utilizing G-quadruplexes as targets for antiviral therapy stems
from their involvement in multiple stages of the viral life cycle, their evolutionary
conservation, and their distinct structural characteristics compared to canonical nucleic

acid structures. These attributes provide a foundation for developing broad-spectrum
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antiviral agents with minimal off-target effects on host cells. However, the endeavor to
target G4s faces several challenges. Firstly, despite their specificity for G4 structures,
there is still a risk of off-target effects on host G4s, potentially resulting in cytotoxicity or
other undesirable consequences. Secondly, the high structural diversity of G4s demands
the development of specific ligands tailored for individual G4s in viruses. Lastly,
achieving effective intracellular delivery of G4-binding molecules poses a challenge due
to the potential for degradation or inadequate cellular uptake. Numerous small molecules
have been synthesized and documented for their interaction with G4 structures,
showcasing antiviral activity by stabilizing or destabilizing G4s. Some notable examples

include:

2.3.1 Porphyrins

Porphyrins are a class of heterocyclic macrocycle compounds that interact and
stabilize G4s. This class of molecules has a central metal ion surrounded by four pyrrole
subunits connected through methine bridges, forming a planar ring!”?. Porphyrins, owing
to their strong affinity for G-quadruplex structures and their capability to modulate G-
quadruplex-mediated processes, hold promise as potential antiviral agents within this
class'”3. One well-studied porphyrin is TMPyP4 (5,10,15,20-Tetrakis-(N-methyl-4-
pyridyl)porphine), which is a small molecule shown to interact with and stabilize G4s'7.
TMPyP4's positively charged porphyrin ring system binds to G4 tetrads and intercalates
between the stacked guanine planes, forming electrostatic interactions with the negatively
charged phosphate backbone of DNA/RNA'73-176 This stabilization can inhibit the

activity of enzymes that would otherwise disrupt or unwind the structure. Studies have
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shown that the TMPyP4 can selectively bind to and stabilize G4s over other DNA/RNA
structures and can inhibit the activity of telomerase, an enzyme that adds telomeric DNA
repeats to the end of chromosomes and is highly active in cancer cells. TMPyP4 has been
proposed as a potential anticancer agent that can selectively target cancer cells by
inhibiting telomerase activity and inducing telomere shortening, leading to apoptosis or
senescence! 178, TMPyP2 is a structural isomer of TMPyP4 with the N-methyl groups in
the 2-position, causing steric hindrance and preventing binding to the G4, making it an
ideal negative control'7°.

N-methyl mesoporphyrin IX (NMM) is a porphyrin derivative that contains a
positively charged porphyrin ring with an N-methyl. The ring can interact with the
negatively charged phosphate backbone of DNA/RNA through electrostatic interactions,
while the methyl group can intercalate between the stacked guanine planes of the G4
structure, allowing for further stabilization. Specifically for parallel G4s, the N-methyl
can fit into the center of the G4 core and align with the stabilizing cation, allowing for
efficient w — 7 stacking!8’. NMM preferentially binds to G4s over duplexed DNA and
binds to both parallel and antiparallel G4s'8!. NMM induces the folding of guanine-rich
sequences into G4 structures. This has been exploited to develop NMM to detect G4
structures in cells and tissues. NMM is a fluorescent molecule (excitation at A=393nm
and emission at A=610nm) when bound selectively to parallel G4s, resulting in up to a
60-fold amplified signal. Since NMM preferentially binds to parallel G4 topology, it can
discriminate between different strand orientations based on fluorescent fold

enhancement'82,
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NMM has been shown to inhibit telomerase activity, just like the previously
mentioned G4 stabilizers'®3. NMM has been shown to inhibit the expression of
oncogenes and induce the expression of tumor suppressor genes by stabilizing G4s in the
promoter regions of these genes. This stabilization can prevent transcription factors and
RNA polymerase binding to the promoter regions, thereby inhibiting the oncogenes'
expression and inducing the tumor suppressor genes!!'. While porphyrins exhibit
significant promise as G4-mediated antiviral agents, particular challenges warrant
attention. Their relatively non-specific binding to diverse G4 structures may induce off-
target effects on host G4 structures. Additionally, porphyrins' bioavailability and cellular
uptake require optimization to achieve sufficient intracellular concentrations for effective
antiviral activity. Nevertheless, porphyrins are a promising class of G4-targeting
compounds with potential applications in antiviral therapies. Ongoing research to refine
their selectivity, potency, and pharmacokinetic properties is essential in developing safe

and efficacious antiviral treatments.

2.3.2 Bisquinolinium compounds

Bisquinolinium compounds are small molecules containing bisquinoline moiety,
having high affinity and selectivity for G4 structures. PhenDC3 is a well-studied
bisquinolinium-derivatized phenanthroline-dicarboxamide that interacts with G4s through
extensive T — 7 bonding between the external tetrads'®*. PhenDC3 has a higher affinity
for nuclear G4 DNA than predominant duplexed DNA. This compound can organize its
internal hydrogen bonds into syn-syn conformation; this is critical for G4 binding'®>.

PhenDC3 binds to G4s through its planar, aromatic perylene ring system, which can
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intercalate between the stacked guanine planes of the G4 structure. This interaction
increases thermal stability, making it more resistant to thermal denaturation or
degradation by the nucleases!®®. Like TMPyP4, PhenDC3 has been proposed as a
potential anticancer agent, as it selectively targets cancer cells by inhibiting telomerase
activity and inducing telomere shortening, leading to apoptosis or senescence!8>187:188,
PhenDC3 has been shown to have other biological activities, including the inhibition of
topoisomerase I, a DNA enzyme involved in DNA replication and transcription!87-189,
Much like porphyrins, bisquinolium compounds carry the potential for off-target effects.

Nevertheless, through ongoing refinement efforts, bisquinolium compounds exhibit

promising potential as G4-mediated antiviral agents.

3.3.3 Napthalene Diimides

Napthalene Diimides (NDIs) are a class of organic molecules that exhibit high
affinity for and stabilize G4s. NDIs have a flat, planar structure that allows them to stack
into the planar guanine bases of G-quadruplex structures!’. The n-x stacking interaction
between the planar naphthalene core of NDIs and the G-tetrads of the G-quadruplex and
the imide groups interacting with the loops and grooves of the G4 structure enhances the
overall polarity of the G-quadruplex. The increased polarity consequently results in
heightened structural instability. The interaction between NDIs and G-quadruplexes is
further stabilized by hydrogen bonding and Van der Waals forces!*’. With remarkable
stability, the G4-NDI complex is valuable for diagnostic and therapeutic applications.
Developing derivatives with heightened G4 aftinity and selectivity further enhances their

potential. Specifically, these compounds demonstrate a strong binding capacity to G4s in
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telomeres and oncogene promoters, rendering them particularly advantageous for
anticancer research!?’>13-17. NDI derivatives have been developed to improve G4 binding

affinity, selectivity, and pharmacokinetic properties.

2.3.4 BRACO-19 and Derivatives

The N,N’-(9((4(dimethylamino)phenyl)amino)acridine-3-6-diyl)bis(3-
(pyrrolidine-1-yl)propenamide), commonly known as BRACO-19, is a 3,6,9-
trisubstituted acridine compound that stabilizes G4 structures. 3,6,9-trisubstituted
acridine compounds have high selectivity for G4s over duplexed DNA, lower
cytotoxicity, and inhibit telomerase activity'®>1°4. This interaction is based on a central
planar pharmacophore that facilitates binding to G-quartets via m- m interactions.
Meanwhile, the two side chains containing a tertiary amine moiety allow recognition of

the grooves in G4 structures!®2.

2.3.5 Pyridostatin/Derivatives

Pyridostatin (PDS) is an electron-rich, flat, aromatic G4 stabilizing ligand able to
participate in hydrogen bonding. Through G4 stabilization, PDS inhibits telomeric
elongation and triggers a DNA damage response to the telomeres!'®®. Utilizing the PDS
scaffold has come many derivatives capable of inhibiting cancer cell replication through

G4-mediation!®®.

2.4 Therapeutic Strategies Exploiting G-quadruplexes
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Strategic therapeutic approaches harnessing the unique structural attributes of G4s
seek to pioneer innovative strategies for combating viral infections. By intricately
targeting and manipulating the distinct features of G4s, researchers aim to develop novel
antiviral agents that selectively interact with these specialized nucleic acid arrangements.
This tailored interaction is anticipated to modulate critical viral processes, including
replication, transcription, and translation, ultimately leading to the suppression or
eradication of the virus. However, a critical consideration in these strategies is the
potential for off-target effects, such as inadvertent binding to host G4s, possibly resulting
in cytotoxicity or other unintended adverse effects. Furthermore, the delivery of many of
these strategies into target cells presents a formidable challenge, as they may be
susceptible to degradation or insufficient uptake by cells, potentially limiting their

efficacy!’.

2.4.1 Antisense oligonucleotides (ASOs)

Antisense oligonucleotides (ASOs) have risen as a promising therapeutic avenue
for G-quadruplex (G4) targeting within viral genomes, owing to their exceptional
specificity and capacity to regulate gene expression. These succinct, synthetic DNA/RNA
molecules are meticulously designed to bind with high precision to complementary target
RNA sequences, specifically those within PQSs in the viral genome. This targeted
binding enables the meticulous manipulation of viral gene expression, presenting a

distinctive opportunity for developing groundbreaking antiviral therapies'®®

. Upon
hybridization with the target RNA, ASOs disrupt G4 structures, interfering with RNA

folding and preventing the formation of stable, functional G4s. This disruption affects
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various aspects of viral gene expression, including transcription, translation, and post-
transcriptional modifications, ultimately impacting viral replication and pathogenesis'*®.
ASOs offer several advantages over traditional antiviral therapies, including high
specificity for viral target sequences, the ability to target multiple G4 structures
simultaneously, and a reduced likelihood of developing resistance due to their unique

mode of action'”. Additionally, ASOs can be chemically modified to improve stability,

binding affinity, and pharmacokinetic properties, further enhancing their therapeutic p

2.4.2 CRISPR/Cas9-mediated G-quadruplex stabilization

The CRISPR/Cas9 system has emerged as a potent genome-editing tool with the
potential to be repurposed for targeting and stabilizing G4s within viral genomes>,
Utilizing guide RNAs (gRNAs) specifically designed to recognize PQS regions,
CRISPR/Cas9 can introduce targeted mutations or insertions that facilitate G4
stabilization. Targeting G4s with CRISPR/Cas9 can offer multiple advantages, such as
high specificity and efficiency, along with the potential to target multiple G4 structures
simultaneously by employing an array of guide RNAs (gRNAs) designed to recognize
distinct PQS regions within the viral genome?°!. The versatility of the CRISPR/Cas9
system also enables the investigation of various G4-mediated regulatory mechanisms,
such as replication, transcription, and translation, by generating targeted modifications
within the viral genome. This could ultimately lead to identifying new therapeutic targets
and strategies for combating viral infections. Further research into optimizing gRNA
design, delivery methods, and potential off-target effects will be essential in harnessing

the potential of the CRISPR/Cas9 system for G4-based antiviral therapy.
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2.4.3 RNA interference (RNAi) and small interfering RNA (siRNA)

RNA interference (RNA1) is a highly conserved mechanism within cells that has a
critical function in regulating gene expression using small RNA molecules, such as
microRNAs and small interfering RNAs?%%. The process involves introducing small RNA
molecules into the RNA-induced silencing complex (RISC), which then binds to the
target mRNA sequences causing either cleavage or translational repression, ultimately

resulting in post-transcriptional gene silencing?®

. RNAi-based therapies offer several
advantages over traditional antiviral treatments, including high specificity for target
sequences, reduced likelihood of developing resistance due to the unique mode of action,
and the ability to target multiple G4 structures simultaneously?**. Additionally, RNAi can
be tailored to target highly conserved regions within viral genomes, potentially enabling
the development of broad-spectrum antiviral agents?®. As an effective therapeutic
approach, RNAI1 targets G4s in viral genomes by degrading complementary messenger

RNAs selectively and efficiently to reduce the replication of viruses2%6-207

. Targeting
PQSs responsible for forming G-quadruplexes decreases gene expression levels,
ultimately leading to post-transcriptional silencing of genes via mRNA cleavage or

translational repression through incorporation into the RISC complex2%8-2%%,

2.4.4 Aptamers
Aptamers are oligonucleotides composed of short, single-stranded DNA or RNA
with unique three-dimensional configurations capable of specifically and tightly binding

to target molecules. These nucleic acid-based agents, also known as "chemical
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antibodies," can recognize a broad range of targets, including proteins, small molecules,
and nucleic acids?!'?. Leveraging this versatility, aptamers emerge as a promising strategy
for antiviral interventions, showcasing the potential to disrupt viral propagation by
specifically targeting G-quadruplex structures within the viral genome?!!. By attaching
themselves to G4 structures within viral genomes or interfering with those interactions
between viral proteins and G4s, aptamers can disrupt vital processes during the virus life
cycle, such as replication, transcriptional activities, and protein-nucleic acid associations.
Consequently, reducing expression rates of genes belonging to viruses or even impairing
critical functions played by proteins can ultimately suppress virus propagation.

Aptamers are promising antiviral agents due to their remarkable specificity and
high affinity for targets, minimizing off-target effects on host cells. Their synthesis and
modification are relatively straightforward, facilitating rapid development and
optimization. The Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
process allows for the selection of aptamers with optimal binding characteristics for a
given target?!212, However, challenges accompany aptamer-based antiviral therapies,
including the imperative to ensure stability and effective delivery to target cells.
Aptamers are susceptible to degradation by nucleases or may experience inadequate
uptake by cells. Additionally, the potential for resistance build-up to aptamer-based
therapies poses a concern, either through viral mutations or alterations in G-quadruplex
structures.

2.4.5 G4-based drug delivery systems
The distinctive secondary structures of G4s present a unique opportunity to target

gene regulatory regions, specifically in various cancer-associated genes. By serving as
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molecular switches, G4s can modulate gene expression, opening novel avenues for drug
targeting. When used in conjunction with nanoparticles, G4s enhance anti-cancer drugs'
loading capacity and amplify their biological effects. A notable example is AS1411, an
aptamer designed to recognize Nucleolin (NCL), a multifunctional DNA/RNA binding
protein overexpressed on the surface of diverse cancer cell types, including B-cell
chronic lymphocytic leukemia, breast cancer, cervical cancer, gastric cancer etc.?!3-217,
TMPyP4 is crucial in photodynamic therapy, demonstrating efficacy in treating malignant
and premalignant tissues. Upon excitation by optimal light, TMPyP4 generates singlet
oxygen in cancer cells, inducing cell death?'®. When combined with AS1411, TMPyP4
exhibits a notable 3.8-fold increased accumulation in breast cancer cells compared to
normal fibroblasts and epithelial cells>'®. AS1411 has been used as a transporter for
various compounds, including acridines, phthalocyanines, and porphyrin derivatives?!'*-
221 An array of AS1411 derivatives have been synthesized, and ongoing research has
been conducted to increase their delivery specificity/uptake, anti-cancer properties, and
greater nuclease resistance???21>223, While several AS1411 derivatives show promise,
further testing is required, and the development of additional G-quadruplex aptamers is
also underway. This concerted effort underscores the potential for advancing targeted
therapies in cancer treatment??422,

Liposomes are nanoparticles that are a form of drug delivery system. Liposomes
are desired for their pharmacokinetics, biocompatibility, and potential immunogenicity?26.
In a successful application, liposomes encapsulating cis-diamminedichloroplatinum(II)

(cisplatin), a chemotherapeutic agent, were modified with AS1411 anchored to their

surface, ensuring precise delivery to target cells. The endocytosis of the liposome proved
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to be NCL-dependent, with NCL-negative or non-cancerous cells exhibiting minimal

uptake of the drug??’

. This strategic utilization of liposomes, guided by AS1411,
highlights the potential for targeted drug delivery systems in cancer therapy.
Micelles, characterized by a small amphiphilic structure with a hydrophobic core

228 An innovative

and hydrophilic shell, uniquely accumulate in tumor environments
mixed micellar system was devised, combining AS1411 with D-a-tocopheryl
polyethylene glycol 1000 (TPGS) polymer and pH-sensitive D-a-tocopheryl polyethylene
glycol 1000-block-poly-(B-amino ester) (TPGS-b-PBAE, TP) copolymer, providing a
targeted approach for cancer cell intervention. This system enables the selective
cytoplasmic release of paclitaxel in ovarian cancer cells, substantially increasing
cytotoxicity and cellular arrest??®. Moreover, this method of drug delivery proves
effective in reducing multidrug resistance?*°. Another ingenious approach involves using
the amphiphilic polymer F127, integrated with beta-cyclodextrin-linked poly (ethylene
glycol)-b-polylactide (B-CD-PELA) block copolymers. Coated with AS1411 and
employed for doxorubicin delivery, this system exhibits efficient drug release,
specifically at a pH of 5.0, achieving nearly 80% efficiency in drug liberation®*'. These
advancements highlight the potential of micellar-based drug delivery systems in
achieving targeted and efficient cancer therapy.

Dendrimers are hyper-branched polymers that have repetitive units extending
outward from the core. They have been used as drug delivery systems due to their
controllable molecular weight and their precise and high geometric symmetry?32-234, An

additional desired quality is that these aptamer-functionalized dendrimers have a high

transfection efficiency while maintaining low cytotoxicity and bxI-xL selective inhibition
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of cancer cells?*3. AS1411-conjugated polyamidation dendrimers successfully target NCL
positive cells and knock down Bcl-xL protein expression, leading to apoptosis of cancer
cells?3?, These findings underscore the potential of dendrimer-AS1411 nanoparticles as a
promising strategy for precisely targeting NCL-expressing cancer cells, offering
prospects for innovative and targeted therapeutic interventions.

Gold nanoparticles (AuNPs) modified with oligos have high cellular
internalization'3%233; however, AuNPs alone are inefficient at drug delivery, as they can
be recognized and sequestered by macrofages®*¢. AuNPs conjugated with AS1411
improve cellular uptake and cytotoxic effects. In an animal model of breast cancer, this
conjugation demonstrated notable antitumor efficiency?*’. This conjugation and a
porphyrin derivative can be used for targeted imaging and efficient photodynamic therapy
(PDT)?8,

Compared to heavy metal-based inorganic nanoparticles, graphene oxide (GO), a
carbon-based nanoparticle, has greater biocompatibility?3°. GO can be modified with
biopolymers on their surface, allowing degradation by peroxidases, ideally after the drug
delivery?®. Conjugation of GO with G4 sequence/aptamer is a promising therapeutic
option in targeted drug delivery. Silica nanoparticles, an alternative to GO, can
incorporate a photosensitizer (TMPyP4). When irradiated, these G-quadruplex DNA-
capped silica nanoparticles generate reactive oxygen species, cleaving the G-quadruplex
DNA cap and facilitating drug release?*'. Folate receptors are upregulated in certain
cancer cells; therefore, adding folic acid to the silica nanoparticles can increase targeting

efficiency?#!242,
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5-fluorouracil (5-FU) is a fluoropyrimidine and chemotherapy agent for treating
colorectal cancer’®. Exploiting two G4 delivery systems with four and six G-tetrads
(TG4T) and (TGeT) connected to FAU showed transport of the Fdu pentamer and
increased cytotoxic effects of the FU drug in FU-resistant colorectal cancer cells. Due to
these results and the fact that parallel G4 structures are not being affected by
incorporating the FAU pentamer at the 5’-end, parallel G4s are shown to be a promising

strategy in delivering fluoropyrimidines to cancer cells?**,

2.5 DNA Viruses

DNA viruses are a diverse group of viruses with either a single or double-stranded
DNA genome. DNA viruses can have circular or linear DNA and vary in size. Unlike
RNA viruses, DNA viruses replicate their genome within the host cell's nucleus, allowing
for more complex replication strategies. Replication of DNA viruses starts with the
delivery of the viral genome to the host cells' nucleus?*’. The viral DNA is then
transcribed by the host's transcription machinery, producing viral mRNA that is translated
into viral proteins. These proteins then replicate the viral genome and assemble new virus
particles. The replication of DNA viruses within the host cell's nucleus additionally
allows for the establishment of latent infections, where the viral genome is maintained in
a silent state within the host cell>*®. This is seen in herpesviruses, which can establish
lifelong infections in the host and reactivate to cause disease later in life?*7,
DNA viruses exhibit diverse replication mechanisms based on their virus family.

For instance, herpesviruses employ a rolling circle mechanism, replicating viral DNA as a

long, single-stranded molecule that cleaves into unit-length genomes. In contrast,
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adenoviruses utilize a strand displacement mechanism, replicating viral DNA as a double-
stranded molecule with a displaced strand serving as a template for further replication.
Additionally, DNA viruses possess protein capsids that encapsulate the genome, with
variations in capsid shape, including icosahedral or helical forms. Some of these viruses
are enveloped, featuring a lipid membrane surrounding the capsid, as observed in the case

of herpesvirus?4.

2.5.1 Herpesviridae

Human herpesviruses (HHVs) cause life-long infections that can lead to many
diseases. All HHVs have large dsDNA genomes enriched in GCs and PQSs?¥.
Herpesviruses are divided into three subfamilies: alpha, beta, and gamma herpesviruses.
Alpha herpesviruses include herpes simplex virus 1 (HSV-1), responsible for oral
infections leading to sores, fever, or blisters; herpes simplex virus 2 (HSV-2), responsible
for genital herpes infections; and varicella-zoster virus (VZV), causes chickenpox
(varicella) in the initial infection and shingles (zoster) upon reactivation?>°,

HSV-1 contains the most abundant PQS in the repeat region of the viral genome.
Specifically, G4s have been found in the promoters of several HSV-1 genes, including the
immediate early genes ICPO and ICP4. ICP0O and ICP4 are essential for HSV-1
replication, resulting in high regulation. Regulation of ICPO and ICP4 are essential for
HSV-1 replication, and their expression is tightly regulated. Studies have shown that the
formation of G4s in the promoter regions of these genes can regulate their transcription
by inhibiting the binding of transcription factors or blocking the access of RNA

polymerase to the promoter region®®. For example, ICP4 positively autoregulates its
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promoter through a G4 interaction. Additionally, BRACO-19 stabilizes the expression of
ICP4 by stabilizing the same G4-site that ICP4 uses to autoregulate?®. Quindoline
derivatives displayed a nanomolar-range anti-HSV-1 activity, inhibiting ICP4 expression.
This is done through the stabilization of the G4s in the ICP4 promoter.

TMPyP4 interacts and stabilizes the most abundant HSV-1 PQS within the repeat
regions of the viral genome. Interestingly, TMPyP4 does not affect either HSV-1 viral
entry or replication; however, it does trap fully infectious virions in vesicles, which is
independent of the autophagy process'®. Furthermore, TMPyP4 interacts with HSV-1 G4
structures, inhibiting polymerase progression in vitro, and exhibits substantial antiviral
activity in infected cells, despite being independent of virus DNA replication or entry
inhibition'®. Examination of HSV-1 immediate early (IE) genes reveals that adding
BRACO-19 increases the melting temperature, confirming G4 stabilization through CD
thermal unfolding analysis. Utilizing the luciferase firefly gene cloned downstream of the
promoter of two HSV-1 IE genes, treatment with BRACO-19 affected the activity of both
promoters in a dose-dependent manner. Stabilizing the HSV-1’s G4 sites results in the
inhibition of IE transcription®'. Additionally, the gp054 gene, responsible for encoding
UL36, a critical component of the tegument protein, contains a PQS that can be stabilized
by BRACO-19, resulting in transcriptional regulation of UL36. Lastly, BRACO-19
impedes the processing of Taq polymerase at sequences that form G4 structures in the
HSV-1 genome, reducing intracellular viral DNA levels within infected cells'.

The investigation of the VZV revealed an abundance of G4 motifs in the internal
repeat short and terminal repeat short regions adjacent to the unique short region and

certain reiteration (R) sequence regions. A notably high concentration of G4 motifs was
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detected on the template strand within ORF 14, responsible for encoding glycoprotein C
(g0), a virulent agent essential for viral growth in skin cells, specifically located in the
R2 region. G4 formation through the reiteration sequence results in suppressed gC
expression during VZV infection and results in the regulation of viral cell-to-cell
transmission?>2,

Beta herpesviruses include human cytomegalovirus (HCMV), which can lead to
severe infections in immunocompromised individuals and is the leading cause of
congenital abnormalities; human herpesvirus 6A and 6B (HHV-6A and HHV-6B),
associated with roseola infantum, a common childhood illness characterized by a high
fever and rash; human herpesvirus 7 (HHV-7), linked to febrile illnesses that primarily
affect young children?33-2%,

Analyzing 36 PQSs within 20 genes of HCMV showed that in the presence of G4-
stabilizing ligands, nine genes were affected by the G4 formation/stabilization by NMM
in HCMV gene promoters!8¢. The application of NMM on cells caused a significant
inhibition in the expression of the UL76 gene, likely due to its impact on GQ18 located
within the promoter region. This observation is noteworthy as previous research has
demonstrated that double-stranded DNA favors parallel conformation regardless of
sequence, thus indicating that G4 structures may transform within cell environments.
NMM stabilized parallel G4s in HCMV but did no effects on antiparallel G4s'%.
Additionally, these PQSs were stabilized by TMPyP4, increasing their stability while not
affecting their conformations'3. HCMV has a PQS motif upstream of the microRNA
cluster miR-US33 promoter. Viral miRNAs are essential for maintaining viral latency and

are heavily dependent on the presence of viral miRNAs, which exert their inhibitory
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effects on host genes and viral modulators?>®, TMPyP4 destabilizes miRNA G4s for
HCMY, inhibiting miR-US33 promoter activity, while PDS has the opposite effect by
stabilizing miRNA G4s in HCMV?%7,

Gamma herpesviruses include Epstein-Barr virus (EBV), which causes infectious
mononucleosis and is associated with different cancers including Burkitt's lymphoma,
nasopharyngeal carcinoma, and Hodgkin's lymphoma; Kaposi's sarcoma-associated
herpesvirus (KSHV), associated with Kaposi's sarcomas, primary effusion lymphoma,
and multicentric Castleman's disease?®. Epstein-Barr virus-encoded nuclear antigen 1
(EBNAL) is essential for viral gene regulation, extrachromosomal replication, and
maintenance of the EBV episome?%?%°, The G4s in EBNA1 mRNA modulate viral
translation. Destabilizing the G4s in EBNA1 using antisense oligos complementary to
EBNAT1's glycine-alanine repeat domain (GAr) mRNA results in enhanced translation
and antigen presentation on the cell surface. However, the opposite is also true;
stabilizing EBA1's GAr results in decreased translation and antigen presentation®*!. NCL
binds with the GAr region of EBV's EBNA1 mRNA, leading to a consequential
downregulation of EBNAT expression. Intriguingly, PhenDC3 exhibits a higher affinity
for these G-quadruplex structures than NCL, thereby promoting the increased translation
of EBNA1 and enhancing antigen presentation®®2, Compared to PhenDC3, PyDH2, and
PhenDH2 demonstrated an improved capacity to enhance EBNAT expression with
reduced toxicity. These ligands exhibited the ability to disrupt the NCL-EBNA1 mRNA
interaction, ultimately facilitating enhanced antigen presentation®%3.

It is important to note that the precise positioning of G-quadruplexes in RNA is

crucial for their activity. As Lista et al. (2017) proposed, the interaction between NCL and
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G-quadruplexes within EBNA1 mRNA is sufficient to impede the synthesis of both
antigenic peptides and complete proteins??. A recent study by Zheng et al. (2022)
elucidated that the positioning of EBNA1 GAr mRNA at either the 5' or 3' end of the
chicken ovalbumin (Ova) open reading frame (ORF), leading to the formation of N or C
terminus GAr-OVA and OVA-GAr fusion proteins, resulted in distinct expression levels.
Notably, NCL exhibited nearly double the binding affinity to GAr-Ova compared to Ova-
GAr. This emphasizes that the precise location of GAr G-quadruplexes within the mRNA
coding sequence is a crucial modulator of NCL binding and translation inhibition?6*.

In Kaposi's sarcoma-associated herpesvirus (KSHV), PQSs were identified
upstream of the miRNA cluster miR-K12p1-9-11 promoter. Treatment with TMPyP4
destabilized miRNA G-quadruplexes, enhancing the activity of the KSHV miR-K12
cluster promoter activity?>, Furthermore, PDS also stabilizes miR-K12p1-9-11 promoter
similarly to TMPyP4. Additionally, TMPyP4 stabilized G4 structures identified in the
latency-associated nuclear antigen (LANA) 2!122, the protein most expressed during
latency and fundamental for viral transmission and host immune surveillance
evasion’0266-268 The addition of TMPyP4 resulted in a decrease in the levels of LANA
within cells infected with KSHV. This observation provides corroboration for the
hypothesis that enhancing G4 stability within LANA mRNA prompts inhibition of
translation processes. Fortifying G-quadruplex structures in LANA mRNA led to
diminished surface expression and presentation of the corresponding antigen amongst
KSHV-positive cells, thereby aiding in maintaining viral infection?'. Conversely,
heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) has been demonstrated to

modulate various biological processes by interacting with G-quadruplex structures®®”.
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This interaction involves the selective binding of hnRNP A1 to the guanine-rich region of
mRNA, consequently leading to the unfolding of G-quadruplex structures®®-2%°, hnRNP
A1 functions as a helicase, destabilizing the G4 secondary structure, leading to increased
LANA translation and enhanced antigen presentation?!. G-quadruplexes in KS-Bcl-2 and
BHRF1 significantly enhanced vBcl-2 expression, with PDS stabilizing the G-
quadruplexes in their promoters, resulting in increased promoter activity?’?. In the
terminal repeat (TR) regions of KSHV, PhenDC3 stabilized G-quadruplexes, causing
replication fork stalling and reducing viral DNA replication. Additionally, PhenDC3
decreased overall genome copies, leading to the eventual loss of the viral episome in
infected cells?”!. These findings underscore the intricate regulatory roles of G-

quadruplexes in KSHYV, offering potential targets for therapeutic interventions.

2.5.2 Human Papillomavirus

Human papillomaviruses (HPVs), a double-stranded DNA virus, is a prevalent
sexually transmitted infection that can result in the onset of skin, head, and neck, as well
as anogenital cancer. Among these cancers is cervical cancer, which poses one of the
most crucial global health issues. Only 8 out of 120 known HPVs contain G4s, and there
are only 7 PQS located in the long control region (LCR), structural protein L2, early
region E1 and E4 regions of the HPV genome?’>273, Incubation of TMPyP4 with the
PQSs identified in the 7 HPV strains reported high G4 stabilization, assessed by FRET
and CD melting experiments?’4. PhenDC effectively stabilizes HPVs' G4s in vitro,
confirmed through CD, FRET, and TO displacement. Despite encouraging in vitro

studies, the compound was unsuccessful in reducing viral replication and protein
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expression when tested on organotypic raft cultures?’4. However, BRACO-19, along with
C8, an acridine derivative, was found with a high affinity to HPV G4s with high affinity
by fluorescent intercalator displacement assay (G4-FID).

The antiviral activity of C8 was assessed in organotypic epithelial cultures infected with
HPV16 or HPV18. Results showed that administering C8 for a period of 20

days effectively decreased viral replication. As current treatments cannot eliminate HPV
due to latent reservoirs, targeting G4s within the viral genome presents a potential

approach for addressing both active and latent viruses?’*.

2.5.3 Polyomavirus

Polyomaviruses are non-enveloped, double-stranded DNA viruses that belong to
the Polyomaviridae family. These viruses have been associated with various diseases in
humans and animals, including tumors, nephropathy, and progressive multifocal
leukoencephalopathy (PML)?7>27¢s, Some well-known members of the Polyomaviridae
family include the JC virus (JCV), BK virus (BKV), and simian virus 40 (SV40).
Polyomaviruses possess a circular, double-stranded DNA genome comprising about
5,000 base pairs. This genetic material is partitioned into three sections: the early, late,
and noncoding control regions (NCCR). The early section encodes vital viral regulatory
proteins such as large T-antigen and small t-antigen, indispensable for viral replication
and transformation. Meanwhile, structural proteins like viral capsid proteins VP1, VP2,
and VP3 are encoded in the late section of the genome?””. Additionally, NCCR holds
within it both the origin of replication and regulatory elements that monitor viral

transcriptional activity alongside its overall duplication process?’s.
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NCRR in SV40 is a crucial element that not only contains the ORI and
encapsulation sequence but also regulates transcription direction. The presence of six GC
boxes with repeated GGGCGG sequences forms an unusual quadruplex structure, which
NMR has determined to contain a C-tetrad stacked between two G-tetrads?”®. These GC-
rich motifs act as binding sites for SP1 and significantly involve early transcription.
However, replication of the SV40 genome necessitates TAg, a multifunctional protein
that interacts with p53 and Rb besides binding to ORI and possessing adenosine
triphosphate-dependent helicase activity?®’. Notably, TAg can unravel G4 DNA
structures, thereby playing an imperative role in controlling both early/late transcription
along with replication regulation®®!. Inhibiting both the duplex DNA helicase activities of
TAg alongside destabilizing G4 structures is feasible using Perylene di-imide derivatives
(PDI). Notably, TE111, TE101, and PIPER effectively stabilize the G4 structure,
inhibiting Tag helicase activity. NMM and coralyne interact with the loops and grooves
of the G4, resulting in adequate G4 protection. On the other hand, end-stackers such as

TMPyP4 are ineffective at inhibiting TAg helicase activity?®2.

2.5.4 Hepatitis B (HBV)

Hepatitis B virus (HBV) is a small, partially double-stranded DNA virus from the
Hepadnaviridae family. HBV is responsible for acute and chronic hepatitis infections that
can lead to liver disease, including cirrhosis and hepatocellular carcinoma??. A G4 motif,
which is highly conserved, was identified in the promoters of the preS2/S gene. This
motif forms a hybrid intramolecular G4 structure, which regulates transcription and

virion secretion in HBV genotype B2%4. More recently, a G4 structure in the pre-core



63

promoter of the HBV genome is conserved among nearly all HBV genotypes. This is
essential for generating pre-genomic RNA, synthesis of core and polymerase proteins,
and genome encapsidation?®>, TMPyP4, BRACO-19, and PhenDC3 have been shown to
bind to G4s in HBV?*; however, research is still ongoing to see if these interactions result

in regulating HBV infectivity.

Virus Compound Biological Effects
Braco19 Immediate early genes promoters are downregulated
HSV-1 TMPyP4 Traps fully infectious virions in vesicles
Not Tested Regulation of viral cell-to-cell transmission
VZv
NMM Downregulation of viral genes
ﬁ' TMPyP4 Destabilizes miRNA, inhibiting miR-US33 promoter
HCMV PDS Stabilizes miRNA, promoter activity down regulated
NCL Upregulates viral protein expression
'}'f T Eggggﬁg Displaces NCL and increases viral protein expression
EBV PyDH2
Destabilizes miRNA increasing miR-K12 cluster promoter
activi
TMPyP4 ity
Stabilizes LANA mRNA, reducing translation
KSHV PDS Stabilizes miRNA increasing miR-K12 cluster promoter activity

hnRNP A1 Destabilizes G4 in LANA mRNA, increasing translation and
antigen presentation

TMPyP4 Undetermined
PhenDC3 Undetermined

HPV Braco19 + C8 Increased G4 stabilization, decreases viral replication
PDI Destabilizes G4, inhibiting helicase activity
NMM Stabilizes G4, inhibiting helicase activity
TMPyP4
Bracgﬂ 9 Binds to G4s but effects are undetermined
PhenDC3

Figure 1: Summary of DNA viruses and the modulatory effects of the G4 stabilizing compounds that

regulate them.
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2.6 RNA Viruses

RNA viruses comprise a major class of pathogens with substantial implications
for human health and disease. Their genomes are composed of single-stranded RNA
compared to double-stranded DNA. DNA viruses replicate within the host cell's nucleus,
exploiting the host's DNA replication machinery. In the case of RNA viruses, their
replication occurs within the host cell's cytoplasm, facilitated by a virus-encoded RNA-
dependent RNA polymerase (RdRp) responsible for copying their RNA genome?3®.
Another significant difference between RNA and DNA viruses is that RNA viruses tend
to mutate faster than DNA viruses due to the lack of proofreading activity in their RNA
polymerase, leading to higher rates of mutations?®’. This rapid evolution is a factor that
allows RNA viruses to adapt to new hosts and environments, contributing to their ability
to cause emerging infectious diseases, as seen with the SARS-CoV-2 virus. RNA viruses
can be categorized based on whether they are positive-sense or negative-sense RNA.
Positive-sense viruses have RNA that functions like mRNA and can be immediately
translated into proteins by the host cell's machinery. Contrastingly, negative-sense RNA

viruses have RNA complementary to mRNA and must first be transcribed into positive-

sense RNA before translation can occur!2,

2.6.1 HIV
Human immunodeficiency virus (HIV) was first recorded in 1983283-2% HIV can
maintain latency for over a decade before reactivation, resulting in acquired

immunodeficiency syndrome (AIDS). As of 2018, the CDC reports 1.7 million new cases
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of HIV, resulting in a total of 37.9 million infected worldwide. Since 1981, over 35
million people have died, and approximately 750,000 die annually?®'. HIV surfaced
through the multi-independent zoonotic transmission of the simian immunodeficiency
virus, changing host from primates to humans?22%, It is a lentivirus, part of the
Retroviridae family, and utilizes reverse transcription (RT) and integrates its viral genome
into the host's. This allows for a persistent and lifelong infection?**,

G4 structures were identified and confirmed using circular dichroism (CD) in
Long Terminal Repeat (LTR) 1 and 3 and the Nef gene?*>*°°, LTRs serve as viral

promoters and have regulatory enhancer/suppressor regions??7-2%8

. G-quadruplexes in HIV
promote dimerization of the two viral RNA strands when encapsulated by the
nucleocapsid. This allows RT to strand-hop if there are breaks in the template. This
facilitates the successful completion of reverse transcription, subsequently allowing the
integration of viral DNA into the host's genome?**3%. In addition, strand hopping
promotes genetic diversity between strains, which can lead to resistance to different
antiretrovirals®°!. Nef is essential for viral replication and pathogenesis in early
infection’?2, Nef RNA can evade interfering RNA with alternative folding and prevent
downregulation. HIV encodes its own miRNA (miR-N367) that targets Nef for self-
transcriptional regulation?’.

C-exNDIs were designed and selective of viral G4s'®. Luciferase reporter assays
using HIV LTR and mutated LTR, without G4 secondary structures, were cloned
upstream of the firefly luciferase plasmid. Indirect transcriptional repression was

measured by the translational output of luciferase intensity between G4 stabilizing

ligands BRACO-19 and c-exNDIs. TMPyP2, a non-G#4 stabilizing porphyrin, was used as
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a control to ensure the presence of a bulky G4 ligand, but it did not result in G4
stabilization. Previous results have shown that G4 stabilizing ligands can induce G4
assembly?°%. Both inhibited HIV-1 viral activity by interacting with the G4s in the LTR
region. Looking at their respective data, BRACO-19 has up to 50% HIV inhibition pre-
host integration and 80% post-integration, whereas c-exNDIs have up to a 65% reduction

post-genome integration'®.

2.6.2 Hepatitis C (HCYV)

The Flaviviridae family includes the small, enveloped, and single-stranded RNA
virus known as Hepatitis C (HCV), which has a global impact on public health. HCV
predominantly targets the liver, causing chronic hepatitis, hepatocellular carcinoma, and
cirrhosis®®. While direct-acting antiviral drugs have transformed treatment options for
HCYV patients, drug resistance remains problematic, along with inadequate accessibility to
therapy and lack of an efficacious vaccine. The genome of HCV spans approximately
9.6 kilobases and is composed of a solitary ORF flanked by untranslated regions at the 5'
and 3' ends**. The ORF encodes for a polyprotein that undergoes co- and post-
translational processing to produce no less than ten viral proteins, comprising structural
proteins such as core, E1, E2, and non-structural ones like p7, NS2,
and NS5B. Within the 5' UTR lies an internal ribosome entry site
(IRES), responsible for facilitating cap-independent translation of the viral
polyprotein, while the essential replication components lie in the
contiguous 3' UTR region necessary for assembling virions*®. A recent study showed that

PhenDC3 could hinder HCV's RdRp and inhibit viral replication in cells3%,
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PQSs have been identified in the HCV genome, particularly in the 5' UTR, the core-
coding region, and the 3' UTR 3?7, The formation of G4s in these regions has been
implicated in the regulation of HCV replication, translation, and virion assembly. In RNA
viruses, RdRp is responsible for viral replication’?. Performing an RNA stop assay with
an RdRp-based primer-dependent mechanism showed that PDP, a PDS variant,
successfully binds and stabilizes a G4 structure, preventing RdARp from completing
replication. Additionally, both PDP and TMPyP4 reduced HCV RNA levels in living
cells in a dose-dependent manner3®. To investigate NCL and viral RNA G4 interaction,
PDP competed for G4 binding. Colocalization results showed reduced NCL levels when
incubated with PDP3*. Nonstructural protein 3 (NS3) of HCV contains helicase activity
that is essential for viral replication. Utilizing Fluorescence anisotropy binding and G4
reporter assays, it has been determined that NS3 can unfold the conserved G4 structures
within HCV's genome and the negative strand. These new findings imply that NS3 could

hold an important novel role in regulating HCV319,

2.6.3 Zika Virus (ZIKV) and other Flaviviruses

Zika virus (ZIKV) is a flavivirus transmitted by mosquitoes and shares
similarities with other medically significant flaviviruses such as dengue, West Nile,
Japanese encephalitis, and yellow fever viruses. While ZIKV infections are often
asymptomatic or result in mild illness, recent outbreaks have shown severe neurological
complications, including microcephaly in newborns and Guillain-Barré syndrome in
adults3!!. Flaviviruses possess a positive-sense RNA genome of about 11 kb with an open

reading frame flanked by untranslated regions at the 5' and 3' ends. The polyprotein
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encoded by this ORF is cleaved into three structural proteins (capsid, pre-
membrane/membrane, envelope) and seven non-structural proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5). PQSs have been discovered within the genomes of various
flaviviruses, including ZIKV, DENV, and WNV. It has been suggested that these G4s play
arole in regulating viral replication, translation, and virion*'2. ZIKV's genome contains
several PQSs throughout its genes and untranslated regions?'2. In vivo, experiments show
that TMPyP4 and BRACO-19 act as G4-stabilizers in ZIKV, resulting in inhibited viral
growth, genome replication, and protein expression. The effects of these stabilizing

ligands are seen in a dose-dependent manner3'3,

2.6.4 Influenza

The Orthomyxoviridae family comprises segmented, negative-sense RNA viruses,
also called influenza viruses that cause seasonal flu and result in significant morbidity
and mortality worldwide. Influenza A (IAV) and B are responsible for most human
infections among the four types of influenza viruses classified based on their structure®!4.
Although vaccines and antiviral drugs exist to combat the virus's spread, they remain a
substantial public health concern due to their rapid antigenic drift, leading to drug-
resistant strains. The genome of these viruses consists of eight or seven single-stranded
segments encoding ten to fourteen proteins depending on the type, with each segment
encircled by viral nucleoprotein alongside an RNA-dependent RNA polymerase
composed of PA subunit with PB1 & PB2 units assigned for replication activities3'>.

The Transmembrane protease serine 2 (TMPRSS2) protein is an essential element

in the life cycle of many respiratory viruses, including influenza and coronaviruses.



69

TMPRSS?2 is a membrane-spanning protein that belongs to the type II transmembrane
serine proteases (TTSPs) family and is implicated in many physiological and pathological
processes®'®. TMPRSS2 cleaves the hemagglutinin component of numerous influenza

virus subtypes, a pivotal surface protein for viral entry into host cells3!7-318

. The promoter
region of TMPRSS2 contains a guanine-rich sequence that forms a G-quadruplex (G4)
structure. Seven benzoselenoxanthene analogs were tested against the Influenza A Virus
(IAV) in in vitro experiments, demonstrating four analogs to have significant G4-
stabilizing effects. These benzoselenoxanthenes effectively stabilized the G4 structure
within TMPRSS2's promoter, resulting in a dose-dependent reduction in TMPRSS2
expression observed in Calu3 cells?!®. Additional PQSs have been recognized within the
AV, including regions encoding polymerase complex proteins?®. Nevertheless, further

investigation is imperative to ascertain whether these regions exert a regulatory function

on this viral pathogen.

2.6.5 Enterovirus

Enteroviruses belong to the Picornaviridae family and are positive-sense, single-
stranded RNA viruses that cause various human diseases such as myocarditis, meningitis,
poliomyelitis, and hand-foot-and-mouth disease*?°. Despite being a significant public
health concern, effective antiviral treatments for enteroviruses remain limited. Recent
research has identified PQSs sequences in enterovirus genomes that regulate viral
processes. Targeting these G4s with stabilizing ligands is a promising new approach for
combating enterovirus infections. G4 sequences have been detected in the genomes of

various enteroviruses, comprising coxsackievirus, poliovirus, and enterovirus 71
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(EV71)!°. Typically located in the 5'UTR, G4 motifs may regulate various viral
processes, including replication, transcription, and translation. Creating G4 structures can
potentially influence secondary RNA structures, leading to changes in interactions
between viral proteins or host/viral proteins. This, in turn, can impact protein synthesis
and the overall process of viral replication’?!,

EV71, with its 21 PQSs, exhibited effective inhibition of viral replication using
G-quadruplex-stabilizing ligands such as BRACO-19, PDS, and TMPyP4. This inhibition
was demonstrated without compromising cell viability, as evidenced by quantitative PCR
data showing a significant decrease in viral RNA levels upon treatment with these
ligands. The inhibitory impact of BRACO-19 was further validated by plaque assay
results, showcasing a substantial reduction in infectivity exceeding an order of
magnitude. Beyond replication, BRACO-19 has an additional effect on viral translation,
specifically reducing the synthesis of the nonstructural protein 2C. In contrast, PDS

treatment shows a more modest reduction in the synthesis of this protein3?!.

2.6.6 SARS-CoV-2

The COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, has
significantly impacted global public health, and highlights an urgent need for effective
antiviral therapies. This positive-sense, single-stranded RNA virus is responsible for high
morbidity and mortality rates worldwide. Despite the rapid development of vaccines,
there is a critical need for potent antiviral treatments. Bioinformatic analyses have
identified PQSs in specific regions of the SARS-CoV-2 genome, including those

encoding proteins and untranslated sections like 5' and 3' UTRs, which may influence the
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secondary structures of viral RNA and impact host/viral protein interactions, similar to
other viruses!3%322323 Moreover, G-quadruplexes are located in critical regions such as
ORF1ab, 3a, nucleocapsid, and membrane, suggesting their potential involvement in
regulating viral replication, assembly, and immune-response modulation?*. A primer
extension assay, utilizing plasmids with inserted SARS-CoV-2 G4 sequences into the
GFP gene, demonstrated that G4-stabilizing ligands BRACO-19 and TMPyP4
successfully stabilized the G4 structure, preventing primer extension. Transfecting these
plasmids into cells, with or without BRACO-19 and TMPyP4 treatment, revealed a
decrease in GFP expression, highlighting the impact of G4-stabilizing ligands on gene
expression®?’,

The SARS-Unique Domain (SUD) has been proposed to be crucial for viral
transcription and replication326-327, There is high homology between the SARS-CoV and
SARS-CoV-2 NSP3 SUD proteins'%. PhenDC3, PDC, phenanthroline derivatives, and
metalated porphyrins were subjected to testing to assess their potential interaction with
the SARS-CoV-2 SUD. Employing the cellular RNA G4 sequence (TRF2) and
employing Homogenous Time-Resolved Fluorescence (HTRF), the study revealed that all
the mentioned G4-stabilizing ligands effectively inhibited the interaction between SUD
and G4. These findings imply a preferential interaction with the host cell DNA or RNA
rather than viral RNA3?8,

TMPRSS?2 is a highly expressed serine protease in human tissues and is involved
in the entry of coronaviruses into host cells!'®. Specifically, SARS-CoV-2 utilizes its
spike (S) protein to bind to the angiotensin-converting enzyme 2 (ACE2) host cell

receptor. Following binding, the S protein is primed by TMPRSS2 to enable membrane
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fusion and viral entry into the host cell'!®. Interestingly, PDS, carboxypyridostatin
(cPDS), and TMPyP4 bind to a G4 in TMPRSS2, reducing protein levels. Using a
pseudovirus system, where vesicular stomatitis virus was pseudotyped with SARS-CoV-2
S glycoprotein (SARS-CoV-2-S-Luc) to determine if stabilizing the G4 in TMPRSS2
affected viral entry. Luciferase activity indicates that PDS, cPDS, and TMPyP4 all
reduced pseudovirus entry into cells. Furthermore, utilizing mice that heterogeneously
expressed hACE2 via adeno-associated virus (AAV) treated with PDS showed a decrease
in VSV-SARS-2-luc infection'*’, In their study, Qin et al. demonstrated the targeting of
SARS-CoV-2 G4s by TMPyP4 through experiments conducted on Syrian hamsters and
transgenic mouse models. The results indicated that non-toxic levels of TMPyP4
effectively suppressed SARS-CoV-2 infection, leading to reduced viral loads and lung
lesions. Moreover, in experimental assessments, TMPyP4 exhibited greater efficacy than
remdesivir, a compound that has demonstrated clinical benefits for patient outcomes in
trials3?°, in both in vitro and in vivo experiments®3,

Within the coding region of SARS-CoV-2, a stable RNA G4 structure (RG1) is formed in
the nucleocapsid phosphoprotein (N). The G4 in the N sequence has been confirmed to be
stabilized by PDP, leading to a substantial reduction in SARS-CoV-2 N protein levels.
This occurs through the inhibition of N translation in both in vitro and in vivo settings3!.
Oliva et al. showed that berberine, an isoquinoline alkaloid, is also able to bind to and
stabilize RG1 in SARS-CoV-2*32. However, further investigation in infected cells is
required to assess whether berberine effectively reduces SARS-CoV-2 infectivity.
Methylene blue (M-Blue), a tricyclic phenothiazine compound, has been shown to have

333

G4-stabilizing properties’>. M-Blue has been previously approved by the FDA for the



treatment of methemoglobinemia and other medical applications*3*. M-Blue has been

shown to inhibit the entry of SARS-CoV-2 spike-bearing pseudovirus into ACE2-

expressing cells
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Virus Compound Biological Effects
BRACO-19 Inhibits transcription and viral replication
c-exNDls Inhibits transcription
PhenDC3 Inhibits viral replication
TMPyP4 Inhibits viral expression
PDP (PDS) Stabilizes G4, reduces viral replication
TMPyP4 Decreased viral replication and translation
BRACO-19 Decreased viral replication and translation

Benzoseleno-

Stabilizes G4, reducing TMPRSS2 expression

xanthenes
Influenza
§ PDS Reduce viral replication
ﬁf?
ﬁ:’? PhenDC3 Reduce viral replication
Enterovirus TMPyP4 Reduce viral replication

Figure 2: Summary of RNA viruses and the modulatory effects of the G4 stabilizing

compounds that regulate them

2.7 Discussion

The recent exploration of viral G-quadruplexes and utilizing G4-stabilizing

ligands as potential targeting agents present a promising avenue for developing a novel

antiviral strategy. The regulatory role of G4s in viral processes such as replication,
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transcription, and virion secretion has garnered increasing attention. These non-canonical
nucleic acid structures, formed in guanine-rich sequences, have been identified in the
genomes of various viruses, including human papillomavirus, HCV, SARS-CoV-2, and
polyomaviruses like JCV and BKV. The modulation of viral processes occurs by forming
G4 structures in the viral genome, influencing interactions with host and viral proteins.
G4-stabilizing ligands, including TMPyP4, PhenDC3, and BRACO-19, have exhibited
the ability to inhibit viral replication by stabilizing G-quadruplex structures in viral
genomes. This underscores the potential of G-quadruplex stabilizing ligands as novel
therapeutic strategies against viral infections, particularly those lacking effective
treatments. Notably, research has been directed towards combatting SARS-CoV-2,
poliovirus, and EV71, showcasing the broad applicability of this approach.

Beyond impacting actively replicating viruses, antiviral G-quadruplex ligands offer the
potential to target latent viruses that remain dormant within the host and can reactivate
under favorable conditions. Current treatments for infections caused by HHVs, HPV, and
HIV-1 necessitate long-term maintenance to prevent disease resurgence upon viral
reactivation. A strategy targeting G-quadruplexes could influence replicating and latent
viruses, potentially leading to virus eradication and developing innovative therapeutic
approaches for treating fatal human diseases.

However, challenges persist in translating these findings into clinical applications.
Developing antiviral G-quadruplex binders faces hurdles in achieving selectivity for viral
G4s over cellular counterparts. The typical chemical features shared by many G4 ligands
hinder their selectivity, limiting their druggability. Structural characterization of G-

quadruplex moieties, particularly in the loop and groove regions, is essential for
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designing more selective ligands, although research in this direction remains limited.
Strengthening the potency of G4-stabilizing ligands is imperative to maximize their
antiviral potential. Moreover, as our understanding of the regulatory role of G-
quadruplexes in viral processes expands, identifying additional G4 structures in viral
genomes becomes crucial for identifying viable therapeutic targets. Simultaneously,
continued investigation into G-quadruplex's role in other viral genotypes and their
potential impact on pathogenesis will contribute to an enhanced understanding of viral

biology.
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3.1 Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) establishes life-long latent
infection and is linked to several human malignancies. Latency-associated nuclear
antigen (LANA) is highly expressed during latency and responsible for the replication
and maintenance of the viral genome. The expression of LANA is regulated at
transcriptional/translational levels through multiple mechanisms, including the secondary
structures in the mRNA sequence. LANA mRNA has multiple G-quadruplexes (G4s)
bound by multiple proteins to stabilize/destabilize these secondary structures for
regulating LANA. In this manuscript, we demonstrate the role of Nucleolin (NCL) in
regulating LANA expression through its interaction with G-quadruplexes of LANA
mRNA. This interaction reduced LANA’s protein expression through the sequestration of
mRNA into the nucleus, demonstrated by the colocalization of G4-carrying mRNA with
NCL. Furthermore, the downregulation of NCL, by way of a short hairpin, showed an
increase in LANA translation following an alteration in the levels of LANA mRNA in the
cytoplasm. Overall, the data presented in this manuscript showed that G-quadruplexes-
mediated translational control could be regulated by NCL, which can be exploited for

controlling KSHYV latency.

Keywords: G-quadruplex; LANA; KSHV; Nucleolin (NCL)
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3.2 Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a DNA virus linked to
several human malignancies, including Kaposi’s sarcomas (KS), multicentric Castleman’s
disease, and primary effusion lymphoma (PEL)!*. KSHV establishes a life-long infection
with two distinct phases, a prevalent latent phase and a short lytic phase>¢. ORF73
encoded latency-associated nuclear antigen (LANA) is predominantly expressed during
the latent phase’8. LANA is essential for replication and the maintenance of the viral
episome’. The virus evades the host’s immune surveillance while maintaining the viral
genome by expressing the LANA protein at a level sufficient for maintaining its genome.
LANA evades CD8" T-cells by controlling its expression through downregulation of its
promoter to suppress LANA expression. CD8" T-cell evasion is also achieved by
inhibiting the translocation of LANA peptide to the endoplasmic reticulum and its
presentation through MHC-1'-12, We previously showed that LANA also inhibits CD4+
T-cell response by downregulating the MHC-II gene by blocking CIITA transcription
through its interaction with the regulatory factor X (RFX) complex'?.

This study focuses on G-quadruplexes (G4s), non-canonical secondary structures
in guanine-rich DNA and RNA sequences. G4s are formed when two or more consecutive
guanine blocks are separated by a single-stranded loop region'*. Four consecutive runs of
guanine blocks result in G-tetrads held together by Hoogsteen hydrogen bonding between
the guanines (Fig. 1A). These structures fold into two or more stacked planar G-tetrads,
and stability is increased by way of n-x stacking between the quartets, and further
stabilized by a cation, such as potassium!3. The stability of G4s is increased with more

quartets stacked and lower numbers of nucleotides comprising the loop regions. G4s are
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energetically favorable, with a negative AG, and form spontaneously '416-1°. The G4s
serve as regulatory elements in transcription, translation, RNA maturation, and regulation
of non-coding RNA?. Potential G4 sequences are more likely to fold into a secondary
structure in RNA due to the lack of a complementary strand compared to DNA. Notably,
the folding of potential G4-forming sequences results in more stable RNA molecules!>.
G4 sequences are present in functional domains of mRNA, including 5’-UTR,
ORFs, and 3°-UTR?!"23, G4s can affect the genome's coding capacity through alternative
polyadenylation, alternative splicing, and induced frameshifts?’. G4s can be regulated by
either stabilizing or unwinding the secondary structure?!. Recently, G4s gained interest as
potential therapeutic targets against pathogenic viruses. For instance, the Hepatitis B
virus contains a G4 that positively regulates its transcription, and disruption of this G4
reduces virion production?*. Human immunodeficiency virus (HIV-1) has a G4 that
reduces the transcriptional activation of HIV?, Stabilization of a G4 in Herpes Simplex
Virus 1 resulted in reduced virion production?®. The G4 in Epstein-Barr virus (EBV)
nuclear antigen (EBNA1) can regulate translation and antigen presentation?’.
Previously, our lab reported the formation of a G4 in the terminal repeat of KSHV and its
impact on latent viral replication®®. We also showed that the mRNA of LANA has
multiple G4 sites (Fig.1B), and the disruption of these sites led to increased LANA
translation and antigen presentation®’. Notably, the expression of EBV’s latent antigen,
EBNAI, a homolog of LANA, is maintained at optimal levels for viral episome
replication/maintenance?®’-*%3!, Interestingly, EBNA1 has a glycine-alanine repeat (GAr)
region, which forms G-quadruplex structures to regulate its expression through

interaction with Nucleolin (NCL)?’. NCL is a multifunction DNA/RNA-binding protein
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that is conserved among eukaryotes. NCL binds to the mRNAs of many cancer-related
genes to regulate their translation?. For example, NCL binds to G-quadruplexes formed
in the LTR promoter of HIV, resulting in the downregulation of viral transcription®3.
Additionally, NCL binds and stabilizes a G-quadruplex within the c-MYC promoter,
affecting HIV transcription®*.

Several open-source programs based on G-quadruplex prediction algorithms are
available for detecting putative G4-forming sequences (PQSs). Noteworthy examples
include G4Hunter, Quadparser, and QGRSMapper. G4Hunter and Quadparser identify a
relatively smaller number of G4s and require programming skills for their usage. On the
other hand, QGRSMapper can identify a greater number of potential G4s and operates as
a standalone web-based program?®. The potential G-quadruplex sites can be determined
in silico using QGRS Mapper, which led to the identification of multiple G-quadruplex
forming sites in LANAZ20-2%35-45 Furthermore, the role of these G-quadruplexes in
regulating LANA expression through the helicase activity of hnRNP A1 in unwinding
these G4s was demonstrated earlier®. In this paper, we set out to determine whether NCL
plays a role in regulating the expression of LANA, and the data presented here

convincingly show that NCL controls LANA expression through G quadruplexes.

3.3 Materials and Methods
3.3.1 Cells

Human kidney (HEK 293L) cells maintained using Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 8% BGS (Hyclone Laboratories, UT), 2mM L-

glutamine (GE Healthcare Life Sciences, South Logan, Utah), 25 U/mL penicillin (GE



95

Healthcare, South Logan, Utah), and 25 ug/mL streptomycin (GE Healthcare, South
Logan, UT, USA). HEK293KbC2 cells were a generous gift from Johnathan Yewdell
(NIH) and maintained in DMEM with 8%BGS, 2mM L-glutamine, 25 U/mL, 25U/mL
penicillin, and 25 ug/mL streptomycin. T cell hybridoma line (B3Z), a kind gift from
Nilabh Shastri (John Hopkins University) and Charles L. Stentman (Dartmouth
University), were grown in RPMI with 10% FBS, 2mM glutamine, 1mM pyruvate, 25
U/mL penicillin, and 25 ug/mL streptomycin. Human epithelial (HELA) cells were
grown in DMEM supplemented with 10% FBS, 2mM L-glutamine, 25 U/mL penicillin,
and 25 ug/mL streptomycin. pA3F-LANA, LANA-luciferase, pA3F-GAWT, pA3F-
G4Dis, pA3F-LANA-OVA, pA3F-GAWT-OVA, pA3F-G4Dis-OVA have been described
previously in (Verma 2013, Purushothaman 2012, Dabral 2021)2%4647,

Cell transfections were carried out either by polyethylamine (PEI) or
Lipofectamine 3000. For a 6-well plate containing 1 million cells/well, 3ug of the desired
plasmid was mixed with 180 of 150mM NaCl (Fisher Scientific, NJ), and 15uL
(Img/mL) PEI was incubated for 15 minutes before adding the solution to the well. After
4hr of incubation, media was aspirated off, and new media was added to the cells. 24hr
post-transfection, the cells were used for the indicated experiments. Scaling of
components was done according to well size: 10cm TC dish (900puL 150mM NaCl with
75pL 1mg/mL PEI), 12-well plate (90pL 150mM NaCl with 7.5uL 1mg/mL PEI), 24-
well plate (45pL 150mM NaCl with 3.75uL 1mg/mL PEI). Transfection using

Lipofectamine 3000 (Thermofisher, CA) was done as per the manufacturer’s protocol.

3.3.2. Dual Luciferase Assay
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The Dual-Luciferase Reporter Assay System (Promega Inc., Madison, W1, USA)
was used for the luciferase assays. Cells were lysed with 100uL of 1x passive lysis buffer
for 15 min, with gentle rocking. 20uL of the lysate was collected and transferred into a
96-well plate. 20pL of LAR reagent was added to the lysate to detect Firefly luciferase
activity. Renilla luciferase activity was measured by adding 20uL of Stop&Glo reagent.

The data were analyzed and presented as the ratio of Firefly/Renilla.

3.3.3 Fluorescent in situ Hybridization (FISH)

Fluorescent in situ Hybridization was performed as described previously (Kochan
et al. 2015)*8, Briefly, the cell monolayers were fixed directly to the coverslip using 4%
paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) for 15min at room temp (RT).
Following 3x wash with PBS (Life Technologies, NY) with 5min of gentle rocking, cells
were permeabilized for 10min while shaking with 1% BSA (Sigma, MO), 0.3% Triton X-
100 (Fisher Scientific, NJ), 2mM Vanadyl ribonucleoside complexes (Sigma, MO), 1x
PBS, and DEPC-treated water (Sigma, MO). These cells were washed 3x with PBS for 5
min while rocking gently. 200nM of biotinylated OV A-oligonucleotide (5°-
UCCAUCAUCAAUUUCGAGAAACUC-biotin-3"), WT LANA RNA oligonucleotide
(WT-LANA-OIligo) (5’-UGGAAGAGCAGGAAGA GCAGGAGUUAGAGGA-biotin-
3*) or Dis-LANA RNA oligonucleotide (Dis-LANA-Oligo) (5’-
UAACCGAUGAUAUGAGUC AGAUAUAUAAGCA-biotin-3") (IDT, IA) was added
in 2x SSC (diluted from 20x SSC: NaCl 3M and trisodium citrate dihydrate 300nM),
10% formamide (Fisher Scientific, NJ), 10% dextran sulfate (Sigma, MO) DEPC-treated

water for hybridization. Following an overnight Incubation at 37°C, cells were washed 3x
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with gentle rocking in PBS for 5min. 5uL of NCL antibody (Invitrogen, MA, Cat#PA3-
16875) was added into 1mL of permeabilization solution for immune localization by
using 200uL of the mixture to each coverslip. Following overnight incubation at 37°C,
coverslips were washed 3x with PBS for 5min/each with gentle rocking. Alexa Fluor
streptavidin-594 (Invitrogen, MA) and Alexa Fluor 488 (Invitrogen, MA) added to the
permeabilization buffer were used for the localization of the biotin-labeled probe and
NCL, respectively. Streptavidin Alexafluor-594 and Alexa Fluor 488 mix were added
onto the coverslips and incubated for 1hr at 37°C, followed by 3x PBS washes for
5min/each with gentle rocking. The nuclei were stained with DAPI (Invitrogen, MA) or
ToPro3 (Thermofisher, CA) for 1 min at RT and washed 3x with PBS for 5min before
mounting with antifade (Invitrogen, MA) onto a slide. These slides were dried overnight
before imaging on a Zeiss Imager M2. BCBL-1 cells are subjected to the same protocol,
except that they are fixed to the coverslips using 10% formaldehyde for 10 minutes,

following a 30-minute incubation in PBS on the coverslips.

3.3.4 Antigen Presentation Assay

HEK?293Kbc2 cells were transfected with LANA-OVA, G4AWT-OVA, or G4Dis-
OVA plasmids. 24hrs post transfection, the cells were incubated with B3Z cells for 18
hours at a ratio of 1:2, 1:1, and 1:0.5. Cells were incubated with buffer containing 0.124%
NP-40, 9mM MgClz, and 5mM ONPG for 4 hours at 37°C with 5% CO.. Absorbance
was measured at 450nM GloMax Explorer microplate reader (Promega, WI). For the
MTT Assay, the same ratio of cells as the antigen presentation is used and pipetted into a

96-well plate. After incubating for 18 hours, cells were incubated with 150uL of MTT
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(Invitrogen, MA) for four hours. The absorbance was measured at 560nM using a Hidex

Chameleon (Hidex, Finland) microplate reader at 570nM.

3.3.5 RNA Cross-linking Immunoprecipitation Assay (RNA-CLIP)

RNA-CLIP was modified as described previously*®. Briefly, 5 million cells were
transfected in 10cm TC dish with LANA-OVA, G4AWT-OVA, or G4Dis-OVA plasmids.
24hrs post-transfection, the cells were fixed with 4% formaldehyde and quenched with
the addition of 125mM glycine. Cells were then washed and pelleted. Following
resuspension in DNA/RNA Shield (Zymo Research, CA). The nuclei were isolated by
sonicating cells at 30W, 20 sec on, 30 sec off, for a total runtime of 7min and 30 sec.
Chromatin was sheared between 200-400bp using QSonica CL-334 Sonicator (Fisher
Scientific, NJ), following which the cell debris was pelleted. The chromatin was
incubated with specific antibodies overnight, followed by a 1 hr protein A/G magnetic
Sepharose bead incubation to capture the protein-RNA complex. The beads were washed
once with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris [pH
8.0], 150 mM NacCl) and once with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris [pH 8.0], 500 mM NaCl). Beads were washed with ImL TE, and a
10% aliquot was set aside for Western Blotting. Beads were resuspended in 150uL of
elution buffer (1% SDS, 100 mM NaHCO3), with gentle vortexing for 15 min to elute the
complex. Elutions were reverse cross-linked overnight at 65°C using 0.3 M NaCl. The
following day, RNA was extracted using Direct-zol RNA Miniprep Plus (Zymo

Research, CA) per the manufacturer’s instructions.
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3.3.6. In Vitro RNA Pulldown Assay

WT LANA RNA oligonucleotide (5’-UGGAAGAGCAGGAAGA
GCAGGAGUUAGAGGA-biotin-3") (IDT, IA) and Dis-LANA-Oligo RNA
oligonucleotide (5’-UAACCGAUGAUAUGAGUC AGAUAUAUAAGCA-biotin-37).
20 million HEK293L cells were lysed in 1% NP-40 lysis buffer (50mM Tris-HCI pH7.5,
150mM NacCl, 1% NP-40, 1ImM EDTA pH 8.0) with protease inhibitors and RNaseOut.
Prior to incubation, oligos were heated to 95°C for 5 min to allow G4 formation, then
cooled at 1°C per minute until 25°C. A second set of oligos were snap-cooled after the
95°C incubation to prevent G4 formation. Cells were sonicated and centrifuged to remove
cellular debris. RNA oligos were incubated with the cellular lysate overnight while
rotating at 4°C. Pierce streptavidin-agarose beads (ThermoFisher Scientific, CA) were
added to the samples for 2 hours to pulldown proteins bound to the RNA oligos. Beads
were washed thrice with 1%NP-40 lysis buffer, loaded onto a 9% SDS gel, and then
transferred onto a nitrocellulose membrane. The membrane was incubated with anti-NCL
antibodies, followed by the secondary antibodies labeled with IR dye. The membrane was

scanned using LI-COR Odyssey Imaging System.

3.3.7 Fractionation and qRT-PCR

HEK293L cells are transfected with sShNCL (Horizon Discovery, United
Kingdom) plasmid and incubated with and without 1pug/mL [final concentration]
doxycycline for 24 hours prior to transfection. Cells are then transfected with G4WT-
OVA or G4Dis-OVA and allowed to incubate overnight. 24hr post-transfection, cells

were washed with PBS then lysed in 300pL Nuclear Extraction Buffer (NEB: 20mM
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HEPES pH 7.2, 50mM NaCl, 3mM MgClz, 300mM sucrose, and 0.5% NP-40) by
incubating for 15min on ice after resuspending the cells. The nuclei were pelleted at 800
X g, 10min, 4°C, followed by collecting the cytoplasmic fraction in a separate tube. The
nuclei were washed twice with PBS and resuspended in 300uL NEB to sonicate for 10
sec on and 10 sec off twice. The debris was removed by centrifuging at 800 x g, 10 min,
4°C. RNA was extracted using Trizol-LS (Life Technologies, CA) and Direct-zol RNA
Miniprep Plus (Zymo Research, CA), as per the manufacturer’s instructions. cDNA
synthesis was performed using a High-Capacity RNA-to-cDNA Kit (Applied Biosystems,
Lithuania) and quantified using specific primers with SsoAdvanced Universal SYBR

Green Supermix (Biorad, CA) on a Quant Studio 5 (Thermo Scientific, Inc. CA).

3.3.8 Statistical analysis

P values were calculated by a two-tailed t-test using GraphPad Inc. (Prism 8)
software for statistical significance. In the figures, asterisks represent P values as follows:
*, P value < 0.05; **, P value < 0.01; ***, P value < 0.001; and ****, P value < 0.0001.
All experiments were performed at least three times with three biological replicates

where applicable.

3.3.9 Figure Generation
Figures were generated using Prism 8, ImageJ, Adobe Illustrator, Adobe

Photoshop, SnapGene software (www.snapgene.com), and Biorender.com.



https://www.snapgene.com/

101

3.4 Results

3.4.1. Nucleolin binds to the G-quadruplex of LANA mRNA

G-quadruplexes are essential regulatory elements that can modulate a variety of
biological processes. The expression of Epstein-Barr Virus Nuclear Antigen 1 (EBNAT),
a functional homolog of LANA, has been shown to be regulated by G-quadruplexes in its
mRNA?, In silico mapping of LANA mRNA through QGRS Mapper identified multiple
G-quadruplex in the QE domain of LANA (supplementary information), which can be
bound by a cellular RNA helicase, hnRNP A1, to modulate the expression of LANA
protein?®. Crucially, EBNA1 expression was shown to be regulated by Nucleolin, a
multifunctional DNA/RNA binding protein that stabilizes the G4 structure through direct
binding?’. Here, we sought to determine whether NCL plays a role in regulating the
expression of LANA through the G-quadruplexes in its mRNA. To this end, we first
tested the interaction of NCL with LANA mRNA by performing an RNA-cross-linking
immunoprecipitation assay (RNA-CLIP). We used RNA oligonucleotides of a portion of
the LANA mRNA with G4 sites as wild-type (WT) oligonucleotide along with an
oligonucleotide of the same length with disrupted G4 sites as a control (Dis)
oligonucleotide (Fig. 1C). The WT LANA oligonucleotide forms a stable G-quadruplex,
but not the control (Dis) oligonucleotide®. Cell lysate from the HEK293L was incubated
with biotinylated WT or Dis-LANA-Oligo oligonucleotides for 24 hours, followed by
precipitation of the oligonucleotide-bound proteins with Streptavidin Sepharose beads. A
set of oligonucleotides were snap-cooled to prevent the formation of G4s and used in the
pulldown assay as another control. Samples were subjected to immunoblot to detect any

NCL bound to the G-quadruplexes (Fig. 1D). Our data showed that NCL binds to the WT
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LANA oligonucleotide more efficiently than the Dis or snap-cooled oligos demonstrated
by an efficient pulldown of NCL with G4 forming oligo. This suggested that NCL can
interact with the G4s of LANA mRNA. The fainter band of NCL in the Dis
oligonucleotide lane could be because NCL is a multifunctional DNA/RNA binding
protein, and the Dis-LANA-Oligo oligonucleotide may have some necessary
characteristics for its binding to NCL. However, it is essential to emphasize that the WT-

LANA-Oligo consistently showed higher affinity to ANCL than the Dis-LANA-Oligo.
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Figure 1. G-quadruplexes in LANA mRNA

A) Four guanines stabilized by non-canonical hydrogen bonding and a potassium ion form a G-tetrad. On
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the right, three G-tetrads stacked upon one another, further stabilized by = — m bonding, forming a G-
quadruplex. B) LANA mRNA showing the locations of all the potential non-overlapping G-quadruplexes
identified through QGRS Mapper. G4 sites are represented by “G” and then the number indicating the order
of the G4s in LANA mRNA. The red region indicates the G4WT region encompassing G4 sites, G23-G27.
C) Sequences of G4AWT and G4Dis constructs. In the G4WT sequence, potential G4 sites are in green. In
the G4Dis sequence, critical Gs have been changed to As to eliminate the G4 formation while maintaining
the amino acid sequence. D) Immunoblot blot (IB) showing Nucleolin from affinity pulldown assay with
wild-type (WT) LANA oligo. Biotinylated WT-LANA or Dis-LANA oligonucleotides were heated to 95°C
and allowed to slowly cool by 1°C per minute until room temperature was reached to enable the formation
of G4 or snap cooled on ice post-heating to prevent G4 formation. Oligos were incubated with cellular
lysate from HEK293L cells for 24h, then incubated with streptavidin beads to pulldown the RNA-bound

proteins. Samples were resolved on an SDS-PAGE and immunoblotted with NCL antibody.

Furthermore, we wanted to see if NCL binds to LANA mRNA in vivo, which we
investigated by using our previously designed constructs with a 250-nucleotide long QE
region of LANA encompassing the G-quadruplex forming region (G4WT) (Figure 1B
and C)?°. We used a codon-optimized construct with a disrupted G4 (G4Dis) site as a
control while maintaining the amino acid sequence identical to the G4 WT%. The
constructs with the ovalbumin epitope (SIINFEKL) downstream of the full-length LANA
(FL-LANA-ova), G4WT (G4WT-ova), and G4Dis (G4Dis-ova) were transfected in
HEK293L cells, and 24hrs post-transfection, the NCL-bound complexes were
immunoprecipitated followed by cross-linking, using an anti-NCL and a control, IgG
antibodies. RNA-protein complex was sheared to approximately 300 bp, followed by
immunoprecipitation with magnetic protein A/G beads. A fraction (10%) of the

immunoprecipitated complex was subjected to SDS-PAGE/immunoblot to confirm the
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immunoprecipitation of NCL protein (Fig 2A).

Results indicated that the NCL antibody efficiently pulldown comparable levels of
NCL protein from cells transfected with G4WT and G4-Dis constructs, as expected.
Control, IgG antibody did not precipitate any detectable levels of NCL from either set,
confirming specific precipitation of NCL with anti-NCL antibodies. To determine the
levels of NCL-bound RNA, the immunoprecipitated complexes were subjected to RNA
extraction and cDNA synthesis for the quantification of G4-WT or G4-Dis mRNA using
gene-specific primers. The relative levels of NCL-bound G4WT mRNA were calculated
in reference to respective inputs (Fig. 2B). Our data showed a significant binding of
G4WT mRNA to NCL, presented as percent input as compared to the G4-Dis mRNA.
G4Dis mRNA and IgG control showed significantly lower binding levels, confirming the
specific association of NCL with G4-containing mRNA. RNA without Reverse-
Transcriptase (No RT) did not show specific amplification confirming the binding of
NCL with the mRNA. To substantiate the interaction between NCL and the G4
sequences, we evaluated the levels of Cyclin I (CCNI) mRNA binding to NCL in our
assay, given its already documented association of NCL (Fig. 2C)32. We found specific
binding of CCNI with NCL precipitated from both, G4WT and G4Dis samples,
confirming the specificity of NCL’s binding to the G-quadruplexes. Additionally, we
checked the binding of a control mRNA, actin, which has not been shown to interact with
NCL, showed no binding (Fig. 2C). We further sought to determine whether this
interaction occurred in KSHV-infected PEL (primary effusion lymphoma) cells, which
we did by utilizing the BCBL-1 cell line. Latently infected BCBL-1 cells were cross-

linked and subjected to RNA-CLIP as above. Immunoprecipitation of NCL was
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confirmed by anti-NCL immunoblot (Fig. 2D), followed by the extraction of RNA bound
to NCL for quantification of LANA mRNA using specific primers. Relative quantitation
compared to the input showed a significant binding of LANA mRNA with NCL as
compared to the control antibody, IgG (Fig. 2E). RN A with Reverse-Transcriptase (No-
RT) did not show any amplification, confirming the specificity. Importantly, we found
comparable levels of CCN1 mRNA binding to NCL in KSHV-infected as well as
transfected (G4WT and G4Dis) cells. Similarly, a comparable level of NCL binding to
G4WT mRNA and LANA mRNA binding was detected in both systems. Similar to the
transfection system, actin mRNA did not show any binding in BCBL-1 cells (Fig. 2F).
These results confirmed that NCL specifically binds to the G-quadruplex region present
in LANA mRNA.

We wanted to demonstrate the importance of G4 sites of full-length LANA
mRNA by ablating all the G4 sites, without affecting the amino acid sequence, but failed
to generate such construct because of the presence of highly repetitive GC-rich region in
LANA, which led to the re-introduction of G4 sites following codon optimization after

scrambling G4 sequences.

Figure 2. Nucleolin binds to the G-quadruplexes in LANA mRNA. RNA-CLIP assay confirming the
direct interaction between LANA mRNA and NCL. HEK293L cells were transfected with G4WT-ova and
G4Dis-ova plasmids and harvested 24h post transfection. Cells were cross-linked, lysed, and incubated
with anti-NCL antibodies and magnetic protein A/G beads. RNA bound to the beads was purified and
quantified in two steps using a High-Capacity RNA-to-cDNA Kit followed by SsoAdvanced Universal
SYBR Green Supermix with G4WT and G4Dis clone-specific primers. A) Immunoblot showing a specific

pulldown of NCL with anti-NCL antibody compared to the control antibody, IgG. B) qRT-PCR data
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showing relative binding of G4-WT or G4-Dis RNA in the RNA-CLIP assay. C) qRT-PCR data showing
relative binding of CCN1 to NCL, used as a positive control and Actin as a negative control. D) RNA-CLIP
from KSHV-infected cells, BCBL-1. NCL was specifically immunoprecipitated with anti-NCL antibodies
but not control IgG, as expected. E) Relative binding of LANA mRNA bound to NCL compared to the
control IgG. F) gRT-PCR data of relative CCN1 and Actin mRNA bound to NCL in BCBL-1 cells. All

gPCR rxns were run with “no reverse transcriptase” (No RT) as a control.
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3.4.2. Increasing expression of NCL inhibited LANA translation

NCL can bind to the G-quadruplexes to reduce the availability of mRNA for
translation; therefore, we sought to determine whether NCL overexpression altered the
expression of LANA protein. Using a full-length LANA construct with Luciferase fused
downstream in-frame (Fig. 3A), HEK293L cells were cotransfected with increasing
amounts of NCL. 24hrs post-transfection, cells were lysed for the quantification of
luminescence, which showed a gradual decrease in luminescence with increasing NCL
levels (Fig. 3B). Reduction in luminescence, an indirect measure of LANA expressions,

was further validated by detecting the LANA protein levels through immunoblotting (Fig.
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3C). Band intensities of LANA with increasing levels of NCL were quantified via pixel

density of these bands using ImagelJ (Fig. 3D). Band intensities of LANA, normalized to

respective GAPDH band intensities, showed a dose-dependent reduction in LANA

expression, supporting our hypothesis that NCL can reduce LANA translation by

restricting the translocation of LANA mRNA.
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Figure 3. Nucleolin regulates LANA translation. A) A flowchart of luciferase assay along with LANA

construct. The coding sequence of LANA was subcloned into a pGL3 vector upstream of the luciferase

gene in-frame to produce a LANA-luciferase fusion protein. B) HEK293L cells were transfected with a

constant amount of LANA-luciferase and increasing amounts of NCL-expressing plasmid. 24h post-

transfection, determination of relative luciferase units showed a decrease in luciferase levels with
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increasing amounts of NCL. C) Immunoblot showing an increasing level of NCL (Flag tagged) with
constant levels of LANA cotransfected. LANA presents as a “ladder,” detected as two bands. GAPDH
immunoblot was used as a control. D) Graphical depiction of LANA band intensities. Levels of LANA
were normalized to Ong NCL sample. The asterisk (*) represents the significance level of the relative band

intensity below Ong NCL sample.

3.4.3 LANA mRNA colocalizes with NCL

We further wanted to determine whether LANA expression decreased due to the
binding of LANA mRNA with NCL. To address this, we performed RNA fluorescent in
situ hybridization (FISH)* of mRNA with G4 sites using constructs with the ovalbumin
epitope (SIINFEKL) downstream of the full-length LANA (FL-LANA-ova) and the
previously discussed G4WT-ova and G4Dis-ova. These plasmids were transfected in a
monolayer of HeLa cells cultured onto coverslips. Cells were fixed with 4%
formaldehyde, permeabilized, and incubated with a blocking buffer 24 hours post-
transfection. Following, cells were hybridized with biotinylated ovalbumin
oligonucleotide sequence overnight. Cells were subsequently incubated with anti-NCL
antibodies overnight, followed by detection with Alexa Fluor 488. Biotin-labeled probes
were detected by Streptavidin Alexa Fluor 594 and the nuclei with TOPRO-3. We also
used latently infected KSHV-positive BCBL-1 cells alongside these samples to determine
the colocalization of LANA mRNA with NCL. Our results showed that NCL colocalizes
with a subset of LANA mRNA as well as the full-length LANA mRNA (Fig. 4A).

Hybridization signals showing LANA mRNA were seen throughout the cells with
defined puncta within the nucleus. The merge panels of NCL and the hybridization

signals for mRNA showed a colocalization demonstrated by the yellow signals (Fig. 4,
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lane title “NCL” and “Hybridization”). We also calculated the colocalization coefficients
using FIJI software in conjunction with the "Just Another Colocalization Plugin"
(JACoP). These coefficients ranged from 0 for no colocalization to 1 for complete
colocalization®'~2. Our results showed FL-LANA-ova to have a score of 0.401, G4WT-
ova with 0.455, and G4Dis-ova 0.272. This suggested colocalization of LANA mRNA
with NCL in the nucleus. The BCBL-1 cells were subjected to the FISH assay but were
hybridized with either WT-LANA or Dis-LANA oligonucleotides cells showed a greater
degree of colocalization of 0.78, based on 10 optical fields, with the WT-LANA-Oligo
and 0.08 for the Dis- Oligo (Fig. 4B). In the case for FL-LANA and G4WT transfected
cells, and BCBL-1 cells, there is a higher colocalization index compared to G4Dis,

suggesting the presence LANA mRNA and NCL in the same cellular compartment.

Figure 4. RNA Fluorescent in situ Hybridization. A) HeLa cells were transfected with a plasmid
expressing G4AWT or FL-LANA. 24h posttransfection, cells were fixed, permeabilized, and incubated with
biotinylated ovalbumin oligonucleotide sequence. Cells were further incubated with anti-NCL antibodies to
localize NCL using goat anti-rabbit Alexa Four 488 antibody (green). Biotinlated hybridized oligos were
detected using Streptavidin Alexa Fluor 594 (red). Nuclei were stained with TOPRO-3 (blue). B) BCBL-1
cells hybridized with G4-specific oligos (WT-LANA-Oligo) or the control (Dis-LANA-Oligo). Images
were taken with a Zeiss confocal microscope at 100x magnification. Exposure settings were constant

between WT-LANA-Oligo and Dis-LANA-Oligo.
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3.4.4. Interaction of LANA mRNA with NCL decreases antigen presentation

LANA can evade the host’s immune surveillance system by inhibiting various
components of the MHC class I & II antigen presentation pathways. Previously, we
showed that LANA regulates its expression by recruiting hnRNP A1 to the G-quadruplex
sites for controlled expression of LANA and its presentation on the cell surface. Since
NCL could bind to the G-quadruplex in LANA, we aimed to determine the presentation
of LANA peptide through antigen presentation assay in the presence of NCL. Previously
described ovalbumin constructs were cotransfected with either pA3F-NCL or pA3F-

vector into HEK293Kbc?2 antigen-presenting cells. 24hrs post-transfection, cells were
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incubated with T-cell receptor cells (B3Z) for 18hrs and then incubated with an ONPG
substrate for 4hrs. The B-galactosidase activity was then quantified by measuring the
optical density (OD) at 450 nm (Fig. 5A). Our data showed that expression of NCL
decreased antigen presentation of FL-LANA-ova and G4WT-ova transfected cells
compared to cells with endogenous levels of NCL (Fig. 5B). Cells transfected with the
disrupted G-quadruplexes (G4Dis-ova) did not show any alteration in the levels of
antigen presentation. A metabolic assay of the cells transfected with the above construct
was performed to ensure that there weren’t any adverse effects of these proteins in the
cell’s metabolism, which may have affected the assay. Our assay (MTT) data showed no
statistically significant differences among these samples (Fig. 5C). This confirmed that

NCL plays a regulatory role in antigen presentation for KSHV’s LANA.
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Figure 5. Nucleolin stabilizing G-quadruplex in LANA mRNA decreases antigen presentation. A) A
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schematic of the antigen presentation assay. Transfected antigen-presenting HEK293Kbc?2 cells with a
construct encoding sequence-specific ovalbumin epitope, SIINFEKL, with effector T cell hybridoma B3Z
cells capable of recognizing the ovalbumin epitope. This interaction results in B-galactosidase activity,
which is measured to determine the T cell activation quantitatively. B) T-cell activation from cells
transiently expressing FL-LANA, G4WT, and G4Dis. HEK293Kbc2 cells were transfected with pA3F-FL-
LANA-ova, pA3F-G4WT-ova, and pA3F-G4Dis-ova (all ovalbumin tagged). 24h posttransfection, cells
were incubated with B3Z cells for 18h, then ONPG was added to the cells, followed by measuring p-

galactosidase activity at 450nm. C) MTT assay to measure the metabolic activity of these cells.

3.4.5. Downregulation of Nucleolin resulted in an altered LANA mRNA localization and
increased LANA expression

RNA interference (RNAI) is a post-transcriptional mechanism for regulating gene
expression and has been extensively used for altering protein levels through the
introduction of short hairpin RNA (shRNA)>3->°, shRNA are RNA molecules with a
hairpin, which are cleaved to generate siRNA for downregulating protein expression.
Since increasing NCL resulted in a reduced LANA translation, we sought to determine
the effects of NCL downregulation on LANA expression through transfection of
HEK293L cells with short hairpin NCL (shNCL) plasmid. Treatment with 1pg/mL of
Dox to induce shRNA expression, we saw an increase in G4WT protein levels (Fig. 6A).
Contrastingly, G4Dis treated and untreated cells showed no significant difference in
protein levels. Reduction in NCL levels was confirmed through immunoblot. Using
Imagel] to quantify the pixel density, we see approximately a 50% reduction in NCL

protein for all treated samples (Fig. 6B). Looking at the relative pixel densities and

normalizing to their respective GAPDHs, G4WT-shNCL treated with Dox results in
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approximately 2-fold increase. In the G4Dis groups, there is no statistical difference
between the treated and untreated.

NCL is predominantly found in the nucleolus, and by utilizing the shRNA, we
looked at any difference in the distribution of mRNA containing G4 sites. HEK293L cells
cotransfected with shNCL and the pA3F-G4WT/Dis clones, we fractionated the nuclear
and cytoplasmic fractions, followed by the extraction of RNA from the respective
fractions. Firstly, we confirmed that there was an expected downregulation of NCL
through quantitative PCR (Fig. 6C). The levels of G4WT and G4Dis mRNA were
determined using sequence-specific primers (Fig. 6D). In Dox-treated G4WT transfected
cells, there was a greater proportion of mRNA exported to the cytoplasm and reduced
nuclear retention compared to non-Dox treated cells. There wasn’t any statistically
significant difference in G4Dis mRNA localization between Dox-treated and untreated
cells. An increase in G4WT mRNA export to the cytoplasm under reduced NCL
conditions may allow higher protein translation. Additionally, the altered localization of
G4WT mRNA was confirmed through fluorescent in situ hybridization (Fig 6G). The
hybridization signal in the Dox-treated group was lower in the nucleolus. As expected,
the nucleolus showed the highest levels of NCL, and interestingly, it appears that when
NCL was downregulated, the hybridization signal increased in the cytoplasm. This may
mean that when NCL was reduced, LANA G4 mRNA was exported into the cytoplasm.
This corroborated the qPCR data presented in Fig. 6D.

Using latently infected KSHV-positive BCBL-1 cells, we aimed to determine the
effect of NCL on LANA levels in vitro. Transfecting shANCL in BCBL-1 cells and treating

with Dox resulted in increased LANA levels (Fig. 6E). Calculating the relative LANA
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pixel density, in the Dox-treated BCBL-1 cells, there is approximately a 2-fold increase

in LANA protein levels (Fig. 6F). This indicates that NCL plays a regulatory role in the
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A) Immunoblot showing the levels of NCL (IB: NCL) and LANA regions (IB: Flag) in doxycycline and
untreated cells transfected with G4 WT or G4 Dis plasmids. Untransfected cells were used as control.
GAPDH was used as the loading control. B) Graphical representation of the pixel density of the western
blot in panel “A.” C) NCL mRNA levels in shNCL transfected cells treated with and without doxycycline
(Dox). Samples normalized to GAPDH. D) The ratio of G4WT/G4Dis mRNA copies in the cytoplasmic
and nuclear fraction in cells with depleted NCL. The ratio of G4WT mRNA in the cytoplasm of NCL-
depleted (Dox) cells was increased compared to those without Dox. Samples were normalized to GAPDH.
A proportionate reduction of G4WT mRNA in the nuclear fraction was seen in NCL-depleted cells. The
distribution of G4Dis mRNA in the cytoplasmic and nuclear fractions was largely unaffected. E)
Immunoblot showing LANA(IB: LANA) levels in BCBL-1 transfected with shNCL and treated with and
without doxycycline. F) The left graph shows the relative pixel density of NCL normalized to their
respective GAPDHs and then to untreated BCBL-1 cells. The graph on the right shows the relative pixel
density of NCI normalized to their respective GAPDHs and then to the untreated BCBL-1 cells. G)
Localization of NCL and G4WT mRNA through FISH. shNCL-HEK293L cells cotransfected with shNCL
and G4WT plasmid; then treated with and without Dox were fixed, permeabilized, and incubated with
biotinylated WT-LANA oligonucleotides. These cells were further incubated with anti-NCL antibodies
followed by Alexa Fluor secondary antibodies 488nm (goat anti-rabbit) and Alexa Fluor 594 (streptavidin).
Images were taken with a fluorescent microscope at 100x magnification. The green color represents the

localization of NCL, red for oligonucleotide hybridizing with LANA plasmids, and blue for the nucleus.

3.5 Discussion

KSHYV establishes a life-long latent infection and can avoid detection from the
host’s immune system. During the latent phase, KSHV limits its gene expression with
abundant expression of LANA, which is essential for viral replication, distribution of
viral genome to daughter cells, and avoiding the host’s immune detection®’. LANA

autoregulates its expression by regulating its promoter and inhibiting peptide synthesis
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and proteasomal degradation through two central region domains (CR2 and CR3)!0->8-61,
Here, we build on our previous findings and explore how Nucleolin regulates the
expression of LANA. We previously identified regions in LANA mRNA that form G-
quadruplexes. Additionally, we showed that hnRNP A1 acts as a helicase, disrupting the
G4 secondary structure and resulting in an upregulation of LANA translation and antigen
presentation?’,

G-quadruplexes have gained popularity as potential therapeutic targets for
regulating viral genome replication and transcription®6>63, G4s act as
immunomodulatory structures in gamma herpesviruses. For example, in EBV and KSHYV,
G4s alter protein synthesis and antigen presentation and thus affect host immune
detection?>°!. Due to the homology of EBV’s EBNA1 being downregulated by NCL, we
sought to see if KSHV’s LANA expression is regulated by NCL. Utilizing RNA
oligonucleotides containing LANA’s mRNA region that forms a G4 structure, we showed
that NCL interacts with LANA mRNA. To determine if this interaction occurred in cells,
we transfected pA3F-G4WT and pA3F-G4Dis plasmids in HEK293L cells and performed
RNA-CLIP to quantify the amounts of these mRNAs bound to NCL. Our data showed a
specific association of LANA’s guanine-rich mRNA capable of forming a G-quadruplex
to NCL. Basal but detectable binding of G4Dis mRNA with NCL could be due to some
secondary structure in G4Dis mRNA that facilitated the interaction. Additionally, LANA
mRNA in KSHV-infected cells, BCBL-1, showed a selective binding to NCL. Our
LANA-Luciferase fusion protein confirmed that the NCL-LANA mRNA interaction
decreases LANA translation. This is likely due to the ability of NCL to bind to the G-

quadruplex in the mRNA and restrict them from being available for translation. Detection
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of protein levels through immunoblot confirmed a reduction in translation. Importantly,
the localization of G4-containing mRNA through FISH confirmed that this interaction
occurs within the nucleus. These results support that NCL binding to a G4 in LANA
mRNA resulting in translational regulation through sequestration of mRNA in the
nucleus.

LANA has been shown to regulate antigen presentation'®!3, We previously found
that stabilization/destabilization of the G-quadruplex in LANA regulates protein synthesis
and antigen presentation. The nuclear LANA protein binds to the G-quadruplex in its
mRNA, inhibiting the export of those bound mRNA molecules to the cytoplasm. This, in
turn, reduces LANA protein translation, which is regulated by the levels of LANA in the
cells. In cells with lower levels of LANA, hnRNP A1 binds to LANA mRNA, acts as a
helicase, and disrupts the G-quadruplex within the mRNA. This leads to an export of
LANA mRNA into the cytoplasm for its translation to maintain the viral genome. Cells
having a threshold level of LANA in the nucleus, required for viral persistence, a
relatively higher level of LANA than hnRNP A1 may become available to bind and retain
the LANA mRNA in the nucleus?. This inhibits mRNA export into the cytoplasm,
allowing the cycle to continue when LANA protein levels drop in the nucleus. In this
paper, we showed that NCL can bind to LANA mRNA and localize in the nucleus, with a
subset of NCL colocalizing with LANA mRNA. We further tested whether this
interaction reduced antigen presentation of these peptides to the cell surface in the
presence of NCL. For this, cells expressing G4WT-ova or G4Dis-ova in the presence of
NCL were utilized. Reduction in the presentation of G4WT-ova but not G4Dis-ova in the

presence of NCL confirmed the role of NCL in regulating expression. These results
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confirmed that stabilization of G-quadruplex in LANA mRNA can reduce expression and
antigen presentation similar to what we reported previously?. Reduction in the
expression of LANA is due to its mRNA being sequestered by NCL and reducing in
LANA mRNA exported to the cytoplasm (Fig. 7). Nucleolin is abundantly expressed in
cells and is involved in rRNA maturation®?. NCL binds to guanine-rich regions in coding
and non-coding regions of various mRNAs®. Additionally, NCL binds to G-quadruplexes
in both RNA and DNA, such as at the G4 in the LTR of HIV-1, to silence transcription®.
Additionally, NCL binds to a G4 in the promotor of c-MYC, affecting its
transcription®*®°, As NCL has a myriad of roles in the cell, we studied the function of
NCL in LANA expression by depleting its level by way of shRNA, which showed a
reduction in the sequestration of LANA mRNA in the nucleus. This led to an increase in
the expression levels of LANA. Sequestration of mRNA was determined by the fraction
of cytoplasmic/nuclear fraction, and the FISH assay confirmed that NCL can regulate
LANA mRNA translocation and expression.

The specificity of NCL and LANA interactions within the nucleus may be
attributed to the presence of nucleolar organizing regions (NORs), where NCL is notably
abundant and actively participates in ribosomal biogenesis®®%’. NCL, recognized for its
RNA affinity and its significant role in organizing chromatin structure, could facilitate the
localization of LANA RNA to these NORs, thereby promoting their interaction.
Furthermore, the nucleolus is integral to the interplay between KSHV and the host cell's
ribosomal biogenesis, a crucial aspect of the virus's strategy to manipulate host cellular
machinery for its replication. In the nucleolus, the synthesis and initial assembly of

ribosomal RNA (rRNA) and ribosomal proteins into ribosomal subunits take place.
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KSHYV actively modifies this ribosomal assembly process in the nucleolus, leveraging it
to support its replication needs®®%°. During the lytic replication phase of KSHYV, there is a
significant alteration in the normal process of ribosome biogenesis within the nucleolus.
During its lytic phase, KSHV disrupts normal ribosome biogenesis in the nucleolus. This
leads to the creation of specialized ribosomes, uniquely modified for efficient translation
of viral mRNAs, especially those crucial for the virus's late lytic cycle. This modification
is hypothesized to result from KSHV-induced methylation patterns, tailoring ribosomes
for viral protein synthesis. Thus, KSHV manipulates nucleolar activity, particularly rRNA
modification, to produce ribosomes optimized for its replication, highlighting its
sophisticated strategy to control host translation machinery®®.

During KSHYV infection, angiogenin is produced as a result and translocates to the
nucleolus of the cell. It then attaches to the regulatory region of the 45S rDNA. The
attachment increases the production of rRNA and enhances the survival of the infected
endothelial cell”’. LANA and angiogenin have been found to form a complex with the
p53 protein in the nucleus. It is suspected that angiogenin and LANA hold p53 in the
nucleus in a deactivated stated’!-’?. Therefore, angiogenin could play a role in preserving
the survival of cells infected with KSHV and in maintaining the virus in a dormant or
latent state, potentially by influencing pathways that involve p53. Therefore, it is
expected that a subset of KSHV’s LANA would colocalize with NCL in the nucleolus.

G-quadruplexes have become increasingly popular as therapeutic agents*?-62:63,
Regulating LANA expression through G-quadruplexes may offer a therapeutic target to
control KSHV latency and remove latent virus from the infected cells. Our findings shed

light on the intricate cellular functions NCL plays in regulating LANA mRNA. As
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mentioned, previously, we showed that hnRNP A1 acts as a helicase and unwinds a G4
structure in LANA mRNA?. Our study opens up the possibility to study the potential
interplay between NCL and hnRNP A 1. Given the established functions of hnRNP A1 in
mRNA metabolism and the novel insights provided by our findings, it is tempting to
speculate on the existence of a regulatory axis involving NCL and hnRNP A1 that could
impact the life cycle of KSHV. For example, NCL may influence the expression of
hnRNP A1 through various post-transcriptional mechanisms or by affecting its protein
stability. Alternatively, NCL could modulate the binding affinity of hnRNP A1 for
LANA, thereby influencing the viral latency and reactivation process. Such interactions
may not only be limited to the direct control of gene expression but could also encompass
the broader epigenetic landscape, thus impacting viral replication and cell fate. This could
offer insights into how viruses harness host cell machinery for their replication and
survival, as well as reveal novel targets for antiviral therapy. The exploration of this
regulatory interplay is, therefore, not only of basic scientific interest but also of potential
therapeutic relevance. Further studies, employing a combination of biochemical,
molecular, and systems biology approaches, are warranted to dissect the layers of this
complex interaction network. Through such multidimensional studies, we can hope to
illuminate the full scope of NCL's and hnRNP A1's roles in viral latency and reactivation,
thereby enhancing our understanding of viral pathogenesis and informing the

development of novel therapeutic strategies.

Figure 7. Proposed model of the regulation of LANA expression through NCL. NCL binds to the G-

quadruplex of LANA mRNA, resulting in reduced levels of nuclear export of LANA mRNA into the
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cytoplasm. A lower transcript level for translation results in a reduced expression and, subsequently, lower

antigen presentation on the cell surface.
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CHAPTER 4

4. G-QUADRUPLEXES OF HUMAN CORONAVIRUSES CAN BE TARGETED
FOR ATTENUATING VIRUS REPLICATION
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4.1 Abstract

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), identified as
the causative agent of the Coronavirus Disease 2019 (COVID-19) pandemic that emerged
in late 2019, has spurred global efforts to identify effective therapeutic strategies. Among
the various approaches investigated, G-quadruplexes (G4s). G4s, are non-canonical
secondary structures in guanine-rich DNA and RNA sequences. They regulate critical
cellular functions such as replication and transcription. Targeting viral G4s for
stabilization has revealed promising avenues for inhibiting essential processes related to
viral replication and virulence. Several coronaviruses, including the beta-coronavirus
hCoV-0C43 (OC43), possess guanine-rich sites with the potential to form G4-structures.
Specifically, the potential G4 structure within OC43's RNA-dependent RNA-polymerase
(RdRp) has been confirmed to form through an electromobility shift assay (EMSA).
Previous in vitro studies demonstrated that Methylene blue (M-Blue), an FDA-approved
drug, exhibits anti-SARS-CoV-2 activity. In vivo experiments indicated that treatment
with M-blue not only inhibits viral entry during infection for OC43 and but also reduces
post-infection viral replication for OC43 and the alpha-coronaviruses hCoV-NL63
(NL63) hCoV-229E (229E). Furthermore, in vivo analysis shows that M-blue was found
to suppress SARS-CoV-2 replication post-infection. Additionally, PABPC4 and Rab4A
may serve a regulatory role in coronavirus replication. Cumulatively, our findings
strongly suggest that M-blue represents a promising therapeutic candidate for treating and
preventing coronavirus infections, underlining its potential as a significant addition to our

arsenal against COVID-109.

Keywords: Methylene Blue, SARS-CoV-2, G-quadruplex, G4, OC43, NL63, 229E



130

4.2 Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a novel
coronavirus strain, emerged as causing the outbreak of Coronavirus Disease 2019
(COVID-19) in Wuhan, China, in late 2019'-3. The World Health Organization (WHO)
declared the rapidly spreading infection a pandemic on March 11th, 2020%¢. The clinical
manifestations of COVID-19 vary from asymptomatic and mild respiratory symptoms to
severe pneumonia leading to respiratory failure and death’. Although there are currently
vaccines to aid in combating COVID-19, there is still the need to continue searching for
alternative therapeutic options.

Coronaviruses (CoVs) are enveloped positive-sense RNA viruses. They are in the
Coronaviridae family and further divided into four genera: alphacoronavirus,
betacoronavirus, gammacoronavirus, and deltacoronavirus. Alpha and betacoronaviruses
solely infect mammalian species, whereas gamma and deltacoronavirus have a broader
host range!%!!. Historically, alphacoronaviruses hCoV-229E (229E) and hCoV-NL63
(NL63), as well as betacoronaviruses hCoV-OC43 (OC43) and hCoV-HKU1 (HKU1),
have been linked to seasonal, mild respiratory infections akin to the common cold!>!3,
Betacoronaviruses, a subset of the Coronaviridae family, have been responsible for
multiple significant epidemic and pandemic diseases. The Severe Acute Respiratory
Syndrome (SARS) outbreak of 2002-2003, caused by the SARS-CoV virus, was the first
such global health crisis, resulting in over 8,000 cases and 774 deaths, with a fatality rate
0f 9.6%. It emerged in Guangdong, China, and rapidly spread to over 26 countries before
containment in July 20034, Following SARS, the Middle East Respiratory Syndrome

(MERS), emerged in 2012 in Saudi Arabia and was caused by MERS-CoV. MERS has
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been linked to dromedary camels as a reservoir and has a significantly higher fatality rate
of around 34.4%, with 2,494 confirmed cases and 858 deaths as of 2019'3. Most recently,
the COVID-19 pandemic has become the most impactful of these outbreaks. Although
SARS-CoV-2 only has a 2.13% fatality rate, there have been millions of infections
globally, compared to the thousands of SARS and MERS!>1. COVID-19's ongoing
impact, driven by the emergence of various strains, continues to pose significant
challenges to global health and highlights the critical need to study these viruses to
manage future outbreaks of similar viruses.

SARS-CoV-2 enters the target cells by binding their spike (S) protein to the
angiotensin-converting enzyme 2 (ACE2)!72!, After binding, transmembrane protease
serine 2 (TMPRSS2) cleaves the S protein, causing a conformation change. This activates
membrane fusion and post-fusion; the viral RNA is released into the host cell and hijacks
the cell’s replication machinery to produce new viral particles. New virions are
assembled and released to infect more cells'®?2.

It has been suggested that targeting G-quadruplex (G4) regions in SARS-CoV-2
could be a viable therapeutic approach for treating COVID-19?3. G4 are non-canonical
secondary structures found in guanine-rich DNA and RNA sequences?*. G4s are formed
from two or more consecutive guanine blocks separated by a single-stranded loop region.
Four consecutive sequences of guanine blocks resulting in G-tetrads held together by
Hoogsteen hydrogen bonding (Fig. 1)?°-2%. G4s are formed from stacking two or more G-
tetrads and further stabilized through n-m stacking between the quartets and adding a
cation such as potassium?®-3!, The stability of G4s is proportional to the number of

stacked quartets, resulting in greater stability and lower numbers of nucleotides
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comprising the loop regions 2°-28:32

. G4s serve as regulatory elements in translation, RNA
maturation, and regulating non-coding RNA33. There is a higher potential for G4
formation in RNA sequence due to the lack of a complementary strand resulting in a
more stable RNA molecule*. Sequences with a potential of G4 formation can be found in
functional domains, 5’-UTR, ORF, and 3°-UTR. G4 could affect the coding capacity of a
genome through alternative polyadenylation, alternative splicing, and induce frame
shifts.

In silico analysis identified 25 putative G4-forming sequences (PQSs) in SARS-
CoV-2 (Fig. 1). Each site with G-scores corresponding to the likelihood that sequence

2324,33,35-43 There are several open-source software that can predict

will form G4 structure
PQRSs, with notable examples being G4Hunter, Quadsparser, and QGRSMapper.
G4Hunter and Quadsparser identify a relatively smaller number of G4s and require
programming expertise. In contrast. QGRSMapper discerns a broader array of potential
G4s and functions as an independent web-based program®”#, From the 25 G4 sites
identified in SARS-CoV-2, 9 have a G-score equal to or greater than 15, indicating a high
probability of G4 formation. These sites were found in ORF1a/b (NSP2, NSP3, and
NSP10), nucleocapsid phosphoprotein (N) and the spike (S) coding region of SARS-
CoV-2. It should be noted that N and S proteins are essential for virus replication and
binding to a target cells*. Therefore, the G4 structures in N and S can be a potential
therapeutic target in combating SARS-CoV-2.

G4 can cause up or downregulation of genes through their stabilization and

unwinding**48, Agents with stabilizing G4 properties, identified in the Federal Drug

Administration (FDA) approved drug list,
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(https://www.accessdata.fda.gov/scripts/cder/daf/), including methylene blue (M-Blue)®.
M-Blue is also an FDA approved therapeutic used to treat methemoglobinemia>’>!. M-
Blue has antimicrobial, anti-inflammatory capacity>2. It also has low toxicity, stable at
room temperature, and affordable drug for treating the disease>%->%3, Additionally, in vitro
analysis indicates that M-Blue has anti-SARS-CoV-2 activity>*. Several mechanisms
were proposed to explain the antiviral efficacy of M-Blue. M-Blue can affect viral ingress
in cells>>. M-Blue can undergo redox reactions to form leuko-methylene blue (MBHz2)
and can transfer electrons to acids, disrupting viral DNA/RNA integrity. In the presence
of oxygen, M-Blue makes singlet oxygen, a reactive agent that can induce guanine
oxidation leading to damaged DNA/RNA>®. Photoactivated M-Blue can cause single
strand breaks in RNA and interfere with the formation of RNA-protein cross-linkage>’.
To demonstrate the feasibility of targeting G4 regions to control coronavirus
replication, preliminary experiments were completed using OC43. OC43 was discovered
during the 1960s, is responsible for mild upper respiratory tract, and is one of the primary
culprits behind common cold cases>®. However, individuals with compromised immunity
or young children and older adults can suffer severe lower respiratory tract infections
caused by OC43%%0, Additionally, OC43 has caused encephalitis in
immunocompromised humans®!. We have found 30 potential G4 sites in OC43, with 18
having at least 15 as a G-score, indicating a high likelihood of G4 formation. These sites
are in ORF la/b, S, and N proteins. Next, we completed a similar analysis using
coronaviruses 229E and NL63. We have found that 229E contains 36 potential G4 sites

with 18 out having a G-score of 15 or greater. There were 22 potential G4 sites in NL63,
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with 12 having a G-score of 15 or greater. Our paper aims to show that M-Blue is a viable

therapeutic option for preventing and treating coronavirus infections.

4.3 Materials and Methods
4.3.1 Cells

NCI-H441Lung Adenocarcinoma Human (H441)were obtained from American
Tissue Cell Collection (ATCC, Manassas, VA, USA) and maintained using Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS (Atlanta
Biologicals, Fort Collins, CO), 2mM L-glutamine (GE Healthcare Life Sciences, South
Logan, Utah), 25 U/mL penicillin (GE Healthcare, South Logan, Utah), and 25 ug/mL
streptomycin (GE Healthcare, South Logan, UT). Kidney epithelial cells of the African
green monkey (Vero E6) were obtained from (ATCC, Manassas, VA, USA) and
maintained using Dulbecco's Modified Eagle Medium (DMEM) (Corning, Glendale,
Arizona), with 10% FBS (Atlanta Biologicals, Fort Collins, CO), 2mM L-glutamine (GE
Healthcare Life Sciences, South Logan, Utah), 25 U/mL penicillin (GE Healthcare, South
Logan, Utah), and 25 ug/mL streptomycin (GE Healthcare, South Logan, UT). LLC-
MK2 Kidney Rhesus Monkey were obtained from (ATCC, Manassas, VA, USA) and
maintained using Minimum Essential Medium (MEM) (Gibco, Dun Laoghaire, Co
Dublin, Ireland) with 1% MEM Non-Essential Amino Acids ) (Gibco, Dun Laoghaire,
Co Dublin, Ireland), 10% FBS (Atlanta Biologicals, Fort Collins, CO), 2mM L-glutamine
(GE Healthcare Life Sciences, South Logan, Utah), 25 U/mL penicillin (GE Healthcare,
South Logan, Utah), and 25 ug/mL streptomycin (GE Healthcare, South Logan, UT). The

Vero E6 cell line has been modified to constitutively express the serine protease
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TMPRSS2 (TMPRSS2) were obtained from (ATCC, Manassas, VA, USA)and
maintained using Dulbecco's Modified Eagle Medium (DMEM) (Corning, Glendale,
Arizona), with 10% FBS (Atlanta Biologicals, Fort Collins, CO), 2mM L-glutamine (GE
Healthcare Life Sciences, South Logan, Utah), 25 U/mL penicillin (GE Healthcare, South

Logan, Utah), and 25 ug/mL streptomycin (GE Healthcare, South Logan, UT).

4.3.2 In Vitro RNA Pulldown Procedure

G26 (sequence: 5’-GGUAAUCUGGGGAGUAAUGGUAAACCCGG- -biotin-
3”) and Disrupted-LANA (Dis-LANA) Oligo Sc26 (sequence: 5’-
AUACGGACGGAAGUGUCGACGGUGUUGAA-biotin-3") were used. For this, 20
million HEK293L cells underwent lysis using a 1% NP-40 buffer (containing 50mM
Tris-HCI pH7.5, 150mM NaCl, 1% NP-40, 1mM EDTA pH 8.0, protease inhibitors, and
RNaseOut). The oligonucleotides were heated to 95°C for 5 minutes to facilitate G4
structure formation, followed by gradual cooling to 25°C at a rate of 10°C per minute. A
separate batch of oligos was rapidly cooled post-heating to inhibit G4 formation. Post
sonication and centrifugation to discard cell debris, the RNA oligos were mixed with the
cell lysate and incubated overnight at 4°C with rotation. Then, Pierce streptavidin-
agarose beads (ThermoFisher Scientific, Waltham, MA, USA) were added for 2 hours to
isolate proteins attached to the RNA oligos. After washing the beads three times with the
1% NP-40 lysis buffer, they were applied to a 9% SDS gel, transferred to a nitrocellulose
membrane, which was then incubated with anti-NCL antibodies and IR dye-labeled
secondary antibodies. The final step involved scanning the membrane using the LI-COR

Odyssey Imaging System.
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4.3.3 Human Coronaviruses

The HCoV-NL63 was obtained through BEI Resources, NIAID, NIH: Human
Coronavirus, NL63, NR-470.” The HCoV-229E was obtained through BEI Resources,
NIAID, NIH: Human Coronavirus, 229E, NR-52726. The HCoV-OC43 was obtained
through BEI Resources, NIAID, NIH: Human Coronavirus, OC43, NR-52725. ARS-
CoV-2 (USA-WA1/2020) was deposited by the Centers for Disease Control and
Prevention and obtained through BEI Resources, NIAID, NIH: SARS-Related
Coronavirus 2, Isolate hCoV-19/USA-WA1/2020, NR-52281. OC43 was propagated
using H441 and Vero EG6 cells, NL63 in LLC-MKZ2, 229E, and SARS-CoV-2 in
TMPRSS2 expressing cells. Cell monolayers were inoculated with 8.9x103 Tissue
Culture Infectious Dose 50 (TCIDso) for 2 hours (34°C, 5%COs). The unattached virus
was removed, and a fresh culture medium was added. Infected monolayers were
maintained for five days (34°C, 5%COs) before the virus was harvested, and aliquots

were stored at -80°C.

4.3.4 Immunofluorescence Assay (IFA)

Cell monolayers were fixed using 4% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO, USA) 20min at room temp (RT). Following 3x wash with PBS, monolayers
were permeabilized with 0.2% Triton x-100 (Fisher Scientific, NJ, USA), in PBS for
10min at RT, washed 3x again (PBS), and blocked (0.4% fish skin gelatin (FSG), 0.05%
TX-100 in PBS) for 40min at RT. Following 3 washes, cell monolayers were incubated
with anti-OC43-nucleocapsid antibodies (1:1000; EMD Millipore Corporation,

Darmstadt, Germany) in 0.25 FSG and 0.05% TX-100 overnight at RT. Following day
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cell monolayers were washed (3x, PBS) and incubated with Alexa Fluor 594 chicken
anti-mouse 1gG (H+L) antibody (1:1000; Invitrogen, Waltham, MA, USA) in 0.2% FSG
and 0.05% TX-100for 1h at RT. Nuclei were stained with DAPI for 1 min at RT (1:5000
dilution). Slides were mounted with Prolong Gold Antifade (Invitrogen, Eugene, OR,

USA) and examined using Carl Zeiss LSM 780 confocal laser-scanning microscope.

4.3.5 RNA extraction and qPCR analysis

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA)
by directly adding the reagent onto the cells for lysis according to the manufacturer's
recommendation. An aliquot of RNA (1 pg) was used for synthesizing the cDNA
(Superscript Kit; Invitrogen, Carlsbad, CA, USA). cDNA (2 pL) was used for
determining subgenomic RNA. Tagpath reagent (ThermoFisher Scientific, Waltham,
MA, USA) and TagMan Gene Expression Assay Probes for OC43, NL63, 229E, SARS-
CoV-2, and GAPH (ThermoFisher Scientific, Waltham, MA, USA) for determining

relative genome copies.

4.3.6 Western blot

Total proteins were extracted using Sodium dodecyl sulfate (SDS) reducing buffer
(Bio-Rad Laboratories, Hercules, CA, USA), separated on 8-12% gradient SDS
polyacrylamide gels, and transferred on Polyvinylidene difluoride (PVDF) membranes
(Bio-Rad Laboratories, Hercules, CA, USA). Membranes were blocked (Tris-buffered
saline (TBS), 0.1% Tween 20, 5% low-fat milk) for 1 hr followed by overnight

incubation with the HCoV-OC43 Nucleocapsid Polyclonal Antibody (1:1000, Initrogen,
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Waltham, MA, USA) antibody at 4°C. Membranes were washed (TBS, 0.1% Tween 20)
and incubated for 1 hour at room temperature with IRDye800CW (LI-COR Biosciences,
Lincoln, NE, USA)) Proteins were revealed using ChemiDoc MP Imaging system (Bio-

Rad Laboratories, Hercules, CA, USA).

4.3.7 siRNA Transfection

Vero E6 or TMPRSS2 cells were transfected with SiIRNA control, SIRNA-
PABPC4, and siRNA-Rab4A (IDT Integrated DNA technologies, Newark, NJ, USA )
using Lipofectamine RNAIMAX Transfection Reagent (ThermoFisher Scientific,
Waltham, MA, USA). After 48hr incubation, cells were infected with either OC43 or

SARS-CoV-2. 24hr post-infection, cells were harvested for analysis.

4.3.8 Statistical Analysis
Statistical significance was assessed using the standard t-test and one-way
ANOVA with GraphPad Prism version 8 software. In the graphical representations,

asterisks denote the levels of significance corresponding to the P values: * for P <0.05,

4.4 Results
4.4.1 Coronavirus mRNA form G-quadruplexes

Sequences of hCoV-0C43, hCoV-NL63, hCoV-229E, as well as SARS-CoV-2
variants were obtained from the NCBI nucleotide database. Using the online G4
prediction software, QGRS Mapper, we identified 30, 22, 35, and 25 potential G4 sites in

OC43, NL63, and SARS2 viruses, respectively (Fig. 1A)*. We synthesized 3’
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biotinylated RNA oligonucleotide (oligo) representing 26th potential G4 site in OC43 as
well as the scrambled version (Sc26), which was used as a control (Fig. 1B). This G4 was
selected due to having the highest G-score within the viral genome and its location in the
RdRp. Through an electromobility shift assay (EMSA), we determined that G26 forms a
G4 structure indicated by its faster migration through the native gel, compared to the
Sc26 (Fig. 1C, left blot). As an additional control, we tested RG1, previously confirmed
to form G4 structure in SARS-CoV-2’s nucleocapsid phosphoprotein®. The EMSA assay
showed a similar migration pattern for the RG1 and mutated RG1 (RG1M) oligos (Fig.
1C, right blot). Next, we confirm the faster mobility of G26 RNA oligo was due to the
forming of a G4 secondary structure. For that, we disrupted the formation of the G4
structure by incubating the G26 oligo with two antisense oligos complementary to each
arm of the G26 Oligo (AS1, CUCCCCAGUAUUACC, and AS2,
CCGGGUUUACCAUU). After incubation with complementary oligos, G26 moved
slower (Fig. 1C, lane 3). The antisense oligos binding to the arms of G26 prevents the
formation of the compact G4 structure, which results in a slower migration. These results

validate the formation of a G4 in OC43’s RdRp.

Figure 1: G4s in coronaviruses

A) Schematic of G4 sites in OC43, SARS-CoV-2, NL63 and 229E. G4 sites are represented by “G” and
then the number indicating the order of the G4s in the coronavirus’ mRNA. B) Oligonucleotides: G26 is a
PQS in OC43, Sc26 is a scrambled iteration of G26 to prevent G4 formation. Antisense (AS26A and
AS26B) are complementary to the G26 oligonucleotide. C) Electrophoretic mobility shift assay (EMSA)
performed with G26 and Sc26 oligonucleotides, resolved on a native polyacrylamide gel. Antisense

oligonucleotides were used in molar excess and used in the indicated lanes to confirm the specificity of the
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mobility shift by the PQS. RG1 is a PQS in SARS-CoV-2 confirmed to form a G4 structure. RG1M is the

scrambled version of RG1.
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4.4.2 Methylene blue inhibits coronavirus expression in vivo

Targeting viral G4s has been shown to exhibit antiviral activity®3. For example,
when human cytomegalovirus (HCMV) is treated with N-methyl mesoporphyrin IX
(NMM), a porphyrin derivative, there is a downregulation of viral genes®4. Braco19 along
with C8, an acridine derivative, stabilizes a G4 structure in human papillomavirus (HPV),
resulting in decreased viral replication®. TMPyP4, a porphyrin, inhibits the viral
expression of Hepatitis C (HCV), ZiKA, and Enterovirus®¢-%, Bioinformatic analysis
shows that SARS-CoV-2 contains several PQSs in ORF1ab, 3a, nucleocapsid, and the
membrane®® 70, PQSs in these regions indicate possible G4 involvement in regulating
viral replication, immune-response modulation, and assembly*®. In vitro experiments
show that Bracol19 and TMPyP4 successfully stabilize a G4 structure in SARS-CoV-2,
showing reduced expression’t, TMPRSS2, a serine protease expressed in human tissue, is
involved in the entry of coronaviruses into host cells. SARS-CoV-2 utilizes its spike (S)

protein to bind to the angiotensin-converting enzyme 2 (ACE2) cell receptor. This
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interaction enables membrane fusion and viral entry®. Pyridostatin (PDS), a G4
stabilizing ligand, and TMPyP4 bind to a G4 structure in TMPRSS2, reducing
pseudotyped SARS-CoV-2 S glycoprotein viral entry??. In transgenic mouse models of
SRS-CoV-2 infection, TMPyP4 suppressed SARS-CoV-2 infection and reduced viral
loads and lung lesions’.

Causing the formation or stabilization of G4s comes with a potential caveat. G4
stabilizing ligands can lead to unintended biological consequences, including toxicity,
due to lacking G4 specificity. This may disrupt normal cellular processes, such as
replication and transcription. This disruption can induce cell cycle arrest, trigger
apoptosis, or lead to off-target effects where the ligands bind to non-G4 structures’®->,
For these reasons, it is crucial to have a G4 stabilizing ligand with low toxicity and
minimal off-target effects. As mentioned, M-Blue has low toxicity and is already FDA-
approved to treat methemoglobinemia®!. Additionally, M-Blue has also been used to treat
malaria, refractory hypotension in septic endocarditis, vasoplegia, ifosfamide
neurotoxicity’®7°. M-Blue has been shown to inhibit the entry of SARS-CoV-2 spike-
bearing pseudovirus into ACE2 expressing cells®. This led us to test M-Blue as a viable

therapeutic agent in combating coronaviruses.

Figure 2: Effects of G4 stabilizing ligands on Coronavirus Expression.

A) Western blot of OC43 infected Vero EG6 cells treated with G4 stabilizing ligands. Relative nucleocapsid
pixel density is presented below the blot. Pixel density was normalized to respective samples’ GAPDH. B)
gRT- PCR of OC43 infected cells treated with G4 stabilizing ligands. Performed using OC43-specific
“Tagman Gene Expression Assay” probes. C) qRT-PCR using sequence specific primers of the supernatant

from samples in B. D) Plaque assay from supernatant of treated OC43 infected Vero E6 cells. E) H441
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cells infected with OC43 virus for 2hrs, followed by compound treatments. 24hrs post-treatment, cells were
incubated with OC43 nucleocapsid antibody overnight, followed by incubating with DAPI. Red

fluorescence corresponds to OC43 nucleocapsid protein and blue for the cell nucleus.
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Initial experimentation was completed using OC43. Vero E6 cells were infected
with OC43 virus, followed by treatment with DMSO (mock treatment), 10uM
remdesivir, 20uM TMPyP4, 10uM Bracol19, and 20uM M-Blue. 24hrs post-treatment,
samples were analyzed using western blot and probed for OC43 N protein (Fig. 2A). We

have found that compared to DMSO, remdesivir completely abrogates expression of
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OC43 N protein. In contrast, TMPyP4 slightly reduces, while Bracol9 demonstrated no
significant change in N protein expression. Interestingly, M-Blue shows a significant
decrease in OC43 N protein expression. Given that M-blue reduced N protein expression,
we were keen to examine the effects of the treatments on relative genome copies.
Performing the same post-infection treatment, samples were subjected to RNA extraction
followed by 1-step quantitative reverse transcription PCR (QRT-PCR). We have found a
statistically significant decrease in viral mMRNA when cells were treated with remdesivir,
Bracol19, and M-Blue (Fig. 2B). There was no statistical difference between TMPyP4 and
the mock treatment. Analysis of the supernatant reveals that remdesivir and M-Blue
display a similar trend, characterized by an overall decrease in virus genome copies (Fig.
2C). In contrast, TMPyP4 decreased, while Bracol19 had no statistical difference in viral
genome load in the supernatant of infected cells. TMPyP4 could be preventing the egress
of the virus, and that is why although there is no change in relative OC43 genome copies
in the cell, there is less detected in the supernatant. Bracol9 may reduce detectable OC43
genome copies in the cells, however, both the western blot (Fig. 2A) and the g°PCR
results for the supernatant (Fig. 2C), indicate that protein levels do not decrease. The
results show that remdesivir and M-Blue reduce both viral RNA and protein detected.
This suggests that M-Blue holds the potential for inhibiting OC43 replication.

Next, we sought to analyze the virus titer in the supernatant using a plaque assay
to calculate the plaque forming units (PFU) (Fig. 2D). The PFU data indicate that
remdesivir, M-Blue, and Bracol9 significantly reduced plaques formed, compared to
DMSO mock treatment. TMPyP4 had almost a 50% reduction in PFU. The plaque assay

cannot conclusively show the relative live virus in the supernatant. Neither TMPyP4 nor
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Bracol19 has been evaluated for their impact on viral entry. This might account for
Braco19 displaying a significant reduction in PFU, even when qRT-PCR results indicate
no significant difference in relative genome copies in the supernatant. Aside from this,
G4-stabilizing ligands appear to reduce PFU.

Utilizing an antibody specific for OC43’s nucleocapsid, we performed an
immunofluorescence assay (IFA) to qualitatively see how the treatments reduced viral
infection (Fig. 2E). The IFA intensity appears to match the gRT-PCR results from Fig.
2B. DMSO mock treatment showed the highest number and intensity of signal, whereas
remdesivir, Bracol9, and M-Blue showed significantly diminished signal. TMPyP4
showed only a slight reduction in signal, compared to DMSO. These results match the
gPCR data in Fig. 2B and indicate that G4-stabilizing ligands show the potential to
diminish viruses within the cells.

4.4.3 G4-stabilizing compounds reduce available translational capability in OC43

Coronaviruses are positive-strand RNA viruses and utilize the synthesis of
subgenomic (SG) messenger RNA8L, SG RNAs allow for differential expression of viral
genes in infected cells®182, These sequences are shorter than genomic viral RNAs and
predominately co-terminal with the 3> genomic sequence (Fig. 3A)%-8%. The majority of
SG RNAs produced by positive-strand RNA viruses act as messenger RNA, We utilize
the SG RNA to determine if the G4-stabilizing ligands regulate viral replication/virion
production. SG RNA levels were determined using a 5° UTR forward primer instead of
random primers during cDNA synthesis, followed by gPCR. OC43-infected cells, treated
with remdesivir, Bracol9, and M-blue, showed a significant decrease in subgenomic S

MRNA (Fig. 3B). Interestingly, only remdesivir and M-Blue significantly reduced
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MRNA coding for N protein. It is important to note that the N and S regions contain

PQSs with relatively high G-scores. We believe that M-Blue stabilizes the G4 sites in the
positive RNA strand at these gene sites, which interferes with transcription, translation,
and replication. However, Bracol9 is likely unable to bind/stabilize the G4 PQS in the N
region sequence. Similarly, TMPyP4 does not appear to cause a reduction in SG RNA but
may even enhance N SG RNA synthesis. Therefore, we suggest that M-Blue can reduce
0C43 subgenomic RNA synthesis, which reduces structural proteins from being

synthesized. In turn, M-Blue reduces the capacity for OC43 viral assembly.
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Figure 3: OC43 Subgenomic Fractions. A) Schematic of subgenomic (SG) RNA synthesis. B) g°PCR

showing SG levels of OC43’s spike RNA. C) gPCR showing SG levels of OC43’s nucleocapsid RNA.

4.4.4 Methylene Blue inhibits both viral entry and attenuates subsequent viral replication
M-blue has been shown to inhibit the entry of a pseudovirus containing the

SARS-CoV-2 spike protein into HEK293T cells expressing ACE28. Therefore, we
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aimed to demonstrate whether the same mechanism is used to Inhibit OC43 replication in
vivo. Treatment consisted of three groups: 1 group (Entry) had compounds added
immediately before infection and then harvested after the 2hr infection period; 2" group
(Entry/Continued) was the same as the first however, continued treatment 24hrs post-
infection then harvested 24hr later; the 3" group (Post-Infection) was treated post-
infection and harvested 24hrs later. RNA was extracted and used for gRT-PCR. In Group
1, the pre-treatment with M-Blue significantly reduced, whereas remdesivir showed no
effect on viral RNA load (Fig. 4A). The effects of Remdesivir could be explained by its
stalling RdRp, which would have a limited effect on viral ingress®’. In both, the 2nd and
3" groups, remdesivir and M-Blue significantly reduced OC43 RNA. Remdesivir
demonstrated a comparable reduction between these two groups, however, M-Blue had a
greater degree of reduction in group 2 over group 3. This is likely due to M-Blue
reducing the viral entry. The results using the supernatant from cells from each group
follow the same pattern as what was found using the cells (Fig. 4B). Overall, these
findings suggest that M-Blue exerts its antiviral effects via several mechanisms, by acting
both at the initial stage of viral entry into the host cell and subsequent post-entry phases.
During the entry stage, M-Blue appears to interfere with the virus's ability to penetrate
the cell membrane or to bind with its entry receptors, thereby hindering its capacity to
establish an infection. After the virus has entered the cell, M-Blue continues to exhibit
antiviral activity by disrupting subsequent stages of the viral life cycle, such as genome
replication, protein synthesis, or assembly of new virions, ultimately attenuating the

virus's ability to propagate within the host.
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Figure 4: Time point treatment. VVero E6 cells underwent treatments at distinct stages of infection. The
"Entry" groups refer to cells exposed to the compounds immediately before the infection process. These
cells were then harvested after 2 hours. Conversely, the "Continued" groups were treated identically to the
"Entry" groups but were allowed to incubate for 24 hours post-infection before harvesting. For the "Post-
Infection" groups, cells were first infected for 2 hours, after which the compounds were applied; harvesting
occurred 24 hours post-infection. For both "Continued" and "Post-Infection" groups, the supernatant was
also collected. A) The qRT-PCR analysis employed OC43-specific TagMan Gene Expression Assays to
quantify viral RNA in cell extracts. B) Using the same TagMan probes, viral RNA in the supernatant was

measured.

4.4.5 M-Blue inhibits viral replication in alphacoronaviruses

Next, we extended our investigation to explore 4G regulatory effects on
alphacoronaviruses NL63 and 229E. We used LLC-MK2 cells and Vero E6 cells
expressing the full-length human TMPRSS2 to infect with NL63 and 229E viruses,
respectively. After infection, cells were treated with the 4G stabilizing compounds to
assess their antiviral activity against these alphacoronaviruses. Employing a TagMan
method, we quantified relative genome copies in cells. Remdesivir reduced the viral RNA

copies to approximately 6% of what was found in DMSO treated cells. Similarly,
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Bracol19 and M-Blue decreased viral RNA copies to about 50% and 40%, respectively, of
that in DMSO-treated cells (Fig. 5A). TMPyP4, however, had a limited effect on viral
RNA copy levels. A similar trend was found when we assessed the virus release (Fig.
5B). By using primer targeting the 5° UTR of NL63, we conducted qPCR analysis to
determine the levels of SG RNA. We found that the levels of both S and N SG RNAs
mirrored the trends for overall genome copies, as depicted in Figures 5B and C (Figures
5D and E).

TMPRSS2 cells infected with 229E were analyzed via qRT-OCR. TagMan probe
designed specifically to target 229E, we found significantly decreased intracellular levels
of 229E genome copies, like that In NL63 Infected cells (Fig. 5G). The 4G -stabilizing
ligands Braco19 and M-Blue also decreased viral RNA levels. In contrast, TMPyP4 had a
limited effect on viral RNA levels. The pattern of viral release for 229E mirrored the
trends observed for intracellular RNA levels (Fig. 5H). Intriguingly, when assessing SG
RNA levels, M-Blue had an effect like that of remdesivir, reducing the levels of S and N
MRNAs to around 10% of what was found in treated cells (Fig. 51 and J). Bracol19 had an
approximately ~50% reduction, whereas, TMPyP4-had limited effect on viral SG RNA
level.

Both alphacoronaviruses, NL63 and 229E, show similar patterns in viral genome
copies and SG RNA accumulation, as OC43 infected/treated cells, in cells treated with
remdesivir and G4-stabilizing compounds: Bracol19, M-Blue, and TMPyP4. The data
shows that both Braco19 and M-Blue show the potential to regulate alphacoronaviruses.
However, only M-Blue can inhibit viral entry and inhibit virion production post-

infection. There is likely sufficient overlap in the G4 sequences present in the
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alphacoronaviruses that both Braco19 and M-Blue can stabilize the structure and inhibit

the replication machinery.
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Figure 5: NL63 and 229E G4-stabilization. Cells infected with either NL63 (A-D) or 229E (E-H) and
treated identically to OC43. A) NL63 genome equivalent from RNA extracted from cells using TagMan
probes. B) NL63 genome equivalent from RNA extracted from the supernatant from “A” using TagMan
probes. C&D) cDNA synthesized using NL63 5’UTR primer and using primer specific for spike SG RNA
“C” and Nuc SG RNA “D”. E) 229E genome equivalent from RNA extracted from cells using TagMan
probes. F) 229E genome equivalent from RNA extracted from the supernatant from “A” using TagMan

probes. G&H) cDNA synthesized using 229E 5’UTR primer and using primer specific for spike SG RNA

“G” and Nuc SG RNA “H”.

4.4.6 PABPC4 and RAB4A hind to OC43 G4 mRNA

We sought to determine whether there are cellular proteins that interacted with
0C43’s G26 oligonucleotide. Vero E6 cells were infected with OC43 virus and used to
prepare the lysate. G26 and Sc26 oligos were incubated with the cell lysate for 24hrs and

washed prior to the mass spectrometry analysis. Multiple proteins were found interacting
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with 4G sites. In this study, we focused on poly(A) binding protein cytoplasmic 4
(PABPC4) and Ras-related protein Rab-4A (RAB4A). Poly(A)-binding proteins (PABP)
are a class of nucleocytoplasmic shuttling proteins that promote gene expression through
enhancing mMRNA stability and translation®8%, PABP can bind to the 3> end of mRNA
via the polyA tail and the 5° end cap and form a closed loop®®°%. This unique complex
formed between PABP, and mRNA has the potential to boost the assembly of ribosome
subunits, thereby aiding the commencement of translation. Additionally, it shields
mRNAs from being broken down by exonucleases®°3, PABP can bind to the
nucleocapsid protein of bovine coronavirus (BCoV) and downregulate translation of viral
RNA®%9% PABP was first discovered as a protein whose production increases when
human T-cells are activated. Poly(A)-binding protein cytoplasmic 4 (PABPC4), is a
homolog of PABP and is the least studied isoform®. It has been proposed that
downregulating PABPC4 may be an adaptive event necessary to induce mitochondrial
activity during metabolic stress in skeletal muscle®’.

Ras-associated binding (Rab) proteins are small GTPase and serve to
continuously cycle between the cytosol and various membranes. More than 60 Rab
proteins have been identified and 20 have been identified as prenylated proteins localized
to membrane-bound compartments®®°, Rab proteins regulate vesicle trafficking,
including vesicle formation, and Rab4A is involved in fast cargo recycling to the cell
surface'®-102, Rab4A is known to directly influence the process of autophagy, as well as
in response to the stretching of cell membranes. It also plays a part in the secretion
process of phagosomes, which are cellular structures that engulf and aim to destroy

pathogenic bacterial®-1%, Rab4A is a key regulator of cargo segregation for sorting
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endosomes, Rab4A knockdown causes a rise in the number of vacuole-like endosomes
and disrupts the distribution of their contents. This disorganization results in
melanosome-related proteins being erroneously sent to lysosomes, the cell surface, and
exosomes instead of their correct destinations.

To assess the impact of PABPC4 and Rab4A on coronavirus replication, we
knocked down these proteins in VVero E6 cells using respective siRNAs. After 48 hours,
cells were infected with OC43 and used for the analysis of protein expression. We have
found that the depletion of PABPC4 and Rab4A quantitative real-time PCR (QRT-PCR)
using TagMan probes demonstrated an increase in viral genome copies for reduced
PABPC4 and a decrease Rab4A knock down samples (Fig. 6). These results collectively
suggest that PABPC4 and Rab4A may play a facilitating role in the life cycle of

coronaviruses within host cells.
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Figure 6: PABPC4 and Rab4A knockdown reduces OC43 transcription

gRT-PCR results TagMan OC43 probe for vero E6 cells transfected with either sSiRNA control, PABPC4,

or Rab4A.

4.4.7 G4-stabilizing regulate SARS-CoV-2
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SARS-CoV-2, the etiological agent of COVID-19, a novel member of the
Coronaviridae family, rapidly captured global attention due to its rapid transmission
between humans, leading to an unprecedented international public health emergency.
The virus's rapid spread and significant mortality rate triggered intense scientific research
to understand its pathology, transmission mechanisms, and potential therapeutic targets,
as well as a worldwide effort to develop effective vaccines. To combat SARS-CoV-2,
mRNA vaccines were developed. These vaccines contained a piece of the virus’ genetic
code, allowing the cells to produce a portion of the SARS-CoV-2 spike protein and
stimulate an immune response without causing the disease'?":1%, While these vaccines
have been instrumental in mitigating the transmission of the virus, continuous research is
essential to uncover further strategies to combat the virus effectively.

Next, we sought to determine whether G4-stabilizing ligands could modulate
SARS-CoV-2 infection. Cells were infected with OC43, NL63, and 229E viruses and
treated with DMSO mock treatment, 10uM remdesivir, TMPyP4 20uM, 10uM Bracol9,
and 20uM M-Blue.SARS-CoV-2 RNA was analyzed using gPCR. We have found that
remdesivir inhibited virus replication in all coronaviruses tested. Also, SARS-CoV-2virus
RNA accumulation was reduced in cells treated with Braco19 and M-Blue like that found
in cells infected with OC43 virus (Fig. 7A). M-Blue reduced virus RNA to about 20% of
that in DMSO mock controls. TMPyP4 substantially decreased viral RNA quantity,
compared to Bracol9, which may be attributed to a specific PQS that TMPyP4 can
effectively bind and stabilize. We also analyzed the virus in the supernatant of the

infected cells. M-Blue reduced virus load In supernatant like that of remdesivir.
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After quantifying the viral genome copies within the cells, we evaluated the
amount of live virus present in the supernatant. M-Blue substantially reduced virus load
in the supernatant like that of remdesivir (Fig. 7B). TMPyP4 and Braco19 reduced
SARS-CoV-2 virus, however, the effect was lower compared to M-Blue and remdesivir
We also completed the plaque assay to determine the PFU to demonstrate the infectious
virus particles (Fig. 7C). In the DMSO mock controls, the PFU count was high, reaching
600 x 10”5 PFU/ml. In contrast, treatment with remdesivir led to a drastic reduction in
viral infectivity, with only 0.18% of the PFU found compared to that In DMSO control.
Remarkably, M-Blue completely abolished the release of infectious units, demonstrating
a 100% reduction in PFU count. Meanwhile, TMPyP4 cuts down the PFU to half of the
control levels, indicating a 50% reduction. Bracol19, although the least effective among
the treatments, still significantly decreased viral infectivity to 70% of that in DMSO
control. These results highlight the various degrees of efficacy of these compounds in
reducing live SARS-CoV-2 virus replication, with M-Blue standing out for its potent
antiviral activity. The level of attenuation efficiency M-Blue has in SARS-CoV-2 is
comparable to its regulation in OC43. Referring back to Fig 1A, there are significant
overlaps in the location of G4 PQSs between the two viruses. The conserved locations

could
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Figure 7: Inhibition of SARS-CoV-2 replication by G4-stabilizing compounds

TMPRSS2-expressing cells were transfected with the SARS-CoV-2 virus and subsequently treated using a
protocol analogous to the one employed for the previously tested coronaviruses. Quantitative reverse
transcription PCR (qRT-PCR) was conducted utilizing TagMan probes targeting SARS-CoV-2 and the
housekeeping gene GAPDH as an internal standard for normalization. The analysis yielded results for viral
RNA in both cellular extracts (A) and corresponding cell culture supernatants (B). C) The supernatant from

“A”, the same sample analyzed in “B”, for conducting plaque assays to quantify infectious viral particles.

4.4.8 G4-stabilizing compounds reduce available translational capability in SARS-CoV-2
We assess the effect of G4-stabilizing ligands on virus replication and virion
production by quantifying SG RNA. A forward primer specific to the 5> UTR in SARS-
CoV-2 was used for cDNA synthesis, rather than using random primers. The amplicons
were then used for a gPCR analysis using primers selectively targeting the SARS-CoV-2

Sand N (Fig. 8A and B). The results revealed a congruent trend across all treatment
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groups, with each exhibiting a reduction in subgenomic (SG) RNA levels by more than
70%. Notably, TMPyP4 and M-Blue demonstrated efficacy like that of remdesivir in
diminishing SG RNA quantities. These findings suggest that G4-stabilizing ligands

represent a promising strategy for decreasing the levels of SARS-CoV-2 mRNA

availability for protein synthesis.
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Figure 8: SARS-CoV-2 subgenomic fractions. cDNA was synthesized from the RNA samples depicted in
Figure 7 using a primer specific to the 5'UTR of SARS-CoV-2. A) The gPCR results, obtained with
primers targeting the SARS-CoV-2 spike protein, are shown. B) The qPCR results, using primers specific

for the SARS-CoV-2 nucleocapsid protein.

4.4.9 M-Blue exerts multimodal regulatory effects on SARS-CoV-2

Our data demonstrated that M-blue effectively prevented the entry of OC43 virus
into cells. Additionally, others have shown that M-Blue prevents the entry of a
pseudovirus, equipped with the SARS-CoV-2 spike protein, into HEK293T cells that
express the ACE2 receptor®. Therefore, we sought to investigate whether M-Blue could

effectively reduce the entry of SARS-CoV-2 into TMPRSS2-expressing cells. The
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treatment was divided into three distinct groups: the first group, labeled “Entry,” received
compounds just before infection and was harvested following a 2-hour infection period;
the second group, “Entry/Continued,” was treated identically to the first but with
continued treatment for 24 hours post-infection, followed by harvesting after 24 hours;
the third group, “Post-Infection,” was treated only after infection and harvested 24 hours
later. Subsequently, RNA was extracted and analyzed using gRT-PCR, with OC43-
specific probes. gRT-PCR results indicated that M-Blue does inhibit SARS-CoV-2 viral
entry, but not to the extent of our previously tested coronaviruses (Fig. 9A). There is
approximately a 30% reduction in SARS-CoV-2 detected, whereas M-Blue reduced
OCA43 detected by approximately 60%. We included TMPyP4 and Bracol19 alongside
remdesivir and M-Blue to assess their potential to inhibit viral entry. Like remdesivir,
both TMPyP4 and Bracol9 were ineffective in preventing viral entry. As anticipated, the
treatments labeled “Continued” and “Post-Infection” demonstrated a significant decrease
in relative viral load (Fig. 9B). When analyzing viral copies in the supernatant, a
reduction was found across all treatment conditions in both groups. Notably, M-Blue
reduced viral copies comparable to remdesivir in both the “Continued” and “Post-
Infection” treatments, affecting both the cells and the supernatant. These findings suggest
that M-Blue employs multiple mechanisms to mitigate SARS-CoV infection, including

the inhibition of viral entry and subsequent post-entry suppression.
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Figure 9: Multi-timepoint SARS-CoV-2 treatment. TMPRSS2 cells underwent treatments at distinct
stages of infection. The "Entry" groups refer to cells that were exposed to the compounds immediately
before the infection process. These cells were then harvested after 2 hours. Conversely, the "Continued"
groups were treated identically to the "Entry" groups but were allowed to incubate for 24 hours post-
infection before harvesting. For the "Post-Infection™ groups, cells were first infected for 2 hours, after
which the compounds were applied; harvesting occurred 24 hours post-infection. For both "Continued" and
"Post-Infection™ groups, the supernatant was also collected. A) The gRT-PCR analysis employed SARS-
CoV-2-specific TagMan Gene Expression Assays to quantify viral RNA in cell extracts. B) Using the same

TagMan probes, viral RNA in the supernatant was measured.

4.4.10 PABPC4 and Rab4A play a role in SARS-CoV-2 viral life cycle

Our research has established that the transcriptional regulation of OC43 is
influenced by the downregulation of PABPC4 and Rab4A. Translating our work from
0C43, we set to investigate whether these proteins interact with G4 structure(s) in SARS-
CoV-2 and subsequently regulate it. We transfected TMPRSS2 cells with either SiRNA-
Control, sSiRNA-PABPC4, or siRNA-Rab4A, followed by SARS-CoV-2 infection 48
hours post-transfection. At 24 hours post-infection, the cells were collected and subjected
to gRT-PCR using TagMan specific probes. The results indicated that suppressing

PABPCA4 did not significantly alter the levels of SARS-CoV-2 detected. However, in
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contrast, the reduction of Rab4A led to a noticeable decrease of approximately 45% in
viral copies detected. Drawing on the parallels from our OC43 mass spectrometry results,
we hypothesize that Rab4A interacts with SARS-CoV-2 and plays a crucial role in its
replication cycle. This insight could be pivotal in understanding the mechanisms of viral

replication and potentially in developing targeted antiviral therapies.
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Figure 10: PABPC4 and Rab4A knockdown in SARS-CoV-2. TMPRSS?2 cells were transfected with

either siRNA control, PABPC4, or Rab4A. Corresponding gRT-PCR using TagMan OC43 probe.

4.4.11 G4 homology between SARS-CoV-2 variants

The understanding of G4 in SARS-CoV-2 and its variants holds significant
importance in virology, particularly in the context of therapeutic development and viral
evolution. G4s are highly conserved structures, present in SARS-CoV-2 and can serve as
potential targets for antiviral therapy. Drugs or small molecules designed to bind and
stabilize these structures could disrupt the normal lifecycle of the virus, leading to a
reduction in its replication and spread. The homology of these structures across different

variants can inform the development of broad-spectrum antivirals that are effective
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against multiple strains of the virus. Studying the homology of G4ses among various
SARS-CoV-2 variants can provide insights into the evolutionary trajectory of the virus.
Variants with changes in these structures might exhibit different characteristics regarding
infectivity, immune evasion, or drug resistance. Monitoring these changes can aid in
predicting future trends in the virus's evolution and prepare more effective public health
responses. G4ses in SARS-CoV-2 might interact with host cellular machinery.
Deciphering these interactions can reveal how the virus exploits host cell processes for its
benefit and how these interactions vary across different variants. This could lead to
identifying novel strategies to disrupt these interactions and curb the infection.

There is a high homology of PQSs between all the SARS-CoV-2 variants
compared to Wuhan-WAL1 (Fig. 11 and Table 1). The Beta 20H, is characterized by a
PQS deletion within the S RNA sequence. The S protein is a key component of the
SARS-CoV-2 virus, as it plays a crucial role in the virus's ability to enter and infect
human cells. It does so by binding to the ACE2 receptor on the surface of human
cells?0.80.109.110 “Mutations in the S protein, including deletions, can potentially alter the
virus's infectiousness, its ability to evade the immune response, and even affect the
efficacy of vaccines'!12, Deletion in the S protein, along with other mutations, has been
associated with increased transmissibility and a potential for immune escape!'3116, This
could suggest that the variant might be able to partly evade the immune protection
granted by previous infection with other strains, or by vaccines designed based on the
original strain of the virus.

The Delta 21A variant is characterized by several mutations that distinguish it

from the original Wuhan-1 strain of SARS-CoV-2. One such mutation includes a deletion
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in the RARp, a key enzyme responsible for viral RNA replication. This deletion in the
RdRp region could potentially contribute to the higher transmissibility observed in the
Delta variant. The RdRp enzyme is crucial for the replication of the viral genome, and
alterations in its structure or function can significantly impact the virus's replication
efficiency. A deletion in this enzyme could lead to changes in the replication fidelity or
speed, potentially enabling the virus to replicate more rapidly or efficiently. This, in turn,
could facilitate faster spread of the virus from person to person, contributing to the
heightened transmissibility seen with the Delta variant. It is important to note that viral
transmissibility is influenced by a combination of genetic factors, and not solely by
mutations in the RARp!7118, Other mutations in the spike protein and elsewhere in the
Delta variant's genome also play significant roles in its ability to spread more easily
compared to earlier strains like Wuhan-WA1. The N protein plays a crucial role in viral
replication, genome packaging, and immune response modulation. Any modification,
such as the addition of a potential PQS, could influence the nucleocapsid protein's
structure and function. This could have downstream effects on the virus's ability to
replicate efficiently, package its RNA, and evade the host immune system. Such changes
in the nucleocapsid may also affect the virus's interaction with host cells and its overall

pathogenicity.
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Figure 11: SARS-CoV-2 Variants. The schematic provides a detailed comparison of various SARS-CoV-
2 variants against the original Wuhan-WAL strain, focusing on the sequence positioning and alterations of
PQS. Each PQS is labeled with a "G" followed by a number, representing its sequential order in the
genome. PQS labels after G25 are marked in green text, denoting their addition in the variants compared to
the Wuhan-WAL1 strain. Deletions of PQS in the variants relative to Wuhan-WA1 are highlighted with red
text, while an increase in the G-score of a particular PQS is indicated in blue. This schematic format allows
for a clear and concise visual representation of the PQS variations and their implications across different

SARS-CoV-2 variants.

Kappa 21B has an additional PQS the S region. The G4 alterations observed in
the Omicron variants 22C and 22D, including a deletion in the Nsp3 region, an increase
in the G-score of a G4 within the leader protein, and the addition of a potential PQS in
the N sequence. Nsp3 is a key component of the virus's replication and immune evasion

mechanisms, and changes in its structure due to G4 alterations could substantially impact
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the virus's lifecycle!*®. The N protein plays a crucial role in viral replication, genome
packaging, and immune response modulation. Any modification, such as the addition of a
potential PQS, could influence the N protein's structure and function®2%4, This specific
alteration might affect the virus's ability to replicate its RNA, potentially altering its
infectivity and virulence. Furthermore, the G4 changes within the leader protein and the
addition of a potential PQS in the N sequence could influence the synthesis of these
critical viral components, affecting the virus's assembly, immune system interactions, and
host cell entry.

G4 alterations are critical for understanding the virus's adaptive mechanisms,
potentially providing insights into how SARS-CoV-2 is evolving in response to external
pressures such as host immunity or therapeutic interventions. Furthermore, these
variations could impact the development of targeted therapies, as they offer new potential
drug targets. Additionally, understanding these changes is essential for assessing the
continued efficacy of current vaccines and for guiding the development of future

vaccines, underlining the need for ongoing genetic surveillance of SARS-CoV-2 variants.

Pango Lineage Columnl 8.1.1.7 B.11351 B.16172 B.1525 Pl B.1617.1

-
i
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v J J J J ¥ J v < J 61 GGCTTTGGAGACTCOGTGGAGGAGG 16 Leader Protein
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Y v v v v v Y v v 63 GGTGGTCGCACTATIGCCTTTGGAGE 6 Nsp2
v v v v v v v v v v G4 GGTGTIGTTGGAGAAGGTTCCGAAGG 18 Nsp2
v v v v v v v v v v GS GGCGGTGCACCAACAAAGGTTACTTTTGG 10 MNsp2-Nsp3
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v v v v v v v v v v 610 GGCTGGTAATGTTCAACTCAGGGTTATTGG 9 Ci-like Proteinase
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v v v v v v v v v v [+ GGTTTTCCATITAATAAATGGGGTAAGG . RdRp
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v v v J o ] v v v v G1S GGATTGGCTTCGATGTCGAGGGG 9 Exanuclease

v v X v v v v v v v 616 GGTGATTCTTCTTCAGGTTGGACAGCTGG 10 Spike

v N v v v ; v Y v 617 GGTTGGTGGTAATTATAATTACCGS [ Spike

v v v v v v v v r v 618 GGTTGGACCTTTGGTGCAGG 17 Spike

v v v v v v v v v v 619 GGCTTATAGGTTTAATGGTATTGG 19 Spike

v v v s v s v v v v 620 GGCCATGGTACATTTGGCTAGG 17 ORFla

v v v v v v v Y v (11 GGTGGTTATACTGAAAMATGGGAATCTGG [ Membrane

v v v v v v v v v v 62 GGATC 7 Nucleocapsid

Y Y v v v v v v Y v G GGOITCTACGCAGAAGGGAGCAGAGGCGG ? Nucleocapsid

v v v v v v v v v v [N GGCTGGCAATGGCGG 18 Nucleocapsid

v v v v v v v v v v 625 GGAAATTTTGGGGACCAGG 14 Nucleocapsid
Spike Spike Nue Nue 626 Variable Variable Variable
Nuc

G271 Variable Variable Variable

Table 1: PQSs within SARS-CoV-2 Variants
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The table provides a comparative analysis between the Wuhan-WA1 strain and various SARS-
CoV-2 variants, focusing on the conservation and variation of PQS. A check mark signifies a conserved
PQS between the strains. A blue box containing a number indicates that the corresponding PQS in the
variant has an increased G-score, with the number denoting the magnitude of this increase. A red “X”
marks the deletion of a PQS in a variant compared to the Wuhan-WAL1 strain. Conversely, a green box
highlights the addition of a new PQS in a variant. This comparison is based on the analysis of 10 sequences
from each variant, from which a consensus sequence for each variant was derived. This approach ensures a

comprehensive and representative overview of the PQS variations among the SARS-CoV-2 variants.

4.5 Discussion

The regulation of coronaviruses through G4 represents a fascinating and
increasingly relevant area of virological research, particularly considering the ongoing
SARS-CoV-2 pandemic. G4s are unique nucleic acid structures formed by guanine-rich
sequences in DNA and RNA3%120.121 They have been identified in various regions of the
coronavirus genome, including those coding for critical proteins and regulatory
elements®. The presence and alteration of these structures can have significant
implications for virus replication, pathogenicity, and host interaction'?2, The
identification and development of compounds that can target and stabilize G4 structures
is of great importance in antiviral research. Consequently, we selected M-Blue, an FDA-
approved drug known for its efficacy in treating methemoglobinemia and its low toxicity
profile, for our investigations’!. We focused on testing this compound's effects on OC43,
a less severe member of the betacoronavirus family. This approach allows us to explore

the potential of M-Blue as a G4-targeting agent in a relatively safe and controlled context,
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setting the groundwork for its possible application against more pathogenic
coronaviruses, including SARS-CoV-2.

M-Blue has been widely recognized for its role as an electron transporter,
particularly evident in its ability to accelerate the reduction rate of cytochrome c in
isolated mitochondria'?3-12°, This process effectively enhances cellular oxygen uptake
while concurrently reducing anaerobic glycolysis, both in laboratory settings and living
organisms. Moreover, prolonged exposure to MB has been found to boost both the
activity and expression of mitochondrial complex IV, further highlighting its impact on
cellular bioenergetics'?”-128, In its oxidized state, M-Blue (M-Blue-0x), as a
phenothiazinium molecule, absorbs light in the 600-700nm wavelength range while
transmitting light from 350-600nm!?°. Conversely, when reduced to leucomethylene blue
(leucoMB), it becomes colorless and ceases to absorb visible light. This reduced form of
M-Blue is uncharged and lipophilic, diffusing effortlessly across cellular plasma
membranes. Once inside the cell, leucoMB undergoes re-oxidation and becomes
sequestered intracellularly!*°. Coronavirus envelopes are comprised of a lipid bilayer
embedded with structural proteins, which are derived from the membranes of the
endoplasmic reticulum-Golgi intermediate compartment in the host cell'3!. A plausible
mechanism for how M-Blue might inhibit viral entry is that when in solution and upon
adding the virus, M-Blue penetrates the coronavirus membrane. Subsequently, it
undergoes a redox reaction within this environment. M-Blue embeds itself between
nucleic acid strands, and upon exposure to light, it becomes excited, leading to the
generation of highly reactive singlet oxygen. This reactive oxygen species specifically

targets and oxidizes guanosine bases, resulting in the cleavage of nucleic acid strands'2.
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Alternatively, there is the possibility that M-Blue can disrupt the protein-protein
interaction and disrupt viral entry, as we see for OC43 in Figure 4A and SARS-CoV-2 in
Figure 9. Interestingly, it was found that the binding of M-Blue to the receptor binding
domain (RBD) affects the interaction of the S protein with the ACE2 receptor and, in
turn, reduces viral infectivity. Our results indicate that M-blue can reduce viral entry for
betacoronaviruses OC43 and SARS-CoV-2.

During the infection, coronaviruses instigate an imbalance by simultaneously
amplifying the production of reactive oxygen species (ROS) and diminishing the host's
antioxidant responses. This imbalance escalates redox stress within the cells. The
production of mitochondrial reactive oxygen species (mito-ROS) is stimulated during
coronavirus infections, alongside suppression of antiapoptotic pathways like Nrf2!33. This
excessive generation of ROS can compromise mitochondrial function, leading to the
apoptosis of lung epithelial cells!**. The heightened levels of mito-ROS are also directly
linked to acute lung tissue damage in mouse models of viral infections'®. The heightened
redox stress, in turn, undermines the host's antiviral defenses, exacerbating virus-induced
inflammation and triggering increased rates of apoptosis'®3. This intricate interplay
between virus-triggered redox imbalances and the subsequent weakening of host immune
responses is a key factor in the progression and severity of the infection!*3. As previously
mentioned, leucoMB is reduced and can act as an antioxidant. LeucoMB antioxidative
properties have been shown to improve mitochondrial function and stop the ROS-
mitochondrial damage cycle'3%!37. This could explain why when treated with M-Blue,
there is a drastic drop in viral genome copies detected across all coronaviruses tested, as

seen in our previous figures. Alternatively, M-Blue has been shown to bind to G4
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structures and there are several PQSs in the tested coronaviruses, illustrated in Figure
149138 qPCR results also revealed a reduction in both, the level of viral genome copies
and SG fractions, indicating lower virus replication and decreased translational capacity,
respectively. Nevertheless, we found that TMPyP4 and Bracol9, s G4-stabilizers, have
some capacity to attenuate coronavirus replication. OC43 has the highest homology,
68.93%, to SARS-CoV-2 and this can account for the similar pattern in virus reduction!*.
Mass spectrophotometry results identified PABPC4 and Rab4A interacting with a
G4 in OC43 RNA. PABPC4 has been suggested to induce mitochondrial activity during
metabolic stress”’. Given that coronaviruses produce mito-ROS, the downregulation of
PABPC4 could lead to a further decrease in mitochondrial activity. This may create an
ideal environment for coronavirus replication. Rab4A is known to directly influence the
process of autophagy, as well as in response to the stretching of cell membranes!®.
Therefore, knocking down Rab4A can lead to the prevention of viral egress. Rab4A plays
a critical role in regulating autophagy, a cellular process that involves the degradation and
recycling of cellular components, as well as responding to mechanical stimuli such as the
stretching of cell membranes!'®*!1%°, This protein is involved in various intracellular
trafficking processes, including transporting materials to and from the cell membrane and
autophagosomes, which are key structures in autophagy. The direct involvement of
Rab4A in autophagy suggests that it may influence how cells respond to and manage
stress, including stress induced by viral infections!%. Additionally, its role in response to
membrane stretching could be significant in viral infection, as many viruses rely on
alterations in cellular membranes for their replication and egress'#!. Consequently, the

knockdown of Rab4A can have important implications for viral life cycles, particularly in
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the stages of virus assembly, maturation, and release (egress) from the host cell. By
reducing Rab4A levels, the cellular pathways, and mechanisms essential for the efficient
egress of viruses from infected cells could potentially be disrupted!#?. This disruption
could lead to the retention of viral particles within the cells, effectively impeding the
spread of the virus to neighboring cells and potentially limiting the overall progression of
the viral infection.

The highly conserved nature of G4 across various organisms renders them an
intriguing and unique target for therapeutic intervention. This conservation is particularly
relevant in viral pathogens like SARS-CoV-2, where multiple variants share nearly
identical PQSs (Fig. 11). Such uniformity across different strains suggests that a single
G4-stabilizing compound could effectively target and regulate various coronavirus
variants. G4-stabilizers bind to these unique nucleic acid structures, thereby influencing
the virus's ability to replicate and express its genes*’-!43, The stabilization of G4 can lead
to changes in the viral genome's structure and function, potentially interfering with
critical processes such as the transcription and replication of viral RNA. Conversely,
destabilizing these structures can also have significant impacts, potentially exposing
previously inaccessible regions of the viral genome to the cellular machinery, leading to
altered gene expression patterns. G4-stabilizers could, therefore, provide a novel means
of controlling viral activity, offering a broad-spectrum approach against different
coronavirus strains. This strategy could be particularly valuable in managing the
emergence of new variants, as the conserved nature of PQSs may allow for continued

efficacy despite other genetic changes in the virus.
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CHAPTER 5

5. CONCLUSIONS AND FUTURE DIRECTIONS
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5.1 Main Conclusions

Targeting G-quadruplexes has emerged as a successful strategy for controlling
viral pathogenicity. Figure 1 shows a schematic of how G4s can regulate viral replication
and translation. In Chapter 1, we explored various viruses whose regulation is mediated
by integral G4 structures, as well as the advancements in developing G4-stabilizing
compounds. For instance, C-exNDIs, which bind to the G4 structure in HIV-1's LTR,
achieve a 65% reduction in activity post-genome integration. In comparison, Braco19 is
more effective, showing an 80% reduction post-integration and inhibiting 50% of viral
activity before integration. C-exNDIs specifically inhibit HIV-1 transcription, while
Braco19 not only impedes transcription but also viral replication. This highlights that
various G4-stabilizing compounds exhibit differing levels of efficacy and mechanisms in
attenuating viruses. Therefore, it's crucial to research and develop derivatives of existing
G4-stabilizing compounds to enhance their specificity and binding efficiency, and to

minimize their off-target effects.
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Figure 1: Schematic depicting G4 regulation.
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Essential steps for viral maintenance and pathogenicity require protein translation and genome replication.
The schematic depicts +ssSRNA and G4-stabilizing ligands can promote the formation of G4s in RNA
preventing translation from completing (top left to bottom left). If a G4 is already present, a G4-stabilizer
can further enhance the stability of the G4 (top middle to bottom left). Specific proteins can act as G4-
helicases and disrupt the structure, allow for translation or replication to continue (top middle to bottom
middle). Many RNA viruses require RdRp for viral replication, which can be inhibited by G4s. Certain
ligands can act as G4 destabilizers causing the G4 structure to weaken and revert to a linear form (top right

to bottom right).

Since KSHV's discovery in 1994, every effort to eliminate the infection has been
unsuccessful, mainly owing to its complex latency program. The protein, LANA is
pivotal in enabling KSHV to avoid host immune detection and sustain latency. EBNAI, a
homolog to LANA, in EBV is regulated by NCL. Given this, in Chapter 3, our objective
was to explore whether NCL interacts with G4s in LANA mRNA and serves a regulatory
function. Using an RNA oligonucleotide sequence corresponding to a G4 in LANA, we
effectively pulldown NCL bound to the G4 Oligo. To confirm this interaction, RNA-CLIP
was performed, revealing a marked enrichment of NCL binding to a plasmid containing a
G4 sequence from LANA. Increasing concentrations of NCL correlated with a decrease
in LANA translation, as evidenced by Western blot and luciferase assay results. Notably,
stabilizing the G4 structure within LANA mRNA led to diminished antigen presentation.
Fluorescent in situ hybridization (FISH) demonstrated a subset of LANA mRNA co-
localizing with NCL protein. Upon NCL knockdown, we observed increased NCL
localization to the cytoplasm, diminishing its availability in the nucleus for LANA

interaction. In KSHV cells with latent infection, this altered NCL distribution, induced by
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knockdown, resulted in increased LANA translation. Furthermore, the FISH assay
confirmed that this increase in LANA translation predominantly occurs in the cytoplasm.
Our results indicate that the interaction between NCL and G4 in LANA mRNA plays a
significant regulatory role in LANA translation. This discovery opens new potential
strategies for influencing KSHV latency, providing promising avenues for therapeutic
developments.

Due to the COVID-19 pandemic, there was a need to develop strategies to prevent
the spread and severity of SARS-CoV-2. We initially performed experiments in the less
severe coronaviruses OC43, 229E, and NL63. Knowing that viruses can be regulated
through their G4s, we searched for FDA-approved drugs with G4-stabilizing properties.
This brought us to M-Blue, a dye with low toxicity used to treat methemoglobinemia. We
treated cells infected with OC43, 229E, and NL63 with M-Blue and other well-studied
G4-stablizers, TMpyP4, and Braco19. We see that in all instances, remdesivir almost
completely inhibited viral replication. M-Blue showed a lesser, but still significant
reduction in virus detected, whereas Braco19 showed some reduction, and TMPyP4
essentially no reduction. In the case of SARS-CoV-2, our data indicates that TMPyP4 and
Braco19 reduced viral copies by 50-60%, whereas remdesivir and M-Blue nearly
eliminated detectable SARS-CoV-2 viruses. Pre-treating cells with M-Blue before
infection inhibited viral entry into cells. This suggests that M-Blue can counteract
coronaviruses through two distinct mechanisms, demonstrating its potential as a
multifaceted antiviral agent.

G-quadruplexes represent a promising target in regulating viruses due to their

highly conserved nature. We showed that just like for EBNAT1 in EBV, the homolog
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LANA in KSHV is regulated through internal viral G4 stabilization by NCL.
Additionally, M-Blue shows significant viral inhibition pre- and post-entry. TMPyP4 and
Bracol9 have varying efficacies in reducing coronavirus replication. Additionally, SARS-
CoV-2 variants maintain a high level of conservation of G4 sequences between them.
This indicates that targeting the right G4 with the appropriate G4-stabilizer could
regulate, most, if not all, variants. By focusing on the conserved G4s in viruses, we can
maintain control over them despite their high mutation rates. This approach offers a

strategic advantage in managing viral mutations and resistance.

5.2 Future Work

Future research should focus on understanding the dynamic between hnRNP A1
and NCL, and how they modulate LANA mRNA. Using an overexpression system for
hnRNP A1 and NCL to determine the binding efficiency of both proteins to LANA
mRNA. Whichever protein has a greater affinity for LANA mRNA’s G4, will have a
greater regulatory effect over LANA. This provides insight on how these proteins
modulate LANA’s function and stability. Furthermore, since LANA is known to regulate
itself, we would look at overexpressing LANA and systematically vary concentrations of
hnRNP A1. This will reveal the extent to which hnRNP A1 influences LANA’s self-
regulation.

Additionally, recognizing that the interaction between NCL and LANA mRNA
leads to reduced antigen presentation, this interaction could be used as a therapeutic
target. Disrupting the interaction between NCL and LANA mRNA would increase

antigen presentation. This could enhance the immune system's ability to recognize and
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combat infected cells. This strategy could be a significant step toward developing a
targeted treatment to cure KSHV.

There 1s significant homology in the G4s between the SARS-CoV-2 variants.
Several G4s in SARS-CoV-2 have high G-scores, such as those in the spike and
nucleocapsid. We will synthesize these regions with a high G-score and perform an
EMSA assay. We could compare a scrambled variant to samples treated with and without
M-Blue. If a G4 forms and is stabilized by M-Blue, there should be a shift that is higher
than the scrambled control. This would aid in determining which PQSs M-Blue stabilizes.
From here, we can look at how conserved these G4s are between coronaviruses and
variants.

Transgenic mouse lines have been developed to stably express human ACE2
receptors, providing a valuable tool for studying SARS-CoV-2 infection. Using these
models, we propose to evaluate the efficacy of M-Blue in treating SARS-CoV-2-infected
mice. This study would involve a comparative analysis of different M-Blue
administration methods: intravenous injection, direct pulmonary administration, and
inhalation. The primary outcome of this investigation would be the reduction in SARS-
CoV-2 viral genomes, as detected in treated mice compared to controls. Additionally, we
plan to meticulously document and analyze variations in symptomatology throughout the
treatment course. This approach will offer insights into the most effective delivery
method for M-Blue and its potential as a therapeutic agent against SARS-CoV-2.

Expanding our research in these areas can give us a more comprehensive
understanding of the regulatory role of G4s in KSHV and coronavirus. These findings

can lead to more effective therapeutic strategies against this virus.
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