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Abstract

Virus infection of a cell involves the appropriation of host factors and the innate defensive
response of the cell. The identification of proteins critical for virus replication may lead to the
development of novel, cell-based inhibitors. In this study we mapped the changes in T-cell nuclei
during human immunodeficiency virus type 1 (HIV-1) at 20 hpi. Using a stringent data threshold,
a total of 13 and 38 unique proteins were identified in infected and uninfected cells, respectively,
across all biological replicates. An additional 15 proteins were found to be differentially regulated
between infected and control nuclei. StringDB analysis identified four clusters of protein-protein
interactions in the data set related to nuclear architecture, RNA regulation, cell division, and cell
homeostasis. Immunoblot analysis confirmed the differential expression of several proteins in both
C8166-45 and Jurkat E6-1 T-cells. These data provide a map of the response in host cell nuclei
upon HIV-1 infection.
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Introduction

Acquired immune deficiency syndrome (AIDS) is a devastating disease that has claimed the
lives of an estimated 36 million people. The etiologic agent of AIDS is human
immunodeficiency virus type 1 (HIV-1), a constituent of the lentiviridae subfamily of
retroviruses. HIV-1 infects cells of the immune system, specifically CD4" T-cells,
macrophages, and dendritic cells. Left untreated, HIV-1 infection results in chronic
activation and eventual destruction of the immune system followed by an onslaught of
opportunistic infections. HIV-1 has a small genome and expresses only 15 proteins but
exhibits a complex life-cycle. Like all viruses it is dependent on host cell proteins and
factors for productive replication and spread. These interactions with host factors promote
replication, neutralize host defenses, and elicit pathogenesis.

Uncovering the network of host cell responses to viral invasion may reveal novel targets for
cell-based anti-viral therapeutics. To this end, an extensive number of genetic and proteomic
analyses of the cellular changes during HIV-1 infection have been completed (reviewed in
(Giri et al., 2006)). Multiple whole genome small interfering RNA (siRNA) screens were
completed to identify host factors critical for replication ((Brass et al., 2008; Konig et al.,
2008; Liu et al., 2011; Zhou et al., 2008); summarized in (Bushman et al., 2009) and others).
There have also been whole-genome association screens to discover host polymorphisms
associated with virus acquisition, set point, and control (Fellay et al., 2007; Lingappa et al.,
2011; Petrovski et al., 2011). Proteomic studies have investigated a wide variety of cellular
and viral proteomes including T cell (Ringrose et al., 2008; Sheng and Wang, 2009),
macrophage (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 mapped, including the viral proteins Gag
(Engeland et al., 2014), 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).
Subcellular studies of the nucleolus (Jarboui et al., 2012) and the nuclear membrane
(Monette et al., 2011) have also been reported. Comprehensive summaries of the current
interactome of HIV-1 can be found on the National Institutes of Health NCBI website
(http://www.ncbi.nlm.nih.gov/projects/RefSeq/HIVInteractions/).

The goal of this study was to investigate the changes in the nuclear proteome of T-cells
during HIV-1 infection. Subtle changes to the nuclear proteome either through translocation
of cytosolic proteins or induction of regulatory factors can contribute to the successful
integration of the viral genome, changes in viral gene expression, as well as modulate the
host cell defense against viral infection. Numerous host transcription and regulatory factors
have been identified as required for HIV-1 integration, transcription, splicing, and RNA
export (summarized in (Bushman et al., 2009)). To identify and characterize novel nuclear
proteins associated with HIV-1 infection we used mass spectrometry to investigate the
changes in nuclear proteins at 20 hours post infection (hpi) in C8166-45 cells. Using a high
threshold of identification, a total of 51 proteins were identified as unique in the nuclei of
infected or control cells in at least two biological replicates. An additional 15 proteins were
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predicted to be differentially expressed by having a greater than two-fold change in total
Proteome Discoverer score between the infected and control samples. We validated the MS
analysis by examining the subcellular expression of several candidate proteins by
immunoblot. Differences in the nuclear expression of eight proteins between control and
infected cells were confirmed in an independent T-cell line across a time-course infection.
Combined these data map changes in the nuclei proteome of HIV infected T-cells as well as
confirm the altered expression of several candidate proteins during infection.

Experimental approach

The objective of this study was to identify changes in the expression of nuclear proteins
during the early steps of HIV-1 infection. We previously defined a method to produce large
quantities of preintegration complexes by infecting C8166-45 cells with HIV-1 pseudotyped
with the glycoprotein of vesicular stomatitis virus (VSV(g) using the spinoculation technique
(Schweitzer et al., 2013). Because this method employs replication competent virus, a burst
of co-infection occurs and a high level of reverse transcription and preintegration complexes
are recovered at 20 hpi. We therefore hypothesized that this time-point may be enriched for
factors that promote integration and/or activate virus transcription. The overall experimental
approaches (both biological and bioinformatic) are summarized in Fig. 1. Nuclear fractions
were isolated using a subcellular fraction kit which separated: 1) the cytosol; 2) the
membranes and membrane-bound organelles; 3) the nuclear; and 4) cytoskeletal and
insoluble proteins (Fig. 1A). In this protocol the nuclear fractions are treated with benzonase
and therefore contain both soluble and nucleic acid bound proteins. Proteins were separated
by one dimensional SDS-PAGE, parsed into 28 slices, digested in-gel with trypsin, and
analyzed by LC-MS/MS. Proteins assignments were made using Proteome Discoverer
software. Each biological replicate in the study represented an independent infection,
nuclear isolation, and MS analysis.

Since the yield and purity of nuclear isolations is dependent on the method and cell type
used (Ori et al., 2014), the infection and quality of nuclear isolation of each biological
replicate was confirmed by western blot analysis (Fig. 2). The integrity of the nuclear
fractions was assessed by immunoblot of Glyceraldehyde-3-phosphate Dehydrogenase
(GAPDH) and topoisomerase Ila (TOPO lla; Fig 2. top two panels). GAPDH was
consistently detected in the cytosolic, membrane, and insoluble fractions, but not the nuclei
of C8166-45 cells, indicating an absence of cytosolic or membrane/organelle contamination
in the nuclear samples. TOPO lla was detected predominantly in the nuclear fraction, with a
small amount in the cytoskeletal/insoluble fraction, confirming that the nuclei remained
intact during the extraction procedure. The infection of cells was confirmed by checking for
the presence of the viral Integrase and Matrix proteins (Fig 2, bottom two panels). At 20 hpi,
both viral proteins were readily detected in the infected samples. Integrase was detected in
all 4 fractions, but predominantly found in the membrane fraction. Matrix was readily
detected in the cytosolic, membrane, and nuclear fractions, but only slightly in the insoluble
fraction. Interestingly we consistently observed different migrating forms of Matrix in each
fraction. Three forms of Matrix were observed: The expected size (17 kDa), a slightly
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smaller form of Matrix (15-16 kDa) in the membrane/organelle and nuclear fractions, and a
second much smaller MW form (~7-8 kDa) in nuclei.

Database search and protein identification

The overall summary of the data work-flow is shown in Fig. 1B. Peptides were identified
from the MS/MS scans with Proteome Discoverer 1.2 software utilizing the NCBI protein
database. The total number of peptides identified across all experimental replicates was 8093
and 5339 (control and infected, respectively; Fig. 3A). Protein assignments were initially
designated by NCBI Genelnfo Identifier (GI) number for each peptide. Based on individual
Gl numbers, a total of 3868 protein assignments were made. Collating the data to account
for duplicate identifications across biological replicates resulted in the identification of 1738
proteins in the control set and 1054 in the infected set (Fig. 3B). The ratio of identified
proteins (control/infected) was 1.65, suggesting that the final results would contain an
overrepresentation of factors in the control samples and possibly mask some low abundant
proteins in the infected samples. Next, the data sets were purged of all non-human records,
any records marked as “removed” in the NCBI database, and all keratin records, which were
considered background contamination.

The data was further transformed for additional bioinformatic analyses. The remaining
NCBI GI numbers were converted to Uniprot IDs using the SwissProt knowledgebase. This
step removed protein redundancies and formatted the data set for Centrality analysis (see
below). Finally, the Uniprot IDs were converted to NCBI Gene IDs. This data set was used
for the subtractive analysis to identify unique proteins, the protein-protein interaction
analysis, as well as the knowledge-based analyses shown on the right of Tables 1-3.

Identification of uniquely expressed proteins

The main objective of our study was to identify proteins which were enriched or depleted in
HIV-infected nuclei. A simple subtractive analysis was used to measure relative protein
abundance and identify differentially expressed factors. The control cell data set was used as
reference to identify unique proteins in the HIV-1-infected nuclear samples and the vice
versa performed to discover unique proteins in the uninfected samples. The thresholds of
identification were set as at least two peptides per protein identified with not less than 99%
confidence, which favored the identification of moderately to highly abundant proteins, and
the criterion that any given protein must be identified in at least two or more of the five
biological replicates. Based on these criteria, our subtractive analysis narrowed list of
proteins to 163 proteins: 13 and 38 proteins were unique to the infected and control data
sets, respectively; and 112 proteins were common to both (Fig. 3C) making the list of
candidates for follow-up validation manageable. Forty three of these proteins are not
currently listed in the HIV interaction database. Table 1 shows the 13 proteins found only in
infected cell nuclei data set. The list is ranked by the total Proteome Discoverer™ protein
score across all biological replicates, which is the sum of the scores of the individual
peptides from any given protein identified in the analyzed samples. The protein score
provided by Proteome Discoverer™ correlates with a spectral count which is relative to the
abundance of a peptide (Bridges et al., 2007; Stevenson et al., 2009; Tu et al., 2014).
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Therefore a higher protein score reflects higher peptide abundance thus higher relative
quantity of a protein across the samples.

A knowledge-based analysis with several previous RNAI (Brass et al., 2008; Konig et al.,
2008) and proteomic studies (Chertova et al., 2006; Haverland, Fox, and Ciborowski, 2014;
Jager et al., 2011; Kraft-Terry et al., 2010; Raghavendra et al., 2010), as well as the NCBI
HIV interaction database (Fu et al., 2009) was performed to identify factors with known
HIV interactions. Factors identified previously in those studies are denoted in the columns to
the right of the table. Eight of the proteins in Table 1 have previously described interactions
with HIV, five of those were interactions defined on the NCBI website.

Table 2 lists the 15 candidate proteins from the control samples with the highest total
Proteome Discoverer ™ score. These were factors found only in the control samples and
may represent proteins that are down-regulated or removed from the nucleus during HIV
infection of the cell. As seen in Table 2, a large percentage of the top 15 are previously
described HIV factors. Overall, 30 of the 38 proteins in the control dataset have HIV-1
interactions defined in the referenced studies and/or the NCBI database. The complete list of
the proteins in the dataset is provided in Additional file 1.

Identification of Other Candidate factors

Focusing solely on unique proteins using stringent thresholds may miss important factors
with less moderate changes in expression. To expand the number of proteins of interest, we
sought to identify proteins differentially regulated between the control and infected nuclei.
To do this we utilized an approach we used previously in a comparative proteomic study of
HIV preintegration complexes (Schweitzer et al., 2013) in which we compared the total
Proteome Discoverer™ score of each protein assignment across the infected and control
samples to identify up- and down-regulated proteins. We distinguished those proteins with a
greater than two-fold change in total score between the infected and control nuclei. These
are listed in Table 3 and the ratio of the infected/control score is provided. Fourteen proteins
were found with a >2-fold higher score in infected nuclei, whereas only one protein,
Prohibitin, was found to be enriched in control cell nuclei. The knowledge-based analysis
found that of these 15 proteins, 14 had previously defined interactions with HIV.

Bioinformatic analysis

Next, protein-protein interaction and centrality analysis were performed on the candidate
proteins to identify important pathways and protein networks within the data set that might
be missed by looking solely at individual proteins. First, protein-protein interaction analysis
was performed with StringDB (v9.1, searched Jan. 6, 2014 (Franceschini et al., 2013); Fig.
4A). The algorithm produced four distinct clusters of interacting proteins (denoted with
roman numerals in Fig. 4A). A small cluster (1) at the center of the map connected to the
other three clusters. The three central proteins in this cluster were Nucleolin (NCL),
Nucleophosmin (NPM1), and RuvBL1. NPM1 alone connected to all clusters. Cluster 11
included several factors associated with cell homeostasis, including Heat Shock Protein 90
(HSP90AB1), Actin (ACTG1), and PolyA Binding Protein (PABPC). The largest cluster
(1) contained eight proteins, and was comprised of numerous splicing factors including
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SRSF1, SF3A1, and SF3B2. The fourth cluster contained four proteins, TOP2A, TMPO,
HMGB?2, and DEK, associated with chromosomal and nuclear architecture. To complement
the protein-protein interaction analysis we also measured the summed ranked for Centrality
for the candidate proteins ((Smoot et al., 2011); Fig. 4B). This analysis scored proteins
based on their position relative to the center of cellular pathways. Identifying these factors
may point toward pathways important for HIV infection. Consistent with the protein-protein
interaction analysis, NPM1 was the factor with the highest rank and three of the top four
proteins were from the central cluster (1) in Fig. 4A. Combined the bioinformatic results
indicated that HIV infection alters the nuclear expression of proteins involved in splicing,
chromosomal and nuclear architecture, as well as nuclear homeostasis.

Validation of MS data

The proteomic approach we used made protein identifications and rankings based on
probability algorithms, necessitating the biochemical validation of the phenotypes of
candidate proteins. To confirm protein assignments we examined the expression profiles of
selected candidate proteins in the subcellular fractions of C8166-45 cells by immunablot.
For these studies all four subcellular compartments were analyzed since not all the candidate
proteins are reported in the literature to be exclusively nuclear. Equal quantities of fraction
were analyzed by SDS-PAGE and immunoblot for candidate proteins. The factors that were
detected as predicted by MS in two or more biological replicates are shown in Fig. 5.

The factors from Table 1 that showed distinct phenotypes are presented in Fig. 5A.
Eukaryatic translation elongation factor 1 alpha 1 (EEF1A1) was the highest ranked protein
based on Proteome Discoverer score. This was not surprising as it interacts with several HIV
proteins including Matrix (Cimarelli and Luban, 1999), Rev (Naji et al., 2012), Tat (Wu-
Baer et al., 1996), Integrase (Allouch and Cereseto, 2011; Warren et al., 2012), and Reverse
Transcriptase (Warren et al., 2012). The level of EEF1A1 was confirmed to be higher in the
nuclei of infected versus uninfected C8166-45 cells (Fig. 5A, top panels, compare lane 3 to
7). In addition to its predicted size, we observed the presence smaller MW bands in the
nuclei of infected cells. These smaller bands may represent be products of cleavage as
EEF1A1 is cleaved by HIV-1 protease (Cimarelli and Luban, 1999). Several other proteins
from Table 1, including DEK oncogene (DEK), Lyl Antibody Reactive (LYAR), and Serpin
Peptidase Inhibitor member 1 (SERPINE1) mRNA binding protein 1 (SERBP1) were also
validated by immunoblot to be present at substantially higher levels in infected cell nuclei
(Fig. 5A). SERBP1 was originally identified as a SERPINE1 mRNA interacting protein
(Heaton et al., 2001). SERPINEL is a regulatory protein of the fibrinolytic system that acts
on tissue plasminogen activator and urokinase to limit activation of the fibrinolytic pathway
(Binder et al., 2002). In addition to the increase in nuclear SERBPL1 in infected cells, we also
discovered that levels of SERBP1 in the membrane/organelle fraction were substantially
reduced in infected cells compared to uninfected cells (4th panel, compare lane 2 to 6),
suggesting deregulation of its intracellular localization.

A number of the candidate proteins found at the threshold cutoff to be unique to control data
set or predicted to be down regulated in infected cells were evaluated by immunoblot.
Prohibitin (PHB) and N-acetyltransferase 10 (NAT10) were the only proteins confirmed to
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have lower expression in the nuclei of HIV infected C8166-45 cells by immunoblot (Fig.
5B). PHB levels were also decreased in the cytoskeletal/insoluble fraction of infected cells,
but showed increased expression in the membrane/organelle fraction. PHB is a
multifunctional protein involved in cell signaling, growth and tumor suppression. It can be a
negative regulator of the cell cycle as well as regulate mitochondrial metabolism and cellular
aging (Coates et al., 2001). Previous reports of PHB expression during HIV infection are
mixed. PHB appears to be over-expressed when cells were exposed to HIV envelope protein
(Molina et al., 2007), but Vpr expression reduces PHB levels (He et al., 2009). Recently
PHB was found to interact directly with HI\V-1 envelope protein (Emerson et al., 2010;
Jager et al., 2011). Overall NAT10 levels in the nuclei of C8166-45 cells were low
compared to the insoluble fraction, and decrease further upon HIV infection (Fig. 5B, lower
panel lanes 3 vs. 7). NAT10 is a lysine acetyltransferase involved in histone acetylation,
telomerase activity, and microtubular organization and nuclear architecture (Larrieu et al.,
2014; Lv et al., 2003; Shen et al., 2009). Inhibition of NAT10 reduces DNA damage
signaling and improves cell health, suggesting that down-regulation during HIV infection
may support T-cell survival and enhanced virus replication.

Fig. 5C shows the immunoblot analysis of two candidate proteins from Table 3, CypB and
HSP90AB. Consistent with MS data, peptidyl prolyl isomerase B, or cyclophilin B (CypB)
showed higher nuclear levels in HIV infected cells (top panels). Two additional higher MW
bands were also observed in the nuclear fraction of infected cells (lane 3). CypB levels were
also higher in the cytosolic fractions of infected cells (lane 1 vs. 5). CypB is a member of the
immunomodulatory cyclophilin family. It shares significant homology in its core domain
with Cyclophilin A (CypA), a well-described HIV-1 co-factor that interacts with HIV-1
Capsid and is required for efficient HIV replication. However, the expression of CypA was
distinct from CypB (middle panels). The overall levels of CypA appeared lower in HIV
infected cells, but it was absent in the nuclear fractions of both infected and control cells.
Combined this demonstrated that despite their homology, the expression of CypB and CypA
are differentially regulated in HIV infected cells. The overall expression of HSP90AB,
including in the nucleus, was higher in HIV infected cells, consistent with infection-induced
cellular stress (lower panels). Notably, HSP90 can promote HIV-1 replication by increasing
HIV transcription (Roesch et al., 2012).

Finally we focused on the proteins in cluster | of Fig. 4A- NCL, NPM1, and RuvBL1. Only
low levels of NCL were found in uninfected C8166-45 cells, but upon HIV infection there
was a distinct increase in its nuclear levels. (Fig. 5D, top panels). Two distinct bands were
detected in the NCL blots, possibly consistent with auto-cleavage that induces apoptosis (Li
etal., 2009). In multiple replicates we saw a decrease of NPML1 in the cytosolic and
membrane/organelle fractions, but only a slight increase in nuclei (middle panels). RuvBL1
exhibited slightly higher levels in infected C8166-45 nuclei, as well as an increase in the
cytoskeletal/insoluble fraction (lower panels). It was less abundant in the membrane/
organelle fraction of infected cells and predominantly expressed in the insoluble fraction
where its levels appeared to increase during HIV infection. Overall, these data demonstrate
that HIV infection modulates nucleolar protein expression.
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Independent confirmation of localization phenotypes

The above experiments investigated the nuclear expression of the candidate proteins as
predicted by MS in the same cells used for the MS analysis. To extend these observations
and confirm the altered nuclear expression of the candidate proteins during HIV-1 infection
we investigated each protein in an independent infection model using Jurkat E6-1 T-cells.
For these experiments we performed a series of time-course infections and harvested cells at
24, 48, and 72 hpi to provide more data points of analysis. Cells were fractioned into
subcellular compartments as before. Infections were monitored by anti-Gag immunoblot
(Fig. 6A, top panel) and we consistently detected p55 Gag and p24 capsid beginning at 24
hpi in the cytosolic and membrane fractions. The integrity of nuclear fractions was again
confirmed by the absence of GAPDH and the presence of TOPO lla only in nuclear
fractions (Fig. 6A, bottom two panels).

All of the proteins mentioned above were investigated in the Jurkat experiments. Those
proteins that showed a notable phenotype are shown in Fig. 6B-D. CypB, and SERBP1 both
showed an increase in the nuclei of HIV infected cells verses uninfected cells, confirming
the phenotype we observed in C8166-45 T-cells. In addition to an increased nuclear
accumulation, CypB also showed a slight increase in cytoplasmic levels in infected Jurkat
cells. Notably, we did not observe the presence of the large MW bands in Jurkat lysates,
suggesting that those forms were unique to C8166-45 cells. As with the C8166-45
experiments, we also looked at the distribution of CypA. In the Jurkat cells CypA localized
distinctly to the cytoplasmic fraction, and its levels did not appear to change substantially.
SERBP1 showed a very similar response to HIV infection in the Jurkat cells as with the
C8166-45 cells. In uninfected cells it was present in both the cytosolic and membrane/
organelle fractions. As HIV infection progressed there was a loss of membrane/organelle-
associated SERBP1 and a gain of SERBP1 in the nuclear fraction, suggesting that its
intracellular localization changed, but the overall levels of SERBP1 did not.

In contrast to the C8166-45 cells, PHB was not detected in the nuclei of Jurkat cells. Low
levels were detected in the membrane/organelle fraction of the Jurkat cells, and it increased
during HIV-1 infection (Fig. 6C, top panels). The phenotype of NAT10 during HIV
infection of Jurkat cells was similar to that seen with the C8166-45 cells- expression in the
nuclear and insoluble fractions, both of which were reduced during HIV replication (middle
panels). Of note, ADAR, a candidate found unique in control nuclei that we were unable to
validate in the C8166 samples, showed a reduction in nuclei over the course of Jurkat cell
infection (bottom panels).

The Cluster | factors- NCL, NPM1, and RuvBL1 are shown in Fig. 6D. In contrast to the
C8166-45 cells, NCL showed strong cytosolic localization in uninfected Jurkat cells. This is
consistent with previous observations of leukemic cells (Otake et al., 2007). In agreement
with the C8166-45 infection data, the nuclear level of NCL also increased in infected Jurkat
E6-1 cells (Fig 6D, top panels). Notably however, only a single band was detected in the
Jurkat cells compared to the C8166-45 cells. NPM1 showed a decrease in the cytosolic and
membrane/organelle fractions similar to the C8166-45 cells, but we did not see any
remarkable change in nuclei (middle panels). In contrast to the C8166-45 infection, RuvBL1

Virology. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

DeBoer et al. Page 9

levels appeared to decrease in the nuclei of HIV-1 infected Jurkat cells and the higher
molecular weight isoform decreased in the insoluble fraction (bottom panels).

Discussion

Combined antiretroviral therapy (CART) effectively controls HIV infection, but it does not
lead to virus eradication. Moreover, resistance to available antivirals continues to rise.
Targeting of the host cell factors or pathways is a promising approach to address these issues
and augment existing therapies. Numerous MS studies have sought to define the role of host
factors during HIV-1 infection (Birse et al., 2013; Chen et al., 2012; Engeland et al., 2014;
Haverland, Fox, and Ciborowski, 2014; Naji et al., 2012; Schweitzer et al., 2013),
nevertheless this area remains underexplored. The approach used in this study, examining
the changes in the proteome of T-cell nuclei upon HIV-1 infection, aimed to identify nuclear
proteins important for HIV pathogenesis either as factors that promote HIV replication or
ones that combat virus infection. Such factors may reflect the translocation of a protein in or
out of the nucleus, or de novo synthesis or degradation of a resident nuclear protein. Overall,
our data analysis strategy identified fifty one unique factors in either infected or control
nuclei and an additional 15 differentially regulated proteins between the two conditions.
Forty three of these factors are not currently listed on the NCBI HIV interaction database.
The validation experiments distinguished 13 candidate proteins that had altered expression
patterns in either the C8166-45 or Jurkat E6-1 cells by immunoblot.

Our goal was to map the global changes in protein expression in HIV infected nuclei. Two
other proteomic studies have focused on the nuclear compartment, specifically changes to
the nucleolus upon Tat expression (Jarboui et al., 2012), and alterations in the nuclear
membrane of HIV-infected T-cells (Monette, Pante, and Mouland, 2011). Our data had little
overlap with the results of the Tat over-expression study. This might be because of our use
of replicating virus, but may also suggest that our study captured more factors related to
nuclear import and/or integration. Consistent with that, we saw a greater overlap with the
nuclear membrane study which observed changes in NCL, NPM1, and CypB (among other
factors). Notably, our approach likely removed the nuclear membrane as we did not detect
nucleoporins or other nuclear membrane proteins. Interestingly, both ADAR and HSP90AB
were common factors to all three nuclear studies, suggesting they have important roles in the
nuclear compartment during HIV infection.

The NCBI HIV interaction database continues to grow. Overall, a majority of the proteins
identified in this study to be differentially regulated in both uninfected and infected samples
have been previously reported as HIV-1 dependent factors (Tables 1-3). Analysis of protein-
protein interactions identified four clusters of factors. The central cluster contained NCL,
NPM1, and RuvBL1, which were three of the top four proteins in the Centrality analysis of
the data set. These proteins are components of nucleoli and involved in ribosomal synthesis
(Penman et al., 1966; Perry, 1962), cell cycle progression (Liu and Yung, 1999), as well as
cell signaling (Inder et al., 2009). In our studies, NCL was found to be upregulated in the
nuclei of both C8166-45 and Jurkat cells. Several studies suggest that NCL is an important
HIV factor: It is present in HIV-1 virions possibly through interaction with the HIV RNA
via its 4 RNA binding domains (Ghisolfi-Nieto et al., 1996); and it also interacts with HIV-1
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Envelope protein (Nisole et al., 2002), and both the Gag polyprotein and Matrix in budding
virions (Ueno et al., 2004). Both NPM1 and RuvBL1 also showed changed expression in
HIV infected cells, although the changes were more notable in the cytoslic and membrane/
organelle fractions. Combined, these data suggest strongly that this cluster of proteins play
an important role in HIV replication or pathology and warrant further investigation.
Interestingly, another factor our screen identified, LYAR, reportedly plays a critical role in
the nucleolar stabilization of NCL. The nuclear levels of LYAR, like NCL, increased during
infection. LYAR is a nucleolar zinc finger protein initially identified in T-cell leukemia. The
exact function of LYAR is not understood, but it has been implicated in cell growth,
tumorgenesis, self-renewal of embryonic stem cells, and medulloblastoma (Li et al., 2009;
Su et al., 1993; Swartling et al., 2010). Thus, it is tempting to speculate that the upregulation
of LYAR in nuclei may serve an anti-apoptotic mechanism in HIV infected T-cells.

CypB showed increased nuclear levels during infection of both C8166-45 and Jurkat cells.
CypB is a member of the cyclophilin family, known for inducing immunosuppression when
complexed with Cyclosporine A (CsA). CypA and B are the two primary members of the
family and share significant homology in their core domains. CypB has longer N- and C-
termini- the CypB N-terminus contains an ER leader and nuclear localization sequence
(Rycyzyn et al., 2000); and the C-terminus has an ER retention signal (Arber et al., 1992).
CypB has been shown to be involved multiple cellular processes such as the interferon-3
response to viral infection through modulating IRF3 translocation to the nucleus (Obata et
al., 2005). CypB is also essential for the nuclear retrotransport of Prolactin (PRL) following
internalization of Prolactin-bound receptor (PRL/PRLY). Finally, CD147 stimulation by
CypB induces intracellular Ca2* flux stimulating T cell proliferation and produces a
chemotactic response in primary human neutrophils (Yurchenko et al., 2001).

Both CypA and CypB were identified as HIVV-1 Gag binding proteins in a yeast two-hybrid
cDNA screen (Luban et al., 1993). Subsequent studies found CypB binds at a stronger
affinity due to a hydrophobic N-terminal ER signal sequence rendering the Gag-CypB
interaction less sensitive to disruption by CsA compared to Gag-CypA complexes (Braaten
et al., 1997). CypB has not been investigated at as an independent factor, likely due to the
assumption that with its homology to CypA it has similar functions. Our results demonstrate
clearly that the expression of CypB is independently regulated during HIV infection, arguing
that it may play a distinct role in HIV infection. Our continuing studies are investigating
what that role may be.

SERBP1 showed a consistent phenotype in both C8166-45 and Jurkat cells, suggesting that
it plays an important role in HIV-1 infection. Consistent with that idea it was previously
identified in a proteomic screen of HIV-1 preintegration complexes (Raghavendra et al.,
2010). SERBP1 is an RNA binding protein that binds the cyclic nucleotide-responsive
sequence of the SERPINEL1 mRNA and may regulate its stability (Heaton et al., 2001),
although its exact effect is not known. SERPINEL1 is a key component of the fibrinolytic
pathway that regulates blood coagulation (Binder et al., 2002). It blocks tissue plasminogen
activator and urokinase to limit activation of the fibrinolytic pathway. Blood levels of
SERPINEL are elevated in HIV Associated Lipidodystrophy Syndrome which may be the
cause of the associated thrombocytosis (He et al., 2005). The regulatory mechanisms for the
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expression of SERPINEL are not fully understood. It is tempting to speculate that HIV-1
induced expression of SERPBP1 expression may be involved in SERPINEL regulation.
However, we did not detect the 45 kDa form of SERPINEL in either the C8166-45 or Jurkat
E6-1 cells (data not shown). SERBP1 also interacts with the C-terminal region of the
chromo-helicase-DNA-binding domain protein 3 (CHD-3), which suggests it could play a
role in the regulation of other nuclear functions such as chromatin remodeling (Lemos et al.,
2003). Interestingly, both SERPINEL and CHD-3 have been shown to interact with HIV-1
Tat. A recent study found that SERBP1 localizes to nucleoli upon stress (Lee et al., 2014).
Ongoing studies are working to determine what role the up-regulation of nuclear SERBP1
plays during HIV infection.

As these studies show, mass spectrometry is a powerful tool to uncover cellular networks
and pathways associated with disease. As will all “omics” studies, there are limitations to
this study, including the use of a single cell line and virus clone, and a high MOI. In general,
at least four issues heavily influence progress in discovering cellular proteins that might be
used as potential targets for new therapies in infectious disease. First is the high dynamic
range of abundance between constitutively expressed structural or housekeeping proteins
(on the high end) versus specialized, less abundant regulatory factors (on the low end).
Second is the short time span when the differential expression of cellular proteins can be
measured and detected during infection. Third is the distribution of specific factors between
cellular compartments where proteins perform their function(s). Fourth is the accurate
representation of in vivo pathology by in vitro models. The first issue is addressed at the
level of instrumentation and methods of data acquisition. New technologies, such as
SWATH-MS (Haverland, Fox, and Ciborowski, 2014), show promise for high resolution
mapping of a wide range of expression levels in single samples. The solution for the second
issue lies in experimental design, while the third issue can be resolved by interrogating
organelle proteomes. The solution to the fourth issue is less transparent. Cell lines are
advantageous in proteomic experiments for their reproducible infections and homogenous
proteomes as compared to primary cells which can suffer from donor to donor variability.
Moreover, a more consistent level of infection can be achieved across biological replicates,
thus addressing issue two. However, as demonstrated by our data, factors may show
disparate expression and/or subcellular localization between cell lines. Even with the small
number of proteins we looked at, several proteins showed different expression patterns
between the C8166-45 and Jurkat E6-1 cell lines. These differences may result from the
cause of transformation- C8166-45 cells derive from an HTLV-infected leukemia
(Salahuddin et al., 1983), whereas the Jurkat cells are a clonal derivative from a non-viral
leukemia (Weiss et al., 1984). Additional studies utilizing primary peripheral blood
mononuclear cells or monocyte-derived macrophages may more closely mimic the in vivo
situation in infected individuals. Again, new technology and approaches, such as SWATH-
MS should be able to address the issues of donor-to-donor variation or variability in
infection kinetics between donors to identify factors important for HIV infection in vivo.
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Cell culture, infections and nuclear isolations

C8166-45 and Jurkat E6-1 cells were cultured in RPMI 1640 media. 293T cells were
cultured in DMEM media. All media was supplemented with 10% fetalclone 111 (Hyclone,
Logan, UT USA), 8 mM L-glutamine, 100 U/mL penicillin, and 100 U/ml streptomycin.
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 using Polyethylenimine (PEI) as
previously described (Schweitzer et al., 2013). Viral supernatants were collected over 72
hours, filter concentrated and stored at —80° C. Virus was treated with 100 U/ml Turbo
DNase (Ambion, Austin, TX USA) for 60 min at 37° C prior to infecting cells. For nuclear
isolation experiments 1x108 C8166-45 cells were infected by the spinoculation technique as
described previously (O'Doherty et al., 2000; Schweitzer et al., 2013). At 20 hours post
infection the subcellular compartments (cytosol, membrane/organelle, nuclear, and
cytoskeleton/insoluble) were isolated using the Qproteome Cell Compartment kit as
described by the manufacturer (Qiagen, Valencia, CA USA). Protein concentrations were
determined by BCA protein assay (Thermo Scientific, Rockford, IL USA). For time-course
experiments, 4x107 Jurkat E6-1 cells were spinoculated with VSVg pseudotyped HIV-1
NLX virus. At each time-point (24, 48, 72 hpi), 1x107 cells were removed and subcellular
compartments isolated and processed as described above.

In-gel tryptic digests

Nuclear fractions (20 pg/lane) were separated by standard SDS-PAGE and protein bands
were visualized by staining with Coomassie brilliant blue. Each lane was cut into 28
individual slices that were processed individually in glass tubes. In-gel tryptic digests were
performed essentially as described before (Schweitzer et al., 2012) using a modified
protocol adapted from (Shevchenko et al., 2001). Briefly, the Coomassie blue stain was
removed by washing with 50% H,0/50% acetonitrile (ACN) followed by 50% ACN/50 mM
NH4HCO3, and 50% ACN/10 mM NH4HCO3. Each slice was dried by centrifugation under
vacuum and incubated with 10 uL (0.1 pg/uL) modified trypsin (Promega, Madison, WI
USA) at room temperature for 10 minutes. Then 50 pL NH4HCO3 was added and the
sample incubated overnight at 37° C. Digested peptides were extracted with three washes of
0.1% Trifluroacetic acid in 60% ACN with shaking for 60 minutes at room temperature. The
washes were combined and peptides purified using C18 Zip Tips® according to
manufacturer's procedure (Millipore, Billerica, MA USA). Samples were dried by vacuum
centrifugation and resuspended in 0.1% formic acid in HPLC-grade water for LC-MS/MS
analysis.

Nano-LC-MS/MS

LC-MS/MS was performed as described in (Schweitzer et al., 2013). Briefly, samples were
separated using an Eksigent nano-LC system equipped with two alternating peptide traps
and a PicoFrit C18 column-emitter from New Objectives (Woburn, MA USA) and analyzed
with a LTQ Orbitrap XL (Thermo Scientific, Inc., San Jose, CA USA). Samples were loaded
onto the peptide trap with 2% acetonitrile (ACN) + 1% formic acid and eluted using a 60
minute linear gradient of 2-60% ACN + 1% formic acid. The data-dependant mode was
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used for the acquisition method with one precursor scan in the Orbitrap, followed by
fragmentation of the 5 most abundant peaks in the CID, detected in the LTQ. Resolution of
the precursor scan was set to 60,000, scanning from 300-2000 m/z. Precursor peaks with a
minimum signal count of 50,000 were dynamically excluded after two selections for 60
seconds within a range +/-10 ppm with Monoisotopic Precursor selection (MIPS) enabled.
Previously found background peaks were included in a mass rejection list. Collision energy
was set to 35 using an isolation width of 2 and an activation Q of 0.250.

Proteome Discoverer ™ 1.2 software (Thermo Fisher Scientific) was used to generate peak
lists. The method outline used in the spectrum selector node of the Proteome Discoverer ™™
software included the following scan event filters: fragmentation method, ionization source,
and Unrecognized Activation Type Replacements parameters. All filters listed above and the
precursor charge state (high/low), retention time, minimum peak count, total intensity
threshold value were all set to default settings. The Max and Min precursor mass settings
were 5000 Da and 350 Da, respectively. The NCBI.fasta database from http://
ftp.ncbi.nih.gov was created on November 2011 with a file size of 118783 kB and was
restricted to Homo sapiens. The search parameters were: Fully tryptic digested peptides
only, two missed cleavages allowed, variable modifications of oxidized methionine
(+15.995Da), and fixed modification of carboxymethyl cysteine (+58.00Da). The spectra
were searched using Sequest™ algorithm in Proteome Discoverer 1.2 software (Thermo
Scientific Inc.) using the following parameters: threshold for Dta generation = 10000,
peptide tolerance for ion trap ms/ms was 1.80Da, and precursor ion mass tolerance = 10
ppm. Database NCBI.fasta from http://ftp.nchi.nih.gov was used for protein identification
with at least two unique peptides and two missed cleavage sites allowed for identification.
The criteria used for acceptance of peptide assignments are as follows: The minimal X-corr
value for charge state > 7 was 1.0, minimal X-corr value for each charged state ranging from
1to 7 was 1.50, 2.0, 2.25, 1.0, 1.0, 1.0 and 1.0 respectively. Two target values, a strict FDR
of 0.01 and a relaxed FDR of 0.05 were applied for a decoy database search.

Bioinformatic analyses

Bioinformatic analysis was performed only on the 163 proteins identified in the study.
Protein-protein interactions were investigated using STRING 9.1 (http://string-db.org) and
contain experimental, co-expression, database, and text mining evidence using a confidence
setting of greater than 0.4 (medium confidence). Centrality analysis was performed using
Cytoscape v. 3.0.2 (www.cytoscape.org) and the CentiScaPe 2.0 plug-in. Node eccentricity,
radiality and closeness within the network were individually ranked and the summed rank
was used for the total centrality measure.

Immunobloting

Protein concentrations of all samples were measured by BCA protein assay (Pierce
Biotechnology). Samples were normalized by protein concentration with PBS, mixed 1:1
with 2x SDS-PAGE loading buffer, boiled for 10 min. and separated by SDS-PAGE.
Proteins were transferred to PVDF and detected by Western blot using the following
primary antibodies: anti-ADAR (D-8), anti-CypA (C-14), anti-CypB (C-15), anti-DEK
(H-300), anti-EEF1A1 (CBP-KK1), anti-GAPDH (6C5), anti-SERBP1/PAI-RBP1 (1B9),
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anti-HSP90AB (N-17), anti-PHB (H-80), anti-NAT10 (B-4), anti-RuvBL1 (N-15), anti-B23/
NPM1 (H-106), and anti-C23/NCL (MS-3) were all obtained from Santa Cruz
Biotechnology (Santa Cruz, CA USA); anti-TOPO lla (31) from BD Biosciences (San Jose,
CA USA); and the anti-LYAR antibody (P01) from Abnova (Taipei City Taiwan). HRP
conjugated anti-rabbit, anti-mouse IgG secondary (GE Healthcare, Piscataway, NJ USA) or
anti-goat 1gG secondary (Sigma, St. Louis, MO USA) antibody were used to detect primary
antibody and visualized by chemiluminescent staining (Pierce Biotechnology). Images were
captured using radiographic film, 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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Appendix A. Supplementary data

Additional file 1 contains a complete list of all proteins identified as unique in infected
nuclei, unique in control nuclei, as well as proteins that were differentially expressed
between the two experimental groups.
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Figure 1. Schematic of experimental approach used to investigate nuclei of HIV-1 infected cells
Work-flow shown is representative of one complete biological replicate is shown in (a).

Bioinformatic analyses scheme is shown in (b).
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Figure 2. Infection of C8166-45 cells used in proteomic screen
Western blot analysis of subcellular fractions of infected (left panels) and uninfected (right

panels) C8166-45 cells used for proteomic analyses. Cells were fractionated into cytosolic
(Cy), membrane/organelle (Me), nuclear (Nu), and cytoskeletal/insoluble (In) fractions. The
proteins detected are listed on the left. Blots were performed for all biological replicates and
representative blots are shown.
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Figure 3. Summary of MS data
Graphical representation of the overall number of peptides identified (a), and proteins

identified (b) from all biological replicates. (C) Chart of the number of cellular proteins
identified in two or more biological replicates across the study.
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Figure 4. Bioinformatic analysis of candidate proteins
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(A) Cluster analysis of unique and differentially regulated proteins. Analysis was performed
using STRING db (Jan 17, 2014) to generate a protein-protein interaction network
containing experimental, co-expression, database, and textmining evidence. Lines between
factors denote known or predicted interactions and stronger associations are represented by
thicker lines. (B) Rank of centrality of the candidate factors. Centrality was analyzed for all
factors identified in unique and differentially regulated data sets (see text). Bars are coded to

data set as indicated by legend.
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Figure 5. Validation of candidate factors identified using MS
Western blot confirmation of candidate factors identified in MS studies. Proteins detected

are listed on the left and the subcellular fractions are the same as described in Fig 1. (A)
Proteins identified as unique to HIV-1 infected cells (Table 1). (B) Factors from unique
control data set (Table 2). (C) Expression of protein predicted to be changed in infected
nuclei (Table 3). (D) Nucleolar factors from cluster I of Fig. 4A bioinformatic analysis.
Blots are representative of two or more biological replicates.
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Figure 6. Independent validation of candidate proteins
Immunoblot evaluation of candidate factors during time course infection of Jurkat E6-1

cells. Infected Jurkat cells were harvested and fractionated at hours post infection (hpi)
indicated at top. Proteins listed at left were evaluated as described in Figs 1 and 5. Control
blots (a), factors upregulated in infected (b) and control (c) cells, and cluster | factors (d) are
shown. Data is representative of at least two independent infection experiments.
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