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Abstract

The DNA deaminase APOBEC3G converts cytosines to uracils in retroviral cDNA, which are immortalized as genomic strand
G-to-A hypermutations by reverse transcription. A single round of APOBEC3G-dependent mutagenesis can be catastrophic,
but evidence suggests that sublethal levels contribute to viral genetic diversity and the associated problems of drug
resistance and immune escape. APOBEC3G exhibits an intrinsic preference for the second cytosine in a 5'CC dinucleotide
motif leading to 5'GG-to-AG mutations. However, an additional hypermutation signature is commonly observed in proviral
sequences from HIV-1 infected patients, 5'GA-to-AA, and it has been attributed controversially to one or more of the six
other APOBEC3 deaminases. An unambiguous resolution of this problem has been difficult to achieve, in part due to
dominant effects of protein over-expression. Here, we employ gene targeting to dissect the endogenous APOBEC3
contribution to Vif-deficient HIV-1 restriction and hypermutation in a nonpermissive T cell line CEM2n. We report that
APOBEC3G-null cells, as predicted from previous studies, lose the capacity to inflict 5'GG-to-AG mutations. In contrast,
APOBEC3F-null cells produced viruses with near-normal mutational patterns. Systematic knockdown of other APOBEC3
genes in an APOBEC3F-null background revealed a significant contribution from APOBEC3D in promoting 5'GA-to-AA
hypermutations. Furthermore, Vif-deficient HIV-1 restriction was strong in parental CEM2n and APOBEC3D-knockdown cells,
partially alleviated in APOBEC3G- or APOBEC3F-null cells, further alleviated in APOBEC3F-null/APOBEC3D-knockdown cells,
and alleviated to the greatest extent in APOBEC3F-null/APOBEC3G-knockdown cells revealing clear redundancy in the HIV-1
restriction mechanism. We conclude that endogenous levels of APOBEC3D, APOBEC3F, and APOBEC3G combine to restrict
Vif-deficient HIV-1 and cause the hallmark dinucleotide hypermutation patterns in CEM2n. Primary T lymphocytes express a
similar set of APOBEC3 genes suggesting that the same repertoire may be important in vivo.
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Introduction

Human cells can express up to seven APOBEC3 (A3) proteins:
A3A, A3B, A3C, A3D, A3F, A3G, and A3H [1,2]. A3G is the
archetypal restriction factor, capable of restricting Vif-deficient
HIV-1 (hereafter HIV) by packaging into viral cores and then
suppressing reverse transcription and deaminating viral cDNA
cytosines to uracils (C-to-U) (reviewed by [3,4]). The hallmark of
A3G activity is viral genomic plus-strand G-to-A mutations within
5'GG-to-AG dinucleotide motifs, which reflects its minus-strand
5'CC-to-CU preference [5,6]. However, HIV single-cycle and
spreading infection experiments have yet to provide an overall
consensus to explain the additional 5'GA-to-AA dinucleotide bias
that is also commonly found in patient-derived viral sequences
[7,8,9,10,11]. In fact, over-expression studies have implicated all
six of the other A3 proteins in generating this mutation pattern,
with multiple studies for and against each enzyme (reviewed by
[3]). For example, despite several early studies strongly implicating

A3F as a major source of the 5'GA-to-AA mutations
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([12,13,14,15] and nearly twenty more thereafter), two recent
papers have questioned its relevance to HIV restriction and
hypermutation [16,17]. The data are even murkier and more
conflicting for the other five human APOBEC3 proteins (reviewed
by [3]; summarized in Discussion).

Three major problems have made it difficult to address which
endogenous A3 proteins cause HIV restriction and hypermuta-
tion. First, most prior studies have relied on transient or stable
over-expression of a single A3 coupled to assays for viral infectivity
and hypermutation. Although powerful for answering some
questions, over-expression of a dominant and active DNA
deaminase may overwhelm regulatory mechanisms and adversely
affect the cell, result in nonspecific packaging into the virus, and
create sequence artifacts by gratuitous deamination of non-
productive viral replication intermediates. Most over-expression
approaches are complicated further by being done in HEK293
(kidney) or HelLa (cervical) cells, which may not recapitulate as
many aspects of restriction and/or viral replication as CD4+ T cell
lines. Even best attempts to stably express physiological levels of
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Author Summary

HIV uses its accessory protein Vif to shield itself from lethal
mutagenesis by cellular APOBEC3 proteins. The APOBEC3-Vif
interaction is therefore a promising target for drug
development, and a clear definition of all proteins involved
on both sides of this critical host-pathogen conflict is crucial.
However, apart from APOBEC3G, conflicting over-expression
studies have been published on the six other human
APOBEC3s, some supporting and some refuting each
protein’s involvement in HIV restriction. Here, we use a
combination of gene targeting and RNA interference to
define the endogenous sources of Vif-deficient HIV restric-
tion and G-to-A hypermutation in a nonpermissive T cell line.
As anticipated, APOBEC3G contributed partially to restriction
and proved to be the source of hypermutations at 5'GG
dinucleotides. However, a major and unexpected role for
APOBEC3D became evident in the APOBEC3F-null back-
ground, with both proteins combining to suppress viral
infectivity and form hypermutations at 5'GA dinucleotides.
We conclude that endogenous levels of APOBEC3D,
APOBEC3F, and APOBEC3G act redundantly to restrict Vif-
deficient HIV and produce the two hallmark dinucleotide
hypermutation patterns observed in patient-derived viral
sequences. Therapeutic strategies that unleash this full
‘swarm’ of restrictive APOBEC3 proteins are likely to be more
effective than those that focus on enabling a single enzyme.

APOBECS3 proteins in permissive CD4+ T cell lines are imperfect,
because each A3 is expressed without other family members (.e.,
out of normal endogenous context) and the expression of each
protein is driven by heterologous promoters with foreign 5’ and 3’
untranslated sequences that are unlikely to be responsive to
cellular signaling pathways triggered by viral infection and/or
interferon signaling [16,18,19,20,21,22,23]. Second, the seven
human 435 genes share high levels of nucleotide identity, which has
hindered the development of gene-specific quantitative real-time
(Q)-PCR assays and knockdown reagents. This problem is in the
midst of being overcome with the development of robust Q-PCR
assays [1,2] and the creation of gene-specific knockdown
constructs (this study and [24,25,26]). Finally, the field has yet to
benefit from a robust genetic system, because HIV does not
replicate in mouse models and the vast majority of human somatic
cell lines are polyploid and/or difficult to engineer.

In this study, we use gene targeting and knockdown experiments
to systematically interrogate the impact of the endogenous A3
repertoire on Vif-deficient HIV replication in the near-diploid T cell
line CEM2n. Null clones demonstrated that A3G 1is solely
responsible for HIV 5'GG-to-AG hypermutations. A3F-null clones
inflicted near-normal hypermutation patterns in Vif-deficient HIV,
demonstrating that this enzyme alone is not responsible for 5'GA-
to-AA hypermutations. Systematic depletion of other expressed 43
mRNAs in the A3Fnull background revealed an unanticipated,
major role for A3D in generating 5’ GA-to-AA hypermutations and
restricting Vif-deficient HIV replication. We conclude that endog-
enous A3D and A3F combine to generate hallmark 5'GA-to-AA
hypermutations and A3G generates the 5'GG-to-AG hypermuta-
tions. All three enzymes work together to suppress Vif-deficient HIV
replication and generate the classical non-permissive phenotype.

Results

A New Model System for T Cell Genetics
The human T cell line CEM was originally isolated from a 3
year-old female with acute leukemia [27]. It is a model T cell
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system for HIV research that, along with its derivative CEM-SS,
enabled the identification of A3G as a dominant HIV restriction
factor [28]. However, our CEM laboratory stock proved sub-ideal
for gene targeting because it tested near tetraploid (Figure S1). We
noticed however that the original cytogenetic analyses of CEM
had 47 chromosomes and a range of 41-95 [27]. We therefore
obtained an early stock of CEM (CCRF-CEM), generated
subclones by limiting dilution, and measured DNA content by
flow cytometry. In comparison to our original CEM line, several of
these subclones had half the DNA content and were most likely
diploid (Figure 1A).

One representative subclone, hereafter called CEM2n, was
selected for further characterization. Flow cytometry showed that
CEM2n expresses high levels of CD4 and the HIV co-receptor
CXCR4 (Figure 1B). CEM2n still manifests the classic non-
permissive phenotype by supporting wildtype HIV replication
while restricting Vif-deficient HIV, similar to our tetraploid non-
permissive line CEM (Figure 1C), as described originally [28,29].
As anticipated by this phenotype, Q-PCR demonstrated expres-
sion of multiple 43 mRNAs (Figure S2 & below). Finally,
karyotype analysis showed that CEM2n is near-diploid, with a
total of 47 chromosomes, including three copies of chromosome
20 and a common T cell leukemia reciprocal translocation
(Figure 1D). These characteristics indicated that CEM2n would be
an appropriate model system to delineate the endogenous A3s
involved in HIV restriction.

Targeted Deletion of APOBEC3G in CEM2n

Over 100 reports support a role for A3G in Vif-deficient HIV
restriction (reviewed by [3]). A3G shows a strong bias for 5'GG-to-
AG hypermutation, but it also has a secondary preference for
5'GA-to-AA invoking the formal possibility that it alone could be
responsible for both dinucleotide signatures (e.g., [5,6]). To address
this possibility, we used two rounds of rAAV-mediated gene
targeting to generate A5G-null derivatives. The A3G targeting
construct replaces exon 3, which encodes the N-terminal zinc-
coordinating deaminase domain, with a promoterless drug
resistance cassette (Figure 2A). A correctly targeted A5G gene is
expected to be null because transcripts originating at the A5G
promoter will splice to an acceptor sequence within the 5" end of
the cassette and then terminate with a polyA sequence at the 3’
end of the cassette (i.e., the C-terminal two-thirds of the mRNA
and protein should never be expressed). CEM2n was transduced
with rAAV-A3G::Neo and drug resistant clones were selected with
G418. PCR showed that 6/103 (5.8%) clones were targeted
(Figure S3 & Table 1).

To delete the remaining A3G allele, the drug resistance cassette
was removed by transducing a representative clone with a Cre
expressing adenovirus, and then subclones with a loxP-to-loxP
recombination event were identified by PCR screening (Figure
S3). Next, the original rAAV-A3G::Neo construct was used for a
second round of gene targeting. 2/86 drug resistant clones were
null and 4/86 were retargeted, yielding a second round targeting
frequency of 7.0% (Table 1). The A3G-null clones had undetect-
able levels of A5G mRNA and protein and, importantly, the
mRNA levels of all of the flanking 43 genes and the A3F protein
levels were largely unperturbed (Figure 2B & C). The parental
CEM2n line and its A3G-null derivatives had similar morphologies
and growth rates.

To explore the functional consequences of deleting the
endogenous A5G gene, we performed single-cycle infectivity assays
with VSV-G pseudotyped Vif-deficient HIVyyg. After one full
round of replication, new viruses produced from A3G-null cells
were used to infect CEM-GFP reporter cells and GFP fluorescence
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Figure 1. CEM2n is a near-diploid, non-permissive T cell line. (A) Flow cytometric analysis of fixed CEM2n (red) and CEM4n (gray) cells stained
with propidium iodide. (B) Contour plot of CD4 and CXCR4 levels in CEM2n. (C) HIV spreading infection profiles in CEM2n as monitored by periodic
infection of an LTR-GFP reporter cell line, CEM-GFP. (D) Giemsa-banding karyotype of a representative CEM2n metaphase spread. Red arrows indicate

typical lesions in lymphoblastic leukemia.
doi:10.1371/journal.ppat.1002800.g001

was measured 2 days later by flow cytometry to quantify
infectivity. In comparison to the fully non-permissive parental
line CEM2n, the A3G-null derivative lines produced viruses with
approximately 10-fold improved infectivity (Figure 2D). However,
these viruses were still 2-fold less infectious than Vif-deficient HIV
produced in parallel using the related permissive T cell line, CEM-
SS. We note that although CEM-SS is commonly accepted as
permissive for Vif-deficient HIV replication, our recent work
revealed that it expresses multiple A3s including low levels of A3G
[2]. Thus, it 1s quite possible that a fully null derivative of CEM2n
could produce even higher levels of infectious Vif-deficient HIV
(further supported by experiments described below). Regardless,
these data demonstrate that endogenous A3G is not the only factor
contributing to Vif-deficient HIV restriction in CEM?2n.

To gauge the gross level of G-to-A hypermutation in proviral
DNA embedded in the genomes of the CEM-GFP reporter cells
used above, we performed a series of differential DNA denatur-
ation (3D-PCR) experiments [20,30]. A 511 bp region of the HIV
gag-pol gene was amplified over a range of PCR denaturation
temperatures from 77.2 to 85.5°C and subjected to gel electro-
phoresis. As anticipated, Vif-deficient HIV proviruses derived
from non-permissive T cell lines H9 and CEM2n yielded PCR
products at low denaturation temperatures, down to 78.4 and
79.4°C, respectively, indicative of high levels of G-to-A hypermu-
tation (Figure 2E). Vif-deficient HIV proviruses derived from
CEM-SS only amplified at high denaturation temperatures, also as
expected. In contrast, Vif-deficient proviruses derived from A3G-
null cells yielded PCR amplicons at temperatures as low as 80.4°C,
suggesting major levels of residual hypermutation but lower than
those inflicted by the full A3 repertoire in CEM2n.

To examine mutational spectra, high temperature (unbiased)
PCR amplicons were cloned and sequenced. As expected, Vif-
deficient proviruses derived from the parental cell line CEM2n
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harbored extensive G-to-A hypermutations in two distinct
dinucleotide contexts: 70% 5'GG and 30% 5'GA. This contrasted
starkly to proviral sequences derived from A5G-null cells, in which
the 5'GG-to-AG hypermutations nearly disappear (6%) (Figure 2F,
Table 2, Figure S4, and Table S1). These results establish A3G as
the major source of 5'GG-t0-AG hypermutations, consistent with
prior over-expression studies indicating that A3G is the only DNA
deaminase that prefers minus strand 5'CC target sites (eg.,
[5,6,31,32]. These mutation spectra also implicate at least one
other DNA cytosine deaminase in restricting HIV and generating
5'GA-to-AA hypermutations.

Targeted Deletion of APOBEC3F in CEM2n

Q-PCR revealed that CEM2n cells express six of seven A3
genes, A5B, A5C, A3D, ASF, A5G, and A3H, all of which have been
implicated in catalyzing the 5'GA-to-AA hypermutation patterns
(Figure S2, Discussion, and examples [12,13,14,15]). A3F was our
top candidate because (1) ASF expression tracks with A5G in non-
permissive T’ cell lines, primary lymphocytes, and secondary
immune tissues [2,13,20], (i) A3F is encapsidated into budding
viruses and restricts Vif-deficient HIV when over-expressed in
permissive T cell lines [18], (i) Vif targets A3F for degradation
[14,15,18], (iv) A3F restriction capability and Vif counteraction
activity is conserved with rhesus macaque A3F and SIV Vif
[20,33], and (v) Vif-deficient HIV isolates that regain the capacity
to replicate on A3F expressing cells invariably restore Vif function
[18]. However, despite this strong evidence favoring a role for A3F
in HIV restriction and hypermutation, recent studies have
questioned its importance [16,17].

To determine the involvement of endogenous A3F in Vif-
deficient HIV restriction and hypermutation, we generated A3[~
null cell lines using two rounds of rAAV-mediated gene targeting
as described above (Figure 3A and Figure S5). A3F-null clones
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Figure 2. Construction and characterization of A3G-Null CEM2n cells. (A) A3G exon 3 targeting strategy. LA, left homology arm; SA, splice

acceptor; IRES, internal ribosomal entry site; Neo, G418 resistance gene;

pA, poly adenylation signal; RA, right homology arm; yellow triangles, loxP

sites. (B) A3 mRNA expression profiles of the indicated cells relative to parental CEM2n (mean and s.d. shown for triplicate experiments). (C)
Immunoblots of A3G, A3F, and tubulin (TUB) in the indicated cells. (D) Infectivity of Vif-deficient HIV produced using the indicated cell lines following
a single replicative cycle (mean and s.d. shown for p24-normalized triplicate experiments). (E) 3D-PCR profiles of HIV gag-pol and cellular MDM2
targets within genomic DNA of infected CEM-GFP reporter cells. (F) HIV G-to-A mutation profiles of proviruses originating in the indicated cell types.
The mutation frequency at each dinucleotide is illustrated as a pie chart wedge (n=15 kb per condition).

doi:10.1371/journal.ppat.1002800.g002

showed no detectable mRINA or protein, and the mRNA levels of
all of the flanking A3 genes and the A3G protein levels were largely
unaffected (Figure 3B & C). Similar to the loss of 43G, the deletion
of ASF resulted in cells semi-permissive for Vif-deficient HIV

Table 1. Gene targeting statistics in CEM2n.

(Figure 3D) as well as in a modest decrease in the overall level of
mutation as gauged by 3D-PCR (Figure 3E). However, we were
surprised to find that the hypermutation spectrum of Vif-deficient
HIV produced in A3F-null cells was indistinguishable from that of

Overall targeting

Gene Allele 1 Allele 2 Allele 1 retargeted Total clones analyzed frequency (%)
APOBEC3G 6 2 4 189 6.3
APOBEC3F 7 3 2 170 7.1
Totals: 24 359 6.7
doi:10.1371/journal.ppat.1002800.t001
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the same virus produced in the CEM2n parent, retaining a large
percentage of 5'GA-to-AA mutations (Figure 3F, Table 2, Figure
S4, and Table Sl1). Thus, the infectivity data showed that
endogenous A3F does contribute to Vif-deficient HIV restriction,
but the hypermutation data clearly implicate at least one other
endogenous 5 TC deaminating A3.

APOBEC3D and APOBEC3F Combine to Cause 5'GA-to-

AA Hypermutations

To identify the remaining source of the 5'GA-to-AA hypermu-
tations, we developed a panel of short hairpin (sh)RNA reagents to
systematically knockdown the expression of A58, A5C, A5D, A3G,
and A3H in the A3F-null background (Figure 4A). Knockdown
efficiencies ranged from 50-80% and were specific to each
intended 43 mRINA target. These efficiencies may be even higher
at the protein level due to the known effects of shRNA in
triggering mRINA cleavage/degradation and in suppressing
translation [34], but this could only be confirmed for A3G due a
lack of specific antibodies for the other A3s (Figure 4B). The
parental CEM2n and A3F-null lines were transduced with non-
silencing (shNS) and each of the aforementioned shA3 constructs.
Pools of shRNA expressing cells were selected with puromycin (co-
expressed from the same transducing virus), subjected to
knockdown verification by Q-PCR, and infected as above with
VSV-G pseudotyped Vif-deficient HIV to determine infectivity
levels and hypermutation patterns.

Each individual 43 knockdown had little impact on the
infectivity or the 3D-PCR profile of Vif-deficient HIV produced
in the CEM2n parental line (Figure 4C, 4D). A3F-null cells
expressing the non-silencing shRNA yielded a significant 7-fold
increase in the infectivity of Vif-deficient HIV over parental
CEM2n as above (Figure 4C). Similarly, A3F-null cells transduced
with shA3B or shA3C knockdown constructs produced Vif-
deficient viruses with 8- and 9-fold infectivity increases, indicating
no further contribution to restriction from these A3 proteins
(Figure 4C). However, in contrast, A3F-null cells transduced with
shA3D, shA3G, and shA3H constructs yielded Vif-deficient
viruses that were 16-, 36-, and 14-fold more infectious, respectively
(Figure 4C). Remarkably, the A3F-null/A3G-knockdown cells
produced higher levels of infectious Vif-deficient HIV than
CEM-SS cells (Figure 4C).

Proviral DNA sequencing of Vif-deficient viruses produced in
A3Fnull cells in combination with non-specific shRNA (shINS),
shA3B, shA3C, or shA3H showed no significant alteration in the
fraction of hypermutations that occurred within 5'GA or 5'GG
dinucleotides (Figure 4E, Table 2, and Table S1). Over 15 G-to-A
mutations were found for all experimental conditions, with one
exception being viral DNA originally produced in A3F-null/A3G
knockdown cells, which yielded only 8 mutations (4 GG-to-AG
and 4 GA-to-AA). In contrast, A5F-null/43D knockdown cells
produced almost no hypermutations in the 5'GA-to-AA dinucle-
otide context: 3% 5'GA, 93% 5'GG, and 4% other (Figure 4E,
Table 2, Figure S4, and Table S1). This major contribution from
A3D was only observed in the absence of A3F and it was rather
surprising because most other reports have ascribed modest or no
antiretroviral activity to this enzyme ([12,19,35,36]; reviewed
recently [3]). We conclude that, in CEM?2n cells, endogenous A3D
and A3F combine to restrict Vif-deficient HIV (with A3G) and,
importantly, work together (mostly without A3G) to inflict 5'GA-
to-AA hypermutations.

Knockout and Knockdown Subclone Analyses

An unavoidable consequence of gene targeting is the clonal
nature of the procedure required to generate biallelic knockout
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derivatives of a parental cell line. Additionally, the previously
described single-cycle assays on A5G-null and A3F-null cell lines
were done several months apart with virus stocks produced at
different times. T'o minimize these potential effects, two indepen-
dently derived subclones of each of the knockout lines, 43G-null
and A3F-null, as well as two independent subclones from the A3D
and 43G shRNA knockdown pools were generated and assayed in
parallel. Q-PCR and immunoblotting was used to confirm
knockdown efficiencies, 60—-85% for A3D and 60-70% for A3G
(Figure 5A & B). These cell lines were infected with VSV-G
pseudotyped Vif-deficient HIV to determine infectivity levels after
approximately one round of replication (Figure 5C). As above,
deletion of either A3G or A3F increased viral infectivity an average
of 38- or 20-fold, respectively. Knockdown of either 43D or A3G in
the CEM2n background had little effect. In contrast, knockdown
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of 43D or A3G in the A3F-null background resulted in additional
increases in Vif-deficient virus infectivity, averaging 27- and 49-
fold higher than the baseline level in fully restrictive CEM2n cells
expressing non-specific shRNA.

To assess the impact of 45 deletion and knockdown on HIV
replication over time, a series of parallel spreading infections were
initiated on the same panel of cell lines (Figure 5A & B). Cells were
infected at a multiplicity of infection of 1% with either Vif-
proficient or Vif-deficient HIVy. Every 2-3 days supernatants
were removed to infect the reporter line CEM-GFP to assay live
virus and, in parallel, to measure p24 levels (Figure 5D and Figure
S6). Vif-proficient virus replicated on every cell line tested with
peaks of infection occurring on days 7 to 13. The precise reason(s)
for this kinetic variation is unclear but it does not seem to correlate
with 43 genotype (compare with Figure S6). As expected, Vif-
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in the indicated cell types. The mutation frequency at each dinucleotide is illustrated as a pie chart wedge (n=15 kb per condition). Pie charts were
generated for those conditions with =1 mutation per kb analyzed. Mutation numbers for all conditions can be found in Table 2 and Table S1.
doi:10.1371/journal.ppat.1002800.g004
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deficient HIV replication was fully restricted in CEM2n cells but
peaked readily in CEM-SS. A3G-null and A5F-null cells failed to
produce detectable levels of infectious Vif-deficient virus, as
monitored by the CEM-GFP (live virus) reporter system (although
modest increases in p24 levels were detected in cell-free
supernatants). In addition, knockdown of A3D or A5G in either
the CEM2n background, or somewhat surprisingly, in the A3F-
null background was unable to render cells fully permissive for Vif-
deficient virus replication. Taken together, even though strong
infectivity recoveries were evident in single round infections of cells
completely lacking A5G or A3F or cells lacking A3F plus knocked-
down A3D or A3G, the remaining endogenous A3s were still
sufficient to restrict the spread of Vif-deficient virus (z.e., those A3s
that were not manipulated by knockout or knockdown). These
data combined to suggest that the simultaneous elimination of
A3D, A3F, and A3G (and possibly also A3H) would ultimately be
necessary to render CEM2n fully permissive for Vif-deficient HIV
replication.

Discussion

Null mutations are a gold standard of genetics as they enable a
definitive assessment of a given gene’s function by comparing the
phenotype of the wildtype parental state with that of an isogenic
null derivative. Here, we report the identification of a new T cell
line, CEM2n, derived from the common parental line CCREF-
CEM. CEMZ2n is near-diploid, expresses CD4 and CXCR4,
supports Vif-proficient but not Vif-deficient HIV replication,
expresses a complex A3 gene repertoire (similar to primary CD4+
T lymphocytes; Figure S2 & Ref. [2]), and is amendable to genetic
manipulation by multiple methods including RNAi and gene
targeting. We defined the HIV-restrictive A3 repertoire in this cell
line by constructing A5G- and A3F-null derivatives, systematically
depleting each expressed 43 with specific ShRNA constructs, and
performing a series of Vif-deficient HIV infectivity and proviral
DNA hypermutation experiments. These data enable the conclu-
sions that endogenous levels of A3D, A3F, and A3G combine to
limit the infectivity of Vif-deficient HIV, that A3G acts alone to
inflict 5'GG-to-AG hypermutations, and that A3D and A3F work
together to elicit 5'GA-to-AA hypermutations. Since both 5'GG
and 5'GA mutational patterns are common in patient-derived
HIV proviral DNA sequences and a CEM2n-like 43 repertoire is
expressed in primary CD4+ T lymphocytes, we hypothesize that
these three A3s will also be responsible for HIV restriction and
hypermutation i viwo (e.g., [10,37,38,39,40]).

However, despite considerable efforts from our group and
others, ASH remains a debatable factor in HIV restriction. This is
due partly to the fact that some A3H haplotypes are more stable at
the protein level (haplotypes II, V, VII>>I III, IV, VI
[41,42,43]). Over-expression studies are mostly consistent showing
that A3H-hapll can restrict Vif-deficient HIV, that Vif can
counteract this activity, and that these interactions are conserved
between the A3H orthologs of other species and their cognate
lentiviral Vif proteins [20,41,43,44,45,46]. A3H is also expressed
in primary CD4+ lymphocytes and induced upon HIV infection
[20,44]. However, our present studies were not able to unambig-
uously address whether this enzyme contributes to HIV restriction
because endogenous A5H mRNA levels in CEM2n are ~20-fold
lower than those in primary CD4+ lymphocytes [2] (Figure S2).
Even so, we observed a significant increase in Vif-deficient HIV
infectivity in A3F-null/A3H-knockdown cells in comparison to the
A3Fnull line suggesting that even sub-physiological levels of
endogenous A3H may be restrictive. This observation is addition-
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ally interesting in light of sequencing data showing that CEM2n is
homozygous for the haplotype II genotype.

Our present studies will also help resolve literature conflicts on
the topic of Vif-deficient HIV restriction by A3A, A3B, and A3C
(eg., A3SA: [12,14,26,47,48,49,50]; A3B: [12,19,20,51,52]; A3C:
[12,14,15,51,53,54]). A3A is not expressed in CD4+ T lympho-
cytes or cell lines and is therefore unlikely to have a role
[1,2,47,55]. It is also Vif-resistant, suggesting that it is of little
threat to the virus, and incapable of restricting Vif-deficient HIV
even upon stable over-expression in permissive T cell lines (e.g.,
[20]). A3B is expressed at low levels in CD4+ T lymphocytes and
some T cell lines such as CEM, and its over-expression potently
restricts HIV in the HEK293T model system [1,2,12,20,51,52].
However, A3B is also insensitive to HIV Vif and does not restrict
Vif-deficient HIV or inflict hypermutations when stably over-
expressed in permissive T cell lines [12,19,20,41,51,52,56]. Taken
together with data shown here that that A5B knockdown in
parental CEM2n or the A3F-null background has no impact on
virus infectivity or hypermutation profiles, we conclude that
endogenous A3B also does not contribute to HIV restriction. A3C
is highly expressed in primary CD4+ T cells and T cell lines,
exhibits a 5'GA-to-AA hypermutation preference (especially with
SIV-based viral substrates), and is susceptible to HIV Vif
[2,51,54]. However, when over-expressed in permissive T cell
lines SupT11 or CEM-SS, A3C does not encapsidate or restrict
Vif-deficient HIV replication [20]. Moreover, since A5C knock-
down in the parental CEM2n or the A3F-null background had no
impact on virus infectivity in our present studies, we conclude that
endogenous A3C is also unlikely to contribute to Vif-deficient HIV
restriction.

As elaborated in the Introduction, many prior published reports
have been susceptible to a major weakness by being dependent
upon enforced cDNA over-expression. Here, we overcome this
drawback by identifying a new genetic system for host factor
studies and systematically deleting and/or depleting endogenous
A3 genes. Our studies demonstrate that A3G is the sole source of
5'GG-to-AG hypermutations and, formally, that it is a minor (at
best) contributor to 5'GA-to-AA hypermutations. Our studies are
also consistent with the phenotypes of the molecular clones
engineered to be preferentially susceptible to A3F or A3G [57,58].
However, our studies are additionally unique by providing an
unanticipated demonstration of a major role for endogenous A3D
in inflicting 5'GA-to-AA hypermutations. Thus, virtually all
5'GA-to-AA hypermutations can now be explained by overlap-
ping A3D and AS3F activities. Such an unambiguous assignment of
function would not have been possible by simple over-expression
studies because A3D and A3F have a similar 5'TC deamination
preferences. Altogether, we conclude that endogenous levels of
three enzymes — A3D, A3F, and A3G — combine to inflict
signature G-to-A hypermutations and mediate HIV restriction.

Materials and Methods

Cell Lines

All T cell lines were maintained in RPMI supplemented with
10% fetal bovine serum (FBS) and 0.5% penicillin/streptomycin
(P/S). Our original CEM (4n) line was obtained from Michael
Malim [28]. The initial CCRF-CEM line used here was obtained
from the ATCC (cat #CCL119), and it was subcloned by limiting
dilution to obtain multiple daughter clones including CEM2n. The
HIV infectivity indicator cell line CEM-GFP was obtained from
the AIDS Research and Reference Reagent Program. HEK293T
cells were cultured in DMEM supplemented with 10% FBS and
0.5% P/S.
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Karyotype Analyses
Giemsa banding and karyotype determination were performed
at the University of Minnesota’s Cytogenetics Laboratory.

rAAV Targeting Constructs

Generation of rAAV targeting vectors was performed as
described [59]. Homology arms were selected to avoid identity
with other A3 genes and repetitive sequences. CEM2n genomic
DNA was prepared using Gentra Puregene Cell Kit (Qiagen) and
1 kb homology arms were amplified using high fidelity PCR
(Platinum Taq HilFi, Invitrogen). Primer sequences and genomic
location of arms are listed in Table S2. Arms were cloned into
pJetl.2 using CloneJet PCR cloning kit (Fermentas) and sequence
verified. Left arms were digested with Spel and Nodl and right arms
were digested with Sa/l and Nod. pSEPT [59] plasmid was digested
with Spel and Sall and pAAV-MCS containing the viral ITR was
digested using Nofl. rAAV vectors were then constructed via four-
way ligation and purified using standard phenol:chloroform
extraction followed by ethanol precipitation. 20 pl of each ligation
mixture was used to transform 10 pl electro-competent DH10B
cells. Plasmid DNA was harvested from ampicillin resistant
colonies and verified by restriction digest and DNA sequencing.

AAYV Virus Production, Infection of Target Cells

AAV-2 viral stocks were prepared by co-transfecting HEK293T
cells at 50% confluency with sequence verified rAAV targeting
vector, pHelper and pAAV-RC (Stratagene) (Trans-IT, Mirus).
Three days after transfection, media and cells were collected and
subjected to 3 cycles of freeze-thaw-vortex (30 min at —80°C,
10 min thaw at 37°C, 30 s vortex). Cellular debris was removed by
centrifuging for 30 min at 12,000 rpm in a table-top centrifuge.
rAAV was further purified and concentrated using an AAV
Purification ViraKit (Virapur) per manufacturer’s instructions.
One million CEM2n recipient cells were infected with a range of
volumes (2-100 pl) of virus. Three days after infection, cells were
seceded into 96-well plates at a density of 1000 cells/well in G418
containing media (1 mg/ml). G418 resistant clones were expanded
and harvested for genomic DNA. Clones were screened for
homologous recombination events at the desired locus with PCR
primers specific to upstream (5'), downstream (3') regions of the
targeted allele, and the targeting vector. To recycle the targeting
construct for the second allele, clones were infected with a Cre-
expressing adenovirus (Ad-Cre-GFP, Vector Biolabs). Cells were
cloned by limiting dilution and tested for drug sensitivity.

RNA Isolation, cDNA Synthesis, and Q-PCR

mRNA isolation, reverse transcription and Q-PCR were per-
formed as described [2]. RNA from 5 x10° cells was isolated using the
RNeasy kit (Qiagen). 1 pg total RNA was used to synthesize cDNA
with random hexameric primers (AMV RT; Roche). cDNA levels
were quantified using established procedures, primers, and probes 2]
using a Roche LightCycler 480. All reactions were done in triplicate
and A3 levels were normalized to the housekeeping gene 7BP and
presented relative to values for the parental CEM2n line.

Viral Constructs

Vif-proficient (Genbank EU541617) and Vif-deficient (X26,
X27) HIVis A200C proviral constructs have been described
[18,19].

Spreading Infections
Vif-proficient and Vif-deficient HIV spreading infections were
performed as previously described [18]. For p24 ELISA, anti-p24
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mAb (183-H12-5C, NIH ARRRP) coated 96-well plates (max-
isorp, Nunc) were incubated with supernatants from infected
cultures for 1 hr. Following 3 washes with PBS 0.1% Tween 20
(PBS-T), a second 1 hr incubation with a different anti-p24 mAb
(9725, N. Somia) was used to ‘sandwich’ the p24 antigen. After an
additional 3 PBS-T wash steps, p24 was quantified by 0.5 hr
incubation with an enzyme-linked secondary goat anti-mouse IgG-
2A/HRP followed by 3 PBS-T wash steps and incubation with
3,3",5,5" tetramethybenzidine (TMB) for 6 min. The reaction was
stopped upon addition of 1 M HySO, and absorbance at 450 nm
was quantified on a microplate reader (Synergy MX, Biotek).

Single Cycle Infections

HEK293T cells were co-transfected at 50% confluence with a
Vif-deficient HIV proviral expression construct and a VSV-G
expression construct. Viral containing supernatants were harvest-
ed, titered on CEM-GFP, and used to infect CEM2n and A3-null
derivatives at a 25% initial infection. 12 h post-infection cells were
washed to remove remaining VSV-G virus and resuspended in
RPMI growth media. 36 h later, viral containing supernatants
were used to infect CEM-GFP reporter cells and cell and viral
particle lysates were prepared.

Immunoblotting

Cell pellets were washed and directly lysed in 2.5x Laemmli
sample buffer. Viral particles were isolated from filtered superna-
tants by centrifugation and then resuspended in 2.5x Laemmli
sample buffer. SDS-PAGE and immobilization of protein to
PVDF was carried out using the Criterion system (BioRad).

Flow Cytometry

Immunostaining with CD4-PC7 and CXCR4-PE (Beckman
Coulter) was carried out per the manufacturer’s instructions. CEM
and CEM2n stained negative for CCR5 (data not shown). Infected
CEM-GFP cells were fixed with 4% paraformaldehyde in 1 x PBS.
Fluorescence was measured on a FACS Canto II instrument (BD),
and data were analyzed with FlowJo Flow Cytometry Analysis
Software (Version 8.8.6).

shRNA Knockdown Vectors

pLKO.1 lentiviral vectors expressing short-hairpin  RNA
(shRNA) to A3B (TRCN00001420546), A3C (TRCNO000-
0052102), A3D (TRCN0000154811), A3G (TRCN0000052191),
and A3H (TRCNO0000051799) were obtained from Open
Biosystems. Lentivirus was produced by co-transfecting 50%
confluent 293T cells with an shRINA expression construct, an HIV
gag-pol helper plasmid, a VSV-G expression construct and Trans-
IT (Mirus). Two days after transfection, supernatant was collected
and replaced with fresh media. The following day, media was
pooled and virus was clarified by passing supernatants through a
0.45 uM  PVDF filter. To concentrate the virus, clarified
supernatants were centrifuged at 22,000x g for 2 h. Virus
containing pellets were resuspended in 1x PBS. One million
CEM2n and 43 F-null cells were infected with 50 pl of virus and
two days post-infection, media was replaced with puromycin
containing media (1 pg/ml). Subclones were generated by limiting
dilution in 96-well plates. Knockdown efficiency and specificity on
transduced pools and subclones was assessed with Q-PCR [2].

3D-PCR

3D-PCR was carried out as described [20]. A 511 bp amplicon
from the gag-pol genes of integrated proviruses was amplified with
degenerate primers and quantified (Roche, LightCycler 480).
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Normalized amounts of integrated provirus were used for a second
round of PCR over a range of denaturation temperatures using a
gradient thermocycler (Eppendorf).

Mutational Spectra Analysis

48 h after infection of CEM-GFP cells with Vif-deficient HIV,
genomic DNA was prepared and PCR was used to generate a
511 bp amplicon over the gag-pol region. Primer sequences are
listed in Table S2. This amplicon was cloned into pJetl.2 using
CloneJet PCR cloning kit (Fermentas) and sequenced. Duplicate
sequences were discarded. Sequences were analyzed using
Sequencher 4.6 (Gene Codes Corp).

Supporting Information

Figure S1 CEM is a near-tetraploid T cell line. Giemsa-
banding karyotype of a representative CEM metaphase spread.
Red arrows indicate typical lesions in lymphoblastic leukemia.
(TIF)

Figure $2 A comparison of A3 mRNA levels in CEM2n,
CEM(4n), and primary CD4+ lymphocytes. Total RNA
was produced from the indicated sources, 1 pug was converted to
cDNA, and one-twentieth of each cDNA was used to prime the
indicated Q-PCR reactions. Levels of 43G in CEM2n are set to 1
to facilitate comparison. See methods for additional details.

(TIF)

Figure S3 PCR reactions to detect A3G targeting events.
(A) Schematic of a correctly targeted A5G locus. Diagnostic PCR
reactions enable detection of the IRES-Neo cassette adjacent to
the left targeting arm (PCR A =1.8 kb) and adjacent to the right
targeting arm (PCR B=1.8 kb). An internal primer set enables
detection of any drug resistant clone (PCR C=1.9 kb). The
flanking primers also enable detection of the loxP-to-loxP deletion
product following Cre-mediated recombination (PCR D =2.9 kb).
(B) Agarose gel image of PCR products produced from the
genomic DNA of CEM2n (WT), an 453G heterozygote, and an
A3G-null clone.

(TTF)

Figure S4 G-to-A mutation loads for Vif-deficient HIV
produced in CEM2n and key derivatives. The G-to-A
mutation number per independent amplicon is shown in
histogram format for Vif-deficient HIV recovered from single-
round viral infections of the indicated cell lines. (A) CEM2n
experiments 1 and 2 are combined into a single histogram. (B)
A3G-null CEM2n. (C) A3Fnull CEM2n. (D) A3F-null/A5D-
knockdown CEM2n. The corresponding dinucleotide preferences
are shown in pie format in Figures 2F, 3F, and 4E. The G-to-A
mutations for all experimental conditions are summarized in
Table 2 and the raw data can be found in Table S1. A trend
toward higher G-to-A mutation loads and a bimodal mutation
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Figure S6 Vif-Proficient and Vif-Deficient HIV replica-
tion kinetics. Quantification of supernatant p24 levels at the
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A3G- null derivatives, (B) CEM2n subclones expressing the
indicated shRNA constructs, and (C) CEM2n A5F-null subclones
expressing the indicated shRNA constructs. The spreading
infections in panels A, B, and C were done in parallel, and they
are therefore directly comparable. Vif-proficient and Vif-deficient
viral replication was done in parallel in CEM-SS (the only non-
isogenic condition) and presented in panel A for comparison.

(TIF)

Table S1 G-to-A hypermutation. A full list of G-to-A
hypermutations observed in Vif-deficient HIV-1 produced in
CEM2n or the indicated derivatives. These raw data were used to
create Table 2 and Figures 2F, 3F, 4E, and S6.

(XLS)
Table S2 Primer sequences. A full list of primer sequences

used in this study.
(TIF)

Acknowledgments

We thank F. Bunz for the pSEPT plasmid, E.A. Hendrickson for the
PAAV-MCS plasmid, L. Oseth and the UMN Cytogenetics Core for
karyotype analysis, N. Somia for p24 mAb, and J. Albin and E.A.

Hendrickson for comments on the manuscript.

Author Contributions

Conceived and designed the experiments: EWR RSH. Performed the
experiments: EWR JFH. Analyzed the data: EWR RSH. Contributed
reagents/materials/analysis tools: EWR JFH RSH. Wrote the paper:
EWR RSH. Revised the manuscript: EWR JFH RSH.

&

. Harris RS, Bishop KN, Sheechy AM, Craig HM, Petersen-Mahrt SK, et al.
(2003) DNA deamination mediates innate immunity to retroviral infection. Cell
113: 803-809.

6. Yu Q, Koénig R, Pillai S, Chiles K, Kearney M, et al. (2004) Single-strand
specificity of APOBEC3G accounts for minus-strand deamination of the HIV
genome. Nat Struct Mol Biol 11: 435-442.

7. Caride E, Brindeiro RM, Kallas EG, de Sa CA, Eyer-Silva WA, et al. (2002)
Sexual transmission of HIV-1 isolate showing G—A hypermutation. J Clin Virol
23: 179-189.

8. TFitzgibbon JE, Mazar S, Dubin DT (1993) A new type of G—A hypermutation

affecting human immunodeficiency virus. AIDS Res Hum Retroviruses 9: 833-838.

July 2012 | Volume 8 | Issue 7 | 1002800



23.

24.

26.

27.

28.

29.

30.

31.

32.

34.

Gandhi SK, Siliciano JD, Bailey JR, Siliciano RF, Blankson JN (2008) Role of
APOBEC3G/F-mediated hypermutation in the control of human immunode-
ficiency virus type 1 in elite suppressors. J Virol 82: 3125-3130.

. Janini M, Rogers M, Birx DR, McCutchan FE (2001) Human immunodefi-

ciency virus type 1 DNA sequences genetically damaged by hypermutation are
often abundant in patient peripheral blood mononuclear cells and may be
generated during near-simultaneous infection and activation of CD4(+) T cells.
J Virol 75: 7973-7986.

. Wood N, Bhattacharya T, Keele BF, Giorgi E, Liu M, et al. (2009) HIV

evolution in early infection: selection pressures, patterns of insertion and

deletion, and the impact of APOBEC. PLoS Pathog 5: ¢1000414.

. Bishop KN, Holmes RK, Sheehy AM, Davidson NO, Cho SJ, et al. (2004)

Cytidine deamination of retroviral DNA by diverse APOBEC: proteins. Curr
Biol 14: 1392-1396.

. Liddament MT, Brown WL, Schumacher AJ, Harris RS (2004) APOBEC3F

properties and hypermutation preferences indicate activity against HIV-1 in
vivo. Curr Biol 14: 1385-1391.

. Wiegand HL, Dochle BP, Bogerd HP, Cullen BR (2004) A second human

antiretroviral factor, APOBECSF, is suppressed by the HIV-1 and HIV-2 Vif
proteins. EMBO J 23: 2451-2458.

. Zheng YH, Irwin D, Kurosu T, Tokunaga K, Sata T, et al. (2004) Human

APOBECSF is another host factor that blocks human immunodeficiency virus
type 1 replication. J Virol 78: 6073-6076.

. Miyagi E, Brown CR, Opi S, Khan M, Goila-Gaur R, et al. (2010) Stably

expressed APOBECSF has negligible antiviral activity. J Virol 84: 11067-11075.

. Mulder LC, Ooms M, Majdak S, Smedresman J, Linscheid C, et al. (2010)

Moderate influence of human APOBEC3F on HIV-1 replication in primary
lymphocytes. ] Virol 84: 9613-9617.

. Albin JS, Haché G, Hultquist JF, Brown WL, Harris RS (2010) Long-term

restriction by APOBECS3F selects human immunodeficiency virus type 1 variants
with restored Vif function. J Virol 84: 10209-10219.

. Haché G, Shindo K, Albin JS, Harris RS (2008) Evolution of HIV-1 isolates that

use a novel Vif-independent mechanism to resist restriction by human

APOBEC3G. Curr Biol 18: 819-824.

. Hultquist JF, Lengyel JA, Refsland EW, LaRue RS, Lackey L, et al. (2011)

Human and Rhesus APOBEC3D, APOBECS3F, APOBECS3G, and APO-
BEC3H Demonstrate a Conserved Capacity to Restrict Vif-deficient HIV-1.
J Virol 85: 11220-34

. Mariani R, Chen D, Schrofelbauer B, Navarro F, Kénig R, et al. (2003) Species-

specific exclusion of APOBEC3G from HIV-1 virions by Vif. Cell 114: 21-31.

. Miyagi E, Opi S, Takeuchi H, Khan M, Goila-Gaur R, et al. (2007)

Enzymatically active APOBEC3G is required for efficient inhibition of human
immunodeficiency virus type 1. J Virol 81: 13346-13353.

Schumacher AJ, Haché G, MacDuff DA, Brown WL, Harris RS (2008) The
DNA deaminase activity of human APOBEC3G is required for Tyl, MusD, and
human immunodeficiency virus type 1 restriction. J Virol 82: 2652-2660.
Wissing S, Montano M, Garcia-Perez JL, Moran JV, Greene WC (2011)
Endogenous APOBECS3B restricts LINE-1 retrotransposition in transformed
cells and human embryonic stem cells. J Biol Chem 286: 36427-36437.

. Kamata M, Nagaoka Y, Chen IS (2009) Reassessing the role of APOBEC3G in

human immunodeficiency virus type 1 infection of quiescent CD4+ T-cells.
PLoS Pathog 5: ¢1000342.

Berger G, Durand S, Fargier G, Nguyen XN, Cordeil S, et al. (2011)
APOBEC3A is a specific inhibitor of the early phases of HIV-1 infection in
myeloid cells. PLoS Pathog 7: €1002221.

Foley GE, Lazarus H, Farber S, Uzman BG, Boone BA, et al. (1965) Continuous
Culture of Human Lymphoblasts from Peripheral Blood of a Child with Acute
Leukemia. Cancer 18: 522-529.

Sheehy AM, Gaddis NC, Choi JD, Malim MH (2002) Isolation of a human gene
that inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature
418: 646-650.

Gabuzda DH, Lawrence K, Langhoff E, Terwilliger E, Dorfman T, et al. (1992)
Role of vif in replication of human immunodeficiency virus type 1 in CD4+ T
lymphocytes. ] Virol 66: 6489-6495.

Suspéne R, Henry M, Guillot S, Wain-Hobson S, Vartanian JP (2005) Recovery
of APOBEC3-edited human immunodeficiency virus G—A hypermutants by
differential DNA denaturation PCR. J Gen Virol 86: 125-129.

Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, et al. (2003) Broad
antiretroviral defence by human APOBEC3G through lethal editing of nascent
reverse transcripts. Nature 424: 99-103.

Zhang H, Yang B, Pomerantz R], Zhang C, Arunachalam SC, et al. (2003) The
cytidine deaminase CEM15 induces hypermutation in newly synthesized HIV-1
DNA. Nature 424: 94-98.

Virgen CA, Hatziioannou T' (2007) Antiretroviral activity and Vif sensitivity of
rhesus macaque APOBECS3 proteins. J Virol 81: 13932-13937.

Fabian MR, Sonenberg N, Filipowicz W (2010) Regulation of mRNA
translation and stability by microRNAs. Annu Rev Biochem 79: 351-379.

@ PLoS Pathogens | www.plospathogens.org

12

36.

37.

38.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

53.

54.

56.

57.

58.

59.

Endogenous APOBEC3s in HIV Restriction

. Dang Y, Abudu A, Son S, Harjes E, Spearman P, et al. (2011) Identification of a

single amino acid required for APOBEC3 antiretroviral cytidine deaminase
activity. J Virol 85: 5691-5695.

Dang Y, Wang X, Esselman W], Zheng YH (2006) Identification of
APOBEC3DE as another antiretroviral factor from the human APOBEC
family. J Virol 80: 10522-10533.

Kieffer TL, Kwon P, Netdes RE, Han Y, Ray SC, et al. (2005) G—A
hypermutation in protease and reverse transcriptase regions of human
immunodeficiency virus type 1 residing in resting CD4+ T cells in vivo. J Virol
79: 1975-1980.

Land AM, Ball TB, Luo M, Pilon R, Sandstrom P, et al. (2008) Human
immunodeficiency virus (HIV) type 1 proviral hypermutation correlates with
CD4 count in HIV-infected women from Kenya. J Virol 82: 8172-8182.

. Kijak GH, Janini LM, Tovanabutra S, Sanders-Buell E, Arroyo MA, et al.

(2008) Variable contexts and levels of hypermutation in HIV-1 proviral genomes
recovered from primary peripheral blood mononuclear cells. Virology 376: 101—
111

Piantadosi A, Humes D, Chohan B, McClelland RS, Overbaugh J (2009)
Analysis of the percentage of human immunodeficiency virus type 1 sequences
that are hypermutated and markers of disease progression in a longitudinal
cohort, including one individual with a partially defective Vif. J Virol 83: 7805—
7814.

OhAinle M, Kerns JA, Li MM, Malik HS, Emerman M (2008) Antiretroelement
activity of APOBEC3H was lost twice in recent human evolution. Cell Host
Microbe 4: 249-259.

Wang X, Abudu A, Son S, Dang Y, Venta PJ, et al. (2011) Analysis of human
APOBEC3H haplotypes and anti-human immunodeficiency virus type 1
activity. J Virol 85: 3142-3152.

Ooms M, Majdak S, Seibert CW, Harari A, Simon V (2010) The localization of
APOBEC3H variants in HIV-1 virions determines their antiviral activity. J Virol
84: 7961-7969.

LaRue RS, Lengyel J, Jonsson SR, Andrésdottir V, Harris RS (2010) Lentiviral
Vif degrades the APOBEC3Z3/APOBEC3H protein of its mammalian host and
is capable of cross-species activity. J Virol 84: 8193-8201.

. Li MM, Wu LI, Emerman M (2010) The range of human APOBEC3H

sensitivity to lentiviral Vif proteins. J Virol 84: 88-95.

Zhen A, Wang T, Zhao K, Xiong Y, Yu XF (2010) A single amino acid
difference in human APOBEC3H variants determines HIV-1 Vif sensitivity.
J Virol 84: 1902-1911.

Aguiar RS, Lovsin N, Tanuri A, Peterlin BM (2008) Vpr.A3A chimera inhibits
HIV replication. J Biol Chem 283: 2518-2525.

Bogerd HP, Wiegand HL, Doechle BP, Lueders KK, Cullen BR (2006)
APOBEC3A and APOBECS3B are potent inhibitors of LTR-retrotransposon
function in human cells. Nucleic Acids Res 34: 89-95.

Goila-Gaur R, Khan MA, Miyagi E, Kao S, Strebel K (2007) Targeting
APOBEC3A to the viral nucleoprotein complex confers antiviral activity.
Retrovirology 4: 61.

Marin M, Golem S, Rose KM, Kozak SL, Kabat D (2008) Human
immunodeficiency virus type 1 Vif functionally interacts with diverse APOBEC3
cytidine deaminases and moves with them between cytoplasmic sites of mRNA
metabolism. J Virol 82: 987-998.

Yu Q, Chen D, Kénig R, Mariani R, Unutmaz D, et al. (2004) APOBEC3B and
APOBEC3C are potent inhibitors of simian immunodeficiency virus replication.

J Biol Chem 279: 53379-53386.

. Doechle BP, Schifer A, Cullen BR (2005) Human APOBEC3B is a potent

inhibitor of HIV-1 infectivity and is resistant to HIV-1 Vif. Virology 339: 281
288.

Bogerd HP, Wiegand HL,, Hulme AE, Garcia-Perez JL, O’Shea KS, et al. (2006)
Cellular inhibitors of long interspersed element 1 and Alu retrotransposition.
Proc Natl Acad Sci U S A 103: 8780-8785.

Langlois MA, Beale RC, Conticello SG, Neuberger MS (2005) Mutational
comparison of the single-domained APOBEC3C and double-domained
APOBEC3F/G anti-retroviral cytidine deaminases provides insight into their
DNA target site specificities. Nucleic Acids Res 33: 1913-1923.

Stenglein MD, Burns MB, Li M, Lengyel J, Harris RS (2010) APOBEC3
proteins mediate the clearance of foreign DNA from human cells. Nat Struct
Mol Biol 17: 222-229.

Rose KM, Marin M, Kozak SL, Kabat D (2005) Regulated production and anti-
HIV type 1 activities of cytidine deaminases APOBEC3B, 3F, and 3G. AIDS
Res Hum Retroviruses 21: 611-619.

Simon V, Zennou V, Murray D, Huang Y, Ho DD, et al. (2005) Natural
variation in Vif: differential impact on APOBEC3G/3F and a potential role in
HIV-1 diversification. PLoS Pathog 1: e6.

Russell RA, Pathak VK (2007) Identification of two distinct human
immunodeficiency virus type 1 Vif determinants critical for interactions with
human APOBEC3G and APOBECS3F. J Virol 81: 8201-8210.

Rago C, Vogelstein B, Bunz I (2007) Genetic knockouts and knockins in human
somatic cells. Nat Protoc 2: 2734-2746.

July 2012 | Volume 8 | Issue 7 | 1002800



