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Abstract

All viruses require host cell factors to replicate. A large number of host factors have been
identified that participate at numerous points of the human immunodeficiency virus 1 (HIV-1) life
cycle. Recent evidence supports a role for components of the trans-Golgi network (TGN) in
mediating early steps in the HIV-1 life cycle. The Conserved Oligomeric Golgi (COG) complex is
a heteroctamer complex that functions in coat protein complex | (COPI)-mediated intra-Golgi
retrograde trafficking and plays an important role in the maintenance of Golgi structure and
integrity as well as glycosylation enzyme homeostasis. The targeted silencing of components of
lobe B of the COG complex, hamely COG5, COG6, COG7 and COGS8, inhibited HIV-1
replication. This inhibition of HIV-1 replication preceded late reverse transcription (RT) but did
not affect viral fusion. Silencing of the COG interacting protein the t-SNARE syntaxin 5, showed
a similar defect in late RT product formation, strengthening the role of the TGN in HIV
replication.
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1. Introduction

Retroviruses, like all viruses, rely on host cell factors for successful infection, replication
and progeny virion release (Goff, 2007; Goff, 2008). A wide variety of host proteins have
been shown to play critical roles at practically every step in the HIV-1 life cycle from viral
entry, uncoating, reverse transcription of the viral genome, nuclear translocation, integration,
and transcription to mRNA export, translation, viral packaging and budding. Functional
genomic screens have greatly expanded the range of host cell factors associated with
productive HIV-1 infection of target cells (Brass et al., 2008; Bushman et al., 2009; Konig et
al., 2008; Yeung et al., 2009; Zhou et al., 2008). Among the novel associations identified,
there was an overrepresentation of host proteins involved in intracellular trafficking
(Bushman et al., 2009). This enrichment in host factors connected to intracellular transport
pathways were presumably related to the translation and post-translational modification of
HIV-1 proteins required for the proper assembly and maturation of infectious progeny
virions. In fact, previous studies implicated the RAB9 GTPase, as well as the RAB9-
associated protein PIKfyve, (necessary for late-endosome-to-trans-Golgi vesicular transport)
and RAB11A (needed for trans-Golgi-to-plasma-membrane transport) as required for
progeny virus production (Murray et al., 2005). However, characterization of several
components of the trans-Golgi network (TGN) that were identified through siRNA-based
genomic screens supported a role for these factors in early events in the HIV-1 life cycle
(Brass et al., 2008). Specifically, the targeted silencing of components of the Golgi-
associated retrograde protein/vesicular protein sorting fifty-three (GARP/VFT) complex was
shown to inhibit HIV-1 replication prior to gag translation (Brass et al., 2008). In
Saccharomyces cerevisiae, the organism in which these transport pathways are the most
extensively characterized, the GARP/VFT complex is composed of the vacuolar protein
sorting (Vps) proteins, Vps51, Vps52, Vps53, and Vps54 (Bonifacino and Hierro, 2011).
The GARP/VFT complex is recruited to the TGN through interactions with the Rab-family
member, Ypt6 (yeast protein transport-6, known as RAB6 in mammals) and interacts with
the SNAREs (Soluble N-ethylmaleimide sensitive fusion protein (NSF) attachment protein
receptors): Tlgl (Syntaxin 6 (STX6)), Tlg2 (STX16), Vtil (VT1A), or Sncl/2 (no known
mammalian homologs) (Bonifacino and Hierro, 2011). The siRNA-mediated silencing of
either RAB6 or VPS53 led to a significant inhibition in HIV-1 replication (Brass et al.,
2008). This inhibition occurred very early in the HIV-1 life cycle preceding viral reverse
transcription.

In addition to components of the GARP/VFT complex, members of an additional
multiprotein tethering factor, the conserved oligomeric golgi (COG) complex, were
identified in a RNAi-based functional genomic screen to identify host factors whose
silencing impairs the replication of HIV-1 (Brass et al., 2008). Biochemical and structural
analyses have shown that the COG complex is made up of eight proteins (COG1-8) that are
divided into two subcomplexes or lobes (Lees et al., 2010; Miller and Ungar, 2012; Ungar et
al., 2002; Willett et al., 2013a; Willett et al., 2013b). Lobe A is composed of COG1, -2, -3
and -4 while lobe B is composed of COGS5, -6, -7 and -8 with the two lobes connected
through interactions between COGs 1 and 8. The COG complex interacts with a variety of
proteins to facilitate the organization and proper targeting of vesicles during intra-Golgi
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retrograde trafficking, including members of the Rab-family GTPase (eg. RAB1A, -1B,
RAB2A, RAB6A and RAB6B), SNARESs (eg. STX5, STX6, and STX16), and tethering
factors (eg. golgin-84, SEC6, TMF) (Willett et al., 2013b). The COG complex coordinates
retrograde vesicle transport within the Golgi and is required for maintaining the distribution
of glycosylation enzymes. Mutations in components of the COG complex lead to impaired
retrograde transport from both early and late endosomes (Miller and Ungar, 2012; Sztul and
Lupashin, 2009).

While three of the four components of the COG complex lobe A, specifically COG2, COG3
and COG4, were identified as HIV dependency factors (HDFS) in a high content functional
genomic screen (Brass et al., 2008), the components of lobe B were not identified in the
same study. This could be a result of technical limitations in the screen such as incomplete
silencing of these factors due to poor transduction efficiencies or inefficient SiRNA
sequences. Therefore, we set out to examine if COG lobe B components were needed for
HIV-1 replication. The silencing of COG5, COG6, COG7 or COG8 impaired HIV-1
replication, as measured by intracellular p24 staining. These results suggest that the
impairment in HIV-1 replication precedes gag translation. Consistent with the phenotype
observed with the silencing of RAB6 and VVPS53, the silencing of all four COG components
results in lower levels of proviral integration and late RT product formation. This suggests
that COGs involvement in HIV-1 replication precedes even the reverse transcription of the
incoming viral genome. Pseudotyping with the vesicular stomatitis virus (VSV) glycoprotein
was unaffected, demonstrating that the inhibition of viral replication was specific for the
HIV-1 envelope coated viral particles. Unlike the silencing of RAB6 and VVPS53 that
resulted in impaired fusion, the silencing of these COG factors had no significant effect on
viral fusion. These results support an important role for the COG complex in HIV-1
replication.

2. Methods and Materials

2.1 Cell culture

The following cell lines were obtained through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH: H9 cells from Dr. Robert Gallo (Mann et al., 1989), P4R5 MAGI from
Dr. Nathaniel Landau (Charneau et al., 1994), and HeLa-CD4 (HeLa-T4+) from Dr. Richard
Axel (Maddon et al., 1986). Lenti-X 293T cells were from Clontech. All cells were grown in
DMEM supplemented with 10% fetal bovine serum (FBS) and 1.6mM L-glutamine, 100
U/ml of penicillin G, 100ug/ml streptomycin, 6mM HEPES and 50uM B-mercaptoethanol.
H9 cells were grown in RPMI-1640, with 10% FBS and 100 U/ml of penicillin G, 100ug/ml
streptomycin, 6mM HEPES and 50 UM B-mercaptoethanol.

2.2 siRNA sequences and shRNA cloning and expression

The short interfering RNAs and short hairpin RNAs used in this study are listed in
Supplemental table 1. siRNAs were transfected into the PAR5 Maji or HeLa-CD4 cells using
Oligofectamine™ (Life Technologies). SIRNA sequences are listed in Supplemental Table
1. For the shRNA, oligonucleotides targeting CD4, COG5, COG6, COG7, COG8, STX5 and
a control scrambled shRNA were synthesized as 19-nt inverse repeats separated by a 9-nt
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loop sequence and cloned into the U6 promoter—expressing lentiviral vectorpLL3.7 as
described by Rubinson and colleagues (Rubinson et al., 2003). The lentiviral particle were
generated by transducing lentiX-293 T cells with the packaging plasmid psPAX2 and the
Vesicular stomatitis virus envelope glycoprotein (VSVQ) expressing plasmid pCMV-VSV-G
(envelope) using Lipofectamine™ 2000 (Invitrogen). Viral supernatants were harvested 48
hours after transfection.

2.3. Viral propagation

The following HIV-1 strains were obtained through the NIH AIDS Reagent Program: the lab
adapted HIV-1 strain HIV-1 [1IB (HTLV-11IB/H9) from Dr. Robert Gallo(Popovic et al.,
1984a; Popovic et al., 1984b; Ratner et al., 1985), and the molecular clones NL4-3 from Dr.
Malcolm Martin (Adachi et al., 1986), LAI.2 from Dr. Keith Peden (Peden et al., 1991), and
89.6 from Dr. Ronald G. Collman (Collman et al., 1992). HIV-1 I1I1B was propagated in the
T cell line HI in RPMI media supplemented with 10% FBS. The virus containing
supernatant was harvested by centrifugation (1,500xg for 10 min). The molecular clones
NI4-3, LAI.2, and 89.6 were transfected into lenti-X 293T cells, the virus containing
supernatant harvested 48h later. HIV envelope pseudotyped virus were generated by
cotransfecting lenti-X 293T cells (Clontech) with plllenv3-1 (HIV envelope glyocoprotein),
pUltrahot, and psPAX2 with Lipofectamine™ 2000 (Life Technologies) and collecting the
viral supernatant after 48 hours. Vesicular stomatitis virus envelope glycoprotein (VSV(Q)
pseudotyped virus were similarly produced using pCMV-VSVg, pUltrahot, and psPAX2.

2.4. HIV infection

The shRNA or siRNA treated cells were infected 72h later with HIV-1 111b, NL4-3, LAI.2
and 89.6. The cells were incubated for 48h at 37°C in 5% CO, before they were harvested
and HIV-1 p24 levels were analyzed by intracellular staining for HIV-1 p24 and flow
cytometry.

2.5. Flow Cytometry

To assess CD4 receptor, or CCR5 or CXCR4 coreceptor levels, P4-R5 MAGI cells were
transfected with siRNAs targeting the COG complex components, CD4 or scramble control
SiRNAs. After 48h, the cells were harvested with EDTA, washed and then stained with
either the PE conjugated mouse monoclonal anti-human CD4, clone M-T477 (BD
Pharmingen), FITC conjugated rat monoclonal anti-Human CD195, clone HEK/1/85a
(Biolegend), or rabbit polyclonal antibody to CXCR4 (Abcam) and FITC conjugated goat
anti-rabbit secondary antibody (Invitrogen) and analyzed by flow cytometry on the Accuri
C6 (BD Biosciences). To determine levels of HIV infection in HeLa-CD4 cells, the sSiRNA
or shRNA-treated cells were infected with HIV-1, harvested 48h later, fixed and
permeabilized (Caltag fix and perm solutions, BD Biosciences), incubated with mouse anti-
HIV-1 p24-PE antibody (KC57-Phycoerythrin (PE), Beckman Coulter) or a mouse isotype
matched PE control antibody and analyzed by flow cytometry.
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2.6. HIV integration assay

The shRNA treated HeLa-CD4 were harvested 24h post HIV-1 1B infection. Using the
HIRT protocol (Hirt, 1967), unintegrated viral DNA and mitochondrial DNA were separated
from the chromosomal DNA by the preferential precipitation of chromosomal DNA in the
presence of SDS and NaCl. The SDS-NaCl precipitated chromosomal faction was dissolved
in water, phenol:chloroform extracted and ethanol precipitated. The purified chromosomal
DNA was used to examine viral integration by quantitative Alu-PCR. First, the integrated
HIV sequence was amplified using primers designed to anneal to conserved site on the Alu
repeat element (Alul: 5-TCCCAGCTACTGGGGAGGCTGAGG-3, Alu2: 5'-
GCCTCCCAAAGTGCTGGGATTACAG-3) in conjunction with an HIV LTR primer
extended at its 5’ end with a lambda phage-specific heel sequence (L-Fw: 5'-
atgccacgtaagcgaaactGAAGCTGCAGAATGGGATAGAG-3). Secondly, nested PCR using
a heel-specific primer (Fw: 5- ATGCCACGTAAGCGAAACT-3) and a HIV LTR primer
(Rev: 5’-CCGGTCTACATAGTCTCTAAAGGG-3") was performed on the product of the
Alu-PCR to quantify the level of viral integration. The levels of these products were
assessed by gqRT-PCR (SYBR green PCR master mix, Applied Biosystems) on the ABI
7900 HT fast real time PCR system. Beta-globin primers were used as control primers (B-
glo+: 5-GAAGAGCCAAGGACAGGTAC-3, B-glo-: 5'-
AAGCAATAGATGGCTCTGCC-3).

2.7. Late Reverse Transcriptase (RT) assay

The shRNA treated Hela T4 cells were harvested 7h post HIV-1 IHIB infection. Using the
same HIRT protocol described in section 2.6 (Hirt, 1967), unintegrated viral DNA and
mitochondrial DNA were separated from the chromosomal DNA and purified from the
supernatant by ethanol precipitation. Once purified, the extrachromosomal DNA was
analyzed for late RT products using primers that amplify the region of the HIV cDNA
between the left LTR sequence and the 5’ end of the gag gene (MH531: 5’-
TGTGTGCCCGTCTGTTGTGT-3/, MH532: 5-GAGTCCTGCGTCGAGAGAGC-3')
('Yoder and Fishel, 2008). Primers amplifying part of the mitochondrial genome were used
as an internal control (Mit+: 5-GACGTTAGGTCAAGGTGTAG-3, Mit-: 5/~
CAACTAAGCACTCTACTCTC-3) (Butler et al., 2001).

2.8 Viral Fusion Assay

The P4R5 MAGI cells were transduced with the appropriate siRNAs and 48h later the cells
were incubated with HIV-1 virus containing the chimeric protein beta-lactamase-Vpr
(BlaM-Vpr) at 37°C for 3 hours (Cavrois et al., 2011). The cells were washed with CO,-
independent DMEM (GIBCO) and loaded with CCF2-AM dye according to the
manufacturer’s protocols (Life Technologies). After 2 hours of incubation at room
temperature, the cells were washed with PBS, harvested with trypsin, and fixed for flow
cytometry analysis.

2.9 Western blot

SiRNA-treated cells were harvested and lysed using RIPA buffer (Thermo scientific)
supplemented with Protease Inhibitor cocktail (Sigma). Protein concentrations were
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determined by Pierce BCA Protein Assay (Thermo scientific). Equal amounts of protein
(15ug per lane) were boiled with 4X LDS sample loading buffer and 10X DTT, loaded on a
NuPAGE Novex 4-12% Bis-Tris Protein gel and transferred to a nitrocellulose membrane
using Bio-Rad Wet/Tank Blotting Systems. The membrane was blocked in I-block™
protein-based blocking reagent (Applied Biosystems) and then incubated with primary
antibodies to COG3 (kindly provided by Dr. Vladimir Lupashin, University of Arkansas),
COG4 (kindly provided by Dr. Lupashin), or B-tubulin (Invitrogen). The membrane was
incubated with horseradish peroxidase (HRP) conjugated anti-mouse (Invitrogen) or rabbit
(Santa Cruz Biotechnology) secondary antibodies and the blot was developed with Pierce
ECL western blotting reagent (Thermo Scientific) and viewed by FluorChem™ gel viewer
system. Quantitation of the appropriate bands was performed using the Image J software. All
values were normalized to B-tubulin and made relative to the control siRNA treated sample.

3.1 Targeted silencing of components of the COG complex Lobe B inhibits HIV-1

replication

Lobe B of the COG complex is a heterotetramer composed of COG5, COG6, COG7, and
COG8which is linked to the COG complex Lobe A through interactions between COG1 and
COGS8 (Figure 1 A). High content functional genomic screening has linked components of
lobe A of the COG complex with HIV-1 replication (Brass et al., 2008). To determine
whether components of -lobe B are required for HIV-1 replication, siRNAS targeting each of
the 4 lobe B components (COG5, COG6, COG7, or COGS8) were transfected into PAR5
HeLa cells that were infected with HIV-1 I11b 48 hours later. The targeted silencing of lobe
B factors decreased the corresponding target gene expression level by 70 to 90% compared
to control siRNA treated cells (Figure 1B). Cells treated with siRNAs against all four COG
lobe B components significantly inhibited HIV-1 replication compared to control sSiRNA
treated cells as measured by intracellular staining for HIV-1 gag (p24) expression (Figure
1C-D). The stable silencing of the four lobe B components using lentiviral delivered short
hairpin (sh)RNAs showed a similar inhibition of HIV-1 replication (Supplemental Figure 1).
The COG-specific ShRNAs targeted regions distinct from those recognized by the siRNAs.
This provides additional evidence that it is the targeting of the COG lobe B components that
is resulting in the inhibition of HIV-1 replication and not a non-specific off-target effect of
the siRNAs.

To ensure that the inhibition of HIV-1 replication upon the silencing of components of the
COG complex lobe B was not limited to the lab-adapted HIV-1 111B, the siRNA-treated cells
were challenged with the T cell tropic molecular clone HIV-1 NL4-3 or LAI.2 or the dual-
tropic HIV-1 clone 89.6. Consistent with the results seen with the HIV-1 I11B, the silencing
of COG5, COG6, COG7, or COGS significantly impaired the replication of all three HIV
clones (Figure 2A-C). Therefore, the inhibition of HIV-1 replication in cells silenced for
components of lobe B of the COG complex is not limited to HIV-1 I11B infection but
impairs the replication of additional viral strains.

Previous studies have shown that the silencing of a component of the COG complex can
alter the level of other COG proteins. For example, Laufman and colleagues showed that
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silencing of COG8 in HeLa cells resulted in a decrease in the steady state levels of COG1
(~80% decrease) and, to a lesser degree, COG6 (~30% decrease) (Laufman et al., 2013). In
addition, the silencing of COG8 had no significant effect on COG5 and COG7 expression
and a modest effect on COG2 and COG3 expression (~15-20% decrease compared to the
~80% decrease in COG1) with no effect on COG4 expression (Laufman et al., 2013).
Although this study showed that COGS8 silencing disrupted the Golgi localization of the
COG lobe B, the components of COG lobe A did not show any evidence of mislocalization.
The depletion of COG6 resulted in decreases in the lobe B components (~50% for COG5
and COG8 and ~60% for COG?7), as well as decreases in the steady state level of COG lobe
A components (ranging from 50% decrease in COGL1 to an ~30% decrease in COG2)
(Laufman et al., 2013). Given that three components of the COG complex lobe A, (COG2,
COG3, and COG4) were identified as HDFs through an RNAi-based screen for host genes
required for HIV-1 replication, we wanted to ensure that silencing COG lobe B components
did not lead to a decrease in COG lobe A components which, in turn, could lead to the
inhibition of HIV-1 replication. To that end, immunoblot analysis was performed to examine
the levels of COG3 and COG4 proteins in the siRNA-treated cells (Supplemental Figure 2).
As expected, the direct silencing of COG3 and COG4 by siRNAs significantly decreased the
levels of their respective proteins within the cell. However, the treatment of the PAR5 MAJI
cells with siRNAs targeting COG5, COG6, COG7 or COG8 showed no decrease in COG3
expression (even a 20% increase in the COG7 and COG8 siRNA-treated cells). Similarly,
there was no significant effect on COG4 expression in the COG5 siRNA treated cells and
only a modest decrease (10%) for COG6, COG7 or COG8 siRNA treated cells. Based on
these results, the treatment of cells with siRNAs targeting lobe B components doesn’t appear
to lead to a significant decrease in the steady state levels of lobe A components. It appears
that the inhibition of HIV-1 replication cannot merely be attributed to indirect consequences
of lobe A regulation.

3.2. COGsb-8 are required for steps in the HIV-1 life cycle that precede reverse
transcription of the viral genome

The reduction in intracellular staining of HIV-1 p24 indicates that the silencing of lobe B
components inhibit one of the viral life cycle steps preceding gag translation. To further
delineate the impact that decreased COG5-8 expression has on HIV-1 replication, the sSiRNA
treated and HIV-1 I11B infected cells were analyzed for the levels of different forms of the
HIV-1 genome. To determine if the targeted silencing impairs viral integration, COG5-8
SiRNA treated cells were infected with HIV-1 111B, genomic DNA purified and quantitative
real time PCR (QRT-PCR) was performed using a nested PCR strategy (Butler et al., 2001).
This involves a first round of PCR using a primer specific to Alu elements — a family of
repetitive elements found dispersed throughout the human genome — and a primer specific to
HIV-1. In the second round of PCR, a pair of HIV-1 specific primers is used whose product
is contained within the region of the HIVV-1 genome amplified in the first round of PCR. The
silencing of each of the components showed approximately 40% decrease in the amounts of
integrated proviral DNA compared to the control siRNA treated cells (Figure 3A). The
silencing of the HIV-1 co-receptor CD4 showed a significant inhibition of HIV-1 integration
surpassing that seen with the silencing of the COG complex (~60%). The inhibition of
HIV-1 integration strongly correlated with the level of inhibition of HIV-1 replication
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measured by intracellular staining for HIV-1 p24 levels and flow cytometric analysis (Figure
1C-D).

Upon release of the viral core into newly infected target cells, the incoming HIV genomic
RNA is rapidly reverse transcribed to yield linear viral cDNAs. The amount of this
linearized viral cDNA can be measured by partitioning the viral cDNA from the host
chromosomal DNA using selective precipitation of the chromosomal and non-chromosomal
DNA fractions composed of mitochondrial DNA and viral cDNA (Hirt, 1967). The amount
of viral cDNA can be measured in the non-chromosomal DNA fraction using an HIV-1-
specific primer pair. Similar to the impairment in integrated viral genome, silencing of
COG5-8 decreased the amount of HIV-1 late RT product compared to control SiRNA treated
cells (Figure 3B). The decrease in late RT product seen in the COG5-8 silenced cells was
similar to that found in CD4 siRNA treated cells. Taken together, these results suggest that
the components of the COG complex lobe B are required for productive HIV-1 infection and
play a role in early events in the viral life cycle.

3.3 Silencing of the COG complex has no effect on surface expression of the HIV-1
receptor CD4, nor the co-receptors CXCR4 or CCR5

The early identification of components of the COG complex was facilitated by screening for
CHO cells defective in LDL (low density lipoprotein) receptor activity (Chatterton et al.,
1999; Krieger et al., 1981; Podos et al., 1994). This led to the identification of the I1dIB and
IdIC genes later shown to encode the COG components COG1 and COG2 (Chatterton et al.,
1999; Miller and Ungar, 2012; Podos et al., 1994). HIV-1 infection is dependent on the viral
envelope glycoprotein (gp120) recognizing of the CD4 cell surface receptor and either the
CXCR4 or CCR5 chemokine receptor (HIV-1 co-receptor) on HIV-1 susceptible cells
(Barre-Sinoussi et al., 2013). To determine if modulating the levels of COG lobe B
components has an effect on the expression levels of the HIV-1 receptor or co-receptors,
SiRNA treated cells were stained for CD4, CXCR4 or CCR5 and analyzed by flow
cytometry. As expected, the CD4 siRNA effectively silenced CD4 surface expression
(Figure 4A-B). However, the silencing of lobe B components had no significant effect on
the cell surface expression of CD4 as assessed by the percentage of CD4 expressing cells in
the culture (Figure 4A) or the mean fluorescence intensity (MFI). Although no significant
difference was seen in the percentage of cells expressing the CXCR4 co-receptor, there was
a statistically significant but modest decrease in the CXCR4 MFI in the COG5 siRNA
treated cells and a slight increase in COG7 and COGS8 silenced cells (Figure 4C and D). No
difference was seen in the percentage of cells expressing CCR5 on the surface of the COG
lobe B silenced cells (Figure 4 E). However, a statistically significant but modest (~20%)
decrease in CCR5 MFI was seen in the cells in which COG8 was silenced (Figure 4F). Since
the silencing of the COG lobe B components showed, at best, a modest decrease in the
surface expression of CD4, CXCR4 or CCRY5, it is highly unlikely that these modest changes
would be sufficient to account for the level of inhibition of HIV-1 replication seen in Figure
1 and 2. Therefore, the inhibition of HIV-1 infectivity seen upon silencing of the
components of COG5-8 does not appear to be a result of altered CD4, CXCR4 or CCR5
expression levels on the HIV-1 susceptible cells.
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3.4 The defect in viral replication in COG5-8 silenced cells is dependent on the HIV-1

envelope

To determine if COG5-8 silencing causes a block in viral entry, the silenced cells were
infected with a recombinant HIV-1 strain expressing the fluorescent protein mcherry
(pUltrahot) and pseudotyped with either the vesicular stomatitis virus G (VSVQ) envelope
glycoprotein or the HIV-1 envelope (plllenv3-1). The VSV envelope pseudotyped virus
was only modestly inhibited by the silencing of COG5 and COG6 (~20%) with no
significant effect on COG7 and COGS8 silenced cells (Figure 5). On the other hand, viral
particles packaged with the HIV-1 envelope were greatly inhibited by all 4 lobe B
components (40-60% inhibition, Figure 5). Although there is a modest, yet statistically
significant, impairment of HIV-1 replication in the VSVg-pseudotyped virus in the COG5 or
COG6 silenced cells, the inhibition of replication by the HIVV-1 envelope coated virus was
significantly stronger than their VSVg coated counterparts (p=3.8x10~° for COG5 and
p=0.003 for COG6). These results suggest that, although there may be some generalized
inhibition of viral replication in the COG5 or COG6 depleted cells, the most significant
effect of the silencing the COG complex lobe B components is specific to the HIV envelope.
The transfection of the COG silenced cells with the proviral cDNA had no negative effect on
the expression of dsRed, indicating that silencing of lobe B factors has no effect on
transcription and translation from the viral genome (data not shown).

3.5 Silencing of lobe B factors has no effect on viral fusion

In the early stages of the HIV-1 lifecycle, enveloped viruses fuse with the plasma membrane
or a vesicle membrane to enter into cells (Miyauchi et al., 2009). To investigate whether the
impairment in HIV-1 replication by lobe B factor silencing is before or after viral fusion, a
fusion assay utilizing B-lactamase-Vpr chimeric proteins was performed (Cavrois et al.,
2002; Cavrois et al., 2011). The siRNA treated cells were incubated in the presence of the
Blam-Vpr chimeric and 3h later the cells were loaded with CCF2-AM dye. Viral fusion
activity was quantitated by measuring the fluorescence changes upon the cleavage of the
CCF2-AM dye by B-lactamase obtained from the fusion of the BlaM-Vpr containing HIV-1
virions with the target cell. As expected, the silencing of CD4 in the target cells decreased
the relative number of -lactamase positive cells. However, the COG5-8 depleted cells
showed no significant difference in the percentage of B-lactamase positive cells compared to
the control siRNA treatment, indicating that silencing of lobe B components do not impair
viral fusion (Figure 6).

3.6 Silencing of the COG interacting SNARE STX5 inhibits HIV-1 replication

Members of the COG complex interact both physically and functionally with all the known
classes of proteins required for the maintenance of intra-Golgi trafficking, including
SNAREs (v-SNAREs and t-SNAREs), SNARE-interacting proteins, Rabs, coiled-coil
tethers, vesicular coats and molecular motors (eg. myosin heavy chain 14 (MYHZ14) and
myosin light chain 12 (MYL12)) (Willett et al., 2013b). Willett and colleagues recently
showed that both COG6 and COGS8 interact with STX5, a member of the t-SNARE (target-
SNAP receptor) family of proteins (Willett et al., 2013a). Interestingly, RNAi-based
functional genomic screening identified STX5 as a potential HIV-dependency factor (Brass
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et al., 2008). Silencing STX5 impaired HIV-1 infection when measured by intracellular
staining for HIV-1 gag (p24) expression and production of progeny virion. We sought to
validate this earlier association and determine if the silencing of STX5 impacts HIV-1
replication in a manner similar to that seen with silencing of COG5-8.

HeLa-CD4 cells were transduced with lentiviral vectors expressing two separate ShARNAs
targeting STX5, the HIV receptor CD4, or a non-specific control ShRNA. The transduced
cells demonstrated a 70-90% decrease in mMRNA from the appropriate target gene relative to
the control shRNA-expressing cells (Figure 7A). The silencing of STX5 led to a significant
decrease in the level of HIV-1 infection in the STX5 shRNA compared to the control
shRNA treated cells as measure by intracellular staining for HIV-1 gag (p24) expression and
flow cytometric analysis (Figure 7B). In fact, both STX5 shRNAs tested showed over 70%
inhibition of HIV-1 replication. This confirms our earlier findings from the high content
genomic screen (Brass et al., 2008). Consistent with the finding for the silencing of
COG5-8, the silencing of STX5 led to decreased levels of both integrated HIV-1 provirus
(Figure 7C) and late RT product formation (Figure 7D) compared to the control ShRNA
treated cells. These results support the findings that targeting components of the retrograde
transport pathway inhibits HI\V-1 replication. It is noteworthy that our earlier screen
implicated additional factors shown to directly interact with the COG complex as potential
HIV-dependency factors including RAB1A, RAB2A, RAB6A, GS27 (GOSR2), and SLY1
(Brass et al., 2008; Willett et al., 2013b).

4. Discussion

HIV replication requires a wide variety of cellular factors, HIV dependency factors (HDFs),
for effective viral infection and replication. This includes HDFs that participate in virtually
every step in the viral lifecycle from the recognition of target cells and entry, through
reverse transcription and integration of the viral genome into the host’s genetic material, to
progeny virion production, release and maturation (Friedrich et al., 2011; Goff, 2004; Goff,
2007). The secretory system in eukaryotic cells is a series of organized membrane enclosed
compartments that includes the endoplasmic reticulum (ER), Golgi cisternae, the TGN,
various secretory vesicles and the plasma membrane (Bonifacino and Hierro, 2011;
Bonifacino and Rojas, 2006). Proteins and membrane components move through this system
in a dynamic and highly regulated manner. Central to these membrane trafficking pathways
is the Golgi apparatus that serves as a hub for both anterograde and retrograde trafficking
and is essential for the processing and sorting of glycoproteins and glycolipids to their
proper location within the cell (Shorter and Warren, 2002). The role that these vesicular
trafficking pathways play in HIV-1 progeny virion production has been well documented
(Balasubramaniam and Freed, 2011; Garrus et al., 2001; Roeth and Collins, 2006). HIV-1
particle assembly is directed to the plasma membrane by the myristolation of the viral Gag
protein which is then processed by HIV-1 protease into the matrix, capsid, nucleocapsid and
p6 proteins. In macrophages, budding of assembled viral particles occurs through their
integration into multivesicular bodies (MVB) through the interaction of a
monoubiquininated HIV-1 p6 protein to TSG101 and AIP1/ALIX (Fujii et al., 2007; Fujii et
al., 2009; Garrus et al., 2001; Sette et al., 2010; Strack et al., 2003; Usami et al., 2009). In T
cells and tissue culture cell lines, viral egress occurs through both MVBs and late-
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endosome-trans-Golgi trafficking to the plasma membrane. This latter pathway is dependent
on host factors including RAB9p40, TIP47, PIKfyve, and RAB11A (Murray et al., 2005;
Ono et al., 2004; Ono and Freed, 2004; Strack et al., 2003; Strack et al., 2002). However, a
recent study has called into question the role that TIP-47 plays in HIV-1 replication
(Checkley et al., 2013). The silencing of these factors has been shown to impair the
production of progeny virions. In contrast, we have recently shown that the silencing of
components of the GARP/VFT tethering complex (VPS53) and its associated small GTPase
RABG6 impaired viral entry in an HIV-1 envelope-dependent manner (Brass et al., 2008).
This suggests that tethering complex components are required not just for the production of
progeny virions, but also for the proper infection and replication of HIV-1. In this study, we
have shown that the silencing of components of another vesicle tethering complex, the COG
complex, have an early defect in HIV-1 replication. Specifically, the targeted silencing of
components of lobe B of the COG complex, COGs 5-8, showed a defect in HIV-1 infection
that occurred after viral fusion but prior to reverse transcription of the viral genome.
Mutation or depletion (e.g. RNAi-mediated silencing (Oka et al., 2005)) of the COG
complex subunits leads to disruption of retrograde trafficking of endogenous and exogenous
factors, improper glycosylation of glycolipids and glycoproteins, and altered Golgi
homeostasis and architecture (Laufman et al., 2011; Mallard et al., 1998; Mallard et al.,
2002; Smith et al., 2009; Spelbrink and Nothwehr, 1999; Sun et al., 2007; Ungar et al.,
2002; VanRheenen et al., 1999; Whyte and Munro, 2001; Wuestehube et al., 1996; Zolov
and Lupashin, 2005).

The first suggestion that the COG complex was required for HIV-1 replication came from an
RNAi-based functional genomic screen looking for factors whose silencing inhibits HIV-1
replication. Through that screen, 3 of the 4 COG complex lobe A proteins, COG2, -3 and -4,
were identified as HDFs. Although the components of the lobe B of the COG complex
where not identified in this screen, given the close association of the two lobes of the COG
complex, we sought to determine if the components of the COG complex lobe B were
required for HIV-1 replication. The targeted silencing of components of lobe B of the COG
complex led to an early block in the HIV life cycle preceding reverse transcription and
formation of the cDNA version of the HIV-1 genome. However, viral fusion was not
affected by the silencing of COGs 5-8. This is in contrast to our earlier studies on the
GARP/VFT tethering complex whose silencing was found to impair fusion (Brass et al.,
2008). This could be a result of different techniques used to analyze viral fusion since our
initial RNAI screen used a cell-based fusion assay while the current study uses recombinant
viral particles that contained a chimeric Blam-Vpr fusion protein (Brass, et al 2008).
Alternatively, it is possible that these different tethering complexes play distinct roles in the
viral life cycle, a hypothesis that would require more investigation.

To ensure that the silencing of the COG lobe B components were not exerting their effect on
HIV-1 through alterations in expression of components of Lobe A of the COG complex, we
examined the steady state levels of COG3 and COG4 in cells in which the COG lobe B
components were silenced. While COG3 levels were unaffected, a modest decrease in
COG4 levels was found in the COGS, -7 and -8 silenced cells. Laufman et al (2013) found
that the knockdown of COG6 and -8 resulted in the mislocalization of the COG lobe B
components from the Golgi to the cytosol but had no effect on the localization of the COG
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lobe A components (Laufman et al., 2013). However, the integrity and proper localization of
the entire COG complex is required for vesicular tethering and SNARE complex assembly.
Therefore, although the silencing of the COG lobe B components failed to appreciably alter
the levels of the COG lobe A components, their silencing could impair protein localization
and lobe A and B’s interaction, disrupting the functionality of the whole COG complex.
Further supporting a role for the COG complex in HIV-1 replication, the RNAi-mediated
knock down of the t-SNARE STX5 shown to interact with COG6 and 8 led to a similar early
defect in HIV replication (Figure 7) (Willett et al., 2013a; Willett et al., 2013b).

The COG complex has been shown to play important roles in maintaining the organization
of the Golgi apparatus and in the distribution of glycosylation enzymes (Oka et al., 2004;
Zolov and Lupashin, 2005). As a result, deficiencies in COG components leads to the
mislocalization of the glycosylation enzymes, thereby affecting the functionality of a variety
of proteins and lipids that are not proper glycosylated. The TGN plays an important role in
determining the lipid composition of the secretory pathway components through the
transport and recycling of membranes between the plasma membrane, secretory vesicles,
TGN and ER (VanRheenen et al., 1998; VVanRheenen et al., 1999). The Golgi apparatus
serves as the major site for sphingolipid synthesis (Futerman and Riezman, 2005). As such,
the Golgi apparatus is essential for the maintenance of membrane homeostasis by serving as
a buffer between the glycerolipid-rich ER and the sterol/sphigolipid-rich plasma membrane
(Shorter and Warren, 2002). Alterations to the composition of the different cellular
membranes will have a drastic impact on their functionality. Interestingly, there is growing
evidence that lipid rafts are the preferential sites for HIV-1 virion assembly and infection
(Brugger et al., 2006; Jolly and Sattentau, 2005; Kerviel et al., 2012; Leung et al., 2008;
Manes et al., 2003; Nguyen and Hildreth, 2000; Ono and Freed, 2001). A reduction in the
abundance of lipid rafts has been shown to impair virion production and, subsequently,
reduces the infectivity of the released virions (Brugger et al., 2006; Brugger et al., 2007;
Kerviel et al., 2012; Zheng et al., 2003; Zheng et al., 2001). Spessott and collegues
identified a relationship between the COG complex and sphingomyelin synthesis (Spessott,
et al, 2010). Since sphingomyelin plays an important role as a structural component of
membranes, an intriguing proposition is that the COG complex regulates the lipid
composition and abundance of lipid rafts, and that decreasing the amount of lipid rafts may
decrease the susceptibility of the cells to HIV-1 infection. However, the lack of impairment
in viral fusion seen upon silencing of the COG lobe B components would suggest that any
potential alteration in membrane composition was insufficient to prevent viral infection.

Recently, Gallo and Hope (2012) showed an impairment in HIV-1 replication in cells in
which proteins that play a role in cytoskeletal structure and function are silenced(Gallo and
Hope, 2012). Following up on two of these proteins, DNAL1 and MAP4, they showed that
the silencing of these factors resulted in a post-fusion/pre-reverse transcription block in
HIV-1 replication which was similar to that which was seen upon the silencing of
components of lobe B of the COG complex. Interestingly, earlier work by Chabin-Brion and
colleagues (2001) had shown that the Golgi apparatus served as a microtubule organizing
center(Chabin-Brion et al., 2001). It has also been shown that the targeted silencing of COG
components led to morphological changes to the Golgi apparatus, including fragmentation
of the Golgi (Zolov and Lupashin, 2005). Taken together, these results suggest that the
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silencing of COG complex components could alter the organization of the Golgi apparatus
that, in turn, could disrupt microtubule organization negatively impacting early events in the
HIV-1 life cycle.

Alternatively, since the silencing of components of the COG complex have been shown to
disrupt the intra-Golgi trafficking of endogenous and exogenous proteins, this could
potentially alter the localization or functionality of important HDFs that, in turn, would
negatively impact viral infection and replication. It is possible that the effect of COGS5, -6, -7
and -8 silencing on HIV-1 replication may be due to alteration in the posttranslational
modification and function of a yet to be identified HDF. Although these results and those of
our earlier study support a role of the TGN and vesicular trafficking in HIV-1 replication, it
is clear that additional work is required to determine the full impact of the COG components
on the HIV-1 life cycle.

5. Conclusions

There is a growing appreciation for the important role that vesicular trafficking pathways
play in the HIV-1 life cycle, particularly, in the formation, budding and maturation of
progeny virions. However, there is increasing evidence suggesting that trafficking pathways
play a critical in early events in the viral life cycle. Recent high content functional genomic
screens have implicated several components of the endosome-to-TGN trafficking pathway
in early events in the viral life cycle including our previous study demonstrating the role of
the component of the GARP/VFT complex in regulating viral fusion (Brass et al., 2008). In
this study, we extend these findings and show that silencing components of the Golgi
tethering complex, the COG complex, impaired HIV-1 replication prior to reverse
transcription of the incoming viral RNA but appeared to have no significant effect on viral
fusion. The negative effect on HIV-1 replication upon silencing of the lobe B components of
the COG complex was found to be dependent on the HIV-1 envelope. A full understanding
of the early events in the HIV-1 life cycle that precede the integration of the viral genome
into that of the hosts is important for the development of strategies to prevent viral
transmission. The identification of components of retrograde vesicular trafficking pathways
as key players in early events in the HIV-1 life cycle may not only shed light on HIV
biology but may point the way for the development of novel classes of antiviral agents.
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RNAi-mediated silencing of components of the COG complex, COGS5, -6, -7 or -8 impairs
HIV-1 replication. (A) Schematic representation of the components of the COG complex
that are divided into two lobes (lobe A and B) linked through interactions with COGs 1 and
8. (B) PAR5 MAJI cells were transduced with siRNAs targeting COG?5, -6, -7, or -8, CD4 or
a non-specific control sequence (control siRNA). The silencing of the cognate target genes
was measured by quantitative real time PCR (N=3, *p<0.002, two-tailed t-test) relative to
expression levels in the control siRNA treated cells. All values were normalized to GAPDH
expression. (B and C) The silencing of COGS5, -6, -7 or -8 significantly inhibited HIV-1 gag
expression compared to the control siRNA-treated cells. The siRNA treated cells were
infected with HIV-1 11I1B and the intracellular level of HIV-1 gag (p24) was measured 48
hours later. Shown are the averaged inhibition of p24 expression (xStandard deviation
(S.D.)) normalized to the Control siRNA treated cells (C) (N=3, *p<0.002, two-tailed t-test)

and representative histograms (D).
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Figure 2.
COGS5, -6, -7 or -8 silencing impaired replication of multiple strains of HIV-1. The siRNA-

mediated silencing of COG5, -6, -7 or -8 impaired the replication of HIV-1 NL4-3 (A),
HIV-1 LAIL.2 (B) and HIV-1 89.6 (C) as measured by intracellular staining for HIV-1 p24
levels and flow cytometry. Shown are the averaged % inhibition of p24 expression (+ S.D.)
normalized to control siRNA treated cells (N=3, all p<0.01, two-tailed t-test).
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Figure 3.
Silencing of COGS5, -6, -7 or -8 inhibits HIV-1 replication prior to HIV-1 integration. A)

COGS5, -6, -7 or -8 depletion blocks HIV prior to viral integration. PAR5 Hel a cells
transduced with the indicated ShRNA were infected with HIV-1 111B and the level of the
integrated HIV-1 genome was assessed using a nested PCR strategy. Relative integration
indicates percent normalized to control siRNA treated cells (£S.D.) (N=3, *p<0.05,
**p<0.01, two-tailed t-test). All values were normalized to $-globin. B) Silencing COGS, -6,
-7 or -8 resulted in decreased levels of late RT product formation following HIV-1 111B
infection. PAR5 Hel a cells treated as indicated were infected with HIV-1 I11B and 8h later
the non-chromosomal DNA was segregated from the chromosomal DNA using a selective
salt precipitation. The level HIV-1 late RT product was measured using HIV-1 late RT-
specific primers. Percent late RT product indicates percent versus control siRNA treated
cells (£S.D.) (N=3, *p<0.05, **p<0.01, #p<0.001, two-tailed t-test). All values were
normalized to mitochondrial DNA
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Figure 4.
COGS5, -6, -7 or -8 silencing had no or a modest effect on CD4, CXCR4 or CCRS5 expression

levels. The knockdown of the lobe B components had no effect on CD4 expression as
measured by the percentage of CD4 expressing cells (A) or the mean fluorescence intensity
(MFI) of CD4 expression (B). Although the silencing of COG5-8 had no effect on the
percentage of cells staining positive for surface expression of CXCR4 (C), there was a
modest decrease in the MFI of CXCR4 stained cells upon COGS5 silencing and a modest
increase in CXCR4 MFI in the COG8 siRNA treated cells (D). In addition, the percentage of
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cells staining positively for CCR5 (E) was not changed upon silencing of lobe B
components but there was a modest, but statistically significant, decrease in the MFI of
CCR5 in the COGS8 silenced cells (F). Graphs represents the average of three experiments (+
S.D.) (*p<0.05, **p<0.01, two-tailed t-test).
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Figure 5.
COGS5, -6, -7 or -8 depletion inhibits wild type-enveloped HIV-1. The siRNA-treated cells

were infected with recombinant HIVV-1-dsRED bearing the VSVg envelope glycoprotein
(light gray box) or HIV-1 I1Ib envelope glycoprotein (dark gray box). Infection was
monitored by flow cytometry for the dSRED reporter gene 48h post infection. Percent
infection is relative to control siRNA-treated cells (+ S.D.) (N=3, *p=0.001,

**p<0.01, #p<0.05, two-tailed t-test)
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Figure 6.
Silencing of COGS5, -6, -7 or -8 had no effect on HIV-1 viral fusion. Viral fusion was

measured by infecting COGS5, -6, -7 or -8 or CD4 or control siRNA treated cells with
recombinant viral particles containing the HIV-1 vpr--lactamase fusion protein. After 3h of
infection, the cells were loaded with CCF2-AM dye and the change in fluorescence was
measured by flow cytometry. Representative dot plots are shown in (A). Although CD4
silencing significantly impaired viral fusion, the COGS5, -6, -7 or -8 siRNA-treated cells had
no significant change in fusion levels compared to Control siRNA treated cells. B) Relative
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fusion levels in the COG silenced cells compared to CD4 siRNA and Control siRNA treated
cells (£S.D.) (N=4, p<0.05, two-tailed t-test).
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Silencing of STX5 inhibited HIV-1 replication prior to HIV-1 integration. A) RNAI-
mediated silencing of STX5 inhibited STX5 expression as measured by gRT-PCR compared
to control shRNA treated cells (£S.D.) (N=3, p<0.007, two-tailed t-test). B) Silencing of
STX5 inhibited HIV-1 replication as measured by reduced intracellular HIV-1 p24 levels
and analysis by flow cytometry. C) STX5 depletion blocks HIV prior to viral integration.
The targeted silencing of STX5 significantly impaired viral integration as measured by an
Alu-LTR nested PCR strategy. Percent integration indicates percent versus Control ShRNA
treated cells (£S.D.) (N=3, p<0.03, two-tailed t-test). All values were normalized to f3-
globin. D) Late RT product formation was significantly inhibited upon silencing of STX5.
Percent late RT formation relative to Control shRNA-treated cells (£S.D.) (N=3, p<0.03,
two-tailed t-test). All late RT product values are normalized to mitochondrial DNA.
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