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SUMMARY The genome of SARS-CoV-2 has been heavily studied with the roles of many
enzymatic, and structural proteins being well-defined. However, knowledge remains limited
for the 16 non-structural proteins (NSPs) known to be encoded by the genome. Until recently,
these NSPs were not considered to be of importance for the viral lifecycle. Recent findings
have demonstrated that NSP6 is a key determinant of disease progression. It is a
multifunctional protein involved in the stimulation of the formation of double-membrane
vesicles (DMVs) from the endoplasmic reticulum (ER), inhibition of autophagosome
expansion within the cell, and induction of pyroptosis along with additional functions. In
addition, many (+) ssRNA viruses, including SARS-CoV-2, have been shown to manipulate
lipid droplets (LDs), highly conserved intracellular organelles that are composed of neutral
lipids, as substrates for energy and as platforms for their replication. This article will highlight
the current knowledge on NSP6 encoded in the SARS-CoV-2 genome and the involvement
of LDs in the SARS-CoV-2 lifecycle, focusing on 1) NSP6 and its integral role as a
determinant of viral pathogenicity and 2) the relation of NSP6 with the functionality of LDs
in relation to DMVs and SARS-CoV-2 pathogenesis. It is evident that NSP6 is a critical
protein to target in order to disrupt the viral life cycle. Thus, understanding the molecular
details of the NSPs and their roles in the viral pathway presents an opportunity to identify
potential therapeutic targets. Therefore, further investigation into the involvement of NSPs in
disease progression is essential for furthering our understanding of the SARS-CoV-2
infection cycle.

INTRODUCTION

S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an enveloped, non-

segmented, single-stranded positive-sense RNA ((+) ssRNA) virus. The viral genome

encodes two large polyproteins, ORFla and ORF1b, four structural proteins, and nine

accessory proteins (1-3). The two open reading frames, ORFla and ORFl1b, are

proteolytically cleaved to form 16 non-structural proteins (NSPs) (2, 4-6) (Fig. 1). There is a

ribosome frameshifting site located at the junction between ORFla and ORF1b. This

frameshifting mechanism is conserved in all coronaviruses (CoVs) and is required for the

synthesis of viral RNA-dependent RNA polymerase (RdRp), or NSP12, and downstream

NSPs (7). The NSPs are crucial to viral RNA replication and immune evasion (1). The Published Online: September 2023

enzymatic activities and functional domains of NSPs are expected to be conserved between  citation: Banka. 2023. Non-structural protein 6: a

the various CoVs suggesting their significance in viral replication. However, there is a lack  hallmark of SARS-CoV-2 disease progression and

of primary sequence homology between the NSPs of different CoVs making them difficult to i;flfg““emo“ to lipid droplets. UJEMI Perspectives

study; therefore, it is important to focus on their functional similarities to comprehend their

evolutionary association and the adaption of CoVs to specific host species (6).
NSPs play pivotal roles in infection and pathogenesis. In particular, NSP6 is a key Copyright: © 2023 Undergraduate Journal of

determinant of disease progression (8) The binding of NSP6 to NSP3 and NSP4 promotes  Experimental Microbiology and Immunology. All Rights

the formation of DMVs in infected cells, giving rise to replication organelles (RO) where —Reserved.

viral replication takes place (5, 9). Furthermore, NSP6 confers a protective role over viral ~Address correspondence to:

production by blocking the development of endoplasmic reticulum (ER)-induced hitps://jemi.microbiology.ube.ca/

autophagosome/autolysosome vesicles (4, 5).
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In addition to NSP6, lipid droplets (LDs) are critical to the SARS-CoV-2 viral lifecycle.
LDs are highly conserved intracellular organelles that are composed of neutral lipids such as
triacylglycerols, cholesteryl esters, fatty acids, and a surrounding phospholipid monolayer
(10, 11). LDs have been found in the cytosol, nucleus, and mitochondria with cytosolic LDs
making up a large proportion. The commonly attributed function of LDs is to store fat as an
energy source however they are implicated in many important processes such as lipid
homeostasis, protein storage, immune response, and the production of proinflammatory
molecules (10—13). Despite their involvement in key processes, when in excess, the LDs can
be toxic for cells and the accumulation of cholesterol and free fatty acids can disturb organelle
functions or trigger apoptotic cascades if the stress is sustained (14). Many (+) ssSRNA viruses,
including SARS-CoV-2, have been shown to manipulate LDs as substrates for energy and as
platforms for their replication (13, 15).
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FIG. 1 Genomic organization of SARS-CoV. The RNA genome encodes NSPs and structural and accessory proteins.
ORF1la and ORF1b together encode all 16 NSPs. The structural proteins include the spike (S), envelope (E), membrane
(M), and nucleocapsid (N) proteins. A ribosome frameshifting site is highlighted at the junction between ORF1la and
ORF1b and is required for the synthesis of RdRp and downstream NSPs. Created with BioRender.com.

PROPOSED RESEARCH QUESTIONS

The discovery of NSP6 and its many roles have been crucial to understanding the SARS-
CoV-2 replication cycle. NSP6 is implicated in many critical steps of viral replication
including the biogenesis of double membrane vesicles (DMVs) and is a key determinant of
viral pathogenicity (8, 16). Additionally, SARS-CoV-2 has been reported to lead to increased
LD accumulation in host cells to support its replication (15, 17). However, many questions
regarding the underlying mechanisms and molecular details behind the NSPs and LDs remain
unanswered. This knowledge is necessary to gain a more comprehensive understanding of the
viral lifecycle in order to identify potential therapeutic avenues to combat the global
pandemic. This article will build upon this knowledge gap by firstly, examining the role of
NSP6 in viral pathogenicity and disease progression and secondly, examining NSP6 in the
context of LDs and DMVs.

PROPOSED PROJECT NARRATIVE

What is the role of NSP6 in viral pathogenicity and disease progression?
NSP6 is a multifunctional protein involved in the stimulation of the formation of DMVs
from the ER, inhibition of autophagosome expansion within the cell, and induction of
pyroptosis along with additional functions (4, 16).
SARS-CoV-2, like other CoVs, builds a membrane-bound RO to enable RNA replication.
The SARS-CoV-2 RO is composed of DM Vs that are tethered to the ER by thin membrane
connectors. Together with NSP3 and NSP4, NSP6 is involved in the assembly of the ROs by
stimulating the rearrangement of host cell membranes and inducing the formation of DM Vs
(4, 18). These DMVs are generated by NSP3 and NSP4 whereas NSP6 zippers the ER
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membranes and establishes the connection between the DM Vs and the ER in order to facilitate
essential communication between the structures (4, 9).

Furthermore, NSP6 also activates NLRP3-dependent cytokine production and induces
pyroptosis. The induction of pyroptosis is done through the direct interaction of NSP6 with
an accessory subunit of a v-ATPase which leads to the inhibition of lysosome acidification
and causes stagnation of autophagic flux (16). Autophagy is a lysosome dependent
degradation process that is an important host defense mechanism to counteract viral infection,
which not only selects viral components for lysis, but also facilitates antigen processing and
adaptive immune responses (19). In addition, lysosomes are essential for removing protein
aggregates, damaged organelles, and internalized pathogens (20). Therefore, normal
lysosomal acidification is of utmost importance for its degradative function. This inhibition
of the lysosome-autophagy system triggers NLRP3 inflammasome activation and leads to the
activation of NLRP3-dependent caspase-1 and the maturation of IL-18 and IL-18. These
events together ultimately result in the induction of pyroptosis (16).

It is evident that with its ER zippering function and ability to induce inflammatory cell
death, NSP6 is a key determinant of SARS-CoV-2 pathogenicity and disease progression.

What is the connection of NSP6 to the functionality of lipid droplets and their
relation to DMVs?

In order to understand the relation between NSP6 and LDs, the main roles of NSP6 in
DMV formation must first be examined. To begin with, NSP6 acts as a filter in RO-ER
communication allowing lipid flow but restricting access of ER luminal proteins to the
DMVs; this is accomplished through the formation of a zippered double-membrane
compartment that maintains full membrane continuity but restricts luminal continuity with
the ER (9, 21). In addition to linking the DMVs to the ER, the connectors mediate the
association of ROs with LDs. At any given time 40% of ROs are associated with LDs. The
contact of the DM Vs with the LDs mediated by the LD-tethering complex is perfect to deliver
lipids synthesized in the ER to the DMVs but exclude “undesired” ER proteins. It has been
observed, that when LD biogenesis is inhibited, the viral load decreases significantly, pro-
inflammatory mediator production is reduced, and cell death is prevented indicating that
SARS-CoV-2 replication is dependent on LDs (9, 15). This indicates that the LDs may have
a potential role in supplying fatty acids to fuel DMV growth.

Furthermore. NSP6 positions and organizes DMV clusters. In the absence of NSP6, short
and tubular connections were observed between the DMVs and ER along with the presence
of a clearly detectable lumen. On the other hand, in the presence of NSP6, DMV clusters were
connected with the ER through longer sheet-like zippered domains. The number of DMVs
per connection also varied in the presence of NSP6 with an average of about 3 DMVs per
tubular connection without NSP6 and of about 15 DM Vs per zippered connection with NSP6.
It was also observed that the DM Vs had a more regular shape and appeared more uniform in
size and were packed more densely in each cluster when NSP6 was present (9). Thus, the
presence of NSP6 is necessary for the DMV clusters to establish a good connection with the
ER which will be used for lipid delivery and ultimately impacts viral replication.

In addition, a study conducted by Nardacci et al. analyzed the presence of LDs in SARS-
CoV-2. They observed that infected cells displayed a significant increase in the number of
cells with LDs in their cytoplasm with time of infection, from 24 to 48 hours post-infection
(22). The LDs were often found in contact with mitochondria; this proximity is necessary for
ATP production via B-oxidation (22, 23). Another study by Baek et al, observed similar
results along with the disappearance of LDs in the late stage of viral infection as a result of
LD lipolysis. They concluded that the decline of LDs was causally correlated with
intracellular lipolysis via LD-associated lipases through activation of cyclic AMP/protein
kinase A signaling pathways. Their results demonstrate that lipase-mediated intracellular LD
lipolysis is often exploited by RNA viruses to facilitate their replication (17). The combined
results of these studies suggest that LDs accumulate during the early stages of viral infection
and are used as an energy source during the late stage of viral infection.

SARS-CoV-2 appears to favour a lipid-rich environment with NSP6 facilitating the
selective process of obtaining the LD-derived lipids. LDs are key organelles in the viral
replication cycle and therefore, presents a potential strategy to interfere with viral replication
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by blocking lipid biogenesis or lipolysis. However, greater research into the use of
pharmacological inhibitors of LD-associated lipases is necessary to inform the use of such
interventions against SARS-CoV-2.

POTENTIAL IMPACT/CONCLUSIONS

The genome of SARS-CoV-2 encodes 16 NSPs which have important functions in viral
replication (1). Specifically, NSP6 is a multifunctional protein implicated in multiple steps of
the viral replication cycle including the formation of DMVs, inhibition of autophagasome
expansion, and induction of pyroptosis (4, 16). Additionally, SARS-CoV-2 has been shown
to manipulate LDs as substrates for energy and thus LDs are critical to the viral lifecycle (17,
22). Moreover, it is NSP6 that establishes the connection between the DM Vs and the ER and
allows for the selective transfer of LD-derived lipids (4, 9).

Understanding the molecular details of the NSPs, their roles, and the interactions of the
NSPs with each other as well as with other cellular components in the viral pathway presents
an opportunity to gain insight into how specific functions are modulated and provide crucial
insight into the SARS-CoV-2 lifecycle. In addition, several studies have demonstrated that
targeting host lipid metabolism by statins, suppresses the viral replication of many (+) RNA
viruses such as hepatitis C, dengueviruses, and influenza A; therefore, interfering with key
lipid metabolic pathway enzymes could represent a therapeutic perspective (22, 24).

Despite the advances in understanding the role of NSPs and LDs in SARS-CoV-2
pathogenesis, there remains a vast amount of knowledge to be gained. Elucidating the
structures and specific functions of each of the NSPs will provide crucial insight into the viral
lifecycle. Furthermore, current research focuses on cytosolic LDs but a future path of research
should draw attention to the potential functions associated with nuclear LDs and their
association with the SARS-CoV-2 lifecycle. A potential LD buildup in the nucleus could
impact transcriptional regulation of genes and therefore be implicated in pathogenesis.
Additionally, lipid modulating drugs can be used to inhibit cytosolic LD biogenesis, however
it is unclear whether nuclear LDs would be impacted and thus warrants further investigation.
Further research in these key areas is critical to gain a deeper understanding of the SARS-
CoV-2 lifecycle and its mechanisms of infection that are essential in developing effective
therapeutics to combat the global pandemic.

ACKNOWLEDGEMENTS

I would like to thank Dr. Frangois Jean for his continuous guidance and support throughout
the construction of this manuscript. I would also like to thank my MICB 406 peers for their
insightful feedback.

REFERENCES

1. Wu C, Yin W, Jiang Y, Xu HE. 2022. Structure genomics of SARS-CoV-2 and its Omicron
variant: drug design templates for COVID-19. Acta Pharmacol Sin 43:3021-3033.

2. Yoshimoto FK. 2020. The Proteins of Severe Acute Respiratory Syndrome Coronavirus-2
(SARS CoV-2 or n-COV19), the Cause of COVID-19. Protein J 39:198-216.

3. Bai C, Zhong Q, Gao GF. 2022. Overview of SARS-CoV-2 genome-encoded proteins. Sci China
Life Sci 65:280-294.

4. Abdelkader A, Elzemrany AA, El-Nadi M, Elsabbagh SA, Shehata MA, Eldehna WM, El-

Hadidi M, Ibrahim TM. 2022. In-Silico targeting of SARS-CoV-2 NSP6 for drug and natural
products repurposing. Virology 573:96-110.

5. Low ZY, Zabidi NZ, Yip AJW, Puniyamurti A, Chow VTK, Lal SK. 2022. SARS-CoV-2 Non-
Structural Proteins and Their Roles in Host Immune Evasion. Viruses 14:1991.

6. Rohaim MA, El Naggar RF, Clayton E, Munir M. 2021. Structural and functional insights into
non-structural proteins of coronaviruses. Microb Pathog 150:104641.

7. Bhatt PR, Scaiola A, Loughran G, Leibundgut M, Kratzel A, Meurs R, Dreos R, O’Connor KM,

McMillan A, Bode JW, Thiel V, Gatfield D, Atkins JF, Ban N. 2021. Structural basis of
ribosomal frameshifting during translation of the SARS-CoV-2 RNA genome. Science
372:1306-1313.

8. Chen D-Y, Chin CV, Kenney D, Tavares AH, Khan N, Conway HL, Liu G, Choudhary MC,
Gertje HP, O’Connell AK, Adams S, Kotton DN, Herrmann A, Ensser A, Connor JH, Bosmann
M, Li JZ, Gack MU, Baker SC, Kirchdoerfer RN, Kataria Y, Crossland NA, Douam F, Saeed

September 2023  Volume 7: 1-5 Undergraduate Research Article » Not refereed

UJEMI

https://jemi.microbiology.ubc.ca/



Banka

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

M. 2023. Spike and nsp6 are key determinants of SARS-CoV-2 Omicron BA.1 attenuation.
Nature 1-3.

Ricciardi S, Guarino AM, Giaquinto L, Polishchuk EV, Santoro M, Di Tullio G, Wilson C,
Panariello F, Soares VC, Dias SSG, Santos JC, Souza TML, Fusco G, Viscardi M, Brandi S,
Bozza PT, Polishchuk RS, Venditti R, De Matteis MA. 2022. The role of NSP6 in the biogenesis
of the SARS-CoV-2 replication organelle. Nature 606:761-768.

Cloherty APM, Olmstead AD, Ribeiro CMS, Jean F. 2020. Hijacking of Lipid Droplets by
Hepatitis C, Dengue and Zika Viruses—From Viral Protein Moonlighting to Extracellular
Release. Int J Mol Sci 21:7901.

Zweytick D, Athenstaedt K, Daum G. 2000. Intracellular lipid particles of eukaryotic cells.
Biochim Biophys Acta 1469:101-120.

Saka HA, Valdivia R. 2012. Emerging roles for lipid droplets in immunity and host-pathogen
interactions. Annu Rev Cell Dev Biol 28:411-437.

Pagliari F, Marafioti MG, Genard G, Candeloro P, Viglietto G, Seco J, Tirinato L. 2020. ssRNA
Virus and Host Lipid Rearrangements: Is There a Role for Lipid Droplets in SARS-CoV-2
Infection? Front Mol Biosci 7:578964.

Sanchez-Alvarez M, del Pozo MA, Bosch M, Pol A. 2022. Insights Into the Biogenesis and
Emerging Functions of Lipid Droplets From Unbiased Molecular Profiling Approaches. Front
Cell Dev Biol 10.

Dias SSG, Soares VC, Ferreira AC, Sacramento CQ, Fintelman-Rodrigues N, Temerozo JR,
Teixeira L, Nunes da Silva MA, Barreto E, Mattos M, de Freitas CS, Azevedo-Quintanilha IG,
Manso PPA, Miranda MD, Siqueira MM, Hottz ED, Pdo CRR, Bou-Habib DC, Barreto-Vieira
DF, Bozza FA, Souza TML, Bozza PT. 2020. Lipid droplets fuel SARS-CoV-2 replication and
production of inflammatory mediators. PLoS Pathog 16:¢1009127.

Sun X, Liu Y, Huang Z, Xu W, Hu W, Yi L, Liu Z, Chan H, Zeng J, Liu X, Chen H, Yu J, Chan
FKL, Ng SC, Wong SH, Wang MH, Gin T, Joynt GM, Hui DSC, Zou X, Shu Y, Cheng CHK,
Fang S, Luo H, Lu J, Chan MTV, Zhang L, Wu WKK. 2022. SARS-CoV-2 non-structural
protein 6 triggers NLRP3-dependent pyroptosis by targeting ATP6API. 6. Cell Death Differ
29:1240-1254.

Baek Y-B, Kwon H-J, Sharif M, Lim J, Lee I-C, Ryu YB, Lee J-I, Kim J-S, Lee Y-S, Kim D-H,
Park S-I, Kim D-K, Kim J-S, Choy HE, Lee S, Choi H-S, Osborne TF, Jeon T-I, Cho K-O. 2022.
Therapeutic strategy targeting host lipolysis limits infection by SARS-CoV-2 and influenza A
virus. 1. Signal Transduct Target Ther 7:1-12.

Pandey P, Prasad K, Prakash A, Kumar V. 2020. Insights into the biased activity of
dextromethorphan and haloperidol towards SARS-CoV-2 NSP6: in silico binding mechanistic
analysis. ] Mol Med 98:1659-1673.

Wu WKK, Yue J. 2020. Autophagy in host-microbe interactions. Semin Cell Dev Biol 101:1—
2.

Xu H, Ren D. 2015. Lysosomal physiology. Annu Rev Physiol 77:57-80.

Mironov AA, Savin MA, Beznoussenko GV. 2023. COVID-19 Biogenesis and Intracellular
Transport. 5. Int J Mol Sci 24:4523.

Nardacci R, Colavita F, Castilletti C, Lapa D, Matusali G, Meschi S, Del Nonno F, Colombo D,
Capobianchi MR, Zumla A, Ippolito G, Piacentini M, Falasca L. 2021. Evidences for lipid
involvement in SARS-CoV-2 cytopathogenesis. 3. Cell Death Dis 12:1-12.

Thiam AR, Dugail I. 2019. Lipid droplet-membrane contact sites - from protein binding to
function. J Cell Sci 132:jcs230169.

Episcopio D, Aminov S, Benjamin S, Germain G, Datan E, Landazuri J, Lockshin RA, Zakeri
Z. 2019. Atorvastatin restricts the ability of influenza virus to generate lipid droplets and
severely suppresses the replication of the virus. FASEB J 33:9516.

September 2023 Vol. 7:1-5 Undergraduate Review Article  Not refereed

UJEMI

https://jemi.microbiology.ubc.ca/



