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Abstract

The replication of viruses requires host cell functions, specifically for protein synthesis, as
viruses lack their own translational machinery. Failure to translate viral MRNAs and generate
viral proteins would affect the propagation and evolution of a virus. Thus, independently of

their size, complexity, and genomes, viruses evolved sophisticated molecular mechanisms to
hijack the translational apparatus of a host in order to recruit ribosomes for efficient protein
production. One of the prevalent mechanisms of translation regulation utilized by viruses is
non-canonical translation initiation. It is often governed by the 5’-untranslated regions (5’-UTRs)
present upstream of a protein-coding sequence in viral MRNAs, such as internal ribosome

entry sites (IRESs) and capindependent translation enhancers (CITESs). Viruses can also utilize
canonical translation initiation factors of a host in non-canonical ways. Understanding strategies
and mechanisms used by viruses to generate proteins is an important task, as it might help
develop new therapeutic interventions. We previously have demonstrated that mRNA from the
genome of the black beetle virus (BBV) of the Nodaviridae family contains short and unstructured
5’-UTR, which governs translation initiation as a CITE and as a canonical translational enhancer.
In this Commentary, we summarize cap-dependent and cap-independent translation initiation
mechanisms and further elaborate on the unique ability of the BBV mRNA 5’-UTR to switch
between these two modes of translation initiation in the context of the viral life cycle. Medical
implications in treating the severe acute respiratory syndrome coronavirus 2 (SARS-CoV2)
infection by targeting viral 5’-UTRs are also discussed.

Introduction

The conventional view of gene expression regulation is based on transcription control.
However, a growing number of recent studies has revealed the important additional impact

This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

*Correspondence should be addressed to Natalia Shcherbik; shcherna@rowan.edu.
Author Contributions Statement
BMT and NS wrote and edited the manuscript. All authors approved the final version.

Disclosure Statement
The authors declare no conflicts of interest or disclosures.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trainor and Shcherbik Page 2

of translational regulation. Eukaryotic translational machinery appears to be capable of
reprogramming mRNA translation to generate proteins required to maintain a healthy
cellular proteostasis under physiological conditions or adapt to stress. Translation across all
life species occurs in four stages: initiation, elongation, termination, and recycling. The first
stage, initiation, is more highly regulated than subsequent steps regardless of cell type, thus
serving as the rate-limiting step of protein synthesis. Furthermore, initiation can occur via
several mechanisms, of which canonical cap-dependent translation initiation is predominant.
A mounting body of evidence indicates that initiation of protein synthesis can utilize cap-
independent mechanisms, which are often used by viruses. Therefore, understanding non-
canonical mechanisms of translation initiation will not only advance fundamental knowledge
of viral life cycle progression and host cell physiology, but is also critical for winning the
battle against viral infections. In this Commentary, we discuss the role of the 5’-untranslated
region (5’-UTR) from the genome of the black beetle virus as a potential regulatory switch
between canonical and non-canonical modes of translation initiation.

Canonical Cap-Dependent Translation Initiation

Canonical translation initiation is a complex, multistep process that requires coordinated
activity of multiple translation initiation factors (elFs). It begins when the methyl-7-
guanosine (m7G) structure is co-translationally added at the 5’-end of the mRNA transcript
(Figure 1A-a). The cap serves as a recognition signal for cap-binding protein elF4E, a
member of the elF4F family of initiation factors (which also includes elFAG, elF4A, and
elF4E), and stabilizes mRNA by preventing 5’-end degradation by exonucleases [1-3].
elF4E is subsequently joined by the scaffold protein elFAG, which recruits the RNA
helicase elF4A required for melting the secondary structure of the 5’-UTR sequence [4].
The 5’-UTRs (also known as leader sequences) are the non-coding sequences, present on
the transcript upstream of the open reading frame (ORF). Cap-mediated binding of mMRNA
to the elF4F complex is an essential step during canonical translation initiation, followed
by interaction with the 43S pre-initiation complex (43S PIC). The 43S PIC is composed

of a 40S ribosomal subunit bound to translation initiation factors elF1, elF1A, elF3, elF5,
and elF2+GTP-Met-tRNA;Met wherein Met-tRNA;Mét is aminoacylated initiator tRNA;Met
(Figure 1A-a). Recruitment of the 43S PIC to the capped, elF4F-bound mMRNA results in
the assembly of mMRNA scanning-competent 48S initiation complex (48S IC) [5]. The 48S
IC scans mRNA in the 5°—3’ direction until a start codon (typically AUG) is recognized
(Figure 1A-b), after which elFs (except elF1A) dissociate and the large ribosomal subunit
60S bound to elF5BGTP is recruited. Hydrolysis of elIF5B*GTP results in dissociation of
elF5B+GDP and elF1A, leading to the formation of elongation-competent ribosome 80S [6]
that decodes mMRNA and forms peptide bonds between amino acids, resulting in polypeptide
synthesis. An additional factor, the poly-A binding protein (PABP), associates with the
poly-adenine tail present on the 3’-end of most mRNAs and also interacts with capbinding
proteins, thus providing communication between the 5’-end and the 3’-end of a transcript [7]
(Figure 1A). These unique features allow the cell to distinguish between mRNA and other
RNAs, such as degradation products or viral RNAs that may lack the 5’-m7G cap or polyA
tail.
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Cap-Independent 5’-UTR-Governed Translation Initiation: IRES and CITE

Elements

Although most cellular mMRNASs contain the same 5’-m7G cap, translation initiation rates
vary drastically [8]. This can be partly explained by 5’-UTRs, as these sequences have
been shown to impact translation initiation control. 5’-UTRs vary significantly in length,
sequence context, and secondary structure [9-12]. A pool of mRNAs transcribed from the
same gene may differ in both length and terminal 5’-end nucleotide sequences based on
the variability of the transcription start site for RNA polymerase [10,13]. Indeed, work
from Gilbert’s lab demonstrated that rates of ribosome association with mRNAs differ
over 1000-fold depending on the 5’-UTR sequence, further highlighting the critical role of
5’-UTRs in translation initiation control [14].

Synthesis of new proteins consumes the vast majority of a cell’s energy pool [15]. Therefore,
translation must be tightly regulated in response to all conditions a cell might experience
to allow adaptation to a broad range of intra- and extracellular cues. Thus, most stresses
lead to an immediate reduction in protein synthesis rates, typically accompanied by global
shifts in specific gene expression towards the upregulation of stress-responsive genes
[16,17]. Eukaryotes downregulate translation using two mechanisms: phosphorylation of
the a-subunit of elF2 and activation of elF4E-binding proteins (4E-bps), which inhibit
the association of elF4E with the 5’-cap [18-21]. In both cases, global protein expression
is reduced; however, to survive, cells employ non-canonical mechanisms of translation
initiation, which bypass the requirement of the 5’-cap structure [22]. In such cases, the
5’-UTR may be the sole determinant of translation initiation efficiency.

The most characterized type of non-canonical cap-independent translation initiation occurs
via internal ribosome entry sites (IRES). First characterized within viral RNAs, IRES
elements have been found within numerous eukaryotic mRNAS, predominantly in those
involved in stress response [23-25]. IRES recruit a ribosome /nternally in close proximity
to the AUG, as opposed to the 5’-end-dependent binding followed by 5’—3’ directional
scanning of MRNA by 40S observed during canonical translation initiation [26] (Figure
1B). Some IRES elements demonstrate a remarkable ability to initiate translation with
minimal requirements for canonical translation initiation factors. Furthermore, IRES range
considerably in their respective size, structure, and sequence context [27]. Some IRESs have
been shown to use a complex secondary structure(s) within mMRNA 5’-UTR that stimulates
ribosome recruitment, while other IRES elements do not rely on a secondary structure
[28-31]. Interestingly, upregulation of IRES-containing transcripts has been observed in
multiple organisms under conditions when canonical translation is repressed [23,32]. These
observations partially explain the strategy eukaryotic cells have developed to continue
synthesizing new proteins under conditions when canonical cap-dependent translation
initiation is inhibited.

Another mechanism of cap-independent translation initiation uses cap-independent
translation enhancers (CITEs). Similar to IRESs, CITEs bypass the requirement for the
5’-m7G cap and vary in their size, structure, location (5’-UTR vs. 3’-UTR), and translation
initiation factor requirements [33-35]. However, unlike IRESs, CITEs require the 5’-end
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of mRNA for recruiting translational machinery, followed by mRNA scanning rather than
loading a ribosome via internal entry [35]. CITEs have been identified in cellular mRNAs
[36,37] and promote direct recruitment of initiation factors to the mRNA in a manner
distinct from the canonical translation initiation mechanism (Figure 1C). Therefore, CITEs
provide an additional cap-independent mechanism of stimulating translation initiation.

used by Viruses to Hijack the Translational Machinery

Viruses and their hosts have undergone a co-evolutionary battle over the hosts’ translational
machinery and essential translational factors [24,38]. Most viruses lack a 5’-m7G cap
and/or polyA tail and are able to hijack the translational machinery of a host by employing
non-canonical translation initiation mechanisms for the production of viral proteins [39,40].
Viruses owe this ability to IRES and CITE elements present in their RNAs. For example,
the IRES of the intergenic region of cricket paralysis virus (CrPV, family Discistroviridac)
promotes recruitment of the 40S subunit in a factor-independent manner [41]. Specific
domains of hepatitis C virus (HCV, family Flaviviridae) IRES interact with the small
ribosomal subunit and only two initiation factors (elF3 and elF5B), allowing expression

of viral RNA [42]. Viruses can also utilize canonical translation initiation factors in non-
canonical ways. For example, while acting as a scaffolding protein downstream of elF4E cap
binding during cap-dependent initiation, elF4G bypasses the requirement of elFAE during
non-canonical initiation. Some viral RNAs utilize adenine-rich regions to recruit PABP to
the 5’-UTR directly or to the A-rich (but not poly-adenylated) 3’-UTR, thus stimulating
elF4G recruitment and initiation complex assembly [43,44]. Although less studied than
IRES elements, CITE-mediated translation initiation mechanisms can also be used by
viruses [33,35,45,46].

Dual Role of The 5’-UTR of RNA1 from Black Beetle Virus during

Translation Initiation

In our work published in 7he Scientific Reports [46], we investigated the mechanism by
which the 5’-UTR derived from the black beetle virus (BBV, Nodaviridae family) genome
participates in translation initiation. BBV is a bipartite, positive-sense, single-stranded
RNA virus [47] that causes paralysis in wax moth larvae but does not replicate in
mammalian cells like Flock House virus (FHV) from the same family does [48]. The BBV
genome is composed of two RNAs, RNA1 and RNA2, encapsidated in a single virion.
RNAZ1 (3015 nucleotides) encodes the viral replicase (RNA-dependent RNA polymerase)
required to synthesize additional genomic RNA [49] and is therefore critical for viral
propagation. RNA2 (1399 nucleotides) encodes the precursor protein necessary for capsid
formation. RNA1 also contains a 5’-UTR of 39 nucleotides that can stimulate translation
of Coxsackievirus RNA, revealing a general translation initiation function independent

of the coding portion of mMRNA [50]. This short 5’-UTR was of particular interest due

to its previously undescribed mechanism as a translation enhancer [51], which directs
efficient translation in a wide variety of eukaryotic cells and cell extracts (i.e., insect,
yeast, mammalian), suggesting that this 5’-UTR exploits a mechanism that is widely used in
different eukaryotes.
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To unravel how the 5’-UTR of BBV RNAL operates during translation initiation, we
devised a Saccharomyeces cerevisiae-based cell-free translational system that allowed us

to demonstrate that this short viral leader constitutes a CITE element [46]. Using mRNA
reporter Renilla luciferase with altered sequences of the BBV RNA1 5’-UTR, we found

that this regulatory element is unstructured, is required in its entirety for efficient cap-
independent translation initiation, and relies on 5’-end scanning rather than on an internal
entry mechanism. Using molecular and genetic approaches, we constructed yeast strains that
overexpressed wild-type elF4G1 or elF4G1 mutants with deleted mRNA-binding domains,
and used these strains to prepare translationally active lysates. Elevated elFAG1 levels
resulted in increased translational efficiency of the reporter placed under the control of BBV
RNAL 5°-UTR, suggesting that this initiation factor is limiting. These results corroborated
previously published studies in which yeast elF4G1 was found to be a limiting factor in
cap-independent translation initiation accomplished via IRES elements present at 5’-UTRs
of yeast transcripts that encode for proteins required for pseudohyphal growth [52]. It

was proposed that A-rich 5’-UTR/IRES directly interact with Pab1/PABP, which recruit
elF4G1, bypassing dependence on the cap and the cap-binding elF4E factor. We found that
for BBV RNAL 5°-UTR, elF4G1 recruitment depends on the arginine-rich RNA-binding
domains identified in [53], suggesting that this 5’-UTR exploits the RNA-binding properties
of elFAG1 to promote initiation. Whether the interaction between BBV RNA1 5’-UTR and
elF4G1 is direct remains to be determined.

What could be the biological significance of cap-independent translation initiation mediated
by the BBV RNA1 5’-UTR? A previous study has shown that translation of BBV RNA1

is switched off in favor of RNA2 translation in the later stages of viral infection [54];

this is believed to promote capsid protein expression, funneling host resources towards

viral encapsulation and assembly. By testing the concentration dependence of BBV RNA1
5’-UTR-mRNA on the efficiency of protein synthesis in our cell-free translation system,

we detected an increase of reporter protein synthesis proportional to mRNA levels (BMT
and NS, unpublished data). This suggests that BBV RNA1 might be competing with RNA2
for canonical translational machinery in late stages of viral infection. The existence of a
CITE on BBV-RNAL may therefore facilitate continual expression of replicase using an
alternative, cap-independent mechanism. This might be essential for BBV propagation in
its native host and allow viral replication even when translational efforts are channeled
towards BBV-RNAZ2, providing an evolutionary advantage over viruses that lack a ¢/s-acting
sequence element to drive translation independently of the 5’-cap status.

Finally, we found that BBV RNA1 5’-UTR improves translation efficiency during canonical
cap-dependent translation initiation, likely by facilitating selection of the correct start codon
and thus resembling a Kozak sequence [46]. These data demonstrated the unique ability of
this 5’-UTR to stimulate translation as both the CITE element and as a canonical translation
enhancer [46]. Although, the capping status of BBV RNAL remains unaddressed (unlike
for BBV RNA2 [55]), the viral replicase contains a putative capping domain. Thus, it is
feasible that BBV RNAL1 is also capped, as it is in the closely related FHV [56]. Therefore,
it is reasonable to propose that BBV RNAL 5’-UTR might function as a regulatory switch
between the two modes of translation initiation (Figure 2), providing a strong adaptive
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advantage during infection when cap-dependent translation is downregulated due to virus-
induced stress.

The ability of a viral RNA to stimulate both cap-dependent and cap-independent translation
initiation would allow the virus to utilize canonical initiation immediately upon infection
and later switch to non-canonical initiation upon infection-induced cellular stress (Figure 2).
Indeed, infected Drosophila cells showed high amounts of BBV RNAL 5’-UTR-dependent
protein production, eventually encompassing 40% of total cellular protein and likely causing
metabolic stress [57,58]. Additionally, viruses of the Nodaviridae family typically infect
host cells and replicate using invaginations on the outer membrane of mitochondria and
endoplasmic reticulum (ER), effectively stealing part of the mitochondrial membrane for
forming the viral capsid. Under such circumstances, mitochondrial perturbations could lead
to increases in reactive oxygen species (ROS) or activation of the host’s antiviral response,
leading to translation repression (Figure 2B) [59]. This presents an additional circumstance
in which a virus would benefit from switching to a cap-independent translation mechanism
to continue translating the downstream reading frame encoding its replicase.

Rs as Antiviral Therapeutic Targets

Coronaviruses, like the severe acute respiratory syndrome coronavirus 2 (SARS-CoV?2) that
is currently causing an unprecedent pandemic, utilize stress-responsive pathways in host
cells to assist in their replicative cycles. Although coronaviral RNAs are capped and poly-A-
tailed, they may still utilize a switch-like mechanism described for BBV when canonical
translation initiation is downregulated [60,61]. Understanding non-canonical mechanisms of
translation initiation is therefore of the utmost importance to advance our knowledge of both
normal cellular physiology and of viral infection and propagation mechanisms. Recently,
strategies have been proposed to target the 5’-UTR of SARS-CoV2 RNA to inhibit the
synthesis of viral proteins, thus halting replication at the earliest stages [62]. Additionally,
UTRs of SARS-CoV2 genome have been recently suggested to evolve more rapidly to avoid
host detection by micro RNAs, as these regions do not encode any functional elements [63].

Viral 5’-UTRs are required not only for translation initiation but also for replication.

Viral polymerases recognize key features within 5’-UTRs to begin transcription, presenting
another key function of these regions [64,65]. Thus, UTRs within viral RNAs may be
potential future antiviral therapeutic targets that not only serve to block translation but

may also curb continuous replication of the viral genome by additionally inhibiting RNA
transcription [66,67].

This work was supported by the National Institutes of Health Grant ROLGM114308 (to N. S.), the New Jersey
Health Foundation (NJHF) Grant PC13-21CV (to N.S.). The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National Institutes of Health and New Jersey Health
Foundation.

J Cell Immunol. Author manuscript; available in PMC 2022 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trainor and Shcherbik

References

1.

Page 7

Andreev DE, Dmitriev SE, Terenin IM, Prassolov VS, Merrick WC, Shatsky IN. Differential
contribution of the m7G-cap to the 5" end-dependent translation initiation of mammalian MRNAs.
Nucleic Acids Research. 2009 Oct;37(18):6135-47. [PubMed: 19696074]

. Cowling VH. Regulation of mRNA cap methylation. Biochemical Journal. 2010 Jan 15;425(2):295-

302.

. Mitchell SF, Walker SE, Algire MA, Park E-H, Hinnebusch AG, Lorsch JR. The 5'-7-

Methylguanosine Cap on Eukaryotic mMRNAS Serves Both to Stimulate Canonical Translation
Initiation and to Block an Alternative Pathway. Molecular Cell. 2010 Sep;39(6):950-62. [PubMed:
20864040]

. Andreou AZ, Klostermeier D. elF4B and elF4G jointly stimulate elF4A ATPase and unwinding

activities by modulation of the elF4A conformational cycle. Journal of Molecular Biology. 2014 Jan
9;426(1):51-61. [PubMed: 24080224]

. Jackson RJ, Hellen CUT, Pestova TV. The mechanism of eukaryotic translation initiation and

principles of its regulation. Nature Reviews Molecular Cell Biology. 2010 Feb;11(2):113-27.
[PubMed: 20094052]

. Wang J, Johnson AG, Lapointe CP, Choi J, Prabhakar A, Chen D-H, et al. eIF5B gates the transition

from translation initiation to elongation. Nature. 2019 Sep;573(7775):605-8. [PubMed: 31534220]

. Vicens Q, Kieft JS, Rissland OS. Revisiting the Closed-Loop Model and the Nature of mRNA 5°-3’

Communication. Molecular Cell. 2018 06;72(5):805-12. [PubMed: 30526871]

. Sonneveld S, Verhagen BMP, Tanenbaum ME. Heterogeneity in mRNA Translation. Trends in Cell

Biology. 2020 Aug;30(8):606-18. [PubMed: 32461030]

. Araujo PR, Yoon K, Ko D, Smith AD, Qiao M, Suresh U, et al. Before It Gets Started: Regulating

Translation at the 5° UTR. Comparative and Functional Genomics. 2012;2012:475731. [PubMed:
22693426]

10. Yiu GK, Gu W, Hecht NB. Heterogeneity in the 5’ untranslated region of mouse cytochrome cT

11.

12.

13.

MRNAs leads to altered translational status of the mRNAS. Nucleic Acids Research. 1994 Nov
11;22(22):4599-606. [PubMed: 7984407]

Curran JA, Weiss B. What Is the Impact of mRNA 5’ TL Heterogeneity on Translational Start Site
Selection and the Mammalian Cellular Phenotype? Frontiers in Genetics. 2016;7:156. [PubMed:
27630668]

Leppek K, Das R, Barna M. Functional 5 UTR mRNA structures in eukaryotic translation
regulation and how to find them. Nature Reviews Molecular Cell Biology. 2018 Mar;19(3):158-
74. [PubMed: 29165424]

Yu L, Winkelman JT, Pukhrambam C, Strick TR, Nickels BE, Ebright RH. The mechanism of
variability in transcription start site selection. Elife. 2017 Nov 23;6.

14. Niederer RO, Rojas-Duran MF, Zinshteyn B, Gilbert WV. Direct analysis of ribosome

15.

16.

17.

18.

targeting illuminates thousand-fold regulation of translation initiation. BioRxiv. 2020 Apr
30;2020.04.28.066068.

Warner JR. The economics of ribosome biosynthesis in yeast. Trends in Biochemical Sciences.
1999 Nov;24(11):437-40. [PubMed: 10542411]

Gerashchenko MV, Lobanov AV, Gladyshev VN. Genome-wide ribosome profiling reveals
complex translational regulation in response to oxidative stress. Proceedings of the National
Academy of Sciences. 2012 Oct 23;109(43):17394-9.

Sonenberg N, Hinnebusch AG. Regulation of translation initiation in eukaryotes: mechanisms and
biological targets. Cell. 2009 Feb 20;136(4):731-45. [PubMed: 19239892]

Berset C, Trachsel H, Altmann M. The TOR (target of rapamycin) signal transduction pathway
regulates the stability of translation initiation factor elF4G in the yeast Saccharomyces cerevisiae.
Proceedings of the National Academy of Sciences of the United States of America. 1998 Apr
14;95(8):4264-9. [PubMed: 9539725]

19. Rajesh K, Krishnamoorthy J, Kazimierczak U, Tenkerian C, Papadakis Al, Wang S, et al.

Phosphorylation of the translation initiation factor elF2 a at serine 51 determines the cell fate

J Cell Immunol. Author manuscript; available in PMC 2022 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trainor and Shcherbik

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 8

decisions of Akt in response to oxidative stress. Cell Death & Disease. 2015 Jan;6(1):e1591—
e1591. [PubMed: 25590801]

Hughes JM, Ptushkina M, Karim MM, Koloteva N, von der Haar T, McCarthy JE. Translational
repression by human 4E-BP1 in yeast specifically requires human elF4E as target. Journal of
Biological Chemistry. 1999 Feb 5;274(6):3261-4.

Richter JD, Sonenberg N. Regulation of cap-dependent translation by elF4E inhibitory proteins.
Nature. 2005 Feb 3;433(7025):477-80. [PubMed: 15690031]

Liu B, Qian S-B. Translational reprogramming in cellular stress response. Wiley Interdiscip Rev
RNA. 2014 Jun;5(3):301-15. [PubMed: 24375939]

Thakor N, Holcik M. IRES-mediated translation of cellular messenger RNA operates in elF2a.-
independent manner during stress. Nucleic Acids Research. 2012 Jan;40(2):541-52. [PubMed:
21917851]

Komar AA, Hatzoglou M. Cellular IRES-mediated translation: the war of ITAFs in
pathophysiological states. Cell Cycle. 2011 Jan 15;10(2):229-40. [PubMed: 21220943]

Gilbert WV, Zhou K, Butler TK, Doudna JA. Cap-Independent Translation Is Required for
Starvation-Induced Differentiation in Yeast. Science. 2007 Aug 31;317(5842):1224-7. [PubMed:
17761883]

Roberts L, Wieden H-J. Viruses, IRESs, and a universal translation initiation mechanism.
Biotechnology and Genetic Engineering Reviews. 2018 Jan 2;34(1):60—75. [PubMed: 29804514]
Johnson AG, Grosely R, Petrov AN, Puglisi JD. Dynamics of IRES-mediated translation.
Philosophical Transactions of the Royal Society B Biological Sciences. 2017 Mar 19;372(1716).
Xia X, Holcik M. Strong Eukaryotic IRESs Have Weak Secondary Structure. Preiss T, editor. PL0S
One. 2009 Jan 6;4(1):e4136. [PubMed: 19125192]

Kanamori Y, Nakashima N. A tertiary structure model of the internal ribosome entry site (IRES)
for methionine-independent initiation of translation. RNA. 2001 Feb;7(2):266—74. [PubMed:
11233983]

Filbin ME, Kieft JS. Toward a structural understanding of IRES RNA function. Current Opinion in
Structural Biology. 2009 Jun;19(3):267-76. [PubMed: 19362464]

Martinez-Salas E, Francisco-\elilla R, Fernandez-Chamorro J, Embarek AM. Insights into
structural and mechanistic features of viral IRES elements. Frontiers in Microbiology. 2018 Jan
4;8:2629. [PubMed: 29354113]

Kwan T, Thompson SR. Noncanonical Translation Initiation in Eukaryotes. Cold Spring Harbor
Perspectives in Biology. 2019 Apr 1;11(4):a032672. [PubMed: 29959190]

Truniger V, Miras M, Aranda MA. Structural and functional diversity of plant virus 3’-cap-
independent translation enhancers (3'-CITESs). Frontiers in Plant Science. 2017 Nov 29;8:2047.
[PubMed: 29238357]

Andreev DE, Dmitriev SE, Zinovkin R, Terenin IM, Shatsky IN. The 5’ untranslated region of
Apaf-1 mRNA directs translation under apoptosis conditions via a 5’ end-dependent scanning
mechanism. FEBS Letters. 2012 Nov 30;586(23):4139-43. [PubMed: 23085065]

Shatsky IN, Terenin IM, Smirnova VV, Andreev DE. Cap-Independent Translation: What’s in a
Name? Trends in Biochemical Sciences. 2018 Nov;43(11):882-95. [PubMed: 29789219]

Lacerda R, Menezes J, Roméo L. More than just scanning: the importance of cap-independent
mMRNA translation initiation for cellular stress response and cancer. Cellular and Molecular Life
Sciences. 2017 May;74(9):1659-80. [PubMed: 27913822]

Haizel SA, Bhardwaj U, Gonzalez RL, Mitra S, Goss DJ. 5’-UTR recruitment of the translation
initiation factors elF4GI or DAP5 drives cap-independent translation of a subset of human
mRNAs. Journal of Biological Chemistry. 2020 Jun 22; jbc.RA120.013678.

Mailliot J, Martin F. Viral internal ribosomal entry sites: four classes for one goal. WIREs RNA.
2018;9(2):e1458.

Pestova TV, Hellen CU, Shatsky IN. Canonical eukaryotic initiation factors determine initiation
of translation by internal ribosomal entry. Molecular and Cellular Biology. 1996 Dec;16(12):6859—
69. [PubMed: 8943341]

Firth AE, Brierley I. Non-canonical translation in RNA viruses. Journal of General Virology. 2012
Jul;93(Pt 7):1385-409.

J Cell Immunol. Author manuscript; available in PMC 2022 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trainor and Shcherbik

41

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 9

. Pisarev AV, Shirokikh NE, Hellen CUT. Translation initiation by factor-independent binding
of eukaryotic ribosomes to internal ribosomal entry sites. Comptes Rendus Biologies. 2005
Jul;328(7):589-605. [PubMed: 15992743]

Khawaja A, Vopalensky V, Pospisek M. Understanding the potential of hepatitis C virus internal
ribosome entry site domains to modulate translation initiation via their structure and function.
Wiley Interdisciplinary Reviews: RNA. 2015 Apr;6(2):211-24. [PubMed: 25352252]

Dhungel P, Cao S, Yang Z. The 5’-poly(A) leader of poxvirus mRNA confers a translational
advantage that can be achieved in cells with impaired cap-dependent translation. Evans DH, editor.
PLOS Pathogens. 2017 Aug 30;13(8):e1006602. [PubMed: 28854224]

lwakawa H -0., Tajima Y, Taniguchi T, Kaido M, Mise K, Tomari Y, et al. Poly(A)-Binding

Protein Facilitates Translation of an Uncapped/Nonpolyadenylated Viral RNA by Binding to the 3’
Untranslated Region. Journal of Virology. 2012 Aug 1;86(15):7836—49. [PubMed: 22593149]
Terenin IM, Andreev DE, Dmitriev SE, Shatsky IN. A novel mechanism of eukaryotic translation
initiation that is neither m7G-cap-, nor IRES-dependent. Nucleic Acids Research. 2013 Feb
1;41(3):1807-16. [PubMed: 23268449]

Trainor BM, Ghosh A, Pestov DG, Hellen CUT, Shcherbik N. A translation enhancer element from
black beetle virus engages yeast elF4G1 to drive cap-independent translation initiation. Scientific
Reports. 2021 Jan 28;11(1):2461. [PubMed: 33510277]

Friesen P, Scotti P, Longworth J, Rueckert R. Black beetle virus: propagation in Drosophila line
1 cells and an infection-resistant subline carrying endogenous black beetle virus-related particles.
Journal of Virology. 1980 Sep;35(3):741-7. [PubMed: 16789201]

Odegard A, Banerjee M, Johnson JE. Flock house virus: a model system for understanding
non-enveloped virus entry and membrane penetration. Current Topics in Microbiology and
Immunology. 2010;343:1-22. [PubMed: 20407886]

Dasmahapatra B, Dasgupta R, Ghosh A, Kaesberg P. Structure of the black beetle virus genome
and its functional implications. Journal of Molecular Biology. 1985 Mar 20;182(2):183-9.
[PubMed: 3839022]

Guarino LA, Hruby DE, Ball LA, Kaesberg P. Translation of black beetle virus RNA and
heterologous viral RNAs in cell-free lysates derived from Drosophila melanogaster. Journal of
Virology. 1981 Jan;37(1):500-5. [PubMed: 6783766]

Dasmahapatra B, Rozhon EJ, Schwartz J. pBD7, a novel cell-free expression vector with
efficient translation initiation signal. Nucleic Acids Research. 1987 May 11;15(9):3933. [PubMed:
3675735]

Gilbert WV, Zhou K, Butler TK, Doudna JA. Cap-independent translation is required for
starvation-induced differentiation in yeast. Science. 2007 Aug 31;317(5842):1224-7. [PubMed:
17761883]

Berset C, Zurbriggen A, Djafarzadeh S, Altmann M, Trachsel H. RNA-binding activity of
translation initiation factor elF4G1 from Saccharomyces cerevisiae. RNA. 2003 Jul;9(7):871-80.
[PubMed: 12810920]

Friesen PD, Rueckert RR. Early and late functions in a bipartite RNA virus: evidence
for translational control by competition between viral mRNAs. Journal of Virology. 1984
Jan;49(1):116-24. [PubMed: 6690707]

Dasgupta R, Ghosh A, Dasmahapatra B, Guarino LA, Kaesberg P. Primary and secondary structure
of black beetle virus RNA2, the genomic messenger for BBV coat protein precursor. Nucleic
Acids Research. 1984 Sep 25;12(18):7215-23. [PubMed: 6548308]

Quirin T, Chen Y, Pietila M, Guo D, Ahola T. The RNA Capping Enzyme Domain in Protein A is
Essential for Flock House Virus Replication. Viruses. 2018 Sep 9;10(9):483.

Friesen P, Scotti P, Longworth J, Rueckert R. Black beetle virus: propagation in Drosophila line

1 cells and an infection-resistant subline carrying endogenous black beetle virus-related particles.
Journal of Virology. 1980 Sep;35(3):741-7. [PubMed: 16789201]

Friesen PD, Rueckert RR. Synthesis of Black Beetle Virus Proteins in Cultured Drosophila Cells:
Differential Expression of RNAs 1 and 2. Journal of Virology. 1981 Mar;37(3):876-86. [PubMed:
16789207]

J Cell Immunol. Author manuscript; available in PMC 2022 March 14.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trainor and Shcherbik

59

60.

61.

62.

63.

64.
65.

66.

67.

Page 10

. Gant VU, Moreno S, Varela-Ramirez A, Johnson KL. Two Membrane-Associated Regions within
the Nodamura Virus RNA-Dependent RNA Polymerase Are Critical for both Mitochondrial
Localization and RNA Replication. Journal of Virology. 2014 Jun;88(11):5912-26. [PubMed:
24696464]

Nakagawa K, Lokugamage KG, Makino S. Viral and Cellular mRNA Translation in Coronavirus-
Infected Cells. Advances in Virus Research. 2016;96:165-92. [PubMed: 27712623]
Viswanathan T, Arya S, Chan S-H, Qi S, Dai N, Misra A, et al. Structural basis of RNA cap
modification by SARS-CoV-2. Nature Communications. 2020 Jul 24;11(1):3718.

Baldassarre A, Paolini A, Bruno SP, Felli C, Tozzi AE, Masotti A. Potential use of noncoding
RNAs and innovative therapeutic strategies to target the 5’UTR of SARS-CoV-2. Epigenomics.
2020 Aug;12(15):1349-61. [PubMed: 32875809]

Chan AP, Choi Y, Schork NJ. Conserved Genomic Terminals of SARS-CoV-2 as Coevolving
Functional Elements and Potential Therapeutic Targets. mSphere. 2020 Nov 25;5(6):00754-20.
[PubMed: 33239366]

Rampersad S, Tennant P. Replication and Expression Strategies of Viruses. Viruses. 2018;55-82.
Tanaka T, Otoguro T, Yamashita A, Kasai H, Fukuhara T, Matsuura Y, et al. Roles of the 5
Untranslated Region of Nonprimate Hepacivirus in Translation Initiation and Viral Replication.
Journal of Virology. 2018 Apr 1;92(7):e01997-17. [PubMed: 29343570]

Hoang H-D, Graber TE, Alain T. Battling for Ribosomes: Translational Control at the Forefront
of the Antiviral Response. Journal of Molecular Biology. 2018 Jul;430(14):1965-92. [PubMed:
29746850]

Ho JSY, Zhu Z, Marazzi |. Unconventional viral gene expression mechanisms as therapeutic
targets. Nature. 2021 May;593(7859):362—71. [PubMed: 34012080]

J Cell Immunol. Author manuscript; available in PMC 2022 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Trainor and Shcherbik

Page 11

A Canonical Cap-Dependent Translation Initiation
b
amino acid
4/
2 4 tRNA
;»MBM ~——auG ORF
m7G cap P£b1 >
B Internal Ribosome Entry Sites (IRES)

N

—
208 )
UG ORF =— N

Internal loading of 40S
no 5'-end scanning

factor dependence
varies with IRES class
(48 4B4A 2

oy

AN

Cap-Independent Translation Enhancer (CITE)

&

7 N — 40s @B
4 5'— CITE —auG. ORF 3 5'— CITE ——aUG_ORF 3
I 4B4A 2
/
?

Figure 1: Canonical and non-canonical mechanisms of trandation initiation.
(A) Schematic representation of canonical or cap-dependent translation initiation.

Translation initiation factors elF1, elF1A, elF2, elF3, elF5, elF4E, elF4A, elF4B, elF4AG
are labeled as numbers. Small ribosomal subunit is marked as 40S. The 43S PIC (40S, elF1,
elF1A, elF3, elF5, and elF2:GTP«Met-tRNA;MeY) is recruited to the 5’-end of MRNA via
the cap-binding protein elF4E bound to m7G-cap (red circle), and RNA helicase elF4A is
recruited to the scaffold protein elF4G. (B) IRES-mediated translation initiation. Ribosomes
are recruited internally (downstream of 5’-end) to mMRNA and positioned adjacent to or

on the initiation codon. IRES is represented as a complex secondary RNA structure. (C)
CITE-directed translation. Translation machinery is recruited by elF4G to the extreme
5’-end of the mRNA independently of capping. CITEs utilize 5’-end scanning similar to
canonical translation but unlike IRES-mediated translation initiation mechanism. (B and

C) Cap-binding factor elF4E does not participate in IRES- and CITE-mediated translation
initiation mechanisms.
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Figure 2: Trandation initiation switch model for black beetle virusRNA15’-UTR CITE.
During early stages of infection (A), both black beetle virus (BBV) RNAs (RNA1

is shown in red, RNA2 is shown in blue) are translated via canonical cap-dependent
translation initiation mechanism, in which the RNA1 5'-UTR CITE element functions as

a Kozak sequence to enhance start codon selection. In later stages of BBV infection (B),
cap-dependent translation is downregulated due to stress induced, in part, by disruption

of mitochondrial and ER membranes for virion packaging and accompanying release of
reactive oxygen species (ROS). Under these conditions, BBV RNA1 5'-UTR CITE activity
is switched to operate in cap-independent translation initiation.
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