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1. Zusammenfassung 
Ein gemeinsames Merkmal der InfekƟon mit posiƟv einzelsträngigen RNA-Viren ist die 

Umstrukturierung der Wirtszellmembranen zur Bildung viraler ReplikaƟonsorganellen (RO). Im Fall der 

HepaƟƟs-C-Virus (HCV) InfekƟon wird dieses RO als "Membrannetz" bezeichnet und beinhaltet 

Doppelmembranvesikel (DMVs), die vom endoplasmaƟschen ReƟkulum (ER) entstammen. Außerdem 

sind Lipidtröpfchen (LDs) häufig mit dem HCV-Membrannetz assoziiert. So ist das Protein 

Diacylglycerin-O-Acyltransferase 1 (DGAT1), ein entscheidendes Enzym der LD Bildung, für die 

Morphogenese von HCV erforderlich. Jedoch stellten wir fest, dass die Überexpression des DGAT1-

Isoenzyms, DGAT2, die HCV-InfekƟon stark hemmt. In folgender Studie wollen wir die viralen und 

zellulären Faktoren besƟmmen, die für diesen hemmenden Effekt verantwortlich sind.  

Es stellte sich heraus, dass DGAT2 spezifisch den ReplikaƟonsschriƩ des HCV hemmt, während es die 

ReplikaƟon anderer RNA-Viren der Flaviviridae, Hepeviridae und Coronaviridae nur minimal behindert. 

Wir brachten die InhibiƟon des HCV mit defekter DMV-Bildung in Verbindung. Die enzymaƟsche 

AkƟvität von DGAT2 war für diese InhibiƟon erforderlich. Jedoch genügte bloße LD-AkkumulaƟon nicht, 

um die HCV-RNA-ReplikaƟon zu behindern. Die Analyse mehrerer DGAT2-Mutanten ergab, dass die 

reƟkuläre und nicht die LD-LokalisaƟon für den anƟviralen Effekt von DGAT2 entscheidend ist. Da beide, 

DMVs und LDs, aus der ER-Membran entstammen, stellen wir die Hypothese auf, dass die DGAT2-

induzierte LD-Biogenese die ER-LipidlandschaŌ verändert und so die DMV-Bildung beeinträchƟgt. Wir 

nutzten eine KombinaƟon von Lipidomics, fluoreszierendem Lipid-Biosensor-Imaging und 

LipidsupplemenƟerung, um die Lipidspezies zu idenƟfizieren, die an der DGAT2-SensiƟvität von HCV 

beteiligt sind. Interessanterweise wurden verschiedene Lipidklassen, insbesondere Phospholipide, bei 

der HCV-InfekƟon, aber auch bei DGAT2-Expression erhöht. Dabei wurden insbesondere Phospholipide 

mit stark ungesäƫgten FeƩsäurekeƩen unter beiden Bedingungen sƟmuliert, was auf eine 

gemeinsame Nutzung derer für die DMV- und LD-Biogenese hindeutet. Andererseits wurden durch die 

Expression von DGAT2 besƟmmte Lipide, insbesondere Oleyl-Phospholipide, dezimiert, die bei der 

Bildung von HCV RO eine wesentliche Rolle spielen.  

Insgesamt suggerieren unsere Ergebnisse, dass der Lipidaustausch während der DGAT2 iniƟierten LD-

Biogenese nicht nur neutrale Lipide, sondern auch die Zusammensetzung der Membranlipide 

beeinflusst, was sich nachteilig auf die RO-Bildung auswirkt. Die Lipidveränderungen, die wir global in 

DGAT2-exprimierenden Zellen beobachteten, könnten unter physiologischen Bedingungen lokal, in ER-

Subdomänen, relevant sein. Darüber hinaus könnte der erhöhte Lipidfluss zwischen ER und LDs bei 

übermäßiger LD-Biogenese, z.B. während der SteatohepaƟƟs, von Bedeutung sein. Schließlich scheint 

die durch die DGAT-Proteine vermiƩelte LD-Biogenese die räumliche KomparƟmenƟerung der HCV-

ReplikaƟons- und Assemblierungsorte innerhalb des Membrannetz zu regulieren. 
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2. Abstract 
A hallmark of plus-strand RNA virus infecƟon is the reshuffling of host cell membranes to form viral 

replicaƟon organelles. In the case of hepaƟƟs C virus (HCV) infecƟon, this replicaƟon organelle is called 

“membranous web” and appears as accumulaƟon of double membrane vesicles (DMVs) that are 

derived from the endoplasmic reƟculum (ER) membrane. Furthermore, lipid droplets (LDs) are oŌen 

associated with the HCV membranous web and play an important role during the HCV morphogenesis. 

As such, the diacylglycerol-O-acyltransferase 1 (DGAT1) protein, which catalyzes the rate-limiƟng step 

of the triglyceride synthesis important for LD biosynthesis, is required for the assembly of HCV parƟcles. 

Surprisingly, we found that the overexpression of the DGAT1 isozyme, DGAT2, strongly inhibits HCV 

infecƟon. In this study, we aim to idenƟfy the viral and cellular determinants behind this inhibitory 

phenotype. 

We found that DGAT2 specifically inhibits the replicaƟon step of the HCV viral life cycle, while it had 

minimal effect on the replicaƟon of other RNA viruses of the Flaviviridae, Hepeviridae and 

Coronaviridae families. Using correlated light electron microscopy, we could correlate this phenotype 

to a defect in DMV formaƟon. While this effect depended on the enzymaƟc acƟvity of DGAT2, the mere 

LD accumulaƟon was not sufficient to hamper HCV RNA replicaƟon. Analysis of a series of DGAT2 

mutants revealed that reƟcular rather than LD associaƟon of DGAT2 is crucial to its anƟviral acƟvity. 

Since both DMVs and LDs are derived from the ER membrane, we hypothesize that the DGAT2-induced 

LD biosynthesis alters the ER lipid landscape and thereby impairs the DMV formaƟon. We used a 

combinaƟon of lipidomics analysis, fluorescent lipid biosensor imaging and lipid supplementaƟon 

assays to idenƟfy key lipid species involved in the DGAT2 sensiƟvity of HCV.  

InteresƟngly, various membrane lipid classes, especially phospholipids were enhanced upon HCV 

infecƟon, but also DGAT2 overexpression. Thereby, especially phospholipids with highly unsaturated 

faƩy acyl chains were sƟmulated in both condiƟons, suggesƟng a co-uƟlizaƟon of these lipids for both 

DMV and LD biogenesis. On the other hand, excess DGAT2 expression depleted certain lipid species, in 

parƟcular oleyl-phospholipids, which might play an essenƟal role during the HCV replicaƟon organelle 

formaƟon.  

Altogether, our results indicate that lipid exchanges during DGAT2 mediated LD biogenesis influence 

not only the neutral but also membrane lipid composiƟon, deleterious for the HCV replicaƟon organelle 

formaƟon. The lipid changes observed globally in DGAT2 expressing cells might be relevant locally in 

specific ER subdomains, in physiological condiƟons. Furthermore, the increased lipid flux between ER 

and LD compartment upon exaggerated LD biogenesis may be important during steatohepaƟƟs. 

Altogether, LD biogenesis mediated by the DGAT proteins might govern the spaƟal 

compartmentalizaƟon of HCV replicaƟon and assembly sites within the membranous web.  
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3. IntroducƟon  

3.1. HepaƟƟs C Virus  

HepaƟƟs C virus (HCV) is an enveloped, posiƟve-sense single-stranded (+ssRNA) RNA virus and the 

leading cause of chronic liver disease [1]. According to the world health organizaƟon (WHO) about 1.5 

million people are infected with HCV annually [2]. In untreated infected individuals, HCV leads to 

chronic liver infecƟon in about 70 % of all cases, which can develop into liver cirrhosis and liver cancer 

[3]. HCV belongs to the Flaviviridae family, genus Hepacivirus, and circulates in seven clinically relevant 

genotypes differing in their global distribuƟon and severity [4]. The two highly steatogenic genotypes 

3 and 1 are the most prevalent, accounƟng for 30 % and 46 % of all infecƟons, respecƟvely [4]. Since 

its idenƟficaƟon in 1989, research in the field of HCV infecƟon significantly advanced aŌer the 

establishment of a funcƟonal HCV cell culture model that uƟlizes the genotype 2a isolate JFH1 or an 

HCV chimera of JFH1 and the J6 strain of the same genotype 2a (Fig. 1A) [5,6]. Besides this so-called 

Jc1 and other full-length viruses, several subgenomic replicons of various HCV strains are available and 

provide useful tools for studying the funcƟon of the individual viral proteins and dissecƟng the viral life 

cycle (Fig. 1) [7].  
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Figure 1: Hepatitis C virus genome, particle and life cycle. (A) The positive sense single stranded RNA genome 
of Hepatitis C virus (HCV) encodes one open reading frame (ORF) enclosed by two untranslated regions (UTRs) 
at the 5’ and 3’ end. The 5`UTR forms the internal ribosome entry site (IRES) required for translation of the viral 
genome. The ORF encodes three structural proteins (Core (C), envelope glycoproteins (E1, E2)) and 7 non-
structural proteins (p7, NS2-NS5B) that are required for viral replication and assembly. (B) The HCV lipo-viro 
particle resembles the structure of lipoproteins, as they not only consist of the viral genome, the capsid forming 
Core protein and the glycoproteins E1 and E2 but possess a neutral lipid envelope decorated by apolipoproteins. 
(C) Schematic presentation of the HCV life cycle. The HCV entry occurs after binding to a multiple receptor 
complex on the host cell surface. After clathrin-mediated endocytosis, the viral genome is uncoated and 
translated at the ER membrane. The replication of the viral RNA occurs in virus induced replication organelles 
(ROs) at the HCV membranous web. The assembly of HCV virions requires the interplay with lipid droplets (LDs) 
that are tightly associated with the membranous web. The matured virions are released via the Golgi secretory 
pathway.  

HCV enters the target cell by binding to several receptors at the cell surface, including the CD81 

receptor (Fig. 1C) [8,9]. Following clathrin-mediated endocytosis, the 9.6 kB long +ssRNA genome is 

released into the cytoplasm and directly translated at the endoplasmic reƟculum (ER) [10,11]. Besides 

a single open reading frame (ORF), the HCV genome encodes 5’ and 3’ untranslated regions (UTR), 

which support viral translaƟon and replicaƟon and are important for the genome’s stability (Fig. 1A) 

[12]. Importantly, a highly conserved structural region called internal ribosome entry site (IRES) is 

located at the 5′-UTR and is required for binding of the viral RNA to the ribosomal 40S subunit to iniƟate 

translaƟon (Fig. 1A) [13,14]. The translaƟon product of the ORF is a poly-protein of 3000 amino acid 

residues, that is cleaved by host proteases into 10 mature proteins [15]. Consistent with other members 

of the Flaviviridae family, HCV encodes three structural proteins (the capsid protein Core and envelope 

glycoproteins E1 and E2) and seven non-structural proteins (NS2, 3, 4A, 4B, 5A, 5B and p7) (Fig. 1A) 

[15]. While the structural proteins are crucial for the formaƟon of the enveloped HCV parƟcle, the non-

structural proteins play various roles during HCV replicaƟon and parƟcle morphogenesis (Fig. 1B) [15].  

The replicaƟon of the HCV genome occurs at a virus induced replicaƟon organelle (RO), that consists of 

double and mulƟmembrane vesicles (DMVs and MMVs) derived from the ER membrane (Fig. 1C) [16–

19]. DMVs are considered as the site of RNA replicaƟon since newly synthesized viral RNA has been 

detected within these compartments [20]. Following replicaƟon, HCV hijacks the host cell lipoprotein 

synthesis pathway, thereby gaining apolipoproteins to assemble into a low-density “lipo-viro-parƟcle” 

(Fig. 1B) [21–23]. The newly formed virions are then released through the Golgi-dependent secretory 

pathway [24] and eventually circulate in the bloodstream either as free parƟcles or associated with 

lipoproteins in order to escape from the innate immune response [25,26]. Subsequently, HCV can be 

transmiƩed to other individuals by percutaneous exposure to infected blood or blood-derived body 

fluids [27]. 

Despite intense research effort, to date, no vaccine against HCV infecƟon is available [28]. In the last 

years, the development of several anƟviral treatments led to decreasing numbers of paƟents suffering 

from HCV-caused chronic hepaƟƟs [29]. However, the global availability of these highly expensive 
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treatments is limited and evoluƟon of anƟviral-drug-resistant strains has been observed [28]. 

ConƟnuous study of HCV including the interacƟon with host factors and its close relaƟon to the liver 

metabolism is therefore sƟll highly demanded and required for the development of further anƟviral 

treatments. One crucial strategy is to exploit the viral manipulated lipid pathways leading to the 

formaƟon of HCV RO.  

As numerous viruses have developed similar strategies to exploit the lipid pathways of the host cell, 

the formaƟon of HCV replicaƟon organelle (RO) can also serve as a model for other emerging viruses 

of the Flaviviridae, especially arthropod-borne viruses, and Coronaviridae, such as the recently 

emerged severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), which also rely on the 

formaƟon of viral ROs [20,30,31]. 

3.2. Viral replicaƟon organelles 

The formaƟon of virus ROs is a hallmark of +ssRNA viruses and believed to create a protecƟve 

microenvironment for the viral replicaƟon and assembly step. ROs do not only provide a locally 

restricted compartment to concentrate viral and host proteins required for replicaƟon, but 

simultaneously shield the viral RNA genome from innate immune sensors [32].  

Based on numerous electron microscopy studies, different architectures of ROs have been revealed. 

These can be divided into (i) the membrane invaginaƟon type, which includes structures formed by 

single membrane invaginaƟons whose contents are connected to the cytosol, and (ii) the membrane 

protrusion type including double membrane vesicles (DMV) (Fig. 2). The laƩer most likely results from 

both membrane protrusion and invaginaƟon, leading to a specialized organelle that resembles the 

structure of autophagosomes [33].  

Different host cell organelles including the ER, the Golgi apparatus, mitochondria, lysosomes and the 

plasma membrane can serve as substrate for the formaƟon of ROs [30,34]. The ER membrane is one of 

the most frequently uƟlized sources for viral RO, which is encouraged by some of the intrinsic 

properƟes of the ER, such as the ER-to-cytosol translocaƟon machinery and the constant membrane 

budding and fission processes that allow dynamic restructuring [35]. 
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Figure 2: Replication organelle (RO) types. Based on the direction of curvature – away or towards the 
cytosol - ROs are classified into invagination and protrusion type. In both cases, an interplay of positive (blue) 
and negative (pink) membrane shaping is essential for the formation of the viral ROs. For the protrusion type, 
double membrane vesicles (DMVs) are represented here.  

Various Flaviviridae, including Dengue virus (DENV), Zika virus (ZIKV), Ɵck-borne encephaliƟs virus 

(TBEV), Langat virus (LGTV) and West-Nil virus (WNV) induce ER-derived convoluted membranes as well 

as single membrane vesicles or tubules [36–38]. Moreover, DMVs and MMVs, as in the case of HCV and 

also various coronaviruses, are formed at the ER membrane [30,39].  

The size of DMVs is heterogeneous in both HCV- and SARS-CoV-2-infected cells, ranging from 100 to 

300 nm [30]. DMVs are oŌen aƩached to the ER and some of them have pores that span the double 

membrane [39]. For SARS-CoV-2, these pores are formed by a protein complex that includes the viral 

nsp3 protein [40]. These openings may allow the passage of newly synthesized viral RNA so that it can 

be packaged into newly formed viral parƟcles at the virus assembly site [39].  

The mechanisms underlying the formaƟon of different ROs are not fully understood. OŌen, an interplay 

of various viral proteins and someƟmes also replicaƟng viral RNA is required for the biogenesis of these 

highly complex membranous structures. Viral transmembrane proteins such as HCV NS4B accumulate 

at the viral RO site and thereby enable membrane bending [31]. Of note, the biogenesis of the HCV 

membranous web involves the concentrated acƟon of several viral proteins. As such, also ectopic 

expression of the HCV NS5A protein triggers DMV formaƟon [41–43]. However, ectopic expression of 

the enƟre NS3-5B polyprotein is required to mimic the formaƟon of an RO that is indisƟnguishable from 

the membranous web formed during HCV infecƟon. [41]. Besides viral factors, several host proteins are 

employed for the DMV biosynthesis.  
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As such, biogenesis factors of autophagosomes, that are also surrounded by a double membrane, are 

parƟally uƟlized by SARS-CoV-2 and HCV for DMV formaƟon cases [33]. However, the convenƟonal 

macroautophagy pathway is dispensable for the HCV and SARS-CoV-2 DMV synthesis [33]. 

Importantly, host proteins that are involved in lipid biosynthesis and trafficking contribute to the vast 

membrane remodeling of viral ROs. Global lipidomic studies and lipid biosensors have proved to be 

useful in understanding the virus-induced changes of the host cell lipidome [31,44–47].  

3.3. Lipids involved in the replicaƟon organelle formaƟon 

Lipid membranes are composed of a variety of lipid species that differ in their headgroup, which 

determines the lipid class, as well as in their faƩy acyl chain length and saturaƟon (Fig. 3A and B). The 

composiƟon of these lipids influences the biophysical properƟes of the membrane, such as curvature, 

fluidity, protein binding capacity and charge [48–50]. The formaƟon of viral ROs requires high flexibility 

and bending of the host cell membrane towards and away from the cytosol (posiƟve and negaƟve 

curvature, respecƟvely) to form vesicles or membrane invaginaƟons (Fig. 3C) [30,43]. Changes of the 

lipid landscape not only accompany but also enable these vast membrane reshuffling events at the viral 

RO [30,51,39,43].  
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Figure 3: Lipid structures and effects on lipid membranes. (A) Structure representation of major lipid classes 
distinguished by their headgroup chemistry. (B) Nomenclature of common fatty acids and their classification into 
saturated, mono-unsaturated (MUFA) and polyunsaturated (PUFA) fatty acids. (C) Influence of the lipid intrinsic 
curvature on lipid membrane curvature (left panel) and membrane fluidity (right panel). UFA, unsaturated fatty 
acid; Lyso-PL, lyso-phospholipids.  
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Similar strategies and paƩerns are used by different viruses to adapt the lipid landscape of the host cell 

in favor of the formaƟon of viral RO. One prominent example is the conversion of phosphoinosiƟde (PI) 

to phosphoinosiƟde-4-phosphate (PI4P) by the acƟon of PI-kinases [52,53]. In the case of HCV, PI4-III 

kinase-alpha is recruited by NS5A to the viral RO site, which is crucial for the DMV biogenesis and viral 

replicaƟon [52,54]. PI4P plays a fundamental role as lipid signaling molecule and is bound by various 

lipid transfer proteins, such as oxysterol binding protein and ceramide transferase (CERT) [55]. The 

recruitment of these proteins to the HCV membranous web increases the local levels of cholesterol 

(Chol) and ceramide (CER), respecƟvely [56–58].  

Chol is accumulated at the perinuclear region in HCV-infected cells and required for the integrity of the 

membranous web [20,57]. Enhanced Chol incorporaƟon leads to increased membrane fluidity by 

intercalaƟng with the phospholipid bilayer [59]. Apart from HCV, the RO formaƟon of DENV, WNV, and 

ZIKV also depends on Chol enrichment [34,60,61]. 

In combinaƟon with sphingomyelin (SM) or PLs with long, saturated faƩy-acyl chains, Chol can form so-

called lipid raŌs (Fig. 3C.), specialized lipid domains that are important for the formaƟon of the HCV RO  

[62]. Accordingly, SM has been shown to be criƟcal for the DMV formaƟon of HCV [58]. SM is 

synthesized from the precursor ceramide (CER), which is trafficked to the HCV RO by CERT [63]. Due to 

its cone shape, CER itself has an intrinsic negaƟve curvature which might be important for the curvature 

of viral ROs of HCV, ZIKV and WNV  [64,65,46].  

The most abundant lipids in eukaryoƟc lipid membranes are phosphaƟdylcholine (PC) and 

phosphaƟdylethanolamine (PE). While saturated PC species have a rather cylindrical shape important 

for flat bilayer membranes, PE species possess an intrinsic negaƟve curvature (Fig. 3C). The raƟo of PC 

to PE content has been shown to regulate the fluidity of lipid bilayers and is crucial for the lipoprotein 

and energy metabolism [66,67]. Various RNA viruses enhance the de novo biogenesis of PC and PE, 

which is probably required for the massive increase of membrane biogenesis during RO formaƟon 

[68,69]. Also in HCV-infected cells, PC accumulaƟon is observed at the membranous web and enhanced 

by the upregulaƟon of phosphokinase C [68].  

Moreover, the selecƟve increase of mono-unsaturated faƩy acyl- (MUFA), and polyunsaturated long 

faƩy acyl (PUFA)- PE and PC species was reported by several studies in HCV-infected cells [44,45]. In 

line with this, the inhibiƟon or downregulaƟon of several faƩy acid elongases and desaturases is  

detrimental for HCV replicaƟon [44,70,71].  

Of note, many of the biosynthesis pathways of the aforemenƟoned lipid classes are highly 

interconnected, which allows the dynamic regulaƟon of local lipid enrichment and depleƟon. An 

important bridging point is the phosphaƟdic (PA) lipid, that serves as lipid precursor of various 

glycerolipids including PC, PE, and PI [72]. PA is a relaƟvely small, negaƟvely charged phospholipid with 

intrinsic negaƟve curvature and can also act as a signaling molecule by binding to various proteins [73]. 
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The de novo biogenesis of PA is mediated by acylglycerol phosphate acyltransferases (AGPATs) [72]. 

Recently, the importance of AGPAT1 and AGPAT2 and the accumulaƟon of PA for the formaƟon of the 

HCV and SARS-CoV-2 RO has been demonstrated [31]. However, the exact role of PA in the formaƟon 

of viral ROs is not yet fully understood [31].  

PA can also be phosphorylated by Lipin proteins to produce diacylglycerol (DAG) [74]. Similar to PA, 

DAG possesses signaling funcƟons and an intrinsic negaƟve curvature [75,76]. Therefore, DAG plays an 

important role in the formaƟon of the nuclear envelope and in extreme membrane curvature required 

for fusion [77]. However, DAG has not yet been associated with the formaƟon of viral ROs.  

More importantly, esterificaƟon of DAG with acyl-CoA leads to the formaƟon of the neutral 

triacylglycerol lipid (TAG) – which is catalyzed by diacylglycerol acyl transferases (DGAT) [78]. TAGs are 

the main component of lipid droplets (LDs), ubiquitous cellular organelles that play an important role 

in cellular fat storage and energy homeostasis. The formaƟon of these LDs is upregulated during various 

RNA virus infecƟons, including HCV, and LDs are associated with the HCV membranous web [79–81]. 

However,  in contrast to picornaviruses or DENV [82,83] the funcƟon of LDs for the biogenesis of the 

HCV RO is not yet known [41,79].  

3.4. Lipid droplet biogenesis and funcƟons 

LDs possess a unique structure, consisƟng of a neutral lipid Core encircled by a PL monolayer. The 

biogenesis of LDs occurs at the ER membrane and starts with the synthesis of the neutral lipids 

cholesteryl ester (CE) and TAG [84]. CE results from acylaƟon of free Chol by acyl-CoA-cholesterol O-

acyltransferases (ACATs) [85]. TAG on the other hand is synthesized by sequenƟal acylaƟon from 

glycerol-3-phosphate (G3P) and three faƩy acids (FAs) (Fig. 4A) [84]. In detail, G3P is acylated by 

glycerol-3-phosphate-acyl-transferase (GPAT) and 1-acylglycerol-3-phosphate O-acyltransferase 

(AGPAT) to PA [72]. Lipin dephosphorylates PA to DAG, which is then further acylated to TAG [78]. The 

esterificaƟon of DAG to TAG is mediated by either DGAT1 or DGAT2 and forms the rate-limiƟng step in 

the cascade of TAG biogenesis (Fig. 4A) [78].  

Accumulated TAG and CE eventually coalesce and form ER-embedded oil-lenses, that can transit into 

budding LDs (Fig. 4B) [84,86]. The laƩer step is dependent on the oligomeric Seipin protein, which 

forms a cage-like structure to entrap TAGs at the LD-ER interface and stabilizes the connecƟon between 

the ER and LD organelle (Fig. 4B) [87,88]. In some cell types, a fracƟon of LDs detaches from the ER 

membrane (Fig. 4B) [89]. However, the involved factors and mechanisms behind this membrane fission 

process are not yet fully understood [89].  

The contact between ER membrane and LD contributes to the maturaƟon of LDs, which are supplied 

with further lipids through ER-LD contact sites. AddiƟonally, LD growth is thought to be sƟmulated by 

local TAG synthesis at the LD surface, which is mediated by various lipogenic proteins such as GPAT4 
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and DGAT2 that can be localized to the LD surface [90]. In line with this, Phosphate CyƟdylyltransferase 

1A (PCYT1A) which catalyzes a rate-limiƟng step of PC synthesis, associates with LDs that are deficient 

in PC and is thereby acƟvated. This mechanism is crucial to maintain phospholipid homeostasis in 

expanding LDs [91].  

The degradaƟon of LDs is mediated through the acƟon of lipases, such as the lipase adipose triglyceride 

lipase (ATGL) and its acƟvator 1-acylglycerol-3-phosphate O-acyltransferase (ABHD5) (Fig. 4B) [92,93]. 

ATGL hydrolyzes TAG to DAG and a FA [94], which can either serve in energy homeostasis via β-

oxidaƟon, membrane lipid synthesis, or as lipid signaling molecules. Another mechanism for the 

degradaƟon of lipids within LDs is lipophagy, which involves the engulfment of LDs by autophagosomal 

membranes, followed by fusion with lysosomes where the TAG are hydrolyzed by lysosomal acid lipases 

to free FAs (FFAs) (Fig. 4B) [93,95].  

 
Figure 4: Biosynthesis of triacylglycerol (TAG) and the formation of lipid droplets (LDs). (A) TAG is formed from 
Glycerol-3-phosphate (G3P) in consecutive acylation steps involving glycerol-3-phosphate-acyl-transferase 
(GPAT), 1-acylglycerol-3-phosphate O-acyltransferase (AGPAT), Lipin and diacylglycerol-O-acyltransferase 
(DGAT) proteins. The catalysis of DAG to TAG mediated by DGAT proteins is the rate-limiting step of the formation 
of TAG. (B) The lipid droplet life cycle starts with the accumulation of TAG between the ER-leaflets mediated by 
DGAT. Eventually, the accumulated neutral fats of these oil lenses coalesce and form nascent LDs. The budding 
of LDs likely involves Seipin, which connects the LD with the ER membrane by forming a neck-like structure. In 
some cases, mature LDs detach from the ER membrane but are thought to be able to grow via action of DGAT2 
or fusion with other LDs. LDs are degraded by lipolysis, involving cellular lipases and co-factors, or a specialized 
autophagosomal process, called lipophagy. The lipase mediated mobilization of fatty acids (FAs) from the LDs are 
crucial for the formation of lipoproteins at the ER.   
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Both expansion and shrinkage of LDs are highly dynamic processes and regulate the LD size dependent 

on cell type, nutriƟonal condiƟon, and cell developmental state within short Ɵme scales. This results in 

a highly diverse LD pool, that can differ in size, lipid content and protein coaƟng, even within an 

individual cell [96].  

LDs are in contact with many other cell organelles such as the ER membrane, mitochondria, 

peroxisomes and lysosomes via various membrane bridges and protein tethers [89,97,98]. The proteins 

involved in these LD contact sites are oŌen related to LD biogenesis or breakdown [89,97]. As such, the 

aforemenƟoned Seipin is an important membrane bridging protein between LDs and the ER membrane 

[99,87]. Through these mulƟple contact sites, LDs play an important role in the inter-organellar 

communicaƟon and transport of lipids and proteins. Thus, in contrast to early findings that underrated 

LDs as mere fat storage bodies, it is now clear that LDs are highly dynamic organelles that not only 

funcƟon in the energy homeostasis and the availability of membrane building blocks [84]. LDs also 

protect the cell from the toxic effects of excess FFAs, called lipotoxicity [84,100]. Moreover, recently 

the role of LDs in the protecƟon from pathogens by acƟng as innate immune hubs has been 

demonstrated [101]. On the contrary, various pathogens also hijack the LD life cycle for their replicaƟon 

[102–104].  

3.5. Diacylglycerol – O-acyltransferase (DGAT) proteins 

The synthesis of TAG is an essenƟal step in the LD biogenesis and catalyzed by either DGAT proteins, 

DGAT1 or DGAT2. In a reversible reacƟon, DGAT proteins esterify an acyl-CoA-acƟvated FA to the 

glycerol backbone of DAG and thereby convert the polar membrane lipid into a neutral lipid, which 

funcƟons as main energy storage in various organisms. Furthermore, TAG also acts as FA source for PL 

biosynthesis and the binding of FFAs as TAG protects the cell from lipotoxicity [84,100]. InteresƟngly, 

despite knowledge of DGAT acƟvity for several years, it was not unƟl 1998 that the first DGAT protein, 

DGAT1, was found and cloned from mouse (Mus musculus), followed by the discovery of DGAT2 from 

the soil fungus Umbelopsis ramanniana in 2001 [105,106]. DGAT proteins are present in various 

organisms including various bacteria, fungi, plants, and animals [107]. In mammals, both DGAT proteins 

are ubiquitously expressed by different cell types, but mainly by adipocytes and hepatocytes, which 

are involved in fat storage or lipoprotein secreƟon [105,108].  

Although they catalyze the same enzymaƟc reacƟon, DGAT1 and 2 do not share sequence homology 

and are from different protein families [107]. DGAT1 has a molecular weight of 55 kilodaltons (kDa) and 

belongs to the membrane-bound O-acyltransferase (MBOAT) family [78]. As is characterisƟc of this 

family, DGAT1 has several transmembrane domains that are required for its incorporaƟon into the ER 

membrane (Fig. 5A). While the N-terminus of DGAT1 faces towards the cytosol, the C-terminus extends 

into the ER lumen and harbors a highly conserved hisƟdine residue that most likely marks the acƟve 

side of the enzyme (Fig. 5A) [109]. Recently, the protein structure of DGAT1 was solved and revealed 
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that DGAT1 forms a homodimer via its N-terminus [110]. The acyl-CoA-acƟvated substrate binds to the 

cytosolic side of DGAT1 and the acyl-residue reaches into a hydrophobic channel within the protein, 

where the acƟve hisƟdine residue is located (Fig. 5A) [110]. AŌer the esterificaƟon, the formed TAG 

products is thought to be released towards the ER-lumen (Fig. 5A) [110].  

 
Figure 5: Schematic overview of DGAT1 and DGAT2 protein structures and domains. (A) Left panel: Cryo-
electron microscopy structure of human DGAT1 dimer indicating an unidentified lipid-shaped density (blue) 
residing in the DGAT1 central cavity. The lateral gate (red dashed circle) and oleoyl-CoA molecules (sticks) are 
shown. Right panel: Surface representation of a DGAT1 momoner showing the orientation of the lipid-like density 
(blue) in the DGAT1/acyl-CoA complex structure. (B) Model of DGAT2 protein topology. The protein’s 
transmembrane domain allows the insertion into the ER membrane, while both N and C-terminus of DGAT2 are 
faced towards the cytosol. While residues at the N-terminus were shown to be required for the localization of 
DGAT2 at mitochondria, some hydrophobic regions in the C-terminus are important for the protein’s localization 
at LDs. The putative neutral lipid-binding domain including L83 is shown in red, the conserved HGPG domain in 
green, and a possible amphipathic α-helix in blue. Positively or negatively charged amino acids are shown in 
black. Modified and reprinted from (A) Sui et al. 2020 [110] and (B) Stone et al. 2006 [111] with permission 
according to CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/). 

DGAT2 belongs to another protein family that also includes the monoacylglycerol transferase (MGAT) 

protein [108]. DGAT2 is a 45 kDa protein and probably forms homodimers [112]. In contrast to DGAT1, 

the crystal-structure of DGAT2 is not yet solved, but due to extensive studies of the protein topology, 

the funcƟons of several residues within the DGAT2 protein are known (Fig. 5B) [111,113,114]. DGAT2 

has two alpha-helices that are connected by a short loop and form the transmembrane region of the 
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protein, whereas the majority of the protein, including N- and C-terminus are exposed to the cytosol 

(Fig. 5B) [113]. Within the transmembrane domain, DGAT2 possesses a conserved lipid binding residue 

(leucine 83), that is crucial for the catalyƟc acƟvity of DGAT2 (Fig. 5B) [111]. Another putaƟve lipid 

binding moƟf is located at the C-terminus: the consensus amino acid sequence HPHG (located at 

residues 161-164 in human DGAT2) which is conserved among many DGAT2 family members (Fig. 5B) 

[111]. While the transmembrane domain of DGAT2 is required for localizaƟon at the ER-membrane, 

the C-terminal region is believed to interact with LDs via its amphipathic α-helix [111,113]. In fact, 

especially aŌer oleic acid supplementaƟon, DGAT2 is not only localized at the ER membrane but also 

forms rings around LDs, which are characterisƟc for the localizaƟon at these organelles [113–116]. In 

line with this, deleƟon of the C-terminal region abolishes this LD-localizaƟon [113,114,116]. The 

associaƟon of DGAT2 at LDs is believed to be important for localized TAG synthesis at expanding LDs 

[113]. InteresƟngly, DGAT2 was shown to act as an anchor protein between ER and LD together with 

the ER-resident FATP1 protein [117]. Moreover, DGAT2 is associated with mitochondria, and a recent 

study reported that CRISPR-Cas9 FLAG-tagged endogenous DGAT2 is primarily present at mitochondria-

associated membranes [109]. The interacƟon with mitochondria is dependent of the N-terminal region 

of the DGAT2 protein [114].  

Due to their different localizaƟon, DGAT1 and DGAT2 have been suggested to be responsible for the 

biogenesis of different LD subsets [90]. While DGAT1 is thought to account for the ER-localized 

biogenesis of nascent LDs formaƟon, DGAT2 may be more involved in the maturaƟon of cytosolic LDs 

[90]. AddiƟonally, a study using radiolabeled lipid precursors in combinaƟon with either DGAT1 or 

DGAT2 inhibiƟon showed that both enzymes have different substrate preferences: While DGAT1 

preferenƟally uƟlizes exogenous, saturated FA, DGAT2 has a preference for de novo synthesized FAs 

[118,119]. Therefore, it has been suggested that DGAT2 acts upstream, uƟlizing FA from the de novo 

lipogenesis pathway, while DGAT1 would primarily funcƟon in re-esterifying released products from 

the TAG hydrolysis at LDs, while uƟlizing already present or exogenous FAs [120].  
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3.6. Lipid droplet hijacking by HCV 

Besides their cellular funcƟons, various microbes uƟlize the LD biogenesis pathways to access the 

cellular energy and membrane homeostasis, as well as LD resident proteins and contact sites. HCV has 

a peculiar relaƟonship with the LD lifecycle (Fig. 6) and is one of the best studied examples for the 

interacƟon of viral pathogens with LDs [23,121,122].  

LD accumulaƟon is a hallmark of HCV infecƟon and manifests clinically as hepaƟc steatosis, which 

contributes to the development of liver fibrosis and cancer [3]. Indeed, expression of the HCV Core 

protein is sufficient to cause accumulaƟon of LDs by protecƟng them from lipolysis mediated by ATGL 

and ABHD5 [123].  

In addiƟon to the Core protein, the localizaƟon of NS5A on the surface of the LDs is essenƟal for HCV 

assembly and is supported by the acƟon of various host factors such as PLIN2 and PLIN3, but also 

DGAT1 [124–126] (Fig. 6). Importantly, DGAT1 is required for Core and NS5A LD loading and strengthens 

the interacƟon of both viral proteins at the LD surface [126,127]. InteresƟngly, the enzymaƟc acƟvity 

of DGAT1 is crucial for its role as assembly factor [126,127]. In contrast, DGAT2, which catalyzes the 

same enzymaƟc reacƟon, is dispensable for HCV assembly [126].  

While the LD surface serves as plaƞorm to concentrate the HCV assembly factors, the final formaƟon 

and budding of the viral parƟcles are thought to occur in an early secretory compartment, presumably 

the ER, by hijacking the lipoprotein pathway [23] (Fig. 6). Here, LD lipolysis mediated by ATGL and 

ABHD5 is essenƟal and most likely required for the mobilizaƟon of TAGs for the formaƟon of the lipo-

viro-parƟcle [128,129]. Subsequently, the entanglement of LDs within the membranous web helps to 

bring together viral proteins, lipids and the newly synthesized viral genome and is believed to facilitate 

the spaƟo-temporal coupling of virus replicaƟon and morphogenesis [79].  
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Figure 6: Hijacking of the lipid droplet life cycle for HCV particle formation. While the HCV polyprotein is 
translated and located at the ER membrane, HCV Core and NS5A proteins are loaded to LDs. The association of 
NS5A and Core to the LD surface is dependent on the ER-resident DGAT1 protein. Thus, the biogenesis of nascent, 
DGAT1-mediated LDs rather than cytosolic, DGAT2-mediated LDs is thought to play a role in the concentration 
of HCV assembly factors. The morphogenesis of HCV is thought to occur at the lipoprotein formation site in close 
proximity to the HCV ROs. Therefore, neutral lipids of LDs are thought to be mobilized by the ATGL lipase and its 
co-factor ABHD5 and required for the formation of the HCV lipo-viro-particle. Modified and reprinted from [23] 
with permission according to CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/) 
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3.7. Aim of this study 

Viral infecƟons can lead to drasƟc metabolomic changes in the infected host cell. These are oŌen the 

result of redirected lipid pathways associated with the reprogramming of the cell for highly effecƟve 

viral parƟcle producƟon. In parƟcular, +ssRNA viruses such as HCV have evolved various strategies to 

hijack the lipid biogenesis of the host cell [130,43]. Through restructuring of cell membranes and 

organelles, viral compartments that serve as replicaƟon and assembly plaƞorms for viral progeny are 

formed. Several viral pathogens also uƟlize LDs as source of membrane lipids and energy reservoir 

[122]. In the case of HCV, LDs are Ɵghtly associated with the membranous web, and play an important 

role as an assembly plaƞorm [127,131]. AddiƟonally, LDs provide lipids for the formaƟon of the HCV 

lipo-viro-parƟcle [23]. Importantly, the LD biogenesis protein DGAT1 was idenƟfied as an essenƟal host 

factor for HCV and the accumulaƟon of LDs has previously been ascribed a supporƟve funcƟon 

[123,125–127].  

Strikingly, prior experiments have shown that excess LD biogenesis mediated by DGAT2 overexpression 

was deleterious for HCV infecƟon. So far, the role of DGAT2 for the HCV life cycle is unknown. Therefore, 

the main subject of this thesis is to decipher the mechanism behind the intriguing anƟviral effect of 

DGAT2 overexpression and to tackle the different roles of DGAT1 and DGAT2 in the HCV life cycle. 

Subsequently, we will address both cellular and viral determinants of the anƟviral acƟvity of DGAT2 

expression.  

In detail, we will examine the importance of the catalyƟc acƟvity and subcellular localizaƟon of DGAT2 

for the inhibitory effect on HCV infecƟon. AddiƟonally, we will test the phenotype in other HCV 

suscepƟble cell lines. On the viral side, we aim to determine the affected life cycle step, the Ɵming of 

the anƟviral effect and the responsiveness of various HCV genotypes and other +ssRNA viruses to DGAT 

overexpression. Furthermore, we will test the impact of the DGAT proteins on the lipid landscape by 

using lipid biosensors and lipidomic analysis. 

Therefore, the aim of this thesis is to uƟlise DGAT2 overexpression system to gain insights into the 

Ɵghtly regulated relaƟon between HCV replicaƟon, LD biosynthesis and lipid homeostasis which holds 

promise for the development of anƟviral therapeuƟcs [122]. 
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4. Results 

4.1. CharacterizaƟon of the anƟviral phenotype of DGAT expression 

4.1.1. Effect of DGAT protein expression on HCV infecƟon 

DGAT1, which catalyzes the esterificaƟon of DAG to form TAG stored within LDs, is crucial for virion 

morphogenesis [126,127]. Loss of DGAT1 leads to severe HCV assembly defects and thereby reduces 

the release of infecƟous HCV parƟcles [126]. Although DGAT2, the isoform of DGAT1, catalyzes the 

same enzymaƟc reacƟon as DGAT1, it is not able to fulfill the funcƟon as HCV assembly factor [126]. To 

characterize the effect of DGAT2 on HCV replicaƟon, we generated stable cell lines expressing human 

DGAT2 or DGAT1 from the hepatoma cell line Lunet N hCD81. AddiƟonally, we tested two previously 

published DGAT2 variants with mutaƟons within the putaƟve neutral lipid binding site (L83A) or a highly 

conserved acidic sequence (HPH161-163AAA) [111], in order to assess the importance of the catalyƟc 

acƟvity for the inhibitory effect of DGAT2. Subsequently, we analyzed the effect of DGAT expression on 

HCV replicaƟon in a whole replicaƟon cycle assay uƟlizing the Renilla luciferase reporter virus JcR2a 

(Fig. 7A and B).  

Strikingly, DGAT2 overexpression inhibited HCV replicaƟon 13-fold in the first round of replicaƟon and 

100-fold in the second round relaƟve to the control (Fig. 7C and D). Furthermore, both DGAT2_L83A 

and DGAT2_HPH161-163AAA had a reduced effect on HCV infecƟon compared the wildtype protein, 

suggesƟng that the catalyƟc acƟvity of DGAT2 is essenƟal for the inhibitory effect (Fig. 7C and D). Also, 

DGAT1 overexpression mildly inhibited HCV replicaƟon (Fig. 7C and D), which was unexpected due to 

its known pro-viral funcƟon as HCV assembly factor [126,127]. However, the strong inhibiƟon in the 

first round of infecƟon suggests that both DGAT2 and DGAT1 overexpression inhibited viral replicaƟon 

already before the release of viral progeny (Fig. 7A). Of note, expression of all tested DGAT constructs 

mildly reduced cell viability at later Ɵmes post seeding which is, however, unlikely to cause the 

observed strong HCV replicaƟon inhibiƟon (SFig. 1). 
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Figure 7: Effect of DGAT expression on HCV replication and cell viability. (A) HCV Renilla luciferase (RLuc) 
reporter construct of genotype 2a. The construct is a chimera of two genotype 2a HCV strains. Grey areas 
correspond to J6 and white areas to JFH1 genome. (B) Overview of HCV whole replication cycle experiment. 
Lunet N hCD81 cells stably expressing empty vector control, DGAT2, the two mutants DGAT2_L83A or 
DGAT2_HPH161-163AAA, or DGAT1 were infected with JcR2a virus for 48 hours (h) and cell lysates were 
harvested for luciferase assay. Supernatants of infected cells were transferred to naïve Huh-7.5 cells. Cell lysates 
were harvested 72 hpi. (C) Luciferase values of first and second round of infection are depicted as relative light 
units (RLU). Mean ± SEM of n=2-4 are shown. Statistically significant differences of log-transformed values 
compared to [empty] control group (ANOVA, Dunett’s test) are indicated by asterisks. 

In order to test the successful expression of the DGAT constructs, we analyzed the DGAT1 and DGAT2 

RNA expression levels in the stable cell lines by using RT-qPCR (Fig. 8). AddiƟonally, we measured the 

expression levels of endogenous DGAT1 and DGAT2 RNA also in primary human hepatocytes (Fig. 8). 

 As expected, the DGAT1 mRNA increased 10-fold in the Lunet N hCD81 [DGAT1] cells compared to the 

control cells (Fig. 8A). Moreover, we detected elevated DGAT2 mRNA expression in all stable cell lines 

except for DGAT2_HPH161-163AAA, due to impairment of primer binding (Fig. 8B). The DGAT2 mRNA 

expression was ~3-fold increased for Lunet N hCD81 [DGAT2] cells while comparable to the average 

endogenous DGAT2 expression level within primary human hepatocytes (Fig. 8B). Curiously, we also 

observed elevated DGAT2 mRNA levels in Lunet N hCD81 [DGAT1] cells (Fig. 8B). This effect might be 

caused by a cross-talk of DGAT1 and DGAT2 transcripƟon, as co-regulaƟon of both enzymes has been 

described before [132]. 

 

Figure 8: DGAT2 and DGAT1 RNA expression in Lunet N hCD81 stable cell lines and primary human hepatocytes 
(PHH). Relative expression of either DGAT1 (A) or DGAT2 (B) mRNA was measured by primer-probe RT-qPCR. 
RNA expression was measured in Lunet N hCD81 cells stably expressing empty, DGAT2, DGAT_L83A, 
DGAT2_HPH161-163AAA and DGAT1 and normalized to the average DGAT mRNA expression levels in empty 
vector expressing cells. Additionally, expression levels in naïve Lunet N hCD81 and PHH were determined. 
Mean ± SEM of n=3 or n=8 for PHH donors are shown. Statistically significant differences (Welch’s test) in the 
stable DGAT protein-expressing cell lines compared to the [empty] control group are indicated by asterisks.  
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The above shown experiments were performed by Gabrielle Vieyres (G.V.) prior to this study. In the 

following, we elucidated the role of DGAT protein expression for HCV replicaƟon by (i) characterizing 

the anƟviral phenotype, (ii) determining the cellular and viral determinants of the anƟviral acƟvity, and 

by (iii) invesƟgaƟng the influence of DGAT expression and HCV infecƟon on the host cell lipid landscape. 

4.1.2. DetecƟon of the DGAT proteins  

In order to verify the overexpression of DGAT2 on protein level, we tested different commercially 

available DGAT2 anƟbodies by Western Blot (WB) and immunofluorescence (IF) staining (Fig. 9). 

However, all of the tested anƟbodies failed to detect both endogenous and ectopically expressed 

DGAT2 in the uƟlized Lunet N hCD81 cell lines (Fig. 9). The unsuccessful staining with the commercial 

anƟbodies has been reported by others [133,134]. Of note, the expression of DGAT1 in the stable Lunet 

N hCD81 cell lines could be detected by WB (Fig. 9A).  

Subsequently, to enable the detecƟon and localizaƟon of the ectopically expressed DGAT2 constructs, 

we cloned HA-tagged DGAT constructs tested their expression by WB and IF (Fig. 9B and C). Note that 

the HA-tagged constructs were cloned by G.V.  

We detected HA-tagged DGAT2, DGAT2-L83A and DGAT2-HPH161-163AAA by WB at the approximate 

size of 46 kDa (Fig. 9A). Moreover, HA-DGAT2 expression resulted in a cytoplasmic, reƟcular staining 

detected by anƟ-HA IF (Fig. 9C).  
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Figure 9: Detection of DGAT2 by Western Blot and immunofluorescence. (A) Test of different commercially 
available DGAT2 antibodies by Western Blot (WB). Cell lysates of Lunet N hCD81 [DGAT2] (lanes 1, 2), [DGAT1] 
(lane 3) or [empty] (lane 4) cells were tested with fluorescent WB using anti-DGAT2 poly-clonal rabbit (Abcam, 
ab237613) (left panel) or mono-clonal mouse (Santa Cruz, sc293211) primary antibodies and Starbright 
secondary antibodies. Beta-tubulin (55 kDa) and DGAT1 (~50 kDa) were co-stained. Note that in lane 2 only one 
fifth of usual cell lysate was loaded. (B) Lunet N hCD81 cells were transduced with lentiviruses to express DGAT2 
(lanes 1), Flag-DGAT2 (2), HA-DGAT2 (3), HA-DGAT2_L83A (4), HA-DGAT2_HPH161-163AAA (5) or empty control 
vector (6). Protein expression was tested with fluorescent WB using anti-HA (mouse, HA11 Biolegend) antibody. 
Beta-tubulin (55 kDa) and adipose differentiation-related protein (ADRP) (~50 kDa) were co-stained. (C) Lunet N 
hCD81 cells were transduced with lentiviruses to express DGAT2 (upper panel), HA-DGAT2 (bottom left) or empty 
vector control (bottom right). DGAT2 (upper panel) or HA-DGAT2 staining (lower panel) was tested using the 
indicated antibodies (magenta). Lipid droplets were co-stained with the LD dye BODIPY 493/503 (green) and 
nuclei with DAPI (blue). Note that different DGAT2 antibody concentrations were tested in parallel (results for 
highest ab dilutions are shown) and representative images of at least two independent experiments are depicted. 
Scale bar, 10 µm.  
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4.1.3. AnƟviral effect of transiently expressed tagged DGAT proteins 

AŌer confirming the expression of the tagged DGAT proteins, we tested whether the N-terminal tags 

influence the anƟviral acƟvity of DGAT (Fig. 10A). Subsequently, we expressed the untagged and HA-

tagged DGAT proteins in Lunet N hCD81 cells by lenƟvirus transducƟon and assessed the influence of 

the different constructs on JcR2a replicaƟon by luciferase assay (Fig. 10B).  

As seen previously, overexpression of DGAT2 significantly decreased viral replicaƟon, already starƟng 

at 24 hpi (Fig. 10B), while the mutaƟon of the putaƟve lipid binding sides L83A or HPH161-163AAA 

parƟally restored viral replicaƟon. Importantly, the addiƟonal N-terminal HA tag did not impair the 

inhibitory phenotype of DGAT2 and both mutants (Fig. 10B). Furthermore, we observed no difference 

between HA-tagged and untagged DGAT1 in their effect on JcR2a replicaƟon (Fig. 10B). Of note, in 

contrast to earlier results, the transient expression of both DGAT1 and HA-DGAT1 only had a mild, but 

no staƟsƟcally significant effect on HCV replicaƟon.  

In summary, the HA-tagged DGAT2 and DGAT1 constructs are suitable tools to study the anƟviral effect 

of DGAT on HCV replicaƟon.  

 

Figure 10: Influence of tagged DGAT proteins on HCV replication. (A, B) Lunet N hCD81 cells were transduced 
with lentiviruses to express untagged or HA-tagged DGAT2, DGAT2_L83A, DGAT2_HPH161-163AAA or DGAT1. 
72 h after transduction, cells were infected with JcR2a. To assess the effect of the expressed constructs on viral 
replication, cell lysates were harvested at 4, 24, 48 and 96 hours post infection (hpi) for luciferase assay. (B) 
Results of luciferase assay. Mean ±SEM of n=3 are shown. 
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Since we observed a cross regulaƟon of the mRNA expression of DGAT2 in DGAT1-overexpressing cells 

earlier (Fig. 8), we tested the mRNA levels of both DGAT1 and DGAT2 also in the transient expression 

set-up (Fig. 11). The RT-qPCR on the extracted total RNA was performed by Laura Weber. 

As expected, transient expression of either DGAT2 or DGAT1 resulted in increased levels of their 

corresponding mRNA. However, in contrast to the results obtained in the stable cell lines, we did not 

observe an upregulaƟon of DGAT2 mRNA upon transient expression of DGAT1 (Fig. 11). In fact, the 

opposed DGAT mRNA levels were mildly but consistently downregulated (Fig. 11). Therefore, the cross-

regulaƟon of DGAT2 mRNA seems to be only relevant in stably expressing cells.  

 

 

Figure 11: DGAT mRNA levels in transient expression. Lunet N hCD81 cells were transduced with lentiviruses to 
express empty vector control plasmid, DGAT2 or DGAT1 and cell pellets were harvested 48 h post transduction.  
DGAT2 (red) and DGAT1 (green) mRNA expression levels were measured by RT-qPCR. Values are normalized to 
the average DGAT1 or DGAT2 mRNA expression levels in control transduced cells. Mean ± SEM of n = 3. 
Statistically significant changes of log-transformed values compared to empty control group (Welch’s t-test) are 
indicated by asterisks. 

4.1.4. Effect of inhibiƟon of endogenous or ectopically expressed DGAT proteins on HCV 
replicaƟon 

Due to the strong restricƟon of HCV infecƟon upon DGAT2 expression, we wondered whether HCV 

replicaƟon would benefit from blocking the endogenous DGAT2 acƟvity. AddiƟonally, we tested 

whether the anƟviral phenotype of stable DGAT1 and DGAT2 expression can be reversed by treatment 

with small molecule inhibitors (Fig. 12). Subsequently, we added small molecule inhibitors of DGAT2 

and DGAT1 to the Lunet N hCD81 stable cell lines before and aŌer infecƟon with JcR2a (Fig. 12A). We 

tested the cytotoxicity of the applied inhibitors beforehand (Fig. 12B). Note that this experiment was 

carried out by G.V.. 

InteresƟngly, apart from a mild elevaƟon of viral replicaƟon at 40 nM, the addiƟon of DGAT2 inhibitor 

did not strongly affect viral replicaƟon in the Lunet N hCD81 [empty] cells, indicaƟng that the 

endogenous levels of DGAT2 did not restrict HCV replicaƟon. In contrast, treatment of DGAT2-

overexpressing cells with the DGAT2 inhibitor significantly increased viral replicaƟon up to 3-fold 
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compared to the untreated control (Fig. 12C). In DGAT1-overexpressing cells, neither inhibitor could 

rescue replicaƟon, despite a mild but not significant posiƟve effect on viral replicaƟon upon DGAT2 

inhibitor treatment (Fig. 12C). Furthermore, we observed a cytotoxic effect upon addiƟon the DGAT1 

inhibitor at high concentraƟons, which most likely caused the decrease of viral replicaƟon (Fig. 12B and 

D). Together with the observed phenotype of the DGAT2 mutants (Fig. 7 and Fig. 10), these results 

indicate that the enzymaƟc acƟvity of DGAT2 is important for the inhibitory effect on HCV replicaƟon.   

 

Figure 12: DGAT antiviral activity in presence of DGAT inhibitors. (A-D) Lunet N hCD81 [empty], [DGAT2] and 
[DGAT1] were treated with either DGAT2 or DGAT1 small molecular inhibitors (DGAT2i and DGAT1i) 48 h prior 
to and 4 h post JcR2a infection. Cell lysates were harvested 48 hpi. Inhibitors were dissolved in DMSO vehicle 
control, and five different concentrations were tested (C1-C5; DGAT2i: 0,008, 0,04, 0,2, 1, 5 µM; DGAT1i: 0,08, 
0,4, 2, 10, 50 µM). (B) Cell viability of Lunet N hCD81 [empty] cells upon DGAT inhibitor treatment measured via 
MTT assay. Relative values normalized to vehicle control are depicted. Mean ± SD of n = 3. (C,D) JcR2a replication 
measured by luciferase assay. Mean ± SEM of n = 3. Statistically significant changes calculated of log-transformed 
values compared to 0 µM inhibitor (ANOVA, Dunnet’s test) are indicated by asterisks. 
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4.2. Cellular determinants of the DGAT2 anƟviral acƟvity  

4.2.1. Effect of DGAT protein expression on LD accumulaƟon 

DGAT1 and 2 play important roles in LD biogenesis by mediaƟng the synthesis of triacylglycerols, stored 

in LDs [78]. This is reflected by the accumulaƟon of LDs in DGAT-expressing cells [135]. As shown above, 

the disrupƟon of the catalyƟc acƟvity of DGAT2 by mutaƟon of the highly conserved putaƟve lipid 

binding domains led to decreased anƟviral acƟvity of DGAT2 upon overexpression (Fig. 7). This suggests 

that the catalyƟc acƟvity of DGAT2 is required for the inhibitory effect on HCV replicaƟon. Here, we 

assessed the catalyƟc acƟvity of the DGAT proteins indirectly by measuring the effect on the LD content 

by a flow cytometry assay (Fig. 13). Following a previously published protocol [128], we mixed Lunet N 

hCD81 cell lines overexpressing DGAT1, DGAT2, DGAT2_L83A or DGAT2_HPH161-163AAA mixed with 

an internal reference cell line - Lunet N hCD81 stably expressing mRuby2 - prior flow cytometry (Fig. 

13A). This allowed the comparison of the LD content (stained with the neutral fat dye BODIPY 493/504) 

of each condiƟon independent of staining variaƟons (Fig. 13B). In addiƟon, we sƟmulated LD 

accumulaƟon also by oleic acid (OA) in combinaƟon with bovine serum albumin (BSA), which served as 

a posiƟve control of increased LD content. The FACS experiment was performed by G.V..  

As expected, we observed an 60 % increase of LD content upon DGAT2 expression relaƟve to the 

control cells. The DGAT2 mediated LD accumulaƟon was comparable to a high dose OA inducƟon 

(Fig. 13C). InteresƟngly, DGAT2_L83A only moderately sƟmulated LD growth while DGAT2_HPH161-

163AAA mutant did not affect the LD content (Fig. 13C). Furthermore, the effect of DGAT1 

overexpression on the LD content was milder in comparison to DGAT2 and not staƟsƟcally significant 

(Fig. 13C). Strikingly, the effect of the overexpression of each of the shown constructs correlated with 

the anƟviral acƟvity (Fig. 7). These results confirm that the DGAT2 inhibitory effect is dependent on the 

protein catalyƟc acƟvity and correlates with the accumulaƟon of LDs.  
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Figure 13: Effect of DGAT expression on LD accumulation measured by flow cytometry. (A) Stable Lunet N 
hCD81 cells expressing the DGAT constructs or empty vector control were harvested and mixed with mRuby2-
positive reference cells prior staining with the LD dye BODIPY 493/503. BODIPY and mRuby2 signal intensities 
were measured by flow cytometry. (B) Example plots of flow cytometry assay to determine the LD amount in the 
tested cell lines. BODIPY mean fluorescence intensity (MFI) was compared in each sample between the cells of 
interest (mRuby2-negative, bottom gate) and the mRuby2-positive reference cell population (top gate). The 
vertical line was added to highlight the shift in BODIPY signal between the DGAT2-overexpressing and the 
reference cells, in the plot on the right. (C) Relative LD amount in the DGAT-overexpressing or OA-treated (36, 
120, 360 µM, combined with bovine serum albumin (BSA)) cell lines. Values were normalized to [empty] control 
cells (n = 3). Statistically significant changes compared to [empty] control group (ANOVA, Dunnet’s test) are 
indicated by asterisks. 

Since the accumulaƟon of LD appears to cause the anƟviral effect on the expression of DGAT proteins, 

we next invesƟgated whether the accumulaƟon of LDs induced by the addiƟon of OA could also trigger 

the inhibiƟon of HCV infecƟon (Fig. 14). We subsequently tested the effect of OA addiƟon prior or aŌer 

infecƟon with HCV (Fig. 14A).  

In contrast to DGAT2 overexpression, the addiƟon of OA had a mild effect on JcR2a infecƟon in 

pretreated cells (Fig. 14B). While the effect appeared to be dose-dependent, it was not staƟsƟcally 

significant, and the highest concentraƟon tested of 200 µM OA resulted in a maximum ~1.6-fold 

reducƟon in JcR2a luciferase levels (Fig. 14B). Moreover, treatment of the cells with OA aŌer infecƟon 

did not impair JcR2a replicaƟon (Fig. 14C). Therefore, the accumulaƟon mediated by OA addiƟon could 

not reproduce the strong anƟviral effect caused by DGAT2 overexpression.  

 
Figure 14: Effect of oleic acid (OA) treatment on HCV infection. (A) Stable Lunet N hCD81 [empty] cells were 
seeded and infected with JcR2a on the next day. Cells were treated with OA starting at either 20 h before 
infection ((B), pretreatment) or only 4 hpi ((C), 2nd treatment only). OA was supplemented in 0, 50, 100 or 200 µM 
concentrations combined with 30 µg BSA. Cell lysates were harvested 48 hpi and virus replication was measured 
by luciferase assay. Mean ± SEM of n = 3. No statistically significant differences of the log-transformed values 
(ANOVA, Dunnett’s test) compared to 0 µM OA treatment were detected.  
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4.2.2. Effect of DGAT protein expression on LD size and numbers 

LDs are dynamic organelles that range in size and abundance. The constant growth and shrinkage of 

LDs is influenced by both biophysical and biochemically regulated processes. Consequently, the cellular 

LD landscape harbors various LD subsets with disƟnct biophysical properƟes and protein coats [96]. To 

assess not only the global changes in LD content (Fig. 13), but also the differenƟal effects on LD quanƟty 

and size, we characterized the LD landscape upon DGAT1 and DGAT2 protein expression by 

fluorescence microscopy (Fig. 15). Accordingly, we seeded the stable DGAT protein-expressing Lunet N 

hCD81 cell lines together with Lunet N hCD81 [mRuby2] reference cells and acquired images for 

automated LD analysis (Fig. 15). We used the mRuby2 signal to create a binary mask for each image in 

order to disƟnguish mRuby2-posiƟve control cells from the cells of interest (Fig. 15). In the next step, 

the nuclei and LDs of both cell lines were automaƟcally segmented, followed by analysis of the signal 

intensity and object sizes using Cell Profiler (Fig. 15). Note that the experiment and microscopy part 

were performed by G.V., while the analysis pipeline was established in this PhD thesis. 

We observed significant shiŌs in the LD size distribuƟon in both DGAT2- and DGAT1-overexpressing 

cells, leading to an increase in large LD fracƟons and a decrease in the smallest LD fracƟons. (Fig. 16B). 

This effect is reflected in the expansion of the total cellular LD area in both DGAT2 and DGAT1-

expressing cells and is consistent with the overall increase of BODIPY intensity measured by flow 

cytometry assay (Fig. 13). Furthermore, confirming earlier results (Fig. 13), the LD accumulaƟon was 

dependent on the DGAT2 catalyƟc acƟvity.  

InteresƟngly, DGAT1 and DGAT2 overexpression exhibited a very similar effect on the LD area (Fig. 16C). 

Of note, the absolute LD counts were not significantly affected by neither of the DGAT constructs (Fig. 

16D). In summary, overexpression of both DGAT proteins sƟmulated LD growth dependent on the 

catalyƟc acƟvity. These results indicate that the anƟviral acƟvity of DGAT2 correlates with the effect on 

LD accumulaƟon. AddiƟonally, while previous publicaƟons reported different influences of DGAT1 or 

DGAT2 downregulaƟon on the LD profile [90], we did not detect striking differences between DGAT1 

and DGAT2 overexpression on the LD profile in this study. 
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Figure 15: LD quantification by automated image analysis. Pipeline to assess LD sizes and numbers per cell by 
fluorescence microscopy. (1) Stable Lunet N hCD81 cells expressing the DGAT constructs or empty vector control 
were co-seeded with mRuby2-positive reference cells. (2) Cells were fixated with paraformaldehyde (PFA) and 
stained with the LD dye BODIPY 493/503 and the nucleus stain DAPI before imaging. (3) 10 images per condition 
were taken and processed with a Fiji (ImageJ) macro for object segmentation. The red fluorescence signal of the 
[mRuby2] cells was utilized to create binary masks. (5) By applying the binary masks to the other fluorescence 
channels, the fluorescent signal of the cells of interest (mRuby2 neg) was distinguished from control cells 
(mRuby2 pos). (6) Nuclei and LD of both mRuby2 pos and neg cells were segmented via Cell profiler. Images with 
low quality leading to crude segmentation errors were excluded. Segmented objects were analyzed upon their 
size and fluorescence intensity using Cell Profiler. 
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Figure 16: Effect of DGAT expression on the LD profile. (A) Lunet N hDC81 cells stably expressing [empty], 
[DGAT2], [DGAT2_L83A], [DGAT2_HPH161-163AAA] or [DGAT1] were co-seeded with mRuby2-positive reference 
cells. Cells were fixed and stained with BODIPY 493/503 and DAPI. Representative images of 2 biological repeats. 
Scale bar, 10 µm. (B)-(D) Results of LD quantification following the pipeline shown in Fig. 15. (B) Histograms of 
relative LD sizes in the Lunet N hCD81 DGAT cell lines (colored bars) compared to the mRuby2-positive cells (grey 
bars), n = 2. X-axis indicates the LD area in pixels. (C) LD area and (D) LD count per cell in Lunet N hCD81 DGAT 
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cell lines normalized to the mRuby2-positive cells. Each dot represents value for one quantified image of two 
independent replicates (16-18 images per condition, mean ± SD are indicated). Results of statistical analysis 
(ANOVA, Dunnett’s test) are indicated by asterisks. 

4.2.3. Effect of subcellular localizaƟon on the anƟviral acƟvity of DGAT2 

The ER membrane is the main site of LD biogenesis, and several enzymes that are important for the 

producƟon of neutral CE and TAG lipids stored in LDs are localized at the ER [136]. InteresƟngly, in 

contrast to the ER-bound DGAT1 protein, DGAT2 was reported to localize not only at the ER, but also 

at LDs and mitochondria, where it catalyzes the local synthesis of TAG [113–115]. Subsequently, we 

assessed the associaƟon of DGAT2 with any of these three organelles and tested the importance of the 

sub-cellular localizaƟon for the anƟviral acƟvity of the protein. 

We first examined the localizaƟon of both HA-tagged DGAT1 and DGAT2 proteins by IF (Fig. 17 and Fig. 

18). We co-stained LD, ER, and mitochondria organelles to facilitate the analysis of the subcellular 

localizaƟon of both proteins (Fig. 17 and Fig. 18). We tested the localizaƟon of both proteins in both 

untreated and cells treated with OA, which was reported to enhance the LD localizaƟon of the DGAT2 

mouse ortholog [115].  

As expected, HA-DGAT1 showed a reƟcular, cytoplasmic signal that strongly overlapped with the ER-

membrane but not with mitochondria (Fig. 17A and B). The web-like localizaƟon of DGAT1 also 

enclosed some LDs and thus also occasionally overlapped with the LD-resident adipose differenƟaƟon-

related protein (ADRP) especially in OA treated cells, (Fig. 17C-F). However, unlike ADRP, HA-DGAT1 did 

not form ring-like structures, characterisƟc for LD associaƟon, suggesƟng that the overlap of LD markers 

with HA-DGAT1 signal was due to ER-embedded LDs and not free LDs (Fig. 17D and F). 
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Figure 17: Subcellular localization of HA-DGAT1. (A-F) Lunet N hCD81 cells were transduced with lentiviruses to 
express HA-DGAT1. In (E) and (F), cells were treated with 360 µM oleic acid (OA) 6 h prior to fixation. HA-DGAT2 
was detected with anti-HA immunofluorescence staining and depicted in magenta. ER (Calnexin, (A)), 
mitochondria (CoxIV (B)) and LDs (BODIPY 493/503 (C,D), ADRP (D,F)) were co-stained and depicted in green. 
Nuclei were stained with DAPI and depicted in blue. The white box area in overview images (upper row of images 
in each panel) is enlarged in the lower row. Intensity plot profiles were computed along the depicted dotted line. 
Representative images of at least 3 independent experiments are shown. 

In comparison to HA-DGAT1, the IF signal of HA-DGAT2 was much weaker but also localized at the ER 

membrane (Fig. 18A). The nuclear envelope was parƟcularly covered by HA-DGAT2 signal (Fig. 18A). 

Furthermore, we detected HA-DGAT2 in close proximity to LDs and addiƟonal sƟmulaƟon of LD 

biogenesis by OA facilitated the detecƟon of HA-DGAT2 at the LD-surface, as described by others 

[113,115] (Fig. 18C and D). In contrast to HA-DGAT1, the ring-like structures of the HA-DGAT2 signal 

were very similar to the structures detected in the ADRP staining and overlapped strongly with the 

BODIPY signal in the OA-treated cells, suggesƟng an LD associaƟon in addiƟon to localizaƟon at the ER 

membrane (Fig. 18C-F). Moreover, HA-DGAT2 signal also parƟally overlapped with the mitochondria 

marker, but the associaƟon was not as clear as for ER or LD surface (Fig. 18B). Of note, HA-DGAT2 oŌen 

accumulated in an LD-free perinuclear region, which could hint towards Golgi-associaƟon (Fig. 18A). 

However, did not verify this observaƟon in this study with corresponding Golgi markers. 
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Figure 18: Subcellular localization of HA-DGAT2. (A-F) Lunet N hCD81 cells were transduced with lentiviruses to 
express HA-DGAT2. In (E) and (F), cells were treated with 360 µM (oleic acid) OA 6 h prior to fixation. HA-DGAT2 
was detected with anti-HA immunofluorescence staining and depicted in magenta. ER (Calnexin, (A)), 
mitochondria (CoxIV (B)) and LDs (BODIPY 493/503 (C,E), ADRP (D,F)) were co-stained and depicted in green. 
Nuclei were stained with DAPI and depicted in blue. The white box area in overview images (upper row of images 
in each panel) is enlarged in the lower row. Intensity plot profiles were computed along the depicted dotted line. 
Representative images of at least 3 independent experiments are shown. 

Thanks to extensive topological studies on the mouse homologue of DGAT2, the protein domains of 

DGAT2 responsible for the different organelle associaƟons are known (Fig. 5) [111,114,137].  

To invesƟgate whether the subcellular localizaƟon of the DGAT2 affects the anƟviral acƟvity of the 

protein, we cloned a set of selected previously published DGAT2 mutants to generate a variety of either 

ER, LD, or mitochondrial localizaƟon deficient and catalyƟcally acƟve or inacƟve proteins (Fig. 19A). All 

resulƟng DGAT2 mutants were fused to an HA-tag at the N-terminus to allow detecƟon by WB and IF 

(Fig. 19). We successfully detected the tested HA-DGAT2 variants by WB around 40 kDa (Fig. 19B). 

ConfirmaƟvely, the protein bands of the deleƟon mutants DGAT2-del30-67 (mito mut2), DGAT2-del66-

115 (ER mut) and DGAT2-del327-350 (LD mut2) were found to have a lower molecular weight due to 

the respecƟve protein truncaƟons (Fig. 19B). Of note, the expression of the wildtype DGAT2 and 

DGAT2_L83A protein seemed to be elevated in comparison to the tested DGAT2 mutants (Fig. 19B).  
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Figure 19: Subcellular localization mutants of DGAT2. (A) Mutant versions of DGAT2 that were reported to show 
abolished subcellular localization. The depicted panel includes DGAT2 versions with deficient ER (ER mut), LD (LD 
mut1 and LD mut2) or mitochondria (mito mut1, mito mut2) association. Truncations, insertions and point-
mutations of the different protein domains of DGAT2, as well as reported protein localization and catalytic 
activity are indicated. (B) Detection of the HA-tagged versions of DGAT2 detected by Western Blot. 
Representative image of two independent experiments.    

In the next step, we invesƟgated the associaƟon of the different DGAT2 constructs with the ER 

membrane and LD by IF (Fig. 20). Due to the lack of a clear associaƟon with mitochondria of the 

wildtype protein, we did not further verify the localizaƟon to this organelle for the set of mutants. 

Except for the ER-mutant DGAT2-del66-150, all constructs showed perinuclear ring localizaƟon, which 

is typical for the ER associaƟon of DGAT2 [113,115] (Fig. 20A-F). Furthermore, as expected, the LD-

surface associaƟon of the two mutants DGAT2-del327-350 and DGAT2-insert-HA seemed to be 

abrogated, as the characterisƟc ring structure around the LDs was less pronounced (Fig. 20C, D, I, J).  
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Figure 20: Subcellular localization of the DGAT2 mutant panel. Lunet N hCD81 cells expressing HA-tagged DGAT2 
or different mislocalizing mutants of DGAT2 shown in Fig. 19 were treated with 100 µM OA overnight prior to 
fixation. (A-L) HA-tagged DGAT2 and mutants were detected with an anti-HA antibody (magenta). ER (Calnexin 
(A-F)) or LDs (LD540 (G-L)) were co-stained (green). Nuclei were stained with DAPI (blue). The white box area in 
overview images (upper panel) is enlarged on the right side for each channel. Intensity plot profiles were 
computed along the depicted dotted yellow line. Representative images of at least 3 independent experiments 
are shown.  

Next, we analyzed the LD accumulaƟon and anƟviral phenotype of the DGAT2 mutants by flow 

cytometry and luciferase assay, respecƟvely (Fig. 21A). Strikingly, all DGAT2 mutants that triggered LD 

accumulaƟon exhibited an inhibitory effect on HCV replicaƟon (Fig. 21B and C). This supports our 

previous findings, in which the enzymaƟc acƟvity of DGAT2 and the resulƟng LD accumulaƟon is a 

prerequisite for HCV inhibiƟon. Surprisingly, the ER mutant DGAT2_del66-150, whose mouse homolog 

was described as catalyƟcally acƟve [137], neither induced LD accumulaƟon nor inhibited HCV 

replicaƟon (Fig. 21B and C). Consequently, the ER localizaƟon of DGAT2, which was present in all other 

mutants tested, appears to be criƟcal for both LD accumulaƟon and HCV inhibiƟon of DGAT2. In 

contrast, LD associaƟon of DGAT2 was not required for its anƟviral effect, as the LD-deficient but 

catalyƟcally acƟve DGAT2 mutant sƟll inhibited HCV replicaƟon (Fig. 21B and C). 

 
Figure 21: Effect of subcellular localization on the antiviral activity of DGAT2. (A) Lunet N hCD81/FLuc cells were 
transduced with lentiviruses to express the panel of localization deficient mutants described in Fig. 20. 48h after 
transduction, the cells were harvested for flow cytometry (FACS) or infected with JcR2a. At 72 hpi, the cells were 
lysed for luciferase assay. (B) Relative LD content in Lunet N hCD81 cells expressing the DGAT2 mutants. After 
staining with BODIPY 493/503, the LD content was measured by flow cytometry using [mRuby2] reference cells 
(see Fig. 13). Values were normalized to [empty] control cells (n = 3). (C) Effect of DGAT2 mutants on HCV 
replication was quantified by luciferase assay. RLuc values (correlating with viral RNA copies) were normalized to 
FLuc intensities (cell viability measure) of the Lunet N hcD81/FLuc cells. Values relative to the [empty] control 
cells are depicted. Mean ± SEM of n = 3. Statistically significant changes (Welch’s t-test) are indicated by asterisks. 
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4.2.4. Cell type dependence of the anƟviral effect of the DGAT proteins 

As HCV is a liver-tropic virus, hepatocytes are the most suitable cell culture system for HCV research. In 

parƟcular, Huh-7.5 derived Lunet N cells overexpressing the HCV entry receptor CD81 were adapted 

for efficient HCV viral replicaƟon and are also mainly used in this study [138,139]. However, equipped 

with the required host-factors, various cell lines such as HEK23T cells can also efficiently be infected 

with HCV and are therefore used as a reference system to understand hepatocyte-specific effects of 

the HCV replicaƟon cycle, e.g lipo-protein secreƟon [140–142]. LD biogenesis is a ubiquitous cellular 

process but is differenƟally pronounced in various cell types [135]. Consequently, the two ubiquitously 

expressed DGAT1 and DGAT2 proteins are believed to possess cell-type dependent funcƟons [78] 

[120,143–146]. This raised the quesƟon whether overexpression of DGAT also has an anƟviral effect in 

other HCV permissive hepaƟc and non-hepaƟc cell lines. Hence, we tested the sensiƟvity of HCV to 

DGAT protein expression in Huh-7.5, HuH6 and HepG2 hepatocytes, as well as in HEK293T (embryonic 

kidney), HeLa (cervix carcinoma), and Caco-2 (colon epithelia) cells. In order to efficiently infect the 

non-hepaƟc lines with HCV, we transfected the viral genome instead of using the classic infecƟon 

set-up, to overcome cell type dependent differences of viral uptake. Furthermore, the micro RNA 122 

(miR-122) required for viral translaƟon iniƟaƟon  was ectopically expressed in HepG2, HEK293T, Caco-2 

and HeLa cells, which otherwise express low levels of this host factor [140,147]. We determined 

successful replicaƟon in the uƟlized cell lines by comparison to Daclatasvir treatment, a replicaƟon 

inhibitor [148] that served as negaƟve control (Fig. 22A-G). AddiƟonally, we measured the expression 

of both DGAT1 and DGAT2 mRNA in the used cell lines by RT-qPCR (Fig. 22H and I). 

As expected, HCV efficiently replicated in Lunet N hCD81, Huh-7.5, and HuH6 cells, indicated by 

increasing luciferase values over the course of infecƟon (Fig. 22B and C). Furthermore, HCV also 

replicated in 293T-miR-122 cells (Fig. 22E). In contrast, luciferase values progressively decreased in 

HepG2-HFL and HeLa-miR-122 (Fig. 22D and G) and HCV did also not robustly replicate in Caco-miR-

122 cells (Fig. 22F). 

Consistently, DGAT2 overexpression exhibited also a strong inhibitory effect on JcR2a replicaƟon in 

Lunet N hCD81 cells in this transfecƟon set-up (Fig. 22A). Moreover, DGAT2 overexpression was 

anƟviral when expressed in Huh-7.5 cells, but not in HuH6 and 293T-miR-122 cells, although the level 

of mRNA expression was significantly increased in all these cell lines (Fig. 22B, C, E, H and I). 

InteresƟngly, DGAT1 overexpression did not hamper JcR2a replicaƟon in Lunet N hCD81 cells in this 

transient expression set-up (Fig. 22A), which supports our previous findings (Fig. 10). However, the 

transient expression of DGAT1 was inhibitory in Huh-7.5 cells and in 293T-miR-122 cells at 48 or 

24 hours post transfecƟon (hpt), respecƟvely (Fig. 22C and E). Importantly, we detected DGAT1 mRNA 

expression in all of these cell lines (Fig. 22H and I). However, in contrast to earlier findings, DGAT1 

overexpression did not affect DGAT2 mRNA expression levels in any of the tested cell lines (Fig. 22H).  
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Figure 22: Cell type dependency of DGAT2 antiviral effect. (A-G) Lunet N hCD81, Huh-7.5, HuH6, HepG2-HFL, 
293T-miR-122, Caco-miR-122 and HeLa-miR-122 cells were transduced with lentiviruses to express [empty], 
[DGAT2] or [DGAT1]. 72 h later, cells were transfected with JcR2a in vitro transcripts (IVTs) using lipofectamine. 
In (E-G), 1 nM Daclatasvir was added to transfected Lunet N hCD81 [empty] cells as control for viral replication. 
Viral replication was measured by luciferase assay 4, 24, 48 and 72 hpt. Mean ± SEM values normalized to 4 hpt 
are depicted (n = 3). (H, I) Relative DGAT2 (H) or DGAT1 (I) mRNA expression 48 h after lentiviral transduction. 
Mean ± SEM values normalized to [empty] control are depicted (n = 2-3). Statistically significant changes of the 
log-transformed values compared to the empty control group ((A-G) ANOVA, Dunnet’s test, (H,I) Welch’s t-test) 
are indicated by asterisks. 
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Since no anƟviral effect of DGAT2 expression was observed in HuH6 and 293T-miR-122 cells, it was then 

invesƟgated whether the missing anƟviral effect reflects in the lack of LD accumulaƟon upon DGAT2 

expression. Subsequently, we measured the LD content of the cell lines which efficiently replicated HCV 

upon DGAT1 and DGAT2 expression by flow cytometry (Fig. 23).  

Matching previous results, DGAT2 expression significantly sƟmulated LD accumulaƟon in Lunet N 

hCD81 cells and had a stronger increase in LD content compared to treatment with 100 µM OA (Fig. 

23A). Also, DGAT1 sƟmulated the LD content in comparable levels to 36 µM OA inducƟon, but much 

milder than DGAT2 (Fig. 23A). InteresƟngly, in Huh-7.5 cells, overexpression of both DGAT2 and DGAT1 

had a stronger effect than in Lunet N hCD81 cells, and we found LD accumulaƟon exceeding the 

addiƟon of 360 µM and 100 µM OA, respecƟvely (Fig. 23B). In HuH6 cells, we detected an 1.8-fold LD 

content increase upon DGAT2 overexpression, which was comparable to the addiƟon of 360 µM OA or 

the effect of DGAT2 expression in Lunet N hCD81 cells (Fig. 22A and C). In contrast, the effect on LD 

accumulaƟon in 293T-miR-122 cells was milder (1.2-fold increase) and comparable to 100 µM OA 

addiƟon (Fig. 23D). In summary, despite LD sƟmulaƟon in HuH6 and 293T-miR-122 cells, DGAT2 

expression did not hamper HCV in these cell lines. 

 

Figure 23: DGAT2 effect on LD accumulation in different cell lines. Lunet N hCD81, Huh-7.5, HuH6 and 293T-
miR-122 cells were transduced with lentiviruses to express DGAT2, DGAT1 or empty vector control. Cells were 
harvested 48 h after transduction and the LD content was measured by flow cytometry utilizing mRuby2-positive 
control cells (as described in Fig. 13). OA (36, 100 or 360 µM, 6 h prior harvest) treated mock-transduced cells 
were included as positive control. Mean ± SEM values normalized to [empty] control are depicted (n = 3). 
Statistically significant changes (Welch’s t-test) are indicated by asterisks. 

To verify this finding, we tested the anƟviral effect and LD accumulaƟon also in HuH6 and 293T-miR-

122-cell lines that stably overexpressed DGAT2 (Fig. 24). Thereby, lower transducƟon rates that were 

observed in 293T-miR-122 and HuH6 cells (data not shown) were circumvented.  
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Also in this set-up, DGAT2 expression did not impair HCV replicaƟon in HuH6 and in 293T-miR-122 cells 

(Fig. 24A-C). Consistent with the results in transient transducƟon, LDs were accumulated in HuH6 cells 

also under stable DGAT2 expression (Fig. 24E). In contrast, we detected no LD accumulaƟon in 293T-

miR-122 cells under stable DGAT2 expression (Fig. 24F).  

Therefore, the lack of LD upregulaƟon correlates with the missing anƟviral effect in 293T-miR-122 stable 

cell lines but fails to explain the missing anƟviral effect of DGAT2 in HuH6 cells. This suggests that there 

might be a further factor besides LD accumulaƟon that determines the cell-type dependent sensiƟvity 

of HCV replicaƟon to DGAT2 overexpression. Subsequently, JcR2a infecƟon assays in HuH6 and 293T-

miR-122 cells are suitable tools to further decipher the mechanism behind the DGAT2 anƟviral acƟvity 

due to being insensiƟve to DGAT overexpression. 

 

Figure 24: Antiviral effect of DGAT2 in stable cell lines. (A-C) Lunet N hCD81, HuH6, and 293T-miR-122 cells 
stably expressing [DGAT2] or [empty] vector control were transfected with JcR2a IVTs by using lipofectamine. 
1 nM Daclatasvir was added to transfected Lunet N hCD81 [empty] cells as control for viral replication.  Viral 
replication was measured by luciferase assay 4, 24, 48 and 72 hpt. Mean ± SEM values normalized to 4 hpt are 
depicted (n = 3). (D-F) LD content of Lunet N hCD81, HuH6, and 293T-miR-122 cells stably expressing [DGAT2] or 
[empty] vector control measured by flow cytometry utilizing mRuby2-positive control cells (as described in Fig. 
13). OA (36, 100 or 360 µM, 6 h prior harvest) treated mock-transduced cells were included as positive control. 
Mean ± SEM values normalized to [empty] control are depicted (n = 3). Statistically significant changes ((A-C) 
ANOVA, Dunnet’s test, (D-F) Welch’s t-test) are indicated by asterisks. 
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4.3. Viral determinants of the DGAT2 anƟviral acƟvity 

4.3.1. Effect of DGAT2 expression on various HCV genotypes  

Not only the expression of DGAT proteins, but also HCV infecƟon itself triggers LD accumulaƟon in 

hepatocytes, leading to steatohepaƟƟs [149]. The severity of this effect varies among different HCV 

genotypes and is most prominent for infecƟon with HCV genotype 3 [4].  

Since we established a correlaƟon between DGAT2 anƟviral acƟvity and LD accumulaƟon upon DGAT 

protein expression, we wondered whether the highly steatogenic genotype 3a would respond 

differently to DGAT2 overexpression. To this end, we transfected a subgenomic replicon of the genotype 

3a (DBN3a NS3-5B) into the stable DGAT Lunet N hCD81 cell lines. We compared the replicaƟon to the 

full-length reporter virus JcR2a of genotype 2 and the SGRs of the genotypes 2a (JFH1-NS3-5B) and 1b 

(Con1-NS3-5B) (Fig. 25). JcR2a, JFH1-NS3-5B, and Con1-NS3-5B kineƟcs were performed by G.V..  

InteresƟngly, despite different replicaƟon kineƟcs, all tested HCV constructs were sensiƟve to the 

overexpression of DGAT2 (Fig. 25A-D). In detail, DGAT2 expression delayed the onset of replicaƟon of 

JFH1 SGR similar as in JcR2a replicaƟon and decreased the replicaƟon efficiency about 100-fold at 

72 hpt (Fig. 25A and B). Furthermore, DGAT2 also affected the replicaƟon of Con1 and of DBN3a, 

although in a milder (~3 to 4-fold at 72 hpt) but sƟll significant manner (Fig. 25C and D). In agreement 

with our previous observaƟons, we detected lower anƟviral acƟvity of the two tested DGAT2 mutants 

against all tested genotypes (Fig. 25A-D). Altogether, these results indicate that the DGAT2 inhibitory 

effect is conserved across different HCV genotypes. Since overexpression of DGAT2 also hindered HCV 

replicaƟon in this transfecƟon set-up, the anƟviral effect of DGAT2 likely affects HCV replicaƟon aŌer 

the entry step (Fig. 25). 

 
Figure 25: Effect of DGAT2 expression on sub-genomic replicons of different HCV genotypes. (A-D) Full-length 
JcR2a, JFH1 NS3-5B subgenomic replicon (SGR), Con1 NS3-5B SGR or DBN3A NS3-5B SGR were transfected in 
Lunet N hCD81 [empty], [DGAT2], [DGAT2_L83A], or [DGAT2_HPH161-163AAA] cell lines by electroporation. 
1 nM Daclatasvir was added to transfected Lunet N hCD81 [empty] cells as control for viral replication. Viral 
replication was measured by luciferase assay at 4-72 hpi. Mean values normalized to 4 hpi ± SEM are depicted (n 
= 3). Statistically significant changes of log-transformed values compared to the [empty] control group (ANOVA, 
Dunnet’s test) are indicated by asterisks. 



   Results 

42 
 

4.3.2. Timing of the DGAT2 anƟviral effect on HCV replicaƟon 

To verify the finding that DGAT2 expression affects HCV replicaƟon post-entry we used the doxycycline 

(Dox) inducible TetR-TeT-On expression system (Fig. 26) [150]. In this system, the target protein is 

ectopically expressed under control of a tetracycline operator (Tet-O) and consƟtuƟvely suppressed by 

a repressor (Tet-R). In presence of Doxycycline (Dox), Tet-R is released from the Tet-O, which allows the 

transcripƟon of the target protein [150]. Here, we generated Dox inducible Lunet N hCD81 cell lines 

expressing HA-DGAT2 or an empty vector control and verified the inducible expression of HA-DGAT2 

by WB (Fig. 26A and B). Remarkably, we observed a strong accumulaƟon of HA-DGAT2 protein already 

8 h aŌer inducƟon (Fig. 26B). Consistently, the LD content of Lunet N hCD81/TetR [HA-DGAT2] cells 

increased to 120 % aŌer 16 h of inducƟon and increased linearly with the duraƟon of Dox treatment 

(Fig. 26C).  

Finally, we used the inducible system to determine at which treatment Ɵme point the expression of 

DGAT2 impairs HCV replicaƟon (Fig. 26D). HA-DGAT2 expression was induced either 24 h prior infecƟon 

or at different Ɵmes aŌer infecƟon (Fig. 26D). We subsequently measured the HCV replicaƟon kineƟc 

by luciferase assay (Fig. 26E). Confirming earlier results, HA-DGAT2 inducƟon prior infecƟon was 

deleterious for virus replicaƟon (Fig. 26E). InteresƟngly, HA-DGAT2 expression reduced viral replicaƟon 

at late infecƟon Ɵme points even when induced 4 or 24 hpi. (Fig. 26E). This suggests that HCV viral 

replicaƟon is sensiƟve to overexpression of DGAT2 even aŌer its iniƟaƟon and supports the hypothesis 

that excess DGAT2 affects a post-entry step of the viral life cycle.  
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Figure 26: Assessment of the timing of the antiviral effect of DGAT2 in doxycycline-inducible cell line. (A) 
Schematic representation of the Doxycycline (Dox)-inducible Tet-On system. Expression of the gene of interest 
(here HA-DGAT2) is controlled by an upstream Tet-Operator (Tet-O) and constitutively repressed by the Tet-
Repressor (Tet-R). In presence of Dox, TetR is released from Tet-O, enabling gene transcription. (B) The 
expression of HA-DGAT2 upon Dox treatment was tested by Western Blot analysis. The first lane shows Lunet N 
hCD81 [empty] control cell lysate. HA-DGAT2 (~45-50 kDa) was detected by an anti-HA antibody, GAPDH 
(~36 kDa) was stained as loading control. Representative blot of two independent experiments. (C) The LD 
content upon Dox treatment was measured by utilizing mRuby2-positive reference cells (see Fig. 13). Mean 
± SEM values normalized to 0 h Dox treatment are depicted (n = 4). (D, E) Dox-inducible HA-DGAT2 Lunet N 
hCD81 cells were infected with JcR2a and treated with 10 µg/mL Dox at different times prior to and post infection 
(untreated, 24 h prior to infection, 4 or 24 hpi). Cell lysates were harvested for luciferase assay at 24, 32, 40 and 
48 hpi. Mean ± SEM values of are depicted (n = 4). Statistically significant changes (compared to 0 h Dox 
treatment (C) or no Dox treatment (E)) are indicated by asterisks (Welch’s test (C), ANOVA, Dunnett’ test (E)). 

4.3.3. Effect of DGAT protein expression on HCV translaƟon 

To further pinpoint the replicaƟon step of HCV affected by DGAT2 overexpression, we invesƟgated the 

effect of DGAT1 and DGAT2 expression on IRES-mediated translaƟon by using the bicistronic dual-

luciferase reporter construct pIRF1b [151]. This construct allows to simultaneously measure IRES-

mediated translaƟon of the encoded Renilla luciferase and cap-mediated translaƟon of firefly luciferase 

(Fig. 27A).  

Neither cap- nor IRES-mediated translaƟon was affected by DGAT1 or DGAT2 expression (Fig. 27B). 

However, the addiƟon of the translaƟon inhibitor cycloheximide (CHX) strongly reduced the expression 

of both Renilla and firefly luciferase, indicaƟng that the assay was funcƟonal. Therefore, it is unlikely 

that the anƟviral acƟvity of DGAT expression is coupled to HCV translaƟon. 

 

 

Figure 27: Effect of DGAT expression on HCV IRES-mediated translation. pIRF1b dual luciferase reporter IVTs 
encoding were transfected in Lunet N hCD81 [empty], [DGAT2] or [DGAT1] cells followed by 8 h incubation in the 
presence or absence of 20 µM cycloheximide (CHX). Cap-mediated translation of firefly luciferase (FLuc) and HCV 
IRES-mediated RLuc signals were measured by luciferase assay and plotted normalized to Lunet N hCD81 
[empty]. Mean ±SEM values of are depicted (n = 4). Results of statistical analysis compared to control group are 
depicted (Welch’s t-test). 
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4.3.4. Effect of DGAT2 on HCV membranous web formaƟon 

HCV replicaƟon relies on the formaƟon of a replicaƟon compartment, the so-called membranous web, 

which mainly consists of ER-derived double- and mulƟ-membrane vesicles (DMVs and MMVs) [41]. 

Since previous results suggested an impairment of the HCV replicaƟon step by DGAT2 expression, we 

subsequently invesƟgated the formaƟon of the HCV RO. To this end, we used a pTM-based expression 

construct encoding the HCV NS3 to NS5B polyprotein under the control of the T7 RNA polymerase 

promoter to induce membranous web formaƟon independent of viral replicaƟon in LunetT7 cells 

(Fig. 28) [152]. The uƟlized construct contained GFP-tagged NS5A, which allowed the detecƟon of 

successfully transfected, NS5A-posiƟve, cells by fluorescence microscopy (Fig. 28 and 29) [41,152]. 

 

Figure 28: Schematic representation of HCV replication organelle formation induced by the expression of the 
pTM-NS3-5B-5A-GFP construct. By transfection of Lunet T7 cells with a pTM construct encoding the HCV poly-
protein HCV NS3-5B/5A-eGFP, the formation of the HCV membranous web is induced. The eGFP-tagged NS5A 
enables detection of transfected cells via fluorescence microscopy. The formation of HCV ROs can be analyzed 
with correlated light electron microscopy.  

We invesƟgated the formaƟon of the HCV membranous web in cells expressing empty vector, DGAT2, 

DGAT2_HPH161-163AAA, or DGAT1 by transmission electron microscopy (Fig. 29). Correlated light 

electron microscopy (CLEM) experiments and quanƟficaƟon were carried out by Ji Young Lee and Ralf 

Bartenschlager. As described in previous studies, we detected the accumulaƟon of DMVs and MMVs in 

the cytoplasm and confirmed the formaƟon of a membranous web-like structure upon expression of 

the pTM construct in LunetT7 [empty] cells (Fig. 29) [41]. InteresƟngly, we observed less DMVs in 

DGAT2-expressing cells and instead a strong accumulaƟon of LDs (Fig. 29B).  

We next evaluated the DMV formaƟon quanƟtaƟvely (Fig. 30). Strikingly, the amount of the DMVs was 

reduced by DGAT2 and DGAT1, but not by DGAT2_HPH161-163AAA expression (Fig. 30A). In contrast, 

the DMV size distribuƟon was not affected by neither DGAT2 nor DGAT1 expression (Fig. 30B). 
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Figure 29: Effect of DGAT protein expression on the HCV membranous web formation. Stable Lunet T7 cells 
overexpressing [empty] (A), [DGAT2] (B), [DGAT2_HPH161-163AAA] (C) or [DGAT1] (D) were transfected with 
the pTM expression vector encoding HCV NS3-5B/5A-eGFP. Cells were fixed 24 hpt. Transfected cells were first 
identified by GFP signal then fixed and further processed for correlated light electron microscopy (CLEM) analysis. 
The left panel shows from top to bottom bright-field, fluorescent and electron microscopy overview images of a 
representative cell. The transmission electron microscopy (TEM) image in the middle panel is further enlarged in 
the white box area and depicted in the right panel. Red asterisks indicate double membrane vesicles (DMVs). 
Representative images of two independent experiments. Scale bar for middle image, 1 µm; for magnified image, 
500 nm. 

 

Figure 30: Effect of DGAT protein expression on HCV double membrane vesicles (DMVs).  DMV profiles were 
analyzed using TEM images taken at x4 k magnification. (A) Number of DMVs per µm2 and (B) size of DMVs in 
histograms respectively. Statistically significant changes (ANOVA, Dunnet’s test) compared to [empty] control 
group are indicated by asterisks. 
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AddiƟonally, in line with previous results, excess DGAT2 and DGAT1 expression sƟmulated LD 

accumulaƟon (Fig. 31). While the LD numbers were mildly but not significantly increased, the 

proporƟon of larger LDs was drasƟcally elevated in DGAT2 and DGAT1-expressing cells (Fig. 31A and B). 

This trend was reflected in the increased average LD size upon DGAT expression and was consistent 

with previous IF imaging results (Fig. 31C and Fig. 16).  

 

Figure 31: Effect of DGAT proteins on the LD profile in pTM-NS3-3’-NS5A-GFP expressing Lunet T7 cells. LD 
profiles of stable Lunet T7 cells overexpressing [DGAT2], [DGAT2_HPH161-163AAA] or [DGAT1] transfected with 
the pTM expression vector encoding HCV NS3-5B/5A-eGFP were analyzed using TEM images taken at x4 k 
magnification. (A) Number of LDs per µm2, (B) size distribution of LDs in histograms and (C) average size in nm, 
respectively. Statistically significant changes (ANOVA, Dunnet’s test) compared to [empty] control group are 
indicated by asterisks. 

Subsequently, it was necessary to test whether the increase in occupancy of the acquired image fields 

by accumulated LDs affected the observaƟon of decreased DMVs in the examined cell lines. As shown 

above, OA addiƟon also strongly induced LD accumulaƟon while only mildly affecƟng HCV infecƟon 

(Fig. 13 and 14). Therefore, we invesƟgated the effect of DGAT2 expression on the formaƟon of DMVs 

in comparison to OA or vehicle control addiƟon (Fig. 32, SFig. 2). As expected, both DGAT2 

overexpression and OA treatment elevated the LD content of the respecƟve cells (Fig. 32A-C). OA 

addiƟon enhanced the fracƟon of larger LDs and had an increasing effect on the average LD size 

(Fig. 32B and C). More importantly, OA treatment did not impair DMV formaƟon and only had a mild 

increasing effect on the DMV diameter, while DGAT2 expression significantly reduced the DMV amount 

(Fig. 32D and E).  

In conclusion, the anƟviral effect of DGAT2 expression was pinpointed to a deficiency in the HCV RO 

formaƟon and could not be reproduced through mere LD accumulaƟon by OA addiƟon. 
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Figure 32: Comparison of DMV formation in pTM- NS3-3’-NS5A-GFP expressing Lunet T7 cells upon OA 
treatment and DGAT2 expression. Lunet T7 cells stably overexpressing [DGAT2] or [empty] vector were 
transfected with the pTM expression vector encoding HCV NS3-5B/5A-eGFP and treated with BSA (30 µg/mL) or 
360 µM OA combined with BSA 18 hpt. Cells were fixated 24 hpt and LD (A-C) and DMV (D, E) profiles were 
analyzed by using TEM images taken at x4 k magnification. (A) LD number per µm2, (B) size distribution in 
histograms and (C) average size in nm. (D) DMV number per µm2 and (E) size distribution in histograms. 
Statistically significant changes (ANOVA, Dunnet’s test) compared to [empty] control group are indicated by 
asterisks. 
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During the experiments, we repeatedly observed LDs enwrapped by ER membranes in the immediate 

vicinity of DMVs, as already described in [30] (Fig. 33). Surprisingly, these enwrapped LDs were also 

found in DGAT2-overexpressing cells (Fig. 33A). The amount of ER enwrapped LDs per inspected image 

field was even higher in DGAT2 compared to the control cells (Fig. 33B). The effect was independent of 

the catalyƟc acƟvity of DGAT2, as the numbers of ER-enwrapped LDs in DGAT2-expressing cells was 

similar to the mutant expressing cells (Fig. 33B). However, DGAT1 expression did not elevate the 

amount of ER-enwrapped LD content compared to the control (Fig. 33).  

 

Figure 33: Effect of DGAT protein expression on the enwrapment of LDs in the HCV membranous web. Lunet 
T7 cells stably overexpressing [DGAT2], [DGAT2_HPH161-163AAA], [DGAT1] or [empty] vector were transfected 
with the pTM expression vector encoding HCV NS3-5B/5A-eGFP. Cells were fixated 24 hpt and LDs enwrapped 
by ER membranes as indicated in (A) by yellow arrows were counted. (B) Percentage of LDs enwrapped by ER per 
quantified. Statistically significant changes (ANOVA, Dunnet’s test) compared to the [empty] control group are 
indicated by asterisks. Scale bar, 500 nm. 
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4.3.5. Effect of DGAT protein expression on single-stranded posiƟve-sense RNA viruses 

Due to the inhibitory effect on the formaƟon of the HCV membranous web, we wondered whether the 

expression of DGAT2 also has an inhibitory effect on other viruses that rely on the formaƟon of a 

membranous RO. Therefore, we tested the replicaƟon of two Flaviviruses, ZIKV and LGTV, as well as 

human coronavirus (HCoV-229E) and HepaƟƟs E virus (HEV), for their sensiƟvity to DGAT2 or DGAT1 

overexpression (Fig. 34). ZIKV and LGTV were tested together with Lina Schlaeger, while HCoV-229 was 

tested by G.V. and HEV in collaboraƟon with Volker Kinast.  

InteresƟngly, both tested flaviviruses, ZIKV and LGTV, were slightly sensiƟve to overexpression of DGAT2 

and DGAT1 (Fig. 34A and B). Same as for HCV, the DGAT2 catalyƟc acƟvity was crucial for the anƟviral 

effect (Fig. 34A and B). Remarkably, DGAT1 showed a strong anƟviral effect on LGTV replicaƟon and 

reduced viral Ɵters 10-fold (Fig. 34B). Compared with the posiƟve control in the form of knockdown of 

the flavivirus host factor ATP6VOC [153], however, the effect of DGAT expression was much milder 

(Fig. 34B). Neither HCoV229E nor HEV were hampered by DGAT2 nor DGAT1 expression (Fig. 34C and 

D). These findings suggest that not only HCV but also other flaviviruses are sensiƟve to DGAT2 

overexpression, although the extent of the effect may differ between viruses. 

 

Figure 34: Effect of DGAT protein expression on positive-sense single-stranded RNA viruses dependent on RO 
formation. A) Zika virus (ZIKV) and (B) Langat virus (LGTV) titers produced in Lunet N hCD81 cells expressing 
[empty], [DGAT2], [DGAT2_L83A], [DGAT2_HPH161-163AAA] or [DGAT1] or Lunet N hCD81 cells expressing an 
shRNA against the ATP6VOC host factor (sh_ATP6VOC [153]) or a non-targeting shRNA (sh_NT). The cell lines 
were infected with ZIKV or LGTV at a multiplicity of infection of 0.1 for 96 h. Released infectious titers were 
measured by plaque assay and plotted as plaque forming units (PFU) per mL (n = 3-5). (C) Human coronavirus 
229E (HCoV-229E) replication in stable DGAT Lunet N hCD81 cells. Cells were infected with HCoV-229E RLuc for 
24 h and viral replication was measured by luciferase assay (n = 3). (D) Hepatitis E virus (HEV) progeny virus 
particles production in stable Lunet N hCD81 cell lines infected with HEV genotype 3 (Kernow-C1 p6 clone). Non-
enveloped progeny virus was quantified by titration on naïve HepG2/C3A cells. Titers were determined by IF and 
plotted as focus forming units (FFU) per mL (n=4). Statistically significant changes of the log-transformed values 
compared to the [empty] control or sh_NT expressing cells (ANOVA, Dunnett’s test) are indicated by askerisks.  
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4.4. AƩempts to reverse the DGAT2 inhibitory phenotype 

As shown above, LD accumulaƟon as well as ER- rather than LD associaƟon seems to be important for 

the DGAT2 anƟviral acƟvity. In line with this, the inhibitory effect of DGAT2 expression affected the 

DMV formaƟon of the HCV RO-, a highly complex membrane reshuffling process, that occurs at the ER 

[41,79]. As both DMVs and LDs originate from the ER-membrane, these findings suggest that the ER-

located DGAT-mediated TAG biosynthesis might alter the host cell lipid landscape in a way that is 

deleterious for the formaƟon of the membranous web.  

Based on the hypothesis that overexpression of DGAT2 leads to an imbalance of membrane lipids, we 

further tested whether targeted alteraƟon of the lipid landscape could compensate for excess TAG 

formaƟon in DGAT2-expressing cells and thereby restore funcƟonal HCV replicaƟon. Therefore, in the 

next step, we aƩempted to reduce the anƟviral effect of DGAT2 either by the co-expression of lipid-

metabolizing enzymes (secƟon 4.4.1) or by the addiƟon of various lipid analogues (secƟon 4.4.2). 

4.4.1. Co-expression of lipid-metabolizing enzymes 

We selected several proteins upstream of DGAT2 in the TAG biogenesis pathway and co-expressed 

them with DGAT2 or an empty vector control prior to infecƟon with HCV (Fig. 35). The panel of co-

expressed proteins consisted of the following: (i) AGPAT1 and 2, which generate PA from lyso-PA [72], 

(ii) Lipin 1 and 2, which convert PA to DAG [74], (iii) the lipase ATGL and its acƟvator ABHD5 in wildtype 

and mutant versions, which hydrolyze TAG into DAG [92,93], and, finally, (iv) PCYT1A, which catalyzes 

the rate-limiƟng step of the PC-biosynthesis and provides the required phospholipids during LD growth 

[91] (Fig. 35). ATGL, ABHD5, and PCYT1A constructs have been prepared by G.V. priorly. The protein 

expression of the uƟlized ATGL and ABHD5 constructs upon lenƟviral transducƟon was shown in [129]. 

Furthermore, we fused both Lipin and AGPAT constructs to a Flag-tag at the C-terminus and tested the 

anƟviral effect of these tagged constructs in parallel to the untagged proteins (Fig. 35 and SFig. 3). 

Importantly, we detected the expression of Flag-tagged Lipin2, AGPAT1, AGPAT2, and PCYT1A in Lunet 

N hCD81 cells by WB, but not Flag-tagged Lipin1 (SFig. 3). 

We subsequently expressed all constructs in Lunet N hCD81 [empty] or [DGAT2] cell lines and measured 

the replicaƟon of JcR2a in each condiƟon by luciferase assay (Fig. 35B and C). AddiƟonally, we assessed 

the impact of the expressed constructs on cell viability using Lunet N hCD81/FLuc cells (Fig. 35D).  

Surprisingly, the expression of the panel of tested proteins involved in the TAG biosynthesis did not 

affect virus replicaƟon in neither empty vector nor DGAT2-expressing cells (Fig. 35C). We observed a 

mild, but not staƟsƟcally significant increase in viral Ɵters in DGAT2-expressing cells under ABHD5 

expression (Fig. 35C). However, the observed regulaƟons did not exceed the fluctuaƟon range of the 

luciferase values (Fig. 35D). AddiƟonally, we observed no effect on viral replicaƟon upon expression of 

the Flag-tagged constructs (SFig. 3).   
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Figure 35: Co-expression of DGAT2 with enzymes of TAG and phospholipid synthesis pathways. (A) Overview 
of the targeted metabolic pathways and (B) experimental set up to test the effect of proteins involved in the TAG 
or PC synthesis pathway together on the DGAT2 antiviral activity. Lunet N hCD81 cells stably expressing [empty], 
[DGAT2] or [FLuc] were transduced with lentiviruses to co-express Lipin1, Lipin2, AGPAT1, AGPAT2, HA-tagged 
ABHD5 (WT or Q130P), ATGL (WT or S47A), HA-tagged ABHD5 and ATGL together or PCYT1A. The transduced 
cells were infected with JcR2a 48 h post transduction and cell lysates were harvested 48 hpi. (C) RLuc values were 
measured to monitor HCV JcR2a replication and (E) FLuc values to verify cell viability. Note that the graphs are 
divided into two sets with separate empty controls, corresponding to their respective plasmid background 
(empty1 = pWPI_Puro for Lipin and AGPAT constructs; empty2 = pWPI_BLR for ABHD5, ATGL and PCYT1A 
constructs).   
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4.4.2. SupplementaƟon of lipid analogs  

Apart from modulaƟng the host cell lipid landscape indirectly by the co-expression of lipid metabolizing 

enzymes, we also challenged the DGAT2 anƟviral acƟvity by direct addiƟon of cell permeable lipid 

analogs (Fig. 36 and 37). First, we tested the effect of DAG addiƟon, the substrate of DGAT2, on HCV 

replicaƟon by uƟlizing the two short chain DAG analogs, sn-1,2-di-octanyl-glycerol (1,2-DOG) and rac-

1,3-DOG (Fig. 36A and B). We tested two different Ɵmes of addiƟon – 24 h before and 4 h aŌer 

infecƟon- and a concentraƟon range from 25 µM and 200 µM and assessed the effect on cell viability 

in parallel (Fig. 36A, C-E).  

The addiƟon of DOG did not increase viral replicaƟon but had a rather decreasing effect at higher 

concentraƟons (Fig. 36C and D).  Of note, the reducƟon of viral replicaƟon is most likely caused by the 

impairment of the cell-viability measured at concentraƟons above 100 µM (Fig. 36E). However, these 

results indicated that DAG addiƟon can not revert the DGAT2 anƟviral phenotype.  

 

Figure 36: Effect of the cell permeable DAG analogs sn-1,2-dioctanoyl (DOG) and 1,3-DOG on the antiviral 
activity of DGAT2. (A) Lunet N hCD81 cells stably expressing [empty] or [DGAT2] were infected with JcR2a and 
cell lysates were harvested 48 hpi for luciferase assay. 1,2-DOG, 1,3-DOG or DMSO vehicle control were added 
to the cells either 20 hours prior and/ or 4 hpi (pretreatment vs. 2nd treatment only). (B) Chemical structures of 
the DOG analogs. (C) luciferase values of the infected, DOG treated cells. The compounds were added in a 
concentration range of 25-200 µM. Mean ± SEM of n = 4. (E) Cell viability of Lunet N hCD81 /FLuc cells treated 
with either 1,2-DOG, 1,3-DOG or DMSO vehicle control measured by FLuc values.    
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Furthermore, we extended the panel of tested lipid analogs to various other membrane lipid classes 

that were parƟally used in supplementaƟon assays by other groups [58,77,154–157]. These included 

CER, PC, PE, SM, lyso-PC and PA classes (Fig. 37). Where possible, we chose nitrobenzoxadiazole (NBD) 

-labelled short-chain analogues to potenƟally visualize the cellular uptake of the lipid analogues. For 

CER, both the D- and the non-metabolizable enanƟomer L-C6-CER were tested to disƟnguish whether 

membrane incorporaƟon of CER itself or rather enhancement of the CER- metabolizing pathway would 

reverse the anƟviral effect of DGAT2 (Fig. 37) [157]. Besides these lipid analogs, we included the 

addiƟon of the DGAT2 inhibitor, which alleviated viral replicaƟon in DGAT2-expressing cells (Fig. 12, 37).  

Where available, we chose the lipid concentraƟon range of the individual analogs to cover the 

concentraƟons used by other groups in lipid supplementaƟon experiments [58,77,154–157]. We first 

assessed the cytotoxicity of the constructs by uƟlizing Lunet N hCD81/FLuc cells (Fig. 37A). Based on 

this cell-viability data, we chose the highest non-cytotoxic concentraƟon and a respecƟve 5-fold 

diluƟon and applied the lipid diluƟons shortly aŌer inducƟon of DGAT2 by Dox addiƟon (Fig. 37B).  

To rule out the possibility that the missing rescue of viral Ɵters was due to an overwhelming effect of 

DGAT2 in stable expression, we modified the experimental set-up and uƟlized the previously 

introduced Dox-inducible cell line (Fig. 37B). 

While the addiƟon of DGAT2 inhibitor alleviated viral replicaƟon in Dox treated inducible HA-DGAT2 

Lunet N hCD81 cells, none of the tested lipid analogs increased viral replicaƟon (Fig. 37C). The cell 

viability, monitored by FLuc values in the infected and treated Lunet N hCD81/FLuc cells, was not 

strongly affected by either of the tested analogs (Fig. 37D). Note that in the same experiment, we also 

tested pretreatment with the lipid analogs prior infecƟon as well as the effect on viral luciferase values 

at 72 hpi (data not shown). However, in none of the tested set-ups could viral replicaƟon be restored 

by the addiƟon of lipid analogs. 
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Figure 37: Effect of different lipid analogs on the antiviral effect of DGAT2 expression. (A) Cell viability of Lunet 
N hCD81 / FLuc cells treated for 48 h with lipid analogs. The concentration ranges from 0.08-50 µM in the upper 
and 0.4-100 µM in the lower panel. In each graph, the respective vehicle control is depicted in black (DMSO for 
1,2-DOG, 1,3-DOG and DGAT2i, every else EtOH). (B,C) Assay to test the effect of lipid analogs on the antiviral 
effect of DGAT2. Lunet N hCD81 /FLuc or Lunet N hCD81-TetR [HA-DGAT2] cells were seeded in 96-well format 
and infected with JcR2a on the next day. 10 µg/mL Dox was added to induce HA-DGAT2 expression in the 
inducible cell line 4 hpi. 2 h later, the medium was changed supplemented with the different lipid analogs in two 
chosen concentrations. For CER, PC, PE, SM and DGAT2i 10 µM and 2 µM lipid concentrations were tested. For 
LPC, PA and DOG 50 µM and 10 µM were tested. Fill colour of bars in (C,D): grey - higher concentration, light grey 
- lower concentration. (C) Relative RLuc values normalized to the vehicle control for each cell line and lipid analog. 
Black dots represent values measured in the control (Lunet N hCD81 / FLuc) cells, red dots in the HA-DGAT2 
inducible cell line. (D) Relative FLuc values of Lunet N hCD81 cells treated with the indicated lipid analogs. Dotted 
line at y = 0.8 indicates the threshold of 80 % cell viability to distinguish cytotoxic effects. Mean ± SEM of n = 4. 
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4.5. Effect of DGAT expression and HCV infecƟon on the localizaƟon of host cell 

lipids   

Earlier studies elucidated that the local regulaƟon of several lipids and lipid classes is detrimental for 

the formaƟon of the HCV RO [81]. As such, PI4P is enriched at the membranous web and is required 

for the recruitment of NS5A [52,54,57]. Moreover, accumulaƟon of free Chol is observed at the HCV 

RO and  necessary for the DMV biosynthesis [20,57]. Recently, the role of PA in the formaƟon of DMVs 

was shown [31]. In the following, we examined the influence of DGAT2 expression on the localizaƟon 

of these lipids by fluorescence microscopy.  

4.5.1. Effect of DGAT2 expression on PI4P and Cholesterol localizaƟon 

To invesƟgate the effect of DGAT2 overexpression on PI4P or Chol localizaƟon, we uƟlized the co-culture 

system with Lunet N hCD81 [mRuby2] cells, which allowed the direct comparison of DGAT2-expressing 

with control cells (Fig. 38 and 39). We used the anƟ-PI4P anƟbody and Filipin III complex, to stain PI4P 

or free Chol in the co-cultured cells, respecƟvely (Fig. 38).   

PI4P and Chol were detected throughout the whole cytoplasm of both control as well as DGAT2-

expressing cells Fig. 38A and B). As expected, Filipin oŌen accumulated at the cell surface and in 

perinuclear regions (Fig. 38B). We did not detect obvious differences between DGAT2-expressing and 

control cells for neither PI4P nor Chol localizaƟon (Fig. 38A and B). Incidentally, the Filipin signal 

someƟmes formed ring-shaped structures typical of LD localizaƟon, which was more common in 

DGAT2-overexpressing cells (Fig. 38B). Unfortunately, the LD associaƟon of Chol could not be further 

verified, as the addiƟon of LD dyes such as LD540 or lipid-tox resulted in a strong associaƟon of Filipin 

with LDs, making co-staining of LD and Chol impossible (data not shown).  
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Figure 38: Effect of DGAT expression on cholesterol localization. Stable HA-DGAT2-expressing Lunet N hCD81 
cells were co-seeded mRuby2-positive reference cells and cholesterol (Chol) was detected by staining with Filipin 
III complex. White boxes in the middle panel show mRuby2-negative or -positive cells and are enlarged on the 
right side. Representative image of 2 independent experiments. Scale bar, 20 µm. 

4.5.2. Effect of DGAT2 expression on PA localizaƟon 

Besides PI4P and Chol, PA accumulaƟon was shown to be important for the formaƟon of DMVs [31]. 

The authors of the laƩer study used a PA-biosensor composed of a PA-binding domain from Raf1 

protein fused to a fluorophore, which allows the detecƟon of cellular PA upon transducƟon of the 

sensor [31]. Here, we cloned the described biosensor and a mutant version fused to mNeonGreen 

(Fig. 39A). We expressed the wild-type or mutated version (Raf1-PABD-4E; R391E, R398E, K399E, 

R401E) of these sensors in Lunet N hCD81 cells. The PA-sensor signal was rather low, occasionally 

speckled and localized in the cytoplasm (Fig. 39B). The localizaƟon of wildtype and mutant PA-sensor 

was very similar, except for the accumulaƟon of the mutant sensor in the nuclei (Fig. 39B). Indeed, the 

signal intensity of the mutant sensor seemed to be slightly brighter (Fig. 39B).  

More importantly, the expression of HA-DGAT2 did not influence the localizaƟon of the PA-sensor 

(Fig. 39C). 
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Figure 39: Effect of DGAT2 on phosphatidic acid (PA)-sensor localization. (A) Schematic representation of the 
PA sensor. The PA-binding domain of Raf1 fused to mNeonGreen fluorophore was used to detect PA within 
cellular membranes. A mutant sensor construct with four point mutations at the PABD domain (4E) was tested 
in parallel. (B, C) PA sensor (B upper panel, C) or mutated PA sensor (B lower panel) were stably expressed in 
Lunet N hCD81 cells. Localization of the sensor was tested in cells transduced with [empty] vector control (B) or 
HA-DGAT2 (C) 48. HA-DGAT2 was detected by anti-HA staining. Nuclei were stained with Dapi. White boxes in 
merge images are enlarged in right panel. Representative images of four independent experiments Scale bar, 
20 µm.  

However, the funcƟonality of the PA-sensor was not completely evident, as we could not reproduce 

the described phenotype of PA accumulaƟon in HCV-infected cells [31]. Both the PA-sensor and the 

mutant sensor occasionally formed speckles in the cytoplasm, independent of HCV infecƟon (Fig. 40). 

Thus, the influence of DGAT2 overexpression on the localizaƟon of PA could not be clearly determined 

by using the described PA-sensor.  
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Figure 40: Localization of PA-sensor in HCV-infected cells. Lunet N hCD81 cells stably expressing the PA-sensor 
(top panel) or mutant version PA-sensor mut (bottom panel) were infected with HCV. 48 hpi, cells were fixed and 
the localization of both sensor constructs was investigated by fluorescence microscopy (yellow). NS5A was 
detected by immunofluorescence (magenta) and nuclei were stained with Dapi (blue). White boxes in merge 
picture are enlarged on the right side: i) NS5A negative, ii) NS5A positive cell. Representative images of two 
independent experiments Scale bar, 20 µm. 

4.5.3. Effect of DGAT2 expression on DAG localizaƟon  

Considering that DAG is the main substrate of DGAT and serves as a precursor of various membrane 

lipids, we invesƟgated whether DAG stores could be affected by overexpression of DGAT2, thereby 

impeding DMV synthesis, although a direct funcƟon of DAG in the context of DMV biogenesis has not 

yet been described. Subsequently, we cloned a further lipid biosensor construct, consistent of the DAG-

binding domain C1a-C1b of the protein kinase C epsilon (PKCɛ) fused to mRuby3 fluorophore, and 

transiently expressed it in control or DGAT2-expressing cells (Fig. 41) [77]. AddiƟonally, we generated 

a mutated DAG-sensor construct (DAG-mut) by introducing a point-mutaƟon at the catalyƟc domain 

(W294G) [77,158] to test the specificity of the DAG-binding (Fig. 41).  

The wild-type DAG-sensor construct showed a strong cytoplasmic signal with reƟcular, perinuclear 

localizaƟon in the control cells, which fits to earlier findings [77]  (Fig. 41A). In contrast, the signal of 

the mutant sensor was very weak and distributed throughout the whole cell (Fig. 41A). Strikingly, under 

influence of HA-DGAT2 expression, a great proporƟon of the DAG-sensor signal was re-localized and 

accumulated in cytoplasmic speckles, oŌen in proximity to LDs (Fig. 41B).  
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Figure 41: Effect of DGAT2 on diacylglycerol (DAG) sensor localization. (A, B) A DAG sensor consistent of the 
DAG-binding cassette of protein kinase C epsilon (PKCɛ-C1a-C1b) attached to the mRuby3-fluorophore was 
utilized to detect the localization of DAG upon expression within [empty] (A) or [HA-DGAT2] (B) stably expressing 
Lunet N hCD81 cells. Additionally, a mutant sensor construct with a point mutation at the DAG binding domain 
(W294G) was tested in parallel (lower panels). DAG sensor localization was assessed by fluorescence microscopy 
(magenta). HA-DGAT2 was detected by immunofluorescence using an anti-HA antibody (middle large image, not 
in merge). LDs were stained with BODIPY 493/504 (green) and nuclei with Dapi (blue). White boxes in merge 
images are enlarged in right panel. Representative images of four independent experiments. Scale bar, 20 µm. 
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As DAG is required for the TAG producƟon, we wondered whether the DAG accumulaƟon around LDs 

might be caused by excessive LD biogenesis. We therefore also tested the effect of OA treatment on 

the localizaƟon of the DAG sensor (Fig. 42).  

InteresƟngly, we observed an intermediate phenotype with parƟally perinuclear, parƟally cytoplasmic 

speckle forming DAG stores in OA treated cells (Fig. 42). Therefore, the DAG re-localizaƟon might be an 

effect of increased LD formaƟon, rather than a DGAT2 specific phenotype. As OA treatment itself did 

not hamper DMV synthesis, this argues that DAG re-localizaƟon might not be the detrimental factor 

for the anƟviral effect of DGAT2 overexpression. 

 

Figure 42: Effect of OA addition DAG sensor localization. (A, B) The DAG sensor (mRuby3-PKCɛ-C1a-C1b) was 
expressed in [empty] Lunet N hCD81 cells. 6 h prior fixation, the cells were treated with 360 µM OA combined 
with BSA. DAG sensor localization was assessed by fluorescence microscopy (magenta). LDs were stained with 
BODIPY 493/504 (green) and nuclei with Dapi (blue). White boxes in merge images are enlarged in right panel. 
Representative images of three independent experiments. Scale bar, 20 µm. 

Furthermore, in a preliminary experiment, the effect of HCV infecƟon on the localizaƟon of the DAG-

sensor was tested (Fig. 43). InteresƟngly, we observed the re-localizaƟon of DAG stores towards LDs 

also in infected cells and the DAG-speckles seemed to co-localize with NS5A (Fig. 43A). However, NS5A 

also co-localized with the mutant DAG-sensor construct (Fig. 43B), which suggests that this finding 

might be caused by an interacƟon of NS5A and the DAG-binding domain and rather independent of the 

localizaƟon of DAG.  
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Figure 43: DAG sensor localization in HCV-infected cells. (A, B) The DAG sensor (mRuby3-PKCɛ-C1a-C1b) or 
mutant DAG sensor (mRuby3-PKCɛ-C1a-C1b_W294G) constructs were expressed in [empty] Lunet N hCD81 cells 
by lentiviral transduction. Cells were infected 48 hpt and fixed 48 hpi. DAG sensor localization was assessed by 
fluorescence microscopy (magenta). HCV NS5A was detected by anti-NS5A staining (green). Nuclei were stained 
with Dapi (blue). White boxes in merge images are enlarged in right panel. Scale bar, 20 µm. 

Finally, we tested the DAG re-localizaƟon in 293T-miR-122 and in HuH6 cells (Fig. 44). Similar as in Lunet 

N hCD81, the DAG sensor signal was detected perinuclear in the control cells of both HuH6 and 293-

miR-122 cells (Fig. 44). In HuH6 cells expressing HA-DGAT2, the sensor drasƟcally re-localized to form 

cytoplasmic, LD adjacent speckles, which resembles the phenotype in Lunet N hCD81 cells (Fig. 44A). 

As HCV is not sensiƟve to DGAT2 overexpression when replicaƟng in HuH6 cells, this finding strengthens 

the point that the observed DAG re-localizaƟon might not be prerequisite for the DGAT2 anƟviral effect. 

In 293T-miR-122 cells, we observed occasionally a similar re-localizaƟon phenotype of the DAG sensor 

(Fig. 44B). However, due to the low signal of HA-DGAT2 and low transfecƟon rates, it was difficult to 

clearly disƟnguish HA-DGAT2-overexpressing from control 293T-miR-122 cells. 

In summary, although DGAT2 overexpression showed a strong phenotype of DAG-storage re-

localizaƟon, this effect appears to be independent of the DGAT2 anƟviral acƟvity, as we also detected 

it in OA treated cells and in cell lines, in which HCV is insensiƟve to DGAT2 expression.  
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Figure 44: DAG sensor localization in HuH6 and 293T-miR-122 cells. The DAG sensor (mRuby3-PKCɛ-C1a-C1b) 
was co-expressed with empty (upper panel) or HA-DGAT2 (lower panel) by lentiviral transduction in HuH6 (A) or 
293T-miR-122 cells (B). DAG sensor localization was assessed by fluorescence microscopy (magenta). HA-DGAT2 
was detected by immunofluorescence using an anti-HA antibody (middle large image, not in merge). LDs were 
stained with BODIPY 493/504 (green) and nuclei with Dapi (blue). White boxes in merge images are enlarged in 
right panel. Representative images of at least two independent experiments. Scale bar, 20 µm. 
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4.6. Changes of the host cell lipidome upon DGAT protein expression, OA 

treatment or HCV infecƟon 

Besides the localizaƟon of Chol, PI4P and PA, previous studies have found a tremendous effect of HCV 

infecƟon on the regulaƟon of various PL and sphingolipid (SL) species [44,45]. Therefore, in the next 

step, we uƟlized lipidomic analysis to obtain a more holisƟc picture of the changes in the host cell lipid 

profile upon DGAT2 overexpression and HCV infecƟon. 

By using electrospray ionizaƟon tandem mass spectrometry (LC-ESI-MS/MS) and the Lipidyzer™ kit, we 

assessed the concentraƟons of 13 lipid classes including PLs, sphingolipids (SLs), glycerolipids, CE and 

FFA. Note that the FFA class had to be excluded from the analysis because of unusually high 

concentraƟon values in all samples, probably caused by TAG hydrolysis during preparaƟon. The uƟlized 

approach enabled to examine the absolute lipid concentraƟons (nmol / million cells) on lipid class, faƩy 

acyl chain and individual lipid species levels (Fig. 46). Note that LC-ESI-MS/MS and MS data analysis 

was performed by Manka Fuh and Jörg Heeren. 

 

Figure 45: Lipidomics data overview measured with the Lipidyzer™ kit. Absolute lipid concentrations were 
measured using electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS). The concentrations of lipid 
species were summarized in the fatty acyl or lipid classes dependent on their acyl chain or lipid class, respectively, 
which allows analysis of the data on lipid class, fatty acyl and lipid species level. TAG, triacylglycerol; CE, 
cholesteryl ester, CER, ceramide; DAG, diacylglycerol; DCER, dihydroceramide; HCER, hydroxyceramide; LCER, 
lactosylceramide; LPC, lyso-phosphatidylcholine; LPE, lyso-phosphatidylethanolamine; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; SM, sphingomyelin. 
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4.6.1. Set up of the lipidomics experiment and primary test  

As described above, the DGAT2 anƟviral effect was expected to mostly affect the ER membrane, the 

organelle where both DMVs and LDs originate. Therefore, in a first aƩempt, we analyzed samples of 

both microsomal fracƟons and whole cell lysates by lipidomics. We isolated the microsomal fracƟons 

by stepwise centrifugaƟon and subsequently analyzed the fracƟons by Western Blot uƟlizing 

cytoplasmic (beta-Tubulin), ER (Calnexin), LD (ADRP), and mitochondria (CoxIV) markers (Fig. 46). As 

expected, Calnexin accumulated in cytoplasmic, microsomal, and mitochondrial fracƟons (Fig. 46B). In 

contrast, the microsomal fracƟon was free of beta-Tubulin and ADRP (Fig. 46B). Consistently, CoxIV 

accumulated only in the mitochondrial fracƟon (Fig. 46B).  

Subsequently, we prepared samples of DGAT2, DGAT2_L83A, DGAT2_HPH161-163AAA, DGAT1 or 

empty vector expressing cells (Fig. 46A). AddiƟonally, we analyzed empty vector or DGAT2-expressing 

cells infected with HCV for 48 h, as well as OA treated cells (Fig. 46A).  

 

Figure 46: Sample preparation for first lipidomics attempt. (A) Lunet N hCD81 cells stably expressing [empty] 
vector control, [DGAT2], [DGAT2_L83A], [DGAT2_HPH161-163AAA] or [DGAT1] were harvested by trypsinization. 
Additionally, [empty] and [DGAT2] cells infected for 48 h with HCV Jc1 and [empty] cells treated overnight (20 h) 
with 360 µM OA were harvested. Cell pellets were lysed by dounce homogenization and cytoplasmic extracts, 
mitochondrial, and microsomal fractions were harvested by differential centrifugation. Lipids were extracted 
from cytoplasmic extracts and microsomal fractions for lipidomic analysis. (B) Western Blot of [empty] (lanes 1, 
4, 7), Jc1 infected (2, 5, 8) or OA treated (3, 6, 9) cellular fractions. ER (Calnexin, 99 kDa), cytosolic (beta-tubulin), 
LD (ADRP, 50 kDa) or mitochondrial (CoxIV, 17 kDa) markers were detected with primary antibodies and either 
Starbright B520 (beta-tubulin) or B700 (Calnexin, ADRP, CoxIV) secondary antibodies for fluorescent WB readout.  
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Differences in the lipid composiƟon of the cytoplasmic and microsomal fracƟons of Lunet N hCD81 

[empty] cells were easily recognized (Fig. 47). While the cytoplasmic fracƟon is enriched with TAG and 

CE species and make ~25 or 12 % of the total lipid content, respecƟvely, these lipid classes are less 

abundant in the purified microsomes (~9 or 4 %) (Fig. 47). As the purified microsomal fracƟons are 

almost devoid of LDs, the main storage organelles of neutral lipids, these differences were expected 

[44]. Furthermore, the total concentraƟon of measured lipids was reduced 10-fold, and less lipid 

species were detected in microsomal vs. cytoplasmic fracƟons (Fig. 47).  

 

Figure 47: Total lipid composition of cytoplasmic and microsomal fractions. Cytoplasmic and microsomal 
fractions of stable Lunet N hCD81 [empty] cells were harvested as described in Fig. 46 and lipid concentrations 
were measured by lipidomic analysis using the Lipidyzer® kit. The proportions of the lipid classes are depicted 
for cytoplasmic (left) and microsomal (right) fractions. The percentages of the six most abundant lipid classes 
(CE, DAG, PC, PE, SM, TAG) and the total lipid content (in nmol per million cells). Additionally, the amount of total 
detected lipid species and species, that were present in both replicates are indicated. 

Extending the comparison to all measured condiƟons, we observed overall similar trends in the 

regulaƟon of various lipid classes in cytoplasmic and microsomal samples (Fig. 48A and B). However, 

the absolute lipid concentraƟons of the microsomal fracƟons were rather low, resulƟng in many missing 

values (Fig. 48B). For example, both DGAT2 overexpression and HCV infecƟon increased the 

concentraƟon of various lipid classes including CE, PE, and TAG (Fig. 48B). Also, the changes on faƩy 

acyl level, depicted for the PC class in (Fig. 48C), were comparable between cell-lysate and microsomal 

fracƟons. InteresƟngly, HCV-infected Lunet N hCD81 [DGAT2] cells showed almost the same changes 

compared to mock infected DGAT2-expressing cells (Fig. 48C). However, due to the strong anƟviral 

effect of DGAT2 expression, this result is biased by the low infecƟon rate and the resulƟng high number 

of uninfected DGAT2-expressing cells in the sample. Thus, we did not follow up the DGAT2-expressing 

HCV-infected samples in the further analysis.  
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Figure 48: Comparison of lipid concentrations of cytoplasmic and microsomal fractions on lipid class and fatty 
acyl chain level. Cytoplasmic and microsomal fractions cells expressing [empty] vector control, [DGAT2], 
[DGAT2_L83A], [DGAT2_HPH161-163AAA] or [DGAT1] were harvested by differential centrifugation as described 
in Fig. 46. Additionally, fractions of [empty] and [DGAT2] cells infected for 48 h with HCV Jc1 and [empty] cells 
treated overnight (16 h) with 360 µM OA were harvested. Lipid concentrations were measured by lipidomic 
analysis using the Lipidyzer® kit. (A) Proportions of the lipid classes are depicted for cytoplasmic (top) and 
microsomal (bottom) fractions. Colour code of lipid classes is indicated on the top. (B) Absolute concentrations 
of lipid classes measured in cytoplasmic (top) and microsomal (bottom) fractions of the different conditions. 
Colours of bars indicate tested condition (legend above B). (C) Absolute concentrations of PC species on fatty 
acyl chain level of [empty] or [DGAT2] expressing cells with or without HCV infection measured in cytoplasmic 
(top) and microsomal (bottom) fractions. Colours of bars indicate tested condition (legend above B). 

4.6.2. Analysis of the combined lipidomics datasets  

Due to the overall similar changes within cytoplasmic and microsomal fracƟons, but the high amount 

of missing values within the laƩer, we decided to concentrate the further lipidomic analysis on the cell 

lysate fracƟons only. Furthermore, to gain a beƩer understanding of the specific effects of DGAT1 and 

DGAT2 proteins on the lipid profile, we included DGAT1-expressing cells treated with the DGAT2 

inhibitor (Fig. 49). The staƟsƟcal analysis of the combined data sets was performed in collaboraƟon 

with Chris Lauber.  

Overall, we detected 859 lipid species in the combined data set, of which 710 lipid species were 

considered for further analysis aŌer exclusion of lipid species that were absent in more than 25 % of 

the samples.  

 

Figure 49: Overview about different conditions tested by lipidomic analysis. Samples for lipidomic analysis were 
harvested and measured in three sets. Samples of in total 4-6 independent experiments per conditions were 
measured. Only data of cytoplasmic fractions was included in the statistical analysis. Data of identical conditions 
were analyzed together.  
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4.6.3. Changes on lipid class level 

When comparing the total lipid content between all condiƟons, the most noƟceable differences were 

caused by strong TAG level accumulaƟon in DGAT2- and DGAT1-expressing or OA treated cells 

(Fig. 50A). As expected, the highest TAG increase was found in DGAT2 wildtype-expressing cells and in 

cells treated with OA (Fig. 50B), which is consistent with the observed LD accumulaƟon (Fig. 13). We 

detected a milder increase of TAGs in cells expressing DGAT1 or the catalyƟc mutants of DGAT2, which 

is consistent with reduced LD accumulaƟon in these condiƟons (Fig. 13). Furthermore, CE, which is 

produced from free Chol and stored within LDs, was significantly upregulated upon DGAT2 and DGAT1 

expression (Fig. 50B). In contrast, in HCV-infected cells, the upregulaƟon of neutral fats was rather mild 

and not staƟsƟcally significant on lipid class level (Fig. 50B). 

In contrast to the neutral lipid classes, the membrane lipid biogenesis was strongly affected by HCV 

infecƟon. Of note, the absolute concentraƟons of all detected membrane lipid classes were 

upregulated by HCV infecƟon with the excepƟon of DAG (Fig. 50B). In parƟcular, CER, PC, and PE classes 

were significantly increased, which confirms the findings of Hofmann et al. [44] and others [45] and 

might be related to the increased membrane biosynthesis required for the formaƟon of the HCV RO.  

InteresƟngly, in Lunet N hCD81 cells, DGAT2 overexpression enhanced several membrane lipid classes, 

although to a lesser and not staƟsƟcally significant extent (Fig. 50B). In line with previous results, these 

changes correlated with the catalyƟc acƟvity of the tested DGAT2 variants (Fig. 50B). DGAT1 

overexpression had a similar effect on the absolute membrane lipid concentraƟons, except for CER and 

dihydroceramide (DCER) levels, that were significantly increased in DGAT1-overexpressing cells 

(Fig. 50B). Remarkably, this effect was aƩenuated in the DGAT2 inhibitor treated cells, which suggests 

that both DGAT proteins might contribute to the upregulaƟon of CER and DCER (Fig. 50B). These 

findings suggest that the increased LD biogenesis mediated by DGAT2 or DGAT1 overexpression affect 

not only the neutral lipid content, but also various other membrane lipid classes, and even influence 

CER lipid classes, that are not directly related to the TAG biosynthesis pathway (Fig. 35).  

To gather more informaƟon about lipid composiƟon changes in HCV-infected, DGAT-expressing or OA 

treated cells, we normalized the absolute lipid concentraƟons of the membrane lipids to the total 

membrane lipid amount (total lipid amount without CE and TAG) (Fig. 50C). This normalizaƟon allows 

to adjust for the strong global increase of lipids upon DGAT protein expression or OA treatment.  

InteresƟngly, most of the observed shiŌs in absolute lipid concentraƟons were even more pronounced 

in membrane lipid composiƟon (Fig. 50C). As such, HCV infecƟon significantly increased PE and CER 

classes, and the proporƟon of DAG in the membrane lipid composiƟon was significantly downregulated 

(Fig. 50C). Strikingly, despite an increase of absolute PC concentraƟons, the proporƟon of PCs in the 

membrane lipid content was significantly downregulated in both HCV infecƟon. Furthermore, 
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proporƟons of lactosyl- (LCER) and hydroxyceramide (HCER) classes were significantly reduced in HCV-

infected cells.  

InteresƟngly, many of the lipid classes affected by HCV infecƟon, including PC, PE, and CER classes, were 

similarly regulated by DGAT2 overexpression (Fig. 50C). AddiƟonally, DGAT2 expression significantly 

elevated lyso-PE and SM lipid classes (Fig. 50C). Surprisingly, the proporƟon of DAG lipids was not 

strongly affected by DGAT2 overexpression, which was in contrast to HCV infecƟon and also to DGAT1 

overexpression, which both significantly depleted the DAG class (Fig. 50C).  

In summary, both HCV infecƟon and DGAT2 overexpression had a strong influence on the host cell lipid 

profile. Thereby, many of the affected affected lipid classes were similarly regulated by either HCV 

infecƟon or DGAT2 overexpression, which might indicate similar lipid requirements for the HCV RO 

formaƟon and the excessive LD biogenesis in DGAT2-expressing cells. Importantly, the observed lipid 

changes were reduced in the DGAT2 mutant-expressing cells, indicaƟng that the catalyƟc acƟvity of 

DGAT2 is crucial for its impact on the host lipid landscape and supporƟng our previous observaƟons.  

 
Figure 50: Effect of HCV infection, DGAT protein expression and OA treatment on the lipid profile analyzed on 
lipid class level. (A) Relative proportions (pie-charts) of lipid classes in whole lipidome of cytoplasmic extracts of 
the different tested cell lines. (B) Heatmap of fold changes of lipid class concentrations in infected, DGAT 
overexpressing or 360 µM OA treated cells. (C) Heatmap of fold changes of membrane lipid composition 
calculated by normalization to the whole lipid content without TAG and CE classes. Values relative to the relative 
control cells ([empty]) or [empty] + DMSO for DGAT1 + DGAT2i). Significant changes are indicated by asterisks, 
(P < 0.05). 
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4.6.4. Changes on lipid species and FA-subspecies level 

Furthermore, we analyzed the lipid profiles on lipid species level (Fig. 51-53). Due to the impact of 

DGAT2 overexpression on the HCV RO, we focused on the regulaƟon of the membrane lipid 

composiƟon, which plays a crucial role during the membranous web formaƟon [39,44,81].  

Importantly, the individual lipid species of a specific lipid class possess different biochemical and 

biophysical properƟes dependent on their FA chain. The diversity of this FA composiƟon, in parƟcular 

the PL classes, influences the flexibility and curvature of lipid membranes [50,159]. Dependent on the 

degree of saturaƟon, one disƟnguishes between saturated, mono-unsaturated (MUFA), and 

polyunsaturated faƩy acyl (PUFA) chains. We therefore analyzed the changes of the membrane lipid 

profiles on lipid species level with regard to the FA characterisƟcs (Fig. 51).  

Consistent with the trends on the lipid class level, we observed a strong increase of several PE species 

in HCV-infected cells, while DAG lipid species were rather down-regulated (Fig. 51A). InteresƟngly, 

although few PC lipid species were upregulated by HCV infecƟon, we detected several depleted PC 

species, predominantly with PUFA chains (Fig. 51A). Moreover, while CER species were rather 

upregulated upon HCV infecƟon, some of the low abundant glycosphingolipids (HCER, DCER) were 

significantly downregulated. In contrast, the proporƟon of SM species was not affected by HCV 

infecƟon. 

InteresƟngly, supporƟng the findings on lipid class level, we observed similar trends for various lipids 

when overexpressing DGAT2 compared to HCV infecƟon. For example, we detected mutually 

upregulated CER and downregulated HCER lipids, and a strong increase in PE species, especially 

PUFA-PEs (Fig. 51B). However, in contrast to HCV infecƟon, several saturated and MUFA-PC species 

were downregulated in DGAT2 expression, whereas PUFA-PCs were differenƟally regulated (Fig. 51B). 

AddiƟonally, DGAT2 overexpression had a sƟmulaƟng effect on LPC and SM species (Fig. 51B).  

The changes of the lipid species profile caused by the catalyƟc mutants of DGAT2 mirrored the effect 

of DGAT2 wild-type expression, albeit in a milder form (Fig. 51C and D). Similarly, DGAT1 overexpression 

enhanced various PUFA-PLs, also in the presence of the DGAT2 inhibitor (Fig. 51E and F). Remarkably, 

CER species were strongly upregulated in DGAT1-overexpressing cells. InteresƟngly, this effect was 

reduced in DGAT2 inhibitor treated cells, matching the observaƟons on lipid class level (Fig. 50C). 

Conversely, in OA treated cells, several PUFA-PLs were strongly downregulated while various saturated 

and MUFA-PL were enhanced (Fig. 51E). InteresƟngly, this effect was the opposite for DAG species, 

where PUFA-DAG species were rather upregulated, while saturated and MUFA-DAG species were 

depleted (Fig. 51C). Overall, the lipid composiƟon changes upon OA treatment differed substanƟally 

from the overexpression of the DGAT proteins.  
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In summary, these results indicate, on the one hand, a vast overlap of lipid changes, also on FA-species 

level, mediated by HCV infecƟon and DGAT2-induced LD biogenesis, and on the other hand, a strong 

depleƟon of selected saturated and MUFA-lipid species upon DGAT2 overexpression. Importantly, both 

effects were dependent on the catalyƟc acƟvity of the DGAT2 protein and might contribute to the 

anƟviral effect.  

 
Figure 51: Membrane lipid profile changes upon HCV infection, DGAT expression or OA treatment on lipid 
species level. Bubble plots of log2 fold changes of membrane lipids relative to the control cells ([empty] (A-E, G) 
or [empty] + DMSO (F)). Each point represents one individual lipid species. Point color indicates the lipid classes. 
Point size is respective to the p-value from t-test with unequal variances. Lipids are divided into species with 
saturated and mono-unsaturated (MUFA) (represented by bubbles) and species with polyunsaturated fatty acyl 
(PUFA) chains (represented by triangles). Note that the y-axis scale was adjusted in G while the same scale was 
used in all other plots.  

  



Results 

73 
 

To have a closer look at the effect of HCV infecƟon and DGAT2 expression on the regulaƟon of saturated 

and unsaturated lipid species, we further analyzed the changes within PC and PE lipid classes on FA 

species level (Fig. 52). The length and saturaƟon degree of the FA chain can impact the biophysical 

properƟes of lipid membranes, such as membrane fluidity and bending ability. These properƟes are 

thought to be important for the formaƟon of the HCV RO formaƟon [44,70]. Accordingly, HCV infecƟon 

was shown to upregulate various MUFA- and PUFA-PL species [44,45,160]. 

Aligned with the observaƟons of Hofmann et al. [44], HCV infecƟon specifically increased PLs with 

highly unsaturated faƩy acyl (UFA) chains, including lipids with (C20:4), (C20:5), (C22:4), and (C22:6) FA 

chains (Fig. 52A and B). In contrast, several (C18:2), (C18:3), (C20:2), and (C20:3) PL species were 

downregulated (Fig. 52A and B). Moreover, while (C16:0), (C18:0), and (C18:1) PE species were 

upregulated (Fig. 52B), we detected a decrease of lipids with these FA chains in the PC class (Fig. 52A). 

Surprisingly, the expression of DGAT2 also increased several PLs with highly UFA chains, parƟcularly 

(C20:4) and (C20:5) PLs (Fig. 52C and D). In contrast to HCV, species with (C18:2) and (C18:3) FA chains 

were strongly upregulated (Fig. 52C and D). Moreover, we observed a strong depleƟon of lipids with 

(C16:0), (C16:1) and (C18:1) FA chains upon DGAT2 overexpression, including the highly abundant 

PC (16:0/16:0), PC (16:0/18:1) and PE (18:1/18:1), which were not affected or upregulated in HCV-

infected cells (Fig. 52C and D).  

Importantly, we detected similar trends in cells expressing the catalyƟcally impaired DGAT2 mutants 

and DGAT1, although in aƩenuated form (Fig. 52E-J). Furthermore, PLs with long FA chains were 

specifically increased in DGAT1-overexpressing cells treated with the DGAT2 inhibitor (Fig. 52K and L). 

InteresƟngly, the effect of OA addiƟon on the PL profile strongly differed from DGAT expression or HCV 

infecƟon. As expected, due to the higher abundance of OA, oleyl-(C18:1) PL species were selecƟvely 

increased in the membrane lipid composiƟon, whereas other lipid species were rather downregulated  

(Fig. 52M and N).  

In summary, both DGAT2 overexpression and HCV infecƟon elevated lipids with long PUFA chains, 

whereas opposing effects were observed for (C18:2), (C18:3) and MUFA-PL species with (C18:1) and 

(C16:1) FA chains.  
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Figure 52: Changes of PC and PE lipid species on fatty acid subspecies level upon HCV infection, DGAT 
expression and OA addition. (A-N) Heatmaps of PC (left panel) and PE (right panel) lipid species profiles upon 
HCV infection, DGAT2 expression or OA treatment. Fold changes relative to the control cells ([empty] (A-J, M, N) 
or [empty] + DMSO (K,L)) are depicted. Significant changes (P < 0.05) are highlighted with asterisks. Note the 
adjusted color scale for fold-changes in OA treated cells (M and N) compared to the heatmaps in the other panels.  

Furthermore, we determined the major regulated lipid species in HCV infecƟon and DGAT2 

overexpression among all 107 membrane lipid species, which were significantly affected by either HCV 

infecƟon or DGAT2 overexpression (Fig. 53A). Of these, 22 lipid species were significantly regulated by 

both HCV infecƟon and DGAT2 overexpression (Fig. 53A and B).  

As observed above, various lipid species with PUFA-PLs were upregulated by both DGAT2 expression 

and HCV infecƟon (Fig. 53C). This applied especially to PLs containing arachidonoyl-(AA, C20:4) or 

eicosapentaenoyl-(EPA, 20:5) FA chains (Fig. 53C). Moreover, several PC and DAG species were mutually 

downregulated upon HCV infecƟon and DGAT2 overexpression, including the highly abundant 

PC (18:1/16:1) (Fig. 53C). In contrast, we detected 6 lipid species that were significantly but 

differenƟally regulated upon HCV infecƟon and DGAT2 infecƟon. These included on the one hand the 

oleoyl-(C18:1) FA-containing PE (18:1/18:1), PC (18:1/22:6), and PE (14:0/18:1) species, which were 

upregulated upon HCV infecƟon but downregulated by DGAT2 overexpression, and on the other hand 

PC (18:0/18:3), DAG (16:1/20:4), and DAG (14:0/18:2), which were downregulated upon HCV infecƟon 

but upregulated by DGAT2 overexpression (Fig. 53C). 

InteresƟngly, the regulaƟon of these lipids was mirrored in cells overexpressing the DGAT2 mutants or 

DGAT1, but not in OA-treated cells, in which oleyl-PLs were predominantly increased and other PL 

species were downregulated (Fig. 53C).  

Altogether, these results show that long-chain PUFA-PLs are similarly regulated by HCV infecƟon and 

DGAT2-overexpression, while MUFA and saturated PLs are rather up-regulated upon HCV infecƟon and 

downregulated upon DGAT2 overexpression. Therefore, we hypothesize that excessive LD biogenesis 

in DGAT2-overexpressing cells either requires similar lipid species, parƟcularly PUFA-PLs, which are also 

required for HCV replicaƟon, or lacks specific lipids essenƟal for HCV RO formaƟon.  
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Figure 53: Top regulated membrane lipid species upon HCV infection and DGAT2 expression.  
(A) Of the 185 measured membrane lipid species identified in the Lunet N hCD81 cell background, 107 lipid 
species were identified that were significantly up- or down-regulated upon HCV infection (76 lipid species, blue) 
or DGAT2 expression (53 lipid species, yellow) or both (22 lipid species, red) in Lunet N hDC81 cells compared to 
the control cells. Log2 fold changes of these lipid species are shown in (B) as a scatterplot with the same color 
code. (C) Fold changes of membrane lipid species significantly regulated in both HCV infection and DGAT2 
overexpression. Fold-changes of HCV-infected, DGAT-overexpressing or OA-treated cells relative to control 
[empty] cells are depicted in a heatmap. Significant changes (P < 0.05) are highlighted with asterisks.  

4.6.5. Changes of the TAG lipid landscape on FA-level 

The cellular FA metabolism is Ɵghtly regulated and dependent on both FA uptake as well as remodeling 

of incorporated FA between different lipid classes [161,162] . Here, the preference of lipid transport or 

lipogenic enzymes for binding to substrates with certain FA chains influences the frequency and 

distribuƟon of FAs in the different lipid classes [161].  As we observed the accumulaƟon of specific 

MUFA and PUFA species in the PL classes upon DGAT2 expression and HCV infecƟon, we wondered 

whether these changes are also reflected in the TAG profile. We therefore compared the proporƟons 

of different TAG lipids on the FA level.  
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HCV infecƟon mostly elevated PUFA-TAG species, especially (C20:4) and (C20:5), while TAGs with lower 

chain length (C12-18) were less strong and rather downregulated with excepƟon of (C12:0), which 

matches previous findings and is in line with the overall increase of PUFA-FAs, which we also detected 

in the PL classes [19].  

In contrast to HCV, various long-chain saturated and MUFA-TAG species were remarkably increased in 

DGAT2-overexpressing cells (Fig. 54). This confirms previous publicaƟons which reported a substrate 

preference of DGAT2 for the incorporaƟon of de novo generated faƩy acid species in TAGs [22,23] and 

may contribute to the depleƟon of these lipids in the PC and PE classes described above (Fig. 53). 

However, the most upregulated TAG species upon DGAT2 overexpression were the PUFA-TAGs with 

(C18:3) and (C20:5) FA chains (Fig. 54), which were also enriched in PC and PE classes (Fig. 52).  

Moreover, the TAG FA profiles of the catalyƟc mutants resembled those of wild-type DGAT2-expressing 

cells in an aƩenuated form. The TAG FA profile was similarly affected by DGAT1 overexpression 

compared to DGAT2 overexpression (Fig. 54). Especially (C12-14) FA TAG species were elevated upon 

DGAT1 expression, which is consistent with previous reports of a substrate preference of DGAT1 for 

medium-chain faƩy acids [24] (Fig. 57). However, similar to DGAT2 expression, (C18:3) and (C20:5) TAG 

species were strongly upregulated in DGAT1-expressing cells (Fig. 54).  

Taken together, these results suggest that different FA species are incorporated in TAG in HCV-infected 

or DGAT2-expressing cells, which could be caused by different substrate channeling and lipid uptake in 

both condiƟons.  

 

Figure 54: Fatty acyl profile of TAG species upon HCV infection, DGAT protein expression or OA treatment. 
Heatmaps of TAG FA profile changes. Fold-changes were calculated based on TAG-FA proportions of total lipid 
percentages compared to the control cells ([empty] or [empty] + DMSO for [DGAT1] + 2i). Significant changes are 
highlighted with asterisks for P < 0.05. 
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5. Discussion 

5.1. HCV infecƟon is inhibited by DGAT2-mediated LD biogenesis 

Over the last years, the so-far underrated LD organelle gained more aƩenƟon and has shown to be 

involved in the life cycle of various viruses. HCV infecƟon in parƟcular is Ɵghtly connected to the LD 

biogenesis [23,121,122,163]. Increasing LD content has been observed in vitro but also in vivo upon 

infecƟon with HCV and is clinically associated with development of steatohepaƟƟs [164,165]. LDs are 

entangled within the convoluted membranes of the HCV MW and are uƟlized as energy reservoirs, as 

well as assembly plaƞorm for the producƟon of HCV lipo-viro-parƟcles [121]. The lipogenesis enzyme 

DGAT1 plays an essenƟal role in HCV assembly, as its expression is crucial for the recruitment of both 

Core and NS5A proteins to the viral assembly site at the ER-LD interface [127,166]. Of note, the 

enzymaƟc acƟvity of DGAT1, which catalyzes the esterificaƟon of DAG to TAG, is required to fulfill the 

role as an HCV assembly factor [127]. InteresƟngly, although the other DGAT isoform in humans, 

DGAT2, catalyzes the same enzymaƟc reacƟon, DGAT2 is not able to fulfill the role as HCV assembly 

factor and its knock-down or inhibiƟon does not have an effect on HCV replicaƟon [126].  

Strikingly, in our lab, the overexpression of DGAT2 revealed a remarkable inhibitory effect on HCV 

replicaƟon (Fig. 7). JcR2a luciferase values were decreased about 2-log fold, an effect that is 

comparable to the strong anƟviral effect of PI4K-IIIa reducƟon [52]. The inhibitory phenotype of DGAT2 

expression was observed for all tested HCV genotypes, including genotype 1b, 2a, and the highly 

steatogenic genotype 3a (Fig. 25). Despite the strong anƟviral effect upon DGAT2 overexpression, 

endogenous DGAT2 unlikely plays a role as an HCV restricƟon factor itself, as the inhibiƟon of 

endogenous DGAT2 by a small molecule inhibitor did not elevate HCV replicaƟon (Fig. 12). In contrast 

to the control cells, the addiƟon of the DGAT2 inhibitor to DGAT2-overexpressing cells could parƟally 

restore viral replicaƟon and increased JcR2a luciferase values up to 3-fold (Fig. 12). This indicates that 

the catalyƟc acƟvity of DGAT2 is required for the inhibitory effect on HCV infecƟon. InteresƟngly, we 

observed a link between the anƟ-viral effect and excess LD biogenesis caused by the overexpression of 

DGAT proteins: The expression of DGAT1 or catalyƟcally impaired DGAT2 variants had a milder effect 

on both LD accumulaƟon and, simultaneously, a reduced anƟviral effect on HCV infecƟon compared to 

the wild-type DGAT2 protein (Fig. 7, 13, 21).  

Furthermore, we tested the anƟviral effect of DGAT2 expression in various HCV permissive cell lines 

(Fig. 22). InteresƟngly, we idenƟfied two cell lines, in which the overexpression of DGAT2 did not impair 

HCV infecƟon- HuH6 and 293T-miR-122 cells. Consistent with the earlier findings, the overexpression 

of DGAT2 led only to a mild inducƟon of LDs in 293T-miR-122 cells (Fig. 22E), which supports the 

hypothesis, that the DGAT2 anƟviral acƟvity is linked to the LD accumulaƟon.  
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However, although DGAT2 expression drasƟcally increased the LD content in HuH6 cells, HCV was not 

inhibited by DGAT2 expression in this cell line mode (Fig. 22C). This indicates that the mere increase of 

the LD content is not solely responsible for the anƟviral effect of DGAT2.  

 

5.2. DGAT1 overexpression has a mild effect on HCV infecƟon 

Besides DGAT2, we also observed an anƟviral effect in DGAT1-overexpressing cells (Fig. 7). This finding 

was surprising at the first glance, as DGAT1 was shown to have a proviral role in the HCV virus parƟcle 

producƟon [126]. However, so far, the role of DGAT1 in HCV assembly was invesƟgated by inhibiƟon or 

knockdown of endogenous DGAT1 and thus differed from the overexpression system that we used in 

our study [126,127]. Therefore, the results of the present study do not contradict previous publicaƟons. 

In contrast, they highlight that the Ɵght regulaƟon of LD biogenesis is essenƟal for the HCV life-cycle 

and both depleƟon as well as excess DGAT1 (and DGAT2) expression are detrimental for HCV infecƟon.  

Importantly, the anƟviral effect of DGAT1 overexpression was weaker than that of DGAT2 and not as 

robust across different experimental set-ups (Fig. 7). As such, we did not observe an inhibitory effect of 

DGAT1 in Lunet N hCD81 cells transduced with lenƟviruses, although the DGAT1 mRNA level and LD 

accumulaƟon indicated successful expression of the construct (Fig. 10 and 11). InteresƟngly, we 

detected upregulated DGAT2 mRNA expression in Lunet N hCD81 cells stably expressing DGAT1 in 

which the anƟviral effect of DGAT1 was observed (Fig. 8). Moreover, while treaƟng the DGAT1-

expressing cells with the DGAT1 inhibitor did not rescue the anƟviral effect, we observed a reduced 

anƟviral effect in the DGAT1-expressing cells treated with the DGAT2 inhibitor, although the effect was 

not staƟsƟcally significant (Fig. 12). These findings suggest a Ɵme-dependent cross-regulaƟon of DGAT1 

and DGAT2 expression, which might have an impact on observed anƟviral effect of stable DGAT1 

expression.  Therefore, the results obtained in stable Lunet N hCD81 DGAT1-expressing cell lines should 

be interpreted with cauƟon and considering a possible cross-regulaƟon.  

For example, we performed the quanƟficaƟon of LD profiles in stably expressing Lunet N hCD81 cell 

lines to ensure that each individually quanƟfied target cell successfully expressed the corresponding 

DGAT construct. Both DGAT1 and DGAT2 overexpression caused enlarged, but not increased numbers 

of LDs. We observed this phenotype both in untreated cells and in cells expressing the HCV polyprotein, 

which form a membranous web-like structure. (Fig. 16 and 31). Overall, we did not detect any obvious 

differences in the LD profiles of DGAT1 and DGAT2-overexpressing cells, except for a mild but not 

staƟsƟcally significant reducƟon of LD numbers in DGAT1-overexpressing cells (Fig. 16 and 31). 

These results differ from previous publicaƟons [98,167], which reported that DGAT1 and DGAT2 give 

rise to different LD subsets. It was shown in Drosophila and mammalian cell models that the ectopic 

expression of DGAT1 and DGAT2 accumulates small and large LDs, respecƟvely [90].  
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Importantly, the aforemenƟoned cross-regulaƟon of DGAT2 expression within the stable DGAT1-

expressing cells might contribute to this finding and could explain, why we did not observe differenƟal 

effects of DGAT1 or DGAT2 expression on the LD profile. Furthermore, both image quanƟficaƟon 

methods underesƟmate the amount of very small LDs, as they are not easily disƟnguished from the 

background or other vesicular structures in fluorescence and EM image analysis, respecƟvely. 

Therefore, this experiment should be repeated in the presence of the respecƟve DGAT inhibitors to 

suppress the possible cross-regulaƟon. AddiƟonally, the LD quanƟficaƟon in DGAT1 and DGAT2-

expressing cells would also benefit from using other LD markers that are more suitable for the detecƟon 

of nascent LDs, such as the LD dye Live Drop [98].  

5.3. The localizaƟon of DGAT2 at LDs is not important for the anƟviral 

phenotype  

DGAT1 and DGAT2 belong to different protein families and differ both in subcellular localizaƟon and 

substrate specificity [76,168]. While the localizaƟon of DGAT1 is restricted to the ER-membrane, DGAT2 

can also associate with LDs and was detected at mitochondria and mitochondria-associated 

membranes [113–115,134]. Therefore, in the current model, DGAT1 is believed to be responsible for 

the fracƟon of ER-bound LDs that are preferenƟally hijacked by HCV [126,127]. We thus wondered 

whether the subcellular localizaƟon of DGAT2 plays a role for its anƟviral properƟes. We hypothesized 

that LD associaƟon of DGAT2 and growth of cytosolic rather than ER-bound LDs is detrimental to HCV 

replicaƟon, as HCV might have evolved to uƟlize ER-bound LDs rather than cytosolic LDs.  

Surprisingly, we found that inhibiƟon of DGAT2 localizaƟon to the LD surface did not impair the anƟviral 

acƟvity of the protein (Fig. 21), which speaks against this hypothesis. Of note, localizaƟon at 

mitochondria does also not appear to play a role in the anƟviral phenotype of DGAT2 overexpression 

(Fig. 21). In contrast, deleƟon of the transmembrane domain of DGAT2, which is required for ER 

associaƟon, resulted in loss of anƟviral acƟvity of the protein, although funcƟonal catalyƟc acƟvity of 

the murine version of this DGAT2 mutant was reported (Fig. 21) [137]. Of note, the funcƟonal acƟvity 

of the described DGAT2 mutant with abolished ER-associaƟon should be addressed by further 

experiments.  

Against our iniƟal hypothesis, these results indicated that, rather than enhanced TAG biogenesis at the 

LD surface, the oversƟmulaƟon of ER-localized LD biogenesis caused the anƟviral effect of DGAT2 

overexpression. Therefore, besides the catalyƟc acƟvity of DGAT2, the associaƟon of DGAT2 with the 

ER-membrane appears to be important for the inhibiƟon of HCV infecƟon.  
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5.4. DGAT2 overexpression affects HCV replicaƟon and the formaƟon of the 

HCV replicaƟon organelle 

To beƩer understand the mechanism behind the anƟviral effect, we wanted to determine the step of 

the HCV life cycle that is affected by DGAT2 overexpression. The results of the whole replicaƟon cycle 

experiment showed that the DGAT2-mediated inhibiƟon targeted the HCV life cycle before the 

formaƟon of viral progeny and the second round of infecƟon (Fig. 7). AddiƟonally, the overexpression 

of DGAT2 impaired viral replicaƟon of both full-length HCV and various SGR constructs despite 

bypassing the entry step by transfecƟon of the viral genomes (Fig. 25). Moreover, using the pIRF1b 

translaƟon reporter construct, we did not observe any change in IRES-mediated translaƟon upon 

expression of DGAT2 (Fig. 26). These results suggest that the anƟviral effect of DGAT2 most likely targets 

a replicaƟon step aŌer viral entry but before HCV progeny release.  

Of note, we also tested the formaƟon of HCV replicase complex formaƟon in DGAT2-expressing cells 

by fluorescence imaging of NS5A puncta in HCV-infected cells (performed by G.V., data not shown). The 

numbers of NS5A punctae were significantly reduced in DGAT2-expressing cells and dependent on the 

catalyƟc acƟvity of the protein (data not shown). In order to prevent possible biases related to the 

reduced infecƟon rate in DGAT2-expressing cells, this experiment should be repeated in a replicaƟon-

independent system, such as the ectopic expression of the HCV polyprotein NS3-5B [41,152].  

Subsequently, we invesƟgated the formaƟon of the HCV RO in Lunet-T7 cell lines stably expressing the 

DGAT proteins aŌer transfecƟon of the pTM-NS3-5B-NS5A construct, which enables the formaƟon of 

the HCV membranous web independently of viral RNA replicaƟon (Fig. 28). Strikingly, we observed a 

reducƟon of DMV numbers in Lunet N hCD81 [DGAT2] cells, which indicates an impairment of the HCV 

RO formaƟon (Fig. 29 and 30). Consistently, the depleƟon of DMVs was weaker in the catalyƟcally 

inacƟve DGAT2 mutant expressing cells (Fig. 30). These findings suggest that excess DGAT2 expression 

targets the formaƟon of the HCV membranous web, dependent on the catalyƟc acƟvity of the protein. 

Since DMVs originate from the ER membrane, this result is consistent with the importance of ER-

localizaƟon of DGAT2 for the anƟviral effect of the protein (Fig. 21). 

Importantly, the addiƟon of OA did not reduce the number of DMVs, despite a strong effect on LD 

accumulaƟon (Fig. 14 and 32). Thus, the observed decline in DMVs in DGAT2-expressing cells is not due 

to a mere accumulaƟon of LDs pushing DMVs out of the field of view. In agreement with these results, 

OA treatment did not affect HCV replicaƟon when added directly aŌer infecƟon (Fig. 14). However, we 

observed a very mild effect of OA on JcR2a luciferase values when administered prior to HCV infecƟon 

(Fig. 14). Nevertheless, the anƟviral effect was marginal compared to the strong anƟviral effect of 

DGAT2 overexpression (Fig. 7 and 14). Moreover, in contrast to OA, the inducƟon of DGAT2 also 

affected virus replicaƟon when induced 4 or 24 hours aŌer infecƟon (Fig. 26). As HCV ROs are 
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conƟnuously generated de novo at different cellular locaƟons [169,170], the later induced DGAT2 

expression might directly interfere with the ongoing RO formaƟon and HCV replicaƟon. In summary, 

these results suggest that the extensive LD accumulaƟon upon DGAT2 overexpression, but not upon 

OA treatment, is detrimental to HCV RO formaƟon. 

Of note, the effect of various FAs, including OA, on HCV replicaƟon was also invesƟgated by Hofmann 

et al [44]. The study reported an effect of prolonged OA treatment on the integrity of HCV membranous 

web five days aŌer infecƟon. Apart from the expected accumulaƟon of LDs, we did not observe such 

effects in our study (Fig. 21 and SFig. 2). The different protocol and the use of the pTM construct may 

explain why the results of our study differ from the previous publicaƟon [44]. Moreover, Hofmann et 

al. described no effect of OA treatment on the DMV biogenesis itself, which is in agreement with our 

observaƟons (Fig. 32).  

Altogether, these results indicate that excess LD formaƟon upon DGAT2 overexpression has a 

detrimental effect on the formaƟon of the HCV RO, leading to a strong anƟviral effect that also impairs 

ongoing viral replicaƟon. As both DMV and LD biogenesis are localized at the ER-membrane, and the 

ER-localizaƟon of DGAT2 seems to be important for the anƟviral effect of the protein (Fig. 21), we 

hypothesize that the oversƟmulaƟon of LDs at the ER membrane by excess DGAT2 expression might 

lead to changes of the lipid composiƟon, that are detrimental for the formaƟon of the HCV RO.  

5.5. The inhibitory effect of DGAT2 expression is specific for HCV 

Not only the HCV membranous web, but also the ROs of other viruses of the Flaviviridae, 

Coronaviridae, and Hepeviridae families derive from the ER-membrane [30]. Both membrane 

invaginaƟons and protrusions, including DMVs, are common RO architectures formed at the ER 

membrane [30]. Due to the strong effect of DGAT2 on the HCV DMV abundance, we speculated, that 

excess DGAT2 might also affect the replicaƟon of other +ssRNA viruses, that induce a DMV-shaped RO, 

and subsequently tested the sensiƟvity of HCoV-229E to DGAT2 overexpression. However, surprisingly, 

the replicaƟon of HCoV-229E, which also forms DMVs at the ER-membrane [171], was not affected by 

DGAT2 overexpression (Fig. 34C). InteresƟngly, recently DGAT2 was shown to have a proviral funcƟon 

in the SARS-CoV-2 life cycle and act as regulator of the lipid flux between ER, LDs and mitochondria in 

a complex with the viral ORF6 protein [172]. Therefore, coronaviruses may have evolved to uƟlize 

DGAT2-mediated LDs and might consequently not be affected by DGAT2 overexpression. However, this 

hypothesis requires further invesƟgaƟon, and it would be interesƟng to also test the effect of DGAT2 

overexpression on SARS-CoV-2.  
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In contrast to HCoV-229E, we observed a mild inhibitory effect of DGAT2 overexpression on ZIKV and 

LGTV (Fig. 34A and B). However, the reducƟon of viral Ɵters upon DGAT protein expression was not 

comparable to the posiƟve control (Fig. 34A and B). As we invesƟgated the effects on both viruses aŌer 

96 h of infecƟon, the observed reducƟon of viral Ɵters might also be related to the impaired cell growth 

upon DGAT2 expression (SFig. 1). Of note, the overexpression of DGAT1 had a stronger anƟviral effect 

on LGTV expression, that exceeded the probably cell-viability related reducƟon of DGAT2 

overexpression (Fig. 34B). So far, there are no reports about the importance of DGAT1 or DGAT2 in 

LGTV expression, and it would be interesƟng to further invesƟgate this effect. AddiƟonally, also the 

infecƟon of HEV, which belongs to the Hepeviridae family and also forms its RO at the ER-membrane 

[173,174], was not impaired by DGAT2 overexpression (Fig. 34D).  

Altogether, these findings indicate that the DGAT2 mediated anƟviral effect is specific to HCV 

replicaƟon and might be related to the unique interplay of LD biogenesis and the HCV membranous 

web. However, it would be interesƟng to test the effect of DGAT2 expression on DENV or poliovirus 

replicaƟon, which are also Ɵghtly linked to LD metabolism [83,175]. 

5.6. The balance of neutral and membrane lipids is affected by DGAT protein 

expression and OA treatment 

The formaƟon of viral ROs comes along with vast membrane reshuffling and reshaping that require 

increased membrane lipid biogenesis [30,43]. Accordingly, various +ssRNA viruses have been shown to 

regulate the expression of lipogenic enzymes and lipid transport proteins in order maintain the high 

demand of membrane building blocks [68,176–178]. As the DGAT2-mediated LD accumulaƟon caused 

reduced DMV numbers, a possible mechanism behind the anƟviral effect could be that DGAT2 might 

affect the balance of neutral and membrane lipids in the host cell crucial for the formaƟon of viral ROs. 

In parƟcular, excessive DGAT2 expression could favor the formaƟon of TAG over membrane lipid 

biogenesis, which require DAG or FAs as substrate and are important for the formaƟon of HCV RO.  

Indeed, we observed a tremendous increase of neutral lipids in DGAT2-overexpressing cells, dependent 

on the catalyƟc acƟvity of the protein (Fig. 50). Thereby, the proporƟon of neutral lipids within the total 

lipid composiƟon was drasƟcally increased upon DGAT2 overexpression (Fig. 50A). However, the 

expression of DGAT2 and the misbalance of neutral vs. membrane lipids did not impair other tested 

+ssRNA viruses, that also rely on the formaƟon of a membranous RO (Fig. 34). This was a first indicaƟon 

against the hypothesis that the imbalance between neutral and membrane lipids is responsible for the 

anƟviral acƟvity of DGAT2. Furthermore, we observed a similar increase of neutral lipids in OA treated 

cells, which itself was not deleterious for HCV infecƟon (Fig. 14 and 34). Therefore, the sole increase in 

neutral lipids relaƟve to membrane lipids is not detrimental to viral replicaƟon.  
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Instead, regulaƟon of specific lipid classes or species, rather than bulk membrane lipids, might be 

responsible for the anƟviral phenotype of DGAT2 overexpression on HCV.  

Importantly, the esterificaƟon of DAG by DGAT2 is the last step in a row of consecuƟve enzymaƟc 

reacƟons that lead to the formaƟon of TAG but are also involved in the biogenesis of different 

membrane lipid classes. InteresƟngly, various of these lipogenic enzymes play a role during the HCV 

membranous web formaƟon. As such, AGPAT1 or AGPAT2, which mediate the biogenesis of PA, were 

recently shown to be crucial for both HCV and SARS-CoV-2 DMV biogenesis [31]. Furthermore, both 

Lipin1 and Lipin2, which convert PA to DAG, have been implicated in the HCV RO formaƟon [179,180]. 

However, despite their funcƟon in the formaƟon of the HCV RO, overexpression of neither of these 

enzymes could revert or reproduce the anƟviral phenotype of DGAT2 expression (Fig. 35). Furthermore, 

the overexpression of PCYT1A, which is required for the PC homeostasis of growing LDs  [91], did not 

affect viral replicaƟon (Fig. 35). Remarkably, not even the co-expression of ABHD5 or ATGL could revert 

the inhibitory effect of DGAT2, although they catalyze the hydrolysis of TAG to DAG, the opposite 

reacƟon of DGAT2 (Fig. 35) and exhibit a proviral funcƟon during the HCV parƟcle formaƟon [128,129].  

These results demonstrate both the robustness and uniqueness of the anƟviral effect mediated by 

DGAT2 overexpression, which could not be reproduced or rescued by any of the co-expressed enzymes. 

Moreover, the supplementaƟon with cell-permeable lipid analogs of various membrane lipid classes 

could also not revert the anƟviral effect of DGAT2 overexpression (Fig. 36 and 37). It is noteworthy that 

the addiƟon of such lipid analogs has been successfully used by other groups to reverse different 

deleterious effects of lipid depleƟons [58,77,154–157]. 

Of note, both rescue experiments could benefit from further opƟmizaƟons. As such, the co-expression 

of the different enzymes could be tested in the context of the Dox-inducible cell-lines, as the Ɵming 

and expression level of the proteins might be essenƟal to revert the anƟviral effect of DGAT2.  

Furthermore, although the various tested lipid analogs were previously shown to possess cell 

membrane permeability [58,77,154–157], their successful cellular uptake should be verified in the used 

set-up. Packaging into arƟficial liposomes could be beneficial to facilitate the uptake of the lipid 

analogs, as was done in [77,156]. Moreover, it should be noted that following cellular uptake, lipid 

analogs are suscepƟble to conversion to other lipid classes [181,182]. AddiƟonally, various of the 

supplemented lipids, such as lyso-PC, DAG, CER, and PA possess signaling funcƟons that could 

overshadow their role as membrane lipid in the formaƟon of the HCV RO [73,76,183,184]. Due to these 

limitaƟons, it is difficult to draw definite conclusions from lipid supplementaƟon experiments and 

should therefore be addressed with cauƟon.  
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5.7. Re-localizaƟon of DAG is unlikely responsible for the anƟviral effect of 

DGAT2  

Although the role of DAG in HCV replicaƟon organelle formaƟon has not yet been described, due to its 

importance as a substrate for DGAT2, we decided to invesƟgate the localizaƟon of DAG pools in DGAT2-

overexpressing cells by using a previously described DAG lipid sensor [77]. This sensor allowed us to 

compare the localizaƟon of DAG in DGAT2-expressing and control cells (Fig. 41). Unfortunately, the 

localizaƟon of DAG in HCV-infected cells could not be observed without bias: The HCV-NS5A protein 

co-localized with both the DAG and the DAG-mutated sensor, suggesƟng that the co-localizaƟon was 

independent of DAG localizaƟon, but caused by the interacƟon with the sensor constructs (Fig. 43). 

In control cells, the DAG-sensor was detected in the cytoplasm and showed a reƟcular, perinuclear 

staining that suggested ER and Golgi localizaƟon and fits observaƟons of others [77]. Strikingly, the DAG 

sensor accumulated in the cytoplasm of DGAT2-expressing cells, oŌen in close proximity to LDs, while 

the perinuclear signal vanished (Fig. 41). Consistently, the enhanced LD biogenesis by DGAT2 

expression was shown to increase the DAG content at LDs in a previous study [115]. InteresƟngly, the 

accumulaƟon of DAG around LDs was observed in yeast and is believed to play a role in the ER-

embedment of LDs [185]. In addiƟon to its importance for TAG and LD biogenesis, DAG plays a role in 

the formaƟon of extreme membrane curvatures due to its inverted-cone shape, for example in the 

bending of the inner nuclear membrane during interphase [77,186]. Therefore, we hypothesized that 

the re-localizaƟon of the DAG sensor from the ER and Golgi to LDs might be required for excess LD 

accumulaƟon in DGAT2-overexpressing cells but detrimental for HCV RO formaƟon, as DAG might be 

required for membrane bending processes during DMV formaƟon at the ER. However, this hypothesis 

is contradicted by our observaƟon that several DAG lipid species were downregulated in HCV-infected 

cells (Fig. 50 and 54). Further evidence against the importance of DAG sensor re-localizaƟon for the 

inhibitory effect of DGAT2 is the fact that DAG sensor re-localizaƟon was also observed in HuH6 and 

293T-miR-122 cells, in which HCV infecƟon is not inhibited by DGAT2 expression (Fig. 22 and 44). Thus, 

it is unlikely that the observed re-localizaƟon of DAG alone explains the inhibitory effect of DGAT2 

overexpression. 

5.8. HCV infecƟon and DGAT2 overexpression upregulate similar membrane 

lipid classes and highly unsaturated phospholipid species  

The extensive membrane remodeling and expansion processes involved in viral RO formaƟon require 

interference with host cell lipid pathways during viral infecƟon. Hence, a specialized lipid environment 

is created, which facilitates membrane bending and cleavage processes and is crucial for the formaƟon 

of the vesicular structures of viral ROs [30,81]. Accordingly, shiŌs both at the lipid class and lipid species 
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levels have been observed upon HCV infecƟon. The role of PI4P [52,54], Chol [20,57], SM [58], CER 

[45,64], PC [69], PE [44,45] and PA [31] lipids has been reported or discussed by others.  

In our study, we found increased CER, but not SM species upon infecƟon with HCV via lipidomic 

analysis, which is in line with previous observaƟons [45]. An upregulaƟng effect on CER was also 

detected upon DGAT2 overexpression and, even stronger, upon DGAT1 (Fig. 50B). Surprisingly, the 

addiƟon of the DGAT2 inhibitor aƩenuated the CER upregulaƟon effect in DGAT1-overexpressing cells, 

suggesƟng that the balance of DGAT1 and DGAT2 expression is involved in the abundance of CER 

(Fig. 50C, 51E and F). This finding matches previous publicaƟons, which described an increase of CER 

species upon DGAT2 inhibiƟon due to DGAT2’s funcƟon in the formaƟon of acyl-ceramide [187].  

Furthermore, we detected an increase in absolute concentraƟons of both PC and PE classes upon HCV 

infecƟon, which is in agreement with previous publicaƟons [44,45,68] (Fig. 50). InteresƟngly, looking at 

the membrane lipid composiƟon, the proporƟon of PC in HCV-infected cells was reduced compared to 

the control cells (Fig. 51). As PCs possess a rather cylindrical shape, which is important for the formaƟon 

of flat rather than bent membranes, the reducƟon in PC in the membrane lipid composiƟon might be 

in exchange for the increase of other lipid classes with higher curvature favoring shapes, e.g.  PE [188]. 

InteresƟngly, previous publicaƟons have reported the increase of PC at the HCV RO [68], but also a 

decrease of the total PC concentraƟon was described [189], fiƫng our results. Furthermore, since the 

previous studies focused on effects on the lipid profile aŌer 72 hpi [44,45], the observed 

downregulaƟon of PC lipids could also be related to the earlier Ɵme of infecƟon in our study.  

InteresƟngly, also DGAT2 overexpression had a sƟmulaƟng effect on PC and PE lipid classes, although 

not staƟsƟcally significant (Fig. 50). However, several specific PC and PE species were significantly 

regulated by DGAT2 overexpression (Fig. 51). AddiƟonally, the proporƟons of various lyso-PC and lyso-

PE species were significantly enhanced in DGAT2-overexpressing cells and in DGAT2_HPH161-163AAA-

expressing cells, albeit in aƩenuated form (Fig. 51B and D). These lower abundant lipids play an 

essenƟal role in lipid signaling and are important intermediates of the PL remodeling pathway, the so-

called Land's cycle [161,183]. Lyso-PLs are formed by the hydrolysis of PC and PE to LPC and LPE 

respecƟvely and free faƩy acid. The corresponding responsible enzyme, phospholipase 2, is directly 

involved in the LD biogenesis [190,191]. Due to their inverted conical shape, accumulaƟon of lyso-PLs 

induces posiƟve membrane curvature, which is thought to be crucial for LD growth [192] 

Importantly, not only the lipid headgroup, but also the saturaƟon level and length of the PL FA chains 

essenƟally influence the biophysical properƟes of lipids and lipid membranes [161,193] and are crucial 

for various cellular processes, such as the formaƟon of endocyƟc vesicles [50]. Due to the kinked shape 

of UFA chains, incorporaƟon of UFA-PLs lead to higher membrane disorder that comes along with 

increased membrane fluidity, bending rigidity and altered protein binding capaciƟes [50,193]. 
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AddiƟonally, lipids with certain PUFA species, such as docosahexaenoic acid (DHA, C22:6), play a role 

in the formaƟon of specialized membrane domains, the so-called lipid raŌs [194].  

These properƟes are thought to be important for the HCV RO formaƟon, and HCV infecƟon was shown 

to upregulate various MUFA and PUFA-PL species [44,45,160].  

In line with previous publicaƟons [44,160], we observed an increase of several PUFA-PL species, 

especially arachidonoyl-(AA, C20:4), eicosapentaenoyl- (EPA, C20:5), and DHA PLs in HCV-infected cells 

(Fig. 52A and B). Surprisingly, various of the PUFA-PLs which were upregulated during HCV infecƟon 

were also strongly increased upon DGAT2 overexpression (Fig. 52A-D). As such, AA- and EPA-PLs were 

enriched in DGAT2-overexpressing cells (Fig. 52C and D). Consistently, the upregulaƟon of these lipid 

species correlated with the catalyƟc acƟvity of DGAT2 and was reduced in the DGAT2 mutant expressing 

cells (Fig. 52E - J). InteresƟngly, the sƟmulaƟng effect on PUFA-PLs has to our knowledge not been 

reported in the context of DGAT2 overexpression so far. However, AA-PLs were shown to be important 

for LD biogenesis [195,196]. MechanisƟcally, increased amounts of PUFA-PLs are thought to support 

membrane bending and LD budding by decreasing the surface tension between the ER membrane and 

LD [192,195]. These findings indicate that both HCV infecƟon and DGAT2 overexpression regulate lipid 

classes and species that are important for membrane curvature and fluidity. The high overlap of the 

regulaƟon of various lipid classes and FA species between HCV infecƟon and DGAT2 overexpression 

suggests similar requirements for DMV and LD biogenesis. Subsequently, both processes might 

compete for specific host cell lipid pools in the DGAT2-overexpressing cells. Importantly, the 

upregulaƟon of the above-menƟoned PUFA-PLs was not detected in OA treated cells, speaking for its 

relevance for the anƟviral effect of DGAT2. 

5.9. DGAT2 overexpression depletes saturated and MUFA-PL-species, essenƟal 

for the HCV RO formaƟon 

In addiƟon to these similarly regulated lipids, we also detected individual lipid species that were 

differenƟally regulated in DGAT2 overexpression and HCV infecƟon. As such, both linoleyl-(LA, C18:2) 

and alpha-linoleyl-(ALA, C18:3) PLs were strongly upregulated in DGAT2-overexpressing but 

downregulated in HCV-infected cells (Fig. 52). InteresƟngly, the enrichment of ALA-PLs was reported in 

the context of LD biogenesis [197], which could be relevant for the excess LD biogenesis in DGAT2-

overexpressing cells. AddiƟonally, ALA and LA play a role as precursors for other PUFAs, which can be 

produced by the acƟon of elongases and desaturases [161]. Importantly, both ALA and LA, as well as 

all other PUFAs, except for mead-acid (C20:3) cannot be generated de novo in cells and must be 

obtained by exogenous uptake [159]. As the proporƟon of LA and ALA was increased in both PL and 

TAG classes, the uptake of these lipids might be affected in DGAT2-overexpressing cells.  
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In contrast to ALA and LA, the oleyl-(C18:1) PL proporƟons were strongly downregulated in DGAT2-

overexpressing cells. This included the highly abundant PE (18:1/18:1), as well as PE (18:1/22:6), which 

was significantly reduced unlike other PUFA-PL species. 

Curiously, this trend was inverted in HCV-infected cells, where oleyl-PLs and other mono-unsaturated- 

or saturated PLs were rather increased, especially in the PE class (Fig. 52A and B). Matching this 

observaƟon, the de novo biogenesis of MUFAs, such as OA, was described to be crucial for the integrity 

of the HCV membranous web [44,70,71]. AddiƟonally, the membrane bending properƟes of DHA [198] 

and its role in the formaƟon of lipid raŌs [194] might be beneficial for the HCV RO formaƟon. Given 

their downregulaƟon upon DGAT2 overexpression, but not OA treatment, we speculate that the 

DGAT2-mediated anƟviral effect could also be caused by the depleƟon of these lipid species.  

InteresƟngly, it has been reported, that DGAT2 preferenƟally uƟlizes lipids of the de novo lipogenesis 

pathway, including lipids with C12-C14 as well as (C16:0), (C16:1), (C18:0) and (C18:1) acyl chains 

[120,199]. This is reflected in the TAG-FA profile of DGAT2-overexpressing cells, where those FAs were 

strongly upregulated alongside the globally increased ALA and EPA species (Fig. 54). Therefore, the 

substrate channeling of DGAT2 might contribute to the depleƟon of the aforemenƟoned lipid species. 

However, further experiments would be required to determine the source of the altered FA remodeling 

in DGAT2-expressing cells compared to HCV-infected cells. 
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5.10. Model, conclusions, and future outlook 

Based on the highly overlapping lipid changes that favor membrane curvature and bending on the one 

hand, and decreased proporƟon of specific, oŌen de novo generated lipids on the other hand, we 

propose a model in which excessive LD formaƟon in DGAT2-overexpressing cells creates an unfavorable 

environment for the formaƟon of DMVs (Fig. 55). Thereby, both compeƟƟon for various curvature-

inducing lipids as well as enzyme-specific substrate channelling, leading to depleƟon of specific lipids 

essenƟal for DMV formaƟon, might contribute to an altered lipid landscape which is detrimental for 

the HCV RO formaƟon (Fig. 55). Apart from impaired physical membrane properƟes due to the changed 

lipid landscape, also the associaƟon of HCV replicaƟon cofactors could subsequently be affected.  

 
Figure 55: Proposed model of overlapping lipid requirements for HCV DMV synthesis and LD biogenesis upon 
increased DGAT2 expression. Both HCV membranous web and LD biogenesis reshuffle the host cell lipid 
landscape in favor for higher membrane curvature and flexibility such as conical and inverted-conical lipids as 
well as PUFAs and MUFAs, as described in the main text. We hypothesize that due to excessive LD biogenesis 
and DGAT2-specific substrate preferences, lipids critical for DMV synthesis are channeled toward LD expansion 
sites upon DGAT2 overexpression and their abundance becomes limiting for HCV RO formation. 

Although DGAT2 unlikely acts as host restricƟon factor and the overexpression of the protein is a rather 

arƟficial system, we believe that the lipid changes we observed globally in DGAT2-expressing cells might 

be relevant for the interacƟon of LD biogenesis and DMV formaƟon at the ER-membrane on a local 

level. In the recent decades, it has become increasingly evident that lipid membranes, especially the 

mulƟfuncƟonal ER membrane, are organized into lipid subdomains characterized by a specific lipid 
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signature and protein binding [161,200,201]. Such subdomains and their lipid composiƟons are 

especially dynamically regulated at membrane contact sites between different organelles .   

We believe that the specific lipid composiƟon due to the lipid flux at the ER-LD interface might provide 

the essenƟal building blocks for the vast expansion of growing LDs, but simultaneously presents an 

advantageous environment for the HCV DMV formaƟon. In other words, the specific lipid environment 

created for or caused by LD biogenesis could direct the HCV RO formaƟon sites at the ER-membrane.  

SupporƟng this hypothesis, DMVs are oŌen found in close proximity to LDs  [79–81]. In addiƟon to 

DMVs, ER-enwrapped LDs were observed at the HCV-membranous web by others [79] and also in our 

study (Fig. 33). This enwrapment is believed to serve the spaƟo-temporal regulaƟon of HCV replicaƟon 

and virion morphogenesis [79]. InteresƟngly, we also detected an increased amount of ER-enwrapped 

LDs in DGAT2-overexpressing cells, which was not dependent on the catalyƟc acƟvity of the protein 

(Fig. 33B). Considering the previous publicaƟon, it is unlikely that the increased LD enwrapment is 

anƟviral per se. However, in addiƟon to the effects on the lipid landscape mediated by DGAT2 

expression, the protein's funcƟon as a link between ER and LDs, as reported for CaenorhabdiƟs elegans 

[117], could lead to increased lipid flux between ER and LD organelle, supporƟng our model. 

In future, it would be crucial to further test this model and the hypothesis that ER domains specialized 

for LD biogenesis are used for HCV RO formaƟon. Importantly, further invesƟgaƟons should also focus 

on the spaƟally regulated lipid composiƟons and determine the changes of the lipid landscape, both 

spaƟally and temporally resolved. In our study, we decided to concentrate the lipidomics analysis on 

the whole cell-lysates due to seemingly similar changes between cytoplasmic and microsomal fracƟons 

and in order to invesƟgate various different condiƟons within a reasonable sample size. However, the 

isolaƟon of microsomal membranes or HCV RO membranes, have been proven to be useful to acquire 

a spaƟally resolved view on the lipid changes and should be re-considered for invesƟgaƟons of the 

here-described model [31,44]. 

Moreover, microscopy analysis will be essenƟal to unravel the role of LDs in the DMV biogenesis and 

to invesƟgate lipid localizaƟon at the HCV membranous web. In our study, we tested the localizaƟon of 

PI4P and free Chol (Fig. 38), which have been reported to accumulate at the HCV RO and are important 

for the integrity of the HCV membranous web [20,52,54,57]. We uƟlized the anƟ-PI4P anƟbody or the 

Filipin III complex to assess the localizaƟon of PI4P and Chol in DGAT2-overexpressing or control cells 

(Fig. 38). However, neither PI4P nor Chol localizaƟons were strongly affected by DGAT2 overexpression, 

except for occasionally appearing ring-structures of the Filipin dye in DGAT2-overexpressing cells 

(Fig. 38B), which suggests LD localizaƟon. It would be interesƟng to further evaluate this finding in 

presence of LD markers, which was so far not successful due to a staining arƟfact. AddiƟonally, the 

localizaƟon of both PI4P and Chol should also be invesƟgated in DGAT2-overexpressing cells in the 
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context of HCV membranous web formaƟon, by using the HCV polyprotein expression construct (pTM-

NS3-3’-NS5A-eGFP) as described above. 

In addiƟon to IF staining, lipid biosensors, such as the DAG and PA sensor applied in this study, are 

valuable tools for invesƟgaƟng the localizaƟon of lipids in cells. However, since the signal intensity of 

such sensors depends not only on the amount of detected lipid, but also on the expression level of the 

respecƟve construct, the interpretaƟon of such fluorescent biosensors must be done carefully. In our 

hands, only the DAG sensor construct showed a specific signal and could be uƟlized in the present study 

(Fig. 41-43), while the PA-sensor signal was rather unspecific (Fig. 39). Therefore, other PA-sensor 

constructs, as described in [205], should be tested and applied to invesƟgate the role of PA-localizaƟon 

in the inhibitory effect of DGAT2 overexpression. Moreover, the localizaƟon of these alternaƟve PA-

sensor constructs and also of the DAG sensor should be invesƟgated in live cells upon induced 

expression of DGAT2, and in the context of HCV membranous web formaƟon.  

Furthermore, labelled lipid analogs, which enable localizaƟon studies both in fixed and live cells, could 

be uƟlized to visualize the hypothesized lipid flux and accumulaƟon at the HCV membranous web. At 

present, extensive research is ongoing to improve the stability and physiological funcƟonality of various 

lipid analogs [206]. In addiƟon, various lipid analogs, whose dyes change their fluorescent wavelength 

characterisƟcs upon incorporaƟon into a specific lipid environment, have been described and could be 

used to study the membrane properƟes at the HCV membranous web like packaging density and 

fluidity [207]. For example, an FA analog with an azapyrene dye was described, which changes its 

absorpƟon and emission dependent on the polarity of its microenvironment [208]. Thereby, the 

localizaƟon of non-polar lipids, such as TAGs stored in LDs, medium-polar membranes and the polar 

aqueous cytoplasm can be visualized. This could be interesƟng to decipher the uptake and distribuƟon 

of MUFA and PUFA lipids, which appear to be crucial for both, the DGAT2-mediated anƟviral effect and 

the formaƟon of the HCV membranous web. Combined with specialized microscopy techniques, such 

as lipid expansion [209], or super-resoluƟon microscopy [210], the use of lipid analogs and lipid 

biosensors enables the detecƟon of lipid changes also on nanodomain level and will be fundamental 

to unravel the role of lipid flux between LDs and ER for the HCV RO.  

Besides these fluorescence microscopy based approaches, Raman spectroscopy might be useful to test 

our hypothesized model: Due to the stokes shiŌ mediated by the high amount of double bonds, UFAs 

can be visualized by Raman scaƩering microscopy [211,212]. Hence, it would be interesƟng to study 

the localizaƟon of differenƟally saturated FAs at the HCV membranous web and the effect of both 

DGAT2 and DGAT1 proteins on LD biogenesis and lipid flux.   

Because of the potenƟal cross-regulaƟon and since the anƟviral effect of DGAT1 expression was 

considerably milder compared to DGAT2 expression, we focused our study on the strong anƟviral effect 

of DGAT2. The aforemenƟoned techniques will be crucial to understand why only DGAT1, but not 



   Discussion 

92 
 

DGAT2, is uƟlized by HCV for the virus progeny assembly and the role of both proteins in the HCV RO 

formaƟon.  

In conclusion, based on (i) the unique role of DGAT1 in HCV assembly, (ii) the inhibitory effect of 

excessive DGAT2 acƟvity on HCV replicaƟon (iii) and the close proximity between replicaƟon and 

assembly sites in HCV-infected cells [24,39], we suggest that HCV might have evolved to use DGAT1- 

rather than DGAT2-generated LDs as a plaƞorm for assembly. Further invesƟgaƟon are required to test 

this hypothesis.  
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6. Materials  

6.1. NucleoƟdes 
Table 1: Plasmids used in this study. Marked constructs (*) have been cloned during this work.  

 Name Reference 
 pFK_i389_JcR2a_dg_Jc1 (JcR2a) [54] 
 pFK_JFH1/J6/XbaI/C-846_dg (Jc1) [2] 
 dbn3acc-sgr-cpg-low-luc2-ns5ac (SGR-DBN3A) [214],  giŌ from Mark Harris 
 pFK_i389LucNS3-3'_JFH_dg.gb (SGR-JFH1) [215] 
 pFKi_341_PiLuc_NS3-3´_Con1 ET (SGR-Con1) [216] 
 pTM_NS3-3'_5A gfp 383_JFH.gb [152] 
 

pIRF1b 
[151],  giŌ from Jean Dubuisson and 
Annie Cahour 

 pWPI_DGAT2_Puro This study 
 pWPI_DGAT2_L83A_Puro This study 
 pWPI_DGAT2_HPH161-163AAA_Puro This study 
 pWPI_DGAT1-Puro This study 
 pWPI_HAHA-L-DGAT2_Puro  This study 
* pWPI_HAHA-L-DGAT2-del30-67_Puro This study 
* pWPI_HAHA-L-DGAT2-del66-115_Puro This study 
* pWPI_HAHA-L-DGAT2-mito4A_Puro This study 
* pWPI_HAHA-L-DGAT2-del327-350_Puro This study 
* pWPI_HAHA-L-DGAT2-insert-HA_Puro This study 
 pLenƟ_CMV_TetR_BLR [217],  giŌ from James Olzmann 
 pLenƟ CMV TO Puro DEST APEX2-V5 [218],  
* pLenƟ_CMV-TO_HAHA-DGAT2_Puro This study 
* pWPI_mRuby3_PKCe_C1a_C1b_Puro This study 
* pWPI_mRuby3_PKCe-C1a-C1b-W264G_stop_Puro This study 
 pWPI-Nter mNeonGreen in frame-Puro This study 
* pWPI_mNeonGreen_Raf1-PABD_Puro This study 
* pWPI_mNeonGreen_Raf1-PABD-4E_Puro This study 
* pWPI_Lipin1_Puro This study 
* pWPI_Lipin2_Puro This study 
* pWPI_AGPAT1_Puro This study 
* pWPI_AGPAT2_Puro This study 
* pWPI_Lipin1-3xFlag_Puro This study 
* pWPI_Lipin2-3xFlag_Puro This study 
* pWPI_AGPAT1-3xFlag_Puro This study 
* pWPI_AGPAT2-3xFlag_Puro This study 
 pWPI-PCYT1A-shResist-BLR This study 
 pWPI-ABHD5-shResist-L-HAHA-BLR [128] 
 pWPI-ABHD5-shResist-Q130P-L-HAHA-BLR [128] 
 pWPI-ATGL-7siResist-BLR [129] 
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Table 2: RT-qPCR primers used in this study. 

Primer name Sequence Final conc. (nM) Reference 

F-GAPDH 5'-GAA GGT GAA GGT CGG AGT C-3' 120 [221] 

R-GAPDH 5'-GAA GAT GGT GAT GGG ATT TC-3' 120 [221] 

F-DGAT1 5'-ACT GGG AGC TGA GGT GC-3' 150 This study 

R-DGAT1 5'-ACC AGG ATG CCA TAC TTG ATG A-3' 150 This study 

F-DGAT2 5'-GGC TCA TCG CTG TGC TCT-3' 120 This study 

R-DGAT2 5'-GGG GGT GGT ATC CAA AGA TAT AG-3' 120 This study 

 
Table 3: RT-qPCR probes used in this study. 

Probe name Sequence 5‘ and 3‘ 
modifications 

Final 
conc. 
(nM) 

Reference 

GAPDH YYE 
BHQ-1 

5'-CAA GCT TCC CGT TCT CAG CCT-3' YYE – BHQ-1 200 [221] 

huDGAT1 TM 5'-CCA GAA ATA ACC GGG CAT TGC TCA-3' FAM – BHQ-1 200 This study 

DGAT2 TM 5'-TGG TCA GCA GGT TGT GTG TCT TCA 
CC-3' 

FAM – BHQ-1 200 
This study 

 

6.2. Bacteria 
Table 4: Bacteria strains used in this study. 

Bacteria strain Description 

Escherichia coli (E.coli) DH5ɑ 
F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 80dlacZΔM15 
Δ (lacZYA-argF) U169, hsdR17(rK- mK+), λ– 

E.coli Stable2 MAX Efficiency™ Stbl2™ Competent Cells 10268019 
 

 

 pWPI-ATGL-S47A-7siResist-BLR [129] 
 pCMV-Delta R8-74 [219] 
 pczVSV-Gwt [220] 



Materials 

95 
 

6.3. EukaryoƟc cell lines 
Table 5: Cell lines used in this study. Marked cell lines (*) have been prepared during this work.  

 
Name  DescripƟon 

SelecƟon 
marker 

 

Huh-7.5 

Human hepatoma cell line for efficient HCV 
virus propagaƟon derived from Huh7 cells 
[139].  

  

 

Huh-7.5.1 

Human hepatoma cell line derived from Huh-
7.5, opƟmized for efficient HCV virus 
propagaƟon [222].  

 

 

Lunet N hCD81 

Human hepatoma cell line derived from 
Huh7-Lunet cells, highly permissive for HCV 
RNA replicaƟon and ectopically expressing 
human CD81 receptor [138,139]. BlasƟcidin 

 

Lunet N hCD81/ FLuc 

Lunet N hCD81 derived stable cell line 
ectopically expressing firefly luciferase (FLuc) 
[128]. Used for monitoring of cell viability. BlasƟcidin 

 

Lunet N hCD81/ mRuby2 

Lunet N hCD81 derived stable cell line 
ectopically expressing mRuby2 fluorophore 
[129]. Used as reference cells for fluorescence 
microscopy or flow cytometry. 

BlasƟcidin, 
Puromycin 

 
Lunet N hCD81 [DGAT2] 

Lunet N hCD81 derived stable cell line 
ectopically expressing human DGAT2. 

BlasƟcidin, 
Puromycin 

 

Lunet N hCD81 [DGAT2_L83A] 

Lunet N hCD81 derived stable cell line 
ectopically expressing human DGAT2_L83A 
mutant. 

BlasƟcidin, 
Puromycin 

 
Lunet N hCD81 
[DGAT2_HPH161-163AAA] 

Lunet N hCD81 derived stable cell line 
ectopically expressing human 
DGAT2_HPH161-163AAA mutant. 

BlasƟcidin, 
Puromycin 

 
Lunet N hCD81 [DGAT1] 

Lunet N hCD81 derived stable cell line 
ectopically expressing human DGAT1. 

BlasƟcidin, 
Puromycin 

* 

Lunet N hCD81 [HA-DGAT2] 

Lunet N hCD81 derived stable cell line 
ectopically expressing human HA-tagged 
DGAT2. 

BlasƟcidin, 
Puromycin 

* Lunet N hCD81  
[mNeonGreen_Raf1-
PABD_Puro] 

Lunet N hCD81 derived stable cell line 
ectopically expressing the PA sensor 
mNeonGreen-Raf1-PABD. 

BlasƟcidin, 
Puromycin 

* Lunet N hCD81  
[mNeonGreen_Raf1-PABD-
4E_Puro] 

Lunet N hCD81 derived stable cell line 
ectopically expressing the mutant PA sensor 
mNeonGreen-Raf1-PABD-4E. 

BlasƟcidin, 
Puromycin 

* 
Lunet N hCD81 
/TetR-[HA-DGAT2] 

Tet-inducible Lunet N hCD81 derived cell line, 
stably expressing the Tet-Repressor and Tet-
Operator regulated HA-DGAT2.  

BlasƟcidin, 
Puromycin 

 

Lunet T7 [empty] 

Derived from Huh7-Lunet T7 cells stably 
expressing the T7 polymerase [223]. Stable 
expression of empty vector control.  Puromycin 

 
Lunet T7 [DGAT2] 

Derived from Huh7-Lunet T7 cells ectopically 
expressing human DGAT2. Puromycin 
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Lunet T7  
[DGAT2_HPH161-163AAA] 

Derived from Huh7-Lunet T7 cells ectopically 
expressing human DGAT2_HPH161-163AAA 
mutant Puromycin 

 
Lunet T7 [DGAT1] 

Derived from Huh7-Lunet T7 cells ectopically 
expressing human DGAT1. Puromycin 

 

HepG2-HFL 

Human hepatocellular carcinoma cell line, 
derived from HepG2 cells ectopically 
expressing miR-122 and CD81 [147]. BlasƟcidin 

 HuH6 Human hepatoblastoma cell line [224].   
* 

HuH6 [empty] 
Derived from HuH6, stably expressing empty 
vector control. Puromycin 

* 
HuH6 [DGAT2] 

Derived from HuH6, stably expressing empty 
vector DGAT2. Puromycin 

 
HEK293T 

Human embryonic kidney cell line that 
expresses the large T anƟgen of SV40 [225].   

 
293T-miR-122 

Derived from HEK293T, stably expressing miR-
122 [140]. Puromycin 

* 
293T-miR-122 [DGAT2] 

Derived from 293T-miR-122, stably expressing 
DGAT2. Puromycin 

* 
293T-miR-122 [empty] 

Derived from 293T-miR-122, stably expressing 
empty vector control. Puromycin 

 

HeLa-miR-122 

Human epitheloid cervix carcinoma cell line, 
derived from HeLa cells, ectopically 
expressing miR-122 [140]. Puromycin 

 

Caco-miR-122 

Human colon carcinoma cell line, derived 
from Caco-2 cells, ectopically expressing miR-
122 [140]. Puromycin 

 
Vero E6 

Green monkey kidney epithelial cell line 
[226].   

 A549 
Human adenocarcinoma alveolar basal 
epithelial cells [227].   

 

6.4. Viruses 

Table 6: Virus stocks used in this study.  

Name Origin 
Cell line for virus 
amplification 

HCoV 229E Rluc  gift from Volker Thiel Huh-7.5 
ZIKV (strain H/PF/2013) kindly provided by the Centre NaƟonal de 

Référence des arbovirus IRBA at the Aix-Marseille 
University, France, and distributed via the 
European Virus Archive Global, EVAg Ref-
SKU:001v-EVA1545 Vero E6 

LGTV (strain TP21) giŌ from Gerhard Dobler Vero E6 
Virus stocks were amplified and Ɵtrated by Stefanie Rößler (ZIKV, LGTV) and Corinne Ginkel (HCoV 
229E). Stocks of HEV Kernow-C1 p6 used by V.K. were produced as described before [228].  
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6.5. AnƟbodies  
Table 7: Primary antibodies used in this study.  

Targeted anƟgen Manufacturer Order 
number Species 

ConcentraƟon (µg/mL) 
or diluƟon  

Immuno-
fluorescence 

Western 
blot 

Beta Tubulin Abcam ab15568 rabbit  1 
Calnexin Abcam ab22595 rabbit 1 1 
CoxIV (F8) Santa Cruz sc-376731 mouse 0.4 0.2 
DGAT2  Abcam ab237613 rabbit 1-5 0.05-0.2 
DGAT2 Santa Cruz sc-293211 mouse 1-5 0.05-0.2 
GAPDH Santa Cruz sc-47724 mouse  0.2 

HA tag 
Novus 
Biologicals NB600-362 goat 40  

HA tag (clone 16B12) BioLegend 901502 mouse 2 1 

HCV NS5A (9E10) 
GiŌ from Charles Rice, 
produced by Cell EssenƟals  mouse 6.66  

Perilipin 2 (ADRP (AP125)) Progen  610102 mouse 1 1 

PCYT1A (CCTɑ (F-6)) Santa Cruz   
sc-376107 

mouse  0.4 

PI4P 
Echelon 
Bioscience Z-P004 mouse 33.33  

 

Table 8: Secondary antibodies used in this study. 

Name Manufacturer Order 
number Species 

ConcentraƟon (µg/mL) 
or diluƟon  

Immuno-
fluorescence 

Western 
blot 

Goat anƟ-Mouse IgG Secondary 
AnƟbody, Alexa Fluor Plus 488 Invitrogen A32723 goat, anƟ-

mouse 2  
Goat anƟ-Rabbit IgG Secondary 
AnƟbody, Alexa Fluor Plus 488 Invitrogen A32731 goat, anƟ-

rabbit 2  
Goat anƟ-Mouse IgM Secondary 
AnƟbody, Alexa Fluor 568 Invitrogen A21043 

goat, anƟ-
mouse 2  

Chicken anƟ-Goat IgG Secondary 
AnƟbody, Alexa Fluor 647 Invitrogen A21469 chicken, 

anƟ-goat 2  
Goat anƟ-Mouse IgG Peroxidase 
Conjugate  Sigma Aldrich A 4416  goat, anƟ-

mouse  1/15,000 
Goat anƟ-Rabbit IgG Secondary 
AnƟbody, HRP Invitrogen G-21234 goat, anƟ-

rabbit  1/15,000 
Goat AnƟ-Mouse IgG StarBright 
Blue 520 BioRad 12005866 goat, anƟ-

mouse  1/2500 
Goat AnƟ-Rabbit IgG StarBright 
Blue 520 BioRad 12005869 goat, anƟ-

rabbit  1/2500 
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Goat AnƟ-Mouse IgG StarBright 
Blue 700 BioRad 12004158 goat, anƟ-

mouse  1/2500 
Goat AnƟ-Rabbit IgG StarBright 
Blue 700 BioRad 12004161 goat, anƟ-

rabbit  1/2500 
 

6.6. Buffers 
Table 9: Buffers for bacteria culture and agarose-gel electrophoresis. 

Name Components 

Lysogeny broth medium 2.5 % (m/v) LB broth in dH2O 

LB agar medium  1.5 % (m/v) Agar-Agar in LB medium 

TAE buffer 100 mM Tris, 1mM Na2EDTA, 20 mM acetic acid, in dH2O 

 

Table 10: Buffers used for in vitro transcription. 

Name Components 

IVT reaction buffer 80 mM HEPES, 12 mM MgCl2, 2 mM spermidine, 40 mM DTT, 
3.125 mM of each NTP, 1 U/µL Rnasein, in dH2O 

IVT reaction buffer with m7G Cap 
analog 

80 mM HEPES, 12 mM MgCl2, 2 mM spermidine, 40 mM DTT, 
3.125 mM of ATP, CTP, UTP, 1.5625 mM GTP, 0.25 mM Ribo m7G 
Cap analog (Promega) 1 U/µL Rnasein, in dH2O 

 

Table 11: Buffers and solutions for luciferase assay. 

Name Components 

Luciferase assay buffer 25mM Gly-Gly pH 7.8, 15 mM KPO4 pH 7.8, 15 mM MgSO4, 4 mM 
EGTA, 1 mM DTT, 2 mM ATP, in dH2O 

D-Luciferine solution 25mM Gly-Gly, 200 mM D-Luciferin, in dH2O 

Coelenterazine solution 0.424 µg/mL Coelenterazine, in dH2O 
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Table 12: Buffers for SDS-PAGE and Western Blot. 

Name Components 

RIPA buffer 1 % (v/v) TritonX-100, 300 mM NaCl, 100 mM Tris-HCl pH 7.4, 
2 mM EDTA pH 8, in dH2O 

5x SDS-PAGE Sample buffer 75 mM Tris-HCl pH 6.8, 4 % (m/v) SDS, 40 % (v/v) glycerol, 
200 mM beta-mercaptoethanol, bromphenolblue, in dH2O 

6x SDS-PAGE Sample buffer 0.875 M Tris-HCl (pH 6.8), 12.5 % (v/v) glycerol, 12.5 % (m/v) SDS, 
11.625 % (m/v) DTT in dH2O with brom-phenol blue 

MES Running buffer 
0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) 
monohydrate, 0.1 M Tris Base, 0.2 % (m/v) SDS, 2 mM EDTA, in 
dH2O 

Resolving gel (10-12%) 

10-12% (v/v) Rothiphorese Gel 30 (30 % acrylamide and 
bisacrylamide stock solution), 0.38 M Tris pH 8.8, 0.1 % (m/v) SDS, 
0.2 % (v/v) tetramethylethylenediamine (TEMED), 0.1 % (v/v) 
ammoniumperoxisulphate (APS) saturated solution, in dH2O 

Stacking gel (4%) 
4 % (v/v) Rothiphorese Gel 30, 0.13 M Tris pH 6.8, 0.1 % (m/v) 
SDS, 0.2 % (v/v) TEMED, 0.1 % (m/v) APS saturated solution, in 
dH2O 

Transfer buffer 25 mM Tris, 192 mM Glycine, 20 % (v/v) Methanol, in dH2O pH 8.3 

PBST 0.5 % (v/v) Tween 20 in PBS 

WB blocking solution 5 % (m/v) milk powder in PBST 

 

Table 13: Buffers used for flow-cytometry. 

Name Components 

FACS fixation buffer 0.5 % (m/v) paraformaldehyde, 1 % (v/v) FCS in PBS 

FACS wash buffer 1 % (v/v) fetal calf serum (FCS) in PBS 

BODIPY FACS staining solution 0.5 µg/mL BODIPY in FACS fixation buffer 
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Table 14: Buffers for immuno fluorescence (IF) staining. 

 Name Components 

Permeabilization buffer  0.1 % (v/v) TritonX-100 in dH2O 

IF blocking solution 1 5 % goat serum in PBS 

IF blocking solution 2 0.1 % (m/v) BSA in PBS 

 

Table 15: Buffers for cell culture and cell based assays. 

Name Components 

PBS 137 mM NaCl, 2.7mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, in 
dH2O 

Cell culture medium 
10 % (v/v) FCS, 100 U/mL penicillin, 100 U/mL streptomycin, 
2 mM L-Glutamine, non-essential aminoacids, in Dulbecco's 
Modified Eagle Medium (DMEM) 

Homogenization medium 0.25 M sucrose, 10 mM HEPES, 1 cOmplete™ Mini Protease 
Inhibitor Cocktail tablet per 10 mL medium, in dH2O 

Cytomix 10 mM K2HPO4/KH2PO4, 120 mM KCl, 0.15 mM CaCl2, 25 mM 
HEPES, 2 mM EGTA, 5 mM MgCl2, in dH2O 

 

6.7. Reagents and Kits 
Table 16: Reagents used for cell culture and cell based assays. 

Name Company 
Blasticidine Capricorn 
BSA Fraction V IgG Free Fatty Acid Poor Fisher Scientific 
DMEM High Glucose (4.5 g/l) Capricorn 
Fetal Bovine Serum (FBS) Advanced Capricorn 
HEPES 1M solution, Gibco™ Fisher Scientific 
L-Glutamine (200 mM), Gibco™ Fisher Scientific 
Lipofectamine 2000 Invitrogen 
MEM Non-Essential Amino Acids Capricorn 
Oleic acid Sigma Aldrich 
OpƟ-MEM™ I Serumreduziertes M Gibco 
Penicillin/Streptomycin (100x) Capricorn 
Polyethylenimine, branched (PEI) Sigma Aldrich 
Poly-L-lysine hydrobromide VWR 
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Puromycin Capricorn 
Triton® X 100 Carl Roth 
Trypsin-EDTA (0.5 %), no phenol red, Gibco™ Fisher Scientific 
Trypan blue Carl Roth 

 

Table 17: Small molecule inhibitors used for different assays.  

Name Company Stock solution 
Cycloheximide Sigma Aldrich 10 mM in DMSO 
Daclatasvir (BMS-790052) Absource Diagnostic GmbH 10 mM in DMSO 
Doxycycline (hyclate) Biomol GmbH 10 mM in DMSO 
PF-06424439 (DGAT2 inhibitor) Sigma Aldrich 10 mM in DMSO 
T863 (DGAT1 inhibitor) Sigma Aldrich 25 mM in DMSO 

 

Table 18: Reagents used for fluorescence microscopy or flow cytometry stainings. Stock solutions were 
prepared as indicated in the right column. 

Name Company, origin Stock solution 
Filipin III complex from Streptomyces 
Filipinensis Sigma Aldrich 5 mg/mL in DMSO 

LD540 Gift from C. Thiele 2.5 mg/mL in EtOH 

DAPI Life Technologies 5 mg/mL in dH2O  

BODIPY 493/503 Fisher Scientific 1 mg/mL in DMSO 

 

Table 19: Lipids used in this study. Stock solution and final working concentrations are indicated. NBD, 4-Chlor-
7-nitrobenzo-2-oxa-1,3-diazol. 

Abbreviation Name Company Stock solution Final conc. 

OA 18:1 Oleic acid Sigma Aldrich 3.15 M in EtOH assay 
dependent 

1,2-DOG 1,2-Dioctanoyl-sn-glycerol Avanti Polar 20 mM in DMSO 50 µM 

1,3-DOG 1,3-Dioctanoyl- glycerol  Avanti Polar 20 mM in DMSO 50 µM 

C6-L-Cer N-Hexanoyl-L-erythro-
Sphingosine  Avanti Polar 10 mM in EtOH 10 µM 

C6-D-Cer N-Hexanoyl-D-erythro-
Sphingosine  Avanti Polar 10 mM in EtOH 10 µM 

NBD-SM NBD-hexanoyl-sphingosine-1-
phosphocholine Avanti Polar 10 mM in EtOH 10 µM 

NBD-PC 1-oleyl-2-NBD-hexanoyl-sn-
glycero-3-phosphocholine  Avanti Polar 10 mM in EtOH 10 µM 
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NBD-PE 1-oleyl-2-NBD-hexanoyl-sn-
glycero-3-phosphoethanolamine Avanti Polar 10 mM in EtOH 10 µM 

Lyso-PC 1-octadecenoyl-sn-glycero-3-
phosphocholine Avanti Polar 20 mM in EtOH 50 µM 

NBD-PA 1-oleoyl-2-NBD-hexanoyl-sn-
glycero-3-phosphate Avanti Polar 20 mM in EtOH 50 µM 

 

Table 20: Kits and enzymes used in this study sorted by application. 

Name Purpose Company 
Antarctic Phosphatase Cloning NEB 
Gibson assembly Master Mix  Cloning NEB  
Monarch DNA Gel Extraction Kit Cloning NEB 
NucleoSpin Gel and PCR Clean-up Kit  Cloning Macherey & Nagel  
Q5® High-Fidelity DNA Polymerase and Buffer  Cloning NEB  
Restriction endonucleases (various) Cloning NEB  
T4 Ligase Cloning NEB 
NucleoSpin RNA, Mini kit for RNA purification IVT Macherey & Nagel  
Qiaquick Spin mini prep kit) IVT Quiagen  
RNA Cap Struc. Analog, m7G(5)ppp(5)G  IVT NEB 
T7 RNA Polymerase IVT NEB 
NucleoBond Xtra Midi Plus EF, Plasmid preparation Macherey & Nagel  
NucleoSpin Plasmid, Mini kit for plasmid DNA Plasmid preparation Macherey & Nagel  
QIAfilter Plasmid Maxi Kit  Plasmid preparation Qiagen 
QIAGEN Plasmid Midi Kit Plasmid preparation Qiagen 
LightCycler 480 RNA Master Hydrolysis Probes kit  RT-qPCR Roche 
Luna Universal Probe One-Step RT-qPCR kit  RT-qPCR NEB 
NucleoSpin RNA extraction kit RT-qPCR Macherey-Nagel  
SuperSignal West Pico Plus ECL WB Thermo Scientific 

 

6.8. SoŌware 
Table 21: Softwares used in this study. 

Name Purpose 
Cell Profiler Image analysis 
Fiji Image analysis 
FlowJo Flow cytometry analysis 
GIMP Image processing 
GraphPad Prism Statistics 
Inkscape Figure creation 
Microsoft Excel Data processing 
Rstudio Statistics 
SA3800 Flow cytometry analysis 
Snap Gene Cloning 
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7. Methods 

7.1. Molecular biology methods  

7.1.1. Cloning and plasmid preparaƟon techniques 

7.1.1.1. AmplificaƟon of DNA fragments by Polymerase Chain ReacƟon (PCR) 
PCRs were performed in a PCR thermocycler using the Q5 High-Fidelity DNA Polymerase kit (NEB) 

according to the manufacturer’s protocol in 50 μl total volume. The general reacƟon mix and 

amplificaƟon program are listed in the tables below. Annealing temperatures were adapted depending 

on the primer’s melƟng temperatures and extension Ɵmes were adapted to the size of the amplicon. 

Table 22: Standard Q5-PCR reaction mix.  F- and R-primer: forward and reverse primers. 

Reagent Volume [µL] 

Template Plasmid (1 ng/µL) 2.5 
F-Primer (10 µM)  2.5 
R-Primer (10 µM)  2.5 
Q5-Polymerase 0.5 
Q5 5xBuffer 10 
dNTP (10 mM) 1 
H2O (ad.to 50 µL) 31 
Total volume 50 µL 

 

Table 23: Standard Q5-PCR amplification program.   

  Temperature [°C] Time [s] Number of 
cycles 

Initial denaturation 98 30 1 
Denaturation 98 10 

25-35 Annealing 50-72 20-30 s/kb 
Extension 72 36 
Final Extension 72 120 1 
Hold 4 ∞ 1 

 

7.1.1.2. Fusion-PCR 
Fusion-PCR was used for site-directed mutagenesis or inserƟon of short sequences. A 

complementary primer pair was designed to contain the desired mutaƟon of the gene of interest 

and to anneal together for at least 15 nt. First, two PCR reacƟons were performed to amplify the 

gene of interest either upstream or downstream of the targeted sequence. The two resulƟng PCR 

products were then combined in a third, fusion-PCR by using nested primers. 
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Table 24: Reaction mix for Fusion-PCR. 

Reagent Volume [µL] 

PCR 1 product (10 ng/µL) 1 
PCR 2 product (10 ng/µL) 1 
Nested Primer F (10 µM)  2.5 
Nested Primer R (10 µM)  2.5 
Q5-Polymerase 0.5 
Q5 5xBuffer 10 
dNTP (10 mM) 1 
H2O (ad.to 50 µL) 31.5 
Total volume 50 µL 

 

7.1.1.3. DNA restricƟon 
RestricƟon endonuclease reacƟons were performed using enzymes from NEB and according to the 

manufacturer’s instrucƟons. In brief, 5 μg of DNA were digested with 10 U of enzyme per μg DNA 

and incubated for 1 h at 37°C. To reduce backbone re-ligaƟon, AntarcƟc Phosphatase (NEB) was 

added to digested vectors prior ligaƟon according to the manufacturer’s protocol. Digested 

fragments were purified with or without gel extracƟon using the NucleoSpin Gel and PCR Clean-

up Kit (Machery Nagel, Thermo Fisher ScienƟfic, NEB).  

 
7.1.1.4. DNA ligaƟon  
Linear DNA fragments resulƟng from restricƟon digesƟon were ligated using the T4-ligase (NEB). 

In brief, backbone vector and insert were mixed in a 1:3 or 1:10 molecular raƟo (8 μl DNA in total) 

and 1 μl of each T4-Ligase andT4-Ligase buffer were added. The reacƟon mixes were incubated at 

16 °C overnight.  

AlternaƟvely, linear DNA fragments were ligated with Gibson assembly Master Mix (NEB) in 1:2 

backbone vector and insert raƟo, according to the manufacturer´s protocol.  

7.1.1.5. Cloning of lenƟviral vectors 
All uƟlized plasmids, including the pWPI lenƟviral vectors cloned in this study, are listed in table 5. The 

DGAT wild-type and HA-tagged constructs as well as the two catalyƟcal mutants DGAT2_L83A, 

DGAT2_HPH161-163AAA were cloned by G.V. before. In brief, the human DGAT2 sequence was ordered 

as a g-Block (Integrated DNA technologies, IDT) and the DGAT1 sequence as vector from DNAsu 

(pDONR221) and cloned between AscI and SpeI in the pWPI_Puro vector. HA-tagged DGAT2 was cloned 

by inserƟon of a double HA-tag (YPYDVPDYA, twice) preceded by a linker (GGGGSG) by PCR. 

Furthermore, the point mutants DGAT2_L83A, DGAT2_HPH161-163AAA were generated by fusion-PCR. 
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For the panel of cloned DGAT2 mutants pWPI_HAHA-L-DGAT2-del30-67_Puro, pWPI_HAHA-L-DGAT2-

del66-115_Puro, pWPI_HAHA-L-DGAT2-mito4A_Puro, pWPI_HAHA-L-DGAT2-del327-350_Puro and 

pWPI_HAHA-L-DGAT2-insert-HA_Puro, the DGAT2 sequence was amplified in three fragments by PCR 

(N-terminal, middle part, C-terminal). g-Blocks carrying the desired deleƟons or mutaƟons within the 

respecƟve fragment were ordered (IDT) and the fragments were inserted into the pWPI_Puro vector 

by Gibson assembly.  

pLenƟ_CMV-TO_HAHA-DGAT2_Puro was cloned from pLenƟ_CMV-TO_Puro_DEST_APEX2-V5 by 

restricƟon-based cloning. In brief, the HA-DGAT2 sequence from pWPI_HAHA-DGAT2_Puro was 

amplified by PCR. The resulƟng fragment was inserted between the AscI and XbaI restricƟon sites of 

pLenƟ_CMV-TO_Puro_DEST_APEX2-V5.  

The DAG-sensor pWPI_mRuby3_PRKCe_C1a_C1b_Puro was cloned as described in [77]. The sequence 

of Homo sapiens protein kinase C epsilon (PKCɛ) (NM_005400.3) C1a-C1b (aa170-294) casseƩe fused 

with mRuby3 was ordered as g-Block (IDT) and inserted between AscI and SpeI in the pWPI_Puro vector. 

The W264 point mutaƟon [77,158] was inserted by fusion PCR.    

The PA-sensor pWPI_mNeonGreen_Raf1-PABD_Puro was cloned as described in [31]. The sequence of 

Homo sapiens Raf1 (NM_001354689.3) PA-binding domain (PABD) (aa 390-426) or 4E mutant (R391E, 

R398E, K399E and R401E) were ordered as g-Block (IDT). The sequences were inserted between AscI 

and XbaI in pWPI_Nter-mNeonGreen-in-frame_Puro.  

AGPAT1 (NM_006411.4:281-1132), AGPAT2 (NM_006412.4:101-937), Lipin1 (NM_001349206.2:50-

2830) and Lipin2 (NM_001375808.2:68-2758) sequences were codon opƟmized using the IDT-online 

tool and ordered as g-Blocks (IDT) fused to a C-terminal triple Flag-tag (DYKDHDG-DYKDHDI-

DYKDDDDK). Untagged versions were generated by inserƟon of a stop codon before the triple Flag 

moƟf. Sequences were inserted into the pWPI_Puro vector between the AscI and SpeI restricƟon sites.  

All cloned constructs were verified by mulƟple restricƟon analyses and by sequencing (Microsynth 

Seqlab). 

7.1.1.6. Bacteria transformaƟon 

For plasmid amplificaƟons, E. coli DH5ɑ or Stable2 cells were incubated with the plasmid for 20-45 min 

on ice. AŌer a heat-shock at 42 °C for 90s, the transformed bacteria were incubated for 1 h at 30 °C in 

LB medium, shaking, and plated on LB agar plates containing 100 µg/mL Ampicillin. Plates were 

incubated at 37 °C (DH5ɑ) or 30 °C (Stable2) overnight. 
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7.1.1.7. Plasmid extracƟon and control digesƟon 

For plasmid preparaƟons, single colonies obtained from transformaƟon were picked and added to LB 

medium supplemented with Ampicillin. 5 or 100 mL inoculum were prepared for Mini- or 

MidipreparaƟons respecƟvely. Bacterial cultures were incubated at 37 °C (DH5ɑ) or 30 °C (Stable2) 

overnight, shaking. Plasmid preparaƟons were performed by using the kits indicated in table 20 and 

following the manufacturer’s protocol. Plasmid DNA concentraƟons were measured via 

spectrophotometry (A260). To confirm integrity of plasmids, control digesƟons were performed on 

0.5 µg plasmid using 1-2 restricƟon enzymes (NEB) resulƟng in defined paƩerns of restricƟon 

fragments. ReacƟons were separated on agarose gels containing GelRed® in TAE buffer and visualized 

under UV light. 

7.1.2. In vitro transcripƟon 

For the generaƟon of in vitro transcripts (IVTs), plasmids were digested with MluI, XbaI or SpeI (NEB). 

Linearized plasmid DNA was extracted and dissolved in RNAse free water. 0.2 µg/µL restricted plasmid 

DNA were mixed with IVT reacƟon buffer (with m7G Cap analog in case of pIRF1b IVT) and 0.6 U/µL T7 

RNA polymerase to a total of 100 µL reacƟon volume. ReacƟons were incubated for 2 h at 37 °C, and 

addiƟonal 0.3 U/µL T7 RNA polymerase was added to the mixture, following another 2 h incubaƟon. 

TranscripƟon was terminated by addiƟon of 3.25 U of RNase free DNase per µg of plasmid DNA and 

incubaƟon for 30 min at 37°C. RNAs were extracted and eluted in RNAse free water. RNA concentraƟon 

was determined with a spectrophotometer and degradaƟon of RNA was inspected on an agarose gel. 

IVTs were stored at - 80°C.  

7.1.3. Luciferase acƟvity assays 

For Renilla (RLuc) and firefly (FLuc) luciferase measurements, cells were lysed in Milli-Q water (400 µL 

per well for 6-well dishes, 150 μL per well for 12- or 24-well dishes, 40-50 μL per well for 96-well dishes) 

and froze the plates at - 20°C or - 80°C unƟl luciferase readout. Assays were performed following 

previously published protocols [7]. In brief, 20 µL lysed cells were transferred to white 96-well plates. 

For FLuc assay, 72 µL luciferase assay buffer was added. Luminescence was measured aŌer adding 

40 µL D-luciferin soluƟon per well. For RLuc assay, Luminescence was measured aŌer adding 40 µL 

Coelenterazine soluƟon per well. Luciferase readout was performed using the Berthold Centro XS 

luminometer (Berthold). 
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7.1.4. SDS-PAGE and Western Blot 

7.1.4.1. Sample preparaƟon for SDS-PAGE  
Cells cultured in 6-well or 12-well plates were harvested by trypsinizaƟon and cell pellets were 

washed twice with PBS. Cell pellets were frozen and stored at -20 °C. AŌer thawing at RT, cell 

pellets were resuspended in 30 µL 1 % TritonX100-PBS and incubated for 10 min on ice. Cell debris 

was removed by centrifugaƟon at 10 min at 130000 rpm. The samples were supplemented with 

5x SDS-PAGE loading buffer and incubated for 10 min at 80 °C.  The samples were stored on ice 

before loading on the SDS-PAGE buffer.  

AlternaƟvely, the thawed cell pellets were resuspended in 200 or 330 µL RIPA buffer supplemented 

with protease inhibitor followed by incubaƟon for 20 min on ice. Cell debris was removed by 

centrifugaƟon at 10 min at 130000 rpm. Samples were supplemented with 6x SDS-PAGE loading 

and incubated for 15 min at 70 °C.  Samples were frozen at -20 °C or stored on ice before loading 

on the SDS-PAGE gel. 

7.1.4.2. SDS-PAGE 

Bis-Tris SDS-PAGE gels composed of resolving gel (10-12.5 % BAA, boƩom) and stacking gel (4 % 

BAA, with loading pockets, top) were prepared and placed in an SDS-PAGE gel chamber. Cell lysate 

samples and markers were pipeƩed into the gel pockets of the stacking gel and electrophoresis 

was performed in MES buffer at 80-130 V.  

7.1.4.3. Western Blot (WB) 

For the protein transfer, a PVDF membrane (Amersham™ Hybond® P Western bloƫng membrane, 

Sigma-Aldrich) was cut according to the SDS-PAGE gel size and acƟvated in methanol 99.9%. The 

membrane was incubated in water and followed by short equilibraƟon in transfer buffer. For the 

semi-dry bloƫng method, the SDS-PAGE gel was placed onto the pre-acƟved PVDF membrane and 

sandwiched between two thick Whatman papers soaked with transfer buffer (table 12). The 

transfer was conducted at 70 mA per minigel for 70 minutes with a semi-dry bloƫng chamber 

(Thermo Fisher ScienƟfic). AlternaƟvely, the Trans-Blot® Turbo™ Transfer System (Biorad) was 

used according to the manufacturer’s instrucƟons.  

7.1.4.4. WB ImmunodetecƟon 

The WB membranes were blocked in WB blocking soluƟon for 1 h at RT or at 4°C overnight, 

shaking. Primary anƟbody and secondary anƟbody soluƟons were prepared in blocking soluƟon 

and concentraƟons according to tables 7 and 8. The WB membranes were first incubated with 

primary anƟbody soluƟon for 1 hour at RT or overnight at 4°C, shaking overnight. The membranes 
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were washed in 3 washing steps in PBST for 5 min (mouse) or 15 min (rabbit) dependent on the 

primary anƟbody origin species. Followingly, membranes were incubated with horseradish 

peroxidase- (HRP) or fluorophore-coupled secondary anƟbody for 1 h at RT. The same washing 

procedure was performed again to wash away unbound anƟbodies. Proteins stained with the HRP-

coupled anƟbodies were detected using an SuperSignal West Pico Plus ECL system (Thermo Fisher 

ScienƟfic) with the ChemoStar Imaging System (Intas). Proteins stained with the fluorophore-coupled 

anƟbodies were detected using the Odyssey®CLx imaging System (LI-COR) or the ChemiDoc MP system 

(BioRad). 

7.1.5. RT-qPCR 

RNA extracƟon, qRT-PCR and analysis were performed by Laura Weber. Cellular RNA was extracted 

using the NucleoSpin RNA extracƟon kit (Macherey-Nagel) according to the manufacturer’s 

instrucƟons. The quality of the extracted RNA was assessed by agarose gel electrophoresis. RNA 

transcripts of GAPDH, DGAT1 and DGAT2 were quanƟfied by one-step primer-probe RT-qPCR using the 

LightCycler 480 RNA Master Hydrolysis Probes kit (Roche) or the Luna Universal Probe One-Step RT-

qPCR kit (NEB) following the manufacturer’s instrucƟons. UƟlized primers and probes can be found in 

tables 2 and 3. In one reacƟon, primers and probes for GAPDH and DGAT1 or DGAT2 were combined 

and the concentraƟons of all oligonucleoƟdes were opƟmized by ƟtraƟon. Each sample was measured 

in technical triplicates on a Lightcycler 480 instrument (Roche) or with the 7900HT Fast Real-Time PCR 

system (Applied Biosystems). The data was analyzed by the 2- ΔΔCt method. 

The 8 PHH samples used here were the same as previously reported and therefore were isolated 

following the same procedure [129]. All Ɵssue donors gave wriƩen informed consent for experimental 

use of clinical data and liver specimen prior to surgery. The protocol was approved by the ethics 

commission of Hanover Medical School (#252–2008 and #2148–2014). 

7.1.6. Flow cytometry-based quanƟficaƟon of the lipid droplet content  

The cell harvest, addiƟon of reference cells, fixaƟon, and staining for flow cytometry was performed as 

described in [129]. In brief, cells were grown in 12-well plates and treated according to the 

experimental requirements. AŌer harvest by trypsinizaƟon, cells were combined with Lunet N 

hCD81/mRuby2 reference cells in an approximate 1:1 raƟo. The cells pellets were washed with PBS and 

resuspended in FACS fixaƟon buffer before storing 4 °C. Prior staining, the fixed cells were washed in 

FACS wash buffer and pelleted by centrifugaƟon at 600 g for 3 min at 4 °C. Followingly, the cells were 

resuspended in BODIPY FACS staining soluƟon and incubated for 20 min on ice in the dark. AŌer two 

washing steps, the cell pellets were re-suspended in FACS wash buffer for flow cytometry.  
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The analysis was performed with the BD Accuri C6 flow cytometer (BD Biosciences), SA3800 Spectral 

Cell Analyzer (Sony Biotechnology) or the BD LSR Fortessa™ Cell Analyzer (BD Biosciences), 

In all cases, the gates were set to exclude cell debris by using the FSC-A and SSC-A channels, and doublet 

cells by using the FSC-A and FSC-H channels. BODIPY 493/503 and mRuby2 fluorescence signals were 

obtained by using the FL1 and FL3 (BD Accuri) or B2 and YG3 (BD Fortessa) channels, or the Spectral 

Analyzer (Sony) respecƟvely. Color compensaƟon or spectral unmixing were performed following the 

manufacturer´s instrucƟons. Further analysis was performed with FlowJo (BD Biosciences). The test 

cells were disƟnguished from the spiked-in control cells by their red fluorescence as shown above 

(Fig. 13) and compared the raƟos of the BODIPY fluorescence between the test and the control cells as 

explained in the main text.  

7.1.7. Microscopy methods 

7.1.7.1. Fluorescence microscopy - general staining protocol 
Cells were seeded on 1.5 mm glass coverslips in 24-well plates to be ~60-70 % confluent on the day of 

fixaƟon. For fixaƟon, the cell culture medium was aspirated and the cells were washed with PBS prior 

incubaƟon with 3 % PFA-PBS for 10 min at RT. To permeabilize the cells, they were incubated with 0.5 % 

TritonX-100-PBS for 5 min at RT. cells were stained with anƟbodies (primary, followed by fluorophore-

labelled secondary anƟbodies) or fluorescent dyes dependent on the experiment set-up. AnƟbody 

diluƟons were prepared in 5% goat serum-PBS or 0.01 % BSA-PBS (for staining with HA anƟbody from 

Novus Biologicals (goat)) in concentraƟons according to table 7 and 8.  

7.1.7.2. Fluorescence microscopy - image acquisiƟon and analysis 
All fluorescence microscopy images were taken with a 60x Nikon CFI Apochromat TIRF objecƟve (CFI 

Apochromat TIRF 60x Oil/ 1.49/ 0,13). The images for LD quanƟficaƟon by fluorescence microscopy 

were acquired with a Nikon Ti-E microscope equipped with a Yokogawa CSU-X1 spinning disc and an 

EMCCD DU-888 camera from Andor and an addiƟonal 2x magnificaƟon lens inside the spinning-disc 

unit. For the detecƟon of Filipin and PI4P, the Nikon Ti microscope equipped with a pco.panda 4.2 bi 

UV sCMOS camera (Excelitas Technologies) was used. All other images were taken with a Nikon Ti2 

microscope equipped with an Ai plus laser scan confocal unit. 

The shown images were adjusted in Fiji [229] with equal background subtracƟon and contrast 

enhancement parameters for all samples of a figure panel. Fluorescence intensity profiles were 

measured along the indicated lines in Fiji and ploƩed with GraphPad Prism aŌer normalizaƟon to the 

maximum intensity (set to 100 %) of each respecƟve channel.   

For the lipid droplet (LD) quanƟficaƟon, the mRuby2-posiƟve cells were automaƟcally segmented with 

a Fiji macro to generate binary masks in order to disƟnguish mRuby2-posiƟve and negaƟve cells. Nuclei 
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and LDs of both populaƟons were then automaƟcally segmented. Images with successful segmentaƟon 

were further analyzed with CellProfiler [230] using the same parameters throughout all condiƟons.  

7.1.7.3. Correlated light electron microscopy (CLEM) and  quanƟficaƟon of double membrane 
vesicle (DMV) and LDs 

The DMV characterizaƟon and by CLEM microscopy was performed by Ji Young Lee and Ralf 

Bartenschlager following the protocol described in [31]. 5x104 Lunet/T7 [empty], [DGAT2], 

[DGAT2_HPH161-163AAA] or [DGAT1] cells were transfected with 2.5 µg HCV NS3-5B/5AEGFP pTM 

expression plasmid by lipofetamine transfecƟon according to the manufacturer’s protocol. AŌer 24 h, 

transfected cells were idenƟfied by GFP signal by using a widefield fluorescence microscope (Nikon 

Eclipse) with 10x objecƟve lens. Cells were fixed with EM FixaƟve (1 % GA, 4 % PFA, 50 mM KCl, 2.6 mM 

MgCl2, 2.6 mM Calcium chloride, 2 % Sucrose, 50 mM Caco) and further processed for EM analysis. 

TEM images were acquired at x4 k magnificaƟon with JEOL JEM-1400.  

For the DMV and LD quanƟficaƟon, systemaƟc random sampling was used. Rectangle areas of 

~100 µm2 were placed on whole cell images to count and measure DMVs and LDs manually. At least 10 

GFP-posiƟve cells in each sample were counted (n ≥ 10).  

7.1.8. Lipidomic analysis 

7.1.8.1. Sample preparaƟon for lipidomic analysis 
Lunet N hCD81, HuH6 and 293T-miR-122 stable DGAT cell lines were seeded in 10 cm dishes to be 

confluent on day 4. When relevant, the cells were infected on day 2 with Jc1 and the medium was 

changed at 4 hpi or treated with 360 µM OA combined with BSA day 3 overnight. The cells were 

harvested by trypsinizaƟon on day 4 (48 hpi) and counted with a Neubauer chamber (secƟon 7.2.4). 

The harvested cells were washed with PBS (500 g, 5 min) and resuspended in homogenizaƟon buffer. 

The cells were mechanically lysed with a Dounce homogenizer on ice controlling the cell rupture by 

Trypan Blue staining (same stroke number per cell type for all condiƟons). The cell lysates were 

separated from the cell debris and nuclei by centrifugaƟon (500 g, 5 min).  

For the microsome extracƟon, the remaining supernatant was centrifuged at 10300 g for 10 min at 4°C 

to separate crude mitochondria. The procedure was repeated two more Ɵmes before transferring the 

remaining lysate into ultracentrifugaƟon tubes filled with homogenizaƟon medium. The samples were 

centrifuged at 100000 g for 1 h at 4 °C. AŌerwards, the supernatant was discarded and the pellets 

containing the microsomal membranes were re-suspended in homogenizaƟon medium. Both 

cytoplasmic and microsomal extracts were stored at -80°C unƟl lipid extracƟon. Before transfer of the 

samples to the Mass Spectrometry facility, they were supplemented with Methanol and  Methyl-tert-

butyl-ester (MTBE) in a volume raƟo of 1 : 1.5 : 5 (sample : MeOH : MTBE).   
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7.1.8.2. Mass Spectrometry based lipidomic analysis  
Lipidomic analysis was performed by Manka Fuh and Jörg Heeren as described in [231] using the 

Lipidyzer plaƞorm™. This included a triple quadrupole mass spectrometer (QTRAP 5500; AB SCIEX, 

Darmstadt, Germany) equipped with a differenƟal mobility spectrometer (DMS) interface operaƟng 

with SelexION technology. In this case, an ultra-high pressure liquid chromatography system (Nexera 

X2, Shimadzu, Japan) was used as an autosampler. The Lipidyzer™ Plaƞorm was tuned using the 

SelexION Tuning Kit (AB SCIEX) and a system suitability test was performed using the System Suitability 

Kit (AB SCIEX) according to the manufacturer’s instrucƟons. To the cell lysates, 100 µL of water was 

added and shortly vortexed. The lipid extracƟon process was then carried out as previously described 

[231]. The generated data was processed using Lipidomics workflow manager (AB SCIEX) and Shotgun 

Lipidomic Shortgun Assistant (SLA) soŌware according to the SLA guidelines [232]. 

7.2. Cell culture methods 

7.2.1. Culture and passaging of mammalian cell lines 

All cell lines were culƟvated at 37°C with 5 % CO2 in DMEM complete medium. For selecƟon, 5 µg/mL 

BlasƟcidin or 2.5 µg/mL Puromycin was added to the cell culture medium. Cells were sub-passaged 2-

3 weekly before reaching confluence. Therefore, the cell culture medium was aspirated and cells were 

washed with PBS. Trypsin/EDTA soluƟon was added followed by incubaƟon at 37 °C unƟl cells started 

to detach. Fresh cell culture medium was added and the detached cells were resuspended and seeded 

into a new cell culture dish or flask at lower density.  

7.2.2. GeneraƟon of stable cell lines 

Cells were seeded in 6-well dishes to reach confluency four days post seeding. One day aŌer seeding, 

cells were transduced with lenƟviral vectors expressing the gene of interest and the medium was 

changed aŌer 6 h. Upon reaching confluency, the cells were detached by trypsinizaƟon and transferred 

to a larger cell culture dish. Simultaneously, transduced cells were selected by addiƟon of 5 µg/mL 

BlasƟcidin or 2.5 µg/mL Puromycin according to the selecƟon marker of the uƟlized lenƟviral vector 

plasmid. TransducƟon and selecƟon controls were performed to evaluate growth defects caused by the 

transgene and as control for the anƟbioƟc selecƟon, respecƟvely. 

7.2.3. CryopreservaƟon and thawing of mammalian cell lines 

Cells were grown in 15-cm culture dishes to reach ~80 % confluency. Cells were detached by 

trypsinizaƟon and resuspended in fresh cell culture medium. AŌer centrifugaƟon 5 min at 500 g, the 

cell pellet was resuspended in cryomedium. The cell soluƟons were transferred to cryotubes and 

gradually cooled to -80 °C before storage at -150 °C or in liquid nitrogen.   
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Frozen cells were thawed at 37 °C in a waterbath and transferred to 10 mL cell culture medium before 

pelleƟng at 200 g for 7 min. Cells were resuspended in fresh cell culture medium and plated in cell 

culture dishes or flasks. The respecƟve selecƟve anƟbioƟcs were added aŌer the first sub-passaging.  

7.2.4. Cell counƟng 

Cells were harvested by trypsinizaƟon and resuspended in cell culture medium. 10 μL cell suspension 

was mixed with 10 µL trypan blue and transferred to a Neubauer haemocytometer chamber. Living 

cells in the four quadrants were counted and the mean value was used to determine the total number 

of cells per milliliter: cells/mL = total count of cells * 104 / 4. If more than ~20 cells were counted per 

quadrant, cell suspension was diluted with cell culture medium before counƟng. For the sample 

preparaƟon of the lipidomics experiment, the procedure was repeated four Ɵmes and the average cell 

count was calculated.  

7.2.5. MTT assay 

MTT assays were performed by G.V.. To monitor growth and viability of the DGAT2-overexpressing cell 

lines, each cell line was seeded with 104 cells/well in 96-well dishes and an MTT assay was performed 

at 4, 24, 48, 72 and 96 h post seeding. MTT (Sigma Aldrich) was dissolved in PBS at 5 mg/mL and this 

stock was diluted 10 Ɵmes in complete DMEM before usage. At each Ɵme point, the cell supernatant 

was discarded and the cells incubated with 50 µL per well of MTT-containing complete medium, 

previously prewarmed at 37°C. AŌer 1 h incubaƟon at 37°C, the medium was discarded, MTT 

precipitates were dissolved by adding 50 µL per well of DMSO, and absorbance was read at 570 nm in 

a Biotek Synergy 2 plate reader (Agilent). 

7.2.6. Cell viability assessment using Lunet N hCD81/FLuc  

Cytotoxic effects of ectopic expression of lenƟviral constructs or treatment with inhibitors or lipid 

analogs were monitored by Lunet N hCD81/FLuc cells. Lunet N hCD81/FLuc cells were seeded in 24-well 

or 96-well dishes according to the individual experiment format. Cells were treated in the same way as 

the tested experiment condiƟons. Cell lysates were harvested for luciferase assay.  

7.2.7. TranslaƟon reporter assay 

For the translaƟon reporter assay, Lunet N hCD81 cell lines were seeded in 96-well plates (104 

cells/well). On the next day, the medium was changed and supplemented with 20 µM CHX or DMSO 

control 1 h before transfecƟon with IVTs obtained from the pIRF1b construct. We lysed the cells 8 hpt 

for FLuc and RLuc luciferase readout.  
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7.3. Virological methods 

7.3.1. LenƟvirus stock preparaƟon 

LenƟvirus stocks were prepared using HEK293T cells and following previously described protocols 

[128]. In brief, 3.1x106 HEK293T cells were seeded on poly-L-lysin coated cell culture dishes. On the 

next day, cells were transfected via PEI transfecƟon with 5 µg of the lenƟviral packaging plasmids pCMV-

Delta R8-74, pczVSV-Gwt, and a third plasmid expressing the protein of interest. On the next day, cells 

were induced by adding 10 mM sodium butyrate and infecƟous supernatants were harvested two and 

three days post transfecƟon. Combined supernatants were sterile filtered (0.45 µm) and stored 

at -80 °C.  

7.3.2. General lenƟvirus transducƟon protocol 

Cells were seeded in either 6-, 12-, 24- or 96-well plates to reach confluency on the last day of the 

respecƟve experiment. The cell culture medium was aspirated and cells were incubated for 6-8 h or 

overnight with undiluted lenƟvirus stocks according to the inoculum volumes in table 24. The cells were 

further treated dependent on the individual experimental condiƟons. The specific assay treatments are 

indicated in the respecƟve figure legends.  

Table 25: Usual inoculum volumes for different well-plate formats and incubation times. 

  
Incubation 
time 6-well 12-well 24-well 96-well 

Volume [µL] 
4-8 h 600 350 300 35 
Overnight 1000 600 500 - 

 

7.3.3. HCV virus stock preparaƟon 

Huh-7.5 or Huh-7.5.1 cell lines were used for HCV Jc1 and JcR2a virus producƟon following previously 

described protocols [128]. In brief, Huh-7.5 cells were grown in 15-cm dishes and harvested when they 

reach ~70-80 % confluency by trypsinizaƟon. 6x106 cells were transferred to a falcon and washed with 

PBS before resuspension in 400 µL cytomix supplemented with 2 mM ATP and 5 mM glutathione. Cells 

were mixed with 10 µg Jc1 or JcR2a in vitro transcript and electroporated using the BioRad Gene-pulser 

(975 µF, 270 V). Upon electroporaƟon, cells were resuspended with cell culture medium and incubated 

at 37 °C. Medium was changed 6-24 hours post transfecƟon (hpt). Supernatants of transfected cells 

were harvested starƟng at 24 hpt or 48 hpt for Jc1 or JcR2a, respecƟvely, 1-2 Ɵmes daily unƟl 96 hpt. 

Combined supernatants were sterile filtered (0.45 µm) and stored at -80 °C. InfecƟous Ɵters were 

determined by TCID50. 
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7.3.4. TCID50 

Tissue culture infecƟous dose 50 (TCID50) of HCV stocks were determined as previously described [6,7]. 

Huh-7.5 cells were seeded in 96-well plates (1x104 cells/well). On the next day, infecƟous supernatants 

were added in 10 -fold (Jc1) or 5-fold (JcR2a) serial diluƟons. 72 hpi, inoculum was aspirated and cells 

were washed with PBS prior fixaƟon with MeOH at -20 °C. AŌer histochemistry staining of NS5A 

posiƟve cells using Carbazole, infected wells were determined by microscopy. TCID50/mL was 

calculated as described previously [6,7]. 

7.3.5. ReplicaƟon of HCV sub-genomic replicons (SGR) and full-length JcR2a upon 
electroporaƟon 

Lunet N hCD81 cell lines were grown in 10 cm dishes to reach ~80 % confluence and harvested by 

trypsinizaƟon. AŌer washing with PBS, cell diluƟons of 107 cells/mL were prepared in Cytomix 

supplemented with 2 mM ATP and 5 mM glutathione. For transfecƟon by electroporaƟon, 400 µL of 

cell suspension was mixed with 5 µg IVT of the respecƟve HCV construct and electroporated with the 

BioRad Gene-pulser (975 µF, 270 V). The cell suspensions of the individual construct/cell line 

combinaƟons were transferred to 24-well plates and incubated at 37 °C. The cell lysates were harvested 

at 4, 24, 48 and 72 hpi for luciferase assay. 

7.3.6. JcR2a replicaƟon in different cell lines upon lipofectamine transfecƟon 

The cell lines Lunet N hCD81, Huh-7.5, HuH6 and HepG2-HFL, 293T-miR-122, HeLa-miR-122 and Caco-

miR-122 were seeded in 24-well plates to reach confluency on day 4. On day 2, cells were transduced 

with lenƟviruses to express DGAT2, DGAT1 or empty control vectors. Cells were reseeded into 96-well 

plates 2 or 3 days aŌer transducƟon and transfected with JcR2a IVTs 72 h aŌer transducƟon. For this, 

both 0.1 µg JcR2a IVT and 0.2 µg Lipofectamine were diluted in 5 µL OpƟMem each, combined and 

incubated for 5 min at RT. The mixture was applied to the cells and the medium was changed 4 hpt. 

1 nM Daclatasvir was added to transfected Lunet N hCD81 [empty] cells as viral replicaƟon control. Cell 

lysates were harvested at 4, 24, 48 and 72 hpi for luciferase assay. 

7.3.7. General HCV infecƟon protocol 

For the HCV infecƟon assays, the cells were seeded in 12-, 24- or 96-well plates to reach confluency on 

the last day of the respecƟve experiment. For infecƟon, the cell culture medium was aspirated and 350, 

250 or 35 µL (12-, 24- or 96-well plates) of undiluted Jc1 or JcR2a virus stock was added. The medium 

of the infected cells was changed 4 hpi, and the cells were further treated according to the required 

experimental condiƟons. The specific assay treatments are indicated in the respecƟve figure legends. 

If the HCV infecƟon experiment included transducƟon with lenƟviral vectors, cells were transduced at 
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least 48 h prior to infecƟon. Cells were reseeded between 48 and 72 h aŌer transducƟon if the total 

assay exceeded five days. 

7.3.8. HCV whole replicaƟon cycle 

To assess the whole replicaƟon cycle of HCV, stable Lunet N hCD81 cell lines were seeded in 12-well 

plates and infected on the next day with HCV JcR2a virus stock. Medium of infected cells was changed 

4 hpi. Cell lysates were harvested 48 hpi for luciferase readout (producers) and supernatant were 

transferred onto Huh-7.5 target cells in triplicates in 24-well plates, seeded the day before. Cell lysates 

of producer cells were harvested 72 hpi for luciferase assay (see above). 

7.3.9. ZIKV and LGTV replicaƟon in stable DGAT cell lines 

Lunet N hCD81 cell lines were seeded in 12-well plates (8x104 cells/well) and transduced with 

LenƟviruses to express the shRNA constructs targeƟng ATP6VOC or non-targeƟng shRNAs. Two days 

later, the cells were re-seeded in 24-well dishes and stable Lunet N hCD81 DGAT cell lines were seeded 

in parallel (2x104 cells/well). On the next day, cells were infected with ZIKV or LGTV at MOI=0.1. 

InfecƟous supernatants were harvested 96 hpi and stored at -80°C. The infecƟous Ɵters were 

determined by plaque forming unit (PFU) assay.   

7.3.10. Plaque forming unit (PFU) assay (for ZIKV and LGTV) 

For ZIKV and LGTV PFU assays, 2.5x104 Vero E6 or A549 cells/well were seeded in 96-well plates. On 

the next day, infecƟous supernatants were Ɵtrated in serial diluƟon to the cells. At 2 hpi infecƟon, the 

medium was replaced with overlay medium and cells were incubated 96 h. Cells were fixed with 10 % 

formaldehyde and plaques were visualized by crystal violet staining and manually counted.  

7.3.11. HEV replicaƟon assay 

HEV intracellular progeny virus formed in the DGAT stable cell lines were harvested and analyzed by 

Volker Kinast and Sarah Schlienkamp as previously described [228]. In brief, stable Lunet N hCD81 cells 

were seeded in a 24-well plate (5x104 cells/well) and infected with non-enveloped HEV Kernow-C1 p6 

at a mulƟplicity of infecƟon of 0.5. The medium was changed at 24 hpi. Cells were harvested by 

trypsinizaƟon 3 days post infecƟon and intra-cellular progeny virus was harvested by cell lysis via three 

freeze-thaw cycles. To remove cell debris, lysates were centrifuged for 10 min at 10,000 g. Supernatants 

containing the recovered HEV parƟcles were Ɵtrated in duplicates on HepG2/C3A cells, which were 

seeded 24 h before ƟtraƟon with 104 cells/well on 96-well plates. The cells were fixed 7 days post 

infecƟon with 3 % PFA and permeabilized with 0.5 % TritonX-100 as described below. The focus-forming 

units were counted aŌer IF staining as described in [228].  
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7.4. StaƟsƟcs 

Mean ± standard error of the mean (SEM) values were depicted in bar plots and mean ± standard 

deviaƟon (SD) in all other plots, if not indicated differently. For staƟsƟcal analysis we used 

GraphPadPrism, R [233] and RStudio [234]. StaƟsƟcal tests were performed as indicated in the figure 

legends. Significant changes are indicated by asterisks in the respecƟve figures and shown as *P < 0.05; 

**P < 0.01; ***P < 0.005; ****P < 0.001.  

For the lipidomics analysis, the two data sets were combined (as described in the results part) and 

filtered for lipid species which were present in more than 75 % of the samples. ConcentraƟons of FFA 

were excluded. The absolute measured lipid concentraƟons were normalized to the cell number, to 

calculate the concentraƟon per million cells. Where indicated, the lipid concentraƟons per million cells 

were normalized to the total or total membrane lipid (without TAG and CE classes) content, to calculate 

the total lipid or membrane lipid percentages, respecƟvely. The lipidomics results were tested by two-

tailed students t-test and non-adjusted p-values were depicted. Note that, for clarity reasons, 

significant changes in lipidomics heatmaps were depicted with only one asterisk (*P < 0.05), not 

disƟnguishing between significant and highly significant p-values.  
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9. Supplementary informaƟon 

9.1. Supplementary figures 

 

 

Supplementary figure 1: Cell viability of Lunet N hCD81 stably expressing DGAT constructs. Cell viability of Lunet 
N hCD81 [empty], [DGAT2], [DGAT2_L83A], [DGAT2_HPH161-163AAA] and [DGAT1] cells was measured by MTT 
assay at 4, 24, 48, 72 and 96 h post seeding. Normalized values (to 4 h post seeding) are depicted. Outlier (ROUT, 
Q = 1 %) is depicted in grey. Mean ± SEM of (n = 2-3). 
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Supplementary figure 2: Effect of DGAT2 overexpression and oleic acid treatment on DMV formation. Stable 
Lunet T7 cells overexpressing [DGAT2] or [empty] vector control were transfected with the pTM expression 
vector encoding HCV NS3-5B/5A-eGFP. At 18 hpt, cells were treated with BSA (30 µg) or 360 µM oleic acid (OA) 
combined with BSA. Cells were fixed at 24 hpt. Transfected cells were first identified by GFP signal then fixed and 
further processed for correlated light electron microscopy (CLEM) analysis. The upper panel shows from left to 
right bright-field, fluorescent and electron microscopy overview images of a representative cell. The transmission 
electron microscopy (TEM) image in the middle panel is further enlarged in the yellow box area and depicted in 
the lower panel. Red asterisks indicate DMVs. Scale bar for middle image, 1 µm; for magnified image, 500 nm.   
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Supplementary figure 3: Expression of Flag-tagged proteins of the TAG biosynthesis pathway and effect on 
HCV replication in control and DGAT2-expressing cells. Lunet N hCD81 [empty], [DGAT2] or /FLuc cells were 
transduced with lentiviruses to express Lipin1-3xFlag, Lipin2-3xFlag, AGPAT1-3xFlag, AGPAT2-3xFlag, PCYT1A, 
empty vector control. (A) Western Blot of cell lysates harvested 48 h post transduction.  Protein expression was 
detected by anti-Flag or anti-PCYT1A antibody staining. (B,C) 48 h after transduction, Lunet N hCD81 [empty], 
[DGAT2] and FLuc cells were infected with JcR2a and cell lysates were harvested 48 hpi. RLuc values were 
measured to monitor HCV JcR2a replication (B) and FLuc values to monitor cell viability (C). This figure completes 
the data set shown in Fig. 35. 
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9.2. List of toxic chemicals 

Name Hazard pictogram Hazard statements Precautionary statements 

Acetic acid 
 

H226, H314 
P210, P280, P301+330+331, 

P303+361+353, P305+351+338, 
P310 

Ampicillin 
 

H315, H317, H319, 
H334, H335 

P261, P280, P305+351+338, P342, 
P311 

APS 
 

H272, H302, H315, 
H317, H319, H334, 

H335 

P210, P221, P284, P305+351+338, 
P405, P501 

Beta-mercaptoethanol 
    

 

H301+H331-H310-
H315-H317-H318-

H373-H410 

P273, P280, P302+352, P304+340 
305+351+338, P310 

Bromphenolblue 
 

H332, H302, H319 
 

P261, P264, P280, P304, P340, 
P312, P301, P312, P330, P305, 

P351, P338, P337, P313 

Carbazole 
 

H314, H315, H413 P202, P273, P280, P308+313, 
P405, P501 

cOmplete™ Mini 
Protease Inhibitor 

Cocktail  

H315, H319 
P264, P280, P302+352, 

P332+P313, P337+P313, 
P362+P364 

Crystal violet 
 

H302,H318, H351,
H410 

P202, P273, P280, P301+312, 
P305+351+338, P308+313 

Cycloheximide 
 

H300, H341, H360D, 
H411 

P202, P264, P273, P280, 
P301+310, P391 

Daclatasvir (BMS-
790052) 

 

H315, H319, H335 P261, P305+351+338, P302+352 

DMSO 
 

H227 P210, P280, P370, P378, P403, 
P235, P501 

Doxycycline (hyclate) 
 

H302, H315, H319, 
H335, H361fd, H412 

P202, P273, P301+312, P302+352, 
P305+351+338, P308+313 

DTT 
 

H302, H315, H319, 
H335 

P261, P302,352, P305, P351, P338, 
P501 

EDTA 
 

H290-H314-H373 P280, P302+352, P305+351+338 

EtOH 
 

H225, H319 P210, P233, P305+351+338 
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Formaldehyde 
 

H226, H302, H314, 
H317, H318, H331, 

H350, H401 

P202, P210, P280, P303+361+353, 
P304+340+310, P305+351+338 

MES monohydrate 
 

H315, H319, H335 P261, P264, P280, P305+351+338, 
P308+311, P403+223, P501 

Methanol 
 

H225, H301, H311, 
H331, H370 

P210, P270, P280, P303+361+353, 
P304+340, P308+311 

MgSO4 
 

H302, H312, H332 P102, P202, P261, P64, P280 

NA2EDTA 
 

H373 P260, P314, P501 

Paraformaldehyde 
 

H228, H302, H332, 
H315, H317, H318, 
H335, H341, H350 

P210, P280, P301+312, 
P304+340+312, P305+351+338, 

P308+313 

Penicillin 
 

H317 P261, P272, P280, P302+352, 
P333+313, P362+364 

PF-06424439  
(DGAT2 inhibitor) 

 

H301 P264, P270, P301+310, P405, P501 

Polyethylenimine, 
branched (PEI) 

 

H302, H317, H319, 
H411 

P261, P273, P280, P301+312, 
P302+352, P305+351+338 

Rotiphorese Gel 30 
 

H302, H315, H317, 
H319, H340, H350, 

H361f, H372 

P201, P280, P301+312, P302+352, 
P305+351+338, P308+313, 

Spermidine 
 

H314  P280, P303+361+353, 
P305+351+338, P310 

TEMED 
 

H225, H302, H332, 
H314 

P210, P280, P301+330+331, 
P303+361+353, P305+351+338, 

P310 

Triton® X 100 
 

H302, H318, H411 P270, P273, P280, P305+351+338, 
P310 
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