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Abstract

The APOBEC3 proteins are cytidine deaminases that can introduce G/A mutations in the HIV-1 plus DNA
strand. This editing process may inhibit virus replication through lethal mutagenesis (hypermutation), but could
also contribute to viral diversification leading to the emergence of escape forms. The HIV-1 Vif protein has the
capacity to counteract APOBEC3 factors by recruiting a CUL5-based ubiquitin ligase complex that determines
their proteasomal degradation. In this work, we analyzed the APOBEC3-mediated editing in proviral HIV-1
from perinatally infected children (n = 93) in order to explore its association with polymorphisms of APOBEC3G
and CUL5 genes (APOBEC3G H186R, APOBEC3G C40693T, and CUL5 SNP6), the Vif protein variability, and
also the time to AIDS development. To calculate the level of editing, we have developed an index exploiting the
properties of a region within the HIV-1 pol gene that includes the central polypurine tract (cPPT). We detected a
reduced editing associated with the CUL5 SNP6 minor allele and also with certain Vif variants (mutations at sites
46, 122, and 160), although we found no evidence supporting an impact of APOBEC3 activity on disease
progression. Thus, our findings suggest that APOBEC3-mediated editing of HIV-1 could be modulated by host
and virus genetic characteristics in the context of pediatric infection.

Introduction

The APOBEC3 family of cytidine deaminases, consid-
ered part of the innate host defense system, comprises

seven factors that have the capacity to edit single-stranded
DNA by introducing C/U changes.1 Its members APO-
BEC3G and APOBEC3F (and more recently APOBEC3H)
have been thoroughly studied regarding their ability to re-
strict HIV-1 replication. These proteins can edit the virus
negative DNA strand during preintegration steps, determin-
ing G/A transitions in the coding sequence at signature
GG/AG and GA/AA contexts. The vif gene of HIV-1 plays
a defensive role against this mutational activity. Its product,
the Vif protein, recognizes the APOBEC3 factors and targets
them for proteasomal degradation by recruiting a CUL5-
ElonginB-ElonginC-Rbx2 ubiquitin ligase complex.2 Al-
though Vif protection of the HIV-1 genome is central to virus
infectivity, it exhibits a variable efficiency. As an extreme
case, the APOBEC3 activity may render mutationally im-

paired proviral genomes with an extensive number of G/A
mutations, a phenomenon termed ‘‘hypermutation.’’ Im-
portantly, the abundance in HIV-1-infected patients of these
severely edited proviruses has been associated with lower
viral loads and higher CD4 + T cell counts.3–5 However, it has
also been reported that APOBEC3-mediated editing can in-
fluence the evolution of HIV-1 by contributing to its diver-
sification and favoring the emergence of drug-resistant or
immune escape forms.6–9 Besides, deamination-independent
APOBEC3 functions (e.g., to interfere with reverse tran-
scription and integration processes) may also account for
viral inhibition.2

Virus and host genetic variability affecting the Vif-
APOBEC3 axis has been widely analyzed in terms of its
relevance to disease progression. In that sense, it has been
reported that the single nucleotide polymorphisms (SNPs)
APOBEC3G H186R (rs8177832), APOBEC3G C40693T
(rs17496018), and CUL5 SNP6 (rs11212495) might affect viral
transmission or progression to AIDS, although discrepancies
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between different cohorts have been observed.10–15 The non-
synonymous polymorphism APOBEC3G H186R (an A/G
change in exon 4) has been demonstrated to alter the enzyme
processivity,16 whereas APOBEC3G C40693T (a change in
intron 4) is located close to the exon 4 natural 3¢ splice site and
could potentially affect mRNA splicing by creating an alter-
native acceptor splice site.12 The CUL5 SNP6 (an A/G
change in intron 3) was found to modify the binding affinity of
DNA to nuclear proteins from T lymphocytes, suggesting that
this SNP may affect the gene regulation or interaction.13 In
addition, a number of vif alterations (including insertions,
deletions, and different substitutions) have been proposed to
influence the course of HIV-1 infection.15,17–22 Importantly,
comprehensive works in diverse groups of HIV-1-infected
individuals have attempted to connect the level of editing
with APOBEC3 and/or vif genetic variants, but they mainly
rendered weak and no conclusive associations.3,20,23–25

Up to now, the significance of the Vif-APOBEC3 interplay
and of the proper APOBEC3-mediated editing has not been
extensively studied in pediatric settings.15,26,27 In our cohort
of perinatally HIV-1-infected children, we have previously
observed that Vif alterations (an insertion at position 61 and
substitutions A62D/N/S and Q136P) may contribute to a
rapid AIDS onset and also that APOBEC3G and CUL5 poly-
morphisms might select for certain Vif variants.15 However,
we found no case exhibiting a hypermutated proviral popu-
lation by analyzing vif sequences.

The present work is an extension to our recent study and it
is intended to further analyze the APOBEC3-mediated editing
in HIV-1 from pediatric patients, exploring its association
with both host and virus genetic characteristics, but also with
the rate of progression to AIDS. To this end, we have devel-
oped an editing index exploiting the properties of a region
within the HIV-1 pol gene that includes the central polypurine
tract (cPPT).

Materials and Methods

Study patients

The study comprised 93 perinatally HIV-1-infected pa-
tients from an Argentinian pediatric cohort of white-
Hispanic ethnicity. These children were born within the
period 1994–1999 and were selected based on the availability
of peripheral blood mononuclear cells (PBMCs) collected
during the first year of life (0.2 to 11.9 months, median of 5.5
months). All patients received medical care at the Hospital
de Pediatrı́a ‘‘Juan P. Garrahan’’ (Buenos Aires, Argentina).
HIV-1 infection status and AIDS definition were established
according to the 1994 criteria of the U.S. Centers for Disease
Control and Prevention (CDC) classification for children.28

Of the corresponding 93 mother–infant pairs, 67% received
no prophylactic treatment, 30% received zidovudine pro-
phylactic treatment (PACTG 076),29 and there were no
available data for 3%. The study period ended in May 2006
and the median follow-up time was 85.8 months (2.7–141.1
months). During follow-up, 74% of patients received
HAART and 72% progressed to AIDS. The analysis of time to
AIDS was performed according to recorded clinical data.
The Ethics Committee and the Institutional Review Board of
the hospital approved the study. Written informed consent
was obtained from the parents or legal guardians of the
children.

Genotyping of APOBEC3G and CUL5 polymorphisms

Genotypes for the SNPs APOBEC3G H186R, APOBEC3G
C40693T, and CUL5 SNP6 were determined by PCR-restriction
fragment length polymorphism (RFLP) assays using the en-
zymes HhaI, BseRI, and XceI, respectively. Assays were de-
veloped based on the reports by An et al.,10,13 as previously
described.15

HIV-1 gene amplification, sequencing, and analysis

Proviral genes were amplified from PBMC samples ob-
tained during the first year of life of the 93 children studied.
This was intended to minimize the possible effects of con-
founding factors, such as the influence of time since infection
and/or therapy history on proviral population characteristics.
Amplification of a 312-bp pol segment (HXB2 positions 4584–
4895) surrounding the cPPT was performed by nested-PCR,
using the degenerate primers (5¢-3¢) HypIN-F1 AARTTAG
CARRAARATRGCCAG/HypIN-R1 TTTGCTGGTYYTTTY
YAAASTGG for the first round and HypIN-F2 AACAATA
CATACARACAATRGC/HypIN-R2 CTGTYYYTGTAATAA
ACYYGRAA for the second round. Both pairs of degenerate
primers were designed to efficiently recognize edited and
nonedited target sequences, similarly to Janini et al. and Sus-
pène et al.30,31 The PCR products were purified with the
QIAquick purification columns (QIAGEN, Germany) and
then subjected to bulk sequencing using both second round
primers. Sequencing reactions were conducted with the Big
Dye Terminator v1.1 sequencing kit (Amersham Biosciences,
England), run on an ABI PRISM 3130 automated sequencer
and analyzed with the DNA Sequencing Analysis Software
v5.3.1 (Applied Biosystems, USA). Chromatograms were vi-
sually inspected and edited using FinchTV v1.4.0 (http://
www.geospiza.com/Products/finchtv.shtml), recording at
each nucleotide position the predominant base. Subtype as-
sessment was performed with the REGA (http://www.bio
africa.net/rega-genotype/html/subtypinghiv.html) and the
RIP 3.0 (http://www.hiv.lanl.gov/content/sequence/RIP/
RIP.html) tools. Consensus sequences were generated with
the Consensus Maker tool (http://www.hiv.lanl.gov/ content/
sequence/CONSENSUS/consensus.html). Sequences of pro-
viral vif genes were obtained as previously described.15 The
Shannon entropy analysis of the deduced Vif proteins was
performed with the Entropy tool (Entropy-two option, statisti-
cal confidence using 10,000 randomizations with replacement)
(http://www.hiv.lanl.gov/content/sequence/ENTROPY/
entropy.html). The MEGA5 software package was em-
ployed for phylogenetic analysis (selection of appropriate
model of molecular evolution, genetic distances calculation,
and tree construction by the neighbor-joining method).32

Detection of APOBEC3-mediated editing

To estimate the APOBEC3-mediated editing, the se-
quences of the 312-bp pol segment were analyzed. The Hy-
permut 2.0 software (www.hiv.lanl.gov/content/sequence/
HYPERMUT/hypermut.html) was employed to look for
severely edited or hypermutated proviruses (defined as those
sequences with p < 0.05 on a Fisher exact test comparing the
number of G/A changes in APOBEC3 versus control con-
texts), using as reference either sequences of the appropriate
subtype retrieved from the Los Alamos National Laboratory
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(LANL) HIV database (www.hiv.lanl.gov/content/sequence/
NEWALIGN/align.html) or consensus generated with our
sequences. In addition, we have developed a novel editing
index based on the previously proposed PS ratio (product
substrate ratio).33 In brief, PS ratio counts the number of AG,
AA, GG, and GA dinucleotides in a given sequence to calcu-
late the (AG + AA):(GG + GA) ratio. Essentially, this is an
A:G ratio within the contexts affected by APOBEC3 activity.
We thus adjusted it by the A:G ratio outside these contexts.
The modified expression defines the odds ratio [(AG +
AA):(GG + GA)]/[(AC + AT):(GC + GT)]. We then decided to
apply it to an editing estimation exploiting the properties of
the 312-bp pol segment, which includes the cPPT. Neighbor-
ing regions upstream and downstream of this element have
been reported, respectively, as maximum and minimum for
APOBEC3 susceptibility.33–36 For that reason we dissected
this 312-bp segment into two fragments, corresponding to the
201-bp 5¢ to the cPPT and the remaining 111-bp (including the
proper cPPT), to then separately conduct the odds ratio cal-
culation. The odds ratio value obtained for the maximum was
divided by that obtained for the minimum, rendering the
named ODDSMM index.

Statistical analysis

Differences in the level of editing between HIV-1 sub-
types, APOBEC3G/CUL5 genotypes or, Vif variants were
analyzed with the Wilcoxon rank sum test. The normal
distribution of the ODDSMM index was evaluated with the
Shapiro–Wilk normality test. The association of editing and
time to AIDS was analyzed with a likelihood ratio test under
a Cox proportional hazards regression model. The associa-
tion among different Vif mutations and the association of
genetic distance with ODDSMM were determined with the
Spearman rank correlation test. All tests were conducted
using Statistix v7.0.

Results

Analysis of APOBEC3-mediated editing

Sequences of the cPPT region of proviral HIV-1 were ob-
tained by bulk sequencing of early samples from 93 perina-
tally infected children. The 312-bp amplified segment
contains both a maximum and a minimum for APOBEC3
susceptibility and thus could be considered highly informa-
tive for the study of editing. It was observed that 72.0% (67/
93) of sequences were subtype F1, 26.9% (25/93) were subtype
B, and 1.1% (1/93) were subtype A1. To identify highly edited
sequences, the Hypermut 2.0 software was employed. Se-
quences were separately analyzed by using appropriate ref-
erences according to their viral subtype. This procedure
indicated no sequence as hypermutated ( p > 0.05 for general
GR or specific GG/GA contexts), which pointed out the rarity
of pediatric cases showing a major fraction of proviral pop-
ulation composed of severely edited forms.

It should be remarked that Hypermut 2.0 is a broadly
employed tool fundamentally applied to classify sequences in
the categories of ‘‘hypermutant’’ or ‘‘nonhypermutant,’’ and
that the same ‘‘all or nothing’’ criterion is usually adopted by
other approaches based on editing scores and cluster analy-
sis.3,24 However, strategies that do not rely on such distinction
have proven valuable for association studies,4,5,20,25 stressing

that the levels of editing may be informative through a wide
range before the affected sequence can be considered as hy-
permutated. Thus, we decided to carry out a careful study
focused in the spectrum of low APOBEC3-mediated editing
potentially observed in our pediatric cohort. To this end, we
especially developed the ODDSMM index, attempting to
improve the analysis of the editing phenomenon when it oc-
curred at mild levels. In this index, the editing signal is esti-
mated as the A:G ratio within the APOBEC3 contexts in
relation to the A:G ratio outside of them, which is detailed in
the expression [(AG + AA):(GG + GA)]/[(AC + AT):(GC +
GT)]. To obtain the ODDSMM value, the editing signal is
calculated for a nucleotide sequence placed in maximum
susceptibility to APOBEC3 activity (immediately upstream
the cPPT) and then adjusted by the signal in a contiguous
minimum (the proper cPPT and the immediately downstream
sequence). This estimation was intended to increase the
specificity for editing measurement, correcting the signal of
editing attributable to APOBEC3 activity by a signal that
could be considered as basal or spurious.

The ODDSMM values were calculated for the 93 study
cases and it was observed that they significantly differed be-
tween HIV-1 subtypes ( p < 0.0001, Fig. 1a). Consequently, we
decided to restrict the following analysis to the most abun-
dant subtype F1 cPPT regions. In addition, to minimize fur-
ther confounding related to viral lineage (given the presence
of different B/F1 recombinants), we considered only those
cases also assessed as subtype F1 for the previously sequenced
vif genes. Hence, we continued our studies of editing with a
subset of 66 pediatric patients. This group presented an
ODDSMM distribution that did not significantly deviate from
normality ( p = 0.3121, Fig. 1b and c).

APOBEC3-mediated editing and APOBEC3G/CUL5
polymorphisms

To determine whether different levels of editing were as-
sociated with the polymorphisms APOBEC3G H186R, APO-
BEC3G C40693T, or CUL5 SNP6, we compared the ODDSMM
values between major allele homozygotes and minor allele
carriers for each of these loci. While the APOBEC3G SNPs
were not related to differences of ODDSMM ( p > 0.05, Fig. 2a
and b), the CUL5 SNP6 minor allele was associated with a
reduced editing ( p = 0.0479, Fig. 2c).

APOBEC3-mediated editing and Vif variability

We next evaluated whether differences in the level of
editing were associated with differences in Vif variability.
The cases studied were divided according to their ODDSMM
into two groups showing values below or above the median,
to subsequently compare the entropy at each Vif position
between them. The analysis indicated that increased entropy
at sites 46, 122, and 160 was linked to lower ODDSMM, while
increased entropy at site 182 was linked to higher ODDSMM
( p < 0.05, Fig. 3a). Then, the editing levels exhibited by
wild-type Vif were directly contrasted to those showed by
mutants for the mentioned positions. Although scatterplots
revealed overlapping values, statistically significant differ-
ences were found between Vif variants at sites 46, 122, and
160 ( p < 0.05, Fig. 3b–e). The simultaneous occurrence of
these mutations was evaluated but no association was found
( p > 0.05).
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FIG. 1. APOBEC3-mediated editing and ODDSMM. Sta-
tistically significant differences of ODDSMM were observed
between HIV-1 subtype F1 (mean = 9.69, SD = 2.19) and B
(mean = 3.57, SD = 1.65) (Wilcoxon rank sum test, p < 0.0001)
(a). Frequency distribution of ODDSMM for 66 cases with
HIV-1 assessed as subtype F1 in both the cPPT region and
the vif gene (mean = 9.71, SD = 2.20) (b). A normal probability
plot of the ODDSMM values suggested that distribution was
not deviated from normality (Shapiro-Wilk normality test,
p = 0.3121) (c).

FIG. 2. Association of editing with APOBEC3G/CUL5
polymorphisms. No differences in the level of editing
(ODDSMM) were observed between genotypes of APOBEC3G
H186R (major allele homozygotes mean = 9.63, SD = 2.30; mi-
nor allele carriers mean = 9.93, SD = 1.93) and APOBEC3G
C40693T (major allele homozygotes mean = 9.68, SD = 2.22;
minor allele carriers mean = 10.00, SD = 2.12) (Wilcoxon rank
sum test, p = 0.5331 and p = 0.9200, respectively) (a, b). The
CUL5 SNP6 minor allele was linked to a lower level of editing
(major allele homozygotes mean = 9.92, SD = 2.24; minor allele
carriers mean = 8.75, SD = 1.78) (Wilcoxon rank sum test,
p = 0.0479) (c).
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APOBEC3-mediated editing and progression
to pediatric AIDS

To assess the relevance of editing for the rate of disease
progression in our pediatric cohort, we evaluated whether
variations of ODDSMM were linked with changes in time to
AIDS. The analysis showed no evidence for an association in
the 66 cases considered ( p = 0.9884). In addition, to discard
therapy as a confounding variable, we conducted an analysis
censoring patients at time of HAART initiation, but the as-
sociation remained not significant ( p = 0.8199). Thus, the lev-
els of editing observed seemed to have no effect on the risk of
pediatric AIDS development.

APOBEC3-mediated editing and viral
phylogenetic divergence

To explore whether editing affects HIV-1 evolutionary
processes, phylogenetic trees were constructed with the se-
quences obtained for the pol segment and for the complete vif
gene. We noticed that for the two regions there was an in-
verse correspondence between branch length and level of
editing (Fig. 4a and b). Genetic distances of each pol or vif
sequence to the respective consensus (generated for the 66
subtype F1 cases) showed a negative correlation with
ODDSMM values for both viral genomic regions ( p < 0.05,
Fig. 4c and d).

FIG. 3. Association of edit-
ing with Vif variants. Vif po-
sitions 46, 122, 160, and 182
showed entropy differences
related to the level of editing.
Statistical confidence (10,000
randomizations with replace-
ment) is indicated (a). Com-
parison of ODDSMM between
wild-type Vif and mutants:
46S (mean = 9.87, SD = 2.15)
and 46N/T (mean = 7.24,
SD = 1.56) (Wilcoxon rank sum
test, p = 0.0187) (b), 122K
(mean = 10.21, SD = 1.82) and
122E/G/N/Q/R/T (mean =
8.63, SD = 2.57) (Wilcoxon
rank sum test, p = 0.0182) (c),
160K (mean = 9.85, SD = 2.17)
and 160R (mean = 7.46,
SD = 1.41) (Wilcoxon rank sum
test, p = 0.0349) (d), and 182G
(mean = 9.60, SD = 2.21) and
182D (mean = 11.38, SD = 1.21)
(Wilcoxon rank sum test,
p = 0.0564) (e).
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Discussion

In this study, we analyzed the APOBEC3-mediated editing
affecting HIV-1 from pediatric patients and its association
with host genetic polymorphisms, virus variability, and dis-
ease progression. Despite the fact that we studied a pol seg-
ment reported as highly susceptible to APOBEC3 enzymatic
activity, we detected no case exhibiting a severely edited or
hypermutated proviral population. This is in sharp contrast
with those works detecting hypermutation by direct se-
quencing in a considerable fraction of infected adults.3–5,24

Thus, it should be noted that we explored the editing phe-
nomenon in a range limited to levels that could be considered
as mild or sublethal.37

Differences in the level of editing were not observed for
APOBEC3G genetic variants, although an effect of CUL5 SNP6
could have been identified. The minor allele at this locus was
associated with a lower editing, which would be in accor-
dance with an incremented gene activity favoring viral rep-
lication as discussed by An et al.13 An increase in CUL5
protein availability could contribute to Vif depletion of
APOBEC3 factors, which might be reflected in a reduction of
HIV-1 editing.

We also observed that different levels of editing were
linked to changes in Vif variability. Despite the fact that the

affected sites have not been reported as central for Vif func-
tion, it is interesting to note that they lie within or in close
proximity to relevant protein regions. Site 46 is contiguous to
an APOBEC3G-binding domain (amino acids 40 to 45).38,39

Residue at position 122 is immersed in the HCCH motif, re-
quired for Vif recruitment of CUL5.40,41 Site 160 is immedi-
ately before the proline-rich motif (positions 161 to 164),
which has been reported as important for Vif interaction with
APOBEC3G, CUL5, and ElonginB, but also for Vif oligomer-
ization.42–45 Position 182 seems to be an exception, since it is
located in the C-terminal tail that is usually considered as
dispensable for Vif functionality.46 Thus, it could be hypoth-
esized that substitutions at these sites modify Vif activity at
least in a subtle manner, but enough to systematically alter the
level of editing.

We found no evidence supporting an association of editing
(in the mild levels observed) with time to AIDS when looking
for a monotonous relation between these variables in verti-
cally infected children. In fact, APOBEC3 restriction of HIV-1
by means of hypermutation might be considered as a negli-
gible cause for a delayed AIDS outcome in our pediatric co-
hort, since no patient exhibited signs of hypermutation
substantially affecting the proviral population. Our results are
in agreement with those recently published by Amoedo
et al.,27 who found a low percentage of hypermutated clones

Neighbor-joining, Tamura-Nei + gamma (0.2677)Neighbor-joining, Tamura-Nei + gamma (0.1664)
0.005

cPPT region
a b

c d

0.005

vif

c

c

cPPT region vif 

0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0

0,000 0,010 0,020 0,030 0,040 0,050 0,0600,000 0,010 0,020 0,030 0,040 0,050
0,0

2,0

4,0

6,0

8,0

10,0

12,0

14,0

16,0
p = 0.0360 p = 0.0466ODDSMM ODDSMM

distancedistance

FIG. 4. Editing and viral di-
vergence. Phylogenetic trees
for the cPPT region and the
complete vif gene exhibited an
inverse correspondence be-
tween branch length and the
level of editing (light circles:
ODDSMM < median, dark
circles: ODDSMM > median,
c: consensus). No bootstrap
support above 70% (1000
replications) (a, b). Genetic
distances of each sequence to
the consensus were negatively
correlated with ODDSMM in
both HIV-1 genomic regions
studied (Spearman rank cor-
relation test, p = 0.0360 and
p = 0.0466 for the cPPT region
and the vif gene, respectively)
(c, d).
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without a correlation between its abundance and the profile of
disease progression in perinatally infected children.

We have previously reported that the analyzed APOBEC3G
and CUL5 polymorphisms showed no effect on time to AIDS
in our pediatric cohort, although some Vif variants (impor-
tantly, other than those linked to editing differences in the
present work) could be associated with an accelerated AIDS
outcome.15 Hence, in a general consideration, the variability
at the Vif –APOBEC3 axis may affect both the level of editing
in HIV-1 proviral population and the course of disease in
children, but it seems that it is not in a clearly coupled manner.

Additionally, while analyzing the influence of APOBEC3
enzymatic activity on HIV-1 evolution, we noticed that phy-
logenetic divergences estimated for the obtained proviral se-
quences were negatively correlated with editing. It is difficult
to determine a clear interpretation of these results, since our
ODDSMM index (similar to any other editing measurement)
is to some extent related to genetic distance. However, this
association was observed coincidentally for both the cPPT
region and the vif gene (not used for editing calculation),
leading us to speculate about an actual biological meaning. In
that sense, it may be proposed that editing, even at a sublethal
range, could negatively affect the replicative dynamic of virus
with a consequential impact on its evolutionary rate, as seems
to be reflected at the level of between-host evolution studied.

In conclusion, our exploratory findings suggest that the
APOBEC3-mediated editing of HIV-1 could be modulated by
both host and viral genetic characteristics in the context of
pediatric disease. We consider that these results will be rele-
vant for the design of future studies aimed to determine the
role of the Vif–APOBEC3 axis in the course of infection.

Sequence Data

Sequences analyzed in this work have been submitted to
GenBank. Accession numbers for pol: JN630631–JN630723.
Accession numbers for vif: JF494923–JF495015.
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