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RIASSUNTO 
COVID-19, acronimo di "Coronavirus Disease 2019," è una malattia causata dall'infezione del 

virus della sindrome respiratoria acuta grave 2 (SARS-CoV-2).  

La severità dei sintomi può variare ampiamente di persona in persona e può portare a 

complicazioni come trombosi polmonari, sindrome da distress respiratorio acuto (ARDS), 

acuta ed eccessiva risposta infiammatoria (nota come tempesta citochinica) e un rapido 

peggioramento della funzione polmonare, con conseguente edema alveolare. 

Ricerche precedenti hanno stabilito che il virus SARS-CoV-2 entra nelle cellule attraverso 

l'interazione tra la sua proteina spike (SPIKE) e l'enzima di conversione dell'angiotensina 2 

(ACE2). Le cellule infette mostrano livelli ridotti di ACE2 sulla loro membrana cellulare poiché 

SPIKE provoca l’internalizzazione e degradazione di ACE2 nei lisosomi. Inoltre, le cellule 

infettate espongono SPIKE sulla loro superficie, diventando in grado di fondersi con le cellule 

vicine e formare cellule polinucleate chiamate sincizi. Questi sincizi agevolano la rapida 

diffusione del virus e consentono l'incorporazione di linfociti, contribuendo all’evasione delle 

cellule infettate dall’azione del sistema immunitario. È importante notare che è stata individuata 

una specifica sequenza amminoacidica di SPIKE, contenente un motivo a due arginine in 

R682 e R685 all'interno del sito di taglio polibasico S1/S2, come responsabile dell'abilità 

fusogena della proteina. 

Uno studio condotto dal team del Professor Mauro Giacca ha evidenziato il potenziale uso 

della niclosamide come terapia nel COVID-19. L'abilità di questo farmaco, già in commercio 

come antielmintico orale, di bloccare la formazione di sincizi è attribuita alla sua capacità di 

inibire membri della famiglia delle TMEM16, in particolare TMEM16F, nota per la sua attività 

di scramblasi. Tuttavia, i dettagli dei processi molecolari alla base della formazione dei sincizi 

rimangono ancora largamente sconosciuti. 

 

In questo studio, abbiamo esplorato le possibili interazioni tra ACE2 e TMEM16A e TMEM16F 

(TMEM16s), così come le interazioni tra TMEM16s e SPIKE, sfruttando tecniche come la 

proximity ligation assay (PLA), co-immunoprecipitazione (coIP) e il trasferimento energetico 

per risonanza di fluorescenza (FRET). Durante queste indagini, abbiamo notato che 

TMEM16A e, in misura minore, TMEM16F, erano associate a livelli ridotti di espressione di 

ACE2. 
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Trattamenti con Bafilomicina (un inibitore del flusso autofagico) hanno confermato che la 

degradazione di ACE2 causata dalle TMEM16s avviene nei lisosomi, come accade con 

SPIKE. Inoltre, abbiamo scoperto che sia il knockdown delle TMEM16s che il trattamento con 

niclosamide impediscono la degradazione di ACE2 indotta da SPIKE. 

 

Questi risultati suggeriscono l'esistenza di un possibile complesso proteico che coinvolge 

ACE2, SPIKE e le due TMEM16, il quale gioca un ruolo cruciale nella degradazione di ACE2 

e nel processo di formazione dei sincizi. È importante notare che la formazione di sincizi è una 

caratteristica condivisa da vari virus, e che ACE2 funge da recettore anche per altri 

coronavirus. Comprendere le intricate vie molecolari che governano queste interazioni è di 

grande rilevanza, non solo dal punto di vista fisiologico, data l'importanza centrale di ACE2 nel 

sistema renina-angiotensina-aldosterone (RAAS), ma anche nell'ottica di possibili infezioni 

virali future che utilizzano lo stesso recettore. Questo approfondimento apre nuove prospettive 

per l'individuazione di potenziali bersagli terapeutici che potrebbero contribuire a prevenire i 

sintomi gravi associati a tali patologie. 
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ABSTRACT 
COVID-19, short for Coronavirus Disease 2019, is a disease caused by infection with the 

severe acute respiratory syndrome virus 2 (SARS-CoV-2). The severity of symptoms can vary, 

with potential complications including lung thrombosis, acute respiratory distress syndrome 

(ARDS), abnormal activation of the inflammatory response (cytokine storm), and rapid 

deterioration of lung function characterized by alveolar edema. 

Prior research has established that SARS-CoV-2 enters the cells through the interaction 

between its spike protein (SPIKE) and the angiotensin-converting enzyme 2 (ACE2) receptor. 

These infected cells exhibit reduced levels of ACE2 on their cell membranes due to the 

internalization and lysosomal degradation driven by SPIKE. Furthermore, these cells display 

SPIKE on their surfaces, allowing them to fuse with neighboring cells, resulting in the formation 

of polynucleated cells known as syncytia. These syncytia facilitate the rapid spread of the virus 

and enable the incorporation of lymphocytes, thereby contributing to viral immune evasion. A 

specific amino acid sequence, containing a bi-arginine motif at R682 and R685 within the 

polybasic S1/S2 cleavage site, was identified as responsible for the fusogenic ability of SPIKE.  

A study conducted by Professor Mauro Giacca's team has shed light on the potential 

therapeutic use of niclosamide in COVID-19. Niclosamide's ability to block the formation of 

syncytia is attributed to its inhibition of the TMEM16 family, in particular TMEM16F, known for 

its scramblase activity. However, the precise molecular processes leading to syncytia 

formation remain largely unknown. 

Here, we have explored potential interactions between ACE2 and TMEM16A and TMEM16F 

(TMEM16s), as well as interactions between TMEM16s and SPIKE, using proximity ligation 

assays (PLA), co-immunoprecipitation (coIP), and fluorescence resonance energy transfer 

(FRET) techniques. During our investigation of these interactions, we observed that 

TMEM16A, and to a lesser extent, TMEM16F, were associated with reduced expression levels 

of ACE2.  

Our experiments involving treatment with Bafilomycin (an inhibitor of auphagic flux) provided 

evidence that ACE2 degradation induced by TMEM16s occurs within lysosomes, as it occurs 

with SPIKE. Furthermore, we identified that both TMEM16s knockdown and treatment with 

niclosamide effectively prevented the SPIKE-driven ACE2 degradation. 
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These findings collectively suggest the possible formation of a protein complex involving 

ACE2, SPIKE, and TMEM16s, which plays a critical role in ACE2 degradation and the process 

of syncytia formation. It is important to note that syncytia formation is a shared feature among 

various viruses, and ACE2 serves as a receptor for other coronaviruses as well. Understanding 

the intricate molecular pathways underlying these interactions holds significant implications, 

not only from a physiological perspective, given the central role of ACE2 in the renin-

angiotensin-aldosterone system (RAAS), but also in the context of potential future viral 

infections that utilize the same receptor. Unraveling these pathways opens up possibilities for 

new therapeutic targets that could aid in the prevention of severe symptoms associated with 

these pathologies. 
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INTRODUCTION 
COVID-19 

 
COVID-19, short for Coronavirus Disease 2019, is an illness caused by the infection of the 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This virus was initially 

identified in November 2019 in Wuhan, Hubei Province, China, and subsequently spread 

worldwide, leading the World Health Organization (WHO) to declare it a global pandemic on 

March 11, 2020. COVID-19 exhibits a high transmission rate, with nearly 770 million confirmed 

infections, almost 7 million deaths and 13.5 million vaccinations recorded to date, 19th 

September 2023 (Chauhan et al, 2020; WHO). 

 

 
Figure 1: SARS-CoV-2 worldwide spread since the beginning of the pandemic. This map shows SARS-CoV-2 worldwide 
spread since the beginning of the pandemic. Countries are colored as described by the scale bar on the left side of the image, 
the darker blue the higher number of cases (WHO dashboard). 

 

SARS-CoV-2, as other members of its family such as SARS-CoV and MERS-CoV, is 

transmitted through respiratory droplets, commonly resulting from close contact with infected 

individuals. The primary reproduction number (R0) of the person-to-person spread of the 

original virus strain was about 2.6, meaning that the infection rate was growing at an 

https://www.zotero.org/google-docs/?uWntpo
https://www.zotero.org/google-docs/?RppXKo
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exponential rate. It is worth noting that SARS-CoV-2 exhibits an 82% sequence similarity with 

both SARS-CoV and MERS-CoV, sharing over 90% identity in essential enzymes and 

structural proteins (Naqvi et al. 2020). This similarity suggests a common pathogenic 

mechanism, which in turn could guide therapeutic targeting. SARS-CoV-2 demonstrates a 

broad tissue tropism, but its most severe symptoms manifest in the lungs (WHO COVID19 

Dashboard). Common COVID-19 symptoms include fever, cough, shortness of breath, fatigue, 

muscle or body aches, headache, sore throat, loss of taste or smell, congestion or runny nose, 

nausea or vomiting, and diarrhea (Goyal et al. 2020). The severity of symptoms can vary, with 

potential complications including lung thrombosis (Levi et al. 2020), acute respiratory distress 

syndrome (ARDS) (Xu et al. 2020), abnormal activation of the inflammatory response (cytokine 

storm) and rapid deterioration of lung function characterized by alveolar edema (Edler et al. 

2020; Jose et al., 2020). Other complications include blood clotting alterations, heart disease, 

acute kidney injury, neurological complications, and long-term symptoms such as fatigue, 

cognitive difficulties (referred to as brain fog), and breathing problems (termed long COVID) 

(Davis et al., 2023). 

The wide variation in COVID-19 symptoms can be attributed to a combination of genetic factors 

and immune responses. Genetic characteristics, including human leukocyte antigen (HLA) 

variations, genes involved in inflammation like interleukin 6 (IL6) and tumor necrosis factor-α 

(TNFα), as well as blood type, may influence an individual's susceptibility to the virus and their 

inflammatory response (Pereira et al. 2021). 
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SARS COV 2 

 

SARS-CoV-2 belongs to the Coronaviridae virus family, order of Nidovirales, characterized by 

its spherical envelope derived from the host cell membrane. It houses a single-stranded, 

positive-sense RNA genome, approximately 30,000 bases long. Coronaviridae, in fact, have 

the largest RNA genome usually ranging from 26 to 32 kb. Coronaviruses are categorized into 

four genera: Alpha (ɑ), Beta (β), Gamma (ɣ), and Delta (𝛅)-coronavirus and SARS-CoV-2 falls 

within the β-coronavirus genus (Wu et al. 2020).  ɑ-coronavirus and β-coronavirus primarily 

infect mammals, while ɣ-coronavirus target avian species. 𝛅-coronavirus, on the other hand, 

can infect both mammals and birds. The family name is inspired by the crown-like appearance 

of the virus, featuring protrusions of about 20 nm on the envelope, formed by the glycoprotein 

S or spike (from now on: spike) (Neuman et al. 2006; Yao et al. 2020).  

 

 

Spike plays a pivotal role in receptor attachment and host cell penetration binding angiotensin-

converting enzyme 2 (ACE2) (Satarker and Nampoothiri 2020) leading to its tropism for tissues 

found primarily in the lungs, heart, blood vessels, small intestine, thymus, kidney, pancreas, 

testis, gallbladder, oral and nasal cavities, and the central nervous system—sites where 

SARS-CoV-2 infection occurs, as well as its associated complications (Gkogkou et al. 2020; 

Hikmet et al. 2020).  

ACE2 was already known to be one of the key players in the renin-angiotensin-aldosterone 

system (RAAS) as well as the receptor for other viruses causing mild upper respiratory tract 

infections such as the ɑ-coronavirus HCoV-NL63 and the SARS-CoV-2 precursor SARS-CoV 

(Hoffmann et al. 2005; Jackson et al. 2022; Li et al. 2003). 

 

Of note, if ACE2 is fundamental at early stages of viral entry, other proteins play a key role in 

the SARS-Cov-2 infection like Rab-7a, the loss of which has been associated with ACE2 

sequestration and consequent reduced viral entry (Daniloski et al. 2021), Transferrin receptor 

protein 1 (TFRC) which could act as an alternative receptor for SARS-CoV-2 (Tang et al. n.d.), 

Scavenger receptor class B member 1 (SCARB1) which facilitates viral entry acting as a co-

factor binding high density lipoprotein (HDL) (Wei C et al. 2020), and 1-phosphatidylinositol 3-

phosphate 5-kinase (PIKFYVE) necessary for viral endocytosis and, more specifically, 

essential for early endosomes maturation in late endosomes, phagosomes, and lysosomes 
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(Baranov et al. 2019). PIKFYVE has been widely studied as a potential universal drug target 

for viral infections that are endocytosis dependent.  

 

SARS-CoV-2 encodes 29 proteins in total, 16 of which are non-structural proteins (NSP1-16) 

which are required for viral replication and pathogenesis (Chan et al. 2020; Fehr and Perlman 

2015; F. Wu et al. 2020), nine are auxiliary proteins (open reading frame (ORF) 3a, 3b, 6, 7a, 

7b, 8, 9b, 9c/14, and 10) (Chan et al. 2020; Wu et al. 2020) and four are structural proteins, a 

category that includes spike, Envelope (E), Membrane (M), and Nucleocapsid (N) (Naqvi et al. 

2020). spike, E and M are embedded in the bilayer envelope on the virus surface, while the N 

proteins bind the RNA genome in a spiral symmetric manner at the core of the virion (Feng 

Wei et al. 2020; Liu et al. 2021; Satarker and Nampoothiri 2020; Yao et al. 2020). 

 
 
Figure 2: Structure of SARS-CoV-2. This image is representing the structure of the coronavirus: it has a crown-like shape 
with proteins embedded in its membrane (M, E and spike proteins), while its capsid contains the viral genome and the 
associated proteins (credits to abcam website https://www.abcam.com/content/structural-and-functional-mechanism-of-sars-
cov-2-cell-entry) 

 

E protein participates in the assembly, budding, envelope formation, and pathogenesis of the 

virus (Schoeman and Fielding 2019). The M protein is an N-linked glycosylated protein and 

has the highest level of expression comparing all proteins in coronaviruses (Alsaadi and Jones 

Spike protein

Envelope protein

Membrane protein

Lipid membrane

Nucleocapsid protein (enclosing RNA)
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2019). It helps to bend the membrane to create a spherical structure encircling the 

ribonucleoprotein and serves as a scaffold for viral assembly (Satarker and Nampoothiri 2020). 

Notably, the generation of infectious spherical particles is promoted by co-expression of the E 

and M proteins (Schoeman and Fielding 2019). The N proteins predominantly participate in 

viral RNA synthesis and attach the viral genome to replication transcriptase complex (RTC), 

thus in charge of viral replication (Zhai et al. 2005).  

 

Relevant nsp proteins:  

 

 
Table 1: Nsps SARS CoV 2 proteins. Table describing the functions of the different nsps of SARS-CoV-2 (Naqvi et al. 2020). 

 

 

SARS-CoV-2 virus infects cells and hijacks the host cell mechanisms for self-replication. These 

viral proteins are located in diverse positions in the cell (Liu et al. 2021), working as bait and 
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prey proteins, leading to several virus-host proteins interactions (Laurent et al. 2020; 

Samavarchi-Tehrani et al. 2020; Stukalov et al. 2021). 

The virus effectively hijacks the endoplasmic reticulum (ER) system, for example through 

Sec61, an ER membrane translocon required for secretory protein transport and processing 

(Haßdenteufel et al. 2018; Lee et al. 2021:2; Liu et al. 2021). Additionally, it interferes with 

phagocytosis to evade the primary mechanism of innate immune defense (Baranov et al. 2019; 

Schubert et al. 2018), disrupts the oxidative phosphorylation energy pathway, potentially 

resulting in mitochondrial dysfunction (Stukalov et al. 2021), and modulates host translation 

processes. Additional interactions occur between some viral proteins and host proteins related 

to tight junctions maintenance in epithelial cells in the lungs, intestines, kidney, and brain 

(Zhang et al. 2021), or proteins involved in cholesterol metabolic process and cardiac muscle 

contraction (Chen et al. 2021; Y. Chen et al. 2022; Tian et al. 2020). 
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ANGIOTENSIN CONVERTING ENZYME 2 

 

ACE2 is a type I integral membrane protein with a single transmembrane domain. It belongs 

to the peptidase M2 family and functions as a carboxypeptidase. As already mentioned, ACE2 

is predominantly found in the lungs, heart, kidneys, intestines, and blood vessels. Structurally, 

ACE2 is a heterodimer that further forms dimers through ACE2 mediated dimerization 

interfaces. It has its N-terminal domain located outside the cell, while the C-terminal is situated 

inside.  

 
Figure 3: Structure of ACE2. This image represents the 3D structure of ACE2 and its interactions with RBD of spike (yellow) 
and B0AT1 (gray and pink) (Yan et al. 2020). 

 

ACE2 was identified in 2000 (Donoghue et al. 2000; Tipnis et al. 2000) as an ACE homolog. It 

provides protection against several chronic conditions, including cardiovascular diseases, lung 

injury, and diabetes (Bader 2013). The ACE2 N-terminal domain, which is exterior to the cell, 

is responsible for its catalytic function, displaying peptidase activity and playing a crucial role 

in converting angiotensin 2 to angiotensin-(1-7) leading to vasodilation (Wiese et al., 2021). 

Furthermore, this domain is essential for the interaction with the spike protein of SARS-CoV-2 

due to the presence of the RBD site, which also interacts with other ligands (Hoffmann et al. 

2020; Li et al. 2003). Additionally, the N-terminal region features a short sequence of peptides 

acting as a signal peptide for transport to the cell surface. ACE2 is composed of 1100 amino 

acids and has a molecular mass ranging from 110 to 130 kDa, while its soluble form (sACE2) 

has a mass of 75-90 kDa (Xiao et al. 2014). 

The C-terminal domain, located intracellularly, is involved in various cellular processes, 

including signal transduction and receptor trafficking. ACE2 also possesses a binding site for 
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an interaction with the Amino Acid Transporter B0AT1, also known as SLC6A19. This 

interaction is vital for regulating amino acid transport in the intestine and kidneys. In this 

context, ACE2 functions as a chaperone protein for B0AT1 aiding in its proper folding and 

trafficking to the cell membrane. Hence an hypothesis suggesting that the interaction between 

intestinal ACE2 and spike could downregulate the absorption of neutral amino acids in the 

small intestine of COVID-19 patients, potentially causing symptoms such as diarrhea and 

intestinal inflammation (Zhang, Yan, and Zhou 2022). 

As previously mentioned, ACE2 is well-known for its role in RAAS, which plays a crucial 

function in regulating blood pressure and fluid balance in the body. While ACE (angiotensin-

converting enzyme) cleaves angiotensin I to form angiotensin II, a potent vasoconstrictor, 

ACE2 counterbalances this effect by cleaving angiotensin (Ang) II to Ang 1-7, which exerts 

different physiological effects (Fountain, Kaur, and Lappin 2023). 

Key components of the RAAS system include Renin, Ang, and Aldosterone. Renin is a 

proteolytic enzyme produced in juxtaglomerular cells in the kidney and is released into the 

bloodstream in response to changes in renal perfusion. Renin cleaves Angiotensinogen, 

synthesized in the liver, to form Ang I. ACE then converts Ang I into angiotensin II, leading to 

various effects, including vasoconstriction, aldosterone secretion, and vasopressin release. It 

is worth noting that Ang II can have pathological implications in conditions such as 

hypertension, atherosclerosis, heart failure, and kidney disease, which is why a category of 

drugs known as ACE inhibitors can be prescribed to prevent cardiovascular complications. 

Ang II also plays a role in regulating aldosterone synthesis in the adrenal cortex, affecting 

electrolyte balance by increasing sodium reabsorption in renal collecting ducts (Fountain et al. 

2023). 

On the other hand, ACE2 cleaves Ang II to Ang (1-7), which has anti-inflammatory and 

vasodilatory effects (Wiese et al. 2021). 
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Figure 4 Ang1-7 pathway in RAAS. Scheme representing the role of ACE2 in RAAS. ACE transforms Ang I in Ang II while 
ACE2 is processing Ang II In Ang 1-7, which has opposite effects of its precursor (Jiang et al. 2014). 

 

During the SARS-CoV-2 pandemic, ACE2 received widespread attention due to its role as a 

receptor for the coronavirus entry. The spike protein binds ACE2 at the receptor binding 

domain (RBD), and following this binding, the virus enters the cell through membrane fusion. 

It has been observed that viral entry is followed by internalization of ACE2 through the 

endocytic pathway, involving processes such as clathrin-mediated endocytosis or alternative 

mechanisms like macropinocytosis (Jackson et al. 2022). 

 

It is important to note that reduced ACE2 expression may disrupt the physiological regulation 

of RAAS, contributing to the side effects of COVID-19. Furthermore, once SARS-CoV-2 starts 

replicating, the cells themselves begin to express spike on their membrane, allowing them to 

fuse with neighboring cells (Cattin-Ortolá et al. 2021; Jennings et al., 2021). 

In addition to its known functions, ACE2 serves as a multifaceted player in physiology, 

influencing the regulation of glucose and lipid metabolism (Chen et al. 2022). Studies on ACE2-

deficient mice have revealed impaired glucose tolerance and insulin sensitivity, suggesting a 
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potential role for ACE2 in modulating glucose homeostasis (Ma et al. 2020). Furthermore, 

ACE2 regulates lipid metabolism by enhancing fatty acid uptake and promoting lipid oxidation. 

Notably, evidence indicates that ACE2 expression in adipose tissue tends to decrease in 

obesity, a phenomenon linked to heightened inflammation and insulin resistance. 

Moreover, recent studies have also suggested that ACE2 may have additional anti-

inflammatory effects due to its capacity to neutralize lipopolysaccharides (LPS) (Ye and Liu 

2020) or activate the PI3K/Akt pathway (Zhang et al. 2019). Moreover, ACE2 has been 

implicated in regulating oxidative stress. Not only angiotensin II is a pro-oxidant molecule, but 

ACE2 reduces the expression of NADPH oxidase, one of the major sources of reactive oxygen 

species (ROS) production (Wysocki et al. 2014). Oxidative stress is another side effect of 

COVID-19, contributing to the development of acute respiratory damage. Therefore, 

upregulation of ACE2 could potentially be beneficial for managing the disease. 

It is important to note that ACE2 is degraded by the spike protein of SARS-CoV-2 and more 

broadly through lysosomes (Yi et al. 2022). In addition, there are already other examples of 

proteins that regulate ACE2 expression. These include: 

1)  casein kinase 1α (CK1α), which phosphorylates ACE2 by inducing its binding to SPOP and 

leading to a stabilization of the protein that prevents its E3 ligase mediated protein degradation 

(Su et al. 2021);  

2) NUAK family kinase 2 (NUAK2), which is known to increase after SARS-CoV-2 infection; 

being required for ACE2 maintenance on the cell surface and consequently for the infection 

(Prasad et al. 2023), higher levels of NUAK2 increase ACE2 levels;  

3) MAP4K3 (GLK), the levels of which are increased after infection; this kinase induces ACE2 

phosphorylation and inhibits ACE2 ubiquitination (Chuang et al. 2022). 
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ACE2 ECTODOMAIN SHEDDING  

 

ACE2 has been observed to undergo protease cleavage, resulting in the release of sACE2 

into the extracellular space and blood stream, where it can still act as AngII converter. A 

disintegrin and metalloprotease 17 (ADAM17), a metalloprotease enzyme, is well-known for 

cleaving the ACE2 extracellular domain (Lambert et al. 2005:17). Recent studies have 

highlighted that the transmembrane protease serine 2 (TMPRSS2), a transmembrane 

protease responsible for cleaving and activating the SARS-CoV-2 spike, can also cleave ACE2 

(Hoffmann et al. 2020). Interestingly, TMPRSS2 competes with ADAM17 for ACE2 processing, 

with TMPRSS2 cleavage appearing to enhance SARS-CoV-2 infection levels (Heurich et. al, 

2014). 

 

There is some inconsistency in findings regarding the role of sACE2 in the SARS-CoV-2 

infection process. On the one hand, sACE2 binds to the spike protein, facilitating viral entry via 

vasopressin receptor-mediated endocytosis. Studies have shown that inhibiting ACE2 

sheddase or using ADAM17 siRNA knockdown can block live SARS-CoV-2 infection (Yeung 

et al. 2021). On the other hand, sACE2 appears to reduce cell susceptibility to infection while 

increasing viral binding, effectively acting as a decoy for the virus (Sokolowska 2020). Notably, 

treatment of pre-mixed SARS-CoV-2 pseudovirus (spike) with recombinant sACE2 could 

reduce the cell entry of spike protein in human A549 lung epithelial cells (Jocher et al. 2022).  

 



 
 

24 

 
Figure 5: Soluble ACE2 could act as a decoy for SARS-CoV-2. This image is showing four different neutralising approaches 
for SARS-CoV-2. In particular, the top right image is showing how analogs of sACE2 could act as a decoy for SARS-CoV-2 
binding the virus before its attachment to host cells. b is showing the interaction between sACE2 and spike RBD in case of wt 
sACE2 or sACE2 v2.4, a variant engineered by Chan and colleagues to enhance its binding with spike (Sokolowska 2020). 
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SPIKE PROTEIN AND SARS-COV-2 MOLECULAR INFECTION PROCESS 

 

Spike is a homotrimeric class I transmembrane fusion protein, consisting of approximately 

1,273 amino acids in each subunit. It has a molecular weight of 600 kDa and is divided into 

two functional subunits: S1 and S2 (Bagdonaite et al. 2021; Tian et al. 2021; Walls et al. 2020). 

Glycans attached to spike can shield certain regions from immune recognition, blocking 

antibody binding and enabling the virus to evade innate and adaptive immune responses 

(Bagdonaite et al. 2021; Shajahan et al. 2020). 

 
Figure 6: Structure of spike. Images representing the structure of spike and its different conformation during the infection 
process, from the closed RBD state to the open one that allows its binding to ACE2. e is showing the structure of the 
heptapeptide repeats domains. (Huang et al. 2020) 

 

S1 comprises a RBD, N-terminal domain (NTD), and a signal peptide (Watanabe et al. 2020; 

Yao et al. 2020). The RBD is involved in the receptor interaction, while the NTD plays a role in 

co-receptor binding, which are mainly sugars (B et al. 2020; Premkumar et al. 2020). 
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S2 includes a conserved fusion peptide, heptapeptide repeats HR1 and HR2, a 

transmembrane domain, and a cytoplasmic domain and it is involved in membrane fusion 

(Shah et al. 2021; Yao et al. 2020). 

Coronaviruses enter host cells through their spike glycoprotein, which is initially synthesized 

as an inactive precursor requiring cleavage to mediate membrane fusion. Cleavage can occur: 

 

- During trafficking within the producer cell by host furin-like enzymes. 

- At the cell surface during attachment by serine proteases like TMPRSS2 or extracellular furin. 

- Within the late endosome/endolysosome by cathepsin proteases (Benton et al. 2020; 

Belouzard et al., 2009). 

 

Following the initial S1/S2 cleavage and binding of the spike receptor binding domain to ACE2, 

a second cleavage site (S2ʹ) within the S2 domain becomes exposed (Benton et al. 2020; 

Matsuyama et al. 2010). Cleavage of S2ʹ by serine proteases or cathepsins triggers the release 

of the S2 fusion peptide, initiating the fusion of viral and host cell membranes (Hoffmann et al. 

2020). 

 

 

 
Figure 7: ACE2-spike interaction. This scheme represents the interaction between ACE2 and spike, after TMPRSS2 and 
furin cleavage priming. Credits to the abcam website. 
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Summarizing the first steps of the infection process: as already mentioned, SARS-CoV-2 

primarily utilizes ACE2 as its primary receptor for cellular entry through endocytosis or direct 

fusion at the plasma membrane (Jackson et al. 2022). Initially, the RBD of the S1 unit binds 

the ACE2 receptor. Subsequently, a furin-like protease cleaves the site between the S1/S2 

subunits, activating the conformational change of the spike protein to expose the S2 subunit. 

The S2 subunit facilitates virion fusion with the cell membrane and initiates virus entry (Chan 

et al. 2020; Sanda, Morrison, and Goldman 2021; Watanabe et al. 2020). Two cleavage sites 

exist in the spike protein: the multibasic S1/S2 furin cleavage site and the S2′ cleavage site, 

which can be cleaved either by TMPRSS2 at the cell membrane or cathepsins in the endosome 

(WHO COVID19 Dashboard). 

 

To note, spike surface is highly glycosylated, featuring 22 N-linked glycans and 17 O-glycans, 

which significantly influence the host immune response (Tian et al. 2021; Watanabe et al. 

2020). 

 

Importantly, the spike protein has undergone multiple mutations during the course of the 

SARS-CoV-2 pandemic, affecting receptor binding affinity, virus transmissibility, and immune 

system evasion. 

Over the course of 2020, SARS-CoV-2 gained only few amino acid substitutions, however, by 

late 2020, new variants began to emerge (B et al. 2020; Jr et al. 2020). The World Health 

Organization (WHO) termed these newly emerging variants as variants of concern (VOCs) or 

variants of interest (VOIs) depending on increased transmission, pathogenesis, and immune 

escape.  
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Figure 8: SARS-CoV-2 variants of interest. List of SARS-COV-2 variants of interest and under monitoring for WHO. 
 

The Alpha, Beta, and Gamma variants emerged in September, October, and November of 

2020, respectively, followed by the Delta variant in December 2020, which became dominant 

globally by mid-2021 (Drew Weissman et al. 2021; Liu et al. 2022; F. Tian et al. 2021; Zhang 

et al. 2020). In November 2021, the Omicron VOC emerged and since then, multiple Omicron 

subvariants have been globally dominant. Amino acid substitutions, insertions, and deletions 

(indels) have arisen in both subunits of spike, however, those in the RBD, which is the primary 

target of neutralizing antibodies (nAbs), had the largest impact on immune escape. The RBD 

is also the most variable among coronaviruses, mutating rapidly, resulting in immune escape 

(Laurent et al. 2020). Substitutions and indels in the NTD and the S2 have also been implicated 

in nAbs escape, although to a much lesser extent than those in the RBD (Heald-Sargent and 

Gallagher 2012; Sun et al. 2022; Wl et al. 2022). 

The S2, in fact, is highly conserved among coronaviruses and this makes S2 an appealing 

target for developing cross-neutralising antibodies (Premkumar et al. 2020). While these 
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antibodies may not block receptor binding, they can still hinder the fusion of the viral envelope 

with the target cell plasma membrane. Additionally, they can exert their effects through Fc-

mediated effector functions. (Chen et al. 2023; Pinto et al. 2021; Wl et al. 2022). To note, 

substitutions and indels that occur in the S2 subunit may impact the fusogenic function of spike 

or the interaction of S2 with S1, altering the protein structure and stability (Satarker and 

Nampoothiri 2020). 

Moreover, considering that S1/S2 cleavage primes spike, substitutions and indels in this region 

likely alter protease usage and therefore tropism, infectivity, and fusogenicity. Interestingly, 

increased infectivity and spread through cell–cell fusion may also act as an alternative antibody 

escape route by the virus (Jackson et al. 2021; Zeng et al. 2022). 

 

The molecular process underlying SARS-CoV-2 cell infection follows specific steps: 
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Figure 9: SARS-CoV-2 infection process. Image summarizing the entry of SARS-CoV-2 into an host cell through endosome 

pathway or membrane fusions, its replication and, eventually, its release through exocytosis  (V’kovski et al. 2021). 

 

 

1. Viral Recognition and Attachment: The spike protein initially interacts non-specifically 

with various regions of ACE2 on the host cell surface. This interaction triggers conformational 

changes in spike, including an upward transition of the RBD, exposing it to ACE2 for a more 

specific binding that stabilizes the receptor interaction (Jackson et al. 2022). 
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2. Viral Entry: Following binding, other conformational changes occur, and the S protein is 

cleaved by host proteases such as TMPRSS2 or cathepsin L, typically at the S1/S2 cleavage 

site located between the two subunits. Removal of the S1 domain enables further 

conformational changes, priming the fusion machinery (Simmons et al. 2005). The S2 peptide 

inserts into the host cell membrane, forming a six-helix bundle structure called the fusion core. 

HR1 and HR2 undergo a zipper-like interaction, bringing the viral membrane closer to the host 

cell membrane until fusion occurs. Once HR1 and HR2 fuse, they create a fusion pore in the 

host cell membrane, allowing viral entry. This process is referred to as "uncoating” (V’kovski 

et al. 2021). 

 

 

3. Translation: The viral RNA binds to ribosomes at the 5' and 3' untranslated regions 

(UTRs). Ribosomes identify the start codon (typically AUG) and initiate the translation process. 

This process includes initiation, elongation, and eventually, the synthesis of a polypeptide 

chain that folds into a functional shape. Some viral proteins undergo post-transcriptional 

modifications in the Golgi apparatus, involving the addition of chemical groups such as 

phosphorylation and glycosylation, as well as cleavage by specific enzymes or proteases to 

generate mature, functional viral proteins (V’kovski et al. 2021), which, as mentioned before, 

they are divided in structural (S, E, M, and N proteins) and NSP. 

 

5. RNA Replication: After translation, the viral RNA undergoes a replication process 

facilitated by certain NSPs functioning as RdRp. 

 

 

6. Virion Assembly: In this phase, viral genomic RNAs and structural proteins come 

together to form new viral particles within the host cell. N proteins exhibit a high affinity for 

binding to the viral RNA genome, forming oligomers. The interaction between the viral genome 

and N proteins results in the formation of a helical nucleocapsid structure that encapsulates 

the viral RNA, protecting it from degradation. The nucleocapsid structure interacts with other 

viral proteins, particularly M proteins, anchoring them to the membrane of the endoplasmic 

reticulum-Golgi intermediate compartment (ERGIC), where virion assembly takes place. M 

protein also associates with E proteins for envelope formation. Once the envelope is fully 
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formed, the budding process commences. Notably, the SARS-CoV-2 envelope is formed using 

the host cell membrane. Various molecular processes facilitate the detachment of N and M 

proteins from ERGIC, allowing virion formation (V’kovski et al. 2021). 

 

 

7. Budding: Mature virions bud from host cells, acquiring their envelope and becoming 

infectious. 

 

To note, in the SARS COV 2 infection process it could be important to consider the role of 

extracellular vesicles (EVs), which are reported to participate in several physiological and 

pathological processes (Doyle and Wang 2019). Exosomes are one of the extracellular vesicle 

subtypes with the size around 30 to 150 nm in diameter (Doyle and Wang 2019). A model was 

proposed to describe the mechanism of extracellular vesicles uptake: first, the extracellular 

vesicle-carried protein binds to the proteoglycan on the cell surface. Next, the interacting 

protein of the extracellular vesicle-carried protein on the cell surface binds the proteoglycan, 

promoting the extracellular vesicle uptake (Mulcahy, Pink, and Carter 2014). Several viruses 

take advantage of the exosome machinery for transporting viral and cellular elements that are 

beneficial for viral infections (Saad et al. 2021). 
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SYNCYTIA FORMATION 

The spike protein of SARS-CoV-2 possesses the remarkable ability to induce the formation of 

multinucleated giant cells known as syncytia, both in vitro and in vivo (Braga et al., 2021). 

Syncytia are cellular structures highly conserved in animals, formed by the fusion of multiple 

mononucleated cells, resulting in a single cell with multiple nuclei. This process, known as 

syncytia formation, is not unique to SARS-CoV-2 but is a feature shared with various viral 

infections, including those caused by Human Immunodeficiency Virus (HIV) (Nardacci et al. 

2015a), Respiratory Syncytial Virus (RSV) (Battles and McLellan 2019), and Herpes Simplex 

Virus (HSV) (Weed and Nicola 2017). 

 

Syncytia formation offers several advantages to viruses. Firstly, it enables them to spread more 

rapidly within the host. Furthermore, syncytia can incorporate immune cells, a phenomenon 

observed in conditions like acquired immunodeficiency syndrome (AIDS), where fusion with 

immune cells can lead to the depletion of CD4+ T cells, weakening the host's immune response 

(Battles and McLellan 2019; Nardacci et al. 2015b). 

 

The expression of the spike protein alone is sufficient to induce rapid (~45.1 nm/s) membrane 

fusion. Histopathological examination of lung sections from COVID-19 patients has revealed 

the presence of atypical cells containing 2-20 nuclei. This membrane fusion process is 

governed by a bi-arginine motif containing R682 and R685 within the polybasic S1/S2 cleavage 

site, a characteristic shared by the surface glycoproteins of many highly contagious viruses 

(Zhang et al., 2021). 

These syncytia can readily internalize multiple lines of lymphocytes, forming typical cell-in-cell 

structures and ultimately leading to the death of internalized cells: a recent research by Sun et 

al. for example, identified a type of CD45 positive cell structure within the syncytia of COVID-

19 patients, which were not present in mononucleated cells. 

The Giacca group conducted extensive screenings of 3049 FDA/EMA-approved drugs, using 

an in vitro cell fusion system based on SARS-CoV-2 spike protein-expressing Vero cells, to 

identify drugs that can block syncytia formation. Intriguingly, these syncytia-blocking drugs 

were found to have the common capability of regulating intracellular Ca2+ levels. One of the 

most promising drugs, niclosamide an oral antihelminthic agent, effectively blocked syncytia 

formation at a relatively low dose (IC50 = 0.34 μM) and prevented cell death induced by the 

virus. Niclosamide acts as a potent antagonist of Ca2+-activated transmembrane 16 family 



 
 

35 

(TMEM16) of chloride channels, and its effectiveness is noteworthy (Braga et al., 2021 - Cattin-

Ortolá et al., 2021). 

 

It has been established that cells infected by SARS-CoV-2 express the spike protein on their 

cell membrane following viral replication. Spike exhibits interactions with COPI and COPII 

vesicle coats (Cattin-Ortolá et al. 2021), ERM family actin regulators (Millet et al. 2012), and 

the WIPI3 autophagy component (Cattin-Ortolá et al. 2021). While the COPII binding site 

promotes exit from the ER, an imperfect histidine residue recognition motif allows spike to 

escape retention by COPI, resulting in its accumulation on the cell surface. Here, it plays a 

crucial role in directing the formation of multinucleated syncytia, in addition to its incorporation 

on new virions (Nardacci et al. 2015).  
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PROTEIN TRAFFICKING AND DEGRADATION 

Proteins are synthesized from messenger RNAs (mRNA), and then translated into a specific 

sequence of amino acids into the ribosomes. Ribosomes are found in the cytoplasm or on the 

ER membrane depending on the localisation of the future protein. If the protein is not a 

cytoplasmic protein and needs to be trafficked somewhere, mRNAs could have a signal 

peptide which is recognized by a signal recognition particle (SRP), a ribonucleoprotein 

complex that binds to the signal peptide as it emerges from the ribosome during translation 

(Neuhof et al. 1998). The SRP-ribosome complex then binds to the SRP receptor on the ER 

membrane, targeting the ribosome-mRNA complex to the ER. In that location, ribosomes 

resume translation on the ER membrane, and the nascent protein is translocated across the 

ER membrane into the ER lumen or embedded within the ER membrane itself (Neuhof et al. 

1998). 

Newly synthesized proteins undergo folding and post-translational modifications (PTM) in both 

ER and Golgi apparatus. Glycosylation is one of the most prominent PTMs that takes place. 

During glycosylation, carbohydrate chains are added to proteins or lipids (Reily et al. 2019). 

This process involves the modification and maturation of N-linked and O-linked glycosylation, 

which can impact protein stability, localization, and function. In N-glycosylation, which occurs 

in the ER, the carbohydrate chain is attached to the nitrogen (N) atom of asparagine (Asn) 

residues within the protein's amino acid sequence (Reily et al. 2019). The attachment occurs 

at the consensus sequence Asn-X-Ser/Thr, where X can be any amino acid except proline, 

while in the n O-glycosylation, occurring in the Golgi apparatus, the carbohydrate chain is 

attached to the oxygen (O) atom of serine (Ser) or threonine (Thr) residues within the protein 

amino acid sequence (Breitling and Aebi 2013). Properly folded proteins are transported from 

the Golgi apparatus to their final destination, such as the plasma membrane, lysosomes, or 

secretory vesicles. 
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Vesicle trafficking 

 

For the trafficking of vesicles, and consequently their cargo, at the beginning they form at the 

donor membrane (ER, Golgi apparatus or plasma membrane) thanks to the recruitment of coat 

protein complexes (Gomez-Navarro and Miller 2016). There are different types of proteins 

involved in their formation and addressing based on the donor membrane and their destination:  

 

 

• For the budding and transport from the ER to the Golgi apparatus and from the Golgi to 

the ER there are two classes of proteins called COPI and COPII. COPI is responsible 

for the vesicle transport from the Golgi apparatus directed to the ER, while COPII is 

involved in the formation of transport vesicles that bud from the ER and transport 

proteins to the Golgi apparatus (Gomez-Navarro and Miller 2016). 

• Clathrin is associated with clathrin-coated vesicles involved in endocytosis (receptor-

mediated and non-specific) and transport between the trans-Golgi network (TGN) and 

endosomes (Mayor and Pagano 2007); this molecular process will be deepened in the 

next chapter. 

• Dynamin is a GTPase protein involved in membrane scission during endocytosis, 

particularly in the formation of clathrin-coated vesicles (Moreno-Layseca et al. 2021). 

• Proteins like adaptins and AP-2 are involved in cargo recognition and vesicle formation 

during endocytosis (Casler et al. 2019; Gomez-Navarro and Miller 2016).  

• Rab Effectors and Motor Proteins: These proteins link Rab GTPases, which is regulated 

by GTPase-activating proteins (GAPs) and guanine exchange factors (GEFs), to vesicle 

transport processes. Motor proteins, such as kinesins and dyneins, move vesicles along 

microtubules (Gennerich and Vale 2009). 

• Exocyst Complex: Involved in targeting secretory vesicles to specific sites on the plasma 

membrane for exocytosis (Wu and Guo 2015). 

• ESCRT Complexes: Endosomal Sorting Complex Required for Transport (ESCRT) 

proteins are involved in sorting cargo into intraluminal vesicles within late endosomes 

for eventual lysosomal degradation (Hurley 2010; Schmidt and Teis 2012). 

• Syntaxins, SNAPs and SNAREs are involved in vesicle fusion and membrane docking 

(Teng, Wang, and Tang 2001). 
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Clathrin-mediated endocytosis 

 

Clathrin-mediated endocytosis is one of the major endocytosis pathways in mammalian cells 

(Mettlen et al. 2018). The process follows several steps: the initial steps in the formation of 

clathrin-coated pits (CPs) at the plasma membrane and trans-Golgi network (TGN) involve the 

recruitment to the membrane of clathrin and either adaptor protein complex 2 (AP2 - at the 

plasma membrane) or AP1 (in the TGN) (Santini et al., 1998). AP2 binds the endocytic sorting 

motifs AP2-targeting motif (781YASI784) of the target proteins and triggers clathrin-mediated 

endocytosis (Takei et al. 1999). Clathrin molecules assemble into a lattice-like structure, 

forming a coat around the pit. To note, clathrin is a protein complex made up of three heavy 

chains and three light chains that self-assemble into a polyhedral structure. Adaptor proteins 

(AP1 and AP2) are then recruited to the clathrin-coated pit. These adaptor proteins connect 

the cargo receptors to the clathrin coat, allowing the recognition and internalization of various 

cargo molecules, including receptors and signaling proteins (Santini et al., 1998). 

The clathrin-coated pit begins to invaginate, forming a vesicle as the clathrin lattice continues 

to assemble. This invagination is driven by the bending of the plasma membrane. Dynamin, a 

GTPase protein, plays a crucial role in pinching off the newly formed vesicle from the plasma 

membrane. It forms a ring around the neck of the vesicle and, with the help of GTP hydrolysis, 

constricts and severs the vesicle from the membrane. After scission, the clathrin-coated vesicle 

loses its clathrin coat, allowing it to become a clathrin-free vesicle and maturate into an 

endosome. This step is essential for the vesicle to fuse with other cellular compartments or 

undergo further processing (Takei et al. 1999). 

Endosomes can fuse with other vesicles or cellular compartments, depending on the cargo it 

contains. It can eventually fuse with lysosomes for degradation or with other organelles for 

transport and sorting. Interestingly, in some cases, vesicles can be targeted for recycling. 

Cargo molecules and receptors may be sorted and returned to the cell surface to be reused 

(Casler et al. 2019). 

If the vesicle contains a cargo destined for degradation, it may fuse with a late endosome or 

lysosome, where the cargo is broken down by acidic enzymes. 
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Figure 10: Different internalization pathways. This scheme represents the different ways in which a molecules could be 
internalized into a cell (Mayor and Pagano 2007). 

 

Numerous studies have revealed a reduction in ACE2 levels within the lung tissues of SARS-

CoV-2-infected patients, as well as in virus-infected cells in general (Lu et al. 2022). This 

phenomenon appears to be linked to the binding of the spike protein to ACE2, which triggers 

its internalization through clathrin-mediated endocytosis and subsequent degradation within 

lysosomes (Lu et al. 2022), as well as a possible downregulation at a transcriptional level (Gao 

et al. 2022). Supporting evidence of the lysosomal degradation can be found in studies where 

ACE2 levels were restored by either the use of a lysosome blocker, bafilomycin A1 (BafA1) or 

the mutation in the ACE2 AP2-targeting motif (Lu et al. 2022). 

Interestingly, it is highly possible that SARS-CoV-2 virions can enter the cells by endocytosis 

with one or more of the three proteins nsp6, ORF3a, and ORF7 because TFRC mainly acts as 

an adaptor protein in the endocytosis biological pathway (Bayati et al. 2021). 
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Protein degradation 

 

Aiming at keeping cellular homeostasis, proteins are constantly degraded and recycled. There 

are two main pathways for protein degradation in cells: the ubiquitin-proteasome system (UPS) 

and autophagy-lysosomal pathway. The UPS, which involves the attachment of ubiquitin 

molecules to the target protein, is responsible for the degradation of short-lived or misfolded 

proteins, while autophagy, involving the formation of double-membraned vesicles, is 

responsible for the degradation of long-lived proteins and organelles (Cooper 2000).  

 

- The Ubiquitin-Proteasome Pathway 
 

The primary pathway for selective protein degradation in eukaryotic cells relies on ubiquitin as 

a marker to target cytosolic and nuclear proteins for rapid proteolysis. Ubiquitin owes its name 

to the fact that it is a highly conserved 76-amino-acid polypeptide found in all eukaryotes, 

including yeasts, animals, and plants (Dikic, Wakatsuki, and Walters 2009). The process 

involves marking proteins for degradation through the attachment of ubiquitin to a lysine 

residue amino group. Additional ubiquitin molecules are subsequently added, forming a 

multiubiquitin chain. These polyubiquitinated proteins are then recognized and degraded by a 

large, multi-subunit protease complex known as the proteasome (Dikic et al. 2009). 

Importantly, ubiquitin is released during this process, making it available for reuse in 

subsequent cycles. It is worth noting that both the attachment of ubiquitin and the degradation 

of marked proteins require energy in the form of ATP (Yaqin et al. 2012). 

 

The stability of many proteins hinges on whether they undergo ubiquitination, a multi-step 

process. First, ubiquitin is activated by binding to the ubiquitin-activating enzyme, E1 (Yang et 

al. 2021). It is then transferred to a second enzyme, known as the ubiquitin-conjugating 

enzyme (E2). The final transfer of ubiquitin to the target protein is mediated by a third enzyme 

called ubiquitin ligase or E3. E3 is responsible for selectively recognizing appropriate substrate 

proteins. In some instances, ubiquitin is initially transferred from E2 to E3 and then to the target 

protein. In others, ubiquitin may be directly transferred from E2 to the target protein within a 

complex involving E3. While most cells have a single E1, they possess numerous E2s and 

multiple families of E3 enzymes. Different members of the E2 and E3 families recognize 



 
 

41 

distinct substrate proteins, thereby conferring specificity to the ubiquitin-proteasome 

degradation pathway (Callis 2014). 

 
 
Figura 11: The ubiquitin-proteosome degradation. Ubiquitin is activated by E1. It is then transferred to E2 and finally 
transferred to E3. E3 is responsible for selectively recognizing appropriate substrate proteins and leading to their degradation 
into the proteasome. Ubiquitin is then recycled (Callis 2014). 

 

Many proteins that govern critical cellular processes, such as gene expression and cell 

proliferation, are subject to regulated ubiquitination and proteolysis. A compelling example is 

presented by proteins known as cyclins, which regulate the progression through the cell 

division cycle in eukaryotic cells (Yaqin et al. 2012). The initiation of mitosis in all eukaryotic 

cells is partially controlled by cyclin B, a regulatory subunit of the protein kinase Cdc2. The 

interaction of cyclin B with Cdc2 is essential for activating the Cdc2 kinase, which leads to 

mitotic events, including chromosome condensation and nuclear envelope breakdown, 

through the phosphorylation of various cellular proteins. Additionally, Cdc2 triggers a ubiquitin-

mediated proteolysis mechanism that degrades cyclin B toward the end of mitosis (Yaqin et 

al. 2012). This degradation of cyclin B leads to the inactivation of Cdc2, permitting the cell to 
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exit mitosis and progress to the interphase of the subsequent cell cycle. The ubiquitination of 

cyclin B is a highly specific process, directed by a 9-amino-acid cyclin B sequence known as 

the destruction box (Yaqin et al. 2012). Mutations in this sequence prevent cyclin B proteolysis 

and result in the arrest of dividing cells in mitosis, underscoring the pivotal role of regulated 

protein degradation in governing the fundamental process of cell division (Yaqin et al. 2012). 

 

- Lysosomal Proteolysis 
 

On the other hand, the lysosomal proteolysis pathway in eukaryotic cells involves the 

degradation of proteins within lysosomes. Lysosomes are membrane-enclosed organelles 

equipped with a variety of digestive enzymes, including several proteases like Cathepsins. 

Cathepsins are a family of lysosomal proteases that includes several members, among which 

lysosomal Pro-Xaa Carboxypeptidase (PPCA), Neuraminidase and other cysteine proteases 

(Turk et al. 2012; Yadati et al. 2020). They serve multiple roles in cell metabolism, including 

the breakdown of extracellular proteins acquired through endocytosis and the gradual renewal 

of cytoplasmic organelles and cytosolic proteins. 

 

The primary mechanism for the internalization of molecules that need to be degraded into the 

lysosomes is known as autophagy. It involves the formation of vesicles called 

autophagosomes, within which small regions of cytoplasm or cytoplasmic organelles are 

enclosed by membranes derived from the ER (Yim and Mizushima 2020). These vesicles 

subsequently merge with lysosomes, allowing the lysosomal enzymes to break down their 

contents. A key element during autophagy is LC3 (microtubule-associated protein 1A/1B-light 

chain 3). It exists in two forms: LC3I and LC3II and it is used as a marker for macroautophagy 

(Tanida et al.,  2008; Runwal et al. 2019). LC3 is synthesized as an inactive precursor of LC3II 

(LC3I or pro-LC3). It is then conjugated to phosphatidylethanolamine (PE) on the membrane 

of new vesicles (autophagosomes) and processed into LC3 II. It plays a role in cargo 

recognition interacting with specific receptors and helps the maturation of autophagosomes 

first, and the fusion process by interacting with lysosomal proteins later. LC3-II on the 

autolysosomal membrane may be released and recycled for future autophagic events (Tanida 

et al. 2008). 
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Figura 12: Lysosomal degradation pathways. Image showing the different types of autophagy and fusion with lysosomes 
(Yim and Mizushima 2020). 

 

The process of protein uptake into autophagosomes is generally nonselective, leading to the 

gradual degradation of long-lived cytoplasmic proteins over time. However, then lack of 

selectivity is not universal for all proteins. For instance, some proteins contain amino acid 

sequences resembling the consensus sequence Lys-Phe-Glu-Arg-Gln, which likely serves as 

a targeting signal for lysosomal degradation (Chiang and Dice, 1988). This process requires 

the involvement of a member of the Hsp70 family of molecular chaperones, as this assists in 

unfolding the polypeptide chains during their transport across the lysosomal membrane. The 

proteins susceptible to degradation through this pathway are typically long-lived but 

dispensable proteins (Nylandsted et al. 2004). During periods of cellular starvation, these 

proteins are sacrificed to provide amino acids and energy, enabling essential metabolic 

processes to continue functioning. 
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TRANSMEMBRANE 16 PROTEIN FAMILY 

 

In the context of this project, understanding the role of the transmembrane protein 16 

(TMEM16) family in association with SARS CoV 2 infection is crucial. This family comprises 

calcium-dependent chloride channels and, in some cases, lipid scramblases. This study delves 

into the roles of two of these proteins and their potential interactions with ACE2 and SARS-

CoV-2 spike.  

 

TMEM16s are also known as Anoctamins because these proteins were first identified as anion 

channels (an) and thought to have eight transmembrane helices (8=octa). They are part of a 

larger group of proteins called Ca2+-activated chloride channels (CaCCs). The CaCCs are 

found in almost all species ranging from invertebrates to mammals, and the ubiquitous 

expression of CaCCs indicates a variety of functions important for physiology, including 

regulation of epithelial Cl– secretion, excitability of neuronal and cardiac cells, smooth muscle 

contraction and nociception (Hartzell et al. 2005; Ji et al. 2019; Oh and Jung 2016). 

TMEM16s, despite the anoctamin name, contain ten transmembrane domains with two large 

intracellular loops. They are approximately 1100 amino acids long and have a molecular weight 

of about 100-110 kDa. Notably, both the N-terminus and C-terminus are intracellular and, in 

contrast to other membrane proteins like ACE2, TMEM16 family members are synthesized 

and integrated directly into the membrane through a process involving transmembrane 

domains (TMDs), which facilitate their insertion into the lipid bilayer (Feng et al. 2023). 

 

TMEM16 proteins form dimeric structures, where each subunit consists of 10 transmembrane 

α-helices (TMs) (Brunner et al. 2014) and possesses an individual ion conduction pore 

specialized for chloride ions (Cl-) surrounded by TM3-TM7. Activation dependent on calcium 

involves the direct binding of calcium ions to two adjacent calcium-binding sites created by 

TM6-TM8. This structure also confirmed biochemical results suggesting that a critical 

sequence of 78 amino acids in the NH2-terminal region are necessary for dimerization. In fact, 

the dimerization interface is formed in part by interaction between the NH2 terminus of one 

chain and the COOH terminus of the other (as well as interactions between transmembrane 

domains in the hydrophobic core of the bilayer) (Feng et al. 2023). 
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Among the ten homologous proteins within this family, TMEM16A (also known as anoctamin 

1 or ANO1) and TMEM16F (or anoctamin 6 or ANO6) have received more comprehensive 

investigation due to their physiological functions and pathological implications.  

 
 
Figura 13: Molecular structure of TMEM16A and TMEM16F. This figure represents the structure of TMEM16A and 
TMEM16F. They have 10 transmembrane domains, the site surrounded by TM6. TM7 and TM8 is the Ca2+ binding domain, 
while TM 3-7 are forming the pore for Cl- exchange (Agostinelli and Tammaro 2022). 

 

 



 
 

46 

Structural examinations of both calcium-free and calcium-bound states of the calcium-

activated chloride channels TMEM16A and TMEM16F reveal significant conformational 

changes in TM6 that are driven by calcium ions. TMEM16F and TMEM16A share similar 

structural features, characterized by protein-enclosed pores that facilitate ion permeation. 

TMEM16F, in addition to its channel function, works as a scramblase, exposing 

phosphatidylserine (PS) on the external side of the cell membranes.  

 

- TMEM16A  
The Ca2+-gated Cl− channel TMEM16A (ANO1), was initially discovered in Xenopus oocytes 

nearly four decades ago. Over the years, it has emerged as a pivotal regulator of essential 

physiological functions, including the control of vascular tone, local blood flow regulation, and 

epithelial solute transport (Yang et al. 2008). This channel has garnered attention as a potential 

target for various diseases, such as hypertension, stroke, cancer, and cystic fibrosis (CF) 

(Benedetto et al. 2017; Crottès and Jan 2019; Danielsson et al. 2015). 

Recent studies have shed light on TMEM16A inner workings, revealing the presence of two 

Ca2+ binding sites within the pore inner vestibule. Binding of Ca2+ triggers conformational 

changes in an α-helix, rendering the pore conductive (Dang et al. 2017). Furthermore, 

TMEM16A activation can be regulated by factors such as calmodulin, protons, cell volume, 

and thermal stimuli (Herrero, Sanchez, and Lorente 2018). Additionally, phosphatidylinositol 

4,5-bisphosphate (PIP2) plays a role in modulating the activation and desensitization of 

TMEM16A (Le et al. 2019; Yu et al. 2019). 

TMEM16A exhibits a preference for activation in response to local increases in intracellular 

Ca2+ released from the ER, which may represent a common mechanism for TMEM16A 

activation (Jin et al. 2016). Its expression is subject to regulation by multiple signaling 

pathways, including mitogen-activated protein kinase (MAPK), nuclear factor κB (NF-κB), and 

transforming growth factor-β (TGF-β) in pathological contexts (Crottès and Jan 2019). 

Recent advancements in understanding the structure and gating mechanisms of TMEM16A 

have opened avenues for rational drug design, potentially expediting the discovery of novel 

drug-like modulators. 

As a promising drug target, TMEM16A has garnered significant attention, resulting in the 

identification of various inhibitors. Among these, several drugs are of particular interest, 

including clarithromycin, benzbromarone, niclosamide, nitazoxanide, and avermectins 
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(Danielsson et al. 2015; Li et al. 2019; Shang et al. 2013). Notably, niclosamide and 

nitazoxamide, originally clinical anthelmintics, have been identified as potent TMEM16A 

inhibitors capable of blocking airway smooth muscle (ASM) depolarization and contraction 

(Miner et al. 2019). Intriguingly, recent research indicates that the upregulation of TMEM16A 

depolarizes the membrane potential of pulmonary artery smooth muscle cells (PASMC), 

contributing to vasoconstriction and increased pulmonary vascular resistance in pulmonary 

arterial hypertension (PAH) rats (Papp et al. 2019). Furthermore, studies have shown that Ang 

II significantly enhances TMEM16A expression in human umbilical vein endothelial cells, and 

endothelial-specific TMEM16A knockout significantly reduces Ang II-induced hypertension 

through the ROS signaling pathway (Ma et al. 2017). 

 

- TMEM16F 
 

TMEM16F (ANO6) plays a multifaceted role as both a calcium-activated ion channel and a 

calcium-activated lipid scramblase. Its functions are integral to critical cellular processes, 

including membrane fusion, membrane budding, blood coagulation, extracellular vesicle 

generation, protection against arthritis, and membrane repair (N et al. 2020). 

The asymmetrical distribution of various phospholipids within the mammalian cell plasma 

membrane has long been recognized. This asymmetry is typically described for major 

phospholipids: PS and phosphatidylethanolamine (PE) are predominantly found in the inner 

leaflet, while phosphatidylcholine (PC) and sphingomyelin (Sph) on the outer surface. PS 

distribution is the one that is more often studied because of the specific proteins that bind this 

phospholipid (Bretscher 1972). 

The enzymes responsible for establishing and maintaining lipid asymmetry belong to the P4 

subfamily of P-type ATPases and use ATP to transport phospholipids against concentration 

gradients. These enzymes typically form heterodimers with members of the TMEM30 family of 

membrane proteins. Lipid asymmetry is crucial for various cellular processes, including 

signaling, apoptotic pathways, and membrane fusion (Wu et al. 2020). 

The regulated scrambling of bilayer phospholipids is a process influenced by proteins but can 

also occur independently of protein catalysis. Scrambling agents include chemical compounds, 

organic molecules, peptides, and proteins (Arndt et al. 2022). 
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Figura 14: Scramblase function of TMEM16F. Image representing the scramblase activity of TMEM16F: thanks to its 
activity, phosphatidylserine is exposed on the membrane external layer, starting a molecular signalling (Yang et al. 2012). 

 

TMEM16F-mediated PS exposure plays a key role in cell fusion and the entry of enveloped 

viruses. Modulators of TMEM16F can inhibit SARS-CoV-2 virus entry and the formation of 

syncytia induced by interactions between the spike protein and its ACE2 receptor on adjacent 

cells (Bricogne et al. 2019). In platelets, Ca2+-activated PS exposure is a crucial step in blood 

coagulation, and mutations in TMEM16F are associated with a bleeding disorder known as 

Scott Syndrome (Yang et al. 2012). However, it is important to note that PS exposure during 

apoptosis, which marks cells for phagocytosis, does not depend on TMEM16F (Bricogne et al. 

2019). 

 

 

Recent investigations suggest that the TMEM16F protein-enclosed open pore, stabilized by 

activating mutations, encompasses roughly half the thickness of the lipid bilayer, thus 

supporting the idea of a distinct route for lipid translocation across the bilayer. The 

redistribution of lipids appears to be facilitated by membrane distortion and thinning, which can 

be influenced by specific conformations of the TMEM16F protein. These conformations can be 

stabilized by factors such as the presence of PIP2 or activating mutations. Notably, certain 

mutations in residues responsible for lipid coordination and charged residues near membrane 
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distortion have been observed to affect the timing of lipid exposure, without interfering with 

calcium influx. In addition, alanine substitutions of K370 and F374 on TM2, residues lining the 

lipid trail specifically altered TMEM16F-mediated PS exposure only, while both niclosamide 

and the pore blocker 1PBC demonstrated dose-dependent inhibition of TMEM16F-mediated 

Ca2+ influx and PS exposure (Wu et al. 2020). These findings collectively provide evidence 

for a separate lipid scrambling pathway outside the ion conduction pore of TMEM16F. 
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NICLOSAMIDE 

 

Niclosamide (5-chloro-salicyl-(2-chloro-4-nitro) anilide) is synthesized through the 

condensation of 2-chloro-4-nitrobenzenamine with 5-chloro-2-hydroxybenzoyl chloride. The 

latter compound is prepared by chlorinating 5-chloro salicylic acid using thionyl chloride. It is a 

small molecule with an average weight of 327.12 and its chemical formula is C13H8Cl2N2O4. 

It was originally developed and marketed as a molluscicide by Bayer in the late 1950s, and 

approved by the US Food and Drug Administration (FDA) as an effective anthelmintic drug for 

the treatment of tapeworm infections in 1982 (Andrews et al., 1982; Wang et al. 2022). It may 

act by uncoupling the electron transport chain of the oxidative phosphorylation pathway 

preventing ATP synthase in worms on contact. niclosamide is minimally absorbed from the 

gastrointestinal tract and rapidly eliminated by kidneys making it safe for human health upon 

oral administration for tapeworm infection, with minimal toxicity (Wilkie et al. 2019). 

 

Recent studies highlighted the existence of interactions between niclosamide and several 

molecular pathways, describing this molecule as a promising candidate for the treatment of 

different diseases such as metabolic diseases (Chen et al. 2018), immune system diseases 

like rheumatoid arthritis (Huang et al. 2016), systemic sclerosis (Morin et al. 2016) and 

systemic lupus erythematosus (Han et al. 2020), asthma, arterial constriction, myopia, cancer 

and bacterial and viral infections (Yavuz and Çelik̇yurt 2021; Wang et al. 2022).  

It has been shown that niclosamide is able to induce apoptosis in cancer through mechanisms 

that mainly involve the mitochondrial pathway, the ER pathway, and death receptor pathway. 

It was reported that niclosamide blocks DCLK1-B transcription by disrupting the binding 

between lymphoid enhancer binding factor 1 (LEF1) to the doublecortin-like kinase 1 (DCLK1-

B) promoter, leading to increased apoptosis (Park et al. 2019). In addition, niclosamide 

activates caspases that induce apoptosis as well and elevates ROS level via ER stress and 

mitochondrial potential loss. More specifically, niclosamide inhibits the Notch pathway 

(Suliman et al. 2016), regulates AMPK-mTOR (Figarola et al. 2018) and inhibits Wnt/β-catenin 

(Lee et al. 2020) signaling pathways. Furthermore, the drug also plays a role in modulating 

STAT3 and NF-κB, especially in a cancer context (Wang et al. 2022). Finally, niclosamide 

promotes mTORC1-dependent autophagy and cell death by targeting pGSK3β-mediated non-

canonical Hedgehog signaling, thereby promoting apoptosis (Kaushal et al. 2021). 
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Niclosamide has broad-spectrum antiviral activities against SARS (J. Xu et al. 2020), MERS-

CoV (Mostafa et al. 2020), Zika virus (ZIKV) (Li et al. 2020), Japanese encephalitis virus (JEV) 

(Fang et al. 2013), hepatitis C virus (HCV) (Xu et al. 2020), Ebola virus (EBOV) (Herring et al. 

2021), human rhinovirus (HRV) (Jurgeit et al. 2012), Chikungunya virus (CHIKV) (Wang et al. 

2016), human adenovirus (HADV) (Xu et al. 2021), and Epstein–Barr virus (EBV) (Huang et 

al. 2017). In particular, it was reported that niclosamide can inhibit the replication and 

cytopathic effect of SARS coronavirus at low concentrations of 1 M and eliminate viral antigen 

synthesis at 1.56 M (Wu et al. 2004) as well as can inhibit MERS-CoV replication by 1000-fold, 

even if the specific mechanism has not been clarified (Brunaugh et al. 2021). As already 

mentioned, the Giacca group has proposed the potential use of niclosamide in SARS-CoV-2 

infection as an inhibitor of syncytia formation, due to its ability of blocking TMEM16F.  

 

In literature, there are different studies highlighting how niclosamide can block TMEM16A as 

well, resembling the action of its pore blocker 1PBC. The structures of TMEM16A and 

TMEM16F, as defined by cryo-electron microscopy, are very similar. A study of Chai and 

colleagues showed that these proteins exhibit a lipid trail within a groove flanked by TM1 and 

TM6 which is positioned outside TMEM16s pore. When cells are treated with niclosamide or 

1PBC, the lipid trail is not visible anymore in cryo-electron microscopy, suggesting that those 

molecules are binding a pocked located near the extracellular end of the groove between TM1 

and TM6 (Chai et al. 2020). 

Niclosamide triggers a time-dependent elevation in the levels of LC3 II and autophagy-related 

protein 5 (Atg5). This effect becomes evident just 24 hours after treatment, signifying that its 

actions include the enhancement of autophagy (Chai et al., 2020). It's worth noting that 

inhibiting autophagy amplifies the apoptotic cell death induced by niclosamide. 

 

For all the above reasons, niclosamide is regarded as a low-cost drug with extensive antiviral 

properties that show very promising potential for clinical development. 
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AIM 
OVERALL AIM 

 

This study aims to understand whether an interaction between ACE2 and TMEM16A as well 

as ACE2 and TMEM16F occurs in the cells. In particular, a computational prediction by Dr. 

Sergio Pantano (Pasteur Institute, Montevideo, Uruguay) (Fig. A) suggested that the 

transmembrane helix of ACE2 can interact with TMEM16A on the TM6 pore, possibly through 

Gly747 and Gly751. This possibility is explored in this Thesis work. 

 

 

 

 
Figure A: Computational prediction of ACE2-TMEM16A interaction. On the left side of every image (1a and 2a) there is 
the representation of ACE2 and TMEM16A structures. ACE2 dimer (yellow and red) binds B0AT1 (gray and blue) with its 
transmembrane helixes. On the right side of both images (1b and 2b) there is TMEM16A (light green and green), 1b and 2b 
show TMEM16A from a top view, while 1c and 2c show a frontal view. The image on the right (2, 2b) is showing how ACE2 
is supposed to interact with TMEM16A, inserting its helixes (red and yellow) into TMEM16A pores. The hypothesis is that 
ACE2 needs its Gly747 and Gly751 for this interaction. 
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SPECIFIC AIMS 

 

While investigating the interaction between ACE2 and TMEM16s, we wanted to provide 

answers to the following specific questions: 

 

• Do TMEM16A and TMEM16F (TMEM16s) interact with spike? 

• Does niclosamide block the interaction between ACE2 and TMEM16s or between spike 

and TMEM16s? 

• Are the TMEM16s involved in spike-driven lysosomal ACE2 degradation? 

• Do the TMEM16s lead to ACE2 lysosomal degradation? 
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MATERIALS AND METHODS 
 

Cells 

Vero (WHO) clone 118 cells (ECACC 88020401), U-2 OS (U2OS; ATCC HTB-96), HEK293T 

(ATCC CRL-3216) were cultured in DMEM with 1 g l−1 glucose (Gibco) supplemented with 

10% heat-inactivated fetal bovine serum (FBS) (Life Technologies), without antibiotics. Cells 

were incubated at 37 °C, 5% CO2.  

All cell lines were negative for mycoplasma contamination. Cell lines were not authenticated. 

 

Stable Cell Line Generation 

HEK293T stabling expressing ACE2 have been used, this cell line has been kindly provided 

by Prof. Giacca’s lab.  

U2OS and Vero cell lines stably expressing ACE2-eGFP were obtained through the Transgene 

Knockin via CRISPR at AAVS1 and ROSA26 Loci Kit (GE100027 Origene). We used 

ACE2eGFP (154962 AddGene) for the insert, while the pAAVS1-Puro-DNR (GE100024) was 

the donor. To note, two primers were ordered to insert restriction enzymes sites on ACE2-

eGFP: AATGTCGACAATtttaaacgggccctctagaccat for SalI and 

attGCGGCCGCattaacgcggatccaagcttaagt for NotI. Once obtained the plasmid through 

cloning, we followed the manufacturer’s instruction transfecting 1ug of donor and 1ug of 

GE100023 pCas-Guide-AAVS1 diluting them in Opti-MEM (Life Technologies), mixed with the 

transfection reagent (FuGENE HD, Promega). Cells were then splitted 10 times 1:10 and 

puromycin (2ug/mL or 3ug/mL) selection for 3 weeks. Cells were then diluted in order to get a 

single cell clone in a 96 wells plate well and then expanded.  

 

Antibodies 

Antibodies against the following proteins were used: TMEM16A (Abcam, ab64085), TMEM16F 

(Abcam ab234422 and Sigma-Aldrich HPA038958-100UL), FLAG(F3165 Sigma-Aldrich), 

ACE2 (Abcam ab87436 and ab15348), V5 (Thermo Fisher Scientific R96025), Goat anti-

Mouse: Alexa Fluor 594 (A32742, Thermo Scientific), Alexa Fluor 647 (a32728, Thermo 

Fisher) Alexa Fluor 488 (A32723, Thermo Scientific); Goat anti-Rabbit: Alexa Fluor 594 

(A32740, Thermo Scientific), Alexa Fluor 647 (A32733, Thermo Scientific), Alexa Fluor 488 
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(A32731, Thermo Scientific), Alexa Fluor 488 (# A32742, Thermo Fisher), Goat anti-Rat Alexa 

Fluor 647 (A48265; Thermo Scientific) mouse-HRP (Abcam ab6789), rabbit-HRP (Abcam 

ab205718), SARS-CoV-2 spike protein (GeneTex GTX632604), anti Sodium Potassium 

ATPase (MA5-32184, Thermo Scientific), anti LC3 (2775S Cell Signaling Technology). 

 

Plasmids 

The expression plasmid pEC117- spike -V5 was generated as follows: the SARS-CoV-2 wild-

type protein (NCBI accession number NC_045512.2, position 21563-25384) was codon-

optimized and synthesized in two fragments of approximately 2 kb each as gBlock DNA 

fragments (IDT Integrated DNA Technologies) with the in-frame addition of the V5 tag at the 

C terminus, and then cloned into the pZac 2.1 backbone under the control of the 

cytomegalovirus (CMV) IE promoter. The construct DNA sequences were verified by Sanger 

sequencing. The following expression vectors were used: hTMEM16A (GenScript 

OHu26085D), hTMEM16F (GenScript OHu26351D), hACE2 (Addgene 1786), pCMV-eGFP ( 

obtained from L. Zentilin), mSCARLET (AddGene 85042), ACE2eGFP (AddGene 154962), 

TMEM16AmSCRLET (from Prof. Giacca’s lab), TMEM16FmSCARLET (from Prof. Giacca’s 

lab). 

 

Small Interfering RNAs (siRNA) knockdown 

For TMEM16A and TMEM16F knockdown, siRNAs (Dharmacon siGENOME SMARTpools, 

four siRNAs per gene target) targeting TMEM16A (also known as ANO1) (M-027200-00-0005), 

TMEM16F(ANO6) (M-003867-01-0005) were used, siRNA buffer and a non-targeting siRNA 

were used as controls.  

Basing on the type of analysis needed: IF, qPCR or WB, plates of 96 wells (CellCarrierUltra 

96, PerkinElmer), 12 wells (10253041 Thermo Fisher Scientific) or 6 wells (10578911 Thermo 

Fisher Scientific) were respectively used.  

In brief, the transfection reagent (Lipofectamine RNAiMAX, Life Technologies) was diluted in 

Opti-MEM (Life Technologies) and incubated for 30 minutes with siRNAs, aiming at a final 

concentration of 25 nm once in cell medium.  

Cells were seeded as reported in table 2, following the reverse transfection protocol. 

Twenty-four hours after siRNA transfection, cells were transfected with expression plasmids 

(see table for the amount) following a standard forward transfection protocol. 
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After 48 h from siRNA transfection, cells were fixed and stained for IF or cell lysates were 

analyzed by qPCR and/or western blotting, as detailed later. 

 

 
Table 2: Number of cells seeded for transfection. The table show the number of cells seeded basing on the cell line and 
the type of plate used. With “forward” we mean a protocol where cells are seeded on day 0 and transfection occurs on day 1 
(after 24H), while “reverse” means that the transfection occurs while cells are seeded. 

 

Plasmid Transfection 

In brief, pDNA was diluted in Opti-MEM (Life Technologies), mixed with the transfection 

reagent (FuGENE HD, Promega) using the following ratios: 1 μg pDNA:3μl FugeneHD. The 

mix was incubated for 20 min at room temperature and added to the siRNA-transfected plates. 

After 24 h or 48h, cells were fixed in 4% paraformaldehyde and processed for 

immunofluorescence.  

 

Drugs 

Cells were treated 24h after transfection with niclosamide (N0560000 Sigma Aldrich) 5uM for 

24h or 10uM for 6h, cyclohexamyde (01810-1G Merck Life Science Ltd) 100nm for 24h, or pre-

treated with bafilomycin (ab120497 abcam) 100nm, MG132 (M7449-200UL Merck Life 

Science Ltd) 10 μg for 4 hours, followed by transfection, cells were treated in total for 24 hours.  

 

Fractionation Assay 

For the fractionation of cell lysate we used the Pierce Subcellular Protein Fractionation Kit, 

Thermo Scientific. Cells were grown on 10cm dishes and then collected harvesting samples 

with trypsin-EDTA and then centrifuged. Cells were then resuspended in ice-cold PBS. 10 
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million cells are needed for the assay. We then followed the manufacturer’s instruction, adding 

different buffers and using different incubation and centrifugation timings to separate proteins 

from different cell compartments. All protein samples were conserved at -80°C. 

 

RNA extraction and qPCR 

Total mRNA was isolated from U2OS, HEK293T or Vero cells 48 h after siRNA transfection or 

24/48h after plasmid transfection using Trizol as lysing reagent and the miRNAeasy kit 

(217004 Qiagen) for the extraction. The RNA obtained (0.5–1 μg) was reverse-transcribed 

using iSript kit (1725035BUN Bio-Rad) with random hexameric primers (10 μM) in a 20-μl 

reaction following the manufacturer’s instructions. Quantification of the gene expression of 

ACE2 (Hs01085333_m1), TMEM16A (Hs00216121_m1), and TMEM16F (Hs03805835_m1) 

was performed by quantitative PCR (qPCR) using Taqman probes. Expression of the 

housekeeping gene GAPDH(Hs02786624_g1) was used for normalization. 

Amplifications were performed using a QuantStudio3 machine using TaqMan Gene 

Expression Master Mix (Applied Biosystems 4369016). The qPCR profile was programmed 

with a standard protocol, according to the manufacturer’s instructions. 

 

Immunofluorescence 

After fixation in 4% PFA for 10 min at room temperature, cells were washed three times in 100 

μl per well of PBS and then permeabilized in same volumes of 0.1% Triton X-100 (Sigma-

Aldrich 1086431000) for 10 min at room temperature. Cells were then washed three times in 

PBS and blocked in 10% Goat Serum for 1 h at room temperature. After blocking, the 

supernatant was removed, and cells were stained according to type of staining, as follows. 

Primary antibodies were diluted 1:500 into Goat Serum 10% and let overnight (ON) at 4 

degrees. On the second day, primary antibodies were tapped off and cells were washed three 

times in PBS. Cells were incubated 1h with secondary antibody diluted 1:500 in PBS at RT 

and then washed in PBS 3X again. Finally, 100 μl of Hoechst (H3570) diluted 1:5000 in PBS 

was added in every well. 

Image acquisition was performed using the Operetta CLS high content screening microscope 

(Perkin Elmer) with a Zeiss 20× (NA 0.80) objective. A total of 25 fields per well were imaged 

at three different wavelengths: (1) excitation 365–385 nm, emission 430–500 nm (nucleus 

‘blue’); (2) excitation 460–490 nm, emission 500–550 nm (‘green’); (3) excitation 615–645 nm 



 
 

58 

emission 655–750 nm ( ‘red’) (4) excitation 561–594 nm emission 618-700 nm ( ‘red’). Images 

were subsequently analyzed, using the Harmony software (PerkinElmer).  

 

Proximity Ligation Assay 

The proximity ligation assay (PLA) is a technique that allows detection of protein interaction. It 

could be direct or indirect, basing on the fact that, respectively, the primary or secondary 

antibodies are conjugated with PLA probes. In this study we used the indirect PLA, where we 

choose pairs of antibodies raised in different species to detect the target proteins (Fig. 15-2). 

Then, a pair of oligonucleotide-labels secondary antibodies (PLA probes) binds the primary 

antibodies (Fig.15-3).  Next, hybridizing connector oligos join the PLA probes only if they are 

in close proximity to each other (closer than 40 nm) and a ligase forms a closed, circle DNA 

template that is required for rolling-circle amplification (RCA). The PLA probe then acts as a 

primer for a DNA polymerase, which generates concatemeric sequences during RCA (Fig. 15-

4). This allows up to 1000-fold amplified signal, allowing localization of the signal. In our case, 

the signal is red and detectable at an emission wavelength of 595 nm. 

 

 
Figure 15: Proximity ligation assay. Two target proteins are bound by primary antibodies raised in different species. 
Secondary antibodies, linked to pairs of oligonucleotides, bind the primary antibodies and, if the target proteins are closer than 
40 nm, a ligase joins the oligos into a circular DNA. This is amplified by a DNA polymerase and gives a red fluorescent signal 
in correspondence of the protein interaction.  
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The protocol, more in detail is:  after fixation in 4% PFA for 10 min at room temperature, cells 

were washed two times in 100 μl per well (96-well plate) of PBS and then permeabilized in 

same volumes of 0.1% Triton X-100 (Sigma-Aldrich 1086431000) for 10 min at room 

temperature. Cells were then washed three times in PBS and blocked in blocking reagent 

following the manufacturer’s instruction of the Proximity Ligation Assay Kit (DUO92008 

Detection Reagents Kit) at room temperature. After blocking, the supernatant was removed, 

and primary antibodies were added ON 1:500. The following day, samples were washed in 

buffer A, Probe anti-Rabbit PLUS (DUO92002-100RXN, Sigma-Aldrich), and Probe anti-

Mouse (DUO92004-100RXN, Sigma-Aldrich) were added and instructions for detection were 

followed as described in the manufacturer’s kit.  

Image acquisition was performed using the Operetta CLS high content screening microscope 

(Perkin Elmer) with a Zeiss 20× (NA 0.80) objective. A total of 25 fields per well were imaged 

at three different wavelengths: (1) excitation 365–385 nm, emission 430–500 nm (nucleus 

‘blue’); (2) excitation 460–490 nm, emission 500–550 nm ( ‘green’); (3) excitation 615–645 nm 

emission 655–750 nm ( ‘red’) (4) excitation 561–594 nm emission 618-700 nm ( ‘red’). Images 

were subsequently analyzed, using the Harmony software (PerkinElmer).  

 

Fluorescence Resonance Energy Transfer 

Fluorescence resonance energy transfer (FRET) is a technique which uses pairs of fluorescent 

proteins which are acting as donor and acceptor in case they are in close proximity (less than 

10 nm). In this study we used spectral FRET, which principle is that, given two target proteins 

A, B which interaction is unknown, a pair of fluorescent proteins are cohen to be fused to A 

and B in order to get a couple of fluorophores in which the donor could excite di acceptor with 

its emission wavelength. We choose the pair eGFP (ex: 488 nm, em 500-550) - mScarlet (ex: 

561, em 594). Again, only if the target proteins are closer than 40nm, eGFP could transfer 

energy to mScarlet which could fluoresce.  
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Figure 16: Fluorescence resonance energy transfer. In FRET, pairs of fluorophores are choose in order to obtain one 

that acts as a donor and the other as an acceptor. In this image the couple eGFP-mScarlet is represented: eGFP is excited 
at 488 nm and, given the fact its emission wavelength could excite mScarlet, if the two proteins are in close proximity (10 

nm), eGFP donates energy to mScarlet which fluoresces and its red signal is detected at 594 nm. 

 

U2OS cells were grown on 8 wells slides and transiently co-transfected with the appropriate 

EGFP- and mScarlet fusion plasmids: eGFP-ACE2 or eGFP- spike and TMEM16A- mScarlet 

or TMEM16F- mScarlet.  After 48 h, cell imaging was conducted by Nikon AR1 HD25 confocal 

microscope. The excitations used were 488 and 561, where: 488 - eGFP was the Donor- Donor 

channel, 561 - mScarlet the Acceptor - Acceptor channel; 488 - mScarlet the Donor - Acceptor 

(FRET) and 561 - eGFP the Acceptor- Donor.  

All the analyses were performed through the Nikon software, NIS element. Calibration was 

calculated on the Donor only and Acceptor only images, taking into account the bleedthrough 

and using the sensitized emission method.  

Normalised FRET analysis were performed using the ImageJ pixFRET plugin, developed by 

Laurent Gelman group, University of Lausanne. In this case the normalized FRET images were 

calculated on the following formula:  

 
where: 

IFRET = intensity of fluorescence of the FRET image (signal detected exciting at 488 nm and 

acquiring mScarlet emission wavelenght) 

BTDONOR = Donor Bleedthrough  

NFRET = IFRET - BTDONOR x IDONOR - BTACCEPTOR x IACCEPTOR

N
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IDONOR = Fluorescence intensity of Donor 

BTACCEPTOR = Bleedthrough of the acceptor 

IACCEPTOR= Fluorescence intensity of the acceptor 

N = normalizer… in this case we used the squared product of IDonor and IAcceptor 

 

Western blotting 

After siRNA transfections for 48–72 h, HEK293 cells were collected and homogenized in RIPA 

lysis buffer (20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40, 0.1% 

SDS, 0.5% sodium deoxycholate supplemented with protease inhibitors (Roche)) for 10 min 

at 4 °C and sonicated by using Bioruptor (Diagenode) for 10 min. Equal amounts of total cellular 

proteins (10–20 μg), as measured with the BSA reagent (Biorad), were resolved by 

electrophoresis in 4–20% gradient polyacrylamide gels (Mini-PROTEAN, Biorad) and 

transferred to nitrocellulose/PVDF membranes (GE Healthcare). Membranes were blocked at 

room temperature for 60 min with PBST (PBS + 0.1% Tween-20) with 5% skim milk powder 

(Cell Signaling, 9999). Blots were then incubated (4 °C, overnight) with primary antibodies 

against ACE2 (diluted 1:1,000), TMEM16A (1:500), TMEM16F (1:500), β-actin-HRP (diluted 

1:10,000), V5 (diluted 1:5,000) or FLAG (diluted 1:1000). Blots were washed three times (5 

min each) with PBST. For standard western blotting detection, blots were incubated with either 

anti-rabbit HRP-conjugated antibody (1:5,000) or anti-mouse HRP-conjugated antibody 

(1:10,000) for 1 h at room temperature. After washing three times at room temperature with 

PBST (10 min each), blots were developed with ECL (Amersham) and images were acquired 

with ChemiDoc. 

 

Co-Immunoprecipitation 

Cell lysates were collected using an in-house lysis buffer (for 50 mL of solution: 1% (0.5% w/v) 

of Triton X-100, 1 ml of IM Tris-HCL pH 7.6 or pH 8; 1.3 ml of 5M NaCl; 1 cocktail tablet or 5 

mini cocktail tablets for 50 ml; 50 µl of 1M DTT; 47.7 ml of sterile water) was used to collect 

cells. Lysates were then sonicated for 10 minutes and spinned down at maximum speed for 

15 minutes at 4 degrees. Then proteins were purified moving the supernatant into a new tube 

and quantified with the Pierce BCA kit (23209, Thermo Scientific).  

Anti-Flag coated beads (ANTI-FLAG M2 Affinity Gel, A2220) were pre-cleaned with 3X washes 

in lysis buffer and then 20μl were added to 800 μl of proteins for a 4h incubation at 4°C.  
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Beads were then boiled at 95 degrees for 5 minutes with loading buffer and DTT (reducing 

agent) to elute with heating.  

Samples were then run on a Western Blot. 

 

Live Cell Imaging 

Live cell imaging was performed 6 h after transfection in DMEM with 1 g l−1 glucose (Gibco) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Life Technologies). 

Cells were transfected with fluorescent proteins, in particular: eGFP-ACE2, TMEM16A-

mScarlet, TMEM16F-mScarket, and eGFP-spike. 6H after transfections cells were treated with 

drugs (niclosamide and bafilomycin) and stained with LysoTracker (L12492, Thermo Fisher 

Scientific) and Hoechst 33342 (1:100000). 

Image acquisition was performed using the Operetta CLS high content screening microscope 

(Perkin Elmer) with a Zeiss 20× (NA 0.80) objective for 18 hours, setting the temperature at 

37°C and 5% of CO2. A total of 25 fields per well were imaged at three different wavelengths: 

(1) excitation 365–385 nm, emission 430–500 nm (nucleus ‘blue’); (2) excitation 460–490 nm, 

emission 500–550 nm ( ‘green’); (3) excitation 615–645 nm emission 655–750 nm ( ‘red’) (4) 

excitation 561–594 nm emission 618-700 nm ( ‘red’). Images were subsequently analyzed, 

using the Harmony software (PerkinElmer). 
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RESULTS and DISCUSSION 
 

ACE2 interacts with TMEM16A and TMEM16F 
 

We first wanted to assess whether ACE2 and TMEM16A/TMEM16F interact inside the cells. 

We decided to use three different techniques, aiming at confirming and supporting the results: 

Proximity Ligation Assay (PLA); co-immunoprecipitation (co-IP) and fluorescence resonance 

energy transfer (FRET). 

The indirect PLA, the mechanism of which is better explained in the Materials and Methods 

chapter, relies on the fact that, after adding primary antibodies for a given target protein, 

secondary antibodies conjugated to oligos PLUS and MINUS bind the respective primary 

antibodies. In this way, only if the target proteins are closer than 40 nm, the fluorescent signal 

is generated and amplified in situ through the use of rolling-circle amplification and 

fluorescently labelled oligonucleotides. The optimization of this assay was challenging: the 

overexpression of both proteins potentially involved in the interaction combined with the 

usage of indirect PLA, rather than direct PLA (which involves primary antibodies conjugated 

to the oligos) presented several hurdles, occasionally yielding false positive signals.   

 

To address this issue, we relied on endogenous ACE2 expression to limit the background 

and any false-positive signal and enhance the reliability of our results. Of note, it was 

impossible for us to detect any signal using both endogenous ACE2 and 

TMEM16A/TMEM16F. 

 

For the PLA (Fig. 1a), Vero cells were transfected in triplicates in a 96 well plate with 

TMEM16A, TMEM16F or spike, while we used the interaction between ACE2 and spike as a 

positive control and the interaction between TMEM16A and Na+/K- ATPase as a negative 

control (Fig. 1b). We also used U2OS cells as negative controls (Fig. 1c), given the fact that 

this cell line does not show detectable ACE2 levels (Fig. 1d).  

The PLA was performed 24H after transfection. When assessing the PLA between ACE2 and 

either TMEM16A or TMEM16F, we detected a positive signal, that was instead absent in 

U2OS cells, leading us to conclude that indeed there is an interaction between ACE2 and 
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TMEM16A/TMEM16F in the cells. Of note, most of the interaction does not occur on the cell 

membrane, but in some intracellular compartments (most likely, the ER or Golgi)

Figure 1: Assessing ACE2-TMEM16A/TMEM16F interaction in PLA. a: Vero cells were transfected in a 96-well plate with 
the indicated plasmid. PLA was performed 24H post-transfection: antibodies against ACE2 and, respectively, Flag (for 
TMEM16A and TMEM16F that are Flag tagged), or spike were used. Secondary antibodies anti-rabbit PLUS and anti- mouse 
MINUS were added to detect the PLA signal (in red). As CTR cells transfected with ACE2 were used as well as in b we used 

the interaction between TMEM16A and Na+/K- ATPase. c: The same conditions were reproduced in Vero and U2OS cells, the 
latter, as already mentioned above, do not show detectable levels of ACE2, as shown in d. The WB shows ACE2 levels in HEK293T, 
Hela, U2OS and VERO E6 cells. 
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The interaction between ACE2 and the TMEM16s was further assessed in co-IP 

experiments. Vero (Fig. 2a) and U2OS cells (Fig. 2b) were transiently co-transfected in 

duplicates with ACE2 and either TMEM16A, or TMEM16F. 24H post-transfection, samples 

were eventually treated with niclosamide 5 µM for another 24H. 48H after transfection co-IP 

was performed with αFlag agarose beads, targeting TMEM16A and TMEM16F. We 

assessed the flag-immunoprecipitate for the presence of ACE2 and detected it in the 

samples overexpressing both ACE2 and TMEM16A/TMEM16F.   

Niclosamide consistently reduced the interaction in all the tested conditions, despite the 

higher levels of ACE2 in input niclosamide treated samples. The reduction and the increase 

in ACE2 levels due to the co-transfection with TMEM16s, spike or niclosamide treatment will 

be discussed in the following paragraphs. 

Considering that niclosamide is a small molecule which blocks the TMEM16 pore, it is 

reasonable to think that the potential interaction site between ACE2 and 

TMEM16A/TMEM16F would involve the TMEM16 TM1 and TM6 sites (Feng et al. 2023). 
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Figure 2: Assessing ACE2-TMEM16A/TMEM16F interaction in coIP. a,b: Samples were transiently transfected with the 
indicated plasmids. Niclosamide treatment used a concentration 5 µM for 24H, added 24H post-transfection. 
48H cells were collected and coIP was performed on 800 µg of proteins with α-flag agarose beads (TMEM16s are flag tagged). 
Samples were blotted for ACE2. Input samples are on the left side of the membrane while the flag-immunoprecipitates are on 
the right side of the marker. 

 
 
Finally, we wanted to confirm our data with FRET, which is also described in detail in the 

Materials and Methods chapter, which allows the visualization in the same cell of two putative 

interacting partners when they are within 10 nm distance. In our case, we chose the pair eGFP-

mScarlet as fluorescent proteins, where eGFP acts as a donor while mScarlet is the acceptor. 

U2OS cells were transfected with ACE2-eGFP and TMEM16A-mScarlet or TMEM16F- 

mScarlet. 48H after transfection, slides were mounted and FRET was detected on a Nikon 

A1R confocal microscope. Image analysis was conducted with the Nikon NIS Element 
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software, as well as the pixFRET ImageJ plugin. We observed FRET in samples where the 

two proteins were co-transfected. We used mScarlet and eGFP as a negative control while the 

transfection of a construct with fused eGFP-mScarlet was used as a positive control (Fig.3a). 

Surprisingly, the amount of FRET in samples treated with niclosamide did not change, while a 

difference is observable in terms of signal localization (Fig. 3c). This could be attributed to the 

possibility that niclosamide augments the level of autophagy within the cells and blocks protein 

lysosomal degradation (Chai et al. 2020). This heightened autophagic activity may lead to the 

sequestration of proteins within intracellular vesicles. Importantly, due to their close proximity 

within these vesicles or shared microenvironments, FRET may still occur even if the proteins 

are not directly binding or interacting, given the micrometer-scale spatial constraints 

(approximately 0.2-2 μM). Again, the effects of niclosamide on proteins will be discussed in 

more detail in the following paragraphs. 

 

 
 

 
Figure 3: Assessing ACE2-TMEM16A/TMEM16F interaction in FRET. a,b: U2OS cells were transfected on 8-well slides 
with the different couples of fused proteins as indicated. Slides were mounted 48H post-transfection. “FRET” images are 
images acquired exciting eGFP (488 nm) and filtering mScarlet emission wavelength (594 nm). “FRET map” are images 
calculated with NIS Element software, normalizing the FRET on the intensity of the donor, and indicating the level of FRET 
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with different gradient colors, as indicated in the plot bar. While NFRET represents the level of FRET calculated through 
the PixFRET plugin of ImageJ, which is using the following formula:  

IFRET - BTDONOR x IDONOR - BTACCEPTOR x IACCEPTOR divided by the squared product of  

IDONOR x IACCEPTOR and where I = intensity of fluorescence and BT = bleed through. 

c. shows the differences in FRET signal localization between cells treated and untreated with niclosamide 5 µM.  

 

In addition to these experiments, we took the opportunity of using the opensource software 

ColabFold for protein folding prediction. This software allowed us to predict the potential 

interaction site between ACE2 and TMEM16A/TMEM16F (Fig. 4a). These findings are in 

line with previous predictions kindly supplied by Dr. Sergio Pantano, where an interaction 

between the transmembrane helix of ACE2 and TMEM16s pore was suggested (Fig. 4b). In 

particular, ACE2 is known to act as a chaperone for the aminoacidic transporter B0AT1, 

which binds ACE2 on the transmembrane helix. The hypothesis of Dr. Pantano was that the 

same transmembrane helix could bind TMEM16s, being inserted into TMEM16s pores. 

Based on these predictions, we generated three mutated hACE2. All the mutations were 

punctiform on the helix, more precisely, we mutated Gly747 and Gly751 with, respectively, 

Isoleucine or Proline. In this way, we obtained ACE2Gly747Ile, ACE2Gly751Ile and 

ACE2Gly751Pro. Unfortunately, we did not see any decrease in terms of interaction with 

TMEM16A in co-IP (Fig. 4c) nor a decrease in syncytia formation (Fig. 4d) if transfected 

together with spike. From our new predictions (Fig. 4a) it seems that the interaction site 

could be slightly different, around AA804 for the interaction with TMEM16A and AA728 for 

the interaction with TMEM16F. Further investigations are required aiming at identifying the 

specific interaction site between the proteins. 
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Figure 4: Investigating the interaction site between ACE2 and TMEM16A/TMEM16F. a: Interaction predictions 
generated with ColabFolb. (chiedi a Kazuki) ACE2 (pink) is interacting with TMEM16s (purple) on the C-terminal. b: 
Interaction model provided by Dr, Sergio Pantano. Both the images show, on the left ACE2 (orange and red) dimer 
interacting with the aminoacidic transporter B0AT1 (gray and blue) through the transmembrane helixes. On the right side 
of both images there is a representation of TMEM16A (green and light green), with a view from the top (top image) and 
from the front (image on the bottom). The right image shows how ACE2 helixes (orange and red dots) are supposed to 
interact with TMEM16A from top. c: coIP for TMEM16A in U2OS cells transfected with the indicated ACE2 mutants and 
TMEM16A. Cells were collected at 24H post-transfection. Input samples are found on the left side of the marker while the 
coimmunoprecipitates on the right. d: IF on U2OS cells transfected in duplicates in a 96 well plate. The images are showing 
the different expression of ACE2 mutants (red) and their ability of forming syncytia in combination with SPIKE (green). 
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TMEM16A and TMEM16F interact with spike 
 
Investigating the interaction between ACE2 and TMEM16A/TMEM16F led us to wonder 

whether these two proteins bind spike too. Again, we decided to use co- immunoprecipitation 

and FRET. 

 

To this aim, U2OS cells were transiently co-transfected with spike and either TMEM16A or 

TMEM16F. 24H post-transfection, the cells were eventually treated with niclosamide 5 µM for 

another 24H. 48H after transfection co-IP was performed with α-Flag agarose beads, targeting 

TMEM16A and TMEM16F. Again, we got indications of the interaction between spike and 

TMEM16s, with a stronger signal when TMEM16A was pulled down (Fig.5). Samples treated 

with niclosamide showed a reduction in terms of interaction. These findings align with Prof. 

Mauro Giacca’s research, which highlighted niclosamide's ability to block the syncytia 

formation process by inhibiting TMEM16 family members.  
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Figure 5: Assessing spike-TMEM16A/TMEM16F interaction in co-IP. U2OS cells were transiently transfected with the 
indicated plasmids and treated with niclosamide 5 µM for 24H. 48H post transfection coIP was performed on 800 µg of 
proteins with α-flag agarose beads. Samples were blotted for spike. Input samples are on the left side of the membrane 
while the flag immunoprecipitated samples are on the right side of the marker.  

 
As far as FRET is concerned, U2OS cells were transfected with spike-eGFP construct and 

either TMEM16A-mScarlet or TMEM16F-mScarlet. 48H after transfection slides were mounted 

and FRET was detected on a Nikon AR1 confocal microscope. The analysis of the images was 

carried out with the Nikon NIS Element software, as well as the pixFRET ImageJ plugin. Again, 

we observed FRET in samples where the two proteins were co-transfected (Fig. 6b). We used 

mScarlet and eGFP as a negative control while a construct with eGFP- mScarlet as a positive 

control (Fig. 5a). Also in this case, the amount of FRET in samples treated with niclosamide 

did not change, getting a different FRET localization (Fig.6c). 

 

Taking all the results together, in our experiments, we observed a reduced level of interaction 

between ACE2 and TMEM16s, and between TMEM16s and spike, if cells were treated with 

niclosamide. If we consider that spike binds TMEM16s to facilitate syncytia formation, and we 

are aware of ACE2 binding to spike for cellular entry, and we now suspect a potential 

interaction between TMEM16s and ACE2, it becomes plausible that niclosamide, by blocking 

TMEM16s, could influence the interaction between TMEM16s and either ACE2 or spike.  

 

Moreover, ACE2, spike and TMEM16A/TMEM16F might be part of the same complex, and 

TMEM16A/TMEM16F might not only play a role in syncytia formation but also in the different 

steps of SARS-CoV-2 infection.  
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Figure 6: Assessing SPIKE-TMEM16A/TMEM16F interaction in FRET. a,b: U2OS cells were transfected on 8-well 
slides with the different couples of fused proteins as indicated. Slides were mounted 48H post-transfection. “FRET” images 
are images acquired exciting eGFP (488 nm) and filtering mSCARLET emission wavelength (594 nm). “FRET map” are 
images calculated with NIS Element software, normalizing the FRET on the intensity of the donor, and indicating the level 
of FRET with different gradient colors, as indicated in the plot bar. While NFRET represents the level of FRET calculated 
through the PixFRET plugin of ImageJ, which is using the following formula:  

IFRET - BTDONOR x IDONOR - BTACCEPTOR x IACCEPTOR divided by the squared product of  

IDONOR x IACCEPTOR and where I = intensity of fluorescence and BT = bleed through. 

c. shows the differences in FRET signal localization between cells treated and untreated with niclosamide 5 µM.  

 

 
TMEM16A and TMEM16F lead to ACE2 degradation 
 
 
While studying the interaction between ACE2 and TMEM16A/TMEM16F in U2OS cells, we 

noticed that, both in IF and WB, the co-transfection of ACE2 with TMEM16s led to lower levels 

of ACE2 (Fig. 7 a,b): Fig. 7a shows how the signal of ACE2 (green) in IF is decreased when 

cells were co-transfected with both ACE2 and TMEM16A. In particular, the effect of TMEM16A 

was much higher than that of TMEM16F (Fig. 7b). Of note, this result could be influenced by 

the different distribution of the two proteins (Fig. 7d): we noticed, in fact, that TMEM16A is 

more homogeneously distributed in the cell, mainly expressed on the cell surface, while 
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TMEM16F tends to localize in intracellular compartments, a finding that is in line with other 

studies reported in the literature (Ousingsawat et al., 2017). We confirmed the results through 

the knockdown of either TMEM16A or TMEM16F in VERO E6 cells (Fig. 7c). When silencing 

the TMEM16s, we observed an increase in ACE2 levels, indicating that TMEM16A and 

TMEM16F might be involved in ACE2 degradation. 
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Figure 7: TMEM16s lead to lower levels of ACE2. In a U2OS cells were transfected in duplicates in a 96 well plate with 
the indicated plasmids. Duplicates of the samples are shown in column. b: U2OS cells were plated in a 6 well dish, 
transfected with the indicated plasmids. 48H post-transfection cells were collected and 10 ug of proteins were blotted for 
ACE2. c: Vero cells were plated in a 6 well dish, transfected with the indicated siRNAs or treated with niclosamide 5 µM for 
24H. 48H post-transfection cells were collected and 25 ug of proteins were blotted for ACE2. d IF staining in U2OS cells 
showing the different levels of expression and distribution of ACE2 (green), TMEM16A (red), TMEM16F (red). Cells were 
grown on an 8 well slide, mounted and images acquired at the confocal microscope. 
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TMEM16A and TMEM16F are necessary for spike-driven ACE2 
degradation 

 
 
In literature, there are reports showing how spike determines both ACE2 downregulation 

and internalization and degradation through lysosomes (Gao et al. 2022; I et al. 2010; Lu et 

al. 2022). In our hands, spike expression leads to extremely low levels of ACE2 in U2OS, 

VERO and HEK293 cell lines (Fig. 8a). U2OS cells treated with niclosamide 5 µM for 24h, 

or transfected with siRNA for TMEM16A or TMEM16F show higher levels of ACE2 if co-

transfected with spike (Fig. 8b). This indicates that TMEM16A and TMEM16F may be 

involved in ACE2 degradation caused by spike, which is in line with the finding of an 

interaction between spike and TMEM16A / TMEM16F.  

 
Figure 8: TMEM16s are involved in SPIKE-driven ACE2 degradation. a: WB for ACE2 showing the difference in its 
levels when U2OS are co-transfected with the indicated plasmids in a 6-well plate. Cells were collected 48H post-
transfection and blotted for ACE2 (10 ug proteins). b IF showing how levels of ACE2 (green) are recovered when samples 
are treated with niclosamide 5 µM for 24H or transfected with siRNAs for TMEM16A and TMEM16F for 48H. Cells were first 
transfected in a 6-well plate with siRNAs 25nM in bulk, then split at 24H after and transfected in reverse in a 96 well plate 
with indicated plasmids. 
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TMEM16A and TMEM16F lead to ACE2 lysosomal degradation 
 
Relying on the fact that spike determines ACE2 lysosomal degradation (Lu et al. 2022) and 

that TMEM16s interact with spike and decrease ACE2 levels, we hypothesized that the 

decreased levels of ACE2 observed when it is co-transfected with TMEM16A (and, to a 

lesser extent, with TMEM16F), could be due to lysosomal degradation.  

To test this possibility, we first observed colocalization of ACE2 and lysosomes 

(LysoTracker) in the presence of TMEM16A in IF in U2OS cells transfected with eGFP-ACE2 

and TMEM16A-mScarlet (Fig. 9a). In the same figure we also show the different distribution 

of ACE2 when it is alone, with TMEM16A, with spike, or both TMEM16A and spike. 

We wanted to understand whether the degradation of ACE2 occurs in lysosomes. For this 

purpose, we used the well-known lysosome inhibitors bafilomycin (BafA1), trying different 

concentrations (50-200 nM) and different times of incubation (4-24H) and Chloroquine -CQ 

(50 µM). We successfully recovered levels of ACE2 pre-treating cells with lysosome 

inhibitors. To note, we first used a stable cell line of HEK293T expressing ACE2 (Fig. 9b1), 

which, once transfected with TMEM16A/TMEM16F, did not show a decrease of ACE2: this 

is probably due to the fact that the TMEM16s transfection efficiency is too low to detect ACE2 

degradation. We repeated then the experiment in HEK293 wt (Fig. 9b2), co-transfecting both 

ACE2 and TMEM16A/TMEM16F or spike, and, despite levels of ACE2 in samples BafA1 

treated is lower than the controls (BafA1 toxicity is suspected), we did not observe the same 

differences between the differently transfected samples as we did for the controls. We found 

that pre-treating cells with lysosome inhibitors for 4H played a critical role, as this pre-

treatment allowed for the prevention of ACE2 degradation (Fig. 9b), although recovering 

ACE2 levels post-transfection proved to be challenging. As shown in Fig. 9d, U2OS cells 

transfected with ACE2 in combination with TMEM16A, TMEM16F, or spike, and 

subsequently treated with Bafilomycin (100 nm) or Chloroquine (50 µM) for 24H, added at 

24H post-transfection, exhibited only a marginal increase in ACE2 levels (Fig. 9d). This 

increase, however, did not match the levels observed in ACE2-only transfected samples, 

nor did it reach the levels of the pre-treated samples (Figure 9b). In all cases, to prove drug 

efficiency, we performed a WB for LC3, which showed an increase in LC3-II, a marker of 

lysosomal inhibition (Fig. 9b,d). This observation may be attributed to the extended half-life 

of ACE2 and the timing of its maximum expression following transfection. To investigate this 

further, we performed a cycloheximide (CHX) assay, revealing the protein remarkable 
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stability for over 24H (Figure 9e). This suggests that ACE2 exhibits a lengthy turnover rate, 

and the 24H drug treatments may not suffice to achieve complete signal recovery. 

Unfortunately, extended drug treatments were not feasible due to associated toxicities. 

Another possibility is the fact that, being only transiently transfected, ACE2, if in combination 

with TMEM16s or spike, is degraded as soon as it starts to be produced. Hypothesizing that 

by 24H post-transfection the majority of ACE2 is produced and keeping in consideration its 

long half-life, ACE2 would be clearly detectable in cells for another 24H at least (so 48H 

post-transfection, the moment in which we were collecting all samples for the analysis). On 

the other hand, after 24H (the moment in which we were adding the drugs) there would not 

be more protein produced, so, even treating cells with lysosomes inhibitors, ACE2 would not 

be recoverable. We can probably assess this issue with a stable cells line expressing ACE2, 

but further investigations are needed. 

Moreover, trying to exclude that the decrease of ACE2 levels we observed after co-

transfecting ACE2 with TMEM16A, TMEM16F, was due to an inhibition of ACE2 

transcription, we tested ACE2 mRNA levels in qPCR (Fig. 9g). Unfortunately, our results are 

uncertain: we did not find any significant difference in ACE2 expression levels with the 

simultaneous expression of either of the interactors, but a decrease in ACE2 mRNA levels 

is still observable, suggesting that its transcriptional level could be affected, even if not 

enough to justify the decrease observable in WB. Spike, as expected, show a significant 

reduction in ACE2 levels, confirming data found in literature (Gao et al. 2022).  

On the other hand, we compared the behavior of ACE2 to Rec8, a meiotic recombination protein the 

degradation of which occurs through the proteasome, by IF experiments (Fig. 9c). We transfected in 

duplicate U2OS cells with Rec8 or ACE2 in combination with TMEM16A. We treated the cells with 

CHX (100 nm) for 3 and 6H, in combination with Bafilomycin (100 nm) or MG132 (10 µM). Again, we 

did not observe any recovery of ACE2 with MG132, differently from what occurs with 

Bafilomycin, which increased ACE2 levels. While Rec8 is visibly increasing with the MG132 

treatment and there is no difference for the samples in which Bafilomycin was used.  

A study by Dr. Umamaheswar Duvvuri and co-workers reported that TMEM16A increases 

the level of exocytosis in head and neck carcinoma (REF). We took into consideration the 

possibility of an increase of extracellular vesicles caused by TMEM16A. Thus, we performed 

a WB for ACE2 on the cell culture medium (Fig. 9d). Cells were grown for 6H in cell media 

without FBS (to avoid BSA altering protein quantification and WB run) and Phenol Red free 
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(to allow BCA quantification). In this case, we noticed a higher amount of soluble ACE2 (90 

kDa) compared to the intracellular compartments, but in general, the levels of ACE2 

reflected those of the intracellular compartment, leading us to also exclude this hypothesis.  
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Figure 9: TMEM16s lead to ACE2 lysosomal degradation. a: U2OS cells were transfected with fused proteins: eGFP-
ACE2 (green) and TMEM16A-mSCARLET (red) and/or spike. Moreover, cells were incubated for 1H before live acquisition 
with LysoTracker 75 µM. Of note, on the right side of the image we show the co-localization of both ACE2 (green) and 
TMEM16A (em 594 nm - yellow) with the LysoTracker (em 647 nm - red) signal. b: WB for of ACE2 in HEK293T. Cells 
were transfected in a 6 well plate with the indicated plasmids 4H after BafA1 100 nm (or DMSO only) pre-treatment. 24H 
post-transfection cells were collected, and 10 µg of proteins were blotted for ACE2 and LC3. b1 shows a WB on cells which 
are stabling expressing ACE2, while b2 is showing a WB where HEK293T were transfected with both the indicated proteins. 
c: IF for REC8 (white) and ACE2 (green) in U2OS transfected in duplicates (in column) in a 96 well plate for 48H with 
ACE2 (green) or Rec8 (white), in combination with TMEM16A. Samples were then treated for 3 and 6H with Bafilomycin 
100 nm or MG132 10 µM and stained. d. WB showing samples of U2OS cells transfected with the indicated plasmids in a 
6 well plate, treated with Bafilomycin 100 nm or Chloroquine 50 µM for 24H. Drugs were added at 24H post-transfection 
and cells were collected at 48H post-transfection. e. Cycloheximide was admnistered to U2OS cells transfected with ACE2 
at a concentration of 100 µg/mL 24H post transfection, for 6 or 24H, then cells were collected, and 10 µg proteins were blotted 
for ACE2. f. WB performed on 10 µg of extracellular proteins obtained from cell media of U2OS cells grown for 6H into a 
BSA and PhenolRed free medium. The medium was changed 24H post transfection.  g. bar plot showing the quantification 
of ACE2 expression measured through TaqMan qPCR and normalized on GAPDH expression levels and expresses as -
ddCT in samples transfected with ACE2 only (orange), ACE2 and TMEM16A (yellow), ACE2 and TMEM16F (light bluse) 
and ACE2 and spike (green). 
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Niclosamide increases ACE2 autophagy, but blocks TMEM16s 
and spike driven ACE2 degradation. 
 

In the context of our study, a noteworthy observation related to the drug niclosamide, a known 

anthelmintic drug, which was demonstrated to block the formation of spike -driven syncytia by 

blocking TMEM16 family members (L. Braga et al., 2021). From the literature, we know that, 

on the one hand, niclosamide inhibits syncytia formation while, on the other, it increases 

autophagy and inhibitslysosomes (M. Li et al., 2013). We also observed the latter effect in Vero 

cells treated with niclosamide 5 µM for 24H (9b) which showed increased levels of the lipidated 

form of LC3 (LC3-II) in WB. Niclosamide also reduces the amount of ACE2 levels if transfected 

alone (Fig. 10 a,d), suggesting that ACE2 is probably internalized and degraded because of 

increased autophagy. This result is even more evident in a fractionation assay where whole 

protein extract from Vero celIs was fractionated to separate proteins from different cell 

compartments (Fig. 10c): ACE2 is mainly on the cell membrane but, if samples are treated 

with niclosamide, ACE2 is not detectable on the membrane any longer. Interestingly, when 

ACE2 is co-transfected with TMEM16s or spike, and cells are treated with niclosamide, the 

levels of ACE2 are higher than in the untreated samples (Fig. 10d). Moreover, images taken 

at the confocal microscope (Fig. 10a) show that ACE2 recovered with niclosamide has a 

different cell localization compared to the controls and that, in general, cells display a different 

morphology (Fig. 10e), possibly caused by niclosamide toxicity. 

The reasons underlying the phenomenon by which ACE2 is recovered with niclosamide when 

it is co-transfected with either spike or TMEM16A/F and degraded when ACE2 is expressed 

alone require further investigation. Taking all together, a possible explanation is the fact that, 

on the one hand, niclosamide activates autophagy by inhibiting mTORC1 (M. Li et al., 2013) 

and TMEM16A also regulates mTOR activity, inhibiting autophagy (S. Kulkarni et al., 2023), 

while, on the other hand, SPIKE leads to clathrin mediated internalization (followed by 

lysosomal degradation) of ACE2. If we now hypothesize that TMEM16s do the same, the 

pathway that niclosamide activates is different from the one through which ACE2 is degraded. 

Moreover, the timings for treatments and cell collection could play a key role in the 

experiments. 

There are many questions still unsolved and the intricate interplay among these factors 

demands further exploration to uncover the underlying mechanisms.
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 Figure 

10: Niclosamide degrades ACE2 if alone and recovers ACE2 when it is co-transfected with S or TMEM16s. a: U2OS 
cells were transfected on an 8 well slides with the indicated proteins, treated with 5 µM niclosamide (or DMSO) for 24H 
and fixed 48H post-transfection, and images were acquired at the confocal microscope. b Niclosamide increases 
autophagy. b. WB performed on 20 µg of proteins from Vero cells treated for 24H with niclosamide 5 µM or transfected 
with siRNAs for TMEM16s for 48H. Membranes were blotted for ACE2 and LC3 II. c. WB on Vero cells samples fractionated 
into different cell compartments. Cells were treated with niclosamide 5 µM (or DMSO) for 24H. d WB on 10 ug of proteins 
from U2OS transfected with the indicated plasmids and treated with niclosamide 5 µM (or DMSO) for 24H. Cells were 
collected 48H post transfection and blotted for ACE2. The two images in d are representing the same WB, the upper one 
with shorter exposure while the bottom one with a longer exposure. e: Time lapse of U2OS cells expressing eGFP-ACE2 
(green) treated with niclosamide 5 µM
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CONCLUSIONS 
 

COVID-19, short for Coronavirus Disease 2019, is an illness caused by the infection of the 

severe acute respiratory syndrome virus 2 (SARS-CoV-2). This virus was initially identified in 

November 2019 in Wuhan, Hubei Province, China, and subsequently spread worldwide, 

leading the World Health Organization (WHO) to declare it a global pandemic on March 11, 

2020. 

Common COVID-19 symptoms include fever, cough, shortness of breath, fatigue, muscle or 

body aches, headache, sore throat, loss of taste or smell, congestion or runny nose, nausea 

or vomiting, and diarrhea (Goyal et al., 2020). The severity of symptoms can vary, with potential 

complications including lung thrombosis (Levi et al. 2020), acute respiratory distress syndrome 

(ARDS) (Xu et al. 2020), abnormal activation of the inflammatory response (cytokine storm) 

and rapid deterioration of lung function characterized by alveolar edema (Edler et al. 2020; 

Jose et al., 2020). 

The spike protein on SARS-CoV-2 (spike) plays a pivotal role in receptor attachment and host 

cell penetration binding angiotensin-converting enzyme 2 (ACE2) (Satarker and Nampoothiri 

2020) leading to its tropism for tissues, where SARS-CoV-2 infection occurs, as well as its 

associated complications (Gkogkou et al. 2020; Hikmet et al. 2020). 

Spike of SARS-CoV-2 possesses the remarkable ability to induce the formation of 

multinucleated giant cells known as syncytia, both in vitro and in vivo (Braga et al., 2021), 

process that is governed by a bi-arginine motif containing R682 and R685 within the polybasic 

S1/S2 cleavage site, a characteristic shared by the surface glycoproteins of many highly 

contagious viruses (Zhang et al., 2021). 

Syncytia formation offers, in fact, advantages to viruses: it enables them to spread more rapidly 

within the host and syncytia can incorporate immune cells (Battles and McLellan 2019; 

Nardacci et al. 2015). In fact, it has been shown that these syncytia can readily internalize 

multiple lines of lymphocytes, forming typical cell-in-cell structures and ultimately leading to 

the death of internalized cells and contributing to the viral immune escape: a recent research 

by Sun et al. for example, identified a type of CD45 positive cell structure within the syncytia 

of COVID-19 patients, which were not present in mononucleated cells. 
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Moreover, it has been established that cells infected by SARS-CoV-2 express the Spike protein 

on their cell membrane following viral replication, allowing cells to fuse with neighboring cells 

expressing ACE2. Research has revealed that after ACE2 binds to spike, ACE2 undergoes 

internalization within the host cell via clathrin-mediated endocytosis and is subsequently 

degraded within lysosomes (Lu et al. 2022).  

In 2020, Prof. Mauro Giacca and his research team published a study that highlighted the 

significance of TMEM16F, a calcium-dependent chloride channel and scramblase, in the 

formation of syncytia. In their study, they demonstrated that niclosamide, an antihelminthic 

drug renowned for its ability to block members of the TMEM16-Anoctamin family, can block 

the syncytia formation process, highlighting its potential role as a therapeutic drug for 

COVID19. To note, TMEM16s and niclosamide seem to have opposite effects on autophagy, 

both acting as, respectively, enhancer and inhibitor of mTORC1, leading to autophagy 

inhibition or increase (Fonseca et al. 2012; Kulkarni et al. 2023). 

In our study we investigated the possible interaction between ACE2, TMEM16A/TMEM16F 

and spike, aiming at discovering new details of the SARS-CoV-2 infection process. We found 

that all proteins seem to interact, probably being part of the same protein complex, and in 

particular, we focused our attention on the interaction site between ACE2 and TMEM16s, 

which is likely involving ACE2 C-terminal domain and TMEM16s TM1-TM6 (Chai et al. 2020). 

In support of this hypothesis there is the fact niclosamide, small molecule which is known to 

block TMEM16s, is inserting into the Ca2+ pore and, in our hands, its treatment is reducing 

the interaction between ACE2 and TMEM16A/TMEM16F. Interestingly, we found that spike is 

interacting with TMEM16s and that niclosamide is reducing the level of interaction. Moreover, 

spike is known for leading to ACE2 lysosomal degradation through clathrin mediated 

endocytosis, but niclosamide, as well as TMEM16s knockdown, prevented the degradation, 

suggesting that TMEM16s could be involved and necessary for ACE2 internalization and 

degradation. On the other hand, we observed that TMEM16A and, to a lesser extent 

TMEM16F, lead to ACE2 lysosomal degradation and that, also in this case, niclosamide could 

prevent it. Intriguingly, niclosamide is reducing ACE2 levels if it is transfected alone. Here, we 

propose a working model (Fig. 11) where we assume that TMEM16s are causing ACE2 

internalization through clathrin mediated endocytosis as spike does, we can explain these 

controversial effects of niclosamide hypothesizing the activation and degradation through 

different pathways in function of the presence/absence of TMEM16s and niclosamide: 

TMEM16s are inhibiting autophagy and promoting clathrin mediated endocytosis while 
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niclosamide is blocking TMEM16s on a specific site and promoting autophagy. We are 

proposing a model in which when ACE2 is alone is internalized through autophagy, while when 

ACE2 is transfected with TMEM16s (and without niclosamide), it is internalized through clathrin 

mediated endocytosis. When we are treating cells which are transfected with both ACE2 and 

TMEM16s, niclosamide could block the interaction site between ACE2 and TMEM16s, 

stopping clathrin mediated internalization. It is realistical to consider that the ability of 

TMEM16s of inhibiting autophagy could be not affected by niclosamide, allowing a recovery of 

ACE2 levels. Further investigations are required to understand this mechanism. Moreover, this 

model lacks in explaining why niclosamide could effectively recover ACE2 from spike -driven 

degradation even without TMEM16s overexpression.  

 

 
Figure 11: Working Model explaining controversial effects of niclosamide on ACE2. This figure shows the different 
behaviour of ACE2 in the different contexts. From the left: cells overexpressing ACE2 and treated with Niclosamide, 
overexpression of ACE2 and TMEM16A and overexpression of ACE2 and TMEM16A in combination with niclosamide 
treatment. When ACE2 is alone, niclosamide activates autophagy inhibiting mTOR, so ACE2 is internalized through 
autophagosomes and degraded. When ACE2 is overexpressed together with TMEM16A, TMEM16A is leading to ACE2 
degradation through clathrin mediated endocytosis, ACE2 is then internalized by endosomes, while TMEM16A enhances 
mTOR activity inhibiting autophagy. Lastly, when ACE2 and TMEM16A are both overexpressed but cells are treated with 
niclosamide, TMEM16A and niclosamide have opposite effects on mTOR, so autophagy is not activated, while niclosamide 
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molecule is inhibiting ACE2-TMEM16A interaction and the internalization of ACE2 through clathrin mediated endocytosis does 
not occur.  

 

 

Understanding the intricate molecular pathways underlying these interactions holds significant 

implications, not only from a physiological perspective, given the central role of ACE2 in the 

renin-angiotensin-aldosterone system (RAAS), but also in the context of potential future viral 

infections that utilize the same receptor. Unraveling these pathways opens up possibilities for 

new therapeutic targets that could aid in the prevention of severe symptoms associated with 

these pathologies. 
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