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ABSTRACT

Bactericidal/permeability-increasing protein (BPI) fold-containing family B, member 3 (BPIFB3) is an endoplasmic reticulum
(ER)-localized host factor that negatively regulates coxsackievirus B (CVB) replication through its control of the autophagic
pathway. Here, we show that another member of the BPIFB family, BPIFB6, functions as a positive regulator of CVB, and other
enterovirus, replication by controlling secretory pathway trafficking and Golgi complex morphology. We show that similar to
BPIFB3, BPIFB6 localizes exclusively to the ER, where it associates with other members of the BPIFB family. However, in con-
trast to our findings that RNA interference (RNAi)-mediated silencing of BPIFB3 greatly enhances CVB replication, we show
that silencing of BPIFB6 expression dramatically suppresses enterovirus replication in a pan-viral manner. Mechanistically, we
show that loss of BPIFB6 expression induces pronounced alterations in retrograde and anterograde trafficking, which correlate
with dramatic fragmentation of the Golgi complex. Taken together, these data implicate BPIFB6 as a key regulator of secretory
pathway trafficking and viral replication and suggest that members of the BPIFB family participate in diverse host cell functions
to regulate virus infections.

IMPORTANCE

Enterovirus infections are associated with a number of severe pathologies, such as aseptic meningitis, dilated cardiomyopathy,
type I diabetes, paralysis, and even death. These viruses, which include coxsackievirus B (CVB), poliovirus (PV), and enterovirus
71 (EV71), co-opt the host cell secretory pathway, which controls the transport of proteins from the endoplasmic reticulum to
the Golgi complex, to facilitate their replication. Here we report on the identification of a novel regulator of the secretory path-
way, bactericidal/permeability-increasing protein (BPI) fold-containing family B, member 6 (BPIFB6), whose expression is re-
quired for enterovirus replication. We show that loss of BPIFB6 expression correlates with pronounced defects in the secretory
pathway and greatly reduces the replication of CVB, PV, and EV71. Our results thus identify a novel host cell therapeutic target
whose function could be targeted to alter enterovirus replication.

Transport of cargo from the endoplasmic reticulum (ER) to the
Golgi complex requires a highly controlled system of proteins

that function to regulate a variety of steps along the secretory
pathway. These components must not only synchronize the load-
ing of diverse cargo but also navigate the trafficking of this cargo to
specific cellular compartments. The Golgi complex functions as a
focal point of secretory pathway trafficking as it controls not only
the anterograde trafficking of newly synthesized proteins from the
ER to the cell membrane but also must facilitate the retrograde
trafficking of surface-associated molecules from the plasma mem-
brane back to the ER. Vesicles trafficking along the secretory path-
way target their cargo to the Golgi complex via the use of distinct
tethering machinery, such as the conserved oligomeric Golgi
(COG) complex, whose members function to anchor coat protein
(COPI)-coated retrograde vesicles to the Golgi complex by inter-
acting with a variety of Rab GTPases, SNAREs, and components of
COPI vesicles (1–6). Mutations in the COG complex (1, 5, 7, 8),
depletion of COG complex components by RNA interference
(RNAi) (9), or genetic mutations (8) induce dramatic alterations
in Golgi complex function and morphology.

In addition to its important function in maintaining cellular
homeostasis, the secretory pathway is also targeted by viruses to
facilitate various aspects of their replicative life cycles. An obligate
step in the life cycle of positive-sense RNA viruses is the formation
of membrane-enriched organelles that provide the structural
foundation for viral replication. These organelles are often derived

from the host cell secretory pathway and are formed by specific
virally encoded proteins that enrich these structures with the nec-
essary lipid and protein components to optimize replication. En-
teroviruses, which belong to the Picornaviridae family, rely on
both protein and lipid components of the secretory pathway to
provide the structural scaffolding for their replication. The impor-
tance of the secretory pathway in enterovirus replication is under-
scored by the extreme sensitivity of these viruses to brefeldin A
(BFA), a potent inhibitor of the secretory pathway that induces
Golgi complex disassembly and ER accumulation of secretory
proteins (10, 11). Enteroviruses encode several proteins that di-
rectly target secretory pathway-associated molecules, such as the
virally encoded 3A protein, which disrupts ER-to-Golgi transport
and induces the disassembly of the ER-Golgi intermediate com-
partment (ERGIC) (12, 13), and the 2B integral membrane pro-
tein, which localizes primarily to the Golgi complex and partially
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to the ER, where it enhances ion flux from both compartments in
order to inhibit secretory pathway trafficking (14).

Previously, we identified bactericidal/permeability-increasing
protein (BPI) fold-containing family B, member 3 (BPIFB3; also
known as long palate, lung, and nasal epithelium clone
[LPLUNC3]), as a host factor involved in regulating infection of
the enterovirus coxsackievirus B (CVB) through its control of the
autophagic pathway (15). In contrast, BPIFB3 silencing had no
effect on the replication of the related enterovirus poliovirus (PV),
suggesting that BPIFB3 functions in a virus-specific manner.
BPIFB3 is a member of the BPI and lipopolysaccharide-binding
protein (LBP) family of secreted antibacterial components, which
also includes BPIFB1, BPIFB2, BPIFB4, and BPIFB6 (16). How-
ever, our previous work showed that BPIFB3 is not secreted and is
localized exclusively to the ER (15). Members of the BPIFB family
share sequence homology with cholesterylester transfer protein
(CETP) and phospholipid transfer protein (PLTP), both of which
are involved in lipid transport in plasma (17), but the physiolog-
ical functions of the BPIFB family remain largely unknown. Here
we show that in contrast to our previous findings with BPIFB3,
silencing of BPIFB6 suppresses enterovirus replication in a pan-
viral manner. In addition, we show that similar to BPIFB3, BPIFB6
localizes specifically to the ER, where it interacts with BPIFB3. How-
ever, unlike BPIFB3, which negatively regulates CVB replication
through autophagy (15), we show that BPIFB6 regulates secretory
pathway trafficking and its RNAi-mediated depletion disrupts both
anterograde and retrograde trafficking and induces pronounced
Golgi complex fragmentation. Our work thus identifies specific
members of the BPIFB family as regulators of enterovirus replication
via their control of distinct host cell pathways.

MATERIALS AND METHODS
Cells and viruses. Experiments were conducted using human brain mi-
crovascular endothelial cells (HBMECs), cultured as described previously
(18), unless stated otherwise. HEK293T, HeLa, and U2OS cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum and penicillin-streptomycin. Experiments were per-
formed with coxsackievirus B3 (CVB3)-RD or PV (Sabin type I), ex-
panded as described previously (19, 20). Echovirus 11 (E11 [Gregory
strain]) and enterovirus 71 (EV71 [BrCr]) were purchased from the
ATCC. Cells were infected with 1 to 3 PFU/cell (CVB, PV, and E11) or 5
PFU/cell (EV71) for �16 to 18 h. Plaque assays were performed as de-
scribed previously (19, 21). CellLight ER-RFP BacMam 2.0 baculovirus
was purchased from Invitrogen.

Plasmids, siRNAs, and transfections. Flag-tagged BPIFB3 and V5-
tagged BPIFB6 were described previously (15). V5-tagged BPIFB2 and
BPIFB4 were generated by amplification of BPIFB2 or BPIFB4 cDNA
following by cloning into pcDNA3.1/V5-His TOPO TA as per the manu-
facturer’s instructions (Invitrogen). Green fluorescent protein (GFP)-
fused Sec61� was generated by amplification of Sec61� cDNA following
by cloning into pcDNA3.1/NT-GFP-TOPO as per the manufacturer’s in-
structions (Invitrogen). GFP-tagged atlastin-3 (ATL3) and mCherry-
tagged CLIMP63 were kindly provided by Gia Voeltz (University of Col-
orado). Small interfering RNAs (siRNAs) targeting BPIFB2 to -6 have
been described previously (15). The sequences of the siRNAs targeting
COG3 and COG7 are as follows: COG3si, AGACUUGUGCAGUUUAAC
Att; and COG7si, AUCAGUCCAAAGUGUUUGUtt. All siRNAs were
purchased from Sigma. Control (scrambled) siRNA was also purchased
from Sigma.

Plasmid transfections were performed using X-tremeGENE 9 (Roche)
essentially per the manufacturer’s protocol. For siRNA transfections, cells
were reverse transfected with siRNAs (final concentration, 25 to 50 nM)

using DharmaFECT-1 transfection reagent (Thermo-Fisher Scientific)
according to the manufacturer’s protocol.

Antibodies. Rabbit polyclonal and mouse monoclonal antibodies di-
rected against GFP (FL), Flag/OctA (D-8, H-5), GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) (FL-335), and His tag (H-15), were pur-
chased from Santa Cruz Biotechnology. Mouse monoclonal anti-Flag
(M2) and rabbit polyclonal anti-BPIFB6 were purchased from Sigma.
Mouse anti-V5 was purchased from Invitrogen. Mouse anti-double-
stranded RNA (anti-dsRNA) (J2) antibody was purchased from Scicons.
Mouse monoclonal antibodies to Sec31A, p230/Golgin, GM130, GS15,
and GS28 were purchased from BD Biosciences. Rabbit polyclonal �COP
was purchased from Novus Biologicals. Mouse anti-enterovirus VP1
(Ncl-Entero) was obtained from Novocastra Laboratories. Alexa Fluor-
conjugated secondary antibodies were purchased from Invitrogen.

Immunofluorescence and electron microscopy. Cells cultured in
chamber slides (LabTek; Nunc) were washed and fixed with 4% parafor-
maldehyde (PFA) and were then permeabilized with 0.1 to 0.25% Triton
X-100 in phosphate-buffered saline (PBS) and incubated with the indi-
cated primary antibodies for 1 h at room temperature. Following washing,
cells were incubated with secondary antibodies for 30 min at room tem-
perature, washed, and mounted with Vectashield (Vector Laboratories)
containing 4=,6-diamidino-2-phenylindole (DAPI). The technique uti-
lized for digitonin/Triton X-100 staining was performed as described pre-
viously (22). Images were captured using an FV1000 confocal laser scan-
ning microscope (Olympus), analyzed using Imaris (Bitplane), and
contrasted and merged using Photoshop (Adobe). Electron microscopy
was performed as described previously (21).

Immunoblotting and immunoprecipitations. Cell lysates were pre-
pared with radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCl [pH 7.4]; 1% NP-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1
mM EDTA; 1 mM phenylmethanesulfonyl fluoride; 1 mg/ml aprotinin,
leupeptin, and pepstatin; 1 mM sodium orthovanadate). Lysates (30 �g)
were loaded onto 4 to 20% Tris-HCl gels (Bio-Rad, Hercules, CA) and
transferred to nitrocellulose membranes. Membranes were blocked in 5%
nonfat dry milk, probed with the indicated antibodies, and developed
with horseradish peroxidase (HRP)-conjugated secondary antibodies
(Santa Cruz Biotechology) and SuperSignal West Pico or West Dura
chemiluminescent substrates (Pierce Biotechnology).

For immunoprecipitations, HEK293T cells transfected with the indi-
cated plasmids were lysed with EBC buffer (0.5% NP-40, 50 mM Tris-
HCl, 120 mM NaCl, 5 mM EDTA [pH 8.0]), and insoluble material was
cleared by centrifugation. Lysates were incubated with the indicated anti-
bodies for 1 to 2 h at 4°C followed by the addition of Sepharose G beads for
an additional 1 to 2 h at 4°C. After centrifugation, the beads were washed
with NETN lysis buffer (0.5% NP-40, 900 mM NaCl, 20 mM Tris, 1 mM
EDTA) a minimum of five times and heated at 95°C for 10 min in Laem-
mli sample buffer. Following a brief centrifugation, the supernatant was
immunoblotted with the indicated antibodies as described above.

Recombinant protein purification and lipid dot blots. The individ-
ual BPI domains of BPIFB3 and BPIFB6 were amplified from cDNA and
cloned into the Champion pET-SUMO expression system as per the man-
ufacturer’s instructions (Invitrogen). This system generates the expres-
sion of recombinant proteins with N-terminal 6�His tags and SUMO
fusion proteins. To generate recombinant proteins, plasmids were trans-
formed into BL21(DE3) cells, and overnight cultures were treated with 1
mM isopropyl-�-D-thiogalactopyranoside (IPTG) while in the mid-log
phase of growth. Cultures were incubated for another 2 h at 37°C with
shaking, and the cells were collected by centrifugation. Recombinant pro-
teins were purified using an Ni-nitrilotriacetic acid (NTA) purification
system (Thermo Fisher) and concentrated with a polyethersulfone mem-
brane concentrator (Pierce) as per the manufacturer’s instructions. The
purity of SUMO-conjugated fusion proteins was assessed using SDS-
PAGE followed by Coomassie staining or immunoblotting with anti-
6�His antibody. Protein concentrations were determined by bicin-
choninic acid (BCA) protein assay.

BPIFB6 Regulates Secretory Pathway Trafficking

May 2016 Volume 90 Number 10 jvi.asm.org 5099Journal of Virology

http://jvi.asm.org


Lipid dot blots were performed using the indicated SUMO-6�His-
tagged BPI domains isolated as described above and membrane lipid strips
(Echelon). Lipid strips were incubated in blocking buffer (PBS-T: PBS con-
taining 0.1% Tween 20 and 3% bovine serum albumin [BSA]) for 1 h at room
temperature. Following washing with PBS-T, strips were incubated with 0.5
�g/ml of purified SUMO-6�His-tagged BPI domains in PBS-T containing
3% BSA for 1 h at room temperature. Following washing, membranes were
incubated with anti-6�His-HRP antibody in PBS-T containing 3% BSA for 1
h at room temperature, washed, and then developed using West Dura chemi-
luminescent substrates (Pierce Biotechnology).

RT-qPCR. Total RNA was extracted using TRI reagent (MRC) accord-
ing to the manufacturer’s protocol or using GenElute mammalian total
RNA miniprep kits (Sigma). RNA samples were treated with RNase-free
DNase (Sigma). Total RNA was reverse transcribed using the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA). For each sample, 1 �g RNA
was used for cDNA synthesis. Reverse transcription-quantitative PCR

(RT-qPCR) was performed using iQ SYBR green supermix (Bio-Rad) in
an Applied Biosystems StepOnePlus real-time PCR machine. Gene ex-
pression was calculated using the 2���CT threshold cycle method (23),
normalized to human �-actin. Primers against BPIFB2 to -6, actin, CVB,
and PV have been described elsewhere (15, 21). The sequences of the
primers against COG3 and COG7 are as follows: COG3, 5=-AGACAGAT
GAGGGATTACTTG-3= and 5=-TAGGGTTCCTGTCTTATTGG-3=; and
COG7, 5=-AGTCCAAAGTGTTTGTGAAG-3= and 5=-CCTTGTGACAC
TTGTAGTAG-3=. The sequences of the primers against E11 are as follows:
5=-CGCTATGGCTACGGGTAAAT-3= and 5=-GCAGTCCAACATCCCA
GATAA-3=.

Statistical analysis. Data are presented as means � standard devia-
tions unless otherwise stated and were analyzed with Prism software
(Graphpad) by two-tailed unpaired Student’s t test. All experiments were
performed a minimum of three times.

FIG 1 Enterovirus replication is suppressed by silencing of BPIFB6. (A) HBMECs were transfected with siRNAs against BPIFB2, BPIFB3, BPIFB4, and BPIFB6
and infected with CVB (3 PFU/cell) or PV (1 PFU/cell) �48 h later. Infections were quantified by RT-qPCR. Data are shown as a percentage of change from the
control (CONsi [scrambled]) siRNA. (B) RT-qPCR for expression of the indicated BPIFB family members from samples shown in panel A. Data are shown as a
percentage of change from the control (scrambled). (C) Immunofluorescence microscopy for CVB (top row) or PV (bottom row) viral RNA (vRNA) (using
anti-dsRNA J2 antibody [green]) in cells transfected with CONsi or BPIFB6si. (D) CVB and PV titers (shown as PFU per milliliter) in cells transfected with CONsi
or BPIFB6si. (E) HBMECs were transfected with CONsi or BPIFB6si and infected with CVB, PV, E11, or EV71 �48 h later. Infections were quantified by
RT-qPCR. Data are shown as a percentage of change from CONsi. (F) Transmission electron micrographs of HBMECs transfected with CONsi or BPIFB6si and
infected with CVB (3 PFU/cell) for �16 h. Black arrows denote virus-filled replication organelles in CONsi-transfected cells that are absent in BPIFB6si-
transfected cells. The scale bar at the bottom left is 500 nm. In panels A and B and D and E, data are shown as means � standard deviations (*, P 	 0.01; **, P 	
0.05; ***, P 	 0.001).
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FIG 2 BPIFB6 localizes to the ER and interacts with BPIFB3. (A, top) Confocal microscopy for V5 (green) and ER-mRFP (red) in U2OS cells transfected with
V5-BPIFB2, -BPIFB3, and -BPIFB6 and infected with CellLights ER-RFP baculovirus. At bottom left is an �2� magnification of the area indicated by the white
box in the merged image. (A, bottom) U2OS cells transfected with V5-BPIFB4 (green). (B) Coimmunoprecipitations for Flag-BPIFB3 and V5-BPIFB2, -BPIFB4,
or –BPIFB6 in 293T cells transiently transfected with the indicated constructs (or vector control). Lysates were subjected to immunoprecipitation (IP) of
Flag-BPIFB3 (using agarose bead-conjugated anti-Flag OctA), and immunoprecipitates were subjected to immunoblotting for V5 (top row) or Flag (bottom
row). Whole-cell lysates were collected and immunoblotted for V5 (middle panel) to control for transfection efficiency of V5-fused BPIFB members. (C)
Confocal microscopy of U2OS cells transiently transfected with V5-BPIFB6. Posttransfection (�48 h), cells were permeabilized with digitonin, fixed with
paraformaldehyde (PFA), and then incubated with anti-V5 antibody (top row) or BPIFB6 (bottom row) antibodies. Cells were then permeabilized with Triton
X-100 and stained with anti-BPIFB6 (top row) or anti-V5 (bottom row) antibodies. (D) Confocal microscopy for V5-BPIFB6 (top row, green; bottom row, red)
and either mCherry-CLIMP63 (top row, red) or enhanced green fluorescent protein (EGFP)-ATL3 (bottom row, green) in transiently transfected U2OS cells. (E)
Confocal microscopy for Flag-BPIFB3 (green) and mCherry-CLIMP63 (red) in transiently transfected U2OS cells. (F) Confocal microscopy for endogenous
BPIFB6 (green) and CVB dsRNA (red) in mock- or CVB-infected (1 PFU/cell for �16 h) HBMECs. Panels D to F contain a magnified image of the area shown
in the white box. In panels A and C to F, DAPI-stained nuclei are shown in blue.
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RESULTS
RNAi-mediated silencing of BPIFB6 restricts enterovirus repli-
cation. Previously, we showed that RNAi-mediated silencing of
BPIFB3 enhanced CVB, but not PV, replication (15). In contrast,
whereas silencing of other members of the BPIFB family, such as
BPIFB2 and BPIFB4, had no effect on either CVB or PV replica-
tion, silencing of BPIFB6 significantly reduced the levels of CVB
and PV viral RNA (vRNA) (Fig. 1A and C) (15) and led to a


1-log loss of CVB and PV infectious titers (Fig. 1D). Knockdown
efficiency was confirmed by RT-qPCR (Fig. 1B).

Although silencing of BPIFB3 substantially increases CVB rep-
lication, it has no impact on PV replication (15), suggesting that
this member of the BPIFB family exerts its effects on enterovirus
replication in a virus-specific manner. To determine if the effect of
BPIFB6 silencing also exerted similar virus-specific effects, we
profiled the effects of silencing BPIFB6 on CVB, PV, echovirus 11

FIG 3 BPIFB6 localizes to the ER and interacts with BPIFB3. (A) Confocal microscopy for EGFP-fused BPI domains of BPIFB6. (B and C) Lipid dot blots using
purified 6�His-tagged recombinant BPI domains of BPIFB3 (B) or BPIFB6 (C). At bottom are shown immunoblots (using anti-6�His antibody) for purified
BPI domains of BPIFB3 (B) or BPIFB6 (C). (D and E) Confocal microscopy for Flag (red [D]) or V5 (red [E]) and EGFP-Sec61� (green [D and E]) in U2OS cells
transfected with the wild type or the indicated lipid binding mutants of Flag-BPIFB3 (D) or V5-BPIFB6 (E). At bottom left is shown an �2� magnification of
the area indicated by the white box in the merged image. In both panels D and E, DAPI-stained nuclei are in blue.
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(E11), and enterovirus 71 (EV71) replication and found that in all
cases, knockdown of BPIFB6 expression significantly reduced vi-
ral replication (Fig. 1E). The inhibition of viral replication oc-
curred prior to the formation of viral replication organelles as we
did not observe the formation of replication organelles in CVB-
infected cells transfected with BPIFB6 siRNA (Fig. 1F). Taken to-
gether, these data identify BPIFB6 as a positive regulator in the
replication of enteroviruses from several species groups.

BPIFB6 localizes to the ER and interacts with BPIFB2 and
BPIFB3. We found previously that BPIFB3 specifically localizes to
the ER (15). To profile the localization of BPIFB6 and other mem-
bers of the BPIFB family, we performed immunofluorescence mi-
croscopy for V5-tagged BPIFB2, BPIFB3, BPIFB4, and BPIFB6
with an ER-specific marker. We found that like BPIFB3, BPIFB2
and BPIFB6 localized to the ER and exhibited pronounced colo-
calization with the ER-specific marker monomeric red fluorescent
protein (mRFP-ER) (Fig. 2A). In contrast, we found that BPIFB4
localized almost exclusively to the nucleus (Fig. 2A). Interestingly,
silencing of BPIFB4 exerted no effects on either CVB or PV repli-
cation (Fig. 1A) (15).

We next determined whether members of the BPIFB family
interact (either directly or indirectly) by performing coimmuno-
precipitation studies. We found that BPIFB3 interacted with both
BPIFB2 and BPIFB6, but not with BPIFB4, consistent with its
localization in the nucleus, (Fig. 2B). Given that BPIFB4 localizes
to the nucleus, whereas BPIFB2, BPIFB3, and BPIFB6 localize to
the ER, these results suggest that select members of the BPIFB
family may form a complex in the ER.

To determine the topology of BPIFB6 within the ER, we ap-
plied an immunostaining technique that involves a two-step per-
meabilization procedure utilizing digitonin to first permeabilize
the plasma membrane, followed by Triton X-100 to permeabilize
intracellular membranes (22), and which we previously used for
BPIFB3 (15). We found that the V5-fused C-terminal domain of
BPIFB6 (recognized by anti-V5 antibody) was located in the cyto-
sol and was readily detectable by digitonin permeabilization alone
(Fig. 2C, top row), whereas an internal region of BPIFB6 (detected
by an antibody recognizing the second BPI domain) was localized
within the ER lumen and required Triton X-100 permeabilization
for its detection, suggesting this region of the protein is masked by
the ER membrane (Fig. 2C, bottom row). Interestingly, none of
the BPIFB family members are predicted to contain a transmem-
brane domain.

The ER exists as a network of sheets and tubules, which differ in
their extent of membrane curvature and exhibit differential pat-
terns of protein localization. We next determined whether BPIFB6
exhibited a specific pattern of localization to these distinct ER
domains by performing localization studies with ER-associated
proteins exhibiting specific localization to ER sheets or tubules.
We found that BPIFB6 localized primarily to ER sheets, as deter-
mined by its strong colocalization with CLIMP63, a coiled-coil
domain-containing protein that specifically localizes to ER sheets
(24). In contrast, BPIFB6 did not exhibit any localization with
atlastin-3 (ATL3), which localizes to three-way junctions of ER
tubules (25) (Fig. 2D). Unlike BPIFB6, we found that BPIFB3
exhibited less significant association with CLIMP63, suggesting
that it associates less with ER sheets (Fig. 2E). Finally, we found
that CVB infection induced the reorganization of BPIFB6, but that
BPIFB6 did not colocalize with viral dsRNA in replication organ-
elles (Fig. 2F).

Lipid binding properties of the BPI domains of BPIFB6. Al-
though members of the BPIFB family share sequence homology
with the lipid transporters CETP and PLTP (17), their lipid bind-
ing properties have not been characterized. Similar to BPIFB3
(15), we found that the individual BPI domains of BPIFB6 local-
ized to the cytoplasm (Fig. 3A). To compare the specific lipids that
the BPI domains of BPIFB3 and BPIFB6 bind, we generated re-
combinant 6�His-tagged proteins of both BPI domains of
BPIFB3 and BPIFB6 and tested their specific abilities to bind lipids
by a lipid dot blot assay. We found that the second BPI domain of
BPIFB3 (BPI-2) as well as both BPI domains of BPIFB6 (BPI-1 and
BPI-2) specifically associated with phosphatidic acid (PA), phos-
phatidylserine (PS), and phosphatidylinositol (4)-phosphate
[PI(4)P], and to a lesser extent to cardiolipin and 3-sulfogalacto-
sylceramide (sulfatide) (Fig. 3B and C).

We next assessed whether the lipid binding properties of
BPIFB3 and BPIFB6 were responsible for their localization to the
ER. To do this, we performed site-directed mutagenesis of cys-
teine residues located within the BPI-1 domains of BPIFB3 and
BPIFB6 that are predicted to form a disulfide bond based upon the
conservation of these sites with the lipid-binding proteins BPI,
lipopolysaccharide (LPS)-binding protein (LBP), CETP, and
PLTP (26, 27). Disulfide bond formation is critical for the lipid
binding activity of BPI (27). We generated both single and double
mutations of these sites and assessed the ability of these mutants to

FIG 4 Silencing of BPIFB6 disrupts retrograde and anterograde trafficking.
(A) Confocal microscopy for �COP (green) and Sec31A (red) in HBMECs
transfected with control siRNA (scrambled [CONsi]), BPIFB3si, or BPIFB6si.
(B) Confocal microscopy for ERGIC-53 (green) and �COP (red) in HBMECs
transfected with CONsi or BPIFB6si.
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localize with ER-localized Sec61�. We found that mutants with
both single (C164S and C199A for BPIFB3 and C137S and C174S
for BPIFB6) and double mutations of these sites retained their
ability to localize to the ER, suggesting that the lipid-binding abil-
ities of BPIFB3 and BPIFB6 do not lead to their ER localization
(Fig. 3D and E).

Silencing of BPIFB6 expression induces alterations in an-
terograde and retrograde trafficking. Our previous work showed
that RNAi-mediated silencing of BPIFB3 induced significant in-
creases in the levels of autophagy, which correlated with the ap-
pearance of enlarged lysosomes (15). However, silencing of
BPIFB6 has no effect on autophagy (15), suggesting that decreases
in enterovirus replication induced by depletion of BPIFB6 are not
the result of alterations in the autophagic pathway. Given that all
enteroviruses rely heavily on the secretory pathway to facilitate
their replication, we determined whether silencing of BPIFB6 im-
pacted the vesicles and/or organelles associated with this pathway.
We found that silencing of BPIFB6 expression induced dramatic
alterations in the localization of vesicles associated with both an-
terograde (as assessed by the localization of Sec31A) and retro-
grade (as assessed by the localization of �COP) trafficking (Fig.
4A, bottom panel). In contrast, silencing of BPIFB3 had no effect
on either Sec31A or �COP (Fig. 4A, middle panel). In addition, we
found that silencing of BPIFB6 expression also induced pro-
nounced mislocalization of the ERGIC marker ERGIC-53

(Fig. 4B). Collectively, these data point to a direct role for BPIFB6,
but not BPIFB3, in secretory pathway trafficking.

Silencing of BPIFB6 alters Golgi complex morphology.
Given that we observed dramatic alterations in anterograde and
retrograde trafficking in cells transfected with BPIFB6 siRNA, we
next assessed the impact of this treatment on Golgi complex mor-
phology. Consistent with the dramatic changes in vesicular trans-
port induced by RNAi-mediated silencing of BPIFB6, we found
that suppression of BPIFB6 expression led to dramatic changes in
the morphology of the Golgi complex, as assessed by the pro-
nounced mislocalization of the cis-Golgi marker GM130 and the
trans-Golgi marker p230 to vesicular structures (Fig. 5A). In con-
trast, silencing of BPIFB3 had no effect on the localization of either
GM130 or p230, which both localized to juxtanuclear structures
similar to control cells (Fig. 5A). In addition to the relocalization
of cis- and trans-Golgi markers, we also found that silencing of
BPIFB6 led to a dramatic relocalization of the intra-Golgi
v-SNAREs GS15 and GS28 to vesicular structures localized
throughout the cytoplasm (Fig. 5B) and that silencing of BPIFB6
expression in multiple cell types, including HeLa and U2OS cells,
also induced Golgi fragmentation (Fig. 5C), suggesting that
BPIFB6 functions as a regulator of secretory pathway trafficking in
a pan-cell-type manner.

Ultrastructurally, RNAi-mediated silencing of BPIFB6 led to
the formation of dilated cisternae and Golgi complex fragmenta-

FIG 5 Silencing of BPIFB6 induces Golgi complex fragmentation. (A) Confocal microscopy for GM130 (red) or p230 (green) in HBMECs transfected with
control siRNA (scrambled [CONsi]) or BPIFB6si. At bottom right is shown a 2� magnification of the area shown in the white box. (B) Confocal microscopy for
GS15 (green) and GS28 (red) in HBMECs transfected with CONsi or BPIFB6si. At bottom right is shown a 2� magnification of the area shown in the white box.
(C) Confocal microscopy for GM130 (red) in HeLa (top row) or U2OS (bottom row) cells transfected with CONsi or BPIFB6si. White areas denote fragmented
Golgi complex. (D) Transmission electron micrographs of Golgi complexes in HBMECs transfected with CONsi or BPIFB6si. The scale bar at the bottom left is
100 nm. (E) Confocal microscopy for GM130 (red) and V5 (green, top row) or GFP (middle and bottom rows) in U2OS cells transfected with full-length
V5-BPIFB6 (top row) or GFP-fused BPI domains of BPIFB6 (BPI-1 in the middle row and BPI-2 in the bottom row).
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tion (Fig. 5D). However, unlike silencing of BPIFB6, we found
that overexpression of BPIFB6, or its individual BPI domains, had
no effect on Golgi complex morphology as assessed by GM130
localization (Fig. 5E).

Silencing of COG complex components reduces enterovirus
infection. The COG complex regulates retrograde transport, and
its depletion by RNAi induces pronounced Golgi complex frag-
mentation due to destabilization of the cisternal region of the
Golgi complex (9). We found that the extent of Golgi complex
fragmentation induced by BPIFB6 depletion was similar to that
induced by depletion of COG3, an essential component of the
COG complex, as assessed by immunofluorescence microscopy
(Fig. 6A) and transmission electron microscopy (TEM) (Fig. 6B).

Given that depletion of BPIFB6 drastically reduced enterovirus
infection and led to pronounced alterations in secretory pathway
trafficking, we reasoned that depletion of members of the COG

complex would induce similar effects. Indeed, we found that si-
lencing of either COG3 or COG7, a necessary component for
COG complex assembly (28), also reduced PV replication, which
correlated with reduced production of vRNA (Fig. 6C and D),
viral protein production (Fig. 6E), and �1-log loss of PV titers
(Fig. 6F).

DISCUSSION

Very little is known regarding the cellular functions of members of
the BPIFB family. Whereas our previous work showed that
BPIFB3 regulates autophagy and serves as a negative regulator of
CVB replication (15), we show here that BPIFB6 controls secre-
tory pathway trafficking and Golgi complex morphology to serve
as a positive regulator of enterovirus infection. Collectively, our
studies have identified distinct functions for members of the

FIG 6 Silencing of COG complex components inhibits enterovirus replication. (A) Confocal microscopy for GS28 (green) and GM130 (red) in HBMECs
transfected with control siRNA (scrambled [CONsi]), BPIFB6si, or COG3si. At bottom right is shown a 2� magnification of the area shown in the white box. (B)
Transmission electron micrographs of Golgi complexes in HBMECs transfected with CONsi, BPIFB6si, or COG3si. The scale bar at the bottom left is 100 nm. (C)
HBMECs were transfected with siRNAs against BPIFB6, COG3, or CO73 (or control scrambled siRNA) and infected with PV (1 PFU/cell) �48 h later. Infections
(left) and the level of expression (right) were quantified by RT-qPCR. Data are shown as a percentage of change from control siRNA (CONsi). (D) Confocal
microscopy for PV viral RNA (green) in HBMECs transfected with CONsi, BPIFB6si, COG3si, or COG7si and infected with PV for �16 h. (E) Immunoblots for
VP1 (top) and GAPDH (bottom) in HBMECs transfected with CONsi, BPIFB6si, COG3si, or COG7si and infected with PV for �16 h. (F) Viral titers (PFU per
cell) in in HBMECs transfected with CONsi, BPIFB6si, COG3si, or COG7si and infected with PV for �16 h. In panels A and D, DAPI-stained nuclei are shown
in blue. In panels C and F, data are shown as means � standard deviations (**, P 	 0.05; ***, P 	 0.001).
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BPIFB family, which serve opposing roles in the regulation of
enterovirus replication.

The lipid binding capabilities of BPIFB3 and BPIFB6 suggest
that this activity influences their role in regulating distinct cellular
processes, particularly given that the expression and correct local-
ization of lipids within the ER are associated with both autophagy
and secretory pathway trafficking. Our results show that both BPI
domains of BPIFB6 bind to distinct lipids—PA, PS, PI(4)P, car-
diolipin, and sulfatide, with the strongest binding to PA, PS, and
PI(4)P. Interestingly, many of these lipids have been shown to play
important roles in the regulation of secretory pathway trafficking.
PA is enriched in the ER (29), where it localizes to ER exit sites (30)
and is required for maintaining the structural integrity of the
Golgi complex by facilitating the budding of secretory vesicles
(31). Likewise, PI(4)P is also enriched at ER exit sites, where it
promotes the export of COPII-coated vesicles and promotes the
SNARE-mediated fusion of COPII-coated vesicles to the Golgi
complex (32, 33). Furthermore, PI(4)P is enriched in enterovirus
replication complexes, where it interacts with the virally encoded
polymerase 3Dpol (34).

Lipid transfer between the ER and other cellular organelles and
between opposing membranes within the ER is essential to deliver
lipids to their proper cellular locations. The transport of lipids
within the ER is accomplished by several different mechanisms,
including the direct delivery of lipids by various lipid transfer
proteins (LTPs), which utilize hydrophobic pockets to transport
lipids through an aqueous phase (reviewed in reference 35). Given
that BPIFB6 and BPIFB3 bind to select lipids, it is possible that
they facilitate some aspect of lipid transfer either between intra-ER
membranes or between the ER and other organelles and/or vesi-
cles. This is supported by our data showing that BPIFB3 and
BPIFB6 localize exclusively to the ER and do not exhibit any lo-
calization to non-ER compartments. However, despite their re-
stricted expression to the ER, silencing of either BPIFB3 or BPIFB6
has impacts on host cell processes such as autophagy and Golgi
complex morphology, despite their lack of localization to either
autophagosomes (15) or the Golgi complex.

We showed previously that BPIFB3 functions as a negative
regulator of enterovirus replication in a virus-specific manner
(15). Whereas silencing of BPIFB3 enhanced CVB replication, this
treatment had no effect on PV replication. In contrast, we show
here that BPIFB6 specifically regulated enterovirus replication
from several species groups, and its silencing significantly reduces
the replication of CVB, PV, E11, and EV71. Unlike autophagy,
which may facilitate unique aspects of enterovirus replication in a
virus-specific manner, such as in virus reliance on flux through the
autophagic pathway (36, 37), all enteroviruses rely on intact secre-
tory pathway trafficking to facilitate their replicative life cycles.
Enteroviruses utilize ER exit sites to form tubular structures that
extend into the cytoplasm to anchor the viral replication machin-
ery on the cytoplasmic membrane of the ER (34, 38). The forma-
tion of enterovirus replication organelles also specifically requires
COPI (39–41), which is recruited to replication complexes via the
inhibition of the activity of the Arf1 GTPase by the virally encoded
3A protein (42, 43). Thus, even subtle alterations in any aspect of
secretory pathway trafficking could have profound effects on the
formation of enterovirus replication organelles, thus inhibiting
infection at a very early time point in the virus life cycle. Given that
silencing of BPIFB6 induces dramatic alterations in anterograde
and retrograde trafficking, as well as pronounced Golgi complex

fragmentation, it is not surprising that enterovirus replication
would be impacted by this treatment. Consistent with its role in
regulating these pathways, we found that silencing of BPIFB6 pre-
vented the formation of CVB replication organelles.

Here, we report on the cellular function of a member of the
BPIFB family, BPIFB6, in the regulation of secretory pathway traf-
ficking and Golgi complex morphology. In addition, we show that
BPIFB6 functions as a positive regulator of enterovirus replication
via its regulation of the secretory pathway. Given that we previ-
ously showed that BPIFB3 functions as a proviral regulator of
enterovirus replication in a virus-specific manner through the au-
tophagic pathway, our results identify distinct BPIFB family
members in the regulation of specific host cell pathways and as
host cell regulators of viral replication.
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