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Abstract

Viral pathogenesis results from changes in host cells due to virus usurpation of the host cell and
the innate cellular responses to thwart infection. We measured global changes in protein
expression and localization in HIV-1 infected T-cells using subcellular fractionation and the
Sequential Window Acquisition of all Theoretical Mass Spectra (SWATH-MS) proteomic
platform. Eight biological replicates were performed in two independent experimental series. /n
sificomerging of both experiments identified 287 proteins with altered expression (p< 0.05)
between control and infected cells-172 in the cytoplasm, 84 in the membrane, and 31 in nuclei.
170 of the proteins are components of the NIH HIV interaction database. Multiple Reaction
Monitoring and traditional immunoblotting validated the altered expression of several factors
during infection. Numerous factors were found to affect HIV infection in gain- and loss-of-
expression infection assays, including the intermediate filament vimentin which was found to be
required for efficient infection.
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Introduction

Despite the availability of numerous effective therapies that control virus replication, human
immunodeficiency virus type 1 (HIV-1) remains incurable and one of the most significant
global pathogens. The prospect of life-long treatment for an increasing number of infected
individuals makes the emergence of drug resistant viruses a critical concern and highlights
the need for the continued development of new antiviral therapies. One under-explored class
of inhibitors are compounds that target cellular proteins to disrupt HIV replication. Targeting
cellular factors is difficult as the host-virus relationship is complex. As an obligate
intracellular parasite, the virus induces cellular changes to establish infection and promote
replication. Host cells initiate innate responses to counter the pathogen and signal nearby
cells to the presence of the microbe. Consequently, viruses also stimulate additional
alterations in the host cell proteome in order to neutralize the innate responses. The
cumulative effect of these complex interactions results in pathology and clinical disease
manifestations of viral infection. An improved understanding of these multifaceted
interactions will increase knowledge of virus replication and accelerate the development of
cellular-based antiretroviral therapies.

Many genetic, proteomic, and other “-omics” studies have sought to identify cell factors
critical for virus replication and pathogenesis (reviewed in (Bushman et al., 2009; Fellay et
al., 2010; Giri et al., 2006) and others). Transcriptome and RNAI studies have provided an
important, yet incomplete picture of the HIV interactome as these approaches cannot
distinguish alterations in protein level, modification, function, localization, or association in
cellular complexes. Proteomic studies examining the host cell response have typically relied
on unbiased “shot-gun” approaches. These have included studies of whole cell lysates,
individual cellular compartments, or the interactome of individual viral proteins by affinity
purification (Donnelly and Ciborowski, 2016; Haverland et al., 2014; Kraft-Terry et al.,
2011; Li et al., 2016). A number of HIV-specific studies include analyses of the proteome of
infected T cells (Navare et al., 2012; Ringrose et al., 2008; Sheng and Wang, 2009),
macrophages (Haverland et al., 2014; Kraft-Terry et al., 2010), intact HIV particles
(Bregnard et al., 2013; Chertova et al., 2006; Saphire et al., 2006), purified HIV cores
(Fuchigami et al., 2002; Santos et al., 2012), and HIV reverse transcription and
preintegration complexes (Raghavendra et al., 2010; Schweitzer et al., 2013). Individual
viral protein interactomes have also been studied, including the viral proteins Gag (Le Sage
et al., 2015), Nef (Mukerji et al., 2012), Tat (Coiras et al., 2006), and Rev (Naji et al., 2012),
as well as a comprehensive study of all HIV-1 proteins (Jager et al., 2011).

Our goal in this study was to map the global intracellular changes induced by HIV-1
infection of Jurkat T cells using a subcellular-focused proteomic approach. Cell lysates were
separated into cytosolic, membrane bound, and nuclear fractions by differential lysis.
SWATH-based MS was used to quantify protein abundance within the three subcellular
compartments of uninfected and HIV-infected T-cells. SWATH is a label-free MS approach
in which the acquisition of spectra is divided into sequential segments and all information is
collected within each segment (Gillet et al., 2012). This contrasts traditional MS which
collects a limited amount of data for a specific analyte within the entire range of spectrum.
SWATH requires preconstruction of a spectral library using traditional data-dependent
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acquisition. The experimental groups are run using a data-independent mode of MS and the
spectra are analyzed against the preconstructed library after data acquisition. The collected
spectra are quantitative and can be analyzed using traditional statistical methods.

We performed two independent series of biological replicates (Expl and Exp2), consisting
of five and three repeats of control and infected samples, respectively. The number of
candidate proteins with statistically different abundance between infected and control cells
ranged from 225 to 578 within individual subcellular fractions. The overlap of proteins
between Expl and Exp2 ranged between 13.5-25.9% among the three fractions. Therefore,
we evaluated the data by combining the spectra from all eight experiments /n silico. This
approach slightly increased the number of candidate factors. Multiple Reaction Monitoring
(MRM) and immunoblotting on a subset of factors validated the change in expression of
several factors. Finally, the role of several candidate proteins in HIV infection was
investigated by gain- and loss-of-expression studies.

Experimental Infections and SWATH-MS library construction

Jurkat E6-1 T-cells were infected with CXCR4-tropic HIV-1y x virus (Brown et al., 1999).
Infections were performed by spinoculation at a high (>10) MOI to achieve a maximal level
of infection (>90%, data not shown). The overall experimental approaches are summarized
in Fig. 1. Infections were allowed to proceed for 48 h and then the cells separated into
cytosolic, membrane/organelle, and nuclear fractions. SWATH-MS processes spectra after
data acquisition, therefore a spectral reference library must first be constructed by DDA.
Experimental groups are then run in data-independent mode and all spectra are collected and
analyzed post-run against the preconstructed library. This allows for the data to be
normalized across replicates and analyzed using traditional statistical methods /n silico.

To maximize the size of the SWATH-MS reference library we collected MS data from both
whole cell lysates and each subcellular fraction. For each replicate, viral infection was
confirmed by immunoblot (Fig 2A), and the isolation and purity of the cell fractionations
was assessed by immunoblot of known cellular markers (Fig. 2B), including GAPDH
(cytosol), ERp19 (membrane/organelle), and Sumo2/3 (nuclear). A total of three biological
replicates were used to construct the reference library, and the final library consisted of
1,515,831 spectra representing 3,992 proteins.

Comparison of the two independent SWATH experiments

Two series of experimental replicates were performed in this study. Expl was comprised of
5 biological replicates (infections, subcellular fractionations, and MS runs) of control and
infected samples. Exp2 comprised three additional biological replicates. The experimental
procedures were identical for both experiments; however, Exp2 was performed with
different stocks of Jurkat cells and virus, and an upgraded version of mass spectrometer set
to variable SWATH size (see Materials and Methods). Both datasets are summarized in
Table 1 and provided as supplemental material. Samples were normalized by Total Area
Sums in MarkerView software so the resulting normalized samples had the same area sum
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calculated using all peaks. Only proteins identified in all biological replicates were included
in the analysis. A statistical analysis of average spectral intensities of each protein was used
to identify proteins with altered abundance between infected and control cells. In both
experimental series, approximately 20% of the proteins in both the cytosolic and membrane
fractions were found to be altered in infected versus control cells, representing 497 — 578
proteins. Whereas, only ~10% of nuclear proteins were statistically different between the
control and infected cell nuclei (297 and 225, Expl and Exp2 respectively; Table 1).
Notably, in both experiments the majority of altered proteins exhibited reduced abundance in
infected versus control cells.

Comparison of the two datasets found a 13.5 — 25.9% overlap of significantly altered
proteins between Expl and Exp2 (Table 2). Taking into account the direction of change in
abundance further reduced the overlap of factors between the two datasets to 10 — 24.5%
among the fractions. Manual alignment of the two datasets found 80, 103, and 36 proteins
altered in abundance in cytoplasmic, membrane, and nuclear fractions of HIV infected cells,
respectively. This represented only 1.47 — 5.28% of the total number of proteins in either
Expl or Exp2 (Table 2). Consistent with the individual datasets, the majority of these factors
were less abundant in infected cells. Of interest, several factors had altered levels in more
than one subcellular fraction (Table 3). As expected, among these was HIV-1 Gag and Rev.
Five cellular proteins were found to be increased in multiple fractions, including the
intermediate filament vimentin (VIM), which was increased in both the cytoplasmic and
membrane fractions of cells. Nine cellular proteins were found to be less abundant in
multiple fractions of infected cells. This included two members of the mini chromosome
maintenance (MCM) family. Expression of MCMD5 has been shown to inhibit HIV infection
(Santos et al., 2016), suggesting that its reduction in infected cells would benefit virus
replication.

Datasets from both experiments were combined /in sillico as an alternative approach to
collectively analyze all the data. To do this, the SWATH data from both experiments was re-
processed computationally with equivalent SWATH size. Similar to the individual
experimental series, the majority of altered proteins were less prevalent in infected cells.
Statistical testing identified 287 candidate factors (172, 84, and 31 proteins in the cytosolic,
membrane, and nuclear fractions, respectively) with altered abundance. A heat map of these
factors and their relative change in abundance is provided in Fig. 3. Overall, the merged
dataset contained 17 more factors than obtained by manual alignment of Expl and Exp2
(Table 2). Notably, the distribution of factors was altered compared to the manual
alignment-66 more factors were identified to be altered in the cytosol, but 40 and 9 fewer
were identified in the membrane and nuclear fractions, respectively. Next we did a
comparison of the dataset to previously published proteomic and siRNA studies of HIV
infection (Chertova et al., 2006; DeBoer et al., 2014; Haverland et al., 2014; Konig et al.,
2008; Monette et al., 2011; Raghavendra et al., 2010; Zhou et al., 2008). Overall, there were
a total of 82 matches among the seven studies analyzed (Table 4). The meta-analysis and
specific matches are provided in the supplemental data.
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Bioinformatic analysis

Additional analyses were performed to identify functional pathways altered in HIV infected
cells. Volcano plots from the t-test analyses were used to visualize and identify significant
changes between control and HIV-infected samples in the combined dataset for each fraction
(Fig. 4, left graphs). The log2 fold change between the control and infected conditions was
plotted against the negative log of the p-value. Proteins with p-value <0.05 are shown in red,
proteins with a fold-change greater than 2 or less than 0.5 are colored blue, and proteins that
meet both criteria are colored yellow. Functional analysis of the statistically significant
proteins in each subcellular fraction’s combined protein data set was determined using
PANTHER (Mi et al., 2017) with the dataset split into upregulated and downregulated
proteins (Fig. 4, right panels). Thus, for the cytoplasmic fraction, a list of 140 downregulated
protein IDs were entered to obtain functional classifications with terms from Gene Ontology
(GO)-slim “biological process.” This input list generated 223 total biological process hits
falling under ten GO terms. Next, a list of the cytoplasmic fraction’s upregulated proteins
(32) was uploaded resulting in 52 process hits under nine GO terms. This process was
repeated for the membrane/organelle and nuclear fractions. Consistent with the overall data,
downregulated proteins were more abundant in almost all the process categories.
Interestingly, in all three subcellular fractions the largest number of altered factors fell in the
“cellular” and “metabolic” processes categories.

Validation of altered factors

Initially to validate the SWATH-MS data we assessed protein expression via immunoblot of
infected and control cells. Candidate proteins were selected randomly, but based on antibody
availability. Additional individual infection and fractionation experiments were performed
for this purpose. After isolation, equivalent amounts of control and infected cell fractions
were separated by SDS-PAGE and the expression of individual candidate factors assessed by
western blot. Control blots were performed for each replicate as shown in Fig. 2 to confirm
fraction integrity. A number of factors were found to have a similar change in expression
profile as predicted by the SWATH-MS analysis, including AURKA, EF1AL, hnRNP L,
NONO, PPP2R5D, and PCNA (Fig. 5).

Several factors were not validated by immunoblot however, including CELF1 and 2,
APEX1, and Sec61a. The effectiveness of immunoblot validation is limited by low
sensitivity, antibody availability, questionable antibody validation, and inherent error as a
result of the multi-step processing of blots. As an alternative method of validation, we
performed a different MS-based approach, multiple reaction monitoring (MRM). MRM
monitors a limited number of peptide spectra within a sample to provide more accurate
quantitative data versus traditional antibody- or MS-based approaches. Two peptides were
selected for 100 total proteins identified in the Expl dataset. Three infection replicates and
subcellular fractionations were performed for these analyses using methodology identical to
that used for the experiments for SWATH-MS. HIV-1 Gag was used as a positive control for
the MRM. As expected, MRM showed a significant upregulation of Gag in all three of the
subcellular fractions of infection cells compared to control cells (Table 5). Twenty-one total
peptides were found to be statistically altered in abundance between the infected and control
samples by MRM. These represented 18 independent peptides and 17 total proteins (two
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peptides from cyclophilin B (CypB or PPIB) were present). Next we determined whether or
not the MRM data aligned with the SWATH-MS data from the individual experiments. As
shown, MRM confirmed the altered expression of 12 of the 17 proteins as predicited by
SWATH. Among these was CypB, a factor previously identified to be upregulated in HIV-
infected nuclei (DeBoer et al., 2014).

Functional analysis of candidate factors

Both independent experiments as well as the merged analysis identified a number of factors
altered in expression in one or more subcellular compartments. To evaluate the role of
factors in HIV infection, we performed gain- and loss-of-expression infection assays. The
gain-of-expression assays included both infection and virus production assays. For the
infection assays, 293T cells were pre-transfected with FLAG-tagged expression plasmids 24
h prior to transduction with a VSVg-pseudotyped HIV luciferase marker virus (HIV-Luc).
The effect of candidate factors on virus production was assessed by co-transfecting
individual factors with HIV_x molecular clone and measuring reverse transcriptase activity
released into cell supernatants at 24 h post-transfection. The results of both overexpression
assays are summarized on the left half of Table 6. Overexpression of 12 factors statistically
altered HIV transduction and 6 were found to affect virus production; however, the effects
were generally modest. Overexpression of DDX39A, RRAS, and TMEM261 showed the
greatest potentiation of infection (~1.5 fold). In contrast, increased expression of APEX1
and XRCC1 inhibited infection slightly less than 2-fold. Similarly, none of the selected
candidates showed a robust effect on virus production although statistical differences were
achieved. The overexpression of two splicing factors, SRPK1 and ASF/SF2, produced the
largest effects on virus production among the candidates. Both factors have been previously
shown to alter HIV replication. ASF/SF2, a member of the SR family of splicing factors,
interacts with HIV-1 Rev and reduces production of unspliced viral RNAs (Jacquenet et al.,
2005; Paz et al., 2015; Tange et al., 1996). Consistent with this, overexpression of ASF/SF2
reduced virus production ~3-fold in our experiments. SRPK1, or SR protein kinase 1,
modulates SR protein activity through its kinase activity. Interestingly, the main substrate of
the second isoform of SRPK1 is ASF/SF2 (Pongoski et al., 2002). In agreement with a
previous study (Fukuhara et al., 2006), ectopic expression of SRPK1 increased HIV
production from 293T cells. Finally, overexpression of Sec11a, a subunit of the signal
peptidase complex also reduced virus production approximately two-fold.

To investigate the functional dependency of candidate factors we transiently knocked down
expression of candidate factors by siRNA-mediated interference and measured HIV
transduction. Seven factors were identified to statistically alter HIV infection when their
expression was reduced (Table 6). Surprisingly, in each case knockdown of the protein
enhanced transduction. Cell viability was monitored in parallel experiments. Notably,
knockdown of four of the seven factors that enhanced infection also significantly reduced
cell viability as measured by MTT assay. Among those was COPINE1, a calcium-dependent
membrane-binding protein, that may function in membrane trafficking and regulate
molecular events at the interface of the cell membrane and cytoplasm (Tomsig et al., 2004).
Copine 1 has no published direct HIV-1 interaction, but knockdown by siRNA increases
TNFa-stimulated NF-xB transcription which could result in increased HIV-1 transcription
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(Coiras et al., 2007; Ramsey et al., 2008). Surprisingly, despite the fact that overexpression
of SRPK1 mildly enhanced virus production, the knockdown of SRPK1 was also found to
enhance infection. This result suggests a multifunctional role of SRPK1 during both the
early and late steps of HIV replication.

One of the factors that intrigued us was the intermediate filament protein VIM because it
was identified in multiple fractions in both Expl and 2, and the merged analysis. Moreover,
protein-protein interaction analysis of the cytoplasmic fraction from the merged analysis
showed a number of factors from the dataset interact with VIM (Fig. 6A). To confirm the
altered expression of VIM during HIV replication, we performed time course infections and
monitored VIM expression by immunoblot. The data clearly validated that VIM expression
increased in both the cytoplasmic and membrane/organelle fractions during infection (Fig.
6B). Notably, although VIM has been shown to be targeted by HIV protease /n vitro
(Shoeman et al., 1990), we did not observe any cleavage in infected Jurkat cells.

Next we utilized CRISPR technology to create VIM(=) 293T cells. Guide RNAs were
designed targeting exon 1 of V/Mand four clonal cell lines were isolated that lacked
detectable VIM expression (Fig. 7A). The susceptibility of each cell line to HIV infection
was assessed using a VSVg-pseudotyped HIV-Luc marker virus. Three of the four cell lines
showed reduced susceptibility to HIV compared to the parental 293T cells (Fig. 7B, dark
bars), suggesting that VIM is important, but may not be required for HIV infection. Given
that complete sequencing was not performed on the cell lines, we cannot rule out that off-
target effects of the CRISPR treatment may have occurred in the F6 cell line and compensate
for the deficiency in VIM. To test if the altered susceptibility was HIV-specific, we
investigated the ability of the cells to support MLV transduction (Fig. 7B, light bars).
Surprisingly, all the cell lines, including F6, showed reduced susceptibility to MLV
compared to the control cell lines. This data suggests that VIM expresson is critical for
retroviral transduction. Next we assessed if reconstituting VIM expression would rescue
HIV infection of the VIM(-) cells. To do this, the cells were pretransfected with a VIM
expression plasmid one day prior to infection with HIV-Luc. Unexpectedly, ectopic
expression of VIM did not noticeably alter the level of HIV transduction in any of the cell
lines (Fig. 7C). We suspect that the presence of C-terminal myc and FLAG epitope tags in
the expression vector may have interfered with VIM function in these experiments. Further
studies will be necessary to discern specifically how the absence of VIM in these cell clones
alters retroviral infection.

Next we tested if the loss of VIM would affect virus production and infectivity. Each cell
line was transfected with pNLX molecular clone for 24 h and both supernatants and cell
lysates collected. Virus production was measured by exogenous RT assay and the cell lysates
used to confirm transfection of the molecular clone. As shown in Figure 7D, all four VIM(-)
cell lines showed an approximately two-fold reduction in virus production compared to the
WT cells, suggesting that the absence of VIM reduced the efficiency of virus release. To test
if the loss of virus release was caused by altered transcription, we performed gene
expression studies. The pNLX-luc plasmid was co-transfected with pCMV-lacZ in each cell
line and HIV expression normalized to beta-galactoside expression (Fig 7E). HIV expression
was mildly reduced in three of the four cell lines, suggesting that reduced transcription may
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account in part for the reduced infection and virus production in those cell lines. However,
HIV expression was slightly elevated in the R3 cell line. Finally, the supernatants from these
cells were then normalized for RT content and their titer determined on TZM-bl indicator
cells to see if the absence of VIM would alter virus infectivity. As shown in Figure 7F, the
results were mixed. Virus from the F3 cells was slightly more infectious than WT, but virus
from both the R1 and R3 cells was slight less infectious. However the combined differences
were not statistically different, suggesting that VIM expression in producer cells is not
required for virus infectivity.

Discussion

In this study, we investigated the alterations in the subcellular proteome of HIV-infected T-
cells. The data encompassed eight independent infections across two experimental series.
Hundreds of candidate factors were identified in each fraction with an ~20% overlap
between the two experiments. This lower than expected reproducibility between experiments
has been observed by us in the past, and we attribute it to the dynamic nature of viral
infections. In contrary to uniform exposure of all cells to an agent (e.g. drug, stimulant efc.),
the rate of viral infection varies and consists of multiple rounds of infections resulting from
the constant production of virus particles. Viral infection is also associated with strong
stimulation of factors such as cytokines and chemokines and may have profound influence
on the state of intracellular proteome at any given time. To address this, we merged the
datasets /n silico. This did not substantially alter the number of factors identified with
significant alterations of expression in infected versus control cells, but resulted in a
different distribution of factors identified among the three subcellular fractions. Overall, this
demonstrates the significance of biological variability and suggests that there may be an
even greater challenge when comparing proteomic experiments from different laboratories.

Thus, our results support shifting the application of proteomics from global, unbiased
profiling studies in which cataloging and comparing proteins in relevant samples is the
major goal, to more focused and “surgical” proteomic studies in which we measure specific
functional changes in a biological system with defined manipulations (Chen et al., 2012;
Vuckovic et al., 2013). Yet, biological variation will still complicate matters. We attempted
to focus our screen by individually analyzing subcellular compartments of cells. The idea
being to detect proteins with altered localization during infection, which may identify
critical pathways of activation or repression within the cell. Several factors were identified
with altered levels in more than one fraction, suggesting changes in localization. This
included the MCM complex which has been shown to inhibit HIV infection (Santos et al.,
2016), and CypB, which we recently demonstrated potentiates HIV transduction (DeBoer et
al., 2016). Further studies with other candidate proteins may identify additional factors that
alter HIV infection.

The total number of factors precluded complete validation of all candidates, but the altered
expression of several proteins was confirmed by immunoblot or MRM. Host factors with
altered expression may represent proteins manipulated by the virus to support productive
replication, or proteins altered because of HIV-induced pathology. This may complicate
functional studies as not all the factors altered in infected cells may play direct roles in virus
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replication. Preliminary functional screens identified several cellular proteins that affected
HIV infection when overexpressed or knocked down by RNA interference. These factors
add to the growing list of candidate factors that may play a role in HIV replication and
pathogenesis.

Functional characterization of candidate factors still remains the greatest bottleneck of large-
scale “~omics” studies. We screened a number of candidate factors through gain- and loss-
of-expression studies. Several factors were found to alter HIV infection when their
expression was increased or decreased, but no one factor was found to be essential for
infection. These data add to the growing knowledgebase of cellular factors with roles in HIV
infection. As we were unable to quantitatively measure T-cell pathology, we have yet to
identify the role of candidate factors in terms of pathogenesis.

Among the candidate factors we focused our attention on VIM since it displayed such a
distinctive phenotype in the immunoblot validations. Interestingly, VIM is found to be
increased in oral epithelial cells of HIV-infected patients (Yohannes et al., 2011). VIM is
cleaved in vitroby the HIV-1 protease (Shoeman et al., 1990), and it has been reported that
knockdown of VIM by shRNA reduced HIV infection (Fernandez-Ortega et al., 2016). Our
data also suggest that VIM is important for HIV infection. Three of four VIM(-) cell lines
showed reduced susceptibility to HIV transduction and all were resistant to MLV
transduction. Moreover, all four cell lines had a reduced capacity to produce HIV. In three of
the cell lines this may be partially due to reduced HIV expression. Off-target effects of
CRISPR-Cas9 treatment are suspected to occur at a higher than expected level (Haeussler et
al., 2016), and the F3 cell line may have a compensatory alteration that maintains
susceptibility to HIV infection. Additional genome-wide sequence analysis will likely be
necessary to discover what changes the F3 cell line possesses to maintain HIV susceptibility.
However, identifying those adaptations may discover a factor or pathway important for HIV
infection.

Materials and methods

Cells, Virus Production, and Infections

Jurkat E6-1 cells ((Weiss et al., 1984); NIH AIDS Reagent Program, Germantown, MD)
were cultured in RPMI 1640 media supplemented with 10% Fetalclone Il (Hyclone, Logan,
UT USA), 8 mM L-glutamine, 100 U/mL penicillin, and 100 U/ml streptomycin. 293T and
TZM-bl cells (NIH AIDS Reagent Program) were cultured in DMEM media with the same
supplementation. All cells were cultured in humidified incubators at 37°C and 5% CO,.
HIV-1 NLX virus stocks were produced by transient transfection of 293T cells with pNLX
molecular clone using PolyJet as described by the manufacturer (SignaGen, Gaithesburg,
VA). NLX-Luc+VSVg virus was produced by transfection of the viral molecular clone
(pNLX-luc) DNA and pMD2.G vesicular stomatitis virus glycoprotein G (VSV(Q) expression
vector (Addgene Plasmid Repository, Cambridge, MA). Viral supernatants were collected
over 48 hours, clarified by centrifugation at 4000 x g for 5 minutes and stored at —80° C.

For the SWATH-MS analyses, 1x 107 Jurkat cells were infected using the spinoculation
technique as described previously (O’Doherty et al., 2000; Schweitzer et al., 2013).
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Uninfected Jurkat cells were processed in parallel with no virus as control cells. At 48 hpi
the cells were washed with phosphate-buffered saline (PBS) and fractionated into subcellular
compartments using the Qproteome Cell Compartment Kit as described by the manufacturer
(Qiagen, Valencia CA). For construction of the reference library, an additional three
biological replicates (infected and control) of 1x 107 Jurkat cells were lysed in 4% (w/v)
SDS, 0.1M dithiothreitol, 0.1M Tris-HCI, and 100 units/mL Benzonase Nuclease, pH 7.6
(Life Technologies, Grand Island, NY). The protein concentration of all samples was
determined by BCA assay supplemented with 50 mM ionic detergent compatible reagent
(Thermo Fisher Scientific, Waltham, MA). For immunoblot experiments, fractions were
normalized to each other by the addition of PBS.

VIM-null 293T cells were constructed using CRISPR-Cas9 gene targeting essentially as
described previously (Bauer et al., 2015). Two guide RNA sequences (5'-
tcctaccgeaggatgttcgg-3” and 5-gecgaacatectgeggtagg-3”) targeting exon 1 of VIM were
synthesized (Integrated DNA Technologies, Coralville IA USA) and cloned into pX330-U6-
Chimeric_BB-CBh-hSpCas9 (plasmid # 42230, Addgene Plasmid Repository, Cambridge,
MA; (Cong et al., 2013)), and verified by DNA sequencing. 293T cells were transfected with
individual VIM-CRISPR plasmids using PolyJet reagent; 48 h post-transfection the cells
were seeded at 1 cell/well into 96-well plates and single cell colonies expanded. Cell clones
were screened for VIM expression by immunoblot using anti-VIM antibody (V9; Santa Cruz
Biotechnology, Santa Cruz, CA).

Generation of Library of Spectra — data dependent acquisition

Jurkat T cell reference library of spectra was generated using DDA method and nano-LC
Sciex 5600 TripleTOF mass spectrometer as described previously (Haverland et al., 2014).
All samples were processed using filter-assisted sample preparation (Wisniewski et al.,
2009) and 25 pg of 4% SDS lysate and 20 ug (each) of QProteome fraction 1-3 were used.
For this purpose, samples were fractionated by isoelectric point using OFFGEL
electrophoresis using pH 3-10 OFFGEL strips (Agilent, Santa Clara, CA), cleaned using an
Oasis mixed cation exchange cartridge following manufacturers protocols (Waters, Milford,
MA\) and 2 g of protein prepared for mass spectrometry using C18 Zip-Tips® (Millipore,
Billerica, MA). Samples were digested with trypsin and cleaned using C18 spin columns
following manufacturer protocols (Thermo Fisher Scientific). The reference library was
generated by running samples in the traditional DDA mode with a 250-ms survey scan and
the top 50 ions selected for subsequent MS/MS. lon selection criteria included a charge state
from +2 to +5, intensity of greater than 100 counts/s, mass tolerance of 50 mDa, and were
not found on a dynamic exclusion list. lons that were fragmented and analyzed by MS/MS
were excluded from further analysis for 15 seconds.

SWATH-MS - data independent acquistion

For SWATH-MS, as for DDA acquisition as described above, all samples were processed
using filter-assisted sample preparation (Wisniewski et al., 2009) and 20 pg of each
subcellular fraction was used. DIA for SWATH-MS was performed as described previously
(Haverland et al., 2014). Peptide samples were re-suspended in 0.1% formic acid in HPLC
grade water and were analyzed by reverse-phase high-pressure liquid chromatography
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electrospray ionization tandem mass spectrometry (RP-HPLC-ESI-MS/MS) using an
Eksigent NanoLC-Ultra 1D plus (Exsigent, Dublin, CA) and nanoFlex cHiPLC system
coupled to either a 5600 Triple-TOF mass spectrometer for the first set of biological
replicates or a 6600 Triple-TOF mass spectrometer for the second set of biological replicates
(AB Sciex; Concord, Canada). In either case, the nanospray needle voltage was set to
2400V. Samples were loaded using a stepwise flow rate of 10 pL/min for 8.5 min and 2
pL/min for 1 min using 0.1% (v/v) formic acid in HPLC water (solvent A). Peptides were
eluted from the analytical column using a 5-35% linear gradient of solvent B (95% (v/v)
acetonitrile with 0.1% (v/v) formic acid over the course of 180 minutes with a flow rate of
0.3 uL/min. Experimental samples were processed using cyclic DIA of mass spectra using
either 25-Da swaths (Expl) or variable swaths (Exp2) as described in Liu et a/(Liu et al.,
2013). Briefly, a 50-ms survey scan (MS1) was performed and all precursors within a given
swath were fragmented and analyzed (MS2). Each cycle was composed of 34 25-Da swaths
which covered 400Da to 1200 Da. Total Cycle time was 3.314 s using an accumulation time
of 96 ms per 25-Da swath.

Protein Identification and data analysis

The DDA spectral data was searched using ProteinPilot software v5.0 (AB Sciex). Complete
spectral data is available upon request. Mass tolerance for precursor ions and transitions are
automatically set up by algorithm for specific instrument used, in this case 5600 or 6600
TripleTof. Protein identification was through the UniProt Swiss-Prot database (November
2015 release) containing both human and HIV-1 proteins with FDR less than 5%. The DIA
data was subject to spectral alignment and targeted data extraction by PeakView v1.2 (AB
Sciex) software using the Jurkat reference spectral library. Identification of proteins used an
extraction window of 20 min and the following parameters: 8 peptides, 5 transitions, exclude
shared peptides, extracted ion chromatogram (XIC) width set at 50 ppm, and peptide
confidence of >99%. Reversed sequences and laboratory contaminants were removed from
the data set. For both experiments (Expl and Exp2), the protein lists (peak areas) were
exported into text files using PeakView software and then imported into MarkerView
software. Samples in each data set were normalized in MarkerView using Total Area Sums.
This approach was used to normalize each sample so that the resulting normalized samples
have the same area sum calculated using all peaks. For each sample the total response
(¥area) was calculated where the sum was over all peaks. The scale factor for a given sample
was the average total response for all samples divided by the total response for the given
sample. This was useful as all major peaks for all the samples are expected to be in common
with similar intensity. Next, HIV and control groups were compared for differences in
MarkerView by t-Test analyses. Protein IDs with p-value <0.05 were considered to have
significantly different expression between infected and control samples. Functional analysis
of the statistically significant proteins in each subcellular fraction’s combined protein data
set was done using PANTHER v. 11.1 (Mi et al., 2017). Bar charts were generated using the
ggplot2 R package, R version 3.3.2.

Multiple Reaction Monitoring

MRM was performed employing established methodology as described previously using a
LC - Sciex QTrap 6500, QQQ/ion trap mass spectrometer (Ebhardt et al., 2015; Sherwood et
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al., 2009; Shi et al., 2016; Timm et al., 2015). A reverse phase C18 column and
water:acetonitrile gradient was used for peptides fractionation. For each precursor ion
representing peptide of interest, two transitions were used based on data from the library of
spectra generated from previous data dependent acquisition experiments. (Haverland et al.,
2014). MRM-MS was performed in triplicate on each sample. Triplicate infections and cell
fractionations were prepared as done for the SWATH-MS experiments. Statistically
significant differences between infected and control samples were determined by t-test
analysis of area counts.

For all assays, 293T cells were seeded in triplicate wells of a 6-well plate at 2x10° cells/
well. For overexpression assays, each well was transfected with 1 pg plasmid using PolyJet
reagent. For siRNA knockdown assays, 2 pmol siRNA was transfected using PepMute
reagent according to manufacturer’s directions (Signagen). The next day, wells were
inoculated with NLX-Luc+VSVg virus and incubated for 48 h at 37°C. Cells were lysed
with M-PER solution (Thermo Fisher Scientific) and clarified by centrifugation. One-glo
luciferase reagent (Promega, Madison, WI) was used to determine Luciferase activity. Total
protein concentration was determined by BCA protein assay and luciferase activity
normalized to the total protein. Data shown represents at least three independent
experiments for each factor. MTT assays were performed on siRNA transfected cells using
the CellTiter 96 non-radioactive cell proliferation assay per the manufacturer’s protocol
(Promega). For virus production assays, cells were transfected with 0.5 ug of candidate
factor expression vector and 0.5 pg pNLX. At 24 h post-transfection, supernatants and cells
were collected. Supernatants were clarified by centrifugation (12,000 x g) and stored at
—20°C until assayed for exogenous reverse transcriptase (RT) activity. Cells were washed
with PBS, lysed with M-PER solution and immunoblotted with anti-HIV Ig (NIH AIDS
Reagent Program) to confirm transfection efficiency (data not shown). HIV expression
assays were performed in 24-well plates in quadruplicate using 5x10* cells/well. 250 ng
each of pNLX-luc and pCMV-lacZ (Life Technologies, Carlsbad, CA) were co-transfected
per well. After 24 h, the cells were lysed with M-PER solution and assayed for luciferase
and beta-galactosidase activity (Thermo Fisher Scientific). Luciferase levels in each sample
were normalized to beta-galactosidase levels. Data is reported relative to wild-type 293T cell
line. Statistical analyses for all experiments were performed using GraphPad Prism 5
software.

Exogenous RT Activity

The procedure used was a modification of one previously described (Quan et al., 1996).
Standard reaction mixtures contained 50 mM Tris (pH 7.9), 75 mM KCI, 2 mM DTT, 0.1875
mM ATP, 5 mM MgCI2, 0.05% Nonidet P-40, 2 uM dTTP, and 2 uCi [32P]-a-TTP, and
10pL supernatant in a final volume of 40 UL. Reactions were run in triplicate and incubated
for 4 hours at 37°C. 10uL RT products were added to as individual spots on Whatman filter
paper and allowed to dry completely. The paper was washed three times with 2x saline-
sodium citrate (SSC) buffer and allowed to dry. After drying, 32P activity was visualized and
quantitatively analyzed using a storage phosphor plate and scanned on a Typhoon 9410
scanner (GE Healthcare Bio-Sciences Corp. Piscataway, NJ). The data presented is
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normalized to the activity produced from cells co-transfected with empty vector control and
pNLX.

Immunoblotting

Protein were normalized to equal concentrations with PBS and mixed 1:1 with 2x SDS-
PAGE loading buffer and boiled for 5 min. Samples (20 ug/lane) separated by SDS-PAGE
using Tris-glycine gels, and transferred to PVDF. Proteins were detected by immunoblot
using the following primary antibodies: anti-HIV-1 p24 (Toohey et al., 1995; Wehrly and
Chesebro, 1997), anti-ERGIC (H-245), Actin (C-4), Sumo2/3 (N-18), GAPDH (6C5),
EEF1A1 (CBP-KK1), hnRNP-L (4D11), NONO (H-85), PCNA (PC10), and the HRP
conjugated anti-rabbit, anti-mouse, and anti-human 1gG secondary antibodies were all
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-AURKA was obtained
from Cell Signaling Technology (Danvers, MA). Anti-PPP2R5D was obtained from Abcam
(Cambridge, MA). HRP conjugated anti-Flag (M2) primary antibody was from Sigma-
Aldrich (St Louis, MO). All antibodies were diluted in blot wash buffer (TBS with 0.4%
tween-20). HRP secondary antibodies were detected using West Pico chemiluminescent
staining (Thermo Fisher Scientific) and exposure to radiographic film. Images were scanned
to computer, adjusted for brightness and contrast if necessary, and cropped for size.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

SWATH-MS was used to identify changes in protein expression during HIV-1
infection.

Eight biological replicates in two experimental series were analyzed /n silico.

287 proteins, including 117 novel factors, were identified with altered
expression.

Candidate factors were validated by immunoblot or multiple reaction
monitoring.

Many candidate factors altered HIV infection in gain- and loss-of-expression
studies.
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Fig. 1. Experimental approach used for SWATH-MS analysis of HIV-1 infected T-cells
Work-flow representative of one complete biological replicate.
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Fig. 2. Example confirmation blots of infections and fractionations
Western blot confirmation of HIV-1 infection in Jurkat cells used for SWATH-MS analysis is

shown in (A). Major proteins are indicated, minor bands represent Gag processing
intermediates. Control immunoblots against indicated proteins for the integrity of the cell
fractionation are shown in (B). Representative blots of fractions from one biological
replicate shown. Cy= cytoplasm; M= Membrane; Nu= Nuclear; In= Insoluble/cytoskeletal
fraction.
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Fig. 3. Heat map plot of proteins with statistically altered expression in indicated subcellular

fractions

Proteins with higher expression in infected cells are indicated in red and those with lower
expression in in green. Shading approximates relative fold-change in expression. Proteins in
bold are members of the HIV interaction database. HIV proteins are indicated in italics.
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Fig. 4. Volcano plots and Gene Ontology of candidate proteins
Volcano plots (left panels) and Gene Ontology for Biological Processes (right graphs) for

cytoplasmic (a), membrane/organelle (b), and nuclear (c) fractions are shown.
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Fig. 5. Alterations in protein expression validated by immunoblot
Cell fractionation samples were collected from uninfected (CONT) and HIV-1 infected

Jurkat cells at 48 hpi (+HIV). Fractions were normalized by protein concentration, separated
by SDS-PAGE, and the indicated factors detected by immunoblot. Cy= cytoplasm; M=
Membrane; Nu= Nuclear; In= Insoluble/cytoskeletal fraction.
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Fig. 6. VIM distribution is altered in HIV-infected cells
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(A) Protein-protein interaction network of VIM with other candidate factors in combined
SWATH dataset. (B) Immunoblots of VIM in subcellular fractions of uninfected (day 0) and
HIV-1 infected Jurkat cells at dpi shown. Control blots for fractionation were performed as

shown in Fig. 2.
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Fig. 7. Role of VIM in HIV infection
(A) Immunoblot analysis demonstrating knockout of VIM in 293T cell clones. (B) HIV- and

MLV-Luc transduction of VIM knockout cell lines. (C) Exogenous supplementation of VIM
does not rescue HIV transduction. Cell lines were pre-transfected with empty vector control
(Mock; black columns) or pCMV-VIM (grey columns) prior to transduction with HIV-Luc.
(D) Virus release from VIM(-) cells. Each cell line was transfected with pNLX molecular
clone for 24 h. Release assessed by exogenous RT assay of supernatants. Transfections were
confirmed by immunoblot of cell lysates as shown in bottom panels. (E) HIV gene
expression in VIM-null cells. Indicated cell lines were co-transfected with pNLX-luc and
pCMV-lacZ. HIV expression was normalized to beta-galactoside activity. (F) Titer of viruses
produced from VIM(-) cells. Supernatants collected from experiments shown in (d) were
normalized for RT activity and titered on TZM-bl indicator cells in triplicate. In all graphs
data is normalized to WT control group, error bars denote SEM, and (*) indicates p<0.01
compared to WT control group as determined by two-tailed t-test.
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Table 2
Comparison of Expl, Exp2, and in silico analysis.
Fraction: Cytosol Memb./Org. Nuclei
Total significantly altered proteins in both experiments (% of Exp. I/11): 106 (19.4%/18.9%) 124 (21.4%/25.9%) 40 (13.5%/17.8%)
% total of Expl or Exp2 dataset: 3.90%/3.98% 4.56 %/5.28% 1.47%/1.47%
Factors with matched direction of expression change in both exps.: 80 (75.5%) 103 (83.1%) 36 (90%)

Increased: 13 38 7
Decreased: 67 65 29
In silico analysis: 172 84 31
Increased: 32 28 5
Decreased: 140 56 26
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Table 3

Dual Significant Proteins with Altered Abundance in Multiple Fractions.

Page 27

UniProt ID  Gene ID

Name

Subcellular fractions with
altered expressionl

Increased in infected cells:

014965
P04591
P04618
P08670
P52732
P53350

Q86U42

AURKA_HUMAN
GAG_HV1H2
REV_HV1H2
VIME_HUMAN
KIF11_HUMAN
PLK1_HUMAN
PABP2_HUMAN

Decreased in infected cells:

P26639
P30154

P33992
P41250
P49736
P61088
P61221
Q13263

QIBZE4

SYTC_HUMAN
2AAB_HUMAN

MCM5_HUMAN
SYG_HUMAN
MCM2_HUMAN
UBE2N_HUMAN
ABCE1_HUMAN
TIF1IB_HUMAN
NOG1_HUMAN

Aurora kinase A; AURKA

HIV-1 Gag polyprotein

HIV-1 Rev protein

Vimentin; VIM

Kinesin-like protein KIF11; KIF11
Serine/threonine-protein kinase PLK1; PLK1
Polyadenylate-binding protein 2; PABPN1

Threonine tRNA ligase, cytoplasmic; TARS

Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit
A beta isoform; PPP2R1B

DNA replication licensing factor MCM5; MCM5
Glycine tRNA ligase; GARS

DNA replication licensing factor MCM2; MCM2
Ubiquitin-conjugating enzyme E2 N; UBE2N
ATP-binding cassette sub-family E member 1; ABCE1
Transcription intermediary factor 1-beta; TRIM28
Nucleolar GTP-binding protein 1; GTPBP4

Cyto./Memb./Nucl.
Memb./Nucl.
Cyto./Memb./Nucl.
Cyto./Memb.
Cyto./Memb.
Memb./Nucl.
Memb./ Nucl*

Cyto./Memb.*
Cyto./Memb.

Cyto.*IMemb./Nucl.

Cyto./Memb.
Memb./Nucl.
Cyto./Memb.
Cyto./Memb.
Cyto./Memb./Nucl.
Memb./Nucl.

Subcellular fractions noted with italics and marked with “*” showed inconsistent direction of expression change between Exps. | and Il.
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Table 6
Functional Studies of Candidate Factors.
Over-Expression Assays RNAI Assays
Cell Factor Infection Virus Production Infection Viability
(% of control)1 (% of control)2 (% of WT control)3 (% of control)4
ALYREF/THOC4  79.4 +/- 4.2(*) 86.7 +/- 9.7 80.2 +/- 11.4 83.1+/~7.5
APEX1 57.4 4/- 25(% ND ND
ARHGAP15 1272 4= 729 1252 +/- 11.6(* 98.9 +/- 3.2 94.7 +/- 4.9
ASFISF2 97.6 +/- 12.9 30.2 +/- 5.0(% 116.8 +/- 5.7(*% 92.3 +/- 4.9
CNOT10 116.9+/-7.4 110.8 +/-10.7 ND
Copinel 113.4 +/- 5.2(%) 103.1 +/-11.8 158.5 +/— 18.9(% 104.4 +/- 10.2
DDX39A 1417 +/-11.2(9  745+/-3.2(7) ND
GSTKL 118.0 +/- 8.0 1035 +/- 8.9 1283 +/-64(%  634+/-70("
LSMS 1120+-110 1007 +/-133 1317 +/-55(%) 689 +/-8.1 ("
MTPN 1227 +/-49(%)  1038+-84 89.1+/-3.9 64.3 +/- 45 (%
NCL 1152+4/-103  11204/-30(7 1305 +/- 9.0(* 97.6 +/- 8.7
PPP2R5D 107.7 +/- 2.0 ND ND
RRAS 137.4 +/- 5.0(% ND ND
SARNP 102.8 +/- 4.9 77.8 +/-2.8(*) 86.6 +/- 5.6 97.0+/- 8.8
Seclla 83.8 +/— 2.4(%) ND ND
SRPK1 1182 +/-56(7  1415+-111(7  1452+/-89()  818+/-54 (%)
SSBP1 78.6 +/- 2.6(*) ND ND
TMEM261 168.0 +/— 16.2(*) 91.3+/-48 ND
TXNDC19 98.9 +/- 5.6 97.5+/-4.4 126.6 +/— 11.5(%) 56.6 +/— 6.0 ()
XRCC1 58.7 +/- 3.7(%) ND ND
9

p<0.05 compared to control group as determined by two-tailed t-test; ND= not done.

1 . . . .
Level of infection (+/- SEM) relative to cells mock-transfected with empty vector control.

2 . . . . .
Level of virus released into supernatants as measured by reverse transcriptase activity and relative to control cells (+/- SEM).

3 . . . . .
Level of infection (+/- SEM) relative to control cells transfected with pool of scrambled siRNAs.

4Viabi|ity relative to control cells transfected with pool of scrambled siRNAs and measured by MTT assay (+/- SEM).
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