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ABSTRACT Equine infectious anemia virus (EIAV) and HIV are both members of the
Lentivirus genus and are similar in major virological characters. EIAV endangers the horse
industry. In addition, EIAV can also be used as a model for HIV research. The maturation
of the lentiviral Env protein, which is necessary for viral entry, requires Env to be folded
in the endoplasmic reticulum (ER). It is currently unclear how this process is regulated.
Mitochondrion-associated endoplasmic reticulum membrane (MAM) is a specialized part of
the close connection between the ER and mitochondria, and one of the main functions of
MAM is to promote oxidative protein production in the ER. SYNJ2BP is one of the key pro-
teins that make up the MAM, and we found that SYNJ2BP is essential for EIAV replication.
We therefore constructed a SYNJ2BP knockout HEK293T cell line in which the number of
MAMs is significantly reduced. Moreover, overexpression of SYNJ2BP could increase the
number of MAMs. Our study demonstrates that SYNJ2BP can improve the infectivity of the
EIAV virus with elevated production of the viral Env protein through increased MAM forma-
tion. Interestingly, SYNJ2BP was able to improve the production of not only EIAV Env but
also HIV. Further investigation showed that MAMs can provide more ATP and calcium ions,
which are essential factors for Env production, to the ER and can also reduce ER stress
induced by HIV or EIAV Envs to increase the Env production level in cells. These results
may help us to understand the key production mechanisms of lentiviral Env.

IMPORTANCE Lentiviral Env proteins, which are rich in disulfide bonds, need to be fully
folded in the ER; otherwise, misfolded Env proteins will induce ER stress and be degraded
by ER-associated protein degradation (ERAD). To date, it is still unclear about Env produc-
tion mechanism in the ER. MAM is the structure of closely connection between the ER and
mitochondria. MAMs play important roles in the calcium steady state and oxidative stress,
especially in the production of oxidative protein. For the first time, we found that SYNJ2BP
can promote the production of lentiviral Env proteins by providing the ATP and calcium
ions required for oxidative protein production in the ER and by reducing ER stress through
facilitating formation of MAMs. These studies shed light on how MAMs improve lentiviral
Env production, which will lay the foundation for the study of replication mechanisms in
other lentiviruses from the perspective of the cellular organelle microenvironment.
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Human immunodeficiency virus type 1 (HIV-1) and equine infectious anemia virus (EIAV)
are both members of the Lentivirus genus of the Retroviridae family, which present the

most serious hazards to human and animal health. HIV-1 invades CD41 T cells and leads to
the progressive loss of host immune function, eventually causing death due to various oppor-
tunistic infections (1). There is no effective vaccine for the prevention of HIV, which makes the
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global epidemic very serious (2). Equine infectious anemia (EIA) is a major infectious disease of
equids. It is caused by infection with EIAV and is characterized by periodic episodes of fever,
thrombocytopenia, anemia, rapid weight loss, and generalized lymphoid proliferation (3).
Research into the replication and regulation mechanisms of lentiviruses will inform the
development of antiviral drugs and vaccines and is necessary for the prevention and control
of the diseases.

The lentiviral envelope (Env) glycoprotein is an indispensable viral protein that is abso-
lutely required for viral entry into host cells. As with host cell surface and secretory proteins,
HIV-1 and EIAV Env proteins are both produced through the classical secretory pathway.
They are translated as the 160- and 120-kDa type I integral membrane glycoprotein precur-
sors gp160 and gp120, respectively, on the rough endoplasmic reticulum (ER) and are then
imported into the ER lumen for proper folding and modification. Both mature gp160 and
gp120 proteins are exported to the cis-Golgi compartment, where they are cleaved by cellu-
lar proteases to produce surface and transmembrane proteins which are delivered to the
plasma membrane for incorporation into virions (4, 5). A major procedure involved in the
maturation of both HIV-1 gp160 and EIAV gp120 is the ER oxidative protein folding process.
The HIV-1 gp160 protein has 20 highly conserved Cys residues, which are cross-linked into
10 disulfide bonds so that the protein can be folded into its natural conformation, and the
EIAV gp120 protein has 26 highly conserved Cys residues that also need to be cross-linked
into disulfide bonds (5, 6). Disulfide bond formation stabilizes the proteins and facilitates
protein folding, which is controlled by ATP, calcium, and the redox state in the ER. Notably,
the proteins with rich disulfide bonds are frequently misfolded (7, 8). The ER protein folding
process is therefore tightly controlled by the ER-associated protein degradation (ERAD) path-
way after the activation of ER stress, which retrotransports misfolded proteins to the cytosol
and degrades them through the ubiquitin-proteasome system (9). It has been demonstrated
that misfolded HIV Env proteins are degraded through the ERAD pathway (10). In the pres-
ent study, we found that EIAV Env proteins were also degraded through the same pathway.
It is known that between 20 and 90% of lentiviral Envs in infected cells are degraded due to
the failure of proper folding (11, 12). However, the production mechanisms of Env proteins
in the ER are still not clear.

The mitochondrion-associated endoplasmic reticulum membrane (MAM) is a specialized
part of the close connection between the ER and the outer membrane of mitochondria and
constitutes the physical basis of the communication between these two organelles (13).
MAMs are usually composed and formed by both mitochondrial and ER proteins. MAMs
engage in a wide variety of essential processes, including calcium ion (Ca21) exchange,
lipid biosynthesis, and protein translation and secretion. In addition, MAM appears to be
particularly enriched in ER folding chaperones and oxidoreductases, so this domain of
the ER is functionally linked to the folding of newly synthesized proteins and bridges the
control of oxidative protein production to ER calcium homeostasis (14–16). Indeed, it has
been demonstrated that TSPO overexpression in NKR cells can interfere with MAM, with
the result that the ER cannot maintain an optimized environment to support the produc-
tion of HIV Env (10). However, there is still a lack of direct evidence regarding the regulation
of HIV Env folding by MAM.

Recently, a PDZ-domain-containing protein synaptojanin-2 binding protein (SYNJ2BP)
was found to be highly enriched in MAM and localized in the outer mitochondrial mem-
brane (OMM). Little is known about the function of SYNJ2BP, except that it can tether mito-
chondria to the ER via the ER membrane (ERM) binding partner RRBP1 to form MAM (17). In
this study, we found that the number of SYNJ2BP transcripts increases as EIAV replicates in
the host cell. To investigate the effect of SYNJ2BP on the virus, we analyzed EIAV replication af-
ter overexpression or knockout of SYNJ2BP (DSYNJ2BP) in cells. Interestingly, SYNJ2BP could
increase the infectivity of the virus. Env is the key factor for virus entry into host cells, and our
results showed that SYNJ2BP could increase the number of MAMs, resulting in improving the
expression levels of both HIV and EIAV Envs but not those of the structural protein Gag
(the precursor of capsids p24 and p26) or the nonstructural protein Rev. Furthermore, in
the DSYNJ2BP cell, the number of MAMs was significantly reduced, and the amount of
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ATP and Ca21 in ER was lower, which are essential factors for protein production, so the
quantity of both HIV and EIAV Envs decreased. Simultaneously, higher ER stress was induced
in cells expressing HIV or EIAV Env than in control cell, but overexpression of SYNJ2BP could
reduce ER stress and increase production of HIV or EIAV Env. Our findings reveal a funda-
mental role for SYNJ2BP in promoting production of lentiviral Env proteins by changing the
microenvironment of the ER via the MAM.

RESULTS
SYNJ2BP is a critical host factor that determines EIAV replication. The ER contains a

specialized subdomain, MAM, that physically connects the ER to mitochondria and provides a
mitochondrion-ER axis that compartmentalizes both stress and metabolic signaling (18). MAM
plays a central role in calcium signaling and phospholipid transport to mitochondria (14).
In addition, MAM has recently been implicated in viral infection and immunity (19, 20).
The PDZ-domain-containing OMM protein SYNJ2BP is one of the key proteins that make
up the MAM (17). In this study, we found that the number of SYNJ2BP transcripts increases
as EIAV (EIAVDLV34) replicates in the host cell (equine monocyte-derived macrophages
[eMDMs]) (Fig. 1A). Therefore, we examined whether knockdown of SYNJ2BP mRNA via
small interfering RNA (siRNA) in eMDMs had any effect on viral replication. After quantita-
tive PCR (qPCR) and detection of reverse transcriptase activity, we found that, decreases in
SYNJ2BP mRNA levels lead to decreases in EIAV replication efficiency (Fig. 1B). This indi-
cated that SYNJ2BP is critical for EIAV replication. To investigate the alteration of MAMs af-
ter SYNJ2BP knockdown in eMDMs, we quantified the overlap between the mitochondria
and the ER using proximity ligation assay (PLA) with the detection of translocase of outer
mitochondrial membrane 20 (Tom20) and the Lys-Asp-Glu-Leu sequence (KDEL), which
are common mitochondrial and ER markers, respectively. PLA permits detection of pro-
tein-protein interactions in situ (at distances,40 nm) at endogenous protein levels. In this
analysis, the Tom20-KDEL pair was used to calculate the overlap between the mitochon-
dria and the ER. When the distance between Tom20 and KDEL was ,40 nm, red dots
appeared in situ. The results showed that the overlap between mitochondria and the ER
deceased in SYNJ2BP knockdown cells compared to those in the negative-control cells
(Fig. 1C). To further verify this result, we used confocal microscopy to check for the overlap
between mitochondria (green) and the ER (red) markers in these cells. Consistent with the
PLA results, the overlap (yellow dots) between mitochondria and the ER deceased in the
SYNJ2BP knockdown cells (Fig. 1D). These results indicate that the formation of MAM is
disturbed by SYNJ2BP knockdown in eMDMs. Moreover, we found that, in SYNJ2BP knock-
down eMDMs, levels of Env, but not of capsid (CA) protein p26, decreased both in the cells
and in the virion-containing supernatants compared to the control (Fig. 1E). These further
confirmed that SYNJ2BP is a critical host factor that determines EIAV replication. We then
wanted to validate the effect of SYNJ2BP on the formation of MAM.

SYNJ2BP is essential for the formation of MAM. The previous study showed that
SYNJ2BP dramatically increases mitochondrial contact with the rough ER when overexpressed
(17). To verify this, we constructed SYNJ2BP knockout (KO) HEK293T cells using a CRISPR/Cas9
system (Fig. 2A). No difference in cell viability between wild-type (WT) and SYNJ2BP KO
cells was observed. In addition, three types of imaging experiments were carried out to
detect morphology and quantity of MAM in cells with either overexpression or deletion of
SYNJ2BP. Transmission electron microscopy (TEM) was used to observe the detailed structure
of MAM. In the SYNJ2BP-overexpressing cells, we observed more contact points between the
mitochondria and the ER. However, in the SYNJ2BP KO cells, fewer contact points between
the mitochondria and the ER were observed, meaning that very few MAM structures had
formed (Fig. 2B). We then used PLA to quantify the overlap between the mitochondria and
the ER. In this analysis, another pair of organelle markers, voltage dependent anion channel 1
(VDAC1) and inositol 1,4,5-trisphosphate receptor type 3 (IP3R), representing the interaction
between mitochondria and the ER, was used to calculate the number of MAMs. The results
showed that the number of MAMs increased in cells overexpressing SYNJ2BP and decreased
in SYNJ2BP KO cells compared to those in control cells (Fig. 2C and D). Moreover, we
then performed a direct stochastic optical reconstruction microscopy (dSTORM) analysis,
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which is based on high-accuracy localization of photoswitchable fluorophores providing
single molecule detection up to nanometer range. dSTORM is a common tool that inves-
tigate the interactions and dynamics between organelles (21). In our results, the yellow
dots indicated the overlap between OMMmarker Tom20 staining (green dots) and endoplasmic

FIG 1 Alterations of SYNJ2BP in equine monocyte-derived macrophages (eMDMs) following infection with EIAV and the
effects of infection on virus replication. (A) SYNJ2BP mRNA expression increased post-EIAV infection. eMDMs were infected
with EIAV(EIAVDLV34) at 2 � 104 50% tissue culture infective doses (TCID50). The viral replication level was determined by
the detection of reverse transcriptase (RT) activity. The transcription levels of SYNJ2BP and b-actin were quantified by
qPCR. The numbers of SYNJ2BP mRNA copies were normalized to those of b-actin. The data represent the means 6 the
SEM from three independent experiments. The yellow and blue columns represent the SYNJ2BP mRNA fold change and
the EIAV RT activity, respectively. (B) Decreases in SYNJ2BP mRNA levels lead to decreases in EIAV replication efficiency.
The virus from NC and SYNJ2BP siRNA knockdown eMDMs infected with 2 � 104 TCID50 EIAV were analyzed by
assessment of RT activity at 1, 2, 3, 4, and 5 days postinfection (left y axis, blue curve, NC siRNA transfection group; green
curve, SYNJ2BP siRNA transfection group). Meanwhile, the fold change in levels of SYNJ2BP mRNA (right y axis, red curve)
in eMDMs after siRNA knockdown was measured using qPCR at 1, 2, 3, 4, and 5 days posttransfection. The data
represent the means 6 the SEM from three independent experiments. (C) Proximity ligation assay (PLA) to quantify the
overlap between mitochondria and ER (MAM) through detection of the endogenous marker proteins Tom20
(mitochondria) and KDEL (ER) in eMDMs after SYNJ2BP siRNA knockdown. The red dots represent the interactions
between Tom20 and KDEL in situ (at distances of ,40 nm); DAPI staining (blue) was performed to visualize nuclei (scale
bar, 2 mm). The number of red dots (blobs/nucleus) is presented by the histogram. The data represent the means 6 the
SEM from 30 cells in three independent experiments (***, P , 0.001). (D) Confocal fluorescence imaging of the overlap
between mitochondria and ER (MAM) detecting the endogenous marker proteins Tom20 (mitochondria) and KDEL (ER) in
eMDMs after SYNJ2BP siRNA knockdown. At 2 days after siRNA transfection, the cells were fixed and stained with anti-
Tom 20 and anti-KDEL antibodies to detect Tom20-KDEL (Alexa Fluor 549 [AF549] and AF488 readout); DAPI staining
(blue) was performed to visualize nuclei (scale bar, 10 mm). Ten visual fields for each group were examined. (E) NC and
SYNJ2BP siRNA knockdown eMDMs infected with 2 � 104 TCID50 of EIAV were analyzed by Western blotting. Cell lysate
and virion-containing supernatants were analyzed using Western blotting to detect the intensity of viral Env and p26
(EIAV CA) protein bands, respectively, at 72 h postinfection. The results of the densitometry analysis to quantify the ratio
of Env to p26 are shown at the bottom (lane 1 set as 1.0). This experiment was performed three times.
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FIG 2 Assay of MAMs in cells overexpressing SYNJ2BP or KO HEK293T cells. (A) Wild-type HEK293T cells (WT 293T) were
transfected with plenti-CRISPRv2GFP vector (a plasmid expressing GFP and Cas9) and gRNAs targeting SYNJ2BP to
generate SYNJ2BP knockout cells (DSYN). The endogenous proteins from WT 293T cells and DSYN cells were identified
using Western blotting with antibodies against b-actin and SYNJ2BP. 5H6 and 3D2 represent two different KO cell
clones. This experiment was performed three times. A histogram representing cell viability is shown. The viability of WT
and DSYN 293T cells was assessed using a Cell Counting Kit-8 (CCK8), in which WST-8 [2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5,2,(4-disulfophenyl)-2H-tetrazolium, monosodium salt] produces a water-soluble formazan dye upon
reduction in the presence of an electron mediator. The data represent the means 6 the SEM from three independent
experiments (NS, P . 0.05). (B) Electron micrographs of changes in the connections between mitochondria and the ER
in SYNJ2BP-Flag overexpression (SYN-Flag) and DSYN 293T cells. In the images, the red arrows indicate the connections
between mitochondria and ERs (MAMs), and the white arrows indicate the part of the ER not connected to
mitochondria. Compared to WT cells, more connections (MAMs) can be seen in SYN-Flag cells, and fewer connections
(MAMs) can be seen in DSYN cells. The lengths of connections between mitochondria and the ER are presented in the
histogram. The data represent the means 6 the SEM from 15 cells of three independent experiments (**, P , 0.01; *,
P , 0.05). (C and D) Proximity ligation assay to quantify the overlap between mitochondria and the ER (MAMs). The
endogenous marker proteins VDAC (mitochondria) and IP3R (ER) were detected in NC and SYN-Flag 293T cells (C) or WT
and DSYN 293T cells (D). The red dots represent interactions between VDAC and IP3R in situ (at distances ,40 nm).
DAPI staining (blue) was performed to visualize nuclei (scale bar, 10 mm). The numbers of red dots (blobs/nucleus) are
presented in the histogram. The data represent the means 6 the SEM from 30 cells in three independent experiments
(*, P , 0.05). (E) WT and DSYN 293T cells transfected with empty vector or SYN-Flag were fixed and incubated together
with anti-RRBP1 (ER) and anti-Tom20 (mitochondria) antibodies, followed by staining with secondary antibodies coupled
to a fluorochrome. The signal was detected using a direct stochastic optical reconstruction microscopy (dSTORM)
method. Single-molecule localization data from stained sections were captured and processed using high resolution light
microscopy (ELYRA PS.1; Zeiss; scale bar, 10 mm). This experiment was performed three times.
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reticulum membrane (ERM) marker RRBP1 (ribosome binding protein 1) staining (red dots). We
found that there were fewer yellow dots in the SYNJ2BP KO cells and more in the cells overex-
pressing SYNJ2BP than in the control cells (Fig. 2E). All of these results indicated that the distance
between the ER and mitochondria increased, followed by formation of few MAMs in cells lack-
ing SYNJ2BP, while the number of MAMs increased in cells overexpressing SYNJ2BP.

SYNJ2BP increases EIAV infectivity by improving production level of Env. To verify
whether SYNJ2BP has an effect on EIAV replication via MAM, we detected Env protein
and p26 yield in virions and cells after transfection with the EIAV infectious clone (EIAVCMV3-8)
into either SYNJ2BP-overexpressing or KO HEK293T cells. In cells overexpressing SYNJ2BP,
the levels of Env, but not of p26 protein, increased both in the cells and in the virion-con-
taining supernatants (Fig. 3A). However, in SYNJ2BP KO cells, the levels of Env, but not p26,
decreased both in the cells and the virion-containing supernatants. When SYNJ2BP was
rescued in the KO cells, levels of Env were restored (Fig. 3B). We also found that when
we reconstituted SYNJ2BP in KO cells, the MAM amount was restored (Fig. 3C). The lenti-
viral Env is a viral protein that is absolutely required for viral entry into host cells. These
findings confirm that SYNJ2BP improves Env production levels through MAM regulation
and prompted us to further investigate the effect of SYNJ2BP on lentivirus infection. A lucifer-
ase-expressing HIV-EIAV pseudotyped reporter virus was therefore constructed with HIV Gag-
Pol and EIAV Env. One HEK293T cell line consistently expressing equine lentiviral receptor 1
(ELR1) was used to detect the quantity of entering 293T-ELR1 cells of HIV-EIAV pseudotyped
reporter virus produced by the SYNJ2BP-overexpressing or KO cells. The result showed that
the infectivity of the HIV-EIAV pseudotyped reporter virus increased when produced by cells
overexpressing SYNJ2BP and decreased when produced by SYNJ2BP KO cells compared to
those in the control cells. Moreover, the levels of Env production were positively correlated
with infectivity (Fig. 3D and E). All of these indicated that SYNJ2BP can promote EIAV infection
by improving Env protein production. Further experiments were carried out to investigate
whether SYNJ2BP can improve the production of other EIAV proteins and Env proteins from
other lentiviruses.

SYNJ2BP improves the production of EIAV Env but not that of Gag and Rev. Gag
and Env are the main structural proteins of lentiviruses. Unlike Env, synthesis and maturation
of Gag-precursor (Pr55gag) polyprotein only requires ribosomes and not ERs. The assembly
of Gag precursor proteins on the plasma membrane is essential for virus budding from the
host cells. The lentivirus Gag-precursor (Pr55gag) polyprotein is cleaved by viral protease
into four major internal structural proteins of the mature virion: the membrane-interacting
matrix (MA), CA, and two RNA-binding nucleocapsid (NC) proteins. The regulator of expression
of viral proteins (Rev) is one of the additional small nonstructural proteins that acts posttran-
scriptionally by allowing the essential translocation of unspliced and partially spliced RNA from
the nucleus to the cytoplasm. In our study, we found that SYNJ2BP can improve the produc-
tion of EIAV Env in a dose-dependent manner (Fig. 4A); however, the production levels
of EIAV Gag and Rev remained constant in cells overexpressing SYNJ2BP compared to those
in the control cells (Fig. 4B and C). Moreover, reconstitution of SYNJ2BP in KO cells can restore
the levels of EIAV Env production (Fig. 4D), but the protein production levels of EIAV Gag and
Rev were the same in SYNJ2BP KO cells as in the control cells (Fig. 4E and F). These data sug-
gested that SYNJ2BP can improve the production of EIAV Env but not that of Gag and Rev.

SYNJ2BP improves the production of HIV Env but not Gag and Rev. HIV and EIAV are
known to be similar both in genome structure and in transcripts. The general organization of
the EIAV env gene is similar to that described for HIV and other retroviruses. It encodes the sur-
face (gp90) and transmembrane (gp45) glycoproteins, which are incorporated into the virus
envelope (1). Similar to HIV, EIAV Rev mediates mRNA transport from the nucleus to the cyto-
plasm through a Rev-responsive element (RRE) located near the end of the env gene (22, 23).
The production and maturation pathway of HIV Env, Gag, and Rev are similar to those of EIAV.
Env is generated by ribosomes, folded in the ER, and modified by the Golgi apparatus. Neither
Gag nor Rev needs to be folded in the ER. We therefore speculated that SYNJ2BP can improve
HIV Env production but not that of Gag and Rev. In further experiments, we found that
SYNJ2BP was able to improve the production of HIV Env in a dose-dependent manner
(Fig. 5A) but that the protein production levels of HIV Gag and Rev remained constant
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FIG 3 Analysis of EIAV replication in cells overexpressing SYNJ2BP or KO HEK293T cells. (A) 293T cells were
cotransfected with EIAV infectious clone (EIAVCMV3-8) and empty vector or SYN-Flag in three doses. (B) WT and
DSYN 293T cells were cotransfected with EIAVCMV3-8 and empty vector or SYN-Flag. For panels A and B, cell
lysates and virion-containing supernatants were analyzed by Western blotting to detect the intensity of viral
Env and p26 (EIAV CA) protein bands at 48 hpt. This experiment was performed three times. The results of the
densitometry analysis to quantify the ratio of Env to p26 are shown at the bottom (lane 1 set as 1.0). (C) PLA
to quantify the overlap between mitochondria and ER (MAM) in WT and DSYN 293T cells cotransfected with
EIAVCMV3-8 and empty vector or SYN-Flag. The red dots represent the interactions between VDAC and IP3R in
situ (at distances of ,40 nm); DAPI staining (blue) was performed to visualize nuclei (scale bar, 10 mm). The
number of red dots (blobs/nucleus) is presented in the histogram. The data represent the means 6 the SEM
from 30 cells in three independent experiments (***, P , 0.001). (D) Overexpression of SYNJ2BP increased the
infectivity of a luciferase-expressing HIV-EIAV pseudotyped reporter virus. HEK293T cells were cotransfected
with either SYN-Flag or an empty vector, the HIV-1 luciferase reporter proviral vector pNL4–3-lucDVifDEnv and
pcDNA3.1-Env (EIAV). Cell lysate was analyzed by using Western blotting to detect the intensity of the EIAV
Env and HIV CA (p24) protein bands at 48 hpt. Equal numbers of virions in the supernatant were used to
infect a HEK293T cell line consistently expressing the equine lentiviral receptor 1 (ELR1) to determine the
infectivity of the HIV-EIAV pseudotyped virus. (E) Knockout of SYNJ2BP reduced infectivity of a luciferase-
expressing HIV-EIAV pseudotyped reporter virus. DSYN or WT HEK293T cells were transfected with HIV-1
luciferase reporter proviral vector pNL4-3-lucDVifDEnv and pcDNA3.1-Env (EIAV). Cell lysates and viral infectivity
were analyzed as described previously (see panel D). The results of the densitometry analysis to quantify the
ratio of Env to b-actin are shown at the bottom (lane 1 set as 1.0). The data in panels D and E represent the
means 6 the SEM from three independent experiments (***, P , 0.001).
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in cells overexpressing SYNJ2BP compared to those in the control cells (Fig. 5B and C).
Moreover, reconstitution of SYNJ2BP in KO cells can restore the levels of HIV Env production
(Fig. 5D), but the protein production level of HIV Gag and Rev remained the same in SYNJ2BP
KO cells as in the control cells (Fig. 5E and F). Taken together, these results indicated that
SYNJ2BP can improve HIV Env production in the same way as that from EIAV. Further analyses

FIG 4 Assay of expression levels of EIAV viral proteins in cells overexpressing SYNJ2BP or KO HEK293T cells.
(A to C) Overexpression of SYNJ2BP can promote the production of EIAV Env but not Gag or Rev. HEK293T
cells were cotransfected with plasmids, either pcDNA3.1-Flag-SYNJ2BP in three doses or an empty plasmid
and pcDNA3.1-Env (EIAV), or pcDNA3.1-Flag-SYNJ2BP and VR1012-Gag (EIAV) or pcDNA3.1-rev-HA (EIAV). Cell
lysates were analyzed by using Western blotting to detect the intensity of the EIAV Env or Gag or Rev protein
band at 48 hpt. This experiment was performed three times. (D to F) Knockout of SYNJ2BP reduced
production of EIAV Env but not Gag or Rev. (D) Empty plasmid or pcDNA3.1-Flag-SYNJ2BP was cotransfected
into WT or DSYN HEK293T cells, together with pcDNA3.1-Env (EIAV). (E and F) WT and DSYN HEK293T cells
were transfected with VR1012-Gag (EIAV) or pcDNA3.1-rev-HA (EIAV). Cell lysates were analyzed as in panels A
to C. The results of the densitometry analysis to quantify the ratio of Env, Gag, or Rev to b-actin are shown
at the bottom (lane 1 set as 1.0). This experiment was performed three times.

FIG 5 Assay of expression levels of HIV proteins in cells overexpressing SYNJ2BP or KO HEK293T cells.
(A to C) Overexpression of SYNJ2BP can promote the production of HIV Env but not that of Gag or Rev.
HEK293T cells were cotransfected with plasmids, either pcDNA3.1-Flag-SYNJ2BP in three doses, or an empty
plasmid and pcDNA3.1-Env-HA (HIV-1), or pcDNA3.1-Flag-SYNJ2BP and VR1012-Gag-HA (HIV-1), or pcDNA3.1-
Rev-HA (HIV-1). Cell lysates were analyzed by using Western blotting to detect the intensity of the HIV Env or
Gag or Rev protein band at 48 hpt. This experiment was performed three times. (D to F) Knockout of
SYNJ2BP reduced production of HIV Env but not Gag and Rev. (D) Empty plasmid or pcDNA3.1-Flag-
SYNJ2BP was cotransfected into WT or DSYN HEK293T cells, together with pcDNA3.1-Env-HA (HIV-1). (E
and F) WT and DSYN HEK293T cells were transfected with VR1012-Gag-HA (HIV-1) or pcDNA3.1-Rev-HA
(HIV-1). Cell lysates were analyzed as in panels A to C. The results of the densitometry analysis to quantify
the ratio of Env, Gag, or Rev to b-actin are shown at the bottom (lane 1 set as 1.0). This experiment was
performed three times.
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were performed to investigate how SYNJ2BP improve lentiviral Env production through
the MAM.

SYNJ2BP can increase ATP and Ca2+ contents in the ER to promote Env production.
The production of secretory proteins in the ER depends on a ready supply of energy (ATP),
as well as close monitoring of the chemical conditions (Ca21) that favor oxidative protein
folding. On the MAM, ER folding chaperones, such as calnexin and calreticulin, and oxidore-
ductases regulate calcium flux from the ER through reversible pathways (24). Mitochondria
coalesce near the MAMs, allowing mitochondria to supply ATP to the ER, one of the major
sites of ATP consumption in the cell (25). Numerous activities associated with the ER con-
sume ATP, in particular the import of calcium and the folding of newly synthesized polypep-
tides (26, 27). Based on these, we determined the ATP and Ca21 levels in the ER in SYNJ2BP
KO cells. The ER was extracted, and the levels of ATP and Ca21 in the ER were assessed by
using firefly luciferase-based ATP assays and the fluorescent calcium indicator Mag-Fluo-4
AM. SYNJ2BP did not affect the amount of ER in cells with SYNJ2BP overexpression or dele-
tion (Fig. 6A); however, ER ATP and Ca21 levels were lower in SYNJ2BP KO cells (Fig. 6B and
C). To investigate the role of ATP and Ca21 in the ER on Env protein production, we supple-
mented ATP or CaCl2 into SYNJ2BP KO cells at final concentrations of either 10 or 5 mM after
Env expression plasmid transfection and determined both levels of ATP or Ca21 content in
the ER and Env protein yield (Fig. 6B and C). The data demonstrated that reconstitution of
ATP or Ca21 in the ER can restore Env protein production levels in SYNJ2BP KO cells. From
these results, we found that SYNJ2BP can increase ATP and Ca21 contents in the ER by form-
ing MAM to improve Env protein yield level.

SYNJ2BP can decease ER stress caused by lentiviral Env. In the ER, the proteins rich
in disulfide bonds are easily misfolded, which can cause cell responses such as ER stress.
Therefore, eukaryotic cells have evolved an effective quality control system to solve this
problem. When proteins are misfolded, they are targeted to the ER-associated protein deg-
radation (ERAD) system and are then transported back to the cytoplasm and degraded
through the ubiquitin-proteasome system (UPS) (9). Not only misfolded cellular proteins
such as T-cell receptor and b-secretase but also misfolded viral proteins such as HIV-1 Env
and influenza A virus (IAV) hemagglutinin (HA) can be degraded by ERAD (28, 29). The disrup-
tion of MAM has been implicated in increasing ER stress, and MAM is known to regulate the
microenvironment in the ER needed for oxidative protein folding to reduce ER stress (30, 31).
To validate this, experiments were conducted to determine ER stress level after lentiviral Env

FIG 6 ATP and Ca21 restore EIAV Env production in SYNJ2BP KO HEK293T cells. (A) Extraction of the
same amounts of ER from cells overexpressing SYNJ2BP and KO cells. The ER extraction process is
described in Materials and Methods. The lysates from the cytoplasm (Cyt) and the ER were analyzed by
using Western blotting to detect the ER internal reference protein calnexin. (B or C) Supplementation of the
cell culture with ATP or CaCl2 can increase the levels of ATP or Ca21 in the ER in SYNJ2BP KO HEK293T
cells, as presented by the histogram. The detection of levels of ATP or Ca21 in the ER is described in
Materials and Methods. The data represent the means 6 the SEM from three independent experiments
(***, P , 0.001; **, P , 0.05). EIAV Env production in WT or SYNJ2BP KO HEK293T cells with or without
supplement of ATP or CaCl2 was measured by Western blotting. The results of the densitometry analysis to
quantify the ratio of Env to b-actin are shown at the bottom (lane 1 set as 1.0).
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protein expression with or without SYNJ2BP coexpression. We found that EIAV Env can also
induce increase mRNA and protein expression levels of glucose-regulated protein 78 (GRP78),
which is a marker of ER stress, in a dose-dependent manner (Fig. 7A and B). Kifunensine (KIF)
is a specific ERAD inhibitor. EIAV Env expression levels increased after treatment with KIF
(100mM) (Fig. 7C), which indicates that EIAV Env can be degraded by ERAD. To verify whether
MAM can reduce ER stress induced by either EIAV or HIV Env, SYNJ2BP and EIAV or HIV Env
coexpression experiments were carried out. The data showed that when EIAV or HIV Env were
expressed alone in cells, the expression levels of GRP78 increased compared to those of the
control group; however, when EIAV or HIV Env and SYNJ2BP were coexpressed in cells, the
expression levels of GRP78 decreased (Fig. 7D and E). From these results, we concluded that
SYNJ2BP is able to promote the formation of MAM to reduce ER stress and thus to increase
the production level of EIAV or HIV Env.

FIG 7 SYNJ2BP reduces ER stress induced by EIAV or HIV Env. (A) EIAV Env can induce increases in
protein expression levels of the ER stress marker Grp78 in a dose-dependent manner. HEK293T cells were
transfected with either pcDNA3.1-Env (EIAV) plasmids in two doses or an empty plasmid, and Tu or Tg (2 mg/
mL) was used as a positive control for ER stress activation. Cell lysates were analyzed by Western blotting to
detect the intensity of the Grp78 protein band at 48 hpt. The results of the densitometry analysis to quantify
the ratio of Grp78 to b-actin are shown at the bottom (lane 1 set as 1.0). This experiment was performed
three times. (B) EIAV Env can induce increases in mRNA levels of the ER stress marker Grp78. HEK293T cells
were transfected with either pcDNA3.1-Env (EIAV) plasmids or an empty plasmid. Total RNA was isolated, and
the transcriptional levels of Grp78 were measured by qPCR at 48 hpt. Fold change values were calculated
according to the 2–DDCT method using b-actin as an internal reference gene. The data represent the means 6
the SEM from three independent experiments (**, P , 0.01). (C) EIAV Env was degraded through the ERAD
pathway. KIF restores EIAV Env expression in HEK293T cells. HEK293T cells were transfected with plasmid
pcDNA3.1-Env (EIAV) in treatment with KIF (100 mM) or without KIF. Cells were lysed, and EIAV Env
expression levels were determined by Western blotting. The results of the densitometry analysis to quantify
the ratio of Env to b-actin are shown at the bottom (lane 1 set as 1.0). This experiment was performed three
times. (D) SYNJ2BP overexpression can reduce high expression levels of Grp78 induced by EIAV Env. HEK293T
cells were cotransfected with either pcDNA3.1-Flag-SYNJ2BP plasmids or an empty plasmid, and pcDNA3.1-
Env (EIAV) or an empty plasmid, and Tu (2 mg/mL) was used as a positive control for ER stress activation. Cell
lysates were analyzed using Western blotting to detect the intensity of the Grp78 or SYNJ2BP-Flag protein
bands at 48 hpt. The results of the densitometry analysis to quantify the ratio of Grp78 to b-actin are shown
at the bottom (lane 1 set as 1.0). This experiment was performed three times. (E) SYNJ2BP overexpression can
reduce high expression levels of Grp78 induced by HIV Env. HEK293T cells were cotransfected with either
pcDNA3.1-Flag-SYNJ2BP plasmids or an empty plasmid, and pcDNA3.1-Env-HA (HIV-1) or an empty plasmid,
and Tu (2 mg/mL) was used as a positive control for ER stress activation. Cell lysates were analyzed using
Western blotting to detect the intensity of the Grp78 or SYNJ2BP-Flag protein bands at 48 hpt. The results of
the densitometry analysis to quantify the ratio of Grp78 to b-actin are shown at the bottom (lane 1 set as
1.0). This experiment was performed three times.
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DISCUSSION

Lentiviral envelope proteins are glycoproteins that are cleaved by proteases to produce
surface (SU) proteins and transmembrane (TM) proteins, which are distributed on the surface
of the virus. SU proteins have the function of binding to cell receptors, and TM is involved in
the fusion with cell membranes during infection and the fixation on cell membranes during
budding (32). However, 20 to 90% of Env in lentivirus-infected cells is known to be degraded
due to incorrect folding (12) (Fig. 8). The production mechanism on lentivirus Envs, especially
EIAV, is still unclear. In this study, we found that SYNJ2BP can improve production of Env
from EIAV or HIV by facilitating the formation of MAM, which can in turn determine virus
infection and replication (Fig. 1 and 5).

Like most cellular glycoproteins, viral membrane proteins are typically translated on
membrane-bound ribosomes and inserted cotranslationally into the ER in an unfolded
form (33). HIV-1 Env protein has an N-terminal hydrophobic signal sequence that is essential
for targeting the nascent polypeptide chains to the ER (34). This signal sequence has a num-
ber of charged residues in the N region (35), which also cause inefficient cleavage of the sig-
nal sequence and may interfere with proper folding of the targeted proteins or lead to
aggregation and misfolding (36–38). In addition, the highly specialized environment in the
ER plays a more important role that supports rapid and efficient protein production and as-
sembly. In the ER, chaperones and folding enzymes, such as BiP, calnexin, calreticulin, and
PDI, assist the folding of HIV-1 gp160 and isolated gp120 (39, 40). An important group
of MAM proteins are the ER protein folding chaperones and oxidoreductases. Moreover, the
MAM is able to support the production of secretory proteins by promoting the maintenance
of millimolar concentrations of free calcium at levels that are .1,000-fold higher than
the concentrations of free calcium in the cytosol (7, 41). Depletion of ER calcium stalls oxida-
tive protein folding and prevents the export of secretory proteins from the ER (8, 42). On the
other hand, mitochondria may coalesce near the MAM, allowing mitochondria to supply
fuel to the ER, one of the major sites of ATP consumption in the cell (25, 43). Protein matura-
tion and production in the ER is energy dependent (27). The inhibition of the mitochondrial
electron transport chain with antimycin A led to the induction of an unfolded protein
response (UPR) to cause the degradation of newly synthesized proteins, indicating that
maintenance of ATP concentrations is a key factor in protein production (44). In our study,
we found that SYNJ2BP can facilitate formation of MAM (Fig. 2), leading to increased
ATP and Ca21 concentrations in the ER followed by promotion of EIAV or HIV-1 Env protein
production (Fig. 4, 5 and 6). This is the first time that MAM has been found to have an
important role in viral membrane protein production (Fig. 8). Previous studies have shown
the roles of MAM in cell signaling pathways and cellular responses after viral infection.
For instance, the UL37 exon 1 of cytomegaloviruses can target to the MAM via two

FIG 8 Schematic diagrams demonstrating the role of SYNJ2BP in the regulation of the ER microenvironment
via MAM formation to improve production of the lentiviral Env protein. The MAMs formed by the connection
of SYNJ2BP and RRBP1 can not only increase the levels of ATP and Ca21 in the ER, which improves
production of the lentiviral Env protein, but also reduce ER stress induced by the lentiviral Env protein.
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mitochondrial targeting signals and is able to reduce ER calcium concentrations, possibly by
increasing the targeting of GRP75 to the VDAC/IP3R/GRP75 ternary complex (45, 46). The
MAM also houses the cytosolic pathogen recognition receptor RIG-1 that triggers an immu-
nity signaling cascade upon viral infection (20).

ER stress is a cellular state in which the folding capacity of the ER is overwhelmed owing
to an increase in protein load or disruption in the folding environment. The accumulation of
unfolded proteins is detected by transmembrane sensors at the ER surface, which initiate a
transduction cascade known as UPR (47). The activated UPR organizes a temporal decrease
in protein synthesis together with the expression of a subset of genes involved not only
in the folding, maturation, and stabilization of proteins but also in protein degradation
via ERAD to reestablish protein homeostasis, also termed proteostasis (48). Previous reports
have suggested that HIV-1 Env is targeted to the ERAD pathway for degradation in the human
CD41 T cell line CEM (10, 49). Consistent with this finding, we also found that not only HIV-1
but EIAV Env could be degraded by the ERAD pathway after induction of ER stress in
HEK293T cells (Fig. 7C), indicating that the lentiviruses have the same quality control approach
in the production of Env proteins. As we known, MAM can regulate the microenvironment in
the ER, to allow for oxidative protein folding to reduce ER stress (30, 31). In our study, we also
found that the formation of MAM could reduce ER stress induced by HIV or EIAV Env (Fig. 7D
and E). This is another mechanism by which MAM promotes lentiviral Env production.

Overall, we have found a new role of MAM, which promotes lentiviral Env produc-
tion, and we present our preliminarily investigations of the underlying mechanism.
Further research into this mechanism is necessary and would uncover other cellular
responses to lentivirus infection through the study of dynamic changes and the con-
nection of organelles. This research is beneficial and necessary in order to understand
the mechanism by which lentiviruses replicate in cells.

MATERIALS ANDMETHODS
Cells and viruses. Peripheral blood was obtained from the horses using a protocol approved by the

Ethics Committees of Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences
(SYXK [Hei] 2017-009). Preparations of eMDMs were obtained from equine peripheral blood mononuclear cells
(PBMCs) as described previously, with a minor modification (50). Briefly, PBMCs were isolated from 200 to 300 mL
of heparinized horse peripheral blood by centrifugation through a HybriMax Histopaque cushion (density = 1.077
g/cm3; Sigma, USA). Isolated PBMCs were washed with RPMI 1640medium (HyClone, USA) three times and resus-
pended in RPMI 1640 medium supplemented with 10% horse serum (HyClone). In addition, 104 U/mL penicillin,
104 mg/mL streptomycin, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and
0.25 mM sodium HEPES were added into the cultures, all of which were purchased from Gibco Corporation
(USA). The cells were then seeded into tissue culture flasks (Corning, USA) at 5 � 106 cells/25 cm2 and incubated
at 37°C in 5% CO2 for;12 h. Nonadherent and loosely adherent cells were removed by mildly shaking the flasks
before changing the medium, and the remaining adherent cells were further incubated for 3 days to allow differ-
entiation into eMDMs. Human embryonic kidney (HEK293T) (ATCC CRL-3216) cells were maintained in Dulbecco
modified Eagle medium (HyClone) with 10% fetal bovine serum (FBS; Sigma) and 1% penicillin and streptomycin
(Gibco) and kept at 37°C in 5% CO2. HEK293T cells that consistently express equine lentivirus receptor 1 (293T-
ELR1) on their surfaces were constructed by and kept in our laboratory. This cell line was cultured under the
same conditions as the HEK293T cells except that it required 15% FBS. Wild-type pathogenic EIAV strains isolated
in China did not replicate well in cultivated cells, including primary host cells, such as donkey monocyte-derived
macrophages (dMDMs). EIAVDLV34 is a dMDM-adapted EIAV strain that was derived from the pathogenic EIAV
strain EIAVDV117 by 34 passages in dMDMs. This virus strain can replicate well in eMDMs.

Plasmids and chemicals. To obtain the pcDNA3.1-Flag-SYNJ2BP plasmid, coding sequence (CDS) of
human SYNJ2BP deposited in GenBank (NM_018373.3) was cloned using the primer pair 59-ATAGTTGTAGCC
ACCATGAACGGAAGAGTGGATTA-39 and 59-GTCATCCTTGTAGTCAAGTTGTTGCCGGTATCTCA-39 and inserted into
the vector pcDNA3.1 (Invitrogen, USA) with a Flag tag at the N terminus. EIAVCMV-3-8 is an infectious EIAV clone
derived from cell-adapted EIAVFDDV by replacing the U3 region of its 59 long terminal repeat (LTR) with the cyto-
megalovirus (CMV) promoter. This clone was constructed as previously described and kept in our laboratory (51).
The plasmid plenti-CRISPRv2GFP was constructed by replacing the puro gene plenti-CRISPRv2Puro (Addgene,
USA) with the gfp gene using In-fusion HD enzyme (Clontech, USA). pcDNA3.1-Env (EIAV) and pcDNA3.1-rev-HA
(EIAV) were constructed by Yin and kept in our laboratory (52). Codon-optimized plasmid VR1012-Gag (EIAV)
derived from EIAVFDDV3-8 was kindly provided by Yiming Shao (Chinese Center for Disease control and
Prevention). The HIV-1 luciferase reporter proviral vector pNL4-3-lucDVifDEnv was a gift from Yong-Hui Zheng
(Michigan State University). Codon-optimized plasmid pcDNA3.1-Env-HA (HIV-1) was kindly provided by Huaxin
Liao (Jinan University, China). The pcDNA3.1-Rev-HA (HIV-1) plasmid was provided by Jianhua Wang (Institute
Pasteur of Shanghai, Chinese Academy of Sciences). VR1012-Gag-HA (HIV-1) was constructed by cloning the gag
sequence from pNL4-3-lucDVifDEnv and inserting it into the VR1012 plasmid (a gift kindly provided by Xiaofang
Yu at First Hospital of Jilin University).
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The ER stress-specific inducers thapsigargin (Tg) and tunicamycin (Tu), and the ERAD-specific inhibitor KIF
were purchased from Sigma. Tg, Tu, and KIF were dissolved in dimethyl sulfoxide to concentrations of 10 mM,
10 mM, and 2 mg/mL, respectively.

Construction of the SYNJ2BP knockout cell line. To generate a knockout cell line for the host pro-
tein SYNJ2BP, the gRNA design tool (http://crispr.mit.edu/) was used to guide RNA (gRNA) design and off-target
prediction according to the whole DNA sequence deposited in GenBank (NM_018373.3) (53). Two guide RNA
sequences were selected for SYNJ2BP knockout, which were cloned into the BsmHI site of the vector plenti-
CRISPRv2GFP to obtain the recombinant plasmid plenti-CRISPRv2GFP-SYNJ2BP-sgRNA. The sequences of all con-
structs were confirmed by DNA sequencing. After that, HEK293T cells plated into a six-well plate were transfected
with 1mg of plenti-CRISPRv2GFP-SYNJ2BP-sgRNA and 2mg of PolyJet (SignaGen Laboratories, USA). Green fluo-
rescent protein (GFP)-positive cells were sorted using fluorescence-activated cell sorting at 48 h posttransfection
(hpt) and seeded into 96-well plates to obtain a single-cell-derived colony. The monoclonal knockout cell lines
were screened with Western blotting and DNA sequencing.

Production of HIV pseudotyped retrovirus with EIAV Env. HIV pseudotyped viruses with a lucifer-
ase reporter were produced by transfection of viral genome constructs into HEK293T cells, as described
previously (54). In brief, cells overexpressing SYNJ2BP or KO HEK293T cells were plated into six-well plates and
transfected with pNL4-3-lucDVifDEnv and pcDNA3.1-Env (EIAV) using the PolyJet DNA reagent (SignaGen
Laboratories) according to the instructions in the manual. At 48 hpt, the cells were resuspended in lysis buffer
and subjected to Western blotting, and the culture supernatants were collected to infect 293T-ELR1 cells that
allow EIAV infection, followed by measurement of the firefly luciferase activity using a luciferase assay kit
(Promega, USA) with a Centro XS LB 960 luminometer (Berthold Technologies, Germany) at 24 h postinfection.

Immunostaining and immunofluorescence microscopy.WT or SYNJ2BP knockdown eMDMs were
prepared for the detection of MAM. The cells were washed with cold phosphate-buffered saline (PBS)
and fixed with 4% paraformaldehyde for 15 min at room temperature. The fixed cells were permeabilized with
0.1% Triton X-100 for 15 min before blocking in 5% fat-free dry milk for 2 h and incubated at 4°C overnight
using the corresponding primary antibodies in eMDMs, including mouse anti-Tom20 (Abcam, USA) at a 1:500
dilution and rabbit anti-KDEL (Abcam) at a 1:500 dilution, respectively. After three washes, the secondary anti-
bodies coupled to a fluorochrome were added, and samples were incubated for 1 h. These secondary antibod-
ies included Alexa Fluor 488 dye-labeled goat anti-mouse IgG (Thermo Fisher Scientific, USA) at a 1:500 dilution
and Alexa Fluor 594 dye-labeled goat anti-rabbit IgG (Thermo Fisher Scientific) at a 1:500 dilution. Samples
were then washed three times in PBS. Fluorescence image acquisition was performed with confocal laser scan-
ning microscopy (LSM880; Zeiss, Germany). In addition, MAMs from cells overexpressing SYNJ2BP or KO HEK293T
cells were detected using single molecule localization microscopy (SMLM). SMLM provides access to the distribu-
tion and interactions of single molecules at the nanoscale, which is especially useful for those that participate in
organelle communication. dSTORM is one of most commonly used techniques for SMLM (55). The stained
HEK293T cell samples were detected by dSTORM. The sample staining process is the same as for the confocal
method described above, except for the antibodies used (rabbit anti-RRBP1 [Abcam] at a 1:200 dilution and
Alexa Fluor 568 dye-labeled goat anti-rabbit IgG [Abcam] at a 1:500 dilution). An additional step was also required
in which the samples were covered with imaging buffer (PBS [pH 7.4], 50 mM b-mercaptoethanol) to drive the
fluorophores into a reversible dark state. The individual fluorophores spontaneously reentered an excitable state.
By continuing to excite the samples with a laser, flashes or blinks from individual molecules can be recorded.
Single-molecule localization data were acquired by high-resolution light microscopy (ELYRA PS.1; Zeiss).

Duolink proximity ligation in situ. The Duolink II in situ proximity ligation assay (PLA; Sigma) ena-
bles the visualization and quantification of protein interactions (,40 nm) as individual fluorescent dots
by microscopy (56). The fixation and permeabilization of eMDMs and HEK293T cells were performed sim-
ilarly to the immunofluorescence procedure described above. Furthermore, the pair of proteins at the
MAM interface were probed with the primary antibodies rabbit anti-Tom20 (Abcam) at a 1:200 dilution
and rat anti-KDEL at a 1:200 dilution (Abcam) in eMDM group, and mouse anti-VDAC1 (Proteintech
Group, USA) at a 1:200 dilution and rabbit anti-IP3R1 (Abcam) at a 1:200 dilution in HEK293T cells group.
The secondary antibodies anti-mouse IgG and anti-rabbit IgG, as well as anti-rat IgG solution that con-
tained PLUS and MINUS PLA probes, were used to react with the corresponding primary antibody
according to the manufacturer’s instructions. The proximity ligation and amplification procedures were
performed according to the manufacturer’s protocol, as described in previous studies (57). Fluorescence
image acquisition was performed with confocal laser scanning microscopy (LSM880; Zeiss). The PLA sig-
nals were quantified using BlobFinder software (Olink Biosciences, Sweden) (58).

Electron microscopy imaging. TEM observation of MAM was carried out as previously described
(59). Cells overexpressing SYNJ2BP or KO HEK293T cells were prepared. At 24 hpt, cells were fixed and embed-
ded. Ultrathin sections were observed under a JEM2100 transmission electron microscope (JEOL, Tokyo, Japan) at
200 kV. In the cytoplasm, mitochondria, and ER, the interface between these two organelles was clearly visible.

Transfection and Western blotting. WT or SYNJ2BP KO HEK293T cells were cultured in six-well
plates and transiently transfected with the indicated plasmids using PolyJet DNA reagent (SignaGen Laboratories)
according to the manufacturer’s instructions. At 48 hpt, the cells were harvested, lysed in lysis buffer (50 mM Tris-
HCl [pH 7.5], 50 mMNaCl, 5 mM EDTA, 1% Triton X-100), and then centrifuged at 10,000� g for 5 min to remove
the cell nuclei. The proteins in the cell lysates were separated using SDS-PAGE and then transferred onto nitrocel-
lulose membranes (Millipore, USA). Membranes were blocked with 5% fat-free dry milk in Tris-buffered saline
(20 mM Tris-HCl, 150 mM NaCl) for 2 h at room temperature and then incubated with the indicated primary and
secondary antibodies. The mouse anti-Flag, anti-HA, and anti-b actin monoclonal antibodies and rabbit anti-
SYNJ2BP polyclonal antibody were purchased from Sigma-Aldrich (USA). Mouse anti-HIV-1-p24 monoclonal
antibody and rabbit anti-Grp78 polyclonal antibodies were purchased from Sino Biological Corporation
(USA) and Proteintech Group Corporation (USA), respectively. Monoclonal antibody 9H8 against p26 or Gag
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(EIAV) and polyclonal antibody against EIAV were prepared in our laboratory (60). DyLight 800-labeled goat
anti-mouse and DyLight 680-labeled goat anti-rabbit secondary antibodies were purchased from KPL (USA).
Bands were analyzed by scanning blots using an Odyssey imaging system (Li-Cor, Lincoln, NE). The relative
protein levels were measured with ImageJ on the basis of at least three independent Western blots.

RNA interference. Equine SYNJ2BP (GenBank number NM_001242552.1) siRNA and negative-control
siRNA were designed and synthesized by RiboBio corporation (China). A total of 2.0 � 105 eMDMs were
seeded into six-well plates, cultivated for 48 h, and then transfected with equine SYNJ2BP or negative-
control siRNA using Lipofectamine RNAiMAX (Invitrogen). Briefly, 100 pmol of siRNA in 100 mL of serum-
free Opti-MEM medium (Gibco) and 6mL of Lipofectamine RNAiMAX in 100mL of Opti-MEM were mixed,
followed by incubation for 5 min at room temperature. The mixtures were then added dropwise to each
well. The knockdown efficiency was determined by using real-time qPCR.

Real-time qPCR. Total RNA was extracted from negative-control and SYNJ2BP siRNA knockdown
eMDMs or negative-control and EIAV-Env-overexpressing HEK293T cells using a RNeasy minikit (Qiagen, USA)
according to the manufacturer’s instructions and then subjected to reverse transcription using a Prime-Script
RT reagent kit with a gDNA Eraser (TaKaRa, Japan). The expression levels of equine SYNJ2BP or human Grp78
mRNAs were quantified using an SYBR green (TaKaRa)-based real-time qPCR analysis on a StrataGene
Mx3000P (Agilent, USA), according to the manufacturer’s protocols. Real-time RT-PCR was performed using
the equine SYNJ2BP primers 59-ATGTCTCCAACGACAGTGGCATCTACGT-39 and 59-CATCCTGGTGCAGCAGGTT
CTTTAAGTC-39 or the human Grp78 primers 59-AAGACGGGCAAAGATGTCAGGAA-39 and 59-CCGAGTCAGG
GTCTCAGAAAAGT-39. ACTB was used as a housekeeping control to normalize the number of living cells. The
relative fold changes in gene expression were determined by the 2–DDCT threshold cycle (CT) method (61).

Viral reverse transcriptase assay. The RT activity of EIAV in supernatant was quantified using a reverse
transcriptase assay colorimetric kit (Roche, Germany) according to the manufacturer’s instructions (62). Briefly,
the virus supernatant was mixed with PEG8000 and placed on ice overnight for reaction. The samples were
centrifuged at 8,000 � g for 10 min, and the supernatant was discarded. The precipitate was resuspended
with lysis buffer and incubated at room temperature for 30 min, followed by addition of the reaction mixture
solution and incubation at 37°C for 1 h. The reactants were added to the microplate wells, followed by incuba-
tion at 37°C for 1 h. Anti-digoxigenin-peroxidase working liquid was added to each well after five washes, and
samples were incubated at 37°C for 1 h. The substrate solution was then added to each well after five washes.
The microplates were incubated at room temperature for 10 min. The absorbance of the samples at 405 nm
was measured with a microplate reader Elx800 (Bio-Tek, USA). The reverse transcriptase activity of the sample
was calculated by drawing a curve according to the optical density of the standard.

Calcium and ATP assay in ER. Cells overexpressing SYNJ2BP and KO HEK293T cells were seeded sep-
arately into six-well plates, and WT cells were used as a control. At 24 hpt, the cells were collected and counted.
The ER was extracted using a Minute ER enrichment kit (Invent, USA) according to the kit protocol. Briefly,
2 � 107 cells were collected by low-speed centrifugation (500 � g to 600 � g for 5 min). The pellet was resus-
pended in 550 mL of buffer A, and the cell suspension was transferred to a filter cartridge and centrifuged at
16,000 � g for 30 s. The filter was discarded, and the pellet was resuspended by vigorously vortexing for 10 s.
After centrifugation at 2,000 � g for 5 min, the supernatant was transferred to a fresh 1.5-mL tube. Then, 40 mL
of buffer B was added to the supernatant, and the tube was incubated at 4°C for 20 to 30 min. The tube was
then centrifuged at 8,000 � g for 10 min, and the supernatant was completely removed. The pellet was resus-
pended in 400mL of cold buffer A; 40mL of buffer C was added, and the tube was vortexed briefly, followed by
incubation at room temperature for 10 to 15 min. After centrifugation at 8,000 � g for 5 min, the supernatant
was transferred to a fresh 1.5-mL tube. Then, 400 mL of buffer D was added, and the tube was incubated at 4°C
for 20 min. The tube was centrifuged at 10,000� g for 10 min, and the supernatant was removed and discarded.
The pellet (the isolated ER fraction) was resuspended in 50 to 200mL of PBS. To determine the quantity and qual-
ity of the extracted ER, the extracts were lysed and detected by Western blotting with the first mouse antibody
against calnexin (Abcam) at 1:1,000, which is the molecular chaperone often used as a marker for ER.

ER calcium was detected as described previously (63). The extracted ERs were plated into 96-well
plates, with PBS as control. After the samples had been incubated with the fluorescent calcium indicator
Mag-Fluo-4 AM (AAT Bioquest, USA) for 25 min, the fluorescence signals were recorded and analyzed
using an EnVision multimode plate reader (Perkin-Elmer, USA). Fluorescence signals were then moni-
tored at 516 nm (excitation, 494 nm). The cellular ATP levels were measured using a firefly luciferase-
based ATP assay kit (Beyotime Biotechnology, China) based on a fluorescence technique. Then, 40 mL of
lysate was added to the ER extracted from the cells in each well of a six-well plate for subsequent assay.
Next, 100 mL of ATP detection fluid was added to the detection tube. The tubes were incubated at room
temperature for 3 to 5 min. The luciferase content was determined by adding 20 mL of sample or stand-
ard to the test tube, followed by rapid mixing, and then the value was read using a Berthold LB960 plate
reader (Berthold, Germany) with an integration time of 5 s.

Statistical analysis. Statistical analysis was performed using Prism version 7.0 (GraphPad, San Diego,
CA). Statistical differences between groups were assessed by one-way analysis of variance, followed by a
Dunnett’s post hoc test. All experiments were performed independently at least three times. Error bars repre-
sent standard deviations (SD) or standard errors of the mean (SEM) in each group, as indicated in the figure
legends (NS, not significant; P. 0.05; *, P, 0.05; **, P, 0.01; ***, P, 0.001).
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