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ABSTRACT Membrane-associated RING-CH-type 8 (MARCHS) strongly blocks human
immunodeficiency virus type 1 (HIV-1) envelope glycoprotein (Env) incorporation
into virions by downregulating its cell surface expression, but the mechanism is still
unclear. We now report that MARCH8 also blocks the Ebola virus (EBOV) glycopro-
tein (GP) incorporation via surface downregulation. To understand how these viral
fusion proteins are downregulated, we investigated the effects of MARCH8 on EBOV
GP maturation and externalization via the conventional secretion pathway. MARCH8
interacted with EBOV GP and furin when detected by immunoprecipitation and re-
tained the GP/furin complex in the Golgi when their location was tracked by a bi-
molecular fluorescence complementation (BiFC) assay. MARCH8 did not reduce the
GP expression or affect the GP modification by high-mannose N-glycans in the en-
doplasmic reticulum (ER), but it inhibited the formation of complex N-glycans on the
GP in the Golgi. Additionally, the GP O-glycosylation and furin-mediated proteolytic
cleavage were also inhibited. Moreover, we identified a novel furin cleavage site on
EBOV GP and found that only those fully glycosylated GPs were processed by furin
and incorporated into virions. Furthermore, the GP shedding and secretion were all
blocked by MARCH8. MARCH8 also blocked the furin-mediated cleavage of HIV-1
Env (gp160) and the highly pathogenic avian influenza virus H5N1 hemagglutinin
(HA). We conclude that MARCHS8 has a very broad antiviral activity by prohibiting
different viral fusion proteins from glycosylation and proteolytic cleavage in the
Golgi, which inhibits their transport from the Golgi to the plasma membrane and in-
corporation into virions.

IMPORTANCE Enveloped viruses express three classes of fusion proteins that are re-
quired for their entry into host cells via mediating virus and cell membrane fusion.
Class | fusion proteins are produced from influenza viruses, retroviruses, Ebola vi-
ruses, and coronaviruses. They are first synthesized as a type | transmembrane poly-
peptide precursor that is subsequently glycosylated and oligomerized. Most of these
precursors are cleaved en route to the plasma membrane by a cellular protease furin
in the late secretory pathway, generating the trimeric N-terminal receptor-binding
and C-terminal fusion subunits. Here, we show that a cellular protein, MARCHS, spe-
cifically inhibits the furin-mediated cleavage of EBOV GP, HIV-1 Env, and H5N1 HA.
Further analyses uncovered that MARCH8 blocked the EBOV GP glycosylation in the
Golgi and inhibited its transport from the Golgi to the plasma membrane. Thus,
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MARCHS8 has a very broad antiviral activity by specifically inactivating different viral
fusion proteins.

KEYWORDS Ebola, HIV, MARCHS, class | fusion protein, furin, glycosylation,
influenza, viral envelope

fundamental process in cellular physiology is to externalize transmembrane
proteins and soluble proteins to the plasma membrane or extracellular space after
they are synthesized in the endoplasmic reticulum (ER). The vast majority of these
proteins are exported by the conventional protein secretion (CPS) pathway involving
the ER-to-Golgi transport, whereas the others are exported by the unconventional
protein secretion pathway that is independent of the Golgi (1, 2). Proteins destined for
CPS are first targeted inside the ER via signal sequences where N-glycosylation is
initiated. N-Glycosylation en bloc transfers an oligosaccharide precursor to an Asn
residue in an Asn-X-Ser/Thr (X#Pro) motif, which includes two N-acetylglucosamine
(GIcNAC), nine mannose, and three glucose residues. After folding and initial process-
ing, glycoproteins with high-mannose N-glycans (Nh-glycans) exit from the ER and
enter the cis-Golgi network (CGN), where extensive mannose trimming occurs. Within
the medial-Golgi and the trans-Golgi network (TGN), complex N-glycans (Nc-glycans)
and hybrid N-glycans (Nhc-glycans) are formed after adding other monosaccharides to
the low-mannose precursor to complete the N-glycosylation process. In addition,
O-glycosylation occurs in vertebrates by attaching N-acetylgalactosamine (GalNAc) to a
Ser or Thr residue as a late event in the Golgi (3). Mature glycoproteins are sorted into
the membranous vesicles from the TGN and externalized.

Ebola virus (EBOV), influenza A virus (IAV), and human immunodeficiency virus type
1 (HIV-1) are enveloped viruses that cause fatal hemorrhagic fever, immunodeficiency,
or respiratory illnesses (4). Although they are unrelated, they express structurally similar
class | fusion proteins via CPS, which consist of trimeric receptor binding, and fusogenic
subunits to mediate their fusion with cell membranes (5). EBOV, HIV-1, and IAV fusion
proteins are first synthesized as type | transmembrane (TM) polypeptide precursor GP,,
gp160, or HA,. All these viral proteins are subjected to heavy N-glycosylation.
O-Glycosylation has not been detected from IAV HA (6). Although one potential
O-glycosylation site exists, O-glycans have not been found from virion-associated HIV-1
Env (7). In addition to those 27 N-glycosylation sites, EBOV GP has ~80 O-glycosylation
sites in the mucin-like domain (MLD) (8). Trimeric EBOV GP,, HIV-1 gp160, and HA, from
highly pathogenic avian influenza viruses such as H5N1 are cleaved into GP,/GP,,
gp120/gp41, or HA,/HA, heterodimers by a proprotein convertase furin in the TGN (9).
These mature trimeric heterodimers are exported to the plasma membrane and
incorporated into virions as spikes to initiate infection.

Membrane-associated RING-CH-type (MARCH) proteins consist of 11 members and
belong to the really interesting new gene (RING)-finger E3 ligase family (10). These
proteins were originally discovered from gammaherpesviruses as modulators of im-
mune recognitions (MIRs), which promote immune evasion by downregulation of major
histocompatibility complex | (MHC-I) molecules from the cell surface (11). MARCHS is
the first identified cellular MIR (c-MIR) from the human genome (12, 13), and MARCH
proteins have been found to downregulate a number of cellular proteins from the cell
surface (14). Recently, MARCH8 was found to block HIV-1 Env incorporation and inhibit
viral replication by downregulating Env from the cell surface (15, 16). We now report
that MARCH8 has a very broad antiviral activity that inhibits EBOV GP, HIV-1 Env, and
H5N1 HA maturation.

RESULTS

MARCH8 downregulates EBOV GP from the cell surface. We used EBOV GP to test
how MARCH8 affects class | fusion protein maturation and secretion. EBOV GP has
well-defined N- and O-glycosylation sites, and importantly, the GP processing and
O-glycosylation are easily detectable after deleting the MLD region in GP, that is not
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FIG 1 MARCH8 downregulates EBOV GP from the cell surface. (A) MARCH8 expressions in 293T, THP-1, Vero E6, Hela, Huh7, Hep G2, and TZM-bl cells, or
in 293T cells transfected with a human MARCH8 expression vector (293T+MARCH8), were analyzed by Western blotting (WB) using a specific anti-human
MARCHS. (B) HIV-1 firefly luciferase-reporter pseudoviruses were produced from 293T cells in the presence of EBOV GPAMLD and MARCH8 from different
species or APOBEC3G. Viral infectivity was determined via infecting Vero E6 cells. Infectivity is shown as relative values, with the infectivity in the presence
of a control (Ctrl) vector set as 100. Results were from three different experiments. h, human; b, cow (Bos taurus); m, mouse. (C) HIV-1 pseudoviruses were
collected from cell culture supernatants in panel B and purified via ultracentrifugation. In addition, HIV-1 pseudoviruses containing the full-length EBOV GP
were produced and purified similarly. The levels of GP, expression in these VLPs were analyzed by WB using anti-FLAG, and the levels of VLPs were determined
by anti-HIV-1 Gag (p24). Protein expressions in 293T cells are shown in Fig. 4D. (D) EBOV virus-like particles (VLPs) were produced from 293T cells after
expressing EBOV VP40, human MARCHS or its W114A mutant, and EBOV GP or GPAMLD. After purification via ultracentrifugation, these VLPs were analyzed
by WB. Protein expressions in viral producer cells are shown in Fig. 4C. (E) EBOV GPAMLD that has a GFP tag was expressed in Hela cells in the presence or
absence of human MARCHS. After staining with DAPI, the GP localization was detected by confocal microscopy. (F) EBOV GPAMLD was expressed with
increasing amounts of human MARCH8 in 293T cells. The GP expression on cell surface was detected by flow cytometry using anti-FLAG followed by Alexa
Fluor 488-conjugated goat anti-mouse IgG.

required for viral entry (17, 18). EBOV also expresses several different mature and
soluble GP forms that are secreted or shed extracellularly, which is easily detectable by
Western blotting (WB) (8). Thus, we used EBOV GP and its mutant bearing MLD deletion
(AMLD) to study the MARCHS activity.

MARCHS is expressed in terminally differentiated myeloid cells (15). We could not
detect MARCH8 expression in commonly used human cell lines including 293T, Vero,
THP1, Huh?7, Hep G2, Hela, and Hela-derived TZM-bl cells (Fig. 1A). Thus, we investi-
gated the MARCHS8 antiviral activity via ectopic expression. Initially, we tested how
MARCHS proteins from human (h), cow (Bos taurus, b), and mouse (m) affect EBOV entry
using pseudotyped HIV-1, which is a faithful system for studying the EBOV GP function
(18-21). All these MARCH8 proteins restricted the pseudotyped virus replication as
effectively as the retroviral restriction factor APOBEC3G (Fig. 1B). To explore the
MARCHS antiviral mechanism, EBOV virus-like particles (VLPs) and HIV-1 VLPs were
produced by expressing EBOV VP40 or HIV-1 Gag proteins in the presence of MARCH8
and GP or GPAMLD. MARCHS strongly reduced the GP incorporation into these virions
(Fig. 1C and D). In contrast, the inactive RING domain mutant W114A did not have such
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FIG 2 Tracking MARCHS8, EBOV GP, and furin protein complexes by BiFC. (A) FLAG-tagged GPAMLD was expressed with HA-tagged human MARCHS. In
addition, FLAG-tagged furin was expressed with HA-tagged human MARCH8 and GPAMLD in 293T cells. Proteins were immunoprecipitated with anti-FLAG
and analyzed by WB. MARCHS, furin, and GP were detected by anti-HA, anti-FLAG, or anti-EBOV GP, respectively. (B) GFP, GP-VC, furin-VN, or human
MARCHS8-VN proteins were individually expressed in Hela cells. After staining with DAPI, fluorescent signals were observed by confocal microscopy. (C) The
MARCH8-VN-HA/GP-VC or furin-VN-HA/GP-VC BiFC pair was expressed in HelLa cells. Cells were stained with fluorescent anti-HA to detect MARCHS or furin.
In addition, furin-VN that does not express the HA tag was expressed with GP-VC and HA-tagged MARCH8 in Hela cells. Cells were stained with fluorescent
anti-HA to detect MARCH8. Fluorescent signals were observed by confocal microscopy. (D) Indicated BiFC fusion proteins were expressed individually or
pairwise, and the levels of BiFC signals were determined by flow cytometry. SERINC5, serine incorporator 5. Experiments were repeated three times, and

identical results were obtained.

activity (Fig. 1D). When GP subcellular localization was determined by confocal micros-
copy, although GP alone was detected predominantly on the plasma membrane, it was
retargeted into the cytoplasm when MARCH8 was expressed (Fig. 1E). Consistently, GP
was strongly downregulated from the cell surface by MARCHS8 in a dose-dependent
manner when detected by flow cytometry (Fig. 1F).

MARCHS retains EBOV GP in the Golgi. To understand where GP is targeted by
MARCHS, we studied GP and MARCHS8 subcellular localization. First, we tested their
interactions by immunoprecipitation. GPAMLD could specifically pull down MARCH8
(Fig. 2A, lanes 1 to 3), and furin could pull down GPAMLD and MARCH8 (Fig. 2A, lanes
4 to 6). These results demonstrate that GP, furin, and MARCHS interact with each other
in cells.

Second, we set up a bimolecular fluorescence complementation (BiFC) assay to track
their interactions in live cells (22). The C termini of GP, MARCHS, and furin were fused
to the N-terminal 2 to 173 amino acids (aa) of a green fluorescent protein Venus (VN)
or its C-terminal 154 to 238 aa (VC). As a control, serine incorporator 5 (SERINC5) protein
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FIG 3 MARCHS8 retains EBOV GP in the Golgi. The furin-VN/GP-VC BiFC pair was expressed with
CNX-mCherry or TGN-mCherry in the presence or absence of human MARCH8 in Hela cells. After staining
with DAPI, fluorescent signals were observed by confocal microscopy.

was also fused to VC. When GP-VC, furin-VN, and MARCH-VN were expressed individ-
ually, no green BiFC signal was detected by confocal microscopy (Fig. 2B). When GP-VC
was expressed with MARCH8-VN or furin-VN, strong green fluorescent signals were
produced that overlapped MARCH8 or furin (Fig. 2C), confirming the interactions
between GP and MARCHS, or GP and furin. Unlike GP alone that was found on the
plasma membrane (Fig. 1E), the GP-MARCHS8 BiFC complex was found in intracellular
compartments, confirming that MARCH8 downregulates GP from the cell surface. In
addition, when the furin-VN/GP-VC pair was expressed with MARCHS, their colocaliza-
tion was also detected (Fig. 2C), confirming that these three molecules form a complex
in live cells. When these interactions were quantified by flow cytometry, both
MARCHS8/GP and furin/GP pairs generated ~45% BiFC-positive cells, whereas positive
cells produced from the MARCH8/SERINC5 pair were only around 7% (Fig. 2D). Thus, we
detected specific MARCHS8-GP and furin-GP interactions via BiFC.

Third, we determined how MARCH8 affects the GP and furin subcellular localization
via confocal microscopy. The furin-VN/GP-VC BiFC pair was expressed with an ER
marker, calnexin (CNX), or a TGN marker that was fused with mCherry. Although the
GP-furin complex colocalized with both CNX and TGN, its colocalization with TGN was
much stronger than that with CNX when MARCH8 was not expressed (Fig. 3). In the
presence of MARCHS, its colocalization with TGN was strongly increased, whereas that
with CNX was decreased. These results suggest that MARCHS retains EBOV GP in the
Golgi.

MARCHS8 blocks EBOV GP proteolytic processing. The full-length GP was ex-
pressed with MARCH8 from different species or its W114A mutant, and GP processing
was analyzed by comparing GP, and GP, expression levels via WB. As reported
previously (18), because of the heavy O- and N-glycosylation of MLD in the Golgi, GP,
exhibited a higher molecular weight than GP, (Fig. 4A). When MARCHS8 proteins were
expressed, GP, proteins were almost undetectable, indicating that MARCHS8 blocks the
GP processing. The W114A mutant was inactive, indicating that the RING domain is
required for this activity. To understand whether this activity is cell type specific, similar
experiments were conducted in Hela, Hep G2, and Huh7 cells. Again, the GP, expres-
sion in these cells was selectively inhibited by MARCHS8 (Fig. 4B). To confirm the
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FIG 4 MARCHS blocks the EBOV GP proteolytic cleavage. (A) GP was expressed with wild-type (WT) human MARCHS or its W114A mutant in 293T cells. The
GP and MARCHS expression was detected by WB using anti-FLAG or anti-HA. Activities of MARCH8 proteins from different species were also compared. (B) GP
was expressed with human MARCHS in HeLa and Hep G2 cells, or in Huh7 cells in the presence of control (Ctrl) or MARCH8-specific siRNAs. The GP processing
was determined by WB. (C) Similar experiments as in panel A were conducted to determine how MARCH8 and its W114A mutant affect GP cleavage in the
presence of EBOV VP40. (D) Similar experiments as in panel A were conducted to determine how MARCHS8 proteins from different species affect GP cleavage
in the presence of HIV-1 proteins. (E) GPAMLD was expressed with human MARCHS in 293T cells and treated with NH,Cl, bafilomycin A1 (BafA1), MG132, or
DBeQ. Protein expressions were determined by WB. (F) VSV-G was expressed with human MARCHS or its W114A mutant in 293T cells and treated with NH,CI
or MG132. Protein expressions were determined by WB. Numbers beside gels in this and subsequent figures indicate molecular masses in kilodaltons.

specificity of this MARCHB8 effect, Huh7 cells were also transfected with small interfering
RNAs (siRNAs) to silence the MARCHS8 expression. When the MARCH8 expression was
decreased, the GP, expression was effectively recovered (Fig. 4B, lanes 5 to 7). Thus, the
MARCHS effect is not cell type specific.

To understand whether this MARCH8 activity was affected by the mucin-like do-
main, the full-length GP and GPAMLD processing were compared side-by-side in the
presence of wild-type (WT) MARCHS or its W114A mutant (Fig. 4C), or MARCH8 proteins
from different species (Fig. 4D). Unlike GP, from the full-length GP, GP,AMLD exhibited
a lower molecular weight than GP,AMLD. In addition, unlike similar levels of GP, and
GP, from the full-length GP, the GP, levels were much higher than GP, from GPAMLD,
confirming that GPAMLD is more effectively processed than the full-length GP. Never-
theless, GP, expressions from both full-length GP and GPAMLD were completely
inhibited by MARCH8 proteins but not by the W114A mutant (Fig. 4C and D).

To test whether MARCH8 destabilizes GP,, cells were treated with inhibitors that
target different degradation pathways, including MG132 for proteasomes, NH,Cl and
bafilomycin A1 (BafA1) for lysosomes, and DBeQ for ER-associated protein degradation
(ERAD). None of these inhibitors rescued GP, expression or increased GP, expression,
indicating that GP, is not subjected to degradation by these two pathways (Fig. 4E).

We also tested how MARCHS affects the expression of vesicular stomatitis virus
glycoprotein (VSV-G), a class Ill fusion protein. The VSV-G expression was strongly
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FIG 5 Mapping MARCH8 and furin active domains. (A) A schematic diagram of human MARCHS8 protein with a
RING domain and two TM domains is presented. Three MARCH8 C-terminal CT deletion mutants, 1-213, 1-247, and
1-272, were created and expressed with the full-length GP or GPAMLD. MARCH8 and GP expression was detected
by WB using anti-HA or anti-FLAG. (B) MARCH8 and its three deletion mutants that have a C-terminal GFP tag were
expressed in Hela cells. After staining with DAPI, their subcellular localizations were detected by confocal
microscopy. (C) A schematic diagram of human furin functional domains is presented. FLAG-tagged CD, P domain,
and CD subdomain-deletion mutants were created and were expressed with GPAMLD. Proteins were immuno-
precipitated by anti-FLAG and detected by WB. Furin was detected by anti-FLAG, and EBOV GP was detected by
anti-EBOV GP antibodies. (D) The full-length GP was expressed with increasing amounts of furin in 293T cells. The

GP and furin expression was determined by WB.

reduced by MARCHS but not by its W114A mutant, and the reduction was blocked by
NH,Cl but not MG132 (Fig. 4F), confirming that MARCH8 triggers VSV-G degradation via
the lysosome pathway as reported previously (15).

Human MARCHS8 has 291 amino acids (aa) that create a RING-CH finger in the
N-terminal cytoplasmic tail (CT), two TM domains, and a C-terminal CT (Fig. 5A). The
critical W114 residue is in the RING region and is required for recruitment of ubiquitin-
conjugating E2 enzyme (23). To uncover other important domains, we created three
MARCHS8 C-terminal CT deletion mutants by expressing its 1-to-213-aa (1-213), 1-to-
247-aa (1-247), and 1-to-272-aa (1-272) regions. When these mutants were expressed
with the full-length GP or GPAMLD, WT and mutants 1-247 and 1-272 blocked the GP
processing, whereas the 1-213 mutant did not (Fig. 5A). These mutants were then fused
with a green fluorescent protein (GFP) tag, and their subcellular localizations were
tracked and compared by confocal microscopy. Both WT and the 1-272 mutant
displayed a scattered punctate localization in the cytoplasm, whereas the 1-213 mutant
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exhibited diffuse localization in the cytoplasm and nucleus (Fig. 5B). The 1-247 mutant
diffused partially in the cytoplasm. These results demonstrate that the 213-247 region
determines MARCHS intracellular compartmentalization that is critical for its activity.

Identification of a novel furin cleavage site on EBOV GP. Human furin is a 794-aa
type | TM protein with a large lumenal region that has a signal peptide (SP), prodomain
(Pro), subtilisin-like catalytic domain (CD), P domain, cysteine-rich region (CRR), TM
domain, and a 56-aa CT (24) (Fig. 5C). The CD and P domain are functionally critical for
furin convertase activities. We created five furin dominant negative mutants, including
ACD, AP, ACD1, ACD2, and ACD3, by deleting CD (114 to 402 aa), P domain (402 to 587
aa), and the three CD subdomains CD1 (114 to 210 aa), CD2 (210 to 305 aa), and CD3
(305 to 402 aa). When these five mutants were expressed with GP, they all blocked the
GP cleavage from GP, to GP, (Fig. 5C, lanes 2 to 6), confirming that EBOV GP is
processed by furin (25). Consistently, when their interactions were determined by
immunoprecipitation, GP was pulled down by the AP mutant, but not by the ACD,
ACD1, ACD2, and ACD3 mutants (Fig. 5C), indicating that GP interacts with the furin
catalytic domain.

To detect furin-cleaved EBOV GP products, full-length GP was expressed with
increasing amounts of furin. GP, and GP, were detected even in the absence of ectopic
furin, which is produced by endogenous furin (Fig. 5D, lane 2). In the presence of
ectopic furin, although the levels of GP, were not changed, those of GP, and GP, were
decreased or increased in a dose-dependent manner by furin (Fig. 5D, lanes 3 to 6). In
addition, there appeared another GP at ~55 kDa that was also increased by furin.
Accordingly, a novel furin cleavage site, 2°°RKIR3°2, was found in GP, in front of MLD,
and this novel 55-kDa product was named GP,* (see Fig. 7B and also Fig. S1 in the
supplemental material). We conclude that GP,* is predominantly processed from GP,
by furin.

MARCHS blocks EBOV GP modification by Nc- and O-glycans. Analysis of the GP
glycosylation becomes complex due to proteolytic processing. To detect GP glycosyl-
ation, we blocked GP processing by removal of the furin cleavage site between GP, and
GP,. Two furin cleavage site-deficient (AFR) mutants were created from the full-length
GP and GPAMLD, and GP glycosylation was analyzed by treatments with endoglycosi-
dase H (Endo H) and peptide-N-glycosidase F (PNGase F) that trim off Nh-glycans or all
N-glycans, respectively. GPAFR was detected at 170 and 130 kDa, and GPAMLDAFR was
detected at 90 and 70 kDa (Fig. 6A, lanes 1 and 13). All these proteins were sensitive
to PNGase F, confirming that they are modified by N-glycans (Fig. 6A, lanes 2 and 14).
A ~110-kDa, PNGase F-resistant protein was detected from GPAFR after treatment with
PNGase, confirming that GP but not GPAMLD is modified by O-glycans (Fig. 6A, lane 2).
The 170-kDa GPAFR and 90-kDa GPAMLDAFR were resistant to Endo H (Fig. 6A, lanes
3 and 15), indicating that they are modified by Nc-glycans. The 130-kDa GPAFR and
70-kDa GPAMLDAFR were sensitive to Endo H (Fig. 6A, lanes 3 and 15), indicating that
they are modified by Nh-glycans. When MARCH8 was expressed, only the Endo
H-sensitive 130-kDa GPAFR and 70-kDa GPAMLDAFR were detected (Fig. 6A, lanes 4 to
6 and lanes 16 to 18).

Additional experiments were conducted to verify these results by using the full-
length GP and GPAMLD that have an active furin cleavage site. Much more
O-glycosylated GP proteins were detected from the full-length GP, which should come
from GP, (Fig. 6A, lane 8). All GP, proteins were sensitive to, whereas all GP, proteins
were resistant to, Endo H (Fig. 6A, lanes 9 and 21), confirming that GP, and GP, are
modified by Nh- or Nc-glycans, respectively. Again, MARCHS selectively inhibited the
Endo-H-resistant and PNGase F-resistant GP expressions (Fig. 6A, lanes 10 to 12 and
lanes 22 to 24). Collectively, these results demonstrate that MARCH8 blocks GP mod-
ifications by Nc- and O-glycans, but not by Nh-glycans.

Modification of EBOV GP by Nc- and O-glycans is required for its proteolytic
cleavage by furin and incorporation into virions. Because GP is packaged into EBOV
virions (26), we addressed how glycosylation affects its incorporation into EBOV VLPs.
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FIG 6 MARCHS blocks the EBOV GP modification by Nc- and O-glycans. (A) GP, GPAFR, GPAMLD, or GPAMLDAFR was expressed with human MARCH8 in 293T
cells. After lysis, cell lysate was treated with Endo H or PNGase F, or left untreated, and analyzed by WB. (B) GPAFR and GPAMLDAFR were expressed with EBOV
VP40 and human MARCHS or furin in 293T cells. EBOV VLPs were purified from supernatants via ultracentrifugation. EBOV GP, MARCHS, or furin expressions
in cells and/or VLPs were determined by WB.

GPAFR and GPAMLDAFR were expressed with EBOV VP40 and MARCHS, and their
expressions in VLPs were compared. We confirm again that MARCHS selectively inhib-
ited the expression of GP, with Nc- and O-glycans (Fig. 6B, lanes 1, 2, 4, and 5). Notably,
only GP, with these two types of glycans was detected from VLPs (Fig. 6B), indicating
that only GP,, proteins with Nc- and O-glycans are selectively incorporated into virions.

When MARCH8 was replaced with furin in this experiment, the expression of GP,
with Nc- and O-glycans was also inhibited, but GP,* showed up that was also incor-
porated into virions (Fig. 6B, lanes 3 and 6). GP,* was produced much more from
GPAMLDAFR than GPAFR, and it was also detected from GPAMLDAFR in the absence of
ectopic furin expression that was also enriched in virions (Fig. 6B, lane 1). Collectively,
these results demonstrate that furin selectively cleaves GP, with Nc- and O-glycans. In
addition, because GP,* is incorporated into VLPs (Fig. 6B, lanes 1, 3, and 6), we confirm
that only fully glycosylated GPs are incorporated into virions. Because GP, is modified
by Nc- and O-glycans, it further confirms that furin selectively processes fully glycosy-
lated GP.

MARCHS8 blocks EBOV GP shedding and secretion. After maturation, GP,/GP,
trimers on the plasma membrane are further cleaved by the tumor necrosis factor alpha
(TNF-a) converting enzyme (TACE) at the GP, membrane-proximal external region to
release a soluble shed GP (27). To verify MARCH8's inhibitory effect on EBOV GP
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FIG 7 MARCHS blocks the EBOV GP shedding and secretion. (A) Full-length GP and GPAMLD that have an N-terminal FLAG tag were expressed with MARCH8
or furin. GP proteins released into supernatants were immunoprecipitated using anti-FLAG. The GP and MARCHS8 expression in cells or supernatants was
detected by WB. (B) A schematic diagram for EBOV GP, secreted GP (sGP), and small secreted GP (ssGP) expression is presented. Their relative expression levels
from nonedited (7A) and edited (8A, 9A) GP mRNAs and a novel furin cleavage site in GP, are shown. (C) GP,, GP,AMLD, and sGP that have an N-terminal FLAG
tag were expressed with indicated MARCHS proteins in 293T cells. GP proteins released into supernatants were immunoprecipitated as in panel A. The GP and

MARCHS protein expression in cells and supernatants was detected by WB. Sup, supernatants.

maturation, we tested how MARCHS affects GP shedding. After expression of GP and
GPAMLD with MARCH8 or furin, GP proteins were immunoprecipitated from superna-
tants and analyzed by WB. MARCHS8 strongly blocked GP shedding, and in contrast,
furin strongly increased it (Fig. 7A). GP,* was also detected as soluble proteins.

In addition to GP, EBOV produces secreted GP (sGP) and small secreted GP (ssGP) via
RNA editing, all of which share the N-terminal 295 aa (Fig. 7B). To address how MARCH8
affects the GP secretion, we expressed sGP with MARCH8 proteins and measured its
secretion. Unlike its W114A mutant, MARCH8 retained sGP in cells and effectively
reduced its secretion (Fig. 7C, lanes 9 to 11). Next, we expressed only GP, or GP,AMLD
that should also be secreted as sGP and tested how MARCHS8 affects their secretion.
MARCHS proteins from different species strongly increased GP, and GP,AMLD expres-
sion in cells but completely blocked their secretions (Fig. 7C, lanes 1 to 8).

MARCHS blocks HIV-1 Env and H5N1 HA maturation. Unlike HIV-1 Env, most IAV
HAs are processed by trypsin-like serine proteases. However, a highly pathogenic avian
strain such as H5N1 has gained an additional furin cleavage site to expand its tropism
(28). Thus, we used H5N1 HA as well as HIV-1 Env to confirm the MARCHS antiviral
activity.

When HIV-1 Env and H5N1 HA were expressed with furin and MARCHS, furin pulled
down gp160 or HA, with MARCHS8 (Fig. 8A), confirming that MARCHS interacts with
Env/furin or HA/furin complex. In addition, when MARCH8 was expressed with these
fusion proteins, HIV-1 gp120/gp41 and H5N1 HA,/HA, expression levels were all
decreased (Fig. 8B), confirming that MARCHS also blocks the Env and HA cleavage by
furin.
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FIG 8 MARCHS blocks the HIV-1 Env and H5N1 HA maturation. (A) FLAG-tagged furin was expressed
with MARCH8 and HIV-1 Env or H5N1 HA in 293T cells. Proteins were immunoprecipitated with anti-FLAG
and analyzed by WB. (B) HIV-1 Env and H5N1 HA were expressed with MARCHS in 293T cells, and their
processing was determined by WB. (C) HIV-1 Env and H5N1 HA were expressed with MARCHS8 in 293T
cells. After lysis of cells, cell lysate was treated with Endo H or PNGase F, or left untreated, and analyzed
by WB.

When the Env and HA glycosylations were analyzed after treatments with glycosi-
dases, they were all sensitive to PNGase F (Fig. 8C, lanes 2 and 8), confirming that they
are modified by N-glycans. HIV-1 gp160 was completely sensitive to Endo H, indicating
that it is modified by Nh-glycans (Fig. 8C, lane 3). HIV-1 gp120 was only partially
sensitive to Endo H (Fig. 8C, lane 3), indicating that it is modified by both Nh- and
Nc-glycans. H5N1 HA, and HA, were completely sensitive or resistant to Endo H
(Fig. 8C, lane 9), indicating that HA, and HA, were modified by Nh- or Nc-glycans,
respectively. When MARCH8 was expressed, the gp120 expression was reduced likely
due to inhibition of the furin activity (Fig. 8C, lane 4). In addition, Endo H-sensitive HA,
expression was increased (Fig. 8C, lane 12). Collectively, these results demonstrate that
MARCHS8 does not block the Env and HA modification by Nh-glycans in the ER, but
rather they suggest that it should target the other glycosylation steps.

DISCUSSION

Class | fusion proteins project from the virion surface as highly glycosylated hetero-
trimeric spikes and initiate infection by binding to receptors on the surface of target
cells. Although it is clear that glycosylation and proteolytic cleavage are critically
important, it remains incompletely understood how these steps are coopted to gen-
erate mature spikes that are incorporated from the plasma membrane into virions. We
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now show that MARCH8 specifically inhibits these processes, which provides new
understanding for this poorly defined mechanism.

Our results highlight the fundamental role of N-glycosylation in the spike formation.
First, N-glycosylation is absolutely required for EBOV GP maturation. Although MARCH8
does not affect the GP modification by Nh-glycans in the ER, it inhibits the GP
modification by Nc- and O-glycans as well as its proteolytic processing in the TGN.
These results suggest that MARCH8 inhibits the conversion of Nh-glycans to Nc-glycans,
likely by blocking the mannose trimming step in the CGN and/or the following
glycosylation steps in the medial-Golgi and the TGN. In addition, it is possible that
O-glycosylation and furin cleavage are both dependent on the mannose trimming. In
fact, when GPAFR and GPAMLDAFR were expressed with furin, only GP, proteins with
Nc- and O-glycans were processed into GP,* (Fig. 6B, lanes 3 and 6). Consistently, when
GP was expressed with furin, only GP, but not GP, was effectively processed into GP,*
(Fig. 5D). These results strongly suggest that the GP processing by furin is dependent
on the completion of the glycosylation processes. Second, N-glycosylation is required
for EBOV GP transport from the TGN to the plasma membrane. MARCH8 not only
blocked GP shedding and secretion (Fig. 7), but also downregulated GP expression on
the cell surface (Fig. 1E and F). These inhibitory effects were likely caused by an
inhibition of the GP glycosylation in the Golgi by MARCHS. In fact, we found that only
GP proteins modified with O- and/or Nc-glycans were selectively incorporated into
virions (Fig. 6B). Thus, glycosylation is required for GP externalization and incorporation
into virions. Because we detected the GP interaction with MARCHS8 as well as the GP
retention in the TGN by MARCHS, it is possible that MARCHS8 directly or indirectly
retains viral glycoproteins at an early location so they never physically reach the
location where they would be glycosylated. In that case all the glycosylation machinery
would be intact but the GP would never reach it.

In addition to the three class | fusion proteins, MARCH8 also targets a class Il fusion
protein, VSV-G, via a different mechanism. Instead of inhibiting maturation, MARCH8
triggers VSV-G degradation via the lysosomal pathway. Although MARCH8 does not
trigger class | fusion protein degradation, its activity still depends on the RING domain,
because the W114A mutant that has a dead RING domain is inactive. These results
demonstrate that the MARCH8 activity depends on the ubiquitination pathway. We
speculate that MARCH8 might ubiquitinate and degrade a critical cellular transport
facilitator, which blocks GP from access to the glycosylation and furin cleavage ma-
chinery. However, the degradation of VSV-G by MARCHS follows a similar mechanism
by which MARCH proteins downregulate immune receptors from the cell surface (29).
MARCH proteins usually ubiquitinate a lysine residue in the cytoplasmic tail of these
immune receptors, which redirects them from the endosomes to the late endosomes
and the lysosomes for degradation when they are endocytosed from the cell surface
(14). Thus, MARCH proteins use two different mechanisms to target different proteins.
For class | fusion proteins, MARCH8 blocks their anterograde transport from the TGN to
the plasma membrane; for VSV-G and immune receptors, MARCH proteins block their
recycling back to the TGN after retrograde transport from the plasma membrane to the
endosomes.

In addition to these four viral proteins, MARCH proteins can target an amazingly
large number of cellular proteins (14). Most of these targets are immune receptors on
the cell surface that play an important role in innate and adaptive immunity, including
MHC |, MHC Il, CD4, CD44, CD81, CD86, CD95, CD98, intracellular adhesion molecule
(ICAM)-1, NKG2D ligand Mult1, transferrin receptor (TfR), TRAIL receptor 1, and
interleukin-1 receptor (IL1RAP). Thus, the expression of MARCH proteins is tightly
regulated, which causes their poor expression in immortalized cell lines and a major
difficulty in studying their endogenous function (10). Thus, we were unable to further
confirm the MARCHS antiviral activity by silencing its endogenous gene expression. In
addition, due to lack of structural data on MARCH proteins, it is difficult to understand
how they have so many different targets. The role of TM domains of MARCH proteins
in substrate recognition has been suggested (14). A GxxxG motif is conserved in MARCH
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TM domains, and it is also present in the MHC Il TM domain, which may mediate their
interactions. In addition, the recognition could be mediated by a common adaptor
protein.

In addition to MARCHS8, the maturation of viral fusion proteins is inhibited by
guanylate-binding proteins (GBP) 2 and 5 (30), and interferon-induced transmembrane
(IFITM) protein 3 (31). GBP2/5 directly target the cytoplasmic part of furin and inhibit its
enzymatic activities, which exert broad antiviral activity by inhibiting furin-mediated
cleavage of viral fusion proteins. IFITM3 interrupts viral glycoprotein processing of
murine leukemia virus (MLV) Env, HIV-1 Env, and VSV-G, but not EBOV GP, suggesting
that it does not affect furin function. In addition, it interferes with Env trafficking and
promotes its degradation in lysosomes. Thus, mammalian cells have evolved diverse
mechanisms to intercept the production of mature viral fusion proteins for assembly of
infectious virus particles.

MARCHS is naturally expressed in terminally differentiated myeloid cells such as
macrophages and dendritic cells (DCs). These cells are the primary targets for HIV-1 and
EBOV infection, transmission, and dissemination, and establishment of persistent tissue
virus reservoirs in the case of HIV-1. These cells can also be infected by H5N1, although
the infection may not necessarily contribute to the significant part of pathogenesis.
Thus, MARCHS should play a role in defending these viruses during natural infection. In
fact, when the MARCH8 expression was silenced in macrophages, HIV-1 replication was
strongly promoted (15). Although macrophages and DCs express all HIV-1 receptors,
they are much less permissive to HIV-1 infection than CD4* T lymphocytes. The HIV-1
resistance in these myeloid cells is currently attributed to their high expression levels
of the host restriction factor SAMHD1. However, the role of MARCH8 should not be
ignored. In addition, it should be addressed how viruses counteract MARCH8 to
establish productive infection.

MATERIALS AND METHODS

Cell lines, RNA oligonucleotides, and transfection reagents. HEK293T, Hela, Hep G2, Huh7, Vero
E6, and TZM-bl cells were cultured in Dulbecco’s modified Eagle medium (DMEM). THP-1 cells were
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium. Media were supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin (Gibco), and cells were cultured at 37°C in a
humidified atmosphere in a 5% CO, incubator. MARCH8 sense/antisense RNA oligonucleotides 5'-CCU
UCUCUCGCACUUCUAUTT-3"/5"-AUAGAAGUGCGAGAGAAGGTT-3" and negative-control sense/antisense
RNA oligonucleotides 5’-UUCUCCGAACGUGUCACGUTT-3'/5'-ACGUGACACGUUCGGAGAATT-3’ were or-
dered from GenePharma. 293T cells were transfected with polyethylenimine (PEI) from Sigma, Huh7 cells
were transfected with Lipofectamine 3000 from Thermo Fisher, and Hep G2 cells were transfected by
Amaxa Nucleofector using program T-028 from Lonza.

Plasmids. The human MARCH8 expression plasmid pCAGGS-3xHA-hMARCH8 and its W114 mutant
pCAGGS-3xHA-hMARCH8-W114A were provided by Kenzo Tokunaga (15). Bovine and murine MARCH8
cDNAs were amplified from bovine peripheral blood mononuclear cells or mouse RAW 264.7 cells by
RT-PCR and cloned into pCAGGS with a C-terminal HA tag after EcoRI/Xhol digestion. The human
MARCHS8 C-terminal deletion mutant 1-272, 1-247, and 1-213 expression vectors were created by PCR
in pCAGGS-3xHA-hMARCHS8 vector. EBOV GP and EBOV VP40 expression vectors were described previ-
ously (18). The N-terminal FLAG-tagged EBOV GPAMLD expression vector was provided by Shan-Lv Liu.
pcDNA3.1-FLAG-sGP, pcDNA3.1-FLAG-GP,, and pcDNA3.1-FLAG-GP,AMLD were created by PCR from the
EBOV-GP and EBOV GPAMLD vector and cloned into pcDNA3.1(+) vector by BamHI/EcoRI digestion.
pCMV6-Furin-FLAG/MYC was purchased from OriGene (catalogue number RC204279). The furin ASD,
ASD1, ASD2, ASD3, and AP mutants were created in the same furin expression vector by overlapping
PCR. pcDNA3.1-hMARCH8-GFP and pcDNA3.1-GPAMLD-GFP were constructed by inserting MARCH8 and
EBOV GPAMLD cDNAs into pEGFP-N1 vector (GenBank accession no. U55762) via EcoRI/Agel digestion.

To construct BiFC expression vectors, the furin, MARCHS8, and GP-AMLD cDNAs were inserted into
pcDNA3.1-VN, pcDNA3.1-VN-HA, or pcDNA3.1-FLAG-VC (C-terminal VN/VC) vectors by EcoRI/Agel diges-
tion, which generated pcDNA3.1-Furin-VN, pcDNA3.1-Furin-VN-HA, pcDNA3.1-MARCHS8-VN-HA, or
pcDNA3.1-GPAMLD-FLAG-VC, respectively. pcDNA3.1-SERINC5-FLAG-VC was reported previously (32).
mCherry-TGNP-N-10 and mCherry-Calnexin-N-14 expression vectors were obtained from Michael David-
son via Addgene. H5N1 HA expression vector 7705 was obtained from Gary Nabel.

Confocal microscopy assay. A total of 2 X 10° Hela cells were seeded on a glass slide 10 h before
transfection. Cells were transfected with Lipofectamine 3000 reagent (Thermo Fisher). After 36 h, cells
were washed and fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. After
washing, cells were blocked with 5% bovine serum albumin. For immunofluorescence assay, cells were
incubated with anti-HA primary antibody for 1 h at room temperature (RT). After washing 3 times with
phosphate-buffered saline (PBS), cells were stained with Alexa Fluor-647 conjugated secondary antibody

September/October 2020 Volume 11 Issue 5 e01882-20

mBio’

mbio.asm.org 13


https://www.ncbi.nlm.nih.gov/nuccore/U55762
https://mbio.asm.org

Yu et al. mBio’

1 h at RT. Following washing 3 times with PBS, cells were stained with 4’,6-diamidino-2-phenylindole
(DAPI) for 1 min, washed for 2 h at RT, and observed by a confocal microscopy assay (Zeiss LSM880). At
least 100 random cells per slide were analyzed, and the most representative images from each slide were
selected for presentation.

Flow cytometry analysis. To detect EBOV GP expression on the cell surface, a total of 2 X 10° 293T
were seeded in each well of a 6-well plate 12 h before transfection. Cells were transfected with
pcDNA3.1-FLAG-GPAMLD and increasing amounts of pCAGGS-3xHA-hMARCH8 expression vectors. After
48 h, cells were centrifuged at 2,000 rpm for 5 min and fixed with 4% paraformaldehyde for 10 min at RT.
After brief centrifugation, cells were blocked with 5% bovine serum albumin and incubated with
anti-FLAG primary antibody for 1 h at RT. After centrifugation and washing three times with PBS, Alexa
Fluor 488-conjugated secondary antibody was added for 1 h at RT. After washing 3 times, cells were
collected and analyzed by flow cytometry. To detect BiFC, 293T cells in 6-well plates were transfected
with the pcDNA3.1-MARCHS8-VN-HA/pcDNA3.1-GPAMLD-FLAG-VC, pcDNA3.1-Furin-VN-HA/pcDNA3.1-
GPAMLD-FLAG-VC, or pcDNA3.1-MARCH8-VN-HA/pcDNA3.1-SERINC5-FLAG-VC pairs similarly and di-
rectly analyzed by flow cytometry.

Western blotting. Forty-eight hours posttransfection, cells were lysed with RIPA buffer (Sigma) and
cytosolic fractions were collected. After incubation with loading buffer, samples were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Some samples were subjected to Endo
H or PNGase F treatment before applying them to the SDS-PAGE gel. For Endo H (catalogue no. P0702L;
NEB) treatment, a total of 20 ug of cell lysate was first denatured by heating at 100°C for 10 min in
denaturing buffer. Denatured proteins were added to a 20-ul reaction system containing 2 ul of
GlycoBuffer and 1,000 units of Endo H and incubated at 37°C for 1 h. For PNGase F (catalogue no. PO708L;
NEB) treatment, the same amount of cell lysate was added to 4 ul of PNGase F buffer (5X) to make a
20-ul total reaction volume and incubated at 80°C for 2 min. After cooling down,1 ul of Rapid PNGase
F was added and samples were incubated 1 h at 37°C. After transferring to polyvinylidene difluoride
(PVDF) membrane, 4% nonfat milk was used to block the membrane for 1 h at RT. The membrane was
incubated with primary antibody and horseradish peroxidase (HRP)-conjugated secondary antibody.
Alternatively, the membrane was incubated with HRP-conjugated primary antibody. Membranes were
exposed after incubation with enhanced chemiluminescence (ECL) substrate (Thermo Fisher). Mouse
anti-MARCH8 antibody was purchased from Proteintech; mouse anti-actin, -HA, and -FLAG monoclonal
antibodies were purchased from Sigma; rabbit anti-EBOV GP and rabbit anti-IAV-HA polyclonal antibod-
ies were purchased from Sino Biology (China). The mouse anti-HIV gp160, anti-HIV gp120, anti-HIV gp41,
and anti-HIV p24/p55 monoclonal antibodies were obtained from the NIH AIDS Reagent Program.
HRP-conjugated anti-human, anti-rabbit, or anti-mouse immunoglobulin G secondary antibodies were
purchased from Pierce.

Immunoprecipitation. A total of 5 X 10° 293T cells were seeded in each well of a 6-well plate 12 h
before transfection. Forty-eight hours posttransfection, cells were lysed by RIPA buffer. Cytosolic fractions
were collected and incubated with anti-FLAG antibody-conjugated magnetic beads (Sigma) overnight at
4°C. The beads were isolated by magnetic shelf, washed several times, and used for WB assay.

Viral infectivity assay. A total of 5 X 10° 293T cells were seeded in each well of a 6-well plate 12 h
before transfection. Cells were transfected with pNL-Luc-AEnv, pcDNA3.1-FLAG-GPAMLD, and MARCH8
expression vectors. Forty-eight hours posttransfection, virion-containing supernatants were collected
and subjected to ultracentrifugation at 40,000 X g for 1 h. Pellets were collected and analyzed by WB.
In addition, 100-ul supernatants were collected for quantification by p24%29 enzyme-linked immunosor-
bent assay (ELISA). Supernatants with equal amounts of p24%29 were used to infect Vero E6 cells that
were seeded in a 96-well plate. After another 48 h, infected cells were washed 3 times with PBS and lysed
with 100 ul RIPA buffer. Twenty-five microliters was collected and mixed with an equal amount of
substrate from the Bright-Glo luciferase assay system (Promega), and luminescence activity was deter-
mined by a luminometer.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.4 MB.
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