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Abstract
Numerous studies have reported that Vpr alters NF-κB signaling in various cell types, however,
the findings have been largely conflicting with reports of both stimulatory and inhibitory effects of
Vpr. Our aim was to investigate the role of Vpr signaling in myeloid cells using an adenovirus
based expression and indicator system. Our results show that Vpr is inhibitory to NF-κB,
however, this effect is dependant on the particular manner of NF-κB stimulation. Consistent with
this notion, we report that Vpr has inhibitory effects that are specific to the TNF-α pathway, but
not affecting the LPS pathway, suggesting that differential targets of Vpr may exist for NF-κB
regulation. Further, we identify VprBP as one possible cellular component of Vpr’s regulation of
IκBα in response to TNF-α stimulation. We did not identify such a role for HSP27, which instead
seems to inhibit Vpr functions. Chronically HIV-1 infected U1 cells with knockdown constructs
for Vpr were unexpectedly less responsive to TNF-α mediated viral replication, perhaps
suggesting that other HIV-1 components may antagonize these anti-NF-κB effects in infected
cells. We hypothesize that Vpr may serve an important role in the context of viral infection and
immune function in vivo, through its selective inhibition of NF-κB pathways.

Introduction
Viral protein R (Vpr) is a 96 amino acid, 14 kDa protein which was originally isolated
almost two decades ago (Cohen et al., 1990; Yuan et al., 1990) and is highly conserved in
both human immunodeficiency virus (HIV)-1 and simian immunodeficiency virus (SIV)
viruses (Emerman, 1996; Planelles et al., 1996; Tristem et al., 1992). Vpr molecular
functions include nuclear import of viral pre-integration complex (PIC), induction of G2 cell
cycle arrest, activation of apoptosis bystander cells, anti-apoptotic effects in infected cells,
transcriptional co-activation of viral and host genes, and inhibition of nuclear factor kappa B
(NF-κB), however, numerous controversies exist about these topics.

Many studies have shown that Vpr may suppress cellular immunity by modulating antigen
mediated activation and cytotoxic killing of surviving T-cells, presumably, at least in part,
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by inhibiting NF-κB. Fore example, Vpr promotes T-helper (Th)2 cytokine interleukin
(IL)-10 while suppressing the expression of Th1 cytokine IL-12 (Majumder et al., 2005;
Mariani et al., 2001; Muthumani et al., 2004) by modulating NF-κB response. Vpr
downregulates NF-κB inducible cytokines in a manner reversed with RU486 treatment, an
antagonist for both glucocorticoid receptor (GR) and progesterone receptor (For review see:
Mahajan and London, 1997), presumably suggesting that the inhibition of NF-κB via IκB
induction mechanistically involves Vpr/GR interaction (Ayyavoo et al., 1997; Mirani et al.,
2002; Muthumani et al., 2000). Indeed, Vpr and GR cooperate to suppress NF-κB mediated
transcription by a mechanism involving the inhibition of Poly (ADP-ribose) polymerase
(PARP)-1 nuclear trafficking in response tumor necrosis factor alpha (TNF-α) (Muthumani
et al., 2006). It should be noted, however, that other reports have demonstrated opposite
findings with regard to Vpr and NF-κB activity (Hoshino et al., 2010; Varin et al., 2005).

It is yet unknown why discrepant findings with regard to NF-κB activity are shown in
different studies with Vpr. However, several binding partners of Vpr, which have been
identified in previous reports, may mediate Vpr’s interactions with the NF-κB pathway. Vpr
binding protein (VprBP) (Zhao et al., 1994) is an important cellular partner to Vpr and
mediates binding of Vpr to ubiquitinated residues, promoting polyubiquitination of target
proteins (Belzile et al., 2010), which may affect nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha (IκBα) (Schweitzer et al., 2007). Consequently,
Vpr/VprBP binding mediates immune dysregulation (Richard et al., 2010; Ward et al.,
2009), further suggesting that this pathway may be relevant for NF-κB suppression. Another
cellular binding partner of Vpr, heat shock protein 27 (HSP27), has been shown to inhibit
Vpr properties, including G2 arrest (Bukrinsky and Zhao, 2004). HSP27 is involved in NF-
κB activation, presumably by binding IκBα via ubiquitin sites to promote degradation (Guo
et al., 2009; Parcellier et al., 2003). In other contexts HSP27 can actually inhibit the NF-κB
pathway (Carlson et al., 2007; Dodd et al., 2009). Therefore, it is possible that HSP27 may
alter the effects of Vpr or allow Vpr’s stimulatory/inhibitory effects on the pathway.

In this report we evaluated the effect of Vpr derived from ectopic adenovirus mediated gene
expression. The use of adenovirus allowed for a high rate of transduction while avoiding
confounding variables from whole virus infection. Vpr is needed for infection of HIV-1 into
macrophages, although this property may be overcome at higher concentrations of virus (For
review see: Kogan and Rappaport, 2011). The presence of other viral proteins, however, also
provides a challenge to investigation of Vpr’s effects on NF-κB in isolation, as these
products may also impact the regulation of NF-κB in HIV-1 infected cells (Bour et al.,
2001; Demarchi et al., 1996). We investigated the contribution of host function to Vpr’s
effects, including cellular proteins HSP27 and VprBP by using small hairpin RNA (shRNA)
constructs for these native transcripts. Finally, we evaluated the role of Vpr in a viral context
as well by using shRNA for Vpr in latently infected U1 cells, however, in these experiments
the role of Vpr on NF-κB and viral replication were difficult to separate completely.

Materials and Methods
Cell Culture

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized whole blood or
buffy coats acquired from healthy seronegative donors by density-gradient centrifugation
(Histopaque-1017, Sigma-Aldrich, St. Louis, MO). PBMCs were incubated at a
concentration of 4 × 106/mL in RPMI 1640 (Invitrogen, Carlsbad, CA) containing 10%
Fetal bovine serum (FBS), 10% human AB serum, 2 mM L-glutamine and penicillin (50 U/
ml)/streptomycin (50 ug/ml) and M-CSF (2 ng/mL) (R&D systems, Minneapolis, MN)
overnight at 37°C. Non-adherent cells were removed and allowed to adhere for another 24
hours. Adherent cells were cultured in RPMI 1640 supplemented with 10% human AB
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serum, 2 mM L-glutamine, penicillin (50 U/ml)/streptomycin (50 ug/ml), and macrophage
colony stimulating factor M-CSF (2 ng/mL) for an additional 4–6 days. Mono-Mac 1 cells
are derived from peripheral monoblastic leukemia (M5a) (Sundstrom and Nilsson, 1976)
and resemble mature monocytes (Collins, 1987; Tsuchiya et al., 1980). Mono-Mac 1 cells
were cultivated in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, penicillin
(50 U/ml)/streptomycin (50 ug/ml), 1x non-essential amino acids (Invitrogen) and 1 mM
sodium pyruvate (Invitrogen). U937 cells are derived from pleural effusion from a patient
with histiocytic lymphoma (Gendelman et al., 1988) and resemble promonocytic cells
(Genois et al., 2000). U1 cells are U937 cells that were latently infected with HIV-1 due to a
mutation in the Tat gene (Emiliani et al., 1998). Both cell lines were grown in the same
RPMI media as the Mono-Mac 1 cells. The TMZ-BL cells were obtained from the NIH
AIDS Research & Reference Reagent Program (8129). This cell line was generated from JC.
53 cells by introducing separate integrated copies of the luciferase and β-galactosidase genes
under control of the HIV-1 promoter. The TZM-BL cell line is highly sensitive to infection
with diverse isolates of HIV-1 and can serve as an indicator for HIV-1 viral transcription
activity. U87-MG cells were obtained from the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH: U87MG cells from Dr. Bruce Chesebro. These
are human astroglioma cells with an epithelial like morphology. U87-MG and TMZ-BL
cells were grown in DMEM (Invitrogen) supplemented with 10% FBS, 2 mM L-glutamine,
and penicillin (50 U/ml)/streptomycin (50 ug/ml). The compounds used for treatment of
cells were as follows: recombinant human phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, 79346), TNF-α (R&D systems, 210-TA-010), LPS (Sigma-Aldrich, L-8274),
RU486 (Sigma-Aldrich, M8046), puromycin (Sigma-Aldrich, P7255), and G418 (Sigma-
Aldrich, G5013). Although 10ng/mL is a relatively high concentration of TNF-α
concentrations of 5–10 ng/mL have been used by in many previous papers in this field
during studies and macrophages were shown to make such concentrations in vitro (Ayyavoo
et al., 1997; Muthumani et al., 2006).

Adenovirus and Lentivirus Constructs
AdNull and AdVpr constructs have been used in previously (Siddiqui et al., 2008) and have
been described in detail (Deshmane et al., 2009). Ad-NF-kappa-B-Luc vector was purchased
from (Vector Biolabs, Philadelphia, PA, 1740). These constructs were trasduced into U87-
MG cells, Macrophages, or U937 cells using 5 moi of each virus for 42–72 hours. For co-
culture experiments, we transduced 5 moi of either virus for 24 hours, and then washed off
the media, trypsinized the cells, and mixed the two populations for promoter studies. In
order to have one hundred percent infectivity on U37 cells, we first differentiated these cells
using PMA (5 nM) for 24 hours, then for another 48 hours with new media. Lentiviruses
from sigma were used to create stable U937/U1 cell lines expressing shRNA for HSP27,
VprBP, or Vpr. The shNull (non-target, puromycin resistant, SHC002V), shHSP27 (1;
Clone TRCN000008752, 2; TRCN000008753*), and shVprBP (1; TRCN0000129280, 2;
TRCN0000129579*, 3; TRCN0000129831, 4; TRCN0000129909) were ordered from
Sigma-Aldrich as pre-made lentivirus transduction particles (SHCLNV-NM_001540). To
generate the shNull, shHSP27, and shVprBP cells, the cell lines were transduced with 1 moi
of lentivirus and selected using puromycin (1 ug/mL) for at least one week. The shNT (non-
target, neomycin resistant) and shVpr constructs were custom cloned by sigma into the
pLKO.1-Neo vector. The Vpr sequences were based on oligonuclotide sequences 1, 2, and
3* (2 and 3 are specific for Vpr, 1 also cross reacts with Vif) that were used to knockdown
Vpr in a previous publication (Balotta et al., 1993). To generate the shNT, or shVpr
constructs cells were selected with G418 (1000 ug/mL) for one week. The double
knockdown cells were generated by infecting the shNull, shHSP27, or shVprBP cells with
shNT or shVpr followed by selection with G418. Knockdown was confirmed by real-time
PCR. (* Used as in stable cell lines for remaining experiments)
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Luciferase Assay
The luminescence was detected on an EnVision 2104 multilabel reader (Perkin Elmer) at 10
seconds post luciferin addition. The counts per second values were standardized for cell
number using BCA protein values and then expressed as fold change relative to untreated
cells for every individual promoter construct. We did not use renilla or other promoter
constructs to standardize this data as these are driven by promoters that may potentially be
influence by Vpr. Some data was combined as an average of at least three separate
triplicates or experiments from three different donors. Two outliers were dropped from the
luciferase assay using U937 shNull, shHSP27, and shVprBP cells (Fig. 4B) that were greatly
different from the remaining eight luciferase values as these samples produced very high
standard deviations (the trends were not altered).

Real-Time PCR
RNA was harvested for 1×106 cells using the RT2 qPRC-Grade RNA isolation Kit (Qiagen,
Duesseldorf, Germany, PA-001) and cDNA was made using the RT2 First Strand Kit
(Qiagen, C-03). The assay was run using a Bio-Rad iCycler machine using 3 cycle PCR with
a 50°C annealing temperature. The data was analyzed using the ΔΔCt method with primers
for ribosomal L13a protein as an internal control. The primers used were as follows: VprBP
F1; CGCTTTGCTTGGATGTCCTG, VprBP R1; GCTTTTAGGGTTCTGAGGCAGC,
HSP27 F1; AGGAGCGGCAGGACGAGCAT, HSP27 R1;
GCGACTCGAAGGTGACTGGG, Vpr F1; GACACTAGAGCTTTTAGAGG, Vpr R1;
GGATAAACAGCAGTTGTTGCAG, Ribo F1; GAGGCCCCTACCACTTCC, Ribo R1;
AACACCTTGAGACGGTCCAG.

Western Blot
Samples were run using Tris/Glycine buffer and transferred onto a hybond-P membrane
(Amersham, GE, Fairfield, CT). Antibodies used: phospho-IκB kinase (IKK)α/β
(Ser176/180) (Cell signaling, Beverly, MA, 2607, 1:1000), phospho-NF-κB p65 (Ser536)
(Cell Signaling, 3033, 1:1000), NF-κB p65 (Cell signaling, C22B4, 1:1000), phospho-IκBα
(Ser32) (Cell signaling 2859, 1:1000), total IκBα (Santa Cruz, Santa Cruz, CA, sc-847,
1:1000), PARP-1 ( (Santa Cruz, sc-8007, 1:1000), HSP27 (Cell Signaling, 2402, 1:1000),
VprBP (abcam, ab75458, 1:1000), Lamin A (abcam, ab26300, 1:1000), β-actin (Sigma-
Aldrich, A2228, 1:10,000), and α-Tubulin (Sigma-Aldrich, T6074, 1:1000). Vpr was
detected using rabbit antiserum developed in our center (1:500). All antibodies were
incubated overnight at 4°C in 5%BSA TTBS. The secondary antibodies mouse IgG-HPR
(Santa Cruz, sc-2061, 1:10,000) or rabbit IgG-HPR (Santa Cruz, sc-2030, 1:10,000) were
incubated for 1 hour at room temperature in 5% milk TTBS. The signal was detected using
Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific, 34080). Nuclear
cytoplasmic fractions were obtained using the PE-NER nuclear and cytoplasmic extraction
kit (Thermo Scientific, Waltham, MA 78833II). M-CSF ELISA was conducted performed
using the Quantikine Human M-CSF Immunoassay Ka kit (R&D systems, SMC00)
according to the manufactures protocols.

MTT and HIV p24 Assay
For toxicity experiments in U87-MG, Macrophage, and PMA differentiated U937 cells, cells
were infected with 5 moi of adenovirus construct for 2–3 days. U1 cells were initially plated
at 25 × 103 cells/96 well condition and Treated with TNF-α (.1–10 ng/mL) for 3 Days.
100uL of assayed using the NIH AIDS Research & Reference Reagent Program HIV-1
p24CA Antigen Capture Assay Kit according to the manufactures protocol. The cells were
also evaluated for toxicity using an (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, a yellow tetrazole) (MTT) assay (Roche, Basel, Switzerland, 11465007001) and
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the p24 data was normalized to OD of the MTT assay. The optical density was read at 4
hours (Test: 550 nm, Reference: 630nm). A 2-way analysis of variance (ANOVA) was
conducted for this experiment on the standardized p24/OD MTT values derived after
treatment with TNF-α at 0, .1, 1, and 10 ng/ml for three days, with the data being converted
to log units to assess relative differences in each condition. The three puromycin vector
backbone cell lines (shNull shHSP27, and shVprBP), were defined as background, and the
neomycin resistant vectors were (shNT, shVpr) were assessed as Vpr positive or negative in
the analysis. Significant main effects of HSP27 background were followed up with
Bonferroni corrected t-tests.

Results
In order to investigate Vpr’s effect on NF-κB signaling, we assessed the responsiveness of
an adenovirus luciferase construct, which is driven by repeat NF-κB promoter sequences, to
an adenovirus overexpressing Vpr in primary macrophages (Fig. 1A). In macrophages
derived from five out of six donors, Vpr produced statistically significant inhibition of the
NF-kappaB-Luc promoter. In donor three, however, Vpr produced a two-fold increase in
NF-κB promoter activity (Data not shown). In three or more of these same donors we were
also able to compare the responsiveness of NF-kappaB-Luc to TNF-α (.1–10 ng/mL) (Fig.
1B) and LPS (.5–50 ng/mL) (Fig. 1C) in the presence and absence of Vpr. While we
observed significant inhibition of NF-kappB-Luc with Vpr almost every concentration of
TNF-α, LPS treatment at or above 5 ng/ml showed no significant difference between the
Vpr and Null conditions. As some studies have suggested that Vpr may be secreted from the
cell (Levy et al., 1994), we used a co-culture model to assess the potential role of secreted
Vpr on macrophages containing only NF-κB luciferase constructs by infecting the promoter
and expression vectors into separate populations of cells and mixing these after stable
infection (Data not shown). In the co-culture experiment, a likely primarily “extracellular”
Vpr significantly promoted NF-κB activity at 0, 0.1 and 5 ng/mL concentrations of TNF-α,
although some intracellular trafficking of the protein from the media into cells not directly
expression the construct was also possible. Intriguingly, these experiments showed a
complete reversal of the effects seen in the preceding experiments using cells co-expressing
both promoter construct and expression vector for Vpr (Fig. 1A–1C), albeit the magnitudes
of the effect in the co-culture experiment were mostly quite small (Data not shown).

As our results confirmed that Vpr exhibits inhibitory effects on NF-κB signaling, we
investigated the mechanism involved in this phenomenon. Previous studies had
demonstrated that Vpr binds to GR and recruits PARP-1 to cause depletion of this NF-κB
co-factor from the nucleus (Muthumani et al., 2006). The report also showed that both the
Vpr/GR/PARP-1 interaction and Vpr mediated NF-κB inhibition was disrupted with RU486
treatment. To test the relevance of this pathway in primary macrophages, we treated
transduced macrophages with AdNull or AdVpr and four hours later treated them with
media or RU486 (1 uM) for additional twenty-four hours, at which point the effect of
treatment on response to THF-α was examined (Fig. 2A). Donor one was used for Figure
2A, which showed significant effects of VPR only in absence of additional TNF-α,
however, we were not able to demonstrate these effect in macrophages or U87MG cells as
10ug/mL of TNF- α treatment likely saturates NF-κB making the effect of Vpr less
significant at these concentrations. Vpr inhibited NF-kappaB-luc activity in the absence of
TNF-α treatment and this effect was not reversed with RU486. This concentration of RU486
(1 uM), however, abrogated the effects of dexamethasone (.1 uM) on inhibition of NF-κB
activity in primary macrophages in numerous other experiments in our lab looking at a
variety of outcomes including promoter activity and phosphorylation of IκBα, excluding the
possibility that the reagent simply did not work (Data not shown). Similarly, in TMZ-BL
cells, which harbor an HIV-1 long terminal repeat (LTR) driven luciferase construct, AdVpr
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expression caused a reduction in luciferase activity, which was not reversed with RU486 co-
treatment (Fig. 2B). Additionally, in TMZ-BL cells Vpr inhibited even TNF-α induced
activation of the HIV-1 LTR, which was also not reversed with RU486 treatment in TMZ-
BL cells. We next assessed the role of Vpr on IκBα response to TNF-α treatment in both
macrophages (Fig. 2C) and PMA differentiated U937 cells (Fig. 2D). In both cell types, Vpr
inhibited NF-κB signaling, as increased levels of IκBα, the inhibitor to NF-κB, were seen in
the presence of TNF-α and Vpr, consistent with the observations in Figure 1. To assess the
downstream consequences of Vpr expression on NF-κB signaling, we evaluated the nuclear/
cytoplasmic trafficking of NF-κB, p65, and PARP-1, using differentiated U937 cells as a
model system (Fig. 2E). Although expression of Vpr altered IκBα signaling in U937 cells
(Fig. 2D), surprisingly there was no effect of Vpr on the nuclear/cytoplasmic trafficking in
these same cells. Further, localization of PARP-1 was predominantly nuclear in these
differentiated cells irrespective of Vpr expression; therefore, Vpr did not promote trafficking
of PARP-1 to the cytoplasm. However, lower levels of nuclear PARP-1 were observed in
nuclear extracts derived from cells expressing Vpr and treated with TNF-α as compared to
Null/TNF-α conditions.

We next compared the toxicity of Vpr expression in U87-MG cells, macrophages, and
differentiated U937 cells (Fig. 3A). While Vpr was toxic in U87-MG cells, as reported
previously (Siddiqui et al., 2008), there was no toxicity detected in macrophages or U937
cells, suggesting that the effects of Vpr on the NF-κB are independent of Vpr’s toxicity. We,
therefore, focused our mechanistic studies on pathways that may be directly involved NF-
κB signaling. As mentioned above, VprBP and HSP27 are likely to interact with both Vpr
and the NF-κB intracellular signaling pathways. To investigate the role of Vpr and HSP27
on NF-κB signaling, we used shRNA lentivirus constructs to generate stable U1 and U937
cell lines knockdowns for these genes (Table 1). We screened two HSP27 and four VprBP
shRNA constructs for gene knockdown in U1 cells by real-time PCR (S. Fig. 1A). We
observed the greatest inhibition with HSP27 construct #2 and VprBP construct #4. However,
shVprBP construct #4 consistently appeared to be toxic in U1 and U937 cells as we were not
able to maintain these cells for more than one passage after selection with puromycin. As a
result, we used HSP27 #2 and VprBP #2 for the remaining experiments. We then confirmed
the expression level of HSP27 and VprBP in the three U937 knockdown cell lines with and
without expression of Vpr (Fig. 3B–D). Expectedly, HSP27 knockdown greatly reduced the
levels of the gene relative to shNull and shVprBP stable cell lines. Further, VprBP
knockdown resulted reduction of the protein expression, but the reduction was less efficient
than that of the shHSP27 construct. Surprisingly, there was a substantial, reproducible
reduction of VprBP levels in the HSP27 knockdown conditions when Vpr was also co-
expressed.

To localize the effect of Vpr on the NF-κB signaling pathway in differentiated U937 cells,
we compared the effects of TNF-α (10 ng/mL) and LPS (50 ng/mL) on cells with and
without Vpr (Fig. 4A). As in Figure 2D, Vpr expression resulted in increased IκBα levels in
the presence of TNF-α treatment. Further, Vpr greatly inhibited the phosphorylation of NF-
κB p65 in response to such treatment. However, in the response to LPS treatment, Vpr
expression did not consistently increase IκBα levels while the inhibition of p65
phosphorylation was less than observed in the TNF-α treatment condition at all time points.
These results suggested that Vpr has distinct intracellular effects that selectively inhibit the
TNF-α but not LPS mediated induction of NF-κB in the studied presented, in apparent
agreement with Figure 1B and 1C. Importantly, molecular findings independently confirm
the effect of Vpr on inhibition of the NF- κB signaling in a system that does not rely on
luciferase promoter activity readout. We then investigated the role of HSP27 and VprBP on
Vpr’s alteration of NF-κB signaling. Expression of Vpr in U937 shHSP27 and shNull
knockdown cell lines significantly decreased the NF-kappaB-Luc activity, whereas
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shVprBP-expressing cells had no observable effects of Vpr on luciferase activity (Fig. 4B),
consistent with the idea that VprBP is an necessary component of Vpr’s inhibitory effects.
Further, shVprBP/Vpr expressing cells showed lower levels of total IκBα after twenty
minutes of TNF-α treatment, as would be expected if NF-κB activation proceeded in
response to TNF-α, while shNull/Vpr and shHSP27/Vpr cells demonstrated higher or equal
levels of IkBα after TNF-α stimulation (Fig. 4C). We assessed NF-κB p65 phosphorylation
after five minutes of TNF-α treatment in these same cell lines and again demonstrated that
Vpr inhibits p65 in Vpr/shNull cells (Fig. 4D). However, both shHSP27 and shVprBP cells
had lower levels of NF-κB phosphorylation in response to TNF-α treatment as compared to
shNull cells, making the apparent lack of effect from Vpr on this process difficult to
interpret in these knockdown cells. In agreement with Figure 4A as well as the promoter
experiments from macrophages in Figure 1B and 1C, twenty minutes of LPS treatment
promoted IκBα degradation and NF-κB p65 phosphorylation in all three cell lines
regardless of Vpr expression status, further suggesting that this process is TNF-α specific
(Fig. 4E).

Considering that NF-κB is an important pathway for the activation of HIV-1 LTR (Lenardo
and Baltimore, 1989; Poli et al., 1990), we next investigated the role of Vpr and NF-κB in
the induction of HIV-1 expression using U1 cells, a latently infected cell line. We first
generated a U1 cell line with a stable knockdown of Vpr and confirmed the reduction in
RNA using real-time PCR (S. Fig. 1B). We then treated shNT and shVpr cells with TNF-α
(.01–10 ng/mL) for three days (Fig. 5A). In light of our results from Figure 2B, we expected
that in the absence of Vpr, less TNF-α stimulation would be required to stimulate HIV-1
production from latency, however, the opposite effect was observed. It remains unclear if
the absence of Vpr in U1 cells influences NF-κB directly, viral replication directly, or both,
but p24 production in response to TNF-α is certainly inhibited in the absence of Vpr in U1
cells. We compared the IκBα signaling in U937 and U1 cells in response to TNF-α
treatment (Fig. 5B). Consistent with reports that HIV-1 infection increase NF-κB signaling
(Chang et al., 1995), U1 cells displayed greater degradation of IκBα in response to TNF-α,
preliminarily suggesting that any Vpr present in these cells may actually be less able to
inhibit the pathway to a significant extent, perhaps due to the presence of other HIV-1
proteins that inhibit Vpr’s effects.

We also treated double knockdown U1 cell lines with TNF-α (.1–10 ng/mL) for three days.
Again, the absence of Vpr (shVpr) significantly decreased virus production with TNF-α
treatment at 0, 1 and 10, but not 0.1 ng/mL of TNF-α; however, there was no significant
interaction of Vpr and background at any dose (Table 2). These data do not support a
modification of Vpr’s effect by presence or absence of HSP27 or VprBP in an HIV-1
context, in contrast to the role of VprBP identified in NF-κB inhibition by Vpr in uninfected
cells, but may support the idea that different mechanisms are at play in infected cells. The
background was significant at 1 ng/ml of TNF-α treatment, with the shHSP27 background
appearing to have the highest levels of virus production (Table 2). This experiment was one
of three conducted, with all three experiments having shown generally similar trends
(increased p24 production with shHSP27 background and decreased production with shVpr
expression in all backgrounds). These effects differed in magnitude and significance at
various doses of TNF-α between experiments.

Discussion
In this study we report that Vpr has inhibitory effects on NF-κB activation that are specific
to the TNF-α pathway, but not the LPS pathway. This suggests that multiple targets of Vpr
may exist for NF-κB regulation, which may serve different roles in the context of HIV-1
infection. Further, we identify VprBP as one possible cellular component of Vpr’s

Kogan et al. Page 7

J Cell Physiol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regulation of IκBα in response to TNF-α stimulation. We did not identify such a role for
another of Vpr’s binding partners, HSP27, which instead seems to inhibit Vpr functions.
Finally, our preliminary findings suggest NF-κB regulation by Vpr may not behave in the
same manner when other HIV-1 components are present, as U1 knockdown cells for Vpr
were unexpectedly less responsive to TNF-α stimulation of HIV transcription than those
that had baseline Vpr expression levels. However, this last finding is mechanistically
unconfirmed and may be due to effects of Vpr downstream from transcriptional regulation,
for example viral replication or packaging.

Although the role of Vpr in NF-κB signaling, inflammation, viral transcription, and latency
is well studied, there have been conflicting reports about these properties of Vpr. Indeed,
studies using extracellular and serum derived Vpr showed that Vpr stimulates HIV-1
production (Levy et al., 1994; Levy et al., 1995). Consequently, viron derived Vpr (Roux et
al., 2000) and synthetic Vpr (Varin et al., 2005) activates HIV-1 via NF-κB. Further,
extracellular Vpr stimulates virus production via toll-like receptor 4 (TLR4), the receptor for
lipopolysaccaride (LPS), by inducing NF-κB (Hoshino et al., 2010). Interestingly, HIV-1
infected macrophages and myeloid cells are well known to exhibit NF-κB activation (Choe
et al., 2002; Roulston et al., 1995), HIV-1 infection and NF-κB activation form a positive
feedback loop (Poli et al., 1990), and Tat is known to induce the HIV-1 LTR synergistically
with NF-κB (Chang et al., 1995) indicating that this pathway is indeed important for viral
transcription. Consistent with these reports, I kappa B alpha (IκBα) levels are known to be
reduced in the presence of HIV-1 in myeloid cells (Asin et al., 1999). Our results in this
study partly address these conflicting findings. We report that there are differences in the
response of cells to TNF-α and LPS when Vpr is expressed: Vpr inhibits NF-κB in the
presence of TNF-α but not with LPS treatment (Fig 1B, 1C). Our findings are generally
consistent with the notion that Vpr inhibits NF-κB signaling within the cell (Muthumani et
al., 2006). However, our experiments using a co-culture model suggest the possibility that
Vpr is indeed capable of stimulating signaling extracellularly via TLR4 (LPS receptor)
(Data not shown) as reported by others (Hoshino et al., 2010). The role of extracellular Vpr
is a preliminary finding in our study, which is limited by numerous technical considerations
including a lack of reliable methods to measure Vpr concentrations in the extracellular and
intracellular samples from in vitro cultures. We hypothesize that HIV-1 is able to both
suppress NF-κB to dampen immune response to virus while activating, or at very least not
inhibiting, this same pathway in HIV-1 infected macrophages (discussed below).

While our study shows that Vpr clearly inhibits NF-κB, p65 nuclear/cytoplasmic trafficking
was not altered in U937 cells (Fig. 2E). Further, the inhibitory effect on NF-κB signaling is
quite small in U937 cells and in some macrophage donors, both in the presence and absence
of TNF-α. The small changes in U937 cells may be due to altered NF-κB signaling in this
cell line as it is common for this pathway to be involved in cancer transformation (Karin et
al., 2002). Further, the incomplete inhibitory effects of Vpr on TNF-α mediated activation
may also be explained in both macrophages and U937 cells due to the hypothetical
stimulatory effects of Vpr via TLR4. Additionally, different donors may have altered
susceptibility to intracellular/extracelluar effects of Vpr, if they are indeed both relevant in
these cell lines. This is also one possible reason why donor 3 in Figure 1A showed increase
in NF-κB activity, while other donors had inhibition of this pathway. We hypothesize that
neutralization of “extracellular” Vpr with an antibody may potentiate the observed inhibition
of the intracellular form and such an approach may overcome current technical limitation of
Vpr quantification.

We were not able to confirm the previously described mechanism of NF-κB inhibition by
Vpr due to PARP-1 exclusion to the cytoplasm (Muthumani et al., 2006). It should be noted
that in contrast to the study mentioned, we failed to observe any difference in PARP-1
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localization due to TNF-α treatment. It is possible that this is a mechanism that is more
relevant to specific cell types, such as Hela cells there that were used in experiments by
Muthumani and others. Although we did not identify this as an important aspect of Vpr
regulation of NF-κB in macrophages, PARP-1 may be important in repression of the
pathway in T-cells or other immune cells whose functions are disinhibited following RU486
treatment (Ayyavoo et al., 1997; Mirani et al., 2002; Muthumani et al., 2000). Further
experiments are needed to discern exactly which mechanisms are at play in particular cell
types.

VprBP is likely a key mediator for the inhibitory effects of Vpr on NF-κB signaling. Indeed,
our results show that U937 cells that express VprBP shRNA have less inhibition of NF-κB
activity (Fig. 4B) and have lower levels of IκBα with TNF-α treatment then control cells
(Fig. 4C). Considering that Vpr does not affect the LPS pathway, we reason that Vpr/VprBP
interaction leads to inhibition of the TNF-α specific pathway by binding to some member of
the cascade upstream of IKK. However, as a consequence of Vpr/VprBP function, the
degradation of another target that regulates the NF-κB pathway is also possible. Therefore,
we reason that Vpr may cause inhibition of the TNF-α/NF-κB signaling directly by
recruiting a member of the signaling cascade to the VprBP ubiquitination complex, or
indirectly by depleting other necessary cellular genes (Fig. 6).

HSP27 knockdown did not appear to influence the role of Vpr on NF-κB (Fig. 4B-C). If
anything, HSP27 knockdown seemed to potentiate the inhibitory effects of Vpr on the TNF-
α/NF-κB pathway, consistent with the reports that have characterized HSP27 as an inhibitor
of Vpr (Liang et al., 2007). Interestingly, VprBP seemed to be depleted in cells that lack
HSP27 and express Vpr (Fig. 3B–C). This may suggest in the absence of the endogenous
inhibitor for Vpr, increased Vpr/VprBP binding leads to destabilization of the complex,
however, this needs to be confirmed by future studies. Finally, HSP27 knockdown seemed
to produce higher levels of HIV p24 in U1 cells, however, shNull, shVprBP, and shHSP27
backgrounds were all affected by shVpr expression (Table 2). This further suggests a
protective, anti-HIV-1 role for HSP27, as has been suggested in previous reports.

Our observed effects of Vpr in U1 cells on HIV-1 activation from latency were inconsistent
with the findings that Vpr inhibited NF-κB in uninfected parental U937 cells (Fig. 4, Fig. 5,
Table 2). As it is known that Vpr inhibition results in decreased HIV-1 replication (Balotta
et al., 1993) and that Tat has been shown to induce NF-κB activity by promoting IκBα
degradation (Demarchi et al., 1996), it possible that Vpr serves a different role in HIV-1
infected cells due to inhibition of on the effects on NF-κB signaling from other HIV-1
proteins such as Tat. It should be noted that U1 cells have a mutation in Tat that reduces
transcription of the HIV-1 promoter (Emiliani et al., 1998), however, if Tat is indeed
responsible for the de-inhibition of NF-κB, the mutation carried by the U1 cells may not
abrogate this effect. Alternatively, a different HIV-1 gene may be involved. Consistent with
this notion, U1 cells had greater degradation of IκBα with TNF-α treatment (Fig. 5B),
however, direct effects of Vpr on HIV-1 transcription or packaging cannot be excluded and
future studies are necessary to decipher these mechanisms.

Although our results do not point to one specific function of Vpr in NF-κB regulation, the
roles of NF-κB as well as Vpr in viral replication have multiple, conflicting descriptions in
the field. Vpr inhibits immune responses by in a mechanism that is at least partly dependent
on NF-κB inactivation (Ayyavoo et al., 1997), but also activates HIV-1 from latency and is
important for viral replication (Balotta et al., 1993; Chang et al., 1995; Hoshino et al., 2010;
Levy et al., 1994; Levy et al., 1995; Roux et al., 2000; Varin et al., 2005). It has not been
adequately addressed how Vpr is able to stimulate viral replication while simultaneously
inhibiting NF-κB signaling in the host. In our study we show clear inhibitory effects of Vpr
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on TNF-α/NF-κB signaling of uninfected cells TMZ-BL cells (Fig. 2B), U937 cells (Fig.
4B), and macrophages (Fig 1A–1C), while sparing LPS/NF-κB activity. Consequently, if
the proposed extracellular Vpr is indeed capable of stimulating the TLR4 receptor, this may
produce selective activation of particular cells in vivo. A recent report has shown that TLR4
expression, while not normal for T-cells, is induced by HIV-1 on CD4+ and CD8+ T-cells
and that this expression decreases as patients progress to AIDS (Miller Sanders et al., 2010).
Further, HIV-1 infected macrophages have been reported to possess a Type 1 phenotype that
is more responsive to LPS (Brown et al., 2008). Therefore, we believe that the differential
regulation of the NF-κB pathway by Vpr may promote activation of virus replication in
macrophages and perhaps infected T-cells, but inhibition of NF-κB in other bystander cells,
ultimately suppression of the immune response as reported in previous work without
preventing viral replication (Ayyavoo et al., 1997; Ayyavoo et al., 2002; Muthumani et al.,
2002). However, the potential selectivity of the inhibitory effects for bystander cells
warrants extensive further investigation.

In conclusion, this study is a case in point that Vpr/NF-κB signaling is a complex
phenomenon that likely involves multiple targets. The NF-κB pathway is a particular
challenge for HIV-1 virus, being both necessary for viral growth and the driver of immune
response; therefore, it is intuitive that regulation of such signaling on the part of HIV-1
would require cell or context specific mechanisms. Future studies are needed to address the
role of Vpr in T-cells versus macrophages, the role of intracellular or extracellular Vpr, as
well as Vpr’s effects in infected versus uninfected cells. Vpr’s alteration of NF-κB signaling
is very likely relevant for HIV-1 persistence and immune evasion, therefore, research in to
these mechanisms may provide avenues for future therapy.
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Figure 1. Differential effects of Vpr on NF-kappa B activity in primary macrophages
A. Primary macrophages from six separate donors were transduced with 5 moi of AdNull or
AdVpr and 5 moi of AdNF-κB luciferase reporter construct for two days (Donor 3
excluded). (P= 7.9×10−8) Induction of AdNF-κB luciferase activity in primary macrophages
transduced with 5 moi AdNull or AdVpr for one day and then treated with different
concentrations for TNF-α for 1 day (B) or LPS for 1 day (C). Combined fold change in
luciferase activity as compared to AdNull shown for donors four through six. P values were:
P= 0.058, P= 0.11, P= 0.024, P= 5.9×10−4, P= 0.0052 P= 0.02, (B) and P= 1.6 × 10−5, P=
0.045, P= 0.043, P= 0.22, P= 0.19 P= 0.466 (C) respectively. Fold change in luciferase
shown for donors three, five, and six. (* P≤ .05, ** P≤ .001, ns: non-significant)
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Figure 2. Inhibition of NF-kappa B by Vpr involves IκBα regulation but not PARP-1/GR
signaling
Macrophages from donor one (A) and TMZ-BL cells (B) were traduced with 5 moi of
AdNull or AdVpr and 5moi of AdNF-κB luciferase reporter construct and after four hours
with media or RU486 (1 uM) for one day. The cells were then treated for one additional day
with TNF-α (10 ng/mL) and/or RU486 (1 uM). P values: P= 0.024, P= 0.55, P= 0.056, P=
0.57 (A) and P= 0.012, P= 0.005, P= 0.001, P= 5.86×10−4 (B) respectively. Effect of Vpr on
IκBα phosphorylation and degradation in response to TNF-α (10 ng/mL) treatment in
macropages (C) and PMA differentiated U937 cells. D. Effect of Vpr on PARP-1 and NF-
κB translocation nuclear translocation in response to thirty minutes of TNF-α (10 ng/mL)
treatment in PMA differentiated U937 cells. (* P≤ .05, ** P≤ .001, ns: non-significant)
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Figure 3. Toxicity of Vpr and generation of knockdown U1/U937 cells
A. MTT values after 2 and 3 days of culture for U87-MG cells, macrophages, and PMA
differentiated U937 cells that were transduceded with 5 moi of AdNull or AdVpr. (P= 0.004,
P= 0.001, P= 0.049, P= 0.027, P= 0.16, P= 0.43). B–C. Levels of HSP27 and VprBP in
AdNull and AdVpr transduced or AdVpr PMA differentiated U937 stable cell lines
expressing shNull, shHSP27 #2 and shVprBP #2 shRNA.
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Figure 4. Vpr mediated regulation of IκBα and NF-κB p65 signaling is altered by HSP27 and
VprBP knockdown
A. Effect of Vpr on NF-κB p65 phosphorylation, IκBα phosphorylation, and IκBα
degradation in response to TNF-α (10 ng/mL) or LPS (50 ng/mL) treatment in PMA
differentiated U937 cells. B. Induction of AdNF-κB luciferase activity in PMA
differentiated shNull, shHSP27, or shVprBP cells transduced with 5 moi AdNull or AdVpr
for one day and then treated with different concentrations for TNF-α (10 ng/mL) for 1 day
(P= 0.039, P= 7.64×10−4, P= 0.41). Effect of Vpr on NF-κB p65 phosphorylation, IκBα
phosphorylation, and IκBα degradation in response to 20 minutes of TNF-α (10 ng/mL)
(C), 5 minutes of TNF-α (10 ng/mL) (D), or 20 minutes of LPS (50 ng/mL) (E) treatment in
shNull, shHSP27, or shVprBP PMA differentiated U937 cells. (*P≤ .05, ** P≤ .001, ns:
non-significant)
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Figure 5. Effect of Vpr knockdown in U1 cells in induction of HIV-1 from latency
A. HIV p24 induction with TNF-α treatment of shNT and shVpr U1 cells. (P= 0.59, P=
0.17, P= 0.012, P= 0.097, P= 0.004, P= 0.017, P= 0.11, P= 0.002) B. Effect of 10 minutes of
TNF-α (10 ng/mL) treatment on IκBα phosphorylation and IκBα degradation in U937 and
U1 cells. (* P≤ .05, ** P≤ .001, ns: non-significant)
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Figure 6. Hypothesis of Vpr function in myeloid cells
A. Vpr stimulates LPS pathways but inhibits TNF-α pathways. B. Vpr/VprBP interaction
inhibits TNF-α/LPS signaling. HSP27 may disrupt the Vpr/VprBP interaction.
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Table 1

Sequences used in lentivirus shRNA constructs.

Name Target Sequence

pLKO.1-Neo, available from Sigma-Aldrich

shHSP27#1 CCGGCCCAAGTTTCCTCCTCCCTGTCTCGAGACAGGGAGGAGGAAACTTGGGTTTTT

shHPS27#2 CCGGCCGATGAGACTGCCGCCAAGTCTCGAGACTTGGCGGCAGTCTCATCGGTTTTT

shVprBP#1 CCGGCGTATCGCTAATGGCATTGCACTCGAGTGCAATGCCATTAGCGATACGTTT

shVprBP#2 CCGGCCTCCCATTCTTCTGCCTTTACTCGAGTAAAGGCAGAAGAATGGGAGGTTTTTTG

shVprBP#3 CCGGCGAGAAACTGAGTCAAATGAACTCGAGTTCATTTGACTCAGTTTCTCGTTTTTTG

shVprBP#4 CCGGGCGCCAATAAACTTTACGTCACTCGAGTGACGTAAAGTTTATTGGCGCTTTTTTG

pLKO.1-Neo vector, sequences from (Balotta, et al., 1993)

shVpr#1 TTCATTGTGTGGCTCCCTCTGTGGCCC

shVpr#2 GCCCTAAGCCATGAAGCCATATCCTAG

shVpr#3 TGGCTTCCACTCCTGCCCAAGTATCCC
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Table 2

2-way ANOVA analysis of the p24 production in U1 cells treated with TNF-α.

TNF-α (ng/mL) 0 .1 1 10

Background .009 .882 <0.001 <0.001

Vpr .009 .515 <0.001 <0.001

Background/Vpr .731 .200 .413 .700
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