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ABSTRACT

Human immunodeficiency virus (HIV) seizes control of cellular cullin-RING E3 ubiquitin ligases (CRLs) to promote viral repli-
cation. HIV-1 Vpr and HIV-2/simian immunodeficiency virus (SIV) Vpr and Vpx engage the cullin4 (CUL4)-containing ubiqui-
tin ligase complex (CRL4) to cause polyubiquitination and proteasomal degradation of host proteins, including ones that block
infection. HIV-1 Vpr engages CRL4 to trigger the degradation of uracil-N-glycosylase 2 (UNG2). Both HIV-1 Vpr and HIV-2/SIV
Vpr tap CRL4 to initiate G, cell cycle arrest. HIV-2/SIV Vpx secures CRL4 to degrade the antiviral protein SAMHD1. CRL4 in-
cludes either cullin4A (CUL4A) or cullin4B (CUL4B) among its components. Whether Vpr or Vpx relies on CUL4A, CUL4B, or
both to act through CRL4 is not known. Reported structural, phenotypic, and intracellular distribution differences between the
two CUL4 types led us to hypothesize that Vpr and Vpx employ these in a function-specific manner. Here we determined CUL4
requirements for HIV-1 and HIV-2/SIV Vpr-mediated G, cell cycle arrest, HIV-1 Vpr-mediated UNG2 degradation, and HIV-2
Vpx-mediated SAMHD]1 degradation. Surprisingly, CUL4A and CUL4B are exchangeable for CRL4-dependent Vpr and Vpx ac-
tion, except in primary macrophages, where Vpx relies on both CUL4A and CUL4B for maximal SAMHD]1 depletion. This work
highlights the need to consider both CUL4 types for Vpr and Vpx functions and also shows that the intracellular distribution of

CUL4A and CUL4B can vary by cell type.

IMPORTANCE

The work presented here shows for the first time that HIV Vpr and Vpx do not rely exclusively on CUL4A to cause ubiquitina-
tion through the CRL4 ubiquitin ligase complex. Furthermore, our finding that intracellular CUL4 and SAMHD1 distributions
can vary with cell type provides the basis for reconciling previous disparate findings regarding the site of SAMHD1 depletion.
Finally, our observations with primary immune cells provide insight into the cell biology of CUL4A and CUL4B that will help

differentiate the functions of these similar proteins.

H uman immunodeficiency virus (HIV) infection remains a se-
rious threat to human health. An understanding of the mo-
lecular biology underlying HIV replication and pathogenesis will
be crucial for stopping this devastating pathogen. The molecular
biology of HIV reflects the evolutionary interplay between virus
and host. HIV infects primarily CD4" T cells and macrophages
and must overcome intracellular restrictions to do so. HIV and
simian immunodeficiency virus (SIV) commandeer cellular ubiq-
uitin ligases to eliminate intrinsic antiviral proteins. The HIV pro-
tein Vif recruits the cellular cytidine deaminase APOBEC3G to the
cullin5-elonginB/C complex (1). This interaction results in the
polyubiquitination, and subsequent proteasome-dependent de-
struction, of APOBEC3G (2-6). In the absence of Vif, APOBEC3G
is packaged into progeny virus, where, upon infection, it deami-
nates negative-DNA-strand cytidines during reverse transcrip-
tion, thereby introducing G-to-A mutations into the coding
strand. The hypermutated viral genome is thus rendered ineffec-
tive for the production of viral progeny (7-12). HIV-1 Vpu can
tap the SCFB-TrCP E3 ubiquitin ligase complex to help clear teth-
erin from the cell surface (13-15). In the absence of Vpu, tetherin
links cellular and viral membranes to anchor virus to the host cell
plasma membrane. Tetherin thus restricts viral dissemination
(16-18).

HIV-1 Vpr and HIV-2/SIV Vpr and Vpx all act through the
cullin4 (CUL4)-RING E3 ubiquitin ligase complex (CRL4). Vpx
recruits SAMHDI, a cellular deoxynucleoside triphosphate
triphosphohydrolase (19), to CRL4 to trigger its proteasome-de-
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pendent destruction (20-22). Elimination of SAMHD1 by Vpx
allows cellular deoxynucleoside triphosphate (ANTP) levels to in-
crease sufficiently to permit reverse transcription (23). HIV-1 and
HIV-2/SIV Vpr expression triggers G, cell cycle arrest (24-30)
through CRL4 complexes (31-36). Very recent work found HIV-1
Vpr to initiate G, arrest by the CRL4-dependent activation of the
SLX4 complex (37). Whether HIV-2/SIV Vpr acts similarly re-
mains to be determined. HIV-1 Vpr also boosts the turnover of
uracil-N-glycosylase 2 (UNG2) and single-strand-selective mono-
functional uracil DNA glycosylase (SMUG1) through the CRL4
complex (38—40). The impact of G, cell cycle arrest or UNG2 and
SMUGI degradation on HIV replication and pathogenesis re-
mains unclear; however, G, arrest has been linked to immune
evasion (37) and increased viral production (41) by HIV-1.
CRL4 complexes are defined by the inclusion of CUL4, a scaf-
fold for the assembly of the E3 ubiquitin ligase. The carboxyl ter-
minus of CUL4 engages ROC1, a ring-domain-containing protein
which in turn binds and activates the E2 ligase. The E2 ligase is
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charged with and transfers ubiquitin to target proteins. The amino
end of CUL4 secures the adaptor DNA damage binding protein 1
(DDB1), which recruits ubiquitination targets directly or indi-
rectly through one of approximately 90 WD40-domain-contain-
ing proteins that confer substrate specificity to the complex (42—
45). HIV-1 and HIV-2/SIV Vprs and HIV-2/SIV Vpx all engage
the WD40 protein DCAF]I (also designated VprBP) to assemble
with CRL4. DCAF1 and DDBI are required for CRL4-dependent
Vpr and Vpx functions (20, 31-33, 35, 37, 38, 40, 46-50).

Human cells encode two CUL4 types: types A and B. These
CULA4 types share approximately 80% identity at the amino acid
level, differing primarily at the amino terminus, where CUL4B is
about 15% longer and carries a nuclear localization signal (NLS)
(>*KKRK"®) (51). The gene for CUL4A is on chromosome 13 in
humans, while that for CUL4B is on the X chromosome of all
mammals tested. The CUL4 type required for Vpr and Vpx action
has not been determined.

The amino acid sequence similarity between CUL4A and
CULA4B suggests that the two proteins could be interchangeable,
but this is not the case. No humans who lack functional CUL4A
have been identified, likely due to a role in spermatogenesis simi-
lar to that observed for mice (52). Human males lacking func-
tional CUL4B present with X-linked intellectual disability (XLID),
while female carriers are unaffected (53-56). Nakagawa and Xiong
showed previously that WDR5, an H3K4 methyltransferase, is
specifically depleted by CUL4B, but not by CUL4A, and that this
determines neuronal gene expression profiles (57). CUL4A over-
expression has been associated with breast cancer (58), hepatocel-
lular carcinoma (59), and pleural mesothelioma (60). A comple-
mentary observation showed that skin-specific deletion of CUL4A
protected mice against UV-induced skin cancer (61).

Schrofelbauer et al. demonstrated previously that HIV-1 Vpr
can be coisolated with CUL4A from lysates of cells overexpressing
epitope-tagged versions of both proteins (39). CUL4B was not
tested in those early experiments, leaving open the possibility that
it could also assemble into complexes with Vpr and therefore me-
diate Vpr functions.

Based on the reported structural and subcellular distribution
differences between CUL4A and CUL4B, we hypothesized that
there are specific CUL4A and CUL4B requirements for different
HIV phenotypes. Previous work showing that HIV-1 Vpr triggers
G, cell cycle arrest by eliciting DNA damage signals (37, 62—66) led
us to hypothesize that NLS-containing CUL4B is required for this
function. Reports showing that SAMHD]1 depletion is triggered in
the nucleus (67—69) led us to posit that CUL4B is required for this
phenotype as well. UNG2 can be found in both the cytoplasm and
the nucleus (38), suggesting that HIV-1 Vpr-directed UNG2 deg-
radation could be set off through CUL4A or CUL4B. In this work,
we investigated the need for CUL4A and/or CUL4B for the Vpr
and Vpx phenotypes that require the CRL4 ubiquitin ligase and
show that the two CUL4 types are exchangeable for G, cell cycle
arrest, UNG2 turnover, and SAMHD1 depletion. Furthermore,
we show that in primary human monocyte-derived macrophages
(hMDMs), both CUL4 types are required for optimal SAMHD1
depletion by Vpx. Finally, we demonstrate that the subcellular
distributions of CUL4A and CUL4B can vary between cell types.

MATERIALS AND METHODS

Stably transduced cell lines. The following plasmids were used to gener-
ate lentiviral vectors for use in establishing stable cell lines: nontargeting
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(catalog no. RHS4743), CUL4A-specific (clone V2THS_32527), CUL4B-
specific (clone V2THS_32515]), DCAF1/VprBP-specific (clone
V2THS_74081), and DDBI-specific (clone V2THS_151130) pTRIPZ
short hairpin RNA (shRNA) expression vectors for inducible transduc-
tion (Thermo Scientific Life Science Research) and firefly luciferase-spe-
cific shRNA (control shRNA) (pSicoRshluc was a gift from Tyler Jacks)
(Addgene plasmid 14782), CUL4A-specific shRNA (catalog no.
RHS4430-99165652, oligonucleotide V2LHS_32529; Thermo Scientific
Life Science Research), and CUL4B-specific sShRNA (catalog no. RHS4430-
98475972, oligonucleotide V2LHS_32515; Thermo Scientific Life Science Re-
search) for constitutive transduction. Of note, we blocked green fluorescent
protein (GFP) expression in the constitutive CUL4A- and CUL4B-specific
shRNA vectors by introducing a frameshift mutation into the gfp gene.

Five million HEK293T cells were transfected with an shRNA expres-
sion vector together with pLP1 (encodes Gag and Pol), pLP2 (encodes
Rev), and pLP-VSV-G (encodes the vesicular stomatitis virus G protein
[VSV-G]) (ViraPower Lentiviral Gateway Expression Kkit, catalog no.
K496000; Invitrogen) at an equimolar ratio. Forty-eight hours after trans-
fection, the cell supernatant was transferred into a 10-cm tissue-culture-
treated petri plate containing 2.5 million HEK293T cells. Five hours after
infection, fresh medium was applied. Forty-eight hours after infection,
transduced HEK293T cells were selected by culturing in medium supple-
mented with 3 pg/ml puromycin. The puromycin-supplemented me-
dium was replaced every 3 days until surviving cell populations expanded.
Where specified, cell lines were induced to express shRNAs by incubation
in medium containing doxycycline at a concentration of 0.5 pg/ml. De-
pletion of target proteins was confirmed by Western blotting.

Cell viability was determined by using Cell Counting kit 8 (Dojindo
Molecular Technologies, Inc.) in accordance with the manufacturer’s in-
structions. Treatment of cells with the translation inhibitor blasticidin at
10 pg/ml for 24 h was used as a positive control for cell killing.

Cell culture. HEK293T cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 5% fetal bovine serum, 1
mM glutamine, 50 units/ml penicillin, and 50 pg/ml streptomycin.
HEK293T stable lines were cultured in the same medium supplemented
with 3 pug/ml puromycin.

Elutriated human monocytes were obtained from healthy donors at
the University of Nebraska Medical Center (Omaha, NE). The monocytes
were differentiated into macrophages by incubation in serum-free
DMEM for 2 h, followed by a 12-day incubation in DMEM supplemented
with 10% human AB serum. Peripheral blood lymphocytes (PBLs) were
obtained by buffy coat isolation and cultured in DMEM supplemented
with 10% human AB serum, 2.5 pg/ml phytohemagglutinin (PHA), and
10 units/ml interleukin 2 (IL-2) for 1 week to favor T-cell activation and
expansion. The Albany Medical College Committee on Research Involv-
ing Human Subjects approved our protocol for the use of primary human
leukocytes. A category 4 exemption from consent procedures was granted
for the use of deidentified samples. All cultures were maintained at 37°C in
the presence of 5% CO,.

Immunoprecipitations. The HIV/SIV protein expression plasmids
used in these assays were pcDNA3.1(—)HIV-1huVpr, pcDNA3.1
(—)HIV-1FLAG-huVpr (31), pPCMV-FLAG-SIV,, ,5,Vpr, and pCMV-
FLAG-SIV,,.0230VPX. SIV 1030 VPr and SIV_ . 55,Vpx were PCR ampli-
fied from SIV,,.,30 and subcloned into the pCMV4 expression vector.
Five million HEK293T cells were transfected with 20 pg of protein expres-
sion vector by using a standard calcium phosphate transfection protocol.
Twenty-four hours after transfection, the cells were lysed with 1 ml of cold
ELB buffer (50 mM HEPES [pH 7.3], 400 mM NacCl, 0.2% NP-40, 5 mM
EDTA, 0.5 mM dithiothreitol [DTT], and protease inhibitor cocktail [cat-
alogno. 11 836 153 001; Roche]). The lysates were clarified by centrifuga-
tion at 14,000 X g for 15 min at 4°C. The supernatants were then incu-
bated with 25 pl of anti-FLAG M2 agarose resin (catalog no. A2220-5ML;
Sigma-Aldrich) for 2 h at 4°C on a rotator. The anti-FLAG M2 beads were
washed three times for 20 min in 1 ml of ELB buffer. Bound proteins were
eluted by competition with 50 .l of 200 mg/ml FLAG peptide (catalog no.
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F3290; Sigma-Aldrich) at 25°C for 30 min. An equal volume of 2X Laem-
mli buffer was added to each eluate. The samples were boiled for 10 min,
resolved by SDS-PAGE, and analyzed for endogenous DCAFI1, DDBI,
CUL4A, CUL4B, SAMHD1, and UNG2 by Western blotting using specific
antibodies as indicated (DCAF1 specific [catalog no. A301-887A; Bethyl
Laboratories, Inc.], DDBI specific [catalog no. 342300; Invitrogen],
CUL4A specific [catalog no. 2699; Cell Signaling Technology], CUL4B
specific [catalog no. C99995; Sigma-Aldrich], anti-SAMHDI [catalog no.
GTX83687; GeneTex[, and anti-UNG2 [a gift from Geir Slupphaug]).
The FLAG epitope tag was detected by using anti-FLAG M2 (catalog no.
F1804; Sigma-Aldrich).

Cell cycle and infectivity analyses. Cultures of HEK293T cells or
HEK293T cell lines stably expressing shRNA (described above) were in-
fected at a multiplicity of infection (MOI) of 3 with virus, as described
below. Forty-eight hours after infection, the cells were collected and
washed three times with 1 ml of phosphate-buffered saline (PBS). Cell
nuclei were isolated by incubating the cell pellets in a solution containing
10 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], 0.1 M NaCl,
2 mM MgCl,, and 0.1% Triton X-100 (pH 6.8). RNase A (0.2 mg/ml) and
propidium iodide (0.02 mg/ml) were added to the suspended nuclei to
degrade RNA and stain DNA, respectively. Nuclear DNA content was
quantitated by flow cytometry using a FACSCanto flow cytometer (BD
Biosciences). The fraction of cells in the G, or G,/M phase of the cell cycle
was determined by analysis using FlowJo software. For infectivity analy-
ses, cells infected with a luciferase reporter virus were prepared for lucif-
erase assays by using the Promega luciferase assay kit in accordance with
the manufacturer’s instructions (catalog no. E501; Promega). Photon
emission was measured by using a Victor V3 luminometer (PerkinElmer).

Virus preparation. Five million HEK293T cells were cotransfected
with expression vectors for either HIV-1 [pNL4-3env(—)nef( —)gfp(+)],
HIV-1 lacking Vpr [pNL4-3env(—)vpr(—)nef(—)gfp(+)], HIV-2 [pGL-
ANnef(—)gfp(+)], HIV-2 lacking Vpx [pGL-Stvpx(—)nef(—)gfp(+)],
HIV-2 lacking Vpr [pGL-Ecvpr(—)nef( —)gfp(+)], or HIV-2 lacking both
Vpx and Vpr [pGL-St/Ecvpr(—)nef(—)gfp(+)] together with pCL-
VSV-G for pseudotyping of HIV with the envelope glycoprotein of vesic-
ular stomatitis virus. The HIV-1 clones were a gift from Vicente Planelles,
and the HIV-2 clones originated as a gift from Mikako Fujita but have
been modified to express GFP in place of Nef. The HIV-1 luciferase re-
porter clone [pNL4-3env(—)nef(—)luc(+)] was a gift from Nathaniel
Landau. Transfections were done by using a standard calcium phosphate
protocol with a total of 20 g of DNA at an equimolar ratio of viral
expression vector to VSV-G expression vector. VSV-G pseudotyping was
used to promote efficient entry into all cell types used in this study. Twen-
ty-four hours after transfection, the supernatant from infected cells was
cleared of producer cells by centrifugation and then transferred to exper-
imental cultures. Aliquots of supernatants obtained from viral producer
cells were tested for the generation of equivalent viral titers by serial dilu-
tion and subsequent infection of the GHOST X4/R5 indicator cell line
(from Vineet N. KewalRamani and Dan R. Littman through the NIH
AIDS Research and Reference Reagent Program) (70).

Cell fractionations. Cells were separated into nuclear and cytosolic
fractions as described previously but with minor modifications (71). Un-
infected HEK293T cells, PBLs, or MDMs were collected and washed twice
in PBS. The cells were incubated in 1 ml buffer B (10 mM HEPES [pH 7.9],
1.5 mM MgCl,, 10 mM KCl, and protease inhibitor cocktail [catalog no.
11836 153 001; Roche]) on ice for 10 min. Thirty microliters of 1% NP-40
was added as the samples were agitated. NP-40-treated samples were over-
laid onto 1 ml of 1 M sucrose dissolved in buffer B. After centrifugation at
3,000 X g at 4°C for 10 min, 200 pl of supernatant was collected as the
cytosolic fraction. The remaining supernatant was removed, and the pellet
of nuclei was washed with, and then resuspended in, 1 ml of buffer B.
Two-hundred microliters of nuclei in buffer B were collected as the nu-
clear fraction. An equal volume of 2X Laemmli buffer was added to the
cytosolic and nuclear fractions. The cytoplasmic and nuclear lysates were
heated to 94°C for 10 min before Western blot analysis. Samples were
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probed for histone H3 (anti-histone H3, catalog no. 9715; Cell Signaling
Technology) and tubulin (antitubulin, catalog no. 3873S; Cell Signaling
Technology) to confirm the purity of nuclear and cytoplasmic fractions,
respectively. Tubulin or histone signals from fractionated samples were
normalized to those of the whole-cell lysates to ensure an equal represen-
tation of the cytoplasm and nucleus.

siRNA transfection. The following short interfering RNAs (siRNAs)
were obtained from Thermo Fisher Scientific Biosciences, Inc. (Dharma-
con): nontargeting siRNA (catalog no. D-001210-02-50), CUL4A-spe-
cific siRNA (catalog no. L-012610-00-0020), CUL4B-specific siRNA
(catalog no.L-017965-00-0020), and DCAF1-specific siRNA (catalog no.
L-021119-01-0020). siRNA was transfected by using Lipofectamine 2000
(catalog no. 11668-019; Invitrogen) in accordance with the manufactur-
er’s instructions.

Dominant negative CUL4 expression vectors. The dominant nega-
tive CUL4 (DNCUL4) expression constructs were generated by PCR am-
plification of the CUL4 cDNA sequence with primers that introduce ad-
ditional residues to encode a hemagglutinin (HA) epitope tag at the 5’ end
and a premature stop codon at the 3" end. The resulting truncated pro-
teins lack both the carboxy terminus necessary for ROC1 binding and the
neddylation site. ROC1 is essential for E2 binding and, thus, the transfer of
ubiquitin to target substrates. Neddylation is required to activate cullin
ubiquitin ligase complexes. The primers used to generate the DNCUL4A
construct were forward primer 5'-GCACTCTAGAACCATGGCCTA
CCCCTACGACGTGCCCGACTACGCCATGGCGGACGAGGCC
CCG-3’ and reverse primer 5'-GTTTAAGCTTCACTGGGGTTAAGTG
CACTTCC-3'. These primers amplified the first 545 amino acids of
CUL4A. The DNA was inserted into the Xbal and HindIII sites of the
pcDNA3.1(—) vector (catalog no. V795-20; Invitrogen/Life Science Tech-
nologies). The primers used to generate the DNCUL4B construct were
forward primer 5'-GCACCTCGAGACCATGGCCTACCCCTACGACG
TGCCCGACTACGCCATGATGTCACAGTCATCTGG-3" and reverse
primer 5'-GTACAAGCTTCACTGCTGCAAAAGAACC-3’, which am-
plified the first 493 amino acids of CUL4B. The DNA was inserted into the
Xhol and HindIII sites of the pcDNA3.1(—) vector. The sources of the
CUL4A and CUL4B ¢cDNAs were pPCMVFLAG-CUL4A and pPCMVFLAG-
CULA4B, respectively. Both FLAG-CUL4 constructs were gifts from Jian-
ping Jin.

Other reagents used in this study. Anti-HA antibody (catalog no.
12CAS5; Roche) was used for epitope tags, and anti-B-actin (catalog no.
A5441; Sigma-Aldrich) and anti-CDC6 (catalog no. AHF0322; Invitro-
gen) antibodies were used for cellular proteins. For viral proteins, anti-
HIV-1 p24 (catalog no. 183-H12-5C) was obtained from Bruce Chesebro
and Hardy Chen through the NTH AIDS Research and Reference Reagent
Program (72) (of note, this HIV-1 p24 antiserum is cross-reactive with
HIV-2 p27), anti-HIV-1 Vpr (catalog no. 3951) was obtained from Jeffrey
Kopp through the NIH AIDS Reagent Program, and anti-Vpx (catalog no.
2609) was obtained from Lee Ratner through the NIH AIDS Reagent
Program (73). For plasmids, the LaminC-eGFP (enhanced green fluores-
cent protein) construct was a gift from Ronald Goldman, and the
pcDNA3.1(—)HIV-2FLAG-huVpr and UNG2-2HA expression con-
structs were generated as described previously (31, 38). The neddylation
inhibitor MLN4924 was a gift from Millennium Pharmaceuticals.

Densitometric analysis. All densitometric analyses were done by us-
ing Image] image analysis software from the NIH (http://rsbweb.nih.gov
/ij/). All chemiluminescent imaging was done by using an Alpha Innotech
FluorChem HD2 imaging system.

Statistical analysis. The two-tailed Student ¢ test was used to deter-
mine statistical significance.

RESULTS

HIV-1 Vpr can trigger G, cell cycle arrest in the absence of either
CUL4A or CUL4B but not both. In order to test whether HIV-1
Vpr specifically requires CUL4A, CUL4B, or both together to trig-
ger G, cell cycle arrest, we generated HEK293T cell lines that stably
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FIG 1 HIV-1 Vpr can trigger G, cell cycle arrest in the absence of either CUL4A or CUL4B but not both. (A) Cultures of HEK293T cells or HEK293T cells that
stably express shRNA against firefly luciferase (control), CUL4A, or CUL4B were tested for CUL4-specific protein depletion by Western blotting. (B) HEK293T
and HEK293T stably shRNA-expressing cell lines were mock infected or infected with HIV-1 or HIV-1 lacking Vpr at equivalent MOIs. Forty-eight hours after
infection, cell nuclei were harvested, treated with RNase A and propidium iodide, and analyzed for DNA content by flow cytometry. (C) The ratio of nuclei with
4N DNA content (G2+M) to those with 2N DNA content (G1) was determined by using Flow]Jo software for replicates of the experiment shown in panel B. (D)
HEK293T cells that stably express CUL4A-specific ShRNA were depleted of CUL4B by transduction of a CUL4B-specific lentiviral expression vector. Transduc-
tion with a vector for CUL4A-specific shRNA was used as a control. Cultures under each experimental condition were tested for specific CUL4 protein depletion
by Western blotting. (E) The HEK293T cultures described above for panel D were either mock infected or infected with HIV-1 or HIV-1 lacking Vpr. Nuclei from
these cells were harvested 48 h after infection and analyzed for DNA content by flow cytometry, as described above for panel B. (F) The ratio of nuclei from
HEK293T cells, as described above for panels D and E, with 4N DNA content to those with 2N DNA content was calculated and graphed as described above for
panel C. (G) HEK293T cells with stably integrated lentiviral vectors that encode doxycycline-inducible shRNAs specific for CRL4 components were induced to
express their respective shRNAs for 5 days. Transient depletion of target proteins was confirmed by Western blotting. Expression of a nontargeting (NT) shRNA
served as a control. (H) HEK293T cells, as described above for panel G, were either mock infected or infected with HIV-1 or HIV-1 lacking Vpr. Forty-eight hours
after infection, nuclei were isolated from these cells, and DNA content was assessed by using flow cytometry as described above for panels B and E. (I) The ratios
of 4N to 2N DNA-containing nuclei, from the experiments described above for panels G and H, were calculated and graphed as described above for panels C and
F (n = 3). All error bars show standard deviations. The two-tailed Student ¢ test was used to determine statistical significance.

express shRNA directed against either CUL4A or CUL4B. These
cell lines replicate with kinetics equivalent to those of parental
populations but produce little or no detectable CUL4 correspond-
ing to the targeted species (Fig. 1A). HEK293T cells stably express-
ing shRNA directed against firefly luciferase served as our nontar-
geting control because firefly luciferase is not expressed in

June 2014 Volume 88 Number 12

mammalian cells. HEK293T cells are an established cell line for
studying HIV replication. Although HEK293T cells lack the CD4
receptor necessary for HIV entry, pseudotyping of the virus with
the glycoprotein of vesicular stomatitis virus (VSV-G) enables ef-
ficient entry into these cells (74). VSV-G-pseudotyped HIV repli-
cates well in permissive cell lines such as HEK293T cells (75).
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FIG 2 CRL4 depletion does not impair HIV-1 infectivity or viability of HEK293T cells. (A) HEK293T cells with stably integrated doxycycline-inducible cassettes
for the expression of either a nontargeting shRNA or ones specific for CRL4 component mRNAs were induced with doxycycline. Five days after the start of
induction, the cells were either mock infected or infected with VSV-G-pseudotyped HIV-1 encoding firefly luciferase in place of nef. Forty-eight hours after
infection, the cells were harvested, and luciferase activity was measured by photon emission under each condition. Pretreatment of cultures with 5 M the reverse
transcription inhibitor zidovudine (AZT) served as a control to demonstrate impaired infectivity. (B) HEK293T cells were depleted of CRL4 components as
described above for panel A. CRL4-depleted HEK293T cell viability was assessed by measuring water-soluble tetrazolium salt (WST-8) formazan reagent cleavage
by cellular dehydrogenases. Pretreatment of cells with 10 pg/ml of the eukaryotic toxin blasticidin served as a control to demonstrate loss of viability. O.D., optical
density. (C) HEK293T cells were depleted of CUL4A or CUL4B by induction of specific shRNAs. At 3 days postinduction, the cells were harvested and lysed. Cell
lysates were resolved by SDS-PAGE, and Western blots were probed for CUL4A, CUL4B, CDC6, and tubulin. (n = 3 for panels A and B.) All error bars show

standard deviations. The two-tailed Student # test was used to determine statistical significance.

HEK293T cells, whether depleted of CUL4A or CUL4B, were ar-
rested in response to infection with HIV-1 expressing Vpr but not
after infection with a virus lacking the capacity to express Vpr (Fig.
1B and C). To demonstrate the requirement for at least one CUL4
type, we simultaneously depleted both CUL4A and CUL4B and
monitored HIV-1 Vpr-mediated G, cell cycle arrest. Here we
transduced HEK293T cells that stably express CUL4A-specific
shRNA with a lentiviral vector encoding CUL4B-specific sShRNA.
To ensure that our results were due to a reduction of CUL4B levels
and not due to either lentiviral vector transduction or transient
shRNA expression, we transduced another set of cultures with a
lentiviral vector encoding the same CUL4A-specific sShRNA. This
procedure partially eliminated the residual CUL4 type (Fig. 1D).
As expected, depletion of both CUL4A and CUL4B reduced
HIV-1 Vpr-mediated G, cell cycle arrest (Fig. 1E and F). Impor-
tantly, the reduction in G, arrest was proportional to the depletion
of the remaining CUL4 type.

In order to rule out the possibility that constitutive expression
of CUL4-specific shRNA, prolonged antibiotic selection, or both
selected for the expansion of cell populations in which the remain-
ing CUL4 type can compensate for the depleted CUL4 type, we
generated HEK293T lines that carry a doxycycline-inducible cas-
sette for the expression of shRNA specific for CUL4A or CUL4B
mRNA. HEK293T cells with inducible nontargeting shRNA
served as a negative control, while cells with shRNAs against either
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DCAFI1 or DDB1 mRNA served as positive controls. The results
were similar to those observed for the constitutive shRNA-ex-
pressing cell lines. Transient depletion of CUL4A or CUL4B alone
did not impair HIV-1 Vpr-mediated G, arrest. Depletion of either
DCAF1 or DDBI, however, did block Vpr-mediated arrest (Fig.
1H and I). Of note, the depletion of DDBI was relatively modest
compared to the depletion obtained for either CUL4A or CUL4B
(Fig. 1G). This weaker depletion, however, had a greater impact
on HIV-1 Vpr-mediated G, arrest than that of either CUL4 type
alone. Because DDB1 functions as the linker to recruit substrate
specificity adaptors for both CUL4A and CULA4B, depletion of
DDBI simultaneously blocks the activity of both CUL4 types.
Thus, HIV-1 Vpr can mediate G, cell cycle arrest through either
CUL4A or CUL4B as long as the function of at least one of the two
CUL4 types is maintained.

CRL4 depletion does not impair HIV-1 infectivity or the via-
bility of HEK293T cells. Vpr is dispensable for efficient HIV in-
fection in many cell types, including HEK293T cells (76, 77). This
led us to hypothesize that the CRL4 components with which Vpr
associates are also dispensable for infection of these cells. Using
VSV-G-pseudotyped HIV-1 that encodes firefly luciferase as a re-
porter in place of nef, we infected cells depleted of CRL4 complex
components at matched MOIs and, as expected, observed no im-
pairment of infectivity (Fig. 2A). Furthermore, CRL4 depletion
did not reduce cell viability (Fig. 2B).
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FIG 3 HIV-2/SIV 230 Vpr can trigger G, cell cycle arrest through either CUL4A or CUL4B. (A) HEK293T cells stably expressing shRNA specific for either
CUL4A or CUL4B mRNA were transfected with either an empty expression vector or one for FLAG-HIV-2 Vpr or FLAG-SIV ., ,3 Vpr and a small amount
(7.5% of the total DNA) of an expression vector for LaminC-eGFP. Forty-eight hours after transfection, the cultures were harvested, and cell nuclei were isolated.
Nuclei were treated with RNase A and stained with propidium iodide. Flow cytometry was used for gating on transfected (LaminC-eGFP-positive) cell nuclei, and
DNA content was determined by measuring propidium iodide fluorescence intensity. (B) HEK293T cells that stably express shRNA specific for CUL4A were
depleted of CUL4B as described in the legend of Fig. 1D. These cells were then transfected with either an empty expression vector or one for FLAG-HIV-2 Vpr.
Flow cytometry was used to identify nuclei from transfected cells and to assess their DNA content as described above for panel A. (C and D) Ratios of nuclei with
4N DNA content (G2+M) to those with 2N DNA content (G1) were determined by using Flow]Jo software for replicates of the experiments shown in panels A
(C)and B (D). (E) An empty expression vector or one for FLAG-HIV-2 Vpr or FLAG-SIV, .30 Vpr was transfected into HEK293T cells. Twenty-four hours after
transfection, the cells were harvested, and expression of FLAG-tagged Vpr was confirmed by Western blot analysis with FLAG-specific antibody (n = 3). All error

bars show standard deviations. The two-tailed Student ¢ test was used to determine statistical significance.

The similarity in Vpr-mediated G, cell cycle arrest profiles after
depletion of CUL4A or CUL4B prompted us to confirm that we
could distinguish between CUL4A- and CUL4B-specific effects in
our system. Zou et al. demonstrated previously that the replica-
tion licensing factor CDC6 is positively regulated by CUL4B but
not by CUL4A (78). We therefore induced the expression of
CUL4A- or CUL4B-specific shRNA in cells that were stably trans-
duced with the respective expression constructs. As in the previ-
ous work, cells depleted of CUL4B, but not those depleted of
CULA4A, expressed lower levels of CDC6 (Fig. 2C). In summary, in
our HEK293T system, depletion of CUL4A or CUL4B did not
impact HIV-1 infectivity or cell viability. Furthermore, while Vpr-
mediated G, cell cycle arrest proceeded in the absence of either
CULA4A or CUL4B, the CUL4B-specific impact on CDC6 was pre-
served.

HIV-2/SIV .30 VPr can trigger G, cell cycle arrest through
either CUL4A or CUL4B. HIV-2 and some SIVs encode two
HIV-1 Vpr-like proteins: Vpr and Vpx. HIV-2/SIV Vpr, like
HIV-1 Vpr, can trigger G, cell cycle arrest through the CRL4 com-
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plex. We previously observed a smaller percentage of arrested cells
upon the expression of HIV-2 Vpr than upon the expression of
HIV-1 Vpr when equivalent quantities of expression vectors for
the proteins were transfected into HEK293T cells (31). This may
be attributable to lower levels of HIV-2/SIV Vpr (79) but may also
be due to a requirement for a specific CUL4 type. Thus, whereas
HIV-1 Vpr can use any CUL4 type with which it assembles to
enable G, cell cycle arrest, HIV-2/SIV Vpr may depend on one
CUL4 type. This could reduce the efficiency with which HIV-2/
SIV Vpr promotes cell cycle arrest relative to that of HIV-1 Vpr.
To test this, we transfected HEK293T cells that stably express
shRNA against either CUL4A or CUL4B with an expression vector
for FLAG-epitope-tagged HIV-2 Vpr or SIV Vpr and investigated
the capacity of these Vprs to promote G, cell cycle arrest. The SIV
Vpr protein that we used in these experiments was derived from
the rhesus macaque 239 clone of SIV and is similar to HIV-2 Vpr
in both sequence and function. Both the FLAG-epitope-tagged
HIV-2 Vpr and SIV Vpr constructs led to robust expression of
their respective viral proteins (Fig. 3E). Empty vector transfection
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served as a control to demonstrate that DNA transfection does not
alter the cell cycle progression of these cells. Expression of either
FLAG-HIV-2 Vpr or FLAG-SIV Vpr caused an accumulation of
cells in G, regardless of whether CUL4A or CUL4B was depleted
(Fig. 3A and C). To investigate whether at least one CUL4 type is
required for HIV-2 Vpr-mediated cell cycle arrest, we simultane-
ously depleted HEK293T cells of CUL4A and CUL4B, as described
above (Fig. 1D). We then transfected these cells with an expression
vector for FLAG-HIV-2 Vpr to assess the capacity of HIV-2 Vpr to
promote cell cycle arrest under these conditions. As with HIV-1
Vpr, the simultaneous depletion of both CUL4A and CUL4B im-
paired HIV-2 Vpr-induced G, cell cycle arrest (Fig. 3B and D).
Thus, like HIV-1 Vpr, HIV-2/SIV Vpr can trigger cell cycle arrest
through either CUL4A- or CUL4B-containing CRL4 complexes.
HIV-1 Vpr-mediated UNG2 degradation and constitutive
UNG?2 turnover are not specifically dependent on CUL4A or
CULA4B. UNG2 does not impact Vpr-mediated G, cell cycle arrest
(80, 81), and the role of UNG2 in HIV infection remains unclear.
Work from several laboratories showed that UNG2 has a positive
impact on HIV-1 (39, 82, 83). In contrast, some laboratories
found that UNG2 hinders HIV-1 (84, 85), whereas others found
UNG?2 to have no measurable impact on the virus (7, 86). Inter-
estingly, one work linked the requirement for UNG2 to coreceptor
usage (83). Despite the ambiguity surrounding the role of UNG2
in HIV infection, its connection with Vpr is well established. Vpr
assembles with UNG2 (87-89) (see Fig. 5), and the expression of
HIV-1 Vpr markedly reduces the levels of UNG2. HIV-1 Vpr-
mediated UNG2 depletion can occur through degradation via the
CRL4 complex (38, 40, 90) but is also impacted at the level of
transcription from its native promoter (81, 91). To focus exclu-
sively on CRL4-dependent Vpr-mediated degradation of UNG2,
we produced UNG?2 from a transfected plasmid under the control
of a cytomegalovirus immediate early (CMV-IE) promoter and
determined the contribution of CUL4A and CULA4B to its Vpr-
enhanced turnover. To test whether HIV-1 Vpr can boost CRL4-
mediated UNG2 degradation in the context of an infection,
we again used constitutive CUL4-specific shRNA-expressing
HEK293T cells. These cultures were transfected with the UNG2-
2HA expression vector 24 h prior to infection with HIV-1 or
HIV-1 lacking the capacity to express Vpr. Cells were harvested 48
h after infection, and whole-cell lysates were probed for UNG2-
2HA levels by Western blotting. UNG2-2HA was depleted in cells
infected with HIV-1 that can express Vpr but not in uninfected
cells or in cells infected with HIV-1 lacking Vpr. UNG2-2HA de-
pletion in the presence of HIV-1 Vpr occurred in both cells
depleted of CUL4A and cells depleted of CUL4B. In each CULA4-
specific sShRNA-expressing cell line, the coexpression of UNG2-
2HA with a dominant negative version of the abundant CUL4 type
(DNCUL4) prevented UNG2-2HA degradation in the presence of
Vpr (Fig. 4A). These CUL4 mutants lack carboxyl termini and
thus cannot be neddylated, engage ROC1, or, by extension, assem-
ble with the E2 ligase. The expressed amino-terminal portion of
both dominant negative CUL4 proteins engages DDB1 (42) and
therefore should compete with endogenous CUL4 for DDB1
binding (92). These data demonstrate that, like G, cell cycle arrest,
HIV-1 Vpr-mediated UNG2 degradation does not rely on a single
CULA4 species. Of note, coexpression of DNCULA4 led to increased
steady-state UNG2-2HA levels under all conditions, including in
uninfected cells. We have previously shown that UNG2 is nor-
mally turned over by the CRL4 complex in a DCAF1-dependent
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manner and that HIV-1 Vpr expression enhances this constitutive
turnover (38). The increase in steady-state levels of UNG2-2HA in
the presence of DNCUL4 was not sufficient to explain the ob-
served preservation from HIV-1 Vpr-mediated degradation, as no
decline in the overall levels of UNG2-2HA was observed when we
compared uninfected cells, infected cells, and cells infected with
virus lacking Vpr. The increase in steady-state UNG2-2HA levels
upon the expression of a dominant negative version of the abun-
dant CUL4 type suggests that constitutive UNG2 turnover by
CRL4 could be mediated by either CUL4A or CUL4B. To further
test this, we transfected HEK293T cells, transiently depleted of
CRL4 components by doxycycline-induced shRNA expression,
with the UNG2-2HA expression vector. Seventy-two hours after
transfection, the cells were harvested, and the levels of UNG2-
2HA were assessed by Western blotting. UNG2-2HA levels re-
mained consistent in HEK293T cells expressing nontargeting or
CUL4A- or CUL4B-specific shRNAs but increased in cells ex-
pressing shRNA against DCAF1 or DDBI (Fig. 4B). These data
indicate that constitutive turnover of UNG2 by CRL4 also does
not rely on a specific CUL4 type.

CUL4A and CULA4B are both coisolated with Vpr and Vpx.
HIV-1 Vpr and HIV-2/SIV Vpr and Vpx all act through the CRL4
ubiquitin ligase complex. CUL4A and CUL4B were interchange-
able for the HIV-1 Vpr and HIV-2/SIV Vpr phenotypes that we
tested. HIV-2/SIV Vpr and Vpx are structurally similar to HIV-1
Vpr but do not necessarily deplete the same targets. Specifically,
HIV-1 Vpr triggers UNG2 depletion; however, neither HIV-2/
SIV . ac230 VPr nor Vpx shares this phenotype. Conversely, HIV-
2/SIV .0230 Vpx mediates the depletion of SAMDH], but HIV-1
Vpr and HIV-2/SIV_. 30 Vpr do not (see Fig. 6A). These obser-
vations prompted us to ask whether differences between Vpr and
Vpx functions are linked to differential associations with CUL4A-
or CUL4B-containing CRL4 complexes.

To determine the composition of the CRL4 complexes that are
associated with Vpr and Vpx, we transfected HEK293T cells with
expression vectors encoding FLAG-epitope-tagged versions of
HIV-1 Vpr, SIV,.x30 VPI, o1 SIV, . 30 Vpx. Twenty-four hours
after transfection, the cells were lysed, and epitope-tagged proteins
were isolated with FLAG-specific antibody conjugated to agarose
beads. The antibody-bound proteins were eluted by competition
with FLAG peptide. The eluate was analyzed for endogenous CRL4
complex components by Western blotting with the corresponding
antisera. We isolated CRL4 complexes with all three viral proteins as
well as their respective cellular targets (Fig. 5).

Interestingly, lower levels of CRL4 complex components were
coisolated with Vpx, with the exception of CUL4B. This suggested
that CUL4B may be key for Vpx function. Input sample blots all
showed equivalent quantities of CUL4A and CUL4B, ruling out
the possibility that Vpx expression either boosts that of CUL4B or
hinders that of CUL4A. Thus, either Vpx-containing CRL4 com-
plexes have a greater affinity for CUL4B or they reside in compart-
ments where CUL4B is more abundant. This observation is con-
sistent with reports that SAMHDI is degraded in the nucleus,
where CUL4B has been reported to reside, and led us to hypoth-
esize that Vpx triggers SAMHD1 depletion more efficiently in cells
expressing CUL4B.

Vpx can initiate SAMHD1 depletion through either CUL4A-
or CUL4B-containing CRL4 complexes, but both CUL4 types
are required for maximal SAMHD]1 depletion in primary mac-
rophages. The coimmunoprecipitation results led us to ask
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FIG 4 HIV-1 Vpr-mediated UNG2 degradation and constitutive UNG2 turnover are not specifically dependent on CUL4A or CUL4B. (A) HEK293T cells that
stably express a control sShRNA were transfected with an expression vector for UNG2-2HA. HEK293T cells that stably express shRNA targeting CUL4A or CUL4B
mRNA were transfected with an expression vector for UNG2-2HA together with either an empty expression vector or one for an HA-tagged dominant negative
version of the abundant CUL4 type. Twenty-four hours after transfection, the cells were mock infected or infected with HIV-1 or HIV-1 lacking Vpr. Forty-eight
hours after infection, the cells were harvested and lysed. Cell lysates were resolved by SDS-PAGE and probed for CUL4A, CUL4B, tubulin, the HA epitope, HIV-1
p24, and HIV-1 Vpr by Western blotting using the corresponding antibodies. (B) HEK293T cells stably carrying doxycycline-inducible shRNA cassettes specific
for CRL4 components were induced to express their respective stRNAs for 5 days. CRL4-depleted HEK293T cells were then transfected with the UNG2-2HA
expression vector and harvested 72 h after transfection. Cell lysates were resolved by SDS-PAGE, and Western blots were probed for specific CRL4 components
and the HA epitope by using the corresponding antibodies. Densitometric measurements performed on the UNG2-2HA bands were normalized to the values of

the respective tubulin bands. The relative intensities of the UNG2-2HA bands were graphed based on the values obtained from the densitometric analysis.

whether CUL4A and CUL4B are interchangeable for Vpx-medi-
ated depletion of SAMHDI1. We again used stable, constitutive,
shRNA-expressing HEK293T cell lines. These cells were either
mock infected or infected with HIV-1 or HIV-2. Viruses lacking
the capacity to express Vpr or Vpx served as negative controls to
link these gene products with their respective protein depletion
phenotypes. Twenty-four hours after infection, cells were har-
vested, and the protein content of whole-cell lysates was evaluated
by Western blot analysis. Infection with HIV-2 encoding Vpx
caused a marked depletion of SAMHDI in cells that express both
CULA4 types, CUL4A alone, or CUL4B alone. Of note, the inter-
changeability of CUL4 types for HIV-1 Vpr-mediated UNG2 de-
pletion was recapitulated here, although we cannot rule out a pos-
sible transcriptional effect on endogenous UNG2 expression in
this experiment (Fig. 6A).

The requirement for CUL4A and CUL4B for Vpx-mediated
SAMHDI1 degradation was also tested in primary hMDMs. This
offered a number of important experimental differences. Unlike
HEK293T cells, these cells are nondividing, terminally differenti-
ated, primary cells that serve as HIV infection targets in vivo. Ad-
ditionally, although SAMHDI is expressed in HEK293T cells, it
does not have the potent anti-HIV effect that it does in macro-
phages (23, 93). Furthermore, because these cells are nondividing
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primary cells that are difficult to infect efficiently with retroviral
vectors, we targeted the mRNA of CUL4A, CUL4B, both CUL4A
and CUL4B, or DCAF1 with specific siRNAs (Fig. 6B). The cul-
tures were subsequently infected with HIV-2 at a high multiplicity
of infection (MOI = 10). Infection with HIV-2 carrying Vpx trig-
gered efficient depletion of endogenous SAMHDI1 in cells trans-
fected with nontargeting siRNA. Of note, the cultures were har-
vested <24 h after infection so that depletion would be due mostly
if not exclusively to Vpx carried in the virion rather than that
expressed from proviruses. Marked, albeit incomplete, SAMHD1
depletion was observed after siRNA-mediated removal of CUL4A
or CUL4B. The removal of CUL4A and CUL4B together, however,
substantially blocked the depletion of SAMHDI, resulting in a
phenotype similar to that observed after DCAF1 depletion (Fig.
6C). These results demonstrate that CUL4A and CUL4B are inter-
changeable for Vpx-mediated depletion of SAMHDI, but neither
CULA4 type alone was sufficient for complete SAMHDI1 depletion
in primary hMDMs.

Intracellular CUL4A and CUL4B distributions vary by cell
type. The interchangeability of CUL4A and CUL4B for Vpr and
Vpx phenotypes prompted us to examine the intracellular distri-
bution of CRL4 components. Cytoplasmic and nuclear fractions
were isolated and probed for CRL4 constituents. In HEK293T
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FIG 5 CUL4A and CUL4B are both coisolated with Vpr and Vpx. Cultures
of HEK293T cells were transfected with expression vectors for untagged
HIV-1 Vpr or FLAG-epitope-tagged HIV-1 Vpr, SIV Vpr, or SIV Vpx.
Twenty-four hours after transfection, the cells were lysed, and insoluble
debris was removed by centrifugation. Cleared lysates were incubated with
FLAG-specific-antibody-coated beads to isolate the epitope-tagged viral
proteins. The isolated viral proteins were subsequently eluted from the
beads by competition with FLAG peptide. Proteins present in the eluates
were resolved by SDS-PAGE and identified by Western blotting with spe-
cific antibodies. Preimmunoprecipitation (pre-IP) samples were derived
from the lysates prior to incubation with antibody-coated beads. Untagged
HIV-1 Vpr served as a control to ensure that the identified proteins were
isolated through interactions with tagged viral proteins rather than non-
specific interactions with the antibody-coated beads.

cells, CRL4 complex components, including CUL4B, were abun-
dant in the cytoplasm (Fig. 7A, left). However, HEK293T cells are
not natural targets of HIV infection. We thus determined whether
primary T cells exhibit a similar distribution of CRL4 compo-
nents. Primary human T cells displayed a CRL4 component dis-
tribution profile similar to that of HEK293T cells, with both
CUL4A and CUL4B being abundant in the cytosol (Fig. 7A, mid-
dle). Interestingly, the CUL4 detected in the nucleus consisted of a
single higher-molecular-weight band. This was true for both
CUL4A and -B. We have previously shown this higher-molecular-
weight band to be the neddylated form of CUL4 (91). Neddylation
is required to activate cullin ubiquitin ligases and is also necessary
for Vpr and Vpx functions through CRL4 (91, 94, 95). To test
whether the single, slower-migrating band detected in the nucleus
is indeed neddylated CUL4, we treated HEK293T cells with the
neddylation inhibitor MLN4924 before subcellular fractionation.
We subsequently probed for CUL4A or CUL4B and, as expected,
observed a shift of nuclear CUL4 in the MLN4924-treated cells to
a faster-migrating band (Fig. 7B). Thus, nuclear CUL4A and
CULA4B are predominately in the active form. In differentiated
primary hMDMs, the intracellular distribution of CUL4A and
CULA4B differed from that observed for HEK293T cells or primary
T cells. In hMDMs, the CUL4 types were more segregated. CUL4A
was mostly cytoplasmic, while CUL4B was mostly nuclear (Fig.
7A, right). In HEK293T cells, primary T cells, and primary
hMDMs, SAMHD1 was abundant in the cytoplasm. Nuclear
SAMHDI1 was most readily detected in hMDMs. Of note, UNG2
was not detectable in hMDMs by Western blotting. This is consis-
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tent with the terminally differentiated, noncycling nature of these
cells (Fig. 7C) (96, 97). These data indicate that, depending on the
cell type or proliferation status, the two CUL4 types are not nec-
essarily segregated into separate compartments.

DISCUSSION

The work presented here demonstrates that while CUL4A and
CUL4B have different biological roles, they are interchangeable
for HIV Vpr and Vpx functions. HIV-1 Vpr and HIV-2/SIV Vpr
can act in the absence of CUL4A or CUL4B, but not both, to
trigger G, cell cycle arrest. HIV-1 Vpr can utilize either CUL4 type
to mediate UNG2 degradation, and for HIV-2 Vpx, the two CUL4
types are interchangeable for SAMHDI1 degradation.

Since the initial observation that HIV-1 Vpr was coisolated
with CUL4A, the concept that Vpr and Vpx assemble with, and act
exclusively through, CUL4A-containing CRL4 complexes has
been propagated in numerous studies. Whether Vpr and Vpx act
through CUL4A- or CUL4B-containing CRL4 complexes has not
been investigated until now. In this work, we demonstrate that
Vpr or Vpx can utilize either CUL4A or CUL4B to promote CRL4-
dependent functions. These findings extend our understanding of
the relationship between the CRL4 complex and HIV and high-
light the importance of both CUL4 types in Vpr or Vpx function.

While CUL4A and CUL4B exhibit interchangeability for the
Vpr and Vpx functions studied here, they demonstrate unique
roles for a number of normal cellular functions. The small yet
distinct sequence differences between the two CUL4 types argue
against perfect functional redundancy. Indeed, the sequence sim-
ilarity of the two CULA4 proteins is not always sufficient for func-
tional redundancy, as highlighted by the distinct pathologies as-
sociated with CUL4A and CUL4B dysregulation. Whereas CUL4A
expression levels are notably elevated in several cancers (58—60)
and may impact spermatogenesis (52), CUL4B is critical for nor-
mal neuronal development (53-57).

CULA4B is structurally distinguished from CUL4A primarily by
an extended amino terminus containing a nuclear localization
signal (51). Differences between the subcellular distributions of
CUL4B and CUL4A may determine the specificity of their roles in
normal cellular biology. CUL4B could transit to the nucleus to
fulfill specific CUL4 requirements while CUL4A remains in the
cytosol to fulfill other functions. This may be especially important
in nondividing cells, like terminally differentiated macrophages.
While intracellular location could confer functional specificity,
the NLS of CUL4B constitutes a relatively small part of the ex-
tended amino terminus. Thus, it is also possible that CUL4B and
CUL4A exhibit different structural conformations that allow for
the engagement of unique sets of molecular partners. Finally,
while we have never seen the expression of only a single CUL4 type
in unmanipulated HEK293T cells, primary T cells, or primary
hMDMs, we cannot rule out that the two CUL4 forms are differ-
entially regulated in this manner in vivo, especially since they are
transcribed independently from different chromosomes.

The reported differences between CUL4A and CUL4B led us to
hypothesize that Vpr-mediated G, cell cycle arrest relies heavily, if
not exclusively, on NLS-containing CUL4B. This hypothesis was
based on work linking Vpr-triggered G, arrest to nuclear events.
In both HEK293T cells and primary T cells, we found both CUL4
forms to be abundant in the cytosol. Interestingly, both CUL4
types were also detected in the nucleus in a predominately neddy-
lated, and therefore presumably more active, form. We hypothe-
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FIG 6 Vpx can initiate SAMHD1 depletion through either CUL4A- or CUL4B-containing CRL4 complexes, but both CUL4 types are required for maximal
SAMHDI depletion in primary macrophages. (A) HEK293T cells that stably express a control shRNA or shRNAs specific for CUL4A or CUL4B mRNAs were
either mock infected or infected at equivalent MOIs with HIV-1, HIV-1 lacking Vpr, HIV-2, or HIV-2 lacking Vpr, Vpx, or both. Twenty-four hours after
infection, the cells were collected and lysed. Proteins from the whole-cell lysates were resolved by SDS-PAGE and identified by Western blotting using
protein-specific antibodies. (B) Cultures of primary human monocyte-derived macrophages (hMDMs) were either mock transfected or transfected with
nontargeting siRNA or siRNA specific for the mRNA of the CRL4 complex components indicated. Protein depletion was confirmed by Western blotting. (C, top)
Forty-eight hours after siRNA transfection, the cells were either mock infected or infected at a high MOI (MOI = 10) with HIV-2 or HIV-2 lacking Vpx. Less than
24 h after infection, the cells were harvested and lysed. Proteins from whole-cell lysates were resolved by SDS-PAGE and identified by Western blotting with
protein-specific antibodies. (Bottom) Densitometric measurements performed on the SAMHD1 bands were normalized to the values of the respective B-actin
bands. The relative intensities of the SAMHD1 bands were graphed based on the values obtained from the densitometric analysis. Data shown are representative

of a trend observed for samples from 3 different donors.

size that the nearly identical distribution patterns for CUL4A and
CULA4B are the reason for their functional interchangeability in
this scenario.

In addition to cell cycle arrestand UNG2 depletion, new HIV-1
Vpr phenotypes are being identified. HIV-1 Vpr induces NK cell
ligand expression on the surface of infected cells (98—100) as well
as the depletion of the endoribonuclease Dicer (101, 102). Both of
these phenotypes require the function of the CRL4 complex. Fu-
ture work investigating the role of CUL4A or CUL4B in these
phenotypes will shed additional light on these novel HIV-1 Vpr
functions.

The observation that Vpx-mediated SAMHD1 degradation
can proceed with CUL4A or CUL4B is particularly interesting
because of conflicting reports regarding the subcellular location of
SAMHDI1 degradation by Vpx. SAMHDI has a nuclear localiza-
tion signal at its amino terminus (68, 69, 103). Several laboratories
demonstrated that the removal of the NLS, by truncation or mu-
tagenesis, caused the accumulation of SAMHDI1 in the cytosol.
Importantly, cytoplasmic SAMHD1 was protected from Vpx-me-
diated degradation despite retaining the capacity to assemble with
Vpx (67-69). Furthermore, the steady-state level of NLS-deficient
SAMHD1 was found be higher than that of its wild-type counterpart
(68). These findings contributed to conclusions that SAMHD1
degradation occurs in the nucleus. Other work led to the conclu-
sion that Vpx brings SAMHDI from the nucleus into the cytosol
to promote its destruction (104). This inference was made because

June 2014 Volume 88 Number 12

treatment of cells with leptomycin B, an inhibitor of nuclear ex-
port, reduced Vpx-mediated SAMHDI1 degradation. The demon-
stration that a Vpx allele that cannot enter the nucleus still pro-
moted SAMHDI degradation further supported a model in which
SAMHDI is degraded in the cytosol (69, 104). Our work identified
CULA4B as the predominant CUL4 type in primary macrophage
nuclei. Thus, if SAMHD1 degradation was exclusive to the nu-
cleus, CUL4B depletion should have had the greatest impact on
the levels of SAMHDI in the presence of Vpx. This was not the
case. In primary hMDMs, the depletion of neither CUL4A nor
CULA4B alone was sufficient to maximally block SAMHD1 degra-
dation by Vpx. Only when both CUL4A and CUL4B were simul-
taneously depleted was Vpx-mediated SAMHDI1 degradation
maximally blocked. Furthermore, in hMDMs, SAMDHI was
readily detected in both the cytoplasm and the nucleus. For pri-
mary hMDMs, the pattern of SAMHD1 depletion by Vpx (Fig.
6C) and the intracellular distribution of CUL4A, CUL4B, and
SAMHDI (Fig. 7A) complement each other well. Indeed, CUL4A
or CUL4B depletion alone only partially rescued SAMHDI1 from
Vpx-mediated depletion. Given these data, we propose a model in
which packaged Vpx utilizes CUL4A in the cytoplasm to enable
SAMHDI1 degradation there and utilizes CUL4B in the nucleus to
enable nuclear SAMHD1 degradation. In this scenario, CUL4A
and CULA4B are not fully exchangeable due to their differences in
subcellular distribution. Future work validating this model may
also help to resolve the discrepancies with regard to SAMHD1
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FIG 7 Intracellular CUL4A and CUL4B distributions can vary by cell type. (A) Cultures of HEK293T cells, primary T cells, and primary hMDM:s were separated
into cytosolic and nuclear fractions by cell membrane lysis and centrifugation of nuclei through a sucrose cushion. Proteins present in the cytosolic or nuclear
fraction were resolved by SDS-PAGE and identified by Western blotting using antibodies with the indicated specificities. Tubulin and histone signals were used
to confirm the purity of cytosolic and nuclear fractions, respectively, and sample loading was normalized to the signal from whole-cell lysates to ensure an equal
representation of cytoplasmic and nuclear lysates. (B) HEK293T cells were pretreated with 1 uM the neddylation inhibitor MLN4924 for 24 h before the cells were
harvested and cytosolic and nuclear fractions were isolated. Proteins from cellular fractions were resolved by SDS-PAGE and identified by Western blotting
probing for CUL4A, CUL4B, tubulin, and histone. (C) Proteins from the whole-cell lysates of primary T cells and primary hMDMs were resolved by SDS-PAGE,
and the levels of tubulin and endogenous UNG2 were assessed by Western blotting. Data shown are representative of a trend observed for 2 different donors.

depletion. Regardless of where SAMHD1 depletion occurs, the
data presented in this work demonstrate that either CUL4 type can
enable Vpx-mediated SAMHD1 degradation.

Interestingly, we did not observe SAMHDI1 to be exclusively
nuclear, as reported in a number of studies relying on immuno-
fluorescence. Our observations are most consistent with those of
Baldauf et al., who used both 3-dimensional imaging and subcel-
lular fractionation of resting and activated T cells and of macro-
phages to show that SAMHDI can be found in both the nucleus
and cytoplasm (105). Of course, it is also possible that the intra-
cellular distribution of SAMHDI1 varies among cell types and with
proliferation status.

Finally, our coimmunoprecipitation experiments showed that
CUL4A and CUL4B associate with Vpr and Vpx at different levels.
Although both CUL4 types were readily detected after immuno-
precipitation of Vpr or Vpx, CUL4A was the predominant species
coisolated with Vpr, while more CUL4B was coisolated with Vpx.
This difference was surprising because it was not reflected in the
CRL4-dependent Vpr and Vpx phenotypes tested here. Interest-
ingly, despite the efficient coisolation of CUL4B, Vpx was coiso-
lated with DCAF1 and DDBI less efficiently than Vpr. DCAFI is
required for Vprand Vpxactions through CRL4; however, it is not
clear whether all Vpx functions require DCAF1 (106, 107). Spe-
cifically, Vpx rescues HIV-1 from an interferon-induced state us-
ing a mechanism that is independent of both DCAF1 and dNTP
concentrations. It is not known whether the rest of the CRL4 com-
plex is important for this Vpx function. It is also possible that
CUL4A and CULA4B have different affinities for, or opportunities
to interact with, DDB1. In work to identify cellular partners for
cullin proteins, Bennett and colleagues found that proportionally
more DDBI1 copurified with CUL4A than with CUL4B (108). That
work also showed that both CULA4 types associate with numerous
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WD domain-containing adaptors that could potentially associate
with Vpr or Vpx to enable DCAF1-independent access to CRL4.
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