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Abstract
AIM: To investigate whether deficiency of expression 

of cytochrome c  oxidase I (CcOI) in colonic crypts is 
associated with colon cancer.

METHODS: The pattern and level of expression of 
CcOI in non-neoplastic colonic crypts, and in dysplas-
tic tissues, was assessed using standard immunohis-
tochemical methods. Biopsies were obtained from 
individuals undergoing colonoscopies for screening 
purposes or for a medically indicated reason. Tissue 
samples were also obtained from surgical colonic re-
sections. Samples from resections were taken from 
colonic mucosa 1 and 10 cm from tumors and from the 
tumors themselves. Samples were evaluated for fre-
quency of crypts with reduced or absent expression of 
CcOI. In most crypts the loss was apparent throughout 
the entire crypt, while in a small minority the loss was 
segmental. The strong immunoreactivity using this 
monoclonal antibody makes the scoring unambigu-
ous. The percent of crypts with reduced or absent 
expression of CcOI or (infrequent) segmented loss of 
expression was then calculated. Data analyses were 
performed using SPSS statistical package 17.0. 

RESULTS: The average frequency of CcOI deficient 
crypts (CcOI-DC) is low in individuals between 20 and 
39 years of age, with 0.48% ± 0.40% CcOI-DC for 
women and 1.80% ± 0.35% for men. CcOI-DC in-
creases after age 40 years, so that between the ages 
of 40 and 44 years the average frequency of CcOI-
DC goes up to 5.89% ± 0.84% in women and 2.15% 
± 1.27% in men. By 80-84 years of age, the average 
frequency of CcOI-DC goes up in women to 15.77% ± 
0.97% and in men to 22.6% ± 0.65%. The increases 
in CcOI-DC from ages 40-44 years compared to 80-84 
years in women and men are significantly different 
with P  < 0.01. For women over age 60 years, defi-
ciency of CcOI expression is greater in those women 
who have had a cancer in their colon. The frequency 
of CcOI-DC, measured in men, increased in tissues ad-
jacent to colon cancer, being 4.03% ± 0.27% in indi-
viduals free of neoplasia in the age range 55-64 years 
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and 14.13% ± 0.35% in resected histologically normal 
tissue of men with cancer in the same age range, P 
< 0.001. Similar significant differences were noted in 
older age ranges. The frequency of CcOI-DC crypts 
in the cecum and sigmoid colon of an individual are 
significantly correlated, with an R 2 = 0.414 for women 
and R 2 = 0.528 for men, P < 0.001. This suggests that 
the factors determining the level of CcOI deficiency 
act throughout the colon. Most defective crypts are 
in clusters of two or more, a likely consequence of 
crypt fission. In the non-neoplastic margins of can-
cers, crypts are frequently deficient for CcOI, and such 
crypts may appear in large clusters, some containing 
more than 100 deficient crypts. CcOI deficiency is also 
apparent in colon cancers and sometimes involves 
a large section of the tumor. Overall, CcOI deficient 
cells can be visualized in segments of crypts, in whole 
crypts that increase in frequency with age, in crypts 
undergoing fission, in clusters of crypts where the clus-
ters increase in size with age, in increased frequency 
near tumors, in large clusters in the intimate margins 
of tumors, and in the tumors themselves. There is no 
clear dividing line between early stages that can be 
considered aspects of aging and later stages that can 
be considered aspects of the progression to cancer. 
This ambiguity may reflect a rather general situation 
leading to adult cancer where the early stages of cel-
lular change appear to be relatively innocuous features 
of the aging process but over decades may evolve into 
malignancy.

CONCLUSION: CcOI deficient crypts increase in fre-
quency with age, and clusters of deficient crypts are 
associated with, and may give rise to, colon cancer. 

© 2010 Baishideng. All rights reserved.
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INTRODUCTION
In dividing cell populations, mutations (or epimutations) 

that provide a selective advantage may cause clonal ex-
pansion of  the mutant cells to produce a focal lesion. 
The colon epithelium can give rise to a variety of  focal 
lesions, such as aberrant crypt foci, adenomatous polyps 
and adenocarcinomas, whose incidence increases with 
age. Another example of  a focal lesion in the colon epi-
thelium is a cluster of  crypts deficient in cytochrome c 
oxidase subunit I (CcOI). 

Cytochrome c oxidase (CcO) (Complex Ⅳ of  the 
electron transport chain) is a large trans-membrane pro-
tein complex found in the mitochondria of  eukaryotic 
cells, and also in bacteria. In eukaryotes it is located in the 
mitochondrial membrane and is the last enzyme complex 
in the respiratory electron transport chain. In humans, 
CcO consists of  13 protein subunits, the largest of  which 
is subunit I (CcOI). Of  the 13 subunits, 3 subunits (Ⅰ, 
Ⅱ and Ⅲ) are encoded by mitochondrial DNA (mtDNA) 
and the other 10 are encoded by nuclear DNA. 

A human colonic crypt has approximately 2500-5000 
cells[1], all arising from the stem cell region at the base of  
the crypt. There are about 85 to 106 cells along the crypt 
column length, and the great majority of  cells of  a crypt 
are replaced in 3 to 4 d[2]. We observe about 29-43 cells 
along the circumference of  crypts. The number of  stem 
cells in a crypt is small, approximately six[3]. There appears 
to be competition among stem cells. The descendents 
(daughter cells) of  a mutant stem cell with a CcOI defi-
ciency may take over a stem cell niche (niche succession). 
Thus, the progeny of  a human colonic crypt stem cell that 
contains a mtDNA mutation in CcOI may then expand 
to occupy a whole crypt (crypt conversion). Greaves et al[4] 

have proposed that such a crypt may then further expand 
by fission to form a patch. This proposal was based on 
evidence that: (1) mutated crypts in the process of  fission 
share the same mutated mitochondrial genotype, a geno-
type not present in neighboring CcOI-positive crypts; 
(2) neighboring mutated crypts have the same genotype, 
which is different from adjacent CcOI-positive crypts; 
(3) mutated crypts are clustered together throughout the 
colon; and (4) patches of  CcOI-deficient crypts increase 
in size with age. Colonic crypts that are CcOI-deficient 
can be easily distinguished from crypts with normal CcOI 
expression using immunohistochemistry.

CcO-deficient cells tend to survive in the environment 
of  the gastrointestinal tract much more frequently than 
CcO-deficient cells in the heart and brain. In mice with a 
mutation in polymerase gamma (the replicative polymerase 
of  the mitochondria), where the polymerase has lost its 
proofreading function, almost all cells of  the mouse duo-
denum show loss of  CcO function, while considerably 
fewer cells of  the heart or brain show such loss[5].

We previously reported a significantly increased fre-
quency (27%) of  CcOI-deficient crypts in histologically 
normal colonic mucosa in tissue from 8 patients with 
colon cancer and 3 patients with tubulovillous adenoma 
from the histologically normal mucosa in resections (near 
colon cancers). This was a notable increase compared 
to a frequency of  about 3% of  CcOI-deficient crypts in 
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colonic mucosa of  5 patients without colonic neopla-
sia[6]. These results suggested a possible association of  
CcOI deficiency and cancer development. Subsequently, 
in a video-based “methods publication[7]” using tissues 
obtained from resections, we showed our method for 
evaluating CcOI deficiency, along with methods of  as-
sessing deficiencies in three other enzymes related to 
DNA repair and apoptosis. We found, in this study, an 
estimated frequency of  CcOI deficient crypts near colon 
cancers of  about 10%-20%. This further indicated a 
possible role of  CcOI deficiency in progression to can-
cer. The current report presents a substantially larger as-
sessment of  the role of  CcOI deficiency in progression 
to colon cancer.

Numerous studies, reviewed by Meissner[8] and by 
Hiona et al[9] in 2007 and 2008, have presented arguments 
on whether mutations of  mitochondrial DNA are either 
the cause, or the consequence, of  the aging process. Re-
cent experimental data presented by Edgar et al[10] indicates 
that, in mtDNA mutator mice, mitochondrial mutations 
in CcO are a driving force in premature aging. However, it 
is not clear whether this mouse model is relevant to natu-
ral aging in humans. 

Evidence is presented here that the frequency of  
crypts deficient for CcOI expression increases with age 
in women (n = 149) and men (n = 190). Within individual 
colons, the level of  CcOI deficiency in the cecum corre-
lates with the level in the sigmoid region, suggesting that 
the whole colon is affected by the factors causing CcOI 
deficiency. For women aged 60 years or older (n = 70), 
CcOI deficient crypts are significantly more frequent in 
individuals with a history of  colon cancer. Furthermore, 
as determined in surgical resections, men aged 55 years 
or older with cancer or advanced colonic neoplasia have 
significantly more frequent CcOI deficient crypts in ar-
eas near the lesion, compared to age matched individuals 
without neoplasia. CcOI deficiency also occurs in appar-
ently normal mucosa at the margins of  tumors in large 
clusters of  deficient crypts, and within areas of  the tumor 
itself. Thus CcOI deficiency increases in the colon with 
age, and is associated with, and may give rise to, advanced 
colonic neoplasia including cancer. 

MATERIALS AND METHODS
Tissue procurement
Before any biopsy tissue samples were obtained during 
colonoscopy, informed consent was given by the patient, 
using a form approved by the University of  Arizona Insti-
tutional Review Board. Biopsied colonic mucosal samples 
were fixed in 10% buffered formalin for 4 h, then trans-
ferred to 70% alcohol, followed by paraffin embedment. 
Tissue samples from colonic resections were obtained 
after informed consent before surgery, and these larger 
tissue samples were fixed in 10% buffered formalin for 24 
to 36 h, then transferred to 70% alcohol, followed by par-
affin embedment.

Immunohistochemical procedure for evaluating 
cytochrome c oxidase subunit I
The pattern and level of  expression of  cytochrome c 
oxidase subunit I in non-neoplastic colonic crypts, and 
in dysplastic tissues, was assessed using standard immu-
nohistochemical methods, as previously described [6,7,11-14] 
and shown in a video methods publication (starting at 3:30 
min:s of  the video)[7]. The evaluation method for CcOI 
is shown starting at minute 25 of  the 28 min video[7]. 
Briefly, formalin-fixed and paraffin-embedded tissues 
were cut into 4 μm sections, deparaffinized, and then re-
hydrated. Antigen retrieval was performed by microwave 
exposure in 0.1 mol/L citrate buffer (pH 6.1). Endog-
enous peroxidase activity was blocked by incubation in 
3% hydrogen peroxide in methanol for 30 min, and then 
the tissue sections were rinsed with distilled water and 
PBS. To prevent nonspecific binding, the slides were next 
incubated with normal rabbit serum (1.5%) for 60 min. 
The primary mouse monoclonal antibody against CcOI 
(obtained from Molecular Probes, Inc, Eugene, OR) was 
added at 2 μg/mL in 2% bovine serum albumin/PBS 
for 1 h. After rinsing with PBS, the slides were incubated 
with biotinylated rabbit anti-mouse secondary antibody 
IgG F(ab)2 (DAKO Corp., Carpinteria, CA) for 30 min at 
a 1:400 dilution in 2% bovine serum albumin/PBS. Im-
mune control slides were prepared by replacing the pri-
mary antibody with mouse IgG2a at the same protein con-
centration used for the primary antibody. After rinsing in 
PBS, the Vectastain Elite avidin-biotin complex method 
kit (Vector, Burlingame, CA) was used according to the 
manufacturer’s instructions. Color development was car-
ried out by applying diaminobenzidine tetrachloride (Sig-
ma, St. Louis, MO) supplemented with 0.04% hydrogen 
peroxide. Sections were counterstained with hematoxylin 
(Sigma), dehydrated in a graded series of  ethanols fol-
lowed by xylene, and then mounted using Cytoseal XYL 
(Richard Allen Scientific, Kalamazoo, MI). Brown stain-
ing in the cytoplasm indicates CcOI expression, and blue 
staining from hematoxylin identifies nucleoproteins in the 
nucleus.

Quantitation of reduced or absent expression of CcOI 
Biopsies were obtained from individuals undergoing 
colonoscopies for screening purposes or for a medically 
indicated reason. The biopsies were taken from six non-
neoplastic sites (3 taken 2 cm distant from each other 
from the cecum, and 3 from the sigmoid colon at 40, 
30 and 20 cm from the anal verge). Individuals were 
placed in one of  two categories. The first group, con-
sidered a lower risk group, included individuals without 
a previous or current colon cancer. The second group, 
considered a higher risk group, included individuals with 
present or past colonic adenocarcinomas. Tissue samples 
from colonic resections were obtained from the co-
lonic tumors and from colonic mucosa from 1 to 10 cm  
from the tumors. These samples were evaluated for 
frequency of  crypts with reduced or absent expression 
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of  CcOI (substantial reduction or complete loss of  im-
munostaining). An entire tissue section with 189 crypts, 
of  which 45 crypts (23.8%) were deficient in CcOI, 
can be seen in a video presentation (starting at 25 min  
of  the 28 min video)[7] for observing the method for scor-
ing crypts with reduced or absent CcOI expression. In 
most crypts the deficiency was apparent throughout the 
entire crypt, while in a minority of  crypts the deficiency 
was segmental. Segmental deficiency of  immunostaining 
is one in which there is strong immunostaining of  cells 
in a part of  a crypt while the remaining cells of  the crypt 
show reduced or absent expression of  CcOI. The strong 
immunoreactivity using this monoclonal antibody makes 
the scoring unambiguous and easy to score. The percent 
of  crypts with an aberrant immunostaining pattern show-
ing reduced or absent expression of  CcOI or (infrequent) 
segmental loss of  expression was then calculated.

Statistical analysis
Data analyses were performed using SPSS statistical pack-
age 17.0. Linear regression was used, for men and women 
separately, to determine the associations between age of  
patients and CcOI-deficient crypts and the associations be-
tween CcOI deficiencies in the cecum and the sigmoid co-
lon. Male patients were grouped in 10-year increments and 
analyzed by single-factor ANOVA with post-hoc Duncan’s 
multiple range to determine if  the normal colonic mucosa 
from patients with no colonic neoplasia (biopsy samples) 
were significantly different in CcOI deficiency from non-
neoplastic mucosa close to tumors from patients with 
advanced adenomas or colon cancers (surgical resection 
samples). Pearson correlations were used to determine if  
the percent CcOI defective crypts correlated with age, or 
intake of  vitamins, non-steroidal anti-inflammatory drugs 
(NSAIDs), minerals or meat. 

Photomicrographs
All micrographs were obtained with a Motic BA300 digital 
photomicroscope, using Motic Images Plus version 2.0 
software. The software was set with Gain 0, Offset 0, En-
hance disabled, Gamma disabled, R,G,B of  gain 1, bright-
ness 0, Edge Detection disabled, Sharpness 3, Resolution 
1024/768, White Balance on, Auto Exposure on and then 
switched off  with an increase in brightness sufficient to 
allow background (in areas of  the slide without tissue 
present) to become white or near white. The images were 
then saved as tif  images, and uniformly adjusted in Paint 
Shop Pro 5 with Color Adjustment settings of  Brightness 
0, Contrast 15, followed by Hue/Saturation/Lightness 
of  0/30/0, followed by Highlight/Midtone/Shadow of  
100/50/30. 

RESULTS
CcOI deficiency increases with age in colons of women 
and men
Biopsies were taken from the colons of  154 women and 
196 men. For each woman and man 3 biopsies were taken 

from the cecum and 3 from the sigmoid colon. For each 
individual the mean percent CcOI deficient crypts for the 
6 biopsies was plotted against age of  the woman (Figure 
1A) or the man (Figure 1B). This was possible because 
crypts tend to be either normal or defective, with minimal 
ambiguity (Figure 2 or, see reference[7] at 25 min of  the 28 
min video). The CcOI deficient crypts (CcOI-DC) appear 
morphologically normal. The average frequency of  CcOI-
DC is low between 20 to 39 years of  age, with 0.48% ± 
0.40% CcOI-DC for women and 1.80% ± 0.35% for men. 
CcOI-DC increases after age 40 years, so that between the 
ages of  40-44 years the average frequency of  CcOI-DC 
goes up to 5.89% ± 0.84% in women and 2.15% ± 1.27% 
in men. By 80-84 years of  age, the average frequency of  
CcOI-DC goes up in women to 15.77% ± 0.97% and in 
men to 22.6% ± 0.65%. The increases in CcOI-DC from 
ages 40-44 years compared to 80-84 years in women and 
men are significantly different with P < 0.01. For women 
aged sixty or over, those with a previous cancer (6 out of  
70 women) have a significantly increased frequency of  
CcOI deficient crypts (P = 0.001) compared to those who 
never had colon cancer. For men 60 years or older, those 
with a previous or current cancer (14 of  125 men) exhibit 
no significant increase in percent CcOI deficient crypts. 
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Figure 1  Average (per patient) percent of crypts deficient for cytochrome c 
oxidase subunit I expression plotted against patient age for women (A) and 
men (B). Solid squares represent patients with a prior or current colonic adeno-
carcinoma and circles represent patients without colonic adenocarcinoma. CcOI: 
Cytochrome c oxidase subunit I.
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CcOI deficiency within 1 to 10 cm of tumors, at the 
margins of tumors and within tumors
Thirty-four samples were taken within 1 to 10 cm of  the 
tumor in resections from twelve males (ages 56 to 82 
years) who had advanced adenoma or cancer for evalua-
tion of  CcOI deficiency. Comparison of  CcOI deficiency 
level in these surgical resections was made with age-
matched biopsy samples from all males in our patient 
population who were without a history of  neoplasia. This 
comparison indicated that the samples from the resec-
tions had significantly elevated CcOI-DC, being 4.03% 
± 0.27% in individuals free of  neoplasia in the age range 
55-64 years and 14.13% ± 0.35% in resected histologi-
cally normal tissue of  men with cancer in the same age 
range, significantly different with P < 0.001. Similar sig-
nificant differences were noted at older age ranges. The 
CcOI-DC in the age range 65-74 years was 7.22% ± 0.28% 
in individuals free of  neoplasia and 23.80% ± 5.58% in 
resected histologically normal tissue of  men with cancer, 
P < 0.001, and the CcOI-DC in the age range 75-84 years 
was 13.89% ± 0.34% in individuals free of  neoplasia 

and 29.44% ± 3.86% in resected histologically normal 
tissue of  men with cancer, P < 0.001 (Figure 3). In each 
of  the three age groups, the results show a significantly 
increased frequency of  CcOI deficient crypts in regions 
one to ten cm from an advanced colonic adenoma or 
cancer.

We also examined colon cancers from the resections 
described above and from archived colon cancers from 
additional patients. We found that crypts just at the mar-
gin of  cancers are frequently deficient in CcOI (Table 
1). All of  these margins showed some observable CcOI 
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Figure 2  Examples of colon crypts immunohistochemically stained for 
cytochrome c oxidase I showing low expression next to highly expressing 
crypts. A: Bar shows 50 mm; B: Bar shows 40 mm. Brown staining indicates cyto-
chrome c oxidase I expression and blue indicates nuclear hematoxylin staining.
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Figure 3  Comparison of mean percent cytochrome c oxidase I deficiency in 
areas marginal to tumors within surgical resections from males with aged-
matched biopsy samples from males without a history of colonic neoplasia. 
S.E. indicated for each mean.

No colonic neoplasia

Areas marginal to tumors 

Table 1  Tumor marginal cytochrome c  oxidase I deficiency, 
cluster size and tumor cytochrome c  oxidase I deficiency

Patient 
No.

Total 
No. of 

crypts at 
margin 

of tumor 
in tissue 
section

No. of 
CcOI 

deficient 
crypts at 
margin 

of 
tumor

% of crypts  
at margin of 
tumor that 
are CcOI 
deficient 
[100 × 
(CcOI-
deficient 

crypts/total 
crypts)]

Maximum 
cluster size 

(No. of 
deficient 
crypts 

adjacent to 
each other) 
of deficient 

crypts

Approximate 
% of area 
in tumor 

with CcOI 
deficiency

1 772 765 99 410 40
2 194 189 97 189   3
3 38 37 97 37 80
4 61 58 95 39   2
5 145 137 94 81 30
6 131 115 88 94 N/A1

7 56 45 80 20   5
8 43 31 72 4   2
9 31 22 71 7   2
10 15 10 67 8   1
11 24 16 66 3 15
12 126 82 65 32   4
13 17 9 53 3 28
14 59 20 34 6 10
15 47 16 34 5   7
16 10 3 30 2   1
17 244 68 29 11 50
18 341 92 27 6   1
19 126 34 27 12 10
20 133 33 25 5 18
21 162 35 22 4 10
22 286 63 22 6 N/A
23 72 16 22 4   3
24 892 181 20 8 N/A
25 237 44 19 5 20
26 633 111 18 16 15
27 120 19 16 5 N/A
28 634 97 15 5   8
29 1813 262 14 14 N/A
30 61 7 11 2   2
31 239 26 11 4 35
32 396 40 10 4 N/A
33 79 7   9 1   5
34 80 6   8 3 N/A
35 140 10   7 3 50
Overall 
average 
percent

   42.1    16.4

1N/A indicates that no tumor area was available in the tissue section as cut, 
and only the margin of the tumor was present. CcOI: Cytochrome c oxidase I.
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deficient crypts. The percentage of  CcOI-deficient crypts 
observed in tissue sections at the margins of  tumors var-
ied widely from 7% to 99%, with an overall average of  
42.1% deficiency for the 35 margins evaluated (Table 1). 
Usually the deficient crypts were located in clusters. 

The largest cluster of  CcOI deficient crypts that we 
observed in tissue sections taken from biopsies (not as-
sociated with tumors) had 17 CcOI deficient crypts (Table 
2). These clusters of  CcOI deficient crypts in biopsies 
were among approximately 37 000 total crypts evaluated, 
of  which 2476 crypts were deficient in CcOI (tissues 
from men and women, combined). However, at the mar-
gins of  tumors, 7 of  the 35 margins in tissue sections 
had CcOI deficient crypt clusters larger than the largest 
cluster (cluster of  17) that we had observed in tissue sec-
tions taken from biopsies. For the clusters seen in tumor-
marginal tissue sections, the seven large clusters were of  
sizes 20, 37, 39, 81, 94, 189 and 410 countable CcOI de-
ficient crypts per cluster seen (Table 1). Small areas from 
tissue sections through colon cancers with large clusters 
of  CcOI deficient crypts along their margins are shown 
in Figure 4A and B. 

As indicated in Table 1, all tumors evaluated also 
showed at least some areas of  deficiency in CcOI expres-
sion. The areas defective within the tumors varied widely 
from 1% to 80% with a mean of  16.4% deficiency (for 
the 28 tumors indicated in Table 1, and 17.4% for all 57 
tumors evaluated, including those where the margins were 
not available). A small area of  tumor is shown in Figure 5,  

where approximately half  the epithelial cells show high 
expression of  CcOI and the other half  shows reduced 
expression of  CcOI. 

CcOI deficiency in the cecum correlates with CcOI 
deficiency in the sigmoid colon both for men and women
Within individual colons the level of  CcOI deficiency 
in the cecum correlates with the level in the sigmoid re-
gion. That is, a relatively high deficiency of  CcOI in the 
sigmoid almost always occurs along with a relatively high 
CcOI deficiency in the cecum of  the same patient. Like-
wise, a relatively low deficiency in the sigmoid is almost 
always associated with a relatively low deficiency in the 
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Table 2  Distribution of cytochrome c  oxidase I defective 
crypts according to cluster size

Gender (a)
size of 
cluster

(b) number 
of defective 

clusters of each 
cluster size

(a) × (b) number 
of defective crypts 
for each cluster 

size

% of total 
crypts in 
each size 

class

Female   1 309 309 43.5
  2   82 164 23.1
  3   38 114 16.0
  4   15   60   8.4
  5     9   45   6.3
  6     2   12   1.7
  7     1     7   1.0

Total 456 Total 711 Total 100.0

Male   1 622 622 35.2
  2 223 446 25.3
  3   95 285 16.1
  4   31 124   7.0
  5   20 100   5.7
  6     7   42   2.4
  7     5   35   2.0
  8     5   40   2.3
  9     1     9   0.5
10     2   20   1.1
12     1   12   0.7
13     1   13   0.7
17     1   17   1.0

Total 1014 Total 1765 Total 100.0

A

B

Figure 4  Large clusters of cytochrome c oxidase I deficient crypts along 
the margins of colon adenocarcinomas. A: Bar shows 100 mm; B: Bar shows 
50 mm.

Figure 5  Image of colonic adenocarcinoma showing an area of high cy-
tochrome c oxidase I expression (brown) adjacent to an area of low cyto-
chrome c oxidase I expression. Bar shows 50 mm.
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cecum of  the same patient. For women, CcOI deficiency 
in the cecum correlates with CcOI deficiency in the sig-
moid, with an R2 = 0.414, and this correlation is highly 
significant (P < 0.001) (Figure 6A). For men, CcOI de-
ficiency in the cecum correlates with CcOI deficiency 
in the sigmoid, with an R2 = 0.528, and this correlation 
is highly significant (P < 0.001) (Figure 6B). Since the 
percent of  defective crypts in the cecum and sigmoid 
show a highly significant correlation in both men and 
women, and since these regions are at opposite ends of  
the colon, it is likely that the factors that determined the 
level of  the CcOI defect in the sigmoid and cecum acted 
similarly throughout the whole colon.

However, there is a small but significant systematic 
bias, so that CcOI deficiencies in the sigmoid are usu-
ally slightly higher than CcOI deficiencies in the cecum. 
Among 154 women, the average % deficient crypts in the 
cecum (459 total biopsies) is 4.81% ± 0.25% and in the 
sigmoid (464 total biopsies) is 5.81% ± 0.25%. The % de-
ficiency in the cecum for women is significantly different 
from the % deficiency in the sigmoid colon (P < 0.001). 
The ratio of  CcOI deficiency for women in the sigmoid 
compared to the cecum is 5.81/4.81 = 1.21. Among 196 
men, the average % deficient crypts in the cecum (583 

total biopsies) is 7.15% ± 0.47% and in the sigmoid (585 
total biopsies) is 8.88% ± 0.56%. The % deficiency for 
men in the cecum is significantly different from the % 
deficiency in the sigmoid colon (P < 0.001). The ratio of  
CcOI deficiency for men in the sigmoid compared to the 
cecum is 8.88/7.15 = 1.24. Thus, on average, for men 
and women, the percent defective crypts in the sigmoid is 
21%-24% higher than in the cecum.

Defective crypts in biopsies tend to occur in clusters
In tissue samples (biopsies) obtained during colonosco-
pies, crypts with CcOI deficiency tend to be either single 
crypts (cluster size one) occurring among crypts with 
normal high levels of  CcOI expression, or in clusters 
of  varying sizes (Figure 7). The distribution of  CcOI-
deficient crypts (among about 37 000 crypts evaluated 
in biopsies) according to cluster size was determined for 
711 deficient crypts for women and 1765 for men. This 
distribution of  CcOI defective crypts according to cluster 
size is shown in Table 2. For the 2476 total CcOI-defi-
cient crypts observed, 402 of  them in women and 1143 
in men (total of  1545 or 62% of  CcOI-deficient crypts) 
occurred within clusters larger than a single crypt. On the 
other hand, the majority of  “clusters” of  CcOI-deficient 
crypts (309/456 or 67.8% for women and 622/1014 or 
61.3% for men) were single deficient crypts (cluster size 
one). Thus, although the most common cluster size was 
one, most deficient crypts were within clusters of  size 
two or greater. 

Mean cluster size also increased significantly (P 
< 0.001) with patient age for both men and women  
(Figure 8). Clusters of  CcOI deficient crypts probably 
arise by the process of  crypt fission[4] which occurs both 
in crypts with normal CcOI expression (Figure 9A and B) 
and in crypts with defective CcOI expression (Figure 9C 
and D). 

Crypts with segmental CcOI deficiency
Crypts with deficient CcOI expression in only a segment 
of  the crypt were observed. The smallest segmental defi-
ciencies appear near the base of  the crypt in the stem cell 
region, suggesting that the CcOI defective progeny of  an 
originally mutated stem cell are starting to populate the 
crypt. Larger segment patterns are ordinarily continuous 
(i.e without interruption by normal cells) and include cells 
on one side near the base of  the crypt (Figure 10A), cells 
on one entire side of  the crypt (Figure 10B), or cells on 
both sides of  a crypt most of  the way up a crypt (Figure 
10C). A cross-section through several segmented crypts is 
shown (arrows) in Figure 10D. 

Relationship of CcOI deficiency with intake of vitamins, 
minerals, NSAIDs or meat 
When corrected for age, no significant correlation of  % 
defective crypts with vitamins or minerals was found in 
men or women. When not corrected for age, in women, 
average CcOI deficiency (% CcOI defective crypts, aver-
aged over six biopsies for each patient) correlates posi-
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Figure 6  Correlation, within individuals, of average cytochrome c oxidase I 
deficiency in the cecum with average cytochrome c oxidase I deficiency in 
their sigmoid colon for women (A) and men (B). CcOI: Cytochrome c oxidase I.
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tively with age (P < 0.001) (Table 3). However, it also 
correlates positively with vitamin intake (P = 0.019), but 
not with intake of  NSAIDs (P = 0.111), minerals (P = 
0.177) or meat (P = 0.588). When not corrected for age, 
in males, average CcOI deficiency (% CcOI defective 
crypts, averaged over six biopsies for each patient) cor-
relates positively with age (P < 0.001) (Table 3). However, 
it also correlates positively with vitamin intake (P = 0.010) 
and mineral intake (P = 0.021), but not with intake of  
NSAIDs (P = 0.099) or meat (P = 0.228). The correla-
tions of  average CcOI deficiency with vitamin intake 

and/or mineral intake appear to reflect the increase in 
these intakes with age rather than a causal relationship.

DISCUSSION
CcOI deficiency increases with age
Based on biopsied tissues obtained during colonosco-
pies, from 154 women and 196 men, we found that the 
frequency of  CcOI deficient crypts increases with age 
in both men and women. This finding is consistent with 
the results of  Taylor et al[15] based on their samples from 
28 individual patients. While we saw deficient crypts in 
individuals as young as 21 years of  age (Figure 1), in 
both women and men CcOI deficiency seems to increase 
largely after age of  40 years.
 
CcOI deficiency is associated with advanced neoplasia 
in older individuals
Women over sixty or older who had a previous or current 
cancer (6 out of  70 women) had a significantly increased 
frequency of  CcOI deficient crypts (P < 0.001) compared 
to women in this age range who never had colon cancer. 
Also men with cancer or advanced colonic neoplasia had 
a significantly increased frequency of  CcOI defective 
crypts specifically in areas 1 to 10 cm from the lesion, as 
determined in surgical resections. Consistent with these 
results, we reported in a previous study (Payne et al[6]),  
also involving surgical resections, that patients who had 
neoplasia [tubulovillous adenoma (n = 3) or adenocar-
cinoma (n = 8)] also had a significantly higher mean in-
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Figure 7  Examples of clusters of cytochrome c oxidase I deficient crypts. A: Cut along the long axes of crypts, bar shows 50 mm; B: Cut along the short axes of 
crypts, bar shows 50 mm; C: Cut along the short axes of crypts, bar shows 100 mm.
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Figure 8  Mean cluster size of cytochrome c oxidase I deficient crypts (data 
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cidence of  CcOI defective crypts in regions 1 to 10 cm 
from the tumor, than patients without colonic neoplasia 
(n = 5). In that study, however, age of  the patients was 
not taken into account because of  the small number of  
patients evaluated. 

In our previous study (Payne et al[6]) we proposed that 
increased frequency of  CcOI deficient crypts in biopsies 
of  colonic mucosa of  patients undergoing colonoscopy 
might be a potential hypothesis-driven biomarker of  co-
lon cancer risk. Our current extensive data, however, do 
not support CcOI deficiency in biopsies as a good bio-
marker of  risk. In Figure 1, patients with a previous or 
current colon cancer are indicated as filled squares. Pa-

tients with a recently resected colon cancer have a 35% 
risk (a relatively high risk) of  having a subsequent ad-
vanced colonic neoplasia (advancing towards colon can-
cer) in the subsequent 5 years[16]. However, for women 
under 60 years of  age, and for all men, CcOI deficiency 
in colon biopsies does not correlate with the high risk 
patients with a prior colon cancer.

We have shown a strong association of  CcOI defi-
ciency with colon cancer as indicated by the frequent find-
ing of  large clusters of  CcOI deficient crypts in the non-
dysplastic regions immediately adjacent (marginal) to the 
cancer, indicating that tumors may tend to arise in such 
clusters. Finally the observation that the cancers them-
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Figure 9  Examples of crypts undergoing fission. (A) and (B) are examples of crypts undergoing fission where the crypts have high levels of cytochrome c oxidase 
I (CcOI) expression; (C) and (D) are examples of crypts undergoing fission where the crypts have reduced or absent levels of CcOI expression. Bars show 50 mm.
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Bernstein C et al . CcOI deficiency associated with colon cancer

Figure 10  Examples of crypts with segmental cytochrome c oxidase I deficiency, panels A, B and C cut along the long axes of crypts, panel D cut along 
the short axes of crypts. Panel A shows one crypt with deficient cytochrome c oxidase I (CcOI) expression halfway up crypt from stem cell region and only on one 
side (arrow); panel B has one entire side of crypt deficient for CcOI (arrow); panel C has deficiency for CcOI on both sides but only about ¾ of the way up the crypt 
(arrow); panel D shows three crypts in cross-section with one side deficient for CcOI expression (arrows). Bars show 50 mm.
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selves often contain regions of  CcOI deficient cells is an-
other indication of  an association of  CcOI deficiency and 
cancer. 

A hypothetical sequence of events in progression from 
a defect in CcOI expression to cancer
We previously proposed a sequence of  events by which 
a mutation or epimutation causing a CcOI deficiency 
might lead to colon cancer[6]. Based on that proposal and 
more recent evidence, including that presented here, we 
now outline how a CcOI deficiency might initiate a chain 
of  events leading to colon cancer. Evidence that CcOI 
deficient crypts can arise by mutation in the CcOI gene 
in mitochondrial DNA was presented by Greaves et al[4]. 
Of  the 13 protein subunits in the CcO complex, 3 pro-
teins including CcOI are encoded by mitochondrial DNA 
and 10 proteins are encoded by nuclear DNA. Although 
reduced expression of  CcOI in a stem cell of  a colonic 
crypt can arise from a mutation in the CcOI gene itself, 
in principal, a mutation or epimutation in another protein 

component of  the CcO complex may lead to failure of  
assembly of  the CcO complex, in which case the CcOI 
protein will rapidly degrade[17]. However, here we will 
confine our discussion to the consequences of  muta-
tions in the mitochondrial CcOI gene, since so far this is 
the only type of  mutation demonstrated to give rise to a 
CcOI deficiency.

In mammalian cells, each mitochondrion can contain 
several DNA molecules, estimated to be 1 to 3 DNA 
molecules per mitochondrion by Wiesner et al[18] and an 
average of  2.6 DNA molecules per mitochondrion by 
Robin et al[19]. Mammalian cells typically have hundreds 
of  mitochondria per cell[19]. Mitochondria with a CcO 
deficiency likely produce lower levels of  damaging reac-
tive oxygen species (ROS) and thus probably turn over 
less frequently [mitochondria turn over on average in 
about 2 d[20]. If  a deficiency of  CcOI in a mitochondrion 
produces lower ROS and this provides a selective ad-
vantage in competition with other mitochondria within 
the same cell, this selective advantage need not depend 
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Table 3  Correlations among non-steroidal anti-inflammatory drugs, vitamins, minerals, meat, age, cytochrome c  oxidase I deficiency

Gender NSAIDs Vitamins Minerals Meat Age Average CcOI deficiency

Female NSAIDs Pearson correlation     1     0.242b     0.160a     0.068     0.220b     0.13
Sig. (2-tailed)     0.002     0.046     0.402     0.006     0.111
N 155 155 155 155 155 151

Vitamins Pearson correlation     0.242b     1     0.682b    -0.1     0.223b     0.191a

Sig. (2-tailed)     0.002     0     0.215     0.005     0.019
N 155 155 155 155 155 151

Minerals Pearson correlation     0.160a     0.682b     1    -0.127     0.191a     0.111
Sig. (2-tailed)     0.046     0     0.114     0.017     0.177
N 155 155 155 155 155 151

Meat Pearson correlation     0.068    -0.1    -0.127     1    -0.036    -0.044
Sig. (2-tailed)     0.402     0.215     0.114     0.656     0.588
N 155 155 155 155 155 151

Age Pearson correlation     0.220b     0.223b     0.191a    -0.036     1     0.582b

Sig. (2-tailed)     0.006     0.005     0.017     0.656     0
N 155 155 155 155 158 153

Average CcOI Pearson correlation     0.13     0.191a     0.111    -0.044     0.582b     1
deficiency Sig. (2-tailed)     0.111     0.019     0.177     0.588     0

N 151 151 151 151 153 153
Male NSAIDs Pearson correlation     1     0.173a     0.112     0.1     0.184     0.119

Sig. (2-tailed)     0.014     0.117     0.16     0.009     0.099
N 200 199 199 200 200 192

Vitamins Pearson correlation     0.173a     1     0.576b    -0.062     0.195b     0.184a

Sig. (2-tailed)     0.014     0     0.384     0.006     0.01
N 199 201 201 200 201 193

Minerals Pearson correlation     0.112     0.576b     1    -0.111     0.198b     0.166a

Sig. (2-tailed)     0.117     0     0.118     0.005     0.021
N 199 201 201 200 201 193

Meat Pearson correlation     0.1    -0.062    -0.111     1    -0.105    -0.087
Sig. (2-tailed)     0.16     0.384     0.118     0.138     0.228
N 200 200 200 201 201 193

Age Pearson correlation     0.184     0.195b     0.198b    -0.105     1     0.663b

Sig. (2-tailed)     0.009     0.006     0.005     0.138     0
N 200 201 201 201 203 195

Average Pearson correlation     0.119     0.184a     0.166a    -0.087     0.663b     1
CcOI Sig. (2-tailed)     0.099     0.01     0.021     0.228     0
deficiency N 192 193 193 193 195 195

aCorrelation is significant at the 0.05 level (2-tailed); bCorrelation is significant at the 0.01 level (2-tailed). NSAIDs: Non-steroidal anti-inflammatory drugs; 
CcOI: Cytochrome c oxidase I.
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on a CcOI mutation being present in all 1 to 3 copies 
of  the mitochondrial genome in the mitochondrion. 
Rather, mutations in some of  the CcOI gene copies in 
a mitochondrion may be sufficient to drive selection of  
progeny of  that mitochondrion in competition among 
the hundreds of  mitochondria within a cell. In turn, cells, 
and their descendents, with a significant fraction of  CcOI 
deficient mitochondria may be selected within the stem 
cell niche of  a crypt, causing niche succession. Alterna-
tively niche succession by CcOI deficient cells may be a 
stochastic process, not involving positive selection, which 
is possible because the number of  cells in the stem cell 
niche is small (estimated to be six[3]). In either case, niche 
succession can lead to subsequent monoclonal conver-
sion whereby all of  the cells of  a crypt are deficient for 
CcOI[21]. In a small proportion of  crypts, we have found 
deficient CcOI expression in only a segment of  the crypt. 
The pattern of  segmentation probably represents inter-
mediate stages of  monoclonal conversion of  the crypt as 
proposed by Humphries et al[21]. After crypt conversion, 
crypt fission may then occur. 

CcOI deficient cells may be defective in apoptosis. 
When cells of  human colonic origin (HCT116) were 
treated with the bile acid deoxycholate (0.5 mmol/L) for 
4 h, the majority of  cells entered apoptosis. However 
pretreatment of  the cells with sodium azide, which binds 
to CcO and inhibits the protein complex from function-
ing, significantly reduced the fraction of  cells undergoing 
apoptosis upon further treatment with deoxycholate[22], 
indicating that CcO deficient cells are resistant to induc-
tion of  apoptosis. We previously showed that reduction in 
CcOI expression correlated with a reduction in apoptotic 
competence in nearby tissue samples from the same co-
lonic epithelium[6]. Linkage of  CcOI expression to apop-
tosis competence is also suggested by the finding that 
active CcO oxidizes cytochrome c that can then activate 
pro-caspase 9 leading to apoptosis[23]. Thus, cells with a 
deficiency in CcO may also have a deficiency in apoptosis 
capability. Reduced ability of  a cell to undergo apoptosis 
could provide a selective advantage under conditions of  
cytotoxic stress, particularly stress caused by high bile acid 
exposure.

Among the 10-20 million crypts in the human colon, 
some colonic crypts may be removed due to localized 
damage. Since CcOI-deficient cells probably resist apop-
tosis under damaging conditions, CcOI-deficient cells may 
compete successfully to reconstitute crypts under stress 
conditions. As the new crypts compete for space in the re-
constituting colon epithelium, the CcOI deficient crypts 
may form a patch, or focal region, of  the colon epithe-
lium. 

The largest cluster of  CcOI deficient crypts that we 
observed in biopsies had 17 CcOI deficient crypts. These 
clusters of  CcOI deficient crypts were among approxi-
mately 37 000 total crypts evaluated, of  which 2476 crypts 
were deficient in CcOI (tissues from men and women, 
combined). However, among the 35 margins of  tumors 
that were visualized in tissue sections, the non-neoplastic 

margins were often associated with clusters of  CcOI de-
ficient crypts, and larger clusters of  20, 32, 37, 39, 81, 94, 
189 and 410 CcOI deficient crypts were observed. This 
observation suggests that colonic tumors may often arise 
in a cluster of  CcOI deficient crypts. 

A field of  CcOI defective crypts may be stimulated 
to progress further to colon cancer by continuing expo-
sure of  the colon to dietary factors associated with in-
creased cancer risk. Colon cancer incidence is associated 
with a high fat Western-style diet leading to increased 
secretion of  bile acids into the intestine to emulsify the 
dietary fat. Exposure of  colon cells to high physiologi-
cal levels of  bile acids induces ROS, DNA damage, and 
apoptosis. Population studies have found that fecal bile 
acid concentrations are increased in populations with a 
high incidence of  colon cancer (reviewed in Bernstein 
et al[24]). Polyak et al[25] described a colorectal tumor in 
which a G to C somatic mutation in the CcOI gene ap-
peared to have arisen as a result of  oxidative DNA dam-
age and apparently was present in every mitochondrial 
genome within the tumor. 

Crypts with CcOI defective cells may be favored 
when bile acid exposure is elevated, and survive despite 
increased DNA damage because of  their reduced abil-
ity to undergo apoptosis. Unrepaired DNA damage in 
these surviving cells would tend to cause replication 
errors leading to mutations. Some of  these mutations 
may confer a further proliferative advantage, enhancing 
spread of  the CcOI defective field. Ultimately, mutations 
may occur in tumor suppressor genes or oncogenes. By 
this reasoning, fields of  CcOI deficient cells may be pre-
disposed to progress further to advanced neoplasia and 
colon cancer. 

Cancers are likely to arise from a CcOI deficient crypt
If  CcOI deficient areas in a malignant mass were to ordi-
narily arise from a new mutation in the malignant mass, 
then an association of  cancers with large clusters of  CcOI 
deficient crypts at the margins of  the cancer would not be 
expected. However, crypts just at the margin of  cancers 
are frequently deficient in CcOI (Table 1), suggesting that 
these cancers arise from a CcOI deficient crypt. Large 
clusters of  crypts with CcOI deficiency outside the focal 
lesions of  two cancers are illustrated for two cancers in 
Figure 4.

Patches of CcOI deficiency within tumors
We observed that within tumors there are regions with 
normal CcOI expression and usually smaller regions of  
CcOI deficiency (an example is shown in Figure 5, and ar-
eas deficient in CcOI within cancers are tabulated in Table 
1). If  a tumor arises from a CcOI deficient crypt it may 
contain replicative cells (e.g. stem cells) with a large frac-
tion of  the several hundred mitochondria in the cell being 
deficient for CcOI, but also a significant fraction of  mito-
chondria without such deficiency (heteroplasmy). Further, 
in those mitochondria deficient for CcOI, either all copies 
of  the several chromosomes present may have a CcOI 
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mutation, or there may be a mixture of  chromosomes, 
some with a CcOI mutation and some without such a mu-
tation. In the new environment of  tumor growth, some 
lines of  descent with a majority of  mitochondria defective 
for CcOI expression may retain their selective advantage 
and give rise to regions within the tumor with deficient 
CcOI expression. However, in other lines of  descent, cells 
having larger fractions of  mitochondria with wild-type 
CcOI may have a selective advantage, giving rise to sub-
clones within the tumor with high levels of  CcOI expres-
sion. For instance, under tumor growth conditions, there 
may be selection in regions of  the tumor for cells with 
increased CcOI expression since that would enhance elec-
tron transport efficiency. 

CcOI deficient patches in cancers are less likely to be 
from newly arising mutations, but more likely reflect 
segregation of heteroplasmic mitochondria 
In a diploid cell nucleus, genes occur in just two cop-
ies. About 80 percent of  cancers are aneuploid and have 
genes in just one copy. Thus, newly arising mutations in 
nuclear DNA of  cells can form clearly distinguished sub-
clones of  cells, requiring just a single dominant change in 
the nuclear DNA of  a diploid cell or just a single change 
in an aneuploid cell. 

However, CcOI is coded for by mitochondrial DNA. 
There are several chromosomes per mitochondrion and 
several hundred mitochondria per cell. It is not likely that 
a newly arising mitochondrial mutation in CcOI in one 
of  the chromosomes of  a single mitochondrion within a 
single cancer cell (containing several hundred mitochon-
drial genomes) could generate a large CcOI deficient 
patch in a cancer as seen in our observations (e.g. Figure 
5). However, as pointed out above, a CcOI deficient stem 
cell of  a CcOI deficient colonic crypt, when initiating a 
cancer, is likely to be heteroplasmic, with a large fraction 
of  several hundred mitochondrial chromosomes defi-
cient for CcOI and a smaller but significant fraction of  
mitochondrial chromosomes with wild-type CcOI. In the 
environment of  an expanding cancer, as mitochondria 
segregate into daughter cells, some daughter cells may 
have more mitochondria with wild-type CcOI, and some 
have mostly mitochondria with mutated CcOI. In the 
cancer environment, different from the environment of  a 
colonic crypt, the daughter cells with a larger proportion 
of  mitochondria with wild-type CcOI may be selected 
for, and generate patches with mostly wild-type CcOI, 
while remaining daughter cells with mitochondria carry-
ing CcOI deficient chromosomes, would generate other 
patches. 

Aging and colon cancer 
As noted above, CcOI deficient crypts occur infrequent-
ly in individuals in their twenties, start to increase in fre-
quency at about the age of  40 years, and show an associ-
ation with colon cancer in individuals aged 60 years and 
above. Since an increased frequency of  CcOI deficient 
crypts in the cecum correlates with an increase in the 

sigmoid colon, progressive increases in aberrant crypt 
frequency probably occur throughout the colon. Al-
though we have suggested a causal relationship between 
CcOI deficiency and cancer progression, and outlined 
a specific sequence of  events that may occur in such a 
progression, it remains unclear whether CcOI deficiency 
is an underlying cause of  progression, or whether the as-
sociation has some other significance. 

Because CcOI deficiency can be visualized by immu-
nohistochemistry, it can be followed at successive stages 
during aging and progression to cancer. Starting as a small 
segment of  defective cells within a crypt, the CcOI de-
ficiency can then be visualized in larger segments within 
crypts, in whole crypts that increase in frequency with 
age, in crypts undergoing fission, in clusters of  crypts that 
increase in size with age, in increased frequency near tu-
mors, in large clusters in the intimate margins of  tumors, 
and in the tumors themselves. In this sequence there is no 
clear dividing line between early stages that can be consid-
ered aspects of  aging and later stages that can be consid-
ered aspects of  progression to cancer. This ambiguity may 
reflect a rather general situation leading to cancer where 
the early stages of  cellular change appear to be relatively 
innocuous features of  the aging process but over decades 
may evolve to malignancy. 

COMMENTS
Background
Some cells of the body divide frequently, such as the cells that give rise to the 
inner lining of the colon, and some very infrequently or not at all, such as muscle 
and nerve cells. The entire lining of the colon contains about 10 to 20 million cave-
like structures, called crypts. Each crypt is shaped like a tube with a hole or “lumen” 
down the center of the structure. Each crypt is comprised of about 2500-5000 
cells, being about 85-106 cells long and about 29-43 cells around the circumfer-
ence. At the base of each crypt there are a few stem cells that remain at the base, 
are long-lived, and which can divide and produce daughter cells (that can also 
divide). These daughter cells are pushed up towards the top of the crypt. When 
the cells reach the top of the crypt after about 3 or 4 d they undergo programmed 
cell death. If one stem cell acquires a mutation that lets it and its first daughter 
cells out-compete the other stem cells, the mutant type of stem cell can take over 
the stem cell region, and then all the cells that occur in the crypt will have that 
mutation. Some types of mutant cells which take over the stem cell region tend to 
become more common with age. A second mutation may occur in a stem cell with 
the first mutation, and if this new mutation helps the stem cell and its daughters 
compete against the other stem cells, this double mutant can take over the crypt 
from the first mutant cells. This process may be repeated multiple times, leading 
to stem cells with multiple mutations, each providing a proliferative advantage. 
Such a stem cell can give rise to a cancer. 
Research frontiers
It was recently shown, by the Vogelstein laboratory, that colon cancers ordinarily 
have about 15 “driver” mutations, which together cause the cancer to grow, and 
about 65 “passenger” mutations that happen to occur and get carried along with 
the driver mutations when they occur. The high number of 15 critical mutations 
can be achieved if the overall mutation rate is increased early in a cell’s progres-
sion to cancer, as pointed out by the Loeb laboratory. It is possible to imagine 
several types of genetic defects that could cause the mutation rate to increase (i.e. 
cause a mutator effect). However, there has been little evidence of just how such 
an increase in overall mutation rate (mutator effect) may actually occur.
Innovations and breakthroughs
High levels of bile acids are present in the colon after high fat meals. Bile acids 
act as detergents to help in digestion of fats. Both high fat diets and high bile 
acids are associated with increased incidence of colon cancer. Cytochrome c 
oxidase, the 4th protein complex in the electron transport chain of the mitochon-
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dria, was recently shown, by us, to be important in apoptosis (programmed cell 
death) that occurs when the DNA of cells is damaged by a bile acid. If cytochrome 
c oxidase is not active (mutated) in cells encountering bile acids, then cells with 
DNA damage do not undergo apoptosis efficiently. Such surviving cells with DNA 
damage acquire further mutations when their DNA is replicated using a damaged 
template. Thus a colonic area with cells deficient in cytochrome c oxidase would 
have an elevated mutation rate. A key protein in cytochrome c oxidase (the first 
and largest subunit of this 13 member protein complex) is called cytochrome c 
oxidase subunit one (CcOI). CcOI deficient crypts accumulate with age, and large 
clusters of CcOI-deficient crypts tend to occur in areas that gave rise to a cancer. 
The defect in CcOI appears to contribute to a mutator phenotype in the area that 
gave rise to a colon cancer, and was probably central in progression to colon 
cancer. Previously, isolated small clusters with 2 or 3 CcOI defective crypts were 
reported to increase with age. We report here the occurrence of large clusters of 
CcOI deficient crypts (some clusters with over 100 crypts) immediately adjacent 
to cancers. This finding is dramatic evidence indicating the likely role of CcOI in 
progression to colon cancer.
Applications
Individuals who have had previous large polyps or cancers removed from their 
colons are known to be at much increased risk of a subsequent large polyp 
or colon cancer. If a treatment could be found which targets cells with CcOI 
deficiency for cell death, this could protect patients at increased risk of colon 
cancer from progression towards colon cancer. 
Terminology
“Electron transport chain” is the sequence of protein complexes, in the mem-
brane of the mitochondria, which generates ATP in order to provide a source 
of useful energy for the cell. “Dysplastic tissues” are disorganized tissue areas 
seen in the microscope, which indicate abnormal development and possible 
progression towards cancer or the actual presence of cancer.“Nonneoplastic 
colonic crypts” are crypts that look “normal.” Their appearance contrasts with 
neoplastic crypts, which are ones that show a new (neo) plastic form(bent, 
stretched or other odd shape) that indicates progression to colon cancer. “Im-
munohistochemical method” uses a thin piece of tissue (4 micro-meters thick) 
that is allowed to interact with an antibody that targets a protein of interest. 
This first “primary” antibody attaches to the protein of interest. Then another 
antibody, a “secondary” antibody that attaches to the first type of antibody and 
carries a molecule that can show a brown color when “stained,” is allowed to 
interact with the primary antibody on the thin piece of tissue. In the microscope, 
after staining, the presence of brown color indicates the location and relative 
amount of the protein of interest. 
Peer review
It is an interesting study and data presented is relatively new. The authors de-
scribe the correlation between CcOI expression and colon cancer progression. 
This report provides solid data that indicate the deficiency of CcOI in some 
crypts and its correlation with aging. The discussion of the selective advantage 
of CcOI deficient (stem) cells is interesting.
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