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ABSTRACT

The baculovirus Autographa californica nucleopolyhedrovirus (AcMNPV) is a
model enveloped DNA virus that infects and replicates in lepidopteran insect
cells, and can efficiently enter a wide variety of non-host cells. Budded virions of
AcMNPV enter cells by endocytosis and traffic to the nucleus where the virus
initiates gene expression and genome replication. While trafficking of
nucleocapsids by actin propulsion has been studied in detail, other important
components of trafficking during entry remain poorly understood. We used a
recombinant ACMNPV virus expressing an EGFP reporter in combination with an
RNAIi screen in Drosophila DL1 cells, to identify host proteins involved in
AcMNPV entry. The RNAIi screen targeted 86 genes involved in vesicular
trafficking, including genes coding for VPS and ESCRT proteins, Rab GTPases,
Exocyst proteins, and Clathrin adaptor proteins. We identified 24 genes required
for efficient virus entry and reporter expression, and 4 genes that appear to

restrict virus entry.
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INTRODUCTION

Viruses are obligate intracellular pathogens that have evolved intricate
mechanisms to deliver their genetic information into the appropriate compartment
of a potential host cell. Bacteriophages may circumvent the protective cell wall of
their bacterial host by injecting their genetic information directly into the cell.
Some enveloped eukaryotic viruses fuse directly with the cell plasma membrane
while others enter by cellular endocytosis. There are a variety of characterized
mechanisms of endocytosis such as clathrin- or caveolae-mediated endocytosis,
pinocytosis and phagocytosis, in addition to less well-understood cellular uptake
events that do not fall specifically into any of these categories (Mercer et al.,
2010). It is also possible that a single virus may enter the same or different cell
types by different routes or mechanisms, perhaps depending on membrane
composition or the presence of a particular cellular receptor. For many viruses,
entry results from virion binding and clathrin-mediated endocytosis (Hefferon et
al., 1999; Long et al., 2006; Volkman and Goldsmith, 1985). Endocytosed virus
particles are contained within early endosomes, which tether to and transit along
cytoskeletal elements with the aid of a variety of regulatory proteins such as Rab
GTPases. Such proteins direct and regulate subcellular locomotion needed for
vesicle interaction and/or merging with late endosomes, autophagosomes or
lysosomes. For many enveloped viruses, the acidification that occurs within the
maturing early or late endosome activates a viral membrane fusion protein (or
complex) such that viral nucleocapsids are released from endocytic vesicles prior
to their merging with lysosomes or autophagosomes which typically would result
in degradation of the incoming viral particles and thus would block cellular
infection.

Large DNA viruses such as baculoviruses, iridoviruses, and herpesviruses
transcribe and replicate their genomes in the host cell nucleus. Therefore, for
these viruses successful entry requires trafficking to the nucleus. Virus binding,
uptake and transport to the necessary subcellular compartment are all critical

steps that determine the success of virus infection at the cellular level. Identifying
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key cellular processes that govern entry and the initiation of infection will provide
targets for strategies to either block viral infection of new host cells or to enhance
susceptibility of cells to productive viral infection. In the latter case, enhanced
entry could improve virus-based gene delivery or increase therapeutic protein
production when viral vectors are used. Inhibition of cellular factors that restrict
virus infection might also expand the host-range or otherwise enhance host
insect susceptibility to viruses used for biological pest control.

Baculoviruses are large DNA viruses that infect insects. They have been
used successfully as biological control agents, and have been developed as an
important eukaryotic protein expression system for many biotechnological
applications. Baculoviruses also represent an emerging platform for the
production of gene therapy vectors (Felberbaum, 2015; Hu, 2010; Kalesnykas et
al., 2017). The budded form of the baculovirus virion binds and enters many cell
types (even cells that are not permissive for viral replication) and delivers the
genome to the nucleus, albeit at varying efficiencies for unknown reasons.
Baculovirus budded virions bind an unknown receptor and are taken up into both
permissive insect and non-permissive mammalian cells by clathrin-mediated
endocytosis (Airenne et al., 2013; Dong and Blissard, 2012; Hefferon et al., 1999;
Long et al.,, 2006; Wang et al., 1997; Wickham et al., 1990; Wickham et al.,
1992). Budded virions of the model baculovirus, AcMNPV, display a class Il
envelope fusion protein called GP64, which binds the cellular receptor. Following
internalization of the virion, the endosome is transported and incrementally
acidified. After a critical pH is achieved within the endosome, a conformational
change in GP64 occurs, resulting in membrane fusion activity by the GP64
protein and fusion of the virion envelope and endosome membrane. Following
release into the cytoplasm, the nucleocapsid is subsequently trafficked to the
nucleus via a propulsion system that involves F-actin polymerization for
nucleocapsid movement and transit through the nuclear pore (Au et al., 2016;
Mueller et al., 2014; Ohkawa et al., 2010; Ohkawa and Welch, 2018). Within the
nucleus, the nucleocapsid uncoats and the viral DNA genome is released and

early gene expression proceeds.
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In the current study we used an RNAi knockdown approach to identify
cellular factors that impact AcMNPV uptake. For these studies, we used a
recombinant AcCMNPV baculovirus encoding a nuclear-localized EGFP (NLS-
EGFP) reporter gene in combination with Drosophila DL1 cells, which are highly
amenable to dsRNA mediated RNAIi but are non-permissive for viral replication.
We targeted 86 candidate genes: genes involved in aspects of subcellular
vesicular transport and thought to be involved in entry by viruses. Candidate
genes for knockdowns included 27 Rab GTPases (including Rab5 and Rab?7,
both of which are essential for endosome acidification), vacuolar protein sorting
(Vps) genes, clathrin and exocyst complex components, several ESCRT pathway
genes, and other selected genes. We identified 28 genes that had significant
effects on detection of the reporter. Of these 28 genes, 24 reduced reporter
detection by at least 35%, and four (Rab1, Vps2, Sar1, betaCOP) increased
reporter detection from 2-10 fold. Because a knockdown of Rab7 mRNA
enhanced reporter activity by more than 10-fold, we examined potential effects of
the Rab1 knockdown on early events in entry. We found that neither binding nor
the initial internalization of ACMNPV was substantially enhanced by RAB1
depletion, suggesting that the effect of Rab7 knockdown occurs after the virus
binds and is internalized into the endosome, and likely affects endosomal

trafficking or actin-mediated propulsion.

MATERIALS AND METHODS

Cells and Viruses

Drosophila DL1 cells were grown in Schneider's medium (Invitrogen)
supplemented with 10% Fetal Bovine Serum (Hyclone). Spodoptera frugiperda
Sf9 cells were grown in Supplemented Grace’s Medium (Invitrogen Cat. No.
11605) containing 2.5% Fetal Bovine Serum (Hyclone), 1x penicillin/streptomycin
(Invitrogen) and 0.1% pluronic acid F-68.

For construction of the reporter virus, the Drosophila actin promoter was

first PCR amplified and cloned into a pFastbac dual vector in the orientation of
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the polh promoter in a manner that excised the back-to-back p70 and polh
promoters. This plasmid was named pFBactin-Linker. The egfp gene was cloned
downstream of the Drosophila actin promoter to generate pFBactin:NLS-EGFP,
which was subsequently used to generate a bacmid (AcGFP) by standard
methods (O'Reilly et al., 1992). Bacmid AcGFP was transfected into Sf9 cells and
the resulting virus was amplified, then stored at 4° C. The baculovirus used for
gPCR analysis of binding and endocytosis was generated using a pFBactin-
Linker transfer vector that contained the ACMNPV gp64 ORF downstream of the
Drosophila actin promoter (pFBactin-GP64).

dsRNA synthesis and RNAi Knockdowns

DNA templates for T7 RNA polymerase synthesis of gene-specific
dsRNAs were purchased from the Drosophila Screening Resource Center
(DSRC) at Harvard Medical School. The gene specific amplicons are listed in
Table S1. DNA templates contain a 5’ T7 promoter on each strand for synthesis
of dsRNA. Amplicons were amplified using Taq polymerase (Invitrogen) and a T7
primer (T7proFor: 5 AAATTTAATACGACTCACTATAGGG 3', T7 promoter is
underlined). The PCR amplicons were used directly for dsRNA syntheses by

adding 2 pl of each PCR reaction to 10 ul or 20 ul of an in vitro T7 transcription
reaction (Cellscript). T7 transcription was performed at 37°C for 12-16 h.
Afterward, 0.5 pl of kit-supplied RNAase-free DNase was added and incubated at
37°C for 1 h. dsRNAs were purified on Qiagen RNeasy mini columns, eluted in
water and quantified by OD2so2s0 measurement on a Nanodrop
spectrophotometer. To produce larger quantities of dsRNA, the above
transcription reactions were scaled ten-fold and dsRNAs were purified by
phenol:.chloroform extraction and ethanol precipitation.

For RNAi knockdowns in DL1 cells, 700 ng of each dsRNA in 15 pl of
water was added to a well of a 96 well plate. Each dsRNA was added to three
replicate wells. Controls included wells lacking dsRNA and wells seeded with a
nonspecific lacZ dsRNA. Controls to monitor the efficiency of the RNAiI mediated

knockdown in each experiment included dsRNAs targeting egfp and diap1 (which
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results in cell death when DIAP1 is depleted). Drosophila DL1 cells were grown
to confluence in Schneider’'s medium +10% FBS, in T25 flasks. Growth medium
was removed from the flask and replaced with 3 ml serum-free Schneider's
medium. The cells were dislodged into the serum-free medium and counted on a
hemocytometer. Forty thousand cells in 30 pl serum-free medium was added to
each well containing the dsRNA in water, and the plate was gently tapped to mix
the dsRNA and cells before the plate was briefly centrifuged (1000 rpm for 30
sec) to produce an even monolayer. Cells plus dsRNA were incubated for 30 min
at RT, then 55 pl of Schneider's medium supplemented with 20% FBS was
added to each well. The plates were then incubated in air-tight bags at 22°C for 3
days. A dsRNA against the Drosophila inhibitor of apoptosis 1 (diap7) was
included to monitor progression of RNAIi for each batch of cells in replicate
experiments. Knockdown of Diap7 resulted in the induction of apoptosis and cell
death. After 3 days of dsRNA exposure, the AcGFP baculovirus was added to
wells. A dsRNA against egfp (to knockdown the reporter virus expressed NLS-
EGFP) was also incorporated as another control for assessing the robustness of
RNAI by flow cytometry in replicate experiments. The amount of AcGFP added to
wells was pre-determined (see below) by diluting the stock virus in Sf9 cell
growth medium (Supplemented Grace’'s Medium containing 2.5% FBS) and
assessing expression of the EGFP reporter. A volume of 50 ul of the diluted

AcGFP virus (which does not replicate in DL1 cells) was added to each well.

For follow-up studies of Sar7 and Rab1 knockdowns, cells were incubated
with dsRNA for 5 days then re-plated at 2x10° cells per well (in 100 pl fresh
medium) in triplicate wells of 96 well plates. Cells were allowed to attach and
form monolayers for 2 h, then 10 ul of the AcGFP reporter virus was added to
each well with gentle mixing. At 16 h post virus inoculation, cells were analyzed
by flow cytometry for EGFP expression as described above. To confirm Rab1
mRNA depletion in the follow-up RNAI protocol, we performed quantitative
reverse transcriptase PCR on Rab7 mRNA in Rab1 dsRNA and lacZ dsRNA
treated cells. Rab7 mRNA levels were reduced by approximately 90% relative to

that from control cells treated with lacZ dsRNA.
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Reporter Virus Entry Screen

The dose of the AcGFP reporter virus used for transduction in RNAI
assays was determined empirically by inoculating DL1 cells with a range of 2-fold
dilutions of the virus stock. A 5-fold dilution of the AcGFP stock virus preparation
was used for these assays since that dilution resulted in maximal transduction (5-
10%) of untreated cells. The virus inoculum was added to the 100 pl of
Schneider’'s growth medium on the cells and mixed (by gently pipetting 5x). At 16
h post-inoculation, the virus and growth medium were removed and cells from
each well were re-suspended in 100 ul of PBS (pH 7.4), then analyzed by flow
cytometry (Accuri C6) for EGFP expression. Cell samples were assessed for
both the number of EGFP positive cells and the intensity of the mean
fluorescence of the EGFP positive cell population. For analysis of the effects of
RNAI knockdowns, assessments were based on the proportion of EGFP positive
cells as the readout for EGFP detection. EGFP measurements for all RNAI
treated cells were normalized relative to that of control lacZ RNAI treated cells
(Table S2). To identify any potential negative effects of specific dsRNA
knockdowns on cell viability, total cell numbers were also monitored. The
knockdowns of Vps2, Vps4, Vps32 and betaCOP resulted in reduced cell
numbers (i.e. less than 50% of that from lacZ dsRNA treated cells) (Fig 1b), and
were therefore considered to be toxic to the cells. For the analysis of virus entry,
EGFP values were based on the proportion of EGFP positive cells normalized to
the values for lacZ dsRNA treated wells on each plate. To assess the effects of
each dsRNA on reporter virus uptake, we calculated the mean of the lacZ
normalized values for three replicate wells per assay, and performed at least
three iterations of independent experiments (Fig. 1d). We calculated a z-factor, a
value used to evaluate the statistical effect size for our assay, based on the
EGFP positive cell proportions of all 86 knockdowns of the initial RNAIi screen
dataset. The calculated z-factor (equal to 0.676) indicated that the screen was
able to identify significant effects on reporter virus activity due to RNAI
knockdowns (Zhang et al., 1999). To help define significant effects influenced by

the individual gene knockdowns we performed ANOVA (Dunnett's test;
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Graphpad Prism 7.0). The ANOVA analysis for the entire dataset is listed in
Table S2. Table 1 summarizes the 28 RNAi knockdowns that yielded significant
hits from the screen. Robust z-scores (Z’) insensitive to outliers common to RNAI
screens (Birmingham et al.,, 2009), based on the median absolute deviations
obtained for replicate assays of each knockdown, were also calculated for
individual gene knockdowns (see Table S3) to qualify our assignment of “hits”
from this assay.

To subsequently assess with more precision, the effects of selected gene
knockdowns on AcMNPYV binding and internalization, a “scale-up” protocol was
used for RNAI. Cells (15x10° cells in 0.7 ml or 40x10° cells in 1.3 ml of serum-
free medium) were exposed to 21 ug or 55 ug of dsRNA in 35 mm or 60 mm
dishes, respectively, for 30 min at RT. After the initial 30 min incubation, 1 ml (35
mm dish) or 2 ml (60 mm dish) of Schneider's medium containing 20% serum
was added and dishes were sealed with parafilm and incubated at 22 °C for 5

days.

Phagocytosis Assay

Cells treated with selected dsRNAs were also assessed for effects on
cellular phagocytosis. Cells were treated with dsRNAs as described above. At 3
days post dsRNA exposure, growth medium was aspirated from wells and
replaced with 50 pl of the pHrhodo Red E. coli bioparticle (Invitrogen)
phagocytosis reagent (0.5 mg/mL) in Schneider's medium containing 10% FBS
and incubated at 27°C for 30 minutes. Plates were then placed on ice and cells
were subsequently resuspended in PBS (pH 7.4) and analyzed by flow cytometry
(Accuri C6) for the presence of red fluorescence as a marker of bacteria

internalized and reaching the phagolysosome.

Virus Binding Assay
For AcMNPV binding assays, 200ml of AcMNPV BV from cell culture
supernatant was first concentrated by ultracentrifugation (75 min at 80,000 x g,

4°C) through a 25% sucrose pad, and the pellet was re-suspended in 500 ul of 1x
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DNAse | buffer. To remove free viral DNA, 20 units of RQ1 DNAse (Promega)
was added to the virus suspension and incubated at 37°C for 15 min. Aliquots of
the resulting virus preparation were stored at -20°C, and diluted immediately prior
to each binding experiment. A range of dilutions of the virus preparation was
examined in binding assays on Drosophila DL1 cells to establish a dilution that
permitted quantitative PCR detection of the viral genome in a linear range of
detection.

Cells were exposed to dsRNA for 5 days at 22°C as described above for
the RNAI scale-up. Cells were then re-suspended and gently pelleted by
centrifugation (5 min at 1000g). Cell pellets were re-suspended in 0.3 ml
Schneider's medium containing 1% serum, counted with a hemocytometer, and
diluted to 3 million cells/ml in the same medium. Aliquots (50 ul) of the cell
suspension were chilled on ice for 30 min, then 50 pl of the virus preparation
(diluted in the same medium) was added to each tube. Cells and virus were
initially, and intermittently (every 20 min) mixed by gentle vortexing. Cell/virus
mixtures were incubated on ice for 1 h, then cells were washed 3x with cold PBS
(pH 7.4) by centrifugation (1000g, 5 min at 4°C) and re-suspension in 1 ml of
PBS. Washed pellets were then stored at -20°C until total DNA (cell + virus) was
purified using Qiagen DNeasy Blood and Tissue columns (culture cell protocol).
DNA was eluted into 30 pl of the kit elution buffer, quantified (Nanoview, GE),
adjusted to 3 ng/ul in water, and stored at -20°C. Two replicate tubes of cells
were tested in this manner for each experiment, and the experiment was

repeated three times.

Virus Endocytosis Assay

After 5 days of dsRNA exposure, cells were collected and counted as
described for the binding assay, except that the collected cell pellets were re-
suspended in Schneider's medium containing 10% serum. Cells were seeded
(1.5 million cells/well) into a 24-well plate and allowed to attach at RT for 1 h,
then the plate was centrifuged at 1000g for 5 min at 22°C and incubated for 1

additional hour at RT. The medium in each well was replaced with 500 pl cold
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(4°C) Schneider’'s medium containing 1% serum, and the plates were incubated
on ice for 30 min. For the endocytosis assays, the concentrated virus preparation
used for the binding assays was further diluted 50-fold in PBS (pH 7.4) and
filtered through a 0.45 ym PES filter to remove any large aggregates of virus
particles, aliquoted, and thawed just prior to performing the endocytosis assay.
The filtered virus preparation was thawed and diluted 5-fold in cold Schneider’'s
medium containing 1% serum and 150 pl was used to replace the medium on
cells in each well of the pre-chilled plates, and incubated on ice for 1 h to allow
virus binding to cells. After a 1 h incubation on ice, excess unbound virus was
removed from cell monolayers by washing (3x) with 0.5 ml of cold PBS (pH 7.4).
After the washes, 0.5 ml of prewarmed (27°C) Schneider's medium containing
10% serum was added to each well and plates were then incubated at 27°C for 1
h to permit virus endocytosis. A duplicate plate of the cell/virus combination was
kept on ice for 1 h with 0.5 ml of ice-cold Schneider's medium plus 10% serum
after the PBS washes to serve as a control for removal of extracellular virus
particles by trypsinization. After the 1 h incubation (on ice or at 27°C) media from
each well was aspirated and monolayers were rinsed 1x with RT PBS, followed
by addition of 0.5 ml of prewarmed (37°C) trypsin (0.25%, Invitrogen) to each
well. Plates were incubated at 37°C for 10 min, then cells from monolayers were
re-suspended by pipetting with a P1000 micropipette, and then pelleted by
centrifugation (1000 xg, 5 min at 4°C). Cells were washed three times to remove
any extracellular virus, by re-suspending cell pellets in 1 ml PBS (by gentle
vortexing) then pelleting. Washed cell pellets were stored at -20°C until total DNA
(cell + virus) was isolated with the Qiagen DNeasy Blood and Tissue columns
(cultured cell protocol). DNA was eluted in 30 ul of kit elution buffer, quantified
with a Nanoview (GE), diluted to 3 ng/ul in water and stored frozen at -20°C until
used for gPCR.

A range of 2-fold dilutions of the filtered virus preparation was added to
lacZ dsRNA-treated Drosophila DL1 cells to assess quantitative detection of
internalized viral genomes in this gPCR assay. We observed a linear response in

detectable ACMNPV internalization over an eight-fold range of the ACMNPV virus
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inoculum. A 5-fold dilution was used for the endocytosis assay. Two-fold dilutions
of the filtered virus preparation (as used for determining the appropriate dose for
the endocytosis assay) were also included in parallel for each endocytosis assay
with lacZ dsRNA-treated cells to confirm quantitative virus detection in each

iteration of the experiment (Figure 5B).

Quantitative PCR

Total DNA measured in virus binding and endocytosis assays was
measured as the ratio of viral DNA:cell DNA. For these measurements, we used
the ACMNPV the ODVe56 gene (forward: 5'-GATCTTCCTGCGGGCCAAACACT-
3'; reverse: 5-AACAAGACCGCGCCTATCAACAAA-3')(Li and Blissard, 2012)
and the Drosophila Rp49 (or RpL32) gene (Forward: 5-
GACGCTTCAAGGGACAGTATCTG-3,, Reverse: 5'-
AAACGCGGTTCTGCATGAG-3). Virus levels relative to reference were
calculated by the formula: (Rp49er\Ct-RP49ct) / (virusesACLVIUS) where the eff and Ct

subscripts refer to the primer efficiency (eff) and cross-threshold (Ct).

RT-qPCR

RNA extracted from lacZ, Rab1 or Atg1 dsRNA-treated cells was isolated
with Qiagen RNeasy mincolumns. Five units of RQ1 DNase (Promega) was used
to treat 5 ug of each RNA sample prior to reverse transcription. One ug of each
RNA was reverse-transcribed using Superscript Il (Invitrogen) with oligoDT
(Invitrogen) according to manufacturers instructions. A reaction containing no
reverse transcriptase was carried out for each RNA sample and carried through
the qPCR to confirm the absence of contaminating genomic DNA in RNA
samples. The Rp49 qPCR primers were the same as those used for total DNA

gPCR described above. The following additional primers were used: Rab1

(Forward: 5-CCTGTCTTCTGTTGCGATTTGCCG-3', Reverse:
S'CTCCTGGCCAGCAGTATCCC-3') and Atg1 (Forward: 5'-
GCGCGATTCCTGAACGAGGG-3', Reverse: 5'-

12
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CTGGTAGACAATCGTTCCCAGCG-3'. Gene levels relative to reference were
calculated by the formula: (Rp49er"Ct-RP49%) | (geneerC9e"¢) where the eff and

CT subscripts refer to the primer efficiency (eff) and cross-threshold (Ct).

Western Blots

For western blot analysis to confirm ATG8 depletion upon Atg8a
knockdown, cells exposed to control lacZ or Afg8a-specific (DRSC18024)
dsRNAs for 4 days were collected and lysed in a buffer (10 mM tris-HCI, 100 mM
NaCl, 1% triton-x 100; pH 8.0) containing a protease inhibitor cocktail (Roche).
Proteins were separated by SDS-PAGE (12%) and transferred to a PVDF
membrane. A single blot was bisected horizontally to separate the low and high
molecular weight proteins of each sample to enable simultaneous
immunodetection of ATG8 and the GAPDH loading control. ATG8 was detected
(Invitrogen NBT/BCIP) with rabbit anti-ATG8a (Takats et al., 2013) (1:3000) and
GAPDH was detected with rabbit anti-GAPDH GeneTex (1:5000, GTX100118)
and an alkaline phosphatase conjugated anti-rabbit antibody (Sigma). Blots were

photographed and optimized for brightness and color in Powerpoint.

RESULTS

Effects of cellular gene knockdowns on baculovirus entry

The budded virus (BV) form of the baculovirus, AcMNPV, enters and
traffics to the nucleus of many heterologous cell types. Because of this
characteristic, ACMNPV BV is used widely as a transduction vector (Airenne et
al., 2013; Mansouri et al., 2016; Mansouri and Berger, 2018). The cellular
requirements for virus trafficking during entry are poorly understood for this and
other viruses. To identify cellular proteins and pathways that are involved in entry
of ACMNPV BV, and perhaps other enveloped viruses, we developed an RNAI-
based semi-high-throughput screen for virus entry in Drosophila melanogaster
DL1 cells (Fig. 1), an insect cell line that is non-permissive for ACMNPV

replication. While host gene knockdowns using RNAI are possible in permissive
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lepidopteran cell lines, we found that lepidopteran cells require transfection
reagents for dsRNA mediated knockdown and that dsRNA transfection
efficiencies may be highly variable (unpublished observations). The use of the
DL1 cell line for RNAI has been extensively documented, requires no transfection
reagents (dsRNAs are readily imported into DL1 cells), and is highly efficient
(Yasunaga et al., 2014). For entry screens, the replication of the viral vector may
also complicate the interpretation of the results since knockdowns that affect
DNA replication may affect reporter gene expression due to variations in
template copy number. The AcCMNPV baculovirus does not replicate in DL1 cells
and thus, use of the DL1 system avoids misinterpretation due to effects of
knockdowns on events downstream of viral entry and gene expression. An
additional advantage of the DL1 cell system is the availability of a vast pan-
genomic array of RNAi amplicons that are available through the Drosophila RNAI

Screening Center (DRSC, https://fgr.nms.harvard.edu/), reagents which must be

developed gene by gene for each lepidopteran host species. To assess the
effects of host gene knockdowns on virus entry, we challenged DL1 cells with a
recombinant ACMNPV virus (AcGFP) containing an EGFP reporter gene (NLS-
EGFP) under the control of a D. melanogaster actin promoter. Because AcGFP
does not replicate in DL1 cells, quantification of reporter gene expression was
used as a measure of virus entry and trafficking to the nuclei of infected cells.

We selected a variety of host genes with known roles in vesicular
transport for analysis by RNAi knockdowns (Table S1, Figure 2). For gene
knockdowns, Drosophila DL1 cells were first incubated with individual dsRNAs
for 3-4 days, then inoculated with the reporter virus (AcGFP). Cells and virus
were then incubated for 16-24 h, and cell viabilty and EGFP levels were
measured by flow cytometry. To control for general effects of dsRNA on DL1
cells, a non-specific dsRNA (targeting the /acZ gene) was used as a control and
EGFP levels in the presence of each cellular gene knockdown were measured
against that of the lacZ dsRNA knockdown control. To determine which effects
were significant, we performed ANOVA (using a Dunnett’s test) for the entire set

of 86 dsRNAs (Table S2). We then categorized gene knockdowns, according to
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the relative degree of change in EGFP reporter detection. The results from the
analysis of 86 genes are summarized in Figure 2 and Table S2.

Of the 86 gene knockdowns, we identified 28 that consistently and
substantially altered reporter EGFP levels (Fig. 2A, ftriangles; Table 1),
suggesting effects on entry. Knockdown of Rabb resulted in the most dramatic
reduction of EGFP reporter activity. Prior studies have shown that RABS
depletion blocks endosomal maturation (inhibiting acidification of the endosome)
which is required for viral membrane fusion and release of nucleocapsids into the
cytoplasm (Kukkonen et al., 2003; Liu et al., 2014). Thus, the Rab5 knockdown
also served as a positive control for RNAI knockdown effects on virus uptake in
follow-up experiments. Among the gene knockdowns that resulted in the most
significant effects on EGFP detection, we subdivided the effects into 4 categories
based on both the percent reduction in EGFP detection and the statistical
significance (p-value) determined by ANOVA (Table 1). The four categories are:
Strongly inhibitory, Moderately inhibitory, Weakly inhibitory, and Stimulatory. Of
the 24 genes that resulted in reduced reporter levels (Fig. 2A, green bars), the 8
gene knockdowns that caused the greatest reductions (strongly inhibitory) in
virus entry as measured by EGFP fluorescence (£35% of control) included Rab5,
Rab7, Vps1, Vps74, Vps32, Rab3, Vps4, Vps74, and Arf4. Gene knockdowns
that caused moderate decreases in EGFP levels (48-58% of control) included
Rab8, AP-1-2beta, Sec8, Vps11, Rab14, Rab2, Vps23, Rab10 and Rab35. The
gene knockdowns that caused weak but significant reductions (258% of control)
included Rab30, Vps29, Sec10, Vps41, Vps60, Rab11 and Rab26.

Because cells were incubated for 3-4 days with dsRNAs and some
knockdowns may affect cell growth, we also assessed the effect of each gene
knockdown on growth and proliferation of cells (Fig. 2C). For most genes
examined, dsRNA knockdowns did not severely affect cell growth (Figure 2C;
dashed line). RNAi knockdowns were considered toxic if the cell density was
reduced to less than 50% of that from control lacZ dsRNA treated cells. We
identified 5 gene knockdowns that substantially altered cell growth and/or viability
(Fig. 2C; Vps2, Vps4, Vps32, Rabb, and betaCOP).

15
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Perhaps most interesting and significant, we found that knockdowns
targeting four genes (Rab1, Vps2, betaCOP, and Sar7) resulted in an increase
(approximately 2- to 3-fold) in EGFP positive cells suggesting that these gene
products may restrict virus entry (Fig. 2A, red bars). Each of these four
knockdowns resulted in at least a 2-fold increase in EGFP reporter detection
relative to that observed in control lacZ dsRNA treated cells. Vps2 and betaCOP
knockdowns caused =2-fold increases and Rab7 and Sar1 caused =2.7-fold
increases in reporter EGFP detection (Table 1). We also noted that although the
knockdown of both betaCOP and Vps2 appeared to increase the percentage of
EGFP positive cells (Fig. 2A), these knockdowns also resulted in reduced growth

of cells (Fig. 2C) raising the possibility of pleiotropic effects.

Phagocytosis was not enhanced by the knockdown of Rab1, Vps2, Sar1 or
betaCOP

Because the knockdowns of Rab1, Vps2, Sar1, and betaCOP increased
reporter EGFP detection, this suggested that these proteins could limit viral entry
or trafficking and we further examined their effect on cellular physiology. As it has
been previously reported that DL1 cells and other hemocyte-like Drosophila cell
lines are naturally phagocytic (Cherry, 2008), we first asked whether these
knockdowns also increased cellular uptake levels by phagocytosis. To determine
whether these four RNAiI knockdowns induced a general increase in
phagocytosis, we measured phagocytosis activity in the presence of Rab1, Vps2,
Sar1 and betaCOP knockdowns, using pHrhodo conjugated E. coli, which
fluoresces following phagocytosis when reaching the low pH of the
phagolysosome. RABS is needed for early endosome acidification and therefore
knockdown of Rab¥b is expected to decrease fluorescence of pHrhodo conjugated
E. coli. Thus, a Rab5 knockdown was included as a control for this assay. As
anticipated, cells with a Rabb knockdown elicited very little fluorescence
confirming that RABS is important for phagocytosis. In comparison to the lacZ
control RNAI knockdown, we detected no increase in phagocytosis for the Rab1,
Vps2, Sar1, or betaCOP RNAIi knockdowns (Fig. 3), which all enhanced AcGFP
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reporter activity in the entry screen (Fig. 2A). Furthermore, except for the Rab1
knockdown (which showed no substantial effect on phagocytosis), gene
knockdowns of Vps2, Sar? and betaCOP resulted in lower levels of detected
phagocytosis. Therefore, the enhanced virus entry and reporter expression that
we observed in the presence of the Rab1, Vps2, Sar1 and betaCOP knockdowns
was not due to a general increase in phagocytic uptake, but rather appears to be
specific to entry by the virus particles. We also noted that most, but not all of the
24 RNAI knockdowns that significantly inhibit baculovirus entry, also reduced

phagocytosis using this same assay (see Figure S1).

Confirmation of enhanced virus entry

In the initial screen, we identified four genes that appear to restrict virus
entry. To confirm and more carefully examine this effect, we modified the RNAI
analysis protocol to improve comparisons. For the initial 96-well based semi-
high-throughput RNAIi screen, cells exposed to some dsRNAs for prolonged
periods grew in foci or at different rates. To insure equivalent accessibility of cells
to the reporter baculovirus and to enhance knockdowns, cells were treated with
dsRNA for 5 days then detached, re-suspended, and re-plated at equal cell
densities to form even monolayers prior to adding the reporter baculovirus. Using
the same reporter baculovirus (AcGFP), we observed similar levels of
enhancement for Sar1 (Fig. 4) as was observed previously (Fig. 2A). However,
using the modified approach, the Rab7 RNAIi knockdown resulted in a more than
10-fold increase in EGFP positive cells relative to the lacZ dsRNA treated control
cells (Fig. 4B). As expected, we detected little EGFP in the control Rab5
knockdown cells. Cells in which either Vps2 or betaCOP were targeted for
knockdown did not efficiently re-attach to culture plates as required in the

modified assay, and therefore Vps2 and betaCOP were not further assessed.

Knockdown of Rab1 does not enhance AcCMNPYV binding to cells
We found that a Rab7 knockdown resulted in enhanced EGFP reporter
detection in AcCMNPV infected cells, suggesting enhanced entry in the absence of

RAB1. Because RAB1 has previously been described as playing a variety of
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roles in the cell (including regulation of ER-golgi and intra-golgi trafficking,
autophagy-related membrane-tethering events, and actin polymerization)
(Barrowman et al., 2010; Russo et al., 2016), we reasoned that the Rab1
knockdown may affect one or more of the steps in virus entry, such as: binding at
the surface, internalization into an initial endosome, transit of the endosome,
release from the endosome, actin-mediated transport, or even nuclear entry.
Therefore, we first asked whether the binding of ACMNPV at the cell surface was
affected by the Rab1 knockdown. To examine virion binding, we used gPCR to
detect quantitative changes in virus particles bound to the surface of cells treated
with either Rab1 or control lacZ dsRNA (Fig. 5A). We also assessed virus binding
to Rab5 dsRNA treated cells since knockdown of Rab5 caused the most drastic
reduction in reporter EGFP detection in all our prior experiments. To first confirm
quantifiable detection of virus binding at the cell surface, we first showed that
AcMNPV DNA could be detected by gPCR, in a dose-dependent manner, from
AcMNPV BV bound to the cells. A BV dose within the linear range of the qPCR
assay was selected for binding experiments. For this assay, AcMNPV BV was
bound to cells on ice (which inhibits endocytosis) for 1 h, then cells were washed
(on ice) to remove unbound virus. Total DNA was then extracted and analyzed
by gPCR to determine relative amounts of bound AcCMNPV DNA. Viral DNA was
measured in reference to cellular DNA (gene Rp49). When compared with cells
treated with control lacZ dsRNA, we detected no increase in virus bound to cells
for which Rab1 was knocked down, (Figure 5A, lacZ vs Rab1). Because the entry
assay resulted in a >10-fold increase in EGFP levels when Rab1 was knocked
down, this result indicated that the enhanced EGFP reporter expression in the
presence of the Rab1 knockdown did not result from an enhancement of binding
of BV at the plasma membrane. In addition to the Rab7 result, the observation
that the Rab5 knockdown did not affect virus binding (Figure 5A, lacZ vs. Rabb),
yet dramatically reduced EGFP reporter detection in all our prior assays indicates
that the Rab5 knockdown blocks a step of virus entry beyond initial virus binding

to cells.
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Rab1 knockdown does not enhance AcMNPV endocytosis into cells
Because virus binding at the cell surface was not enhanced by the Rab1
knockdown (Figure 5A), we next examined the effect of Rab7 depletion on the
initial internalization of the virus into the cell from the cell surface. For this
experiment we filtered (0.45 um) the AcMNPV preparation used for binding to
remove any large aggregates of virus particles, which might introduce variability
to the experiment. Similar to the method used to determine the ACMNPV dose for
binding experiments, we first analyzed the filtered ACMNPV preparation and
established a linear range for detection of internalization in a dose-dependent
manner, using control cells (Fig. 5B). The virus (BV) was bound to cells at 4°C for
1 hour, then removed by washing cells 3x at 4°C. To initiate entry from the
surface, cells were shifted to 27°C. After 1 h at 27°C, cells were treated with
trypsin (37°C for 10 min) to remove any virus remaining at the cell surface. Cells
were then pelleted, washed 3x in cold PBS, and lysed, then total DNA was
analyzed by qPCR to detect virus that was internalized. As a control to ensure
we were detecting DNA only from internalized viral particles, we monitored
parallel plates of cells in which virus was bound at 4°C, but not shifted to 27°C.
Following the binding and washing steps, cells were placed at 4°C (not 27°C) for
1 h, then treated with trypsin to remove residual virus at the cell surface. As
expected, very little viral DNA was detected from these “binding only” controls,
confirming that any bound virus remaining at the cell surface was efficiently
removed by protease treatment. Relative to control lacZ dsRNA treated cells, we
did not detect an increase in intracellular AcCMNPV DNA in the presence of a
Rab1 knockdown (Figure 5C). Thus, in contrast to the 10-fold increase in the
EGFP signal observed in the presence of the Rab? knockdown, the initial
internalization of ACMNPV from the cell surface was not enhanced by the Rab1
knockdown, indicating that a subsequent subcellular trafficking pathway is likely

affected by the Rab7 knockdown.

We also monitored virus internalization into Rab5 dsRNA treated cells (for
which cell surface binding was not altered; Fig. 5A) although the Rabb

knockdown almost completely blocked EGFP reporter virus activity. We found
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that Rab5 dsRNA treated cells did not have a reduced ability to internalize virus.
This indicates that the observed reduction of the EGFP reporter in the presence
of a Rabb knockdown, also likely results from impacts on steps following the
initial internalization of ACMNPV BV.

Knockdown of core autophagy genes does not enhance AcMNPV entry

In addition to its roles in ER-Golgi transport, RAB1 has also been shown
to play a role in autophagy in mammalian and insect cells. RAB1 is known to be
involved in autophagosome formation (Huang et al., 2011; Kakuta et al., 2017;
Zoppino et al., 2010), a process important in cellular immunity to viruses (Rey-
Jurado et al.,, 2015). Thus, we hypothesized that the increased efficiency of
AcGFP virus entry in the presence of a Rab71 knockdown may result from an
effect on components of the autophagy pathway that have anti-viral roles. To test
this hypothesis, we examined AcGFP virus entry in the presence of RNAI
knockdowns of core autophagy genes Afg1, Atg2, Atg8a, and Atg9. We detected
no increase in AcGFP entry into cells treated with dsRNA targeting any of these
genes (Figure S2A). Knockdowns of Atg7 and Afg8a were confirmed by qRT-
PCR and immunoblot analysis, respectively (Fig. S2B and S2C). Thus, the
results from knockdowns of core autophagy genes suggest that enhanced
AcGFP entry in the Rab71 knockdown likely did not result from an effect on
autophagy.

DISCUSSION
To identify cellular proteins and pathways involved in AcCMNPV BV entry

into cells, we developed a semi-high-throughput RNAI screen. For this screen, a
set of 86 host genes was targeted for RNAi knockdowns in Drosophila cells.
Following RNAIi knockdown of each candidate gene, cells were infected with a
replication-incompetent recombinant baculovirus (AcGFP) expressing an NLS-
EGFP reporter, and cells were screened for reporter activity as a measure of

virus entry. In this RNAI screen (which targeted factors known to be involved in

20



Hodgson et al.

vesicular transport), we identified 24 genes that negatively impacted EGFP levels
in cells infected with the reporter virus. Of these 24 genes, 8 showed dramatically
reduced reporter EGFP expression. These genes included Vps1, Vps4, Vps32
and Vps74, Rab3, Rab5, Rab7 and Rab8, clathrin AP-1-2beta, and Arf4. Some of
the most dramatic effects resulted from knockdowns of Rab5, Rab7, Vps1 and
Vps74, each of which reduced reporter detection by more than 80%. Many of
these genes are known to be important for endocytosis or the endolysosomal
system, consistent with the observed effects on virus uptake into cells and/or
release of nucleocapsids from endosomes. For example, VPS74 is a Pl4P-
binding protein that interacts with ER-Golgi anterograde trafficking of betaCOP-
coated vesicles (Tu et al., 2012). Although the receptor for the baculovirus
budded virus has not been clearly identified, virions are presumed to bind to a
common component of membranes of numerous cell types since baculoviruses
enter many cell types, independently of whether cells are permissive for
replication by the virus (Airenne et al., 2003; Dong and Blissard, 2012; Kost and
Condreay, 2002; Shoji et al., 1997). VPS74 depletion may affect PI4P regulated
protein and/or lipid trafficking, possibly altering virion-membrane interactions or
endosomal trafficking necessary for BV entry. VPS1 is a dynamin homologue
with GTPase activity (Obar et al.,, 1990; Vater et al., 1992) that has been
associated with membrane invagination at the sites of endocytosis in yeast (Rooij
et al., 2010). Because baculoviruses enter insect and mammalian cells by
clathrin-mediated endocytosis (Volkman Goldstein 1985, Long 2006), RNAI-
mediated VPS1 depletion may limit initial or subsequent steps in endocytosis of
the AcGFP reporter virus into cells.

RABS5 is required for transport and fusion of plasma membrane-derived
vesicles to early endosomes (Bucci et al., 1992) and for fusion among early
endosomes (Meresse et al.,, 1999). RAB5 depletion or functional inhibition has
previously been shown to block infection by several other enveloped viruses
(reviewed in (Sieczkarski and Whittaker, 2002)). RAB7 in contrast, is associated
with late endosomes and is involved in trafficking from early to late endosomes,

and from late endosome to lysosomes. In some viruses, virions escape from
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early endosomes and do not appear to require late endosome trafficking. In
those cases, Rabb disruption prevents entry while Rab7 disruption does not.
Because we found that RNAi knockdowns of both Rab5 and Rab7 substantially
reduced detection of the EGFP reporter, this suggests that late endosomes and
possibly lysosomes are necessary for ACMNPV BV entry. This is consistent with
the low pH threshold (around pH 5.5) for triggering membrane fusion by the
baculovirus GP64 membrane fusion protein, and likely release of nucleocapsids
from late endosomes (Blissard and Wenz, 1992; Monsma and Blissard, 1995).
Less dramatic in magnitude, knockdowns of Vps4, Vps23, Vps11 and
Vps32 also markedly reduced reporter ACGFP detection to about 50% of the
control. A dominant negative form of VPS4 was previously shown to block
transport of baculovirus nucleocapsids into the nuclei of lepidopteran host cells
(S. frugiperda) (Li and Blissard, 2012) although the specific step inhibited was not
determined. The ATPase activity of VPS4 is required for disassembling and
recycling ESCRT IlI filaments, which are composed largely of VPS32 (SNF7p), a
subunit of the ESCRT IlIl complex. The ESCRT Ill complex mediates scission of
newly formed vesicles in intracellular compartments called multivesicular bodies
(Shen et al., 2014) (reviewed in (Schmidt and Teis, 2012)). The observation that
depletion of Vps32 and Vps4 reduced baculovirus entry in the current study is
also consistent with prior and recent studies of the importance of certain ESCRT
pathway components in BV entry (Li and Blissard, 2012; Yue et al., 2018).
VPS23 (Tsg101) is an ESCRT | subunit required for directing assembly of the
ESCRT | complex and is the portion of ESCRT | that recognizes ubiquitinated
cargo destined for endolysosomal degradation (Katzmann et al., 2001). VPS11 is
a component of the HOPS complex that is needed for early to late endosome
maturation and endosomal fusion with autophagosomes and lysosomes
(Chirivino et al., 2011; Wartosch et al., 2015). Therefore, since knockdowns of
Vps4, Vps11, Vps23 and Vps32 limited baculovirus reporter activity, the
complexity and specificity of cellular pathways utilized during budded virus entry

are beginning to come into focus.
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Recently, several VPS/ESCRT Ill proteins were identified as important for
baculovirus (AcMNPV) entry into and transport within permissive cells of
lepidopteran hosts Spodoptera frugiperda (Sf9 cells) and Trichoplusia ni (High5
cells) (Yue et al., 2018). In that study, both RNAiI and dominant negative protein
constructs were used to disrupt vesicular trafficking and the following ESCRT llI
components were identified as important for BV entry: VPS2B, VPS4, VPS20,
VPS24, VPS26, VPS60 and VPS32. As described above, data from the current
screen (which assessed reporter baculovirus entry into Drosophila cells) is in
good general agreement with data from AcCMNPV entry into lepidopteran cells
(Yue et al., 2018). We noted several differences also. One observed difference is
that Vps23 (Tsg101) knockdown was moderately inhibitory (45% reduction in
EGFP positive cells) to reporter virus entry into Drosophila cells in the current
study, whereas no effect on virus entry into lepidopteran cells was observed in
the prior study (Yue et al., 2018). Also, whereas the current screen with
Drosophila cells did not result in reduced entry upon knockdown of Vps2B,
Vps20 or Vps24, AcMNPV entry into Sf9 and High5 cells was significantly
reduced when those components were disrupted by RNAi or DN protein
overexpression (Yue et al., 2018). It is currently unclear whether the differences
observed between the current and prior study (Yue et al., 2018) in Drosophila
and lepidopteran cells, respectively, indicate differences in entry mechanisms or
pathways, or whether this reflects differences in the experimental systems. While
Drosophila differs substantially in size and habitat from permissive lepidopteran
hosts such as S. frugiperda and T.ni, the genomes of these permissive insect
species have substantial similarities with the Drosophila genome. For example,
the T. ni genome has an estimated 14,374 protein coding genes (Chen et al., In
Press; Fu et al., 2018) and the D. melanogaster genome has approximately
13,883 protein coding genes (Hoskins et al., 2015). Lepidopteran species (such
as T. ni, M. sexta, B. mori, and D. plexippus) encode orthologs of most genes
found in the Drosophila melanogaster genome (Chen et al., In Press; Kanost et
al., 2016; Li and Blissard, 2015; Zhan et al., 2011). For Drosophila gene

knockdowns that significantly altered AcGFP entry in the current study, orthologs
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from permissive hosts T. niand S. frugiperda were identified by reciprocal
BLAST analysis and are listed in Table S4. All 28 of the Drosophila genes that
we identified as important for AcGFP entry were identified in the T. ni
transcriptome and all but two (Rab2 and Rab3) were identified from the S.
frugiperda genome. Therefore, the current study in Drosophila cells reveals
specific cellular proteins that may form the basis for a generalized entry pathway
for ACMNPV BV.

An unexpected but important result from the current RNAIi screen was the
increase in EGFP reporter detection from four of the cellular gene knockdowns
(Vps2, Rab1, betaCOP, and Sar7). This suggested that these proteins may play
roles in restricting either binding, cellular uptake, or intracellular transport of
virions or nucleocapsids to the nucleus. We were particularly interested in the
Rab1 knockdown, which increased the EGFP reporter by more than 10-fold
relative to control cells. Although the relevant step in entry was not identified,
further analysis indicated that virion binding and internalization were not affected
by the Rab1 knockdown, suggesting that the effect was due to one or more of the
downstream steps such as: vesicular transport, vesicle-virion fusion, actin
propulsion of nucleocapsids, or nuclear entry. Also, although unlikely,
nucleocapsid uncoating or reporter gene transcription or translation could also be
affected, and cannot be formally eliminated.

A major function of RAB1 is the regulation of anterograde vesicle transport
from ER-to-Golgi, which if blocked, may affect secretion and/or surface display of
some glycoproteins (Plutner et al., 1991; Plutner et al., 1990). RAB1 also plays a
role in biogenesis of autophagosomes (Huang et al., 2011; Zirin and Perrimon,
2010; Zoppino et al., 2010). Autophagy also restricts infection by a variety of
intracellular pathogens (a process termed xenophagy) including HSV-1
(Kirkegaard et al., 2004; Smith and de Harven, 1978), another large enveloped
nuclear DNA virus. The HSV-1 ICP34.5 protein targets the proautophagic activity
of the Beclin1 protein (ATG6 in yeast) and blocks HSV-1 induced autophagy in
neurons, thus enabling viral replication to levels that cause neurovirulence

(Orvedahl et al., 2007). AcMNPV transduction of non-permissive mammalian
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(HeLa) cells was also reported to be negatively impacted by autophagy since
pre-treatment of cells with 3-methyladenine (3-MA), a PI3K inhibitor that
decreases autophagosome biogenesis, was shown to increase viral transduction
efficiency (Liu et al., 2014; Wei et al., 2012). However, 3-MA may also result in a
variety of pleiotropic effects in cells, so we assessed baculovirus transduction
based on EGFP reporter expression, in the presence of RNAi-mediated
knockdown of several core autophagy genes. When we examined effects of
RNAIi knockdowns of the core autophagy genes Atg1, Afg2, Atg8a and Atg9, we
observed no increase in EGFP reporter detection. We therefore conclude that
enhanced viral entry resulting from the Rab71 knockdown was unlikely to be
caused by an inhibition of autophagy.

RAB1 has also been described as a tethering factor for the WASP
homologue associated with actin, membranes, and microtubules (WHAMM) that
mediates polymerization of actin, but which limits f-actin nucleation (Russo et al.,
2016). In this context RAB1 was shown to stimulate assembly of WHAMM-
associated actin containing structures in mammalian fibroblasts. However, RAB1
binding to WHAMM blocked nucleation of f-actin synthesis. Baculovirus
nucleocapsids contain an f-actin nucleating protein (p78/83) that induces actin
polymerization to propel viral nucleocapsids in the cytoplasm and to drive transit
across the nuclear pore in insect and vertebrate cells (Au et al., 2013; Au et al.,
2016; Mueller et al., 2014; Ohkawa et al., 2010) cells. Thus, knockdown of Rab1
may possibly affect actin polymerization associated with propulsion of the
nucleocapsids in the cytoplasm, or their movement across the nuclear pore. It is
also interesting to note that VPS4 and several ESCRT-III proteins were reported
to be associated with the assembly and perhaps maintenance of the nuclear pore
complex (Webster et al., 2014) and it is therefore possible that the observed
effect of some knockdowns may result from effects on nuclear entry by the
nucleocapsid. Proteins such as ESCRT complex components and Rab proteins
serve a complex variety of roles in the cell (Bhuin and Roy, 2014; Goody et al.,

2017; Hurley, 2015) and understanding the precise mechanisms by which
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knockdowns or dominant negative constructs inhibit or enhance virus entry will

be an ongoing challenge in virology and cell biology.
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FIGURE LEGENDS

Figure 1.

The graphic shows the experimental design of the RNAI screen for effects of host
gene knockdowns on reporter baculovirus (AcGFP) entry. DL1 cells were
incubated with individual dsRNAs for 3 days in a 96-well plate format. The
AcGFP reporter baculovirus was added to each well, incubated for 16 h, then cell
density, total EGFP fluorescence levels, and the proportions of EGFP-positive

cells were measured by flow cytometry.

Figure 2

Results of RNAIi knockdowns of host genes on reporter (NLS-EGFP) detection
from the reporter baculovirus (AcGFP) in the viral entry screen. For each graph,
host DL1 genes targeted for RNAIi are listed on the left. In each graph, the
dashed line indicates the baseline of entry detected for control cells treated with
lacZ dsRNA. The 24 gene knockdowns that significantly reduced reporter EGFP
detection are indicated by green arrowheads on the left of each graph. The 4
gene knockdowns that significantly increased reporter EGFP detection are
indicated with red arrowheads. A) Relative proportion of EGFP-positive cells. B)
Relative mean fluorescence intensity of EGFP-positive cells. C) Relative cell
density of EGFP-positive and —negative cells (cell viability) as a measure of
toxicity of dsRNA treatments. Cell viability monitored by flow cytometry is
represented as the cell density observed for each gene knockdown relative to
that of the lacZ control (dashed line). The 28 gene knockdowns that significantly

altered EGFP detection are summarized in Table 1.
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Figure 3

Effects of selected gene knockdowns on phagocytic activity of DL1 cells. Levels
of phagocytosis in cells exposed to the indicated dsRNAs and treated with a pH
sensitive dye conjugated to E. coli (pHrhodo), were measured by flow cytometry.
Phagocytosis levels were assessed relative to that from control cells incubated
with lacZ dsRNA (lacZ, dashed line).

Figure 4

RNAIi knockdowns of Sar1 and Rab1 genes that enhance reporter baculovirus
entry. A) Representative images of flow cytometry detection of EGFP positive
cells from an analysis of Sar? and Rab? knockdowns using a modified RNAI
assay (see Materials and Methods). EGFP positive populations used for
quantification are highlighted by boxes (red dashed lines) in the images on the
left (SSC-A/FL1-H plots). Images on the right (count/FL1-A) illustrate the relative
proportions of EGFP-labeled vs. unlabeled cells. The dashed line on the left
highlights the background mean fluorescence intensity, and the dashed line on
the right highlights the mean fluorescence intensity of the EGFP signal. B) Entry
levels of ACGFP were evaluated by flow cytometry measurements of NLS-EGFP
from cells exposed to the indicated dsRNAs in the modified RNAIi assay. Data
shown are the results from three individual wells analyzed in each of three
independent assays. LacZ and Rab5 dsRNA treated cells were included as

negative and positive controls, respectively.

Figure 5

Analysis of AcCMNPV binding and endocytosis. A) For each dsRNA
knockdown, AcMNPV BV was bound to an equal number of cells for 1 h on ice.
Excess unbound virus was removed by washing cells 3x with cold PBS, then
total DNA was isolated and viral DNA was measured by qPCR. Results shown

comprise two replicate samples for each dsRNA treatment from three
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independent experiments. B) Dose-response for virus entry. To validate
quantitative detection of ACMNPV BV internalized by endocytosis, two-fold
dilutions of the AcMNPV BV preparation were incubated on cells previously
treated with lacZ dsRNA. After removing unbound virus, cells were shifted to
27°C for 1 h to permit virus entry. To remove any virus remaining at the cell
surface, cells were treated with trypsin and washed, then total DNA was isolated
from cells, and internalized virus was measured by qPCR detection of viral DNA.
Data shown are three replicate samples from three independent experiments. C)
To analyze virus internalization in the presence of Rab1 and Rab5 knockdowns,
AcMNPV BV was bound to equal numbers of cells (on ice) that were previously
incubated with the indicated dsRNAs. Cells were treated as described in (B)
above, and internalized virus was measured by qPCR detection of internalized
viral DNA. Data shown comprise triplicate samples for each dsRNA treatment

from three independent experiments.

Figure S1

Effects of RNAIi knockdowns on virus entry (grey bars) and phagocytosis (black
bars) in cells. DL1 cells were treated with the indicated dsRNAs targeting a
selected set of host genes. The selected Drosophila genes were identified as
those for which RNAIi knockdowns most substantially affected AcGFP virus entry.
The phagocytosis assay was performed as described for experiments in Figure
3. Results show the effect of each RNAi knockdown on virus entry and

phagocytosis, side by side.

Figure S2

Analysis of AcGFP entry in the presence of RNAi knockdowns of four core
autophagy genes. A) Relative levels of AcGFP BV entry were analyzed by
measurements of EGFP fluorescence by flow cytometry, as described above.

Results comprise three replicate samples for each treatment from two
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independent experiments. We detected no increase in AcGFP BV entry upon
knockdown of these core autophagy genes. RNAi knockdowns of Aftg1 and Afg8a
were confirmed by gRT-PCR (B) and Western blot analysis (C), respectively
(See Materials and Methods). The analysis shows that Atg7 mRNA and ATGS8

protein were severely depleted after the associated dsRNA treatment.
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Table 1. Summary of significant RNAi hits

% EGFP
Positive % Cell
Gene! Cells P-Value? Density

B Rab 5 10.5 <0.0001 50.0

Rab 7 185 <0.0001 1146
Strongly VPS 1 192 <0.0001 1006

o i VPS 74 196 <0.0001 85.7

= Inhibitory VPS 32 229 <0.0001 34.4

= Knockdown Rab 3 305 <0.0001 116.0

g VPS 4 33.2 <0.0001 24.3

» Arfd 34.5 <0.0001 o8.8

S Rab 8 48.1 <0.0001 98.4

E AP-1-2beta 49.0 <0.0001 65.1
Moderatel Sec 8 50.6 <0.0001 87.5

° erately VPS 11 51.4 <0.0001 102.4

« Inhibitory Rab 14 54.1 0.0002 97.8

e Rab 2 54.4 0.0003 116.4

© Knockdown VPS 23 54.9 <0.0001 69.2

k= Rab 10 57.3 0.0009 108.3

8_ Rab 35 58.3 0.0015 171

£ Rab 30 62.2 0.019 116.4

- Weakl VPS 29 64.2 0.005 107.9

Y

. Sec 10 64.3 0.0052 81.1

Inhibitory VPS 41 4.4 0.0054 109.2

Knockdown VPS 60 66.0 0.0102 106.8

Rab 11 66.8 0.0347 97.5

< - Rab 26 66.9 0.0358 120.5
— B - Rab 1 317.6 <0.0001 66.9
E’ a2 Stimulatory Sar 1 2715 <0.0001 101.1
- E B Knockdown betaCOP 219.8 <0.0001 375
'S ol VPS 2 1962 <0.0001 357

(14

1 Genes are listed in descending order of their extent of altering
EGFP detection seen in gene knockdowns.

2 P-values are based on a Dunnett's test.

3 Knockdowns causing less reporter EGFP detection are regarded
to promote virus entry.

4 Knockdowns that enhance reporter EGFP detection are
considered as restrictive for virus entry.



Figure S1

Phagocytosis assay of genes of interest
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Figure S2
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Table S1

Other Annotation
Gene Names Number DRSCID
Vipsl shibire, dynamin ceia102 DRSC29498
Vips2 CG14542 DRSC27194
Vps2b Chmp2B o618 DRSC26221
Vips4 CGBa4Z DRSC25068
Vs CE10144 DRSCOS705
Vps1l CG32350 DRSC35215
Vps13 CG2083 DRSC29275
Vps13B CG15523 DRSC15060
Vps13D cEIN3 DRSC38245
Vps1s ird1 CEOTIE DRSC36917
Vps168 fab CG1812 DRSC15304
Vpsig dor G083 DRSC18765
Vps20 CE4071 DRSCO4448
Vps22 Isn CEBEIT DRSC25700
Wps23 Tsgl01 CGITIZ DRSC11098
Vps2d MPL caline DRSC28577
VPS Vps25 CG14750 DRSCOE486
Vps26 CG14804 DRSC3I7369
and Vps27 1(2)23Ad, Hrs 62903 DRSC27741
ESCRT Vps28 Myb12 cariez DRSC20027
vps29 CE4764 DRSCA2488
Vps32 snf?, shrb CGA0sS DRSCOTOEL
Wps33 car, vps33da CEA0SS DRSCA0340
Vps33B CE5127 DRSC15722
Vps3d BI3K59F CG537T3 DRSC37321
Vps35 [l DRSC36445
Vps36 CG10T1 DRSCO9785
Vps378 CG115 DRSC12165
Vps3s Uvrag CGE1E DRSCO2932
Vps39 CaT14E DRSC16205
Vpsdl It CG180z8 DRSCO3759
Vipsd5 CGAZEE DRSC16398
Vps51 CG15087 DRSC42276
Vps52 CETAT DRSCO3050
Vips53 ©GI38 DRSCO0595
Vips5d scat CGITEs DRSC38003
Vps55 CG0423 DRSCO4013
Vips6D CEB258 DRSC36262
Vps74 sau, rtl, GOLPH3 CGT085 DRSCO0604
Vial careeT DRSCOBE04
Chmpl G108 DRSC39060
STAM Staml CGBS21 DRSC25607
Rabl CGIIZ0 DRSC29851
Rab2 CEIZED DRSC31649
Rab3 CaTETE DRSCO7523
Rab4 CE4921 DRSC34853
Rabs CGIEE4 DRSC23710
Rabé G660 DRSC25636
Rab7 Ca5915 DRSC16810
Rabg cGe2e7 DRSC31659
Rabg CEIFR DRSC37376
Rabl0 CG1T060 DRSC25270
Rabll CE57T1 DRSC31008
Rabl4 ce4z1z DRSC28941
Rab (and other) g5 costze  DRSC26667
Rabl3 caToez DRSC29485
GTPases Rab21* CG17515 DRSC31650
Rab23 G208 DRSC25339
Rab26 CaTENS DRSC24968
Rab27 CG14791 DRSC18567
Rab30 CGH00 DRSC23953
Rab3s CEosTS DRSC33343
Rab33 CG12156 DRSC17827
Rab40 CG1300 DRSC19820
RabX1 CGI8T0 DRSCO4678
Habi2 [SlEFET URSU1H234
RabX4 CGIE DRSC26360
RabXs CETIED DRSC2B950
RabX6 CG12015 DRSCO8223
RabsD** CGI2ETE DRSC17662
Racl cG2248 DRSCOBERE
sarl CGTOTE DRSC24141
Arfl Arf79F [oleEt DRSC31426
Arfa Arf102F CG11027 DRSC29296
Secd ca388s DRSC21579
Secs CGea43 DRSCO0714
Sech G534 DRSCDE932
EXOCYSt Secd ©G2085 DRSC3T150
Secld CGR159 DRSC26333
ComFﬂex Sec1s CGTM DRSG16179
Exo?0 CeMzT DRSCI0TT4
Exofd CE6095 DRSC15965
betaCOP COPI G623 DRSC31102
Coa‘tomer and AP-1mu AP-47 CGI3E DRSCA2516
Ap-1-2beta BADL CG12532 DRSC19336
Adaptors AP-1sigma apsl Ces864 DRSCA0317
AP-1gamma betaCOP CEH113 DRSC18433
lac na DRSC42733
Conlro|3 diaPL thread CG12284 DRSC30306
GFP wa DRSC42734

* RAB21 is also annotated as CG40304.

** The DRSC42357 and DRSC17662 dsRNAs each target both RabX3 (CG2532) and Rab9D (CG32678).
Each of these dsRNAs also target Rab9E (CG32673), Rab9Db, (CG9807), and Rab9DFa (CG32670).




Table S2:
Summary of statistical analyses (ANOVA and Dunnett’s test)

Mean Diff. 95.00% Clof diff.  Significant?  Summary Adjusted P Value A7

lacZ -0.00006467  -0.2958 to 0.2957 No ns =0.9999 BS
VP3G 1 0.8077 0.5119 to 1.103 Yes e -=0.0001 B
VPS 2 -0.9626 -1.258 1o -0.6668 Yes T <0.0001 c
VPS 2b 0.1168 -0.17809 to 0.4126 No ns 09918 CG
VPS4 0.6681 0.3723 to 0.9639 Yes A =0.0001 ]
VPS8 0.1155 -0.1803 to 0.4113 No ns 0.9919 E
VPSS 1 0.4858 0.19to 0.7816 Yes b <0.0001 F
VPS 13 0.1336 -0.1622 to 0.4294 No ns 0.9807 G
VPS 13d 0.2427 -0.05312 to 0.5384 No ns 02232 H
VPS 13b -0.1955 -0.4913 to 0.1003 No ns 0.5786 I
VPS 15 0.05219 -0.2436 to 0.348 No ns 0.9993 J
VPS 16b 0.1567 -0.1391 to 0.4524 No ns 0.913 K
VPS 20 0.1667 -0.1291 to 0.4625 No ns 0.8427 L
VPS 22 0.2799 -0.01589 to 0.5757 No ns 0.082 M
VPS 23 0451 0.1553 to 0.7469 Yas A =0.0001 M
VPS 24 0.2629 -0.03286 to 0.5587 No ns 0.133 o
VPS 25 0.1384 -0.1574 to 0.4341 No ns 0.9788 P
VPS 26 0.07186 -0.2239 to 0.3676 No ns 0.9989 Q
VPS 2T 0.1718 =0.1238 o 04677 MNu s 0.7988 R
VPS 28 -0.07561 -0.3714 to 0.2202 No ns 0.9988 B
VPS 29 0.3579 0.06215 to 0.6537 Yes e 0.005 T
VPS 32 0.7704 0.4746 to 1.066 Yes - <0.0001 u
VPS 33 -0.006886 -0.3027 to 0.2889 No ns =(0.9999 W
VPS 33b 0.28 -0.01579 to 0.5758 No ns 0.0817 w
VPS 34 0.09877 -0.197 to 0.30845 No ns 0.9983 X
VPS 35 0.07708 -0.2187 to 0.3729 No ns 0.9988 Y
VPS 36 0.1973 -0.09852 to 0.493 No ns 0.5622 z
VPS 37Tb 0.09481 -0.201 to 0.3806 No ns 0.9984 AA
VPS 38 -0.02904 -0.3248 to 0.2667 No ns 0.9996 AB
VPS 39 0.2608 -0.03498 to 0.5566 No ns 0.1408 AC
VPS 41 0.356 0.0602 to 0.6518 Yes e 0.0054 AD
VPS5 43 -0.1944 -0.4969 o 0.108 No ns 0.6289 AE
VPS 51 0.1754 -0.1203 to 0.4712 No ns 0.7678 AF
VPS 52 0.09009 -0.2057 to 0.3859 No ns 0.9985 AG
VPS 53 0.1616 -0.1342 to 0.4574 No ns 0.8808 AH
WPS 54 0.05683 -0.2389 o 0.3526 Nu ns 0.9992 Al
VPS 55 0.2265 -0.0693 to 0.5223 No ns 03223 Al
VPS 60 0.3403 0.04451 to 0.6361 Yes * 0.0102 AK
VPS 74 0.8035 0.5078 to 1.099 Yes T <0.0001 AL
Viat 0.009505 -0.2929 to 0.3119 No ns 0.9999 AM
CHMP 1 0.2586 -0.03718 to 0.5544 No ns 0.1492 cl
STAM 0.2858 -0.009971 to 0.5816 No ns 0.0686 CH
Rab 1 -2.176 -2.495 o -1.857 Yes A =0.0001 AP
Rab 2 0.4556 0.1361 to 0.7751 Yes i 0.0003 AQ
Rab 3 0.6951 0.3756 to 1.015 Yes b <0.0001 AR
Rab 4 0.2004 -0.1619 to 0.5626 No ns 0.8664 AS
Rab 5 0.8947 0.5752 to 1.214 Yas s <0.0001 AT
Rab & 0.2144 -0.105 to 0.5339 No ns 0.5503 Al
Rab 7 0.8151 0.4957 to 1.135 Yes T <0.0001 A
Rab 8 0.5189 0.1994 to 0.8383 Yes b <0.0001 AW
Rab 9 0.05289 -0.2666 o 0.3724 No ns 0.9993 AX
Rab 10 0.4273 0.1078 to 0.7467 Yas b 0.0009 AZ
Rab 11 0.3314 0.01193 10 0.6502 e - 0.0347 BA
Rab 14 0.4587 0.1392 to 0.7782 Yes e 0.0002 BB
Rab 18 0.1791 -0.1404 to 0.4986 No ns 0.8495 BC
Rab 19 0.2385 -0.08098 to 0.558 No ns 0.3631 BD
Rab 21 0.2203 -0.09918 to 0.5398 No ns 0.5012 BE
Rab 23 0.1593 -0.1601 to 0.4788 No ns 0.9582 BF
Rab 26 0.3304 0.01095 to 0.6499 Yes * 0.0358 BG
Rab 27 0.2684 -0.05104 to 0.5879 No ns 0.1934 BH
Rab 30 0.3774 0.03283 to 0.722 Yes * 0.019 Bl
Rab 35 0.4165 0.08701 to 0.736 Yes e 0.0015 BJ
Rab 39 0.09092 -0.2286 to 0.4104 No ns 0.9986 BK
Rab 40 0.2691 -0.05034 to 0.5886 No ns 0.1902 BL
Rab X1 0.181 -0.1384 to 0.5005 Mo ns 0.8331 BM
Rab X2 0.04112 -0.2784 to 0.3606 No ns 0.9995 BN
Rab X4 0.2037 -0.1586 to 0.5659 No ns 0.8456 BO
Rab X5 01677 -0.1517 to 0.4872 No ns 0.9208 BP
Rab X6 0.2507 -0.0688 to 0.5701 No ns 0.2852 BQ
RabsD 0.1326 -0.1869 to 0.4521 Mo ns 0.921 A
Rac 1 0.2694 -0.1983 to 0.737 No ns 0.8124 caQ
Sar 1 -1.718 -2.035to -1.396 Yes - <0.0001 cP
Arf 1 0.2805 -0.03896 to 0.6 No ns 0.1451 CN
Arf 4 0.6547 0.2924 0 1.017 Yes T <0.0001 co
Sec 3 0.2727 -0.02309 to 0.5685 No ns 010z BT
Sech 0.2539 -0.04185 to 0.5497 No ns 0.1686 BU
SecE 0.317 0.02127 to 0.6128 Yes * 0.0243 BV
Secd 0.4942 0.1984 to 0.7899 Yes b =0,0001 BW
Sec 10 0.357 0.06119 to 0.6527 Yes e 0.0052 BX
Sec 15 0.3065 -0.01293 to 0.626 No ns 0.0728 BY
Exo 70 0.2291 -0.06669 to 0.5249 No ns 0.3047 BZ
Exo 84 0.3167 0.02089 t0 0.6124 fes * 0.0246 CA
betaCOP -1.198 -1.494 10 -0.9023 Yes b <0.0001 CB
AP-1-Zbeta 0.5102 0.2145 o 0.806 Yes T <0.0001 cC
AP-1gamma -0.001085 -0.3633 to 0.3612 No ns =0.9999 cD
AP-1sigma 0.2224 -0.1399 to 0.5846 No ns 0.7109 CE

AP-1mu 0.01392 -0.3483 to 0.3762 No ns 0.9999 CF



Table S3: Summary of results for all RNAi knockdowns

Relative % Relative Relative Robust Z-scores

Gene GFP positive cells GFP signal Cell density  GFP positive cells  GFP signal  Cell density
lacZ 1.00 1.00 1.00 162 161 1.00
VPS 1 0.19 012 10 433 397 1.0
VRS2 1.96 116 0.36 am 262 0.36
WPS 2b 0.8 067 113 076 -0.50 113
VPS4 0.33 0.30 0.24 -3.30 -2.64 024
VPS8 0.88 1.14 085 a7 249 0.95
VRS 0.51 037 102 -1.96 238 1.02
WPS 13 0.87 0.80 101 064 0.36 1M
WPS 13b 120 125 095 306 322 0.95
VPSS 13d 076 0.66 105 017 -0.54 1.05
VPS5 15 0.95 0.85 0.99 124 128 0.89
WPS 16b 0.84 [k ] 1.00 047 024 1.00
WPS 20 0.83 075 1.02 0.39 003 1.02
VPS 22 o7z 048 103 044 -1.65 1.03
VPS5 22 0.55 0.59 069 -1.70 098 0.69
VPS 24 0.74 0.55 0.9 0.3 -1.24 0.99
WPS 25 0.86 0.84 082 060 062 0.8z
VPE 26 0.93 078 102 109 021 1.02
VPS 27 0.83 078 1.00 0.36 0.09 1.00
VPS 28 1.08 118 o.ez 218 276 082
VPS 20 0.64 047 1.08 -1.01 -1.74 1.08
WPS 32 0.23 023 0.34 -4.05 -3.29 0.34
VPS5 33 im 0.90 102 166 0.99 1.02
WPS 33b (k] 0T 1.08 044 025 1.08
VPS 34 0.90 0.90 1.08 0.80 1.01 1.08
WPS 35 082 0.80 1.09 106 032 1.09
VPE 36 0.60 078 103 Qa7 021 1.03
WPS 37b 091 084 in 092 068 1.1
VPS 38 103 1.10 103 184 223 1.03
WPS 38 074 o7 oer -0.30 024 087
VPS4 0.64 0.58 109 -1.00 -1.04 1.09
VPS5 43 119 129 104 305 EE 1.04
VPS5 51 0.8z 088 0.95 033 0T 0.85
VPS 52 0.01 092 1.02 0.96 1.14 1.02
WPS B3 0.84 079 103 043 027 1.03
VPS54 0.94 102 1.06 120 177 1.08
VPS5 55 orr 087 1.09 005 0.81 1.09
VS B0 066 053 107 .88 -1.38 107
VPS T4 0.20 017 0.86 -4.30 -3.62 0.88
Vial 0.99 1.03 0.98 1.55 178 n.ga
Chmg1 074 0.54 104 0.28 -1.3: 1.04
Stam [ ] 0.55 0.96 D48 -1.28 0.96
Rab 1 318 265 0T 17.6E 1208 087
Rab 2 0.54 048 1186 -1.73 -1.69 118
Rab 3 0.30 037 116 -3.50 -2.36 1.18
Rab 4 0.80 0.8e 122 015 0.86 122
Reb 5 o 007 0.50 -4.97 431 0.50
Rab 6 0.78 077 107 0.04 014 107
Rab 7 018 0.20 118 -4.38 <348 115
Rab 8 048 0.40 0.98 220 221 0.83
Rab 9 0.95 0.85 103 123 133 1.03
Rab 10 0.57 0.49 1.08 -1.53 -1.63 1.08
Rab 11 067 065 oe7 -0.82 -0.59 087
Rab 14 0.54 049 0.98 176 -1.63 0.3
Rakb 18 .82 0.88 116 0.20 072 1.18
Rab 19 0.76 0.8z 112 013 046 142
Rab 21 0.78 070 107 0.00 -0.28 107
Rab 23 0.84 0ar 1z 045 076 1.20
Rab 26 06T 069 121 081 032 1.21
Rab 27 0.73 [ ] 113 035 025 1.13
Rab 30 062 0.66 1.16 -1.16 -0.56 1.16
Rab 35 0.56 0.60 17 145 0.91 117
Rab 33 091 087 103 085 0.81 1.03
Rab 40 073 067 118 -0.36 046 1.18
Rab X1 0.82 088 oar 020 076 047
Rab X2 0.96 087 1.00 132 144 1.00
Rab x4 0.80 0568 125 (A ¥ 042 125
Rab X5 0.83 081 1.09 039 039 1.09
Rab x& 0.75 o081 1.04 022 040 1.04
Rab8D 0.87 0.84 1.10 0865 0.58 1.10
Rac 1 0Ts 087 123 0.36 145 123
Sar1 Tz 228 10 14.26 961 1.0
Arf1 o.F2 1.06 0.94 044 203 0.4
Ard 0.35 065 088 -3.20 -0.63 0.99
Secd 073 081 092 -0.38 -0.85 082
Sech 075 073 081 0.25 010 o
Sech 0.68 063 o.ez LM 075 082
Sech 0.51 035 o.e7? 202 253 n.a7r
Sec 10 0.64 0.56 081 -1.01 -1.15 081
Sec 15 0.69 081 .80 .64 -0.6T 080
Exo 70 [ 075 0.2 -0.06 0.0 o8z
Exo 84 0.68 065 076 4m 062 0.7
betaCOP 220 158 0.7 10.45 532 0.a7
AP-1mu 098 096 122 152 135 122
AP-1-Zheta 049 043 065 214 -1.98 085
AP-1sigma oTe 072 112 002 014 1.12
AP-1gamma 1.00 1.06 o.er 163 202 o.ar

Table S3: Analysis of 87 gene knockdown with notable effects on the proportion of GFP positive cells,
total GFP signal and cell viability. Robust Z-scores were calculated for both the proportion of GFP
positive cells and the total GFP signal yielded from each gene knockdown.



