Detection of Merkel Cell Polyomavirus

Preparation of DNA

DNA was extracted from formalin-fixed paraffin-
embedded or fresh-frozen clinical materials. To isolate
DNA from formalin-fixed paraffin-embedded biopsies,
5-pum-thick sections (n=23-4) were placed into sterile
eppendorf tubes, deparaffinized with xylene, digested
with proteinase K, and processed for phenol/chloroform
extraction with sodium acetate/ethanol precipitation.
For fresh-frozen materials, DNeasy Tissue Kit (Qiagen
GmbH, Hilden, Germany) was used according to the
manufacturer’s instructions.

Nested PCR

The small T (ST), large T (LT), and VP1-8 regions of
MCPyV were amplified by nested PCR. The primer
sequences are listed in Table II. The first round of
amplification was performed with 100ng of extracted
DNA and high fidelity Taq DNA polymerase (Roche
Diagnestics, Boehringer Mannheim, Germany) in a final
volume of 25 pl. After an initial DNA denaturation for
2min at 94°C, the samples were amplified for 35 cycles of
94°C for 30sec, 55°C for 30sec, and 72°C for 30sec,
followed by a final elongation phase of 7min at 72°C.
The second round of amplification was performed with
1pl of the first round PCR product in a final volume of
25 ul under the following parameters: 94°C for 30sec,
55°C for 30 sec, 72°C for 30 sec for 25 cycles, followed by a
final elongation phase of 7 min at 72°C. Five microliters of
amplification products were loaded onto agarose gels,
electrophoresed, stained with bromide and visualized
under UV light. The p-globin gene was amplified as an
internal control by single PCR [Katano et al., 2001].
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DNA Sequencing

The PCR products from nested PCR were sequenced
directly with an ABI sequencer 3730 (Applied Biosys-
tems, Foster City, CA) using a dye terminator ready
reaction kit (Applied Biosystems) according to the
manufacturer’s instructions.

Real-Time PCR

Copy numbers of MCPyV-DNA were determined by
quantitative real-time TagMan PCR usingthe Mx3005P
real-time PCR system (Stratagene, La Jolla, CA), which
amplified a segment within the LT (1017-1170) domain.
The amount of human genomic DNA (B-actin gene)
present in the DNA extracted from each specimen was
also determined. Primers and probes for the MCPyV-LT
gene were designed using Primer Express software
(Applied Biosystems). To amplify MCPyV-LT, forward
(Merkel PV LT Forward: 5-TCTGGGTATGGGTCCTT-
CTCA-3') and reverse (Merkel PV LT Reverse: 5-TGG-
TGTTCGGGAGGTATATCG-3') primers were used with
a labeled probe 5'-(FAM)CGTCCCAGGCTTCAGACTC-
CCAGTC(TAMRA)-3'. To amplify B-actin DNA, forward
(5-TGAGCGCGGCTACAGCTT-3) and reverse (5'-TC-
CTTAATGTCACGCACGATTT-3') primers were used
with a labeled probe 5-(FAM)ACCACCACGGCCGAG-
CGG(TAMRA)-3' [Kuramochi et al., 2006). The ampli-
con sizes of MCPyV-LT and B-actin were 77bp (1053—
1129 in GenBank EU375803) and 60bp (655—-714 in
NM_001101), respectively. PCR amplification was per-
formed in 20-pl reaction mixtures using QuantiTect
probe PCR Master Mix (Qiagen), 0.3uM of each
primer, 0.3uM of TagMan probe, and 2ul isolated

TABLE II. Primers Used for Nested PCR

Gene Out/fin Fre Primer name 5-3 Position* Size (bp)
ST Outer  Forward MCV-ST-F515 CTGGGTGCATGCTTAAGCAAC 515-732 218
Reverse MCV-ST-R732 GCAGTAGTCAGTTTCTTCT

Inner Forward  MCV-ST-F550 TGCGCTTGTATTAGCTGTAAGT 550-703 154
Reverse MCV-ST-R703 GCCACCAGTCAAAACTTTCCCA
LT (1017-1170) Quter Forward MCV-LT-F992 CTCCAATGCATCCAGGGGAG 992-1192 201
Reverse MCV-LT-R1192 TCTCTTCCTGAATTGGTGGT
Inner Forward  MCV-LT-F1017 AGTGGAAGCTCACCACCCCACA 1017-1170 154
Reverse MCV-LT-R1170 CCTCTCTGCTACTGGATCCA
LT (2057-2207) Outer  Forward  MCV-LT-F2034 CCATTTCCTTGCCAAAAGTG 20342228 195
Reverse MCV-LT-R2228 CTTACATAGCATTTCTGTCC
Inner Forward MCV-LT-F2057 AAACAGATCTCGCCTCAAAC 2057-2207 150
Reverse MCV-LT-R2207 GGTCATTTCCAGCATCTCTA
VP1 Outer  Forward MCV-VP1-F4233 TGAATCCAAGAATGGGAGTT 4062-4252 191
Reverse MCV-VP1-R4062 CATCTGCAATGTGTCACAG
Inner Forward  MCV-VP1-F4212 TCCCCTGATCTTCCTACT 4092-4229 138
Reverse MCV-VP1-R4092 ATTTAGCATTGGCAGAGAC
VP2 Outer  Forward MCV-VP2.-F4490 CAATCTGGAGTTTGCTGCTG 4490-4692 203
Reverse MCV-VP2-R4692 CTGCATTCTGTGGGGCAAAAT
Inner Forward  MCV-VP2-F4511 AGAGTTCCTCCTATATGTTC 4511-4661 151
Reverse MCV-VP2-R4661 TTTATCTCCTACCTCTAGGC
VP3 Cuter  Forward MCV-VP3-F4890 CCAAAGAAGCCACTAATGAG 4890-5118 229
Reverse MCV-VP3-R5118 ATGGGGGGCATCATCACACTG
Inner Forward MCV-VP3-F4932 TGAACCCAAGTTGAGCTAAAGC 49325097 166
Reverse MCV-VP3-R5097 CTGGCCAATATTGGTGAAATTG

*Position in GenBank EU375803.
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DNA. The PCR conditions were: 95°C for 15min,
followed by 40 cycles of 94°C for 15sec and 60°C for
1min. Quantitative results were obtained by generating
standard curves for pCR2.1 plasmids (Invitrogen,
Carlsbad, CA) containing each MCPyV-LT and the
cellular target (B-actin gene) amplicon. Virus copy
numbers per cell were calculated by dividing MCPyV-
LT copy numbers by half of the B-actin copy numbers,
because each cell contains two copies of DNA in two
alleles [Asahi-Ozaki et al., 2006].

Histological and Immunohistochemical Analyses

Immunohistochemistry was performed to investigate
the expression of cytokeratin 20, chromogranin and
neuron-specific enolase (NSE) on paraffin-embedded
tissues of Merkel cell carcinoma. Sections (4 pm thick)
were deparaffinized by sequential immersion in xylene
and ethanol, and rehydrated in distilled water. For
antigen retrieval, the sections were autoclaved in 1 mM
EDTA, 0.05M Tris—HCI, pH 9.0, at 121°C for 10 min for
cytokeratin 20 and chromogranin, or 0.01M citrate
buffer at 95°C for 10 min for NSE. Endogenous peroxi-
dase activity was blocked by immersing the sections in
methanol/0.6% Hy05 for 30 min at room temperature.
Diluted anti-cytokeratin 20 (Dako, Copenhagen,
Denmark), chromogranin (Dako), or NSE (Novocastra
Laboratories, Newcastle, UK) antibodies were applied
and the sections were incubated overnight at 4°C. After
washing in PBS twice, a biotinyl anti-mouse IgG goat
antibody and peroxidase-conjugated streptavidin were
used as the secondary and tertiary antibodies, respec-
tively. 3,3'-diaminobenzidine was used as a chromogen.

Cloning of a Full-Length MCPyV Genome

A full-length MCPyV genome was amplified by single
PCR using KOD-FX DNA polymerase (Toyobo, Tokyo,
Japan) according to the manufacturer’s instructions. A
primer-set (primer set 1: MCV-BamHI-1150F TCTG-
GATCCAGTAGCAGAGAGGAGACC and MCV-Bam-
HI-1150R CTCGGATCCAGAGGATGAGGTGGGTTC)
was used to amplify the full-length MCV genome.
Following the addition of dA to the PCR product, the
PCR product was TA-cloned into pCR2.1 vector (Invi-
trogen). Primer set 2 (MCV-F133 CTTAGTGAGG-
TAGCTCATTTGCTCCTCTGCTGTT and MCV-R5325
AACTTTTATTGCTGCAGGGTTTCTGGCATTGACTC)
was used to amplify almost the full-length of the MCPyV
genome except for the origin region. A 1,188-bp-frag-
ment containing the origin region was amplified using
another primer set (primer set 3: MCV-VP3-F4932
TGAACCCAAGTTGAGCTAAAGC and MCV-ST-R732
GCAGTAGTCAGTTTCTTCT).

RESULTS

PCR Detection of MCPyV in
Merkel Cell Carcinoma

To determine whether MCPyV is present in Japanese
cases of Merkel cell carcinoma, PCR analysis was first
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performed on DNA samples extracted from 11 cases of
Merkel cell carcinoma using primers specific for the
MCPyV-LT and VP1 regions, as published previously
[Feng et al., 2008]. Although the B-globin gene was
amplified in all DNA samples, fragments of MCPyV
were not detected using these primers (data not shown).
Thus, nested PCR, which can detect gene fragments
<250bp in length, was performed for six MCPyV genes
(Table II). Nested PCR revealed that 6 of the 11 Merkel
cell carcinoma cases (54.5%) were positive for MCPyV
ST and LT (1017-1170) fragments (Fig. 1 and Table I).
Interestingly, LT (2057—-2107) and VP2-3 were detected
in cases 2, 4, and 9, but not in cases 3, 10, or 11. LT
(2057-2107) was not detected in the recurrent samples
of case 9. Sequencing analysis revealed that all these
PCR products were fragments of MCPyV, and an A to G
mutation was detected at the position 4589 of GenBank
EU375803 in the VP2 fragments of cases 2, 4, 9, and
10 with Merkel cell carcinoma. In addition, two
mutations, G4996C and A5032T, were detected in the
VP3 fragments of cases 2, 4, 9, and 10, which were the
same sequences as the MCC339 strain (GenBank
EU375804). Cases 2, 4, and 9 showed doublet bands of
191 and 138bp in the VP1 PCR. Sequencing analysis
revealed that these two bands corresponded to PCR
products of primary and secondary amplification. None
of the primer sets for nested PCR amplified DNA
products in tissues extracted from JCV-positive pro-
gressive multifocal leukoencephalopathy (PML) or
BKV-positive nephritis samples (Fig. 1). These data
indicate the presence of MCPyV in six cases of Merkel
cell carcinoma.

Quantitative Analysis of MCPyV in
Merkel Cell Carcinoma

To determine the virus copy numbers in DNA
samples, a real-time TagMan PCR to detect the MCPyV
gene was established. Based on the results of nested
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Fig. 1. Detection of MCPyVin Merkel cell carcinoma cases by nested
PCR. Fragments of MCPyV were amplified with nested PCR in Merkel
cell carcinoma cases. Thirteen samples of Merkel cell carcinoma were
used. Sample nos. 8* and 9* are recurrent tumors of cases 8 and 9,
respectively. TY-1, human herpesvirus-8-positive B cell line; HUVEC,
human umbilical vascular endothelial cells; JCV, JCV-positive pro-
gressive multifocal leukoencephalopathy sample; BKV, BKV-positive
nephritis sample. The two bands at 191 and 138 bp represent the PCR
products of primary and secondary amplification, respectively. The
lower panel shows single PCR for the B-globin gene.
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PCR, the LT (1017—1170) region of MCPyV was selected
as a target gene for real-time PCR. Amplification plots
and standard curves revealed a linear relationship
between copy numbers from 10 to 108 copies and cycle
threshold (Cy), indicating that the dynamic range of
the real-time PCRs was between 10 and 108 copies (data
not shown). The MCPyV-LT genome assay uniformly
detected 10 copies of pCR2.1-MCPyV-LT plasmid.
PCR amplification of B-actin also uniformly detected
10 copies of the B-actin genome (data not shown). The
specificity of the assay for MCPyV-LT was confirmed
using a panel of DNAs from other polyomavirus (JCV,
BKYV, and SV40), human papillomavirus, herpes viruses
(herpes simplex virus-1 and -2, varicella zoster virus,
EBV, human cytomegalovirus, and HHV-6, -7, and -8),
and cellular DNA from human cell lines (TY-1 and Raji,
data not shown). Real-time PCR revealed that all six
cases (seven samples) positive for MCPyV by nested
PCR had 50-691 copies per 100ng DNA (Table I).
Compared with the results of cellular DNA (B-actin),
the copy numbers in MCPyV-positive samples were
estimated to in the range of 0.04—0.43 copies per cell
(Table I).

Morphological Features of MCPyV-Positive
Merkel Cell Carcinoma

Histological analysis of Merkel cell carcinoma cases
revealed some morphological differences between
MCPyV-positive and -negative Merkel cell carcinoma
cases. All seven MCPyV-positive samples (cases 2, 3, 4,
9, 9%, 10, and 11) had common features such as round
and vesicular nuclei with fine granular chromatin and
small nucleoli. However, MCPyV-negative samples
showed various morphologies. Some of the MCPyV-
negative cases showed some similarities in morphology
with MCPyV-positive samples; however, most of the
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MCPyV-negative samples had polygonal nuclei with
light cytoplasm (Fig. 2). Chromatin was diffusely
distributed in the nuclei, and the nucleoli were unclear
in MCPyV-negative samples. MCPyV-positive cases
also showed diffuse infiltration into the skin, whereas
some of the MCPyV-negative cases showed duct dif-
ferentiation. There were no significant differences in
cytokeratin 20, NSE, or chromogranin expression
between the MCPyV-positive and -negative Merkel
cell carcinoma samples (Fig. 2 and data not shown).
These morphological differences suggest differences in
pathogenesis between MCPyV-positive and -negative
Merkel cell carcinoma.

Prevalence of MCPyV in Various
Diseases and Cell Lines

To clarify the prevalence of MCPyV, real-time PCR for
MCPyV-LT was performed on DNAs extracted from
various tissue samples (Table III). MCPyV was detected
in three out of 49 (6.1%) cases of KS, but not in other
diseases such as AIDS-related lymphoma, fulminant
hepatitis, encephalitis, primary pulmonary hyperten-
sion, or necrotizing lymphadenitis. All 142 autopsy
samples taken from various organs of 20 immuno-
deficient patients were negative for MCPyV with real-
time PCR. In addition, all DNA samples extracted from
15 cell lines (seven B cell lines, TY-1, BCBL-1, Raji,
Namalwa, Bjab, KS1, and OS1; three T cell lines, MT4,
Molt4, and Jurkat; two monocyte cell lines, HL60, and
THPI; one KS cell line, 22-KS; one endothelial cell line,
HUVEC; one Marmoset cell line, B95-8) were negative
for MCPyV (data not shown). These data indicate the
low prevalence of MCPyV in Japan, and suggest that
some cases of Merkel cell carcinoma and KS are
associated with MCPyV infection.

Fig. 2. Histology of MCPyV-positive and -negative Merkel cell carcinoma. A—C: MCPyV-positive Merkel
cell carcinoma. HE staining of cases 2 (A) and 9 (B) shows round and vesicular nuclei with fine granular
chromatin and small nucleoli. C: Cytokeratin 20 expression of case 2. D-F: MCPyV-negative Merkel cell
carcinoma. HE staining of cases 5 (D) and 6 (E) shows dark and polymorphic nuclei with light cytoplasm.
Chromatin in the polymorphic nuclei is diffuse, and the nucleoli are unclear. F: Cytokeratin 20 expression

in case 6 is similar to the MCPyV-positive cases.
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TABLE III. MCPyV Infection in Various Diseases
Sample Positive/all Percentage
Merkel cell carcinoma 6 (0)/11 (0) 54.5
KS 3 (1)/49 (16) 6.1
AIDS-related lymphoma 0 (0)/11 (11) 0
Fulminant hepatitis 0 (0)/9 (9) 0
Encephalitis 0 (0)/12 (12) 0
Including PML (JCV+) 0 (0)/4 (4) 0
BKV-positive nephritis 0 (0)/1 (1) 0
Primary effusion lymphoma 0 (0)/4 (4) 0
PPH 0 (0)/10 (0) 0
Necrotizing lymphadenitis 0 (0)/2 (2) 0
FDC sarcoma 0 (0)/1 (1) 0
AIDS autopsy
Brain 0 (0)/15 (15) 0
Tongue 0 (0)/5 (5) 0
Submandibular gland 0 (0)/5 (5) 0
Lung 0 (0)/15 (15) 0
Lymph node 0 (0)/12 (12) 0
Heart 0 (0)/9 (9) 0
GI tract 0(0)/13 (13) 0
Liver 0 (0)/16 (16) 0
Spleen 0(0)/19 (19) 0
Pancreas 0 (0)/12 (12) 0
Kidney 0(0)/14 (14) 0
Adrenal gland 0 (0)/7 (1) 0

KS, Kaposi’'s sarcoma; PML, progressive multifocal leukoence-
phalopathy; PPH, primary pulmonary hypertension; FDC, follicular
dendritic cell; GI, gastrointestinal.

The number of frozen samples is shown in parentheses.

MCPyV Infection in KS Samples and Cloning of
a Full-Length MCPyV Genome From a KS Case

Nested PCR was performed to confirm MCPyV
infection in KS samples positive for MCPyV on real-
time PCR. MCPyV fragments were detected in three KS
cases using nested PCR (KS cases 3, 14, and 36 in
Fig. 3A). However, nested PCR failed to detect VP1 and
VP3 in KS cases 3 and 14, respectively. Sequencing
analysis revealed that these products had sequences
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Fig. 3. Detection and cloning of MCPyV in KS cases. A: Fragments
of MCPyV were amplified with nested PCR in three KS cases.
JCV, JCV-positive PML sample; BKV, BKV-positive nephritis sample.
B: Comparison of MCPyV copy numbers between Merkel cell
carcinoma (MCC) and Kaposi's sarcoma (KS) samples with real-time
PCR. The y-axis shows copy numbers per cell. The horizontal and
vertical linesindicate means and standard deviation, respectively. The
P-value was calculated with the Mann—Whitney test.
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identical to those of Merkel cell carcinoma cases
in the present study. The MCPyV-LT/B-actin copy
numbers in these three KS samples were 1.3 x
10'/2.0 x 10*, 8.3 x 10"/2.4x 10°, and 3.3 x 10%/1.8 x
10° per 100ng DNA, respectively, suggesting low
copy numbers (3.6 x 107°~1.2 x 10~ copies per cell)
compared with the Merkel cell carcinoma cases
(Fig. 3B). Two (cases 14 and 36) of the MCPyV-positive
cases with KS were AIDS-associated KS; however, the
other case (case 3) was an HIV-negative patient.
Because one MCPyV-positive KS case (case 36) was a
frozen tissue sample, that sample was used to clone the
full genome of MCPyV. PCR successfully amplified the
full-length MCPyV genome with a primer set localized
using the BamHI site (1152 in GenBank EU375803)
(primer set 1: MCV-BamHI-1150F and MCV-BamHI-
1150R). PCR was also able to amplify almost the full-
length of the MCPyV genome using a primer set
localized to the origin region of MCPyV (primer set 2
MCV-F133 and MCV-R5325), and a 1,188-bp-fragment
containing the origin region (primer set 3 MCV-VP3-
F4932 and MCV-ST-R732), suggesting the presence of a
MCPyV episome. The PCR product of full-length
MCPyV genome was TA-cloned into pCR2.1 and two
clones were sequenced. Sequence analysis revealed that
the length of MCPyV genome was 5,418 bp. The two
clones had the same sequence. This strain of MCPyV
was designated as MCV-TKS (MCPyV-Tokyo Kaposi
sarcoma) and registered in the GenBank (accession No.
FJ464337). The sequence of MCV-TKS had 98% homol-
ogy to MCC350 (GenBank EU375808). The motifs of
LXXLL in CR1, HPDKGG in DnaJ, and LXCXE in the
Rb binding site were conserved in the LT gene of MCV-
TKS. The sequence of LT had a stop codon at 1,498,
suggesting that MCV-TKS would produce a truncated
form of LT [Shuda et al., 2008].

DISCUSSION

In the present study, the presence of MCPyV
was demonstrated in Japanese cases of Merkel cell
carcinoma. Thisindicates that MCPyV is distributed not
only in the US, Europe, and Australia, but also world-
wide. The rate of MCPyV in Japanese Merkel cell
carcinoma cases (55%) was lower than that of the United
States and European cases (69-100%), but higher than
in Australia (24%) [Feng et al., 2008; Foulongne et al.,
2008; Kassem et al., 2008; Becker et al., 2009; Duncav-
age et al., 2009; Garneski et al., 2009; Sastre-Garau
et al., 2009]. In addition to that of Merkel cell carcinoma,
therate of MCPyV in KS (6%) was also lower than in the
United States (16%) [Feng et al., 2008]. A US group
detected MCPyV in some control tissues obtained
from the gastrointestinal tract with PCR-Southern
blot hybridization [Feng et al., 2008]. However, in the
present study, all of the samples, except for Merkel cell
carcinoma and KS samples, were negative for MCPyV.
Taken together, these data suggest a lower infection
rate of MCPyV in the Japanese population than in
the US. Because Merkel cell carcinoma occurs more
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frequently in Caucasians than in other races [Agelli
and Clegg, 2003], it is possible that the distribution of
MCPyV varies among races.

Nested PCR failed to detect VP1-3 and LT (2057—
2107) in some MCPyV-positive cases of Merkel cell
carcinomaincluding arecurrent case of MCPyV-positive
tumor (Fig. 1). VP1 or VP3 was not detected in two
MCPyV-positive cases of KS (Fig. 3A). There are some
possible interpretations of these results. Recent reports
demonstrated mutations in the LT gene and a unique
deletion in the VP1 gene [Kassem et al., 2008; Shuda
et al., 2008]. Thus, some mutations or deletions might
exist in the primer regions of VP1-3 and LT of MCPyV,
asin other polyomavirus such as JCV, BKV, and human
papillomavirus (HPV).

Morphological differences between MCPyV-positive
and -negative cases were found in the present study.
MCPyV-positive cases can be categorized into one group
with a typical morphology, whereas the MCPyV-neg-
ative cases had a mixed morphology. These morpholog-
ical differences imply direct tumorigenesis by MCPyV
infection in the MCPyV-positive cases and more
complicated mechanisms in the MCPyV-negative cases.
No rosette formation or ductal differentiation was
observed in the MCPyV-positive cases, suggesting that
MCPyV infection might be associated with differentia-
tion of Merkel cells. A recent gene expression analysis
using microarrays revealed that Merkel cell carcinoma
might comprise two subtypes, namely the classic and
variant types [Van Gele et al., 2004]. Although it is
presumed that MCPyV infection may be associated with
such subtypes, more cases of Merkel cell carcinoma
are required to clarify the morphological features
and presence of MCPyV infection. In addition, a recent
immunohistochemical study demonstrated the expres-
sion of MCPyV-LT protein in tumor cells in Merkel cell
carcinoma with a high number of MCPyV copies per cell,
suggesting that MCPyV causes a subset of Merkel
cell carcinoma [Shuda et al., 2009]. The morphological
differences between MCPyV-positive and -negative
cases support the presence of a MCPyV-negative subset
of Merkel cell carcinoma.

The data for virus copy number provide valuable
insights into the pathogenesis of Merkel cell carcinoma.
Inthe present study, nested PCR and real-time PCR, but
not PCR-Southern blot hybridization, was performed
to detect MCPyV in clinical samples. Because DNA is
always cleaved into small fragments in formalin-fixed
tissues, it is difficult to amplify long DNA fragments.
Our nested PCR and real-time PCR targeted fragments
of MCPyV of <250 bp. The results of nested PCR for the
LT gene and real-time PCR on clinical samples were
well-correlated with each other in the present study.
Because other studies have demonstrated that MCPyV-
DNAisintegrated into genomic DNA, at least one or two
copies of MCPyV per cells are expected [Fenget al., 2008;
Sastre-Garau et al., 2009]. On the other hand, it was
demonstrated that Merkel cell carcinoma cases with a
low copy number of MCPyV did not express the LT
antigen [Shuda et al., 2009]. Because Merkel cell
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carcinomatissue samples contained various proportions
of tumor cells and normal cells, it is difficult to determine
the accurate virus copy number per cell [Asahi-Ozaki
et al., 2006]. The Merkel cell carcinoma tissue samples
in the present study were rich in tumor cells and
contained relatively few normal cells. Thus, the copy
numbers of MCPyV in Merkel cell carcinoma (0.04—-0.43
per cell) in the present study suggest the presence
of Merkel cell carcinomain cases with a low copy number
of MCPyV. It was not possible to examine the clonal
integration of MCPyV in DNA samples extracted
from formalin-fixed and paraffin-embedded tissues.
Future studies on frozen tissue samples will reveal
the association between pathogenesis and MCPyV
integration.

Here, MCPyV was detected in three cases of KS and
cloning a full-length MCPyV genome. A previous report
also demonstrated the presence of MCPyV in some KS
cases without HIV infection [Feng et al., 2008]. There-
fore, there might be some association between MCPyV
infection and KS pathogenesis. There was no common
feature between the three MCPyV-positive KS cases,
including HIV-status. Human herpesvirus-8 wasidenti-
fied in all KS cases examined (data not shown).
However, none of the Merkel cell carcinoma cases used
in the present study were positive for human herpesvi-
rus-8, as determined by PCR (data not shown). The
results using AIDS autopsy samples also suggest that
HIV status was not correlated with MCPyV infection.
The low MCPyV copy number and the presence of
episomal MCPyV in the KS samples suggest an indirect
association between MCPyV and KS pathogenesis.
MCV-TKS identified in the present study is the first
isolate of MCPyV derived from a KS sample. The
sequence data for MCV-TKS suggested that the LT
gene would produce truncated LT, which is associated
with the pathogenesis of Merkel cell carcinoma [Shuda
et al., 2008]. However, to determine whether MCPyV
infection is a risk factor for KS, the MCPyV status in
Merkel cell in KS patients should be investigated.

In conclusion, MCPyV was detected in Japanese cases
with Merkel cell carcinoma and KS. Although MCPyV
infection appears to be rare in the Japanese population,
this study provides evidence that MCPyV is spread
worldwide, and that MCPyV is associated with patho-
genesis in some Merkel cell carcinoma cases.
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Bone marrow stromal antigen 2 (BST-2, also known as teth-
erin) is a recently identified interferon-inducible host restric-
tion factor that can block the production of enveloped viruses by
trapping virus particles at the cell surface. This antiviral effect is
counteracted by the human immunodeficiency virus type 1
(HIV-1) accessory protein viral protein U (Vpu). Here we show
that HIV-1 Vpu physically interacts with BST-2 through their
mutual transmembrane domains and leads to the degradation of
this host factor via a lysosomal, not proteasomal, pathway. The
degradation is partially controlled by a cellular protein, 8-trans-
ducin repeat-containing protein (8TrCP), which is known to be
required for the Vpu-induced degradation of CD4. Importantly,
targeting of BST-2 by Vpu occurs at the plasma membrane fol-
lowed by the active internalization of this host protein by Vpu
independently of constitutive endocytosis. Thus, the primary
site of action of Vpu is the plasma membrane, where Vpu targets
and internalizes cell-surface BST-2 through transmembrane
interactions, leading to lysosomal degradation, partially in a
BTrCP-dependent manner. Also, we propose the following con-
figuration of BST-2 in tethering virions to the cell surface; each
of the dimerized BST-2 molecules acts as a bridge between viral
and cell membranes.

Viral protein U (Vpu)?® is an 81-amino acid type I integral
membrane phosphoprotein expressed by human immunodefi-
ciency virus type 1 (HIV-1) (1, 2) and several simian immuno-
deficiency viruses (3—6). Vpu is not incorporated into virus
particles (7), indicating that it acts exclusively in virus-producer
cells. Indeed, Vpu is known to play two distinct roles during the

*This work was supported in part by a grant from the Ministry of Health,
Labor, and Welfare of Japan.

The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1-4.

'To whom correspondence should be addressed: Dept. of Pathology,
National Institute of Infectious Diseases, Shinjuku-ku, Tokyo 162-8640,
Japan. Tel.: 81-3-5285-1111; Fax: 81-3-5285-1189; E-mail: tokunaga@
nih.go.jp.

2The abbreviations used are: Vpu, viral protein U; HIV-1, human immunode-
ficiency virus type 1; BTrCP-1, B-transducin repeat-containing protein 1;
CT, cytoplasmic; TM, transmembrane; BST-2, bone marrow stromal antigen
2; GPI anchor, glycosylphosphatidylinositol anchor; RRE, Rev-responsive
element; HA, hemagglutinin; EGFP, enhanced green fluorescent protein;
TfR, transferrin receptor; Dyn2, dynamin-2; WT, wild-type; shRNA, short
hairpin RNA; ELISA, enzyme-linked immunosorbent assay.

35060 JOURNAL OF BIOLOGICAL CHEMISTRY

later stages of infection. First, Vpu interacts with newly synthe-
sized CD4 molecules complexed with the gp160 envelope
glycoprotein precursor in the endoplasmic reticulum (8, 9)
and recruits the B-transducin repeat-containing protein 1
(BTrCP-1) subunit of the Skp1-Cullin1-F-box ubiquitin ligase
complex (10) as well as BTrCP-2 (11) through its phospho-
serine residues at positions 52 and 56 in the cytoplasmic (CT)
domain (12, 13). This event results in proteasome-mediated
degradation of CD4 (10, 14, 15) allowing gp160 to resume trans-
port toward the cell surface for virion incorporation. Second,
Vpu mediates the enhancement of virion release (16 -18) in
a cell type-dependent manner (e.g HelLa cells require Vpu,
whereas COS7 cells do not (19, 20)), and its absence leads to the
accumulation of viral particles at the cell surface (21).

In contrast to the effect of Vpu on CD4 degradation, little had
been known about the mechanism by which Vpu enhances the
release of virions. The finding that Hel.a-COS7 heterokaryons
exhibited HeLa-type properties suggested that Vpu-responsive
HeLa cells might harbor endogenous a restriction factor(s) that
could be counteracted by this viral protein (22), as seen in Vif-
responsive cells harboring the antiretroviral factor APOBEC3G
counteracted by Vif (23). Neil et al. (24) showed that Vpu-defi-
cient viral particles accumulated at the cell surface could be
released after subtilisin protease treatment, suggesting that the
endogenous factor blocked by Vpu is a cell-surface-associated
protein. They also showed that this endogenous factor was
interferon-a-inducible and indeed overcome by Vpu (25) and,
based on microarray analyses of messenger RNAs in interferon-
a-treated and untreated cells, identified the host restriction fac-
tor and termed it tetherin (26), a transmembrane (TM) protein
previously known as bone marrow stromal antigen 2 (BST-2),
CD317, or HM1.24 (27-29). Subsequently, Van Damme et al.
(30) demonstrated that the Vpu-induced inhibition of tetherin
(referred to hereafter as BST-2) was due to down-regulation of
BST-2 by Vpu.

BST-2regulates the growth and development of B cells and is
highly expressed in human myeloma cells (27-29). This protein
has an unusual topology, harboring an N-terminal CT domain
followed by a TM domain, an extracellular coiled-coil domain,
and a glycosylphosphatidylinositol (GPI) anchor at the C termi-
nus (31, 32). At the cell surface, BST-2 resides in cholesterol-
rich lipid microdomains (also called lipid rafts) through the GPI
anchor, whereas its TM domain apparently lies outside the lipid
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rafts (31, 32), indirectly interacting with the actin cytoskeleton
(33). Based on this topology of BST-2, Neil et al. (26) speculated
on several configurations, such as forms tethering virions to
cell membranes, and to each other. However, the actual con-
figuration remains unknown. As expected from the forma-
tion of tethers to capture enveloped viruses, BST-2 indeed
shows broad-spectrum inhibition of the release of not only
animal retroviruses, but also Ebola, Lassa, and Marburg
viruses (34 -36).

Herein, we show that the Vpu primary site of action is the
plasma membrane, where this protein targets cell-surface
BST-2 through their mutual TM-to-TM binding, leading to
lysosomes, partially dependent on BTrCP. We also propose a
possible configuration model of BST-2 to tether virions to the
plasma membranes.

EXPERIMENTAL PROCEDURES

DNA Construction—The vesicular stomatitis virus glycopro-
tein expression vector pHIT/G (37), HIV-1 proviral construct
pNL-E™ (38), an HIV-1 proviral indicator construct pNL-Luc-
E7, and a CD4 expression vector pNL-CD4 (39) have been
described previously. The lentiviral plasmids psPAX2 and
pLVTHM (40) were kindly provided by D. Trono. The HIV-1
Vpu expression plasmid pCA-Vpu-RRE and HIV-1 Rev expres-
sion plasmid pCA-Rev were created by inserting a PCR-ampli-
fied NL4-3-derived vpu gene (nucleotide 6061-6306) together
with a Rev-responsive element (RRE; nucleotide 7759 -7992)
and a rev gene (nucleotide 5969 — 6044, 8369 —8643), respec-
tively, into a mammalian expression plasmid pCAGGS (41). A
CT deletion mutant of Vpu pCA-VpuACT-RRE was created by
replacing the full-length Vpu of pCA-Vpu-RRE with a PCR-
amplified TM domain of Vpu (amino acid residues 1-27). A
chimeric mutant comprising the human CD4 TM and Vpu CT
domains, pCA-CD4tmVpu-RRE, was created by replacing the
TM domain of Vpu with that of CD4 (amino acid residues 398 —
420), using overlapping PCR-based cloning. Hemagglutinin
(HA)- or enhanced green fluorescent protein (EGFP)-tagged
Vpu plasmids (pCA-Vpu-HA-RRE, pCA-VpuACT-HA-RRE,
pCA-CD4tmVpu-HA-RRE, pCA-Vpu-EGFP-RRE, and pCA-
CD4tmVpu-EGFP-RRE) were generated by inserting amplified
Vpu fragments into a modified pPCAGGS carrying a C-terminal
HA tag with a RRE downstream of HA or into a modified
pCAGGS carrying C-terminal EGFP tag with a RRE down-
stream of EGFP. A Vpu phosphorylation mutant pCA-Vpu2/6-
RRE was created as previously described (12), by using pCA-
Vpu-RRE as a template with QuikChange site-directed
mutagenesis (Stratagene). A proviral Vpu phosphorylation
mutant pNL-Vpu2/6-E” was similarly created except using
pNL-E™ as a template. Vpu- and envelope-deficient proviral
clones, pNL-U"E™ and pNL-Luc-U"E~, were generated by
introducing a Hpal site at the vpu initiation codon of pNL-E~
and pNL-Luc-E™ using QuikChange site-directed mutagenesis.
To create a BST-2 expression plasmid pCA-BST-2, total RNA
was isolated from HeLa cells using a RNAqueous Kit (Ambion)
and was subjected to reverse transcription followed by amplifi-
cation with specific oligonucleotides. The amplified fragments
were cloned into pCAGGS. Extracellular FLAG- and Myec-
tagged BST-2 expression plasmids (pCA-BST-2-exFLAG and
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pCA-BST-2-exMyc) were generated by inserting the FLAG or
Myc fragments into an AflII site (nucleotide 429 of BST-2 gene)
in pCA-BST-2. An endocytosis mutant (pCA-BST-2-Y6A/
Y8A) was generated by using pCA-BST-2 as a template with
QuikChange site-directed mutagenesis. Chimeric versions
between BST-2 and transferrin receptor (TfR) (42), pCA-
TfRct/tm-BST-2, pCA-TfRct-BST-2, and pCA-TfRtm-BST-2
were created by replacing the N-terminal CT (amino acid resi-
dues 1-21) and TM domains (amino acid residues 22—43) of
pCA-BST-2 with those of pTfR (kindly provided by Y. Takai;
CT, amino acid residues 1-62; TM, 63-88), by replacing the
CT domain of pCA-BST-2 with that of pTfR, and by replacing
the TM domain of pCA-BST-2 with that of pTfR, respectively,
using overlapping PCR-based cloning. A chimeric mutant of
the human CD4 signal peptide and BST-2, pCA-BST-2-
CD4sig, was generated by exchanging the CT with the TM
domains of pCA-BST-2 for the CD4 signal peptide (amino acid
residues 1-25) and an additional 10 residues of pNL-CD4 using
the overlapping PCR-based cloning. A BST-2 mutant deleted of
the GPI modification signal pCA-BST-2AGPI was created by
inserting amplified BST-2 fragments deleted of the signal
(amino acid residues 161-180) into pCAGGS. With regard to
the mutant BST-2 plasmids described above, extracellular
FLAG-and Myc-tagged versions were also constructed. To cre-
ate BTrCP-1 and -2 expression plasmids (pCA-BTrCP-1-FLAG
and pCA-BTrCP-2-FLAG), total RNA from MOLT-4 cells was
subjected to reverse transcription followed by amplification
with specific oligonucleotides. Amplified fragments were
cloned into a modified pCAGGS carrying a C-terminal FLAG-
tag. A CD4 expression plasmid pCA-CD4 was created by insert-
ing a CD4 fragment amplified from pNL-CD4 into pCAGGS.
To generate a dynamin-2 (Dyn2) expression plasmid (pCA-
Dyn2), total RNA isolated from 293T cells was subjected to
reverse transcription-PCR amplification of the Dyn2 gene
using specific oligonucleotides. Amplified Dyn2 fragments
were cloned into pCAGGS. A dominant-negative mutant of
Dyn2 (pCA-Dyn2-K44A) was created by using pCA-Dyn2 as
a template with QuikChange site-directed mutagenesis.
EGFP-tagged Dyn2 and Dyn2-K44A expression plasmids
(pCA-Dyn2-EGFP and pCA-Dyn2-K44A-EGEFP) were gen-
crated by introducing wild-type (WT) and mutant-derived
Dyn2 fragments into a modified pCAGGS carrying the
C-terminal EGFP tag. An EGFP expression plasmid, pCA-
EGFP, was created by inserting a PCR-amplified EGFP frag-
ment into pCAGGS. Plasmids expressing short hairpin RNA
(shRNA) against BTrCP-1 and BTrCP-2 were generated
by inserting fragments containing sequences targeting
BTrCP-1 (GCGTTGTATTCGATTTGATAA) and BTrCP-2
(GTGTCATTGTAACTGGCTCTT) into pLVTHM. All
constructs were verified by DNA sequencing. .

Cell Maintenance, Transfection, and Protein Analyses—
HelLa, 293T, and COS7 cells were maintained under standard
conditions. 293T cells were transfected with a BST-2 (WT or
mutants) expression plasmid or HIV-1 proviral construct
(Vpu-WT, -2/6, or -deficient) using FuGENE 6 transfection
reagent (Roche Applied Science) according to the manufactur-
er’s instructions. Cell extracts from transfected cells were sub-
jected to gel electrophoresis and then transferred to a nitrocel-
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lulose membrane. The membranes were probed with an anti-
BST-2 mouse polyclonal antibody (Abnova) or an anti-Vpu
serum (obtained through the AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, National Institutes
of Health; HIV-1 NL4-3 Vpu antiserum was from F. Maldarelli
and K. Strebel (43)). Reacted proteins were visualized by chemi-
luminescence using an ECL Western blotting detection system
(GE Healthcare) and monitored using a LAS-3000 imaging sys-
tem (FujiFilm).

shRNA Lentiviral Transduction—7 X 10° 293T cells were
cotransfected with 0.95 pg of BTrCP-1 or BTrCP-2 shRNA,
0.95 pug of psPAX2, and 0.1 ug of pHIT/G by using FuGENE6.
After 48 h, the supernatants were harvested, and the amount of
p24 antigen was measured by using an HIV-1 p24-antigen cap-
ture enzyme-linked immunosorbent assay (ELISA) (Advanced
BioScience Laboratories). 1.25 X 10° HeLa cells were trans-
duced with 1 ug of a lentivirus carrying BTrCP-1 and/or
BTrCP-2 shRNA.

Virion Production Assay—1.75 X 10° 293T cells were
cotransfected with the proviral construct (0.5 pg) pNL-Luc-
UTE™ together with 25 ng of pCA-Vpu-RRE (WT or mutants),
25 ng of pCA-Rev, 2.5 ng of pCA-BST-2 (WT or mutants), and
947.5 ng of the empty vector by using FuGENE 6. After 48 h the
supernatants were harvested and subjected to p24-antigen cap-
ture ELISA. To normalize transfection efficiency, cells were
lysed in 75 ul of lysis buffer, and firefly luciferase activities were
determined by using a firefly Luciferase Assay System (Pro-
mega) with a Centro LB960 luminometer (Berthold). Alterna-
tively, 7 X 10° 293T cells were cotransfected with the proviral
construct (1 ug) pNL-E~, pNL-Vpu2/6-E~, or pNL-U E~
together with 0.1 ug of pHIT/G and 0.9 pug of the empty vector
by using FuGENE 6. After 48 h the supernatants were harvested
and subjected to p24-antigen capture ELISA. BTrCP-1 and/or
BTrCP-2-knockdown Hela cells seeded at 6.25 X 10* cells
were infected with 12.5 ng each of vesicular stomatitis virus
glycoprotein-pseudotyped HIV-1. Sixteen hours later cells
were washed with phosphate-buffered saline, and 1 ml of fresh
complete medium was added. After 24 h supernatants were
harvested and subjected to HIV-1 p24-antigen capture ELISA.

Immunoprecipitations—7 X 10> 293T cells were cotrans-
fected with 0.4 ug of pCA-Rev, either 0.8 pg of pCA-Vpu-RRE
or pCA-Vpu-HA-RRE (WT or mutants), and either 0.8 ug of
pCA-BST-2 (WT, or mutants) or pCA-BST-2-exMyc using
FuGENE 6. Alternatively, 0.5 pug of BTrCP-1 or-2 plasmid was
added to 0.5 pg each of the plasmids as described above (in
control experiments, 0.5 ug of pCA-CD4 was used instead of
pCA-BST-2). At 48 h after transfection, the cells were sus-
pended in 500 pl of lysis buffer (50 mm Tris, pH 7.4, 150 mm
NaCl, 1% digitonin, and Complete protease inhibitor mixture
(Roche Applied Science)). The resultant lysates were clarified
by brief centrifugation, precleared with 30 ul of protein G-aga-
rose beads (Sigma) for 1 h at 4°C, incubated with the anti-
BST-2 mouse polyclonal antibody the Vpu antiserum, an anti-
Myc polyclonal antibody (Sigma) or an anti-CD4 monoclonal
antibody (Santa Cruz Biotechnology) for 1 h at 4 °C, and then
added to 30 ul of protein G-agarose beads. After 1 hat 4 °C, the
immune complexes were extensively washed with lysis buffer,
and equal aliquots of the total and bound fractions were sub-
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jected to gel electrophoresis and transferred to a nitrocellulose
membrane. The membranes were probed with the anti-BST-2
mouse polyclonal antibody, the Vpu antiserum, an anti-FLAG
rabbit polyclonal antibody (Sigma), or an anti-HA mouse
monoclonal antibody (Sigma).

Flow Cytometry—1.75 X 10° 2937T cells were cotransfected
with 2.5 ng of either the control vector or extracellular FLAG-
tagged series of BST-2 expression plasmids, 25 ng of pCA-Vpu-
RRE, 25 ng of pCA-Rev, 50 ng of pCA-EGFP (in some experi-
ments together with 25 ng of the dynamin-2 WT or mutant
expression plasmid) and the empty vector up to 1 pg of total
DNA. After 48 h, transfected cells were incubated with an anti-
FLAG M2 mouse monoclonal antibody (Sigma) or an isotype
control antibody (Immunotech) followed by staining with a
goat anti-mouse IgG conjugated to R-phycoeythrin (Molecular
Probes) for 30 min on ice. Cells were then washed extensively
with phosphate-buffered saline plus 0.1% bovine serum albu-
min, fixed with 4% formaldehyde in phosphate-buffered saline,
and analyzed by fluorescence-activated cell sorting on a CyFlow
(Partec). The data were analyzed by using FlowJo software
(Tree Star, Inc.).

Immunofluorescence—CQOS7 cells were plated on 13-mm®
glass coverslips, cotransfected with the indicated plasmids,
and cultured for 24 h before fixation. To evaluate the Vpu-
induced down-regulation of BST-2, cells were cotransfected
with 0.5 pg of pCA-Vpu-EGFP-RRE (WT or CD4tm chi-
mera), 0.5 ug of pCA-Rev, and 50 ng of Myc-tagged BST-2
(WT or mutants) using FuGENE 6. Alternatively, cells were
cotransfected with 0.3 pg of pCA-Vpu-HA-RRE (WT or
CD4tm chimera), 0.3 g of pCA-Rev, 50 ng of pCA-BST-2-
exMyc together with 0.4 ug of either pCA-Dyn2-EGFP or
pCA-Dyn2-K44A-EGFP. To detect Myc-tagged BST-2 accu-
mulated in lysosomes, the transfected cells were cultured for
16 h in complete medium in the presence of lysosomal pro-
tease inhibitors (40 uM of leupeptin and pepstatin A; Peptide
Institute Inc., 4 pg/ml E64d; Sigma). To evaluate the involve-
ment of proteasomal degradation in the Vpu-induced down-
regulation of BST-2, transfected cells were cultured for 12 h
in complete medium in the presence of a proteasome inhib-
itor (0.8 um of MG-132; Sigma). The transfected cells were
fixed with 4% paraformaldehyde at room temperature for 30
min, permeabilized with 0.05% saponin for 10 min, and
immunostained with an anti-cathepsin D polyclonal anti-
body (DAKO) and an anti-Myc monoclonal antibody (9E10;
Sigma). To distinguish cell-surface and intracellular BST-2
proteins, cells were incubated in complete medium in the
presence of the anti-Myc mouse monoclonal antibody at 4 °C
for 5 min, washed in phosphate-buffered saline at 4 °C, and
then fixed with 4% paraformaldehyde at room temperature
for 30 min. The fixed cells were permeabilized with 0.05%
saponin for 10 min and immunostained with the anti-Myc
polyclonal antibody. Secondary goat anti-mouse and anti-
rabbit antibodies that had been conjugated with Cy3 or Cy5
(Jackson ImmunoResearch Laboratories, Inc.) were used at 5
pg/ml. DNA staining with Hoechst (Molecular Probes) was
performed at 0.5 pug/ml. All immunofluorescence images were
observed on a Leica DMRB microscope (Wetzlar) equipped
with a 100X 1.32 NA oil immersion lens (PL APO), acquired
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FIGURE 1. Vpu physically interacts with BST-2 and reduces its cell-surface expression. A, shown is Vpu-BST-2 interaction. Precleared cell extracts
from 293T cells expressing Vpu with or without BST-2 were immunoprecipitated (/P) with an anti-BST-2 antibody, then immunoblotted with an antibody
to Vpu (upper left), or the reciprocal experiment was done by using the antibodies to Vpu for immunoprecipitation and to BST-2 for immunoblotting,
respectively (upper right). Aliquots of cell lysates were also analyzed by immunoblotting in parallel for Vpu (lower left) and BST-2 (lower right). B, shown
is cell-surface expression of BST-2 in the presence and absence of Vpu. 2937 cells transiently expressing extracellularly FLAG-tagged BST-2 and EGFP
together with (right) or without Vpu (middle) and the control cells (left) were stained for cell-surface BST-2 by using an anti-FLAG monoclonal antibody
and analyzed by two-color flow cytometry. The cells were gated for EGFP-positive cells. C, COS7 cells transiently expressing Myc-tagged BST-2 together

with Vpu/EGFPs (WT; lower panels, CD4tm/Vpu chimera; upper panels) were

BST-2 as described under “Experimental Procedures.” Bars, 10 um,

through a cooled CCD camera, MicroMAX (Princeton
Instruments), and digitally processed using IPlab Software
(Scanalytics).

RESULTS

Vpu Physically Interacts with BST-2—We first investigated
the possible interaction between Vpu and BST-2. Precleared
cell lysates from 293T cells cotransfected with Vpu and BST-2
expression plasmids were incubated with the anti-BST-2 anti-
body, and the resulting complexes were analyzed by Western
blotting using an antibody to Vpu. An antibody against BST-2
was able to specifically coimmunoprecipitate Vpu protein from
293T cells (Fig. 14, left panel). In the converse experiment cell
lysates from 293T cells expressing Vpu and BST-2 proteins
were incubated with the anti-Vpu antibody, and the precipi-
tates were analyzed using the anti-BST-2 antibody. BST-2 pro-
tein was also able to be coimmunoprecipitated with Vpu (Fig.

A S EVEN
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processed for cell-surface and intracellularimmunoflucrescence staining for

1A, right panel). We, therefore, conclude that Vpu and BST-2
can physically interact.

Cell-surface Expression of BST-2 Is Reduced by Vpu—To dis-
sect the mechanisms by which Vpu counteracts BST-2 protein,
we examined the cell-surface expression of BST-2 in the pres-
ence and absence of Vpu by flow cytometry using optimal doses
of BST-2 and Vpu expression plasmids based on levels of
endogenous expression in HeLa cells and of physiological
expression from Vpu-positive NL4-3 proviral DNA, respec-
tively (supplemental Fig. S1, 4 and B). Cell-surface expression
of BST-2in 293T cells transfected with the expression plasmid
encoding BST-2 was readily detected by using the anti-BST-2
antibody. When Vpuwas coexpressed with BST-2in 293T cells,
expression of BST-2 on the cell surface was remarkably dimin-
ished (Fig. 1B), as recently reported (30). BST-2-specific cell-
surface and intracellular immunofluorescence staining con-
firmed that Vpu was able to block cell-surface expression of
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FIGURE 2. BST-2 is degraded by Vpu through the lysosomal degradation pathway. COS7 cells transiently
expressing Myc-tagged BST-2 together with Vpu/EGFP (right panels in A and B) or with a control CD4 tmVpu/
EGFP (feft panelsin A and B) were cultured in the absence (A) and presence (B) of a mixture of lysosome protease
inhibitors (LP/; containing leupeptin, pepstatin A, and E64d). The cells were processed forimmunofluorescence
staining for total BST-2 and a lysosome marker cathepsin D, as described under “Experimental Procedures.”

Squares indicate magnified regions. Bars, 10 um,

BST-2 (Fig. 1C, lower panels), although a control Vpu-CD4TM
hybrid protein, which is unable to enhance virion release (44),
did not affect BST-2 expression (Fig. 1C, upper panels). These
results suggest that Vpu down-regulates cell-surface BST-2,
thereby probably leading to the lysosomal degradation of this
host protein. Alternatively, Vpu might prevent de novo BST-2
expression intracellularly by inducing proteasomal degrada-
tion, similar to the mechanism by which it acts on CD4 (10, 11)
or by inducing lysosomal degradation before BST-2 reaches the
plasma membrane.

BST-2 Is Degraded in the Lysosome by Vpu—We next
attempted to determine the pathway of the Vpu-induced down-
regulation of BST-2. To examine whether BST-2 undergoes
lysosomal degradation, we transfected COS7 cells with Myc-
tagged BST-2 expression plasmid and either the WT Vpu or
CD4tmVpu expression plasmid in the presence or absence of a
mixture of lysosomal protease inhibitors (leupeptin, pepstatin
A, and E64d (45)) and then observed the subcellular localization
of BST-2 protein. The coexpression of Vpu in the cells treated
with lysosomal protease inhibitors led to its colocalization with
BST-2 and a lysosome marker, cathepsin D (Fig. 2B, right pan-
els), whereas the expression of Vpu-CD4TM protein (Fig. 2B,
left panels) and the absence of lysosomal protease inhibitors
(Fig. 24) did not. Importantly, magnified images of selected
areas (Fig. 2B lower panels) revealed clear outlines (possible
lysosomal membranes) composed of the colors of Vpu (green)
and BST-2 (blue) proteins, in which the lysosomal protease

35064 JOURNAL OF BIOLOGICAL CHEMISTRY

within vesicle lumens (Fig. 2B, bot-
tom right), whereas cathepsin D
without any visible outlines was
observed in the presence of non-
functional Vpu (Fig. 2B, bottom left).
These results suggest that lyso-
somes (represented by cathepsin D)
can carry BST-2 in the presence of a
functional Vpu. By treatment with
the proteasome inhibitor, BST-2
expressions were rescued in both
the presence and absence of Vpu
protein (supplemental Fig. $2A4),
implying that BST-2 might physio-
logically undergo proteasomal deg-
radation independently of the pres-
ence of Vpu. We, therefore,
conclude that BST-2 is degraded by
Vpu through a lysosomal degrada-
tion pathway.

Vpu-induced BST-2 Degradation
Is Partially Dependent on BTrCP
Proteins—In the case of proteaso-
mal degradation of CD4, Vpu spe-
cifically recruits the BTrCP-1 and -2
subunits of the Skp1-Cullin1-F-box
ubiquitin ligase complex. This is
achieved by the interaction of phos-
phorylated serine residues at posi-
tions 52 and 56 in the CT domain of
Vpu (12, 13) with seven C-terminal WD repeats in STrCP (10).
Because BTrCP is known to control not only proteasomal but
also lysosomal degradation (46), we next examined whether the
Vpu-induced lysosomal degradation of BST-2 would involve
BTrCP proteins. Control lysates from 293T cells expressing
CD4, either WT or BTrCP interaction-defective (52/56 mutant,
2/6) Vpu protein, and either FLAG-tagged BTrCP-1 or -2, were
subjected to immunoprecipitation with an anti-CD4 antibody.
As expected and previously reported (10, 11), BTrCP-1 and -2
proteins were specifically coimmunoprecipitated with CD4 in
the presence of Vpu-WT but not Vpu, 4 (Fig. 34, left). When
BST-2 was expressed instead of CD4 and immunoprecipitated
with the anti-BST-2 polyclonal antibody, both BTrCP-1 and -2
were also coimmunoprecipitated with similar efficiencies in the
presence of WT Vpu but not Vpu,  (Fig. 34, right). The results
indicate that, as is the case of CD4, Vpu assembles a ternary
complex with BST-2and BTrCP between which no direct inter-
action occurs. Importantly, Vpu,, was still able to partially
enhance virion production in HeLa cells (Fig. 3B). Supporting
these results, knockdown experiments using shRNAs, which
efficiently targeted BTrCP-1 and/or BTrCP-2 (supplemental
Fig. S3), revealed a partial but additive reduction in the Vpu-
mediated effect on virion release (Fig. 3C), which was compa-
rable with that in Vpu, , treated with a control sShRNA. Overall,
these experiments indicate that the effect of Vpu on the lysoso-
mal degradation of BST-2 is partially dependent on BTrCP.
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FIGURE 3.Vpu-induced BST-2 degradation is partially 8TrCP-dependent. A, Vpu connects BST-2 with either
BTrCP-1 or -2. Precleared cell extracts from 293T cells transiently expressing CD4, Vpu (WT or 2/6 mutant), and
either FLAG-tagged BTrCP-1 or -2 were immunoprecipitated (/P) with an anti-CD4 antibody (left half). Similarly,
precleared cell extracts from 293T cells transiently expressing BST-2, Vpu (WT or 2/6 mutant), and either
FLAG-tagged BTrCP-1 or -2 were immunoprecipitated with the anti-BST-2 antibody (right half). The resulting
complexes were analyzed by immunoblotting with antibodies to Vpu and FLAG (upper two panels). Aliquots of
cell lysates were also analyzed by immunoblotting in parallel for Vpu and FLAG (lower two panels). B, BTrCP
interaction-defective mutant of Vpu retains some activity to enhance virion release. Hela cells were infected
with vesicular stomatitis virus glycoprotein-pseudotyped WT, Vpu2/6, and AVpu viruses. After 40 h, viral super-
natants were harvested and subjected to p24 ELISA. Data are presented as a percentage of the amount of WT
release and shown as the mean + S.D. Vpu expressions from the proviral DNAs were confirmed by immuno-
blotting. C, shown is partial inhibitory effect of 8TrCP knockdown on Vpu activity. Hela cells were transduced
with a control lentiviral vector or with vectors producing STrCP-1 and/or -2-specific shRNA. After 48 h, trans-
duced cells were infected as described in B. Data are presented as a percentage of the amount of WT release in
the presence of control shRNA and are representative of three independent experiments.

raft-dependent endocytosis  (for
review, see Ref. 47). Dyn2-K44 A was
able to drastically and specifically
block Vpu-induced BST-2 down-
regulation, whereas Dyn2-WT did
not show any effect (Fig. 44). This
was also proved by the cell-surface/
intracellular-staining immunofluo-
rescence assay (Fig. 4B). These
results suggest that cell-surface
BST-2 undergoes lysosomal degra-
dation by Vpu. Because a very
recent report has suggested that
Vpu would act after the physiologi-
cal endocytosis of BST-2 via AP-2
(48), we examined whether or not a
BST-2 mutant deficient in constitu-
tive endocytosis could be insensitive
to Vpu. To do this we introduced
mutations into a non-canonical
tyrosine-based motif containing
two tyrosine residues at positions 6
and 8 in the CT domain of BST-2
(Y6A/Y8A), which has been known

_to be essential for clathrin-mediated

internalization of this protein (32,
49). Protein expressions were con-
firmed by immunoblotting, show-
ing more intensive bands in the
endocytosis mutant Y6A/Y8A than
in WT as expected (Fig. 4C). A
virion production assay showed that
the Y6A/Y8A mutant was still sen-
sitive to Vpu (Fig. 4D). Consistent
with this, flow cytometry revealed
the efficient down-regulation of the
mutant BST-2 Y6A/Y8A by Vpu
(Fig. 4E). The fact that, without the
ability of BST-2 to be endocytosed,
Vpu is able to actively induce inter-
nalization of this host protein,
strongly suggests that the actual site
of action of Vpu is not post-endo-
cytic but pre-endocytic. Taken
together, we conclude that Vpu tar-
gets and internalizes BST-2 at the
plasma membrane.

TM Domain of BST-2 Is Specifi-

Vpu Targets and Internalizes Cell-surface BST-2—It was still
unclear whether cell-surface BST-2 or intracellular de novo
BST-2 would undergo Vpu-induced lysosomal degradation
partially in a BTrCP-dependent manner. We, therefore, exam-
ined whether BST-2 expression reduced by Vpu was rescued by
inhibiting endocytosis. To analyze this we performed flow
cytometry by using 293T cells transiently expressing BST-2,
Vpu, and either WT dynamin-2 (Dyn2-WT) or its dominant-
negative form (Dyn2-K44A), the latter of which inhibits both
clathrin-dependent and -independent, but not caveolae/lipid

pCEVEN
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cally Recognized by Vpu—To determine the domains of BST-2
involved in the interaction with Vpu, we created FLAG-tagged
chimeric constructs with BST-2 and TfR, which has a type II
topology, by replacing the CT and/or TM domains of BST-2
with the corresponding domains of TfR (Fig. 54). Expressions
of all chimeric BST-2 proteins in the transfected cells were con-
firmed by immunoblotting using the anti-BST-2 antibody (Fig.
5B). Flow cytometry analysis (Fig. 5C, upper panels) verified
that all of these constructs were expressed on the cell surface at
equivalent levels. By performing both double-staining immu-

JOURNAL OF BIOLOGICAL CHEMISTRY 35065

— 147 —

6002 ‘¥ 12quwiedaq uo ‘OPNAMNIM NISNYM NSLIHNMOM 18 Bio sgl-mmm wou papeojumog



By B o

_ASBMB

Tﬁe Journal of Biological Chemistry

Supplemental Material can be found at:
http:/Mmww.jbc.org/content/suppl/2008/10/19/M109.058305.DC1.html

HIV-1 Vpu Actively Internalizes Cell-surface BST-2

Dyn2-WT Dyn2-K44A
A BT BT 57 3%
Vpu ()
BST-2
Vpu (+)
- Dyn2-WT Dyn2-K44A
CD4tmVpu Vpu-WT CD4tmVpu Vpu-WT

BST-2
(surface)

Vp
=
”
y 4
¥

Dynamin

Hoechst

c E BST-2 BST-2
Control WT YBA/YBA
B-actin Emy e Veu ()
B 200 - ®Vpu() e @
OVpu(+) - ) it |
—~ 150
o |
E w© 20 . w
£ 100 - Vpu (+)
<
N
2 50
0 e S S—
WT  YBA/YBA
35066 JOURNAL OF BIOLOGICAL CHEMISTRY NBSEDB\.  VOLUME 284-NUMBER 50-DECEMBER 11, 2009

— 148 —

6002 ‘¥ 1equisdaq uo ‘OPNAMNIM NISNYM NSLIHNMOM 18 510 00l mmam Wwoly papeojumoc]



' The Journal afﬂiblégimi Chemistry

Supplemental Material can be found at:
http:/Mww.jbc.org/content/suppl/2009/10/19/M109.058305.DC1.html

nofluorescence (supplemental Fig. S4) and flow cytometry
assays (Fig. 5C, lower panels), it was revealed that the cell-sur-
face expressions of chimeric BST-2 constructs with the CT-TM
and with the TM domains of TfR were retained even in the
presence of Vpu, whereas those of WT and a chimeric BST-2
carrying TfR CT domain were efficiently reduced, suggesting
that BST-2 is down-regulated from the cell surface through the
specific interaction of Vpu with the TM domain of BST-2. Sup-
porting the results, immunoprecipitation and virion produc-
tion assays proved that the TM domain of BST-2 was indeed
required for the interaction with Vpu and thereby determined
the sensitivity to Vpu (Fig. 5, D and E).

TM Domain of Vpu Specifically Interacts with That of BST-2—
Used as a negative control of Vpu in our experiments (as
described above), Vpu-CD4 TM hybrid protein is known not to
enhance the release of virions (44), implying the TM domain of
Vpu to be critical for the interaction with BST-2. In contrast,
the CT domain has been thought to be dispensable for the
virion production, as a Vpu mutant lacking this domain
retained its biological activity for virus release (50). To assess
the effects of those mutants on the production of virions, we
performed the virion release assay using Vpu-WT, Vpu-
CDATM, and VpuACT (which has no single residue of CT
domain; depicted in Fig. 6A4) in the presence of BST-2. Interest-
ingly, unlike the previously reported Vpu CT mutant compris-
ing the TM domain and the N-terminal six residues of the CT
domain (50), VpuACT failed to augment virion production as
well as Vpu-CD4TM (Fig. 6B), implying that both the CT and
TM domains might be involved in the interaction with BST-2.
To test this, we performed immunoprecipitation assays using
cells transiently expressing BST-2 and either Vpu-WT or
mutants. Results obtained showed that VpuACT, but not Vpu-
CDA4TM, was specifically coimmunoprecipitated in the pres-
ence of BST-2 (Fig. 6C), indicating that only the TM domain of
Vpu is required for the physical interaction with BST-2. Thus,
we conclude that the TM domains of Vpu and BST-2 specifi-
cally interact with each other.

The Inhibition of Virion Release by BST-2 Requires Its
Anchoring to the Cell Membrane at Both Ends—To further
investigate whether the antiviral activity of BST-2 would
require its anchoring to the plasma membrane at one or both
ends, we created GPI-anchor-deleted and CD4 signal peptide
chimeric versions of BST-2, both of which anchor to the plasma
membrane at one end (Fig. 7A). Neither the GPI-anchor dele-
tion mutant nor the CD4 signal peptide chimera supported a
reduction in virion production (Fig. 7B). We, therefore, con-
clude that BST-2 must be anchored to the cell membrane at

HIV-1 Vpu Actively Internalizes Cell-surface BST-2

both ends to have an inhibitory effect on virion production.
It should be noted that the GPI-anchor-deleted mutant car-
rying the TM of BST-2 was able to interact with Vpu and
thereby was Vpu-sensitive in its down-regulation from the
cell surface by Vpu, whereas the CD4 signal peptide chimera
lacking TM was unable to interact with Vpu and thereby was
insensitive to Vpu (Fig. 7, C and D), consistent with Fig. 5D
and supplemental Fig. $4.

DISCUSSION

In this study we present that Vpu physically interacts with
BST-2 through TM-to-TM binding and targets and internalizes
cell-surface BST-2 through an endocytic pathway, leading to
lysosomal degradation partially dependent on BTrCP. Here, we
found that Vpu degraded BST-2 through a lysosomal degrada-
tion pathway, based on experiments using lysosomal protease
inhibitors. Goffinet et al. (51) recently showed that treatment
with a proteasome inhibitor abrogated the Vpu-mediated
enhancement of virion production, suggesting that Vpu sup-
presses BST-2 by accelerating its degradation via the protea-
some. In contrast, we found that proteasomal inhibitors
reduced virion production with or without BST-2 expression
(supplemental Fig. $2B). This treatment was unable to rescue
the cell-surface expression of BST-2 reduced by Vpu (supple-
mental Fig. $2C), suggesting that the reduced virion production
in the presence of the protease inhibitor is not due to a recovery
of the cell-surface expression of BST-2 but probably due to, as
previously reported, the proteasome-inhibitor-induced reduc-
tion of virion release independently of Vpu, resulting from the
rapid depletion of the free ubiquitin pool with prolonged drug
treatment (52). Because of the unavailability of antibodies
against cytoplasmic proteasome markers for immunofluores-
cence staining, we are unable to perform parallel experiments
with treatment of lysosome inhibitors that showed colocaliza-
tion of Vpu, BST-2, and the lysosome marker cathepsin D. We,
therefore, cannot rule out that some fractions of BST-2 might
be proteasomally degraded by Vpu. Despite this, our results are
in agreement with two recent observations showing that Vpu
antagonizes BST-2 via an endo-lysosomal degradation pathway
(48, 53).

Vpu has been known to interact with the cellular F-box pro-
teins BTrCP-1 (10) and BTrCP-2 (11) to induce CD4 degrada-
tion. This interaction is mediated by two phosphoserine resi-
dues in the CT domain of Vpu and C-terminal WD repeats in
BTrCP. We herein attempted to determine whether the degra-
dation of BST-2 by Vpu could be explained by the same mech-
anism. STrCP-1 and -2 proteins were indeed coimmunopre-

FIGURE 4. Vpu actively internalizes cell-surface BST-2. A, inhibition of endocytosis by dominant-negative dynamin rescues Vpu-induced reduction of
cell-surface expression of BST-2 is shown. 293T cells transiently expressing EGFP and FLAG-tagged BST-2 with (lower panels) or without Vpu (upper panels)
together with a control vector (left), dynamin-2-WT (middle; Dyn2-WT), or dominant-negative dynamin-2 (right; Dyn2-K44A) were stained for cell-surface BST-2
using the anti-FLAG monoclonal antibody and analyzed by two-color flow cytometry. B, COS7 cells transiently expressing Myc-tagged BST-2 and either
HA-tagged Vpu or a control HA-tagged CD4tmVpu together with Dyn2-WT-EGFP (left half) or with Dyn2-K44A-EGFP (right half) were processed for cell-surface
and intracellular immunofluorescence staining by using anti-Myc monoclonal (cell-surface) and anti-HA polyclonal (intracellular) antibodies, respectively.
Squares indicate magnified regions in which the implications for the section indicated by arrows are considered under “Discussion.” Bars, 10 pm. C-E, shown
is the endocytosis mutant of BST-2 remains sensitive to Vpu. C, expressions of FLAG-tagged BST-2 WT and its endocytosis mutant (Y6A/Y8A) were confirmed
by immunoblotting using the anti-FLAG monoclonal antibody. D, 293T cells were transfected with Vpu-deficient HIV-1 proviral DNA and either a control or Vpu
expression plasmid together with BST-2 WT or Y6A/Y8A expression plasmid. After 48 h viral supernatants were harvested and subjected to p24 ELISA.
Transfection efficiencies were normalized with the luciferase activity. Data shown are the mean = S.D.E, experiments were the same as Fig. 1B, except that a
FLAG-tagged BST-2 Y6A/YBA mutant (right) was also analyzed.
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FIGURE 6. TM domain of Vpu is specifically recognized by BST-2. A, shown is the predicted topology of Vpu
mutant proteins. The TM and CT domains of Vpu are represented in white, and the TM domain of CD4 is in black.
Plasma membranes are depicted in gray. B, CT domain of Vpu is also required to enhance virion release. The
assay was performed as described in Fig. 4D, except that Vpu mutants were analyzed in the presence of BST-2
WT. Data are presented as a percentage of the amount of WT virion release and are shown as the mean = S.D.
C, the TM domain of Vpu interacts with BST-2. Precleared cell extracts from 293T cells expressing HA-tagged
Vpu (WT or mutants) with or without Myc-tagged BST-2 were immunoprecipitated (/P) with an anti-Myc anti-
body followed by immunoblotting with an antibody to HA (upper). Aliquots of the cell lysates were also

analyzed by immunoblotting for Vpu (middle) and BST-2 (lower).

cipitated with BST-2 in the presence of WT Vpu but not
Vpu, .. This indicates that Vpu acts as a linker molecule
between BST-2 and either BTrCP-1 or -2, as is the case of the
ternary complex consisting of CD4, Vpu, and S8TrCP (10). Our
data showed that Vpu, ¢ retained partial antiviral activity, the
level of which was nearly equivalent to that of WT Vpu in the
cells in which both the BTrCP-1 and -2 genes were simulta-
neously silenced. These suggest that inhibition of BST-2 by Vpu
is partially dependent on BTrCP proteins. This is partly consis-
tent with two recent papers, one of which showed that the
silencing of both BTrCP-1 and -2 inhibited the Vpu-mediated
down-regulation of BST-2 whereas the knockdown of just one
of these genes had little or no effect (48), and the other of which
showed that the silencing of BTrCP-2, but not BTrCP-1, was
effective (53). Although the differences might reflect the knock-
down efficiency, these results need to be reexamined. One key
question is why the BTrCP interaction-defective Vpu, pro-
tein retained some activity to enhance the virion release at the

might be also required for the
recycling of BST-2.

Our data also showed that inhibi-
tion of the broad endocytic pathway
by the dominant-negative dynamin
mutant led to a recovery from the
Vpu-induced reduction of BST-2
expression. Additionally, when the
dominant-negative dynamin was
coexpressed in the cells, WT Vpu, normally distributed dif-
fusely throughout the intracellular compartments, was also
found to be expressed at the plasma membrane with a punctate
pattern (Fig. 4B, row 2, right panel). This is probably because the
endocytosis-free Vpu-BST-2 complex retained at the plasma
membrane was able to avoid rapid degradation, resulting in
visible signals. These results suggest that the BST-2 lysosomally
degraded by Vpu is derived from that in the plasma membranes.
In a very recent paper it was concluded that Vpu action against
BST-2 is post-endocytic, based on the absence of an effect of
Vpu on the rate of endocytosis and on the inhibition of down-
regulation by bafilomycin A1, which inhibits pH gradient-de-
pendent trafficking to late endosomes and lysosomes (48). The
report also included data showing that the Vpu-reduced reduc-
tion of cell-surface BST-2 expression was recovered by silenc-
ing the p2-subunit of the AP-2 complex, which regulates clath-
rin-mediated endocytosis (for review, see Ref. 56). Although

FIGURE 5.TM domain of BST-2 is specifically recognized by Vpu.A, shown is the predicted topology of BST-2 chimeric proteins.The CT, TM, and extracellular
(EC) domains of BST-2 are represented in white, and the CT and TM domains of TfR are in black. Plasma membranes are depicted in gray. B, expressions of WT
and chimeric BST-2 proteins were confirmed byimmunoblotting using the anti-BST-2 polyclonal antibody, which recognizes the extracellular domain. C-E, the
TM domain of BST-2 is required for interaction with Vpu and thereby determines the sensitivity to Vpu. C, cell-surface expressions of chimeric BST-2 are shown,
293T cells transiently expressing EGFP, with (lower panels) or without Vpu (upper panels) together with FLAG-tagged BST-2 WT, -TfRct/tm, -TfRct, or TfRtm were
stained for cell-surface BST-2 using the anti-FLAG monoclonal antibody and analyzed by two-color flow cytometry. D, shown is the interaction of Vpu with
the BST-2 TM domain. Immunoprecipitations (IP) were performed as described in the legend for Fig. 1A, right panels, except that chimeric BST-2 proteins were
analyzed. Aliquots of the cell lysates were also analyzed by immunoblotting in parallel for BST-2 (middle panels) and Vpu (lower panels). Arrows indicate the
specific bands corresponding to the chimeric BST-2 proteins. Asterisks indicate the positions ofimmunoglobulin Glight chains. E, inhibition of virion release by
BST-2 chimeric proteins and their sensitivity to Vpu is shown. The assay was performed as described in Fig. 4D, except that chimeric BST-2 proteins were
analyzed. Data are presented as a percentage of the amount of Vpu (—) virion release in the absence of BST-2 and are shown as the mean = S.D.
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FIGURE 7. Anchoring of BST-2 to the cell membrane at both ends is required for the antiviral activity. A, predicted topology of BST-2 mutants is shown.
Plasma membranes are depicted in gray. B, shown is the lack of an inhibitory effect of BST-2 mutants on virion release. The assay was performed as described
in Fig. 4D, except that mutant BST-2 proteins were analyzed. Data are shown as described in Fig. 5F.C, immunoprecipitations (/P) were performed as described
in the legend for Fig. 14, right panels, and Fig. 5D, except that mutant BST-2 proteins were analyzed. Arrows indicate the specific bands corresponding to the
BST-2 mutant. Asterisks indicate the positions of immunoglobulin G light chains. D, immunofluorescence was performed as described in Fig. 1C, except that
mutant BST-2 proteins were also analyzed. Bars, 10 um. £, models depicting potential configurations of BST-2in tethering virions to cellmembranes are shown.

this result itself could suggest that Vpu directly induces endo-
cytosis of cell-surface BST-2, the authors concluded that Vpu
targets BST-2, which has been endocytosed constitutively via
AP-2 for the reasons described above. Importantly, another
recent report suggests that BST-2 is physiologically endocy-
tosed through interaction with a-adaptin, but not the u2-sub-
unit, of the AP-2 complex (49). This implies that what was
blocked by silencing of the pu2-subunit described by Mitchell ez
al. (48) might be Vpu-induced internalization of BST-2, not the
physiological endocytosis of BST-2. This hypothesis is indeed
supported by our observation that an endocytosis-defective
BST-2 mutant protein (a-adaptin interaction-defective mutant
(49)) could still be internalized from the plasma membrane by
Vpu. Thus, we conclude that the plasma membrane is the pri-
mary site of action of Vpu, where this small viral protein targets
and internalizes cell-surface BST-2 presumably through a
clathrin-mediated, but a-adaptin-independent endocytic path-
way, partially in a BTrCP-dependent fashion.

Importantly, this study provides evidence of the physical
interaction of Vpu and BST-2 through mutual TM-to-TM

35070 JOURNAL OF BIOLOGICAL CHEMISTRY

binding, obtained using chimeric constructs with BST-2 and
the type II TM protein TfR. The requirement of the TM domain
of BST-2 for the sensitivity to Vpu was also demonstrated
recently (51, 57-59) using chimeric and point mutant BST-2
proteins based on the difference between human and other pri-
mate versions. Those observations, however, do not exclude the
possibility that the CT domain of BST-2 might be addition-
ally required for the interaction with Vpu. In contrast, our
experiments revealed that BST-2 carrying the CT domain of
the type II TM protein TfR retained the ability to bind Vpu
and was Vpu-sensitive, whereas BST-2 carrying the TM
and/or CT domains of TfR lost this ability and sensitivity to
Vpu. These results suggest that the interaction of BST-2 with
Vpu requires only the TM domain, not the CT domain, of
BST-2. In terms of Vpu, Schubert ez al. (50) reported that
Vpu TM is sufficient to enhance HIV-1 virion production.
However, we found that deletion of the entire CT (VpuACT),
which could still bind BST-2, totally abolished the ability of
Vputo enhance virion release, suggesting that Vpu CT might
recruit not only 8TrCP but also an unknown cofactor(s). The
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discrepancy between their and our observations could be
because their Vpu CT mutant retained six amino acid resi-
dues of the CT domain, which might be a site of interaction
with unknown cellular cofactor(s). This needs to be eluci-
dated with further experiments.

Based on the unusual topology of BST-2 (31, 32), Neil et al.
(26) have proposed several configurations of this protein in
tethering virions to cell membranes. These include (i) bridging
between viral and cellular membranes with dimerization, (ii)
simple dimerization of both viral and cellular sides of BST-2
proteins, and (iii) mediation of unknown virion and cell com-
ponents, the latter two of which seemingly do not necessarily
require BST-2 insertion into the cell membrane at both ends. In
that paper a GPI-anchor mutant that anchors to the plasma
membrane at one end was incapable of inhibiting virion pro-
duction. In this case, however, deletion of the GPI modification
signal abolishes the localization of BST-2 at lipid rafts (31, 32) at
which HIV-1 and other enveloped viruses preferentially assem-
ble and bud (60 -62). We, therefore, created another chimeric
version of BST-2 carrying the CD4 signal peptide in place of the
CT and TM domains of BST-2. This chimeric protein, which
has an intact GPI modification signal and thereby singly
anchorsat the lipid-raft end at the cell surface, could be exposed
for interaction with the viral side of this protein or with, if any,
unknown virion and cell components. Nevertheless, the one-
end-anchored BST-2 completely lost the inhibitory activity
toward virion production. We, therefore, propose that the anti-
viral activity of BST-2 requires the following configuration, i.e.
both ends of the dimerized proteins unidirectionally bridge
virions and cell membranes (Fig. 7E).

Another level of complexity about Vpu inhibitory effect has
recently been added by the finding that, in CD4-positive trans-
formed cell lines, very little effect of Vpu on the cell-surface
expression of BST-2 was observed, whereas Vpu was able to
enhance the release of HIV-1 virions (63). In this regard, our
speculation is as follows; CD4-negative cells like the HeLa and
293T used in our and other studies allow Vpu to target only
BST-2 (or another factor as well). On the other hand, CD4-
postive cells present Vpu with an additional target that is CD4.
Because of this, higher levels of CD4 in the transformed T-cell
lines could overwork Vpu to capture CD4 in the endoplasmic
reticulum, resulting in insufficient plasma membrane transport
of Vpu, which is unable to efficiently down-regulate BST-2.
Taken together with the findings that cell-surface CD4 itself
interferes with not only viral infectivity but also the release of
virions from Jurkat T cells (64), which do not endogenously
express BST-2 (63), we speculate that the ultimate role of Vpu
might simply be to enhance virion release by blocking the cell-
surface expressions of both CD4 and BST-2 proteins. More
studies will be needed to address this issue.
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Figure S1. Optimization of the doses of plasmid DNAs for transfection.

(A) The mRNA levels of BST-2 endogenously expressed in HeLa cells and of that expressed in
the cells transfected with serially diluted BST-2 expression plasmid were compared. Using a
real-time RT-PCR method (described below), introduction of 2.5 ng (indicated by a closed red
circle) of BST-2 plasmid into 293T cells was found to be able to reproduce the endogenous level
of BST-2 expression in the HeLa cells. (B) The enhancement of virion release by Vpu either
from 1 pg of the proviral construct (physiologically expressed Vpu) or from the serially diluted
Vpu expression plasmid coupled with the Rev expression plasmid, in the presence of a fixed
amount of the BST-2 plasmid (as determined above; 2.5 ng) was also evaluated, and the optimal
dose of Vpu expression plasmid which reflected its physiological expression was found to be 25
ng (indicated by a closed red circle).

[Real-time RT-PCR] Total RNA was extracted from the cells by using a RNAqueous Kit
(Ambion), and treated with TURBO DNA-free (Ambion) according to the manufacturer’s
protocols. Real-time RT-PCR was performed with Mx3005P (Strategene) using QuantiTect
Multiplex RT-PCR (Qiagen). Specific oligonucleotides (o) and probes (p) used were as follows:
BST-2, (0) 5’- GAG CTT GAG GGA GAG ATC ACT AC-3°/5’- ATT CTC ACG CTT AAG
ACC TGG TT-3’ (p) hexachlorofluorescein (HEX)-5’- TCT CTT CTC AGT CGC TCC ACC
TCT GC-3’- black-hole quencher 1 (BHQI); Glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) (0) 5’-ACC AGG TGG TCT CCT CTG AC-3’/5’- TGT AGC CAA ATT CGT TGT
CAT ACC-3’ (p) FAM-5’-AAC AGC GAC ACC CAC TCC TCC ACC-3>-BHQ1. BST-2 mRNA

levels were normalized with GAPDH mRNA levels.
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