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ABSTRACT In an unprecedented finding, Davis et al.
[Davis, R. E., Miller, S., Herrnstadt, C., Ghosh, S. S., Fahy, E.,
Shinobu, L. A., Galasko, D., Thal, L. J., Beal, M. F., Howell,
N. & Parker, W. D., Jr. (1997) Proc. Natl. Acad. Sci. USA 94,
4526-4531] used an unusual DNA isolation method to show
that healthy adults harbor a specific population of mutated
mitochondrial cytochrome ¢ oxidase (COX) genes that coexist
with normal mtDNAs. They reported that this heteroplasmic
population was present at a level of 10-15% in the blood of
normal individuals and at a significantly higher level (20-
30%) in patients with sporadic Alzheimer’s disease. We pro-
vide compelling evidence that the DNA isolation method
employed resulted in the coamplification of authentic mtDNA-
encoded COX genes together with highly similar COX-like
sequences embedded in nuclear DNA (“mtDNA pseudo-
genes”). We conclude that the observed heteroplasmy is an
artifact.

Three nuclear genes have been identified as the cause of
Alzheimer’s disease (AD) in families with autosomal dominant
transmission of early-onset disease: presenilin 1, presenilin 2,
and amyloid precursor protein (1-4). The E4 variant of
apolipoprotein E has been associated with increased risk of
familial and sporadic late-onset AD (5).

Mitochondria have also been implicated in the pathogenesis
of AD (6, 7). Mitochondria are unique, because they are under
dual genetic control and contain the oxidative-phosphoryla-
tion enzyme pathway, the major energy producing system of
the cell. The vast majority of mitochondrial proteins are
derived from genes encoded by nuclear DNA (nDNA), but 13
mitochondrial polypeptides, all of which are components of the
oxidative-phosphorylation pathway, are encoded in mtDNA, a
16,569-bp circular molecule (8) that is maternally inherited (9).
Normal individuals typically contain a single mtDNA geno-
type, a condition known as homoplasmy. However, patients
with mitochondrial diseases due to mutations in mtDNA (both
point mutations and large-scale rearrangements) often harbor
two populations of mtDNA, wild-type and mutated, a condi-
tion known as heteroplasmy (10).

Cytochrome ¢ oxidase (COX) is the terminal enzyme of the
respiratory chain. It catalyzes the oxidation of cytochrome c,
reduces oxygen, and translocates protons from the mitochon-
drial matrix. COX is composed of 13 subunits, of which 3
(COXT, 11, and III) are encoded by mtDNA and the remainder
are encoded by nDNA. Deficiencies in COX activity have been
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identified in brain and in platelets of AD patients (11-14), but
the pathogenic significance of these findings is unclear.

Davis et al. (15) identified six heteroplasmic mutations—
three in COX I (G6366A, C6483T, and A7146G; notation of
ref. 8) and three in COX II (C7650T, C7868T, and A8021G),
but none in COX III—in all AD patients and in all controls
studied in a screening of DNA isolated from “platelet-
enriched pellets” subjected to a unique “boiling” method (15).
The COX genes in the “. . . AD cases exhibited statistically
significant increases in mutational burden at each of the six
nucleotide sites relative to age-matched and other controls”
(15). An average of 20-30% mutation was observed in AD
patients, compared with 10-15% in controls.

If true, these findings would have profound implications
regarding the nature of mtDNA maintenance and transmission
in human populations and would have great significance for
the understanding, diagnosis, and treatment of sporadic AD.
We therefore attempted to confirm and to clarify further the
observed mtDNA heteroplasmy in general, and the six COX
mutations in particular.

MATERIALS AND METHODS

Subjects. Venous blood was obtained in vacuum tubes with
EDTA from four patients with AD and four controls similar
in age, gender, and ethnic group, residing in the Washington
Heights-Inwood community of northern Manhattan (New
York City), who had previously participated in a study of
genetic risk factors for AD (16). Patients and their next of kin,
as well as the controls, provided informed consent. The blood
was analyzed blindly in our laboratory.

Cell Culture. We cultured human osteosarcoma-derived cell
lines containing mtDNA (p* cells) and lacking mtDNA (p°
cells) (provided by E. Shoubridge, Montreal Neurological
Institute, Montreal, Canada) as described (17). The absence of
mtDNA in these cells was confirmed by both PCR and
Southern blot analyses (data not shown).

Extraction of DNA. To reproduce the results of Davis and
colleagues (15), we replicated their DNA extraction protocol
essentially as described (15, 18). Two buffy coat pellets were
extracted from each subject’s blood sample. One buffy coat
sample was processed according to the methods of Davis et al.
(15) and Fahy et al. (18). The pellet was resuspended in 0.2 ml
of sterile water and placed in a boiling water bath for 10 min
before placing the sample on ice. The sample was centrifuged
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at 14,000 rpm in a microcentrifuge for 2 min. The supernatant
containing DNA was transferred to a sterile tube.

The second buffy coat sample was used to isolate DNA by
a “standard” method, specifically, proteinase K digestion in
SDS solution followed by phenol/chloroform purification and
ethanol precipitation (19). We also used the standard method
to isolate DNA from the p* and p° cells and from the
post-boiling precipitate, after removing a small aliquot for the
microscopic studies described below. DNA concentrations
were measured by using optical density readings at 260 nm.

PCR Amplifications. We used oligonucleotide PCR primers
with sequences identical to those used by Davis and colleagues
(15). Primers for the nDNA-encoded phosphoglycerate kinase
(PGK) gene were 17F (GGTGTGCAGCCCTGAGTTCT) in
intron 8 and 18B (AGCTAATGCCAAGTGGAGATGC) in
exon 11 (20).

For PCR amplification of patient and control DNA, we used
0.5-1.0 pg of total DNA as template, based on the Aag
measurements of the boiled supernatant, as recommended
(15). For PCR amplification of DNA isolated from the post-
boiling pellet and from p* and p° cell DNA, we used approx-
imately 100 ng of DNA. Each 100-ul PCR contained all four
dNTPs (each at 200 uM), 10 mM Tris'HCI (pH 8.3), 50 mM
KCl, 1.5 mM MgCl,, and 2.5 units of Taqg polymerase (Boeh-
ringer Mannheim). PCR conditions were denaturation at 94°C
for 1 min, annealing at 55°C for 1 min (for COX I) or 60°C for
1 min (for COX II and III), and extension for 72°C for 2 min,
for 25 cycles in a Perkin—Elmer thermocycler 480 (Perkin—
Elmer) and were the same as those used by Davis and
colleagues (15, 18).

DNA Sequence Analysis. The PCR products were gel-
purified from 1% low melting point agarose (Boehringer
Mannheim). The bands were excised and eluted from the gel
by using a QIAquick gel extraction kit (Qiagen, Chatsworth,
CA). Sequence reactions using PCR-amplified COX I and
COX II from p* and p° cell DNA were performed with the
fmol DNA cycle sequencing system (Promega).

Restriction Fragment Length Polymorphism (RFLP) Anal-
ysis. DNA was amplified with the COX II primers with
[@-*?P]dATP added to the last cycle (21). The fragments were
digested with Hpall and electrophoresed through a 12%
nondenaturing polyacrylamide gel. The relative amounts of the
digestion products were quantitated by scanning the vacuum-
dried gel in a phosphorimager (Bio-Rad, model GM363) using
MD-IMAGE QUANT software version 3.22 (Molecular Dynamics).

Southern Blot Hybridization Analysis. We digested 1 pg of
patient total-blood DNA, 40% of the patient buffy-coat DNA
released after 10 min of boiling, and 1 ug of DNA from the
pelleted cell debris obtained after boiling, with Pvull, which
linearizes normal mtDNA by cutting the circular molecule at
one site. DNA was electrophoresed through 0.8% agarose and
blotted onto a nylon membrane (Zetaprobe, Bio-Rad) (19).
Nearly full-length mtDNA (15.6 kb), generated by a long PCR
(22), was used as the template for random primer labeling. We
also hybridized the membrane with a nuclear 18S ribosomal
DNA probe to estimate the relative proportions of mtDNA
and nDNA (23).

Morphological Studies. The pellet obtained after boiling the
buffy coat was resuspended in PBS and treated with Mito-
Tracker CMX ROS (Molecular Probes) at a final concentra-
tion of 0.5 uM. This compound is taken up specifically by
mitochondria and forms a fluorescent conjugate that can be
visualized with a standard rhodamine filter.

RESULTS

PCR Amplifications. We used the methods of Davis et al.
(15) to examine mtDNA heteroplasmy in the COX I, II, and
III gene regions in blood from AD patients and controls. We
also examined DNA from p* and p° osteosarcoma-derived

Proc. Natl. Acad. Sci. USA 94 (1997) 14895

cells, which served as a positive and a negative control,
respectively. We were able to PCR-amplify all three COX gene
regions from patient and control DNA present in supernatants
from boiled buffy-coat cells, albeit in low yields, and from the
p" DNA (Fig. 1). Unexpectedly, we also were able to amplify
PCR fragments from the p° DNA with the COX I and II
primers, although not with the COX III primers (Fig. 1). We
amplified all three COX fragments from DNA extracted from
total blood (data not shown) and, surprisingly, from the
pelleted cell debris as well (Fig. 1).

DNA Sequencing. DNA sequencing of the PCR fragments
amplified with the COX I and COX II primers from the p*
DNA revealed the normal Cambridge mtDNA sequence (8),
except for a single neutral polymorphism in COX I (T6221C).
By contrast, the corresponding amplification products from p°
DNA diverged from the Cambridge sequence at 19 nucleotide
positions in “COX I”” and at 13 nucleotide positions in “COX
II” (Table 1). All six mtDNA mutations identified by Davis and
colleagues (15) in COX I and COX II were present in the p°
DNA PCR products (Table 1).

RFLP Analysis. Two of these mutations, both in “COX II,”
generate Hpall polymorphisms: the A — G transition at
nucleotide 8,021 creates a new Hpall restriction site, and the
G — A transition at nucleotide 8,153 destroys a Hpall site (Fig.
2A4). Digestion of the 901-bp COX II PCR product amplified
from p* cells with Hpall produced DNA fragments that
corresponded to the expected pattern predicted by the Cam-
bridge mtDNA sequence (8), i.e., 631, 232, and 38 bp (Fig. 2B).
Digestion of the 901-bp COX II PCR product amplified from
p° cells with Hpall produced DNA fragments that corre-
sponded to a different pattern, but one that was consistent with
the presence of the A8021G (gain-of-site) and G8153A (loss-
of-site) polymorphisms identified in the sequence analysis
(Table 1), i.e., 537, 270, and 94 bp (Fig. 2B).

Digestion with Hpall of the 0.9-kb COX II PCR products
amplified from the boiled supernatants of the buffy coats from
the blood of four AD patients and four controls revealed two

Subject I  Subject 2

M pt p° P S P S

COX1

L - 1768

1,200 -
800 -
400 -
200 -
COX 11
2,000 -
1,200 -
800 - -901
400 -
200 -
COX III
2,000 -

1.200 -
800 -

- 1005

FiG. 1. PCR amplification of p™ and p°® DNA and of DNA from the
supernatant (S) and the pelleted cell debris (P) after 10 min of boiling
of the buffy coat of an AD patient (subject 1) and a control (subject
2), using primers corresponding to the three COX genes. The pre-
dicted sizes of the PCR products, in bp, are at right. M, DNA Mass
Ladder markers (GIBCO/BRL) with sizes, in bp, at left.
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Table 1. Polymorphisms in p’-derived PCR fragments

COX I coX 11
A5984G G6383A*  (C6935T* C7650T*T G8065A*T
G5985C C6410T* C6938TT T7705C*T C8080T*T
G6023A*T C6483T*T  A7146G*T C7810T* C8140T
C6242T* T6512C C7256T*T C7868T*T G8153A
A6266C*T Co542T*T  G7316AT C7891T* T8167C*T
A6299G C6569A*F G7912A*T  C8203T*T
G6366A*T T6641C A8021G*T

Only unambiguous nucleotide differences found between the “Cam-
bridge” sequence and the sequence of uncloned PCR products am-
plified from total DNA isolated from p° cells are shown. Polymor-
phisms in boldface type were reported by Davis et al. (15).
“Polymorphism is present at the analogous nucleotide position in

chimpanzee mtDNA (Genbank accession no. D38113).
TPolymorphism is present at the analogous nucleotide position in
gorilla mtDNA (Genbank accession no. X93347).

DNA populations, one similar to p*-derived DNA (i.e., normal
mtDNA) and the other similar to p°-derived DNA (i.e.,
consistent with the presence of the A8021G and GS8153A
mutations). Typical results for two of the eight subjects are
shown in Fig. 2B. There were no obvious differences in the
percentage of the mutated mtDNA measured in three patients
(44 = 4%) and three controls (44 = 19%). The Hpall digestion
patterns of the pelleted cell debris from all eight samples were
consistent with normal mtDNA (Fig. 2).

Time Course of Boiling. As noted above, the yield of
amplified PCR product from the three COX genes by using the
DNA obtained after 10 min of boiling was surprisingly low
(Figs. 1 and 3). However, the yield was much greater when the
cells were boiled for at least 20 min (Fig. 34). Moreover, the
DNA released after 20 min revealed a Hpall digestion pattern
more similar to the normal mtDNA pattern than that revealed
after 10 min, and the pattern after 60 min of boiling was
essentially 100% wild type (Fig. 3B).

Morphology. Staining with MitoTracker of the cell debris
collected after 10 min of boiling revealed many positively
stained intact cells (mainly platelets and white cells), indicating
that mitochondria were present in those cells (Fig. 3C).

Southern Blot Analysis. We performed Southern blot anal-
ysis to see whether the presumed reduced amounts of mtDNA
in the boiled supernatant could be quantitated. Total cellular
DNA, DNA released into the supernatant after 10 min of
boiling, and DNA isolated from the pelleted cell debris from
subject 7 were digested with Pvull and electrophoresed
through agarose. The digestion products were transferred to a
nylon membrane and were hybridized first with a nearly
full-length mtDNA probe and then with an nDNA-encoded
18S rDNA probe. There was a much higher amount of
mtDNA, as estimated by the ratio of mtDNA to nDNA (23),
in the pelleted cell debris as compared with the original
amount present in total cellular DNA (Fig. 44). On the other
hand, we were unable to detect any hybridizing species from
the supernatant, even after exposing the blot for long times,
and even after performing the experiment with a 6-fold greater
amount of supernatant (from subject 1; data not shown). The
failure to see a signal in the supernatant lane was not due to
the absence of DNA in the sample, because PCR of the
supernatant produced signals for the mtDNA-encoded COX 11
gene and for the nDNA-encoded phosphoglycerate kinase
gene (Fig. 4B). Thus, these results imply that the supernatant
contained amounts of both mtDNA and nDNA below the level
of detection of the Southern blot analysis (i.e., estimated at
<1% of either mtDNA or nDNA present in the original
cellular DNA), despite digestion of an amount of supernatant-
derived DNA (as measured by A»69) that should have been
equivalent to that in the other samples and that should have
been sufficient to produce detectable bands. The use of A
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FiG. 2. PCR/RFLP analysis of the COX II region. (4) Schematic
of the Hpall digestion pattern of the COX II region amplified from p*-
and p°-derived DNA by using the COX II primers (P1 and P2). The
Hpall sites (interior vertical lines), the location of the two Hpall
polymorphisms, and the predicted sizes of the Hpall-digested frag-
ments, in bp, are shown. (B) Autoradiogram of Hpall-digested 0.9-kb
PCR products of p* and p°® DNA and of total cellular DNA (T), DNA
from the supernatant (S), and DNA from the pelleted cell debris (P)
after 10 min of boiling of the buffy coat from the blood of an AD
patient (subject 7) and a control (subject 8), by using primers corre-
sponding to the COX II gene. Sizes of expected fragments, in bp, are
at right. U, uncut PCR product from p* DNA. Other notations are as
in Fig. 1. The photo is a composite of two exposures of the same gel.

measurements to quantitate DNA in the supernatants may
have been misleading, as the ratio of A to Azgp in these
samples was well above 2.0 (Table 2), implying that the
supernatant contained impurities, such as free nucleotides and
RNA. Thus, using the A,q value alone may have resulted in
overestimating the actual amount of DNA present.

Mixing Experiment. Since the COX II primers recom-
mended by Davis et al. (15) amplify two types of PCR products
from the buffy-coat boiled supernatant, we postulated that the
PCR primers distribute themselves quantitatively on their
target sites in proportion to the amount of mtDNA and nDNA
present. We therefore mixed p* DNA with p® DNA in various
proportions (ranging from 0 to 100% p* DNA) and subjected
each sample to PCR/RFLP analysis, to determine the amount
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A. Standard Method Boiling Method
M. p¥eiptT P 0 10 20° 30" 600 M

B. Standard Method

Boiling Method
M U p* p° T P O 100 20 30) 60 M 200 30 &0

1,200 - - 901
KON - - 631

- 537
400 -

- =270

-232
200 -

-94
100 -

- 38
C. Pellet

Buffy coat

FiG. 3. Time course of boiling. (4) The buffy coat pellet from
subject 1 was resuspended in water, boiled for the indicated times,
amplified with the COX II primers, and electrophoresed through an
agarose gel; equal amounts of PCR product were loaded in each lane.
DNA from p™ and p° cells, and the total cellular DNA (T) and pelleted
buffy-coat DNA after 10 min of boiling (P), all isolated by the standard
method, are also shown. (B) The samples shown in 4 were digested
with Hpall and electrophoresed through a nondenaturing polyacryl-
amide gel. Note the decline of the 270-bp and 94-bp fragments at the
later time points (more clearly visible in the original autoradiogram,
and in the darker exposure of the 20-min, 30-min, and 60-min results
shown in the last three lanes). Other notations are as in Fig. 2. (C)
Micrographs of resuspended cells from the buffy coat prior to boiling
(the cells were clumped and difficult to disaggregate) and of the
resuspended pellet after 10 min of boiling, after staining with Mito-
Tracker. Note the mixed population of lymphocytes (large arrows) and
platelets (small arrows). (X400.)

of p® DNA required to produce the observed heteroplasmy. At
proportions of p* DNA at or below 0.1%, only the p°-type
pattern was observed (Fig. 5), and conversely, at proportions
at or above 10%, only the normal (p*-type) pattern was
observed. However, at proportions of p* DNA between 0.1%
and 10%, we were able to detect heteroplasmy. The hetero-
plasmy was particularly evident when the proportion was about
1% (Fig. 5) and matched closely the heteroplasmic pattern
obtained from the boiled supernatant from subject 1 (Fig. 5).

DISCUSSION

Davis and colleagues (15) identified six mtDNA point muta-
tions in COX genes that “segregate with Alzheimer’s disease”
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F1G. 4. (A) Southern blot hybridization analysis of DNA from
subject 7. Total cellular DNA (Tot.), and the DNA from the super-
natant (Sup.) and the pelleted cell debris (Pel.) after 10 min of boiling
of the buffy coat were digested with Pvull, electrophoresed through
agarose, transferred to a nylon membrane, and hybridized with probes
to reveal mtDNA and 18S rDNA (predicted sizes, in kb, at right). The
blot was overexposed to reveal the nDNA signal in the pellet. (B) PCR
amplification of the samples shown in A4, as well as of DNA from p*
and p° cells, using primers to amplify the mtDNA-encoded COX 11
gene (C) and the nDNA-encoded PGK gene (P). Note the strong
signal for PGK compared with that for COX II in the supernatant
samples. Predicted sizes of the PCR products, in bp, are at right.

and that “... define a unique mtDNA molecule or set of
molecules that coexists with the wild-type mtDNA molecules
in both AD and control cases in blood cells”. They claimed that
“The ratio of this highly mutated molecule relative to the
wild-type mitochondrial genome is elevated significantly in
clinically defined cases of AD but not in age-matched, cogni-
tively normal controls, patients with other neurologic diseases,
or patients with NIDDM” (15). To identify these putative
mtDNA mutations, Davis and colleagues (15) extracted “total
cellular DNA” from “platelet-enriched pellets” that were
resuspended in water and placed in a boiling water bath for 10
minutes; they deemed this to be “a critical step in the isolation
of DNA for our analyses.” They hypothesized (15) that “stan-
dard SDS/proteinase K, phenol/chloroform treatments re-
sulted in the quantitative loss of mutant mitochondrial genes.”

This finding of a significant degree of mtDNA heteroplasmy
(10-30%) in the normal human population is unprecedented.
In fact, based on the the results reported herein, we think that
such heteroplasmy does not exist, in spite of the fact that we
were able to reproduce the qualitative findings of Davis et al.
(15). Rather, we believe that their data are consistent with the
possibility that the “heteroplasmic” population of mtDNAs
was actually derived from an artifactual PCR amplification of
“mtDNA-like” sequences embedded in nDNA (“mtDNA
pseudogenes”). We think that the boiling method preferen-

Table 2. Azs0/A280 measurements

Material Subject 1 Subject 2
Total cellular DNA 1.7 1.8
Supernatant (0-min boil) 1.3 12
Supernatant (10-min boil) 2.4 2.8
Supernatant (20-min boil) 2.4 2.4
Supernatant (30-min boil) 23 22
Supernatant (60-min boil) 2.2 2.0
Pellet after 10-min boil 1.6 1.5

A260/A23() for pJr DNA, 1.7; for po DNA, 1.8.
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FiG. 5. Mixing experiment. DNA from p* and p° cells were mixed
in the indicated proportions [reported as the percentage of p™ DNA
present in the mixture, i.e., p™/(p* + p°) X 100], amplified with the
COX II primers (see agarose gel shown in Inset), and the 901-bp
fragment was digested with Hpall, and electrophoresed through a
nondenaturing polyacrylamide gel. Lane numbers at bottom corre-
spond to those in the Inset. Other notations are as in Fig. 2.

tially releases nDNA relative to mtDNA, thereby enhancing
the ability of PCR to amplify such pseudogenes, resulting in an
erroneous interpretation of mtDNA heteroplasmy.

PCR amplification of DNA isolated from cells completely
devoid of endogenous mtDNA (p° cells) revealed the existence
of nDNA sequences that are highly similar to the mtDNA-
encoded COX I and II subunits and that are almost certainly
nuclear pseudogenes. We deem it significant that the pseudo-
genes that we amplified from p° cell DNA by using the primers
recommended by Davis et al. (15) contained all six nucleotide
changes that were identified by them as AD-associated
mtDNA mutations. Equally significant, our attempts to am-
plify p° cell DNA with the recommended COX III primers
consistently failed to amplify COX III, the one mtDNA-
encoded COX subunit that Davis and colleagues (15) found
not to be associated with mtDNA mutations.

RFLP analysis with Hpall demonstrated the existence of
two populations of COX II genes amplified from the patient
and control DNAs extracted by 10 min of boiling. One
population had a digestion pattern consistent with the normal
Cambridge mtDNA sequence, but the other revealed a pattern
indistinguishable from that obtained from digestion of the
p°-derived COX II pseudogenes. Thus, our results are com-
patible with a pseudoheteroplasmic state due to the simulta-
neous coamplification of both nDNA and mtDNA in all
samples amplified from DNA extracted by the boiling method.

The coamplification of nDNA and mtDNA is likely to be the
result of a poor yield of authentic mtDNA in the 10-min boiling
protocol. Although we used similar amounts of template DNA
(quantitated by A»¢0), the DNA isolated by the boiling method
produced far less PCR product than did the DNA extracted by
the standard method. These results suggest that impurities in
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the DNA isolated by the boiling method interfered with the
DNA quantitation, with the PCR amplification, or both.

In addition to low absolute yields of mtDNA, our results
suggest that boiling the cells for 10 min released a dispropor-
tionately low amount of mtDNA relative to nDNA, because to
produce an artifactual heteroplasmic state of 10-30% “muta-
tion,” the number of nDNA pseudogene copies released by the
boiling method must have been of the same order of magnitude
as the number of released mtDNA molecules. Both the
Southern blot analysis (Fig. 44) and the mixing experiment
(Fig. 5) support these contentions and imply that only about
1% of the total mtDNA was released into the supernatant after
10 min of boiling. Moreover, when we boiled the buffy coats
for greater lengths of time (Fig. 3), we obtained greater yields
of PCR product that, in turn, contained more of the authentic
COX 1II gene (and less of the pseudo-COX II genes), again
suggesting that 10 minutes of boiling were insufficient to lyse
the mitochondria or to release significant quantities of
mtDNA. In agreement with this concept, staining with Mito-
Tracker of the cell debris pellet, normally discarded after
boiling, revealed an abundance of positively staining cells,
implying that significant numbers of mitochondria survived the
10-min boiling protocol, and PCR/RFLP analysis of the DNA
isolated from this debris demonstrated that it contained almost
exclusively wild-type mtDNA. The presence of relatively high
levels of mtDNA in the pellet could thus account for the
relative paucity of mtDNA molecules present in the superna-
tant.

The presence of mtDNA-like sequences in the human
nuclear genome has been well documented (24, 25). From
screening of human cDNA libraries, Fukuda and colleagues
(26) estimated that hundreds of mtDNA-like fragments are
present in the human nuclear genome. nDNA fragments
similar to portions of the COX I and COX III genes have been
sequenced (25, 27), including a HeLa genomic library clone
that was highly similar to the COX I gene [92.3% between
nucleotides 6,553 and 7,302 (27)] and that contained not only
the A7146G change identified by Davis and colleagues as an
AD-associated mtDNA mutation (15), but also three of the
other five polymorphisms (C6569A, C6935T, and C7256T)
identified by us in this region (Table 1).

The vast majority of mtDNA pseudogenes found in nDNA
today probably entered the nucleus prior to the mammalian
radiation, with only a minority arising after the relatively
recent divergence of hominids from other primates. However,
the most easily recognizable pseudogenes (and, not coinciden-
tally, the sequences that can be most easily amplified by PCR)
are those that entered the nuclear genome most recently in
evolution. Not unexpectedly, when we sequenced PCR-
amplified human COX-like fragments from human p°® DNA,
we, like Davis et al. (15), noticed a striking similarity to
nonhuman primate mtDNAs. In fact, 25 of the 32 COX
polymorphisms listed in Table 1, including all six of the
“AD-associated mutations,” are present in authentic mtDNA
from chimpanzees, gorillas, or both. It was therefore surprising
that Davis et al. (15) asserted that these six mutations are
associated with COX deficiency, especially in light of the fact
that human cells containing exclusively chimp or gorilla mtD-
NAs (28) had normal COX biochemical activity (A. Barrientos
and C. T. Moraes, personal communication).

There is other, admittedly indirect, support for our conten-
tion that the COX I- and COX II-like PCR products identified
by Davis et al. (15) are pseudogenes: there is no evidence that
these sequences are transcribed into mRNA. Specifically, a
BLAST search (29) of the Expressed Sequence Tag database
(dbest) for cDNA sequences corresponding to the COX I and
COX II mRNAs failed to identify a single cDNA (of 197 COX
I- and COX II-positive “hits” examined in cDNAs synthesized
from 15 independent libraries) containing any of the six
putative AD-associated mutations.
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In summary, we have identified nucleus-embedded human
pseudogenes of the mtDNA-encoded COX I and II genes that
contain all six of the purported AD-associated mutations
reported by Davis and colleagues (15). We have presented
evidence that the boiling method used by Davis and colleagues
(15) releases nDNA preferentially and believe that this artifact
led them to misidentify nucleus-embedded pseudogenes as
authentic heteroplasmic mtDNA mutations.

We cannot exclude the possibility that AD patients may have
mitochondria that are more resistant to lysis by boiling or,
conversely, that AD nuclei are more susceptible to lysis by
boiling. This might account for the higher proportion of the
“mutations” in AD compared with control samples found by
Davis and colleagues (15); nevertheless, because the “muta-
tions” originate from nuclear pseudogenes, they are unlikely to
be of functional significance.
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