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ABSTRACT Mumps virus (MuV), an enveloped RNA virus of the Paramyxoviridae
family and the causative agent of mumps, affects the salivary glands and other glan-
dular tissues as well as the central nervous system. The virus enters the cell by in-
ducing the fusion of its envelope with the plasma membrane of the target cell.
Membrane fusion is mediated by MuV envelope proteins: the hemagglutinin-
neuraminidase and fusion (F) protein. Cleavage of the MuV F protein (MuV-F) into
two subunits by the cellular protease furin is a prerequisite for fusion and virus in-
fectivity. Here, we show that 293T (a derivative of HEK293) cells do not produce syn-
cytia upon expression of MuV envelope proteins or MuV infection. This failure is
caused by the inefficient MuV-F cleavage despite the presence of functional furin in
293T cells. An expression cloning strategy revealed that overexpression of lysosome-
associated membrane proteins (LAMPs) confers on 293T cells the ability to produce
syncytia upon expression of MuV envelope proteins. The LAMP family comprises the
ubiquitously expressed LAMP1 and LAMP2, the interferon-stimulated gene product
LAMP3, and the cell type-specific proteins. The expression level of the LAMP3 gene,
but not of LAMP1 and LAMP2 genes, differed markedly between 293T and HEK293
cells. Overexpression of LAMP1, LAMP2, or LAMP3 allowed 293T cells to process
MuV-F efficiently. Furthermore, these LAMPs were found to interact with both MuV-F
and furin. Our results indicate that LAMPs support the furin-mediated cleavage of
MuV-F and that, among them, LAMP3 may be critical for the process, at least in cer-
tain cells.

IMPORTANCE The cellular protease furin mediates proteolytic cleavage of many
host and pathogen proteins and plays an important role in viral envelope glycopro-
tein maturation. MuV, an enveloped RNA virus of the Paramyxoviridae family and an
important human pathogen, enters the cell through the fusion of its envelope with
the plasma membrane of the target cell. Membrane fusion is mediated by the viral
attachment protein and the F protein. Cleavage of MuV-F into two subunits by furin
is a prerequisite for fusion and virus infectivity. Here, we show that LAMPs support
the furin-mediated cleavage of MuV-F. Expression levels of LAMPs affect the process-
ing of MuV-F and MuV-mediated membrane fusion. Among LAMPs, the interferon-
stimulated gene product LAMP3 is most critical in certain cells. Our study provides
potential targets for anti-MuV therapeutics.
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Mumps is an acute infectious disease in humans with a range of systemic symp-
toms. Mumps virus (MuV), the causative agent of the disease, is transmitted by

inhalation of respiratory droplets or contact with oral secretions. It affects the salivary
glands (typically the parotid grand), pancreas, testis, ovary, mammary glands, and
kidney. MuV also infects the central nervous system (CNS), causing meningitis, enceph-
alitis, and sensorineural hearing loss (1, 2). The mechanism underlying its unique
tropism for the glandular tissues and CNS remains poorly understood.
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MuV, an enveloped nonsegmented negative-strand RNA virus, is a member of the
genus Orthorubulavirus in the family Paramyxoviridae. It enters the host cell through
membrane fusion mediated by two envelope glycoproteins, a hemagglutinin-
neuraminidase (HN) and a fusion (F) protein (1, 2). The MuV HN protein (MuV-HN) binds
to the sialoglycan receptor, especially the trisaccharide containing ɑ2,3-linked sialic
acid, and then triggers a conformational change of the F protein, leading to the fusion
of the viral envelope with the plasma membrane of the host cell (3–5). Later in
infection, the two envelope proteins expressed on infected cells also mediate the fusion
with neighboring cells, forming syncytia (3). The MuV F protein (MuV-F) is initially
synthesized as an inactive precursor F0 in the endoplasmic reticulum, which is then
proteolytically activated by the host cell protease furin, a member of the proprotein
convertase family (6). Furin is ubiquitously expressed in many tissues and cleaves MuV
F0 at the R-R-H-K-R (R, arginine; H, histidine; K, lysine) motif in the trans-Golgi network
to produce the disulfide-linked heterodimers F1 and F2. Cleavage of F0 into F1 and F2

is essential for virus-to-cell and cell-to-cell membrane fusion and virus infectivity (1).
The F proteins of other paramyxoviruses such as human parainfluenza virus 3, parain-
fluenza virus 5, Newcastle disease virus virulent strains, measles virus (MeV), and
respiratory syncytial virus (RSV) also contain the furin cleavage site (3, 7–11).

The lysosome-associated membrane proteins (LAMPs) are integral membrane gly-
coproteins present predominantly in lysosomes that are involved in multiple cell
functions (12, 13). The LAMP family comprises LAMP1, LAMP2, LAMP3 (also called
CD208 or dendritic cell [DC]-LAMP), LAMP4 (also called CD68 or macrosialin), and
LAMP5 (also called brain and dendritic cell [BAD]-LAMP) (14–18). The LAMP2 gene
produces three splicing variants, LAMP2A, LAMP2B, and LAMP2C, which differ in their
sequences of the transmembrane and cytosolic tail (19). LAMP1, LAMP2A, and LAMP2B
are ubiquitously expressed in human tissues and cell types, whereas LAMP2C, LAMP3,
LAMP4, and LAMP5 are expressed in limited types of cells. LAMP3 is a highly specific
marker for mature DCs in humans. It is induced upon DC maturation and likely plays a
role in the transfer of the major histocompatibility complex class II molecules loaded
with peptides to the cell surface (15). LAMP3 is also induced in various cells by type I
interferons (IFNs) (20).

In the present study, we found that an insufficient cleavage of MuV-F is responsible
for the lack of syncytium formation in 293T cells expressing MuV envelope proteins and
that overexpression of LAMPs confers on 293T cells the ability to form syncytia. Thus,
LAMPs appear to play an important role in the efficient cleavage of MuV-F by furin, and
their expression levels may contribute to the MuV tropism.

RESULTS
293T cells are deficient in cell-cell fusion mediated by MuV envelope proteins.

Expression of MuV envelope proteins usually induces cell-cell fusion in receptor-
expressing cells, producing syncytia. In our attempt to identify host factors determining
cell tropism of MuV other than the sialic acid receptor, we looked for cell lines that
failed to develop syncytia after expression of MuV envelope proteins. Human and
nonhuman primate cell lines derived from different tissues were transfected with
expression plasmids, respectively, encoding the HN and F proteins of the MuV Hoshino
strain, together with that encoding the enhanced green fluorescent protein (EGFP). At
24 h after transfection, EGFP-positive syncytia were observed in HEK293 (human
embryonic kidney) and Vero (African green monkey kidney) cells, whereas syncytia
were hardly detected in 293T cells (a derivative of HEK293 [ATCC]) (Fig. 1A). Other
human cell lines, A549 (lung), H358 (lung/bronchiole), HeLa (cervix), and U-87 (brain),
also developed apparent syncytia after transfection (Fig. 1A). The difference in syncy-
tium formation between 293T and HEK293 cells was quantitatively apparent (Fig. 1B).
Besides the HN and F proteins of the Hoshino strain, those of the MuV SBL-1 and Odate
strains also failed to induce syncytia in 293T cells (Fig. 1C). Furthermore, 293T cells from
the Riken BioResource Research Center exhibited the same phenotype as those from
ATCC (data not shown).
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FIG 1 293T cells are deficient in cell-cell fusion mediated by MuV envelope proteins. (A) 293T, HEK293, Vero, A549,
H358, HeLa, and U-87 cells transfected with pCA7-MuV-F (or empty vector for control), -MuV-HN, and -EGFP were
observed for syncytium formation using fluorescence microscopy at 24 h posttransfection. Scale bar, 200 �m. (B)
Syncytia (�2,000 �m2) in 293T and HEK293 cells transfected with pCA7-MuV-F, -MuV-HN, and -EGFP were counted
in 40 fields at 24 h posttransfection, and the average numbers � standard deviations (SDs) of syncytia per field are
shown. (C) 293T and HEK293 cells transfected with plasmids, respectively, encoding the HN and F proteins of the
MuV Hoshino, SBL-1, or Odate strains (or empty vector for control) and pCA7-EGFP were observed at 24 h
posttransfection. (D) 293T cells infected with the GFP-expressing recombinant MuV were observed using fluores-
cence microscopy at 48 h postinfection. (E) 293T, HEK293, and Vero cells were infected with the GFP-expressing
recombinant MuV. At 24 h postinfection, GFP-positive cells were counted to evaluate the efficiency of virus entry.
The value in HEK293 cells was set to 100%, and data indicate the mean � SDs of triplicate samples. The data are
representative of three independently performed experiments. (F) 293T, HEK293, and Vero cells were transfected
with pCA7-Flag-MuV-F and pCA7-MuV-HN. Efficiency of the cleavage of MuV-F was examined at 24 h posttrans-
fection by Western blotting with anti-Flag ab. The data shown are representative of three independently performed
experiments. Protein band signals were quantified, and the mean ratios and SDs of F1 to (F0 � F1) of the three
experiments were 0.23 � 0.04 for 293T, 0.81 � 0.04 for HEK293, and 0.43 � 0.06 for Vero. The mean ratios are
shown in the figure. (G) 293T cells cultured in Opti-MEM serum-free medium were transfected with pCA7-MuV-F,
-MuV-HN, and -EGFP. At 24 h after transfection, the cells were treated with lysine-acetylated-trypsin at the indicated
concentrations or left untreated. 293T cells transfected with pCA7-EGFP only were also treated to examine
nonspecific effects of trypsin on the cell monolayer. Syncytium formation was observed using a fluorescence
microscope at 24 h after the trypsin treatment.
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To understand why 293T cells do not develop syncytia upon expression of MuV
envelope proteins, they were infected with the GFP-expressing recombinant MuV
(produced in Vero cells). The 293T cells were infectible with the virus, indicating that
they express MuV receptors on the surface, but still did not develop syncytia (Fig. 1D).
Then, virus entry in different cells was evaluated by counting the number of GFP-
expressing cells at 24 h after MuV infection (before syncytia started to emerge). Unlike
the results with the fusion assay above, the efficiency of MuV entry into 293T cells was
comparable with that into HEK293 cells (Fig. 1E). We next examined the structure of
MuV-F in 293T cells since it must be proteolytically cleaved to be fusogenic. The
expression plasmid encoding the Flag-tagged MuV-F was transfected into cells to-
gether with that encoding MuV-HN. The cleavage of the F protein was not as efficient
in 293T cells as that in HEK293 or Vero cells (Fig. 1F). To determine whether this
inefficient cleavage of the F protein was responsible for the failure of 293T cells to
develop syncytia, we exogenously added trypsin to cleave the F protein. The cells
cultured in serum-free medium were transfected with expression plasmids, respec-
tively, encoding the HN and F proteins and then (24 h later) treated with trypsin or
control medium. Syncytia were clearly detected in 293T cells treated with trypsin but
not in those treated with control medium (Fig. 1G). The results indicate that cell-cell
fusion was not observed in 293T cells because the processing of MuV-F was inefficient
in them.

Furin alone is not sufficient for the efficient cleavage of MuV-F. MuV-F is cleaved
by the host cell protease furin (1). Thus, it is possible that furin is missing or defective
in 293T cells. Western blot analysis showed that 293T cells express comparable
amounts of furin with HEK293 and Vero cells (Fig. 2A). We then examined whether the

FIG 2 Furin alone is not sufficient for the efficient cleavage of MuV-F. (A) Expression levels of furin in
293T, HEK293, and Vero cells were examined by Western blotting. (B) 293T cells transfected with
pCA7-MuV-F, -MuV-HN, and -EGFP or pCA7-MeV-F, pCAGGS-MeV-H, and pCA7-EGFP were observed for
syncytium formation using fluorescence microscopy at 24 h posttransfection. Scale bar, 200 �m. (C) 293T
and HEK293 cells were transfected with pCA7-Flag-MuV-F and pCA7-MuV-HN, or pCA7-Flag-MeV-F and
pCAGGS-MeV-H. The cleavage of MuV-F or MeV-F was examined at 24 h posttransfection by Western
blotting with anti-Flag ab. (D) LoVo cells were transfected with pCA7-MuV-F, -MuV-HN, and -EGFP or
pCA7-MeV-F, pCAGGS-MeV-H, and pCA7-EGFP, together with indicated amounts of pCA7-furin. The cells
were observed under fluorescence microscopy at 36 h posttransfection.
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F protein of MeV, another human paramyxovirus, is properly processed in 293T cells.
Like MuV-F, the MeV F protein (MeV-F) is cleaved by furin (21), and expression of the
MeV attachment protein and F protein induces cell-cell fusion in receptor-expressing
cells. Upon expression of the MeV attachment protein of the Edmonston strain that
uses the ubiquitously expressed CD46 as a receptor (22) and F protein, 293T cells
developed syncytia, in contrast to those after expression of MuV-HN and -F (Fig. 2B).
Furthermore, MeV-F was cleaved to the same extent in 293T and HEK293 cells, unlike
MuV-F (Fig. 2C). We also performed the fusion assay using LoVo cells lacking furin (23).
As expected, no syncytium was detected in LoVo cells upon expression of MuV-HN and
-F or that of MeV envelope proteins (Fig. 2D). However, expression of furin by trans-
fection restored the ability of LoVo cells to develop syncytia mediated by MuV and MeV
envelope proteins in a dose-dependent manner. These results indicate that furin is
necessary but not sufficient for the efficient cleavage of MuV-F and that 293T cells are
deficient in some host factors present in HEK293 and LoVo cells, which supports the
activity of furin to cleave MuV-F.

Transfection with LAMP family genes supports cell-cell fusion mediated by
MuV envelope proteins in 293T cells. To identify the host factor required for the
cleavage of MuV-F, we performed an expression cloning using a cDNA library gener-
ated from Vero cells. Sibling selection of cDNA pools capable of causing cell-cell fusion
in 293T cells upon expression of MuV envelope proteins identified a cDNA clone
40-25-11 (Fig. 3A). DNA sequencing revealed that this cDNA clone had a high level of
similarity to the human LAMP1 gene (96.4% identity at the nucleotide level in the
coding region). Expression of the human LAMP1 cDNA also supported syncytium
formation in 293T cells (Fig. 3B). Surprisingly, no mutation was found in the LAMP1
gene of 293T cells, and there was no significant difference in the expression level of
LAMP1 between 293T and HEK293 cells, as detected by Western blotting (Fig. 3C).

To explain this unexpected finding, we hypothesized that other members of the
LAMP family might also support the cleavage of MuV-F and syncytium formation in
293T cells. To test this idea, we expressed LAMP2A, LAMP2B, and LAMP3 in 293T cells,
together with MuV envelope proteins and EGFP, by transfection. LAMP2A and LAMP2B
are ubiquitously expressed among different types of cells like LAMP1, while LAMP3 is
the product of an IFN-stimulated gene (ISG). These three LAMPs were also found to
support syncytium formation in 293T cells (Fig. 3B). We then examined expression
levels of the genes encoding LAMP1, LAMP2 (LAMP2A and 2B combined), and LAMP3
in 293T and HEK293 cells by reverse transcription-quantitative PCR (RT-qPCR) (Fig. 3D).
The expression level of the LAMP3 gene was apparently different between the two cell
lines. Its level in 293T cells was �10-fold lower than that in HEK293 cells. Even after
transfection or MuV infection, its expression level in 293T cells was still lower than the
level in untreated HEK293 cells. In contrast, no remarkable difference was detected in
the expression level of the LAMP1 gene between the two cell lines, and the expression
level of the LAMP2 gene was higher in 293T cells than that in HEK293 cells. These
results suggest that the expression level of LAMP3 accounts for the different pheno-
types (the MuV-F cleavage and syncytium formation) observed in 293T and HEK293
cells. Although the processing of MuV-F was enhanced in 293T cells upon transfection
with the LAMP1, LAMP2A, LAMP2B, or LAMP3 gene, that with the LAMP3 gene
exhibited the strongest effect on the processing (Fig. 3E).

LAMPs interact with both MuV-F and furin. To gain insight into the mechanism
by which LAMPs support the cleavage of MuV-F, coimmunoprecipitation (IP) experi-
ments were performed using Flag- and influenza virus hemagglutinin (HA)-tagged
proteins in HEK293 cells. Flag- and HA-tagged EGFP were used as controls. The
HA-tagged MuV-F (F0, but not F1) and HA-tagged furin coprecipitated with the Flag-
tagged LAMP1, LAMP2A, and LAMP3, but not with the Flag-tagged EGFP (Fig. 4). The
results indicate that these LAMPs interact with both the inactive precursor F0 of MuV-F
and furin. It should be noted that the input expression level of LAMP3 was lower when
coexpressed with MuV-F or furin than the expression level with the EGFP control. The
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FIG 3 Transfection with LAMP family genes supports the efficient cleavage of MuV-F and cell-cell fusion
mediated by MuV envelope proteins in 293T cells. (A) Expression cloning by using a cDNA library generated
from Vero cells. 293T cells were transfected with the plasmid DNA (clone 40-25-11) from the library (or pCA7
for negative control), pCA7-MuV-F, -MuV-HN, and -EGFP. At 48 to 72 h after transfection, the cells were
observed under a fluorescence microscope. The cDNA clone (no. 40-5-26) is a negative clone from the library.
Scale bar, 200 �m. (B) 293T cells were transfected with pCA7-MuV-F, -MuV-HN, and -EGFP together with
pCA7-LAMP1, -LAMP2A, -LAMP2B, or -LAMP3 and observed for syncytium formation using fluorescence
microscopy at 48 h posttransfection. Scale bar, 200 �m. (C) Expression levels of LAMP1 were examined by
Western blotting in 293T and HEK293 cells. Actin was used as a loading control. The data shown are
representative of three independently performed experiments. Protein band signals were quantified, and
relative expression levels of LAMP1 were normalized to the level of actin. The mean value in HEK293 was set
to 1. The mean values and SDs of the three experiments were 0.92 � 0.11 for 293T and 1 � 0.24 for HEK293.
The mean values are shown in the figure. (D) 293T and HEK293 cells were transfected with pCA7-MuV-F,
-MuV-HN, and -EGFP, infected with MuV at a multiplicity of infection (MOI) of 10, or left untreated (control).
At 48 h after transfection or infection, relative gene expression levels of LAMP1, LAMP2, and LAMP3 in those
cells were quantified by RT-qPCR. Data were normalized to those of GAPDH, and the average value for
untreated 293T cells was set to 1. Data indicate the means � SDs of three independent experiments. *,
P � 0.05; **, P � 0.01; two-tailed Student’s t test. (E) 293T and HEK293 cells were transfected with pCA7-
LAMP1, -LAMP2A, -LAMP2B, and -LAMP3 or empty vector, together with pCA7-Flag-MuV-F and pCA7-MuV-
HN. Expression levels of MuV-F were examined at 48 h posttransfection by Western blotting with anti-Flag ab.
The data shown are representative of three independently performed experiments. Protein band signals were
quantified, and the mean ratios and SDs of F1 to (F0 � F1) of the three experiments were 0.17 � 0.01,
0.30 � 0.01, 0.24 � 0.01, 0.27 � 0.01, and 0.43 � 0.03 for 293T cells transfected with empty vector (pCA7),
pCA7-LAMP1, -LAMP2A, -LAMP2B, and -LAMP3, respectively, and 0.86 � 0.03 for HEK293 cells transfected with
the empty vector. The mean ratios are shown in the figure.
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mechanism for this is unknown at present, but LAMP3 might become structurally
unstable when complexed with MuV-F and/or furin.

To further examine the interaction of LAMPs with MuV-F and furin in the cell, 293T
cells were transfected with the expression plasmid encoding the Flag-tagged LAMP1,
LAMP2A, or LAMP3, together with that encoding the HA-tagged MuV-F or furin, and
observed using an immunofluorescent microscope. For this experiment, the uncleav-
able MuV-F was used because the co-IP experiments above indicated that LAMPs
interact with F0 but not F1. All of these LAMPs were found to colocalize with both the
F0 form of MuV-F and furin in the cytoplasm (Fig. 5).

FIG 4 LAMPs interact with both MuV-F and furin. HEK293 cells were transfected with pCA7-Flag-LAMP1, -LAMP2A, -LAMP3, or -EGFP and
one of pCA7-HA-MuV-F, -furin, and -EGFP. pCA7-Flag-EGFP and pCA7-HA-EGFP were used as negative controls. Proteins were immuno-
precipitated 24 h later with anti-Flag ab, followed by Western blotting of total lysates (Input) and immunoprecipitates (IP) with anti-Flag
(upper) or anti-HA ab (lower).
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DISCUSSION

In our attempt to identify host factors determining the MuV tropism for glandular
tissues and the CNS, we first found that 293T cells do not develop syncytia upon MuV
infection or expression of MuV envelope proteins. We found that 293T cells express
receptors for MuV, but they exhibited a defect in processing MuV-F. Since the addition
of trypsin to the culture medium allowed 293T cells to develop syncytia, we concluded
that the inefficient cleavage of MuV-F is responsible for the failure of 293T cells to
develop syncytia. However, furin responsible for the processing of MuV-F was func-
tionally intact in 293T cells (because MeV-F was properly processed), suggesting that
some host factor required for the furin-mediated cleavage of MuV-F (but not MeV-F) is
defective in 293T cells.

It was then found that overexpression of LAMPs confers on 293T cells the ability to
develop syncytia. The LAMP family comprises the ubiquitously expressed LAMP1 and
LAMP2 (LAMP2A and 2B), the IFN-inducible LAMP3, and the cell type-specific proteins.
Since overexpression of any of LAMP1, LAMP2A, LAMP2B, and LAMP3 allowed 293T
cells to develop syncytia upon expression of MuV envelope proteins, these ubiquitously
expressed and IFN-inducible LAMPs are all likely involved in the cleavage of MuV-F.
Importantly, there were little differences in expression levels of the LAMP1 and LAMP2
genes between 293T cells and parental HEK293 cells that produce syncytia, but the
expression level of the LAMP3 gene was much lower in 293T cells than that in HEK293
cells. Even after transfection or MuV infection, it was still lower in 293T cells than that
in untreated HEK293 cells.

Thus, although steadily expressed levels of LAMP1 and LAMP2 may support the
furin-mediated cleavage of MuV-F (they are presumably responsible for the low level of
cleavage observed in 293T cells), they may not be sufficient to cleave MuV-F efficiently

FIG 5 LAMPs colocalize with both MuV-F and furin in the cytoplasm. 293T cells were transfected with
pCA7-Flag-LAMP1, -LAMP2A, or -LAMP3, together with pCA7-HA-MuV-F0, pCA7-MuV-HN, and pCA7-furin
(upper) or together with pCA7-HA-furin, pCA7-MuV-HN, and pCA7-MuV-F0 (lower). They were observed
at 24 h posttransfection using a fluorescence microscope. Scale bar, 10 �m.
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and to cause cell-cell fusion in 293T cells, and increased levels of LAMP3 may be
required. Indeed, when exogenously expressed, LAMP3 enhanced the processing of
MuV-F in 293T cells more strongly than LAMP1 or LAMP2 (Fig. 3E). The reason why 293T
cells produce low, steady, and induced levels of LAMP3 remains to be determined, but
it may be partly attributed to the defects in the DNA sensor cyclic GMP-AMP synthase
(cGAS) and the adaptor protein STING in them (24). Nevertheless, expression of the
LAMP3 gene was increased after transfection in 293T cells, indicating that its induction
can occur independently of the cGAS-STING pathway.

How do LAMPs support the furin-mediated cleavage of MuV-F? Interestingly, LAMP1
has been shown to play an important role in Lassa virus (LASV) entry. LASV first binds
to its cell surface receptor ɑ-dystroglycan, and, after being endocytosed, it then
interacts with its intracellular receptor LAMP1 within the endosomal compartment (25).
A recent study showed that LAMP1 elevates the pH threshold of the LASV envelope
glycoprotein complex for fusion, thereby increasing the overall efficiency of LASV entry
and infection (26). Similarly, LAMPs may somehow modify the structure of MuV-F such
that it could serve as a good substrate for furin. Alternatively, LAMPs may act as
scaffolds to concentrate MuV-F and furin, as LAMPs interact with both of the molecules
(Fig. 4). The finding that LAMPs interact with the unprocessed form F0 (but not the
processed form F1) of MuV-F is consistent with these two possibilities. Lysosomal
proteins, including LAMPs, are synthesized in the endoplasmic reticulum and trans-
ported through the Golgi complex to the trans-Golgi network. Then, they can follow the
secretory pathway to the plasma membrane and subsequently reach lysosomes by
endocytosis. Alternatively, lysosomal proteins can follow a direct intracellular pathway
to the endolysosomal system (13). Thus, LAMPs may interact with MuV-F and furin in
the trans-Golgi network or other as yet undefined compartments within these path-
ways to support the processing of MuV-F.

The activity of furin may be finely controlled during virus infections. It has been
shown that protease-activated receptor 1, which is induced under proinflammatory
conditions, interacts with furin in the trans-Golgi network and interferes with the
furin-mediated processing of the human metapneumovirus F protein and human
immunodeficiency virus 1 (HIV-1) envelope protein (27, 28). A similar inhibitory activity
was also described for two IFN-inducible GTPases, termed guanylate-binding proteins
2 and 5 (29). These proteins decrease the activity of furin and inhibit HIV-1, Zika virus,
MeV, and avian influenza A virus replication by affecting the proteolytic cleavage of
their envelope proteins. In contrast, LAMPs supported the furin-mediated cleavage of
MuV-F. Although the processing of MeV-F appears to occur efficiently in LAMP3-
deficient 293T cells (Fig. 2), it is presently unknown whether LAMPs are also required for
the furin-mediated processing of other viral and host proteins. Since LAMP3 is the ISG
product, it is tempting to speculate that one of its functions is to help furin to cleave
and functionally activate host proteins involved in innate immunity and that MuV
exploits such LAMP3-furin interaction for its own growth. Interestingly, a study reported
that LAMP3 (but not LAMP1 and LAMP2) is induced in human lung A549 cells upon
influenza A virus infection and plays an important role in its postentry replication steps
(30). However, it should be noted that Vero cells incapable of producing IFNs still
developed syncytia (Fig. 1), suggesting that some cells can use steadily expressed
LAMPs to process MuV-F efficiently without IFN-induced LAMP3.

We have previously shown that �2,3-sialylated glycans such as �2,3-sialyllactose/
sialyllactosamine, sialyl Lewis x, and GM2 ganglioside serve as receptors for MuV, and
proposed that the distribution of these glycan motifs may partly account for the MuV
tropism (4, 5). The present study suggests that the overall expression levels of LAMPs,
including IFN-inducible LAMP3, may also contribute to the MuV tropism.

MATERIALS AND METHODS
Cells and virus. 293T, HEK293, HeLa, U-87, and Vero cells were maintained in Dulbecco’s modified

Eagle’s medium (DMEM; Wako) supplemented with 10% (vol/vol) fetal bovine serum (FBS; Sigma-Aldrich)
and penicillin/streptomycin (Gibco). 293T cells were obtained from ATCC as well as from Riken BioRe-
source Research Center. A549 and H358 cells were maintained in RPMI medium (Wako) supplemented
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with 10% (vol/vol) FBS and penicillin/streptomycin. LoVo cells, obtained from the Japanese Collection of
Research Bioresources (JCRB) Cell Bank, National Institutes of Biomedical Innovation, Health and Nutri-
tion, were maintained in Ham’s F-12 with L-glutamine (Nacalai) supplemented with 20% (vol/vol) FBS and
penicillin/streptomycin. Cells were transfected with indicated amounts of plasmid DNAs using Polyeth-
ylenimine Max (Polysciences) (293T, HEK293, Vero, and HeLa cells), Lipofectamine LTX (Invitrogen) (A549,
H358, and U-87 cells), or Lipofectamine 2000 (Invitrogen) (LoVo cells). The GFP-expressing recombinant
MuV of the Hoshino strain was recovered from the full-length cDNA plasmid as described previously (31).

Plasmid constructions. To construct expression plasmids, the cDNAs encoding human LAMP1,
LAMP2A, LAMP2B, LAMP3, and furin were obtained by reverse transcription (RT) of total RNA from
HEK293 cells, followed by PCR using specific primers. The DNA fragments encoding the MuV-F and -HN
proteins of the SBL-1 strain were amplified by PCR from the template plasmids (4). These cDNAs were
cloned into the expression plasmid pCA7 (32), generating pCA7-LAMP1, pCA7-LAMP2A, pCA7-LAMP2B,
pCA7-LAMP3, pCA7-furin, pCA7-MuV-F (SBL-1 strain), and pCA7-MuV-HN (SBL-1 strain), respectively.
pCAGGS-MuV-F and -HN (Odate strain) were kindly provided by Hiroshi Katoh (Department of Virology
III, National Institute of Infectious Diseases, Tokyo, Japan) (33). pCA7-MuV-F (Hoshino strain), pCA7-
MuV-HN (Hoshino strain), pCA7-MeV-F (IC-B strain), pCA7-EGFP, and pCAGGS-MeV-H (Edmonston strain)
were described previously (4, 34–36). The sequence (amino acid positions 111 to 116, GVPQSR) of the
Sendai virus F protein (Fushimi strain) was substituted for the furin cleavage site sequence of MuV-F
(amino acid positions 97 to 102, SRRHKR) by site-directed mutagenesis, generating pCA7-MuV-F0

encoding the uncleaved MuV-F0 protein. The DNA fragments encoding Flag- or HA-tagged MuV-F
(pCA7-Flag-MuV-F or pCA7-HA-MuV-F), Flag-tagged MeV-F (pCA7-Flag-MeV-F), HA-tagged MuV-F0

(pCA7-HA-MuV-F0), Flag- or HA-tagged EGFP (pCA7-Flag-EGFP or pCA7-HA-EGFP), Flag-tagged LAMP1
(pCA7-Flag-LAMP1), Flag-tagged LAMP2A (pCA7-Flag-LAMP2A), Flag-tagged LAMP3 (pCA7-Flag-LAMP3),
and HA-tagged furin (pCA7-HA-furin) were cloned into pCA7.

Fusion assay. Various cells on 12-well plates were transfected with 1 �g of pCA7-MuV-F, 0.4 �g of
pCA7-MuV-HN, and 0.5 �g of pCA7-EGFP (Fig. 1A and C and Fig. 2B) or with 1 �g of pCA7-MeV-F, 0.4 �g
of pCAGGS-MeV-H, and 0.5 �g of pCA7-EGFP (Fig. 2B) when they were �80 to 90% confluent. LoVo and
293T cells were transfected with pCA7-MuV-F, -MuV-HN and -EGFP, or pCA7-MeV-F, pCAGGS-MeV-H, and
pCA7-EGFP as described above, together with different amounts of pCA7-furin and with 1 �g of
pCA7-LAMP1, -LAMP2A, -LAMP2B, or -LAMP3, respectively (Fig. 2D and Fig. 3B). For Fig. 1G, culture media
of 293T cells in a 12-well dish (Iwaki) were replaced with Opti-MEM serum-free medium (Gibco). The cells
were then transfected with 1 �g of pCA7-MuV-F, 0.4 �g of pCA7-MuV-HN, and 0.5 �g of pCA7-EGFP or
with pCA7-EGFP only. At 24 h after transfection, transfected cells were treated with lysine-acetylated
trypsin (Merck) for 24 h or left untreated. The cell-cell fusion was evaluated under fluorescence
microscopy at 24 h after trypsin treatment. For some experiments, syncytium formation was quantitated
by counting the number of syncytia (�2,000 �m2) per field using a BZ-X710 microscope with the BZ-X
analyzer (Keyence).

Virus entry assay. Cells were infected with GFP-expressing recombinant MuV for 1 h at 37°C. The
infected cells were then washed, and the fresh medium was added. At 24 h after infection, the number
of GFP-expressing cells was counted under a fluorescence microscope.

Expression cloning. A cDNA library was synthesized by using poly(A)-positive (poly[A]�) RNA from
Vero cells and the cDNA library construction kit (TaKaRa). cDNA molecules were ligated unidirectionally
to pCA7 digested with EcoRI and NotI (pCA7 has been modified to contain the multicloning site). The
transformed E. coli was divided into 100 pools, and individual pools were cultured at 37°C overnight. The
total number of independent clones (3.9 � 105) was determined by plating a portion of the transformed
E. coli. Thus, each pool contained about 4,000 independent clones. Plasmid DNA was extracted from each
pool. 293T cells were plated in 12-well plates, and they were transiently transfected with 1 �g of plasmid
DNA from each pool, 0.05 �g of pCA7-EGFP, 0.4 �g of pCA7-MuV-HN, and 1.5 �g of pCA7-MuV-F. At 48
to 72 h after transfection, fusion was evaluated by observing EGFP-positive syncytia under a fluorescence
microscope. Among 40 pools of cDNA clones tested (no. 1 to no. 40), a single pool (no. 40) produced
apparent syncytia. This positive pool was further subdivided (no. 40-1 to no. 40-100), and the screening
was repeated until a single clone (no. 40-25-11) was obtained that could allow transfected 293T cells to
form syncytia.

Co-IP and Western blot analysis. Subconfluent monolayers of HEK293 cells on 6-well plates were
transfected with 2 �g of pCA7-Flag-LAMP1, -LAMP2A, LAMP3, or -EGFP together with 2 �g of pCA7-HA-
MuV-F, pCA7-HA-furin, or pCA7-HA-EGFP. At 24 h after transfection, the cells were washed with
phosphate-buffered saline (PBS) and lysed in 800 �l of IP lysis buffer (Thermo Fisher) containing the
protease inhibitor cocktail (Sigma). After incubation for 30 min at 4°C, the lysates were centrifuged at
17,360 � g for 30 min at 4°C. A small amount (50 �l) of each supernatant was mixed with an equal
volume of the 2� SDS loading buffer (125 mM Tris-HCl, pH 6.8, 10% 2-mercaptoethanol, 4% SDS, 0.1%
bromophenol blue, and 20% glycerol) and kept as the whole-cell lysate sample. For preclearing the
lysate, the rest of the supernatant was incubated for 30 min at 4°C with protein A-Sepharose (GE
Healthcare AB). The precleared cell lysate was collected by centrifugation, and the bead pellet was
discarded. The cell lysate was treated with an anti-Flag (catalog no. F1804; Sigma) antibody (ab) for 2 h
at 4°C. Protein A-Sepharose was then added to the complexes and incubated for 1 h at 4°C. Complexes
with the Sepharose were obtained by centrifugation and washed four times with IP lysis buffer. The
polypeptides in the precipitated complexes were fractionated by SDS-PAGE and electroblotted onto
polyvinylidene difluoride membranes (Immobilon-P; Millipore). The membranes were incubated with
anti-Flag (catalog no. F7425; Sigma) or anti-HA (Y-11; Santa Cruz Biotechnology) ab, followed by
incubation with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (Invitrogen) for detection of the
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Flag-tagged or HA-tagged proteins. Chemiluminescent signals (Chemi-Lumi One Super; Nacalai Tesque)
were detected and visualized using a VersaDoc 5000 imager (Bio-Rad). To detect the cleavage of MuV-F
and MeV-F, cells on 12-well plates were transfected with 1 �g of pCA7-Flag-MuV-F and 0.4 �g of
pCA7-MuV-HN (Fig. 1F and Fig. 2C), with 1 �g of pCA7-Flag-MeV-F and 0.4 �g of pCAGGS-MeV-H (Fig. 2C)
or with 1 �g of pCA7-Flag-MuV-F, 0.4 �g of pCA7-MuV-HN, and 1 �g of pCA7-LAMP1, -LAMP2A,
-LAMP2B, -LAMP3, or pCA7 (Fig. 3E). At 24 or 48 h posttransfection, cells were lysed in IP lysis buffer. To
detect human furin, LAMP1, and �-actin, cells were lysed in IP lysis buffer. The lysates were fractionated
by SDS-PAGE and blotted onto membranes as described above. Anti-Flag (to detect MuV-F or MeV-F),
anti-furin (catalog no. ab3467; Abcam), anti-LAMP1 (catalog no. ab25630; Abcam), anti-�-actin (clone
BA3R; BioVision), HRP-conjugated anti-rabbit IgG, and HRP-conjugated anti-mouse IgG (catalog no.
sc-2005; Santa Cruz Biotechnology) were used for immunoblotting.

RT-qPCR. For RT-qPCR, total RNA was extracted from transfected, MuV-infected, and untreated cells
with the TRIzol reagent (Invitrogen), treated with DNase I (Promega), and reverse transcribed into cDNAs
using SuperScript III (Invitrogen) and oligo(dT) primer. PCR (45 cycles of 95°C for 15 s, 55°C for 10 s, and
72°C for 30 s) was then performed with Thunderbird SYBR qPCR Mix (ToYoBo) using a CFX96 real-time
system (Bio-Rad). Primers used for this assay were 5=- TCTCAGTGAACTACGACACCA-3= and 5=-AGTGTAT
GTCCTCTTCCAAAAGC-3= for human LAMP1 mRNA, 5=-TGGCAATGATACTTGTCTGCTG-3= and 5=-ACGGAG
CCATTAACCAAATACAT-3= for LAMP2 mRNA, 5=-GCGTCCCTGGCCGTAATTT-3= and 5=-TGCTTGCTTAGCTG
GTTGCT-3= for human LAMP3 mRNA, and 5=-CTGCACCACCAACTGCTTAG-3= and 5=-AGGTCCACCACTGA
CACGTT-3= for human GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA, respectively. The
amounts of the individual mRNAs were normalized to that of GAPDH mRNA and expressed as relative
values. Data were analyzed with the CFX Maestro software (Bio-Rad).

Immunofluorescence staining. 293T cells seeded on coverslips, which had been precoated with
10 �g of poly-D-lysine hydrobromide (Sigma) per milliliter in a 24-well plate, were transfected with 0.2 �g
of pCA7-Flag-LAMP1, -LAMP2A, or -LAMP3; 0.2 �g of pCA7-HA-MuV-F0; 0.08 �g of pCA7-MuV-HN; and
0.2 �g of pCA7-furin or with 0.2 �g of pCA7-Flag-LAMP1, -LAMP2A, or LAMP3; 0.2 �g of pCA7-HA-furin;
0.08 �g of pCA7-MuV-HN; and 0.2 �g of pCA7-MuV-F0. At 24 h posttransfection, the cells were fixed and
permeabilized with PBS containing 3.6% formaldehyde and 0.5% Triton X-100. The cells were treated
with 10% normal donkey serum and then incubated with appropriate combinations of primary and
secondary antibodies. The following abs were used: mouse anti-Flag ab, rabbit anti-HA ab (catalog no.
561; MBL), Alexa Fluor 488-conjugated donkey anti-mouse IgG (H�L) (Molecular Probes), and Alexa Fluor
594-conjugated donkey anti-rabbit IgG (H�L) (Molecular Probes). The nuclei were counterstained with
4=,6-diamidino-2-phenylindole (DAPI) (Lonza). The stained cells were observed using a BZ-X710 fluores-
cence microscope (Keyence) equipped with an optical sectioning algorithm system (to obtain clear
images without fluorescence blurring).
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