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ABSTRACT Encephalomyocarditis virus (EMCV) is an animal pathogen and an im-
portant model organism, whose receptor requirements are poorly understood. Here,
we employed a genome-wide haploid genetic screen to identify novel EMCV host
factors. In addition to the previously described picornavirus receptors sialic acid and
glycosaminoglycans, this screen unveiled important new host factors for EMCV.
These factors include components of the fibroblast growth factor (FGF) signaling
pathway, such as the potential receptors FGFR1 and ADAM9, a cell-surface metallo-
proteinase. By employing various knockout cells, we confirmed the importance of
the identified host factors for EMCV infection. The largest reduction in infection effi-
ciency was observed in cells lacking ADAM9. Pharmacological inhibition of the met-
alloproteinase activity of ADAM9 did not affect virus infection. Moreover, reconstitu-
tion of inactive ADAM9 in knockout cells restored susceptibility to EMCV, pointing to
a proteinase-independent role of ADAM9 in mediating EMCV infection. Using neu-
tralization assays with ADAM9-specific antiserum and soluble receptor proteins, we
provided evidence for a role of ADAM9 in EMCV entry. Finally, binding assays
showed that ADAM9 facilitates attachment of EMCV to the cell surface. Together,
our findings reveal a role for ADAM9 as a novel receptor or cofactor for EMCV.

IMPORTANCE EMCV is an animal pathogen that causes acute viral infections, usually
myocarditis or encephalitis. It is thought to circulate mainly among rodents, from
which it is occasionally transmitted to other animal species, including humans. EMCV
causes fatal outbreaks of myocarditis and encephalitis in pig farms and zoos, making
it an important veterinary pathogen. Although EMCV has been widely used as a
model to study mechanisms of viral disease in mice, little is known about its entry
mechanism. Here, we employ a haploid genetic screen for EMCV host factors and
identify an essential role for ADAM9 in EMCV entry.

KEYWORDS disintegrin and metalloproteinase domain-containing protein 9
(ADAM9), encephalomyocarditis virus, haploid genetic screen

Encephalomyocarditis virus (EMCV) belongs to the genus Cardiovirus and the species
Cardiovirus A within the family of picornaviruses. This virus was first isolated in

Florida in 1945 from a gibbon that suddenly died and that was later diagnosed with
intense myocarditis and pulmonary edema (1). Following the discovery of EMCV, the
virus has been isolated globally from a wide range of animals, including squirrels,
elephants, wild boar, antelope, lions, birds, and several nonhuman primate species (2).
EMCV emerged as a pathogen in domestic pigs in Europe in the 1990s and has
subsequently caused hundreds of outbreaks in pig farms, particularly in Belgium and
Italy (3). It is thought that rodents are the natural reservoir of EMCV and that infection
of other animal species results from occasional cross-species transmission via contam-
inated food, water, or carcasses (4). EMCV is associated with sporadic cases and
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outbreaks of myocarditis and encephalitis, usually among captive animals living in pig
farms, zoos, or primate research centers (5). However, pathogenesis of EMCV appears to
be dependent on the strain and differs between host species. EMCV infection of
nonhuman primates usually results in death due to heart failure, whereas infection of
pigs can cause acute myocarditis or reproductive disorders (2). So far, only a few cases
of EMCV infection in humans have been reported; in these cases, patients presented
with mild symptoms, such as febrile illness, nausea, and headache (5). Nevertheless,
several serological studies reported that exposure to EMCV is common in humans (6),
particularly among hunters (7).

EMCV has long been used as a model virus to study the mechanisms of viral
suppression of the innate immune system for example (8, 9). Nevertheless, only a few
studies have investigated the receptor requirements of this virus. The first study
chronicling a functional EMCV receptor reported that infection of primary vascular
endothelial cells by the EMC-D strain was inhibited by antibodies targeting vascular cell
adhesion molecule 1 (VCAM-1), a protein belonging to the immunoglobulin superfam-
ily (10). Moreover, VCAM-1 overexpression increased the susceptibility of CHO cells to
EMCV infection. A second study, however, reported that EMCV can infect cells lacking
VCAM-1 expression and showed that attachment of the virus to these cells was
mediated by a 70-kDa sialoglycoprotein of unknown identity (11). Yet another study
reported that infection of primary human cardiomyocytes by one EMCV strain was
dependent on sialic acid (Sia) and heparan sulfate, while a second strain did not require
these factors. Thus, although several cell-surface molecules have been implicated as
possible EMCV receptors, the exact receptor requirements of EMCV are currently still
unclear. In this study, we aimed to unveil possible unknown EMCV host factors via an
unbiased genome-wide approach and identified the disintegrin and metalloproteinase
domain-containing protein 9 (ADAM9) as a novel factor supporting EMCV entry.

RESULTS
A genome-wide haploid screen identifies novel host factors for EMCV. Haploid

genetic screens have proven to be a powerful method to identify host factors required
for virus infection, particularly factors involved in virus entry (12–14). We performed
such a screen with EMCV (strain Mengovirus, ATCC VR-1598) and identified, among
others, genes involved in sialic acid biology (SLC35A1 and CMAS) and synthesis of
sulfated glycosaminoglycans (B3GAT3 and SLC35B2), two glycans that have previously
been found to facilitate EMCV binding to cells (15) (Fig. 1A). Among the top hits was
also PLA2G16, which encodes a phospholipase that was recently identified as a host
factor for enteroviruses and cardioviruses and is required for delivery of the viral
genome from the endosome into the cytoplasm (14, 16), further confirming the validity
of the screen. Other hits include three genes involved in FGF signaling (ADAM9, FGFR1,
and PTPN11), two of which encode plausible receptor candidates (ADAM9 and FGFR1).
ADAM9, a member of the ADAM (a disintegrin and metalloproteinase) family, is a
membrane-anchored protease that promotes tumor progression in a large variety of
cancers (17–19) and is known to cleave several membrane proteins, including epider-
mal growth factor (EGF), fibroblast growth factor (FGF) receptor 2IIIb (FGFR2IIIb) (20),
and VCAM-1 (21). Proteolytic cleavage of these proteins by ADAM9 results in shedding
of their ectodomains, regulating their signaling activity (22). Fibroblast growth factor
receptor 1 (FGFR1) is one of the four mammalian FGF receptors, which regulate many
cellular functions by transmitting signals conveyed by extracellular FGFs into the cell via
their intracellular tyrosine kinase domains (23). SH2 domain-containing tyrosine phos-
phatase 2 (Shp2; encoded by PTPN11) has been reported to regulate the activity of
various receptors, including FGF receptors, by dephosphorylation of their intracellular
kinase domains (24). Other screen hits include CNOT2 and CNOT3 (transcription regu-
lation), RPS25 (ribosomal component), and PA2G4 (growth regulation, possibly transla-
tion). Although these genes may be important for EMCV infection, we have focused on
potential entry factors in this study.
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To confirm the involvement of these factors in EMCV infection, we determined the
susceptibility of HAP1 cells lacking expression of FGFR1, ADAM9, PTPN11, or CMAS to
EMCV. Analysis of the number of infected cells showed that knockout of each gene
reduced the susceptibility to EMCV infection, whereas the negative-control virus cox-
sackievirus B3 (CV-B3) that employs the coxsackievirus and adenovirus receptor (CAR)
(Fig. 1B) was hardly affected. The largest reduction in infection efficiency was observed
in HAP1 ADAM9KO (KO stands for knockout) cells, in which EMCV capsid proteins were
not detected at 5 h postinfection. Infection became apparent at later time points, but
the infection efficiency was still severely impaired even after 24 h (Fig. 1C). Crystal violet
staining of viable cells showed that knockout of FGFR1, ADAM9, and PTPN11 protected
cells from cytopathic effect induction by EMCV (Fig. 1D). Together, these data reveal
that components of the FGF signaling pathway are involved in EMCV infection, includ-
ing the receptor candidates FGFR1 and ADAM9.

ADAM9 plays a role in an early step in EMCV infection. To gain insight into the
step in the viral life cycle that is facilitated by the identified host factors, we analyzed
reporter expression in HAP1 knockout clones by recombinant luciferase expressing
EMCV (dNGluc-EMCV) (25) and CV-B3 (RLuc-CV-B3) (26) in the presence or absence of
replication inhibitor GPC-N114 (27). Analysis of luciferase reporter expression in the

FIG 1 A genome-wide haploid screen identifies novel host factors for EMCV. (A) Bubble plot indicating the
significance of enrichment of gene trap insertions in genes (y axis) in an EMCV-infected cell population compared
to an uninfected control population. Each bubble represents a gene, with size corresponding to the number of
gene trap insertions per gene. Genes were randomly distributed on the x axis. The names of the top 20 hits are
indicated. (B) HAP1 cells deficient for various genes were infected with EMCV or coxsackievirus and adenovirus
receptor (CAR)-binding CV-B3, followed by staining of capsid proteins (EMCV) or 3A protein (CV-B3) and nuclei
(blue) at 5 h postinfection. Representative confocal micrographs are shown. The values (percentages) in the
micrographs are the means � standard errors of the means (SEM) for �3 technical replicates, normalized to the
WT value. (C) HAP1 clones were infected with EMCV, followed by staining of capsid proteins (green) and nuclei
(blue) at the indicated times postinfection. Representative confocal micrographs are shown. Percentage values
denote means � SEM for two to five technical replicates, normalized to the WT value at 5 h. (D) HAP1 clones were
infected with EMCV or CV-B3, followed by crystal violet staining of surviving cells. The experiment was conducted
twice with similar results.
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absence of GPC-N114 at 6 h postinfection (i.e., within a single replication cycle) showed
that knockout of ADAM9 and PTPN11, but not FGFR1, significantly inhibited EMCV
infection (Fig. 2A). Similar results were obtained in the presence of GPC-N114, when
luciferase is expressed exclusively from incoming viral RNA (Fig. 2B). Knockout of
ADAM9 and PTPN11 inhibited luciferase expression to a similar extent as CMAS knock-
out, which prevents cell-surface expression of sialic acids and is therefore expected to
affect virus entry. Together, these data pointed to a role of ADAM9 in an early step in
infection, such as viral entry or genome translation.

Mouse ADAM9 supports EMCV infection independently of its metalloprotease
activity. To investigate whether EMCV infection requires the metalloprotease activity of
ADAM9, we used the broad-spectrum metalloprotease inhibitor batimastat, which
targets many matrix metalloproteases (MMPs) and ADAM proteins, including ADAM9
(28). Batimastat barely inhibited infection of HAP1 cells by Renilla luciferase-expressing
EMCV (25) and CV-B3 at concentrations up to 200 �M, which is a concentration
4,000-fold higher than the 50% inhibitory concentration (IC50) value reported for
ADAM9 inhibition in cell-based assays (29). To further prove that the metalloprotease
activity of ADAM9 is dispensable for EMCV infection, we overexpressed mouse ADAM9
carrying the E348A substitution (mADAM9-E348A), a substitution that renders the
protein catalytically inactive (20). Transduction of HAP1 ADAM9KO cells with mADAM9-
E348A and subsequent infection of several clones with EMCV showed that mADAM9-
E348A overexpression increases the susceptibility of human ADAM9-deficient cells to
EMCV (Fig. 3). Together, these data indicate that EMCV can use both human and mouse
ADAM9 to infect cells and that its metalloprotease activity is dispensable for virus
infection.

ADAM9 is required for the entry phase of EMCV infection. Since ADAM9 and
FGFR1 are membrane proteins that could potentially serve as EMCV receptors, we
tested whether soluble forms of these proteins could neutralize EMCV infection of cells.
Preincubation of EMCV with soluble ADAM9 protein (up to 50 �g/ml) inhibited infec-
tion of HAP1 cells, without having adverse effects on CV-B3 infection or cell morphol-
ogy (Fig. 4A). In contrast, virus incubation with two soluble FGFR1 splicing variants
(FGFR1� IIIb and FGFR1� IIIc) did not affect EMCV infectivity. These data suggest that
soluble ADAM9 either directly binds to the virus or, alternatively, needs to be cointer-
nalized with the virus to exert its inhibitory effect.

Next, to establish whether ADAM9 expressed on the cell surface is required for EMCV
infection, we neutralized infection with an ADAM9-specific antibody. Antibody pre-

FIG 2 ADAM9 plays a role in an early step in EMCV infection. (A) HAP1 clones were infected with
dNGluc-EMCV or Rluc-CV-B3. Luminescence was measured at 6 h postinfection. Dashed lines indicate the
WT signal (top) and the signal in the presence of a replication inhibitor (bottom). Values are means plus
SEM (error bars) from two independent experiments. Values were compared to the WT values, and
statistical significance was calculated by an unpaired two-sided t test. Values that are significantly
different from the WT value are indicated as follows: ***, P � 0.001. Values that are not significantly
different (ns) are indicated. (B) HAP1 clones were infected with dNGluc-EMCV in the presence of the
replication inhibitor GPC-N114 (10 �M). Luminescence (in relative light units [RLU]) was measured at 6 h
postinfection. Dashed lines indicate the WT signal (top) and the signal produced by uninfected cells
(bottom). Values are means plus SEM (error bars) for three biological replicates. Statistical significance
compared with the WT values were calculated by an unpaired two-sided t test of log-transformed data;
ns, not significant; *, P � 0.05.
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treatment inhibited infection of HAP1 cells with EMCV, but not with CV-B3 (Fig. 4B),
indicating that the support of EMCV infection by endogenous ADAM9 takes place at the
cell surface or in the endocytic compartment. Finally, quantitative PCR (qPCR) analysis
of virus attachment showed that ADAM9 knockout inhibits binding of EMCV, but not
CV-B3, to HAP1 cells and that binding can be restored by overexpression of mADAM9-
E348A (Fig. 4C). This result reveals that the catalytically inactive ADAM9 contributes to
the initial attachment of EMCV to the cell surface. Altogether, these data show that
ADAM9 is a host factor required for the entry phase of EMCV infection.

DISCUSSION

In this study, we employed a genome-wide haploid genetic screen to identify host
factors for EMCV, which pointed toward a role of sialic acid, glycosaminoglycans, and
components of the FGF signaling pathway. Using knockout cell lines, we confirmed the
involvement of ADAM9, Shp2, FGFR1, and CMAS in EMCV infection. Via chemical
inhibition and overexpression of inactive ADAM9, we showed that ADAM9 supports
EMCV infection independently of its metalloprotease activity. Finally, virus neutraliza-
tion experiments and analysis of virus binding to ADAM9KO cells showed that ADAM9
plays a role in EMCV entry.

Sialic acid and glycosaminoglycans have been described as cell attachment recep-
tors for several picornaviruses, including enterovirus A71 (30, 31), EMCV strain 1086C
(15), and the related cardiovirus Theiler’s murine encephalitis virus (32, 33). For viruses

FIG 3 EMCV can use mouse ADAM9 to infect HAP1 cells, and this is independent of its metalloprotease
activity. (A) HAP1 clones were pretreated for 30 min with batimastat and infected with Rluc-EMCV or
Rluc-CV-B3 in the presence of batimastat. Luminescence was measured at 6 h postinfection. Dashed lines
indicate the signal in the presence of the replication inhibitors dipyridamole (Dip) or guanidine
hydrochloride (Gua). Values are means plus SEM (error bars) for four biological replicates. (B) HAP1
ADAM9KO cells were transduced with murine leukemia virus particles harboring plasmid encoding
catalytically inactive ADAM9 mutant E348A. Transduced cells were selected with hygromycin and
subcloned. Cells were infected with EMCV, followed by staining of capsid proteins (green) and nuclei
(blue). Representative confocal micrographs are shown. The values in the micrographs are mean � SEM
of the number of infected cells per field for two technical replicates.
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that use multiple receptors, these glycans usually serve as secondary receptors (30, 34,
35) that enhance infection by concentrating the virus on the cell surface. Therefore, it
is plausible that EMCV uses sialic acid and glycosaminoglycans to enhance attachment,
while the virus engages a protein receptor for internalization and subsequent uncoat-
ing. Two protein receptor candidates identified in the haploid screen are ADAM9 and
FGFR1. Only soluble ADAM9 was able to inhibit EMCV infection, whereas treatment
with soluble FGFR1 variants did not affect EMCV infection. However, it should be noted
that this lack of an inhibitory effect might be due to the use of stable FGFR1
homodimers, which may not be able to interact with the virus. Our observation that
soluble ADAM9 reduced virus infection hints toward a direct interaction. However, in
immunoprecipitation assays, biolayer interferometry experiments, and cryo-electron
microscopy analysis, we found no evidence for a direct interaction between EMCV and
ADAM9 (data not shown). Hence, whether ADAM9 serves as a bona fide receptor
facilitating virus internalization and uncoating remains to be established. Our finding
that ADAM9 facilitates EMCV attachment to the cell surface may also be interpreted as
evidence for a direct interaction, but other scenarios cannot be excluded. For instance,
it is possible that ADAM9 function as a co-receptor that complexes with other cell-
surface proteins prior to virus binding or that it serves as a cofactor that does not
interact with the virus itself. Besides a metalloprotease domain, ADAM9 possesses other
domains that could be involved in EMCV entry, including an EGF-like domain, a
cysteine-rich region, and a disintegrin domain (36). For instance, the disintegrin domain
of ADAM9 has been shown to regulate cell adhesion by interacting with multiple
different �1 integrins (37, 38). By sequestering �1 integrins, ADAM9 could promote the

FIG 4 ADAM9 is required for the entry phase of EMCV infection. (A) EMCV or CV-B3 were pretreated with the
indicated concentrations of soluble ADAM9 protein or 100 �g/ml soluble FGFR1�/FGFR1� proteins for 1 h at 37°C
and used to infect HAP1 cells. Capsid proteins (EMCV) or 3A protein (CV-B3) and nuclei (blue) were stained at 7 h
postinfection. (B) HAP1 cells were pretreated with the indicated concentrations of antibody targeting ADAM9 and
infected with virus for 7 h, followed by staining as described above for panel A. Representative confocal
micrographs are shown in panels A, B, and C. Values (percentages) on the micrographs are mean � SEM values for
3 or 4 (A) or 4 (B) technical replicates, normalized to the value for mock treatment. (C) WT, ADAM9KO, or ADAM9KO

HAP1 cells overexpressing mouse ADAM9 mutant E348A (mADAM9) were incubated with EMCV or CV-B3 on ice,
followed by qPCR analysis of bound virus. The values are means plus standard deviations (SD) (error bars) for three
biological replicates. Experiments were conducted twice with similar results.
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accessibility of other �1 integrin-binding proteins on the cell surface, including possible
EMCV receptors such as VCAM-1. More research is needed to decipher the exact role of
ADAM9 in the entry process of EMCV.

While this article was being prepared, ADAM9 was identified as an essential factor
for EMCV entry in another study, which used a genome-wide CRISPR/Cas9-based screen
in HeLa cells (39). Knockout of ADAM9 strongly inhibited infection of different EMCV
strains in both human and mouse cells, and this inhibition could be bypassed by
transfection-mediated delivery of viral RNA to the cytosol, supporting the idea that
ADAM9 is required for virus entry. Furthermore, consistent with our finding, it was
shown that EMCV infection was rescued with similar efficiency by expression of
wild-type (WT) and catalytically inactive ADAM9. These findings, together with the
results of our study strongly establish that ADAM9 is required for the early stage of
EMCV infection.

The identification of FGFR1 in our haploid screen and the fact that it belongs to the
immunoglobulin-like (Ig-like) superfamily, like most picornavirus protein receptors,
suggested that FGFR1 could serve as an EMCV receptor. However, the effect of FGFR1
knockout on EMCV infection was relatively small. Although no other receptor candi-
dates were found in the screen, other receptors (e.g., other FGFRs) or other cell-surface
proteins may also be involved in EMCV entry. Previously, VCAM-1, an Ig-like sialygly-
coprotein, was implicated as an EMCV receptor (10). We did not identify VCAM-1 as a
hit in our haploid screen, but this may be explained by the fact that expression of
VCAM-1 is limited to specific cell lines and is relatively low in HAP1 cells (40). We also
identified the phosphatase Shp2 as a factor involved in EMCV entry. This phosphatase
is involved in intracellular signaling by several cellular receptors, including FGFRs, and
was previously found to mediate poliovirus infection by association with its receptor
(41). The exact role of Shp2 in the internalization of EMCV remains to be established.
Although the role of FGFR1 in EMCV entry remains unclear, the possible link between
ADAM9 and FGFR1 identified in this study is remarkable and may point to some
physiological connection. Both ADAM9 and FGFR1 are important factors in tumor
development (29, 42) and metastasis induction (19). ADAM9 was previously shown to
cleave FGFR2 IIIb (20), but FGFR1 was never implicated as an ADAM9 substrate.
Whether and how ADAM9 regulates FGFR1 activity remains to be established.

In conclusion, ADAM9 plays either a direct role in EMCV entry as a receptor or an
indirect role as a cofactor. In the future, identification of cell-surface proteins that
directly bind EMCV, for example by chemical cross-linking and mass spectrometry,
might shed more light on the functions of the different EMCV host factors identified
here. Also, it should be investigated whether EMCV relies on ADAM9 in physiologically
relevant cell types, such as primary vascular endothelial cells. Because mice lacking
ADAM9 are viable and were not found to have abnormalities (43), ADAM9 could be
considered a potential target for antiviral therapy.

MATERIALS AND METHODS
Cells, viruses, and reagents. HAP1 CMASKO, FGFR1KO, PTPN11KO, ADAM9KO, and wild-type (WT) HAP1

cells were obtained from Horizon Discovery Group plc (Cambridge, UK) and cultured in Iscove’s modified
Dulbecco’s medium (IMDM) (Lonza) containing 10% (vol/vol) fetal calf serum (FCS). HEK293T (ATCC
CRL-3216) cells were cultured in Dulbecco’s minimum essential medium (DMEM) (Lonza) supplemented
with 10% (vol/vol) FCS. All cells were tested for mycoplasma contamination. The EMCV (strain mengo-
virus vMwt) used for the haploid genetic screen was obtained from the American Type Culture Collection
(ATCC VR-1598), while in all other experiments, the EMCV strain mengovirus vM16.1 was used. CV-B3
(Nancy) and EMCV (vM16.1) were obtained by transfecting in vitro-transcribed RNA derived from
full-length infectious clones p53CB3/T7 and pM16.1, respectively. Rluc-EMCV and Rluc-CV-B3 consist of
viral genomic RNA encoding Renilla luciferase upstream of the leader sequence (RLuc-EMCV) or upstream
of the P1 coding sequence (Rluc-CV-B3) (25, 26). In dNGluc-EMCV, Renilla luciferase was replaced by an
N-terminal deletion mutant of Gaussia luciferase (dNGluc) to minimize the size of the viral genome. The
following chemicals and reagents were used in this study: recombinant human FGFR1� IIIb (catalog no.
655-FR; R&D Systems), recombinant human FGFR1� IIIc (catalog no. 661-FR; R&D Systems), recombinant
human ADAM9 (catalog no. 939-AD-020; R&D Systems), goat polyclonal anti-ADAM9 (catalog no. AF939;
R&D Systems), and batimastat (catalog no. 2961; Tocris).

Haploid genetic screen with EMCV. The haploid genetic screen was performed as described
previously (44). Briefly, HAP1 cells were gene trap mutagenized, expanded, and exposed to EMCV. After
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selection with virus, cells were expanded, and genomic DNA was isolated, followed by sequence analysis.
For each gene, the enrichment of insertion sites was calculated by comparing the EMCV-selected
population with a noninfected control population.

Infectivity assays. Cells were incubated with virus for 1 h at 37°C, supplied with fresh medium, and
incubated at 37°C for 6 h (luciferase assays) or 7 h (immunofluorescence). In neutralization assays, viruses
or cells were pretreated with ligands for 1 h at 37°C, unless otherwise indicated. Crystal violet staining
was performed 2 days postinfection. For immunofluorescence staining, cells were fixed by submersion in
a 4% paraformaldehyde solution for 15 min. Fixed cells were stained with 1:1,000 diluted rabbit
antiserum against mengovirus capsids (obtained from Ann Palmenberg, University of Wisconsin) or a
1:100 diluted mouse monoclonal antibody against CV-B3 protein 3A. Cells were examined by confocal
microscopy (Leica SPE-II), and the number of infected cells was quantified with ImageJ.

Generation of murine leukemia virus particles for overexpression of ADAM9 E348A. The gene
encoding catalytically inactive mouse ADAM9 mutant E348A was amplified by PCR from plasmids
obtained from Carl P. Blobel (Cornell University, New York). The amplicon was inserted into pQXCIH
using restriction enzymes NotI and BamHI. This plasmid was cotransfected with packaging plasmids
pCAGGS-VSV-G and pMLV-gag-pol into HEK293T cells. Murine leukemia virus (MLV) particles were
harvested after 5 days and used to transduce HAP1 ADAM9KO cells. Transgene-expressing cells were
selected with hygromycin, after which four single-cell clones were expanded and validated by sequenc-
ing the ADAM9 region containing the inactivating mutation.

Virus binding assays. Cells were incubated with virus for 1 h on ice and washed three times with
ice-cold phosphate-buffered saline (PBS). RNA was isolated from cells using the NucleoSpin RNA isolation
kit (catalog no. 740955.250; Macherey-Nagel). cDNA was generated using the TaqMan reverse transcrip-
tion reagent kit (catalog no. N8080234; Applied Biosystems). Quantitative PCR was performed using the
Roche Lightcycler 480 SYBR green I master kit (catalog no. 04 887 352 001; Roche).

ACKNOWLEDGMENTS
Funding was provided by the Netherlands Organization for Scientific Research grant

NWO-VICI-91812628 (to Frank J. M. van Kuppeveld) and the Wellcome Trust PhD
Studentship support 102572/B/13/Z (to Daniel L. Hurdiss).

We thank Carl P. Blobel for his guidance and for providing plasmids encoding mouse
ADAM9.

J.B., H.J.T., and F.J.M.V.K. conceptualized this study. J.B., H.J.T., D.L.H., M.W., C.D.M.,
and A.L.W.V.V. performed experiments. J.B., H.J.T., and F.J.M.V.K. wrote the paper. J.E.C.
and F.J.M.V.K. supervised the work. D.L.H., J.E.C., and F.J.M.V.K. acquired the funds for
this study.

We declare that we have no conflicts of interest.

REFERENCES
1. Helwig FC, Schmidt CH. 1945. A filter-passing agent producing intersti-

tial myocarditis in anthropoid apes and small animals. Science 102:
31–33. https://doi.org/10.1126/science.102.2637.31.

2. Carocci M, Bakkali-Kassimi L. 2012. The encephalomyocarditis virus.
Virulence 3:351–367. https://doi.org/10.4161/viru.20573.

3. Maurice H, Nielen M, Brocchi E, Nowotny N, Kassimi LB, Billinis C,
Loukaides P, O’Hara RS, Koenen F. 2005. The occurrence of encephalo-
myocarditis virus (EMCV) in European pigs from 1990 to 2001. Epidemiol
Infect 133:547–557. https://doi.org/10.1017/s0950268804003668.

4. Kluivers M, Maurice H, Vyt P, Koenen F, Nielen M. 2006. Transmission
of encephalomyocarditis virus in pigs estimated from field data in
Belgium by means of R0. Vet Res 37:757–766. https://doi.org/10.1051/
vetres:2006035.

5. Oberste MS, Gotuzzo E, Blair P, Nix WA, Ksiazek TG, Comer JA, Rollin P,
Goldsmith CS, Olson J, Kochel TJ. 2009. Human febrile illness caused by
encephalomyocarditis virus infection, Peru. Emerg Infect Dis 15:
640 – 646. https://doi.org/10.3201/eid1504.081428.

6. Czechowicz J, Huaman JL, Forshey BM, Morrison AC, Castillo R, Huaman
A, Caceda R, Eza D, Rocha C, Blair PJ, Olson JG, Kochel TJ. 2011.
Prevalence and risk factors for encephalomyocarditis virus infection in
Peru. Vector Borne Zoonotic Dis 11:367–374. https://doi.org/10.1089/vbz
.2010.0029.

7. Deutz A, Fuchs K, Nowotny N, Auer H, Schuller W, Stunzner D, Aspock H,
Kerbl U, Kofer J. 2003. Sero-epidemiological studies of zoonotic infec-
tions in hunters– comparative analysis with veterinarians, farmers, and
abattoir workers. Wien Klin Wochenschr 115:61– 67. (In German.)

8. Feng Q, Hato SV, Langereis MA, Zoll J, Virgen-Slane R, Peisley A, Hur S,
Semler BL, van Rij RP, van Kuppeveld FJM. 2012. MDA5 detects the

double-stranded RNA replicative form in picornavirus-infected cells. Cell
Rep 2:1187–1196. https://doi.org/10.1016/j.celrep.2012.10.005.

9. Porter FW, Bochkov YA, Albee AJ, Wiese C, Palmenberg AC. 2006. A
picornavirus protein interacts with Ran-GTPase and disrupts nucleocy-
toplasmic transport. Proc Natl Acad Sci U S A 103:12417–12422. https://
doi.org/10.1073/pnas.0605375103.

10. Huber SA. 1994. VCAM-1 is a receptor for encephalomyocarditis virus on
murine vascular endothelial cells. J Virol 68:3453–3458.

11. Jin YM, Pardoe IU, Burness AT, Michalak TI. 1994. Identification and
characterization of the cell surface 70-kilodalton sialoglycoprotein(s) as
a candidate receptor for encephalomyocarditis virus on human nucle-
ated cells. J Virol 68:7308 –7319.

12. Carette JE, Raaben M, Wong AC, Herbert AS, Obernosterer G, Mulherkar
N, Kuehne AI, Kranzusch PJ, Griffin AM, Ruthel G, Dal Cin P, Dye JM,
Whelan SP, Chandran K, Brummelkamp TR. 2011. Ebola virus entry
requires the cholesterol transporter Niemann-Pick C1. Nature 477:
340 –343. https://doi.org/10.1038/nature10348.

13. Jae LT, Raaben M, Herbert AS, Kuehne AI, Wirchnianski AS, Soh TK,
Stubbs SH, Janssen H, Damme M, Saftig P, Whelan SP, Dye JM, Brum-
melkamp TR. 2014. Lassa virus entry requires a trigger-induced re-
ceptor switch. Science 344:1506 –1510. https://doi.org/10.1126/science
.1252480.

14. Staring J, von Castelmur E, Blomen VA, van den Hengel LG, Brockmann
M, Baggen J, Thibaut HJ, Nieuwenhuis J, Janssen H, van Kuppeveld FJM,
Perrakis A, Carette JE, Brummelkamp TR. 2017. PLA2G16 represents a
switch between entry and clearance of Picornaviridae. Nature 541:
412– 416. https://doi.org/10.1038/nature21032.

15. Hammoumi S, Guy M, Eloit M, Bakkali-Kassimi L. 2012. Encephalomyo-
carditis virus may use different pathways to initiate infection of primary

Baggen et al. ®

July/August 2019 Volume 10 Issue 4 e01780-19 mbio.asm.org 8

https://doi.org/10.1126/science.102.2637.31
https://doi.org/10.4161/viru.20573
https://doi.org/10.1017/s0950268804003668
https://doi.org/10.1051/vetres:2006035
https://doi.org/10.1051/vetres:2006035
https://doi.org/10.3201/eid1504.081428
https://doi.org/10.1089/vbz.2010.0029
https://doi.org/10.1089/vbz.2010.0029
https://doi.org/10.1016/j.celrep.2012.10.005
https://doi.org/10.1073/pnas.0605375103
https://doi.org/10.1073/pnas.0605375103
https://doi.org/10.1038/nature10348
https://doi.org/10.1126/science.1252480
https://doi.org/10.1126/science.1252480
https://doi.org/10.1038/nature21032
https://mbio.asm.org


human cardiomyocytes. Arch Virol 157:43–52. https://doi.org/10.1007/
s00705-011-1133-6.

16. Elling U, Wimmer RA, Leibbrandt A, Burkard T, Michlits G, Leopoldi A,
Micheler T, Abdeen D, Zhuk S, Aspalter IM, Handl C, Liebergesell J,
Hubmann M, Husa AM, Kinzer M, Schuller N, Wetzel E, Van De Loo N,
Martinez JAZ, Estoppey D, Riedl R, Yang F, Fu B, Dechat T, Ivics Z, Agu CA,
Bell O, Blaas D, Gerhardt H, Hoepfner D, Stark A, Penninger JM. 2017. A
reversible haploid mouse embryonic stem cell biobank resource for
functional genomics. Nature 550:114 –118. https://doi.org/10.1038/
nature24027.

17. Lin CY, Cho CF, Bai ST, Liu JP, Kuo TT, Wang LJ, Lin YS, Lin CC, Lai LC, Lu
TP, Hsieh CY, Chu CN, Cheng DC, Sher YP. 2017. ADAM9 promotes lung
cancer progression through vascular remodeling by VEGFA, ANGPT2,
and PLAT. Sci Rep 7:1–13. https://doi.org/10.1038/s41598-017-15159-1.

18. Fry JL, Toker A. 2010. Secreted and membrane-bound isoforms of pro-
tease ADAM9 have opposing effects on breast cancer cell migration.
Cancer Res 70:8187– 8198. https://doi.org/10.1158/0008-5472.CAN-09
-4231.

19. Kossmann CM, Annereau M, Thomas-Schoemann A, Nicco-Overney C,
Chéreau C, Batteux F, Alexandre J, Lemare F. 2017. ADAM9 expression
promotes an aggressive lung adenocarcinoma phenotype. Tumor Biol
39:1010428317716077. https://doi.org/10.1177/1010428317716077.

20. Peduto L, Reuter VE, Shaffer DR, Scher HI, Blobel CP. 2005. Critical
function for ADAM9 in mouse prostate cancer. Cancer Res 65:
9312–9319. https://doi.org/10.1158/0008-5472.CAN-05-1063.

21. Guaiquil V, Swendeman S, Yoshida T, Chavala S, Campochiaro PA, Blobel
CP. 2009. ADAM9 is involved in pathological retinal neovascularization.
Mol Cell Biol 29:2694 –2703. https://doi.org/10.1128/MCB.01460-08.

22. Dreymueller D, Pruessmeyer J, Groth E, Ludwig A. 2012. The role of
ADAM-mediated shedding in vascular biology. Eur J Cell Biol 91:
472– 485. https://doi.org/10.1016/j.ejcb.2011.09.003.

23. Goetz R, Mohammadi M. 2013. Exploring mechanisms of FGF signalling
through the lens of structural biology. Nat Rev Mol Cell Biol 14:166 –180.
https://doi.org/10.1038/nrm3528.

24. Ahmed Z, Lin C-C, Suen KM, Melo FA, Levitt JA, Suhling K, Ladbury JE.
2013. Grb2 controls phosphorylation of FGFR2 by inhibiting receptor
kinase and Shp2 phosphatase activity. J Cell Biol 200:493–504. https://
doi.org/10.1083/jcb.201204106.

25. Albulescu L, Wubbolts R, van Kuppeveld FJM, Strating J. 2015. Choles-
terol shuttling is important for RNA replication of coxsackievirus B3 and
encephalomyocarditis virus. Cell Microbiol 17:1144 –1156. https://doi
.org/10.1111/cmi.12425.

26. Lanke KHW, van der Schaar HM, Belov GA, Feng Q, Duijsings D, Jackson
CL, Ehrenfeld E, van Kuppeveld F. 2009. GBF1, a guanine nucleotide
exchange factor for Arf, is crucial for coxsackievirus B3 RNA replication.
J Virol 83:11940 –11949. https://doi.org/10.1128/JVI.01244-09.

27. van der Linden L, Vives-Adrian L, Selisko B, Ferrer-Orta C, Liu X, Lanke K,
Ulferts R, De Palma AM, Tanchis F, Goris N, Lefebvre D, De Clercq K,
Leyssen P, Lacroix C, Pürstinger G, Coutard B, Canard B, Boehr DD,
Arnold JJ, Cameron CE, Verdaguer N, Neyts J, van Kuppeveld F. 2015. The
RNA template channel of the RNA-dependent RNA polymerase as a
target for development of antiviral therapy of multiple genera within a
virus family. PLoS Pathog 11:e1004733. https://doi.org/10.1371/journal
.ppat.1004733.

28. Roghani M, Becherer JD, Moss ML, Atherton RE, Erdjument-Bromage H,
Arribas J, Blackburn RK, Weskamp G, Tempst P, Blobel CP. 1999.
Metalloprotease-disintegrin MDC9: intracellular maturation and cat-
alytic activity. J Biol Chem 274:3531–3540. https://doi.org/10.1074/
jbc.274.6.3531.

29. Maretzky T, Swendeman S, Mogollon E, Weskamp G, Sahin U, Reiss K,
Blobel CP. 2017. Characterization of the catalytic properties of the
membrane-anchored metalloprotease ADAM9 in cell-based assays.
Biochem J 474:1467–1479. https://doi.org/10.1042/BCJ20170075.

30. Yang B, Chuang H, Yang KD. 2009. Sialylated glycans as receptor and

inhibitor of enterovirus 71 infection to DLD-1 intestinal cells. Virol J
6:141. https://doi.org/10.1186/1743-422X-6-141.

31. Tan CW, Poh CL, Sam I, Chan YF. 2013. Enterovirus 71 uses cell surface
heparan sulfate glycosaminoglycan as an attachment receptor. J Virol
87:611– 620. https://doi.org/10.1128/JVI.02226-12.

32. Reddi HV, Kumar ASM, Kung AY, Kallio PD, Schlitt BP, Lipton HL. 2004.
Heparan sulfate-independent infection attenuates high-neurovirulence
GDVII virus-induced encephalitis. J Virol 78:8909 – 8916. https://doi.org/
10.1128/JVI.78.16.8909-8916.2004.

33. Zhou L, Luo Y, Wu Y, Tsao J, Luo M. 2000. Sialylation of the host receptor
may modulate entry of demyelinating persistent Theiler’s virus. J Virol
74:1477–1485. https://doi.org/10.1128/jvi.74.3.1477-1485.2000.

34. Baggen J, Hurdiss DL, Zocher G, Mistry N, Roberts RW, Slager JJ, Guo H,
van Vliet ALW, Wahedi M, Benschop K, Duizer E, de Haan CAM, de Vries
E, Casasnovas JM, de Groot RJ, Arnberg N, Stehle T, Ranson NA, Thibaut
HJ, van Kuppeveld FJM. 2018. Role of enhanced receptor engagement in
the evolution of a pandemic acute hemorrhagic conjunctivitis virus.
Proc Natl Acad Sci U S A 115:397– 402. https://doi.org/10.1073/pnas
.1713284115.

35. Ruiz-Sáenz J, Goez Y, Tabares W, López-Herrera A. 2009. Cellular recep-
tors for foot and mouth disease virus. Intervirology 52:201–212. https://
doi.org/10.1159/000226121.

36. Blobel CP. 2005. ADAMs: key components in EGFR signalling and
development. Nat Rev Mol Cell Biol 6:32– 43. https://doi.org/10.1038/
nrm1548.

37. Nath D, Slocombe PM, Webster A, Stephens PE, Docherty AJ, Murphy G.
2000. Meltrin gamma(ADAM-9) mediates cellular adhesion through
alpha(6)beta(1) integrin, leading to a marked induction of fibroblast cell
motility. J Cell Sci 113:2319 –2328.

38. Mahimkar RM, Visaya O, Pollock AS, Lovett DH. 2005. The disintegrin
domain of ADAM9: a ligand for multiple beta1 renal integrins. Biochem
J 385:461– 468. https://doi.org/10.1042/BJ20041133.

39. Bazzone LE, King M, MacKay CR, Kyawe PP, Meraner P, Lindstrom D,
Rojas-Quintero J, Owen CA, Wang JP, Brass AL, Kurt-Jones EA, Finberg
RW. 2019. A disintegrin and metalloprotease 9 domain (ADAM9) is a
major susceptibility factor in the early stages of encephalomyocarditis
virus infection. mBio 10:e02734-18. https://doi.org/10.1128/mBio.02734
-18.

40. Thul PJ, Åkesson L, Wiking M, Mahdessian D, Geladaki A, Ait Blal H, Alm
T, Asplund A, Björk L, Breckels LM, Bäckström A, Danielsson F, Fagerberg
L, Fall J, Gatto L, Gnann C, Hober S, Hjelmare M, Johansson F, Lee S,
Lindskog C, Mulder J, Mulvey CM, Nilsson P, Oksvold P, Rockberg J,
Schutten R, Schwenk JM, Sivertsson Å, Sjöstedt E, Skogs M, Stadler C,
Sullivan DP, Tegel H, Winsnes C, Zhang C, Zwahlen M, Mardinoglu A,
Pontén F, von Feilitzen K, Lilley KS, Uhlén M, Lundberg E. 2017. A
subcellular map of the human proteome. Science 356:eaal3321. https://
doi.org/10.1126/science.aal3321.

41. Coyne CB, Kim KS, Bergelson JM. 2007. Poliovirus entry into human brain
microvascular cells requires receptor-induced activation of SHP-2. EMBO
J 26:4016 – 4028. https://doi.org/10.1038/sj.emboj.7601831.

42. Tenhagen M, van Diest PJ, Ivanova IA, van der Wall E, van der Groep P.
2012. Fibroblast growth factor receptors in breast cancer: expression,
downstream effects, and possible drug targets. Endocr Relat Cancer
19:R115–R129. https://doi.org/10.1530/ERC-12-0060.

43. Weskamp G, Cai H, Brodie TA, Higashyama S, Manova K, Ludwig T, Blobel
CP. 2002. Mice lacking the metalloprotease-disintegrin MDC9 (ADAM9)
have no evident major abnormalities during development or adult life.
Mol Cell Biol 22:1537–1544. https://doi.org/10.1128/mcb.22.5.1537-1544
.2002.

44. Carette JE, Guimaraes CP, Wuethrich I, Blomen VA, Varadarajan M, Sun C,
Bell G, Yuan B, Muellner MK, Nijman SM, Ploegh HL, Brummelkamp TR.
2011. Global gene disruption in human cells to assign genes to pheno-
types by deep sequencing. Nat Biotechnol 29:542–546. https://doi.org/
10.1038/nbt.1857.

ADAM9 Is Required for Encephalomyocarditis Virus Entry ®

July/August 2019 Volume 10 Issue 4 e01780-19 mbio.asm.org 9

https://doi.org/10.1007/s00705-011-1133-6
https://doi.org/10.1007/s00705-011-1133-6
https://doi.org/10.1038/nature24027
https://doi.org/10.1038/nature24027
https://doi.org/10.1038/s41598-017-15159-1
https://doi.org/10.1158/0008-5472.CAN-09-4231
https://doi.org/10.1158/0008-5472.CAN-09-4231
https://doi.org/10.1177/1010428317716077
https://doi.org/10.1158/0008-5472.CAN-05-1063
https://doi.org/10.1128/MCB.01460-08
https://doi.org/10.1016/j.ejcb.2011.09.003
https://doi.org/10.1038/nrm3528
https://doi.org/10.1083/jcb.201204106
https://doi.org/10.1083/jcb.201204106
https://doi.org/10.1111/cmi.12425
https://doi.org/10.1111/cmi.12425
https://doi.org/10.1128/JVI.01244-09
https://doi.org/10.1371/journal.ppat.1004733
https://doi.org/10.1371/journal.ppat.1004733
https://doi.org/10.1074/jbc.274.6.3531
https://doi.org/10.1074/jbc.274.6.3531
https://doi.org/10.1042/BCJ20170075
https://doi.org/10.1186/1743-422X-6-141
https://doi.org/10.1128/JVI.02226-12
https://doi.org/10.1128/JVI.78.16.8909-8916.2004
https://doi.org/10.1128/JVI.78.16.8909-8916.2004
https://doi.org/10.1128/jvi.74.3.1477-1485.2000
https://doi.org/10.1073/pnas.1713284115
https://doi.org/10.1073/pnas.1713284115
https://doi.org/10.1159/000226121
https://doi.org/10.1159/000226121
https://doi.org/10.1038/nrm1548
https://doi.org/10.1038/nrm1548
https://doi.org/10.1042/BJ20041133
https://doi.org/10.1128/mBio.02734-18
https://doi.org/10.1128/mBio.02734-18
https://doi.org/10.1126/science.aal3321
https://doi.org/10.1126/science.aal3321
https://doi.org/10.1038/sj.emboj.7601831
https://doi.org/10.1530/ERC-12-0060
https://doi.org/10.1128/mcb.22.5.1537-1544.2002
https://doi.org/10.1128/mcb.22.5.1537-1544.2002
https://doi.org/10.1038/nbt.1857
https://doi.org/10.1038/nbt.1857
https://mbio.asm.org

	Identification of the Cell-Surface Protease ADAM9 as an Entry Factor for Encephalomyocarditis Virus
	RESULTS
	A genome-wide haploid screen identifies novel host factors for EMCV. 
	ADAM9 plays a role in an early step in EMCV infection. 
	Mouse ADAM9 supports EMCV infection independently of its metalloprotease activity. 
	ADAM9 is required for the entry phase of EMCV infection. 

	DISCUSSION

	MATERIALS AND METHODS
	Cells, viruses, and reagents. 
	Haploid genetic screen with EMCV. 
	Infectivity assays. 
	Generation of murine leukemia virus particles for overexpression of ADAM9 E348A. 
	Virus binding assays. 

	ACKNOWLEDGMENTS
	REFERENCES

