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ABSTRACT Monkeypox virus (MPXV) is a human pathogen that is a member of the
Orthopoxvirus genus, which includes Vaccinia virus and Variola virus (the causative
agent of smallpox). Human monkeypox is considered an emerging zoonotic infec-
tious disease. To identify host factors required for MPXV infection, we performed a
genome-wide insertional mutagenesis screen in human haploid cells. The screen re-
vealed several candidate genes, including those involved in Golgi trafficking, glycos-
aminoglycan biosynthesis, and glycosylphosphatidylinositol (GPI)-anchor biosynthe-
sis. We validated the role of a set of vacuolar protein sorting (VPS) genes during
infection, VPS51 to VPS54 (VPS51–54), which comprise the Golgi-associated retro-
grade protein (GARP) complex. The GARP complex is a tethering complex involved
in retrograde transport of endosomes to the trans-Golgi apparatus. Our data demon-
strate that VPS52 and VPS54 were dispensable for mature virion (MV) production but
were required for extracellular virus (EV) formation. For comparison, a known antiviral
compound, ST-246, was used in our experiments, demonstrating that EV titers in VPS52
and VPS54 knockout (KO) cells were comparable to levels exhibited by ST-246-treated
wild-type cells. Confocal microscopy was used to examine actin tail formation, one of
the viral egress mechanisms for cell-to-cell dissemination, and revealed an absence of
actin tails in VPS52KO- or VPS54KO-infected cells. Further evaluation of these cells by
electron microscopy demonstrated a decrease in levels of wrapped viruses (WVs) com-
pared to those seen with the wild-type control. Collectively, our data demonstrate the
role of GARP complex genes in double-membrane wrapping of MVs necessary for EV
formation, implicating the host endosomal trafficking pathway in orthopoxvirus infec-
tion.

IMPORTANCE Human monkeypox is an emerging zoonotic infectious disease caused
by Monkeypox virus (MPXV). Of the two MPXV clades, the Congo Basin strain is associ-
ated with severe disease, increased mortality, and increased human-to-human transmis-
sion relative to the West African strain. Monkeypox is endemic in regions of western and
central Africa but was introduced into the United States in 2003 from the importation of
infected animals. The threat of MPXV and other orthopoxviruses is increasing due to the
absence of routine smallpox vaccination leading to a higher proportion of naive popula-
tions. In this study, we have identified and validated candidate genes that are required
for MPXV infection, specifically, those associated with the Golgi-associated retrograde
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protein (GARP) complex. Identifying host targets required for infection that prevents ex-
tracellular virus formation such as the GARP complex or the retrograde pathway can
provide a potential target for antiviral therapy.

KEYWORDS GARP complex, HAP1 screen, poxviruses, retrograde transport

Monkeypox virus (MPXV) is a member of the Orthopoxvirus (OPXV) genus, which also
includes Variola virus (the causative agent of eradicated smallpox) and Vaccinia

virus (VACV) (1). MPXV infection is an emerging zoonotic infectious disease in humans
that is endemic in western and central Africa (2). Two distinct clades of MPXV have been
identified, the West African and Congo Basin clades, which exhibit genetic, clinical, and
geographic differences (3). Generally, the Congo Basin clade is associated with a more
severe disease manifestation, with a mortality rate of up to 10% and extended human-
to-human transmission compared to the West African clade (3–5). Due to the cessation
of smallpox vaccination, waning immunity, and, consequently, an increased proportion
of naive population members, MPXV outbreaks can pose a serious public health threat
(6). For instance, the MPXV outbreak of 2003 in United States caused by the West
African clade virus spread from imported infected African animals to prairie dogs and
subsequently to humans (7). Although MPXV infection is preventable by preexposure
vaccination, treatment options after contraction of the disease are limited due to the
absence of approved therapeutics.

Orthopoxviruses are double-stranded DNA viruses that replicate exclusively in the
cytoplasm of the host cell (8). Viral factories are the cytoplasmic structures engaged in
viral DNA replication, gene expression, and assembly of mature virions (MVs). Although
MVs are infectious, these particles remain intracellular unless they are transported out
of the viral factories to the Golgi/endosomal compartment for wrapping with two
additional lipid bilayers to generate extracellular viruses (EVs) (9–11). EVs are respon-
sible for cell-to-cell and long-distance spread of virus, which is essential for pathoge-
nicity in animals (12–14). Although poxviruses encode a majority of genes required for
replication, transcription, immune evasion, and virus assembly, host proteins are also
required to complete the viral life cycle.

Previous studies have utilized RNA interference (RNAi) to identify host factors
required for infections by VACV, the prototype member of the poxvirus family (15–19).
These studies have provided important findings of proteins and host pathways ex-
ploited by VACV, including macropinocytosis, ubiquitin-proteasome system, and nu-
clear pore complex pathways and a recent demonstration of the retrograde pathway
(20, 21). Here, we exploited the utility of genome-scale haploid genetic screens as an
alternative method to identify host factors required for MPXV infection. This approach,
which generates gene knockouts (KOs) by insertional mutagenesis in a haploid human
cell line (HAP1), has been successfully used to identify host factors required for infection
by a variety of viral pathogens, including Ebola virus, Lassa virus, and Rift Valley fever
virus (22–24).

In this study, we have identified candidate host genes necessary for infection of
both clades of MPXV in haploid cells, including those involved in Golgi trafficking,
glycosaminoglycan (GAG) biosynthesis, and glycosylphosphatidylinositol (GPI)-anchor
biosynthesis. We confirmed the requirement of Golgi-associated retrograde protein
(GARP) complex genes in MPXV infection and further demonstrate that GARP complex
proteins are dispensable for MV formation but are essential for membrane wrapping to
form EVs and egress.

RESULTS
A mutagenesis screen in human haploid cells identified host factors required

for MPXV infection. In order to identify host factors required for MPXV infection, we
employed a large-scale gene knockout approach using a retroviral gene trap vector in
human haploid HAP1 cells (22). We used two strains of MPXV, representing the two
clades of virus that exhibit differences in virulence, in the haploid genetic screen,
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therefore providing the opportunity to identify necessary host factors required for
infection by either or both strains. Mutagenized HAP1 cells were infected with MPXV
(MPXV ROC [Republic of Congo] or MPXV WA [West Africa]) and screened for surviving
mutant cells as described previously (22). By 3 days postinfection (dpi), infected cells
exhibited cytopathic effects and regularly detached from flasks. These detached cells
and secreted EVs in the media were removed every 2 to 3 days, and the culture was
replenished with fresh media. By 7 dpi, most of the cells were completely detached and
the few remaining adherent cells were cultured until 18 dpi and harvested for further
analysis. Surviving cells were sequenced to quantify independent retroviral insertion
events compared to the unselected control (see Table S1 in the supplemental material).
Genes that were significantly enriched for insertions (adjusted P value � 0.05) were
selected for further analysis.

The top 20 most significant genes were highlighted and represented according to
the P value and corresponding number of independent gene trap events for the MPXV
ROC-resistant population (Fig. 1A) and the MPXV WA-resistant population (Fig. 1B). A
total of 48 candidate host genes were significantly enriched. Eight genes were exclu-
sively identified in the MPXV ROC screen, 26 were exclusively identified in the MPXV WA
screen, and 14 were identified in both screens (Fig. 2A). These genes were subjected to
functional annotation analysis using Cytoscape in combination with the ClueGO plugin.
Functional annotation terms enriched in our data set included a “GARP complex”

FIG 1 Haploid genetic screen identifies host factors required for MPXV infection in HAP1 cells. (A)
Significance of enrichment of gene-trap insertions for MPXV ROC. (B) Significance of enrichment of
gene-trap insertions for MPXV WA. Each circle represents a gene, and the size of the circle represents the
number of independent gene-trap events identified in the selected resistant population. The y axis shows
the significance of enrichments of gene-trap insertions between selected and unselected cell popula-
tions calculated using Fisher’s exact test. The top 20 genes with the highest significance are labeled
according to the functional annotation group.
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associated with vacuolar protein sorting (VPS) genes VPS51, VPS53, and VPS54; a “Golgi
transport complex” associated with conserved oligomeric Golgi (COG) complex genes
COG3, COG4, COG7, and COG8; “glycosaminoglycan biosynthesis” associated with
B3GALT6, B3GAT3, B4GALT7, EXT1, and XYLT2; and “GPI-anchor biosynthesis” associ-
ated with phosphatidyl inositol glycan (PIG) genes PIGL, PIGP, PIGU, DPM3, and MPDU1
(Fig. 2A). Several genes were identified in multiple functional groups; therefore, func-
tional grouping of related terms was performed, with results demonstrating that the
majority of the genes identified corresponded to “glycosaminoglycan biosynthesis” and
“Golgi apparatus part” (Fig. 2B). Of particular interest were genes that were part of a
complex and were known to function as a unit in association with a biological process,
such as the GARP complex. The GARP complex is composed of four proteins, VPS51,
VPS52, VPS53, and VPS54, all of which were identified in our screen (Fig. 2A).

GARP complex genes required for MPXV EV production. The GARP complex is a
heteromeric multisubunit tethering complex whose members are best known for their
roles in the retrograde transport of endosome-derived vesicles to the trans-Golgi
network (25). In order to validate these genes, HEK293FF6 GARP complex knockout (KO)
cells (VPS51KO, VPS52KO, VPS53KO, or VPS54KO) (26), along with wild-type (WT) control
cells, were infected with MPXV for 24 h. GARP KO cell lines were previously generated
using the clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9 sys-
tem, and each KO cell line was evaluated for loss of expression of the target gene by
DNA sequencing (26). The absence of protein expression was confirmed by immuno-
blotting (26) (data not shown). The yields of intracellular (MV) and extracellular virus

FIG 2 Functional gene annotation analyses of significant MPXV host factors. (A) MPXV ROC and WA enriched genes
with an adjusted P value of �0.05. Genes listed in the middle were identified in both screens. (B) Overview of
functional annotation ClueGO analysis. Similar terms were grouped into one representative term. The group
sections represent the relative numbers of terms in the groups. The significance value for each group is indicated.
**, P � 0.001.
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released in the medium were determined. Tecovirimat (ST-246), an antiviral compound
previously reported to target wrapping of MVs and thereby prevent the production of
EV (27), was used as a control for EV release.

EV yield was significantly reduced in VPS52KO and VPS54KO cells infected with
MPXV ROC compared to those infected with a VPS WT control (Fig. 3A), with no
appreciable reduction in MV yield seen. The percentage of EV released was dramatically
decreased in VPS52KO- and VPS54KO-infected cells and slightly decreased in VPS53KO-

FIG 3 GARP complex genes are required for MPXV EV production. (A and B) HEK293FF6 cell lines containing VPS WT, VPS51KO,
VPS52KO, VPS53KO, or VPS54KO genes were infected with MPXV ROC (A) or WA (B) at a multiplicity of infection (MOI) of 1 in the
absence and presence of 2 �M ST-246. MV and EV production was measured 24 h postinfection (hpi) in each cell line. The percentage
of EV released was determined by calculating the proportion of EV represented in the total number of virions (MV plus EV) for each
replicate. Data shown represent average percent EV released calculated from each individual replicate set. (C) GARP KO cell lines were
infected with MPXV WA. After 72 h, cells were fixed and stained with MPXV reactive anti-VACV antibody followed by HRP-conjugated
secondary antibody. The monolayer was developed using o-dianisidine solution. Data are shown as means (n � 3), and error bars
represent standard deviations. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

GARP Is Required for Orthopoxvirus EV Formation Journal of Virology

June 2017 Volume 91 Issue 11 e00011-17 jvi.asm.org 5

http://jvi.asm.org


infected cells. Although these values did not meet statistical significance based on our
cutoff P value of 0.05, the trend is consistent with the EV yield. Similarly, MPXV WA
EV yields were significantly decreased in VPS52KO and VPS54KO cells (Fig. 3B). The
percentage of EV released was also decreased in VPS52KO cells, in VPS54KO cells,
and, to some extent, in VPS51KO cells but not in VPS53KO cells.

Extracellular viruses are required for cell-cell spread and hence determine the size of
plaques. Since EV production is significantly decreased in the absence of VPS52 and
VPS54, plaque formation was analyzed in KO cells. Plaque formation in the HEK293FF6
cell line was more difficult to evaluate than in BSC-40 cells, in which plaque formation
is clear and distinguishable by crystal violet staining. Therefore, we used an immuno-
staining method for analysis of HEK293 cells infected with MPXV WA as an alternative
to evaluate plaque formation. All VPS KO cells exhibited plaques that were smaller than
those seen with the WT, with the greatest amount of reduction observed in VPS52KO
and VPS54KO cells (Fig. 3C). Interestingly, even though the EV yields were similar in the
WT and VPS53KO cells, plaque sizes were diminished in the absence of VPS53. This
suggests that the plaque size is not always representative of EV yield in the medium or
that the plaque assay is potentially a more sensitive assay because it relies on multiple
rounds of infection, which could amplify smaller differences.

The GARP complex is required for VACV EV production. To determine whether

the GARP complex is also important for infection of other orthopoxviruses, GARP KO
cells were infected with the VACV IHDJ strain, a strain that releases a higher percentage
of EVs than other VACV strains (14). The yield of EV demonstrated significant reduction
in all VPS KO cells, with the maximum effect in VPS52 and VPS54KO cells, similarly to
MPXV (Fig. 4A). The EV yields in the absence of VPS52 and VPS54 were comparable to
those seen with ST-246 treatment, demonstrating the importance of this pathway in
OPXV EV release. As observed with MPXV, immunostaining of VACV in VPSKO-infected
cells demonstrated the presence of smaller plaque sizes in all VPS KO cells. VPS52KO
and VPS54KO cells in particular demonstrated the maximum effect on plaque formation
(Fig. 4B). Thus, the results clearly demonstrate a requirement of VPS52 and VPS54 for
EV production in both MPXV and VACV infections. Further investigations were focused
on these two genes using VACV due to the availability of reagents and to biosafety
requirements.

Complementation of the GARP complex in deficient cells restores viral produc-
tion. In order to determine if the defect in EV production was specific to KO genes and

could be restored by ectopic expression, we performed complementation experiments
in VPS52KO and VPS54KO cells. VPS52KO cells were transfected with a plasmid express-
ing wild-type FLAG-tagged VPS52 (pVPS52) or a control plasmid 24 h prior to infection.
Immunoblotting confirmed VPS52 expression in transfected cells with pVPS52 (Fig. 5B).
Transfected cells were then infected with VACV IHDJ at a multiplicity of infection (MOI)
of 1, and virus yield was measured 24 h postinfection (hpi). EV yield in VPS52 trans-
fected cells was increased compared to control results (Fig. 5A). In addition, the
percentage of EV released was also increased in VPS52 transfected cells versus the
control, suggesting that complementation of wild-type VPS52 gene in VPS52KO cells
was able to restore EV production and release.

Similarly, to assess whether VPS54 expression in VPS54KO cells could restore virus
yield, we infected VPS54KO cells that were stably transfected with wild-type VPS54-
expressing vector (VPS54KO-VPS54) or an empty vector control (VPS54KO-empty) (26).
Expression of VPS54 was evaluated in the two cell lines by immunoblotting (Fig. 6B),
with results demonstrating expression of V5-tagged VPS54 vector in VPS54KO-VPS54
cells and the absence of expression in VPS54-empty cells. EV yield and MV yield were
measured 24 hpi, and the results demonstrated significantly higher EV levels in
VPS54-expressing cells than were seen with the empty vector control (Fig. 6A). The
higher percentage of EV released in VPS54-expressing stable cells than in the empty
vector control confirms the requirement of VPS54 expression in these KO cells. Thus,
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the results further demonstrate the specific requirement and complementation of
VPS52 and VPS54 for OPXV EV release in the respective KO cells.

Compared to the single-step growth curve, a multistep infection also demonstrated
a role for EV yields and hence for viral spread. For this experiment, VPS54KO empty and
VPS54-complementing cell lines were infected with VACV IHDJ at a low MOI (0.01) and
virus yields were determined at several time points. Multistep growth curve analysis

FIG 4 GARP complex genes are important for VACV EV production. GARP complex KO cell lines (VPS51KO, VPS52KO, VPS53KO, and
VPS54KO) were infected with VACV strain IHDJ at an MOI of 1 in the absence and presence of 2 �M ST-246. MV and EV production was
measured 24 hpi in each cell line. The percentage of EV released was determined by calculating the proportion of EV represented in the
total number of virions (MV plus EV). All MV and EV values were averaged first, and then percent EV released was calculated from the
averages. (C) Immunostaining of VACV IHDJ-infected KO cells. After 72 h, cells were fixed and stained with anti-VACV antibody followed
by HRP-conjugated secondary antibody. Data are shown as means (n � 6), and error bars represent standard deviations. *, P � 0.05; **,
P � 0.01; ***, P � 0.001.
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FIG 5 Complementation of GARP complex in KO cells restores viral production. (A) VPS52KO cells were
transfected with pLenti-VPS52-FLAG plasmid (pVPS52) or control plasmid (CTRL). Cells were then infected
with VACV strain IHDJ in the presence or absence of ST-246. MV and EV production was measured 24 hpi.
The percentage of EV released was determined by calculating the proportion of EV represented in the
total number of virions (MV plus EV). Data are shown as means (n � 7), and error bars represent standard
deviations. (B) VPS52KO cells were transfected with a FLAG-tagged VPS52-expressing plasmid (pVPS52)
or a non-VPS52-expressing plasmid (CTRL). After 24 h, cells were harvested and processed for Western
blot analysis using anti-FLAG antibody followed by IRDye secondary antibodies and were visualized using
direct infrared fluorescence. GAPDH was used as a control.
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demonstrated increased viral yield (and hence increased virus spread) in VPS54KO-
VPS54-infected cells for both EV and MV compared to VPS54-empty infected cells over
a 96-h period (Fig. 6C). Although the MV yield was slightly increased in the VPS54KO-
empty cells, the EV yield was maintained at a level close to the input levels. Thus, these
results further demonstrate that there was reduced or no EV release in VPS54 KO cells
and that EV release was able to be restored with wild-type VPS54 expression.

Virus-induced actin tail formation is deficient in GARP complex knockout cells.
Since EV levels but not MV levels were affected in KO cells, VPS52 and VPS54 may be
required for a crucial step after MV assembly. A proportion of the MVs are transported
out of the viral factories via microtubules to a site for additional membrane wrapping
to form wrapped virus (WV). The outer membrane then fuses with the plasma mem-

FIG 6 (A) Stable VPS54KO cell lines expressing empty vector or VPS54 were infected with VACV strain IHDJ in the presence
or absence of 2 �M ST-246. MV and EV production was measured 24 hpi. The percentage of EV released was determined by
calculating the proportion of EV represented in the total number of virions (MV plus EV). Data are shown as means (n � 3),
and error bars represent standard deviations. (B) VPS54KO-empty and VPS54KO-VPS54 (V5-tagged) cells were harvested and
processed for Western blot analysis using anti-V5 antibody, followed by HRP-conjugated secondary antibody. The blot was
developed using enhanced chemiluminescent substrate. (C) Stable VPS54KO cell lines expressing empty vector or VPS54 were
infected with VACV strain IHDJ. MV and EV production was measured at 0, 24, 48, 72, and 96 hpi. Data are shown as means
(n � 3), and error bars represent standard deviations. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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brane to form cell-associated EVs (CEVs). Extracellular virus is formed by release of CEVs,
which can occur by exocytosis, budding, or actin tail formation, which can extend CEVs
toward neighboring cells (28–31). We focused on virus release mediated by actin tail
formation and used confocal microscopy to evaluate actin tail projections in VPS52KO-
and VPS54KO-infected cells.

VPS KO cells were infected with VACV WR A4-YFP (A4-yellow fluorescent protein)
containing YFP fused to A4 core protein for virus visualization. Infected cells were then
fixed and stained with phalloidin for cellular actin visualization. As shown in represen-
tative images, actin tails with fluorescent punctate viral particles on the tip were
present on the surface of WT cells (Fig. 7, upper left panel). As expected, in the absence
of EV formation, actin tails were absent in ST-246-treated cells (Fig. 7, upper right
panel). However, accumulation of virions inside the cell (MV) demonstrated by the
presence of green punctate viral particles was evident in the ST-246-treated cells.
Consistent with previous results, confocal microscopy of VPS52KO-infected cells (Fig. 7,
lower left panel) and VPS54KO-infected cells (Fig. 7, lower right panel) revealed a defect
in actin tail formation and the absence of EV on the cell surface. Thus, the results
demonstrate a requirement of VPS52 and VPS54 for virus egress and cell-to-cell spread.

Viral membrane wrapping is impaired in GARP complex-deficient cells. Mem-
brane wrapping was investigated using electron microscopy (EM) in VACV IHDJ-
infected VPS52KO and VPS54KO cells. WT cells treated with ST-246 were used as a
control, given that ST-246 blocks extracellular virus formation. Electron microscopic

FIG 7 Actin tail deficiency in VACV-infected VPS KO cells. Cell lines were infected with VACV WRA4-YFP virus (green)
and stained with Alexa Fluor 647 phalloidin (red, to visualize F-actin) and DAPI (blue, to visualize DNA) after 24 h.
Representative images of infection in VPS WT (upper left), VPS WT in the presence of 2 �M ST-246 (upper right),
VPS52KO (bottom left), and VPS54KO (bottom right) cells are shown. White arrowheads point to a representative
actin tail with loaded virus. Original magnification: �40.
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images were examined for the presence of MV, WV, and EV particles. In the absence of
membrane continuity, extracellular cell-associated virus could not be differentiated on
the basis of egress or the presence of superinfecting MVs. Hence, WVs and cell-
associated EVs were quantified together. To obtain quantifiable information, around 20
to 25 unique fields for each condition were examined. Upon infection, both WT and KO
(VPS52 and VPS54) cells exhibited different morphological forms of VACV, namely,
crescents (C), immature virus (IV), and MVs. However, WVs and EVs were observed only
in WT cells and were almost completely absent upon treatment with ST-246 as
represented in Fig. 8A. More importantly, electron micrographs representing VPS52 and
VPS54KO cells demonstrated a considerable reduction in levels of WVs, corroborating
other results showing decreases in virus release (Fig. 8A). Quantification yielded 320
MVs and 36 EVs in WT cells, 340 MVs and 3 EVs in WT cells treated with ST-246, 452 MVs
and 7 EVs in VPS52KO cells, and 508 MVs and 13 EVs in VPS54 KO cells. The results were
used to calculate percentages of WV (Fig. 8B), and the data clearly demonstrated a
reduction in membrane wrapping in VPS52 and VPS54KO cells. Therefore, VPS52 and
VPS54 proteins, as part of the GARP complex, are required for membrane wrapping of
MV particles.

DISCUSSION

Viruses are obligate intracellular pathogens that require and exploit host cell
proteins and functions for replication. Hence, identification of host factors required for
viral infection will contribute to understanding host-pathogen interactions and poten-
tial targets for antiviral therapy. By performing high-throughput genetic screens in
human haploid cells, we identified candidate host genes required for MPXV infection.
Since the screen was performed using two clades of MPXV, we increased the confi-
dence levels for identifying genes specific to either clade or common to the two clades.
Here, we provide evidence that VPS52 and VPS54, components of the GARP complex,
are required for virus wrapping and therefore for virus egress from infected cells.

FIG 8 Transmission EM of VACV-infected VPS KO cells. (A) Representative images of VPS WT cells, VPS WT cells in
the presence of 2 �M ST-246, VPS52KO cells, and VPS54KO cells infected with VACV IHDJ strain. An area
representing the selected VPS WT is shown at higher magnification. Bar, 500 nm. The representative virion forms
are labeled as follows: C, crescents; IV, immature virus; MV, mature virus; EV, extracellular virus; Nu, nucleus. (B)
Quantification of percent WV in infected KO cells. A total of 20 to 25 electron microscopic images were examined
for quantities of MV, WV, and EV. Comparisons of numbers of wrapped and extracellular virus to the total number
of virions determined the percentage of WV present under each set of conditions.
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The GARP complex is categorized as one of several multisubunit tethering com-
plexes involved in vesicle recognition for membrane fusion (32, 33). In combination
with other molecular machinery, the GARP complex promotes fusion between endo-
somally derived transport carriers and the trans-Golgi network as part of a retrograde
transport pathway (25). The GARP complex is composed of four distinct proteins,
VPS51, VPS52, VPS53, and VPS54, present at a 1:1:1:1 ratio (34). Our data show
significant reduction of EV production in VPS52 and VPS54KO cells infected with MPXV
ROC and MPXV WA, without significant differences in MV production. However, EV yield
of MPXV WA was lower than that of the WT in VPS51KO cells but not that of MPXV ROC,
probably due to genetic differences in the viral genomes of the two strains. Additional
studies are required to determine if the genes identified in the WA clade that are not
present in the ROC clade provide the differential requirements exhibited by these two
different MPXV clades (Fig. 2A). We extended our findings to VACV infection, specifically
with the IHDJ strain, which is known to release more EVs than other strains (14). EV
production, and not MV production, was also significantly reduced in VPS52KO and
VPS54KO cells, similarly to MPXV, suggesting that orthopoxviruses exploit the GARP
complex for EV production. This effect was also evident in examining plaque formation
in VPS KO cells, showing decreased plaque size in VPS51KO- and VPS53KO-infected cells
and no plaque formation in VPS52KO- and VPS54KO-infected cells. Therefore, we
hypothesized that these genes were important for EV formation or virus egress, which
is required for virus dissemination within a host. Confocal microscopy further revealed
that one mechanism of viral egress, actin tail formation, was deficient in VPS52KO and
VPS54KO cells infected with VACV. EV production was further investigated by EM, which
demonstrated a decrease in the percentage of WVs in VPS52KO- and VPS54KO-infected
cells. Collectively, these data demonstrate that components of the GARP complex and,
potentially, the retrograde transport pathway are required for EV formation and cell-
to-cell spread. In our survival-based genetic knockout screen, mutant cells that are
deficient in producing new infectious viral particles are selected, whereas susceptible
cells detach and are removed from the culture. However, GARP complex genes were
enriched in the recovered surviving cells even though formation of infectious intracel-
lular MV was not affected. Although MVs are infectious, they require an additional
membrane-wrapping process in order to generate EVs for subsequent infection and
cell-to-cell spread. We speculate that completion of the virus life cycle, including MV
wrapping and EV egress, leads to rapid detachment of infected cells. Thus, cells with
deficiencies in these steps of the viral life cycle harbor an advantage during the
selection process. However, further studies are needed to fully determine how the
absence of the GARP complex promotes survival in the genetic screen.

GARP complex genes were identified previously as part of an RNAi screen performed
using VACV (16), and recent follow-up studies revealed that the retrograde transport
pathway is required for virus wrapping (20, 21). In addition, these studies also dem-
onstrated inhibition of viral egress by Retro-2, an inhibitor of the retrograde pathway.
These results further validate our finding that VPS52 and VPS54 are required for virus
egress of orthopoxviruses, including MPXV, an emerging human pathogen. Here, we
identify additional candidate genes and pathways required for MPXV infection. For
instance, our screen also revealed genes associated with the “Golgi transport complex,”
such as COG complex genes COG3, COG4, COG7, and COG8. Similarly to the GARP
complex, the COG complex is a multisubunit tethering complex important for intra-
Golgi retrograde trafficking (35). Other genes identified in our screen, such as RGP1 and
RIC1, have also been reported to be involved in the retrograde trafficking pathway (36),
highlighting the importance of this host pathway in viral infection.

In addition to the Golgi trafficking proteins, levels of members of the “glycosami-
noglycan (GAG) biosynthesis” and “GPI-anchor biosynthesis” functional annotation
groups were also significantly increased in our screen. GAG biosynthesis pathway genes
included the B3GAT3, B3GALT6, B4GALT7, XYLT2, EXT1, and PTAR1 genes. Collectively,
these genes encode GAG linker region enzymes and glycosyltransferases, which carry
out enzymatic reactions necessary for GAG synthesis such that mutations in these

Realegeno et al. Journal of Virology

June 2017 Volume 91 Issue 11 e00011-17 jvi.asm.org 12

http://jvi.asm.org


genes can lead to severe disorders such as linkeropathy syndrome and connective
tissue disorder (37–39). In addition, these specific genes were previously identified in a
haploid screen as factors required for Rift Valley fever virus infection, demonstrating the
importance of GAGs in virus entry and binding (24). GAGs have also previously been
shown to be important for VACV host cell entry (40). It is postulated that the outer EV
membrane is disrupted prior to plasma membrane fusion, allowing the MV to interact
with GAGs at the cell surface, thereby facilitating viral entry into the host cell (41).
However, since other entry mechanisms and binding factors, such as laminin (42) and
macropinocytosis (43, 44), have been previously described, the specific role of GAG
biosynthesis genes requires further investigation.

Furthermore, our screen also identified genes encoding GPI-anchor biosynthesis
pathway proteins such as PIGL, PIGP, PIGU, DPM3, and MPDU1. PIG complementation
group genes participate in GPI precursor biosynthesis in the endoplasmic reticulum and
play an important role in membrane anchoring of around 150 host proteins (45). Some
of these genes encode proteins that catalyze enzymatic reactions in the GPI-anchor
biosynthesis process as part of the GPI transamidase component (46, 47). Mutations in
GPI-anchor biosynthesis pathway genes have been shown to lead to inherited GPI
deficiencies associated with hyperphosphatasia mental retardation syndrome patients
(45, 48). However, studies to determine the role of GPI-anchor-related genes in OPXV
infection are needed. Analysis of the roles of GAG and GPI-anchor biosynthetic genes
identified in our genetic screen was not part of previously published VACV RNAi
screens. Similarly, some of the genes involved in ubiquitin proteasome system path-
ways, nuclear pore complex pathways, and other essential cellular pathways identified
through RNAi were not significantly enriched in our genetic screen. Considering that
HAP1 cells are nearly haploid (49), mutant cells that lack essential genes are not viable
and would not be identified in our study. Hence, RNAi and genetic screen methods
might complement the identification of host factors required for OPXV infection.

In summary, our data demonstrate the role of the GARP complex in OPXV infection
and implicate the trans-Golgi retrograde trafficking system in this process. Importantly,
three independent screens, including our current study, using two different approaches
(RNAi and genome-wide genetic screening), identified these genes as important for
poxvirus infection. Further studies are required to determine the mechanism and
differential requirements of GARP subunit proteins for OPXV EV formation. Although
EVs represent 1% to 10% of total infectious virus, prevention of EV formation was as
effective as postexposure treatment in animals (50, 51). Small-molecule inhibitors of the
retrograde pathway, such as Retro-2, were shown to inhibit EV production both in vitro
and in vivo (20, 21) and to inhibit polyomavirus entry in vitro (52, 53). Hence, such
inhibitors represent members of a class of small-molecule inhibitors targeting the host
rather than the virus, which could potentially be used for antiviral therapy.

MATERIALS AND METHODS
Cell lines. HAP1 cells were cultured in Iscove’s modified Dulbecco’s medium supplemented with 10%

fetal bovine serum (FBS), 2 mM L-glutamine, 10 units/ml penicillin, and 100 �g/ml streptomycin.
HEK293FF6 VPS51-VPS54KO and VPS54KO cells stably expressing empty vector or VPS54 vector were
generated and verified as previously described (26). In brief, HEK293FF6 VPS51-54KO cells were cultured
in Dulbecco’s minimal essential medium (DMEM) supplemented with 10% FBS, L-glutamine, penicillin,
streptomycin, puromycin (1 �g/ml), and G418 (600 �g/ml). VPS54KO stable cell lines were cultured in
DMEM supplemented with 10% FBS, L-glutamine, penicillin, streptomycin, puromycin, G418, and blasti-
cidin (10 �g/ml). BSC-40 cells were cultured in DMEM supplemented with 10% FBS, L-glutamine,
penicillin, and streptomycin. All virus infections were performed in DMEM supplemented with 2% FBS,
L-glutamine, penicillin, and streptomycin (2% DMEM).

Viruses and infection. A MPXV West African strain (MPXV-USA-2003-044) obtained during the 2003
U.S. outbreak (7) and a MPXV Republic of Congo (3) strain (MPXV-RCG-2003-358) from the 2003 ROC
outbreak were used in this study. Experiments were conducted with MPXV in a biosafety level 3 (BSL-3)
select agent laboratory according to Biosafety in Microbiological and Biomedical Laboratories (BMBL)
recommendations (55). VACV strain IHDJ (14) and recombinant VACV expressing yellow fluorescent
protein-fused A4 (VACV WR A4-YFP) (10) were also used in this study. For virus yield experiments, cells
were infected with virus at a MOI of 1 to 3 for 24 h, during which the supernatant and the cell monolayer
were collected separately. For VACV IHDJ multistep infection, using VPS54KO-empty and VPS54KO-
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VPS54, cells were infected at an MOI of 0.01 and supernatant and cell monolayers were collected at 0,
24, 48, 72, and 96 h postinfection (hpi). Infections involving Tecovirimat (ST-246) were performed at a 2
�M final concentration in growth medium. Virus yield was determined by plaque assay in BSC-40 cells
with 2% DMEM containing a 0.05% methylcellulose overlay and visualized with crystal violet supple-
mented with 10% formalin at 48 hpi.

Haploid screen and functional gene annotation analysis. HAP1 mutagenized cells were generated
using the retroviral gene-trap method as previously described (22). Mutagenized cells were infected with
MPXV WA or MPXV ROC at an MOI of 0.5 for 1 h at 37°C, washed, and cultured in Iscove’s modified
Dulbecco’s medium supplemented with 10% FBS, with a medium change performed every 2 to 3 days.
Resistant clones were cultured for 18 days after infection and harvested for genomic DNA isolation using
a QIAamp DNA column. Gene-trap insertion sites were identified by linear amplification of retroviral
integrations in the genomic DNA, and subsequent sequencing was performed using an Illumina NextSeq
system. Reads were aligned to the hg19 human reference genome using Bowtie. Significantly enriched
genes were determined by comparing independent gene-trap insertions in infected cells versus an
uninfected control as previously described (22). Gene Ontology (GO) enrichment analysis was done on
significantly enriched genes (adjusted P value, �0.05) using Cytoscape (version 3.2.0) software with the
ClueGO plug-in (version 2.1.5). The GO term database file (20 March 2014) was used. Significance was
determined using the right-sided hypergeometric test and Benjamini-Hochberg correction. Significantly
overrepresented terms were defined as those having a P value of less than 0.05, a minimum of 3 genes
per term, and at least 4% of the genes from the data set associated with the term. Associated GO terms
were grouped into representative terms on the basis of the kappa score, and the results were summa-
rized by functional group in an overview chart.

Plaque immunostaining. Cells were infected with MPXV-WA or VACV IHDJ for 72 h, with a
methylcellulose overlay. The infected monolayer was fixed with 1:1 acetone-methanol and incubated
with rabbit anti-vaccinia virus antibody (Virostat, Inc., Portland, ME) followed by horseradish
peroxidase (HRP)-conjugated secondary antibody. The foci were developed using o-dianisidine H2O2

solution.
Transfection. Transfection of VPS52KO cells was performed using Lipofectamine 2000 transfection

reagent (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions 24 h prior
to infection. Transfected plasmid (pVPS52) was constructed by inserting FLAG-tagged VPS52 into a
pLenti CMV Puro DEST backbone (Addgene catalog no. 17452). A non-VPS52-expressing plasmid was
used as a control. After transfection, cells were infected with VACV IHDJ at an MOI of 1 for 24 h and the
supernatant and the cell monolayer were collected for virus titer determinations. To validate expression
of pVPS52, transfected VPS52KO cells were harvested with NuPAGE 1� LDS sample buffer with reducing
agent and processed for Western blotting.

Western blot analysis. VPS52 KO cells transfected with the pVPS52 gene (FLAG epitope tag) or
VPS54KO cells stably expressing epitope-tagged VPS54 (V5 and His tags) were harvested and lysed by
boiling in NuPAGE 1� LDS sample buffer with a reducing agent. The samples were separated on a 4%
to 12% Bis-Tris polyacrylamide gel and transferred to a nitrocellulose membrane using an iBlot system
(ThermoFisher). Membranes were incubated with mouse monoclonal anti-FLAG M2 antibody (Sigma-
Aldrich, St. Louis, MO) for pVPS52 transfected samples, mouse monoclonal anti-V5 antibody (Thermo-
Fisher Scientific) for VPS54KO stably transfected samples, and anti-GAPDH (anti-glyceraldehyde-3-
phosphate dehydrogenase) antibody (Covance Inc., Princeton, NJ) as a control. After incubation with
primary antibody, membranes were washed once with 1� phosphate-buffered saline (PBS) with 0.05%
Tween 20 (PBST) and twice with 1� PBS. The blots were developed by incubation with secondary
antibodies tagged to IRDye 800CW and IRDye 680RD (Li-COR Biotechnology, Lincoln, NE) (for FLAG-
VPS52) or to HRP (Clarity Western ECL substrate kit; Bio-Rad, Hercules, CA) (for V5-VPS54).

Confocal microscopy. Cells were seeded into 24-well glass-bottom chamber culture slides (Mattek
Corporation). The next day, cells were infected with VACV WR A4-YFP at an MOI of 0.01 for 24 h, after
which cells were rinsed with ice-cold PBS and fixed with 4% paraformaldehyde for 30 min at room
temperature. This was followed by permeabilization performed with a mixture containing 0.1% Triton
X-100, 0.05% Tween 20, and PBS buffer for 30 min. Fixed cells were staining with Alexa Fluor 647
phalloidin (ThermoFisher) for analysis of actin levels and with DAPI (4=,6-diamidino-2-phenylindole) for
visualization of nuclei. The cells were then washed with cold PBS three times for 3 min each time,
followed by mounting performed with Prolong Antifade mounting media (Molecular Probes). The cells
were examined by the use of an LSM 710 inverted confocal microscope (Zeiss, Oberkochen, Germany),
and images were processed using Adobe Photoshop.

Electron microscopy. HEK293FF6 WT, VPS52KO, and VPS54KO cells were infected with VACV IHDJ for
24 h at an MOI of 1. Cell monolayers were gently scrapped, spun down, and processed for thin-section
EM. Specimens were fixed in buffered 2.5% glutaraldehyde 24 h postinoculation, postfixed in 1% osmium
tetroxide, stained en bloc with 4% uranyl acetate, dehydrated through a graded alcohol and acetone
series, and embedded in a mixture of Epon substitute and Araldite. Thin sections were stained with 4%
uranyl acetate and Reynolds’ lead citrate.

Statistical analysis. Results from replicate experiments are presented as means � standard
deviations. Data were analyzed in GraphPad Prism using Student’s t test to calculate P values and
were corrected for multiple comparisons using the Holm-Sidak method. Statistical significance was
defined as represented by P values of �0.05. No statistics were reported for ST-246 since it served
as a control.
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