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Fig. 6. SCYL2 promotes PP2A-mediated dephosphorylation of Vpu. (A)
SCYL2 immunoprecipitates have phosphatase activity toward Ser®® and
Ser® on Vpu. HEK 293T cells expressing HA-SCYL2 were lysed and
subjected to immunoprecipitation with an anti-HA antibody in buffer
containing dimethyl sulfoxide (DMSO) or 10 nM OA. The immunoprecipi-
tates were incubated with either pVpu peptide (white bar) or the nonphos-
phorylated equivalent (black bar). After 8 hours, the amounts of released
phosphates in the reaction mixture were measured. n.s., not significant;
*P = 0.0410; n = 3 experiments. (B) OA inhibits the SCYL2-mediated de-
phosphorylation of Vpu. HEK 293T cells were transfected with plasmids
expressing Vpu-HA and SCYL2 at a molar ratio of 1:5 or 1:10. Cells were
treated with DMSO or 10 nM OA for 18 hours before being harvested.
Forty-eight hours after transfection, cell lysates were subjected to Western
blotting with the indicated antibedies. (C) OA blocks SCYL2-mediated
restriction of viral release. Hel.a cells were cotransfected with pNL4-3
(100 ng) with or without plasmid encoding SCYL.2. Cells were then treated
with DMSO control or 10 nM OA for 18 hours before being harvested. Forty-
eight hours after transfection, culture supernatants were subjected to p24
ELISA. n.s., not significant; **P = 0.0039; n = 3 experiments. (D) SCYL2 in-
teracts with the scaffold A subunit of PP2A (PP2A/A). HEK 293T cells were

SCYL2 |l

transfected with expression plasmids for the indicated proteins. Cell ly-
sates were immunoprecipitated with an anti-Myc antibody, and bound
proteins were visualized by Western blotting. (E) SCYL2 enhances the
interaction between Vpu and PP2A/A. HEK 293T cells were transfected
with vectors encoding the indicated proteins. Cell lysates were immuno-
precipitated with anti-HA or anti-FLAG antibodies, and bound proteins
were visualized by Western blotting analysis. (F) Vpu interacts with en-
dogenous SCYL2 and PP2A. HEK 293T cells were transfected with vectors
encoding the indicated proteins. Cell lysates were immunoprecipitated with
anti-FLAG antibody, and bound proteins were visualized by Western
blotting analysis. (G) Depletion of PP2A/A inhibits SCYL2-mediated de-
phosphorylation of Vpu. HEK 293T cells were treated with either control
(siCtrl) or PP2A/A-specific siRNA (siPP2A/A) for 24 hours before being
transfected with plasmids expressing Vpu-HA and SCYL2 at molar ratios
of 1:5 and 1:10. Forty-eight hours after transfection, cell lysates were sub-
jected to Western blotting with antibodies against the indicated proteins.
(H) Immunofluorescence analysis of Hela cells transiently coexpressing
Vpu-GFP (green), FLAG-PP2A/A (red), and either HA-SCYL2 (blue) or emp-
ty vector. Scale bar, 10 um. Data shown in (B) and (D) to (H) are represent-
ative of three experiments.
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Fig. 7. SCYL2 mediates the type | IFN-induced antiviral response. (A) Type | IFN increases the abundance of
SCYL2. Western blotting analysis (top) and RT-PCR analysis (bottom) of the indicated cells treated with IFN-a
or IFN-B (1000 U/ml) for 6 hours before harvesting. Representative data from three experiments are shown. (B)
The SCYL2 promoter is transactivated by IFN-B. Hel.a cells were cotransfected with the pGL4-luc vector en-
coding SCYL2 promoter (-3300-luc) together with pGLA-TK-Rluc as a transfection control. Forty-eight hours
after transfection, cells were treated with [FN-B (1000 U/ml) for 6 hours and cell lysates were subjected to a
luciferase reporter assay. The fold induction in IFN-treated cells was determined. **P = 0.0036; n = 3
experiments. (C) IFN-B induces Vpu dephosphorylation in infected T cells. The indicated cells were infected
with VSVG-pseudotyped HIV-1y.4. 3 [at @ multiplicity of infection (MOI) of 0.2] and treated with IFN-B (1000 U/m)
for 8 hours before being harvested. Cell lysates were subjected to Western blotting with antibodies against the
indicated proteins. Data are representative of three experiments. (D to F) SCYL2 depletion partially blocks the
antiviral effect of IFN-B. (D and E) Hela cells or (F) BST2-knockdown Hel a cells were treated with either control
or SCYL2-specific siRNA for 24 hours before being infected with (D and F) VSVG-pseudotyped HIV-1y 4.5 OF
(E) its Vpu-deficient derivative at an MOI of 0.01. Forty-eight hours after infection, the cells were washed and
treated with IFN-B (0, 500, or 1000 U/ml) for 8 hours. Culture supernatants and cell lysates were subjected to
p24 ELISA. n.s., not significant, **P = 0.0079 for (D); **P = 0.0012 and ***P = 0.0007 for (E); n = 3 experiments.
(G) A model depicting the proposed signaling cascade in type | IFN-mediated viral release restriction. Type |
IFN induces the production of both BST2 and SCYL2 in infected cells. SCYL2 binds to Vpu, recruits PP2A, and
inhibits the anti-BST2 activity of Vpu, thereby facilitating the BST2-mediated restriction of viral release.

these observations indicated that SCYL2 is itself IFN-inducible, and that by
antagonizing Vpu function and consequently facilitating BST2-mediated re-
striction, SCYL2 stimulates the anti-HIV activity of type I IFN (Fig. 7G).

DISCUSSION

Here, we demonstrated that SCYL2 is an
IFN-inducible gene that regulates the phos-
phorylation of HIV-1 Vpu by recruiting
PP2A to the viral protein, thereby inhibiting
Vpu function and enhancing the antiviral ac-
tivity of BST2 in HIV-1-infected cells. SCYL2
was originally identified as a poly-L-lysine—
stimulated kinase that phosphorylates the
2 subunit of the adaptor protein AP-2 (50).
Although the idea of whether SCYL2 has
kinase activity is still controversial (52), a
subsequent study suggested that SCYL2 is
a multifunctional protein involved in mem-
brane trafficking between the frans-Golgi
and endosomes (57). Other studies have re-
ported a role for SCYL2 in the clathrin-
mediated sorting of t-SNARE (target-soluble
N-ethylmaleimide~sensitive factor attach-
ment protein receptor) proteins (52) and in
the Wnt signaling pathway (59). Here, we
reveal an additional role for SCYL2 as an
inhibitor of viral release in HIV-1-infected
cells through its inhibition of the phospho-
rylation of Vpu.

A study predicted the existence of at
least 4000 as yet unidentified phosphoryl-
ation sites on hundreds of viral proteins (60).
Indeed, the phosphorylation of viral proteins
is one of the most important processes for
efficient viral replication and pathogenesis
(61). Previous biochemical analyses have re-
ported that the phosphorylation of Vpu on
key serine residues (Ser’” and Ser®) is cat-
alyzed by CKII (29-37). Because CKIl is a
ubiquitously expressed serine and threonine
(Ser/Thr) kinase (62), the Ser’* and Ser*®
phospho-acceptor sites are likely to be con-
stitutively phosphorylated in infected cells,
suggesting that dephosphorylation could
be a key step for exerting control over Vpu
fimction. However, the sequence requirements
of major cellular phosphatases are less spe-
cific than those of protein kinases (63), and
additional cofactors are likely needed for
phosphatases to target a specific substrate.
Indeed, many transporter or adaptor pro-
teins interact with subunits of phosphatases
to promote substrate recognition by these
dephosphorylating enzymes (64).

Although the phosphorylation of Vpu is
required for optimal anti-BST2 activity, the
precise molecular mechanism by which the
phosphorylation status of Vpu is controlled
has been elusive. The association of SCYL2
with both Vpu and PP2A suggests a pre-

viously unrecognized mechanism through which the activity of Vpu is
regulated by SCYL2-mediated recruitment of PP2A and dephospho-
rylation. Our data suggest that SCYL2 induces the dephosphorylation
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of Vpu, abrogating Vpu function and consequently inhibiting viral particle
release through BST2. Our model of the SCYL2-PP2A-Vpu virus-host
interaction is reminiscent of previously described interactions among
cellular proteins; for example, cyclin G recruits PP2A to Mdm?2 in a similar
manner to facilitate the dephosphorylation and functional modification
of Mdm2 (65).

Our model, however, does not directly address the original role of SCYL2
as a component of clathrin-coated vesicles. Although the role of clathrin dur-
ing Vpu-induced BST2 inactivation is still uncertain, substantial data suggest
that a clathrin-dependent pathway contributes to the antagonism of BST2
by Vpu (19, 24, 66, 67). On the basis of our present findings that clathrin
is required for SCYL2 function with respect to Vpu, SCYL2 could conceiv-
ably inhibit Vpu by modulating clathrin-mediated membrane trafficking.
Of note in this regard, several studies have proposed that Vpu counteracts
BST?2 at least partly through a B-TrCP-independent (phosphorylation-
independent) pathway (54, 55). Indeed, we observed that SCYL2 inter-
acted with a nonphosphorylated mutant of Vpu, as well as with wild-type
Vpu, implying that SCYL2 might interfere with the anti-BST2 activity of
Vpu irrespective of the phosphorylation status of Vpu. However, the phos-
phatase inhibitor OA almost completely abrogated the activity of SCYL2.
Moreover, SCYL2 did not affect the virion release of an HIV-1 derivative
encoding a nonphosphorylatable form of Vpu. Together, these results sug-
gest that the function of SCYL2 as a Vpu inhibitor is likely dependent on
the phosphorylation of the Vpu residues Ser>> and Ser” 6,

Our data indicate that human SCYL2 has no obvious efficacy against
ancestral Vpu, which suggests that the SCYL2-Vpu interaction might have
appeared during the evolution of primate lentiviruses. However, whether
SCYL2 from GSN monkeys might interfere with SIVggy Vpu and whether
primate SCYL2 has evolved to gain an antagonistic interaction with HIV-1
Vpu are currently unresolved questions. How can the acquisition of SCYL2-
binding activity by HIV-1 Vpu be reconciled with the seemingly inhibitory
function of SCYL2 on HIV-1 release? One possibility is that the SCYL2-
Vpu interaction is associated with an unrecognized benefit in some aspect
of the viral life cycle. For example, SCYL2 might increase the stability of
Vpu through dephosphorylation. Indeed, a previous report suggested that
nonphosphorylated Vpu is more stable than wild-type Vpu (68). Another
possibility is that the cycle of phosphorylation and dephosphorylation is
important for Vpu activity. Nonetheless, our observation that overexpres-
sion of SCYL2 inhibits the antagonism of BST2 by Vpu, whereas deple-
tion of endogenous SCYL2 has the opposite effect, suggests that, at least
with regard to this function, SCYL2 behaves as an inhibitor rather than a
cofactor of Vpu.

In addition to BST2, several factors induced by type I IFN contribute
to viral restriction during the late stages of virus assembly and release. For
example, the ubiquitin-like protein ISG15 specifically inhibits the ubiqui-
tination of Gag and its association with Tsg101, resulting in the restriction
of HIV-1 budding (40). A tripartite motif (TRIM) protein, TRIM22, is
another ISG that blocks HIV-1 assembly by disrupting the proper traffick-
ing of Gag to the plasma membrane (4/). These restrictions are Vpu-
independent mechanisms because these factors either interact with Gag
or modulate its function. Our data demonstrate that type I IFN can also
trigger the dephosphorylation of Vpu through SCYL2 and thereby facil-
itate BST2-mediated viral restriction even in the presence of Vpu, im-
plying a regulatory role for SCYL2 among the array of IFN-mediated
antiviral host measures. In conclusion, our current study provides evi-
dence that the IFN-mediated antiviral response targets the posttranslational
modification of Vpu and contributes to the inhibition of HIV-1 release from
infected cells. The molecular machinery underlying the posttranslational
modification of Vpu may thus be an aftractive therapeutic target for the
treatment of HIV infection.

MATERIALS AND METHODS

In vitro protein production

A total of 412 complementary DNAs (cDNAs) encoding human protein ki~
nases were constructed as described previously (69). The protein production
method has been described previously (42, 70, 71). Briefly, DNA templates
containing a biotin-ligating sequence were amplified by split-PCR with
¢DNAs and corresponding primers and then used with the GenDecoder pro-
tein production system (CellFree Science). For synthesis of HIV-1 Vpu pro-
tein, vpu genes derived from the pNLA-3 proviral plasmid (72) were generated
by split-PCR and used as templates with the Wheat Germ Expression Kit
(CellFree Science) in accordance with the manufacturer’s instructions.

AlphaScreen-based protein-protein interaction assays
FLAG-tagged Vpu proteins were mixed with biotinylated kinases in 15 pl
of reaction buffer [20 mM tris (pH 7.6), 5 mM MgCl,, 1 mM dithiothreitol]
in a well of 384-well optiplates (PerkinElmer) and incubated at 26°C for
1 hour. The mixture was then added to AlphaScreen buffer containing anti~
immunoglobulin G (protein A) acceptor beads and streptavidin-coated donor
beads (0.1 pl each; PerkinElmer) and the anti-FLAG M2 antibody (5 pg/ml;
Sigma) and further incubated at 26°C. One hour later, AlphaScreen signals
from the mixture were detected with an EnVision device (PerkinElmer) with
the AlphaScreen signal detection program.

Cells and transfections

HEK 293T, HeLa, LLC-MK?2, Jurkat, and H9 cells were cultured under stan-
dard conditions. Plasmid or siRNA transfection into adherent cells was per-
formed with the Effectene or Hiperfectamine transfection reagent (Qiagen),
respectively, in accordance with the manufacturer’s instructions. Transfection
of suspension cells with plasmids was performed with the Neon Transfection
System (Invitrogen) according to the manufacturer’s protocol.

Plasmids and viruses

Human SCYL2 (GenBank accession no. BC063798) full-length sequences
(1 to 929 amino acid residues) and deletion inserts (1 to 375, 1 to 697, and
376 to 929 amino acids) were amplified from pCMV6-XILA-SCYL2 (Origene)
with primer pairs containing restriction enzyme sites and a stop codon. These
inserts were subcloned into pPCMV-HA/pCMV-Myc vector (Clontech). Al-
ternatively, on the basis of bioinformatic predictions, the 3.3-kb fragment
upstream of the SCYL2-encoding gene was amplified from HEK 293T

¢DNA and subcloned into the pGLA4.10 firefly luciferase reporter vector

(Promega). A human codon-optimized HIV-1 Vpu expression vector (73)
and a Vpu-deleted HIV-1 molecular clone (74) were provided by K. Strebel
[National Institutes of Health (NIH), Bethesda, MD]. The Vpu(S52,56A)
mutants were constructed with standard molecular cloning procedures.
The construct encoding KSHV-KS5 (75) was provided by P. Cannon (Uni-
versity of Southern California, Los Angeles, CA). The plasmids expressing
PP2A/A and PP2A (76) were provided by A. Yamashita (Yokohama City
University, Kanagawa, Japan). The VSVG-pseudotyped virus stocks were
produced by transient transfection of HEK 293T cells with the pNLA4-3
proviral clone and vectors expressing VSVG at a molar ratio of 3:1. After
48 hours, the culture supernatants containing virus were collected, filtered
through a 0.45-um Millex-HV filter (Millipore), and immediately stored at
—80°C until required.

siRNA, IFN treatments, and RT-PCR

An array of siRNAs targeting the genes shown in Fig, 1D, as well as BST2,
CHC, and PP2A/A, was obtained from Qiagen and used as a mixture of three
different targeting sequences. In experiments involving SCYL2 knockdown,
we used at least two SCYL2-specific Stealth RNAi constructs (oligo ID
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HSS124796 and HSS183194, Invitrogen) to avoid off-target effects. Stealth
RNAI Luciferase Reporter Control (Invitrogen) was used as the negative con-
trol. For detection of SCYL2 mRNA in IFN-treated cells, total RNA was
extracted with the RNeasy Mini Kit (Qiagen) from cells treated with or with-
out recombinant human IFN-a (1000 U/ml; Sigma) or IFN-B (1000 U/ml;
PBL Biomedical Laboratories) for 6 hours before harvesting. The cDNA was
generated with ReverTra Ace (Toyobo) and an oligo(dT),o primer, and
then PCR was performed with Ex Taq (Takara Bio). The PCR primers used
were as follows: SCYL2, 5'-gggaatcagcaaattgacaaagttt-3/ (forward) and 5'-
agtccttagtctgtttaacagtage-3’ (reverse); ACTB, 5'-ggacttcgagcaagagatgg-3’
(forward) and 5'-agcactgtgttggegtacag-3’ (reverse).

Single-cycle virus release assays

For transfection-based assays, cells in 12-well plates were cotransfected with
PNLA4-3 or pNL4-3AVpu (100 ng) and either an SCYL.2 expression vector or
an empty vector (0, 50, and 100 ng) and cultured for 2 days. For infection-based
assays, cells were infected with the VSVG-pseudotyped HIV-1 at an MOI of
0.01 or 0.2 for 8 hours and cultured for 2 days (HeLa cells) or 4 days (H9 cells).
In experiments with siRNA, cells were transfected with a pool of sSiRNAs
24 hours before being either transfected with pNLA-3 or infected with virus.
Virus-containing supernatants were harvested and filtered to remove debris,
and viral p24 antigens were measured with an ELISA kit (Zepto Metrix). The
cell lysates were prepared with HBST buffer [10 mM Hepes (pH 7.4), 150 mM
NaCl, 0.5% Triton X-100] containing protease inhibitor cocktail (Roche). West-
e blotting analysis and the antibodies used have been described previously
(77). In some experiments, OA (Calbiochem) was added 18 hours before
harvesting, In experiments with IFN-B, virus-producing cells were washed twice
with phosphate-buffered saline (PBS) and treated with IFN-§ for 8 hours before
being harvested. The culture supernatants and cell lysates were subjected to p24
ELISA measurement or Western blotting analysis, as described earlier.

Flow cyiometry

Cells in 12-well plates were transfected with vectors encoding Vpu (100 ng),
green fluorescent protein (GFP) (100 ng), and either HA-SCYL2 or empty
plasmid (0, 1, and 2 pg). Alternatively, vector encoding KSHV-K5 was
used instead of vector encoding Vpu. Eighteen hours later, cells were har-
vested in PBS containing 5 mM EDTA and washed with PBS containing
1% bovine serum albumin (BSA). The cells were blocked with 10% normal
goat serum and then stained with an anti-BST2 antibody (a gift from Chugai
Pharmaceutical Co.) and a phycoerythrin (PE)-conjugated secondary an-
tibody (Beckman Coulter) or a PE/Cy7-conjugated anti-CD4 antibody
(BioLegend). All samples were fixed with 4% paraformaldehyde and ana-
Iyzed with a FACSCanto II instrument (BD Biosciences) and FlowJo soft-
ware (Treestar) gated for the GFP-positive fraction.

Detection of pVpu

For phosphate-affinity (Phos-tag) gel analysis, cells in 12-well plates were
transfected with vectors encoding either wild-type Vpu or the Vpu(S52,56A)
mutant (100 ng) together with plasmid encoding SCYL2 (at 0, 500, or 1000 ng).
Two days later, cell lysates were loaded onto an 8% polyacrylamide gel
containing 50 pM MnCl, and 25 pM Phos-tag acrylamide (Wako). After
electrophoresis, gels were soaked in a general transfer buffer with 1 mM
EDTA for 10 min to eliminate Mn®" ions and then subjected to Westem blot-
ting analysis with anti-Vpu antibody (a gift from K. Strebel). A phospho-
specific polyclonal antibody against Vpu phosphorylated at Ser” and Ser™®
was produced and purified by Scrum Inc.

Microscopy
One day before transfection, cells were seeded onto glass-bottomed dishes
(Matsunami). At 48 hours after transfection, the cells were fixed and stained

as described previously (77). Microscopic imaging was performed with an
FV1000-D confocal laser scanning microscope (Olympus) equipped with a
60x oil-immersion objective.

In vitro and in vivo binding assays

For in vitro GST pull-down assays, biotinylated SCYL2 was incubated
with either GST-Vpu or GST—dihydrofolate reductase (DHFR) at 26°C
for 2 hours before being co-incubated with glutathione-Sepharose beads
(GE Healthcare) at 4°C for 3 hours. The beads were then washed three times,
and bound proteins were analyzed by Western blotting with streptavidin—
horseradish peroxidase (HRP) conjugate (GE Healthcare). For immunopre-
cipitation analysis, cells expressing epitope-tagged proteins were lysed with
HBST buffer containing protease inhibitor cocktail (Roche). Cell lysates
were immunoprecipitated with EZview Red Affinity Gel (Sigma), and bound
proteins were analyzed by Western blotting.

Quantitative phosphatase assays

Phosphorylated or unphosphorylated Vpu peptides including Ser** and
Ser® (AEDS5,GNESscEGE) were chemically synthesized by Scrum Inc.
Cells in six-well plates were transfected with pCMV-HA-SCYL2. Two days
later, cell lysates were prepared with HBST buffer containing protease in-
hibitor cocktail alone or with 10 nM OA. Cell lysates were immunoprecipi-
tated with an anti-HA antibody and incubated with 10 ul of 1 mM of either
phosphorylated or unphosphorylated Vpu peptide in 50 pl of reaction buffer
[50 mM imidazole (pH 7.2), 200 pM EGTA, 0.25% B-mercaptoethanol,
BSA (0.1 mg/ml)] at 37°C for 8 hours. To stop the reactions, 50 pl of
20 mM ammonium molybdate was added to the mixture. The amounts
of free phosphate ion were measured by absorbance at 630 nm. Standard
curves were obtained with a Ser/Thr phosphatase assay kit (Promega)
according to the manufacturer’s instructions.

Luciferase reporter assays

Cells in 24-well plates were transfected with the pGL4-based luciferase reporter
plasmid and with pGL4-TK-Rluc (Promega) as a transfection control. Two
days later, cells were treated with IFN-B (1000 U/ml) for 8 hours before being
harvested. Luciferase activity was determined with a Dual-Luciferase Re-
porter assay system (Promega) and normalized to Renilla luciferase activity.

Statistical analysis

All graphs present the means and SDs. Statistical significance of differences
between two groups was tested by two-tailed unpaired ¢ test with Prism 6
software (GraphPad). In cases where multiple comparisons within an exper-
iment were made, one-way analysis of variance (ANOVA) was used. A P
value of <0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/5/245/ra73/DC1

Fig. S1. Schematic representation of the initial screening method.

Fig. S2. The CKIl inhibitor DRB phenocopies the effect of increased SCYL.2 abundance.
Fig. 83. SCYL2 fails to inhibit SIVgsy Vpu~induced counteraction of BST2.

Fig. S4. SCYL2 inhibits Vpu function through a phosphorylation-dependent mechanism.
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Both human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) encode
a unique set of accessory proteins that enhance viral replication in the host. Two similar
accessory proteins, Vpx and Vpr, are encoded by HIV-2. In contrast, HIV-1 encodes Vpr but
not Vpx. Recent studies have indicated that Vpx counteracts a particular host restriction
factor, thereby facilitating reverse transcription in myeloid cells such as monocyte-derived
macrophages and monocyte-derived dendritic cells. This mechanism of counteraction is
similar to that of the accessory proteins Vif and Vpu which antagonize other host fac-
tors. In 2011, the protein SAMHD1 was identified as the restriction factor counteracted by
Vpx. Studies have since revealed that SAMHD1 degrades deoxynucleoside triphosphates
(dNTPs), which are components of viral genomic cDNA, in order to deprive viruses of
dNTPs. Although interactions between SAMHD1 and Vpx continue to be a major research
focus, Vpx has also been shown to have an apparent ability to enhance nuclear import of the
viral genome in T lymphocytes. This review summarizes the current knowledge regarding
SAMHD1-dependent and -independent functions of Vpx, and discusses possible reasons

why HIV-2 encodes both Vpx and Vpr, unlike HIV-1.

Keywords: Vpx, HIV-2, SIV, SAMHD1, reverse transcription, dNTP, nuclear import, Vpr

INTRODUCTION

Human and simian immunodeficiency viruses (HIV/SIVs) carry
a unique set of accessory proteins, Vif, Vpx, Vpr, Vpu, and Nef,
which enhance viral replication in the host. Of these accessory
proteins, Vpx is unique to HIV-2-type viruses, defined in this
paper as the HIV/SIVs carrying both Vpr and Vpx, such as HIV-2,
SIVsmm (Sooty mangabey), and SIVmac (Rhesus monkey) (Fujita
etal,, 2010). Vpr and Vpx are small proteins of approximately 100
amino acids and similar sequence (approximately 20-25% simi-
larity). Both Vpr and Vpx are predicted to have a similar structure
consisting of three major helices (Khamsri et al., 2006). In con-
trast, while HIV-1 carries Vpr, it does not carry Vpx. The answer to
the question why HIV-2 viruses encode these two similar proteins
while HIV-1 carries only one remains elusive, and must await the
determination of their functional details.

Extensive research over the past decade has revealed that
lentiviruses carry genes for accessory proteins that overcome host
antiviral factors. The first such accessory protein identified was Vif,
which inactivates APOBECS3 proteins, cellular cytidine deaminases
that restrict the replication of retroviruses by hypermutating viral
c¢DNA and/or inhibiting reverse transcription (Sheehy et al., 2002;
Goila-Gaur and Strebel, 2008; Kitamura et al., 2011). Vif reduces
the amount of APOBEC3 through proteasome-mediated degrada-
tion and other degradation-independent mechanisms. The second
major finding in this area was that the viral protein Vpu coun-
teracts host BST-2/tetherin, which normally blocks the release of
virions by directly tethering viral particles to the membranes of
infected cells (Neil et al,, 2008; Van Damme et al,, 2008; Arias et al.,

2011). The mechanism through which Vpu antagonizes the func-
tion of BST-2/tetherin may be proteasome/lysosome degradation
or relocalization from the cell surface.

Recently, it was reported that the viral accessory protein
Vpx inhibits the host restriction factor SAMHDI in monocyte-
derived macrophages (MDMs) and monocyte-derived dendritic
cells (MDDCs) (Hrecka et al,, 2011; Laguette et al.,, 2011), stim-
ulating interest in SAMHDI1 and Vpx. In addition to inhibiting
SAMHD]1 in MDMs and MDDCs, Vpx is also capable of enhanc-
ing viral replication in T lymphocytes (Guyader et al., 1989; Kappes
et al, 1991; Yu et al,, 19915 Akari et al,, 1992; Gibbs et al., 1994;
Kawamura et al., 1994; Tokunaga et al., 1997; Ueno et al., 2003;
Doi et al., 2011). In this review, we summarize current research
into SAMHDI1-dependent and -independent functions of Vpx and
discuss the virological significance of this protein.

SAMHD1-DEPENDENT FUNCTIONS OF Vpx

Several studies have shown that while wild-type HIV-2-type
viruses grow well in MDMs, growth of these Vpx-deletion mutants
is completely suppressed, demonstrating that Vpx is essential for
viral replication in MDMs (Ueno et al,, 2003; Pujita et al., 2008a).
It is known that Vpx is packaged in virions and functions in the
target cell. Independent work in our laboratory and that of another
group revealed that Vpx is critical for reverse transcription of
the viral RNA genome in MDMs (Fujita et al., 2008a; Srivastava
et al., 2008), correcting the long-held misconception that Vpx con-
tributes to nuclear import of the viral genome but does not play
a role in reverse transcription. Furthermore, Vpx was shown to
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induce proteasome-degradation of an unknown restriction fac-
tor to facilitate reverse transcription of the viral genome. It was
demonstrated that degradation of the unknown factor involves
formation of a Cul4-DDB1-DCAF1 E3 ligase complex (Sharova
et al., 2008; Bergamaschi et al, 2009; Kaushik et al,, 2009). Con-
siderable effort was subsequently directed toward identification of
the unknown factor, and in 2011 SAMHDI1 was identified as the
MDM host factor from co-immunoprecipitation studies of Vpx
expressed in THP-1 cells and in 293T cells (Frecka et al., 2011;
Laguette et al,, 2011). SAMHDI1 has a tandem sterile alpha motif
(SAM) and HD domain with potential phosphohydrolase activ-
ity. The SAMHDI1 protein was initially identified from MDDCs
as a homolog of mouse interferon-y-induced protein (Li et al.,
2000), and is upregulated in response to viral infection (Prehaud
et al., 2005; Hurtman et al,, 2007; Zhao et al., 2008). Furthermore,
SAMHDI s believed to be involved in regulating cellular intrinsic
antiviral responses (Rice et al,, 2009).

The identification of SAMHDI as a target of Vpx was not
sufficient to explain all the related phenomena, suggesting the
involvement of another factor (FHrecka et al,, 2011; Planelles, 2011).
However, based on reports indicating that SAMHD1 is a deoxynu-
cleoside trlphosphate (ANTP) triphosphohydrolase (Goldstone
etal, 2011; Powell et al., 2011), it was hypothesized that SAMHD1
degrades dNTPs (Wthh are small molecule components of viral
genomic ¢cDNA) in order to deprive viruses of dNTPs by keep-
ing their concentration low. Lahouassa et al. (2012) recently
demonstrated the validity of this hypothesis (Figures 1 and 2).
Thus, the additional factor targeted by Vpx appears to be dNTPs.
Although dNTPs are utilized for reverse transcription in the
cytosol, they are small enough to freely diffuse through nuclear
pores in and out of the nucleus. Since SAMHDI is a nuclear
protein (Rice et al,, 2009), it is most likely that the concentra-
tion of ANTPs in the cytosol is controlled by SAMHDI in the
nucleus. In fact, it was suggested that Vpx-mediated degradation
of SAMHDI is initiated in the nucleus (Brandariz-Nufiez et al.,
2012; Figure 2).

In addition to being components of the viral genome, dNTPs
are components of the host genome; thus, proliferative CD4*
T cells do not express SAMHD1, and maintain the concentra-
tion of dNTPs at an optimal level for cell proliferation (2—4 uM;
Lahouassa et al,, 2012). In contrast, since MDMs do not proliferate,
they do not require high levels of dNTPs, and the low dNTP levels
(2040 nM) resulting from SAMHD1-mediated degradation are
therefore not harmful to MDMs (Lahouassa et al., 2012). HIV-2-
type viruses carry Vpx for proteasome-mediated degradation of
SAMHDI1 in order to facilitate replication in MDMs. In contrast,
HIV-1 does not require Vpx in order to replicate in MDMs (Fujita
et al., 2010) because its reverse transcriptase (RT) is capable of
catalyzing viral cDNA synthesis from very low levels of dNTPs
(Diamond et al, 2004; Lahouassa et al,, 2012). The activity of
HIV-2 RT is probably lower [Michaelis constant (Ky,) of HIV-2
RT is higher] than that of HIV-1 RT, and therefore, to overcome
this disadvantage, HIV-2-type viruses may have evolved to carry
Vpx.

We previously mapped the functional region of Vpx involved
in viral replication in MDMs (Fujita et al,, 2008a,b; Figure 3). It is
known that the region in major helix 3 containing amino acids Q”°

viral cDNA

FIGURE 1 | Function of SAMHD1 in MDMs. In reverse transcription, viral
cDNA is synthesized from dNTPs. The host restriction factor SAMHD1 is a
dNTP triphosphohydrolase that degrades dNTPs. Thus, in the presence of
SAMHD1, the concentration of dNTPs becomes low and reverse
transcription is inhibited.

and F® interacts with DCAFI, a subunit of the Cullin4-based E3
ubiquitin ligase complex (Srivastava et al, 2008). This region could
overlap with a region that is critical for virion incorporation (Park
and Sodroski, 1995; Jin et al., 2001). Gramberg et al. {2010) sug-
gested that another reglon, which includes amino acids P?, N2,
E!® E1% and T in the N-terminal loop, binds to a restriction
factor; this region was later confirmed to be a SAMHD1-binding
region (Ahn etal., 2012).

We also identified several other functional regions in Vpx,
including a central region located between major helix 1 and major
helix 2, and a polyproline motif in a loop in the C-terminus (Fujira
etal, 2008a.b). We revealed that the C-terminal polyproline motif
is critical for stable expression of Vpx. Although the function of
the central region remains unknown, it has been confirmed that
this region is not involved in virion incorporation.
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circles), thus, reverse transcription proceeds (left). In the latter function, Vpx enhances reverse transcription and nuclear import by an unknown mechanism
(right).

i;ﬁrowth in
DMs 1
SAMHD1- unknown
binding
rowth in
SC-Fcells

FIGURE 3 | Mapping of the functional region of Vpx. In the upper
structure, the positions of predicted helices are shown in black (HIV-2
GL-AN clone; Khamsri et al., 2008). The region important for virion
packaging is shown. Middle diagram shows regions critical for
replication in MDMs: the SAMHD 1-binding region {pink),
mechanistically unknown amino acid (yellow), mechanistically unknown
region {gray), DCAF1-binding region {light blue), and polyproline motif

unknown

unknown

1 39 45 53 112
Vpx
majorhelix1  majorhelix2 majorhelix 3
| ———
virion packaging

unkniown polyproline
(pale orange). Lower diagram shows regions involved in replication in

HSC-F cells: the mechanistically unknown region (gray), mechanistically
unknown and unique region (purple), and polyproline motif (pale

orange). The polyproline motif is critical for stable expression of Vpx. All
functionally important regions, except those for virion packaging,
SAMHD1-binding, and DCAF1-binding, are based on our report (Fujita

@t al,, 2008a,b).

www.frontiersin.org

August 2012 | Volume 3 | Article 297 | 3



Fujita et al.

89

Multiple functions of Vpx

Following the identification of SAMHDI, several investigators
showed that although some cells such as undifferentiated THP-1
cells express SAMHDI, both the wild-type HIV-2-type virus and
its Vpx mutant infect these cells to an equivalent degree (Hrecka
et al., 2011; Planelles, 2011). There are several possible expla-
nations for the similar infectivity of wild-type and Vpx mutant
viruses: (1) These cells contain large amounts of dNTPs, and thus,
even in the presence of SAMHDI1 there are sufficient quantities of
dNTPs for viral replication, and (2) SAMHD1 does not function in
these cells for some as yet unexplained reason. A plausible expla-
nation may be posttranslational modification (phosphorylation,
etc.) of the protein. Further study will be required to uncover the
molecular basis for this phenomenon.

Around the time SAMHD]1 was identified, it was reported that
another host restriction factor, APOBEC3A, inhibits HIV-1 infec-
tion of MDMs, and that APOBEC3A is degraded by Vpx (Berger
et al., 2010, 2011). In addition, APOBEC3A reportedly decreases
the amount of viral cDNA synthesized during reverse transcrip-
tion. Presumably, degradation of SAMHDI alone is not sufficient
to enable reverse transcription to proceed smoothly, and therefore
degradation of APOBEC3A is also required for viral replication in
MDMs, suggesting that Vpx functions to counteract the antiviral
effects of both APOBEC3A and SAMHDI. A comparative study
between APOBEC3A and SAMHD1 must be performed in order
to establish each protein’s contribution to restricting lentivirus
infection in myeloid cells.

SAMHD1-INDEPENDENT FUNCTIONS OF Vpx

Prior to the time that Vpx was found to act on reverse transcription
(Fujita etal., 2008a; Srivastava et al., 2008), it was thought that Vpx
is critical for nuclear import of the viral genome (Fletcher et al.,
1996; Pancio et al., 2000), based on the results of non-quantitative
polymerase chain reaction (PCR) studies. This notion was sup-
ported by the tendency of Vpx to localize in the nucleus when Vpx
is transduced to a cell solely (Pancio et al., 2000; Mahalingam et al.,
2001). It has been well established that Vpx is critical for reverse
transcription in MDMs, but this does not preclude participation
of Vpx in nuclear import in these cells. We previously identified
several Vpx mutants that are defective in both reverse transcription
and nuclear import (Fujita et al., 2010) in MDMs, which suggests
that Vpx also enhances nuclear import in these cells. We hypoth-
esize that this function of Vpx is SAMHD]1-independent, since it
is plausible that there is no connection between the amount of
dNTPs and nuclear import. Further investigations are underway
in order to determine if this is indeed the case.

InT cells, such as peripheral blood lymphocytes (PBLs), periph-
eral blood mononuclear cells (PBMCs), and cultured simian
cell lines immortalized by Herpesvirus saimiri such as HSC-F
and M1.3S cells, HIV-2-type viruses grow well, but Vpx-deletion
mutants exhibit defective replication (Guyader et 21, 1989; Kappes
et gl 1991; Yu et al,, 1991; Akari et al,, 1992; Gibbs et al., 1994
Kawamura et al., 1994; Tokunaga et al,, 1997; Ueno et al., 2003;
Dot et al, 2011). These results indicate that Vpx is also important
for viral replication in T cells. Dispensability of Vpx for the infec-
tion of T cells has been believed by some researchers (Bergamaschi
et al., 2009; Belshan et al., 2012), but this belief was probably based
on the results of infectious experiments using high-titer virus.

Our research showed that Vpx enhances nuclear import of the
viral genome in HSC-F cells, and that the smaller effect of Vpx on
reverse transcription was also observed (Ueno et al., 2003; Fujita
et al., 2008a; Figure 2). We mapped the region of Vpx involved
in viral replication in HSC-F cells (Fujita et al,, 2008b; Figure 3)
and found that as is the case in MDMs, the central region and the
C-terminal polyproline motif are critical for replication. There is
also a unique functional region spanning from major helix 3 to
the C-terminal loop, but how this region influences infectivity is
unclear. The apparent SAMHD1- and DCAF-1-binding regions
are not necessary for viral replication in HSC-F cells, in contrast
to MDMs. Furthermore, in HSC-F and M1.3S cells, expression
of SAMHD1 was below the detectable level (Nomaguchi, M. and
Adachi, A., in preparation). Thus, in these cells, Vpx enhances
reverse transcription and nuclear import of the viral genome
through an unknown SAMHDI-independent mechanism. Not
only cultured cell lines, but also primary T cells are considered
to have SAMHDI1-independent functions, since SAMHD1- and
DCAF-1-binding regions are dispensable for viral replication in
PBLs (Fujita, M. and Adachi, A., unpublished data).

It has been reported that Vpx is important for SIV infection in
monkeys, and the predominantly infected cells are the intraepithe-
Hal T lymphocytes rather than myeloid cells such as macrophages
(Hirsch et al, 1998; Belshan et al, 2012). The Vpx in T cells
is considered to play a significant role in infection by HIV-2-
group viruses in vivo. Thus, we strongly suggest that SAMHD1-
independent functions of Vpx are also important, although almost
all the recent Vpx research has focused on SAMHD1-dependent
functions.

WHY DO HIV-2 VIRUSES HAVE TWO SIMILAR PROTEINS?

Lim et al. (2012) recently revealed that Vpr, a Vpx-related protein
found in HIV-1 and HIV-2-type viruses, is not involved in degra-
dation of SAMHDI. Instead, the Vpr carried by HIV-1 and HIV-2
arrests cells in the G, phase of the cell cycle, a function not asso-

" ciated with Vpx (Fletcher et al., 1996; Stivahtis et al., 1997; Fujita

etal., 2010; Table 1). This G; arrest is known to be induced via for-
mation of a Cul4-DDB1-DCAFI E3 ligase complex that includes
Vpr as an adaptor. Formation of the complex is followed by protea-
somal degradation of an unknown cellular target. This pathway is
similar to that involving Vpx, which also functions as an adaptor
for the Cul4-DDB1-DCAF1 E3 ligase complex to facilitate pro-
teasomal degradation of SAMHDI1 (Ahn et al, 2012). Although
the virological significance of the Vpr-mediated G, arrest has not
been determined, this function is likely to be important since it

Table 1 | The roles of Vpx and Vpr in HIV-1 and HIV-2-type viruses.

HIV-1 HIV-2 type viruses
Reverse transcription at Reverse transcriptase  Vpx
low dNTP concentrations (high activity)
(in MDMs)
Induction of G2 arrest Vpr Vpr
Enhancement of nuclear Vpr (?)2 Vpx

import

3Further study is required (see text).
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is broadly conserved among HIV/SIV. Since the activity of HIV-2
RT is lower than that of the enzyme found in HIV-1-type viruses,
HIV-2 may require SAMHD1 degradation in order to increase the
concentration of dNTPs, in addition to induction of G; arrest.

Both of these functions, SAMHD]1 degradation and G; arrest,
are mediated via the Cul4-DDB1-DCAF1 E3 ligase complex.
SIVagm (African Green Monkey) is known to have only one Vpr,
which induces both the degradation of SAMHD1 (Lim et al,, 2012)
and G; arrest (Planelles et al., 1996; Stivahtis et al., 1997; Zhu et al,,
2001). Lim et al. proposed that in the evolution of HIV/SIVs,
neofunctionalization of Vpr to degrade SAMHD]1 resulted in the
rapid evolution of the SAMHD1 protein, which induced the birth
of a similar protein, Vpx (subfunctionalization), to maximize its
SAMHDI1 -targeting capability. Here, we propose another reason
why HIV-2 viruses have similar proteins, Vpr and Vpx. It is known
that the region of HIV-1 Vpr spanning from major helix 3 to
the C-terminal loop (which includes a cluster of basic amino
acids) is critical for induction of G, arrest (I2i Marzio et al., 1995;
Selig et al., 1997; Jacquot et al,, 2007). This region corresponds to
the mechanistically unknown and unique region of Vpx required
for replication in HSC-F cells (Figure 3; Khamsri et al.,, 2006;
Fujita et al., 2008b), but the corresponding region in Vpx does
not contain a cluster of basic amino acids in the C-terminal loop.
Induction of G, arrest and enhancement of replication in T cells
may be incompatible functions for one protein. The presence of
both Vpr and Vpx may facilitate G, arrest and enhancement of
HIV-2 replication in T cells, but a full explanation as to why HIV-2
has two proteins that are so similar will require further study.

CONCLUSION

Recent findings indicating that Vpx mediates the degradation
of SAMHDL1 are intriguing, and reveal yet another example of
a virus with a means to counteract host defense mechanisms.
Table 1 summarizes the roles played by Vpx and Vpr in HIV-
1 and HIV-2. HIV-2/SIV Vpx negates the effect of the unique

host restriction factor SAMHD1 by inducing its degradation,
thereby enabling reverse transcription to occur under condi-
tions of low dNTP concentrations. In addition, Vpx enhances
reverse transcription and nuclear import of the viral genome in
an SAMHD1-independent manner. We are trying to isolate host
factor(s) which concern with SAMHDI-independent function.
Different regions of the Vpx protein are involved in mediat-
ing SAMHD1-dependent and -independent functions. A number
of HIV/SIV accessory proteins have multiple functions, includ-
ing HIV-1 Vpr (Fujita et al, 2010; Sharifi et al, 2012), Vpu
(Nomaguchi et al,, 2008; Andrew and Strebel, 2010), and Nef (Fos-
ter and Garcia, 2008; Laguette et al,, 2010). Importance of those
two functions of Vpx in the infected individuals should be revealed
in the future.

HIV-1 Vpr has a modest effect on replication in MDMs (Fujita
etal., 2010),and there have been reports that Vpr enhances nuclear
import of the viral genome in these cells (Tsurutani et al,, 2000;
Agostini et al,, 2002). It is possible that HIV-1 Vpr and HIV-2
Vpx function similarly with respect to nuclear import. However,
further study is required to elucidate how these proteins impact
nuclear import, since the role of HIV-1 Vpr was demonstrated
using non-quantitative PCR, and we could not reproduce this
result (Fujita et al,, 2010).

Expression of Vpx in MDMs results in the degradation of
SAMHDI1 and a subsequent increase in the concentration of
dNTPs, resulting in an increase in the infectivity of HIV-1. To date,
studies of Vpx/SAMHD]1 have been mainly restricted to HIV-1,
even though Vpx is carried by HIV-2-type viruses. Through future
studies involving HIV-2-type viruses, we hope to provide a more
complete picture of the roles played by Vpx and Vpr.
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is strictly adapted
to humans, and cause disease-inducing persistent infection only
in humans (Nomaguchi etal., 2008). This property is unique
among primate immunodeficiency viruses, and represent one of
the most evident and important viral characteristics to under-
stand the biology/molecular biology of HIV-1. Of numerous
primate immunodeficiency viruses so far identified (Kirchhoff,
2009; Sharp and Hahn, 2011), HIV-1 with an extremely lim-
ited host range exhibits exceptionally high replication ability,
transmissibility, and pathogenicity in sensitive host humans. For
basic HIV-1 researchers, it would be final goal to realize the
basis/mechanism underlying these properties by experimental
approaches.

Primate immunodeficiency viruses can be divided into three
groups based on their genome structure in the central regions
(Kirchhoff, 2009; Fujita et al., 2010; Sharp and Hahn, 2011). While
viruses of HIV-1 type contain vpr and vpu genes, viruses of HIV-2
type carry vpx and vpr genes in tandem (Figure 1). The other
simian immunodeficiency viruses (SIVs), the prototype virus,
have only the vpr gene in the corresponding genomic region.
HIV-1 is believed to emerge from the prototype virus via SIV-
mon/mus/gsn (isolated from the mona, mustached, and greater
spot-nosed monkeys), SIVcpz (isolated from the chimpanzees),
and SIVgor (isolated from the gorilla) through mutational and
recombinational events. SIVmon/mus/gsn is known to recombine
with SIVrcm (isolated from the red-capped mangabey mon-
key) to generate SIVcpz (for genome structures, see, Figure 1).
SIVcpz served as parental virus for HIV-1 (M and N) and SIVgor
(and finally for HIV-1 P).

The biological and molecular biological bases for species
tropism of HIV-1 should reside in the above outlined evolutional

Human immunodeficiency virus type 1 (HIV-1) is tropic and pathogenic only for humans,
and does not replicate in macaque monkeys routinely used for experimental infections. This
specially narrow host range (species tropism) has impeded much the progress of HIV-1/
acquired immunodeficiency syndrome (AIDS) basic research. Extensive studies on the
underlying mechanism have revealed that Vif, one of viral accessory proteins, is critical
for the HIV-1 species tropism in addition to Gag-capsid protein. Another auxiliary protein
Vpu also has been demonstrated to affect this HIV-1 property. In this review, we focus on
functional interactions of these HIV-1 proteins and species specific-restriction factors. In
addition, we describe an evolutional viewpoint that is relevant to the species tropism of
HIV-1 controlled by the accessory proteins.

Keywords: HIV-1, species tropism, accessory protein, Vif, Vpu

processes. In particular, the so-called accessory proteins encoded
by extra genes are important. Each virus group has a unique set
of the accessory proteins in terms of their combinations and of
their activities. Therefore, studies on viral accessory proteins are
also meaningful for understanding viral evolution by cross-species
transmission.

VIRAL AND CELLULAR DETERMINANTS FOR

HIV-1 SPECIES TROPISM

Our early studies have already suggested the possible viral deter-
minants and viral replication stage involved in the HIV-1 species
tropism described above (Shibata etal., 1991, 1995; Shibata
and Adachi, 1992). By the use of numerous chimeric molec-
ular clones between HIV-1 and dual-tropic (tropic for human
and monkey cells) STVmac (isolated from the macaque mon-
key), we have claimed in essence, together with a work on
the cyclophilin A (CypA; Dorfman and Gottlinger, 1996), that
Gag-capsid (CA) and a viral protein(s) encoded by the central
genomic region of HIV-1 are the determinants. We also have
showed that HIV-1 is replication-incompetent in monkey cells
because a certain replication step(s) before/during reverse tran-
scription, other than the viral entry into cells, does not proceed
normally. Subsequent extensive studies by us and others have
clearly indicated that the interactions of Gag-CA/CypA, Gag-
CA/tripartite motif (TRIM) proteins, and Vif/apolipoprotein B
mRNA-editing enzyme-catalytic (APOBEC) proteins are major
determinants for the HIV-1 species tropism (Nomaguchi etal.,
2008, 2011; Nakayama and Shioda, 2012; Sakuma and Takeuchi,
2012) as summarized in Table 1. Gag-CA, CypA, and TRIM pro-
teins have been described in detail in two articles in the Research
Topic of this journal (Nakayama and Shioda, 2012; Sakuma and
Takeuchi, 2012).
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Table 1 | Major viral and cellular determinants for HIV-1 species
tropism.

Virus Cell Viral replication step affected

Gag-CA CypA

Gag-CA TRIM5a Uncoating (early phase)

Gag-CA TRIMCyp Uncoating {early phase)

Vif APOBEC3G Reverse transcription (early phase)
APOBEC3F Reverse transcription (early phase)

Vpu Tetherin/BST-2 Virion release (late phase)

For details, see references (Nakayama and Shioda, 2012; Sakuma and Takeuchi,
2012) for Gag-CA, and Figures 3 and 4 for Vif/Vpu.

ACCESSORY PROTEINS OF PRIMATE

IMMUNODEFICIENCY VIRUSES

All primate immunodeficiency viruses encode a number of extra
proteins (Vif, Vpx, Vpr, Vpu, and Nef) in addition to regula-
tory (Tat and Rev) and structural (Gag, Pol, and Env) proteins

(Figure 1). Structural proteins are common to all retroviruses,
but the regulatory and accessory proteins are unique to the
complex primate lentiviruses and not found in the other sim-
ple mammalian retroviruses. Regulatory Tat and Rev proteins
are trans-activators for transcription and for the expression of
late viral proteins, respectively. While the regulatory and struc-
tural proteins are essential for viral replication, the extra proteins,
unfairly generically called “accessory,” are dispensable under cer-
tain circumstances. However, in some cells, some of them are
essential and the others are quite critical/important for optimal
viral replication as illustrated for AVif and AVpu viruses (viruses
that lack Vif or Vpu) in Figure 2. Another point to be men-
tioned here is relating to Vpr/Vpx proteins. Although Vpr and
Vpx are genetically very similar (Khamsri etal., 2006), some pri-
mate immunodeficiency viruses bear two of them as described
above (Fujita etal,, 2010). Furthermore, the other viruses have
Vpr only. What about the functional relationship of the two
proteins? At present, the function of Vpr/Vpx is least well under-
stood relative to that of the other accessory proteins (Malim
and Emerman, 2008; Fujita etal., 2010). Table 2 summarizes
the important information regarding these accessory proteins so
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numerous infection experiments in our laboratory. WT, wild-type.

Table 2 | Accessory proteins of primate immunodeficiency viruses.

Viral Proteins Major functions for viral replication reported so far

Vif Neutralize APOBEC3G/F. Essential for viral replication
in natural target cells.

Vpx Degrade SAMHD1/APOBEC3A. Critical for viral replication
in natural target cells.

Vpr Important for viral replication in macrophages (HIV-1).

Vpu Down-regulate Tetherin/BST-2. Important for viral
replication in CD4-positive cells.

Nef Down-regulate cell surface molecules (CD4, MHC- etc.).

far reported. In total, it is fairly reasonable to believe that the
accessory proteins are regulators to optimize viral replication and
persistence in vivo thereby enhancing viral transmission between
individuals.
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FIGURE 3 | HIV-1 replication and APOBEC3G. On the basis of results
reported so far, the action mechanism of Vif is depicted. Replication
process for wild-type (WT) and AVif mutant viruses are schematically shown

on the basis of previously reported review articles (Holmes etal., 2007,
Huthoff and Towers, 2008; Strebel etal., 2008). A3G, APOBECS3G; IN, viral
integrase protein.
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Vif AND Vpu PROTEINS

Vif protein is essential for viral replication in natural target cells
such as CD4-positve lymphocytes and macrophages. Recent iden-
tification of its cellular object for attack (Sheehy etal., 2002)
has clearly revealed the biological and biochemical bases for the
growth property of AVif virus in natural target cells. This find-
ing (identification of a family of APOBEC3 proteins, cellular
cytidine deaminases, as potent inhibitors of HIV-1 replication
in primary cells) has also contributed much to establish the
concept of “the restriction factor” to well understand virus—
cell interaction (Malim and Emerman, 2008; Sato etal,, 2012).
Of the APOBEC3 family proteins, APOBEC3G and APOBEC3F
(Kitamura etal., 2011) strongly inhibit viral replication in the
absence of Vif (Figure 3). Although HIV-1 Vif can abrogate the
activities of human APOBECS3, it cannot do so against monkey
APOBEC3. In contrast, SIVmac Vif can neutralize the anti-
viral activity of APOBEC3 of both origins. Finally, it has been
demonstrated that Vif and APOBEC3 are the major determi-
nants for the HIV-1 species tropism by constructing macaque-
tropic HIV-1 (HIV-1mt) and monitoring the HIV-Imt growth

property in various genetic contexts of macaques (Hatziioan-
nou etal., 2006, 2009; Kamada etal., 2006; Igarashi etal., 2007;
Thippeshappa etal., 2011).

Vpu protein, unique to viruses of the HIV-1 group (Figure 1),
modulates viral replication in human CD4-positive cell lines
and primary cells. Mutant HIV-1 without Vpu (AVpu virus)
grows poorly relative to wild-type virus. Recently, a cellular pro-
tein named Tetherin (also called BST-2) has been identified as
a restriction factor against HIV-1 and is antagonized by Vpu
(Neil etal., 2008; Van Damme etal., 2008). Vpu down-regulates
the Tetherin from cell surface, and thereby promotes extracellu-
lar production of progeny virions (Malim and Emerman, 2008;
Arias etal., 2011; Sato etal., 2012). The baseline mechanism for
this action of Vpu is well studied as shown in Figure 4. Here,
it must be attentive that the anti-Tetherin activity of Vpu is
host species-specific as observed for Vif. HIV-1 Vpu acts against
human but not (or poorly) macaque Tetherins (Sauter et al., 2009,
2010). Although the biological effect of Vpu is much milder than
that of Vif as judged by the growth kinetics of mutant viruses
(Figure 2), Vpu may be critical for interspecies transmission
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FIGURE 4 | HIV-1 replication and Tetherin. On the basis of results
reported so far, the action mechanism of Vpu is depicted. Replication
process for wild-type (WT) and AVpu mutant viruses are schematically

shown on the basis of previously reported review articles {Tokarev etal.,
2009; Douglas etal., 2010; Evans etal., 2010). TGN, trans-Golgi
network.
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through mutation/adaptation/recombinations (Kirchhott, 2009;
Sauter etal., 2009, 2010; Sharp and Fahn, 2011). Thus, Vpu and
Tetherin affect the HIV-1 species tropism, but the effect may be
relatively small.

In sum, Vif and Vpu counteract the major restriction factors
APOBECS3 proteins and Tetherin/BST-2, respectively, and repre-
sent viral determinants for the host range of HIV-1 (Tables 1
and 2). It is intriguing to note that these factors would have
shaped HIV-1 and made it unique among various primate
immunodeficiency viruses (Figure 1).

Vpx AND Vpr PROTEINS

Vpx and Vpr proteins are necessary for efficient viral replication
(Malim and Emerman, 2008; Fujita et al,, 2010). In macrophages,
AVpx replication is not detectable and this defect has been shown
to be present at post-entry and before/during the reverse transcrip-
tion process (Fujita etal., 2008, 2010; Srivastava etal., 2008). Also
in some lymphocyte cell lines and in primary lymphocytes, Vpx
protein is critical for viral replication (Ueno etal., 2003; Fujita
etal., 2010; Doi etal,, 2011). Because AVpr virus is somewhat
replication-defective in some cells (for both HIV-1 and HIV-
2), it is not unreasonable to assume that Vpr may play a role
in the viral growth cycle. As such, Vpx and Vpr are important
for in vivo viral replication and finally for viral pathogenicity
(Fujita etal., 2010).

Very recently, SAMHD1 and APOBEC3A have been reported
to be myeloid cell-specific restriction factors against HIV-1 coun-
teracted by Vpx (Berger etal,, 2011; Hrecka etal,, 2011; Laguette
etal., 2011). Whether these proteins are associated with the HIV-1
species tropism described in this review article, and whether they
can explain the in vitro and in vivo situation of HIV-2/SIVmac
mutant viruses mentioned above remain to be determined (Fujita
etal.,, 2010; Nomaguchi etal., 2011).
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In both basic and applicable points of view, the narrow host
range of HIV-1 is burdensome obstacle to overcome. Assuming
that HIV-1mt can grow and cause disease similarly with SIVmac
in macaques, we would be able to better perform model studies to
precisely analyze viral replication and pathogenicity in vivo, and
to establish the effective anti-HIV-1/AIDS strategies. To the best
of our knowledge, there are no such HIV-1mt clones so far (Hatzi~
ioannou etal., 2006, 2009; Kamada et al., 2006; Igarashi et al., 2007;
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APOBEC3B can impair genomic stability
by inducing base substitutions in
genomic DNA in human cells

Masanobu Shinohara, Katsuhiro lo, Keisuke Shindo, Masashi Matsui, Takashi Sakamoto, Kohei Tada,
Masayuki Kobayashi, Norimitsu Kadowaki & Akifumi Takaori-Kondo

Department of Hematology and Oncology, Graduate school of medicine, Kyoto University, Kyoto 606-8507, Japan.

Human APOBECS3 proteins play pivotal roles in intracellular defense against viral infection by catalyzing
deamination of cytidine residues, leading to base substitutions in viral DNA. Activation-induced cytidine
deaminase (AID), another member of the APOBEC family, is capable of editing immunoglobulin (Ig) and
non-Ig genes, and aberrant expression of AID leads to tumorigenesis. However, it remains unclear whether
APOBECS3 (A3) proteins affect stability of human genome. Here we demonstrate that both A3A and A3B
can induce base substitutions into human genome as AID can. A3B is highly expressed in several lymphoma
cells and somatic mutations occur in some oncogenes of the cells highly expressing A3B. Furthermore,
transfection of A3B gene into lymphoma cells induces base substitutions in cMYC gene. These data suggest
that aberrant expression of A3B can evoke genomic instability by inducing base substitutions into human
genome, which might lead to tumorigenesis in human cells.

development'. With the innovation of high-throughput sequencing technology, genome-wide analyses on
. various types of cancer cells have revealed numerous somatic mutations in tumor-related genes®. Some of these
mutations are caused by defects in DNA repair systems (e.g., DNA mismatch repair deficiencies give rise to
hereditary non-polyposis colon cancer®), whereas mechanisms that account for the majority of genetic changes in
cancer cells are poorly understood. Referring to somatic base substitution spectra in cancer cells, C/G to T/A
transitions are most prevalent, especially in gastric cancer, colorectal cancer, glioma, and melanoma>**. This
strong bias in somatic mutations suggests the existence of active mechanisms that induce C/G to T/A transitions
into genomic DNA. It is obviously attributable to ultraviolet irradiation and following repair process against
pyrimidine dimer in case of melanoma, but not in others.

The human APOBEC family proteins can induce C to T (G to A, in complementary sequences) transitions into
target DNA through cytidine deamination. The APOBEC family is comprised of a series of molecules with
conserved cytidine deaminase domains (CDAs), including AID, APOBEC1, APOBEC2, APOBEC3A to H,
and APOBEC4*’. Among them, AID plays a crucial role in somatic hypermutation and class switch recombina-
tion of Ig genes, which enables diversification of immune system®. AID has been considered the only molecule
that can induce C/G to T/A transitions into genomic DNA. The expression of AID is highly regulated and
restricted in germinal center B-cells under physiological conditions, but with inflammatory stimulations, AID
can be overexpressed in not only B-cells but also other types of cells (e.g., epithelial cells) via activation of NF-kB°.
Aberrant expression of AID results in the accumulation of mutations in non-Ig genes'®, which leads to develop-
ment of various cancers such as gastric and hepatic cancers as well as lymphomas™*~*.

A series of seven A3 genes are tandemly arrayed on human chromosome 22, and the main function of the
resulting gene products is to protect the cells from retroviruses and endogenous mobile retroelements’*'>. A3B,
A3D, A3F, and A3G contain two CDAs, instead of one in A3A, A3C, and A3H. A3G is a powerful anti-retroviral
molecule that induces cytidine deamination in viral genome and acts as a host defensive factor against viruses
such as HIV-1'°, A3A and A3B have been reported as potent inhibitors of retrotransposons'’. Thus, A3 proteins
act as sentinels in innate immunity against mobile DNA/RNA including viruses, while little is known about the
effect of these proteins on nuclear DNA, in other words, host human genome. Recent studies have demonstrated
that A3A impairs nuclear DNA under the condition of suppressing uracil DNA-glycosylase (UNG) which
prevents base alterations by eliminating uracil from DNA and initiating the base-excision repair pathway'®*.

% t is widely recognized that the accumulation of genetic changes in tumor-related genes is essential for cancer
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