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Abstract
A sensitive vertical denaturing gradient gel electrophoresis (DGGE) method, using 13 unipolar
psoralen-clamped PCR primer pairs, was developed for detecting sequence variants in the 22
tRNA genes and flanking regions (together spanning ~21%) of the human mitochondrial genome.
A study was conducted to determine (i) if mitochondrial DNA (mtDNA) polymorphisms and/or
mutations were detectable in healthy newborns and (ii) if prepartum 3′-azido-2′,3′-
dideoxythymidine (AZT) based HIV-1 prophylaxis was associated with significant increases in
mtDNA mutations and changes in the degree of heteroplasmy of sequence variants in uninfected
infants born to HIV-1-infected mothers. DGGE analysis of umbilical cord tissue (where vascular
endothelium and smooth muscle cells are the major source of mtDNA) showed that mtDNA
sequence variants were significantly elevated by threefold in AZT-treated infants compared with
unexposed controls (P < 0.001), with 24 changes observed in 19/52 (37%) treated newborns
(averaging 0.46 changes/subject) versus only eight changes found in 7/55 (13%) unexposed
newborns (averaging 0.15 changes/subject). Six distinct sequence variants occurring in unexposed
controls were predominately synonymous and homoplasmic, representing previously reported
polymorphisms. Uninfected infants exposed to a combination of AZT and 2′,3′-dideoxy-3′-
thiacytidine and “maternal HIV-1” had a significant shift in the spectrum of mutations (P = 0.04)
driven by increases in nonsynonymous heteroplasmic sequence variants at polymorphic sites (10
distinct variants) and novel sites (four distinct variants). While the weight of evidence suggests
that prepartum AZT-based prophylaxis produces mtDNA mutations, additional research is needed
to determine the degree to which fetal responses to maternal HIV-1 infection, in the absence of
antiretroviral treatment, contribute to prenatal mtDNA mutagenesis.
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INTRODUCTION
The global spread of HIV-1, with more than 33 million living with the infection in 2007,
confirms the need for safe and effective antiretroviral (ARV) drugs for treating viral
infection and preventing mother-to-child transmission (MTCT) of the virus [Watts, 2006;
Kallings, 2008]. In well-resourced settings, “highly active antiretroviral therapy” (HAART)
including one or more nucleoside reverse transcriptase inhibitors (NRTIs) plus a protease
inhibitor or a non-nucleoside reverse transcriptase inhibitor is typically used to control viral
replication in HIV-1-infected patients. A combination of zidovudine (3′-azido-3′-
deoxythymidine, AZT) and lamivudine (2′-deoxy-3′-thiacytidine, 3TC) (referred to as
AZT-3TC) is most commonly given to HIV-1-infected pregnant women to reduce MTCT of
the virus. Without perinatal ARV drugs, vertical transmission of HIV-1 occurs ~25% of the
time [Cooper et al., 2002; Thorne and Newell, 2007]. The advent of HAART in the
management of HIV-1 infection during pregnancy has had an enormous impact on pediatric
HIV-1 associated morbidity and mortality, with the rate of MTCT of HIV-1 being reduced
to <2% [Minkoff et al., 2001; Cooper et al., 2002; Dorenbaum et al., 2002; European
Collaborative Study, 2003, 2005; Thorne and Newell, 2007].

The importance of NRTI-based ARV therapy/prophylaxis to public health cannot be
underestimated; however, NRTIs are transplacental carcinogens in rodents and have been
implicated as potential carcinogens and mitochondrial toxins in humans [Blanche et al.,
1999; IARC, 2000; Wutzler and Thust, 2001; Divi et al., 2005, 2007; Venhoff and Walker,
2006; Walker et al., 2007; Wogan, 2007; Foster and Lyall, 2008]. In HIV-1-infected
pregnant women, HAART begins at conception or after the first trimester, followed by
intravenous administration of AZT during labor and delivery and then treatment of the infant
with AZT during the first 6 weeks of life [Cooper et al., 2002]. Prepartum AZT-3TC has
been associated with increased frequencies of cytogenetic events and somatic mutations
during fetal life and may pose a risk for persistent genetic damage and cancer in children
later in life [O'Neill et al., 2001; Escobar et al., 2007; Witt et al., 2007]. The mutagenic
effects of NRTIs may result in part from the mechanism by which they prevent viral
replication. NRTIs are analogs of natural nucleosides, but lack the 3′-OH of the deoxyribose
sugar that serves as the site for the 5′ to 3′-phosphoester bond with the proceeding nucleic
acid. They are able to inhibit viral replication by taking the place of an endogenous
nucleotide during reverse transcription of viral RNA and, thus, cause premature termination
of proviral DNA synthesis [Kakuda, 2000]. This mode of action also allows for the
incorporation of these drugs into host cell nuclear DNA (nDNA) and mitochondrial DNA
(mtDNA) [Olivero et al., 1997, 1999, 2000, 2002; Meng et al., 2007].

Substantial evidence supports the role of prolonged treatment with AZT and/or other NRTIs
in the induction and/or progression of a number of clinical syndromes in HIV-1-infected
patients that are believed to arise from underlying mitochondrial toxicities [reviewed in
Lewis and Dalakas, 1995; Moyle, 2000; Dagan et al., 2002; Powderly, 2002; Lewis et al.,
2003; Kohler and Lewis, 2007], but the implication of findings related to clinical
mitochondrial dysfunction in uninfected children receiving perinatal NRTIs is uncertain
[Blanche et al., 2006; Spector and Saitoh, 2006; Thorne and Newell, 2007; Foster and Lyall,
2008]. Concerns about mitochondrial toxicity in NRTI-exposed children were first raised by
a report of symptoms and laboratory abnormalities suggesting mitochondrial dysfunction in
eight uninfected children in the French Perinatal Cohort Study that examined a total of 2,644
infants [Blanche et al., 1999]. Clinical signs included mild metabolic abnormalities,
neurological symptoms, and one case of transient cardiomyopathy, with the most serious
changes in infants receiving prepartum AZT-3TC. In subsequent reviews of U.S. and
European cohorts consisting of thousands of children born to HIV-1-infected mothers, no
deaths were attributable to mitochondrial dysfunction and symptoms of mitochondrial
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toxicity were lacking in NRTI-exposed children [Lindegren et al., 2000; Perinatal Safety
Review Working Group, 2000; European Collaborative Study, 2003]. However, Thorne and
Newell [2007] noted that no clinical work-up or tests specific for mitochondrial function
were included in these studies and that most investigations lacked the sensitivity to identify
mild cases of mitochondrial dysfunction. Since 1999, studies specific for mitochondrial
toxicity have identified more than two dozen cases of mitochondrial dysfunction in
uninfected children exposed perinatally to AZT and other ARVs in the French Perinatal
Cohort Study, with additional cases reported in Spain, Italy, and Canada [Barret et al., 2003;
Noguera et al., 2004; Tovo et al., 2005; Blanche et al., 2006; Benhammou et al., 2007]. In
the U.S., severe mitochondrial dysfunction in an infant receiving prepartum AZT-3TC and
nevirapine during the last 6 weeks of pregnancy was confirmed by muscle biopsy [Cooper et
al., 2004], and a recent retrospective review of records for 1,037 uninfected children
enrolled in PACTG protocols 219/219C identified 20 cases of unexplained signs of
mitochondrial dysfunction according to the Enquête Périnatale Française criteria, suggesting
a possible link between first exposure to 3TC or AZT-3TC in the third trimester and
mitochondrial dysfunction [Brogly et al., 2007].

Mitochondrial toxicity induced by NRTIs may result from several mechanisms, including (i)
direct inhibition of mtDNA polymerase γ (pol γ) without NRTI incorporation, (ii) mtDNA
chain termination due to incorporation of the NRTI into mtDNA by pol γ, (iii) inhibition of
the 3′ to 5′ exonuclease activity of pol γ, (iv) inhibition of nucleoside metabolizing enzymes,
and (v) alterations in mitochondrial metabolism affecting oxidative phosphorylation
(OXPHOS) enzyme activity [reviewed in Dagan et al., 2002; Lewis, 2003, 2004, 2005;
Kohler and Lewis, 2007]. Pol γ is preferentially inhibited by NRTIs over other cellular
polymerases, with inhibition of the polymer-ase and exonuclease activities of pol γ leading
to mtDNA depletion or disruption of mtDNA structure [Brinkman et al., 1998; Kakuda,
2000]. Depletion of mtDNA results in a decrease in the synthesis of proteins that are
essential for OXPHOS, causing a disruption in OXPHOS and subsequent energy loss via a
decrease in the production of ATP [Lewis et al., 2003]. This phenomenon is followed by an
increase in leakage of electrons from the electron-transport chain that reacts with oxygen,
forming reactive oxygen species, which damage proteins, lipids, nDNA [Bialkowska, 2000],
and mtDNA. The net effect of these deleterious NRTI-associated changes in mitochondrial
function is an increase in genetic instability of mtDNA, predisposing to the induction of
persistent, heritable mutations.

Perhaps due to the difficulty of detecting drug-induced mutations amidst abundant wild-type
mtDNA, studies documenting the occurrence of mtDNA mutations in NRTI-treated HIV-1-
infected patients are relatively few and provide limited evidence of the mutagenic activity of
NRTIs in mtDNA. Several groups reported decreased mtDNA levels, oxidative lesions, and
deletion mutations associated with NRTI-related lactic acidosis and lipodys-trophy in
HIV-1-infected patients [Miro et al., 2000; Zaera et al., 2001; Walker and Venhoff, 2001;
Hashiguchi et al., 2004; Maagard et al., 2006]. Initial studies of small-scale mtDNA
mutations in peripheral blood mononuclear cells (PBMCs) of HIV-1-infected adults suggest
that NRTI-based therapy provides conditions permissive for the development of “random”
mutations in vivo over time [Martin et al., 2003], albeit further research is needed to
determine if NRTIs induced these mutations or unmask silent variations [McComsey et al.,
2002, 2005].

The purpose of the present study was to determine (i) if a sensitive and specific vertical
denaturing gradient gel electrophoresis (DGGE) technique using psoralen-clamped PCR
primers could be developed for the detection of mtDNA polymorphisms and novel
mutations in umbilical cord tissue from healthy infants born to HIV-1-uninfected mothers
and (ii) if the frequency, spectrum, and degree of heteroplasmy of sequence variants in
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uninfected newborns receiving prepartum AZT-based HIV-1 prophylaxis was similar to or
distinct from those found in NRTI-naïve uninfected infants born to healthy mothers. The
current work focused on the potential occurrence of sequence variants in the 22 mtDNA
tRNA genes because they are thought to represent “hotspots” for heritable mutation-based
mitochondrial disease in humans [Levinger et al., 2004]. Notably, mutations in the tRNA
genes account for nearly two-thirds of these diseases, testifying to the importance of
mitochondrial tRNA gene integrity in maintaining normal mitochondrial and cellular
function [Kelley et al., 2000; Levinger et al. 2004; McFarland et al., 2004; Ruiz-Pesini et al.,
2007]. The critical question is whether multiple drug-induced mtDNA mutations, as opposed
to a single pathogenic maternally inherited mutation, are linked to the pathogenesis and
clinical consequences of prepartum exposure to NRTIs.

MATERIALS AND METHODS
Patient Population and Sample Collection

Samples were obtained within the context of a larger observational cohort study [Meng et
al., 2007] that included infants of uninfected women (n = 68) and infants of HIV-1-infected
women receiving ARV therapy during pregnancy (n = 71). The cohort study included
infants born at several different hospitals and was designed to evaluate clastogenic and
mutagenic events occurring in NRTI-exposed infants [Walker and Poirier, 2007]. However,
in response to reports of mitochondrial toxicity in NRTI-exposed infants [Blanche et al.,
1999; Barret et al., 2003; Poirier et al., 2003; Shiramizu et al., 2003; Divi et al., 2004;
Noguera et al., 2004; Tovo et al., 2005; Benhammou et al., 2007], a study of the potential of
AZT-3TC to cause mtDNA mutations during fetal life was performed using fresh umbilical
cord collected from infants born at study sites during the day shift. After delivery of the
neonate, several inches of the umbilical cord were snap frozen and stored at –70°C for future
DNA extraction. Samples from each newborn were coded with patient identification (PID)
numbers at the clinical centers, and subsequently analyzed in a “blinded” fashion. The
original PID numbers were changed for this report to provide an additional level of patient
identity protection.

The protocol for the cohort study was reviewed and approved by the Institutional Review
Boards at the participating medical centers. Written informed consent was obtained from
each participating woman and from each child's parent/guardian. Questionnaire, medical
history, and chart data provided information on maternal HIV-1 status, alcohol consumption,
smoking history, and medications and illicit drugs (amphetamines, cannabinoids, cocaine,
and opiates) used during the pregnancy. Infant data collected from the records included, in
part, birth weight, estimated gestational age at delivery, and HIV-1 status. Infants were
defined as uninfected if they had at least two negative HIV PCR tests on separate occasions
after the age of 1 month.

Disinfection of Biological Specimens and Isolation of DNA
Before DNA was extracted from sections of umbilical cord, virus from potential
contamination of the tissue with maternal blood or from possible HIV-1 infection of the
infant was inactivated using DISCIDE-TB (Fisher Scientific, Houston, TX), a quaternary
based disinfectant that is effective in eliminating the risk associated with HIV-1 [URL:
http://www.nurseslearning.com/courses/fice/fde0008/coursebook.pdf]. Briefly, a thin cross-
section of umbilical cord was sliced from the frozen sample, and then placed in a 50%
solution of DISCIDE-TB in water for 15 min. The thin sections were then rinsed in distilled
water to remove all DISCIDE-TB. Total DNA was isolated from the sections of umbilical
cords using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI).
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PCR Amplification, Heteroduplex Formation, and Photoinduced Crosslinking
The report of Michikawa et al. [1997] was used as the basis for designing primers and
selecting regions for PCR amplification of mtDNA segments encoding the 22 tRNA genes
and flanking regions. Thirteen PCR primer pairs were designed using the Primo Melt 3.4
computer program (Chang Biosciences, San Francisco, CA) on the basis of the melting
characteristics of psoralen-oligonucleotides conjugated with the DNA region of interest (Fig.
1). To reduce the melting map of each mtDNA segment to a single domain, a psoralen
clamp (psoralen C6 phosphoroamidite) was linked to one oligonucleotide of each PCR
primer pair, and the chosen primer oligonucleotides were synthesized by Alpha DNA
(Montreal, Canada). These 13 unipolar psoralen-clamped PCR primer sets were used to
produce PCR products ranging from 134 to 419 bases, and to yield a single melting domain
with a uniform melting temperature of 61°C for all segments selected for screening the 22
tRNA genes and flanking regions that together spanned ~3,500 of the 16,569 nucleotides
(21%) of the human mitochondrial genome. The primer names, sequences, PCR variables,
and amplified products are shown in Table I.

Amplification was carried out in 50-μl PCR reactions containing 1× reaction buffer (without
MgCl2), 1.5 to 2.2 mM MgCl2 (see Table I), 0.2 mM of each deoxynucleotide triphosphate,
0.2 μM of each primer, 0.5 U GoTaq Flexi (Promega, Madison, WI), and 100 ng of total
DNA. PCR amplification was performed using a Perkin Elmer 9600 thermal cycler as
follows: 94°C for 2 min, followed by 30–32 cycles (see Table I) of 94°C for 15 sec, 61°C
for 30 sec, and 68°C for 1 min. The PCR reaction was completed by a final extension of
72°C for 5 min. Following amplification, 5 μl of each sample were electrophoresed on 8%
polyacrylamide gel to assess PCR efficiency. The remaining PCR product was heat-
denatured at 99°C for 10 min, and then allowed to cool at 12°C per min to 37°C and held at
37°C for 30 min. After reannealing, the samples were placed on ice and irradiated for 25
min using a 366-nm UV source (Ultra Violet Products, San Gabriel, CA) to form a psoralen-
DNA cross-link at one end of the individual PCR fragments. Samples were then vacuum-
dried and resuspended in 5 μl 6× loading dye.

Vertical Denaturing Gradient Gel Electrophoresis
DGGE is based on the fact that the electrophorectic mobility of a DNA molecule in a
polyacrylamide gel is considerably reduced as the molecule becomes partially melted
(denatured). Mismatched heteroduplexes are always less stable than the corresponding
perfectly base-paired homoduplexes and consequently melt at a lower concentration of
denaturant. Any mutant/wild-type heteroduplex always will travel a shorter distance relative
to wild-type or mutant homoduplexes in a gel containing a gradient of denaturant.
Substitution of psoralen-oligonucleotide conjugates for the commonly used GC-tailed
oligonucleotides (“GC clamps”) for PCR amplification of mtDNA fragments allows
simultaneous analysis of a large number of different amplified DNA fragments over a broad
range of denaturing gradient because of the lack of strand separation in the “clamp” region
[Lerman et al., 1987; Michikawa et al., 1997].

Vertical DGGE was performed utilizing a DGGE-4001 system (C.B.S. Scientific Company,
Solana Beach, CA). The resuspended PCR products were loaded onto a 1-mm thick, 8%
polyacrylamide gel with a linear denaturant gradient of 28–54% (100% denaturant is defined
as 7 M urea plus 40% v/v formamide). The gels were submerged into the DGGE tank, with
1× TBE buffer continuously circulating between the upper reservoir and the buffer tank.
Electrophoresis was conducted at 100 V and a constant temperature of 58°C for 17 hr.
Following electrophoresis, the gels were stained for 15 min in ethidium bromide (1 μg/ml),
destained for 10 min, visualized with a Spectroline UV transilluminator (Spectronics,
Westbury, NY), and photographed using Polaroid 667 black and white film. Bands that
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contained presumptive resolved and unresolved mutant/wild-type heteroduplexes or mutant
homoduplexes were carefully excised from the gel, crushed, and eluted overnight in 200 μl
of sterile H2O at 4°C.

To purify the DNA, a second round of PCR was conducted following the same conditions as
previously described. The samples were once again heat-denatured at 99°C for 10 min, and
then allowed to cool at 12°C per min to 37°C and held at 37°C for 30 min. Following
reannealing, the samples were placed on ice and irradiated as above. Samples were then
vacuum-dried, resuspended in loading dye, and run on a secondary DGGE gel using the
same gradient (28–54%) to confirm the identification of the heteroduplexes or mutant
homoduplexes representing presumptive sequence variants. The resulting bands were
excised carefully from the gel, crushed, and eluted overnight as described above to serve as
template for an additional round of PCR and DNA sequencing. In the few instances where a
pair of heteroduplexes occurred along with the corresponding mutant homoduplex, all three
bands were excised and processed to confirm that all represented the same sequence variant.

DNA Sequencing and Estimation of Degree of Heteroplasmy or Mutant Fraction
For DNA sequencing, the final PCR products from excised mutant homoduplexes or pairs of
heteroduplexes were purified of salts, primers, and unincorporated dNTPs using Millipore
Montage PCR centrifugal filter devices (Bedford, MA) per the manufacturer's instructions.
The purified samples were then further prepared for DNA sequencing by removal of
polymerase according to the instructions set forth by Millipore Micropure-EZ centrifugal
filter devices (Bedford. MA). Twenty-nine of 36 sequence variants found in unexposed and
NRTI-exposed infants were identified first as mutant homoduplexes on primary DGGE gels
(data presented below); for the remaining seven sets of mutant/wild-type heteroduplexes
(excised from secondary DGGE gels), strand-biased PCR was performed to identify which
strand contained the mutation in the mismatch for each heteroduplex [Walker and Skopek,
1993]. Forward and reverse primers were used to generate PCR products for each set of
mutant/wild-type heteroduplexes; the expectation was that DNA sequencing for one
heteroduplex would show one strand containing a mutation with the opposite strand being
wild-type, while the reverse would occur for the matching heteroduplex. The purified PCR
products were sequenced using an Applied Biosystem 3730xl DNA Analyzer (Applied
Biosystems, Foster City, CA).

The relative amounts of somatic mutations in a region of interest in nDNA from mutagen-
exposed cells/animals, or the relative proportion of mutant DNA to wild-type DNA (mutant
fraction or degree of heteroplasmy) for a given sequence variant in mtDNA, can be
estimated from the banding patterns and relative densities of mutant/wild-type
heteroduplexes, mutant homoduplexes, and/or wild-type homoduplexes appearing on
primary DGGE gels of PCR fragments [Cariello et al., 1990]. One option was to use a
densitometer for assessing the relative densities of bands and deriving a mutant fraction
estimate for each mtDNA sequence variant identified. Since this semiquantitative method
requires additional quantitative PCR-based techniques to define the mutant fractions more
precisely, we elected to estimate the degree of heteroplasmy/mutant fraction for each
mtDNA sequence variant in a qualitative fashion based upon the banding patterns on
primary DGGE gels: low mutant fraction (L), only mutant/wild-type heteroduplexes were
present; medium mutant fraction (M), either mutant/wild-type heteroduplexes and a mutant
homoduplex (with/without a wild-type homoduplex) or resolved mutant and wild-type
homoduplexes were present; high mutant fraction (H), only a mutant-homoduplex was
present suggesting that the sequence variant approached homoplasmy.
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In Vitro Exposure of Human Lymphoblastoid Cells to AZT and/or 3TC, and DGGE-Based
Screening for mtDNA Sequence Variants

Human TK6 B-lymphoblastoid cells were cultured as described [Torres et al., 2007], and
optimal growth conditions were maintained throughout the experiment [Carter et al., 2007].
Briefly, TK6 cells in log phase growth were exposed to 0 or 100 μM AZT, 3TC or
AZT-3TC (equimolar) (n = 4 flasks per group) through 14 rounds of cell replication. During
culture in T-flasks, cells were maintained at a density of 400,000 cell/ml by removing excess
cells and adding medium containing the appropriate amount of NRTI(s) to maintain the
molar concentration of drug(s). Cell numbers and survival were measured each day using
Trypan blue exclusion. Periodically through the exposure period and at the end of 14 rounds
of cell replication, aliquots of cells were taken from each flask, pelleted, washed, and stored
for DNA isolation and vertical DGGE analysis for mtDNA sequence variants (using the
techniques described above).

Statistical Analyses
Chi-square and Mann-Whitney tests were used to assess differences in the distribution and
numbers of mtDNA sequence variants in the AZT-3TC treatment and unexposed groups of
infants. A Chi-square test was also used to evaluate differences in the proportions of
homoplasmic versus heteroplasmic sequence variants in treated versus unexposed groups.
The chi-square tests a null hypothesis that the relative frequencies of occurrence of observed
events follow a specified frequency distribution, while the null hypothesis for the Mann-
Whitney test states that there is no difference between the unexposed and treated groups.
Multivariate analyses were used to assess associations between maternal/fetal factors or
potential confounders and the numbers of sequence variants found in NRTI-exposed versus
unexposed infants. Simple linear regression analysis was performed to assess the
relationship between the duration of prepartum NRTI exposure and the number of mtDNA
sequence variants in the treatment group of newborns. A P-value < 0.05 was considered
significant.

RESULTS
Maternal NRTI Therapy and HIV-1Status of Infants

Biological samples were collected as part of an observational cohort study [Meng et al.,
2007], in which all HIV-1-infected women were given ARVs to control their viral infection
and reduce MTCT. The current study included 55 infants born to uninfected mothers and 53
infants born to HIV-1-infected mothers who received AZT or AZT-3TC prior to labor and
delivery (Tables II and III). Of the NRTI-treated infants in whom sequence variants were
identified (n = 20/53), three were exposed to AZT only, 12 were exposed to AZT-3TC, and
three were exposed to AZT alone followed by AZT-3TC during the later portion of the
pregnancy (5.9 months or less) (Table III). Two of the HIV-1-infected mothers received
combinations of stavudine (d4T) with AZT or 3TC for different periods of time before
receiving AZT-3TC later in pregnancy.

In considering the sequence variants found in mtDNA of newborns in this study (data
presented below), we wanted to ascertain whether or not maternal health factors (such as age
at delivery, viral load, and CD4 cell count) or fetal health factors (such as gestational age at
delivery and birth weight) had an impact on the occurrence of mutations at polymorphic
sites or novel mutations. A comparison of maternal and fetal demographics in exposed and
unexposed infants is shown in Table II. There was no difference between the age at delivery
for uninfected women and HIV-1-infected women receiving AZT-based therapies. For
HIV-1-infected women, values for plasma HIV-1 RNA, CD4 cell count, and CD4 cell
percent are shown in Table II. There were no differences in gender or mean birth weights in
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unexposed versus NRTI-exposed newborns; however, the mean estimated gestational age of
38.0 ± 0.2 (SD) weeks in infants born to NRTI-treated HIV-1-infected mothers was
significantly reduced by 1.1 weeks compared to infants born to uninfected mothers. Infant
HIV-1 status was evaluated using HIV PCR tests on two or more separate occasions after 1
month of age and infection was excluded based on the presence of at least two negative HIV
PCR tests. With the exception of one infant, all infants born to HIV-1-infected mothers had
two or more negative HIV PCR tests between 1 and 6 months of age and were confirmed
uninfected (Tables II and III). Infant # B218 received prepartum AZT alone, but was HIV-1
positive by HIV PCR tests at 1, 3, and 5 months of age, and was excluded from statistical
analyses for the treatment group (Table III). History of drug use, and drug use during
pregnancy, was reported for both HIV-1-infected and uninfected mothers. For maternal drug
use, there were no differences between exposed infants and unexposed control infants as
well as between exposed infants who had mtDNA sequence variants and exposed infants
who did not have any detectable mtDNA sequence changes. The same observation was
made for maternal cigarette smoking before and during pregnancy, in which no difference
was seen between NRTI-exposed infants and unexposed control infants and also between
exposed infants with mtDNA sequence variants versus those without detectable variants.
Thus, results of these statistical analyses indicate that neither maternal/fetal factors nor
potential confounders accounted for differences in the numbers and types of sequence
variants found in NRTI-exposed compared to unexposed infants.

DGGE and Sequence Analysis of mtDNA from Unexposed and NRTI-Exposed Infants
DNA isolates from umbilical cord tissue, where vascular endothelium and smooth muscle
cells are the major source of DNA (see Discussion), were examined by vertical DGGE for
sequence variants in the 22 tRNA genes and flanking regions. Table III lists the location and
type of individual sequence variants and the degree of heteroplasmy for each variant found
in unexposed and NRTI-exposed infants. Table III also shows data for the gender, ethnicity/
race, and prepartum NRTI treatment and duration for each child with an identified mtDNA
change. Heteroduplex or mutant homoduplex bands representing presumptive sequence
variants were identified using PCR primer sets 13, 14, and 18 for amplification of DNA
from unexposed infants, and primer sets 13, 14, 15, 17, and 18 for amplification of DNA
from infants who received prepartum AZT-based prophylaxis. Table IV shows the
distribution of each distinct sequence variant found in unexposed and/or NRTI-exposed
newborns. Table V summarizes the mtDNA changes identified in unexposed and NRTI-
exposed infants, and provides additional information for each distinct mtDNA sequence
variant including the amino acid change, whether the variant was novel or occurred at a
polymorphic site, any reported evidence of pathogenicity, and the numbers of unexposed
and exposed newborns with a particular sequence change.

Among unexposed newborns, eight changes were identified in 7 of 55 (13%) infants (Tables
III and IV). The six distinct sequence variants found in unexposed controls included four
transitions, a 9-base deletion, and a single-base deletion (Tables IV and V). Each of these
sequence changes occurred at a polymorphic site, confirming that the DGGE assay had
sufficient sensitivity to detect polymorphisms previously identified in populations of
humans [Saxena et al., 2006; Ruiz-Pesini et al., 2007].

The numbers of sequence variants in uninfected infants receiving prepartum NRTIs were
significantly elevated compared with unexposed newborns (P < 0.001, Chi-Square test; P =
0.02, Mann-Whitney test), with 19 of 52 (37%) NRTI-exposed infants having one or more
different mtDNA changes for a total of 24 sequence variants (Tables III and IV). The
number of NRTI-exposed infants with sequence variants was threefold higher than the
number of unexposed infants with sequence variants (P < 0.001). In addition, there was a
threefold increase in the average number of changes per subject in exposed infants (0.46/
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subject) compared with controls (0.15/subject). Only one of the unexposed control infants
had more than one sequence variant, while five of the NRTI-exposed infants had two
mtDNA changes (Table III). Infants receiving prepartum NRTIs generally had an increase in
the number of sequence variants at polymorphic sites (10 distinct variants), plus novel
mutations (four distinct variants) not found in unexposed controls. Most sequence variants in
coding regions of exposed infant mtDNA [i.e., 13/17 (76%) coding region variants] occurred
at positions that resulted in an amino acid change (referred to as a nonsynonymous change),
while only 1 of 5 (20%) coding region variants in unexposed controls was nonsynonymous
(Table V). In contrast, the numbers of synonymous changes in the two groups were similar
(four synonymous transitions in each group). The distinct variants in NRTI-exposed infants
included 11 transitions (two novel), one novel transversion, a 9-base deletion, and one novel
multibase insertion. While the numbers of sequence variants found in NRTI-exposed
newborns were significantly greater than those in unexposed infants, there was not a
significant correlation between the duration of maternal AZT-based therapies and the
numbers of mtDNA changes in their newborn children (R = 0.10, linear regression).

Mutant Fraction and Pathogenicity of Identified mtDNA Sequence Variants
The estimated mutant fraction, or proportion of mutant DNA to wild-type DNA, was
assessed qualitatively based on the banding patterns of the DGGE gels, and was considered
to reflect the degree of heteroplasmy. The last column of Table III shows these data. Among
the sequence variants found in unexposed or AZT-exposed newborns, 30/32 (94%) mtDNA
changes were identified first by the occurrence of mutant homoduplexes (with or without the
presence of mutant/wild-type heteroduplexes and/or wild-type homoduplexes) on primary
DGGE gels. In unex-posed infants, 7/8 (88%) of the sequence variants were identified on
primary DGGE gels by the presence of only mutant homoduplexes. These homoduplexes
were identifiable because they had a different migration pattern than the wild-type
homoduplexes for mtDNA of samples from children with no alterations in corresponding
PCR fragments. Therefore, the sequence changes were likely homoplasmic and maternally
inherited polymorphisms [Saxena et al., 2006]. In contrast, only 8/19 (42%) of the sequence
variants occurring at polymorphic sites in a nearly equal number of AZT-exposed children
(n = 52 vs. 55 unexposed controls) appeared to be homoplasmic. Notably, the mutant
fractions for the two sequence variants found in increased numbers in exposed infants (9-
base deletion at base 8271 in four exposed subjects vs. one unexposed newborn; A10398C
transition in five exposed subjects vs. none in unexposed controls) ranged from low to high
(see Table III, footnote “e”), suggesting a treatment-related increase in sequence changes at
these polymorphic sites. Only one of the novel mutations found in exposed infants appeared
to approach homoplasmy (A8374G transition in PID # 333). In contrast, a moderate degree
of heteroplasmy was estimated for the other three previously unreported mutations occurring
in three different exposed subjects (PID #s 231, 234, and 606).

Sequence changes in tRNA genes were of particular interest since they are responsible for
more than half of all known mitochondrial pathogenic mutations despite the fact that they
comprise only 10% of the human mitochondrial genome [Kondrashov, 2005], while
mutations in flanking regions examined have a lower probability of being pathogenic [Ruiz-
Pesini et al., 2007]. Using published reports (see Table V and footnotes for column 4) and
criteria for estimating pathogenicity of tRNA gene mutations [McFarland et al., 2004;
Kondrashov, 2005], the 17 distinct sequence variants identified in the current study were
classified as including four with pathogenic characteristics, nine with no evidence of
pathogenicity, and four with unknown effects on mitochondrial function (Table V). Of the
11 polymorphisms identified in this study, three occurred in tRNA genes of two infants
exposed to AZT-based therapies (T10454C in PID # 371 and A15924G in PID # 606) and in
one unexposed infant (base 15940, -T deletion in infant # B310). To estimate the effect of
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the tRNA gene mutations upon their secondary structure, the location of sequence change(s)
were identified in schematic cloverleaf structures for each mutated tRNA molecule [Helm et
al., 2000] and individual variants were considered to have pathogenic characteristics if one
or more criteria of McFarland et al. [2004] were met (Fig. 2). T10454C transitions found in
two exposed infants occurred in the T-loop of tRNAArg, but this sequence change likely has
little consequence because of the small size of the loop (three bases) (Fig. 2A). Likewise, the
single-base deletion of thymidine occurring at base 15940 in the T-loop of tRNAThr in one
unexposed infant is unlikely to be pathogenic based upon the small size of the loop. This
deletion is presumed to occur at the first base in a series of five thymidine nucleotides (bases
15940–15944) because deletion of any of the other thymidines would occur in the T-loop
stem, causing a shift in bases with multiple mispairings in the T-loop stem and amino acid
acceptor stem, and would have pathogenic consequences. The A15924G transition identified
in one exposed infant was located in the anticodon stem of tRNAThr (Fig. 2B, criteria 1 and
2) and disrupted Watson-Crick base pairing (Fig. 2B, criterion 3), characteristic of ~73% of
pathogenic mutations [McFarland et al., 2004]. Three groups have connected the G variant
with respiratory enzyme deficiency, mitochondrial myopathy, and cardiomyopathy [Ozawa
et al., 1991; Yoon et al., 1991; Brown et al., 1992; Rupert et al., 2004].

Among the remaining mtDNA mutations found in regions flanking tRNA genes, the
A10398G polymorphism found in five exposed infants (PID #s 356, 371, 701, 702, 703) was
previously identified by Brandon et al. [2006] as a tumor-specific somatic mtDNA mutation
in a thyroid tumor, and is thought to play a functional role in neoplastic transformation. The
10398G variant in the ND3 subunit of complex I (Table V) also has been found to be
associated with an increased risk for breast cancer in European-American women [Bai et al.,
2007], with the A variant causing a significant increased risk of invasive breast cancer in
African-American women [Canter et al., 2005]. The two novel multibase insertions found in
NADH dehydrogenase subunit 3 and cytochrome b of exposed children (Table III) are
miscoding lesions of sufficient size that diminution of protein function would be reasonably
expected.

The mtDNA isolate from infant # B218, who received prepartum AZT but was HIV-
infected, had two sequence variants at polymorphic sites including one (i.e., A10398G) seen
in several AZT-exposed uninfected infants and one (i.e., T10454C) not observed in any
other children in the study (Table III). Both base substitutions were homoplasmic,
suggesting that these variants were maternally inherited polymorphisms and unrelated to
potential HIV-infection at birth.

Analysis of mtDNA Changes in TK6 Cells Exposed In Vitro to AZTand/or 3TC
An experiment was designed to determine, in part, if TK6 cells could be used as a model for
distinguishing the nature of mtDNA sequence variants associated with exposure to AZT or
3TC alone versus these NRTIs combined. The DGGE technique described herein, and
successfully used to identify mtDNA sequence variants in control and AZT-3TC exposed
infants, was not able to detect sequence variants in mtDNA from aliquots of TK6 cells
exposed in vitro to 0 or 100 lM AZT, 3TC or AZT-3TC for up to 14 rounds of replication
(~10 days). In contrast, exposure of TK6 cells to 10 μM AZT-3TC (equivalent to peak
plasma levels in humans) for up to 30 days produced highly significant accumulation and
increases in the frequencies of somatic mutations in nuclear genes [Torres et al., 2007]. The
effects of treatment of TK6 cells with 100 μM AZT, 3TC, or AZT-3TC, versus vehicle-
treated cells, on cell replication and cell survival are described elsewhere [Torres et al.,
2007]. In brief, cell replication rates and levels of cell survival in each of the drug exposure
groups were significantly decreased compared to vehicle-exposed cells. These combined
findings suggest that TK6 cells serve as a good model for investigating NRTI-induced
cytotoxicity and nuclear gene mutations, but do not appear to be an appropriate cell culture
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system for detecting and characterizing mtDNA sequence variants associated with in vitro
exposure to NRTIs.

DISCUSSION
The primary reason for conducting this study was to discover whether AZT-based HIV-1
prophylaxis was significantly associated with the induction of mtDNA mutations in
uninfected infants born to HIV-1-infected mothers. Answers to this question were obtained
in a stepwise fashion. First, we determined that a previously reported horizontal DGGE
method [Michikawa et al., 1997] could be adapted to a vertical DGGE procedure for
comprehensive, rapid, and sensitive detection of rare to common mutations/polymorphisms
occurring in the tRNA genes and flanking regions of the human mitochondrial genome.
Second, analysis of umbilical cord tissue using vertical DGGE revealed modest numbers of
mainly synonymous polymorphisms in unexposed newborns compared to increased levels of
nonsynonymous sequence variants at both polymorphic and novel sites in AZT-exposed
infants. Third, estimates of the mutant fractions for each mtDNA change showed a range in
the degree of heteroplasmy among sequence variants from AZT-exposed infants versus
mostly homoplasmic polymorphisms in unexposed controls. Last, classification of the
sequence variants based upon reports in the literature or the nature of the mutations
suggested that several mtDNA changes were potentially pathogenic.

Umbilical cord tissue was selected for analysis because it is accessible and isolated
mitochondria originate primarily from energy-demanding endothelium and smooth muscle
cells of the umbilical vein and two umbilical arteries. The remaining structural elements of
the umbilical cord are arranged to support these blood vessels crucial to the developing
fetus. Very few mitochondria occur in the enveloping amnion epithelial cell layer and
mucous connective tissue called Wharton's jelly, that consists of relatively few stellate cells,
collagen fibers, and abundant extracellular matrix of various glycosaminoglycans and
cavernous spaces that contribute to the elasticity of the umbilical cord [Takechi et al., 1993;
Eyden et al., 1994; Sexton et al., 1996; Sobolewski et al., 1997]. Thus, mtDNA alterations
found in umbilical cord tissue may reflect events occurring in vascular cells throughout the
body.

DGGE or related techniques, such as denaturing HPLC or temporal temperature gradient gel
electrophoresis (TTGE), have significant advantages over other methods used for mtDNA
mutation detection in that it permits the simultaneous detection of more than one mutation
occurring in an amplified region of DNA, it can detect several types of mutations including
any base substitution, frame-shift, or small deletion/insertion, and it can provide limited
information about the mutant fraction for a mtDNA sequence variant [Myers et al., 1985;
Lerman et al., 1987; Walker and Skopek, 1993; Michikawa et al., 1997]. Other methods,
including Southern blotting, long-extension PCR, single-stranded conformation
polymorphism (SSCP), PCR-restriction fragment length polymorphism analysis, and solid-
phase mini-sequencing, using PCR with allele-specific oligonucleotides, are limited in the
scope of mutations that can be identified using a single approach [Kajander et al., 1999;
Boles et al., 2003]. The current study used DGGE to screen for sequence variants in ~21%
of the mitochondrial genome of umbilical cord tissue from AZT-exposed versus healthy
unexposed infants. As discussed below, however, two research groups have previously
employed sensitive methods for genome-wide analysis of small-scale mtDNA mutations in
PBMCs of NRTI-treated HIV-1-infected adult patients.

McComsey et al. [2002] investigated the molecular mechanisms of NRTI-associated
mitochondrial dysfunction by, in part, using TTGE and DNA-sequencing analysis to screen
for mtDNA sequence variants in PBMCs from 10 NRTI-treated HIV-1-infected patients,
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four ARV-naïve HIV-1-infected individuals, and 10 healthy adult controls. More than 20
different base substitutions (including changes at polymorphic sites and novel mutations)
were found in NRTI-naïve and NRTI-treated patients; most of these sequence variants
denoted benign homoplasmic polymorphisms. The authors suggested that NRTI-induced
mutations are tissue-specific or that NRTIs may unmask pre-existing mtDNA variations in
HIV-1 disease and promote clinical mitochondrial dysfunction. A follow-up study was
conducted to assess the utility of serial blood samples in characterizing the relationships
between HIV-1 infection, NRTI therapies, acquisition of mtDNA mutations, and clinical
mitochondrial toxicity [McComsey et al., 2005]. The study population included NRTI-
treated HIV-1-infected adults (n = 54), ARV-naïve HIV-1-infected patients (n = 33), and
healthy adult controls (n = 48) followed for up to 52-months. The report only included
mtDNA mutation data for the two HIV-1-infected patients who showed detectable
differences in TTGE banding patterns over time in serial blood samples. Both patients (one
drug-naïve subject given d4T plus emtricitabine and one drug-experienced patient receiving
AZT-3TC) had one or more sequence variants that were heteroplasmic in the first blood
specimen but homoplasmic after months of NRTI treatment, suggesting a dynamic process
where NRTI therapy appears associated with acquisition, segregation, and expansion of
these mtDNA changes. The authors believed that NRTI-treated patients might have
additional variants at a low level of heteroplasmy undetectable by their analytical methods.

Martin et al. [2003] used SSCP and DNA-sequencing analysis to investigate the impact of
NRTI therapy on the development, frequency, and nature of mtDNA mutations in PBMCs
prior to (T1 samples) and after 6–77 months of treatment (T2 samples). Their study
population consisted of 16 drug-naïve HIV-1-infected patients who were placed on NRTI
treatment and a reference group of 10 drug-naïve, untreated HIV-1-infected subjects [Martin
et al., 2003]. Based upon T1 and T2 samples from these 26 patients, five NRTI-treated
subjects incurred increased numbers of novel heteroplasmic mutations over time. Four of
five patients with mtDNA mutations developed evidence of peripheral fat wasting
(lipoathrophy) between blood sample intervals (P = 0.031), suggestive of a pathogenic
potential for NRTI-related mtDNA mutations. There also was a trend toward more
nonsynonymous base substitutions in T2 samples than T1 samples, with the numbers of
synonymous substitutions being similar in the before and after NRTI-treatment samples. The
authors concluded that NRTI therapy provides conditions permissive for the emergence over
time of “random” mtDNA mutations; however, they could not cite evidence for positive
selection of pre-existing non-wild-type sequences.

The finding of seemingly “random” mtDNA mutations in earlier studies of HIV-1-infected
adults may be partly a consequence of the variety of NRTI treatment protocols used. In the
reports of McComsey et al. [2002, 2005], ARV-experienced HIV-1-infected patients, as a
group, received more than a dozen different triple-drug therapies including one or two
NRTIs. In the work of Martin et al. [2003], NRTI-treated patients were given one of three
different NRTI drug combinations, including d4T-3TC (n = 10), AZT-3TC (n = 3), or d4T-
didanosine (n = 3) [with sequence variants detected in 3, 1, and 1 subject(s) in their
respective groups]. In these earlier studies, the finding of mutations formed in a “random”
fashion would be highly likely in that different individual NRTIs, or pairs of NRTIs, should
not cause the same specific mtDNA mutations. Rather, individual NRTIs, or combinations
of NRTIs, possess different mutagenic potencies and specificities in human lymphoblastoid
cells [Carter et al., 2007]. Therefore, it is not surprising to find no overlap in the sequence
variants occurring in AZT-3TC exposed newborns in the current work (Table III) versus
those detected in earlier studies of NRTI-treated HIV-1-infected adults. It is also noteworthy
that adults have slower rates of cell replication than developing fetuses, possibly leading to
the finding of greater numbers of sequence variants at birth. These dissimilarities in
sequence variants found in PBMCs versus umbilical cord tissue of NRTI-exposed subjects
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are unlikely due to tissue-specific differences because preliminary data from our group
suggests that AZT-exposed newborns have similar mtDNA mutations in umbilical cord
tissue (current study) and cord blood lymphocytes (unpublished data). On the other hand, the
finding of two AZT-3TC exposed infants with the same novel mtDNA mutation (Table III,
PID #s 231 and 234) is suggestive of targeted chemical mutagenesis at a potential
mutational hot spot.

In our study, we cannot establish whether the increased detection of sequence changes at
two polymorphic sites in AZT-exposed infants (i.e., 9-base deletion at nucleotide 8271 and
A10398G transition, Table V) resulted from the unmasking of silent sequence variants or
chemical induction of mutations at predisposed sites in mtDNA. However, given that the 9-
base pair deletion at nucleotide 8271 is typically a polymorphism associated with Asian,
North American Indian, and Polynesian populations [Hertzberg et al., 1989; Harihara et al.,
1992; Lorenz and Smith, 1994], or isolated cases in European or Latin populations [Torroni
et al., 1995], the occurrence of this deletion in one Hispanic unexposed infant versus four
Hispanic AZT-exposed infants (Table IV) raises the question as to whether these variants
are rare preexisting polymorphisms that have been unmasked or are caused by NRTI
treatment.

Among the NRTIs used as ARVs, AZT has clearly been shown to be genotoxic in standard
in vitro and in vivo assays [IARC, 2000; Walker and Poirier, 2007; Wogan, 2007], and
mounting evidence suggests that it also triggers mitochondrial damage and mutation [Poirier
et al., 2004; Walker et al., 2004; Kohler and Lewis, 2007]. In infants receiving prepartum
AZT-3TC, a significant increase in the frequency of HPRT reporter gene mutations was
driven by an increase in transversion mutations [O'Neill et al. 2001]. Likewise, mutations
found in the K-ras and p53 cancer genes of lung neoplasms from mice exposed
transplacentally to AZT were predominantly transversions [Hong et al., 2007]. In contrast,
11/12 heteroplasmic base substitutions observed in AZT-3TC exposed infants in the current
study involved transition mutations, leaving open the question of the mechanism(s) leading
to the formation of these mtDNA mutations. Lim and Copeland [2001] have shown that
AZT-monophosphate (at clinically relevant levels) inhibits the exonuclease activity of DNA
pol γ, contributing to an increase in spontaneous mutations which are preferentially
transitions. These authors further found that AZT-related mitochondrial toxicity in vivo may
result, in part, from moderately efficient incorporation and very inefficient removal of AZT
from mtDNA, yielding an increase in mutations. AZT has also been shown to inhibit TK2,
the mitochondrial targeted thymidine kinase, which could cause a decrease or alteration in
the dNTP precursor pools needed for mtDNA replication [Lynx and McKee, 2006; Susan-
Resiga et al., 2007]. Imbalanced mitochondrial dNTP pools have been shown to alter the
fidelity of DNA pol γ [Song et al., 2005]. Other mechanisms underlying the toxicities of
AZT have been proposed, but additional work is needed to gain a better understanding of the
mutagenic modes of action of AZT and their long-term consequences.

For ethical reasons, the current study did not include a treatment-control group of drug-naïve
infants born to untreated HIV-1-infected mothers to assess the mutagenic potential of the
fetal environment in the presence of maternal HIV-1 infection. In the United States, women
are routinely treated with ARVs upon diagnosis of HIV-1 infection, making it problematic
to address the degree to which fetal responses to “HIV-1 exposure,” in the absence of
maternal ARV treatment, contributes to perinatal toxicities and long-term health risks in the
offspring [Poirier et al., 2003, 2004; Funk et al., 2007]. Consequently, there is limited
evidence that fetal responses and/or “HIV-1 exposure” damage mitochondria of fetal cells/
tissues, perhaps increasing the risk for mtDNA mutations. In collaboration with the Womens
and Infants Transmission Study (WITS), Poirier et al. [2003] found significant mtDNA
depletion in leukocytes of uninfected infants born to HIV-1-infected mothers who received
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no treatment, with this depletion being further increased in infants of mothers receiving AZT
during pregnancy. These findings suggest that factors related to maternal HIV-1 infection
can affect the integrity of mitochondria and possibly play an undefined role in the
perturbations in genetic markers observed in uninfected children. In the future, it is
important to test the hypothesis that fetal environment in the face of maternal HIV-1
infection and absence of NRTI treatment has mutagenic potential leading to changes in
nDNA and mtDNA that may be preventable in uninfected infants [Funk et al., 2007].

The findings related to clinical mitochondrial dysfunction in uninfected children receiving
perinatal NRTIs have been the subject of considerable debate as illustrated by the recent
opinion piece [Blanche et al., 2006] and editorial response [Spector and Saitoh, 2006]
published in the journal AIDS. Interim reports of cord blood leukocyte mtDNA depletion
and umbilical cord mitochondrial morphological damage and depletion indicated that most
clinically asymptomatic infants exposed to NRTIs in utero do have molecular evidence of
mitochondrial compromise in the absence of clinical manifestations of mitochondrial disease
[Benhammou et al., 2007]. In the current study, the discovery of increases in mtDNA
sequence variants in umbilical cord tissue of uninfected newborns receiving prepartum
AZT-3TC is troublesome because umbilical vessel endothelium and smooth muscle cells are
the predominant source of mtDNA, and the same cell types occur throughout the body
including mitochondrial-rich tissues such as the heart. Initial reports of Lipshultz et al.
[2000, 2002] suggested that perinatal exposure to AZT monotherapy was not associated with
cardiac abnormalities in uninfected children. More recent preliminary findings in children
receiving multiple ARV drug therapies suggest different risks. The 2- to 3-year follow-up of
larger numbers of HIV-1-uninfected ARV-exposed infants suggest that these children have
significantly less ventricular mass and wall thickness compared to HIV-1-uninfected
children who were not exposed in utero to ARV-based therapy. These differences appear to
persist for 2–3 years after birth, mandating long-term cardiac outcome studies [Lipshultz,
2008; Lipshultz et al., 2005, 2006]. As NRTI-exposed children age, long-term studies also
are needed to delineate the expression and clinical consequences of multiple induced
mtDNA mutations compared to single pathogenic mutations arising from maternal
inheritance. Foster and Lyall [2008] argue that the cumulative NRTI-associated toxicities
are becoming progressively apparent in the clinic, and, in an era of expanding treatment
options, understanding and minimizing toxicities becomes a possibility.
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Abbreviations

3TC lamivudine or 2′,3′-dideoxy-3′-thiacytidine

ARV antiretroviral

AZT zidovudine or 3′-azido-2′,3′-dideoxythymidine

d4T stavudine

DGGE denaturing gradient gel electrophoresis
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EM electron microscopy

MTCT mother-to-child transmission

mtDNA mitochondrial DNA

nDNA nuclear DNA

NRTIs nucleoside reverse transcriptase inhibitors

OXPHOS oxidative phosphorylation enzyme activity

PBMCs peripheral blood mononuclear cells

pol γ DNA polymerase gamma

SSCP single-stranded conformation polymorphism

TTGE temporal temperature gradient gel electrophoresis
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Fig. 1.
Map positions of human mtDNA segments amplified by PCR for sequence variations in the
tRNA genes. Thirteen segments of human mtDNA (Table I) were selected to screen all
tRNA-coding regions using the Primo Melt 3.4 computer program.
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Fig. 2.
Schematic representations of cloverleaf structures for mitochondrial tRNAArg (A) and
tRNAThr (B) showing the location of each mutation (shown in bold) in umbilical cord tissue
from two infants receiving prepartum AZT-3TC for prophylaxis of HIV-1 (PID #s 371 and
606) and one unexposed infant (PID # 310). D-loop, dihydrouridine loop; T-loop, TCC loop.
Criteria used for assessing pathogenicity are those described by McFarland et al. [2004]: (1)
the mutation occurs in a stem structure, (2) the mutation occurs in an acceptor or anticodon
stem structure, (3) the mutation disrupts Watson-Crick base pairing, (4) the mutation
disrupts GC base pairing, (5) the mutation, if in a loop, is in a loop of unusual size or affects
tertiary folding. The A15924G transition meets criteria 1–3, while the T10454C transition
and single-base deletion at base 15940 occur in small T-loops and fail to meet criterion 5.
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TABLE II

Maternal and Fetal Demographics

Uninfected mothers (n = 55) HIV-1 infected mothers (n = 53)

Maternal factors

    Ethnicity/Race

        American Indian 0 1

        Black, not Hispanic 9 15

        Hispanic/Latino 23 29

        White (not Hispanic) 19 5

        Not known 4 3

    Age at delivery (years; mean ± SD) 27.2 ± 1.1 28.3 ± 0.7

    Plasma HIV-1 RNA (log10 copies/ml; range) Not tested 50–172,000a

    CD4 cell count (×106 cells/l; range) Not tested 15–850a

    CD4 cell % (range) Not tested 1–48a

Fetal factors

    Gender

        Female 30 26

        Male 25 27

    Birth weight (g; mean ± SD) 3265.8 ± 74.5 3098.6 ± 84.1

    Gestational age at delivery (weeks; mean ± SD) 39.1 ± 0.3 38.0 ± 0.2

    HIV-1 status Not tested Negative for 52/53 infantsb

a
Values represent the range across HIV-1 infected mothers.

b
For all 52 infants included in the analyses, at least two negative HIV-1 PCR tests were obtained on separate occasions after the age of 1 month.
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