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A disintegrin and metalloproteinase domain 9 facilitates SARS-
CoV-2 entry into cells with low ACE2 expression
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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
etiological agent of the Coronavirus disease-19 (COVID-19) pandemic, utilizes angioten-
sin-converting enzyme 2 (ACE2) as a receptor for virus infection. However, the expres-
sion pattern of ACE2 does not coincide with the tissue tropism of SARS-CoV-2, hinting
that other host proteins might be involved in facilitating SARS-CoV-2 entry. To explore
potential host factors for SARS-CoV-2 entry, we performed an arrayed shRNA screen
in H1650 and HEK293T cells. Here, we identified a disintegrin and a metalloproteinase
domain 9 (ADAM9) protein as an important host factor for SARS-CoV-2 entry. Our data
showed that silencing ADAM9 reduced virus entry, while its overexpression promo-
ted infection. The knockdown of ADAM9 decreased the infectivity of the variants of
concern tested—B.1.1.7 (alpha), B.1.617.2 (delta), and B.1.1.529 (omicron). Furthermore,
mechanistic studies indicated that ADAM9 is involved in the binding and endocytosis
stages of SARS-CoV-2 entry. Through immunoprecipitation experiments, we demonstra-
ted that ADAM9 binds to the S1 subunit of the SARS-CoV-2 Spike. Additionally, ADAM9
can interact with ACE2, and co-expression of both proteins markedly enhances virus
infection. Moreover, the enzymatic activity of ADAM9 facilitates virus entry. Our study
reveals an insight into the mechanism of SARS-CoV-2 virus entry and elucidates the role
of ADAM9 in virus infection.

IMPORTANCE COVID-19, an infectious respiratory disease caused by SARS-CoV-2, has
greatly impacted global public health and the economy. Extensive vaccination efforts
have been launched worldwide over the last couple of years. However, several variants
of concern that reduce the efficacy of vaccines have kept emerging. Thereby, further
understanding of the mechanism of SARS-CoV-2 entry is indispensable, which will allow
the development of an effective antiviral strategy. Here, we identify a disintegrin and
metalloproteinase domain 9 (ADAM9) protein as a co-factor of ACE2 important for
SARS-CoV-2 entry, even for the variants of concern, and show that ADAM9 interacts
with Spike to aid virus entry. This virus-host interaction could be exploited to develop
novel therapeutics against COVID-19.

KEYWORDS SARS-CoV-2, coronavirus, virus entry, virus-host interactions, infectious
disease

nitially discovered in late 2019, severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) is the etiological agent of the coronavirus disease-19 (COVID-19)
pandemic, which threatens global public health and the economy. Several vaccines
and monoclonal antibodies targeting SARS-CoV-2 Spike protein have currently been
authorized in efforts to curb this pandemic. However, the emergence of new variants
that harbor mutations in the Spike protein, such as P.1 (gamma), B.1.617.2 (delta), and
B.1.1.529 (omicron), has incapacitated the efficacy of the vaccines (1-4). Thus, targeting
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host factors, which are indispensable for virus infection and are more genetically stable,
opens an alternative strategy for the development of new antiviral therapies.

Similar to other members of the Coronaviridae family, SARS-CoV-2 relies on host
factors for successful infection (5-7). To initiate infection of target cells, its Spike protein,
composed of the S1 receptor-binding subunit and the S2 membrane-fusion subunit,
binds to angiotensin-converting enzyme 2 (ACE2), a primary host cell surface receptor
for SARS-CoV-2. Following virus binding, SARS-CoV-2 enters cells via the cell surface or
endocytic pathway. In the cell surface pathway, the Spike protein is cleaved by furin
at the S1/S2 boundary and transmembrane serine protease 2 (TMPRSS2) at the S2’ site
to trigger the fusion of the viral membrane and cellular membranes (8, 9), leading to
the direct release of the viral RNA into the cytoplasm (10). In the endocytic pathway,
SARS-CoV-2 is internalized into the cytoplasm by endocytosis. Subsequently, the Spike
protein is processed by the cysteine peptidase cathepsin L and then fuses with the
endosomal membrane to release the viral RNA into the cytoplasm (11, 12).

ACE2 and TMPRSS2 have been recognized to play vital roles in the entry of SARS-
CoV-2 (10). However, a recent study surveyed the expression of viral entry-associated
genes using single-cell RNA sequencing (scRNA-seq) and found that TMPRSS2 was not
expressed in all ACE2+ cells (13). Furthermore, the expression pattern of ACE2 does not
match the tissue tropism of SARS-CoV-2 (13, 14). The highest levels of ACE2 expression
are found in the small intestine, testis, kidney, heart muscle, and colon (15). Compared to
the ileum, ACE2 expression in the lung is lower and relatively limited to type Il alveolar
cells (13), suggesting that the susceptibility of the lung to SARS-CoV-2 infection may
depend on additional and unappreciated cellular factors.

Given that the SARS-CoV-2 Spike protein needs to be proteolytically activated by host
cell proteases to achieve successful infection, we performed an arrayed shRNA screen
to search for novel proteases important for SARS-CoV-2 entry. Here, we identified a
disintegrin and metalloproteinase domain 9 (ADAM9), a member of the ADAM family of
type | transmembrane proteins, as a host factor in SARS-CoV-2 Spike-mediated infection.
Similar to other ADAMs, ADAM9 is composed of an extracellular region (which contains
a prodomain, metalloproteinase, disintegrin, and cysteine-rich domains), a transmem-
brane sequence, and a cytoplasmic domain. ADAM9 plays an important role in several
biological processes, such as cell growth, cell migration, and angiogenesis (16). It has
also been identified as an entry factor for the encephalomyocarditis virus (EMCV),
which contributes to human myocarditis (17, 18). In this study, we demonstrate that
ADAM9 enhances SARS-CoV-2 Spike-mediated entry of the wild type and other variants.
Moreover, ADAMO plays a role in the binding of SARS-CoV-2 pseudotyped particles and
coordinates with ACE2 to accelerate SARS-CoV-2 infection. These results reveal a new
host factor for virus entry and may provide an alternative strategy for the development
of effective antiviral therapies.

RESULTS
Identification of ADAM9 as a host factor for SARS-CoV-2 entry

To identify the host proteases involved in viral entry, we first selected human cells that
are susceptible to the infection of our SARS-CoV-2 Spike pseudotyped viral particles
(Vpp), containing the Spike protein in the envelope and the luciferase gene inside, which
can mimic the authentic SARS-CoV-2 viruses during the entry step of viral replication (6).
Upon entering the target cells, the luciferase reporter is expressed, and the luciferase
activity reflects the number of infected cells. Since SARS-CoV-2 favorably infects the lung
and kidney (19, 20), we tested the human embryonic kidney HEK293T cells and human
lung adenocarcinoma H1650 and A549 cells by infecting them with mock (“nude” Vpp, as
a negative control), SARS-CoV-2 Spike Vpp and VSV-G Vpp (virus particles pseudotyped
with the glycoprotein of vesicular stomatitis virus, as a positive control). As expected,
the cells were highly susceptible to VSV-G infection. Among the three, only A549 cells
were not susceptible to SARS-CoV-2 Spike Vpp infection (Fig. STA). Therefore, we used
HEK293T and H1650 cells for arrayed shRNA screening.
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To select host proteins for screening, we used Gene Ontology analysis to choose
860 proteins with endopeptidase-related functions and narrowed them down to 30
candidate proteins with profound localization in the endosome, endolysosome, plasma
membrane, membrane raft, or cell surface, since the SARS-CoV-2 Spike protein is
processed in the said subcellular locations. We transduced the arrayed shRNA candidates
that contained at least two unique shRNAs for each gene into H1650 and HEK293T
cells and subsequently infected the shRNA-harboring cells with SARS-CoV-2 Spike Vpps
(Fig. TA). We defined shRNA-targeting genes as “hits” if the Vpp infectivity was reduced
to 60% or lower. Notably, the shRNA-targeting genes that have been established as
necessary factors of SARS-CoV-2 entry, such as ACE2, cathepsin L (11), and TMPRSS2 (10),
were identified, proving the reliability of our method (Table S1, Additional file). Among
the top-ranking hits in both H1650 and HEK293T cells, ADAM9, ANXA2, and WNT3A
were identified as potential entry factors for SARS-CoV-2. In this study, we chose ADAM9
because (i) it exerts its functions on the cell surface to regulate numerous biological
functions (16), (ii) it possesses an enzymatic activity that can be targeted by inhibitors,
and (iii) it is involved in the early stages of EMCV infection, another RNA virus (17, 18).

To validate that ADAM9 participates in SARS-CoV-2 entry, we generated stable
ADAM9 knockdown (KD) H1650 cells. Two unique shRNA clones targeting ADAM9
reduced ADAM9 RNA to 29% and 18%, respectively, compared to the shLacZ control,
which was transduced with an shRNA targeting a non-human gene (Fig. 1B). Correspond-
ingly, the protein expression of ADAM9 was reduced in ADAM9 KD H1650 cells when
analyzed by western blotting (Fig. 1C). Upon SARS-CoV-2 Spike Vpp infection, the ADAM9
KD H1650 cells significantly diminished virus infectivity to 59% and 52% (Fig. 1D). We
further repeated the knockdown experiments in HEK293T cells. Similarly, the efficient
ADAM9 RNA reduction in stable ADAM9 KD HEK293T cells (44% and 34%) markedly
decreased SARS-CoV-2 Spike Vpp infection to 46% and 62% (Fig. S1B and C). To further
confirm this finding, we knocked down ADAM9 in H1650 ACE2-overexpressing cells
(referred to simply as ADAM9 KD H1650-ACE2 cells further in the text), which were
subsequently infected with Vpps for 1 h and fixed for immunofluorescence staining
against HIV p24 capsid antigen of the Vpps. As shown in Fig. 1E, fewer SARS-CoV-2 Spike
Vpp particles were observed in ADAM9 KD H1650-ACE2 cells, indicating that the
knockdown of ADAM9 decreases virus entry. The reduction of ADAM9 expression in
these cells, but not ACE2, shows that the reduction of virus entry was specifically due to
the silencing of ADAMO9 (Fig. S1D). These findings are further supported by overexpres-
sion of ADAM9 in H1650 cells using HA-tagged ADAM9 plasmid (Fig. S1E), in which
transfection of ADAM9 plasmid increased SARS-CoV-2 Spike Vpp infectivity by 38% (Fig.
1F). On the other hand, the infection of VSV-G Vpps was not altered by either the loss or
overexpression of ADAM9 (Fig. 1D through F), indicating the specificity of ADAM9 to
SARS-CoV-2 Spike entry. One of the challenges of the current vaccines targeting the
Spike protein is the frequent emergence of mutations in the Spike protein, thereby
limiting the effectiveness of the vaccines. Thus, we investigated whether the infection of
SARS-CoV-2 B.1.1.7 (alpha), B.1.617.2 (delta), and B.1.1.529 (omicron) variants would be
reduced in ADAM9 KD H1650 cells. As shown in Fig. 1G, a significant reduction in the
infectivity of Vpp variants was detected in ADAM9 KD cells. Altogether, these results
show that ADAMO plays a role in SARS-CoV-2 infection, not only for the wild type but also
for other variants of concern.

ADAMOY is involved in the early stages of SARS-CoV-2 entry

To delineate how ADAM9 influences SARS-CoV-2 entry, we explored the effect of ADAM9
at different entry stages, including binding, membrane fusion, and endocytosis. For the
binding assay, the stable ADAM9 KD H1650-ACE2 cells were incubated with Vpp at 4°C
for 2 h and fixed for immunofluorescence staining to detect bound virions (Fig. 2A).
Compared with the shLacZ control, significantly less bound SARS-CoV-2 Spike virions
were detected in ADAM9 KD cells, implying that the reduction of ADAM9 decreased the
binding of SARS-CoV-2 Spike Vpps, unlike VSV-G, which showed no significant difference
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FIG1 ADAMO9 is essential for cellular entry of the SARS-CoV-2 pseudotyped virus. (A) Schematic of arrayed shRNA screening procedures in H1650 and HEK293T

cells. The figure was created with BioRender.com. (B and C) RNA and cellular lysates of shRNA-transduced H1650 cells were extracted after puromycin selection,
and ADAM9 expression levels were analyzed by RT-qPCR (B) and western blotting (C). The level of ADAM9 RNA was normalized by GAPDH RNA. GAPDH was
used as the protein loading control. The relative ratio of ADAM9/GAPDH is shown below the blot. (D) shLacZ control and ADAM9 knockdown (KD) H1650 cells
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FIG 1 (Continued)

were transduced with Spike or VSV-G Vpps, and luciferase accumulations were evaluated at 48 h post-infection (hpi). Each infection level was compared with
that of the control, shLacZ. (E) ADAM9 KD H1650-ACE2 cells were infected with the Vpps at 37°C for 1 h and then fixed for immunofluorescence staining with
anti-HIV p24 antibody (green) and DAPI (blue). The corrected total cell fluorescence of at least 40 cells was quantified using ImageJ. (F) H1650 cells transfected
with ADAM9 were transduced with Spike or VSV-G Vpps at 24 h post-transfection (hpt), and luciferase accumulations were measured at 48 hpi. (G) H1650 KD
cells were transduced with Spike variant Vpps, and luciferase accumulations were measured at 72 hpi. The values represent the mean + SD of three independent
experiments. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 compared with controls (n = 3).
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FIG 2 ADAMY is involved in the early stages of SARS-CoV-2 Spike-mediated entry. (A) ADAM9 KD H1650-ACE2 cells were infected with the Vpps at 4°C for 2 h
and then fixed for immunofluorescence staining with anti-HIV p24 antibody (green) and DAPI (blue). The corrected total cell fluorescence of at least 33 cells was
quantified using Imagel. (B) H1650-ACE2 cells were pretreated with rabbit IgG or anti-ADAM9 antibody for 1 h at 37°C and then infected with Spike Vpps for 1 h
at 37°C. Luciferase accumulations were detected at 72 hpi. (C) 20 mM NH4Cl and 40 nM BafA1 were added to the mock- or ADAM9-transfected H1650 cells for
1 h at 37°C and then infected with the Vpp for 24 h at 37°C. Luciferase accumulations were detected at 72 hpi. (D) lllustration of a cell-cell fusion assay. The figure
was created with BioRender.com. (E) HEK293T cells were co-transfected with Spike and GFP. At 48 h post-transfection, the transfected KD cells were overlaid onto
ADAM9 KD H1650-ACE2 cells for 2.5 h at 37°C. The fusion areas of at least 67 syncytia per sample were quantified using ImageJ. Scale bar = 100 uM. The values
represent the mean * SD of three independent experiments. **, P < 0.01 and ***, P < 0.001 compared with controls (n = 3).
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in virus binding between shLacZ control and ADAM9 KD cells. To confirm that ADAM9
influences virus attachment, we performed an antibody neutralization assay in H1650-
ACE2 cells. As expected, the Spike Vpp infectivity was reduced to 38% when the anti-
ADAM9 antibody was used to block cell surface ADAMO for an hour prior to Vpp infection
(Fig. 2B), indicating that ADAM9 facilitates SARS-CoV-2 binding. Next, we sought to
investigate whether ADAM9 is also involved in the endocytosis of SARS-CoV-2 Spike Vpp.
Given that SARS-CoV-2 can enter cells via the endocytosis pathway, which requires a low
pH endosomal environment for viral uncoating, we used two common inhibitors of
endosomal acidification, ammonium chloride (NH4Cl) and bafilomycin A1 (BafA1), to
disrupt the endocytosis pathway (21). In the absence of these inhibitors, ADAM9-
transfected cells increased Vpp infection (Fig. 2C). In contrast, pretreatment of NH4Cl and
BafA1 in ADAMO-transfected cells decreased Vpp infection to comparable levels with
mock-transfected cells (Fig. 2C). The abolishment of ADAM9-enhanced Vpp infection by
these inhibitors suggests that ADAM9-mediated viral entry requires endosomal
acidification. Moreover, it is known that SARS-CoV-2 enters cells by another mechanism,
namely, plasma membrane-localized fusion (7). To evaluate whether ADAM?9 is involved
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FIG 3 ADAM9 interacts with the ST subunit of the SARS-CoV-2 Spike protein. (A) HEK293T cells were co-transfected with equal amounts of Spike-Flag
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Spike-Flag and HA-ADAM9 were co-transfected into H1650 cells. At 48 hpt, the cells were fixed and permeabilized for immunofluorescence staining using
anti-Flag (green) and anti-HA (red) antibodies. Scale bar = 25 uM. (C) Schematic diagram of SARS-CoV-2 Spike S1-Flag and S2-Flag constructs. SP, signal peptide;
NTD, N-terminal domain; RBD, receptor-binding domain; FP, fusion peptide; HR, heptapeptide repeat sequence; TM, transmembrane domain; CP, cytoplasm
domain. (D) HEK293T cells were co-transfected with either S1-Flag or S2-Flag and with either YFP-HA or HA-ADAM9. The immunoprecipitation procedure was
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and equal amounts of empty vector (EV) or HA-ADAM9. At 48 hpt, the cells were fixed for the proximity ligation assay (red fluorescence dots). Scale bar = 10 uM.
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in this process, we performed a cell-cell fusion assay (6, 22). Briefly, HEK293T cells co-
transfected with plasmids encoding individual SARS-CoV-2 Spike and green fluorescent
protein (GFP) were co-cultured with ADAM9 KD ACE2-expressing H1650 cells. Once cells
harboring GFP and Spike proteins bind to ACE2-expressing cells and fuse, they form a
large cell cluster filled with GFP (Fig. 2D). After a 1 h co-culture, large syncytia were
formed in ADAM9 KD cells at a comparable level to shLacZ control cells, implying that
ADAM9 does not play a role at the fusion stage (Fig. 2E). Altogether, our data suggest
that ADAMO9 participates in the binding stage of SARS-CoV-2 infection and the ADAM9-
mediated entry may be involved in the endocytosis pathway.

ADAM?9 interacts with the Spike S1 subunit

SARS-CoV-2 attaches to the target cells by binding its Spike protein to the host receptor
on the cell surface. Since ADAM9 mediates Spike Vpp binding to cells (Fig. 2A and
B), we next investigated whether ADAM9 interacts with the Spike protein. Here, we
co-expressed Flag-tagged Spike (Spike-Flag) protein with HA-tagged ACE2 (ACE2-HA)
or HA-tagged ADAM9 (HA-ADAM9) in HEK293T cells and performed immunoprecipita-
tion with anti-HA agarose. As expected, Spike-Flag was co-precipitated with ACE2-HA
(Fig. 3A). Notably, Spike-Flag was also co-precipitated with HA-ADAM9, indicating that
ADAM?9 interacts with Spike protein. Moreover, in Spike-Flag and HA-ADAM9 co-express-
ing cells, immunofluorescence staining showed that ADAM9 co-localizes with Spike
proteins (Fig. 3B). We next examined which Spike subunit associates with ADAM9. We
constructed the S1 and S2 domains with Flag tags at their C-termini (Fig. 3C) and
co-expressed S1-Flag or S2-Flag protein with HA-tagged yellow fluorescent protein
(YFP-HA) or HA-ADAM9 in HEK293T cells. We found that a high level of S1 but not
S2 was pulled down with HA-ADAM9, suggesting that ADAM9 interacts with S1 (Fig.
3D). In addition, the red fluorescence signals detected by the proximity ligation assay
further demonstrated the specific interaction of ADAM9 and Spike as well as the specific
interaction of ADAM9 and S1 (Fig. 3E). These data collectively imply that ADAM?9 interacts
with SARS-CoV-2 Spike, particularly at its S1 subunit.

ADAMO contributes to SARS-CoV-2 infection in ACE2-expressing cells

ACE2 is widely recognized as the major host receptor for SARS-CoV-2 binding. Since
ADAM9 can mediate SARS-CoV-2 binding to H1650 cells, we were curious about
the relationship between ADAM9 and ACE2. First, we queried the Genotype-Tissue
Expression (GTEx) portal (23) and found that ADAM9 and ACE2 are co-expressed in
both the lung and kidney tissues (Fig. S2A). Correspondingly, both of the cells that we
used for screening HEK293T and H1650 cells also express both ACE2 and ADAM9 (Fig.
S2B). Next, we investigated whether ADAM9 influences the ACE2-mediated SARS-CoV-2
infection by examining the effect of ADAM9 and ACE2 overexpression on Vpp infection
in H1650 cells. Similar to Fig. 1F, transfection of ADAM9 alone promoted virus infection
up to 138% (Fig. 4A). As expected, overexpression of ACE2 alone boosted Vpp infec-
tion (41,378%). Interestingly, a higher Vpp infectivity was detected when ACE2 and
ADAM9 were expressed together (55,491%). Similar ACE2 expression in cells transfected
with ACE2 alone and with both ACE2 and ADAM9 demonstrated that ADAM9 did not
enhance the ACE2 levels for higher Vpp infectivity (Fig. S3A). In contrast, VSV-G infection
remains unaffected by the overexpression of the plasmids (Fig. 4A). To explore whether
co-expression of ADAM9 and ACE2 enhances virus attachment, a binding assay was
performed. As shown in Fig. 4B, more bound virions were detected on cells expressing
both ACE2 and ADAM9, compared to ADAM9 or ACE2 alone. These suggest that ADAM9
works alongside ACE2 in promoting SARS-CoV-2 binding. Since ADAM9 and ACE2
are located in the plasma membrane, we next sought to determine whether ADAM9
interacts with ACE2. Flag-tagged ACE2 (ACE2-Flag) and HA-tagged Spike (Spike-HA) or
HA-ADAM9 were co-expressed in HEK293T cells and processed for immunoprecipitation
assay with anti-HA agarose. Our result shows that ACE2-Flag precipitated with Spike-
HA as well as HA-ADAM9 (Fig. 4C), which implies that ACE2 interacts with ADAM9.
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antibody (magenta) and DAPI (blue). Scale bar = 5 uM. (C) HEK293T cells were co-transfected with equal amounts of Flag-tagged ACE2 and pCAG2 mock vectors
(as negative controls) and HA-tagged ADAM9 or Spike (as positive controls), and were harvested at 48 hpt. Lysates were immunoprecipitated overnight at 4°C
(Continued on next page)
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FIG 4 (Continued)

using anti-HA agarose and subjected to western blotting using anti-Flag or anti-HA antibodies. Asterisk: non-specific bands. (D) Equal amounts of Flag-tagged
ACE2 and HA-tagged ADAM9 were co-transfected into HEK293T cells. At 48 hpt, the cells were fixed and permeabilized for immunofluorescence staining
using anti-Flag (green) and anti-HA (red) antibodies. Scale bar = 25 puM. (E) HEK293T cells were seeded on poly-L-lysine-coated coverslips and co-transfected
with HA-tagged ADAM9 and Flag-tagged ACE2. At 48 hpt, the cells were fixed for the proximity ligation assay (red fluorescence dots). Scale bar = 15 pM.
(F) H1650-ACE2 cells were transfected with HA-tagged ADAM9. At 24 hpt, the cells were infected with SARS-CoV-2 Vpp for 1 h at 37°C and then fixed
for immunofluorescence staining with anti-ACE2 antibody (green), anti-HA antibody (red), and DAPI (blue). Scale bar = 10 pM. (B) The corrected total cell
fluorescence and (F) co-localization were quantified using ImagelJ. **, P < 0.01 and ***, P < 0.001 compared with controls.

Immunofluorescence staining also demonstrates that ADAM9 co-localizes with ACE2
(Fig. 4D). Additionally, the proximity ligation assay confirms the interaction between
ACE2-Flag and HA-ADAM9 (Fig. 4E). Furthermore, we found enhanced co-localization
between ACE2 and ADAM9 upon SARS-CoV-2 Spike Vpp infection (Fig. 4F). Our data
collectively suggest that ADAM9 interacts with ACE2 and works alongside ACE2 in
enhancing SARS-CoV-2 infection.

ADAM9 metalloprotease activity is important for SARS-CoV-2 infection

To examine whether SARS-CoV-2 Spike-mediated entry requires the metalloprotease
activity of ADAM9, we infected the cells in the presence of batimastat (BB-94), a
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FIG 5 SARS-CoV-2 Spike-mediated entry is dependent on the metalloprotease activity of ADAM9. (A and B) H1650 cells were pretreated with BB-94 at the
indicated concentrations for 1 h at 37°C and transduced with SARS-CoV-2 Vpp in the presence or absence of the inhibitor in the media. (A) Infectivity and
(B) cell viability were measured using luciferase assay and MTS assay, respectively, at 72 h post-infection (hpi). (C) H1650 cells were transfected with HA-tagged
ADAM9-WT and ADAM9-E348A. Cells were infected with SARS-CoV-2 Vpp at 24 hpt. Luciferase activity was measured at 48 hpi. The values represent the mean +
SD of three independent experiments. **, P < 0.01 and ***, P < 0.001 compared with controls (n = 3).

September/October 2023 Volume 11  Issue 5 10.1128/spectrum.03854-22 9


https://doi.org/10.1128/spectrum.03854-22

Research Article

broad-spectrum matrix metalloprotease inhibitor that can block the protease activity
of the ADAM family. Entry of SARS-CoV-2 Spike Vpp was efficiently blocked by BB-94
in a dose-dependent manner (Fig. 5A). On the other hand, VSV-G infectivity was not
influenced by the presence of the inhibitor. Cell viability assays showed that these
concentrations of BB-94 did not induce cytotoxic effects on the cells (Fig. 5B). Further-
more, ADAM9 wild type (ADAM9-WT) significantly increased SARS-CoV-2 Spike Vpp
infection but not VSV-G, whereas a catalytically inactive ADAM9-E348A mutant did
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FIG 6 The catalytic activity of ADAM9 plays a role in endocytosis. (A) Spike Vpps were bound to the plasmid-transfected
H1650-ACE2 cells for 2 h at 4°C and then fixed for immunofluorescence staining against anti-HIV p24 antibody (magenta),
anti-HA antibody (red), and DAPI (blue). Scale bar = 50 uM. (B) H1650-ACE2 cells were transfected with equal amounts
of eGFP-Rab5 and either HA-tagged ADAM9-WT or ADAM9-E348A. At 24 h post-transfection, the cells were infected with
SARS-CoV-2 Vpp for 1 h at 37°C and subsequently fixed for immunofluorescence staining against anti-HIV p24 antibody
(magenta), anti-HA antibody (red), and DAPI (blue). (C) The transfection and infection were done the same way as in (B). (B and
C) Co-localized signals are presented as white points. (A-C) Co-localization and corrected total cell fluorescence were analyzed

using ImageJ. Scale bar = 25 uM. Results are presented as the mean + SD.
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not affect both SARS-CoV-2 Spike and VSV-G Vpp infection compared with mock (Fig.
5C). The similar protein expression levels of ADAM9-WT and ADAM9-E348A confirmed
that the difference in Vpp infectivity is not caused by protein abundance (Fig. S3B).
Together, these results indicate that the metalloprotease activity of ADAM9 is important
for SARS-CoV-2 infection.

ADAM9 metalloprotease activity contributes to the endocytosis of SARS-
CoV-2

Since we have demonstrated that ADAM9 functions at the early stages of virus infec-
tion (Fig. 2), we next investigated whether the protease activity of ADAM9 participates
in SARS-CoV-2 Spike Vpp binding or endocytosis. As shown in Fig. 6A, no significant
difference was observed in the amount of bound Vpp virions between ADAM9-WT and
ADAM9-E348A-transfected cells, thereby ruling out that the ADAM9 catalytic activity is
involved in the binding stage. We further investigated whether the catalytic activity of
ADAM?9 is crucial in Vpp endocytosis by transfecting the early endosome marker Rab5,
which is fused with eGFP (eGFP-Rab5), with either HA-tagged ADAM9-WT or ADAM9-
E348A into H1650-ACE2 cells. Immunofluorescence staining revealed significantly less
co-localization between SARS-CoV-2 Spike Vpp and Rab5 in ADAM9-E348A-transfected
cells than in ADAM9-WT-expressing cells (Fig. 6B). This implies that catalytic activity
is important in virus endocytosis. SARS-CoV-2 Spike is endocytosed together with
ACE2; hence, we further examined whether ADAM9 catalytic activity influences ACE2
trafficking to the endosomes. Upon virus infection, the ADAM9-WT-transfected cells
showed significant enhancement of co-localization between ACE2 and Rab5 compared
to mock-transfected cells, proving that ACE2 was indeed endocytosed after virus
infection (Fig. 6C). On the contrary, this enhancement was abolished in ADAM9-E348A-
transfected cells, suggesting that the catalytic activity of ADAM9 contributes to ACE2
endocytosis. Altogether, these data infer that the metalloprotease activity of ADAM9
influences SARS-CoV-2 and ACE?2 trafficking.

DISCUSSION

Identification of host factors involved in virus entry is valuable not only for gaining
mechanistic insights into the virus cycle but also for the development of novel antiviral
strategies. RNAi screening is a powerful approach to search for unknown factors that
are involved in the virus life cycle (24-31). In the current study, we identified ADAM9 as
a candidate host protease that is important for SARS-CoV-2 infection by performing an
arrayed shRNA screen in H1650 and HEK293T cells, which have low ACE2 expression (32).
Moreover, we revealed that ADAM9 binds to the S1 subunit of SARS-CoV-2 Spike protein
and functions alongside ACE2 to facilitate virus attachment to the host cell.

Several risk factors, such as hypertension, diabetes, and obesity, have been associated
with COVID-19 severity (33). Recently, ADAM9 was identified as a key driver of SARS-
CoV-2 severity using the multi-omics analysis of a young, comorbidity-free COVID-19
patient cohort to identify host genes that drive disease severity (34). A higher ADAM9
RNA expression level was detected in the serum of critically ill COVID-19 patients
(34). They detected markedly lower intracellular SARS-CoV-2 virus when they silenced
ADAM9 in Vero 76 and A549-ACE2 cells, consistent with our findings of the role of
ADAM?9 in enhancing SARS-CoV-2 virus infection. Besides, they showed higher levels of
the soluble form of the major histocompatibility complex (MHC) class I-related chain
A (MICA) protein, an ADAM9 substrate (35), in critically ill patients, suggesting that
ADAMO9 protease activity was high. Consistently, we found that the protease activity of
ADAM9 was involved in SARS-CoV-2 virus infection. Moreover, we provided a molecular
mechanism linking ADAM9 and SARS-CoV-2 viral infection and the effect of silencing
ADAM9 on SARS-CoV-2 variants.

Coronaviruses are prone to encountering mutations in their genome during viral
replication (36). Hence, numerous SARS-CoV-2 variants have emerged since the
beginning of the pandemic. Currently, the World Health Organization has designated five
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variants as variants of concern—alpha, beta, delta, gamma, and omicron—because they
possess increased transmissibility, virulence, or immune evasion properties. Silencing
ADAM9 had varying inhibitory effects on different variants, potentially due to mutations
in their Spike proteins, which may affect the ADAMO9-Spike interaction. Nonetheless,
significant inhibition of Vpp infection by ADAM9 knockdown was observed across
the alpha, delta, and omicron variants. Therefore, targeting ADAM9 poses a promising
strategy to protect the host from SARS-CoV-2 infection, irrespective of the current Spike
mutations.

Even though ACE2 is the major SARS-CoV-2 receptor, several host proteins have
been recently discovered as potential alternative receptors or auxiliary attachment
receptors for SARS-CoV-2 entry (37). For instance, Spike protein employs AXL or CD147
in ACE2-deficient cells to enter cells via endocytosis (38, 39). The furin-cleaved C-terminal
motif in S1 can also bind to neuropilin 1, and the inhibition of this interaction reduces
SARS-CoV-2 infectivity (40, 41). In addition, SARS-CoV-2 RBD can bind to kidney injury
molecule-1 (KIM-1) and glucose-regulatory protein 78 (GRP78), with the latter regulating
ACE2 surface expression as well (42, 43). Moreover, the expressions of asialoglycopro-
tein receptor 1 (ASGR1) and kringle-containing transmembrane protein-1 (KREMENT)
correlate with SARS-CoV-2 tropism, and both proteins bind efficiently to Spike domains
(44). In this study, we propose a possible mechanism for ADAM9's involvement in
SARS-CoV-2 viral entry. Given that the manipulation of ADAM9 expression only had a
modest effect on Vpp entry as compared to ACE2, we propose that ADAM9 functions as
a co-receptor or an auxiliary attachment receptor of SARS-CoV-2. Likewise, we found that
the infectivity of SARS-CoV-2 Vpp in H1650 and HEK293T cells was in proportion to the
RNA expression levels of ACE2, but not ADAM9, indicating that virus entry in these low
ACE2-expressing cells is primarily dependent on ACE2, while ADAM9 acts as a contribu-
ting factor. Upon virus binding to cells, SARS-CoV-2 utilizes its Spike to interact with
ACE2, which may be enhanced by ADAM9 interacting with Spike. Additionally, because
ADAM9-mediated SARS-CoV-2 infection could be inhibited by NH4Cl and BafA1 and the
metalloprotease activity of ADAM9 is involved in the endocytosis of SARS-CoV-2 Vpp
and ACE2, the interaction of ADAM9 with Spike and/or ACE2 proteins may prompt the
endocytosis process, which is supported by studies that demonstrate ADAM9 binding
could mediate 31 integrin endocytosis and its metalloprotease activity may be involved
in the growth factor-dependent endocytosis of E-cadherin (45, 46). ADAM9 can be
internalized via clathrin-mediated endocytosis (47); however, how ADAM9 mediates the
endocytosis of surface proteins remains unclear. On the other hand, we could not rule
out the possibility that ADAM9 may also cause conformational changes in either ACE2
or Spike proteins, thereby making it more easily accessible for virus binding. It will be
interesting to investigate this possibility.

Other ADAM family members have likewise been reported to aid SARS-CoV-2 virus
entry by using metalloproteinase inhibitors to diminish virus infection, consistent with
our BB94 treatment (48, 49). Furthermore, ADAM17 and ADAM10 were able to cleave
the Spike S2 subunit in a cell-free assay, and the silencing of ADAM10 reduced the
metalloproteinase-dependent virus entry and syncytia formation. Therefore, ADAM10 is
proposed to mediate a TMPRSS2-independent cell surface pathway. In contrast, our data
show that instead of the fusion pathway, ADAM9 may be involved in the virus binding
and endocytosis stages of SARS-CoV-2 infection. Several possibilities may explain the
divergent roles of the ADAM family members: (i) compared to most of the ADAMs, the
ADAM10 and ADAM17 lack the EGF-like domain, though the function of this domain is
yet to be studied and (ii) different ADAMs have different substrate recognition properties
(16). ADAM17 has been proven to cleave ACE2 (50, 51). In contrast, even though our
data showed that the metalloprotease activity of ADAM9 is important in virus entry,
our preliminary data suggest that ADAM9 does not cleave Spike or ACE2 (data not
shown), with the latter already demonstrated in a previous study (51). Whether ADAM9
can cleave other substrates to facilitate SARS-CoV-2 entry is still unclear and worthy of
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exploration. Further studies are required to decipher the different roles of the various
ADAM family members in the SARS-CoV-2 infection.

ADAM9, which is ubiquitously expressed in human tissues, is highly expressed in
several types of cancer, such as lung, breast, renal, and gastric cancers (52-55). Numerous
studies state that cancer patients have a higher risk of severe COVID-19 and a higher
mortality rate than the general population (56-58). It is, thus, tempting to speculate that
the upregulation of ADAM9 in cancer patients may aggravate SARS-CoV-2 infection-caus-
ing COVID-19 severity, which still requires further evidence.

Although we demonstrated that knockdown of ADAM9 has significantly diminished
SARS-CoV-2 infection, the effect is quite modest. Perhaps knockout of ADAM9 would
show a stronger effect, similar to the previous ADAM9 studies that revealed the total
abolishment of EMCV infection in ADAM9 knockout cells (17, 18). Nonetheless, our
discovery of ADAM9’s role in SARS-CoV-2 infection provides new insights into the
understanding of virus-host interactions. Since the deletion of ADAM9 in mice has shown
no abnormalities (59), our work highlights ADAM9 as a potential drug target against
SARS-CoV-2 infection.

MATERIALS AND METHODS
Cell culture

Human lung adenocarcinoma (H1650) cells and human embryonic kidney (HEK293T)
cells were maintained in RPMI and Dulbecco’s modified Eagle’s medium (DMEM) (Gibco),
respectively. Both media were supplemented with 10% fetal bovine serum (FBS) and
antibiotics (100 U/mL penicillin G and 100 pg/mL streptomycin). Stable ADAM9 KD
H1650 and HEK293T cells were generated by transduction of lentiviruses carrying
pLKO.1-shADAM9 and maintained in the presence of 3 pg/mL puromycin. H1650
cells stably expressing human ACE2 (H1650-ACE2) were generated by transduction of
pseudotyped lentiviruses, which carry ACE2 RNA, and maintained in the presence of
5 pug/mL blasticidin. All the cells were cultured under 5% CO, at 37°C.

Plasmids and viruses

All of the shRNA plasmids and viruses used for the arrayed shRNA screen were pro-
vided by RNA Technology Platform and Gene Manipulation Core, Academia Sinica,
Taiwan. The two pLKO.1-shRNA vectors used for knockdown of ADAM9 are the
following: TRCN0000046980 (shADAM94#1) and TRCN0000290528 (shADAMO9#2). The
pLKO.1-shLacZ control plasmid is TRCN0000072240 (shLacZ). The construction of
pLNCX-LS-HA-ADAM9 and its catalytically inactive mutant pLNCX-LS-HA-ADAM9-E348A
was performed by PCR amplification and site-directed mutagenesis as described
previously (60). pLAS2w.ACE2.Pbsd and pcDNA(TM)3.1(+)—2019-nCoV-S (Wuhan strain
wild type, B.1.1.7, B.1.617.2, and B.1.1.529) were provided by RNA Technology Plat-
form and Gene Manipulation Core, Academia Sinica, Taiwan. The construction of
PCAG.2-SARS-2-5-Flag, pCAG.2-ACE2-Flag, pCAG.2-SARS-2-S-HA, and pCAG.2-ACE2-HA
was performed by amplifying the desired sequences from pcDNA(TM)3.1(+)—2019-nCoV-
S and pLAS2w.ACE2.Pbsd using PCR amplification and inserted into the Nhel and Pmel
sites of pCAG.2 for SARS-2-S-Flag and ACE2-Flag, Nhel and EcoRIl for SARS-2-S-HA,
and Nhel and Xhol for ACE2-HA. The construction of pLKO-AS3w-SARS-2-S1-Flag.bsd,
pLKO-AS3w-SARS-2-52-Flag.bsd, and pLKO-AS3w-LS-HA-ADAMO9, which were used in the
immunoprecipitation assay of Spike domains, was also performed by PCR amplification
and inserted into the Nhel and Pmel sites of pLKO-AS3w.bsd. The sequences of all
the primers are listed in Table S2. The constructs were verified by Sanger sequencing.
To generate Vpps, pcDNA3.1-S (with truncation of C-terminal 18 amino acids), pCMV-
d8.9, and pLAS3w-FLuc.puro were cotransfected into HEK293T cells using TransIT-LT1
Transfection Reagent (Mirus Bio) as previously described (61).
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Antibodies and reagents

Rabbit anti-ADAM9, anti-Flag tag, and mouse anti-Flag tag antibodies were purchased
from Cell Signaling Technology (2099s, 2368s, and 8146s). Mouse anti-HIV p24 antibody
was purchased from Abcam (ab9071). Rabbit anti-GAPDH antibody was purchased
from GeneTex (GTX100118). Rabbit anti-HA tag antibody was purchased from Milli-
pore (04-902). Normal rabbit IgG was purchased from Santa Cruz (sc-2027). Goat
anti-ACE2 antibody was purchased from R&D Systems (AF933). All Alexa Fluor-conjuga-
ted secondary antibodies used for immunofluorescence were procured from Molecular
Probes (Invitrogen). NH4Cl, BafA1, and poly-L-lysine solution (P4707) were purchased
from Sigma-Aldrich. Batimastat (BB-94) was purchased from Calbiochem (196440).

shRNA screen

H1650 and HEK293T cells were seeded at a density of 5,000 cells per well in a 96-well
assay plate, transduced with arrayed shRNA-carrying lentiviruses, and treated with
3 pg/mL puromycin. At 3 days post-selection, SARS-CoV-2 Spike Vpps (MOI 0.5-1) were
spinoculated for 30 min onto the cells and then incubated at 37°C overnight. Media were
exchanged for complete culture media after the overnight incubation. Parallel cultures
were incubated without Vpp for the MTS assay. At 72 hpi, luciferase activity and the MTS
assay were measured as described below.

Luciferase and MTS assay

To detect luciferase activity in Vpp-infected cells, the cells were lysed for 2 min at room
temperature using the Bright-Glo Luciferase Assay System (Promega). An equal amount
of luciferase substrate was added to an equal amount of culture media per well. The
luminescence was measured using the Synergy H4 Hybrid Microplate Reader (BioTek).
MTS assay was used to quantify viable cells and normalize luminescence. The culture
media per well were exchanged for MTS (Promega) reagent, (3-(4,5-dimethylthiazol-2-
yl)—5-(3-carboxymethoxyphenyl)—2-(4-sulfophenyl)—2H-tetrazolium), which was diluted
using DMEM without phenol red (Gibco) to a ratio of 1:9. Absorbance was determined
at 490 nm using the microplate reader when the MTS turned brown. Values from control
cells were calculated at 100% infectivity and viability.

RT-qPCR

Total cellular RNA was extracted using TRIzol reagent (Ambion), followed by the addition
of chloroform and centrifugation. The clear upper aqueous layer, which contains the
nucleic acid, was transferred to a new tube, and glycogen and isopropanol were added
to precipitate the RNA. After incubation at 4°C for at least an hour, the RNA was pelleted
by centrifugation, washed twice with 75% ethanol, and resuspended in nuclease-free
water. RNA concentration was measured using NanoDrop 2000c Spectrophotometer
(ThermoFisher). ¢cDNA synthesis was conducted using M-MLV Reverse Transcriptase
(Invitrogen) and the primer oligo (dT)20. We followed the standard TagMan method
with the Universal Probe Library system (Roche) for quantitative PCR analysis. GAPDH
was used as a normalization control for cellular mRNA. The primers and probes used are
listed in Table S3.

Western blotting

Cell lysates were extracted using M-PER Mammalian Protein Extraction Reagent
(ThermoFisher) containing a 50x protease inhibitor (Roche). Then, 4x Laemmli Sample
Buffer (Bio-rad) and 2-mercaptoethanol (Aldrich) were added to the cell lysates before
boiling at 95°C. Proteins were then subjected to SDS-PAGE and transferred to a PVDF
membrane. Five percent skimmed milk in PBST was used for blocking and dilution of
antibodies. The membranes were probed with the indicated primary and secondary
antibodies, and signals were detected using Immobilon Western Chemiluminescent HRP
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Substrate (Millipore). Images were obtained using ImageQuant LAS 4000 (GE Healthcare
Life Sciences).

Immunofluorescence staining and proximity ligation assay

Cells were fixed with 4% paraformaldehyde/PBS for 20 min, permeabilized with 0.5%
Triton X-100 for 5 min, blocked with 1% BSA for 30 min, and then probed with the
indicated primary antibody overnight at 4°C with constant rocking. Secondary antibod-
ies were applied for 1 h at room temperature with an appropriate Alexa Fluor-conjuga-
ted antibody. Quantification of immunofluorescence was performed by calculating the
corrected total cell fluorescence = integrated density — (area of selected cell X mean
fluorescence of background readings) (62). Co-localization analysis was performed using
the JACoP plugin from ImageJ using Pearson’s correlation coefficient (63). For PLA, cells
were stained using Duo-link proximity ligation assay (DU0O92101, Sigma-Aldrich) with
primary antibodies to HA and Flag tags according to the manufacturer’s protocol. Images
were captured using a confocal microscope.

Vpp infection in plasmid-transfected cells

Ninety percent confluent H1650 cells in 12-well plates were transfected with the
indicated plasmids using Lipofectamine 2000 Transfection Reagent (Invitrogen),
incubated for 4 h at 37°C, and reseeded onto 96-well plates. Vpps were spinoculated
onto the cells following overnight incubation. Media were then exchanged for complete
culture media the next day, and luciferase activity was measured at 48 hpi.

Binding assay

ADAMO9 KD H1650-ACE2 cells were seeded onto chamber slides and incubated with Vpps
for 2 h at 4°C. After incubation, the unbound virions were removed by washing the cells
with PBS. The cells were then immediately fixed for immunofluorescence staining.

Antibody competition assay

Cells were pretreated with either rabbit anti-ADAM9 antibody or rabbit IgG as a control
at 37°C. After a 1 h incubation, Spike Vpp was spinoculated onto the cells for 30 min, and
the cells were incubated at 37°C for 1 h. The media were subsequently exchanged with
complete culture media, and the luciferase assay was determined at 72 hpi.

Cell-cell fusion assay

HEK293T cells were transfected with pcDNA(TM)3.1(+)-2019-nCoV-S and GFP using
TransIT-LT1 Transfection Reagent (Mirus Bio). At 2 days post-transfection, the transfected
cells were detached by pipetting and co-cultured onto ADAM9 KD H1650-ACE2 cells for
2.5 h at 37°C. Images were taken using a fluorescence microscope (Nikon Eclipse Ti-U).

Immunoprecipitation assay

Cell lysates were harvested using M-PER containing protease inhibitors. Debris was
removed by centrifugation, and the supernatant was subjected to immunoprecipitation
with Pierce Anti-HA Agarose (Roche Diagnostics) at 4°C overnight. The immunoprecipi-
tates were washed the next day with wash buffer | [50 mM Tris (pH 7.5), 150 mM Nadl,
and 0.1% Triton X-100] and analyzed by western blotting.

Statistics

The conventional Student’s t-test was used to determine statistical significance. The
assays are representative of data from at least three independent experiments. Data
are shown as means + standard deviations (SDs). Statistically significant values were
considered when P < 0.05 (¥), P < 0.01 (**), and P < 0.001 (**¥).
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