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regulation of important cellular transcription factors such as nucle- associated with inhibition of Vif-dependent polyubiquitination of
ar factor-xB (NF-xB) (Rossi et al., 1997) and proliferator-activated A3G, which results in selective inhibition of Vif-mediated A3G
receptor v (PPAR ) (Hayes et al., 2002). degradation.

In this study, we report that PGA; inhibits the Vif-mediated We used a tetrazolium-based MTS assay to determine the via-

degradation of A3G in human cells. Induction of HSP70 is bility of 293T cells in the presence of PGA; (Supplementary Mate-
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Fig. 1. Induction of HSP70 synthesis by PGA;. (A) Structure of cyclopentenone prostaglandin A, (PGA,). (B) The cytotoxic effect of PGA; (Biomol GmbH) in 293T cells, shown
as the percentage reduction of viable cell numbers as assessed in a tetrazolium-based MTS assay. The results are representative of three independent experiments, and error
bars show the standard deviations of the means. (C) 293T cells (5 x 10°) were treated with 1-4 ug/mL PGA;. After 24 h, the cell lysates were harvested, and samples
containing the same amounts of protein were separated by SDS-PAGE and processed for immunoblot analysis using an anti-HSP70 monoclonal antibody. (D) The relative
intensity of HSP70 bands was determined by densitometry. Results are representative of three independent experiments, and error bars show the standard deviations of the
means.
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Fig. 2. Induction of HSP70 synthesis by PGA; regulates HIV-1 infectivity in an A3G-dependent manner. (A) 293T cells (5 x 10°) were treated with 4 pig/mL PGA, (+) or control
diluents () for 4 h. The cells were co-transfected with 0.1 pg of pNL4-3 or pNL4-3-delta-Vif and 1.0 pig of pcDNA-A3G-HA or pcDNA3.1 (empty plasmid) using Lipofectamine
2000 (Invitrogen). At 48 h post-transfection, the supernatants were harvested, and the amount of each virus was normalized to the equivalent level of p24 Gag antigen. MAGI
cells (1 x 10%) were infected with each virus (corresponding to 5 ng of p24 Gag antigen), and infected cells were stained with X-Gal 2 days later. The 50% tissue culture
infective dose (TCIDso) was determined for the last dilution of each virus that was capable of infecting the cells. The results are representative of three independent
experiments, and error bars show the standard deviations of the means. (B and C) Each stock of cell lysate or virus in Figure 2A was subjected to western blotting and then
analyzed with the indicated antibody.
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rials and Methods). Dose-dependent cytotoxicity was not observed
upon application of PGA,; (99% at concentrations ranging between
1 and 4 pg/mL) (Fig. 1B). Next, we investigated whether PGA; af-
fects HSP70 synthesis. 293T cells were treated with PGA;
(1-4 pg/mL), and the level of HSP70 protein was examined by wes-
tern blot. PGA, treatment significantly increased HSP70 expression
in 293T cells (Fig. 1C and D). Furthermore, we examined whether
the induction of HSP70 synthesis by PGA; influenced A3G function.
Either pNL4-3 or pNL4-3-delta-Vif was transfected into 293T cells
along with either pcDNA3.1 (empty plasmid) or pcDNA-A3G-HA in
the absence or presence of PGA,. Viral infectivity was measured
using the MAGI assay (Supplementary Materials and Methods).
As shown in Figure 2A, the PGA;-treated 293T cells clearly sup-
pressed the infectivity of wild-type HIV-1 in the presence of A3G.
In the absence of A3G, PGA, did not affect the infectivity of wild-
type HIV-1. As expected, the induction of HSP70 by PGA, in A3G-
HA-transfected 293T cells led to an inhibition of the infectivity of
Vif-deficient HIV-1 (Fig. 2A). Moreover, HSP70 induction had no ef-
fect on the infectivity of the Vif-deficient HIV-1 particles produced
by mock-transfected 293T cells.

To demonstrate whether HSP70 induction by PGA; affects the
packaging of A3G into virions, cell lysates and viruses were analyzed
for A3G expression by western blotting. The 293T cells treated with
PGA, showed a significant increase in the amount of intracellular
and wild-type virion-associated A3G (Fig. 2B and C). Interestingly,
HSP70 induction by PGA, enhanced the level of A3G packaging in
Vif-deficient virions but had no effect on intracellular A3G and viral
release (Fig. 2B and C). These results indicate that HSP70 induction

by PGA, blocked Vif-mediated A3G degradation and enhanced the
incorporation of A3G into both wild-type and Vif-deficient virions.
(Sugiyama et al., 2011).

Importantly, HSP70 had no effect on the expression of A3G in
293T cells transfected with the Vif-deleted HIV-1 proviral plasmid
(Fig. 2B). Our results suggest that HSP70 induction by PGA; may in-
hibit the degradation of A3G by Vif. To further investigate whether
our findings have physiological relevance in cells expressing
endogenous A3G, we used H9 cells. First, we investigated whether
PGA; affects HSP70 synthesis in H9 cells. The cells were treated
with PGA; (4 pg/mL), and the level of HSP70 protein was examined
by western blot. PGA; treatment significantly increased the
amount of HSP70 in uninfected H9 cells (Fig. 3A), but there was
no difference in A3G expression after PGA; treatment (Fig. 3A).
H9 cells were challenged with NL4-3 or NL4-3-delta-Vif viruses,
which corresponded to 5 ng of p24 Gag antigen. After incubation
at 37 °C for 4 h, the cells were washed three times in PBS and trea-
ted with PGA; (4 pg/mL). For some cultures, PGA; treatment was
repeated at 48 h post-infection. After 96 h, the cell lysates were
harvested and analyzed by western blotting. When H9 cells were
infected with NL4-3, the level of endogenous A3G and HSP70 were
enhanced by a single PGA; treatment (Fig. 3B, compare lanes 1 and
2). Repeated PGA, treatments had no effect on the level of endog-
enous A3G and HSP70 compared with a single PGA; treatment
(Fig. 3B, lane 2 [a single PGA, treatment] and lane 3 [repeated
PGA; treatments]). In contrast, in NL4-3-delta-Vif-infected H9
cells, PGA; did not have a significant effect on the level of endoge-
nous A3G (Fig. 3D, compare lanes 1 and 2 [a single PGA, treatment]
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Fig. 3. PGA, affects the level of endogenous A3G expression in non-permissive T cells expressing HIV-1 Vif. (A) HSP70 synthesis and A3G expression by PGA;. H9 cells
(5 x 10°) were treated with 4 pg/mL PGA,. After 48 h, the cell lysates were harvested, and samples containing the same amounts of protein were separated by SDS-PAGE and
processed for immunoblot analysis using anti-HSP70 and anti-ApoC17 monoclonal antibodies. (B-E) H9 cells (1 x 10%) were challenged with wild-type (NL4-3) or Vif-
defective (NL4-3-delta-Vif) virus particles (corresponding to 5 ng of p24 Gag antigen). After incubation at 37 °C for 4 h, the cells were washed three times in PBS and then
treated with 4 pg/mL PGA,. For some cultures, PGA, treatment was repeated at 48 h post-infection. After 96 h, the cell lysates were harvested and analyzed by western
blotting with the indicated antibodies (B, D). Lane 1: no PGA; treatment; lane 2: a single PGA,; treatment; lane 3: repeated PGA; treatments. (C, E) p24 Gag antigen levels in
supernatants were determined after 96 h using an ELISA-based system. The amount of p24 Gag antigen was quantified with LUMIPULSE®f (forte), a fully automated
chemiluminescent enzyme immunoassay (CLEIA) system (Fujirebio) (Sakai et al., 1999). Lane 1: no PGA, treatment; lane 2: a single PGA, treatment; lane 3: repeated PGA,
treatments. The results are representative of three independent experiments, and error bars show the standard deviations of the means. (F, G) H9 cells (1 x 10°) were
transfected with 100 nM control siRNA (siCtrl) or 100 nM HSP70-specific siRNA (siHSP70) using Lipofectamine 2000 for 4 h. The cells were then challenged with NL4-3
(corresponding to 5 ng of p24 Gag antigen). After incubation at 37 °C for 4 h, the cells were washed three times in PBS and treated with PGA, (4 pg/mL). After 48 h, the cell
lysates were harvested and analyzed by western blotting with the indicated antibodies (F). Lane 1, 3: no PGA; treatment; lane 2, 4: PGA, treatment. (G) p24 Gag antigen levels
in supernatants were determined after 48 h using the CLEIA system (LUMIPULSE®f). Lane 1, 3: no PGA, treatment; lane 2, 4: PGA; treatment. The vertical axis of the inset
represents the percentage concentration of p24 Gag antigen compared with the control (lane 1). The results are representative of three independent experiments, and error
bars show the standard deviations of the means.
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Fig. 4. PGA, suppresses long-term HIV-1 replication in non-permissive T cells. (A) H9 cells (1 x 10%) or (B) CEM cells (1 x 10%) were challenged with NL-4-3 (corresponding to
5 ng of p24 Gag antigen). After incubation at 37 °C for 4 h, the cells were washed three times in PBS and then treated with 4 ug/mL PGA; on day 0 or every 2 days for 14 days.
To monitor HIV-1 production, the p24 Gag antigen concentration in supernatants was measured using the CLEIA system (LUMIPULSE®f). Single PGA,; treatment (white
squares), repeated PGA, treatments (white triangles), and control (white circle). The results are representative of three independent experiments, and error bars show the

standard deviations of the means.

with lane 3 [repeated PGA, treatments]) but did affect the virion
packaging of A3G (see Fig. 2C). The PGA;-mediated anti-HIV-1 ef-
fect was examined by measuring p24 Gag antigen levels after
96 h. p24 Gag antigen levels were dramatically reduced in cells
treated once or repeatedly with PGA; compared with the control
when cells were infected with NL4-3 (Fig. 3C). In addition, inhibi-
tory effect of PGA; reduced in H9 cells infected with Vif-deficient
HIV-1 (Fig. 3E). There was no significant decrease in cell viability
between treatment groups, as assessed by a tetrazolium-based
MTS assay (data not shown).

To further investigate the influence of HSP70 silencing on PGA;-
mediated anti-HIV-1 effects, H9 cells were transfected with control
siRNA (siCtrl) or HSP70-specific siRNA (siHSP70) (Supplementary
Materials and Methods) and were then challenged with NL4-3
(corresponding to 5 ng of p24 Gag antigen). After incubation at
37 °C for 4 h, the cells were washed three times in PBS and treated
with PGA; (4 pug/mL). As shown Fig. 3F, the knockdown of HSP70
expression in PGA;-untreated H9 cells significantly decreased the
amount of A3G (compare lanes 1 and 3), whereas the p24 Gag anti-
gen levels were slightly increased (Fig. 3G, compare lanes 1 and 3).
We think the enhancement of p24 Gag antigen expression is due to
Vif-mediated degradation of endogenous A3G by the knockdown of
HSP70. However, the knockdown of HSP70 in PGA,-treated H9
cells (Fig. 3G, lane 4) decreased the amount of p24 Gag antigen
compared with HSP70 knockdown in PGA;-untreated HS cells
(Fig. 3G, lane 3). This effect may occur by the regulation of two
important cellular transcription factors: nuclear factor-xB (NF-
KB) (Rossi et al., 1997) and proliferator-activated receptor y (PPAR
v) (Hayes et al., 2002). However, anti-HIV-1 effects of PGA; were
constantly more prominent in H9 cells transfected with siCtrl
(about 70% inhibition) than with siHSP70 (about 50% inhibition).
These results suggest that the induction of HSP70 by PGA, sup-
pressed Vif-mediated degradation of endogenous A3G in non-per-
missive cells.

Finally, we examined the effect of PGA; on HIV-1 replication
over time. When H9 or CEM cells were infected with NL4-3 and
then treated with PGA; (4 pg/mL), the levels of p24 Gag antigen
were reduced through day 6 (H9 cells) or 8 (CEM cells) but had in-
creased slightly by day 8 (H9 cells) or 10 (CEM cells) (Fig. 4A and B,
white squares). However, when PGA; (4 pg/mL) was added to the
cells at 2-day intervals for 14 days (white triangles), the significant
reduction in p24 Gag antigen was sustained through day 14.

In conclusion, we found that the induction of HSP70 synthesis
by PGA, blocks Vif-mediated A3G degradation and enhances the
incorporation of A3G into both wild-type and Vif-deficient virions.
PGA; inhibits HIV-1 replication, at least in part, by blocking

Vif-mediated A3G degradation. These results suggest that a new
mechanism used by prostaglandins may aid in the search for novel
anti-retroviral drugs.
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A Carboxy-Terminally Truncated Human CPSF6 Lacking Residues
Encoded by Exon 6 Inhibits HIV-1 cDNA Synthesis and Promotes
Capsid Disassembly

Takanori Hori, Hiroaki Takeuchi, Hideki Saito, Ryuta Sakuma, Yoshio Inagaki, Shoji Yamaoka
Department of Molecular Virology, Tokyo Medical and Dental University, Tokyo, Japan

Since HIV-1 replication is modulated at multiple stages by host cell factors, identification and characterization of those host cell
factors are expected to contribute to the development of novel anti-HIV therapeutics. Previous studies showed that a C-termi-
nally truncated cytosolic form of cleavage and polyadenylation-specific factor 6 (CPSF6-358) inhibits HIV-1 infection through
interference with HIV-1 trafficking to the nucleus. Here we identified and characterized a different configuration of C-terminally
truncated human CPSF6 (hCPSF6-375) through cDNA expression cloning coupled with ganciclovir-mediated lethal selection.
Notably, hCPSF6-375, but not mouse CPSF6-358 (mCPSF6-358) as previously reported, remarkably interfered with viral cDNA
synthesis after HIV-1 infection. Moreover, we found that hCPSF6-375 aberrantly accelerated the disassembly of the viral capsid
in target cells, while CPSF6-358 did not. Sequence comparison of CPSF6-375 and CPSF6-358 cDNAs showed a lack of exon 6 and
additional coding sequence for 54 amino acid residues in the C terminus of hCPSF6-375. Mutational analyses revealed that the
residues encoded by exon 6, but not the C-terminal 54 residues in hCPSF6-375, is responsible for impaired viral cDNA synthesis
by hCPSF6-375. This is the first report demonstrating a novel mode of HIV-1 inhibition by truncated forms of CPSF6 that in-
volves rapid capsid disassembly and inhibition of viral cDNA synthesis. These findings could facilitate an increased understand-

ing of viral cDNA synthesis in light of the viral capsid disassembly.

uman immunodeficiency virus type 1 (HIV-1) replication
requires the help of host cell factors, and diverse cellular path-
ways are hijacked by HIV-1 for efficient completion of the viral
replication cycle (1). A wide range of cellular factors and processes
are exploited by HIV-1 during various stages of replication, which
involves the uncoating steps that form into a reverse transcription
complex, intracellular trafficking of the viral preintegration com-
plex (PIC) to the cell nucleus, and integration of the viral DNA
into a host cell chromosome for generation of the provirus (2).
Several genome-wide small interfering RNA (siRNA) analyses
have demonstrated over 250 cellular factors that influence HIV-1
infection (3-5). On the other hand, cDNA expression cloning also
proved to be a powerful strategy for discovering functional prop-
erties of cellular genes that may potentially contribute to identifi-
cation of host targets for anti-HIV therapeutics (6-10). By screen-
ing with a mouse cDNA expression library, a C-terminally
truncated form of mouse cleavage and polyadenylation-specific
factor 6 (mCPSF6) was recently identified as a novel functional
protein that blocks HIV-1 trafficking to the nucleus (7). The trun-
cated protein, mCPSF6-358, reduced the amount of the 2-long
terminal repeat (LTR) circular form of viral DNA that is located in
the nucleus, but not the late product of viral cDNA, indicating
impairment of the nuclear entry of HIV-1 (7). More recently, it
was shown that the C-terminal 58 residues of mCPSF6-358 are
sufficient for HIV-1 inhibition and that mCPSF6-358 residues 313
to 327 contribute to antiviral activity (11). A subsequent report
showed that a synthesized peptide corresponding to mCPSF6 (res-
idues 313 to 327) binds specifically to the N-terminal domain of
HIV-1 capsid (12). However, it has remained unclear how the
capsid—-mCPSF6-358 interaction interferes with the nuclear im-
port of the viral PIC.

Recent studies suggest that proper uncoating is a key step for
reverse transcription. (i) In the case of restriction of HIV-1 by

7726  jviasm.org

Journal of Virology p. 7726-7736

rhesus monkey TRIM5a, productive reverse transcription is ab-
rogated by accelerated disassembly of viral capsids (13). (ii) The
Vif, Nef, and integrase proteins are essential for optimal stability
of the viral core that leads to efficient viral cDNA synthesis in
target cells (14-16). (iii) Capsid mutations that impair HIV-1 in-
fection are unable to achieve proper uncoating and reverse tran-
scription (17-20). Overall, these observations suggest that proper
uncoating is functionally linked to reverse transcription of HIV-1.

In the present study, we identified a novel C-terminally trun-
cated form of human CPSF6 (hCPSE6) lacking residues encoded
by exon 6 (Ex6), hCPSF6-375, by lethal selection of cells resistant
to HIV infection following transduction of a human cDNA ex-
pression library and focused on its ability to inhibit viral cDNA
synthesis in light of the viral capsid disassembly.

MATERIALS AND METHODS

Cells. HEK293, HeLa, and Plat-E packaging cells (21) were propagated in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum
(FBS) and penicillin-streptomycin. MT-4/CCR5 and MOLT-4 cells were
maintained in complete RPMI 1640 medium supplemented with 10%
FBS and penicillin-streptomycin.

Preparation of virus stocks. HEK293T cells cultured in a 10-cm dish
were cotransfected with 8 wg of pNL4-3luc (env nefmutant) (22) and 2 pg
of pHCMV-G (vesicular stomatitis virus G protein [VSV-G]) using Fu-
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GENE 6 (Roche Applied Science, Mannheim Germany) according to the
manufacturer’s instructions. Virus supernatant was harvested at 48 h
posttransfection and filtered through a 0.45-pm-pore syringe filter. HIV-
Inpa.3 Virus stock was prepared by transfection of HeLa cells as previously
reported (23). Titers of the virus stocks were quantitated by HIV-1 CA
(p24) enzyme-linked immunosorbent assay (ELISA) (ZeptMetrix Corpo-
ration, Buffalo, NY) and by determination of the reverse transcriptase
(RT) activity (24). For production of retrovirus vectors, Plat-E cells were
cotransfected with retrovirus vector plasmids and VSV-G using FuGENE
6 transfection reagent. Culture supernatant of Plat-E cells was collected 60
h after transfection and filtered through a 0.45-pm-pore syringe filter.

Construction of cDNA library and screening. Construction of the
retroviral cDNA library was performed as described previously (25).
Briefly, complementary DNAs were synthesized from poly(A) RNA of
MT-1 cells with random hexamer primers using the SuperScript Choice
system (Invitrogen) according to the manufacturer’s instructions. The
synthesized cDNAs were inserted between the BstXI sites of pMRX (26)
using BstXI adaptors (Invitrogen), generating a retroviral cDNA expres-
sion library. HEK293 cells were transduced with VSV-G-pseudotyped ret-
roviruses expressing this cDNA library. The cells were then infected with
VSV-G-pseudotyped NL4-3 thymidine kinase (NL4-3-TK) vector (eny
nef mutant) and subjected to lethal selection with ganciclovir (GCV) (2
pg/ml) to exclude cells infected with the NL4-3-TK vector. After the re-
peated infection and selection, susceptibility to HIV-1 infection was as-
sessed by infection with NL4-3luc vector and genomic DNA was isolated
from surviving cell pools. Inserted cDNAs were amplified by PCR from
the genomic DNA, cloned into pCR2.1 (Invitrogen), and sequenced. The
cDNA was subcloned into the pMRX-HA-ires-puro vector (27), generat-
ing pMRX-HA-hCPSF6-375. Mutated nucleotides were corrected to
match the reference sequence (NM_007007.2) by site-directed mutagen-
esis.

Construction of expression vectors. An env-defective variant of
HIV-1 NL4-3, pNL4-3env(—) carrying a 580-bp deletion between the
BglII restriction site in the env gene, was constructed. To generate a herpes
simplex virus thymidine kinase (HSV-TK) gene-carrying NL4-3env(—)
vector, the last 133 bp of the env gene was amplified from pNL4-3 using
Pfu DNA polymerase (Stratagene, La Jolla, CA) with the following prim-
ers: 5'-TCTAGAATTCTCGAGTGTTAACTTGCTCAATGCCACAGCC
ATAGC-3' and 5'-GATGGCCGGGGTACGAAGCCATCTTATAGCAA
AATCCTTTCCA-3'. The HSV-TK gene was amplified from the
plgk2tkH vector (28) using Pfu DNA polymerase with the following
primers: 5'-ATGGCTTCGTACCCCGGCCATCAACACGCGTC-3' and
5'-CCGCTCGAGTTTCAGTTAGCC-3'. The fragments of the last 133 bp
of the env gene and HSV-TK gene were fused by fusion PCR. After con-
firmation of the nucleotide sequence, fused DNA fragments were ex-
tracted after digestion with Hpal and Xhol and inserted into Hpal and
Xhol sites of pNL4-3env(—), generating pNL4-3tk. pNL4-3 CAN74D-luc
(env and nef negative) was generated by site-directed mutagenesis on
pCR2.1 using the NL4-3 gag gene (nucleotides [nt}] 689 to 2225) of the
HIV-1y 4.5 genome (GenBank accession no. M19921) as the template.
Primers NL4-3 CA-N74D-5 (5'-TTAAAAGAGACCATCGATGAGGAA
GCTGCAGAA-3") and NL4-3 CA-N74D-3 (5'-TTCTGCAGCTTCCTC
ATCGATGGTCTCTTTTAA-3") were used for N74D substitution. The
mutated DNA fragment was inserted to the BssHII and Apal sites of
pNL4-3luc (env nef mutant). The resultant plasmid was referred to as
pNL4-3 CA N74D-luc. For construction of murine CPSF6 mutant expres-
sion vectors, the cDNAs of murine CPSF6 variants were amplified by PCR
using NIH 3T3 cell-derived ¢cDNAs as the template. Primers Bglll
mCPSF6 F (5'-AAAGATCTGCCACCATGGCGGACGGTGTGGAC-3")
and mCPSFé 321R stop Notl (5'-AATGCGGCCGCCTAGCCTGGAGG
TGGAGGTGGTC-3") were used for amplification of mCPSF6-321 and
mCPSF6-358. Primers BglIl mCPSF6 F (5'-AAAGATCTGCCACCATGG
CGGACGGTGTGGAC-3') and m6CT 375 R stop Notl (5'-AATGCGGC
CGCCTAACTATCTGATGTTGGCATGC-3') were used for amplifica-
tion of mCSPF6-375 and mCPSF6-412. The amplified ¢cDNAs were
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inserted into pCR2.1 and sequenced. The cDNAs were inserted into the
BamHI and Notl sites of pMRX-IRES-puro (29). The resultant plasmids
were referred to as pMRX-mCPSF6-321, pMRX-mCPSF6-358, pMRX-
mCPSF6-375, and pMRX-mCPSF6-412, respectively. For generation of
human CPSF6 mutant expression constructs, the cDNAs of hCPSF6-321
and hCPSF6-375 were amplified by PCR using pMRX-HA-hCPSF6-375
as the template. Primers BamHI hCPSF6 F (5'-AAGGATCCGCCACCA
TGGCGGACGGCGTGGACCAC-3") and hCPSF6 321R stop Notl (5'-A
ATGCGGCCGCCTAGCCTGGAGGTGGAGGTGGTC-3") were used for
amplification of hCPSF6-321. Primers BamHI hCPSF6 F (5'-AAGGATC
CGCCACCATGGCGGACGGCGTGGACCAC-3") and hCPSF6 375R
stop Notl (5'-AATGCGGCCGCCTAGCTATCTGATGTAGGCATGC-
3') were used for amplification of hCPSF6-375. hCSPF6-358 and
hCPSF6-412 were generated by site-directed mutagenesis using mCPSF6-
358 and mCPSF6-412 on pCR2.1 as the templates, respectively, because
our attempts to amplify the cDNA containing exon 6 in human cells were
unsuccessful, and there exist only two amino acid substitutions at residues
S153N and G192S in comparison with mCPSF6. Primers mCPSF6-
S153N-5 (5'-GAACTTCATGGTCAGAATCCTGTTGTAACTCCA-3')
and mCPSF6-S153N-3 (5'-TGGAGTTACAACAGGATTCTGACCATG
AAGTTC-3') were used for S153N substitution. Primers mCPSF6-
G19258-5 (5'-GGTCCTCCAGGAGGCAGTTCACGCGCAGCGTTT-3")
and mCPSF6-G192S-3 (5'-AAACGCTGCGCGTGAACTGCCTCCTGG
AGGACC-3") were used for G192S substitution. Full-length hCPSF6 was
amplified by RT-PCR using as the template total RNA isolated from
MOLT-4 human T cells by RNeasy minikit (Qiagen, Inc., Valencia, CA).
Primers BamHI hCPSF6 F (5'-AAGGATCCGCCACCATGGCGGACGG
CGTGGACCAC-3') and hCPSF6 Notl (5'-AATGCGGCCGCCTAACGA
TGACGATATTCGCGCTCTC-3") were used. RT-PCR was performed
with the PrimeScript II high-fidelity one-step RT-PCR kit (TaKaRa Bio,
Inc., Shiga, Japan). The amplified PCR products were inserted into
pCR2.1 and sequenced. The cDNA was inserted into the BamHI and NotI
sites of pMRX-ires-puro (29). The resultant plasmids were referred to as
pMRX-hCPSF6-321, pMRX-hCPSF6-358, pMRX-hCPSF6-375, pMRX-
hCPSF6-412, and pMRX-hCPSF6, respectively.

Single-round infection assay. For infection of HEK293 cells, 3 X 10°
cells were infected with 10 ng (p24) of VSV-G-pseudotyped NL4-3luc
(VSV-G/NL4-3luc) (22) in 12-well plates, harvested, and lysed at 20 h
postinfection, For infection of MT-4/CCR5 or MOLT-4 cells, 5 X 10° cells
were infected with 10 ng (p24) of VSV-G/NL4-3luc in 24-well plates and
harvested and lysed at 24 h postinfection. To compare the infectivities
between VSV-G/NL4-3luc and VSV-G/NL4-3 CA N74D-luc, we used vi-
rus normalized with the RT count equivalent for 10 ng (p24) of VSV-G/
NL4-3luc. To determine the luciferase activity, cell lysates were mixed
with luciferase substrate and light emission was measured in a GloMAX
multidetection system (Promega Corp, Madison, WI).

Fate-of-capsid assay. The fate-of-capsid assay was performed as pre-
viously described (13) with minor modifications. Approximately 5 X 10°
HEK293 cells carrying the empty vector or those stably expressing
hCPSF6-375, hCPSF6-412, or hemagglutinin-tagged mCPSF6-358
(mCPSF6-358-HA) were preplated in a 10-cm dish 1 day before the assay.
Cells were inoculated with 5 X 10° RT counts of VSV-G/NL4-3luc at 4°C
for 30 min, incubated at 37°C for 4 or 8 h, and then washed twice with
ice-cold phosphate-buffered saline (PBS) containing 0.005% trypsin-
EDTA to detach viruses from the cellular surface and once with ice-cold
PBS to remove trypsin. Washed cells were resuspended in 1 ml of hypo-
tonic lysis buffer (10 mM Tris-HCI [pH 8.0], 10 mM KCl, 1 mM EDTA,
protease inhibitor cocktail [Nacalai Tesque, Inc., Kyoto, Japan]) and in-
cubated on ice for 15 min. Swollen cells were lysed in a 7-ml Dounce
homogenizer with a “tight” pestle (15 gentle strokes making a half-turn of
pestle per each stroke), and cell lysates were cleared by centrifugation at
2,000 X g for 3 min at 4°C. Fifty microliters of the cleared cell extract was
collected as input. Cleared extracts (0.8 ml) were layered over 20% to 60%
sucrose cushions prepared in PBS and centrifuged at 4°C at 115,000 X g
for 70 min in a Beckman SW50.1 rotor. Three fractions (1.1 ml each) were
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collected from the top of the gradient. Aliquots of each fraction and input
were subsequently subjected to immunoblotting.

Western blotting. Whole-cell lysates were prepared as follows. Cells
were washed twice with PBS, suspended in radioimmunoprecipitation
assay (RIPA) buffer (0.1% SDS, 25 mM Tris-HCI [pH 7.6], 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate) (250 jl per 5 X 10° cells). The
protein concentration was determined by Bradford assay, and the concen-
tration was adjusted to 15 pg/15 pl with RIPA buffer. The lysate was
mixed with an equal volume of 2X sample buffer (4% sodium dodecyl
sulfate, 125 mM Tris-HCl [pH 6.8}, 10% 2-mercaptoethanol, 10% glyc-
erol, 0.002% bromophenol blue). Samples were subjected to SDS-PAGE,
transferred to polyvinylidene difluoride (PVDF) membranes, and reacted
with a rabbit polyclonal antibody to CPSF6 (Abcam, Inc., Cambridge,
MA), a mouse monoclonal antibody to HIV-1 p24 (Abcam, Inc., Cam-
bridge, MA), and a rabbit polyclonal antibody to B-actin (Abcam, Inc.,
Cambridge, MA). Membranes were then incubated with horseradish per-
oxidase-conjugated secondary antibody (Amersham Biosciences, Piscat-
away, NJ), and proteins were visualized by Western Lightning Plus-ECL
(PerkinEimer, Waltham, MA) or enhanced chemiluminescence (Pierce
Biotechnology, Rockford, IL).

Quantitation of viral cDNA. Prior to infection, virus solution was
treated with 100 U of RNase-free DNase I (Roche Applied Science, Indi-
anapolis, IN) in the presence of 10 mM MgCl, for 30 min at 37°C. For
infection of HEK293 cells, 7 X 10° target cells were incubated for 6, 12, or
24 h with VSV-G/NL4-3luc virus supernatant containing 23 ng of p24. For
infection of MT-4/CCR5 or MOLT-4 cells, 5 X 10° cells were incubated
for 4, 8, or 24 h with an NL4-3 virus supernatant containing 50 ng of p24.
Total cellular DNA was extracted using the DNeasy tissue kit (Qiagen,
Inc., Valencia, CA). HIV-1 inactivated by incubation at 65°C for 30 min
was used as a negative control. In real-time PCR, the primers U5-gag/F2
(5'-GTAGTGTGTGCCCGTCTGTTG-3') (nt 553 to 573) and U5-gag/R2
(5'-CAAGCCGAGTCCTGCGT-3') (nt 689 to 705) and probe U5-gag/
probe2 (5'-FAM-TGGCGCCCGAACAGGGACTT-TAMRA-3' [where
FAM is 6-carboxyfluorescein and TAMRA is 6-carboxytetramethylrhod-
amine]) (nt 636 to 655) were used for amplification and quantitation of
the U5-gag region of the HIV-1 late reverse transcription product (30).
For standardization, the B-globin mRNA was quantitated as previously
described (30). Real-time PCR was carried out with the StepOnePlus real-
time PCR system (Applied Biosystems, Carlsbad, CA). The ratios of viral
cDNA level to B-globin ¢cDNA level are shown.

Analysis of HIV-1 replication in human T cells. MT-4/CCRS5 cells
(1 X 10°) were exposed to HIV-1 supernatant containing 100 pg of p24.
Virus production was monitored for 14 days postinfection by RT activity
in the culture supernatants.

Establishment of HEK293, MOLT-4, and MT-4/CCRS5 cells stably
expressing the hCPSF6 mutant. HEK293, MOLT-4, and MT-4/CCR5
cells were transduced with retrovirus vector that confer puromycin resis-
tance and express the hCPSF6 mutant. HEK293, MOLT-4, and MT-4/
CCR5 cells stably expressing the hCPSF6 mutant were obtained after se-
lection with 4 pg/ml puromycin for HEK293 and 2 pg/ml puromycin for
MOLT-4 and MT-4/CCRS, respectively.

Depletion of hCPSF6 in HEK293 cells. HEK293 cells were trans-
duced with HIV-1-based vectors that confer puromycin resistance and
express either nontargeting short hairpin RNA (shRNA) or those tar-
geting hCPSF6 (Sigma-Aldrich, Co., St. Louis, MO). Pools of HEK293
cells expressing shRNAs were established after selection with puromy-
cin (4 pg/ml).

RESULTS

C-terminally truncated hCPSF6 identified in a functional
screen. To identify proteins that interfere with HIV-1 infection by
a functional screen using a cDNA expression library, we employed
lethal selection with the herpes simplex virus thymidine kinase
(HSV-TK) gene to exclude HIV-l-infected cells (Fig. 1A).
HSV-TK is a typical suicide protein (31) that, in concert with
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cellular kinases, specifically converts the prodrug ganciclovir
(GCV) into highly toxic GCV triphosphate, which causes DNA
polymerase chain termination and eventual cell death. Previous
reports showed that HSV-TK gene-carrying HIV-1 replication is
inhibited by selective suicide of HIV-1-infected cells in the pres-
ence of GCV and is highly efficient in controlling spreading infec-
tion of HIV-1 in tissue culture (32). Thus, we generated HSV-TK
gene-carrying HIV-1 by the insertion of the HSV-TK gene in
PHIV-145-env(—) in place of the nef gene. Recombinant HIV-1
expressing HSV-TK and pseudotyped with the vesicular stomati-
tis virus G glycoprotein (denoted by HIV-1-TK) can efficiently
infect cells of many mammalian species, including humans. We
used a murine leukemia virus vector to express a human cDNA
library prepared from human T-cell line MT-1 in HEK293 cells,
which are highly susceptible to HIV-1-TK infection. After several
rounds of HIV-1-TK infection at a high multiplicity of infection
and subsequent GCV selection, we obtained and characterized
surviving cell clones in terms of susceptibility to HIV infection,
among which one clone was found to express a carboxy-termi-
nally truncated fragment of human cleavage and polyadenylation
factor 6 (hCPSF6-375).

We investigated if hCPSF6-375 affects HIV-1 infection in a
manner similar to mCPSF6-358, which interferes with nuclear
import of HIV. We established HEK293 cell pools stably express-
ing hCPSF6-375 or C-terminally hemagglutinin (HA)-tagged
mCPSF6-358 (mCPSF6-358-HA), the latter of which was studied
in the previous study (7). hCPSF6-375 was expressed at a level
comparable to that of mCPSF6-358-HA, as verified by immuno-
blotting with an antibody to CPSF6 (Fig. 1B). As shown previously
(7), mCPSF6-358-HA strongly inhibited infection with the single-
round VSV-G-pseudotyped luciferase-carrying HIV-1 vector
(VSV-G/NL4-3luc) (Fig. 1C). hCPSF6-375 also inhibited infec-
tion with VSV-G/NL4-3luc to a similar extent (Fig. 1C). Inhibi-
tion of HIV-1 infection was evident in HEK293 cells expressing
hCPSF6-375 or mCPSF6-358-HA over a wide range of virus
amounts (1 to 100 ng) in the HIV-1 p24 antigen (Fig. 1C).

To investigate the mechanism of inhibition, we measured the
amount of viral cDNA synthesized after infection of target cells
stably expressing either hCPSF6-375 or mCPSF6-358-HA (Fig.
iD). As reported previously (7), quantitative PCR revealed that
the amount of the late reverse transcription product was not re-
duced in mCPSF6-358-HA-expressing cells (Fig. 1D). Interest-
ingly, stable expression of hCPSF6-375 remarkably suppressed vi-
ral cDNA synthesis after HIV-1 infection (Fig. 113). These results
suggest that hCPSF6-375 and mCPSF6-358-HA have an inhibi-
tory effect on HIV-1 infection, but have different modes of action
atan early stage of HIV-1 infection. To further investigate whether
the difference between hCPSF6-375 and mCPSF6-358-HA is due
to their cellular localization or not, we fractionated cellular pro-
teins into different compartments. As shown in Fig. 1E, hCPSF6-
375 and mCPSF6-358-HA were predominantly localized in the
cytoplasm, suggesting that the different actions of hCPSF6-375
and mCPSF6-358-HA on HIV-1 depend on their functional prop-
erties.

A previous report showed that the N74D HIV-1 capsid mutant
is resistant to inhibition by mCPSF6-358-HA (7). We therefore
examined if hCPSF6-375 inhibits N74D HIV-1 infection and
found that hCPSF6-375 did not significantly affect infection with
N74D HIV-1 (¥ig. 1F). Collectively, hCPSF6-375 and mCPSF6-
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FIG 1 C-terminally truncated hCPSFé6 identified in a functional screen inhibits virus cDNA synthesis. (A) HEK293 cells were transduced with VSV-G-
pseudotyped retrovirus vector expressing a human T-cell-derived cDNA library. After a few passages, the cells were infected with high-titer HIV-1 capable
of expressing HSV-TK (VSV-G/NL4-3TK) and subjected to lethal selection with ganciclovir (GCV) to eliminate infected cells. After repeated infection
and selection, inserted cDNAs isolated from ganciclovir-resistant cells were amplified by PCR. The cDNAs were subcloned again in a retrovirus vector and
expressed in HEK293 cells to verify the property as anti-HIV factor. (B) Immunoblot analysis of CPSF6 mutants. Lysates of HEK293 cells (293), control
vector-infected HEK293 cells (EV control), and cells stably expressing hCPSF6-375 or mCPSF6-358-HA were subjected to immunoblot analysis with
anti-CPSF6 or anti-B-actin antibodies. (C) Effect of CPSF6 mutants on viral infectivity. HEK293 cells stably expressing CPSF6 mutants were infected with
VSV-G/NL4-3luc. Luciferase activity was measured 20 h after infection. The mean luciferase values in three independent experiments are shown. (D)
Amount of viral cDNA synthesized after VSV-G/NL4-3luc infection. Total DNA was isolated from a portion of the cells 6 h after infection. Viral cDNA
synthesis was quantified by real-time PCR as described in Materials and Methods. The mean value obtained from EV control cells was arbitrarily set as
100%. Mean values and standard deviations from three independent experiments are shown. (E) Localization of CPSF6 mutants in HEK293 cells. Cell
Iysates were prepared and separated by the Qproteome cell compartment kit (Qiagen, Inc., Valencia, CA). Fractions were subjected to immunoblot
analysis with anti-CPSF6 antibody, anti-GAPDH antibody for the cytoplasmic fraction, antivimentin antibody for the cytoskeletal fraction, and anti-
lamin A/C antibody for the nuclear fraction. (F) Effects of CPSF6 mutants on infection with HIV-1 carrying the N74D capsid mutation. HEK293 cells
stably expressing CPSF6 mutants were infected with VSV-G/NL4-3 CA N74D-luc. Luciferase activity was measured 20 h after infection. The mean
luciferase value from EV control cells was arbitrarily set as 100%.
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FIG 2 Involvement of full-length hCPSF6 in HIV-1 infection. (A) Immuno-
blot analysis of CPSF6 expression. Approximately 30 pg of whole-cell lysates
from HEK293 cells stably expressing the indicated sShRNAs was subjected to
immunoblot analyses with anti-CPSF6 or anti-B-actin antibodies. (B) Effect of
CPSF6 depletion on viral infectivity. HEK293 cells stably expressing the indi-
cated shRNAs were infected with VSV-G/NL4-3luc. Luciferase activity was
measured 20 h after infection. The mean luciferase value from control cells
(nontarget shRNA) was arbitrarily set as 100%. (C) Immunoblot analysis of
CPSF6 expression. Approximately 30 g of whole-cell lysates from HEK293
control cells and those stably expressing full-length CPSF6 was subjected to
immunoblot analyses with anti-CPSF6 or anti-B-actin antibodies. (D) Effect
of full-length CPSF6 on viral infectivity. Experiments were done as described
in panel B. The mean luciferase value from EV control cells was arbitrarily set
as 100%.

358-HA appear to work against HIV-1 infection in the early phase
of infection, though hCPSF6-375 inhibits viral cDNA synthesis.

To investigate if endogenous hCPSF6 is involved in HIV-1 in-
fection, we depleted hCPSF6 in HEK293 cells (hCPSF6-KD). Len-
tivirus-mediated expression of an hCPSF6-specific shRNA,
shRNA 2, successfully suppressed hCPSF6 expression (Fig. 2A).
Depletion of hCPSF6 did not significantly alter the infectivity of
VSV-G-pseudotyped NL4-3luc, suggesting that hCPSF6 is not a
cofactor required for HIV-1 infection (¥ig. 2B, compare the lanes
containing nontarget ShRNA and shRNA 2). We next investigated
if elevated expression of full-length human CPSF6 impairs HIV-1
infection. As shown in Fig. 2C and D, stable expression of ectopic
human CPSF6 had little effect on HIV-1 infection, suggesting that
full-length CPSF6 by itself does not work as a restriction factor on
HIV-1.
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Lack of exon 6-encoded polypeptide in hCPSF6-375 is re-
sponsible for impaired viral cDNA synthesis. To explore the de-
terminant responsible for viral cDNA synthesis inhibition, we
compared amino acid sequences of hCPSF6-375 and mCPSF6-
358 (Fig. 3A). We found in hCPSF6-375 two amino acid substitu-
tions at residues N153S and S192G, a deletion of amino acids
encoded by exon 6 (residues 232 to 268 in mouse CPSF6 and
denoted by “Ex6”), and addition of the C-terminal 54 residues
(Fig. 3A). We therefore generated two mCPSF6-based mutants
with humanized amino acid substitutions $153N and G192S in
mCPSF6-358 (hCPSF6-358) and in mCPSF6-412 (hCPSF6-412)
(Fig. 3B). We also generated hCPSF6-321 based on hCPSF6-375
(¥ig. 3B). Each mutant was assayed for stable expression in
HEK293 cells after retrovirus vector transduction and antibiotic
selection.

We first investigated a possible effect of two amino acid substi-
tutions between hCPSF6-358 and mCPSF6-358 on the inhibition
of HIV-1 infection. hCPSF6-358 was expressed at a level compa-
rable to that of mCPSF6-358 (Fig. 3C, compare hCPSF6-358 and
mCPSF6-358). Infection efficiency was determined by either a
standard luciferase assay (Fig. 3D) or by quantitative PCR (Fig.
3E). Untagged mCPSF6-358 as well as mCPSF6-358-HA strongly
inhibited infection with VSV-G/NL4-3luc despite lower expres-
sion of untagged mCPSF6-358 (Fig. 3C and I, compare mCPSF6-
358 and mCPSF6-358-HA). hCPSF6-358 also inhibited infection
by VSV-G/NL4-3luc (Fig. 3D, hCPSF6-358). Like mCPSF6-358-
HA, the amount of viral cDNA synthesized after HIV-1 infection
of hCPSF6-358-expressing cells was not reduced (Fig. 3E,
hCPSF6-358). Moreover, untagged and C-terminally HA-tagged
mCPSF6-358 had little effect on viral cDNA synthesis after HIV-1
infection (Fig. 3E, compare mCPSF6-358 and mCPSF6-358-HA).
These results suggest that the C-terminal HA tag or two-amino-
acid difference between hCPSF6-358 and mCPSF6-358 does not
apparently alter the inhibitory property of mCPSF6-358-HA. Fur-
thermore, we also generated mouse CPSF6-375 to investigate pos-
sible effects of the two amino acid substitutions between hCPSF6-
375 and mCPSF6-375 on the inhibition of HIV-1 infection. As
shown in Fig. 3F to H, the effects of mCPSF6-375 on HIV-1 inhi-
bition were similar to those of hCPSF6-375, indicating that the
two amino acid substitutions do not significantly alter the inhib-
itory properties, even in the context of CPSF6-375 (Fig. 3G and H,
compare hCPSF6-375 and mCPSF6-375).

To assess the contribution of Ex6 in hCPSF6-358 to the inhi-
bition of HIV-1 infection, we used Ex6-deficient hCPSF6-321.
hCPSF6-321 was expressed at a level comparable to that of
hCPSF6-358, and the HIV-1 infectivity in hCPSF6-321-express-
ing cells determined by luciferase assay was comparable to that
hCPSF6-358-expressing cells (Fig. 3C and D, compare hCPSF6-
321 and hCPSF6-358). Importantly, viral cDNA synthesis after
HIV-1 infection in hCPSF6-321-expressing cells was dramatically
suppressed in comparison with that in hCPSF6-358-expressing
cells (Fig. 3E, compare hCPSF6-321 and hCPSF6-358). On the
other hand, addition of Ex6 to hCPSF6-375 (hCPSF6-412) sub-
stantially attenuated the inhibition of viral DNA synthesis (Fig.
3E, compare hCPSF6-375 and hCPSF6-412). These results suggest
that CPSF6 mutants with Ex6 do not inhibit viral cDNA synthesis.

We also assessed the contribution of the C-terminal 54 residues
of hCPSF6-375, which are absent from hCPSF6-321, to the inhi-
bition of HIV-1 infection. hCPSF6-321, when expressed at a level
comparable to that of hCPSF6-375, achieved similar inhibition of
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FIG 3 Effects of Ex6 deletion on HIV-1 infection. (A) Amino acid alignments of hCPSF6-375 and mCPSF6-358. Dots indicate sequence identity, and dashes
indicate gap introduction to preserve alignment. Amino acids in the reticulate area indicate the region of exon 6. (B) Schematic presentation of hCPSF6 mutants.

- “Ex6” in the reticulate area indicates the domain encoded by exon 6, and “PRD” represents the proline-rich domain. (C) Immunoblot analysis of HEK293 cells
expressing truncated forms of hCPSF6. Approximately 30 pg of whole-cell lysates was subjected to immunoblot analyses using anti-CPSF6 or anti-B-actin
antibodies. (D) Effect of hCPSF6 mutants on viral infectivity. HEK293 cells stably expressing hCPSF6 mutants were infected with VSV-G/NL4-3luc. Luciferase
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Total DNA was isolated from a portion of the cells at the indicated times after infection. Viral cDNA synthesis was quantified by real-time PCR as described in
Materials and Methods. Mean values in three independent experiments are shown. (F) Immunoblot analysis of mouse CPSF6 mutants expressed in HEK293 cells.
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of viral cDNA synthesis in vivo. Experiments were done as described in panel E.
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VSV-G/NL4-3luc infection (Fig. 3C and D, compare hCPSF6-321
and hCPSF6-375). The fact that hCPSF6-321 potently suppresses
viral cDNA synthesis also suggests that the C-terminal 54 residues
in hCPSF6-375 are not essentially required for viral cDNA synthe-
sis inhibition (Fig. 3E, compare hCPSF6-321 and hCPSF6-375).
Collectively, these results indicate that the absence of Ex6, but not
the C-terminal 54 residues in hCPSF6-375, is responsible for viral
cDNA synthesis inhibition.

CPSF6-375 alters the kinetics of HIV-1 capsid disassembly.
Previous reports showed that optimal dissociation of capsid from
the HIV-1 core is required for efficient viral cDNA synthesis in
target cells (17-19). To investigate the effect of hCPSF6-375 on the
stability of the HIV-1 core after HIV-1 entry, we performed the
fate-of-the-capsid assay as described previously (13). Previous
studies showed that step gradient analyses could distinguish solu-
ble from core-associated HIV-1 proteins (33-36). To clearly sep-
arate HIV-1 cores from the soluble capsid protein after HIV-1
entry into target cells, we employed 20% and 60% sucrose cush-
ions for ultracentrifugation, where the HIV-1 core is expected to
be enriched at the border 0f 20% and 60% cushions. Our modified
assay is summarized in Fig. 4A. HIV-1 soluble capsid partitions to
fraction a, while the integrated HIV-1 core accumulates in frac-
tion c. A buffer fraction (Fig, 4A, fraction b) was set to separate the
fractions a and ¢ (Fig. 4, fractions a and c). This assay was applied
to examine the fate of the HIV-1 capsid after infection of HEK293
cells expressing hCPSF6-375 or mCPSF6-375-HA and control
cells transduced with the empty retrovirus vector (EV). We also
used NL4-3 virions without any envelope protein (Env™) as the
HIV-1 entry control (13). The virions were allowed to attach to the
target cells for 30 min at 4°C, and then the temperature was shifted
to 37°C to initiate infection. At 4 or 8 h after temperature shifting,
the cells were lysed and the cell Iysates analyzed by step gradient
centrifugation. The amounts of p24 capsid protein in the cell ly-
sate were similar in hCPSF6-375, mCPSF6-358-HA, and EV con-
trol cells (Fig. 4B, input), and p24 capsid protein was not detected
in cell lysate derived from EV control cells incubated with the
HIV-1 (Env™) virions, indicating that this assay can correctly
measure HIV-1 capsid protein in the cytosol of target cells after
HIV-1 infection (Fig. 4B, compare EV-Env™ and EV-Env™).

Immunoblot analyses revealed that the amount of HIV-1 cores
in HIV-1-infected cells expressing hCPSF6-375 was smaller than
those detected in mCPSF6-358-HA or control EV cells at 4 (Fig.
4B, upper panel) and 8 h (¥ig. 4B, lower panel) post-temperature
shifting (Fig. 4B, fraction ¢, compare hCPSF6-375 and mCPSF6-
358-HA). This was further confirmed quantitatively by p24 ELISA
of each fraction (¥Fig. 4B). The levels of p24 capsid protein in the
cell lysates from control cells or those expressing CPSF6 mutants
were comparable (Fig. 4C, input). In contrast, the amount of par-
ticulate HIV-1 capsid in cells expressing hCPSF6-375 was obvi-
ously decreased at all time points examined (¥ig. 4C, fraction c).
No p24 capsid protein was detected in fractions lower than frac-
tion c or pellets prepared from cells exposed to VSV-G/NL4-3luc
or NL4-3luc (Env™) virions, indicating that the particulate HIV-1
capsid accumulates only in fraction ¢ (data not shown). These data
indicate that the presence of hCPSF6-375 in target cells accelerates
HIV-1 capsid disassembly in newly infected cells.

CPSF6-375 inhibits HIV-1 replication in human T cells. To
see if the inhibitory effects of hCPSF6-375 on HIV-1 infection are
cell type specific or not limited to HEK293 cells, similar experi-
ments were performed with MOLT-4 human T-cell lines. We
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made use of MOLT-4 cells expressing hCPSF6-321, -358, -375, or
-412 or mCPSF6-358-HA and control cells transduced with EV.
The presence of comparable amounts of hCPSF6 mutants except
hCPSF6-358 was verified by immunoblotting using a CPSF6-spe-
cific antibody (Fig. 54). mCPSF6-358-HA was expressed at a level
comparable to that of hCPSF6-375 (Fig. 5A, compare hCPSF6-
375 and mCPSF6-358-HA). The effect of hCPSF6 mutants on the
infectivity of MOLT-4 cells was analyzed in a single-round infec-
tivity assay with VSV-G/NL4-3luc. As expected, hCPSF6-375
strongly inhibited HIV-1 infection (Fig. 5B, compare EV and
hCPSF6-375). Similarly, mCPSF6-358-HA as well as hCPSF6-358
also inhibited infection with VSV-G/NL4-3luc (Fig. 5B, compare
hCPSF6-358 and mCPSF6-358-HA).

How each mutant affects viral cDNA synthesis was determined
by measuring the amount of the late reverse transcription product
in target cells stably expressing hCPSF6-375 mutants or mCPSF6-
358-HA after HIV-1 infection (Fig. 5C). Similar results shown in
Fig. 3E were obtained by quantitative PCR indicating that
hCPSF6-375 but not mCPSF6-358-HA inhibited viral cDNA syn-
thesis after HIV-1 infection, suggesting that the inhibitory effect of
hCPSF6-375 on HIV-1 DNA synthesis is not cell type specific (Fig,
5C, compare hCPSF6-375 and mCPSF6-358-HA).

A recent study showed that mCPSF6-358 inhibits spreading
infection with HIV-1 in a human T-lymphoid cell line (7). To
further investigate the effect of hCPSF6-375 on spreading in-
fection with HIV-1 in human T cells, we established MT-4/
CCR5 human T-cell lines stably expressing hCPSF6-375 and
mCPSF6-358-HA (Fig. 5D). The effect of hCPSF6-375 on the
infectivity of MT-4/CCR5 cells was first analyzed in a single-
round infectivity assay. Consistent with the results shown in
Fig. 3D and 5B, both hCPSF6-375 and mCPSF6-358-HA
strongly inhibited infection with VSV-G/NL4-3luc (Fig. 5E).
These results provide additional evidence that the inhibitory
effect of hCPSF6-375 on HIV-1 infection is not cell type spe-
cific. We next investigated the effect of hCPSF6-375 on HIV-1
replication in MT-4/CCRS5 T cells with the replication-compe-
tent NL4-3 virus. Control EV cells well supported HIV-1 rep-
lication, with a peak of RT activity on day 6, while HIV-1 rep-
lication was inhibited by mCPSF6-358-HA, as reported
previously (7). hCPSF6-375 suppressed HIV-1 replication as
potently as mCPSF6-358-HA in MT-4/CCR5 T cells (Fig. 5F).

DISCUSSION

In this study, we established an expression cloning system coupled
with selective killing of HIV-1-infected cells to isolate anti-HIV-1
factors and obtained a C-terminally truncated CPSF6 protein,
hCPSF6-375, which inhibited HIV-1 at an early stage of infection.
Lee et al. previously screened a mouse cDNA library and identified
mCPSF6-358, showing that it did not affect reverse transcription
but inhibited HIV-1 trafficking to the nucleus (7). A notable dif-
ference from mCPSF6-358 is the absence of Ex6 in hCPSF6-375.
Our results revealed that both hCPSF6-375 and mCPSF6-
358-HA inhibited infection by the single-round VSV-G/NL4-3luc
infection (Fig. 1C). One remarkable finding of the present study is
that hCPSF6-375 inhibited HIV-1 infection at the reverse tran-
scription stage, suggesting a different mode of action in the early
phase of HIV-1 infection in comparison with mCPSF6-358-HA
(Fig. 1D). The localization of hCPSF6-375 as well as mCPSF6-
358-HA was predominantly cytoplasmic (Fig. 1E), while endoge-
nous hCPSF6 is normally enriched in the nucleus (37), and the
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FIG 4 Deletion of Ex6 facilitates HIV-1 capsid disassembly. (A) Schematic diagram of the fate-of-capsid assay. HEK293 cells expressing CPSF6 mutants or the
empty control vector (EV) were incubated with VSV-G/NL4-3luc or NL4-3luc (Env™) at 4°C for 30 min and then at 37°C for the indicated times. Cell lysates were
prepared and analyzed on the step gradient (20%/60%) of sucrose as described in Materials and Methods. (B) Aliquots of each fraction were processed for
immunoblotting with anti-HIV-1 p24 antibodies. Representative results of a single experiment are shown. The accumulation of viral protein in each fraction was
quantified by HIV-1 CA (p24) enzyme-linked immunosorbent assay, and mean values and standard deviations from three independent experiments are shown.
(C) Graphic presentation of p24 capsid protein levels measured by p24 ELISA in the whole-cell lysate (left panel, input) or the viral core fraction (right panel,
fraction c) at the indicated times shown in panel B. Mean values from three independent experiments are shown.

different actions of hCPSF6-375 and mCPSF6-358-HA on HIV-1  CPSF6 and depletion of endogenous hCPSF6 had little effect on
cannot be explained by the protein expression levels (Fig. 1B, HIV-1 infection in our present study (Fig. 2), suggesting unique
compare hCPSF6-375 and mCPSF6-358-HA). Consistent with  anti-HIV-1 properties of these truncated proteins. We initially
the previous report (7), elevated expression of full-length human  attempted to compare hCPSF6-375 and untagged mCPSF6-358 in
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FIG 5 Effects of Ex6 deletion on HIV-1 replication in human T cells. (A) Immunoblot analysis of CPSF6 mutants expressed in MOLT-4 human T cells.
Approximately 30 pg of whole-cell lysates was subjected to immunoblot analyses with anti-CPSF6 or anti-B-actin antibodies. (B) Effect of CPSF6 mutants on
viral infectivity. MOLT-4 cells stably expressing CPSF6 mutants were infected with VSV-G/NL4-3luc. Luciferase activity was measured 24 h after infection. The
mean luciferase value from EV control cells was arbitrarily set as 100%. (C) Kinetics of viral cDNA synthesis in vivo. Total DNA was isolated from a portion of
the cells at the indicated times after infection. Viral cDNA synthesis was quantified by real-time PCR as described in Materials and Methods. Mean values in three
independent experiments are shown. (D) Immunoblot analysis of hCPSF6-375 and mCPSF6-358-HA expressed in MT-4/CCR5 human T cells. Experiments
were done as described in panel A. (E) Effect of CPSF6 mutants on viral infectivity in MT-4/CCRS5 cells. Experiments were done as described in panel B. (F) CPSF6
mutants suppress spreading infection of HIV-1. Virus production in parental, EV control, hCPSF6-375-expressing, and mCPSF6-358-HA-expressing MT-4/
CCRS5 cells was monitored for 14 days by measuring the virus-associated reverse transcriptase activity in the culture supernatants. Mean values and standard

deviations from three independent experiments are shown.

terms of HIV-1 restriction, but the stable expression level of
mCPSF6-358 was much lower than that of hCPSF6-375 (Fig. 3C,
compare hCPSF6-375 and mCPSF6-358). We therefore investi-
gated the effect of mCPSF6-358 on HIV-1 infection in the pres-
ence or absence of HA tag (Fig. 3D and E). Both untagged and
HA-tagged mCPSF6-358 inhibited HIV-1 infection, as deter-
mined with VSV-G/NL4-3luc, despite lower expression of un-
tagged mCPSF6-358 (Fig. 3C and D, compare mCPSF6-358 and
mCPSF6-358-HA). Untagged and C-terminally HA-tagged
mCPSF6-358 had little effect on viral cDNA synthesis after HIV-1
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infection (Fig. 3E, compare mCPSF6-358 and mCPSF6-358-HA).
On the basis of the results shown in Fig. 3C to E, we decided to use
C-terminally HA-tagged mCPSF6 (mCPSF6-358-HA) to com--
pare the anti-HIV-1 effects with those of hCPSF6-375. A previous
study showed that N74D capsid mutation in HIV-1 led to HIV-1
resistance to mCPSF6-358 (7). We found that the N74D mutant is
also resistant to hCPSF6-375, suggesting that hCPSF6-375 inhibi-
tion of HIV-1 also relies on the capsid sequence.

We have provided evidence that lack of Ex6 in C-terminally
truncated forms of hCPSF6 is responsible for the inhibition of
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viral cDNA synthesis after HIV-1 infection (Fig. 1D, 3E, and 5C).
Lee et al. showed that mCPSF6-358 residues 301 to 358 are suffi-
cient for inhibition of HIV-1 and minimal residues 313 to 327
contribute to anti-HIV-1 activity (11). The residues 313 to 327 are
located downstream of Ex6 in CPSF6-358 and conserved in all
hCPSF6 mutants used in this study. hCPSF6-321, the Ex6-defi-
cient form of hCPSF6-358 inhibited HIV-1 infection at a level
comparable to that of hCPSF6-358 in a single-round infectivity
assay with VSV-G/NL4-3luc (Fig. 3D and 5B, compare hCPSF6-
321 and hCPSF6-358). Similar results were obtained when
hCPSF6-375 was compared with hCPSF6-412 (Fig. 3D and 5B,
compare hCPSF6-375 and hCPSF6-412). These results indicate
that Ex6 of CPSF6 is not essentially involved in HIV-1 inhibition.

We tried the fate-of-capsid assay with minor modifications,
and our observation that the amount of HIV-1 cores in hCPSF6-
375-expressing cells was lower than those detected in control,
mCPSF6-358-HA, and hCPSF6-412 cells implies that the presence
of hCPSF6-375 in target cells accelerated disassembly of HIV-1
capsid (¥ig. 4B and C). A previous report showed that mCPSF6-
358 could bind to tubular complexes composed of the HIV-1 cap-
sid protein, suggesting physical interaction between particulate
capsid and mCPSF6-358 (7). It is therefore conceivable that
mCPSF6-358 binds to particulate capsid after HIV-1 infection,
but does not alter the disassembly kinetics of capsid, having no
detectable effect on viral cDNA synthesis. Our findings that
hCPSF6-375 blocks HIV-1 infection by impairing both the viral
cDNA synthesis and optimal stability of the HIV-1 core in target
cells are reminiscent of the activity of restriction factors such as
TRIMSa (13, 38). A previous study showed that a peptide corre-
sponding to CPSF6 residues 313 to 327 was sufficient for direct
binding to HIV-1 capsid (12). Since the CPSF6 residues 313 to 327
are conserved in all hCPSF6-375 mutants mentioned above, it is
plausible that the polypeptide encoded by exon 6 of human CPSF6
influences the mode of interaction between HIV-1 capsid and
hCPSF6, eventually giving a different outcome. The precise mech-
anism of the rapid disassembly of HIV-1 capsid in the presence of
hCPSF6-375 in target cells remains to be further investigated.

In conclusion, the present study has clearly demonstrated that
C-terminally truncated forms of CPSF6, when deleted with exon
6, promote capsid disassembly and interfere with viral reverse
transcription, although the mechanism of actions remain to be
determined. Elucidation of the mechanism(s) of inhibition of
HIV-1 by hCPSEF6 mutants could provide new insights for under-
standing viral cDNA synthesis in light of viral capsid disassembly.
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Abstract

Introduction: A dual split reporter protein system (DSP), recombining Renilla luciferase (RL) and green fluorescent protein (GFP)
split into two different constructs (DSP;_; and DSPg_;,), was adapted to create a novel rapid phenotypic tropism assay (PTA) for
HIV-1 infection (DSP-Pheno).

Methods: DSP;_; was stably expressed in the glioma-derived NP-2 cell lines, which expressed CD4/CXCR4 (N4X4) or CD4/CCR5
(N4RS5), respectively. An expression vector with DSPy_;; (PRE11) was constructed. The HIV-1 envelope genes were subcloned in
pRE11 (pRE1l-env) and transfected into 293FT cells. Transfected 293FT cells were incubated with the indicator cell lines
independently. In developing the assay, we selected the DSP,_,-positive clones that showed the highest GFP activity after
complementation with DSPg_;;. These cell lines, designated N4R5-DSP;_;, N4X4-DSP;_; were used for subsequent assays.
Results: The env gene from the reference strains (Bal for R5 virus, NL4-3 for X4 virus, SF2 for dual tropic virus) subcloned in
pRE11 and tested, was concordant with the expected co-receptor usage. Assay results were available in two ways (RL or GFP).
The assay sensitivity by RL activity was comparable with those of the published phenotypic assays using pseudovirus. The
shortest turnaround time was 5 days after obtaining the patient’s plasma. All clinical samples gave positive RL signals on R5
indicator cells in the fusion assay. Median RLU value of the low CD4 group was significantly higher on X4 indicator cells and
suggested the presence of more dual or X4 tropic viruses in this group of patients. Comparison of representative samples with
Geno2Pheno [co-receptor] assay was concordant.

Conclusions: A new cell-fusion-based, high-throughput PTA for HIV-1, which would be suitable for in-house studies, was
developed. Equipped with two-way reporter system, RL and GFP, DSP-Pheno is a sensitive test with short turnaround time.
Although maintenance of cell lines and laboratory equipment is necessary, it provides a safe assay system without infectious
viruses. With further validation against other conventional analyses, DSP-Pheno may prove to be a useful laboratory tool. The
assay may be useful especially for the research on non-B subtype HIV-1 whose co-receptor usage has not been studied much.
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[5,6], and a tropism assay is mandatory before treatment
initiation.

Introduction
A new class of drugs to combat HIV-1 infection emerged in

2007 with the marketing approval of maraviroc, a small
molecule that binds specifically to the CCRS co-receptor to
block viral attachment and entry [1]. While entry inhibitors
are a welcome addition to the antiretroviral arsenal, one
problem with this new class of drugs is that treatment is
effective only against viruses with the specified co-receptor
usage. HIV-1 tropism is defined by the chemokine co-
receptors used for viral attachment: R5-tropic viruses use
CD4/CCR5, X4-tropic viruses use CD4/CXCR4 and R5X4-
or dual-tropic viruses use both CD4/CCR5 and CD4/CXCR4
[2--4]. In clinical treatment with maraviroc, the presence of
X4- or dual-tropic viruses is associated with treatment failure

HIV-1 tropism may be examined genotypically or pheno-
typically. Genotypic tropism assay (GTA) is based on DNA
amplification and sequencing of the third variable (V3) region
of the envelope glycoprotein gpl20, shown by genetic
mapping to be the major determinant of HIV-1 tropism [7—
10]. GTA has advantages of platform portability, low cost and
rapid turnaround time [11]; however, the interpretation of
the sequences is complicated because of the high variability
[12]. The assay used in association with maraviroc treatment
is the phenotypic tropism assay (PTA) Trofile™ (Monogram
Biosciences Inc., CA, USA), a CD4 cell culture assay using
replication-defective pseudoviruses [13]. Although Trofile™ is
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considered the gold standard, a simpler and effective PTA
would be useful.

Here, we describe a novel, cell-fusion-based PTA that uses
a dual split reporter protein system {DSP) [14,15] to measure
HIV-1 tropism by both Renilla luciferase (RL} activity and
green fluorescent protein (GFP) activity. We validated the
DSP-Pheno assay using HIV-1 reference strains and applied
the assay to test clinical samples from patients with HIV-1
infection.

Methods

Approval of the study and recombinant DNA experiments

Plasma samples from HIV-1-positive patients attending the
hospital affiliated with the Institute of Medical Science, the
University of Tokyo (IMSUT) were collected and kept frozen
until use. Patients provided written informed consent, and
the study was approved by the Institutional Review Board of
the University of Tokyo (approval number 20-31). Recombi-
nant DNA experiments used in this work were approved by
the Institutional Review Board {approval number 08-30), and
by the review board in the Ministry of Education, Culture,
Sports, Science and Technology (MEXT; approval number
23-1927).

Cell lines

Cell lines N4, N4X4 and N4R5 are derived from the human
glioma NP-2 cell line and stably express CD4, CXCR4 and
CCR5, respectively [16,17]. NP-2-derived cell lines were
grown in M10+ medium (modified Eagle’s medium {(MEM;
Sigma, St. Louis, MO, USA) supplemented with 10% heat-
inactivated foetal bovine serum (FBS), 100 units/ml of
penicillin and 0.1 ‘mg/ml of streptomycin). 293FT cells
(Invitrogen, Carlsbad, CA, USA) were grown in D10+ medium
(Dulbecco’s modified Eagle’s medium (DMEM, Sigma) sup-
plemented with 10% FBS, 100 units/ml of penicillin and 0.1
mg/ml of streptomycin). All cell cultures were maintained at
37°C in a humidified 5% CO, incubator.

Reference viral envelopes

The plasmids encoding reference HIV-1 envelopes with well-
characterized co-receptor usage were obtained from NiH
AIDS Research & Reference Reagent Program (NIH ARRRP:
Germantown, MD, USA). NL4-3 and LAl represented X-4
tropic viruses; Bal represented R5-tropic viruses; and SF2
represented dual (R5X4)-tropic viruses. The co-receptor
usage of these laboratory strains has been published
[13,18-22].

Construction of DSP expression plasmids

The DSP system utilizes a pair of chimeric reporter proteins,
DSP;_; and DSPg_,, each of which is a fusion of split green
fluorescent protein (spGFP) and split Renilla luciferase (spRL)
[15]. DSP,_; fuses the N-terminal region of RL (amino acids
1-229) to the N-terminal region of GFP (amino acids 1-157),
with a linker sequence separating the two regions. DSPg_;,
has the complementary structure, with the C-terminal region
of GFP (amino acids 158-231), fused to the C-terminal region
of RL (amino acids 230-311), also separated by a linker
sequence. When both reporter ‘proteins are present in the
same cell, they each recover full activity.

To generate plenti-DSP,_; plasmid, we first amplified an
attB-flanked DSP,_5 fragment (1251 bp) using pDSP 1 5 as a
template and attB-flanked primers [attB1-DSP1-1F (56-mer,
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTGGGCTAGCCACCA
TGGCTTCCAAGGTG -3') and attB2-DSP1-1R (51-mer, 5'-GG
GGACCACTTTGTACAAGAAAGCTGGGTGCTCTAGATCACTTGT
CGGCGG-3')]. Sequential amplicons were transferred to
pDONR-221 and plenti6.3/V5-DEST (Invitrogen) using the
ViraPower™ HiPerform™ Lentiviral Gateway® Expres-
sion System (Invitrogen) according to the manufacturer’s
protocol. Constructs were verified by sequencing.

An expression vector, pRE11 (Figure 1), was constructed for
the co-expression of DSPg_ ;1 and HIV-1 env by multiple
rounds of PCR and subcloning. Source plasmids were pIRES2-
AcGFP1 (Clontech), pmOrange (Clontech), pDSPg_41 [15] and
pmirGLO (Promega). pRE11 incorporated multiple cloning
sites under the PGK promoter for the insertion of HIV-1 env
(Shown as 5’-Xbal-Xhol-3’ in Figure 1b). Necessary restriction
enzyme cleavage sites used for construction, including
multiple cloning sites (Xbal-Mlul-Swal-Agel-Xhol), were cre-
ated using synthetic oligonucleotides and PCR. A CMV
promoter drives pDSPg_q, directly. The same CMV promoter
expresses mOrange with a nuclear localization signal that
serves as a marker for successful transfection via inter-
nal ribosomal entry site (IRES). All PCR fragments were
confirmed by sequencing.

NP-2-derived fusion indicator cell lines

We used the ViraPower Packaging Mix with Lipofectamine
2000 (Invitrogen) to transfect 293FT cells with pLenti-DSP;_y
and create pseudoviruses containing the DSP,_; expression
cassette (Lenti-DSP;_5). We next infected cell lines NP-2/CD4
(N4), CD4/CXCR4 (N4X4) and CD4/CCR5 (N4R5) with pseu-
doviruses containing LentiDSP,_; for 2 hours. Cells were
distributed in 96-well tissue culture plates at a density of 75
cells/plate (0.8 cell/well) and grown in the presence of 4 g/
ml blasticidin. Approximately 50 candidate clones from each
cell line were randomly selected and tested for FITC intensity
using FACS Calibur (BD Biosciences, Franklin Lakes, NJ, USA)
48 hours after transfection of pDSPg_;,. FACS data were
analyzed by Flow Jo version 8.7.1 (Tree Star Inc., OR, USA).
Clones with the highest median FITC intensity were expanded
in M10+4+ supplemented with 4 pg/ml of blasticidin
(M10 + 4) for further assays.

Generation of pRE11-env strains

Full-length HIV-1 env was prepared by PCR amplification from
clinical plasma samples as described [23]. Viral RNA was
extracted from 140 pl of patient’s plasma by QlAamp Viral RNA
Mini kit according to the manufacturer’s recommendation
(QIAGEN, Hilden, Germany). One-step RT-PCR using Super-
Script Il and High Fidelity Platinum® Tag DNA polymerase
(Invitrogen) was carried out in five separate 15-pl reactions to
minimize the bias created by PCR. The reaction mixture
contained 2 i of RNA template, 7.5 ul of 2 X reaction buffer,
0.3 pl of 5 mM MgS0,, 0.3 pl of each 10 pM of forward primer
(Env-1F, 25-mer, 5-TAGAGCCCTG GAAGCATCCAGGAAG-3’)
and reverse primer (Env-3Rmix, equimolar mixture of
30-mer, 5 -TGCTGTATTGCTACTTGTGATTGCTCCATA-3” and 30-
mer, 5" -TGCTGTATTGCTA CTTGTGATTGCTCCATG-3’), 0.6 pl of
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Figure 1. A cell-fusion-based phenotypic tropism assay for HIV-1: DSP-Pheno. {a) Schematic representation of DSP-Pheno assay system. (b)

Schematic representation of pRE11, an expression vector for HIV-1 env and DSPg_;;. pRE11 encodes also mOrange with a nuclear localization
signal as an indicator of transfection. (c) NP-2-derived clones stably expressing DSP;_; (N4-DSP;_;, N4X4-DSP;_; and N4R5-DSP,_;) were

selected by the high GFP expression after direct transfection of pDSPg_;;. The expression of CD4/co-receptors was reconfirmed by
appropriate monoclonal antibodies and FACS analysis.
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SuperScript 11l and High Fidelity Platinum® Tag DNA polymer-
ase, 0.25 pl of RNAse OUT and 3.75 ul of nuclease-free water
with the final volume of 15 pl/reaction. The one-step RT-PCR
condition was 55°C for 30 minutes, 94°C for 2 minutes
followed by 30 cycles of 94°C for 20 seconds, 55°C for
30 seconds, 68°C for 4 minutes, then exiension at 68°C for
5 minutes. The fragment by the first-round amplification
extended from NL4-3 reference position of 5853-8936.
Products from five independent reactions were combined.
Four microliters of the mixed first-round PCR products were
used as the template for each of five independent second-
round PCR reactions employing EnvB-2F-Xba (41-mer,
5 - TAGCTCTAGAACGCGTCTTAGGCATCTCCTATGGCAG  GAAG-
3’) and EnvB-4R-Xho (41-mer, 5 -TAGCCTCGAGACCGGT
TACTTT TTGACCACTTGCCACCCAT-3’) as the forward and
reverse primers, respectively. The second PCR was carried
out according to the standard 50-ul PCR protocol of the
Platinum® PCR SuperMix High Fidelity as described above. The
fragments amplified by the second PCR extended from NL4-3
reference position of 5957-8817. After digestion with Xba
I and Xho |, about 3-kb PCR products were purified by 1.2%
agarose gel and QlAquick gel extraction kit (Qiagen). The
purified products were inserted into pRE11l at Xbal and
Xhol sites, resulting in HIV-1env expression plasmid (pRE11-
envbulk) from each patient. pREll-envbulk, representing
a quasispecies of env population from each patient, was
prepared by transfecting into E. coli IM109. For bulk analysis,
transfected JM109 was expanded to 25 ml, followed by
QIAGEN Plasmid Midi Kit (Qiagen) for DNA extraction.

Cell-fusion assay

On the day before transfection, 500 pl aliquots of 293FT cells
in DMEM supplemented with 10% FBS (D10) were seeded in
24-well tissue culture plates at a density of 2.8 x 10° cells/
well and incubated overnight to 70—-80% confluency. The cells
were then transfected with pRE1l-envstrain or pRE11-
envbulk according to the manufacturer’s protocol (Roche).
On the same day, 100 pl aliquots of N4-DSP;_7, N4X4-DSP;_;
and N4R5-DSP,_; cells in MEM supplemented with 10% FBS
{M10) were seeded in a 96-well tissue culture, optical bottom
plate (NUNC, Thermo Fisher Scientific Inc., NY, USA) at a
density of 1 x10* cells/well and incubated at 37°C. Forty-
eight hours after transfection, the medium of transfected
293FT cells was removed by aspiration and replaced with 1
ml of PBS (Sigma) at RT. Transfected 293FT cells were
resuspended by gentle pipetting.

To start the celi-fusion assay, 150 pl/well of transfected
cells were overlaid onto N4-DSP;_;, N4X4-DSP,_; and N4R5-
DSP,_5 cells. The cells were incubated for fusion at 37°C in a
humidified 5% CO, incubator for 6 hours, and then analyzed
by automatic image capture using an In Cell Analyzer 1000
(GE Healthcare). Four fields/well of image were captured
through red, green and bright field channels, and fused cells
were identified by the presence of two or more red nuclei
surrounded by a green area (cytoplasm). Immediately after
image capturing, EnduRen™ Live Cell Substrate (Promega)
was added to each well, and luciferase activity was measured
three times using a Glomax 96 microplate luminometer
(Promega), according to the manufacturer’s instructions. The

mean luciferase activity, recorded as relative light unit
(RLU), was the average of three measurements per well.
The experiments were conducted in triplicates and repeated
independently at least three times.

To test the co-receptor specificity, 2 pM/well of the
appropriate inhibitor was added to the cells 80 minutes
prior to the cell-fusion assay (CXCR4 inhibitor AMD3100
(Sigma) to N4X4-DSP; 5 cells and CCR5 inhibitor maraviroc
(Sigma) to N4R5-DSP; 5 cells).

Genotyping

pRE11-envbulk were sequenced in both the 5 and 3’
directions using population-based sequencing on the ABI
3130x! genetic analyzer {Applied Biosystems, Foster City, CA,
USA) using BigDye Terminator V3.1 (Applied Biosystems) with
forward primer E110 (5" -CTGTTAAATGGCAGTCTAGCAGAA-3),
and reverse primer Erl15 (5" -AGAAAAATTCCCCTCCACAATT
AA-3’). The V3 nucleotide sequences were submitted to the
Geno2Pheno (co-receptor) algorithm (http://coreceptor.bio
inf.mpi-inf.mpg.de) setting the false positive rate (FPR) at 10%.

Results

Construction of DSP;_; and DSPy_;, expression vectors

We inserted DSP;_; or DSPg_;; sequences into blasticidin-
resistant lentivirus vectors and then infected NP-2/CD4 (N4),
NP-2/CD4/CXCR4 (N4X4) and NP-2/CD4/CCRS (N4R5) cells
with the recovered pseudoviruses, selecting for blasticidin-
resistant clones. We screened 49, 51 and 43 lentivirus-
infected and blasticidin-resistant clones from N4, N4X4 and
N4X5, respectively, for high levels of DSP; ; or DSP g 11
expression following super-transfection with the complemen-
tary plasmid (pDSPs.1; or pDSP; 5, respectively). From each
of the cell lines, we selected the blasticidin-resistant and
DSP;_,-positive clone that showed the highest GFP activity
after complementation with DSPg ;1. These cell lines,
designated N4-DSP;_;, N4X4-DSP;_; and N4R5-DSP,_;, were
re-evaluated for their expression of CD4, CXCR4 and CCR5 on
the cell surface (Figure 1c).

Using this approach, we obtained N4- and N4R5-cells
expressing high levels of DSPg_ 35, but were unable to obtain
a stable N4X4 cell line expressing DSPg_s1 (data not shown).
To circumvent this problem, we decided to generate 293FT
cells transiently expressing both DSPg_;; and the HIV-1 env
protein and develop a cell-fusion assay system using those
cells together with the NP-2-derived cells stably expressing
DSP,_; {Figure 1a). Thus, we constructed the expression
vector pRE11, containing the DSPg_;; expression cassette and
cloning sites for insertion of HIV-1 env sequences under the
control of the PGK promoter (Figure 1b).

Validation of the cell-fusion assay using the env gene from
laboratory HIV-1 strains

We validated the DSP assay system {DSP-pheno) using pRE11
constructs engineered to contain env sequences from
reference strains with known co-receptor usage. The env
reference constructs, which also contained the DSPg. 1y
expression cassette, were the following: pRE11-HXBZ,
pRE11-LAl, and pRE11-NL4-3 (X4 strains); pRE11-BaL (R5
strain); and pRE11-SF2 (dual strain). The cell-fusion assays
were performed with N4X4-DSP; 5 or N4R5-DSP; ; cells in
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Figure 2. Validation of the cell-fusion assay using env genes from HIV-1 reference strains. (a) RL activities after cell fusion were measured
using NL4-3, HXB2 and LAl as X4 reference strains while Bal or SF2 as R5 or R5X4 strains, respectively. Black columns: RL activities on N4X4-
DSP,_;. White columns: activities on N4R5-DSP,_,. Grey columns: activities on N4-DSP;_,. Small bars at the top of each column indicate the
mean RLU +SD from three independent experiments. (b) Successful cell fusion is indicated by the green fluorescence in the cytoplasm. Red
spots were mOrange activity in the nuclei showing successful transfection. Merged images showed multinuclear cells with multiple yellow/
orange nuclei surrounded by green cytoplasm.

combination with 293FT cells transiently expressing one of cultured (Figure 2a and b). Co-culture of N4X4-DSP,_; or
the pRE11-env constructs. In all the assays, both RL and GFP N4R5-DSP,_ in combination with the 293FT cells transiently
activities were restored only when cells expressing the expressing the pRE1ll-env constructs of discordant tropism
appropriate env and co-receptor combinations were co- served as a negative control for expression of RL activities
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