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ABSTRACT HIV-1 encodes several accessory proteins—Nef, Vif, Vpr, and Vpu—whose
functions are to modulate the cellular environment to favor immune evasion and viral
replication. While Vpr was shown to mediate a G,/M cell cycle arrest and provide a
replicative advantage during infection of myeloid cells, the mechanisms underlying
these functions remain unclear. In this study, we defined HIV-1 Vpr proximity interac-
tion network using the BiolD proximity labeling approach and identified 352 potential
Vpr partners/targets, including several complexes, such as the cell cycle-regulatory
anaphase-promoting complex/cyclosome (APC/C). Herein, we demonstrate that both
the wild type and cell cycle-defective mutants of Vpr induce the degradation of APC1,
an essential APC/C scaffolding protein, and show that this activity relies on the recruit-
ment of DCAF1 by Vpr and the presence of a functional proteasome. Vpr forms a
complex with APC1, and the APC/C coactivators Cdh1 and Cdc20 are associated with
these complexes. Interestingly, we found that Vpr encoded by the prototypic HIV-1
NL4.3 does not interact efficiently with APC1 and is unable to mediate its degradation
as a result of a N285-G41N amino acid substitution. In contrast, we show that APC1
degradation is a conserved feature of several primary Vpr variants from transmitted/
founder virus. Functionally, Vpr-mediated APC1 degradation did not impact the ability
of the protein to induce a G, cell cycle arrest during infection of CD4* T cells or
enhance HIV-1 replication in macrophages, suggesting that this conserved activity
may be important for other aspects of HIV-1 pathogenesis.

IMPORTANCE The function of the Vpr accessory protein during HIV-1 infection
remains poorly defined. Several cellular targets of Vpr were previously identified, but
their individual degradation does not fully explain the ability of Vpr to impair the
cell cycle or promote HIV-1 replication in macrophages. Here, we used the unbiased
proximity labeling approach, called BiolD, to further define the Vpr proximity interac-
tion network and identified several potentially new Vpr partners/targets. We vali-
dated our approach by focusing on a cell cycle master regulator, the APC/C complex,
and demonstrated that Vpr mediated the degradation of a critical scaffolding com-
ponent of APC/C called APC1. Furthermore, we showed that targeting of APC/C by
Vpr did not impact the known activity of Vpr. Since degradation of APC1 is a con-
served feature of several primary variants of Vpr, it is likely that the interplay
between Vpr and APC/C governs other aspects of HIV-1 pathogenesis.

KEYWORDS anaphase-promoting complex/cyclosome, proximity labeling, proteomics,
APC1, BiolD, HIV infection, human immunodeficiency virus, Vpr, cell cycle regulation

Il primate lentiviruses, including human immunodeficiency virus types 1 and 2
(HIV-1/2), encode a set of accessory proteins primarily involved in promoting viral
immune evasion and replication (1). Of all the lentivirus-encoded accessory proteins,
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Viral protein R (Vpr) remains the most enigmatic at the functional level. HIV-1 Vpr is a
14-kDa protein that is packaged into virions, pointing to an early role in the virus life
cycle. The protein is required for HIV pathogenesis in vivo and for efficient virus replica-
tion in macrophages. However, the mechanisms underlying these phenotypes remain
elusive (2). One well-established but poorly understood Vpr-associated phenotype is
its ability to activate DNA damage response (DDR)/repair pathways, a condition that
leads to a G,/M cell cycle arrest (3, 4). This biological activity requires the recruitment
of the E3 ubiquitin ligase complex DDB1-CUL4A-DCAF1 (DCAF1com). However, while
the recruitment of DCAF1com is necessary to induce a G,/M cell cycle arrest, it is not
sufficient, as demonstrated by well-characterized G,/M arrest-defective Vpr mutants
that are impaired in (Q65R) or still competent for (S79A or R80A) complex formation
with DCAF1com (5-9). Indeed, Vpr recruits DCAF1com to mediate polyubiquitination
and subsequent proteasomal degradation of several cellular targets (10), including the
DNA repair proteins UNG2, HLTF, EXO1, and MUS81, a component of the SLX4 complex
(11-16). Nonetheless, the degradation of these cellular targets by Vpr, at least individu-
ally, does not explain the Vpr-mediated activation of the DNA replication/damage
checkpoint in Go/M (11-16).

Recruitment of DCAF1com by Vpr and proteasomal degradation of host cellular
proteins appear to contribute to the enhancement of HIV-1 replication in myeloid cells,
such as macrophages (17). For example, proteins belonging to the TET family of meth-
ylcytosine dioxygenase (TET1/2/3), involved in transcriptional regulation, are reported
to be degraded by Vpr in a DCAF1com-dependent manner (18). By mediating TET2
degradation, Vpr affects the transcription of at least two cellular genes encoding the
cytokine interleukin 6 (IL-6) and the antiviral restriction factor IFTM3 (18, 19). While sus-
tained IL-6 production by Vpr-mediated TET2 degradation is reported to promote HIV-
1 replication in macrophages, decreased expression of IFTM3 enhances HIV-1 infectiv-
ity by increasing Env processing and incorporation into virions (18, 19). More recently,
the macrophage mannose receptor (MR) was identified as an HIV-1 restriction factor
targeting Env in primary macrophages and Vpr, along with Nef, was found to counter-
act this restriction by reducing MR expression (20). Vpr was also found to induce the
degradation of REAF, a protein that inhibits HIV-1 reverse transcription during macro-
phage infection (21).

Several studies have applied unbiased proteomic approaches to identify novel Vpr
host partners/targets. For instance, both Jager et al. (22) and Hrecka et al. (11) mapped
Vpr's interactome through affinity purification coupled to mass spectrometry (AP-MS)
and identified 47 high-confidence proteins and HLTF, a new Vpr target, respectively.
Using a quantitative proteomics approach, Lahouassa et al. demonstrated that Vpr
mediates HLTF degradation (12), whereas Greenwood et al. identified nearly 2,000 cel-
lular proteins modulated directly or indirectly by Vpr (23). Indeed, the demonstration
of a promiscuous targeting of cellular proteins by Vpr supports the notion that this vi-
ral protein is unlikely to target one unique cellular protein or complex to mediate cell
cycle arrest or promote viral replication in myeloid cells. Instead, remodeling of multi-
ple host factors is likely to underpin the complex Vpr-associated phenotypes (11, 24).

Using the Vpr mutants Q65R and R80A, as well as the wild-type (WT) form, we
applied BiolD, a proximity-dependent labeling biotin-identification approach, to iden-
tify stable, weak, or transient Vpr interactions unidentified by previous AP-MS screens
(25). Our BiolD results define 352 Vpr partners/targets with previously reported Vpr tar-
gets or partners, such as UNG (16), EXO1 (13), DCAF1com (5-7), and the SMN complex
(22, 23). Interestingly, our analysis also revealed novel potential Vpr partners/targets,
including the anaphase-promoting complex/cyclosome (APC/C).

APC/C is a large (1.5-MDa) E3 ubiquitin ligase complex composed of 14 subunits
and two coactivators, namely, Cdh1 and Cdc20, that marks target cell cycle proteins for
degradation by the proteasome (see reference 26 for a review). While the APC/CCcd
complex activity peaks during the G, phase of the cell cycle, APC/CC4<20 activity peaks
in the M phase (27, 28). Besides regulating the cell cycle, APC/C is implicated in
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additional processes, including DDR/repair, synthesis of deoxynucleoside triphosphates
(dNTPs), autophagy, and cellular metabolism (29). Interestingly, several proteins from
both RNA and DNA viruses interact with APC/C to manipulate the host during infec-
tion, although in most cases the relevance of these interactions for viral replication
remains poorly understood (30).

Given the importance of the APC1 scaffolding subunit (also called ANAPC1) in APC/
C architecture and stability, we focused our analysis on the interplay of HIV-1 Vpr and
APC1 (31). We show that HIV-1 Vpr forms a physical complex with APC1 and mediates
its proteasomal degradation by a process that relies on DCAF1com recruitment. We
further demonstrate that Vpr-mediated APC1 degradation is a conserved feature of
several primary and lab-adapted Vpr variants but not of the prototypic NL4.3 Vpr,
which does not interact efficiently with APC 1. By comparing the Vpr variant Bru, which
is competent for APC1 degradation, to NL4.3 Vpr, we delineated N28S and G41N amino
acid mutations responsible for the NL4.3 Vpr defect and further demonstrated that
APC1 degradation and the induction of a G,/M cell cycle arrest are two independent
activities of Vpr. Last, we show that the replication kinetics of viruses encoding WT Vpr
or a Vpr containing the N28S-G41N double substitution in activated primary CD4* T
cells and monocyte-derived macrophages (MDM:s) are indistinguishable, thus pointing
to APC1 degradation and conceivably APC/C impairment as a new biological activity of
Vpr with currently undefined functional implications for HIV-1 pathogenesis.

RESULTS

Analysis of the HIV-1 Vpr proximity interaction network uncovers potential
new host partners/targets. To gain insight into Vpr interactions with host cell pro-
teins and processes, we took advantage of the BiolD proximity labeling approach (25).
This approach relies on the biotinylation of proximal proteins, which can then be
pulled down through high-affinity streptavidin-biotin interactions for identification by
mass spectrometry. To this end, we fused the highly active Escherichia coli biotin ligase
(BirAR1'8G, annotated as BirA*) at the N terminus of WT Vpr (Bru) or of G,/M cell cycle
arrest-defective mutants (Q65R and R80A). We reasoned that introduction of Vpr
mutants in these analyses would expand the coverage of Vpr partners/targets that
would either be degraded in the context of the WT Vpr-DCAF1 complex or be absent
from this complex under conditions in which a G,/M cell cycle arrest was induced.
Since Vpr is a nuclear protein, a BirA* fused to a nuclear localization signal (NLS)
sequence was used as a negative control to exclude the BirA*-specific proximity inter-
action network. Doxycycline-inducible HEK293 and Hela cell lines stably expressing
these constructs were generated using the Flp-In T-REx system. BiolD screens were
then performed in biological duplicates at 6 h and 24 h post-doxycycline induction
(hpi) in HEK293 cells as well as at 24 hpi in Hela cells, as described in Materials and
Methods. After performing significance analysis of interactome (SAINT analysis) for
each bait and for every time of induction in both cell lines, preys passing the statistical
threshold (iProphet protein probability = 0.9; number of unique peptides = 2; Bayesian
false discovery rate [BFDR] = 0.02) were kept and merged, constituting the global Vpr
proximity interaction network from both HEK293 and Hela cell lines (Fig. 1A; also, see
Table S1 in the supplemental material). A total of 352 proximity interactors were identi-
fied in our Vpr proximity interaction network analysis. The analysis was validated by
the presence of previously identified Vpr partners/targets, including: DCAF1 (5-7),
DDB1 (5-7), UNG (16), EXO1 (13), DICER1 (32), and components of the SMN complex
(22, 23). Overrepresented biological processes, such as cell cycle, RNA processing,
response to DNA damage, and gene expression, were found among Vpr's preys (Fig.
1A). Interestingly, we identified core elements from several complexes, such as the
APC/C (26); the ORC complex, implicated in transcriptional silencing and DNA replica-
tion (33); the RISC-loading complex, implicated in RNA silencing mediated by small
RNAs (34); the CCR4-NOT complex, involved in transcriptional regulation and RNA sur-
veillance (35); and the SMN complex, involved in the biogenesis of spliceosomal small
nuclear ribonucleoproteins (36).
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FIG 1 Large-scale HIV-1 Vpr proximity interaction network. HEK293 Flp-In T-REx and Hela Flp-In T-REx stable cell lines were treated for 6 or 24h
with 0.5 ug/ml doxycycline to induce BirA*-Flag-Vpr (Bru) (WT, Q65R, or R80A) or Flag-NLS-BirA* fusion protein expression. Biotin (50 uM for 6 or
24h) and MG-132 (10uM for 6h) were also added at the same time as doxycycline to allow biotinylation of proximal partners/targets and
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FIG 2 The Vpr proximity interaction network reveals host protein complexes potentially targeted by Vpr. The proximity interaction network of WT and
Q65R Vpr proteins in MG132-treated HEK293 cells (6 hpi) compared to that of WT Vpr in non-MG132-treated HEK293 cells (7 hpi) reveals several interesting
complexes potentially targeted by Vpr. Identified subunits of these complexes are highlighted in zoomed boxes, such as APC/C, BASC, CCR4-NOT, PRC,
SMN, and ORC. The heat map displays the scaled spectral counts (SC) of preys significantly identified with MG132-treated WT and/or Q65R Vpr baits but
not in the untreated WT Vpr control bait. Unidentified preys are in gray, whereas the most abundant preys are in dark purple.

Of the 352 preys identified in our Vpr's proximity interaction network, only a small
fraction (~5 to 10%) overlapped with the AP-MS interactome analysis conducted in
HEK293 and Jurkat cell lines by the Krogan group (22) (Fig. 1B; Table S2). However, our
Vpr's interactome reached a greater (~40%) overlap with a second AP-MS study con-
ducted in the CEM.SS cell line by the Skowronski group (11) (Fig. 1C; Table S2). More
precisely, elements of the APC/C, the ORC complex, the RISC-loading complex, and the
SMN complex, as well as centrosomal proteins and polymerase components, were
found in both our analysis and that by Hrecka et al. (11) (Table S2). Our BiolD analyses
complement both AP-MS analyses with 200 additional Vpr preys (Table S2). These
cross-analyses indicate that proximity labeling allows the identification of new poten-
tial Vpr partners/targets that are not detected using conventional pulldown proteomic
approaches.

To identify proteins or protein complexes that are potentially degraded by Vpr, we
subtracted the WT Vpr proximity interaction network at 7 hpi from both the WT and
Q65R Vpr proximity interaction networks identified in condition of proteasome inhibitor
(MG-132) treatment (Fig. 2; Table S3). Several proteins and protein complexes were
enriched in the presence of MG-132 in both WT and Q65R Vpr proximity interaction net-
works. Components of the APC/C, including ANAPC1 (APC1), the BRCAT-associated ge-
nome surveillance complex (BASC), which is implicated in the recognition and repair of
aberrant DNA structures (37), the CCR4-NOT complex, and the polycomb repressive com-
plex (PRC), along with SMN and ORC complexes, were identified under these conditions,
suggesting potential targeting of these complexes/networks by Vpr. Interestingly, upon
treatment with MG132, the Q65R Vpr proximity interaction network partially overlapped

FIG 1 Legend (Continued)

prevent Vpr-mediated proteasomal degradation, respectively; see Materials and Methods for detailed procedures. A total of 352 SAINT-filtered Vpr
proximal partners/targets were identified by bioinformatic analysis in our merged BiolD data set. The data set includes two biological replicates
for each of the following conditions: HEK293 (6 h, with MG-132), HEK293 (24 h) and HelLa (24 h). Complexes of statistically enriched processes, such
as response to DNA damage, cell cycle, RNA processing, and gene expression, are represented in the framed boxes. For the “response to DNA
damage” process, proteins which are not part of determined complexes are also represented individually. Interesting complexes, such as APC/C,
are surrounded in light gray, with complex core components encircled with brown dashed lines. Baits (Vpr proteins) and preys (proximal partners/
targets) are color coded in red and brown, respectively. Previously reported Vpr partners/targets are in yellow. Reported protein-protein
interactions are represented by a light gray line. Interaction statistics were determined using SAINTexpress and considered statistically significant
based on the following criteria: iProphet protein probability of =0.9; number of unique peptides of =2; BFDR of =0.02. Complete protein
identification results can be found in Table S1. (B and C) Data from the Vpr proximity interaction network were cross-analyzed against the results
obtained by affinity purification coupled with mass spectrometry (AP-MS) analyses of HIV-1 Vpr (11, 22). (B) Of the 352 proteins identified by
BiolD, 16 (~4.6%) and 38 (~10.8%), respectively, were found (purple) in the Vpr AP-MS experiment conducted by the Krogan group (22) in
HEK293 cells (left pie chart) and in Jurkat cells (right pie chart). (C) One hundred forty (~39.8%) of the proteins identified by BiolD were found
(purple) in the Vpr AP-MS experiment conducted by the Skowronski group (11) in CEM.SS cells. The proportion of proteins unidentified by AP-MS
is represented in yellow. Results of the cross-analyses can be found in Table S2.

August 2021 Volume 95 Issue 15 e00971-20 jviasm.org 5


https://jvi.asm.org

Barbosa et al.

l\ Merge )
APCT APC1/DAPI HA-Vpr

APC1/HA-Vpr

Dox -

Dox +

B

APC1 foci colocalization

Journal of Virology

with Vpr (%)

1004

80

60 -

40

20

APC1

FIG 3 APC1 forms nuclear foci and colocalizes with HIV-1 Vpr. An inducible stable HelLa cell line expressing HA-Vpr Bru was treated for 16 to 18 h with
0.5 ug/ml doxycycline (Dox +) or left untreated (Dox -). APC1 and HA-Vpr were then immunostained using rabbit anti-APC1 and mouse anti-HA primary
antibodies. After counterstaining with DAPI (4’,6-diamidino-2-phenylindole), images were acquired by confocal microscopy. (A) Representative images
depicting APC1 nuclear staining. APC1 foci are indicated by arrowheads. The colocalization of APC1 with HA-Vpr within nuclear foci is indicated by
yellow arrowheads (Dox +; lower panels); white arrowheads indicate APC1 nuclear foci that do not colocalize with HA-Vpr. Bar, 10um. (B) The
percentage of APC1 foci colocalizing with HA-Vpr was determined on at least a hundred cells (~400 foci) per condition and per replicate. Each dot

indicates the average of one biological replicate (n=4). The bar shows the median.

the WT Vpr proximity interaction network, suggesting that some differences could be
attributed to the Q65R substitution.

HIV-1 Vpr colocalizes with APC1, a critical scaffolding component of APC/C.
Among the complexes identified in our BiolD analysis (Fig. TA and Fig. 2), APC/C
drew our attention, given the central role played by this complex in host pathways
targeted by Vpr, including cell cycle and DDR/repair regulation (26, 38). To validate a
putative proximity interaction of Vpr and APC/C, we assessed the colocalization of
APC1, a critical scaffolding component of APC/C (31) identified in the BiolD analysis
(Fig. 2), and HIV-1 Vpr using a Hela cell line inducibly expressing hemagglutinin
(HA)-tagged Vpr Bru. Interestingly, APC1 is also a component of APC/C that was pre-
viously reported to be targeted by viral proteins (39, 40). We first observed that in
the absence of Vpr, APC1 has a broad nuclear localization with a staining of the pro-
tein in discrete and punctuate nuclear foci (Fig. 3A, Dox -). When Vpr expression was
induced, immunostaining revealed an overlap between the Vpr staining and the
APCI1 foci (Fig. 3A, Dox +). Quantitative colocalization analysis showed that ~44% of
the APC1 foci overlapped with the Vpr immunostaining (Fig. 3B). These results indi-
cate that APC1 and Vpr colocalize in discrete nuclear structures, thus validating the
bait/prey proximity detected in our BiolD analysis and further suggesting a putative
interplay between HIV-1 Vpr and APC/C.

HIV-1 Vpr mediates APC1 depletion independently of its ability to induce a G,/
M cell cycle arrest. Vpr mediates the degradation of several cellular proteins, such as
UNG2, HLTF, EXO1, and TET2 (11-13, 16, 18). We assessed whether Vpr could mediate
the depletion of endogenous APC1 using the Vpr-inducible Hela cell line described
above. As shown in Fig. 4A and B, endogenous APC1 levels were reduced by 30 to 50%
when Vpr expression was induced for 24 h. We next validated this observation by
transfecting HEK293T cells with a set quantity of a plasmid encoding Flag-APC1 and
increasing amounts of a plasmid encoding HA-Vpr. After 2 days, transfected cells were
treated with cycloheximide for 6 h to prevent de novo protein synthesis and to evalu-
ate the effect of Vpr on the set amount of APC1. As shown in Fig. 4C and D, Flag-APC1
levels were increasingly reduced at increasing HA-Vpr expression levels.
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To ensure that APC1 depletion was not a consequence of Vpr-mediated G,/M cell
cycle arrest, we assessed the effect of well-characterized G,/M cell cycle arrest-defec-
tive Vpr mutants on APC1 levels. We first used the Q65R Vpr mutant, which is well
known to be impaired in the recruitment of DCAF1com via DCAF1 and consequently
does not arrest cycling cells in G,/M (Fig. 4E). Whereas WT Vpr induced a strong deple-
tion of APC1, the Q65R mutation in Vpr strongly reduced this effect (Fig. 4F and G,
lanes 2 and 3 versus 1). This suggests that Vpr-mediated APC1 depletion requires the
recruitment of DCAF1 by Vpr. Interestingly, coexpression of APC1 with either the S79A
or R80A mutant of Vpr, which are known to bind DCAF1com but are unable to mediate
a G,/M cell cycle arrest (Fig. 4E), led to an efficient depletion of APC1 (Fig. 4F and G,
lanes 4 and 5 versus 1). Similar results were obtained when transfection efficiency was
controlled by cotransfecting plasmids encoding Flag-APC1 as well as a construct
expressing Vpr (WT or R80A) and GFP (Fig. 4H, lanes 2 and 3 versus 1). Furthermore,
expression of Vpr did not affect the expression levels of an irrelevant Flag-NLS-BirA*
nuclear protein (Fig. 4, lanes 3 versus 2), indicating that the effect of Vpr on APC1 was
specific. Taken together, these results support the notion that Vpr mediates the deple-
tion of APC1 and further indicate that this activity is not a consequence of the G,/M
cell cycle arrest induced by Vpr.

HIV-1 Vpr relies on a functional DCAF1 complex to degrade APC1 through a
proteasomal pathway. Given that the Q65R Vpr mutant is unable to mediate APC1
depletion, we next sought to examine whether DCAF1 was required for Vpr-mediated
APC1 depletion using small interfering RNA (siRNA)-directed technology. First, we
observed that in the presence of DCAF1 siRNA, Flag-APC1 levels were increased,
although the effect was variable and did not reach significance (Fig. 5A and B, lane 3
versus 1), perhaps reflecting difference in transfection efficiency under these condi-
tions. Nevertheless, Vpr was no longer capable of mediating APC1 depletion when
DCAF1 was knocked down (Fig. 5A and B, lanes 4 and 3 versus lanes 2 and 1).
Furthermore, treatment of transfected cells with MLN4924, a neddylation inhibitor of
Cullin-RING E3 ubiquitin ligases, alleviated the Vpr-mediated APC1 depletion (Fig. 5C
and D, lanes 4 and 3 versus lanes 2 and 1), suggesting that DCAF1com needs to be
neddylated in order to deplete APC1 in the presence of Vpr. To evaluate whether Vpr
mediates APC1 depletion by a proteasome-dependent degradation process, similar
experiments were conducted in the presence or absence of MG-132. Treatment of cells
expressing HA-Vpr and Flag-APC1 with MG-132 limited the extent of APC1 depletion
by Vpr (Fig. 5E and F, lanes 4 and 3 versus lanes 2 and 1). Indeed, the inhibition of Vpr-
mediated APC1 degradation by MG-132 was comparable to that observed with HLTF, a
known Vpr target degraded through the proteasomal pathway (Fig. 5E and F, lanes 8
and 7 versus lanes 6 and 5) (11, 12), although in the case of HLTF, the cycloheximide

FIG 4 Legend (Continued)

left untreated (—; lane 1). Endogenous APC1, HLTF, and HA-Vpr expression levels were analyzed by immunoblotting. A
representative Western blot is presented (A), and quantification of four biological replicates is depicted (B). (C and D)
HEK293T cells (4.5 x 10° were transfected with 5 ug of plasmid encoding Flag-APC1 and an empty control vector (lane
1) or with increasing amounts of a plasmid encoding HA-Vpr (1ug, 25ug, or 5ug; lanes 2 to 4). At 42 h
posttransfection, cells were treated with 20 ug/ml cycloheximide for 6 h and analyzed for Flag-APC1 and HA-Vpr levels
by Western blotting. A representative Western blot is presented (C), and quantification of three biological replicates is
depicted (D). (E) HEK293T cells were transfected with 2.5 g of the indicated Vpr-expressing or control plasmids and
1 g of a construct encoding GFP. Two days later, the cell cycle profiles of GFP* cells were analyzed by flow cytometry.
G,/M-to-G, ratios were calculated and are indicated above each histogram. (F and G) HEK293T cells were cotransfected
with 5 ug of a plasmid encoding Flag-APC1 and 5 ug of an empty vector (lane 1) or 5ug of a plasmid encoding HA-Vpr
WT or Q65R, S79A, and R80A mutants (lanes 2 to 5) and processed as described for panel C. A representative Western
blot is presented (F), and quantification of three biological replicates is depicted (G). (H and I) HEK293T were
cotransfected with 5ug of a plasmid encoding Flag-APC1 (H) or Flag-NLS-BirA* () and 5ug of WPI lentiviral vector
encoding GFP as well as HA-Vpr WT (H and I) or VprR80A (H) or GFP alone (H and I) and processed as described for
panel C. (A, C, F, H, and I). Endogenous APC1 and Flag-APC1 were quantified by using ImageJ and by calculating the
intensity of the APC1 bands relative to the loading control (A, C, and F) or GFP (H and I). The value obtained with the
APC1 control was set at 1.0, as indicated below the upper panels. (B, D, and G) Each dot indicates APC1 relative
expression of one biological replicate (n=3 or 4). Bars represent the medians. Statistically significant differences (*,
P=0.05; **, P = 0.01; ***, P = 0.001) relative to the no-Vpr control were determined by two-tailed paired Student’s t
test.
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treatment might have limited the rescue by MG-132. Altogether, these results indicate
that Vpr mediates APC1 degradation through a mechanism that requires the recruit-
ment of an active DCAF1com by Vpr and the presence of a functional proteasome.

HIV-1 Vpr forms a physical complex with APC/C independently of DCAF1. We
next assessed whether Vpr and APC1 can be found in the same complex and if the
association between the two proteins was influenced by the presence of DCAF1. To do
so, HEK293T cells were transfected with plasmids encoding Flag-APC1 and HA-Vpr (WT
or Q65R), and proteins coimmunoprecipitated with HA-Vpr were then analyzed for the
presence of Flag-APC1 and/or DCAF1 by immunoblotting. Despite efficient DCAF1
coimmunoprecipitation with WT Vpr (Fig. 6A, lanes 3 and 4 versus 1), we were unable
to detect a specific coimmunoprecipitation of APC1 under these conditions (lane 4 ver-
sus 2). In clear contrast, we detected APC1 in the Q65R Vpr mutant immunoprecipitates
(Fig. 6A, lane 7 versus lanes 6 and 2), suggesting that the degradation of APC1 medi-
ated by WT Vpr limits the detection of Vpr-APC1 complexes. To further support these
findings, we performed the WT Vpr pulldown in cells where DCAF1 expression was
knocked down by siRNA to prevent Vpr-mediated APC1 degradation. In this context,
APC1 was enriched in complexes that coprecipitated with WT Vpr (Fig. 6A, lane 5 ver-
sus lanes 4 and 2). Overall, these results suggest that Vpr forms a physical complex
with APC1 to mediate its degradation by the proteasome. Although DCAF1com is
required for Vpr-mediated degradation of APC1, association of Vpr to APC1 can occur
independently of DCAF1com recruitment by Vpr.

It was reported previously that APC1 forms a complex with either Cdh1 or Cdc20,
two APC/C coactivators that allow selective substrate recognition (26). Given this con-
text, we next asked if APC/C regulatory components could be found in complex with
Vpr. To this end, Myc-tagged APC/C coactivators were expressed either with WT Vpr or
the Q65R Vpr mutant and processed for HA or Myc pulldowns followed by analysis of
the immunocomplexes for the presence of HA-Vpr, Myc-Cdh1/Myc-Cdc20, and DCAF1
by immunoblotting. Cdh1 was enriched in the coimmunoprecipitate with WT Vpr (Fig.
6B, lane 6 versus 4), while both coactivators were found to associate with the Q65R
mutant of Vpr (lane 8 versus lane 4 and lane 9 versus lane 5), indicating that APC/C
coactivators and Vpr can form a complex. Endogenous DCAF1 was also detected in the
immunoprecipitates of WT Vpr but not in those of the Q65R mutant (Fig. 6B, lanes 2, 6,
and 7 versus lanes 3, 8, and 9). Moreover, upon immunoprecipitation of Cdh1, both WT
and Q65R Vpr proteins were coimmunoprecipitated (Fig. 6B, lanes 6 and 8 versus 4),
yet only a trace of Q65R Vpr, and not WT Vpr, could be detected upon immunoprecipi-
tation of Cdc20 (Fig. 6B, lanes 9 and 7 versus 5). These results suggest that Cdh1, which
is part of distinct APC/C complexes, can preferentially associate with Vpr, perhaps
reflecting a specific targeting of APC/C4h' by Vpr or increased stability of the Vpr-APC/
CCdh1 complex compared to Vpr-APC/CCd<20, Together, these results support the notion
that Vpr forms a complex with components of the APC/C complex, including APC1 as

FIG 5 Legend (Continued)

incubated overnight. Cells were then transfected with 5ug of a plasmid encoding Flag-APC1 and 5 ug of either an empty
vector (lanes 1 and 3) or a plasmid encoding HA-Vpr (lanes 2 and 4). At 42 h after plasmid transfection, cells were
processed as described for Fig. 4 and analyzed for Flag-APC1, HA-Vpr, and DCAF1 levels by Western blotting. A
representative Western blot is presented (A), and quantification of three biological replicates is depicted (B). Arrowheads
indicate DCAF1-related bands that were depleted by the siRNA-DCAF1 while asterisks indicate nonspecific bands. (C and D)
HEK293T were transfected with plasmids as for panels A and B and treated 42h after transfection with 20 ug/ml
cycloheximide and 1T uM MLN4924 (lanes 3 and 4) or an equivalent volume of DMSO (lanes 1 and 2) for 6 h. Flag-APC1 and
HA-Vpr levels were monitored by Western blotting. A representative Western blot is presented (C), and quantification of
four biological replicates is depicted (D). (E and F) Cells were transfected and treated as described for panels C and D,
except that 10uM MG-132 was used instead of MLN4924. As controls, 5ug of a plasmid encoding Flag-HLTF was
transfected with 5ug of an empty vector or a construct expressing HA-Vpr. After 42 h, transfected cells were treated as
indicated above. A representative Western blot is presented (E), and quantification of four biological replicates is depicted
(F). (A, C, and E) Quantifications were determined as described for Fig. 4. (B, D, and F). For panel B, both GAPDH and actin
were used as loading controls in the quantifications and showed similar results. Each dot indicates Flag-APC1 or Flag-HLTF
relative expression for one biological replicate (n=3 or 4). Bars represent the medians. Statistically significant differences
(*, P=0.05; **, P = 0.01; ***, P =< 0.001) relative to the no-Vpr control were determined by two-tailed paired Student’s t test.
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FIG 6 HIV-1 Vpr forms a physical complex with APC/C independently of DCAFT1com. (A) HEK293T were transfected with siRNA-
DCAF1 (DCAF1; lane 5) or siRNA-scrambled (SC; lane 4) or mock transfected (lanes 1 to 3, 6, and 7). Following an overnight
incubation, cells were transfected with 10 ug of a plasmid encoding Flag-APC1 (lanes 2, 4, 5, and 7) and 10 g of a plasmid
encoding either HA-VprWT (lanes 3 to 5) or HA-VprQ65R (lanes 6 and 7). Two days later, cells were harvested and lysed in ice-
cold Triton lysis buffer. Lysates were then incubated with HA beads for 3h. Flag-APC1, HA-Vpr, and DCAF1 levels were
determined by immunoblotting in both the input and immunoprecipitated fractions. Arrowheads indicate the DCAF1 bands that
were depleted by the siRNA-DCAF1, while single asterisks indicate nonspecific bands, and the double asterisk indicates a long
exposure of the blot probed with the anti-Flag antibody. (B) HEK293T cells were transfected with 10 ug of a plasmid encoding
either Myc-Cdh1 (lanes 4, 6, and 8) or Myc-Cdc20 (lanes 5, 7, and 9) and either HA-VprWT (lanes 2, 6, and 7) or HA-VprQ65R
(lanes 3, 8, and 9). Two days posttransfection, cells were harvested and lysed in ice-cold Triton lysis buffer. Lysates were then
incubated with anti-HA beads for 3h or with a rabbit anti-Myc antibody for 2h followed by an additional hour with protein A-
Sepharose beads. Myc-Cdh1, Myc-Cdc20, HA-Vpr, and DCAF1 levels were determined by immunoblotting in both the input and
immunoprecipitated fractions.

well as the coactivators Cdh1 and to a lesser extent Cdc20, and is likely to affect the in-
tegrity of APC/C complexes by mediating the degradation of at least APC1.

HIV-1 Vpr of transmitted/founder primary isolates mediate APC1 degradation.
In a recent SILAC (stable isotope labeling by amino acids in cell culture) analysis, the
Lehner group reported that NL4.3 Vpr expression has a broad modulatory effect on the
cellular proteome (23). Surprisingly, no components of the APC/C complex were found
to be modulated by Vpr in this analysis. To confirm that the APC1 degradation medi-
ated by Vpr was specific to the HIV-1 Bru strain used herein, we analyzed side-by-side
the impact of two other Vpr variants from laboratory-adapted HIV-1 (Lai and NL4.3) on
APC1 levels using our transient-expression system in HEK293T cells. Strikingly and in clear
contrast to both Bru and Lai variants, NL4.3 Vpr was unable to mediate APC1 degradation,
while all three Vpr variants were capable of mediating HLTF degradation (Fig. 7A and B,
lane 4 versus lanes 2 and 3). These results indicate that Vpr variants display differences in
their ability to mediate APC1 degradation and importantly further demonstrate that Vpr-
mediated APC1 degradation is not involved in the induction of G,/M cell cycle arrest, since
both Vpr variants from Bru (Fig. 4E) and NL4.3 (4) can trigger a cell cycle arrest in G,/M.

Given that the Vpr variants tested previously originated from laboratory-adapted
HIV-1, we next sought to confirm that Vpr variants encoded by transmitted/founder
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FIG 7 HIV-1 Vpr primary variants mediate APC1 degradation. (A and B) HEK293T cells were transfected with
5ug of a plasmid encoding Flag-APC1 (lanes 1 to 4) and 5 ug of either an empty vector (lane 1) or a plasmid
encoding the indicated HA-Vpr variants (lanes 2 to 4). After 42 h, cells were treated as described for Fig. 4 and
processed for immunoblotting. A representative Western blot is presented (A), and quantification of three
biological replicates is depicted (B). (C and D) HEK293T cells were transfected with 5ug of a plasmid encoding
Flag-APC1 (lanes 1 to 5), 5 g of an empty vector (lane 1), or a plasmid encoding the indicated HA-tagged Vpr
proteins (lanes 2 to 5) and 1ug of a plasmid encoding GFP for 42h, treated as described for Fig. 4, and
processed for immunoblotting. A representative Western blot is presented (C), and quantification of two
biological replicates is depicted (D). (A and C) Quantifications were determined as described for Fig. 4. (B and
D) Each dot indicates Flag-APC1 relative expression of one biological replicate (n=2 or 3). Bars represent the
medians. Statistically significant differences (**, P = 0.01) relative to the no-Vpr control were determined by
two-tailed paired Student’s t test.

primary isolates (RHGA, STCOr1, and WARO) were able to mediate APC1 degradation
(41). Vpr variants encoded by these three primary isolates mediated APC1 degradation
(Fig. 7C and D, lanes 3 to 5 versus 1). These results indicate that Vpr-mediated APC1
degradation activity is not restricted to laboratory-adapted Vpr variants but is con-
served by several primary variants of Vpr, highlighting the potential relevance of this
interplay in HIV-1 pathogenesis.

The N28S-G41N double substitution impedes HIV-1 Vpr ability to mediate
APC1 degradation. Given that NL4.3 Vpr does not mediate APC1 degradation, we
next aligned its amino acid sequence with its counterpart from Bru Vpr. We found only
three divergent amino acid residues between Vpr variants Bru and NL4.3, namely,
H15Y, N28S, and G41N (Fig. 8A). We generated these individual substitutions as well as
combinations of these in the corresponding amino acid positions in the Bru Vpr variant
and analyzed their impact on Vpr ability to mediate APC1 degradation. None of the
individual substitutions completely abolished Vpr-mediated APC1 degradation (Fig. 8B
and G, lanes 3 to 5 versus lanes 1 and 6). In clear contrast, combining substitutions at
amino acids 28 and 41, namely, N28S and G41N, strongly impaired Vpr-mediated APC1
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FIG 8 The double substitution N28S-G41N in Vpr impedes its ability to mediate APC1 degradation. (A) Sequences from Bru and NL4.3 Vpr variants were
aligned using Clustal Omega. Amino acid positions (15, 28, and 41) that are not conserved between variants are highlighted in yellow. Residues known to
be important for Vpr activities (Q65, S79, and R80) are highlighted in gray. (B and C) HEK293T cells were transfected with 5 ug of a plasmid encoding Flag-
APC1 (lanes 1 to 6), 5ug of either an empty vector (lane 1) or a plasmid encoding the indicated HA-tagged Vpr (lanes 2 to 6), and 1 ug of a plasmid
encoding GFP. After 42 h, cells were treated as described for Fig. 4. A representative Western blot is presented (B), and quantification of two biological
replicates is depicted (C). (D and E) HEK293T cells were transfected with 5ug of plasmid encoding Flag-APC1 (lanes 1 to 6) and 5 ug of either an empty
vector (lane 1) or a plasmid encoding the indicated HA-tagged Vpr (lanes 2 to 6). Cells were processed as described for panels B and C). A representative
Western blot is presented (D), and quantification of three biological replicates is depicted (E). (B and D) Quantifications were determined as described for
Fig. 4. (C and E) Each dot indicates Flag-APC1 relative expression of one biological replicate (n=2 or 3). Bars represent the medians. Statistically significant
differences (**, P=0.01; ***, P=0.001) relative to the no-Vpr control were determined by two-tailed paired Student’s t test.

degradation; in fact, this mutant mimicked the NL4.3 Vpr variant phenotype (Fig. 8D
and E, lane 5 versus lanes 1 and 6). These results delineate Vpr residues N28 and G41
as critical for Vpr ability to mediate APC1 degradation.

In order to evaluate the possibility that Vpr from other HIV-1 strains could mediate APC1
degradation, we took advantage of the HIV Sequence Database (Los Alamos National
Laboratory; http://www.hiv.lanl.gov/) and analyzed 4,835 HIV-1 Vpr variants. We observed

August 2021 Volume 95 Issue 15 e00971-20 jviasm.org 13


http://www.hiv.lanl.gov/
https://jvi.asm.org

Barbosa et al.

that amino acids N28 and G41 were conserved in ~32.1% and ~60.9%, respectively, of
the Vpr variants, suggesting that a significant number of HIV-1 strains encode Vpr variants
potentially capable of inducing APC1 degradation.

NL4.3 Vpr does not interact efficiently with APC1 yet colocalizes with APC1
nuclear foci. Given that NL4.3 Vpr is unable to mediate the degradation of APC1, we
next determined whether this defect resulted from a binding impairment. To do so, we
transfected HEK293T cells with plasmids encoding NL4.3 Vpr or Vpr Q65R Vpr (Bru vari-
ant), a mutant that does not degrade APC1 but efficiently forms a complex with the pro-
tein, and analyzed APC1 levels in the Vpr immunoprecipitate. NL4.3 Vpr was less effec-
tive at forming a complex with APC1 than Bru Vpr Q65R (Fig. 9A, lane 2 versus lane 4;
Fig. 9B). Indeed, quantification of the binding efficiency revealed that NL4.3 Vpr dis-
played a reduction of approximately 80% compared to BruVprQ65R, suggesting that the
three amino acid residues at positions 15, 28, and 41, which distinguish NL4.3 Vpr from
Bru Vpr, are likely to play an important role in the formation of a complex with APC1.

To assess whether the reduction in efficiency of binding of NL4.3 Vpr to APC1 impacted
their colocalization, we coexpressed Flag-APC1 with HA-tagged NL4.3 Vpr or Bru Vpr in HelLa
cells and analyzed their colocalization. Despite defective binding to APC1, NL4.3 Vpr colocal-
ized with APC1 nuclear foci as efficiently as did Bru Vpr (Fig. 9C and D), suggesting that such a
colocalization is not dictated solely by the physical interaction of the two proteins.

The HIV-1 harboring the Vpr N28S-G41N double substitution does not impact
HIV-1 replication in primary CD4* T cells and macrophages. Having identified
amino acid substitutions that abrogate APC1 degradation by Vpr, we next assessed the
impact of these substitutions on HIV-1 replication in activated primary CD4™ T cells
and primary monocyte-derived macrophages (MDMs). The N28S and G41N substitu-
tions were introduced by site-directed mutagenesis in the CCR5-tropic HxBru-ADA-GFP
infectious molecular clone (42), and the resulting viruses were validated for Vpr's ability to
mediate a G,/M cell cycle arrest during infection of the MT4 T cell line. As shown in Fig. 10A,
vesicular stomatitis virus G glycoprotein (VSV-G)-pseudotyped viruses expressing either WT
or N28S-G41N double-substitution Vpr proteins induced a strong G,/M cell cycle arrest of
similar efficiency (G,/M-to-G, ratio of 1.51 versus 1.65), in contrast to the Vpr-deficient virus
control (G,/M-to-G, ratio of 0.81). This indicates that the proteins were expressed and further
confirms that Vpr mutations that abrogate APC1 degradation do not impact Vpr-mediated
G,/M cell cycle arrest during HIV-1 infection of MT4 cells.

We then infected activated primary CD4* T cells at different multiplicities of infec-
tion and followed the replication of the viruses over 6 days (Fig. 10B). As indicated by
the percentage of GFP* cells, expression of Vpr did not confer any detectable replica-
tive advantage in primary CD4* T cells, as previously reported (43). In fact, the three
isogenic viruses displayed very similar spreading of infection in these cells, indicating
that expression of neither the WT nor the N28S-G41N Vpr mutant had any impact on
HIV-1 replication in this system.

Last, we tested the effect of the N28S-G41N double substitution on viral replication in
MDM:s, a system where expression of Vpr was reported to provide a replication advantage to
HIV-1 (17). While the virus encoding WT Vpr did spread more efficiently than the Vpr-deficient
virus in MDMs from four of five donors, no difference in replication kinetics was observed
between the WT HxBru-ADA-GFP and the Vpr double mutant virus (Fig. 10C and D).
Furthermore, at 3 days after infection, we assessed Vpr expression levels in infected MDMs
by flow cytometry. In clear contrast to the Vpr-deficient virus, we detected a Vpr signal for
both the WT and the Vpr double-mutant viruses, indicating that these viruses properly
expressed a functional Vpr (Fig. 10E). Altogether, these results indicate that mutations abro-
gating Vpr-mediated APC1 degradation do not impede HIV-1 replication in primary CD4* T
cells or macrophages, suggesting that the interplay between HIV-1 Vpr and APC/C might
influence other aspects of HIV-1 pathogenesis.

DISCUSSION

Many studies have employed proteomic approaches to define the HIV-1 Vpr interac-
tome and ultimately identify Vpr partners/targets. Both the Krogan and the Skowronski
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FIG 9 NL4.3 Vpr is less efficient at forming a complex with APC1. (A) HEK293T cells were transfected with 10 ug of a plasmid encoding Flag-APC1 (lanes 2
and 4) and 10 ug of a plasmid encoding either NL4.3 HA-Vpr (lanes 1 and 2) or Bru HA-VprQ65R (lanes 3 and 4). Two days later, cells were processed and
immunoprecipitation with anti-HA antibodies was performed as for Fig. 6. Flag-APC1, HA-Vpr, and DCAF1 levels were determined by immunoblotting in
both the input and immunoprecipitated fractions. (B) Flag/HA ratios from coimmunoprecipitated proteins (A) were determined and normalized to VprQ65R.
Each dot indicates the data for one biological replicate (n=3). Bars represent the medians. (C and D) Hela cells were transfected with plasmids encoding
the indicated HA-Vpr (NL4.3 or Bru [WT]) or an empty vector. At 24 h posttransfection, cells were stained as described for Fig. 3. (C) APC1 foci are indicated
by arrowheads. Colocalization of APC1 with HA-Vpr within nuclear foci is indicated by yellow arrowheads; white arrowheads indicate APC1 nuclear foci that
do not colocalize with HA-Vpr. Bar, 10 um. (D) The percentage of APC1 foci colocalizing with HA-Vpr was determined on at least a hundred foci per
condition and per replicate. Each dot indicates the average for one biological replicate (n=4). Bars represent the medians. Statistically significant
differences (**, P = 0.01) relative to the no-Vpr control were determined by two-tailed paired Student's t test.
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in primary CD4* T cells or macrophages. (A) MT4 cells were

infected with VSV-G-pseudotyped HxBru-ADA-GFP viruses, expressing the indicated Vpr, at an MOI of 0.75 or mock infected. Twenty-four hours later, cells
were harvested and the cell cycle profile of the indicated population (GFP~ or GFP*) analyzed. G,/M-to-G, ratios were calculated and are indicated above
each histogram. (B) Activated primary CD4* T cells were infected with VSV-G-pseudotyped HxBru-ADA-GFP viruses expressing the indicated Vpr, at MOI of
0.1 and 0.5. The percentage of GFP* cells was monitored daily for up to 6 days postinfection by flow cytometry. (C) Primary MDMs were infected with VSV-
G-pseudotyped HxBru-ADA-GFP viruses, expressing the indicated Vpr, at an MOI of 1 for up to 15days postinfection. Viral spread was monitored every 3
days by determining the percent GFP* cells by flow cytometry. (D) The area under the curve for each condition from donors in panel C was determined
using GraphPad Prism and the relative infection spread for each condition calculated by setting the data obtained for individual donor infected with
HxBru-ADA-GFP VprWT virus to 1. **, P =< 0.01 (statistically significant difference between HxBru-ADA-GFP dVpr and both WT and N28S-G41N Vpr viruses as
determined by two-tailed Mann-Whitney test). (E) Primary MDMs were infected as for panel C. Three days later, Vpr expression levels were assessed in the
GFP* population by flow cytometry. Mean fluorescence intensities are given in parentheses.

groups analyzed the Vpr interactome by using AP-MS in both HEK293 and Jurkat cells (22)
and in CEM.SS cells (11), respectively, leading to the identification of new Vpr partners/tar-
gets, including HLTF (11). More recently, the impact of HIV-1 infection and specifically of
Vpr on the cellular proteome was analyzed, using a SILAC approach, by the Margottin-
Goguet group using Hela cells (12), and more extensively by the Lehner group using CEM
T4 cells (23). Indeed, the latter study identified almost 2,000 proteins that are directly or
indirectly modulated by Vpr during HIV-1 infection (23). Both approaches are complemen-
tary, since, for instance, Jager et al. (22) identified the SMN complex as a potential Vpr part-
ner/target by AP-MS, while Greenwood et al. (23) successfully demonstrated the ability of
Vpr to deplete components of the SMN complex by SILAC and more conventional
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biochemical approaches. Furthermore, Hrecka et al. (11) and Lahouassa et al. (12) used AP-
MS and SILAG, respectively, to identify HLTF as a Vpr target.

However, given the nature of the approach used to discover partners/targets, tran-
sient or unstable interactions of proteins or protein complexes with Vpr are likely to
have been missed, suggesting that the Vpr interaction network is most probably under-
estimated. To further define such a network and identify novel Vpr targets/partners, we
used the BiolD proximity labeling approach (25). A major strength of BiolD is to provide
in cellulo tagging of not only stable but also weak and transient proximal interactors and
to allow their identification, following harsh cell lysis conditions, by mass spectrometry.
Using this approach with WT Vpr and the well-characterized Q65R and R80A Vpr
mutants, we uncovered 352 preys (Fig. 1A and Table S1), including well-characterized
Vpr partners such as DCAF1 and DDB1 (5-7), as well as individually characterized targets
such as UNG (16), EXO1 (13), or complexes like the RISC loading complex (32) and the
SMN complex (22, 23). Of the 352 preys, 152 were found in AP-MS analyses reported by
the Krogan group (22) or the Skowronski group (11), leading to the identification of 200
new proteins that were previously not detected (Fig. 1B and C; Table S2). Analysis of the
Vpr interaction network revealed that in addition to being in close proximity to compo-
nents involved in DNA damage and cell cycle processes, Vpr interacted with proteins
implicated in centrosome regulation, RNA processing, and gene expression (Fig. 1A and
Table S1), as reported by previous studies (18, 19, 22, 23, 44, 45).

More recently, the Bieniasz group analyzed the Vpr proximity interaction network in
MT4 cells using BiolD and reported the identification of a chromosome periphery pro-
tein, CCDC137/cPERP-B, as a novel target of Vpr, whose depletion induced G,/M cell
cycle arrest and enhanced HIV gene expression (46). Analysis of the Vpr proximity inter-
actome generated from the Bieniasz study with our data revealed an overlap of only 7
proteins, namely, CCNT1, EZH2, FAM208A, JMJD1C, MEPCE, PPM1G, and ZBTB9. This
very low overlap (~2%) could be explained by the distinct cellular system used
(HEK293T and Hela versus MT4 T cells), the origin of Vpr (Bru versus NL4.3 Vpr), and
differences in the configuration of the BirA-Vpr and the approach used to express it.

In this study, we focused our functional analysis on APC/C, and notably its central scaf-
folding component APC1 (31), as a new HIV-1 Vpr target (Fig. 1 and 2). We provide evi-
dence that Vpr forms a physical complex containing APC1 and APC/C coactivators Cdh1/
Cdc20 and mediates the degradation of APC1 (Fig. 4 and 6). As for previously reported Vpr
targets (10-14, 16, 18, 32, 45), our results suggest that APC1 degradation relies on the
recruitment of a functional DCAF1com by Vpr through DCAF1 and on the presence of an
active proteasome (Fig. 5). Taken together, these results support a model in which Vpr
would form a complex with APC1 and recruit DCAF1com to induce the polyubiquitination
and proteasomal degradation of a central scaffolding component of APC/C, a condition
that is likely to impair APC/C activity (31). While a previous AP-MS analysis (11) revealed a
potential interaction of Vpr with Cdc20, more studies are warranted to directly assess
whether Vpr selectively targets APC/Cc4M or/and APC/C4<° (Fig. 6).

Interestingly, we show that Vpr-mediated APC1 degradation activity is observed
with several transmitted/founder primary Vpr variants (Fig. 7), suggesting that the
interplay between HIV-1 Vpr and APC/C might be a conserved feature of primary HIV-1
strains. We also found that the Vpr variant derived from the laboratory-adapted virus
NL4.3 does not mediate APC1 degradation (Fig. 7), supporting the notion that APC1
depletion and induction of a G,/M cell cycle arrest are two distinct Vpr activities.
Mutagenic analysis of Vpr identified residues N28 and G41 as critical for Vpr-mediated
APC1 degradation (Fig. 8). The fact that NL4.3 Vpr is strongly attenuated in its ability to
bind APC1 (Fig. 9A and B), despite having only 3 single-amino-acid differences at posi-
tions Y15, N28, and G41, points to an important role of these residues in the formation
of a complex containing Vpr and APC/C. Importantly, the observation that some HIV-1
Vpr variants display conservation of these residues at these positions underlines further
the potential functional importance of Vpr-mediated APC1 degradation. This is not the
first report demonstrating that the prototypic NL4.3 virus behaves differently from
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primary isolates. For instance, Vpu variants from most HIV-1 primary strains downregu-
late HLA-C, while the NL4.3 Vpu variant does not (47).

We found that substitution mutations abrogating Vpr-mediated APC1 degradation,
namely, N28S and G41N, do not impede viral replication in primary CD4* T cells or in
macrophages (Fig. 10), suggesting that the Vpr-APC1 interplay is not critical for HIV-1
replication, at least in the cellular settings used in this study. However, the conservation
of this activity suggests that it might be important for other aspects of HIV-1 pathogene-
sis. For instance, HIV-1 is heavily uracilated in macrophages, given that reverse transcrip-
tase (RT) fails to distinguish dTTP from UTP during reverse transcription (48, 49).
Misincorporation of noncanonical dNTPs into the HIV-1 genome is reported to result in
mutations or sensing of the viral genome as “nonself” (48, 50). The fact that key regula-
tors of the dTTP pool, namely, thymidine kinase (TK1) and thymidylate kinase (TMPK),
are negatively modulated by APC/Cc@h" and APC/C, respectively (51, 52), raises the inter-
esting possibility that by targeting APC/C, Vpr might increase TK1 and TMPK levels to
increase dTTP levels relative to UTP in noncycling macrophages and therefore allow pref-
erential incorporation of dTTP during reverse transcription. Whether Vpr-mediated APC1
degradation impacts the dTTP pool as well as HIV-1 genome uracilation and/or sensing
during infection of macrophages warrants further investigations.

Several viral proteins are known to interact with APC/C and consequently modulate
APC/C functions during viral infection. For instance, human T cell lymphotropic virus
type 1 Tax prematurely activates APC/C®4<20 (53), while the Orf virus PACR (poxvirus
anaphase-promoting complex) acts as a competitor of the APC11 subunit (54), and
chicken anemia virus apoptin associates with APC/C and displaces it to promyelocytic
leukemia (PML) nuclear bodies (39). In most cases, the impact of targeting of APC/C on
viral replication remains unclear (30). Interestingly, the interplay between APC/C and
its coactivators is regulated by the PP2A phosphatase (55). The adenovirus protein
E4orf4 binds the PP2A regulatory B55« subunit and thereby mediates CDK-dependent
Cdc20 and Cdh1 phosphorylation, leading to premature APC/C¢4<20 activation and inhi-
bition of APC/CcdM (56). Given that recent studies have reported that HIV-1 Vif medi-
ates the degradation of the PP2A phosphatase subunit called PPP2R5AE (57, 58), it will
be interesting to determine whether the phosphorylation status of APC/C and its coac-
tivators is affected upon Vif expression. Indeed, some HIV-1 strains might employ mul-
tiple accessory proteins and processes to modulate APC/C functions. This redundant
concept of modulating APC/C by several accessory proteins might be strong a priori
evidence of APC/C biological relevance with respect to HIV-1 pathogenesis.

MATERIALS AND METHODS

Cells. HEK293T and Hela cells were cultured in Dulbecco’s modified essential medium (DMEM)
(Wisent no. 319-005-CL) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Wisent no.
080-150 or GE HyClone no. SH30396.03). HEK293 Flp-In T-REx (59) and Hela Flp-In T-REx (from Stephen
Taylor [University of Manchester]) (60) were cultured as HEK293T and Hela cells, except that medium
was supplemented with 15 ng/ml blasticidin (InvivoGen no. ANT-BL-1). MT4 CD4™ T cells were cultured
in RPMI (Wisent no. 350-000-CL) supplemented with 10% heat-inactivated FBS.

Peripheral blood samples were obtained from HIV- and hepatitis C virus (HCV)-seronegative adults
(of either gender). Research protocols for the use of human blood cells were approved by the Research
Ethics Review Board of the Montreal Clinical Research Institute (IRCM). All participants had given written
informed consent, and all studies were in compliance with the Declaration of Helsinki. MDMs and CD4*
T cells were obtained as previously described (61, 62).

Plasmids. For HA-Vpr plasmids, HIV-1 Vpr were obtained by amplification from source plasmids (WT
and mutant [Q65R, S79A, and R80A] Bru) (5); Lai; NL4.3; RHGA (no. 12421), STCOr1 (no. 12417), and
WARO (no. 12419) were obtained from Beatrice Hahn (University of Pennsylvania) (41) through the NIH
AIDS Reagent Program. All Vpr were HA tagged and ligated into a modified pDEST-pcDNA5-BirA-FLAG
N-term (63) using Hindlll and Xhol restriction sites. Single Bru mutants (H15Y, N28S, and G41N) were
obtained from Gene Art Gene Synthesis (Thermo Fisher Scientific) and cloned as indicated above. Vpr
double mutants (H15Y-N28S, H15Y-G41N, and N285-G41N) were generated using site-directed mutagen-
esis (Q5 site-directed mutagenesis kit; New England Biolabs [NEB] no. E0552S) with the following primer
pairs: N28S (F, GGAGCTTAAGAGTGAAGCTGTTAG; R, TCTAAAAGCTCTAGTGTCC; melting temperature
[T,]=59°C); G41N (F, TTGGCTCCATAACTTAGGGCAAC; R, ATCCTAGGAAAATGTCTAAG; T,,=57°Q).

For the plasmids used in BiolD, WT Vpr (Bru variant) and Vpr mutants (Q65R and R80A) were fused at
the N terminus with BirA*-Flag by a Gateway cloning strategy in pDEST-pcDNAS5-BirA-FLAG N-term using
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pDONR-221 (Invitrogen; Thermo Fisher Scientific) as an intermediate. pDEST-pcDNA5-BirA-FLAG N-term
and pDEST-pcDNA5-FLAG-NLS-BirA constructs were provided by Anne-Claude Gingras (The Lunenfeld-
Tanenbaum Research Institute) (63).

The green fluorescent protein (GFP)-marked WPI lentiviral vectors encoding HA-tagged Vpr proteins
were previously described (42). The pOG44 plasmid, encoding the Flp recombinase used to generate the
stable cell lines, was obtained from Invitrogen (Thermo Fisher Scientific no. V600520); the Flag-APC1-
encoding plasmid was provided by Jose Teodoro (McGill University); the Flag-HLTF-encoding plasmid
was provided by Jacek Skowronski (Case Western Reserve University) (11); and both the Myc-Cdh1
(Addgene no. 11595)- and Myc-Cdc20 (Addgene no. 11593)-encoding plasmids were provided by Marc
Kirschner (Harvard Medical School) (64).

Stable-cell-line generation, BiolD, and liquid chromatography-tandem mass spectrometry (LC-
MS/MS). HEK293 Flp-In T-REx and HeLa Flp-In T-REx stably expressing inducible HA-Vpr or BiolD constructs
(see above) were generated using the Flp-In T-REx system (Thermo Fisher Scientific) (65) and BiolD screens
were performed as previously described (59, 63). Briefly, two 150-mm plates (around 13 x 10° cells) con-
taining HEK293 Flp-In T-REx or Hela Flp-In T-REx cells inducibly expressing Flag-NLS-BirA*, BirA*-Flag-
VprWT, BirA*-Flag-VprQ65R, or BirA*-Flag-VprR80A were induced with 0.5 ug/ml doxycycline and treated
with 50 uM p-biotin (BioBasic no. BB0078) for 6, 7, or 24 h. HEK293-based cell lines induced for 6 h were
also treated with a 10 uM concentration of the proteasome inhibitor MG-132 (Calbiochem; MilliporeSigma
no. 474787) to prevent proteasomal degradation of potential Vpr targets. After induction, cells were
washed once in phosphate-buffered saline (PBS) and lysed for 1 h at 4°C on a wheel in radioimmunopreci-
pitation assay-deoxycholate (RIPA-DOC) buffer (140 mM NaCl, 8 mM Na,HPO,, NaH,PO, 1% NP-40, 0.05%
SDS, 5 g/liter sodium deoxycholate, 1x cOmplete mini protease inhibitor cocktail [Roche; MilliporeSigma
no. 11836145001]; pH 7.2) supplemented with 200 U Benzonase (EMD Millipore no. 70664) per sample.
Samples were then sonicated (450 Sonifier; Branson Ultrasonics Corporation) on ice for 30's (three cycles
of 10s ON, 5s OFF) at 20 W. Following sample clarification (5min, 10,000 x g, 4°C), 4 mg of proteins was
mixed with 200 ul of prewashed streptavidin Sepharose high-performance beads (GE Healthcare no. 17-
5113-01) and incubated on a wheel for 3 to 4 h. Beads were washed once in RIPA-DOC buffer and four
additional times in 50 MM ammonium bicarbonate (pH 8.5).

The on-bead proteins were digested and harvested as previously described (59). Peptides were then
reduced and alkylated, and detergent residue was removed by MCX (96-well Oasis MCX wElution plate;
Waters no. 186001830BA) following the manufacturer’s instructions. After elution in 10% ammonium hy-
droxide/90% methanol (vol/vol), samples were dried, reconstituted in 5% formic acid, and injected on
an LTQ Orbitrap Velos equipped with a Proxeon nanoelectrospray Flex ion (Thermo Fisher Scientific)
source as previously described (59).

Mass spectrometry data analyses. Raw mass spectrometry files were analyzed with the search
engines Mascot, X!Tandem, and Comet through the iProphet pipeline integrated in Prohits (66), using
the UniProt database (v20160623) supplemented with "common contaminants" from the Max Planck
Institute (http://maxquant.org), the Global Proteome Machine (GPM; http://www.thegpm.org/crap/index
.html), and decoy sequences. The parameters were set with trypsin specificity (two missed cleavage sites
allowed); variable modifications involved oxidation (M), deamidation (NQ), biotin (K), biotin (N-Term),
and ubiquitin (K), and fixed modification was set with carbamidomethyl (C). The mass tolerance for pre-
cursor and fragment ions was set to 15 ppm and 0.6 Da, respectively, and peptide charges of +2, +3, and
+4 were considered. The resulting search results were individually processed by PeptideProphet, and pep-
tides were assembled into proteins using parsimony rules first described in ProteinProphet using the Trans-
Proteomic Pipeline (TPP) with the following settings: -p 0.05 -x20 -PPM “DECOY"; iProphet options: pPRIME
and PeptideProphet: pP.

Interaction scoring. To estimate interaction statistics, we used SAINTexpress (v3.6.1) on proteins
with an iProphet protein probability of =0.9 and a unique-peptides value of =2 (67). Each of the proteo-
mics data sets (HEK293 [6 or 24 h] and HelLa [24 h]) was compared separately against its respective nega-
tive control (Flag-NLS-BirA* or WT Vpr from MG132-untreated HEK293 cells). SAINT analyses were per-
formed with the following settings: nControl:2, nCompressBaits:2 (no baits compression). Interactions
displaying a BFDR of =0.02 were considered statistically significant and kept. Unfiltered contaminants,
such as keratins, BirA*, beta-galactosidase, ribosomal subunits, and carboxylases, were considered con-
taminants and removed.

Bioinformatics analyses. Proteomic data and annotation databases, such as BioGRID (human v3.4.164),
UniProt (human; released on October 2017) and the Gene Ontology (GO) annotation database, were imported
into a local MySQL database (68). Graphical representations of protein-protein networks were generated with
Cytoscape (v3.7.0). Network augmentations of our BiolD screens were performed by extracting prey-prey inter-
actions from the human BioGRID network and from Cytoscape’s PSICQUIC Web Service client (released in
October 2018) searching the IntAct, iReflndex, Reactome, and UniProt databases. Individual networks from the
HEK293 (6 and 24 h) and Hela (24 h) cells were merged together into one Vpr proximity interaction network
and clustered using GO enrichment analysis and PANTHER classification system (http://geneontology.org/).
Interactions were clustered, and the following functions were extracted based on the GO associated with each
node within the network: response to DNA damage, cell cycle, RNA processing, and gene expression. Heat
maps were generated with the Pheatmap package (without clustering) in R (www.r-project.org) with average
spectral counts rescaled from 0 to 1 for each protein among the 3 samples (WT—MG132, Q65R+MG132, and
WT+MG132) with the R scales package. Protein complexes were identified with the CORUM database (69).

Transfection and cycloheximide treatment. HEK293T were transfected with the indicated plasmids
using the calcium phosphate precipitation method. At 42 h posttransfection, cells were treated with
20 ng/ml cycloheximide (Calbiochem; MilliporeSigma no. 239764) to inhibit translation, allowing analysis
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of a preset pool of proteins. At 6 h posttreatment, cells were harvested and processed for immunoblot-
ting by Western blotting.

SDS-PAGE and Western blot analysis. Cells were lysed in RIPA-DOC buffer for =30 min at 4°C.
Lysates were then clarified by centrifugation (5 min, 10,000 x g, 4°C), and protein amounts were quantified
by Bradford assay (Bio-Rad no. 5000006) and analyzed by Western blotting as previously described (5). The
following primary antibodies were used: anti-HA (BioLegend no. 901513), anti-Flag (MilliporeSigma no.
F3165), anti-Myc (MilliporeSigma no. C3956), anti-APC1 (Abcam no ab133397), anti-HLTF (Bethyl no. A300-
230A), anti-DCAF1 (Bethyl no. A301-887A), anti-GFP (MilliporeSigma no. SAB4301138), anti-actin (MP
Biomedicals no. 0869100), anti-GAPDH (BioLegend no. 649202), and anti-lamin B1 (Abcam no. ab16048).
Horseradish peroxidase (HRP)-conjugated secondary antibodies were from Bio-Rad (no. 170-6515 and no.
170-6516). Quantification of bands was performed using Image J (v1.52).

siRNA-mediated protein knockdown. DCAF1 knockdown in HEK293T was performed with
Lipofectamine RNAIMAX (Thermo Fisher Scientific no. 13778150) according to the manufacturer's
instructions and as previously described (5). The following siRNAs were used: DCAF1 (Dharmacon no.
M-021119-01) and scrambled (Dharmacon no. D-001210-02). After siRNA transfection, cells were sub-
jected to transfection of plasmids of interest using the above-mentioned protocol.

Coimmunoprecipitation. At 48 h posttransfection, HEK293T cells were washed once in DMEM, har-
vested, and lysed in ice-cold Triton lysis buffer (150mM NaCl, 50mM Tris, 0.5% Triton X-100, 1x
cOmplete mini-protease inhibitors without EDTA [Roche-MilliporeSigma no. 11873580001]; pH 7.25) for
30 min and clarified (5min, 10,000 x g, 4°C). For HA coimmunoprecipitation (co-IP), 1.5 mg of proteins
was mixed with 50 ul anti-HA agarose beads (MilliporeSigma no. A-2095) and incubated at 4°C for 3 h
on a wheel. For Myc co-IP, 1.5 mg of proteins was mixed with 2.5 ug anti-Myc antibody (MilliporeSigma
no. C3956) and incubated at 4°C, and after 2h, 100 wl protein A-Sepharose beads (Invitrogen; Thermo
Fisher Scientific no. 101041) was added to the mixture. Following incubation for 1 h at 4°C, beads were
washed three times in lysis buffer, resuspended in Laemmli buffer, boiled for 5min, and loaded on SDS-
PAGE gels for Western blotting.

Cell cycle analysis. Cell cycle analyses of transfected HEK293T or of infected MT4 were performed
by flow cytometry (BD FACSCalibur; Becton Dickinson) as previously described (45). The ModFit mathe-
matical model (v4.1.7; Verity Software House) was used to determine the proportion of cells in G, and
G,/M phases, and the ratio of G,/M to G, was calculated.

Confocal microscopy. APCT and HA-Vpr localization was determined by confocal microscopy as
previously described (70). HA-Vpr-inducible HeLa cells were treated with 0.5 wg/ml doxycycline for 16 to
18 h. Alternatively, Hela cells were transfected with Vpr-expressing plasmids using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific no. 11668019) for 24 h. Cells were then fixed, permeabilized, and
incubated with anti-HA (1/500; BioLegend no. 901513) and anti-APC1 (1/250; Abcam no. ab133397) for 1
h at 37°C. The following secondary antibodies were used for 30 min at 37°C: Alexa Fluor 488-conjugated
anti-mouse IgG (1/500; Invitrogen; Thermo Fisher Scientific no. A-11001) and Alexa Fluor 647-conjugated
anti-rabbit IgG (1/500; Invitrogen; Thermo Fisher Scientific no. A-21244). Pictures were acquired using
43 x or 63x oil immersion objectives on an inverted LSM710 confocal microscope (Zeiss). APC1 and HA-
Vpr colocalization was determined using ImageJ (v1.52).

Vpr sequence alignments. Primary amino acid sequences from Bru and NL4.3 Vpr variants were aligned
using Clustal Omega from the European Bioinformatics Institute (v1.2.4; EMBL-EBI; https://www.ebi.ac.uk/Tools/
msa/clustalo/). The percentage of conservation of Vpr residues at positions 28 and 41 was determined using
nucleotide sequences from 4 835 HIV-1 strains obtained from the HIV Sequence Database (Los Alamos
National Laboratory; http://www.hiv.lanl.gov/), translated, and aligned with Jalview (v2.11.0).

Proviral constructs, virus production, and infection. The isogenic proviruses HxBru-ADA-GFP
encoding WT Vpr or defective for Vpr (dVpr) were described previously (42). HxBru-ADA-GFP harboring
the N28S-G41N Vpr double substitution was generated by SDM and validated by sequencing. Infectious
VSV-G-pseudotyped HIV-1 viruses were produced by transfection of proviral constructs with a plasmid
encoding VSV-G in HEK293T by the calcium phosphate transfection method (42). After 48 h, culture su-
pernatant was harvested and ultracentrifuged onto a 20% sucrose cushion to concentrate viruses. Viral
titers were determined by analyzing the percentage of GFP™" cells in infected HelLa cells by flow cytome-
try at 24 h postinfection.

MT4 cells were infected at a multiplicity of infection (MOI) of 0.75 and processed for cell cycle analy-
sis 24 h later. MDMs were infected at an MOI of 1, and the percent infection was determined by measure-
ment of GFP by flow cytometry (SA3800 spectral analyzer; Sony Biotechnology) every 3 days (61).
Primary CD4™" T cells were infected at MOI of 0.1 and 0.5, and the percent GFP-positive cells was moni-
tored daily by flow cytometry (62).

Immunostaining and flow cytometry. MDMs were infected as described above. After 3 days, cells
were harvested, fixed with 4% formaldehyde, permeabilized with 0.2% Triton X-100, and blocked as previ-
ously described (61). Vpr was detected by immunostaining using an anti-Vpr monoclonal primary antibody
(1/200; clone 8D1; obtained from Yukihito Ishizaka [National Center for Global Health and Medicine, Tokyo,
Japan] [71]; commercially available as Cosmo Bio no. CAC-NCG-M01-1) and a secondary Alexa Fluor 647-
conjugated anti-mouse antibody (1/100; Invitrogen; Thermo Fisher Scientific no. A-21236). Vpr levels in the
GFP* population were determined by flow cytometry (BD LSRFortessa; Becton Dickinson) and analyzed
using FlowJo (v9.3.2).

Statistics. Statistical analyses were done using GraphPad Prism 5.03 or 8.2.1. P values of less than
0.05 were considered statistically significant. Statistically significant differences (P values of =0.05,
=0.01, and =0.001) relative to the no-Vpr control were determined by two-tailed paired Student’s t tests
or as indicated.
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