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The mitochondrial genome encodes 13 essential subunits of the respiratory chain and has remark-
able genetics based on uniparental inheritance. Within human populations, the mitochondrial
genome has a high rate of sequence divergence with multiple polymorphic variants and thus has
played a major role in examining the evolutionary history of our species. In recent years it has also
become apparent that pathogenic mitochondrial DNA (mtDNA) mutations play an important role
in neurological and other diseases. Patients harbor many different mtDNA mutations, some of which
are mtDNA mutations, some of which are inherited, but others that seem to be sporadic. It has also
been suggested that mtDNA mutations play a role in aging and cancer, but the evidence for a
causative role in these conditions is less clear. The accumulated data would suggest, however, that
mtDNA mutations occur on a frequent basis. In this article we describe a new phenomenon: the accu-
mulation of mtDNA mutations in human colonic crypt stem cells that result in a significant bio-
chemical defect in their progeny. These studies have important consequences not only for under-
standing of the finding of mtDNA mutations in aging tissues and tumors, but also for determining
the frequency of mtDNA mutations within a cell.

J. Clin. Invest. 112:1351-1360 (2003). doi: 10.1172/JCI200319435.

Introduction

Mitochondria are essential intracellular organelles
required for oxidative phosphorylation. One of the
unique aspects of mitochondpria is the dual genetic con-
trol of mitochondrial biosynthesis. Mitochondria con-
tain their own genome, mitochondrial DNA (mtDNA),
which is a small (16.5 kb), self-replicating DNA mole-
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cule present in multiple copies in the mitochondrial
matrix. This genome encodes 13 essential proteins of
the mitochondrial respiratory chain as well as 2 ribo-
somal RNA (rRNA) and 22 transfer RNA (tRNA) genes
required for intramitochondrial synthesis of proteins.
All the other mitochondrial proteins are nuclear encod-
ed and transported into the mitochondria. Inherited
abnormalities of the mitochondrial genome are now
increasingly recognized as important causes of disease
(1). These mutations can affect all copies of the mito-
chondrial genome within a cell — termed homoplasmy
— or there may be a mixture of mutated and wild-type
genomes in the same cell — heteroplasmy (2). Since
mitochondria contain multiple mtDNA copies and
cells may contain hundreds or thousands of mito-
chondria, in the presence of heteroplasmy high levels
of mutated mtDNA usually must be present within an
individual cell before a defect of oxidative phosphory-
lation is apparent (3).

In addition to inherited mtDNA mutations, sporadic
mtDNA mutations causing disease are common, and it
has been noted for some time that mtDNA mutations
occur with aging in postmitotic tissues (4-7). Both
these events suggest that mtDNA mutation is a fairly
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frequent event, a view supported by the high sequence
divergence within the human population. It is suspect-
ed that the high mutation rate is due to an environ-
ment in which there is a high production of free radi-
cals by the respiratory chain, compounded by limited
repair of this genome compared with nuclear DNA.
Even if mutations occur at high frequency, the mecha-
nism by which these mutations accumulate to high lev-
els in individual cells remains uncertain, but mathe-
matical models would favor clonal expansion by
random genetic drift (8, 9).

Previous work on somatic mtDNA mutations has con-
centrated on the observations in postmitotic tissues,
such as muscle and the CNS, since these tissues are pre-
dominantly involved in patients with mtDNA disease.
Even in these tissues, systematic studies of the nature
and incidence of mutations is limited. A small number
of reports cite the accumulation of mtDNA mutations
in replicative cells (6, 10). An important question in mito-
chondrial genetics is whether there is evidence of
mtDNA mutations in stem cells, and if so, do these
mutations accumulate to levels sufficient to result in a
biochemical defect. If so, this could have profound impli-
cations for our understanding of the potential impor-
tance of these mutations in aging and cancer. To investi-
gate the existence of mtDNA mutations in stem cells, we
decided to study colonic crypt stem cells. Colonic crypt
stem cells are present at the crypt base, and thus all the
cells within the crypt must be derived from these stem
cells. Thus, we would not have to isolate individual stem
cells to look for mtDNA mutations, but could in theory
study their progeny. While there is uncertainty about the
number of stem cells within human colonic crypts, stud-
ies in mice suggest that crypts are maintained by small
numbers of stem cells (11). For example, in chimeric
mouse strains a single crypt often shows evidence of
clonality in adult mice, suggesting that the majority of
cells within an individual crypt are the progeny of a sin-
gle stem cell (12). Studies in humans are much more dif-
ficult because strategies that directly mark cell fates, such
as aggregation chimeras and mutagenesis, are impracti-
cal in humans (13); however, current evidence would sup-
port that the situation is similar to mice.

Methods

Patients and colonic samples. Colons were collected from
16 patients with no family history of colon cancer (age
range: 50-80 years) undergoing resection for colonic
tumors. Each sample of normal colonic mucosa was
collected at a distance of at least 12 cm from the edge
of the tumor. We also obtained colonoscopy biopsies
from 12 individuals undergoing investigation of
altered bowel function in which no pathology was
found (age range: 36-78 years).

Histochemistry. Colon samples were mounted for sec-
tioning and frozen in isopentane previously cooled to
-160°C in liquid nitrogen. Standard H&E histology
was performed on 12-pm sections. A dual histochemi-
cal assay was used to determine the respiratory activity

of the crypts. Cryostat sections (12 plm) were first incu-
bated in cytochrome ¢ oxidase medium (100 UM
cytochrome ¢, 4 mM diaminobenzidine tetrahydro-
chloride, and 20 pg/ml catalase in 0.2 M phosphate
buffer, pH 7.0) at 37°C for 50 minutes. Sections were
then washed in PBS (3 X 5 minutes) and incubated in
succinate dehydrogenase (SDH) medium (130 mM
sodium succinate, 200 UM phenazine methosulphate,
1 mM sodium azide, 1.5 mM nitroblue tetrazolium in
0.2 M phosphate buffer, pH 7.0) at 37°C for 40 min-
utes. Sections were washed in PBS, pH 7.4 (3 X 5 min-
utes), dehydrated in a graded ethanol series (70%, 95%,
2 % 100%), cleared in Histoclear (National Diagnostics,
Atlanta, Georgia, USA), and mounted in DPX (BDH
Laboratory Supplies, Poole, United Kingdom).

The percentage of cytochrome ¢ oxidase-deficient
crypts was calculated from transverse sections counted
at several different levels, and approximately 100 crypts
were evaluated at each level. Only crypts that were more
than 50% cytochrome ¢ oxidase deficient were included.

Immunocytochemistry. Immunocytochemistry was per-
formed on 10-pUm cryostat sections air-dried at room
temperature for 1 hour. The sections were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer for 10
minutes, followed by rinsing in distilled water and then
PBS containing 0.1% Triton X-100 for 10 minutes. The
sections were further permeabilized in a graded (70%,
95%, 100% vol/vol) methanol series over a period of 1
hour. Endogenous peroxidase activity was quenched at
this stage by the addition of hydrogen peroxide (0.3%
vol/vol) to the 95% (vol/vol) methanol. The sections
were rinsed in PBS, then incubated with anti-
cytochrome ¢ oxidase subunit Ab (anti-subunit I, 2
Mg/ml, anti-subunit II and IV, 5 pg/ml; Molecular
Probes Inc., Eugene, Oregon, USA) diluted in 4% BSA
in PBS for 1 hour at room temperature. Following
three washes in PBS, the sections were incubated with
a peroxidase-conjugated Ab (rabbit anti-mouse Ig’s, 50
Mg/ml; DAKO Ltd., Ely, United Kingdom) for 1 hour at
room temperature. Following washing in PBS, peroxi-
dase activity was detected by incubating in 1.4 mM
3,3'-diaminobenzadine tetrahydrochloride and 0.01%
(vol/vol) hydrogen peroxide in 0.1 M phosphate buffer,
pH 7.4, for 5 minutes at room temperature.

Three-dimensional reconstruction of colonic crypts. Three-
dimensional reconstruction of crypts was performed
using KS300 3D software (Imaging Associates Ltd.,
Thame, United Kingdom) on digital images of 59 seri-
al sections (8 im) reacted for cytochrome ¢ oxidase and
SDH histochemistry.

Isolation of total DNA from individual and partial crypts.
Fresh frozen sections (20 {m) of colon were mounted
on polyethylenenaphthalate slides (Leica Microsystems
UK Ltd., Milton Keynes, United Kingdom). Samples
were subjected to dual histochemistry as described
above and air-dried after dehydration. Single and par-
tial crypts were cut into sterile 0.5-ml PCR tubes using
a Leica laser microdissection system. Following cen-
trifugation (7,000 g for 10 minutes), the crypt was lysed
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in 10 pl of cell lysis buffer (50 mM Tris-HCI, pH 8.5,
1 mM EDTA, 0.5% Tween-20, 200 ng/ml proteinase K)
at 55°C for 2 hours and then 95°C for 10 minutes to
denature the proteinase K.

Real-time PCR analysis of mtDNA. A quantitative real-
time PCR approach employing fluorogenic probes was
used to quantify the amount of mtDNA in two differ-
ent regions of the mitochondrial genome, one that is
rarely deleted in patients and aging (NDI gene) and
one that is frequently deleted (ND4 gene). PCR primers
and fluorogenic probes (Applied Biosystems, War-
rington, United Kingdom) for regions of NDI (forward
primer, L3485-3504; reverse primer, H3553-3532;
probe, L3506-3529), and ND4 (forward primer,
L12087-12109; reverse primer, H12170-12140; probe,
L12111-12138) were synthesized, and 5 pl of DNA
lysate from a single crypt was amplified separately
with each of the ND1 and ND4 primer/probe combi-
nations as described previously (14).

Sequencing of mtDNA from individual colonic crypts. The
entire sequence of the mitochondrial genome from
microdissected crypts was determined using the single-
cell lysate (see above) as the DNA template and a two-
stage amplification protocol essentially as described
previously (15). The primary PCR reactions involved
amplification of the mitochondrial genome in 11 frag-
ments of approximately 2 kb using a series of overlap-
ping primer pairs. These initial large PCR reaction
products decrease the risk of amplifying pseudogenes
when extracting DNA from small quantities of DNA
(16). All PCR amplifications were performed in a 50 pl
volume containing 1x PCR buffer (10 mM Tris-HCl,
pH 8.3, 1.5 mM MgCl,, 50 mM KCl, 0.001% wt/vol gel-
atin), 0.2 mM dNTPs, 0.6 UM primers, 1 U AmpliTaq
Gold DNA polymerase (Applied Biosystems), and 1 pl
single-cell lysate. Reaction conditions were 94°C for 12
minutes and 38 cycles of 94°C for 1 minute, 60°C for
1 minute, and 72°C for 2 minutes. The final extension
was for 8 minutes.

The secondary PCR reactions involved amplification
of the primary PCR products with 28 primer pairs
specifically to generate overlapping fragments of
between 600-700 bp that span the entire sequence of
the human mitochondrial genome (15). To facilitate
the direct sequencing of PCR-amplified products, all
primer pairs are tagged with M13 sequence and
designed to anneal optimally at 58°C. All reactions
proceeded for 30 cycles and used 2 pl of primary reac-
tion product as DNA template. Samples were subse-
quently purified to remove unincorporated primers
and were directly sequenced using BigDye terminator
cycle-sequencing chemistries (Applied Biosystems) on
an ABI 377 automated DNA sequencer. The sequences
obtained were compared with the revised Cambridge
reference sequence using Sequence Navigator and Fac-
tura software (Applied Biosystems).

Individual mutations were confirmed in all instances
by repeating the second-round PCR and resequencing
the product. For some products, the mutation was con-

firmed by restriction fragment-length polymorphism
analysis using restriction enzymes that specifically rec-
ognized the mutation. Finally, to ensure mutations
were not introduced during PCR, we microdissected
two separate segments of the same cytochrome ¢ oxi-
dase-deficient crypt. Sequencing of the entire mito-
chondrial genome from both partial crypts revealed
not only the presence of an identical mtDNA mutation,
but no other detectable sequence changes.

Results

Respiratory chain deficiency in colonic crypts and crypt stem
cells. Cells deficient in cytochrome ¢ oxidase but with
normal SDH activity are excellent biomarkers of
mtDNA defects (17). We wished to determine if such
cells were present in colonic epithelium and prepared
frozen sections of normal colonic epithelium. The
mucosal anatomy was preserved with our procedure for
collection and mounting of sections, as shown by the
crypt morphology using H&E (Figure 1, a and b). Some
crypts from every patient we examined were cyto-
chrome ¢ oxidase deficient (Figure 1, c-h). To ensure
that our techniques were completely specific, we per-
formed control experiments on colonic epithelium
using specific inhibitors of mitochondrial enzyme
activity (sodium azide for cytochrome ¢ oxidase and
sodium malonate for SDH) (Figure 1, i-1). These exper-
iments confirm that the reaction is specific and that
our observations reflect a genuine decrease in
cytochrome ¢ oxidase activity. We found that these
cytochrome ¢ oxidase-deficient crypts were distributed
throughout the colon because we examined samples
obtained from both right and left hemicolectomy.

In addition to detecting whole crypts showing cyto-
chrome ¢ oxidase deficiency, we observed crypts show-
ing a deficiency of this enzyme in only part of the crypt.
To investigate the phenomenon of partial cytochrome
c oxidase deficiency further, we serially sectioned (8 um)
colonic mucosa transversely and performed 3D recon-
struction of the crypts following dual cytochrome ¢ oxi-
dase/SDH histochemistry (Figure 2a). In these crypts
there is a ribbon of cytochrome ¢ oxidase-deficient cells
within an otherwise normal crypt that is entirely com-
patible with the view that there are multiple stem cells
in some crypts and that what we are observing reflects
involvement of one stem cell and its progeny.

We also studied the expression of cytochrome ¢ oxi-
dase subunits I (Figure 2b) and II (both mtDNA encod-
ed) and subunit IV (nuclear encoded) (Figure 2¢) in
nine patients. In all patients there was an absence of
immunoreactivity against subunits I (Figure 2b) and II
in cytochrome ¢ oxidase-deficient crypts. Immuno-
reactivity against subunit IV was reduced in all cyto-
chrome ¢ oxidase-deficient crypts (Figure 2c), but not
decreased to the level seen with subunits I and II.

Mitochondrial genome analysis. To establish if the
cytochrome ¢ oxidase deficiency, observed in the colonic
crypts was due to mtDNA mutations we identified indi-
vidual crypts on longitudinal sections and isolated the
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crypt by laser microdissection. We searched for dele-
tions of the major arc of the mitochondrial genome by
real-time PCR and for point mutations of mtDNA by
sequencing using techniques that have been modified
to enable the investigation of single cells (14, 15).

Our studies have focused on five patients (age range
69-75 years; cytochrome ¢ oxidase deficient crypts
2.8-27.9%). Using real-time PCR to screen for mtDNA
deletions, we failed to detect any mtDNA deletions in
either 40 cytochrome ¢ oxidase-positive or 40
cytochrome ¢ oxidase-deficient crypts. From each
patient we then completely sequenced eight cytochrome
¢ oxidase-deficient crypts and four cytochrome ¢ oxi-
dase-positive crypts. For each crypt we compared the
sequence to the revised Cambridge reference sequence
(18) and the sequence obtained from the other crypts

from that patient. We detected numerous mtDNA
point mutations in the crypts from these patients in
both the heteroplasmic and homoplasmic state (Table
1). In some crypts, we detected only a single mtDNA
point mutation, while in others there were multiple
mutations (up to four per crypt). Mutations were seen
in the cytochrome ¢ oxidase-normal crypts as well as the
deficient crypts. In the cytochrome ¢ oxidase-normal
crypts, the mutations seen are neutral polymorphisms
or mutations that are not predicted to disrupt
cytochrome ¢ oxidase deficiency. Such changes include
(i) pathogenic mutations (e.g., G15084A; ref. 19) involv-
ing genes encoding structural subunits of other respi-
ratory chain complexes (I and III); (ii) mutations that
occur at sites unlikely to induce an enzyme defect (e.g.,
G9985A affects subunit IIT of cytochrome ¢ oxidase but

Figure 1

Respiratory chain deficiency in normal human colonic mucosa. (a) H&E preparations showing normal mucosal structure. Scale bar: 100
pm. (b) Higher magnification of a, showing normal crypt structure. Scale bar: 50 pum. (c) Normal cytochrome ¢ oxidase activity (brown) in
colonic crypts following dual cytochrome ¢ oxidase and succinate dehydrogenase histochemistry. Scale bar: 100 um. (d) Absence of histo-
chemically detectable cytochrome ¢ oxidase activity in colonic crypts (blue). Note delineation of crypt territories at the luminal surface. Scale
bar: 100 pm. (e) Single cytochrome c oxidase-deficient colonic crypt. Scale bar: 100 pum. (f) Higher magnification of e, showing crypt base.
Scale bar: 20 um. (g) Presence of multiple, adjacent cytochrome c oxidase-deficient crypts. Scale bar: 100 pm. (h) Transverse section show-
ing a similar cluster of cytochrome ¢ oxidase-deficient crypts. Scale bar: 100 um. The specificity of the dual cytochrome ¢ oxidase and suc-
cinate dehydrogenase histochemical assay was established. (i) Colonic mucosa incubated in standard cytochrome ¢ oxidase medium. (j)
Colonic mucosa incubated as i, but in the presence of 2.5 mM sodium azide, a specific inhibitor of cytochrome ¢ oxidase. (k) Colonic mucosa
incubated in standard succinate dehydrogenase medium. (I) Colonic mucosa incubated as k, but in the presence of 50 mM sodium mal-
onate, a competitive inhibitor of succinate dehydrogenase. Scale bars: 100 um (i-k).
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Figure 2

Partial respiratory chain deficiency in some
crypts and immunocytochemistry of cyto-
chrome ¢ oxidase deficiency. (a) Recon-
structed images were produced from 59
transverse sections (8 m) covering the full
thickness of the colonic lamina propria.
Representative images of the sections react-
ed for cytochrome ¢ oxidase and succinate
dehydrogenase are shown in the panel on
the extreme right, with the reconstructed
crypt arrowed. Scale bar: 50 Um. The posi-
tion of each image corresponds to the
approximate position in the adjacent recon-
structed images. The images of the recon-
structed colonic crypt are each rotated
clockwise through 45°C to show a contin-
uous ribbon of cytochrome ¢ oxidase-defi-
cient cells originating at the crypt base.
(b-d) Representative serial transverse sec-
tions of colonic crypts showing immuno-
reactivity of cytochrome ¢ oxidase subunit |
(b), immunoreactivity of cytochrome ¢ oxi-
dase subunit IV (c), and dual cytochrome ¢
oxidase/succinate dehydrogenase histo-
chemistry (d). Scale bar: 50 um (b-d).

alters the penultimate amino acid of this subunit); and
(iii) mutations that are present at levels of heteroplasmy
that are unlikely to affect mitochondrial protein syn-
thesis (e.g., T10020C within the tRNA% gene).

In contrast, in the cytochrome ¢ oxidase-deficient
crypts we detected pathogenic mutations, many involv-
ing the cytochrome ¢ oxidase subunits. For example one
of the mutations (C9537ins) in COIII (Figure 3b) has
been reported previously to be pathogenic (20). In anoth-
er cytochrome ¢ oxidase-deficient crypt from a different
patient we also detected a single nucleotide deletion in
this same short, poly-C tract (C9537del) that induces a
stop codon (Figure 3c). Other mutations include
frameshift mutations, stop mutations, or highly con-
served amino acid changes within the CO genes (Table
1). In some of the crypts in which we did not detect
mutations involving the cytochrome ¢ oxidase subunits,
we detected high levels of heteroplasmy or even homo-
plasmic mutations of tRNA or rRNA genes (Table 1).

The majority of mutations we detected were transi-
tions involving G residues. This is similar to the obser-

vation made by Polyak et al. (21) when they performed
mtDNA sequencing of human colonic tumors and
probably results from G residues being the preferred
target for oxidative damage. This would certainly be
compatible with the concept that the mutations are
acquired and secondary to the reactive oxygen species
generated in the mitochondria (22).

Finally, patient 5 harbored two heteroplasmic muta-
tions (G9025A and G9612A) that were present in sev-
eral crypts (both cytochrome ¢ oxidase positive and
deficient). These mutations segregated together with
levels varying from 0% to 100% within different crypts.
It is likely that these are inherited mutations that are
segregating through random drift, similar to a recent
mouse model of mtDNA heteroplasmy (23).

Mathematical modeling of mtDNA mutation and replication
in stem cells. Our observation of mtDNA mutations in
individual crypts raises questions as to the mechanism
by which these mutations develop in the stem cells. Con-
sequently, we developed a computer model of mtDNA
replication and segregation in human colonic crypt stem
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Table 1

Mitochondrial DNA sequence analysis of human colonic crypts

Patient
1(75yr)

2 (76yr)

3(71yr)

5(70yr)

Crypt
1+
2+
1-
2-
2-
2-

Mutation

G15084A
G6852A
G8154A
G7090A
G7775A

C12390ins
G9774A
A11100G
G2815A
G564A
G7065A
G586A
G1097A
G8572A
T879C
G4788A

G9985A
T10020C
T2275C
T4399C
G5140A
G3094A
T5892C
G7013A
G9544A
C9537del
T4550C
T5892C
A16183del
G3014A
C15540ins
G2643C
G2916A
A6698del

T10591C
G1289C
G7053A
G8557A
G9489A
C309del
C9537ins
C16111T
C375ins
T7901C
G943A
T6937C
G4446A
G9543A
G9921A
C14920T
G9544A
G1586A

C309ins
G1831A
A4986G
G5164A
T11770C
G14963A
G15756A

Gene
agtb
col
coll
col
coll
ND5

colll

ND4

16S rRNA
D-loop
col
tRNAPhe
125 rRNA
ATPase 6
12S rRNA
ND2

colll
tRNASY
16S rRNA
ERNAGH
ND2
165 rRNA
noncoding
col
coil
coll
ND2
noncoding
D-loop
165 rRNA
otb
16S rRNA
165 rRNA
col

ND4L
125 rRNA
col
ATPase 6
coln
D-loop
coln
D-loop
D-loop
coil
125 rRNA
col
tRNAMet
coln
coll
agtb
COolll
125 rRNA
D-loop
125 rRNA
ND2
ND2
ND4
otb
agtb

Mutation status

heteroplasmic (60%)
heteroplasmic (60%)
homoplasmic
homoplasmic
heteroplasmic (70%)
heteroplasmic (90%)
homoplasmic
heteroplasmic (30%)
heteroplasmic (60%)
heteroplasmic (80%)
homoplasmic
heteroplasmic (50%)
homoplasmic
homoplasmic
heteroplasmic (50%
heteroplasmic (40%

)
)
heteroplasmic (70%)
heteroplasmic (60%)
heteroplasmic (40%)
homoplasmic
homoplasmic
heteroplasmic (40%)
homoplasmic
heteroplasmic (50%)
homoplasmic
homoplasmic
homoplasmic
homoplasmic
homoplasmic
homoplasmic
heteroplasmic (30%)
heteroplasmic (90%)
heteroplasmic (50%)
homoplasmic

homoplasmic
homoplasmic
homoplasmic
homoplasmic
homoplasmic
heteroplasmic (50%)
homoplasmic
homoplasmic
homoplasmic
homoplasmic
homoplasmic
homoplasmic
heteroplasmic (60%)
heteroplasmic (80%)
heteroplasmic (70%)
heteroplasmic (70%)
homoplasmic
heteroplasmic (60%

)
heteroplasmic (60%)
heteroplasmic (30%)
heteroplasmic (40%)
heteroplasmic (30%)
heteroplasmic (30%)
heteroplasmic (60%)
heteroplasmic (40%)

AA change

Trp-TER
Gly-Ser
Gly-Glu
Trp-TER
Val-lle
frameshift
Asp-Asn
Glu-Gly

Ala-Thr

Gly-TER
Gly-Glu

Ser-Asn

silent
Gly-Glu
frameshift
silent

frameshift

frameshift
Phe-Ser

Gly-TER
Ala-Thr
Ala-Thr

frameshift

Trp-Arg
Ile-Thr

Gly-TER
Ala-Thr
silent

Gly-Glu

Thr-Ala
Arg-His
silent
Val-Met
Trp-TER

Site conservation

highly conserved
highly conserved
highly conserved
highly conserved
poorly conserved
moderately conserved
highly conserved
highly conserved
highly conserved

moderately conserved
highly conserved

moderately conserved
highly conserved
highly conserved
highly conserved

highly conserved
highly conserved
poorly conserved
highly conserved
moderately conserved

highly conserved
highly conserved
highly conserved
poorly conserved

highly conserved
invariant
highly conserved
highly conserved
highly conserved

highly conserved
poorly conserved
invariant
poorly conserved
poorly conserved

highly conserved

highly conserved
highly conserved
moderately conserved
highly conserved
highly conserved
moderately conserved
moderately conserved
highly conserved
highly conserved

moderately conserved
highly conserved
poorly conserved
poorly conserved
highly conserved
highly conserved

Database

not seen
Haplogroup H
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
Haplogroup H, T
not seen
not seen

not seen
not seen
not seen
not seen
not seen
not seen
not seen
Haplogroup H, C
not seen
not seen
not seen
not seen
polymorphism
not seen
not seen
not seen
not seen
not seen

not seen
not seen
not seen
Haplogroup A, H, |, ]
not seen
polymorphism
not seen
polymorphism
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
not seen
polymorphism
not seen
not seen
not seen
not seen
not seen
not seen

Individual crypts were microdissected and the sequence of the entire mitochondrial genome determined using a two-step amplification strategy (15).
For five patients (patients 1-5), we microdissected eight cytochrome ¢ oxidase-deficient (1- to 8-) and four cytochrome ¢ oxidase-normal colonic crypts
(1+ to 4+). The mutations shown represent sequence variants in these individual crypts that were not observed in other crypts from that patient. No
mutations were detected in the 12 crypts sequenced from patient 4 (71 years old). Patient 1 had an average of 4.4% cytochrome ¢ oxidase-deficient
crypts; patient 2, 8.9%; patient 3, 2.8%; patient 4, 9.67%; patient 5, 27.9%. All changes were confirmed by resequencing in either the forward or reverse
direction. Levels of mtDNA heteroplasmy are based upon the relative proportion of each genotype shown on the sequencing chromatogram. For muta-
tions affecting mitochondrial structural genes, evolutionary conservation of the affected AA was assessed using the PIR-International Protein Sequence
Database (46). Conservation of individual tRNA mutations and rRNA motifs were checked using a mammalian tRNA database (http://mamit-
tRNA.u.strasbg.fr/) and BLAST searches (http://www.ncbi.nlm.nih.gov/Entrez). All sequence variants were further checked using MITOMAP (47) and
in a database of 754 human mtDNA coding sequences to assess whether changes were present as polymorphisms in the general population (48). A list
of the mtDNA polymorphisms observed in each of the 12 crypts for the five patients is available (49). Abbreviations for the amino acid residues are as
follows: Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartate; Glu, glutamate; Gly, glycine; His, histidine; Ile, isoleucine; Met, methionine; Phe,
phenylalanine; Ser, serine; Thr, threonine; Trp, tryptophan; Val, valine. TER represents termination codon.
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Figure 3
Examples of frameshift mutations within cytochrome ¢ oxidase structural genes associated

Through simple probability argu-
ments the theoretical curves are
given by Py = (1 - P)E, Py = PoEP/(1 -
P), P, = (1/2)Py(E - 1)P/(1 - P) and
P.,=1-Py-P; - P,. With these sim-
ple parameters we saw the accumu-
lation of colonic crypt cells con-
taining high levels of mutant
mtDNA through random genetic
drift due to the random partition-
ing of mitochondrial genotypes

with cytochrome ¢ oxidase deficiency. (a) Sequencing electropherogram detailing a region
of COIll containing a short, poly-C tract of six residues (nucleotides 9532-9537) amplified
from a cytochrome ¢ oxidase positive-reacting colonic crypt. (b) Sequencing of this region
in an alternative cytochrome ¢ oxidase-deficient crypt revealed a homoplasmic single
nucleotide insertion (C9537ins). The frameshift induced by this insertion creates a prema-
ture stop codon predicting the synthesis of a truncated cytochrome ¢ oxidase subunit IlI
polypeptide of 110 amino acids and as such is likely to be the cause of the enzyme defect
(20). (c) In another cytochrome ¢ oxidase-deficient colonic crypt, we identified a single C
nucleotide deletion within this poly-C tract (C9537del) present at near homoplasmic levels.
Similar to the C9537ins mutation, this change also leads to the premature truncation of the
cytochrome ¢ oxidase Ill subunit, resulting in cytochrome c oxidase deficiency. Abbreviations
for the amino acid residues are as follows: Asn, asparagine; GIn, glutamine; Gly, glycine; lle,
isoleucine; Leu, leucine; Pro, proline; Thr, threonine. Ter represents termination codon.

during cell division (Figure 4a). The
number of cells containing homo-
plasmic or near-homoplasmic
mutants was dependent upon the
chosen mutation rate.

By giving each new mtDNA
mutation a specific label, we were
able to study the number of differ-
ent mtDNA mutations within
each simulated stem cell. Previous
work has shown that our single-
cell sequencing techniques detect
levels of heteroplasmy of more
than 30% for the lesser species (15). We therefore meas-
ured the number of different mtDNA mutations at
more than 30% within each colonic crypt stem cell at
age 80 years over a range of different mutation rates
(Figure 4b). At lower mutation rates (10-° mutations per
genome per day) we saw only single clonally expanded
mutations in a small percentage (<10%) of cells and a
high proportion of stem cells containing only wild-type
mtDNA. By contrast, at a higher mutation rate (2 x 10~
mutations per genome per day) the vast majority (>95%)

cells based upon experimentally derived parameters (9,
24-26). We studied the effects of a continuous somatic
mutation rate on the mtDNA population within 1,000
simulated stem cells over an 80-year period. The simula-
tion results are well described by simple probability func-
tions. If mutations occur at a rate R per day per genome,
then in a total cellular population size of N genomes the
number of mutation events (E) that occur by time ¢ is
E = RNt. The probability (P) of a new mutation under-
going a clonal expansion by random drift is P = 1/N.
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Figure 4

Mathematical modeling of mitochondrial DNA mutation and replication in colonic crypt stem cells. Simulated cells contained approximately
10,000 mtDNA and divided every 24 hours. Each symbol is the result of 300 (at high mutation rates) to 3,000 (at low mutation rates) inde-
pendent simulations. (a) The percentage of simulated crypt stem cells containing detectable (>30%) mutant mtDNA during a human lifes-
pan. Each curve corresponds to a different mutation rate indicated on the figure. The model predicts that the random partitioning of mito-
chondrial genomes during crypt cell division will cause random genetic drift and lead to the clonal expansion of somatic mtDNA mutations
during human life. (b) The percentage of simulated crypt stem cells containing a detectable amount of mtDNA mutations as a function of
the mtDNA mutation rate (circles, no mutations, > 30%; triangles, one mutation, >30%; inverted triangles, two mutations, >30%; asterisk,
three or more mutations. The curves represent the theoretical simple probability functions). The model predicts that the mutation rate must
be approximately 5 X 10-> per genome per day in order to simultaneously generate crypt stem cells that contain no mutations, and some
that have two or more detectable mutations, at age 80 years. Previous simulations demonstrate that the random partitioning of individual
genomes during stem cell division will cause random genetic drift and clonal expansion of somatic mtDNA mutations, and the speed of the
random drift is dependent upon the frequency of the crypt stem cell divisions. Changing the rate of stem cell division to once per 48 hours
did not alter the simulation results.
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ase where 0 represents no association and 1 is a perfect fit.

of stem cells contained three or more clonally expand-
ed mutant species, and very few contained only wild-
type mtDNA. Only at intermediate mutation rates
(5 x 10-5 mutations per genome per day) did we see both
single clonally expanded mtDNA mutations and mul-
tiple clonally expanded species affecting 10-30% of the
simulated crypt stem cells and a similar number of cells
containing only wild-type mtDNA. This has important
implications for our understanding of somatic mtDNA
mutation. Our data provide the first estimate of the
somatic mtDNA mutation rate in humans in vivo of
approximately 5 X 10-5 mutations per genome per day,
corresponding to a rate of 1.10 mutations per site per
million years. This is strikingly similar to the pedigree-
derived mtDNA substitution rates (27) that are consis-
tently higher than mutation rates derived from phylo-
genetic analysis (28). Moreover, the rate we have derived
from the study of colonic crypts is similar to the rate
measured for mtDNA (2 X 10-8 mutations per site per
cell division) in cultured cells in vitro (29) and substan-
tially greater than that of nuclear DNA (6 X 10! muta-
tions per site per cell division).

Discussion

We hypothesized that mtDNA mutations may accumu-
late in stem cells in view of a high mutation rate in the
mitochondrial genome and the possibility of accumula-
tion of these mutations by a combination of relaxed
replication and random segregation between daughter
cells. Our investigations concentrated on colonic crypt
stem cells because the progeny of these stem cells can be
clearly identified and thus detecting the mutations and
the resulting biochemical deficiency would be easier
than for many other stem cells. Our investigations show

that these stem cells do indeed accumulate mtDNA
mutations to high levels and if the mutations involve an
important base in either a structural or RNA gene then
they can result in a biochemical defect. We have no rea-
son to believe that these findings will be limited to
colonic crypt stem cells and thus believe that our obser-
vations have implications for other stem cells.

Interestingly, in the cytochrome ¢ oxidase-deficient
crypts we detected predominantly mutations in the pro-
tein-encoding genes, which are very different from the
mutation spectrum we see in patients with mtDNA dis-
ease. In our experience of investigating patients with
inherited mtDNA defects, the number of mutations
involving RNA genes is much greater than the muta-
tions involving structural genes. This may indicate that
the more severe phenotype associated with subunit
mutations is less compatible with transmission through
the germline, an observation in keeping with the rela-
tively rare transmission of mtDNA deletions (30).

In some cytochrome ¢ oxidase-deficient crypts we did
not detect mtDNA point mutations, or, if they were
present, they were likely to be polymorphic variants
rather than pathogenic mutations. This was especially
true of patients 4 and 5, the patients who had the high-
est number of cytochrome ¢ oxidase-deficient crypts.

Table 2
Details of patients studied for the presence of cytochrome ¢ oxi-
dase-deficient crypts

Age (yr) Mean % cytochrome ¢ SD Resection or
oxidase-deficient crypts colonoscopy
36 1.23 1.01 Colonoscopy
36 0.80 0.73 Colonoscopy
38 0.95 0.91 Colonoscopy
38 0.20 0.36 Colonoscopy
45 2.66 1.70 Colonoscopy
50 2.68 1.53 Resection
50 3.76 0.97 Colonoscopy
50 1.14 2.86 Colonoscopy
53 3.40 1.17 Resection
53 0.95 0.80 Colonoscopy
54 4.99 1.34 Colonoscopy
58 0.14 0.26 Resection
58 2.08 0.58 Colonoscopy
60 2.29 1.38 Resection
62 5.40 117 Resection
64 2.25 0.27 Resection
65 1.40 1.07 Resection
67 24.40 5.17 Colonoscopy
704 27.90 3.93 Resection
717 2.80 1.03 Resection
714 9.67 1.50 Resection
74 6.30 5.87 Resection
75 1.70 0.82 Resection
754 4.40 1.07 Resection
75 9.00 2.21 Resection
767 8.90 1.60 Resection
78 217 2.54 Colonoscopy
80 33.90 2.81 Resection

AThe patients in which detailed sequencing studies were performed.
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There are several possibilities to explain the cyto-
chrome ¢ oxidase deficiency in these crypts, including
mtDNA deletions that were not detected by our real-
time assay or multiple mtDNA point mutations pres-
ent below the limit of detection by automated sequenc-
ing. A further possibility would be mutations of
nuclear genes. Our immunocytochemical studies
revealed an absence of cytochrome c oxidase subunits I
and II (encoded by the mitochondrial genome) and
partial deficiency of subunit IV (encoded by the nuclear
genome). There was no difference in the immunocyto-
chemical reactions between those patients with high
levels of mtDNA mutations and those (patient 4 and 5)
in which the mtDNA mutations were not detected.
These results could imply involvement of either the
mitochondrial or nuclear genome. Nuclear gene muta-
tions causing systemic cytochrome ¢ oxidase deficien-
cy are increasingly being recognized and may involve a
nuclear-encoded cytochrome ¢ oxidase structural sub-
unit (although no mutations have been described to
date) (31), a cytochrome ¢ oxidase assembly factor, ora
protein involved in mtDNA maintenance (32-37). If,
indeed, the cytochrome ¢ oxidase deficiency is due to a
nuclear gene defect, it is uncertain as to whether this
involves a single gene or several different genes, with
each deficient crypt due to a new mutation. It is recog-
nized that nuclear gene defects can cause a mosaic pic-
ture of cytochrome ¢ oxidase deficiency and therefore
the involvement of different crypts does not differenti-
ate between the possibilities of a mitochondrial and
nuclear gene involvement (38). We suspect that a
nuclear gene defect causing either mtDNA depletion or
multiple deletions would have been detected by our
real-time assay, which not only detects deletions but
also quantifies mtDNA copy number (14). We failed,
however, to detect any difference in copy number
between cytochrome ¢ oxidase-deficient and cyto-
chrome c oxidase-normal crypts in any of our patients.
Another possibility is that the observation of low
cytochrome ¢ oxidase activity relates to a downregula-
tion of the respiratory chain activity in response to the
colonic tumor. This we think is unlikely because the
cytochrome ¢ oxidase-deficient crypts were also
observed in patients without tumors, and they occur in
the presence of normal SDH activity (Figure 1). Final-
ly, if nuclear genetic defects (or altered regulation) are
the cause of the cytochrome ¢ oxidase deficiency in
patient 4 and 5, what then could be the contribution of
the nuclear genome to the cytochrome ¢ oxidase-defi-
cient crypts in our other patients? At this stage we can
only speculate that we believe that the mtDNA defect
is pathogenic in some crypts, but further studies are
required to determine if the mutations are sufficient
alone to generate the biochemical defect.

What then is the significance of our observations for
mitochondrial genetics and stem cell biology? Our
observations highlight how frequently these mutations
occur and, when present, that they can accumulate to
high levels, sufficient, we believe, to cause a biochemical

defect. The observed mutation load in these stem cells is
high; we sequenced the complete mitochondrial genome
in 60 crypts and detected a total of 59 different mtDNA
point mutations. In addition, there is likely to have been
a significant number of mtDNA mutations present
within these stem cells that were not detected. Auto-
mated fluorescent-sequencing techniques and real-time
PCR will only detect moderate levels of a heteroplasmic
change (>25% and >40%, respectively) (14, 39), and low-
level heteroplasmy would be missed. If a significant
number of stem cells accumulate mutations, it becomes
clear that within an individual there will be a mixture of
mutations, which may influence tissue function.

Our studies have shown that mtDNA mutations accu-
mulate in cytochrome ¢ oxidase-deficient crypts, and
these crypts show an age-related increase in their number
(Figure 5 and Table 2). These studies also represent the
first description of pathogenic mtDNA mutations in
stem cells with human aging. These observations support
arole for mtDNA mutations in the aging process, which
until now has been based mainly on an age-related accu-
mulation of mtDNA mutations in postmitotic cells. Cur-
rent understanding indicates that aging is caused by
accumulation of stochastic molecular and cellular dam-
age (40, 41), and there is evidence from studies in mice
that functional impairment of intestinal stem cells occurs
with age and is associated with an altered DNA damage
response (42). The heterogeneous nature of such sto-
chastic damage at the cellular level makes its detection
more difficult and is fully consistent with the diversity we
have observed. While our observations are in the colon,
we believe they raise important questions about the wider
role of mtDNA mutations in stem cell aging.

Our findings are also relevant to reports of mtDNA
mutations in colon (21) and other forms of cancer (43).
The presence of mtDNA mutations within the colonic
crypt stem cells suggests that the mutations are pres-
ent prior to the development of the colon cancer. Thus,
mtDNA mutations in other cancers suggest that these
mutations might also originate in the stem cells in
these tissues. It is as yet uncertain whether the mtDNA
mutation and its associated biochemical defect are
involved in the development of malignancy. There is a
precedent, however, in that defects of oxidative metab-
olism caused by nuclear mutations may lead to the
development of tumors (44, 45).
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