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ABSTRACT Proteoglycans function not only as structural components of the extra-
cellular compartment but also as regulators of various cellular events, including cell
migration, inflammation, and infection. Many microbial pathogens utilize proteogly-
cans to facilitate adhesion and invasion into host cells. Here we report a secreted
form of a novel heparan sulfate proteoglycan that functions against virus infection.
The expression of SPOCK2/testican-2 was significantly induced in virus-infected lungs
or in interferon (IFN)-treated alveolar lung epithelial cells. Overexpression from a SPOCK2
expression plasmid alone or the treatment of cells with recombinant SPOCK2 protein ef-
ficiently blocked influenza virus infection at the step of viral attachment to the host cell
and entry. Moreover, mice treated with purified SPOCK2 were protected against virus in-
fection. Sialylated glycans and heparan sulfate chains covalently attached to the SPOCK2
core protein were critical for its antiviral activity. Neuraminidase (NA) of influenza virus
cleaves the sialylated moiety of SPOCK2, thereby blocking its binding to the virus. Our
data suggest that IFN-induced SPOCK2 functions as a decoy receptor to bind and block
influenza virus infection, thereby restricting entry of the infecting virus into neighboring
cells.

IMPORTANCE Here we report a novel proteoglycan protein, testican-2/SPOCK2, that
prevents influenza virus infection. Testican-2/SPOCK2 is a complex type of se-
creted proteoglycan with heparan sulfate GAG chains attached to the core pro-
tein. SPOCK2 expression is induced upon virus infection or by interferons, and
the protein is secreted to an extracellular compartment, where it acts directly to
block virus-cell attachment and entry. Treatment with purified testican-2/SPOCK2
protein can efficiently block influenza virus infection in vitro and in vivo. We also
identified the heparan sulfate moiety as a key regulatory module for this inhibi-
tory effect. Based on its mode of action (cell attachment/entry blocker) and site
of action (extracellular compartment), we propose testican-2/SPOCK2 as a poten-
tial antiviral agent that can efficiently control influenza virus infection.
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Interferons (IFNs) play central roles in the regulation of innate and adaptive immune
responses against virus infection (1). Upon the detection of extra- or intracellular virus

by the host innate defense system, IFNs are secreted to activate JAK-STAT-mediated
signaling pathways and transcribe hundreds of interferon-stimulated genes (ISGs). The
antiviral functions of IFNs can be elucidated by the combined activities of ISGs, which
include pathogen recognition receptors, regulators of antiviral signaling pathways, and
antiviral effector molecules. In contrast to many ISGs that help the host become sensitized
to or enhance its capacity to defend against infection, a few ISGs can act directly on viruses
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to block viral entry or replication. Considering the therapeutic potential of this approach to
combat virus infection, the identification and characterization of novel effector ISGs that act
directly on viruses are important (2, 3).

Virus infection begins with the attachment of the virus to receptors on the host cell
surface. Most of the viral envelope is coated with glycoproteins, and the interaction
between the viral glycoproteins, such as sialylated glycans or glycosaminoglycans (GAGs),
and the host cell surface receptors initiates virus infection, followed by membrane fusion
and entry. The �2,3- and �2,6-linked sialylated glycans on the surface of lung epithelial
cells function as the attachment receptors for influenza virus, while heparan sulfate
serves as the host receptor for a diverse array of viruses, such as herpes simplex virus,
dengue virus, human immunodeficiency virus (HIV), and hepatitis C virus (HCV) (4–7).
Most of the heparan sulfate on the cell surface or in the extracellular matrix (ECM) is
attached to proteins called proteoglycans. Proteoglycans are heavily glycosylated
proteins with a core protein unit and covalently attached chains of GAGs such as
heparan sulfate, chondroitin sulfate, and keratin sulfate (8). Proteoglycans also serve as
coreceptors for cytokines, chemokines, and growth factors to function during inflam-
mation, tissue repair, and development (9).

SPOCK (SPARC/osteonectin CWCV and Kazal-like domains), also known as testican,
is a secreted proteoglycan with three known homologs, SPOCK1, -2, and -3. SPOCK
was initially characterized as a progenitor form of a seminal plasma GAG-bearing
peptide and was later cloned and identified as a chondroitin/heparan sulfate proteogly-
can (HSPG). Although originally identified in the testicles, SPOCK1, -2, and -3 mRNAs are
highly expressed in the brain, and their neuronal functions have been studied (10–12).
The SPOCK1 and -2 proteoglycans inhibit neuronal cell attachment and neurite exten-
sion, while Spock3�/� mice exhibit structural abnormalities in the brain that are linked
to abnormal behavior. In the ECM, SPOCK1 and SPOCK3 inactivate membrane-type
matrix metalloproteinases (MT-MMPs), but these inhibitory effects are abrogated by
SPOCK2, indicating that the interplay between testican/SPOCK proteoglycan family
members contributes to the proteoglycan-rich extracellular environment of the central
nervous system and the regulation of neurogenesis (13).

SPOCK2 mRNA is detected in the lung. Moreover, polymorphism in SPOCK2 was
recently identified as a genetic trait linked to susceptibility to bronchopulmonary dysplasia,
a chronic respiratory disease common among premature infants (6). In this report, we
address the protective role of SPOCK2 in defense against virus infection. We examined
the induction of SPOCK2 mRNA and protein during virus infection in the mouse lung
and in type II alveolar epithelial cell (AEC)-derived A549 cells. This report explores the
molecular mechanism as well as the physiological significance of the IFN-inducible,
secretory proteoglycan SPOCK2 in the host defense against virus infection.

RESULTS
SPOCK2 expression is induced by virus infection in the lung. Based on the basal

expression patterns in the lung and the genetic association with bronchopulmonary
dysplasia, we wondered whether SPOCK2 expression changes during lung injury. To
test this hypothesis, we examined SPOCK2 expression during lung injury induced by
virus infection (Fig. 1A). BALB/c mice were intranasally inoculated with two different
titers of influenza virus strain A/Puerto Rico/8/34 (PR8), and the expression of SPOCK2
mRNA in the lung was evaluated by quantitative real-time PCR (qRT-PCR) at days 2 and
7 postinfection. Virus infection significantly enhanced SPOCK2 mRNA expression in the
lung at day 2 postinfection and then slightly decreased SPOCK2 mRNA expression in
the lung at day 7. Similar patterns were detected for SPOCK2 protein expression in the
lungs of the infected mice (Fig. 1B). Next, we examined whether SPOCK2 induction
could be similarly observed in virus-infected A549 human type II AECs. The SPOCK2
protein level increased to a maximum at 6 h postinfection and then declined (Fig. 1C).
Interestingly, endogenous SPOCK2 was observed as doublets, and only the lower bands
were increased upon virus infection.
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FIG 1 Induction of SPOCK2 expression by IFNs, poly(I·C), and virus. (A and B) Nine-week-old mice were infected with 100 or 500
PFU of PR8 IAV. (A) The expression of SPOCK2 mRNA in the lungs of infected mice was detected by quantitative RT-PCR (qRT-PCR).
The experiment was performed in triplicate, and the mean fold is indicated relative to the control group. Each bar indicates the
average value � SD obtained from triplicate experiments. Statistically significant differences from the controls, calculated using

(Continued on next page)
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To mimic virus infection, a viral RNA (vRNA) analog, poly(I·C), was transfected into
cells, and the dynamics of SPOCK2 expression were measured. The intracellular trans-
fection of poly(I·C) induced SPOCK2 similarly to influenza virus, with slightly different
kinetics (Fig. 1D). These results indicate that SPOCK2 expression might be controlled by
the secondary signal induced by infection but not by the virus itself. To test this
hypothesis, A549 cells were stimulated with various inflammatory cytokines secreted
during virus infection, and SPOCK2 protein levels were determined by Western blotting
(WB). Among the tested cytokines, interleukin 1� (IL-1�), IL-6, and IFN-� were the most
effective at inducing SPOCK2 expression (Fig. 1E and G). Although IFN-� and IFN-�
belong to the same type I IFN family and utilize the same type I IFN receptors, treatment
with IFN-� but not IFN-� significantly induced the expression of SPOCK2 mRNA and
protein (Fig. 1F and G). As IFN-� and IFN-� have different binding affinities for IFN-�/�
receptors 1 and 2 (IFNAR1 and -2) and induce distinct ISGs, these results suggest that
SPOCK2 belongs to a set of ISGs that are differentially regulated by IFN-� and -�
(14–16). To verify that the expression of SPOCK2 by virus infection is IFN dependent, we
next measured SPOCK2 expression in IFNAR1-silenced cells. Significantly reduced
SPOCK2 mRNA expression was detected in IFNAR1-silenced cells upon virus infection,
suggesting that IFN-mediated signaling activity is required to induce SPOCK2 expres-
sion (Fig. 1H). The SPOCK2 promoter possesses one STAT binding site, predicted by
both the UCSC genome browser and the JASPAR database. Therefore, we directly
assessed its responsiveness to IFN by generating a luciferase construct fused with a
0.5-kb genomic DNA fragment spanning the promoter region of human SPOCK2 (Fig.
1I). The luciferase assay with the SPOCK2 promoter reporter construct clearly demon-
strated that IFN� directly activates SPOCK2 gene expression. When the putative STAT
binding site within the promoter of SPOCK2 was mutated, IFN-mediated induction of
luciferase activity disappeared, confirming that SPOCK2 expression is directly induced
by IFN-�.

In addition to that of SPOCK2, SPOCK1 expression at the mRNA and protein levels
was increased in human non-small-cell lung cancer (NSCLC) tissues and cell lines (17).
SPOCK1 is also reported to regulate lung cancer cells during the epithelial-to-mesenchymal
transition (18). SPOCK3 is reported to be induced during lung development and lung-
directed differentiation (19). Thus, we examined whether the expression of other SPOCK
family members changed upon IFN-� or IFN-� treatment in A549 cells. In contrast to
SPOCK2 expression, however, the expression of neither SPOCK1 nor SPOCK3 was
significantly altered by treatment with either IFN-� or IFN-� (Fig. 1J and K).

Overexpressed SPOCK2 inhibits virus infection. ISGs induced upon virus infection
usually function in the host defense against infection. To examine whether SPOCK2
plays any regulatory role during virus infection, various titers of influenza virus were

FIG 1 Legend (Continued)
the t test, are indicated as follows: *, P � 0.05, and **, P � 0.01. (B) Proteins in the lungs of infected mice were detected by
immunoblotting with anti-SPOCK2 and anti-GAPDH. Intensity values were quantified using the Multigauge program (Fuji Film).
Each bar indicates the average value � SD obtained from triplicate experiment. Statistically significant differences from the
controls, calculated using the t test, are indicated as follows: *, P � 0.05, and ***, P � 0.001. P.I., days postinfection. (C) A549 cells
were infected with PR8 IAV at the indicated dose (top) or for the indicated time (bottom). Immunoblots of cell extracts were
probed with anti-SPOCK2 and with anti-GAPDH antibodies as a loading control. (D and E) A549 cells were transfected with 1 �g
of poly(I·C) (D) or incubated with IL-1� (20 ng/ml), IL-6 (20 ng/ml), TNF-� (20 ng/ml), or TGF-� (20 ng/ml) (E) at the indicated time.
Cell extracts were immunoblotted with anti-SPOCK2 and anti-GAPDH antibodies used as a loading control. (F, K, and L) Indicated
subtypes of SPOCK mRNA levels were measured by qRT-PCR at the indicated time points after treatment with human IFN-�
(100 U/ml) or IFN-� (100 U/ml) in A549 cells. Expression was normalized to that of GAPDH. Each bar indicates the average value �
SD obtained from triplicate experiments. *, P � 0.05 compared with the control (t test). (G) A594 cells were treated with human
IFN-� (100 U/ml) or IFN-� (100 U/ml) for the indicated time. Cell extracts were immunoblotted with anti-SPOCK2 and with
anti-GAPDH antibodies as a loading control. (H) A549 cells were transfected with control siRNA or IFN-�R1 siRNA. After 20 h, the
cells were infected with PR8 IAV (MOI, 1) for 12 h. SPOCK2, IFN-�R1, and GAPDH levels were determined by qRT-PCR. The graph
presents the average values from triplicate experiments. Error bars represent SDs. *, P � 0.05; **, P � 0.01; ***, P � 0.001 for the
control and SPOCK2 siRNA-transfected cells (t test). (I and J) (Left) Diagram of the pSPOCK2-luc construct, the 0.5-kb genomic DNA
fragment of SPOCK2, with or without predicted STAT binding sites. (Right) A549 cells were transfected with pSPOCK2-luc and
pRL-TK. After 36 h of transfection, the A549 cells were treated with human IFN-� (100 U/ml) or IFN-� (100 U/ml). After 12 h, the
dual-luciferase assay was performed. “Mock” indicates samples treated with distilled water-treated. The graphs present the average
values from triplicate experiments. Error bars represent SDs. *, P � 0.05 compared to mock (t test).
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applied to SPOCK2-overexpressing or SPOCK2-silenced A549 cells, and the amount of
intracellular virus was measured. For every virus titer tested, SPOCK2 overexpression
significantly lowered the intracellular levels of influenza hemagglutinin (HA) RNA and
nucleoprotein (NP) protein expression (Fig. 2A and C). In addition, the intracellular
levels of influenza virus were significantly enhanced in the SPOCK2-silenced A549 cells
(Fig. 2B and D), indicating that SPOCK2 exerts an antiviral function during infection.
Next, we infected SPOCK2-overexpressing or SPOCK2-silenced A549 cells with serial

FIG 2 SPOCK2 inhibits influenza virus infection. (A) A549 cells were transfected with V5-tagged SPOCK2 or empty vector. After 24 h,
the cells were infected with PR8 IAV (MOIs, 0.01, 0.1, and 1) for the indicated times. HA vRNA levels were measured by qRT-PCR.
Expression was normalized to GAPDH. In the graph, HA expression at 6 h in the EMPTY-V5-transfected sample was set to 1 at each
dose. The graph presents the average values from triplicate experiments. Error bars represent SDs. *, P � 0.05; **, P � 0.01; ***,
P � 0.001 for comparison between EMPTY-V5- and SPOCK2-V5-transfected cells (t test). (B) A549 cells were transfected with control
siRNA or SPOCK2 siRNA. After 24 h, the cells were infected with PR8 IAV (MOI, 0.01, 0.1, and 1) for the indicated times. After another
24 h, HA vRNA and GAPDH levels were determined by qRT-PCR. In the graph, HA expression at 6 h in the control siRNA-transfected
sample was set to 1 at each dose. The graph presents the average values from triplicate experiments. Error bars represent SDs. *,
P � 0.05; **, P � 0.01 for comparison between the control and SPOCK2 siRNA-transfected cells (t test). (C and D) Cell lysates from
SPOCK2-V5-overexpressing (C) or SPOCK2-silenced (D) cells infected with PR8 IAV for 12 h (MOI, 1) were analyzed with anti-NP and
anti-V5, anti-SPOCK2, and anti-GAPDH as a loading control. (E and F) At 36 h posttransfection, A549 cells were infected with IAV at an
MOI of 1 for 24 h or 48 h. The supernatants from infected A549 cells were collected, and the viral titers were measured by the TCID50

method. A549 cells were transfected with the V5-tagged SPOCK2 plasmid and the indicated siRNA (F). The bars indicate the mean
values � SDs obtained from three experiments. (G and H) A549 cells (G) and HEK293 cells (H) were transfected with control siRNA or
SPOCK2 siRNA. After 24 h, the cells were infected for 12 h after treatment with IFN-� (100 U) for 16 h. HA vRNA levels were measured
by qRT-PCR. Expression was normalized to that of GAPDH. Each graph presents mean data from three independent experiments, and
error bars indicate SEMs. *, P � 0.05; **, P � 0.01; ***, P � 0.001; #, P � 0.05 (not significant) (t test).
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dilutions of the influenza virus PR8 strain and calculated the 50% tissue culture infective
dose (TCID50) by measuring the viral titer (Fig. 2E and F). SPOCK2 overexpression
resulted in a reduction in the TCID50, while SPOCK2 silencing exhibited the reverse
effect. Together, these results suggest that SPOCK2 has a host-protective effect against
influenza virus infection in lung epithelial cells.

To confirm whether the induction of SPOCK2 expression by interferons truly con-
tributes to the inhibition of influenza virus infection, we measured HA expression after
IFN-� treatment in the presence or absence of SPOCK2 expression. Higher levels of HA
expression were measured in the control cells than in the SPOCK2-silenced A549 cells,
suggesting that the induction of SPOCK2 expression by IFN plays an important role in
the control of influenza virus infection (Fig. 2G). Although we observed a clear SPOCK2
effect in these cells, the antiviral effect of IFN was not dramatic. Therefore, we chose
HEK293 cells, in which IFN treatment markedly inhibits influenza virus infection. In these
cells, the effect of SPOCK2 silencing on virus infection was still observed, although it
was less efficient than the effect on A549 cells. However, the effect of SPOCK2 almost
completely disappeared following cotreatment with IFN, confirming that induction of
SPOCK2 by IFN plays a role in the control of influenza virus infection (Fig. 2H).

Treatment with recombinant SPOCK2 protein protects the host against influ-
enza virus infection. Since SPOCK2 is a secreted proteoglycan, our data so far indicate
that SPOCK2 might accumulate in the extracellular compartment to act on both its host
cells and neighboring cells. Therefore, we hypothesized that the direct application of
SPOCK2 protein in the extracellular compartment would exert antiviral effects. To test
this hypothesis, cultured medium from SPOCK2-overexpressing CHO cells was applied
to A549 cells, along with influenza virus (Fig. 3A). With increasing doses of the cultured
medium from SPOCK2-overexpressing cells, the intracellular viral HA level decreased,
confirming that antiviral SPOCK2 is secreted and present in the extracellular compart-
ment (Fig. 3B). To test whether SPOCK2 pretreatment prevents virus infection, SPOCK2-
containing culture medium was applied to A549 cells 3 h before virus infection (Fig. 3A).
To avoid possible contamination, the SPOCK2-containing culture medium was washed
and replaced with fresh culture medium. In contrast to the cotreatment condition,
however, SPOCK2 pretreatment did not effectively block virus infection (Fig. 3C).
Additionally, no antiviral activity of SPOCK2 was observed when culture medium was
administered after virus infection (Fig. 3D). These results indicate that SPOCK2 was
effective only when applied simultaneously with the virus.

To confirm that extracellular SPOCK2 proteins function to inhibit virus infection,
recombinant human His-SPOCK2 proteins were purified and the antiviral effect on virus
infection was tested. His-SPOCK2 proteins were purified separately from the total cell
lysate or from the cultured medium of His-SPOCK2-transfected CHO cells using nickel-
nitrilotriacetic acid (Ni-NTA) resin. In contrast to intracellular SPOCK2 (approximately
70 kDa) prepared in cell lysates, SPOCK2 from the culture medium was heavily glyco-
sylated (Fig. 3E). Furthermore, purified SPOCK2 from the culture medium was more
effective than SPOCK2 from the cell lysates (Fig. 3F). Based on this experimental
evidence, we concluded that SPOCK2 is secreted into the extracellular space in a highly
glycosylated and active form.

To evaluate the antiviral effect of SPOCK in vivo, sublethal doses of influenza A virus
(IAV) PR8 strains mixed with dialysis buffer or purified SPOCK2 proteins (10 �g) were
intranasally administered, and the condition of the infected mice was monitored for up
to 3 weeks postinfection. Every mouse in the control group experienced severe weight
loss after infection and then recovered. In contrast, SPOCK2-treated mice appeared
healthy (Fig. 3G). Signs of lung inflammation were evident in the control group of mice:
expanded bronchiolar walls, disorganized alveolar structure, and the infiltration of
inflammatory immune cells. In contrast, the alveolar structure of the SPOCK2-cotreated
mice was apparently normal, and the alveolar cavity was clean (Fig. 3H). Compared to
the control mice, the SPOCK2-treated mice exhibited very low residual levels of virus
infection in the lung (Fig. 3I and J). These results together suggest that extracellular
SPOCK2 protects the host against virus infection.
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The heparan sulfate moiety of the SPOCK2 proteoglycan is important for
antiviral activity. The core protein of SPOCK2 consists of multiple distinct domains,
including a signal peptide in the amino terminus, a cysteine-rich domain homologous
to the follistatin (FS) domain, an extracellular calcium-binding (EC) domain that harbors

FIG 3 Recombinant SPOCK-2 protein inhibits virus infection in vitro and in vivo. (A) Schema of the experimental procedure. (B to D) A549 cells were infected
with PR8 IAV (MOI, 0.1) in the presence of medium from SPOCK2-overexpressing cells. After 12 h, the cells under the indicated conditions were collected and
HA vRNA expression was detected by qRT-PCR. Each bar indicates the average value � SD obtained from triplicate experiments. *, P � 0.05; **, P � 0.01. (E)
Purified SPOCK2 from lysate or culture medium was immunoblotted with anti-His. (F) A549 cells were infected with PR8 IAV (MOI, 0.1) in the presence of purified
SPOCK2 (20 �g) from the lysate or medium of His-tagged SPOCK-overexpressing A549 cells. After 12 h, the cells under the indicated conditions were collected,
and HA vRNA expression was detected by qRT-PCR. Each bar indicates the average value � SD obtained from triplicate experiments. *, P � 0.05; **, P � 0.01
(t test). (G to J) Mice were intranasally infected with PR8 IAV at 50 PFU and treated with buffer or purified SPOCK2 at 10 �g per mouse. (G) Body weight changes
in PR8 IAV virus-infected mice treated with buffer or purified SPOCK2 were monitored. The graph presents the average values � SDs (n � 6 for each group).
(H) Representative hematoxylin and eosin (H&E) histology of lung tissues from the three mice in panel G evaluated at 7 days postinfection (dpi). The enlarged
image shows the bronchiole region. Arrows indicate infiltration of inflammatory cells. (I) The intracellular copy numbers of the PR8 IAV HA gene and IFN-� in
lung tissues at 7 dpi from the mice in panel G were measured by qRT-PCR. Each bar indicates the average value � SD (n � 3). (J) The intracellular amount of
the PR8 IAV NP gene in lung tissues at 7 dpi from the mice in panel G were measured by immunoblotting (n � 3). P values were calculated by two�way ANOVA.
**, P � 0.01; ***, P � 0.001.
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an N-glycosylation site, thyroglobulin (TY) domains with a CWCV motif, and a carboxyl
region with two GAG-binding motifs (GAG domain). To characterize the domain of
SPOCK2 responsible for the regulation of antiviral activity, various deletion constructs
were generated, including a construct without the EC domain (ΔEC) and a construct
without the GAG domain (ΔGAG) (Fig. 4A). Each construct was transiently transfected,
and the intracellular amounts of influenza virus after infection were measured. The
antiviral activity of deletion mutants that lacked the EC domain alone or lacked both
the EC and FS domains was as effective as that of wild-type (WT) SPOCK2. In contrast,
the antiviral activity of SPOCK2 disappeared when either the SPOCK2 (ΔGAG) or
SPOCK2 (ΔTY ΔGAG) mutant was overexpressed, suggesting that the antiviral activity of
SPOCK2 is derived from the protein regions containing the GAG domain or from the
GAG chains attached to this domain. These results suggest that the antiviral activity of
SPOCK2 depends on the attached GAG motif. Unexpectedly, those SPOCK2 mutants
without TY and GAG domains exhibited somewhat proviral activity, with higher levels
of intracellular virus accumulation than the control. Although there is no report about
the TY domain in SPOCK2, the purified TY domains of SPOCK1 and -3 are reported to
act as inhibitors of cathepsin L and B, respectively (20–22). Cathepsin is known to
function during influenza virus infection; therefore, it is also possible that SPOCK2

FIG 4 The heparan sulfate moiety is responsible for the antiviral effect of SPOCK2. (A) Domain deletion mutants of SPOCK2 were
overexpressed in A549 cells and infected with PR8 IAV for 24 h. HA vRNA levels were measured by qRT-PCR. (B) Site-directed mutants of
SPOCK2 were overexpressed in A549 cells and infected with PR8 IAV for 24 h. HA vRNA levels were measured by qRT-PCR. For the bottom
portion, cell lysates from the top portion were analyzed with anti-M1 and anti-V5, and anti-GAPDH was detected as a loading control. (C)
At 36 h posttransfection, A549 cells were infected with IAV at an MOI of 1 per well for 24 h or 48 h. The supernatants from cells infected
with A549 cells were collected, and the viral titers were measured by the TCID50 method. The bars indicate the mean values � SDs
obtained from three experiments. (D) A549 cells were transfected with EXT1, -2, and -3 siRNAs and a V5-tagged SPOCK2-expressing
construct or empty vector. HA vRNA levels were measured by qRT-PCR. The expression was normalized by GAPDH (upper graph). The
silencing efficiencies of EXT1, EXT2, and EXTL3 were measured by qRT-PCR (lower graph). Expression was normalized by GAPDH. All graphs
indicate the average values � SDs obtained from triplicate experiments. ***, P � 0.001 (t test).
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performs an additional regulatory role during infection by interaction of cathepsin with
the TY domain. To verify importance of the GAG motif for the antiviral activity of
SPOCK2, double point mutations were introduced at the S383 and S388 residues, where
the heparan sulfate GAG chains are attached. The overexpressed SPOCK2 (S383A S388A)
mutant did not exert antiviral activity, as measured by the intracellular viral HA expression
and the TCID50 per milliliter of influenza virus (Fig. 4B and C).

To determine whether the heparan sulfate chains that attach to SPOCK2 are indeed
critical for inhibiting virus infection, the expression of the exostosins EXT1, EXT2, and EXTL3
was silenced and the antiviral effect of SPOCK2 was assessed. Exostosins have glycosyl-
transferase activities for heparan sulfate biosynthesis. In exostosin-silenced cells, GlcNAc
and GlcA transferase activities are decreased, resulting in the production of shorter heparan
sulfate chains (23–25). In EXT1-, EXT2-, or EXTL3-silenced cells, the antiviral effect of SPOCK2
significantly disappeared, confirming that the heparan sulfate chains of SPOCK2 are nec-
essary for its antiviral effects against influenza virus infection (Fig. 4D).

SPOCK2 blocks the attachment and entry of influenza virus. The ECM is a
noncellular structure composed of various proteoglycans and glycoproteins. Viruses
use proteoglycans to facilitate cell attachment and internalization into host cells (26).
Since SPOCK2 is a secreted form of proteoglycan with heparan sulfate chains, we
wondered whether SPOCK2 functions to block the attachment and entry of the virus.
Using the purified His-SPOCK2 protein and 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindo-
carbocyanine perchlorate (DiI)-labeled virus, we therefore examined the inhibitory
effect of His-SPOCK2 on viral entry. At 20 min postinfection, DiI was detected in the
cytoplasm of the control cells. In contrast, a very low DiI signal appeared in the
cytoplasm of the purified SPOCK2-treated cells (Fig. 5A). We also separately assessed
internalized vRNA 20 min after virus infection in the absence or presence of SPOCK2
treatment. A smaller amount of vRNA was detected when purified SPOCK2 was used in
the treatment (Fig. 5B). These studies suggest that purified SPOCK2 might act on the
extracellular compartment to inhibit viral entry. To investigate whether SPOCK2 could
directly interfere with viral attachment, we next performed a hemagglutination inhibi-
tion (HI) assay, which measures the ability of the virus to attach to receptors on red
blood cells (RBCs). A serially diluted influenza virus was incubated with the same
concentration of RBCs, and the virus titer distinguishing agglutinated and nonagglu-
tinated (suspended) cells was monitored. When purified SPOCK2 was included in the
reaction, viral attachment to RBCs was suppressed in a dose-dependent manner
(Fig. 5C). This finding suggests that purified SPOCK2 inhibits influenza virus at the
attachment stage. The antiviral activities of purified SPOCK2 were further examined
with a plaque assay. The number of plaques produced was then recorded and analyzed
as percentage of untreated virions. Cotreatment with the purified SPOCK2 (20 �g)
reduced the number of plaques, indicating that SPOCK2 efficiently inhibits influenza
virus plaque formation (Fig. 5D).

We also examined the effect of SPOCK2 on influenza virus replication. To this end,
we established an assay to measure RNA-dependent RNA polymerase activity. We
transfected an enhanced green fluorescent protein (eGFP) reporter plasmid carrying
NS vRNA along with a plasmid expressing PB1/PB2/PA with or without NP. The viral
RNA-dependent RNA polymerase (RdRp) activity was assessed by measuring the mean
fluorescence intensity of GFP. The results indicated that all four constructs were
necessary to express GFP (Fig. 5E). Next, we investigated the effect of SPOCK2 on RdRp
activity. However, the alteration of SPOCK2 levels did not affect the activity of influenza
virus RdRP, indicating that the SPOCK2 protein most likely functions during the
internalization of virus particles but not during viral genome replication (Fig. 5F).

The sialic acid moiety of SPOCK2 protein is used for binding to influenza virus.
SPOCK2 is a heavily glycosylated proteoglycan with two different types of attached
glycosylated moieties: the N-glycosylated moiety on the EC domain and the heparan
sulfate chains on the GAG domains. We speculate that the molecular weight of the
endogenous SPOCK2 core protein is approximately 55 kDa, based on the electropho-
retic mobility shift after tunicamycin treatment (Fig. 6A). Tunicamycin inhibits the
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formation of N-glycosidic linkages during the early steps of glycoprotein synthesis in
the Golgi, thereby blocking glycosylation at an early step. In contrast, the molecular
weight of endogenous SPOCK2 shifted from approximately 100 kDa to 70 kDa when cell
lysates were treated with peptide-N-glycosidase F (PNGase F), which cleaves N-linked
oligosaccharides (Fig. 6B). We observed previously that the molecular weight of endoge-
nous SPOCK2 decreased upon virus infection but not after IFN or poly(I·C) treatment
(Fig. 1C, D, and G). This observation led us to hypothesize that influenza virus possesses
activity that cleaves the core protein or oligosaccharide portions of SPOCK2. We first
examined the effect of the neuraminidase (NA) protein of influenza virus on SPOCK2
because NA has intrinsic neuraminidase activity that cleaves sialic acid (SA) and an adjacent

FIG 5 Purified SPOCK2 inhibits attachment and entry of influenza virus. (A) A549 cells were infected with DiI-labeled PR8 IAV with buffer
or 20 �g of purified SPOCK2 for 20 min. DiI and nucleus (Hoechst) staining were examined by confocal microscopy. Representative images
are shown. Scale bars, 200 �m. DIC, differential interference contrast. (B) A549 cells were infected with PR8 IAV in the presence of purified
SPOCK2 (20 �g) for 20 min and then processed for subcellular fractionation. The fractions from different compartments were used for RNA
isolation and the determination of HA vRNA levels by qRT-PCR. Each bar indicates the average value � SD obtained from triplicate
experiments. P values were calculated by two�way ANOVA. *, P � 0.05. (C) An HI assay was performed using turkey RBCs. The RBCs were
added to a 96-well v-bottom plate. PR8 IAV was added with serially diluted purified SPOCK2 and incubated for 1 h at room temperature.
The inhibition of PR8 IAV attachment to RBCs was then measured by observing each well. (D) Plaque assays of PR8 IAV with buffer or
purified SPOCK2 (20 �g). (E) HEK293T cells were transfected with PB1, PB2, PA, and eGFP plasmid carrying NS1 vRNA with or without NP
plasmid. After 48 h, the relative mean fluorescence intensity of GFP was measured by FACS. All graphs indicate the average values � SDs
obtained from triplicate experiments. ***, P � 0.001. (F) A549 cells were transfected with NP, PB1, PB2, PA, an eGFP plasmid carrying NS1
vRNA and a V5-tagged SPOCK2 expression construct or empty vector. After 48 h, the mean fluorescence intensity of GFP was measured
by FACS. NT, transfection of reporter segment alone. Each bar indicates the average value � SD obtained from triplicate experiments. #,
P � 0.05 (not significant).
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sugar residue. NA protein from the influenza virus WSN strain was transiently transfected,
and changes in the molecular weight of endogenous SPOCK2 protein were observed. NA
overexpression alone was sufficient to alter the size of the SPOCK2 protein to a degree
equivalent to that observed with influenza virus infection (Fig. 6C). Differences in molecular
weight similar to those described above were observed using purified SPOCK2 in vitro (Fig.
6D). The results indicate that SPOCK2 might possess a sialic acid moiety.

To verify the presence of a sialic acid moiety on SPOCK2, purified SPOCK2 was
analyzed by using biotinylated Sambucus nigra lectin (SNA), which binds to 2,6-linkage-
specific sialic acid (Fig. 6E). Typically, most proteoglycans appear as smear bands when
separated by SDS-PAGE because of the heterogeneity of the carbohydrate portion. The
main portions of purified SPOCK2 migrate approximately at the 70-kDa position, with
long smear bands higher than 70 kDa. In contrast, lectin is specific to 2,6-linkage sialic
acid, meaning that it detects only SPOCK2 with 2,6-linkage SA attachment. Our data
indicate that SPOCK2 with the sialic acid moiety migrates at approximately 100 kDa,
indicating that it is highly glycosylated form. It is known that the influenza virus HA
protein binds to receptor proteins that carry sialic acid to initialize attachment and
entry. NA cleaves sialic acid from viral receptors to allow viral release. Therefore, we
hypothesized that the reduction in the size of SPOCK2 observed upon virus infection or
NA overexpression could be due to viral NA cleavage of the sialic acid moiety of
SPOCK2. In support of this hypothesis, the 2,6-linkage sialic acid moiety was not

FIG 6 Influenza virus preferentially binds the sialic acid moiety of SPOCK2. (A and B) A549 cells treated with tunicamycin for 12 h (A) or PNGase F (250 U) (B)
were subjected to immunoblot analysis with anti-SPOCK2, and anti-GAPDH was detected as a loading control. (C) Lysates of empty vector- or NA-expressing
A549 cells infected with PR8 IAV for 12 h were subjected to immunoblot analysis with anti-SPOCK2 and anti-NA. Anti-GAPDH was detected as a loading control.
(D) Purified SPOCK2 (1 �g) was incubated with PBS or PR8 IAV for 1 h and subjected to immunoblot analysis with anti-His and anti-M1. (E and F) Purified SPOCK2
(1 �g) from SPOCK2-overexpressing cells (E) or NA-co-overexpressing cells (F) analyzed by Western blotting and SNA blotting. (G) An HI assay was performed
using turkey RBCs. The RBCs were added to a 96-well v-bottom plate. PR8 IAV was added with serially diluted purified SPOCK2 from the medium of
SPOCK2-overexpressing cells or NA-co-overexpressing cells and incubated for 1 h at room temperature. The inhibition of PR8 IAV attachment to RBCs was then
measured by observing each well. (H) Schematic illustration of the proposed model.
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detected in the SPOCK2 purified from NA-co-overexpressing cells (Fig. 6F). To evaluate
whether the sialic acid moiety of SPOCK2 is needed for antiviral activity, the HI assay
was performed with SPOCK2 protein purified from cells expressing SPOCK2 alone or
from cells co-overexpressing SPOCK2 and NA (Fig. 6G). The inhibitory effect of SPOCK2
on viral attachment to RBCs disappeared when equal amounts of SPOCK2 protein
purified from the NA-coexpressing cells were used, indicating that SPOCK2 inhibits
influenza virus attachment to its receptors and that its sialic acid moiety is required for
this activity. In addition, NA can cleave the sialic acid moiety of SPOCK2, thereby evading
the antiviral activity of SPOCK2.

DISCUSSION

In this paper, we report a novel IFN-inducible heparan sulfate proteoglycan (HSPG),
SPOCK2, that inhibits the attachment to and entry of influenza virus into cells. SPOCK2
expression was induced in the lung upon virus infection and in AECs upon treatment
with type I IFN, IFN-�. The core protein of SPOCK2 possesses multiple target sites for
glycosylation that work in different ways to control virus infection. An N-glycan chain
attached to Asn252 in the EC domain of SPOCK2 has a 2,6-linked sialic acid moiety,
which acts as a binding receptor for influenza virus. In contrast, heparan sulfate glycans
covalently attached to Ser383 and Ser388 in the C-terminal domain of SPOCK2 were
essential for the antiviral activity of SPOCK2, which blocks viral entry. In this report, we
demonstrate that SPOCK2 inhibits viral invasion using the heparan sulfate chain of
proteoglycans. At the same time, we demonstrate that viral HA attachment to the host
utilizes the sialic moiety of SPOCK2, while NA cleaves the sialic acid moiety of SPOCK2,
resulting in inhibition of SPOCK2 activity. Based on the observation that SPOCK2 is a
secreted HSPG and that its protein level is increased during infection, we propose that
SPOCK2 is an IFN-inducible decoy receptor that competes with the cell surface receptor
for influenza virus (Fig. 6H).

Proteoglycans are complex macromolecules with multiple glycan chains attached to
core proteins and are mainly localized on the cell surface or in the ECM. Proteoglycans
are composed of components of the matrix compartment and actively participate in
various biological responses through the regulation of signaling pathways. The regu-
latory roles of proteoglycans in tissue homeostasis and pathological transition during
development, wound healing, and inflammation have been actively studied (27). Heparan
sulfate, one of the most frequently observed glycans, is reported to be a receptor for various
cytokines, chemokines, and growth factors. The heparan sulfate chain of CD44 acts as a
CD11b/CD18 counterreceptor that results in the inhibition of inflammation (28).

The abundant heparan sulfate works as a platform to capture enteric viruses (e.g.,
rotavirus and norovirus) and facilitate viral attachment and internalization into host
cells (26). Proteoglycans can be released to the cell surface or extracellular matrix
through the canonical secretion pathway or proteolytic cleavage. The most soluble
form of the cell surface receptor should bind to the virus and, in turn, inhibit the
binding of the virus to receptor-bearing cells. For example, soluble heparin can bind to
the HSV virion, resulting in the inhibition of binding to host cells (29). No direct
relationship between influenza virus invasion and proteoglycans has been reported.
However, a proteoglycan, syndecan-1, is reported to have the ability to suppress
influenza virus infection (30). Moreover, the amount of heparan sulfate correlates with
the internalization of human parainfluenza virus type 3 (HPIV-3). Although HPIV-3 is
internalized using sialic acid receptor, a previous paper (31) suggested that the inter-
nalization of HPIV-3 is reduced by preincubation with the soluble form of heparan
sulfate. This finding indicates that the soluble form of heparan sulfate can inhibit virus
infection by utilizing sialic acid internalization, as SPOCK2 does.

The respiratory tract is a major site of entry for viruses, but a multilayered antiviral
fence protects the host against infection (32). The lung epithelial layers are positioned
at the outermost region of the lung and create a physical barrier against virus infection.
Upon infection, the lung epithelium also expresses various inflammatory molecules and
immune defense proteins. Alveolar type II (ATII) respiratory epithelial cells are central to
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the lung defense and are also a site of influenza A virus infection. The physiological role
of SPOCK2 has been recently proposed to relate to the lung, based on the finding of
its genetic linkage to bronchopulmonary dysplasia and alveolarization (6). SPOCK2
mRNA expression was detected in lung fibroblasts and AECs during lung development
and after tissue injury induced by treatment with environmental stressors, such as
hyperoxia or perfluoroalkyl substances (33). In addition, SPOCK2 expression has been
reported to increase during the transitioning of type II epithelial cells to type I epithelial
cells (34). In this study, we observed increased SPOCK2 expression during virus infection
in A549 cells and in mouse lungs. Moreover, cells directly treated with purified SPOCK2
or with medium from SPOCK2-overexpressing cells were efficiently protected against
influenza virus infection at early stages of infection. Based on these observations, we
propose SPOCK2 as an extracellular component of the lung that functions as a barrier
against infection. However, a number of sialoglycosylated proteins and other sialogly-
cans can also neutralize influenza virus virions in the extracellular compartment. For the
model we propose to be relevant, the total levels of extracellular sialoglycans should be
increased significantly as a result of the increased release of SPOCK2, or SPOCK2 must
have a much higher affinity or avidity for the virions than the other available glycans.
Further investigations demonstrating the detailed regulatory mechanism of SPOCK2
inhibition of influenza virus in the extracellular matrix are needed.

Influenza virus infection is initiated by the binding of HA to the sialylated moiety of
the cell surface receptor on respiratory epithelial cells. Internalization of the receptor-
bound influenza virus is followed by clathrin-mediated endocytosis. Because SPOCK2 is
a secreted HSPG with a sialylated moiety on its N-glycan chain, it is highly likely that
SPOCK2 binds directly to influenza virus in the extracellular compartment to block viral
attachment to the cell surface receptor. Although we have not experimentally shown
other mechanisms, there are other possible ways that SPOCK2 might intervene during
the internalization step of influenza virus infection. Ca2� activity or Ca2�-mediated
signaling pathways are necessary to mediate the clathrin-mediated endocytosis of
influenza virus. The calcium level in the ECM affects the infectivity of influenza virus (35,
36). Notably, SPOCK2 possesses an EC domain, which is reported to have calcium-
binding ability (37). Therefore, it will be of interest to further investigate the regulation
of SPOCK2 activity depending on the local calcium concentration and examine the
potential to control influenza virus infection.

Here we present a new class of ISGs that work against virus infection. Most known
ISGs that target the virus itself usually function to block viral replication or to inactivate
viral proteins inside infected host cells (38–41). For example, MxA inhibits viral repli-
cation by interacting directly with the viral proteins NP and PB2. IFITM3 blocks the entry
of influenza virus by promoting the degradation of virions after internalization (42, 43).
In contrast, SPOCK2 works outside the cell during the very early steps of viral attach-
ment to the host cell surface. Because the site of antiviral action is the extracellular
compartment and because it has shown efficacy in treatment prior to virus infection,
SPOCK2 is an attractive target for preventive vaccine development. More intensive
research to engineer and enhance the antiviral efficacy of SPOCK2 is thus needed.

MATERIALS AND METHODS
Ethics statement. The production and infection of A/Puerto Rico/8/34 (PR8) IAVs was performed in

compliance with the guidelines established by the Genetic Recombination Experiment Policy of the
Institutional Biosafety Committee (IBC) at Pohang University of Science and Technology (POSTECH) under
approval number PIBC-016. Mouse experimental procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at POSTECH under the standard IACUC guidelines (registration number
11-1543061-000268-14) of the Animal and Plant Quarantine Agency (APQA) and Ministry of Food and
Drug Safety (MFDS) of Korea with permit number POSTECH-2018-0017 (experimental influenza infection).
All mouse experiments were performed in a biosafety level 2 facility that was accredited by the Korea
Centers for Disease Control & Prevention (KCDC). For the data presented, 18 mice were used, of which
6 were euthanized at the end of the experiment and 12 were euthanized in anticipation of reaching the
human endpoint. No mice died at other points in the experiment.

Cells and reagents. Human embryonic kidney 293T (HEK293T) (obtained from the ATCC, Manassas,
VA), human lung epithelial A549 (obtained from the ATCC), Chinese hamster ovary CD44 (CHO DG44)
(kind gift from Jeong-Hoe Kim, KAIST, Daejeon, Republic of Korea), and HeLa (obtained from the ATCC)
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were used. A549, HEK293T, CHO DG44, and HeLa cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Serena). The cell culture medium was supplemented with 10% fetal bovine serum (FBS;
HyClone, Logan, UT) and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA). Cells were incubated at
37°C and 5% CO2. For stimulation, the cells were treated with IL-1� (R&D Systems, Minneapolis, MN), IL-6
(R&D Systems), tumor necrosis factor alpha (R&D Systems), transforming growth factor � (TGF-�; R&D
Systems), IFN-� (R&D Systems), and IFN-� (R&D Systems). Cells were treated with cytokines at the desired
concentrations in DMEM (with 10% FBS) for the desired times. To inhibit N-linked glycosylation, A549
cells were incubated with tunicamycin (Calbiochem) in a dose-dependent manner (0, 25, 50, and 100 �g),
or lysate from A549 cells was incubated with PNGase F (New England BioLabs [NEB]).

Virus purification and titration. Human PR8 was originally provided by Adolfo Garcia-Sastre. Virus
was grown in 14-day-old embryonated eggs, and allantoic fluid was collected. Fluids were subjected to
sucrose gradient centrifugation in an SW28 rotor (Beckman) at 125,000 � g for 1 h at 4°C. The virus bands
appeared at the interface between 30% and 60% sucrose. The virus particles were subsequently pelleted
by centrifugation at 125,000 � g for 1 h at 4°C. The virion pellets were resuspended in 200 �l of 1%
bovine serum albumin (BSA) in Opti-MEM. A549 cells were seeded in 24-well plates 12 h prior to virus
infection. The virus was 10-fold serially diluted with medium and added to each well with three technical
replicates for each dilution. After 1 h of incubation, the supernatants were removed, and fresh growth
medium containing 1% FBS was added. After 72 h, the cells were fixed with 4% paraformaldehyde and
stained with crystal violet. Subsequently, the TCID50 was calculated. To estimate the effect of SPOCK2 on
the virus titer, SPOCK2-overexpressing or SPOCK2-silenced A549 cells were infected with PR8 at a
multiplicity of infection (MOI) of 1. The supernatant and cell were collected at 24 or 48 h postinfection.
The virus titer was determined in A549 cells as described above.

IAV infection in cells. For general infection, cells were incubated with virus in serum-free DMEM for
1 h, washed with phosphate-buffered saline (PBS), and further incubated in DMEM (with 10% FBS) until
the desired time was reached (including the initial incubation time).

For pretreatment, we changed the medium from normal growth medium to SPOCK2-containing
medium prior to infection. At 3 h postinfection, we changed the medium from SPOCK2-containing
medium to normal growth medium. In the case of cotreatment, the virus was preincubated in SPOCK2-
containing medium and then applied to the cells. After 3 h, we changed to normal growth medium. For
posttreatment, the virus was applied to the cells first to allow infection, and 3 h later, the medium was
changed to purified SPOCK2-containing medium. In all infection experiments, we administered the virus
after washing the cells with PBS.

IAV infection in mice. Nine-week-old female BALB/c mice were intranasally inoculated with 50 PFU
of IAV PR8, in a total volume of 50 �l, and monitored for survival and weight loss for 21 days. The PR8
stock aliquot was thawed and diluted in saline before use. For treatment with purified SPOCK2, PR8 was
mixed with buffer or purified SPOCK2 to adjust the total volume to 50 �l and then administered
intranasally to the mice.

Virus fluorescence labeling. DiI is a lipophilic dye that integrates into the virion without changing
the biophysical properties of the virus. PR8 influenza virus was incubated with DiI (Thermo Fisher)
solution for 1 h at room temperature. The virus in fluorescent label solution was applied to a spin column
containing Sephadex G50 beads (Pharmacia, USA) and centrifuged for 2 min at 4,000 rpm to remove
excess unbound fluorescent label dye. The flowthrough fraction was used for the manipulation of a
single virus. DiI-labeled influenza virus was applied to A549 cells for the attachment and entry assay.

Plaque assay. Monolayered HeLa cells were infected with 10-fold serially diluted IAV PR8 allantoic
fluids mixed with dialysis buffer or purified SPOCK2 proteins (20 �g) for 30 min. The cells were washed
with PBS and overlaid with the medium (50% 2� DMEM, 50% gum tragacanth, and 5% FBS). After 72 h,
the cells were fixed with 4% paraformaldehyde and stained with crystal violet. Subsequently, the plaques
were counted to determine viral titers.

Expression and purification of human SPOCK2 protein. A DNA fragment encoding human
SPOCK2 (1 to 425 amino acids) was subcloned into an expression vector derived from the pDEST-V5
plasmid. The vector was designed to express SPOCK2 as a fusion protein containing 6� His as the
after-signal peptide. This 6� His-containing human SPOCK2 expression plasmid was transfected into
mammalian cells (HEK293T or CHO DG44) with polyethylenimine (PEI; Polysciences). To purify the
secreted His SPOCK2 protein, the medium was harvested from the transfected cells by pelleting the
cells by centrifugation (1,500 rpm, 2 min, and 4°C). The medium was supplemented with 2 mM
�-mercaptoethanol (Sigma) and phenylmethylsulfonyl fluoride (PMSF) and incubated with Ni-NTA beads
(Qiagen) for 2 h. After 2 rounds of washing with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM
imidazole, 2 mM �-mercaptoethanol [pH 8.0]), Ni-NTA beads were loaded into Poly-Prep chromatogra-
phy columns (Bio-Rad). After 4 rounds of washing with wash buffer, human His-SPOCK2 protein was
eluted with elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, 2 mM �-mercaptoethanol
[pH 8.0]). To remove the imidazole, two rounds of dialysis were conducted with dialysis buffer (50 mM
NaH2PO4, 300 mM NaCl, 2 mM �-mercaptoethanol [pH 8.0]). Dialyzed His-SPOCK2 was concentrated with
Amicon Ultra-15 centrifugal filters (NMWL 3K; Millipore) by centrifugation (3,000 rpm and 4°C). After
centrifugation, concentrated recombinant His-SPOCK2 was collected, and filtrated dialysis buffer was
used as control buffer. Finally, recombinant human His-SPOCK2 protein was stored at 4°C.

RNA extraction and real-time RT-PCR. Total RNA was extracted using RNAiso Plus (TaKaRa), and
1 �g of total RNA was reverse transcribed using the Improm-II reverse transcription system (Promega).
To detect influenza virus RNA, random oligomers were used for reverse transcription. To detect mRNA,
oligo(dT) was used for reverse transcription. For PCR, SYBR premix Ex Taq (TaKaRa) was used, and
threshold cycle (ΔCT) values were obtained using the One-step real-time PCR system (Applied Biosys-
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tems). The data were normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The
following primers were used: HA, 5=-TTGCTAAAACCCGGAGACAC-3= and 5=-CCTGACGTATTTTGGGCACT-
3=; IFN-�, 5=-TGCTCTCCTGTTGTGCTTCTCC-3= and 5=-CATCTCATAGATGGTCAATGCGG-3=; SPOCK2, 5=-GCT
GCGACGAGGATGGCT-3= and 5=-CTACCAGATGTAGCCCCCGT-3=; GAPDH, 5=-GTGAAGGTCGGAGTCAACG
G-3= and 5=-CCACCCTGTTGCTGTAGCAGCCA-3=; EXT1, 5=-CTCTTGTCTCGCCCTTTTGT-3= and 5=-TGGTGCA
AGCCATTCCTACC-3=; EXT2, 5=-AAGCACCAGGTCTTCGATTACC-3= and 5=-GAAGTACGCTTCCCAGAACCA-3=;
EXTL3, 5=-CGCTCATCGCCCACTATTACC-3= and 5=-TGTTCAGCTCTTGGCGCT T-3=; and IFN-�R1, 5=-GAAAC
CACTGACTGTATATTGTGTGAAA-3= and 5=-CAGCGTCACTAAAAACACTGCTTT-3=.

RNA interference. Cells were transfected with the indicated short interfering RNA (siRNA) for 48 h by
using Lipofectamine 3000. The following sequences were used: siControl, 5=-UUCUCCGAACGUGUCACGU-3=;
siSPOCK2, 5=-GCAAUUUCAUGGAGGACGA-3=; EXT1, 5=-GGAUCAUCCCAGGACAGGA-3=; EXT2-2, 5=-GGUGUAU
AUCUAUGCUCUG-3=; EXT2-2, 5=-GGAGACAGCACAAGCGAUG-3=; EXTL3-1, 5=-GGCAGGCAAGCGGAUUUUU-3=;
EXT3-2, 5=-GGUCUCUUCCUUACCCUUU-3=; and IFN-�R1, 5=- AACAGCCAUUGAAGAAUCUUCTT-3=.

Western blotting and immunofluorescence (IF) staining. For Western blot analysis, cells were lysed
in lysis buffer (25 mM Tris [pH 7.5], 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 0.5% deoxycholate with
protease inhibitors), and 30 mg of total cell lysate was separated on SDS-polyacrylamide gels. Proteins were
transferred onto a nitrocellulose membrane and analyzed with antibodies (Abs) against SPOCK2 (Santa Cruz
Biotechnology), V5 (Invitrogen), influenza A virus matrix protein antibody (Bio-Rad), and GAPDH (Chemicon).
Horseradish peroxidase (HRP)-conjugated secondary antibodies were added, and immunoreactive signals
were visualized using an LAS4000 luminescent image analyzer (Fujifilm).

The following primary antibodies were used at the dilutions listed in parentheses: SPOCK2/testican-2
(N-15) (Santa Cruz Biotechnology, sc-49538; WB, 1:1,000), V5 (Invitrogen; R960-25; WB, 1:5,000; IF,
1:1,000), influenza matrix protein antibody GA2B (Bio-Rad; MCA401; WB, 1:1,000), anti-influenza A virus
nucleoprotein antibody (C43) (Abcam; ab128193; WB, 1:1,000), and GAPDH (Chemicon; MAB374; WB,
1:25,000). The following secondary antibodies were used for immunoblot analysis: goat anti-mouse
HRP-conjugated IgG (Pierce; 1858413; 1:10,000), goat anti-rabbit HRP-conjugated IgG (Pierce; 1858415;
1:10,000), donkey anti-goat HRP-conjugated IgG (Santa Cruz Biotechnology; sc-2020; 1:5,000), and
HRP-labeled streptavidin (Bioss, Beijing, China). For immunofluorescence staining, cells on coverslips
were fixed with 4% paraformaldehyde. Slides were mounted and analyzed using an Olympus confocal
microscope. The images were processed with ImageJ.

Lectin blot analysis. First, 1 �g of purified SPOCK2 was subjected to 10% SDS-PAGE and transferred.
Then, 2 �g/ml of biotinylated Sambucus nigra lectin (SNA) (Vector Labs; B-1305), which specifically binds
to sialic acid to terminal galactose via �2,6-linkages, was applied. HRP-labeled streptavidin (Pierce; 21126)
was used for the recognition of biotinylated SNA.

HI assay. A 50-�l aliquot of 0.7% turkey RBCs was added to a 96-well v-bottom plate. For hemaggluti-
nation inhibition (HI) assays, influenza virus A/Puerto Rico/8/34 was added, and the virus was coincubated
with serially diluted SPOCK2 for 1 h at room temperature. The hemagglutination patterns were read after 1
h of incubation. The dose at which aggregation occurred was determined.

Cell fractionation. Cells were washed with reticulocyte standard buffer (RSB; 10 mM Tris-HCl [pH 7.4],
10 mM NaCl, 3 mM MgCl2), then incubated for 3 min on ice, pelleted at 7,000 rpm and 4°C for 3 min, and
resuspended by slow pipetting with lysis buffer (RSB40; 10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 3 mM
MgCl2, 10% glycerol, 0.5% NP-40, 0.5 mM dithiothreitol [DTT], 100 U/ml of rRNasin). The supernatant was
designated the cytoplasmic fraction and centrifuged at 7,000 rpm and 4°C for 3 min. The pellet was
designated the nuclear fraction. The cytoplasmic and nuclear fractions were suspended in RNAiso Plus
(TaKaRa). “Whole-cell fraction” refers to RNA from whole cells without fractionation. Equal amounts (1 �g)
of total RNA from the whole-cell, cytoplasmic, and nuclear fractions were analyzed.

Luciferase assay. A549 cells in 24-well plates were transfected with pSPOCK2-luc (700 ng) and
pRL-TK (15 ng) for normalization of the transfection efficiency. The dual-luciferase assay was performed
according to the manufacturer’s instructions (Promega).

FACS analysis. To measure RdRp activity, cells were transfected with RdRp component (plasmid) and
GFP-tagged NS1 antisense. After 48 h, cells were detached with trypsin and washed with PBS. The cells were
washed with fluorescence-activated cell sorting (FACS) (1% FBS in PBS) buffer by centrifugation at 3,000 � g
and 4°C for 5 min. Next, the cells were fixed with 4% paraformaldehyde in PBS. Fixed cells were washed with
FACS buffer and analyzed with a flow cytometer (FACSCalibur; BD Biosciences, San Jose, CA).
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