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ABSTRACT

The entry of avian metapneumovirus (aMPV) into host cells initially requires the fusion of viral and cell membranes, which is
exclusively mediated by fusion (F) protein. Proteolysis of aMPV F protein by endogenous proteases of host cells allows F protein
to induce membrane fusion; however, these proteases have not been identified. Here, we provide the first evidence that the trans-
membrane serine protease TMPRSS12 facilitates the cleavage of subtype B aMPV (aMPV/B) F protein. We found that overex-
pression of TMPRSS12 enhanced aMPV/B F protein cleavage, F protein fusogenicity, and viral replication. Subsequently, knock-
down of TMPRSS12 with specific small interfering RNAs (siRNAs) reduced aMPV/B F protein cleavage, F protein fusogenicity,
and viral replication. We also found a cleavage motif in the aMPV/B F protein (amino acids 100 and 101) that was recognized by
TMPRSS12. The histidine, aspartic acid, and serine residue (HDS) triad of TMPRSS12 was shown to be essential for the proteoly-
sis of aMPV/B F protein via mutation analysis. Notably, we observed TMPRSS12 mRNA expression in target organs of aMPV/B
in chickens. Overall, our results indicate that TMPRSS12 is crucial for aMPV/B F protein proteolysis and aMPV/B infectivity and
that TMPRSS12 may serve as a target for novel therapeutics and prophylactics for aMPV.

IMPORTANCE

Proteolysis of the aMPV F protein is a prerequisite for F protein-mediated membrane fusion of virus and cell and for aMPV in-
fection; however, the proteases used in vitro and vivo are not clear. A combination of analyses, including overexpression, knock-
down, and mutation methods, demonstrated that the transmembrane serine protease TMPRSS12 facilitated cleavage of subtype
B aMPV (aMPV/B) F protein. Importantly, we located the motif in the aMPV/B F protein recognized by TMPRSS12 and the cata-
lytic triad in TMPRSS12 that facilitated proteolysis of the aMPV/B F protein. This is the first report on TMPRSS12 as a protease
for proteolysis of viral envelope glycoproteins. Our study will shed light on the mechanism of proteolysis of aMPV F protein and
pathogenesis of aMPV.

Avian metapneumovirus (aMPV), a member of the genus
Metapneumovirus in the subfamily Pneumovirinae of the fam-

ily Paramyxoviridae, causes acute rhinotracheitis (TRT) in turkeys
and swollen head syndrome (SHS) in chickens (1–3). Thus, aMPV
is a major disease threat to the turkey and chicken industries (4, 5).
However, no effective vaccine or drug is currently available for
large commercial poultry producers to prevent or treat aMPV (6).
Based on a phylogenetic analysis, aMPV is divided into four sub-
types: aMPV/A, aMPV/B, aMPV/C, and aMPV/D (7, 8).

The entry of paramyxoviruses into host cells initially requires
the fusion of viral and cell membranes, which is mediated by one
or more viral glycoproteins on the exterior of the viral envelope
(9–12). For metapneumoviruses like aMPV, fusion (F) protein
alone, without the help of an attachment protein, can induce
membrane fusion (13–16). Consistent with this observation, re-
combinant aMPV lacking the small hydrophobic (SH) and attach-
ment (G) glycoproteins replicates efficiently in vivo and vitro (17,
18). Collectively, these results suggest that aMPV F protein alone
can mediate membrane fusion and viral infection.

The prerequisite for paramyxovirus F protein mediation of
membrane fusion is cleavage of the F protein, followed by a con-
formational change (19–22). The paramyxovirus F protein is syn-
thesized as a full-length precursor (F0) that is subsequently
cleaved by cellular proteases to generate F1 and F2. Cleavage of F0

exposes a fusion peptide at the N terminus of F1 that is responsible
for mediating membrane fusion (19, 23–25).

Many enveloped virus glycoproteins that mediate virus-cell
membrane fusion, and therefore virus infection, are cleaved by
type II transmembrane serine proteases (TTSPs) (25–27). The
TTSP family contains more than 20 members that share a number
of structural features, including an N-terminal transmembrane
domain and a C-terminal extracellular serine protease domain
(28–33).

In summary, a prerequisite for aMPV infection is proteolysis of
the aMPV F protein; however, the proteases that cleave aMPV F
protein remain unknown. Here, we have assembled evidence that
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the transmembrane serine protease TMPRSS12 facilitates the
cleavage of aMPV/B F protein.

MATERIALS AND METHODS
Cells, virus, and plasmids. Vero cells, BHK-21 cells, DF-1 cells, and
chicken embryo fibroblasts (CEF) were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Thermo Scientific, Rockford, IL) supplemented
with 10% fetal bovine serum (Gibco, Invitrogen/Life Technologies, Aus-
tralia) and 1% penicillin and streptomycin (Summus, Beijing, China).
The aMPV/B strain aMPV/f and Newcastle disease virus (NDV), LaSota
vaccine strain, were maintained in our laboratory. F genes of aMPV/B
strain VCO3/60616 (GenBank accession number AB548428.1) and hu-
man metapneumovirus (hMPV) Canada 97-83 strain (GenBank acces-
sion number AY297749.1) were subcloned into a pCAGGS expression
vector carrying a Flag tag and were named aMPV/B-F and hMPV-F, re-
spectively. Monkey hepsin (Mo_hepsin; GenBank accession number
XM_005588816.1), monkey TMPRSS12 (Mo_TMPRSS12; GenBank ac-
cession number XM_005570851.1), human TMPRSS2 (Hu_TMPRSS2;
GenBank accession number NM_005656.3), and chicken TMPRSS12
(Ch_TMPRSS12; GenBank accession number XM_424480.3) were sub-
cloned into a pCAGGS vector with a hemagglutinin (HA) tag. Mutations
were introduced into aMPV/B-F, hepsin, and TMPRSS12 using an In-
Fusion HD cloning kit (Clontech, Mountain View, CA, USA). F, hepsin,
and TMPRSS12 genes used were confirmed by DNA sequencing and
Western blot analysis.

Syncytium formation assay to measure fusogenicity of the F protein.
The syncytium formation assay was performed to analyze F protein fuso-
genic activity as previously described (34–36). Vero cells grown in 6-well
plates to 85% confluence were transfected with 1 �g plasmid carrying the
F gene with ExFect transfection reagent (Vazyme Biotech, Nanjing,
China) according to the manufacturer’s protocol. Forty-eight hours after
transfection, syncytia induced by the F protein in transfected Vero cells
were observed and photographed using a digital microscope. The areas
forming syncytia were analyzed with a Magnetic Lasso tool and the histo-
gram function of Adobe Photoshop software. The ratio of the area form-
ing syncytia to the total area was calculated to estimate the fusogenicity of
F protein as previously described (34–36). To study the effect of
TMPRSS12 on fusogenic activity of F protein, TMPRSS12 was selectively
overexpressed or knocked down in Vero cells before transfection with the
plasmid carrying the F gene.

Reporter gene assay to measure fusogenicity of the F protein. The
reporter gene assay was performed to estimate the fusogenic activity of F
protein according to previous reports (11, 21). To study the effect of
TMPRSS12 on fusogenic activity, TMPRSS12 was selectively overex-
pressed or knocked down in Vero cells. At 6 h posttransfection, the trans-
fected Vero cells also were transfected with 1 �g of plasmid carrying the F
gene and 0.5 �g of T7 control plasmid with luciferase cDNA (Promega,
Madison, WI, USA). At 24 h posttransfection, the transfected Vero cells
were detached, resuspended, and overlaid onto BHK-21 cells that were
infected with MVA-T7 at a multiplicity of infection (MOI) of 1. At 48 h
postinfection, luciferase activity of the cell lysates was quantitated using an
Envision multilabel reader (PerkinElmer, Waltham, MA, USA) to esti-
mate the fusogenic activity of the F protein.

Knockdown of TMPRSS12 with siRNA. Confluent monolayers of
Vero cells, DF-1 cells, or CEF cells in 6-well plates were transfected with
small interfering RNAs (siRNAs) targeting Mo_TMPRSS12 or Ch_
TMPRSS12 or with control siRNAs synthesized by GenePharma (Shang-
hai, China) using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA,
USA). At 6 h of treatment with siRNAs, the cells were infected with 50 �l
of 106 50% tissue culture infective doses (TCID50)/ml aMPV/f or trans-
fected with aMPV/B-F.

To assess whether trypsin improved aMPV/B infection in TMPRSS12
siRNA-treated cells, TMPRSS12 siRNA-treated cells were infected with
aMPV/B and then maintained in medium with 10 �g/ml trypsin. To as-
sess whether overexpression of TMPRSS12 restored aMPV/B susceptibil-

ity to TMPRSS12 siRNA-treated cells, TMPRSS12 was overexpressed in
siRNA-treated cells before they were infected with aMPV/B. At 48 h
postinfection (p.i.), the supernatant of infected cells was collected to mea-
sure the virus titer.

Biotinylation and Western blot assay. The extent of F protein cleav-
age and cell surface expression levels of TMPRSS12 were determined by
biotinylation and Western blot assay as previously described (37, 38).
Vero cells or DF-1 cells at 85% confluence in 6-well plates were transfected
with aMPV/B-F/hMPV-F carrying a Flag tag or TMPRSS12 carrying an
HA tag. At 48 h posttransfection, membrane-impermeable EZ-Link

FIG 1 Addition of trypsin has no effect on the replication of aMPV/B. (A and
C) aMPV/B replication kinetics in Vero cells (A) and DF-1 cells (C) left un-
treated or treated with 10 �g/ml of trypsin (TPCK) were tested for up to 96 h
p.i. Viral titers were determined using Vero cells in the absence of trypsin. (B
and D) At 72 h p.i., the supernatant of infected Vero cells (B) and DF-1 cells
(D) was collected to determine titer. (E) The hemagglutination titers of NDV
(LaSota strain) treated with trypsin or left untreated were tested for up to 96 h
p.i. (F) At 72 h p.i., the supernatant of freeze-thawing infected CEF cells was
collected to determine hemagglutination titer. CEF cells, chicken embryo fi-
broblast cells. **, P � 0.05; ***, P � 0.005; #, P � 0.05 (nonsignificant).
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FIG 2 Overexpression of TMPRSS12 enhances cleavage level and fusogenic activity of aMPV/B F protein. (A) The effect of hepsin, TMPRSS2, and TMPRSS12
expression on the extent of aMPV/B F protein cleavage. The cleavage of aMPV/B F protein was analyzed by biotinylation and Western blot assay. (B) Effect of
TMPRSS12 expression on syncytium formation in Vero cells. Syncytium formation in Vero cells was observed and photographed (magnification, �100; 8.5 cm
by 9.1 cm, as shown). (C to J) The effect of TMPRSS12, hepsin, and TMPRSS2 expression on aMPV/B F protein fusogenic activity was analyzed by syncytium
formation (C, E, G, and I) and reporter gene assays (D, F, H, and J).
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Sulfo-NHS-SS-Biotin (Thermo Scientific, Rockford, IL) was used to bio-
tinylate surface proteins. The biotinylated Vero cells or DF-1 cells were
lysed with cell lysis buffer (Thermo Scientific) for 30 min at 4°C. The
lysates were centrifuged at 12,000 � g for 10 min at 4°C to collect the
supernatants, and the cell surface proteins were immunoprecipitated us-
ing streptavidin beads (Thermo Scientific). Proteins were separated by
12% SDS-PAGE (GenScript, Nanjing, China), and the separated proteins
were transferred to a nitrocellulose membrane (Hybond-C Super; GE
Healthcare, Piscataway, NJ). The blot was probed with polyclonal anti-
Flag (GenScript) or anti-HA antibody (Sigma) diluted 1:1,000, followed
by incubation with IRDye 800CW goat anti-rabbit IgG (H�L) (1:10,000
dilution; LI-COR Biosciences, Bad Homburg, Germany) in a dark place at
room temperature for 1 h. Membranes were exposed to LI-COR Odyssey
(LI-COR Biosciences) for visualization of proteins. aMPV/B F protein
expression was evaluated quantitatively to determine F protein cleavage
levels using Gelpro32 software.

Determination of viral titers. Mo_TMPRSS12 or Ch_TMPRSS12 was
selectively overexpressed or knocked down in confluent monolayers of
Vero cells, DF-1 cells, or CEF cells in 6-well plates. The transfected cells
were infected with 50 �l of 106 TCID50/ml aMPV/f at 6 h posttransfection.
The supernatant samples from Vero cells, DF-1 cells, or CEF cells infected
with aMPV/f were collected at 24, 48, 72, and 96 h p.i. and maintained at
�80°C until use. To determine aMPV/f titers, 100 �l of each 10-fold serial
dilution of supernatant was cultured with Vero cells at 80% confluence in
96-well plates. At 4 days postinfection, syncytium formation was observed
under a digital microscope to calculate the 50% tissue culture infective
dose (TCID50) using the Reed and Muench method (39).

RT-PCR analysis of TMPRSS12 mRNA expression. Chicken tissue
samples were homogenized and centrifuged at 8,000 � g for 2 min. RNA
was extracted from the samples using TRIzol (TaKaRa, Dalian, China)

according to the manufacturer’s instructions. The extracted RNA was
resuspended in 15 �l of diethyl pyrocarbonate (DEPC)-treated water. To
obtain cDNA, a reverse transcription (RT) reaction was performed with a
QuantScript RT kit (Tiangen, Beijing, China) according to the manufac-
turer’s instructions. The PCR was performed using Premix Taq (TaKaRa
Taq, version 2.0, plus dye) (TaKaRa) with the following primer pairs:
chTMPRSS12-F, 5=-CCGATGTCTGTAACGGCTCTGATGC-3= (for-
ward); chTMPRSS12-R, 5=-CATACAGGAGCACCATCCCTAC-3= (re-
verse); ChGAPDH-F, 5=-CCCTGAAAATTGTCAGCAATGCATC-3=
(forward); ChGAPDH-R, 5=-CATCAAAGGTGGAGGAATGGCTGTC-3=
(reverse). Amplification was performed using the following cycling con-
ditions: 95°C for 5 min; 30 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C
for 1 min; and elongation at 72°C for 7 min. Five microliters of each PCR
product was analyzed by 2% agarose gel electrophoresis and visualized
with a Gel Doc XR� gel imaging system (Bio-Rad Laboratories, CA,
USA).

qRT-PCR analysis of TMPRSS12 mRNA expression. Quantitative
RT-PCR (qRT-PCR) was performed with the following primer pairs and
probes using a PrimeScript one-step RT-PCR kit (TaKaRa) on a Light-
Cycler 480 (Roche, Rotkreuz, Switzerland): chTMPRSS12-F, 5=-TTGGG
AGGCGTTGATTCCT-3= (forward); chTMPRSS12-R, 5=-GACCCCCA
TCATGTAGTATTTGTTG-3= (reverse); chTMPRSS12-Probe, 5=-TTG
GCGTGCCACCACCCCA-3= (probe); Chactin-F, 5=-CTGGCATTGCT
GACAGGAT-3= (forward); Chactin-R, 5=-GCCTCCAATCCAGACAG
AGT-3= (reverse); Chactin-probe, 5=-AGAAGGAGATCACAGCCCT
GGCACC-3= (probe). The following temperature program was used
for the qRT-PCR assay: 42°C for 5 min, 95°C for 10 s, and 40 cycles of
95°C for 5 s and 60°C for 30 s. Fluorescent signals were collected during
the elongation step.

FIG 2 continued
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Animal experiments and virus isolation. Sixty 1-day-old aMPV-free
specific-pathogen-free (SPF) chickens were randomly divided into two
groups. Thirty chickens in the infected group were inoculated intranasally
and by eye drop with 0.2 ml of 106.5 TCID50/ml aMPV/f per chicken, and
30 chickens, used as the control group, were inoculated with 0.2 ml of
DMEM per chicken. The two groups were kept in separate rooms. At 3, 7,
10, 14, 21, and 28 days postinfection, three chickens from the infected
group and three from the control group were randomly selected and eu-
thanized to collect tissues. All tissue samples were homogenized and cen-
trifuged at 8,000 � g for 2 min. These samples were passaged approxi-
mately six times in Vero cells until syncytium formation, when aMPV/B
was isolated. Isolation was confirmed by qRT-PCR according to a previ-
ous report (40). All animal studies were approved by the Review Board of
Harbin Veterinary Research Institute, Chinese Academy of Agricultural
Sciences.

Statistical analysis. All experiments were repeated three to five times
separately. Data were statistically analyzed by multiple one-way compar-
isons using SPSS 13.0 software. A P value of less than 0.05 was considered
statistically significant.

RESULTS
aMPV/B grows in vitro without the addition of trypsin. In a
previous study, we demonstrated that the cleavage of aMPV/B F
protein is independent of exogenous trypsin (34). Here, we inves-
tigated the effect of adding trypsin on replication of aMPV/B. As

shown in Fig. 1, in the absence of trypsin, aMPV/B can be propa-
gated in Vero and DF-1 cells (Fig. 1A and C), and aMPV/B titers
without trypsin treatment approached those observed with tryp-
sin treatment at 72 h postinfection (Fig. 1B and D), whereas exog-
enous trypsin was essential for NDV growth in vitro (Fig. 1E and
F). Moreover, in the absence of trypsin, we propagated aMPV/B
continuously in Vero cells for 20 passages and in DF-1 cells for
another five passages, and the titer at each passage was approxi-
mately 107 and 106 TCID50/ml, respectively. Briefly, these results
demonstrated that aMPV/B grew independently of exogenous
trypsin in vitro, indicating that aMPV/B F protein is cleaved by
endogenous proteases.

Overexpression of TMPRSS12 and hepsin increases cleavage
and fusogenic activity of aMPV/B F protein and aMPV/B repli-
cation. Some glycoproteins of viruses are cleaved by the trans-
membrane serine protease hepsin or TMPRSS2 (25, 27, 41–43).
The protein sequences of hepsin and TMPRSS12 are highly simi-
lar. Hence, we investigated the role of hepsin, TMPRSS2, and
TMPRSS12 in aMPV/B F protein cleavage. We overexpressed
Mo_hepsin, Hu_TMPRSS2, or Mo_TMPRSS12 in Vero cells, as
well as Ch_TMPRSS12 in DF-1 cells, before transfection with
aMPV/B-F. As shown in Fig. 2A, transfection of Mo_hepsin,
Mo_TMPRSS12, and Ch_TMPRSS12 slightly increased the extent

FIG 3 Overexpression of TMPRSS12 enhances aMPV/B replication. (A and C) aMPV/B replication kinetics in different cells overexpressing TMPRSS12 were
tested up to 96 h p.i. (B and D) At 72 h p.i., the supernatant in infected cells overexpressing TMPRSS12 was collected to determine titer. (E and G) aMPV/B
replication kinetics in Vero cells overexpressing hepsin or TMPRSS2 were tested up to 96 h p.i. (F and H) At 72 h p.i., the supernatant in infected cells
overexpressing hepsin or TMPRSS2 was collected to determine titer. **, P � 0.05; ***, P � 0.005; #, P � 0.05 (nonsignificant).
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FIG 4 Reduced TMPRSS12 expression decreases the cleavage level and fusogenic activity of aMPV/B F protein. (A) siRNA targeting Mo_TMPRSS12 or
Ch_TMPRSS12 was transfected into Vero cells or DF-1 cells, respectively. At 48 h posttransfection, TMPRSS12 mRNA expression was analyzed by qRT-PCR. The
average copy numbers of Mo_TMPRSS12 mRNA were reduced from 1.10 � 103 to 2.66 � 101. The average copy numbers of Ch_TMPRSS12 mRNA were
reduced from 3.02 � 104 to 3.16 � 103. (B) Effect of diminished TMPRSS12 expression on the extent of aMPV/B F protein cleavage. siRNA targeting TMPRSS12
was transfected into cells before transfection with aMPV/B-F. At 48 h posttransfection, the cleavage of aMPV/B F protein was analyzed by biotinylation and
Western blot assay. (C) Syncytium formation in Vero cells downregulated with TMPRSS12 was observed and photographed (magnification, �100; 8.5 cm by 9.1
cm, as shown). (D and E) The effect of downregulated TMPRSS12 expression on aMPV/B F protein fusogenic activity was analyzed by syncytium formation (D)
and reporter gene assays (E).
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of aMPV/B F protein cleavage compared to transfection of the
pCAGGS vector carrying an HA tag, whereas transfection with
Hu_TMPRSS2 did not.

These findings prompted us to ascertain whether overexpres-
sion of TMPRSS12 promoted aMPV/B F protein fusogenic activ-
ity. Our results showed that syncytium formation in Vero cells
overexpressing TMPRSS12 was greater than that in empty vector-
treated cells (Fig. 2B). We further investigated the effect of Mo_
TMPRSS12 and Ch_TMPRSS12 overexpression on aMPV/B F
protein fusogenic activity with quantitative assays. These results
indicated that transient expression of Mo_TMPRSS12 and Ch_
TMPRSS12 enhanced the fusogenicity of aMPV/B F protein ap-
proximately 4- to 6-fold (Fig. 2C, D, E, and F). In addition, we
found that overexpression of Mo_hepsin enhanced the fusogenic-
ity of aMPV/B F protein, whereas overexpression of Hu_
TMPRSS2 did not (Fig. 2G, H, I, and J).

To investigate whether TMPRSS12 facilitated the replication of
aMPV/B, we transfected Vero cells with Mo_TMPRSS12 and
DF-1 cells with Ch_TMPRSS12 before the cells were infected with
aMPV/B. As shown in Fig. 3A, transient expression of Mo_
TMPRSS12 in Vero cells enhanced aMPV/B replication compared
to that following transfection with the vector pCAGGS, and it
increased aMPV/B titers approximately 9-fold relative to the ex-
pression of vector pCAGGS at 72 h p.i. (Fig. 3B). Additionally, we
discovered that aMPV/B replication was promoted in DF-1 cells
overexpressing Ch_TMPRSS12 compared to that in empty vec-
tor-treated controls (Fig. 3C). At 72 h p.i., aMPV/B titers were
increased by Ch_TMPRSS12 approximately 5-fold (Fig. 3D). Fur-
thermore, overexpression of Mo_hepsin increased replication of
aMPV/B, whereas Hu_TMPRSS2 did not (Fig. 3E, F, G, and H).
Overall, overexpression of TMPRSS12 and hepsin increased
aMPV/B F protein cleavage and fusogenicity and aMPV/B repli-
cation.

Knockdown of TMPRSS12 reduces aMPV/B F protein cleav-
age and fusogenic activity and aMPV/B replication. The results
described above showed that TMPRSS12 and hepsin enhanced
aMPV/B F protein cleavage and fusogenicity and aMPV/B repli-
cation. Because hepsin was not detected in DF-1 cells and chicken
organs, our subsequent experiments focused on TMPRSS12. To
determine whether downregulation of TMPRSS12 diminished
aMPV/B F protein cleavage and fusogenic activity, we transfected
Vero cells with siRNA targeting Mo_TMPRSS12 and DF-1 cells
with siRNA targeting Ch_TMPRSS12, both of which reduced
TMPRSS12 mRNA expression (Fig. 4A). Subsequently, these cells
were transfected with a plasmid expressing aMPV/B F protein. As
shown in Fig. 4B, transfection with TMPRS12-specific siRNAs
reduced aMPV/B F protein cleavage compared to nonspecific
siRNA transfection.

Furthermore, we analyzed the effect of downregulating
TMPRSS12 on aMPV/B F protein fusogenic activity. The results
showed that syncytium formation was reduced in Vero cells trans-
fected with siRNA targeting Mo_TMPRSS12 compared to that in

cells transfected with nonspecific siRNA (Fig. 4C). Further quan-
titative analysis revealed that downregulation of Mo_TMPRSS12
diminished aMPV/B F protein fusogenic activity approximately 4-
to 6-fold (Fig. 4D and E). Overall, the results of these quantitative
assays were consistent with results obtained from the syncytium
formation assay described above.

To further determine the role of TMPRSS12 in aMPV/B repli-
cation, we knocked down Mo_TMPRSS12 in Vero cells and
Ch_TMPRSS12 in DF-1 cells using siRNA and then infected these
cells with aMPV/B. siRNA targeting Mo_TMPRSS12 in Vero cells
impaired aMPV/B replication relative to that with nonspecific
siRNA (Fig. 5A). At 72 h p.i., siRNA targeting Mo_TMPRSS12
diminished aMPV/B titers by approximately 10-fold (Fig. 5B).
Additionally, Ch_TMPRS12-specific siRNA in DF-1 cells reduced
aMPV/B F replication relative to that with nonspecific siRNA (Fig.
5C). At 72 h p.i., Ch_TMPRS12-specific siRNA decreased
aMPV/B titers approximately 9-fold (Fig. 5D). To assess whether
TMPRSS12 was required for spread of virus to primary cells of avian
origin, we knocked down TMPRSS12 in CEF cells (Fig. 5E). As shown
in Fig. 5F, siRNA targeting Ch_TMPRSS12 in CEF cells diminished
aMPV/B replication relative to that with nonspecific siRNA. At 72 h
p.i., Ch_TMPRS12-specific siRNA reduced aMPV/B titers approxi-
mately 8-fold (Fig. 5G). Taken together, knockdown of TMPRSS12
expression diminished the cleavage and fusogenicity of aMPV/B F
protein as well as aMPV/B replication.

To determine whether overexpression of TMPRSS12 restored
aMPV susceptibility to TMPRSS12 siRNA-treated cells, we
knocked down Mo_TMPRSS12 in Vero cells and Ch_TMPRSS12
in DF-1 cells using siRNA. As shown in Fig. 5H and I, transfection
with TMPRSS12 restored aMPV replication to the TMPRSS12
siRNA-treated Vero and DF-1 cells, whereas adding trypsin did
not. Overall, these results supported the view that TMPRSS12 fa-
cilitated aMPV/B infection.

aMPV/B F protein contains a cleavage motif recognized by
TMPRSS12. Our previous work showed that wild-type aMPV/B F
protein containing 99RKKR102 is cleaved by endogenous pro-
teases, whereas mutant aMPV/B F protein with 99RQSR102 is not
(34). Hence, we hypothesized that 99RKKR102 was a cleavage motif
recognized by TMPRSS12. To test our hypothesis, we replaced
99RKKR102 in the aMPV/B F protein with 99RQSR102 and analyzed
the effect of TMPRSS12 on cleavage and fusogenicity of the mu-
tant aMPV/B F protein with 99RQSR102. As shown in Fig. 6A,
trypsin cleaved the mutant aMPV/B F protein, whereas overex-
pressed TMPRSS12 could not. Moreover, TMPRSS12 did not af-
fect the fusogenic activity of mutant aMPV/B F protein, whereas
exogenously added trypsin did (Fig. 6B and C). Collectively, these
results suggest that amino acids 100 and 101 of the aMPV/B F
protein constitute a cleavage motif recognized by TMPRSS12.

An existing report shows that TMPRSS2 facilitates cleavage of
the hMPV F protein (25). Therefore, we investigated whether
overexpression of TMPRSS12 increased the extent of hMPV F
protein cleavage. As shown in Fig. 6D, overexpression of

FIG 5 Reduced TMPRSS12 expression decreases aMPV/B replication. (A and C) aMPV/B replication kinetics in different cells with reduced TMPRSS12 were
tested for up to 96 h p.i. (B and D) At 72 h p.i., the supernatant in infected cells was collected to determine titer. (E) siRNA targeting Ch_TMPRSS12 was
transfected into CEF cells. At 48 h posttransfection, TMPRSS12 mRNA expression was analyzed by qRT-PCR. The average copy numbers of Ch_TMPRSS12
mRNA were reduced from 2.04 � 103 to 1.78 � 102. (F) aMPV/B replication kinetics in CEF cells with reduced TMPRSS12 were tested for up to 96 h p.i. (G) At
72 h p.i., the supernatant in infected cells was collected to determine titer. (H and I) Mo_TMPRSS12 or Ch_TMPRSS12 was transfected into TMPRSS12
siRNA-treated cells. At 24 h posttransfection, these cells were infected by aMPV/f. At 48 h p.i., the supernatant in infected cells was collected to determine titer.
**, P � 0.05; ***, P � 0.005; #, P � 0.05 (nonsignificant).
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TMPRSS2 enhanced hMPV F protein cleavage, whereas overex-
pression of TMPRSS12 did not. Moreover, we found that fusoge-
nicity of hMPV F protein was not promoted by TMPRSS12 (Fig.
6E and F). Overall, these results indicated that TMPRSS12 had no
effect on hMPV F protein cleavage and fusogenic activity, which
can be explained by the fact that the putative cleavage motif of
hMPV F protein was 99RQSR102, which might not be recognized
by TMPRSS12.

The HDS triad in TMPRSS12 is essential for promoting
cleavage and fusogenicity of aMPV/B F protein and aMPV/B
replication. The hallmark of the serine proteases is that they con-

tain a conserved catalytic triad of histidine, aspartic acid, and ser-
ine residues (HDS) (Fig. 7A) (31, 44). We predicted the HDS triad
in TMPRSS12 by an alignment with a hepsin sequence from pre-
vious reports (28, 33). As shown in Fig. 7B, the potential catalytic
activity of the HDS triad of TMPRSS12 was marked with a color.
Additionally, we constructed a model of the preactive conforma-
tion of TMPRSS12 using the SWISS-MODEL server (Fig. 7C). As
shown in Fig. 7D, the HDS triad in TMPRSS12 was similar to that
of chymotrypsin (PDB entry 2GMT) and hepsin (preactive con-
formation), suggesting that the HDS triad that we predicted is the
active protease site of TMPRSS12.

FIG 6 Cleavage motif of aMPV/B F protein is recognized by TMPRSS12. (A and D) The effect of expression of TMPRSS12 on the extent of cleavage of mutant
aMPV/B F protein carrying 100Q101S and hMPV F protein. Trypsin was exogenously added as a positive control. The cleavage of mutant aMPV/B and hMPV
F proteins was analyzed by biotinylation and Western blot assay. (B, C, E, and F) The effect of expression of TMPRSS12 on the fusogenicity of mutant aMPV/B
F protein with 100Q101S and hMPV F protein was analyzed by syncytium formation (B and E) and reporter gene assays (C and F). **, P � 0.05; ***, P � 0.005;
#, P � 0.05 (nonsignificant).
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To test whether the HDS triad was critical for TMPRSS12
cleavage of aMPV/B F protein, we substituted alanine (A) for each
amino acid residue in the HDS triad and compared the effect of
the mutant TMPRSS12 with that of the wild type on aMPV/B F
protein cleavage. As shown in Fig. 8A, compared to wild-type
TMPRSS12, mutant TMPRSS12 showed an impaired capacity to
cleave the aMPV/B F protein. The extent of aMPV/B F protein
cleavage by TMPRSS12 containing the mutant HDS triad was
comparable to that following transfection with an empty vector.
Furthermore, we performed biotinylation and Western blot assays
and excluded the possibility that HDS triad mutation downregu-
lated cell surface expression of TMPRSS12 (Fig. 8B).

Simultaneously, we tested the effect of TMPRSS12 with the
mutant HDS on the fusogenicity of aMPV/B F protein. We ana-
lyzed the effect of mutant TMPRSS12 overexpression on the fuso-
genic activity of aMPV/B F protein using quantitative assays. As
shown in Fig. 8C, D, E, and F, transfection of Mo_TMPRSS12 and
Ch_TMPRSS12 with mutant HDS did not increase aMPV/B F
protein fusogenicity compared to that of an empty vector carrying
an HA tag.

Subsequently, we investigated the effect of transient expression
of TMPRSS12 with a mutant HDS on aMPV/B replication. We
transfected Vero cells with mutant Mo_TMPRSS12 and DF-1 cells
with mutant Ch_TMPRSS12 before infection with aMPV/B, and
then the supernatant of infected cells was collected to deter-

mine viral titers. As shown in Fig. 8G and H, overexpression of
TMPRSS12 with a mutant HDS did not increase aMPV/B replica-
tion in Vero cells and DF-1 cells compared to transfection with the
empty vector pCAGGS. Taken together, these results suggested
that the HDS triad of TMPRSS12 was essential for promoting
aMPV/B F protein cleavage and fusogenicity as well as aMPV/B
replication.

The distribution of TMPRSS12 in chickens. The distribution
of a host protease can influence the virulence, infectivity, and
pathogenicity of paramyxoviruses (24, 45, 46). Given that Ch_
TMPRSS12 promoted aMPV/B replication by enhancing aMPV/B
F protein cleavage and fusogenic activity, aMPV/B infection could
be affected by the distribution of Ch_TMPRSS12 in chickens.
Therefore, we investigated the distribution of Ch_TMPRSS12 in
tissues of chickens with RT-PCR and qRT-PCR assays. The results
of the RT-PCR assay revealed that spleen, lung, trachea, and oro-
pharynx were positive for Ch_TMPRSS12 mRNA expression (Fig.
9A), and as determined by qRT-PCR assay, the levels of Ch_
TMPRSS12 mRNA expressed in the spleen were increased com-
pared to those of the lung, trachea, and oropharynx (Fig. 9B). As
Fig. 9B and a previous report indicate (47), the lung, trachea,
oropharynx, and spleen of chickens are permissive for aMPV/B
infection. These results suggested that these specific tissues facili-
tated aMPV/B infection via TMPRSS12 cleavage of the F protein.

FIG 6 continued
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FIG 7 HDS triad of TMPRSS12 and hepsin. (A) TM, N-terminal transmembrane signal anchor domain; L, low-density lipoprotein receptor class A domain; SR, group
A scavenger receptor domain; HDS, C-terminal serine protease domain. (B) The alignment of hepsin and TMPRSS12 protein sequences was performed using the
UniProt alignment facilities (http://www.uniprot.org/align/). The hepsin amino acids are presented as a scale bar, and the amino acid site is presented in Arabic numerals.
Dashes represent gaps, and an asterisk indicates complete conservation among the amino acids. Abbreviations for amino acid residues: histidine, H (red); aspartic acid,
D (green); serine, S (yellow). (C) The model represents the conformation of the hepsin and TMPRSS12 proteins using the SWISS-MODEL server facilities (http:
//swissmodel.expasy.org/). The classical structure of chymotrypsin (PDB entry 2GMT) is presented here to show the essential HDS triad. His (H), red; Asp (D), green;
Ser (S), yellow. (D) A superposition of the HDS triad of hepsin, TMPRSS12, and chymotrypsin. The HDS triad is marked in color.
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DISCUSSION

Proteolysis of aMPV F protein by intracellular proteases is critical
for F protein-mediated virus-cell membrane fusion and viral in-
fectivity. In this study, we obtained the first evidence that aMPV/B
F protein was proteolytically processed by the endogenous pro-
tease TMPRSS12. Moreover, we confirmed that amino acid sites
100 and 101 of aMPV/B F protein were a cleavage motif recog-
nized by TMPRSS12. We also demonstrated that the HDS triad
was part of a protease activation site responsible for aMPV/B F

protein proteolysis. Furthermore, we detected TMPRSS12 mRNA
expression in aMPV/B target tissues in chicken, indicating that
TMPRSS12 promotes aMPV/B propagation in this host.

Both aMPV and hMPV are members of the Metapneumovirus
genus, and both aMPV/B and hMPV are commonly propagated in
Vero cells (24, 48–50). The majority of hMPV strains cultured in
Vero cells require the addition of trypsin (24); however, our data
indicated that Vero cells without trypsin treatment can be used for
the propagation of aMPV/B. Results of this study suggested that

FIG 8 HDS triad of TMPRSS12 is critical for proteolysis of aMPV/B F protein. (A) The effect of expression of mutant TMPRSS12 on the extent of aMPV/B F
protein cleavage. The cleavage of aMPV/B F protein was analyzed by biotinylation and Western blot assay. (B) The expression of wild-type and mutant
TMPRSS12 on cellular surfaces was analyzed by biotinylation and Western blot assay. (C to F) The effect of expression of mutant TMPRSS12 on aMPV/B F
protein fusogenic activity analyzed by syncytium formation (C and E) and reporter gene assays (D and F). (G and H) Wild-type and mutant TMPRSS12 were
transfected into cells before infection with aMPV/B. At 72 h p.i., the supernatant in infected cells was collected to determine titers. **, P � 0.05; ***, P � 0.005;
#, P � 0.05 (nonsignificant).
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aMPV/B F protein cleavage was not dependent on trypsin.
aMPV/B growth without trypsin treatment can facilitate the iso-
lation of clinical strains and generation of attenuated aMPV vac-
cine candidates. Furthermore, TMPRSS12 expression facilitated
the replication of aMPV/B. Thus, researchers can establish Vero
cell lines that constitutively express TMPRSS12 to harvest high
titers of aMPV/B for vaccine manufacture.

Transmembrane serine proteases typically act as activators for
the proteolysis of glycoproteins (25, 27, 41–43). In this study, we
initially tested whether hepsin, TMPRSS2, and TMPRSS12 facili-
tated aMPV/B F protein cleavage. We then studied the role of

TMPRSS12 in the proteolysis of aMPV/B F protein, because only
TMPRSS12 was present in both Vero cells and DF-1 cells. A com-
bination of analyses, using overexpression, knockdown, and mu-
tation approaches, demonstrated that TMPRSS12 was a protease
that cleaved aMPV/B F protein. To our knowledge, this is the first
report on TMPRSS12 as a protease for viral envelope glycopro-
teins.

Paramyxovirus F proteins are synthesized as inactive precur-
sors (F0). F0 is cleaved into the disulfide-linked subunits F1 and
F2 by host endoprotease(s). Cleavage of F0 then mediates the fu-
sion of virus and host cell membranes (23, 51). Our prior work
demonstrated that amino acid sites 100 and 101 are determinants
for aMPV/B F protein cleavage by endogenous proteases (34). In
this study, we demonstrated that wild-type aMPV/B F protein
with 99RKKR102 was cleaved by TMPRSS12, whereas mutant
aMPV/B F protein with 99RQSR102 was not. These results support
the conclusion that TMPRSS12 cleaved aMPV/B F protein by rec-
ognizing amino acid sites 100 and 101. In addition, aMPV/B F
protein with the multibasic residues 99RKKR102 was more easily
cleaved by intracellular proteases than the protein with the mono-
basic residues 99RQSR102, which was consistent with the published
rule that paramyxovirus F proteins containing basic residues (Arg
or Lys) at the putative cleavage motif are easily cleaved by intra-
cellular transmembrane serine proteases (24, 46, 52). The phe-
nomenon of recognition of paramyxovirus F proteins containing
multibasic residues by intracellular serine proteases can be ex-
plained by the fact that the basic side chain of paramyxovirus F
proteins is stabilized by an acidic residue near the underside of
the serine protease binding pocket (reviewed in references 28, 29,
and 31).

Published reports show that hMPV F protein is largely un-
cleaved in Vero cells and that TMPRSS2 promotes cleavage of the
protein (24, 25). Unlike hMPV F protein, aMPV/B F protein is
mostly (80%) cleaved by endogenous proteases (Fig. 2A). How-
ever, overexpression of TMPRSS12 increased aMPV/B F protein
cleavage to nearly 100% (Fig. 2A), and knockdown of TMPRSS12
decreased aMPV/B F protein cleavage to 60% (Fig. 4B). These
results suggest that TMPRSS12 plays an important role in the
cleavage of aMPV/B F protein. Furthermore, aMPV/B F protein
was partly cleaved when TMPRSS12 was knocked down (Fig. 4B),
suggesting that there are relevant activating proteases other than
TMPRSS12 in susceptible cells. For example, in mammalian cells,
hepsin facilitated aMPV/B F protein cleavage (Fig. 2A).

Serine proteases are involved in a wide variety of cellular as well
as extracellular functions, including cell signaling, blood clotting,
inflammation, protein digestion, and protein processing (31, 32,
53). A key characteristic of these serine proteases, including
TTSPs, is that they contain the classical catalytic HDS triad (28, 31,
33). The HDS triad, which acts like a charge relay system, is crucial
for TTSP catalytic activity (31–33). In this study, by mutating each
amino acid residue of the HDS triad, we determined that the HDS
triad was part of a protease activation site for TMPRSS12 proteol-
ysis of aMPV/B F protein.

Given that cleavage of the F0 precursor is a prerequisite for
paramyxovirus F protein mediating virus-cell fusion, the distribu-
tion of host protease affects paramyxovirus tropism and pathoge-
nicity (24, 45, 46). For example, in Sendai virus and NDV, the
recognition of F proteins from a tissue-specific protease to a non-
specific ubiquitous protease enhances virulence and causes host
range changes (24, 45, 46). Here, we found that TMPRSS12, which

FIG 8 continued
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supports aMPV/B infection, was expressed in only a few chicken
tissues, possibly limiting the intrahost spread of aMPV/B.

aMPV causes TRT in turkeys and is associated with SHS in
chickens, which are major economic problems for the poultry
industry (54, 55). At present, no effective vaccine or drug is avail-
able to prevent or treat aMPV in large commercial poultry pro-
duction (6). A prerequisite for aMPV infection is cleavage of the
aMPV F protein, which triggers virus-cell membrane fusion (re-
viewed in references 12, 37, and 56). Thus, blocking cleavage of the
aMPV F protein may be an effective way to control aMPV. Our
present study suggests that TMPRSS12 contributes to the prote-
olysis of aMPV/B F protein in vitro. Therefore, interference with F
protein proteolysis by TMPRSS12 could be a therapeutic goal.
Further clarification of the factors involved in F protein proteoly-
sis will shed light on the pathogenesis of aMPV and may result in
novel therapeutic strategies to control aMPV.
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