
Expert Reviews in Molecular
Medicine

cambridge.org/erm

Review

Cite this article: Low ZY, Yip AJW, Lal SK
(2022). Repositioning anticancer drugs as
novel COVID-19 antivirals: targeting structural
and functional similarities between viral
proteins and cancer. Expert Reviews in
Molecular Medicine 24, e20, 1–9. https://
doi.org/10.1017/erm.2022.11

Received: 6 September 2021
Revised: 13 January 2022
Accepted: 14 March 2022

Key words:
Anticancer; antiviral; cancer; COVID-19; drug
repositioning; drug repurposing; hTERT;
inhibition; RdRp; SARS-CoV-2; virus

Author for correspondence:
Sunil Kumar Lal,
E-mail: sunil.lal@monash.edu

© The Author(s), 2022. Published by
Cambridge University Press

Repositioning anticancer drugs as novel
COVID-19 antivirals: targeting structural and
functional similarities between viral proteins
and cancer

Zheng Yao Low1 , Ashley Jia Wen Yip1 and Sunil Kumar Lal1,2

1School of Science, Monash University Malaysia, 47500 Bandar Sunway, Selangor DE, Malaysia and 2Tropical
Medicine and Biology Platform, Monash University Malaysia, 47500 Bandar Sunway, Selangor DE, Malaysia

Abstract

The current COVID-19 pandemic contributed by the SARS-CoV-2 has put in place an urgent
need for new and promising antiviral therapeutics. The viral RNA-dependent RNA polymer-
ase (RdRp) enzyme plays a vital role in viral replication for all RNA viruses, including SARS-
CoV-2, thereby making it a prime and promising candidate for novel antiviral targeting.
Interestingly, the human telomerase reverse transcriptase (hTERT), a common catalytic sub-
unit of the telomerase enzyme in many cancers, has also been identified with structural and
functional similarities to the viral RdRp. Therefore, it becomes essential to evaluate and con-
sider anticancer drugs that target hTERT towards antiviral RdRp activity, and vice versa.
For instance, Floxuridine, an hTERT inhibitor, and VX-222, a hepatitis C virus RdRp inhibi-
tor, are now gaining recognition as a potential antiviral against SARS-CoV-2 and anti-hTERT
for cancer, simultaneously. While limited studies on hTERT inhibitors for use as viral RdRp,
and anti-RdRp inhibitors as hTERT inhibitors are available, in this review, we aim at bringing
to light this close structural and functional relationship between both these enzymes. We
punctuate this idea with specific examples on how potential anticancer inhibitors can effect-
ively be brought to use as inhibitors against the SARS-CoV-2 virus, a relatively new pathogen,
compared to the very well-studied field of cancer research.

Introduction

The COVID-19 pandemic is a disease that leads to acute respiratory infection, threatening the
lives of many. Having affected more than 450 000 000 individuals and 6 000 000 associated
deaths worldwide, urgent initiatives into antiviral therapy are the need of the hour (Ref. 1).
The aetiological agent for COVID-19, the SARS Coronavirus-2 (SARS-CoV-2) belongs to
the same beta-coronavirus family consisting of SARS Coronavirus 2003 (SARS-CoV) and
Middle East Respiratory Syndrome Coronavirus (MERS-CoV), from the past decade.
SARS-CoV-2 is believed to have originated from the natural bat reservoir, akin to the previous
2002 SARS-CoV outbreak (Ref. 2). Albeit scoring a lower estimated fatality rate at 3.4% com-
pared to the 9.6 and 40% fatality rate for SARS-CoV and MERS-CoV, respectively, the
SARS-CoV-2 and its variants are currently evolving quickly at a global scale causing large-scale
human infections at a rapid pace (Refs 3–5).

Coronaviruses are enveloped, spherical-shaped, non-segmented positive-sense single-
stranded RNA (+ssRNA) viruses with a diameter of 65–125 nm (Ref. 6) that fall under the
family of Coronaviridae and can be subdivided into four different genera: alpha (α), beta
(β), gamma (γ) and delta (δ) (Ref. 7). Typically, coronaviruses have club-shaped spike
projections on the virion surface, resembling the solar corona, hence, the name Coronavirus
(Refs 8, 9). Being in the same genus as the SARS-CoV and MERS-CoV, the SARS-CoV-2
closely resembles the general structure and genomic configuration of SARS-CoV (Ref. 10)
with 94.4% similarity in the amino acid sequence for open reading frame (ORF) 1a and 1b
(Ref. 8). The SARS-CoV-2 genome is approximately 29.9 kilobases (kb) in size with a typical 5’
cap and a poly (A)-3’tail to mimic an mRNA for translation (Ref. 11). The ORF 1a and 1b
replicase genes that encode various non-structural proteins (NSPs) for viral replication
take up two-thirds of the viral RNA genome at the 5’ end (Ref. 12). The remaining one-third
of the genome encodes for the structural proteins at the 3’ end, namely the spike protein (S),
envelope protein (E), membrane protein (M) and nucleocapsid protein (N) (Ref. 12). The
general genomic layout for the SARS-CoV-2 can be denoted as follows [5′-leader-UTR-
replicase-S-E-M-N-3′-UTR-poly (A) tail], with the accessory genes placed in between the
structural genes at the 3′ end (Ref. 13).

The RNA-dependent RNA polymerase (RdRp) enzyme plays a vital role in the viral gen-
ome replication and mRNAs synthesis. Several non-structural genes encoding the RdRp
have been well described in an array of +ssRNA viruses in the past; the nsp12-RdRp in
SARS-CoV and MERS-CoV, nsp5-RdRp in hepatitis C virus (HCV), nsp5-RdRp in dengue
virus, nsp5-RdRp in West Nile virus and nsp5-RdRp in Zika virus (ZIKV) (Refs 14, 15).
Given the highly conserved RdRp domains in +ssRNA viruses and also within the
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Coronaviridae family, the RdRp becomes a good target for viral
inhibition and drug repositioning studies from other viruses
described above (Ref. 16). Akin to the SARS-CoV, the
SARS-CoV-2 RdRp comprises three nsps, the central nsp12 com-
ponent with nsp7 and nsp8 as a co-factor for efficient processing.
A structural study of RdRp revealed high homology of RdRp
domains between SARS-CoV and SARS-CoV-2 with 96.35, 98.8
and 97.5% similarity in nsp12, nsp7 and nsp8, respectively
(Ref. 17). Thus, RdRp might be a pivotal key of SARS-CoV-2
for antiviral drug treatment, especially concerning drug reposi-
tioning of RdRp inhibitors, such as the Ribavirin, Remdesivir,
Sofosbuvir, Galidesivir and Tenofovir (Ref. 18).

In the conquest for the RdRp inhibitor for SARS-CoV-2, it is
essential to consider several FDA-approved drugs for drug repo-
sitioning, especially for urgent times of the COVID-19 pandemic.
To date, there are only two approved RdRp inhibitors for the
COVID-19, namely the Remdesivir and Molnupiravir. Despite
so, the efficacy of both drugs remains debatable due to the lack
of significant clinical outcomes reported. WHO Solidarity trial
results revealed that Remdesivir treatment had no significant
impact on mortality, in which 69% of Remdesivir-treated
remained hospitalised compared to 59% of the control group
after 7 days. Moreover, the lack of difference between the mortality
rate of control and treated groups (10.9 versus 11.1%) reaffirms
our point (Ref. 19). It is to note that the intravenous administra-
tion, along with the high cost (approximately $2600 per course),
limits the usage of Remdesivir as COVID-19 treatment (Ref. 20).
In contrast, the newly discovered Molnupiravir had demonstrated
significant efficacy and safety against COVID-19 (Ref. 21).
However, there is a lack of published findings and clinical trials
due to its recent discovery; thereby further findings are required
to conclude the efficacy of Molnupiravir. Taken together, the
uncertainty of existing treatments calls for the search for more
drugs, such as RdRp inhibitors.

Interestingly, it has been postulated that the viral RdRp is
closely related to the activity of human telomerase reverse tran-
scriptase (hTERT), a major contributor to various cancers.
Hence, the potential of RdRp inhibitors for COVID-19 treatment
may also act on cancer cells via hTERT which cannot be over-
looked. In light of the aforementioned, this manuscript aims to

investigate the molecular structure and function of RdRp in
SARS-CoV-2 and its corresponding similarity to the hTERT,
thereby allowing us to begin to apply the gains made in cancer
research towards SARS-CoV-2 RdRp antiviral therapy.

The significance and molecular structure of RdRp

The functional role of the RdRp enzyme in a virus lies within its
transcription and replication activity. RdRp or RNA replicase cat-
alyses the replication of viral RNA from the original RNA tem-
plate. During replication of SARS-CoV-2, the RdRp will
synthesise complementary negative-sense RNA copies from the
positive-strand template. The negative strand then serves as the
new template for the replications of positive-sense RNA genomes
to facilitate virus replication. Notably, there have been reports on
RdRp activities in the hTERT, an RNA-dependent polymerase
counterpart that reverse transcribes the telomere repeat, lengthen-
ing telomeres in DNA strands, thereby allowing replication of
both embryonic stem cells and adult stem cells via protection
from enzymatic end-degradation, maintaining the chromosomal
and genomic stability (Refs 22, 23). However, dysregulation or
overexpression of hTERT is a prominent trait in cancer cells, a
response from the lengthening of telomeres that causes a cell to
become immortal (Refs 22, 23). In light of the aforementioned,
it is essential to elucidate the similarities and significance of
viral RdRp and hTERT in response to repositioning available
anticancer drugs for COVID-19 (Fig. 1).

The viral RdRp in SARS-CoV-2

The virus genome of many RNA viruses is single-stranded, such
as influenza A virus (IAV), flaviviruses, SARS-CoV, MERS-CoV
and the current ongoing SARS-CoV-2. Regardless of positive
(i.e., SARS-CoV-2) or negative sense (i.e., IAV) RNA viruses,
the viral RdRp is essential for viral transcription and replication.
For instance, the +ssRNA genome in SARS-CoV can function as
an mRNA for direct protein translation, such as the RdRp protein
or serve as a template for the production of the negative-strand via
RdRp (Ref. 23). The SARS-CoV-2 RdRp structure comprises viral
nsp12, nsp7 and nsp8, akin to the aforementioned SARS-CoV.

Fig. 1. The life cycle of positive-sense single-stranded RNA (+ssRNA) virus. The positive-sense viral RNA genome can directly translate to viral proteins, such as the
viral RdRp protein. Conversely, the +ssRNA acts as a template for synthesising complementary negative-sense RNA that subsequently synthesises many new +ssRNA
copies for replication. The process mentioned above requires viral RdRp to replicate the viral genome.
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The nsp12 catalytic subunit contains an N-terminal nidovirus
RdRp-associated nucleotidyltransferase domain, an interface
domain followed by a C-terminal RdRp domain that entails a
right-handed domain comprising the fingers, palm and thumb
subdomains (Ref. 24). On the other hand, the accessory
co-factors, nsp7 and nsp8 are present to further stabilise the con-
formation of nsp12 and increase the RdRp template binding and
processivity (Ref. 25). The overall structure of the RdRp complex
goes by nsp8 pair binding to nsp12 (nsp8-1) and nsp7 (nsp8-2),
forming an nsp12-nsp7-nsp8 complex (Ref. 25). The general rep-
lication process by the RdRp initiates nucleotide triphosphate
(NTP) binding, following which a conformational change in the
active site happens, phosphatidyl transfer and subsequent forma-
tion of the phosphodiester bond with the existing nucleotide
chain with the aid of Mg2+ ions followed by translocation of
the newly bound NTP and chain elongation (Ref. 26) (Fig. 2).

The hTERT in mammalian cells

Telomere, a repetitive sequence of non-coding DNA situated at
the chromosome ends, functions to protect the chromosomes
from damage (Ref. 27). Telomeres shortened progressively in
cells through rounds of cell division, leading to cell senescence.
The regulation of telomeres is maintained by the telomerase
reverse transcriptase enzyme, a close counterpart to RdRp
(Ref. 28). The catalytic component of the telomerase is denoted
as the hTERT or telomerase reverse transcriptase (TERT). The
structure of hTERT comprises a telomerase essential N-terminal
domain, the telomerase RNA-binding domain, the reverse tran-
scriptase catalytic (RT) domain and the C-terminal extension
(CTE) domain. Notably, the RT and CTE domain arrangement
has the right-handed structure comprising the fingers, palm and
thumb subdomains, akin to the aforementioned viral RdRp
(Ref. 29). It has been postulated that hTERT and RNA component

of mitochondrial RNA processing endoribonuclease together gen-
erate double-stranded RNAs that can be further processed into
small interfering RNA in a Dicer-dependent manner, a feature
of RdRp (Ref. 30). Apart from this, the upregulation of hTERT
during mitotic cell division of germline cells and cancer cells fur-
ther implores the RdRp activity in hTERT (Ref. 31). The ribonu-
cleoprotein complex responsible for telomere lengthening entails
the telomerase-encoding hTERT and a functional RNA, namely
the human telomerase RNA component (Ref. 32). The human telo-
meric DNA contains a variable number of G-rich, non-coding tan-
dem repeats of double-stranded DNA sequence, 5′-TTAGGG-3′,
followed by a terminal 3′ G-rich single-stranded overhang
(Ref. 33). The synthesis of telomeres begins with the appropriate
positioning of primer at the 3′ end, followed by the availability of
deoxyribose nucleotide triphosphate (dNTP) and template at the
active site of the telomerase RNA. Here, the stem IV distal loop
is associated with TERT for the stimulation of nucleotide addition
to the template towards the 5′-end. Finally, the stem III pseudoknot
undergoes conformational changes to dissociate the newly formed
strand from the template, freeing the active site from successive
binding (Ref. 34). Akin to the aforementioned viral RdRp, the
hTERT uses Mg2+ ions required for the catalysis of dNTP addition
at the active site (Ref. 34). In light of the similar structure and func-
tion of hTERT and RdRp (summarised in Table 1), it is essential to
study currently approved cancer inhibitors for repositioning as
antiviral drugs against the RdRp of SARS-CoV-2 (Fig. 3).

The potential of anticancer drugs for the inhibition of viral
RdRp

The participation of hTERT in germline cells and somatic stem
cells to prevent concurrent telomere shortening in pluripotent
stem cells upon successive rounds of cell division is well docu-
mented (Ref. 35). However, the transcriptional regulation by

Fig. 2. The general domain structure of SARS-CoV-2 RdRp comprised the nidovirus RdRP-associated nucleotidyltransferase (NiRAN), interface and RdRP domains.
The NiRAN domain entails three conserved sequence motifs: AN, BN and CN (within residues 51–249) connected to the interface domain (residues 250–365). Within
the RdRp domain, it is composed of three right-handed structures, namely finger (residues 366–581 and 621–679), palm (residues 582–620 and 680–815) and the
thumb (residues 816–920) subdomains with polymerase motifs A–G spanning across the RdRp domain.

Table 1. The functional properties that confer significant similarities in role between human telomerase reverse transcriptase (hTERT) and viral RNA-dependent
RNA-polymerase (RdRp)

Functional properties hTERT and viral RdRp

Structural domain arrangement The reverse transcriptase catalytic (RT) domain and the C-terminal extension (CTE) domain in hTERT reflect
the viral RdRp right-handed structure comprising the fingers, palm and thumb subdomains, suggesting
massive potential for the dual activities of anti-hTERT drug in the viral RdRp inhibition (Ref. 29)

Production of small interfering RNA (siRNA) The hTERT and RNA component of mitochondrial RNA processing endoribonuclease (RMRP) in humans,
together generates double-stranded RNAs (dsRNAs) that can be further processed into small interfering
RNA (siRNA) in a Dicer-dependent manner, a prominent feature of RdRp (Ref. 30)

Mg2+ ions for the catalysis of the reaction The hTERT and RdRp use Mg2+ ions for the catalysis of dNTP and NTP addition at the active site,
respectively (Ref. 34)

Dual roles in cancer and viral replication The upregulation of hTERT during mitotic cell division of germline cells and cancer cells might further
implore RdRp activity in hTERT, in which, portraying replicative activities within hTERT
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hTERT can contribute towards telomerase activation to cause
cancer (Ref. 36). Several factors have been postulated to the cancer
occurrence, by means of direct or indirect activation of hTERT
promoter from cellular transcriptional activators, such as c-Myc,
Sp1, HIF-1, AP2, or repressors, such as p53, WT1 and Menin
(Ref. 37). These studies have revealed that upregulation of
hTERT from single-nucleotide polymorphisms (SNP) in the
hTERT gene and mutation in the hTERT promoter occurs in
some tumours, such as melanoma, malignant glioma, hepatocellu-
lar carcinoma and urothelial carcinoma (Ref. 37). In addition, a
study has shown that the interference of RdRp activity in hTERT
leads to inhibitory effects on cancer cell growth, paving ways for
the RdRp inhibitors in hTERT for anticancer regimen (Ref. 38).
Given that the aforementioned viral RdRp closely resembles the
structure and RdRp activity in hTERT, it brings massive potential
to the current anticancer drugs or hTERT inhibitors to inhibit
RdRp in SARS-CoV-2 thereby exterminating viral infection (Fig. 4).

Nucleoside or nucleotide analogues are widely used to treat
viral diseases and cancers due to the foundation of RdRp and
hTERT activity requiring new nucleoside and/or nucleotide
incorporation. The transport of nucleoside and nucleotide analo-
gues into cells involves nucleoside transporters (Ref. 39). These
nucleoside and nucleotide analogues get phosphorylated by mul-
tiple nucleoside kinases. The cellular uptake of these nucleoside
analogues begins with the phosphorylation of nucleoside kinase,
followed by the nucleoside monophosphate kinase and nucleoside
diphosphate kinase (Ref. 40). This cascade of reactions leads to
the accumulation of tri-phosphorylated nucleoside, inhibiting

essential RdRp/hTERT polymerase enzymes for DNA/RNA syn-
thesis in viruses and cancer. Moreover, the accumulation of
both di- and tri-phosphorylated nucleosides has been shown to
inhibit the key enzyme ribonucleotide reductase M1, an enzyme
that is essential for the production of deoxyribonucleotides for
DNA synthesis via conversion of ribonucleoside diphosphates to
deoxyribonucleoside diphosphates (Ref. 41). Apart from the
aforementioned mode of action, the nucleoside and nucleotide
analogues can induce chain termination in the growing viral
DNA or RNA chain (Ref. 42). This is contributed by the absence
of a 3′ hydroxyl group in the analogues, preventing the formation
of the 3′-5′ phosphodiester bonds between the analogue and the
new 5′ nucleoside triphosphates (NTPs), thereby terminating
the growing chain during the RNA/DNA-dependent DNA syn-
thesis in viruses and DNA polymerases in cancer (Ref. 43).

As aforementioned, the structural and functional resemblance
in viral RdRp and hTERT could bring new insights for reposition-
ing existing anticancer or hTERT inhibitors for viral RdRp, espe-
cially in urgent times like the current ongoing SARS-CoV-2 global
pandemic. On top of that, further studies on inhibitors against the
RdRp activity for hTERT might bring serendipitous encounters
on the therapeutic effects on both RNA viruses and cancers, pav-
ing the way for more uses in both viral RdRp and hTERT inhibi-
tors. With that being said, the antiviral nucleoside and nucleotide
analogues have shown better tolerance profiles in mammalian
cells compared to the anticancer nucleoside analogues, opening
possibilities for a better anticancer drug with an optimal pharma-
cological safety profile (Ref. 40).

Fig. 3. The general domain structure of hTERT comprises TEN (telomerase essential N-terminal domain), telomerase RBD (RNA-binding domain), central RT
(reverse transcriptase) and CTE (C-terminal extension) domains. Akin to the SARS-CoV-2 RdRp, the hTERT consists of a right-handed structure, namely finger,
palm and thumb subdomains.

Fig. 4. An overview of the mechanism of action of nucleoside analogues. The cellular uptake of nucleoside analogues is carried out via an active process followed
by phosphorylation step by nucleoside kinases (nucleoside kinase, nucleoside monophosphate kinase and nucleoside diphosphate kinase). The production of
nucleoside analogue phosphates can inhibit nucleic acid synthesis by inhibiting essential DNA/RNA polymerases. Nucleoside analogue phosphates also inhibit
ribonucleotide reductase M1 (RRM1), and DNA synthesis, terminating the growing chain in cancer.
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The potential of anti-cancer drugs to inhibit RdRp in
SARS-CoV-2

As described earlier, nucleoside or nucleotide analogues are
widely used as antiviral and anticancer agents. For instance, a
study has shown that 5-fluoro-2′-deoxyuridine triphosphate or
Floxuridine, a nucleoside analogue, can effectively get substituted
into the telomere DNA sequence, hTERT, and inhibit the binding
of essential telomere end-binding complexes, activating ataxia-
telangiectasia mutated and Rad3-related DNA damage response
that leads to cancer cell death in hepatic metastases (Ref. 44).
Given the close association of nucleoside analogues in viral and
cancer polymerases, this drug is now being considered as a poten-
tial antiviral candidate against SARS-CoV-2 (Refs 45, 46).

While many inhibitory activities for virus and cancer revolve
around nucleoside analogues, an interesting study illustrated
that the VX-222, a non-nucleoside inhibitor (NNI) developed to
inhibit the HCV RdRp initially, now sees a possible role in the
inhibition of RdRp activity in human hTERT (Refs 23, 47, 48).
VX-222 is a polymerase inhibitor that binds to the thumb domain
of NS5B in HCV RdRp (Ref. 47). With the similar right-handed
structure in hTERT, the VX-222 could potentially be used as an
anticancer drug upon further assessments and clinical studies
(Ref. 47). With limited studies on hTERT inhibitors for viral
RdRp and vice versa, it is not surprising that dual-mode drugs
(anti-hTERT and antiviral RdRp) have yet to be discovered and
studied in detail, especially in the context of drug repositioning.

To recall, hTERT, a classical enzyme found only in the cancer
cells that reverse telomere shortening in cells that would usually
bring cells to senescence, limiting the cycle of one cell can repli-
cate. RdRp is an enzyme produced only by the virus to enhance
viral replication machinery upon cell infection. Given the similar-
ity and specificity stated above, the potential for anticancer inhi-
bitors for SARS-CoV-2 RdRp and antiviral inhibitors for hTERT
should not be overlooked. Apart from the inhibitor’s original
mode of action, it might suggest an anti-hTERT or antiviral
RdRp effect in future. Discussed below are examples of potential
anti-cancer drugs with RdRp inhibitory activity against the
SARS-CoV-2 (Fig. 5).

Pralatrexate

Pralatrexate is an FDA-approved folate analogue inhibitor and
antineoplastic chemotherapy drug, marketed as ‘Folotyn’ for

refractory peripheral T-cell lymphoma. Folotyn is postulated to
show antiviral activity against SARS-CoV-2 (Refs 49, 50).
The well-studied activity of Pralatrexate against T-cell lymphoma
lies within its high affinity for reduced folate carrier-1 (RFC-1)
and competitive inhibition of dihydrofolate reductase (DHFR),
a crucial enzyme that produces co-factors that are necessary for
DNA synthesis in cancer cells. Pralatrexate selectively enters
RFC-1 expressing cancer cells, and competes for the folate bind-
ing site of DHFR, subsequently hindering tetrahydrofolate synthe-
sis, causing depletion of nucleotide precursors, thereby
terminating cell growth (Ref. 51).

Among the 1906 approved drugs, pralatrexate has demonstrated
a strong association with SARS-CoV-2 RdRp. Pralatrexate can inter-
act with 16 amino acid residues in RdRp, forming a stable complex
via polar and charge interactions. In particular, Pralatrexate forms
hydrogen bonds with ARG569, ASN496, ASN497, LYS500,
GLN573 and GLY590 residues; Pi-Alkyl or Alkyl interaction with
LEU576 and LYS577, and salt bridges with ARG569 and LYS500
(Ref. 52). Interestingly, the RdRp shares many similar physio-
chemical features with the DHFR. The high number of charged
and polar residues may explain why Pralatrexate possesses this anti-
viral activity (Ref. 52). In addition, it has also been postulated that
Pralatrexate binds to the RdRp cavity via non-covalent binding, hin-
dering the interaction between RNA primer and the RdRp cavity,
thus halting viral replication (Ref. 53). The result was profound at
24 h SARS-CoV-2 post-infection in Vero cells upon Pralatrexate
administration. Notably, the inhibitory effects are much lesser at
48 h post-infection in Calu-3 cells, thereby suggesting Pralatrexate
administration only for early phase infection (Ref. 53). Also,
Pralatrexate has a low EC50 value of 0.008 μM post-infection, out-
performing the inhibitory activity of Remdesivir (EC50 value of
8.777 μM) and various other tested drugs (Ref. 52) (Fig. 6).

Corilagin

Aside from synthetic compounds, natural derivatives are also
gaining traction in the research community, such as plant extracts.
Corilagin, an ellagitannin, is an active component found in a var-
iety of ethnopharmacological plants (e.g., Phyllanthus niruri
L. and P. urinaria L. and P. amarus) which were first discovered
to suppress the reverse transcriptase activity of avian myeloblasto-
sis virus (AMV), an RNA tumour virus (Refs 54, 55). The effects
of inhibitory activity of ellagitannin on the reverse transcriptase in

Fig. 5. The chemical structure of Pralatrexate (Source: https://www.ncbi.nlm.nih.gov/books/NBK547901/table/Prelatrexate.T1/?report=objectonly).
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AMV were measured using polyadenylic acid-oligothymidylic
acid as a template-primer, in which, Corilagin showed a compar-
able inhibitory activity at a concentration of 10−5 M via the
incorporation of deoxythymidine monophosphate (Ref. 55).
Apart from that, Corilagin has also been reported with antimicro-
bial, antioxidant, anti-inflammatory, antitumor and antiviral
activities. Over the years, Corilagin was reported to attenuate
the growth of ovarian cancer through various signalling pathways,
namely the AKT/ERK and TGF-β signalling pathways. In add-
ition, Corilagin increases the sensitivity of ovarian cancer towards
chemotherapy thus improving therapeutic efficacies (Ref. 56).
Besides that, Corilagin also shows positive outcomes in hepatocel-
lular carcinoma and breast cancer via induction of G2/M phase
arrest and reactive oxygen species-dependent apoptosis, respect-
ively (Refs 57, 58). In view of the above, Corilagin has been sug-
gested for its antiviral properties in addition to the solid potential
anticancer drug.

The Corilagin extracted from P. amarus has been shown to
inhibit HCV RdRp. At 20 μM, Corilagin significantly inhibits
the NS5B RdRp activity by interacting with the amino acid resi-
dues (β-hairpin) in NS5B RdRp (Ref. 59). This leads to the pos-
sibility that Corilagin may also possess antiviral activity against
SARS-CoV-2. In an in-silico docking analysis, Corilagin showed
a high binding affinity at −9.30 kcal/mol towards the active site
residues (ASN705, GLN724, HIS133, LEU207 and TYR129) of
RdRp in SARS-CoV-2 via hydrogen bonding (Ref. 60). A study
conducted by Li et al. further demonstrated the strong binding
affinity of Corilagin for RdRp in SARS-CoV-2 as an NNI
(Ref. 61). The study agreed with the strong binding affinity of
Corilagin to the palm subdomain of RdRp, where G616 to
Y619 (motif A), D761 to V763 (motif C), K798 (motif D),
E811 to S814 (motif E) and I548 to K551 (motif F) are located
(Ref. 61). This suggests that Corilagin may suppress
SARS-CoV-2 replication by preventing conformational changes
and nucleotide incorporation by RdRp. The interaction between
Corilagin and residues in motif F may block NTP entry to the
active site of RdRp, effectively inhibiting viral RNA synthesis.

Distinct from other RdRp inhibitors, Corilagin can circumvent
the exoribonuclease (ExoN) proofreading (Nsp10/14) in SARS-
CoV-2. Of note, the ExoNs or also known as the exonuclease
ribonucleases are enzymes that are responsible for the RNA
degradation via removal of nucleotides from the 5’ end or the
3’ end of the RNA structure, a critical feature for the synthesis
of multiple RNAs from the RNA template in RNA viruses

(Ref. 62). Recently, the bifunctional role of SARS-CoV-2 nsp14
has been further unravelled, in which, the N-terminus ExoN
domain has been implicated in proofreading role by removing
misincorporated nucleotides from the 3’ end of the nascent
RNA strand and the C-terminus N7-methyltransferase domain
methylates the guanine at the N7 position, forming a cap-0 struc-
ture (m7GpppA…), a feature that aids for host immune escape
(Refs 63–65).

Given its nature of being an NNI, Corilagin exerts antiviral
activity by preventing conformational changes in the SARS-
CoV-2 RdRp which are vital for RNA transcription, thereby giv-
ing a more pronounced inhibitory effect as compared to the
nucleoside analogue inhibitors (NI) that can develop resistance
in the virus over time since it requires two phosphorylation
steps conferred by the viral and host enzymes (Ref. 61). Owing
to its different mechanism, the Corilagin is much more resistant
towards the SARS-CoV-2 proofreading activity and much more
suited as an antiviral agent for SARS-CoV-2 as compared to
other NI drugs, such as Remdesivir (Ref. 61). Over and above
that, the usage of Corilagin warrants an enhanced inhibitory effect
at very low EC50 values at 0.13 μmol/l, which is comparable to the
Remdesivir which scored 0.06 μmol/l (Ref. 61). Accompanied
with an appealing docking score (−9.30 kcal/mol) in comparison
with Remdesivir at –7.6 kcal/mol, Corilagin holds a vast potential
for drug repositioning against the SARS-CoV-2 (Ref. 60).

Lycorine

Akin to the Corilagin, Lycorine is a benzyl phenethylamine
alkaloid found in the well-studied medicinal plant, from
Amaryllidaceae species – Lycoris radiate, Leucojum aestivum
and Hymenocallis littoralis. Owing to its divergent chemical struc-
tures, which reflects on the strength of biological properties,
Lycorine and its derivatives are rapidly drawing the interest of
many. The pharmacological properties of Lycorine have since
been discovered, including anti-inflammatory, antimicrobial, anti-
parasitic, antitumor and antiviral (Ref. 66). At 0.5–5 μM, Lycorine
was reported to inhibit ZIKV effectively via the direct inhibition
of RdRp activity, successfully attenuating viral replication. It was
then discovered that Lycorine binds to the finger domain of
RdRp preferentially (Ref. 67). Notably, Lycorine extracted from
L. radiata has demonstrated the ability to inhibit SARS-CoV in
the past (Ref. 68). Also, Lycorine has been reported to suppress

Fig. 6. The chemical structure of Corilagin (Source:
https://comptox.epa.gov/dashboard/chemical/details/
DTXSID90865084).
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other coronaviruses such as the MERS-CoV, HCoV-OC43 and
HCoV-NL63 in in-vitro and in-vivo studies (Ref. 69) (Fig. 7).

Although the mechanism of action behind Lycorine against
the aforementioned coronaviruses is yet to be determined, the
close genomic resemblance of SARS-CoV and SARS-CoV-2
makes Lycorine a strong candidate to inhibit RdRp activity in
SARS-CoV-2 (Refs 70, 71). For instance, Jin et al. has shown
that Lycorine acts as a non-nucleoside analogue, successfully inhi-
biting all three coronaviruses with more pronounced effects
against SARS-CoV and SARS-CoV-2, as compared to
MERS-CoV. Akin to Remdesivir, Lycorine binds to the same cata-
lytic active site and interacts with similar amino acid residues
(Asp623, Asn691 and Ser759) in SARS-CoV-2 RdRp, thereby sug-
gesting RdRp inhibitory activity, subsequently causing RNA chain
termination and attenuation in viral replication (Ref. 72). This
study also showed a greater binding affinity by Lycorine for
SARS-CoV-2 RdRp compared to Remdesivir at −6.2 versus
−4.7 kcal/mol (Ref. 72).

Apart from its antiviral potential, Lycorine is also gaining
attention for its anti-cancer properties. For instance, Lycorine
can suppress the growth, migration and invasion of breast cancer
cells by inducing apoptosis via the blocking of the sarcoma/focal
adhesion kinase pathway. Such anticancer activity was also
reported in in-vivo studies where breast tumour metastasis was
inhibited (Ref. 73). Interestingly, Lycorine has much lower tox-
icity than Paclitaxel, a first-line chemotherapy drug, making it a
much better candidate (Ref. 74). Lycorine also plays a role in inhi-
biting gastric cancer by downregulating the protein stability of
myeloid cell leukaemia-1, a member of an anti-apoptotic BCL-2
family protein that confers drug resistance in tumours and ren-
ders gastric cancer cells to apoptosis (Ref. 73).

Conclusion

As viral RdRp has high conserved motifs across the RNA virus
species, especially the coronavirus family, it is essential to study
the molecular structure and potential RdRp inhibitors as an anti-
viral strategy. Notably, the hTERT also shows RdRp activity
against high tumourigenicity. Given that, the viral RdRp and
hTERT in cancers, both share right-handed structure characteris-
tics with the typical finger, palm and thumb domains, and this
makes them important candidates to be evaluated and considered
for anticancer as well as antiviral drugs. While cancer progression
is different from viruses, they share a common characteristic:

utilising RdRp activity for survival, paving the way for more
uses in both viral RdRp and anti-cancer inhibitors. For instance,
Floxuridine, an hTERT inhibitor, is now being analysed as a
potential antiviral candidate against SARS-CoV-2. Also,
VX-222, a NNI developed for HCV RdRp initially, now sees a
possible role in inhibition of RdRp activity in human hTERT.
With limited studies on hTERT inhibitors for viral RdRp and
vice versa, it is not surprising that dual-mode drugs
(anti-hTERT and antiviral RdRp) have yet to be discovered and
studied in detail, especially in the context of drug repositioning.
Therefore, the study of potential anticancer inhibitors for
SARS-CoV-2 RdRp remains of great interest. Drug inhibitors
that act upon RdRp might give a positive outcome for anticancer,
and vice versa. As such, Pralatrexate, Corilagin and Lycorine have
shown SARS-CoV-2 RdRp inhibitory activity and some
anti-cancer properties, this makes the aforementioned drugs
potential for anticancer studies which could bring more uses to
the drugs. In the conquest for antiviral drug hunting, especially
in urgent times of need like the SARS-CoV-2 pandemic, it is
vital to study the potential anticancer drug portfolio for possible
drug repositioning of antiviral RdRp.
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