which is a linker region between NC and PR and lacks the PTAP
motif. The defect of GagPol in particle assembly, when the GagPol
contains active PR, is partly ascribed to premature processing
before particle assembly by the overexpression of PR, since the
overexpression of GagPol and that of the active PR dimer have
been shown to result in no particle production [40-44]. While the
treatment with PR inhibitors partially suppressed this defect,
GagPol remained very inefficient at particle production [42],
suggesting that, even when it contains inactive PR, GagPol is
incapable of particle production. A very recent study investigated
this possibility, revealing that the Pol region but-not the p6 domain
was responsible for the budding defect of GagPol [45]. However, it
remains unanswered why GagPol protein is incapable of particle
production. Specific questions should address at which stages and
by what mechanisms the Pol region imposes the defects.

One of the difficulties in investigating GagPol trafficking is the
low level of GagPol expression relative to that of Gag. Moreover,
the N-terminal half of GagPol is identical to Gag, and this hinders
discrimination between the two. To overcome these difficulties, we
previously generated the HIV-1 molecular clone derivative
containing two distinct epitope tags [FLAG and hemagglutinin
(HA)] to the C-termini of Gag and GagPol, respectively [44]. The
data from that study showed that both GagPol and Gag, when
coexpressed, were relocated from the cytoplasm to the plasma
membrane and were incorporated into viral particles, the yield of
which was equivalent to that of the wild type of the HIV-1
molecular clone [44]. Using our GagPol constructs, we here
address the budding defect of GagPol. Our data indicate that
GagPol is originally incapable of membrane binding and that
plasma membrane targeting, even when conferred, is insufficient
for particle production, suggesting that other stages (e.g., multi-
merization) are also potentially impaired by the Pol region.

Materials and Methods

Construction of HIV-1 Molecular Clones

The derivative of HIV-1 molecular clone pNI43 containing
inactive PR [46] was used as the wild type (WT) in this study. The
pINL43 derivatives, Gag-FLAG/Pol-HA and GagPol-HA, both of
which contain inactive PR, were described previously [44]. Briefly,
the Gag-FLAG/Pol-HA expresses Gag with a C-terminal FLAG
sequence and GagPol with a C-terminal HA sequence. The
GagPol-HA contains a deletion of the frameshifting signal and
expresses GagPol with a C-terminal HA sequence but does not
express Gag. The pNL43 derivative expressing Gag-FLAG
without GagPol was also described previously [44]. The pNL43
derivatives expressing truncated GagPol proteins were generated
by the insertion of a premature termination codon at the junction
of PR-RT and RT-IN. For the replacement of the Pol region with
B-galactosidase (B-gal) or green fluorescent protein (GFP) in the
context of the GagPol protein, unique Notl and Xbal sites were
initially ~created at the p6*PR  junction using 5'-
TTCGCGGCCGCTGCTTCTAGACCTCAGAT-
CACTCTTTGGCAGCGA-3" and  5-AGGTCTAGAAG-
CAGCGGCCGCGAAGCTAAAGGATACAGTTCCTTGT-3'
(underlined, Notl and Xbal linkers), and the 8-gal or GFP gene
containing the termination codon was cloned in-frame into the
Notl-Xbal junction. To generate the pNL43 derivative expressing
the Gag-4GFP construct, four GFP fragments were ligated at each
end using restriction sites (Xbal-BamHI-KpnI-SacI-EcoRI) and
were fused with the C-terminus of Gag. GagPol constructs
containing the p6 domain instead of the p6* domain were
generated by the insertion of four nucleotides into the p6/p6*-PR
junction (nucleotide positions 2249-2252), which placed the gag
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and pol genes in the same reading frame at the p6-PR junction.
The C-terminal truncation of these GagPol constructs was
similarly carried out by inserting a premature termination codon
at the PR-RT junction. The pNL43 derivatives containing the 10
N-terminal amino acids of Fyn kinase [Fyn(10)] at the N-terminus
of Gag were constructed from pNL43/Fyn(10)fullMA as described
previously {47]. To create the PTAP motif within the p6* domain,
the 12 nucleotides corresponding to the PTAP motif (nucleotide
positions 2152 to 2163) were placed in-frame in the p6* reading
frame.

Cell Culture and DNA Transfection

HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% fetal bovine serum.
Transfection with DNA was carried out using Lipofectamine 2000
(Invitrogen).

Purification of HIV Particles

Viral particles were purified by the standard procedures. At 2
days post-transfection, culture media were clarified, filtered, and
centrifuged through 20% (wt/vol) sucrose cushions in an SW55
rotor (Beckman Coulter) at 100,000xg for 2 hr at 4°C. Viral
pellets were resuspended in PBS.

Membrane Flotation Centrifugation

At 2 days post-transfection, HeLa cells were harvested and
resuspended in buffer containing 50 mM Tris (pH 7.5), | mM
EDTA, 150 mM NaCl, | mM dithiothreitol, 1 mM phenyl-
methylsulfonyl fluoride, and 1 pg/ml pepstatin A. Following brief
sonication, the cell lysates were clarified at 500xg for 7 min at
4°C. The supernatants were adjusted to 70% (wt/vol) sucrose,
placed at the bottom of each tube, and overlaid with 65% and
10% (wt/vol) sucrose step gradients in PBS. Equilibrium flotation
centrifugation was performed in an SW55 rotor at 100,000 xg for
16 hr at 4°C. Fractions were collected from the bottom to the top
of each tube.

Western Blot Analysis

Protein samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in 10% poly-
acrylamide gels and were transferred to polyvinylidene difluoride
membrane. The membrane was incubated with anti-HIV-1 p24
mouse antibody [48] and subsequently with horseradish peroxi-
dase-conjugated secondary antibodies (Cappel).

Immunofluorescent Staining and Confocal Microscopy

HeLa cells were fixed with 3.7% paraformaldehyde in PBS for
30 min at room temperature and were permeabilized with 0.1%
Triton X-100 for 10 min at room temperature. Following blocking
with 1% bovine serum albumin in PBS, the cells were incubated
with anti-HA mouse (Sigma), anti-FLAG rabbit (Sigma), or anti-
HIV-1 p24 mouse [48] antibodies and subsequently with Alexa
Fluor 488 or 568-conjugated antibodies (Molecular Probes). After
nuclear staining with TO-PRO-3 (Molecular Probes), the cells
were mounted with an antibleaching reagent and observed with
a laser-scanning confocal microscope (Leica).

Metabolic Labeling

At 27 hr post-transfection, cells were metabolically labeled with
[*H]myristic acid (PerkinElmer) at 18.5 Mbqg/ml for 3 hr. After
labeling, the cells were collected and analyzed by SDS-PAGE
followed by fluorography.
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Electron Microscopy

Hela cells were fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) for 1 hr at 4°C prior to treatment with
2% osmium tetroxide for 1 hr at 4°C. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined with an
electron microscope (H-7500, Hitachi) at 80 kV.

Results

HIV-1 GagPol and its C-terminally Truncated Derivatives
are Incapable of Viral Particle Production Despite Full N-
terminal Myristoylation

Previous studies have shown that expression of HIV-1 GagPol
alone fails to produce viral particles [38,39]. The C-terminal
truncation of GagPol still did not restore particle production ability
even with high-level expression by a baculovirus system [49].
Recently, Gould’s group has shown similar results in mammalian
cell systems [45]. To examine the defect of HIV-1 GagPol in
particle assembly, we used the PR-inactive version of pNL43
derivatives, in which the gag and pol frames were placed into the
same reading frame by deleting the frameshifting signal. For
positive controls, we used the pNL43 derivative expressing inactive
PR without epitope tags (referred to as WT) and the pNL43
derivative expressing Gag tagged with the FLAG sequence and
GagPol with the HA sequence (referred to as Gag-FLAG/Pol-HA)
(Fig. 1A), both of which produced viral particles at similar levels
[44]. The pNL43 derivatives with C-terminal truncation of the Pol
region were made by placing a termination codon with an HA tag
at each domain junction of the Pol region (Fig. 1A). HeLa cells
were transfected with these GagPol constructs, and their particle
production abilities were examined by Western blotting using anti-
HIV-1 p24 antibody (Fig. 1B). The results confirmed that neither
the full-length GagPol nor the truncated GagPol derivatives
produced viral particles when expressed alone, although they were
incorporated into viral particles when coexpressed with Gag-
FLAG (Fig. 1B). It is well known that the production of viral
particles by HIV-1 Gag protein is dependent on N-myristoylation
[8,9]. To investigate the myristoylation of GagPol, HeLa cells were
transfected with these GagPol constructs and were metabolically
labeled with [*H]myristic acid. When the [*H] signals were
normalized to the signals by Western blotting, the full-length
GagPol and truncated GagPol proteins were found to be fully
myristoylated, indicating that the budding defects of the GagPol
constructs are not due to inefficient N-myristoylation (Fig. 1B,
right panel).

C-terminal Truncation of GagPol Restored its Membrane

Binding and Plasma Membrane Targeting

To obtain clues to the cause of the defect, we observed GagPol-
HA-transfected cells by confocal microscopy. The confocal images
revealed only the diffuse distribution of GagPol-HA throughout
the cytoplasm (Fig. 2A). Membrane flotation analysis revealed that
GagPol-HA was incapable of binding to the membrane (Fig. 2B).
When the intracellular localization of the C-terminally truncated
derivatives was similarly analyzed by confocal microscopy, the
antigen distribution at the plasma membrane became apparent
with the progressive C-terminal truncation of GagPol (Fig. 2A).
Consistent with these observations, membrane flotation analysis
revealed the distribution of the GagPol derivatives to membrane-
bound fractions, concomitant with the progressive truncation of
GagPol (Fig. 2B). Since membrane targeting of Gag/GagPol is
prerequisite for type C retrovirus particle assembly, we suggest
that the membrane-binding defect of GagPol is primarily re-
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sponsible for the defect of full-length GagPol in particle pro-
duction. However, there was no correlation between particle
production (Fig. 1) and membrane binding (Fig. 2) upon C-
terminal truncations, suggesting that other stages (e.g., multi-
merization and particle budding) are potentially impaired.

C-terminal Addition of Large Noncognate Protein to
Gagp6*, Similar to the Pol Region, Reduced its
Membrane Affinity

To understand GagPol’s inhibitory effect on membrane
binding, we replaced the Pol region with 120 kDa B-gal and
27 kDa GFP [referred to as Gag(p6*)B-gal and Gag(p6¥*)GFP,
respectively]. We also made a Gag fusion construct that four
tandem repeats of GFP, the length of which was nearly equivalent
to the entire Pol region, were fused to the C-terminus of Gag
(referred to as Gag-4GFP) (Fig. 3A). Membrane flotation analysis
revealed the majorities of Gag(p6¥)B-gal and Gag-4GFP in non-
membrane-bound fractions, similar to the case with GagPol-HA
(Fig. 3B). In contrast, Gag(p6*)GFP was distributed to membrane-
bound fractions at levels similar to those of Gag(p6®PR-HA
(compare with Fig. 2B). Confocal images were consistent with
these findings, showing diffuse distribution of Gag(p6*)B-gal and
Gag-4GFP throughout the cytoplasm but, in contrast,
Gag(p6*)GFP accumulation at the plasma membrane (Fig. 3C).
These data suggest that the membrane-binding defect of GagPol
was imposed by the C-terminal long extension, likely due to the
length of the extension but not the specificity of the amino acid
sequence. None of these constructs produced viral particles
(Fig. 3D).

The Budding Defect of Gag(p6*)PR is not Caused by its

Lack of p6 Domain

It is well known that the deletion of the PTAP motif in the Gag
p6 domain blocks the pinching off of viral particles at a late stage
of budding [16,18,46,50]. We reasoned that the budding defect of
our constructs containing p6* might be partly due to a lack of the
PTAP motif in the context of constructs, because the gag-to-po/
frameshifting occurs upstream from the PTAP motif (Fig. 4A).
Based on this hypothesis, we replaced the p6* with the p6 in the
GagPol and Gag(p6*PR constructs [referred to as Gag(p6)Pol and
Gag(p6)PR, respectively] (Fig. 4A). As expected, membrane
flotation analysis confirmed the membrane affinity of Gag(p6)PR
but not that of Gag(p6)Pol (Fig. 4B). Confocal images showed
antigen accumulation at the plasma membrane in Gag(p6)PR-
expressing cells (Fig. 4C). However, Gag(p6)PR showed very little
particle production (Fig. 4D), indicating that the p6 domain, most
likely the PTAP motif, does not support efficient particle release in
the case of Gag(p6)PR. A similar observation, that the budding
defect of GagPol is not ascribable to the lack of p6, was reported in
a very recent study [45]. These data suggested that the budding
defect of Gag(p6*)PR is not due to the lack of p6 and raised the
possibility that viral particle production by Gag(p6*)PR is blocked
at other stages, such as Gag multimerization. We then used
electron microscopy to examine this possibility (Fig. 4E). Cells
expressing Gag(p6*)PR showed slightly curved, electron-dense
structures at the plasma membrane but no spherical budding
structures. Cells expressing Gag(p6)PR displayed aberrant mor-
phology at the plasma membrane: some cells showed not spherical
but pedestal-like electron-dense structures (5 out of 15 cells
observed), distinctive from particles arrested at a late budding
stage by PTAP deletion (Fig. 4E). Viral particles often displayed
aberrant morphology carrying electron-dense materials (6 out of
15 cells observed). Such budding particles in an irregular shape by
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Figure 1. Viral particle production of HIV-1 GagPol and its C-terminally truncated derivatives. (A) Schematic representation of the pNL43
derivatives tagged with the FLAG and HA sequences. The pNL43 derivative containing inactive PR was used as wild type (WT). The FLAG and HA
sequences were inserted in-frame in the C-terminal p6 domain of Gag and the C-terminus of GagPol, respectively (referred to as Gag-FLAG/Pol-HA)
[44). For expression of Gag-FLAG alone (without GagPol), the FLAG sequence was inserted in the C-terminal p6 domain of Gag and termination
codons (asterisk) were placed in-frame in the pol frame. For expression of GagPol-HA (without Gag), the HA sequence was added to the C-terminus of
the GagPol protein [44]. For the C-terminal truncations of GagPol, the HA sequence followed by a termination codon (asterisk) was inserted at the PR/
RT or RT/IN junction of GagPol [referred to as Gag(p6*)p66-HA and Gag(p6*)PR-HA, respectively]. GagPol-HA and the derivatives contained the
frameshift mutation, and all constructs contained inactive PR. LTR, long terminal repeat. (B) N-myristoylation and viral particle production of the
truncated GagPol proteins. Hela cells were singly transfected with the GagPol-HA and its C-terminally truncated constructs, or doubly transfected
with a combination of the GagPol-HA and Gag-FLAG constructs at a Gag-to-GagPol DNA ratio of 1:10. Total DNA amounts were normalized to 8 ug
with pUC plasmid. Gag-FLAG/Pol-HA and myr(-)GagPol-HA containing the myristoylation (G2A) mutation were used as positive and negative controls,
respectively. Cells were labeled with [*HImyristic acid for 3 hr and were subjected to SDS-PAGE followed by fluorography. Arrowheads indicate
myristoylated GagPol-HA, Gag(p6*)p66-HA, and Gag(p6*)PR-HA, respectively. The cells and purified viral particles were subjected to Western blotting
using anti-HIV-1 p24 antibody. The intensity of the band corresponding to each construct in fluorographed gels and Western blots was measured by
ImageJ software. For each construct, the band intensity in fluorographed gels was divided by the band intensity in Western blots. The myristoylation
ratio of Gag was set at 1.0, and the myristoylation ratios of the constructs relative to the ratio of Gag were calculated.
doi:10.1371/journal.pone.0047828.9g001
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Figure 2. Membrane affinity and plasma membrane targeting of GagPol with C-terminal truncations. (A and B) Hela cells were
transfected with the Gag-FLAG, GagPol-HA, and C-terminally truncated constructs. Gag-FLAG was used as a positive control. (A) Intracellular
localization of the truncated GagPol proteins. At 24 hr post-transfection, cells were immunostained with anti-FLAG (red) or anti-HA (green) antibodies
and nuclei were stained with TO-PRO-3 (blue). Bottom panels show confocal images overlaid with differential interference contrast images. All
micrographs are shown at the same magnification. In each sample, approximately 100 antigen-positive cells {from 3 or 4 independent experiments)
were subjected to analysis of the antigen distribution pattern. (B) Membrane affinity of the truncated GagPol proteins. Cells were subjected to
membrane flotation centrifugation followed by Western blotting using anti-p24 antibody. Representative blots in three independent experiments
were shown.

doi:10.1371/journal.pone.0047828.g002
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and 4GFP [referred to as Gag(p6*)B-gal, Gag(p6*)GFP, and Gag-4GFP, respectivelyl. The Gag(p6*)B-gal and Gag(p6*)GFP contained the same
frameshift mutation as described before. (B-D) Hela cells were transfected with GagPol-HA, Gag(p6¥)B-gal, Gag(p6*)GFP, Gag-4GFP, and Gag-FLAG/
Pol-HA. (B) Membrane affinity. At 24 hr post-transfection, cells were subjected to membrane flotation centrifugation followed by Western blotting
using anti-p24 antibody. (C) Intracellular localization. The cells transfected with GagPol-HA or Gag(p6*)B3-gal were immunostained with anti-p24
antibody (green), and nuclei were stained with TO-PRO-3 (blue). All micrographs are shown at the same magnification. In each sample, approximately
100 antigen-positive cells (from 3 or 4 independent experiments) were subjected to analysis of their distribution patterns. (D) Intracellular expression

and viral particle production. Cells and purified viral particles were subjected to Western blotting using anti-p24 antibody. Gag-FLAG/Pol-HA was
used as a positive control.

doi:10.1371/journal.pone.0047828.g003

Gag(p6)PR have also been observed in insect cells [49]. These expression of the authentic GagPol alone showed only diffuse
structures were not observed in untransfected cells. We speculated cytoplasmic staining. In contrast, Fyn(10)GagPol constructs were
that the Gag construct ending at the PR domain failed to accumulated at the plasma membrane (Fig. 5B). However,
multimerize correctly at the plasma membrane during particle Fyn(10)GagPol-HA still did not produce viral particles (Fig. 5C),
assembly. Alternatively, such Gag constructs may impair mem- and the budding defect of Fyn(10)GagPol-HA was not rescued by

brane curvature. replacing the p6* domain with the p6 domain [referred to as

Fyn(10)Gag(p6)Pol-HA] (Fig. 5C). Altogether, our data indicate

GagPol Failed to Produce Viral Particles Even when that large C-terminal extension to Gag, such as the Pol region,

Recruited to the Plasma Membrane imposes the virion release defects primarily in membrane binding
In our study, despite N-myristoylation, GagPol protein was and potentially in assembly.

incapable of binding to the membrane. This raised the possibility X .
that the presence of an N-myristoyl moiety alone was insufficient Discussion
for membrane targeting in the context of GagPol. To resolve this
1ssue, we lC oniltr%ctecli? GalgOPol f; 1’51\1/at1ves,t.vxgltose mlgatmn—;oc(?m particle production and is incorporated into viral particles only by
were replaced by o ,) [47, . ], a tg membrane-binding coassembly with Gag [38,39]. Some studies on C-terminal
mgnal containing one myristoylation and two palmitoylation sites truncation and replacement of p6* with p6 have suggested that
(Fig. 54). The addn;lon of t};)e Fynk(Jl. OB{S:g‘nzl IEO Gé.lg has dbe;n the defect of GagPol in particle budding was not due to the lack of
shown‘ to rescue the membrane-binding delect Imposed by p6 but to the presence of the Pol region [39,45,49]. In the present
depletion of PI(4,5)Py, a host factor that triggers the exposure of study, we demonstrated that the budding defect of GagPol was
the myristoyl moiety [11,52,53]. Confocal images revealed that ’

It has long been known that GagPol alone is incapable of viral
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Figure 4. Viral particle production of GagPol constructs containing the p6 domain. (A) Schematic representation of the GagPol and GagPR
constructs and their amino acid sequences of the p6* and p6 domains. The p6* domain was replaced by the p1+p6 domain (lacking the 12 C-terminal
amino acids), and the resultant constructs were referred to as Gag(p6)Pol and Gag(p6)PR. The GagPol-HA and Gag(p6¥)PR-HA constructs contain the
authentic p6* domain (upper), and the Gag(p6)Pol and Gag(p6)PR constructs contain the p6 domain instead of the p6* (lower). All constructs
contained inactive PR and were expressed in the context of pNL43. (B-E) Hela celis were transfected with Gag(p6)Pol, Gag{p6)PR, GagPol-HA, and
Gag(p6*)PR-HA constructs. (B) Membrane affinity of the Gag(p6)Pol and Gag(p6)PR proteins. Cells were subjected to membrane flotation
centrifugation followed by Western blotting using anti-p24 antibody. (C) Intracellular localization of the Gag(p6)Pol and Gag(p6)PR proteins. Cells
were immunostained with anti-p24 antibody (green), and nuclei were stained with TO-PRO-3 (blue). All micrographs are shown at the same
magnification. In each sample, approximately 100 antigen-positive cells (from 3 independent experiments) were subjected to distribution pattern
analysis. (D) Intracellular expression and viral particle production of the Gag(p6)Pol and Gag(p6)PR proteins. The Gag-FLAG/Pol-HA construct was
used as a positive control. Cells and purified viral particles were subjected to Western blotting using anti-p24 antibody. Arrows indicate GagPol and
GagPR. (E) Electron microscopy of cells transfected with Gag(p6*)PR-HA and Gag(p6)PR. The cells were stained with uranyl acetate and lead citrate.
Arrowheads show pedestal-like structures. Bars, 500 nm.

doi:10.1371/journal.pone.0047828.g004
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Figure 5. Plasma membrane targeting and viral particle production of GagPol with the Fyn(10) N-terminal sequence. (A) Schematic
representation of GagPol-HA and its derivatives containing the Fyn(10) N-terminal sequence and the p6 domain. The initiation codon of GagPol-HA
was replaced by Fyn(10) [referred to as Fyn(10)GagPol-HA] and the p6* domain was further replaced by the p6 domain [referred to as
Fyn(10)Gag(p6)Pol-HA]. All constructs contained inactive PR. The letter m indicates a myristoylation site, and palm indicates a palmitoylation site. (B
and C) Hela cells were transfected with GagPol-HA, Fyn(10)GagPol-HA, and Fyn(10)Gag(p6)Pol-HA. (B) Intracellular localization of GagPol-HA
derivatives. Cells were immunostained with anti-HA antibody (green or red) and nuclei were stained with TO-PRO-3 (blue). All micrographs are shown
at the same magnification. (C) Intracellular expression and viral particle production. The Gag-FLAG/Pol-HA construct was used as a positive control.

Cells and purified viral particles were subjected to Western blotting using anti-HA antibody.

doi:10.1371/journal.pone.0047828.g005

ascribable to the lack of membrane affinity despite full N-
myristoylation.

The membrane-binding ability of Gag lies within the N-
terminal MA domain that contains N-myristoylation and a cluster
of basic residues, although multimerization of the CA domain has
been shown to enhance the membrane binding of Gag, possibly
due to the exposure of the N-terminal myristoyl moiety [5,13].
The N-terminal half of GagPol is nearly identical to Gag (MA-CA-
NC), indicating that GagPol harbors all the elements supportive of
its membrane binding. Nonetheless, GagPol fails to bind to the
membrane. Our data, together with the previous findings, suggest
the following possible explanations for the membrane-binding
defect of GagPol, although alternatives cannot be ruled out. (i) The
N-terminal myristoyl moiety may not be exposed in the context of
GagPol. Recent NMR studies of MA have indicated that the N-
terminal myristoyl moiety becomes exposed upon PI(4,5)P,
binding to the basic amino acids of MA [11]. If GagPol fails to
bind to PI(4,5)P,, then the myristoyl moiety of GagPol may
similarly remain to be occluded. Although liposome-binding assays
do not allow us to provide such evidence because of limitation of
GagPol detection, we found that the replacement of the authentic
myristoyl signal by the Fyn(10) signal, which has been shown to
rescue the Gag membrane-binding defect imposed by PI(4,5)P,
depletion [53], conferred membrane-binding ability to GagPol
(Fig. 5B). (ii) Alternatively, even if the myristoyl moiety is exposed,
it and PI(4,5)Ps binding might not suffice for stable binding to the
membrane in the case of GagPol, and this would result in the rapid
dissociation of GagPol from the membrane. One study has
suggested that the myristoylated glycine confers 8 kcal/mol to
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membrane binding [54]. Recent theoretical calculations of
electrostatic interactions and liposome-binding assays have in-
dicated that monomeric HIV-1 MA has a membrane-binding
energy of 5 kcal/mol [electrostatics, increasing to 7.5 kcal/mol
when the membrane contains 1% PI(4,5)P;] and 4 kcal/mol
(myristoyl moiety, if exposed) [55-57]. This total binding energy
suffices for membrane binding of Gag but may not of GagPol,
since the tight membrane-binding signal Fyn(10) (containing one
myristoyl and two palmitoyl moieties) was required for the
membrane binding of GagPol.

Our truncation experiments indicated that the membrane
affinity of GagPol was recovered upon progressive C-terminal
truncation of the Pol region (Fig. 2B). The truncated constructs
showed no particle production [in the case of Gag(p6*)p66-HA] or
very little particle production [in the case of Gag(p6¥)PR-HA]
(Fig. 1B). Similar observations, e.g., the more progressive the Pol
truncation, the less defective Pol is for particle formation, have
been reported, although the extent of particle production by
GagPR varied in different cell systems (293T and insect cells)
[45,49]. These studies also indicated that GagPRRT failed to
produce viral particles by electron microscopic analysis [49] and
by Western blotting of the particle fractions [45]. The latter study
suggested that the RT region was responsible for the defect of
GagPol particle budding. Our study made similar observations but
revealed by membrane flotation analysis that the budding defects
were linked with no or little membrane-binding ability in the case
of Gag(pb*)p66 and GagPol (Fig. 2B). More importantly, our
substitution experiments clearly show that membrane binding is
also impaired if the Pol region is replaced by a noncognate large
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protein (e.g., 8-gal, 4GFP) (Fig. 3B). Although we cannot exclude
a possibility that B-gal and 4GFP may aggregate as dimers or
oligomers and impair the membrane-binding ability, at least, our
data indicate that the budding defect observed for GagPol is not
caused by the RT sequence. It remains to be elucidated why C-
terminal long extensions to Gag impair the membrane binding of
Gag. Recent studies have suggested that the basic clusters present
in the MA and NC domains both bind to RNA and fold Gag into
a compact structure [58,59] but that the RNA on the MA basic
cluster gets displaced by PI(4,5)P,- enriched at the plasma
membrane [60,61], possibly allowing Gag to stretch out to
stimulate its multimerization. Although little is known about the
GagPol-RNA-membrane interactions, one report has shown that
RNA does not bind to the NC domain within GagPol but
facilitates Gag-GagPol interactions [62]. These studies suggest
a possibility that the RNA bound to Gag also binds to the MA
domain of GagPol. It is tempting to speculate that GagPol alone
lacks the membrane-binding ability because its MA domain is
masked by RNA but the RNA-mediated Gag-GagPol interactions
can bring GagPol to the plasma membrane.

It is well known that the deletion of the PTAP motif or the p6
domain from Gag arrests particle budding at a late stage, showing
viral particles tethered to the plasma membrane. In our study,
however, even though Gag(p6*PR-HA accumulated at the
plasma membrane, it did not show particle-like structures. The
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Gag(p6)PR construct, despite having the p6 domain, did not
produce spherical budding particles (Fig. 4E). These data raise the
possibility that the PR domain at least in the context of GagPR
might inhibit correct assembly and/or membrane curvature at an
early step of particle budding. The aberration of particle assembly
by the presence of C-terminal PR has been observed for HIV-1 in
insect cells [49]. Rous sarcoma virus Gag protein naturally
includes the PR domain at its C-terminus and produces virus
particles in avian and mammalian cells, but insect cells it showed
virion assembly defect, which was rescued by deletion of the PR
domain [63]. Although we still do not understand exactly how
HIV-1 Pol impairs Gag membrane binding or how PR impairs
Gag assembly, our observations in this study provide important
clues toward a full understanding of the budding defect of
retroviral GagPol.
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APOBEC3B can impair genomic stability
by inducing base substitutions in
genomic DNA in human cells
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Human APOBECS3 proteins play pivotal roles in intracellular defense against viral infection by catalyzing
deamination of cytidine residues, leading to base substitutions in viral DNA. Activation-induced cytidine
deaminase (AID), another member of the APOBEC family, is capable of editing immunoglobulin (Ig) and
non-Ig genes, and aberrant expression of AID leads to tumorigenesis. However, it remains unclear whether
APOBECS3 (A3) proteins affect stability of human genome. Here we demonstrate that both A3A and A3B
can induce base substitutions into human genome as AID can. A3B is highly expressed in several lymphoma
cells and somatic mutations occur in some oncogenes of the cells highly expressing A3B. Furthermore,
transfection of A3B gene into lymphoma cells induces base substitutions in cMYC gene. These data suggest
that aberrant expression of A3B can evoke genomic instability by inducing base substitutions into human
genome, which might lead to tumorigenesis in human cells.

¥ tis widely recognized that the accumulation of genetic changes in tumor-related genes is essential for cancer
development’. With the innovation of high-throughput sequencing technology, genome-wide analyses on
% various types of cancer cells have revealed numerous somatic mutations in tumor-related genes®. Some of these

mutations are caused by defects in DNA repair systems (e.g., DNA mismatch repair deficiencies give rise to

hereditary non-polyposis colon cancer®), whereas mechanisms that account for the majority of genetic changes in
cancer cells are poorly understood. Referring to somatic base substitution spectra in cancer cells, C/G to T/A
transitions are most prevalent, especially in gastric cancer, colorectal cancer, glioma, and melanoma>*®. This
strong bias in somatic mutations suggests the existence of active mechanisms that induce C/G to T/A transitions
into genomic DNA. It is obviously attributable to ultraviolet irradiation and following repair process against
pyrimidine dimer in case of melanoma, but not in others.

The human APOBEC family proteins can induce Cto T (G to A, in complementary sequences) transitions into
target DNA through cytidine deamination. The APOBEC family is comprised of a series of molecules with
conserved cytidine deaminase domains (CDAs), including AID, APOBECI1, APOBEC2, APOBEC3A to H,
and APOBEC4%". Among them, AID plays a crucial role in somatic hypermutation and class switch recombina-
tion of Ig genes, which enables diversification of immune system®. AID has been considered the only molecule
that can induce C/G to T/A transitions into genomic DNA. The expression of AID is highly regulated and
restricted in germinal center B-cells under physiological conditions, but with inflammatory stimulations, AID
can be overexpressed in not only B-cells but also other types of cells {e.g., epithelial cells) via activation of NF-xB’.
Aberrant expression of AID results in the accumulation of mutations in non-Ig genes'’, which leads to develop-
ment of various cancers such as gastric and hepatic cancers as well as lymphomas™' .

A series of seven A3 genes are tandemly arrayed on human chromosome 22, and the main function of the
resulting gene products is to protect the cells from retroviruses and endogenous mobile retroelements'*'>. A3B,
A3D, A3F, and A3G contain two CDAs, instead of one in A3A, A3C, and A3H. A3G is a powerful anti-retroviral
molecule that induces cytidine deamination in viral genome and acts as a host defensive factor against viruses
such as HIV-1'°. A3A and A3B have been reported as potent inhibitors of retrotransposons'. Thus, A3 proteins
act as sentinels in innate immunity against mobile DNA/RNA including viruses, while little is known about the
effect of these proteins on nuclear DNA, in other words, host human genome. Recent studies have demonstrated
that A3A impairs nuclear DNA under the condition of suppressing uracil DNA-glycosylase (UNG) which
prevents base alterations by eliminating uracil from DNA and initiating the base-excision repair pathway'®".
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Figure 1| Expression of A3A, A3B wild-type and mutants, and AID.
(A) Schematic of expression vectors. The consensus amino acid residues
for zinc-coordinating motifs are shown. Substituted residues are shown in
white. (B) Expression of HA-tagged proteins. Expression vectors were
transfected into HEK293 cells, and cell lysates were analyzed by
immunoblotting with anti-HA antibody (top panel) and anti-B-actin
antibody (bottom panel) for loading control.

However, it is still unclear whether A3 proteins can induce somatic
mutations into human genome with intact DNA repair systems.
Here we first demonstrate that expression of A3B and A3A as well
as AID can induce somatic mutations in genomic DNA in human
cells even in the presence of UNG. We also find that high expression
of A3B leads to somatic mutations in tumor-related genes. These
data suggest that aberrant expression of A3B might be one of the
active mechanisms that induce somatic mutations in cancer cells.

Results

A3 and AID induce hypermutations into foreign DNA. Besides
A3A, we focused on A3B because it is localized predominantly in the
nucleus®*' and highly expressed in many types of cancer cells'* refer-
ring to microarray database (e.g., NextBio: http://www.nextbio.com).
Previous studies have shown that A3B contains two enzymatically
active CDAs in restricting HIV-1%?, whereas only carboxyl-terminal
CDA is responsible for inhibiting HBV replication®** and editing
bacterial DNA?%. A3B is also shown to restrict foreign DNA in mam-
malian cells®, but it has not been tested which CDA is active in this
context. First, to examine whether A3 and AID induce mutations
in foreign DNA in human cells and which CDA is responsible for this
DNA editing, we constructed amino- and/or carboxyl-terminal CDA
mutants (H66R, H253R, and H66/253R) by site directed mutage-
nesis (Fig. 1a) and confirmed their expression in HEK293 cells by
immunoblotting (Fig 1b). We transfected expression vectors for
these together with EGFP expression vector into HEK293 cells and
examined base substitutions in EGFP sequences. The expression
vector for UNG inhibitor (UGI) was also co-transfected to avoid

UNG-triggered degradation of uracil-containing foreign DNA as
described previously®®. We recovered total DNA from the cells 2
days after transfection and performed differential DNA denatura-
tion PCR (3D-PCR) to efficiently recover edited DNA sequences™.
3D-PCR is based on the principle that DNA sequences with fewer
interstrand hydrogen bonds dissociates easier. If cytidine deamination
takes place frequently, resulting AT-rich EGFP gene can be amplified
at lower denaturation temperatures. Although PCR products were
obtained from all samples at 92°C of denaturation temperature
(Td), we obtained robust PCR products at 83.8°C of Td only from
A3A-, A3B wild-type (WT)-, and AID-expressing cells (Fig 2a).
Amplification of EGFP at the lowest Td was impaired in H66R-
expressing cells compared to A3B WT-expressing cells and undetec-
table in H253R- or H66/253R-expressing cells (Fig 2a, bottom). To
ascertain whether EGFP gene was actually hyperedited, we cloned and
sequenced the amplicons at 83.8°C of Td. As can be seen from the
mutation matrices, high levels of C/G to T/A transitions were
introduced into EGFP sequences (Fig 2b). To compare the extent of
baseline mutations and that of A3B-induced mutations, we also
cloned and sequenced the amplicons at 94.0°C of Td. Mutation
frequency of A3B-expressing cells were about 6 times higher than
that of mock-transfected cells (Supplementary Fig. S1 online). The
mutation frequency in H66R-expressing cells was approximately a
half compared to that in A3B WT-expressing cells in the amplicons
at the lowest Td (Fig 2c). These data suggest that carboxyl-terminal
CDA of A3B is mainly responsible for foreign DNA editing, but both
domains are requisite for full editing activity. It is worth noting that
AID is also capable of inducing cytidine deamination into foreign
DNA.

Human A3 proteins have preferred target dinucleotide sequences
in the substrate DNA; A3A and A3B prefer to deaminate cytosine
residues flanked by 5' thymine residue, 5'-TC, whereas A3G prefers
to deaminate cytosine residues flanked by 5’ cytosine residue, 5'-
CC?** We analyzed the context of C/G to T/A transitions in
hyperedited EGFP sequences. We observed a strong bias toward
deamination at 5'-TC dinucleotides in A3A-, A3B WT-, and
H66R-expressing cells, but not in AID-expressing cells (Fig 2d).
5’-TC dinucleotide preference of A3B was also confirmed by sequen-
cing amplicon at 94.0°C of Td which is supposed to be unbiased
(Supplementary Fig. S1 online). These data suggest that the pref-
erence of editing sites in foreign DNA by A3s coincides with that
seen in viral DNA.

A3A and A3B can edit genomic DNA in human cells. We next
investigated whether A3 proteins induce C/G to T/A transitions into
not only foreign DNA but also nuclear DNA in human cells. We first
established a HEK293 cell line stably expressing EGFP (HEK293/
EGFP) using retrovirus vector that carries EGFP. We transfected
HEK293/EGFP cells with expression vectors for A3A, A3B WT or
mutant (H66R, H253R, or H66/253R), or AID by lipofection, and
then recovered total DNA from these cells after 7-day culture. We
performed 3D-PCR of EGFP gene and obtained amplicons from
A3A-, A3B WT-, H66R-, and AID-expressing cells at lower Td
(Fig 3a). EGFP gene was recovered at Td as low as 86.3°C from
A3B WT-expressing cells, while as low as 86.5°C from A3A-,
H66R-, and AID-expressing cells. By contrast, EGFP gene was not
amplified below Td of 87°C from cells transfected with mock, H253R
or H66/253R. We repeated this procedure consisting of transfection,
DNA extraction, and 3D-PCR three times and obtained similar
results (Fig 3b). To unambiguously confirm the presence of C/G to
T/A transitions, we cloned and sequenced amplicons obtained at the
lowest Td in A3A-, A3B WT-, H66R-, and AID-expressing cells
(Fig 3c). These analyses revealed approximately 2 to 5 C/G to T/A
transitions per EGFP sequence from each sample (Fig 3d). The
transitions were detected most frequently in A3A-expressing cells,
and deaminase activity of H66R mutant was approximately a half
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Figure 2 | Foreign DNA editing by A3A, A3B, and AID. (A) Agarose gel analyses of 3D-PCR products from HEK293 cells. Cells were transfected with
expression vector for A3A, A3B wild-type or mutant, or AID together with pEGFP-N3 and pEF-UGI. Total DNA was recovered 2 days after transfection,
and EGFP gene was amplified by 3D-PCR at the indicated denaturation temperatures (Td). (B) Mutation matrices of hyperedited EGEP sequences
derived from cloned amplicons at 83.8°C of Td. “n” indicates the number of bases sequenced. We sequenced 5 clones (2,225 base pairs in total) in each
group. (C) Frequencies of C/G to T/A transitions in hyperedited EGFP genes. C/G to T/A transitions per 1,000 sequenced base pairs are shown.

(D) Dinucleotide contexts in foreign DNA editing. The rates of indicated dinucleotide sequence at the C to T transitions are shown. Asterisks indicate

statistical significance in a % test (p < 0.01).

compared to that of A3B WT as seen in foreign DNA assays. The
contexts of C/G to T/A transitions detected from the lowest Td
amplicons in genomic DNA editing in A3-expressing cells were
distinct from those in foreign DNA editing (Fig 3e). A preference
for 5’-TC dinucleotide was not apparently observed, alternatively,
5'-GC dinucleotides were preferred in all samples. However, this
bias fails to reach statistical significance (p < 0.01) in a x” test. The
preferred target sequences of AID editing were 5'-GC and 5'-AC
dinucleotides as described by many prior studies?”?. Mutation
frequencies and preferred target sequence of A3B was also
analyzed by using amplicons at 94.0°C of Td. Mutation frequency
of A3B-expressing cells were about 3 times higher than that of mock-
transfected cells (Supplementary Fig. S2 online). A preference for 5'-

TC dinucleotide was impaired, compared to that in foreign DNA
editing assays (Supplementary Fig. S2 online). Our results reveal that
in addition to AID, A3A and A3B can induce C/G to T/A transitions
into human nuclear DNA without repressing proofreading enzymes
(e.g., UNG). Mutation frequencies were 6 to 9 per 1000 base pairs
in A3A-, A3B WT-, and AID-expressing cells, and much less fre-
quent compared to those in foreign DNA editing. As seen with
foreign DNA editing, carboxyl-terminal CDA is mainly respon-
sible for catalytic activity but not sufficient for full editing activity.

The preference context of genomic DNA editing by A3A and A3B is
different from that of viral or foreign DNA editing.

Deep sequencing reveals hyperediting of human genomic DNA by
A3 proteins. Amplicon sequencing by next-generation sequencer
has enabled to detect extremely low levels of mutations of targeted
regions in genomic DNA. To verify more certainly that A3 proteins
edit human nuclear DNA, we performed deep sequencing of A3-
expressing cells. HEK293/EGFP cells were transfected with an
empty vector or expression vectors for A3A, A3B WT, H66/253R,
or AID by lipofection, and total DNA were extracted after 7-day
culture. We amplified a portion of EGFP gene with 443 base pair
length (from thymine 56 to cytosine 498) by conventional PCR
protocol, not by 3D-PCR, and performed amplicon sequencing
with the coverage of 1337 to 2654 reads per sample. This analysis
revealed that extremely large numbers of nucleotides were substi-
tuted over the full length of amplicons in A3A-, A3B WT-, and AID-
expressing cells, whereas very few mutations were detected in mock
and H66/253R-expressing cells (Supplementary Table 1 online). C/G
to T/A transitions were observed most frequently in A3A-expressing
cells as variation rates reach approximately 7% at the maximum,
while below 3% at most in A3B- and AID-expressing cells (Fig 4a
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Figure 3 | Hypermutations in EGFP genes integrated in genomic DNA of HEK293 cells. (A) Agarose gel analyses of 3D-PCR products of EGFP genes
extracted from HEK293/EGFP cells. Cells were transfected with expression vector for A3A, A3B wild-type or mutant, or AID. Total DNA was recovered 7
days after transfection and EGFP genes were amplified by 3D-PCR at the indicated denaturation temperatures (Td). (B) Distributions of the lowest
denaturation temperatures for positive PCR amplification in each sample. Each circle represents independent experiment consisting of transfection, DNA
extraction, and 3D-PCR. (C) Mutation matrices of hyperedited EGFP sequences derived from cloned PCR products at Td lower than 87°C. “n” indicates
the number of bases sequenced. We sequenced 25 clones (11,125 base pairs in total) in each group. (D) Frequencies of C/G to T/A transitions in
hyperedited EGFP genes. C/G to T/A transitions per 1,000 sequenced base pairs are shown. (E) Dinucleotide contexts in genomic DNA editing. The rates
of indicated dinucleotide sequence at the C to T transitions are shown. Deviations in the editing contexts do not reach statistical significance (p < 0.01) in

a y? test.

and Supplementary Table 1 online). The mutation frequency analysis
revealed that large numbers of C/G to T/A substitutions were
induced in A3A-, A3B-, and AID-expressing cells, whereas other
types of base substitutions were very few (Fig 4b). These results are
similar to the data obtained by 3D-PCR and clonal sequencing of A3-
and AID-expressing cells, and further demonstrated that A3A and
A3B as well as AID can induce C/G to T/A transitions into genomic
DNA in human cells with intact DNA repair systems. Dinucleotide
preference of target sequence for deamination by A3A, A3B and AID
was also analyzed, however, we did not found any preference in this
experiment (Fig. 4C), suggesting the difference between foreign
DNA editing and genomic DNA editing.

Expression of A3B and somatic mutations in lymphoma cells. Al-
though AID has been reported to play important roles in lymphoma-
genesis by inducing mutations in both Ig and non-Ig genes'-'>*'~%,
AlID-independent mechanisms are also suggested, because AID is
not expressed in all types of B-cell lymphomas®***. We hypothesized
that A3 may contribute to somatic mutations in some lymphoma
cells. To examine this hypothesis, we first determined expression
levels of A3A, A3B, and AID by quantitative RT-PCR in several B-
cell lymphoma cell lines using peripheral blood lymphocytes (PBL)
as control (Fig 5a). Our analysis revealed that A3B was highly
expressed in 3 of 4 cell lines, particularly, markedly high in KIS1
cells, whereas expression of A3A transcripts was not detected in any
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Figure 4 | Deep sequencing of EGFP genes in genomic DNA. (A) The distributions of C/G to T/A substitutions in the EGFP sequences. Total DNA was
recovered form HEK293/EGFP cells 7 days after transfection with expression vector for A3A, A3B wild type or H66/253R or AID. We amplified a portion
of EGFP sequence from thymine 47 to cytidine 504 (top schematic) by PCR with high-fidelity polymerase and sequenced the amplicons by GS-junior
bench top system (Roche). Sequence data were analyzed with equipped software. “Coverage” indicates the total numbers of sequenced reads.

(B) Frequencies of base substitutions in hyperedited EGFP genes. Base substitutions were classified to 6 groups and substituted base number of each group
per 1,000 sequenced base pairs are show. (C) Dinucleotide contexts in genomic DNA editing. The rates of indicated dinucleotide sequence at the Cto T
transitions are shown. Deviations in the editing contexts do not reach statistical significance (p < 0.01) in a y? test.

lymphoma cell lines consistent with prior work suggesting myeloid
specificity**. AID transcripts were detected in 2 of 4 cell lines,
which is consistent with previous studies**>”. We also examined
expression of A3B in two lymph node samples of diffuse large B-
cell lymphoma, and found that A3B is actually expressed (supple-
mentary Fig. 3 online).

To investigate the correlation between A3B expression and fre-
quency of somatic mutations, we next performed direct sequencing
of cMYC, PAX5, and A20 genes which are exemplary genes mutated
frequently in B-cell lymphoma®>*%. We compared mutation frequen-
cies of these genes in SUDHL-6 and KIS-1, because the expression of
A3B was the lowest in the former and the highest in the latter, while
AID was not expressed in either cell line. DNA sequences between
exon 1 and intron 1 of these three genes were analyzed (899 base pairs
of cMYC, 1550 base pairs of Pax5, and 1088 base pairs of A20), since
it have been reported that somatic mutations induced by cytidine
deaminases were concentrated within 2 kb downstream from tran-
scription initiation sites****. We found nine mutations within inves-
tigated sequences of cMYC and PAX5 in KIS-1, but not in SUDHL-6,
in which five of nine mutations detected were C/G to T/A transitions.
On the other hand, no mutation was detected within sequenced
region of A20 in either cells (Fig 5b). To analyze ongoing mutations

in the genome in individual cells, we next sequenced the same region
of cMYC sub-cloned from KIS-1 and SUDHL-6, and found several
more C to T mutations in KIS-1 cells, but not in SUDHL-6 cells
(Supplementary Fig. S4 online). We next determined expression of
these tumor-related genes by quantitative RT-PCR and found that
the transcripts of cMYC and PAX5 were highly expressed in both
SUDHLS6 and KIS1 cells as compared to PBL, whereas A20 was less
transcribed in these lymphoma cells. These results suggest that high
expression of A3B resulted in accumulation of base alterations, espe-
cially C/G to T/A transitions, in actively transcribed tumor-related
genes in lymphoma cells.

To ascertain more definitely that A3B can edit tumor-related
genes in lymphoma cells, we introduced A3B into a lymphoma cell
line and analyzed somatic mutations in cMYC. SUDHL-6 cells were
transfected with expression vector for A3B WT, H66/253R, or mock
by electroporation and total DNA was extracted after 7-day culture.
With 3D-PCR analysis of cMYC, we obtained the amplicon from
only A3B WT-expressing cells at the lower Td (Fig 6a). Clonal
sequencing of amplicons at 85.9°C revealed 2 to 7 nucleotide sub-
stitutions per strand, and more than 80% of these mutations were C/
G to T/A transitions, with a preference for 5'-GC dinucleotide sites
(Fig 6b and c). We also sequenced the amplicons at 94.0°C of Td and
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Figure 5| Expression of A3Band somatic mutations in oncogenes in human lymphoma cell lines. (A) Quantitative RT-PCR for A3A, A3B, and AIDin
lymphoma cell lines. The levels of target cDNA were normalized to the endogenous hypoxanthine phosphoribosyl transferase 1 (HPRTI) and then

compared to those in peripheral blood lymphocytes. (B) Mutational analyses of C-myc, Pax5, and A20in SUDH6 and KIS1 cells. We recovered total DNA
from the cells and amplified the sequence between exon! and intronl of C-myc, Pax5and A20by PCR and performed direct sequencing of the amplicons.
Locations of somatic mutations are shown below the loci with their positions. (C) The expression levels of transcripts of C-myc, Pax5,and A20in KIS1 and

SUDHLS cells. Quantitative RT-PCR was similarly performed with (a).

found A3B-induced C/G to T/A transitions without 5'-TC dinucleo-
tide preference (supplementary Fig. 5 online). These data dem-
onstrate that expression of A3B can induce somatic mutations into
actively transcribed tumor-related genes in lymphoma cells.

Discussion

To date, most studies on A3 proteins have focused on their abilities as
antiviral or antitransposon factors, whereas the capability of A3 pro-
teins to induce mutations into genomic DNA in host cells has been
scarcely verified. In contrast, many studies have elucidated that AID
induces somatic mutations into not only Ig genes, but also tumor-
related genes in human cells and that ubiquitous expression of AID
in mice leads to cancers of various organs as well as lymphomas, with
the accumulation of nucleotides alterations®**. Thus, AID has been
considered as the only DNA cytosine deaminase that can induce
somatic mutations into human genome and has potential to cause
cancers or hematologic malignancies.

Suspéne et al. have recently reported that hyperediting of both
mitochondrial and nuclear DNA was detected in human cells defect-
ive for UNG derived from hyper IgM syndrome patients and demon-
strated that A3A-induced mutations in nuclear DNA are detectable
under the condition of suppressing UNG in human cells*. In their
report, deamination of nuclear DNA was not observed in cells
expressing other A3 proteins or in cells expressing A3A without
UNG suppression. Furthermore, Landry et al. have reported that
expression of A3A together with UGI in mammalian cell lines
resulted in breaking of DNA and activation of DNA damage res-
ponse in a deaminase-dependent manner*®. In these two reports, the
effect on genomic integrity by A3A was dependent on the presence of

UGL. Thus, there has been no direct evidence that A3 proteins induce
mutations in genomic DNA in the cells with intact DNA repair
systems.

In this study, we demonstrate that A3A and A3B as well as AID
can induce C/G to T/A transitions into nuclear DNA without sup-
pressing UNG by two different assays, 3D-PCR and deep sequencing.
We assume that increased number of cytidine deamination catalyzed
by highly expressed A3A or A3B exceeded the processivity of DNA
repair enzymes such as UNG and resulted in leaving C/G to T/A
transitions in nuclear DNA. Mutation frequencies were considerably
lower compared to Suspéne’s report. However, Yoshikawa ef al.
reported that AID induced hypermutations into an actively tran-
scribed gene in fibroblasts and that the mutation frequency was
approximately 4 to 6 per 1000 base pairs’, almost to the same extent
as our results. Hence the frequency of mutations induced by cytidine
deaminases into nuclear DNA is probably this extent or less in the
cells with intact DNA repair systems.

We also find that A3B is highly expressed in several lymphoma cell
lines and that the cells expressing high levels of A3B actually pos-
sesses somatic mutations, especially C/G to T/A transitions, in act-
ively transcribed tumor-related genes. Furthermore, we reveal that
introduction of A3B into lymphoma cells induces the accumulation
of C/G to T/A transitions in ¢MYC gene. This is the first report that
suggests the involvement of A3B in inducing somatic mutations of
oncogenes in tumor cells. Together with the microarray database of
A3B expression in miscellaneous cancer cell lines' (NextBio: http://
www.nextbio.com), it is possible that A3B may induce somatic muta-
tions into tumor related genes in various types of cancers.

Several questions remain open. First, it remains unclear what is
preferred target sequences of A3 proteins in genomic DNA. Because
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Figure 6 | A3B induced somatic mutations into c-myc gene in human lymphoma cells. (A) Agarose gel analyses of 3D-PCR products of c-Myc genes in
SUDHL6. We transfected expression vector for A3B wild-type or H66/253R or empty vector and recovered total DNA 7 days after transfection. C-myc
genes were amplified by 3D-PCR at the indicated denaturation temperatures (Td). (B) Clonal sequencing of amplicons from A3B-WT expressing
SUDHLE cells. We sequenced 11 clones (5104 base pairs in total). Seventy six bases from thymine 310 to adenine 385 in which mutations are concentrated
among sequenced 464 base pairs are shown. The numbers of C/G to T/A substitutions in sequenced 464 base pair length are shown at the right end.
(C) Dinucleotide contexts of somatic mutations in c-Myc gene by A3B. The rates of indicated dinucleotide sequence at the C to T transitions are shown.

Asterisks indicate statistical significance in a y? test (p < 0.01).

in several cancers such as breast cancer and melanoma, 5'-TC is
the most prevalent target in C to T base substitutions, A3 is the
most potential candidate to induce these mutations®?*. However,
in our results, neither A3A nor A3B had a definite preference of
editing site in nuclear DNA editing, whereas a preference for 5'-
TC dinucleotide was observed in foreign DNA editing as prev-
iously reported. It is possible that A3A and A3B have no distinct
favorite context in nuclear DNA editing, unlike viral and bacterjal
DNA editing, because human genomic DNA is more profoundly
protected in transcription than viral or bacterial DNA and is under
survey of DNA repair systems. However, Suspene et al. reported
that target contexts of cytidine deamination in A3A+UGI-expres-
sing cells were 5'-TC and 5'-CC dinucleotides, which were ident-
ical to the contexts of viral or bacterial DNA editing'®. We assume
that this discrepancy might be attributable to cell types or express-
ion levels in cells. Hence, further analyses should be required to
clarify the favorite target contexts of A3 proteins in nuclear DNA
editing. The second question is how transcriptional control and
post-translational modification of A3 proteins regulate A3 activity.
Because the molecules that possess a capability of editing nuclear
DNA threaten cell homeostasis, expression and activity of A3A
and A3B must be strictly controlled. AID is known to be regulated
at multiple steps®, for example, transcriptional regulation**™*?, post-
transcriptional regulation by micro-RNA***, regulation of intracel-
lular localization®**, and phosphorylation by PKA**. In contrast to
AID, little is known about how A3 proteins are regulated. It has been

reported that A3A is abundantly expressed in CD14+ monocytes
and upregulated by interferon-o stimulation®#**°, Meanwhile, it is
not clear where A3B is expressed normally*>****® and how it is
regulated. As for post-translational modification, we previously
reported that PKA-mediated phosphorylation of A3G regulates the
interaction between A3G and HIV Vif. To better understand the
physiological roles of A3 proteins, it is important to elucidate how
their expression and activity are regulated. The last question is
whether A3 proteins can serve as an “initiator” of tumorigenesis.
Our results suggest A3B indeed induces somatic mutations into
genomic DNA in various human tumor cells, however, it is unclear
whether A3B proteins impair genomic DNA from the early stage of
oncogenesis. To address this question, hereafter, histopathological
and genetic analyses of transgenic mouse constitutively expressing
A3 proteins are necessary.

In conclusion, our findings provides the first evidence that A3A
and A3B can induce C/G to T/G transitions into genomic DNA
without suppressing DNA repair system. Our data also show that
high expression of A3B is related to mutation frequencies of onco-
genes in lymphoma cells. Our results suggest that A3B is an onco-
gene, like AID, which may have the capacity to evoke genomic
instability through base substitutions in human cells. Further
studies will be required to test whether endogenous A3B is capable
of impairing genomic integrity as a DNA mutator and contrib-
uting to the development of human cancers and hematologic
malignancies.
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Methods

DNA constructs and cell lines. Plasmids containing coding sequence of human A3A
and A3B were kindly provided by Dr. Kenzo Tokunaga®. Expression vectors for HA-
tagged A3A, A3B and AID were generated by sub-cloning of coding sequences into
pCAG-GS vector. A3B catalytic domain mutants (H66R, H253R, and H66/253R)
were generated by KOD-plus mutagenesis Kit (Toyobo). Expression vector for
Uracil-DNA glycosylase inhibitor, pEF-UGI was kindly provided by Dr. Ruben §
Harris®. HEK293 and HEK293T cells were maintained with Dulbecco’s modified
Eagle’s medium containing 10% of fetal bovine serum (FBS) and penicillin,
streptomycin, and glutamine (PSG). All B-cell lymphoma cell lines were maintained
with RPMI1640 containing 10% FBS and PSG. Retrovirus containing EGFP sequence
was produced by co-transfection of pMLV gag-pol, VSV-G, and pDON-EGFP into
HEK293T cells. HEK293/EGFP cells were generated by retroviral transduction of
EGFP and selection of 1 mg/ml G418 for two months.

Immunoblotting. HEK293 cells were transfected with expression vector for A3A,
A3B wild-type or mutant (H66R, H253R or H66/253R) or AID, and lysed with RIPA
buffer (50 mM Tris-HCl pH7.5, 150 mM NaCl, I mM EDTA, 1% Triton-X, 0.1%
SDS, 0.1% DOC) after 2-day culture. After centrifugation at 20,000 x g for 15 min,
supernatant was mixed with sample buffer (Biorad), boiled for 5 minutes, resolved on
12% (w/v) polyacrylamide gel, transferred to PYDF membrane (Immobilon,
Millipore), and analyzed by standard immunoblotting procedure with anti-HA
monoclonal antibody (12CAS5, Roche) or anti-B-actin monoclonal antibody (AC-15,
Sigma).

3D-PCR and clonal sequencing. For foreign DNA editing assay, HEK293 cells were
transfected with pEGFP-N3, pEF-UGI, and expression vector for A3A, A3B WT or
mutant, or AID by using Fugene HD (Roche). After two-day culture, total DNA was
extracted by using Quick Gene DNA whole blood kit (Fuji Film). First round PCR was
performed with primers listed in Supplementary Table S2 using rTaq DNA
polymerase (Takara), with the following reaction profile; 30 s at 94°C, 25cycles of
30 s at 94°C, 40 s at 62°C, and 90 s at 72°C followed by 10 min at 72°C. The
amplicons were separated by electrophoresis on 1% (w/v) agarose gel, and extracted
from the gel using Qiaquick Gel Extraction kit (Qiagen). We used 25 ng of first-round
PCR products as template for nested PCR using Hotstar Hifidelity DNA polymerase
(Qiagen), with the following reaction profile; 5 min at 95°C, 35 cycles of 15 s at 83—
92°C, 60 s at 62°C, 80 s at 72°C, followed by 10 min at 72°C. The amplicons derived
at 83.8°C were cloned into pT7-blue vector (Novagen). For nuclear DNA editing
assay, HEK293/EGFP cells were transfected with expression vector for A3A, A3BBWT
or mutants, or AID using Fugene HD (Roche). Seven days after transfection, we
extracted total DNA from these cells with the same method of foreign DNA editing
assay. First round PCR was performed using Advantage HF2 polymerase kit
(Clontech), with the following reaction profile;1 min at 94°C, 30 cycles of 30 sat 94°C
followed by 2 min at 68°C, followed by 3 min at 68°C. We used 25 ng of first-round
PCR products for nested PCR using Hotstar Hifidelity DNA polymerase (Qiagen)
with the following reaction profile; 5 min at 95°C, 35 cycles of 15 s at 86-89°C, 60 sat
62°C,and 80 s at 72°C, followed by 10 min at 72°C. The amplicons derived at 86.5°C
and 83.8°C were cloned into pT7-blue vector (Novagen). For c-myc gene editing assay
in lymphoma cells, we transfected SUDHLS cells with expression vectors for ASBWT
or H66/253R by electroporation using Nucleofector (Amaxa) and extracted total
DNA from the cells 7 days after transfection. First round PCR and gel extractions of
amplicons were performed with the same methods of nuclear DNA editing assay. We
used 25 ng of first-round PCR products for nested PCR using Hotstar Hifidelity DNA
polymerase (Qiagen), with the following reaction profile; 5 min at 95°C, 35 cycles of
15 s at 85-88°C, 60 s at 62°C, 80 s at 72°C, followed by 10 min at 72°C. The
amplicons derived at 85.3°C were cloned into pT7-blue vector (Novagen) and
sequenced using 3130xl Genetic Analyzer (Applied Biosystems).

Deep sequencing. Total DNA was extracted from HEK293/EGFP transfected with
expression vectors for A3A, A3B WT or H66/253R or AID 7 days after transfection. A
portion of EGFP gene with 443 base pair length, from thymine 56 to cytosine 498, was
amplified with the primers listed in Supplementary Table 2 using Advantage HF2
polymerase kit (Clontech), with the following reaction profile; 1 min at 94°C, 30
cycles of 30 s at 94°C followed by 2 min at 68°C, and followed by 3 min at 68°C. The
amplicons were separated by electrophoresis on 1% (w/v) agarose gel, and extracted
from the gel using Quiaquick Gel Extraction Kit (Qiagen). Purified amplicons were
sequenced using GS junior bench top system (Roche) according to the manufacturer’s
protocol and analyzed with equipped software, GS Amplicon Variant Analyzer.

Lymphoma cell lines and patient samples. Four B-cell lymphoma cell lines
(SUDHLS, KIS1, KM-H2, and Granta519) were cultured in RPMI1640 containing
10% of fetal bovine serum (FBS) and penicillin, streptomycin, and glutamine (PSG).
We extracted total DNA from these cells by using Quick Gene DNA whole blood kit
(Fuji Film) and total RNA by using mir Vana miRNA isolation kit (Ambion). Tumor
biopsy specimens prior to treatment were obtained from two patients with diffuse
large B-cell lymphoma. The study was approved by the Kyoto University Institutional
Review Board and written informed consent was obtained from each patient. Total
RNA were extracted similarly to lymphoma cell lines. Naive B-cells were isolated from
healthy donor’s peripheral blood by using MACS® naive B cell isolation kit (Miltenyi
Biotec).

Quantitative RT-PCR. Complementary DNA was synthesized from 200 ng of total
RNA using Revertra Ace QPCR RT Master Mix (Toyobo). Real-time PCR were
performed with Thunderbird SYBR qPCR Mix (Toyobo) according to
manufacturer’s protocol. Target cDNAs were normalized to the endogenous
expression level of the house keeping reference gene for hypoxanthine-guanine
phosphoribosyl transferase 1 (HPRT1) or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). All primers for real-time PCR are listed in Supplementary
Table 2.

Sequencing of oncogenes from lymphoma cell lines. We amplified portions of C-
myc, Pax5, and A20 from with the primers listed in Supplementary Table 2 using
Advantage HF2 polymerase kit (Clontech), with the following reaction profile; 1 min
at 94°C, 30 cycles of 30 s at 94°C followed by 4 min at 68°C, and followed by 3 min at
68°C. The amplicons were separated by electrophoresis on 1% (w/v) agarose gel,
extracted from the gel using Qiaquick Gel Extraction kit (Qiagen), and sequenced
using 3130x] Genetic Analyzer (Applied Biosystems). In c-Myc clonal sequencing, the
amplicon was subcloned into pTA2-vector (TOYOBO) and subsequently sequenced.
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The tyrosine kinase inhibitor dasatinib suppresses
cytokine production by plasmacytoid dendritic cells
by targeting endosomal transport of CpG DNA
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Plasmacytoid dendritic cells (pDCs) produce a vast amount of interferon (IFN)-« in
response to nucleic acids from viruses and damaged self-cells through Toll-like recep-
tor (TLR)7 and TLR9. Pharmaceutical agents that suppress IFN-a production by pDCs are
instrumental in elucidating the mechanisms behind IFN-o production, and in develop-
ing novel therapies for inflammatory disorders that involve pDCs. Here, we show that a
tyrosine kinase inhibitor for chronic myeloid leukemia with multiple targets, dasatinib,
strongly suppresses production of IFN-o and proinflammatory cytokines by human pDCs
stimulated with multimeric CpG oligodeoxynucleotides (CpG-A) without reducing viabil-
ity. In contrast, other tyrosine kinase inhibitors, imatinib, and nilotinib, did not suppress
the cytokine production at clinically relevant concentrations. Inhibitors of SRC family
kinases (SFKs), which are prominent targets of dasatinib, also suppressed the cytokine
production. Notably, however, dasatinib, but not SFK inhibitors, abrogated prolonged
localization of CpG-A in early endosomes, which is a critical step for pDCs to produce
a large amount of IFN-«. This study suggests that dasatinib suppresses IFN-o produc-
tion by pDCs by inhibiting SFK-dependent pathways and SFK-independent endosomal
retention of CpG DNA. Kinases controlling the distinctive endosomal trafficking in pDCs
may be exploited as targets to develop novel therapies for pDC-related inflammatory
disorders.

Keywords: Dasatinib - Interferon - Plasmacytoid dendritic cells (pDCs) - TLR9

Additional supporting information may be found in the online version of this article at the
publisher’s web-site

Introduction

Plasmacytoid DCs (pDCs) are a distinctive immune cell type that
produces a vast amount of IFN-¢ in response to virus-derived
CpG DNA or ssRNA through TLR9 or TLR7, respectively [1], thus
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playing an important role in antiviral immunity. pDCs also pro-
duces IFN-¢ in response to nucleic acids derived from damaged
self-tissues, and are thereby implicated in provoking inflammatory
disorders such as lupus and psoriasis [2, 3]. Thus, pharmaceutical
agents that suppress IFN-o production by pDCs are instrumental
in elucidating mechanisms of the production of a large amount of
IFN-a and in developing novel therapies for inflammatory disor-
ders that involve pDCs.

A variety of protein kinases is involved in signaling path-
ways in immune responses. Antitumor kinase inhibitors that
have different targets may be useful to dissect such path-
ways. Three tyrosine kinase inhibitors (TKIs), imatinib, nilo-
tinib, and dasatinib, have been approved for the treatment of
chronic myeloid leukemia (CML) and Philadelphia (Ph)* acute
lymphoblastic leukemia (ALL), which are caused by constitu-
tive activation of an ABL tyrosine kinase [4]. Notably, dasatinib
is capable of inhibiting a broad array of tyrosine kinases in
addition to ABL, among which SRC family kinases (SFKs) are
prominent targets [5]. As a consequence, it has been shown that
dasatinib inhibits activation of T cells [6,7] and NK cells [8, 9]
in vitro. However, it has not been reported whether dasa-
tinib affects immunostimulatory activity of DCs, which play a
pivotal role in the induction of innate and adaptive immune
responses.

Here, we investigated the effect of dasatinib on human pDCs
in comparison with the effects of the other TKIs, imatinib, and
nilotinib {10]. We show that clinically relevant concentrations of
dasatinib, but not imatinib or nilotinib, strongly suppressed the
production of IFN-a and proinflammatory cytokines by pDCs with-
out impairing viability. Mechanistic analysis suggests that dasa-
tinib suppresses IFN-a production by pDCs through inhibiting both
SFK-dependent pathways and SFK-independent endosomal reten-
tion of CpG DNA, which is a critical step for pDCs to produce a large
amount of IFN-a {11, 12]. These results have significant implica-
tions for dissecting the mechanisms of IFN-a production by pDCs
and for developing novel therapies for pDC-related inflammatory
disorders.

Results

Dasatinib suppresses cytokine production by pDCs
stimulated with TLR9 and TLR7 ligands

There are two major types of CpG oligodeoxynucleotides (ODNs),
CpG-A, and CpG-B [13]. CpG-A forms large multimeric aggre-
gates, whereas CpG-B are monomeric and do not form such
high order structure [14]. CpG-A shares its particle-like phys-
ical features with viral particles and an aggregated self-DNA-
antimicrobial peptide complex observed in psoriatic lesions [15].
These particle-like nucleic acids induce pDCs to produce a large
amount of IFN-o due to their prolonged retention in early
endosomes [11,12]. Thus, we first examined whether dasatinib
suppresses IFN-a production by pDCs stimulated with two TLR9
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ligands, ODN2216 (CpG-A) or HSV-1. We also stimulated pDCs
with a TLR7 ligand, influenza virus, which similarly induces a
large amount of IFN-a production by pDCs. When we stimu-
lated PBMCs depleted of pDCs with ODN2216, IFN-a was scarcely
detected in the supernatant (Supporting Information Fig. 1), indi-
cating that pDCs are virtually the only cell type among PBMCs that
secretes a detectable level of IFN-u in response to CpG-A. Thus,
we pretreated PBMCs for 1 h with one of the three ABL kinase
inhibitors dasatinib, imatinib, and nilotinib at clinically relevant
concentrations observed in blood after administration. We then
added the TLR ligands to each condition and cultured PBMCs for
24 h, and concentrations of IFN-¢ in the supernatants were mea-
sured by ELISA (Fig. 1A). Dasatinib strongly suppressed IFN-a
production by pDCs stimulated with ODN2216 as well as natural
ligands, HSV-1 or influenza virus, in a dose-dependent manner,
and a low concentration (10 nM) was sufficient to induce signif-
icant suppression. Imatinib and nilotinib suppressed the IFN-a
production to a lesser extent, and high concentrations (5000
and 1000 nM) were necessary to exhibit substantial suppression.
When we calculated absolute amounts of IFN-a secreted from a
single pDC, we obtained similar results (Supporting Information
Fig. 2).

We also examined the effect of dasatinib on IFN-a production
by purified pDCs to exclude indirect effects from other cell types.
Dasatinib suppressed the production of IFN-o by purified pDCs,
whereas imatinib did so to a lesser extent (Fig. 1B), as observed
with PBMCs.

Whereas CpG-A induces pDCs to produce both IFN-a and
proinflammatory cytokines (TNF-a and IL-6), CpG-B induces
production of TNF-a and IL-6 but only a low level of IFN-a -

[16]. Thus, we next examined whether dasatinib sup-
presses cytokine production by pDCs stimulated with ODN2216
(CpG-A) or ODN2006 (CpG-B) to compare the suppressive effect
of dasatinib on the two types of CpG DNA. Dasatinib strongly sup-
pressed production of IFN-a, TNF-a, and IL-6 induced by ODN2216
(Fig. 1C). In contrast, dasatinib significantly suppressed IFN-a and
TNF-a production induced by ODN2006 only at a high con-
centration (100 nM), and did not suppress IL-6 production
(Fig. 1C). Dasatinib reduced the frequency of pDCs bearing
intracellular IFN-o and TNF-a (Supporting Information Fig. 3),
excluding the possibility that dasatinib simply blocks secretion
of the cytokines. In addition, dasatinib suppressed upregulation
of CD86 induced by ODN2216 but not by ODN2006 (Support-
ing Information Fig. 4). Dasatinib also suppressed IL-6 production
induced by HSV-1 and influenza virus (Supporting Information
Fig. 5).

Neither dasatinib nor imatinib significantly reduced the viabil-
ity of pDCs stimulated with ODN2216 or ODN2006 (Supporting
Information Fig. 6).

Collectively, these data indicate that dasatinib strongly
suppresses the production of IFN-a, TNF-a, and IL-6 and
the expression of CD86 by pDCs stimulated with CpG-A or
natural viral ligands but not with CpG-B without reducing
viability.
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