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SLC38A9 regulates SARS-CoV-2 viral entry

Gaurav Datta,1 Neda Rezagholizadeh,1 Wendie A. Hasler,1 Nabab Khan,1 and Xuesong Chen1,2,*
SUMMARY

SARS-CoV-2 viral entry into host cells depends on the cleavage of spike (S) protein into S1 and S2 proteins.
Such proteolytic cleavage by furin results in the exposure of a multibasic motif on S1, which is critical for
SARS-CoV-2 viral infection and transmission; however, how such a multibasic motif contributes to the
infection of SARS-CoV-2 remains elusive. Here, we demonstrate that the multibasic motif on S1 is critical
for its interaction with SLC38A9, an endolysosome-resident arginine sensor. SLC38A9 knockdown
prevents S1-induced endolysosome de-acidification and blocks the S protein-mediated entry of pseudo-
SARS-CoV-2 in Calu-3, U87MG, Caco-2, and A549 cells. Our findings provide a novel mechanism in regu-
lating SARS-CoV-2 viral entry; S1 present in endolysosome lumen could interact with SLC38A9, which me-
diates S1-induced endolysosome de-acidification and dysfunction, facilitating the escape of SARS-CoV-2
from endolysosomes and enhancing viral entry.

INTRODUCTION

Infection by severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) causes the current pandemic of coronavirus disease 2019

(COVID-19),1,2 which has resulted in over 771 million confirmed cases and 6.9 million deaths (https://www.who.int/emergencies/diseases/

novel-coronavirus-2019). Persistence of SARS-CoV-2 virus3–6 and/or viral proteins7–9 also contributes to the development of long COVID,10

which affects 6% of US adults.11

SARS-CoV-2 is an enveloped single-stranded RNA virus, and like other enveloped viruses, SARS-CoV-2 enters host cells where it utilizes

host cell machinery for replication. The spike protein (S protein) on the outer surface of SARS-CoV-2 is responsible for its cell attachment and

internalization12,13 via cell surface receptors including ACE2,14 neuropilin-115,16, and others.17 The entry of SARS-CoV-2 into host cells de-

pends on the cleavage of S protein into S1 and S2 proteins at S1/S2 site and subsequent S20 site18,19 by various cellular proteases of the

host including transmembrane protease serine 2 (TMPRSS2),20–23 furin,24,25 and cathepsin L.21 Once cleaved, a hydrophobic fusion peptide,

located immediately downstream of the S20 cleavage site in the S2 subunit, will be exposed, whichmediates the fusion of viral membranewith

host cell membrane.26,27 S2 could mediate the fusion of the viral envelope with plasma membrane of host cells at the cell surface or with en-

dosomemembrane following its endocytosis.12,25,28,29 Once fused with host cell membrane, viral RNA is released into the cytosol, where viral

replication occurs.30,31

The cleavage of S proteins by furin results in the exposure of a multibasic motif with multiple arginine (RRAR) on the C-terminus of

S1, located at the S1/S2 junction.24,25 The presence of such an multibasic motif distinguishes SARS-CoV-2 from SARS-CoV-1 that caused

SARS outbreak in 2002–2003 and all other known sarbecoviruses whose S protein is not cleaved by furin proteases.23–25,28 Importantly,

the cleavage at the S1/S2 site by furin destabilizes S protein and promotes its binding to ACE2 and subsequent cleavage at the S20 site,
which is critical for S2-mediated fusion and viral infection.18,19,24,32 The lack of the multibasic motif impairs SARS-CoV-2 viral entry

into the host cells.15 One explanation for why the multibasic motif of S1 enhances viral entry is that the multibasic motif of S1 could

bind neuropilin-1 to promote S1 shedding, the exposure of the S20 site to TMPRSS2,33 and subsequent viral fusion at the plasma

membrane.34

However, SARS-CoV-2 infects multiple organs and systems.35 If the target cells express insufficient TMPRSS2 or if a SARS-CoV-2 does not

encounter TMPRSS2,32,34,36 SARS-CoV-2 could enter host cells via receptor-mediated endocytosis with the assistance of ACE212 or integrin37

into endosomes. Furthermore, multiple routes of antibody-opsonized SARS-CoV-2 infection of host cells38–41 could lead to the entering of

SARS-CoV-2 into endosomes via antibody-mediated endocytosis. In the lumen of endosomes, S protein can also be cleaved into S1 and

S2 by cathepsin L,42,43 and S2 could mediate fusion of viral membrane with endosome membrane and endosome-dependent viral entry

into host cells. Furthermore, the S1/S2 site of the S protein can be cleaved by furin during virus particle formation.19 The cleaved S1 could

interact with S2 as heterodimer possibly via a non-covalent interaction, and factors that interrupt such an interaction could lead to the disso-

ciation of S1 from S2; For example, the binding of S1 to neuropilin-1 could promote the separation of S1 from S2.33 Dissociation of S1 proteins

from the viral membrane results in their release into the bodily fluids,7,44 and such dissociated S1 can also enter host cell endosomes via re-

ceptor-mediated endocytosis.12,45,46
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Given that endolysosomes, referring to the endosomal-lysosomal system, are critical for the degradation of internalized SARS-CoV-2 virus

and viral proteins,12 here we addressed question of whether the multibasic motif (RRAR) of S1 could interact with an endolysosome-resident

protein and regulate viral entry. We demonstrated that themultibasic motif of S1 is critical for its interaction with SLC38A9, an endolysosome-

resident arginine sensor.47–49 SLC38A9 knockdown prevents S1-induced endolysosome de-acidification and blocks the S protein-mediated

entry of pseudo-SARS-CoV-2.
RESULTS

The multibasic motif of SARS-CoV-2 S1, which is critical for its endolysosome de-acidifying effect, interacts with SLC39A9

SARS-CoV-2 virus could enter host cells via receptor-mediated endocytosis12,37 into endosomes, where S1 can be generated following the

proteolytic cleavage of S proteins by cathepsin L.21,23,32 Furthermore, SARS-CoV-2 S1 itself enters host cells via receptor-mediated endo-

cytosis.12,46 We have shown that SARS-CoV-2 S1 enters endolysosomes in neuronal cells.45 Using a concentration of 50 ng/mL that is pre-

sent in the blood of COVID-19 patients,50 we demonstrated that SARS-CoV-2 S1 induces endolysosome de-acidification in U87MG cells

(Figure 1A), a finding that is consistent with our previous observation in neuronal cells.45 An interesting observation from our previous study

is that S1 protein from SARS-CoV, which is responsible for the 2002–2004 SARS outbreak, does not induce endolysosome de-acidifica-

tion.45 Because S1 protein from SARS-CoV lacks the multibasic motif, we suspect that the multibasic motif present on SARS-CoV-2 S1

may be responsible for its endolysosome de-acidifying effect. To test this, we determined the extent to which recombinant mutant

SARS-CoV-2 S1 lacking the multibasic motif affects endolysosome pH in U87MG cells. We demonstrated that mutant S1 without the multi-

basic motif (RRAR) failed to increase endolysosome pH (Figure 1A). Thus, the multibasic motif is critical for SARS-CoV-2 S1-induced endo-

lysosome de-acidification.

To assess whether the multibasic motif affects the binding of spike protein to cell surface ACE2 receptor, which mediates the internaliza-

tion of spike protein, an ACE2: spike S1 RBD inhibitor screening assay was perform using various concentrations of S1 and mutant S1 lacking

the multibasic motif. We demonstrated that S1 andmutant S1 lacking the multibasic motif exhibited similar inhibition on the binding of spike

S1 RBD to ACE2 (Figure 1B). Thus, the multibasic motif may not affect SARS-CoV-2 S1-induced endolysosome de-acidification at cell surface.

We speculate that the multibasic motif of SARS-CoV-2 S1 may interact with an endolysosome-resident protein, which mediates S1-induced

endolysosome de-acidification effect. Interestingly, SLC38A9 has been shown to function as an endolysosome arginine sensor that interacts

with v-ATPase, the proton pump that acidifies endolysosomes.47–49 Thus, we speculate that SLC38A9 interacts with the multibasic motif of S1

and mediates S1-induced endolysosome de-acidification.

As an initial step to investigate such a possibility, we determined whether SARS-CoV-2 S1 and SLC38A9 could present in the same

compartment inside the cell. We demonstrated that both fluorescent labeled SARS-CoV-2 S1 and SLC38A9-RFP were present in endolyso-

somes identified with LysoTracker (Figure 1C) in U87MG cells. Importantly, we demonstrated the co-localization of fluorescent labeled SARS-

CoV-2 S1 with SLC38A9-RFP (Figure 1C). To further assess the physical interaction between SARS-CoV-2 S1 and SLC38A9, we utilized pull-

down and/or immunoprecipitation method. Using biotin-labeled SARS-CoV-2 S1 proteins as bait proteins, SLC38A9 was pulled down from

U87MG cell lysates (Figure 1D); and as a control, TLR3, an endolysosome-resident RNA sensor protein, was not pulled down (Figure 1D). In an

immunoprecipitation assay, using SLC38A9 antibodies as bait proteins that pull down SLC38A9 from U87MG cell lysates, we also demon-

strate the interaction between S1 and SLC38A9 (Figure 1E). However, we did not demonstrate a robust interaction between SLC38A9 and

S1 lacking the multibasic motif (Figure 1F). Together, our findings suggest that the multibasic motif is critical for the interaction between

SARS-CoV-2 S1 and SLC38A9.
SLC38A9 mediates SARS-CoV-2 S1-induced endolysosome de-acidification and dysfunction

Using SLC38A9 knockdown strategy, we tested further the hypothesis that SLC38A9 mediates S1-induced endolysosome de-acidification. In

U87MG cells, we demonstrated the siRNA knockdown of SLC38A9 (Figure 2A) did not significantly affect basal levels of endolysosome pH

(Figure 2B); however, SLC38A9 knockdown significantly blocked S1-induced endolysosome de-acidification (Figure 2B). As a functional

outcome of endolysosome de-acidification, we checked the levels of active cathepsin D (CatD) in endolysosomes using the dye BODIPY

FL-pepstatin A—a fluorescence-tagged cathepsin D inhibitor that binds to the active site of cathepsin D when its active site is open under

acidic pH conditions. The percentage of active endolysosomes (active CatD positive) to total endolysosomes stained with LysoTracker red

(LTR) decreased upon the addition of SARS-CoV-2 S1 at 50 ng/mL for 48 h in scramble siRNA treated U87MG cells (Figure 2C), and such

an effect was blocked by SLC38A9 knockdown (Figure 2C). Thus, our findings suggest that SLC38A9 mediates SARS-CoV-2 S1-induced en-

dolysosome de-acidification and dysfunction.
SLC38A9 knockdown attenuates SARS-CoV-2 viral entry

Endolysosomes form an integral part of the SARS-CoV-2 infection51–53 including viral entry into host cells (Bayati et al., 2021; Koch et al.,

2021) and egress from host cells (Ghosh et al., 2020). Given that endosomes/lysosomes are critical for the degradation of internalized

SARS-CoV-2,12 we addressed question of whether the endolysosome de-acidifying effect of S1 affects viral entry using a pseudoSARS-

CoV-2 that enters the host cell via receptor-mediated endocytosis.54 This pseudo-typed lentivirus with SARS-CoV-2 S protein as the en-

velope glycoproteins contains the luciferase gene driven by a CMV promoter. Thus, viral entry into host cells can be measured with lucif-

erase activity assay.55 Given our observation that SLC38A9 mediates S1-induced endolysosome de-acidification, we generated multiple
2 iScience 27, 110387, July 19, 2024



Figure 1. The multibasic motif of SARS-CoV-2 S1, which is critical for its endolysosome de-acidifying effect, interacts with SLC39A9

(A) Recombinant SARS-CoV-2 S1 (S1 w/multibasic motif, 50 ng/mL) but not mutant S1 lacking the multibasic motif (S1 w/o multibasic motif, 50 ng/mL), induces

endolysosome de-acidification in U87MG cells (n = 3 repeats, ****p < 0.0001).

(B) S1w/multibasic motif and mutant S1 w/o multibasic motif exhibit similar inhibition on the binding of spike protein receptor binding domain to ACE2 (n = 3

repeats, *p<0.05, **p<0.01).

(C) Fluorescent labeled SARS-CoV-2 S1 co-localizes with SLC38A9-RFP in endolysosomes (LysoTracker) in U87MG cells (scale bar, 5 mm).

(D) Using biotin-labeled SARS-CoV-2 S1 proteins as bait proteins, SLC38A9, but not TLR3, was pulled down from U87MG cell lysates.

(E) Using SLC38A9 antibodies as bait proteins that pull down SLC38A9 from U87MG cell lysates, S1 was detected.

(F) Using SLC38A9 antibodies as bait proteins that pull down SLC38A9 from U87MG cell lysate, mutant S1 lacking the multibasic motif was not detected.
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stable SLC38A9 knockdown cell lines (Figure 3). We determined effects of SLC38A9 knockdown on S protein-mediated entry of pseudo-

SARS-CoV-2 in U87MG human glioblastoma cells (Figure 3A), Calu-3 human lung adenocarcinoma cells (Figure 3B), Caco-2 human colo-

rectal adenocarcinoma cells (Figure 3C), and A549 human lung adenocarcinoma cells (Figure 3D). In all these cells, we demonstrated that

SLC38A9 knockdown significantly attenuated S protein-mediated pseudo-SARS-CoV-2 entry as indicated by decreases in luciferase activ-

ity, without affecting protein levels of ACE2 (data not shown). Our findings suggest that multibasic motif (RRAR)-dependent interaction with

SLC38A9 is critical for pseudo-SARS-CoV-2 entry. Given that SARS-CoV-1 S proteins do not have the multibasic motif as that of SARS-

CoV-2 S, SLC38A9 knockdown should not affect the SARS-CoV-1 viral entry. Using a luciferase-base pseudoSARS-CoV-1 virus, we deter-

mined the effect of SLC38A9 knockdown on pseudoSARS-CoV-1 viral entry. As expected, SLC38A9 knockdown did not affect SARS-CoV-1

viral entry in U87MG cells (Figure 3E). Such a finding support further the important role of multibasic motif (RRAR)-dependent interaction

with SLC38A9 plays in SARS-CoV-2 entry. To further assess the possibility that SARS-CoV-2 S1 in endolysosomes could enhance viral entry,
iScience 27, 110387, July 19, 2024 3



Figure 2. SLC38A9 knockdown prevents SARS-CoV-2 S1-induced endolysosome de-acidification and dysfunction

(A) Immunoblotting shows the siRNA knockdown of SLC38A9 in U87MG cells (n = 3 repeats, **p < 0.01).

(B) SLC38A9 knockdown significantly blocked S1-induced endolysosome de-acidification (line graph). Bar-graph shows changes of endolysosome pH at 10-min

timepoint following S1 treatment (n = 3 repeats, *p<0.05, **p < 0.01, ns p>0.05).

(C) SARS-CoV-2 S1 (50 ng/mL for 48 h) significantly decreased the percentage of active endolysosomes (CatD positive vs. total endolysosomes) in scramble siRNA

treated U87MG cells (scale bar, 10 mm), but not in SLC38A9 knockdown cells (n = 3 repeats, *p < 0.05, ns p>0.05).
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we determined dose response of SARS-CoV-2 S1 (0.1, 1, 10, 100, and 200 ng/mL) on S protein-mediated pseudoSARS-CoV-2 viral entry in

U87MG cells. In this study, S1 proteins were applied to the U87MG cells for 2 h, after which S1 proteins were washed out and cells

were incubated with pseudoSARS-CoV-2 for 48 h followed by luciferase activity assay. We demonstrated that S1 at the concentrations

of 1 ng/mL and above significantly enhanced SARS-CoV-2 viral entry (Figure 3F), with S1 at the concentration of 100 ng/mL having the

maximal effect and the enhancing effect of S1 on SARS-CoV-2 viral entry being reduced at the concentration of 200 ng/mL. Given that

SARS-CoV-1 S1 proteins do not exert endolysosome de-acidification as that of SARS-CoV-2 S1,45 we speculate that SARS-CoV-1 S1

may not exert enhancing effect on viral entry as that of SARS-CoV-2 S1. Thus, we determined dose response of SARS-CoV-1 S1 (0.1, 1,

10, 100, and 200 ng/mL) on S protein-mediated pseudoSARS-CoV-1 viral entry in U87MG cells using the same strategy described previ-

ously. As expected, SARS-CoV-1 S1 did not significantly affect SARS-CoV-1 viral entry (Figure 3G).
4 iScience 27, 110387, July 19, 2024



Figure 3. SLC38A9 knockdown blocks SARS-CoV-2 viral entry

(A–D) SLC38A9 knockdown attenuated S protein-mediated entry of pseudo-SARS-CoV-2 as indicated by decreases in luciferase activity in U87MG human

glioblastoma cells (A), Calu-3 human lung adenocarcinoma cells (B), Caco-2 human colorectal adenocarcinoma cells (C), and A549 human lung adenocarcinoma

cells (D) (n = 3 repeats, *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 3. Continued

(E) SLC38A9 knockdown did not affect S protein-mediated entry of pseudo-SARS-CoV-1 in U87MG cells (n = 2 repeats, ns p > 0.05).

(F) SARS-CoV-2 S1 treatment at the concentration of 1 ng/mL and above significantly enhanced SARS-CoV-2 viral entry in U87MG cells (n = 2 repeats, *p < 0.05,

**p < 0.01, ****p < 0.0001).

(G) SARS-CoV-1 S1 treatment did not significantly affect SARS-CoV-1 viral entry in U87MG cells (n = 2 repeats, ns p > 0.05).
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DISCUSSION

The prominent findings reported here are that the multibasic motif of SARS-CoV-2 S1 is critical for its interaction with SLC38A9, that SLC38A9

knockdown prevents S1-induced endolysosome de-acidification, and that SLC38A9 knockdown blocks S protein-mediated entry of pseudo-

SARS-CoV-2.

Endolysosomes are acidic organelles that are responsible for degrading materials derived from endocytic pathway and autophagic

pathway.56 Endolysosomes contain up to 60 acid hydrolytic enzymes including proteases, lipases, and nucleases,56 and these hydrolases

are not only critical for maintaining cellular homeostasis but also important for degradation of pathogens including SARS-CoV-212,57

and HIV-158,59, HSV-1,60 Zika virus, and61 HBV.62 Recent genome-wide CRISPR screen studies indicate that endolysosomes form an in-

tegral part of the SARS-CoV-2 infection.51–53 Indeed, endolysosomes contribute to SARS-CoV-2 viral entry into12,34 and egress63 from

host cells. In the step of viral entry, upon entering endolysosomes via receptor-mediated endocytosis,12,37 cleavage of S protein would

occur in endolysosomes by pH-sensitive endolysosome-resident cathepsin L.42,43 Such a proteolytic cleavage of SARS-CoV-2 S protein in

endolysosomes could result in dissociation of S1 from viral envelope and exposure of fusion peptide on S2 subunit, which enables the

fusion of viral membrane with endolysosomes membrane26,27 and the release of viral RNA into the cytosol where viral replication

occurs.30,31

If endolysosome-resident pH-sensitive hydrolytic enzymes can cleave S protein, up to 60 other endolysosome-resident acid hydrolytic en-

zymes including proteases, lipases, and nucleases should have the ability to completely degrade internalized SARS-CoV-2 virus, and the

chance of S2-mediated fusion with endolysosome membrane occurring should be slim. However, SARS-CoV-2 residing in endolysosomes

manages to subvert the endosomal system, overcome the complete degradation by up to 60 acid hydrolytic enzymes, and measurable viral

entry via endolysosomes does occur.12,34 Findings from our present study provide a novel mechanism by which SARS-CoV-2 could escape

complete degradation by 60 endolysosome-resident acid hydrolytic enzymes.

S1 can present in the lumen of endolysosome via two different mechanisms. First, dissociated S1 containing themultibasic motif can enter

host cell endosomes via receptor-mediated endocytosis.12,45,46 Second, SARS-CoV-2 virus can be internalized into endolysosome, where pro-

teolytic cleavage of S proteins by cathepsin L can result in the release of S1 from viral envelope and the exposure of a multibasic motif on

S1.24,25 This multibasic motif of S1 in endolysosomes could interact with SLC38A9, which is an endolysosome arginine sensor that interacts

with vacuolar ATPase47–49 and induces endolysosome de-acidification.45 Indeed, we have demonstrated that the multibasic motif of SARS-

CoV-2 S1 is critical for its interaction with SLC38A9 and that SLC38A9 knockdown prevents S1-mediated endolysosome de-acidification and

dysfunction. Such S1-mediated endolysosome de-acidification should prevent complete degradation of internalized SARS-CoV-2 by up to 60

acid hydrolytic enzymes and enhance the chance of S2-mediated fusion with endolysosome membrane and the release of viral RNA into the

cytosol for viral replication. It should be noted that one single SARS-CoV-2 virion can generate up to 300 monomeric S1.64 Thus, even if only

one or a very few virions are present in endosomes, significant amount of S1 proteins could be generated at the site of endolysosomes, which

could induce endolysosome de-acidification viamultibasic motif (RRAR)-dependent interaction with SLC38A9, giving the virionsmore time to

remain intact within lumens before enacting virus-cell membrane fusion. Furthermore, we have demonstrated that externally added S1 pro-

teins exert pro-viral effect and enhance the entry of pseudo-SARS-CoV-2 in to U87MG cells.

Thus, blocking SLC38A9 should attenuate SARS-CoV-2 viral entry. Excitingly, we have demonstrated that SLC38A9 knockdown attenuates

S protein-mediated entry of pseudo-SARS-CoV-2 in various cells including Calu-3, U87MG, Caco-2, and A549 cells. Although such findings

need to be confirmed with live SARS-CoV-2 virus, our findings are supported by others’ findings showing that the lack of the multibasic motif

impairs SARS-CoV-2 viral entry into the host cells15,24 and decreases SARS-CoV-2 viral infection and transmission in animal models.53,65

Furthermore, such SLC38A9-mediated S1-induced endolysosome de-acidification and dysfunction could contribute to the persistence of

SARS-CoV-2 virus3–6 that contributes to the development of long COVID.

It should be noted that the presence of such a multibasic motif (RRAR) distinguishes SARS-CoV-2 from SARS-CoV-1 that causes SARS

outbreak in 2002–2004 and all other known sarbecoviruses whose S protein is not cleaved by furin proteases.23–25,28 Furthermore, such an

multibasic motif is present in the envelope protein of many other highly infectious viruses including influenza virus H5A1, Ebola virus, Zika

virus, and HIV-1.66 Like SARS-CoV-2, many of these deadly viruses, such as Ebola,67 HIV-158,59, Zika virus,61 and influenza,68,69 can infect

host cell by fusion of viral membrane with endolysosomes membrane and the release of viral genome into the cytosol for replication.70

Yet, they all have the ability to subvert the endosomal system and escape the degradation by up to 60 acid hydrolytic enzymes in

endolysosomes.

The acidic pH in endolysosomes and/or proteolytic processing of their envelope proteins by endolysosomal enzymes are needed for en-

veloped viral entry into host cells; as such lysosomotropic agents such chloroquine (CQ) and hydroxychloroquine (HCQ), which are diprotic

weak base drugs that preferentially enter acidic endolysosomes and neutralize their luminal pH,71,72 have been proposed as antiviral agents

against influenza A, HIV-1, and SARS-CoV-2. Although CQ can inhibit influenza A in vitro,73,74 CQ was ineffective against influenza infection

when tested using in vivo animal models75 or in human clinical trials.76 Similarly, CQ and HCQ suppressed HIV-1 replication in vitr77 but

showed mixed results when tested clinically in human populations.78–80 Worse, recent studies reported that CQ increased HIV-1 viremia.81,82
6 iScience 27, 110387, July 19, 2024
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At the beginning of COVID-19 outbreak, pH-dependent SARS-CoV-2 viral entry has provided rationale for testing CQ and HCQ as antiviral

agents against SARS-CoV-2. Early in vitro evidence indicated that CQ inhibited the ability of SARS-CoV-2 to infect monkey kidney-derived

Vero E6 cells.83–85 However, such antiviral effects of CQ were not replicated in human lung cells,86 which is consistent with clinical studies

showing that CQ and HCQ had no therapeutic effect on COVID-19 patients87–89 and even had worsened outcomes.90,91 Thus, de-acidifying

endolysosomes with CQ and HCQ does not represent a good antiviral strategy.

The acidic environment of endolysosomes is also critical for the degradation of internalized viruses such as SARS-CoV-212 and HIV-1.58 As

such, de-acidifying endolysosomes with CQ or HCQ could impair host cell’s ability to degrade invading viruses. Consistent with this notion,

we have demonstrated that externally added S1 proteins, which induce endolysosome de-acidification, exert pro-viral effect and enhance the

entry of pseudo-SARS-CoV-2 into U87MG cells. In contrast to de-acidifying endolysosomes, we speculate that acidifying endolysosomes

represent a promising therapy against COVID-19, as acidifying endolysosomes could enhance many lysosomal hydrolases with optimal pro-

teolytic activity at in more acidic environment (pH 3–5), thus facilitating the complete degradation of internalized SARS-CoV-2 and reducing

the chance of S2-mediated fusion and viral entry into host cell. Furthermore, it should be noted that cathepsin L, the enzyme involved in the

cleavage of S proteins in endolysosomes, is activated at pH�5.5–6 and has an optimal proteolytic activity in slightly acidic environment. More

importantly, cathepsin L is irreversibly inactivated at pH < 4.92 Thus, endolysosome acidification could decrease cathepsin L activity and exert

antiviral effect. Indeed, our published findings demonstrate that acidifying endolysosomes reduces pseudoSARS-CoV-2 entry into host cell.55

Consistently, findings from our current study have demonstrated that SLC38A9 knockdown, which prevents S1-induced endolysosome de-

acidification, attenuates S protein-mediated entry of pseudo-SARS-CoV-2.

In summary, our findings provide a novelmechanism in regulating SARS-CoV-2 viral entry; S1 in the lumen of endolysosomes could interact

with SLC38A9, which leads to endolysosome de-acidification and dysfunction, contributing to the escape of SARS-CoV-2 from endolyso-

somes and enhancing viral entry. Our findings also suggest that SLC38A9 represents as a novel therapeutic target for the treatment of

COVD-19.
Limitations of the study

This study has uncovered a novel mechanism whereby released S1 regulates SARS-CoV-2 viral entry. Releasable S1 protein contains a multi-

basicmotif withmultiple arginine on its C-terminus of S1. Upon entering host cell endolysosomes, S1 interacts with an endolysosome resident

arginine-rich sensor SLC38A9 and induces endolysosome de-acidification and dysfunction, facilitating the escape of SARS-CoV-2 from endo-

lysosomes and enhancing viral entry. A limitation of the present study is that such findings are based on studies conducted in human cell lines

using pseudo-SARS-CoV-2. Our findings need to be confirmed with live SARS-CoV-2 virus in primary human cells.
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Antibodies

Biotin labeled anti-SLC38A9 Cusabio Cat# CSB-PA836713LD01HU; RRID: N/A

Biotin labeled secondary Thermo Fisher Cat# A18907; RRID: AB_2535682

HRP labeled secondary (goat anti-mouse) Thermo Fisher Cat# A16066; RRID: AB_2534739

HRP labeled secondary (goat anti-rabbit) Thermo Fisher Cat# 65–6120; RRID: AB_2533967

SARS-CoV-2 S1 Sino-Biological Cat# 40591-MM43; RRID: AB_2857934

SLC38A9 Abcam Cat#: ab130398; RRID: AB_11159274

GAPDH Abcam Cat#: ab8245; RRID: AB_2107448

Chemicals, peptides, and recombinant proteins

DMEM Thermo Fisher 10565018

MEM Thermo Fisher 11095098

FBS Thermo Fisher 16140071

PBS Thermo Fisher 10010023

Penicillin/Streptomycin Thermo Fisher 15140122

Protein G microbeads R&D Systems BT10569

Cell Lysis Buffer Thermo Fisher 1861603

SARS-CoV-2 S1 protein Genscript Z03501

SARS-CoV-2 S1 protein Abcam ab273068

Mutant SARS-CoV-2 S1 protein Sigma AGX818

Polybrene Santa Cruz sc-134220

Puromycin Sigma-Aldrich P4512-1MLX10

pHrodo green dextran Thermo Fisher P35368

Texas Red Dextran Thermo Fisher D1863

Hibernate E Low Fluorescence Media Transnetyx HELF

Intracellular pH Calibration Kit Thermo Fisher P35379

BODIPY FL-Pepstatin A Thermo Fisher P12271

LysoTracker red DND-99 Thermo Fisher L7528

Lysotracker Green Thermo Fisher L7526

Protease Inhibitor Cocktail tablets Roche 11697498001

Opti-MEM Reduced Serum media Thermo Fisher 31985062

Lipofectamine 2000 Thermo Fisher 11668019

Critical commercial assays

ACE2: Spike S1 RBD inhibitor screening assay BPS Bioscience 79936

SuperSignal� West Pico PLUS Chemiluminescent Substrate ThermoFisher 34580

SARS-CoV-2 spike protein-conjugated pseudovirus BPS Bioscience 79942

SARS-CoV-1 spike protein-conjugated pseudovirus BPS Bioscience 78614

ONE-Step� luciferase assay BPS Bioscience 60690

Experimental models: Cell lines

Calu-3 ATCC HTB-55

Caco-2 ATCC HTB-37

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

A549 ATCC CRM-CCL-185

U87MG ATCC HTB-14

Oligonucleotides

SLC38A9 shRNA lentiviral particles (a) CCAGCTTTTGGGCCATATC

(b) CCCTAGCAGTGACACCCTG

(c) GTGGCTAACCTGATTGTTC

Santa Cruz sc-91984-V

Control shRNA lentiviral particles Santa Cruz sc-108080

SLC38A9 siRNA (a) CUAAGAUAAUUGAAAGCGA

(b) CCUGAAGGCUGUUCGUUA

(c) GCUAUGAACAAGCGGAUUC

(d) GGCCUAAGUUGGUGUUUCA.

Dharmacon L-007337-02

Control siRNA Dharmacon D-001810-0X

Software and algorithms

Imaris 10.1 Bitplane https://imaris.oxinst.com/?gad_source=1&gclid=

EAIaIQobChMIyMH1zLTbhgMVlDHUAR3-

xg6zEAAYASAAEgK83fD_BwE

Prism 10.2.3 GraphPad https://www.graphpad.com/features
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xuesong Chen

(xuesong.chen@und.edu).

Materials availability

SLC38A9 knockdown U87MG cell line and SLC38A9-RFP plasmid generated in this manuscript is available from the lead contact upon

request.

Data and code availability

� Datasets reported in this paper are not composed of standardized datatypes.
� No original code was reported in the paper.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

Calu-3 human lung adenocarcinoma cells, Caco-2 human colorectal adenocarcinoma cells, A549 human lung adenocarcinoma cells, and

U87MG human glioblastoma cells were purchased from ATCC and cultured in 1X EMEM or DMEM supplemented with 10% fetal bovine

serum (FBS) and 1X penicillin and streptomycin antibiotic at 37�C in 5% CO2 incubator. For our experiments, cells were not used after 10

passages.

METHOD DETAILS

Pulldown and immunoprecipitation

For pulldown assay, protein G microbeads were preincubated with biotin-labeled SARS-CoV-2 S1 proteins (R&D, # BT10569) followed by in-

cubation with total U87MG cell lysates (lysed in cell lysis buffer: 50 mM Tris [pH 8.0], 10 mM EDTA, 125 mMNaCl, 1% Triton X-100, proteinase

inhibitor mixture) for overnight at 4�C. After washing with PBS-T, target proteins were eluted and examined with immunoblotting. For

immunoprecipitation assay, protein G microbeads were preincubated with 1 mg of biotin-labeled anti-SLC38A9 (Cusabio, #Q8NBW4) with

a biotin-labeled secondary antibody (ThermoFisher, # A18907) as a control followed by incubation with total U87MG cell lysates. After

washing, protein G microbeads were incubated with SARS-CoV-2 S1 protein (GenScript, #Z03501) or mutant SARS-CoV-2 S1 protein lacking

the multibasic (RRAR) domain (Sigma, #AGX818) overnight at 4�C. After washing with PBS-T, target proteins were eluted and examined with

immunoblotting.
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The spike-ACE2 binding assay

The binding of SARS-CoV-2 S1 or mutant S1 lacking multibasic motif with ACE2 was assessed using the ACE2: Spike S1 RBD (SARS-CoV-2)

inhibitor screening assay kit (BPS Bioscience, #79936). Briefly, in a 96-well, nickel-coated plate, ACE2-His was added after dilution, followed by

a 1-h incubation at room temperature. Following washing and blocking procedures, various concentrations of either S1 protein (Abcam,

ab273068) ormutant S1 protein lackingmultibasicmotif (Sigma, #AGX818), alongwith positive controls andblanks, were added to the respec-

tive wells and allowed to incubate for 1 h. The SARS-CoV-2 Spike protein receptor binding domain (RBD)-mFc (1 mg/mL) was then introduced

to the wells and allowed to incubate for an additional hour at room temperature. Following washing and blocking, secondary HRP-labeled

antibodies were added and incubated for 1-h. Following washing and blocking, ELISA ECL Substrate A and B were added, and chemilumi-

nescence was visualized using a microtiter-plate reader (Synergy H1).

siRNA knockdown

For siRNA knockdown of SLC38A9, target siRNA (50 nM, Dharmacon) and control siRNA (50 nM, Dharmacon) were dissolved in Accell1 transfec-

tionmedia (B-005000, Dharmacon) andDharmaFECT 1 (T-2001-02, Dharmacon) was used as transfection reagent for U87MG cells. TheDharma-

conON-TARGETplusHuman SLC38A9 siRNASMARTpool comprising of 4 siRNAsequences targeting theORFwas usedwith the sequences as

follows: (a) CUAAGAUAAUUGAAAGCGA, (b) CCUGAAGGCUGUUCGUUA (c) GCUAUGAACAAGCGGAUUC (d) GGCCUAAGUUGGU

GUUUCA. The ON-TARGETplus Non-targeting Control siRNA was used as control. Knockdown efficiency for SLC38A9 was determined with

immunoblotting.

Generating SLC38A9 knockdown stable cell line

SLC38A9 knockdown U87MG cell lines were established using stable expression of short hairpin RNAs (shRNAs) that target SLC38A9mRNA.

Cells were transduced with SLC38A9 shRNA lentiviral particles (sc-91984-V, Santa Cruz) or control shRNA lentiviral particles (sc-108080, Santa

Cruz). The SLC38A9 Lentiviral shRNA (sc-91984-v) sequences comprise three expression constructs with the sequences as follows: (a)

CCAGCTTTTGGGCCATATC (b) CCCTAGCAGTGACACCCTG (c) GTGGCTAACCTGATTGTTC. Transductions of cells were carried out in

the presence of 8 mg/mL of polybrene (sc-134220, Santa Cruz). After mixing with polybrene, the viral stocks were added to the cells (1 3

104 cells/well in 96 well plates) at the multiplicity of infection (MOI) of 10. After 24 h of transduction, the cells were collected, and then fresh

media lacking polybrene were added to them. The transduced cells were allowed to proliferate until a sufficient cell number was reached for

puromycin selection, which was performed to select stable clones expressing the shRNA. The cell culture medium was replaced with a fresh

mediumplus 1 mg/mL of puromycin (optimal concentration of selection) every 2 to 3 days until resistant clones appeared. After 3–4 weeks, the

cells were collected and examined for SLC38A9 expression using immunoblotting. The selected clones were maintained in the fresh puro-

mycin-containing medium for an additional month, analyzed, and used for further experiments.

Endolysosome pH measurement

Total endolysosome pHwasmeasured using a combination of dextran labeling as done previously.93 Briefly, cells were plated on 35mmglass

bottom Poly-D-lysine dishes, and after 24 h loaded with10 mg/mL each of pH sensitive pHrodoGreenDextran (P35368, ThermoFisher) and pH

insensitive dextran, Texas Red (D1863, ThermoFisher) for another 24 h. The following morning, dextran containing medium was washed off

twice with PBS, and cells transferred to Hibernate E Low Fluorescence Medium (HELF, Brainbits) at 37�C for imaging. SARS-CoV-2 S1

(GenScript, #Z03501), or mutant SARS-CoV-2 S1 protein lacking multibasic motif (Sigma, #AGX818) was added at mentioned concentrations

and fluorescence emission at 533 nm and 615 nmmeasured for Green and Texas Red dextran respectively. The ratio of 615/533 was converted

to pH using an intracellular pH calibration kit (P35379, ThermoFisher) with the addition of 10 mMnigericin and 20 mMMonensin in Hibernate E

Flow Fluorescence (HELF) Media adjusted to different pH with HCl or NaOH. For all pH imaging and measurements, a total of 5 fields under

403 on a Zeiss LSM800 confocal microscope comprising of at least 5–10 cells/field were imaged, and three independent experiments were

carried out.

Active cathepsin D staining

Active cathepsin D was identified in cells stained with BODIPY-FL Pepstatin A (P12271, ThermoFisher) and total endolysosomes were iden-

tified with LysoTracker redDND-99. Briefly, cells were incubatedwith LysoTracker (10 nM) andwith BODIPY-FL Pepstatin A (1 mM) for 30min at

37�C. Following washing, fresh warm Hibernate E low fluorescence (HELF) media were added for imaging under the 633 objective of a Zeiss

LSM 800 confocal microscope using 0.5 mmz stack intervals. 25–30 cells by per treatment groupwere imaged and experiments were repeated

independently three times. Total endolysosomes (LysoTracker) and active cathepsinD positive endolysosomes (BODIPY-FL Pepstatin A) were

reconstructed as spots using Imaris 10.1 software. Percentage of active cathepsin D-positive endolysosomes vs. total endolysosomes was

calculated.

Cellular entry of SARS-CoV-2 spike protein pseudo-virus

The SARS-CoV-2 Spike Pseudotyped Lentivirus were produced with SARS-CoV-2 Spike (GenBank Accession #QHD43416.1) as the envelope

glycoproteins. These pseudovirions also contain the firefly luciferase gene driven by a CMV promoter (BPS Biosciences, #79942), therefore,

the spike-mediated cell entry can be measured via luciferase reporter activity in a Biosafety Level 2 facility. Briefly, cells cultured on 96-well
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plates were treated with luciferase-integrated and SARS-CoV-2 spike protein-conjugated pseudovirus for 6 h, washed 3-times withmedia and

incubated for another 36 h according to the manufacturer protocol (BPS Biosciences, #79942). Post-incubation, S protein-mediated entry of

SARS-CoV-2 pseudovirus was estimatedby luciferase activity, whichwas determinedwith aONE-Step luciferase assay system (BPSBioscience

#60690). Luciferase activity was measured as luminescence relative light unit (RLU) using microplate reader (Synergy H1).

Cellular entry of SARS-CoV-1 spike protein pseudo-virus

The Spike (SARS-CoV-1) Pseudotyped Lentiviruses were produced with SARS-CoV-1 Spike (GenBank Accession #YP_009825051.1) as the en-

velope glycoprotein. These pseudovirions also contain the firefly luciferase gene driven by a CMV promoter (BPS Biosciences, #78614), there-

fore, the spike-mediated cell entry can be measured via luciferase reporter activity. Briefly, cells (10k per well) cultured on 96-well plates were

treated with luciferase-integrated and SARS-CoV-1 spike protein-conjugated pseudovirus (5 mL) for 48 h according to the manufacturer pro-

tocol (BPS Biosciences, #78614). Post-incubation, S protein-mediated entry of SARS-CoV-2 pseudovirus was estimated by luciferase activity,

which was determined with a ONE-Step luciferase assay system (BPS Bioscience #60690). Luciferase activity was measured as luminescence

relative light unit (RLU) using microplate reader (Synergy H1).

SLC38A9-RFP expression

SLC38A9-RFP cloned into pCMV6-AC-RFP vector was obtained fromOrigene Technologies (Rockville, MD). Lipofectamine 2000 transfection

Reagent (11668019, ThermoFisher) was used for transient transfections, cells plated on either 35 mmglass bottom dishes or 18 mm coverslips

were transfected with 1–2 mg of plasmid DNA/well in Opti-MEM Reduced Serum media (31985062, ThermoFisher) for 48 h.

Live cell imaging

U87MG cells or SLC38A9-RFP expressing U87MG cells were treated with Alexa 488 labeled SARS-CoV-2 S1 (AFG10878–020, R&Dsystem) for

1 h and/or LysoTracker Green (10 nM) for 15 min at 37�C. Live cell images were acquired under the 633 objective of a Zeiss LSM 800 confocal

microscope using 0.5 mm z stack intervals. Co-localization was analyzed Imaris 10.1 (Bitplane).

Immunoblotting

SDS-PAGE (4–12% gel) was used to separate total cell lysate proteins (10 mg/lane) and blots were transferred to nitrocellulose membranes

using the iBlot 2 dry transfer system (Invitrogen). Membranes were incubated overnight at 4�C with antibodies against SARS-CoV-2 S1

(SinoBiological, #40591-MM43), SLC38A9 (Abcam, ab130398), actin (Abcam, ab8226), GAPDH (Abcam, ab8245). Blots were developed

with enhanced chemiluminescence, and the density of antibody-positive protein bands was determined using anOdyssey Fc Imaging System

(LiCor).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad software (version 10.2.3). All data were presented as mean G SEM. The number of in-

dependent repeats was used to calculate n. Statistical significance between two groups was determined with Student’s t test, and statistical

significance amongmultiple groups was determined using a one-way or two-way ANOVA.p< 0.05 was accepted to be statistically significant.
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