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Background The role of mitochondria in cancer is poorly understood. Ulcerative colitis (UC) is an inflammatory bowel disease
that predisposes to colorectal cancer and is an excellent model to study tumor progression. Our goal was to char-

acterize mitochondrial alterations in UC tumorigenesis.

Methods Nondysplastic colon biopsies from UC patients with high-grade dysplasia or cancer (progressors; n = 9) and UC
patients dysplasia free (nonprogressors; n = 9) were immunostained for cytochrome C oxidase (COX), a compo-
nent of the electron transport chain, and were quantified by multispectral imaging. For six additional progres-
sors, nondysplastic and dysplastic biopsies were stained for COX and additional mitochondrial proteins including
PGC1a, the master regulator of mitochondrial biogenesis. Mitochondrial DNA (mtDNA) copy number was deter-
mined by quantitative polymerase chain reaction. Generalized estimating equations with two-sided tests were

used to account for correlation of measurements within individuals.

Results Nondysplastic biopsies of UC progressors showed statistically significant COX loss compared with UC nonpro-
gressors by generalized estimating equation (-18.5 units, 95% confidence interval = -12.1 to —-24.9; P<.001). COX
intensity progressively decreased with proximity to dysplasia and was the lowest in adjacent to dysplasia and
dysplastic epithelium. Surprisingly, COX intensity was statistically significantly increased in cancers.This bimodal
pattern was observed for other mitochondrial proteins, including PGC1a, and was confirmed by mtDNA copy

number.

Conclusions Mitochondrial loss precedes the development of dysplasia, and it could be used to detect and potentially predict

cancer. Cancer cells restore mitochondria, suggesting that mitochondria are needed for further proliferation. This

bimodal pattern might be driven by transcriptional regulation of mitochondrial biogenesis by PGC1a.

J Natl Cancer Inst;2013;105:1239-1248

Mitochondrial dysfunction has long been suspected to be involved
in tumorigenesis (1). Cancers harbor somatic mitochondrial DNA
(mtDNA) mutations, which are believed to be the consequence of
reactive oxygen species (2). However, little is known about how
mitochondrial alterations contribute to tumorigenesis. Warburg
first suggested that mitochondrial dysfunction triggered aerobic
glycolysis in cancer cells (3). However, recent research has dem-
onstrated that most tumor mitochondria are functional and their
metabolism is reprogrammed to support rapid cell growth (4).
Mitochondrial dysfunction in cancer has typically been analyzed
at the DNA level (1,2), but studies in the aging colon have demon-
strated that immunostaining of cytochrome C oxidase (COX) is a
good surrogate of mitochondrial function (5). COX is composed
of 13 subunits (3 mtDNA encoded and 10 nuclear DNA encoded)
and forms complex IV of the electron transport chain. In the aging
colon, COX loss involves whole crypts, presumably as a conse-
quence of mtDNA mutations that occur in the stem cells and then
propagate along the crypt (5,6). COX loss has been reported in the
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normal colonic epithelium from patients with sporadic colorectal
cancer (7,8), which suggests that it might precede neoplasia.

Ulcerative colitis (UC) is an inflammatory bowel disease that
predisposes to colorectal cancer and is an excellent model to study
mitochondrial dysfunction for two reasons. First, dysplasia arises
in precancerous fields of histologically normal tissue that harbors
molecular alterations (9-12) and then it progresses from low-
grade dysplasia (LGD) to high-grade dysplasia (HGD) and cancer.
Reactive oxygen species secondary to inflammation contribute to
this progression (13) and are likely to cause mitochondrial damage.
Second, metabolic (14-16) and proteomic studies (17-19) have
reported mitochondrial dysfunction associated with UC and its
progression to cancer. Thus, we hypothesized that COX loss is
associated with tumor progression and could be used to discriminate
UC patients with HGD and cancer (progressors) from UC patients
who are dysplasia-free (nonprogressors). This hypothesis is tested
in the first part of the study. The second part aims to characterize
the mitochondrial changes that occur in UC tumorigenesis.
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Methods

Patients and Samples

This study included two sets of patients (Table 1). The first set was
designed as a case—control study (part 1) and included nine UC
nonprogressors and nine UC progressors. Two to four biopsies
that were negative for dysplasia were analyzed for each patient.
Five non-UC colon biopsies were included as normal controls.
The second set of patients (part 2) included six UC progressors
from whom multiple biopsies with different stages of dysplasia
were available. All UC patients were recruited at the University
of Washington Medical Center in Seattle, Washington, with
approval from the Human Subjects Review Board and written
informed consent. Non-UC control biopsies were collected at
the Cleveland Clinic Foundation in Cleveland, Ohio, under an
institutional review boards waiver of consent. See Supplementary

Table 1. Patients and samples*

Methods (available online) for more information on patients and
samples.

Immunohistochemistry and Quantification

Consecutive 5-micron sections were obtained from formalin-
fixed, paraffin-embedded (FFPE) biopsies and stained with
the appropriate primary antibody (Table 2) following standard
procedures. Images were processed and quantified with a Nuance
Multispectral Imaging System (CRI, Woburn, MA) and in-house
software. See Supplementary Methods and Supplementary
Figure 1 (available online).

Inflammation Quantification
FFPE slides were stained with hematoxylin and eosin and examined
under a light microscope for chronic inflammation (lymphocytes in

Disease Age of

Patient Age, duration, onset, No. of biopsies analyzed,
group Diagnosis years Sex years years all negative for dysplasia
Set 1
non-UC Constipation 20 F — — 1
non-UC Constipation 26 F — — 1
non-UC Diverticulitis 36 M — — 1
non-UC Diverticulitis 43 M — — 1
non-UC Diverticulitis 50 M — — 1
UC NP Negative 20 M 12 8 4
UC NP Negative 33 F 8 25 2
UC NP Negative 43 M 13 30 2
UC NP Negative 46 F 17 29 3
UC NP Negative 51 F 20 31 3
UC NP Negative 52 F 18 16 3
UC NP Negative 57 F 8 49 4
UC NP Negative 60 M 44 16 2
UC NP Negative 77 F 24 53 2
ucp Cancer 35 M 14 21 4
UCP Cancer 40 M 20 20 4
UcP HGD 47 M 20 27 4
ucp Cancer 47 F 14 33 2
ucrp HGD 51 M 15 36 2
ucp HGD 54 M 20 34 4
ucp Cancer 61 M 8 53 3
UCP Cancer 63 M >8 NA 3
ucp Cancer 70 F 52 18 3
Total 59

No. of biopsies analyzed,

highest dysplastic grade

Negative LGD HGD Cancer

Set 2
UcCP HGD 48 M 10 38 3 1 1
ucrep HGD 58 M 29 29 5 1 1
ucp Cancer 31 M 4 27 1 1 NA 2
UCP Cancer 33 F 22 1 1 1 1 3
UCP Cancer 36 M 8 28 3 1 1 1
ucp Cancer 51 F 13 38 4 1 2 2
Total 27 6 6 8

* F = female; HGD = high-grade dysplasia; LGD = low-grade dysplasia; M = male; NA = not available; NP = nonprogressor; P = progressor; UC = ulcerative colitis.
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lamina propria) and acute inflammation (neutrophils in epithelium
and cryptitis).

mtDNA Copy Number Quantification

mtDNA was extracted from frozen UC colon biopsies from the six
UC progressor patients in Table 1, set 2. The maximum histological
grade of each biopsy was determined by pathological examination
of a paired FFPE biopsy collected at the same location. Most paired
FFPE biopsies were previously analyzed for COX. The number
of biopsies in each histological grade were as follows: 10 negative
located 10cm or more from dysplasia, 14 negative located less than
10 cm from dysplasia, 9 LGD, 6 HGD, and 5 cancers. The number
of mtDNA copies in total DNA extracted from epithelial cells was
measured by quantitative polymerase chain reaction (PCR) as the
difference in amplification cycles between a mitochondrial PCR
and a control nuclear PCR (see Supplementary Methods, available
online).

Telomere Fluorescence In Situ Hybridization
Paraffin-embedded, lightly paraformaldehyde-fixed slides were
hybridized with a telomere probe conjugated to fluorescein isothio-
cyanate, as previously described [(20) and Supplementary Methods,
available online]. Consecutive pictures of adjacent colon crypts
were taken at x63 with a Zeiss 510 META confocal microscope
(Carl Zeiss, Germany). In Photoshop, these pictures were compiled
into a single image that reconstructed the crypt morphology of the
tissue to facilitate the comparison of telomeres with COX staining
at the crypt level. For each nuclei, telomere mean intensity was
quantified using previously described algorithms (20,21). For each
crypt, telomere length was calculated as the mean intensity from all
nuclei divided by the mean intensity of the adjacent stroma.

Statistical Analysis

The method of generalized estimating equations (22) was used to
account for correlation of measurements within individuals (lack
of independence) when assessing the magnitude and statistical sig-
nificance of differences in COX values by patient diagnostic group,
distance to dysplasia, inflammation, and stage of progression (see
Supplementary Methods, available online). Generalized estimat-
ing equations analyses were done using R with “geepack” functions
(http://www.r-project.org). All the tests were two-sided at an alpha
level (type 1 error rate) of 0.05.

Results

Comparison of COX Staining in Nondysplastic Biopsies

of UC Progressors and Nonprogressors

Colon biopsies from UC progressors, nonprogressors, and
non-UC patients were stained for COX subunit I (Table 1).
COX expression was high and uniform in normal colon epithe-
lium, indicating intact mitochondrial function (Figure 1, A-C).
Sporadically, we observed rare whole crypts completely devoid of
COX (Figure 1, B and C, arrows), in agreement with findings from
aging colon (5). By comparison, in UC epithelium, most COX loss
followed patterns not previously described. In UC nonprogres-
sors, COX expression was usually high (Figure 1D), but occasion-
ally patches of COX loss were found that affected only portions of
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adjacent crypts (Figure 1E, arrows) or the bottom half of crypts
(Figure 1F). In UC progressors, there were large areas of COX loss
(Figure 1G), but sometimes the base of the crypts (Figure 1H) or
the surface epithelium (Figure 1I) remained COX positive. COX
loss in UC progressors compared with nonprogressors was obvious
by visual examination of the slides and was confirmed by quantifi-
cation of COX intensity (Figure 2). Three representative pictures
from each biopsy were quantified, and the average COX inten-
sity for each biopsy was plotted for each patient (Figure 2A). The
average COX intensity was statistically significantly lower among
UC progressors than among nonprogressors (-18.5 units; 95%
confidence interval [CI] = -12.1 to -24.9; P < .001) (Figure 2B).
Although UC nonprogressors had some COX loss compared with
normal (non-UC) colons, that difference was not statistically sig-
nificant (P = .10). In spite of the large variation of COX stain-
ing between biopsies from the same UC patient, the mean COX
intensity for each patient could distinguish UC progressors from
nonprogressors with 100% sensitivity and 77.7% specificity (9 of 9
progressors and 2 of 9 nonprogressors had mean COX intensity <
40) (Figure 2C). Interestingly, COX intensity and distance to dys-
plasia were statistically significantly correlated (slope = 0.18 units/
cm, 95% CI = 0.01 to 0.34; P = .04) (Figure 1D), which indicates
a progressive defect of loss of mitochondria that might precede
dysplasia. There was no association between COX intensity and
distance to rectum for either nonprogressors or progressors. COX
intensity was not statistically significantly associated with either
chronic or acute inflammation.

Mitochondrial Changes in UC Tumorigenesis

In the second part of this study, we investigated COX expression
in dysplasia and cancer. Figure 3, A-D, shows representative
pictures from increasingly dysplastic tissue from one UC
progressor. The nondysplastic epithelium adjacent to cancer and
the epithelium with LGD had very low levels of COX expression;
however, there was a clear increase of COX expression in cancer.
To assess these changes quantitatively, a total of 20 dysplastic
biopsies (n = 6 LGD; n = 6 HGD; n = 8 cancers, based on highest
grade) from six progressor patients were stained (Table 1, set 2).
Each biopsy contained areas with different histologic grades,
and representative pictures were taken from each, including 34
areas of negative epithelium adjacent to dysplasia, 40 areas of
LGD, 30 areas of HGD, and 28 areas of cancer. In addition, 79
areas of nondysplastic epithelium were also quantified (average
of 3 random pictures from 27 nondysplastic biopsies) and were
grouped according to their distance to dysplasia (210 cm: 39
areas; <10 cm: 40 areas). The cutoff point of 10cm was based
on Figure 2D and previous data showing increased molecular
alterations at 10cm from dysplasia (12). Thus, for these
progressors, COX was analyzed across the full spectrum of tumor
progression, represented by six categories: negative 10cm or
more from dysplasia, negative less than 10cm from dysplasia,
negative adjacent to dysplasia, LGD, HGD, and cancer. The
result was a bimodal distribution of COX intensity (Figure 3E). In
agreement with Figure 2D, in this independent set of progressors,
we observed a decrease of COX with increasing proximity to
dysplasia. There was a statistically significant decrease in COX
across histologic grades from negative greater than 10cm to
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Figure 1. Representative cytochrome C oxidase (COX) staining patterns. A-C) Normal colon. Black arrows in (B) and (C) indicate crypts with com-
plete COX loss, consistent with previous findings in aging colon. D-F) Colon biopsies from ulcerative colitis (UC) nonprogressors. Black arrows in
(C) show COX-positive cells alternating with COX-negative cells. G-1) Nondysplastic biopsies from UC progressors. Scale bar = 100 um.

LDG (slope = -3.04 intensity units decrease per unit increase
in progression; P = .002). After adjusting for the random effect
of each patient (ie, the individual-level COX value), the average
decrease of COX within patient was larger and more statistically
significant than the unadjusted effect (-3.8 per unit increase in
progression; P < .001), indicating a strong decrease within each
patient but different intercepts for each. Although Figure 3C
(HGD) shows more COX than Figure 3B (LGD), there was
variability in the levels of COX staining in both stages. However,
cancers had statistically significantly higher levels of COX than
both LGD (P = .04) and HGD (P = .03). The individual plots
for each patient are shown in Supplementary Figure 2 (available
online). It is remarkable that the two patients with HGD as
their highest degree of neoplasia at colectomy showed mostly a
decrease in COX across progression (Supplementary Figure 2, A
and B), whereas the four patients that developed cancer showed
an initial decrease and a later increase (Supplementary Figure 2,
C-F, available online).

To investigate whether this bimodal pattern affected only COX
or the whole mitochondria, we quantified mtDNA copy number

jnci.oxfordjournals.org

in paired frozen biopsies adjacent to the FFPE biopsies used for
COX staining. mtDNA was quantified by quantitative PCR from
total DNA extracted from epithelial cells. In full agreement with
COX data, we observed a statistically significant decrease of
mtDNA copy number in negative greater than 10 cm, negative less
than 10cm, and LGD biopsies (Pye,q = -02). After adjusting for the
random effect of each patient, the within-patient trend was still
statistically significant (P = .03). Cancer biopsies showed a highly
statistically significant increase of mtDNA molecules compared
with LGD biopsies (mean difference = 299.1, 95% CI = 199.7 to
398.4; P < .001) and HGD biopsies (mean difference = 404.1, 95%
CI=321.7 to 486.3; P < .001), adding strong statistical evidence to
the previous COX results.

Other Mitochondrial Markers and PGC1a in UC
Tumorigenesis

To further confirm the preneoplastic loss and neoplastic gain
of mitochondria, we stained serial sections of biopsies with the
following antibodies: prohibitin, a mitochondrial chaperone
(23); Opal, a GTPase that regulates mitochondrial shape and
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Figure 2. Quantification of cytochrome C oxidase (COX) staining in non-
dysplastic biopsies from ulcerative colitis (UC) progressors and non-
progressors. A) COX intensity by biopsy. Each dot represents a single
biopsy. Biopsies in the same column are from the same patient. Two to
four biopsies from nine UC nonprogressors and nine UC progressors
are shown, together with five normal colon control biopsies. B) Group
means for COX intensity. Bars indicate generalized estimating equations

fusion (24); and four proteins of the electron transport chain,
both nuclear and mtDNA encoded (Table 2). Prohibitin and
Opal showed a staining pattern very similar to that of COX
(Supplementary Figure 3, available online), as well as the
four electron transport chain proteins, regardless of whether
they were nuclear or mitochondrial encoded (Supplementary
Figure 4, available online).

Mitochondrial biogenesis is regulated by peroxisome prolif-
erator-activated receptor gamma coactivator lalpha (PGCla or
PPARGCI1A), which is a transcription factor that controls pro-
duction of mitochondrial proteins (25). To determine whether the
bimodal mitochondrial pattern was the result of PGCla action, we
stained serial sections of representative biopsies for COX, two elec-
tron transport chain proteins (complex II and complex IV subVa),
and PGCla (Figure 4). Again, we observed striking similarities in
the staining patterns of the four markers, suggesting that PGCla
could be the driver of the mitochondrial changes observed here.
Additional images showing evidence of concordant staining between
COX and PGCla are shown in Supplementary Figure 5 (available
online). Note that we observed infrequent exceptions to this pat-
tern, which corresponded to isolated crypts with complete COX
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Distance to dysplasia (cm)

standard deviation (SD). P values correspond to two-sided mean com-
parisons from generalized estimating equations. C) COX intensity by
patient. Each dot represents the mean COX intensity for all the biopsies
analyzed for each patient. Bars indicate SD. D) Correlation between COX
intensity and distance to dysplasia for nondysplastic biopsies from UC
progressors. Pearson correlation coefficient and two-sided P value are
shown.

loss in spite of high PCGla expression (Supplementary Figure 5,
A and B, black arrows). As mentioned before, these sporadic crypts
are in agreement with the findings of clonally expanded mtDNA
mutations in aging colon (5,6). In UC patients, these age-related,
COX-negative crypts appear to be superimposed on a more global
pattern of COX deficiency that appears to be driven by PGCla.

Other Cellular Mechanisms Associated With

Mitochondrial Loss: Telomere Shortening and Glycolysis
Mitochondrial loss could be the consequence of shorter telom-
eres, which indirectly repress PGCla (26).We previously demon-
strated that, in UC tumorigenesis, telomeres first shorten and then
lengthen (12) in a pattern strikingly similar to the mitochondrial
results described here. Thus, we investigated a potential asso-
ciation between telomere shortening and mitochondrial loss by
performing telomere fluorescence in situ hybridization in serial
sections from biopsies previously stained and quantified for COX.
We confirmed that mitochondria and telomeres follow the same
U-shaped pattern in tumor progression (Supplementary Figure 6,
A and B, available online). However, the association was not always
true at the crypt level. Whereas some crypts contained very little
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Figure 3. Mitochondrial changes in ulcerative colitis (UC) tumorigenesis.
A-D) Representative example of increased cytochrome C oxidase (COX)
staining with tumor progression. Brown: COX; blue: hematoxylin. Scale
bar = 100 pm. E.)Quantification of COX intensity in nondysplastic and
dysplastic biopsies from six progressor patients (set 2). Nondysplastic
(negative) biopsies were divided by distance to dysplasia: equal to or
greater than 10cm and less than 10cm. In dysplastic biopsies, all histo-
logical grades present in a given biopsy were quantified (negative adja-
cent [Neg adj], low-grade dysplasia [LGD], high-grade dysplasia [HGD],
and cancer). The number of pictures analyzed for each histological grade
is indicated in parenthesis. F) Quantification of mitochondrial DNA
(mtDNA) copy number in nondysplastic and dysplastic biopsies from six

COX (Supplementary Figure 6C, crypt 1, available online) and
extremely short telomeres (Supplementary Figure 6, E and G,
crypt 1, available online), others had low COX (Supplementary
Figure 6D, crypt 2, available online) but long telomeres (Figure 5,
F and H, crypt 2).

Historically, glycolysis in tumors has been attributed to mito-
chondrial dysfunction (Warburg effect) (3), which disagrees with
our findings of mitochondria recovery in cancer. Thus, we explored
glycolysis at the different stages of UC tumorigenesis. Serial sec-
tions of representative biopsies were stained with COX and with
MCT4 (Table 2), a lactate exporter considered to be a reliable
marker of glycolysis (Figure 5) (27). Lactate is an end-product of
glycolysis that cells export by MCT4 to avoid acidification of the
cytoplasm. Nondysplastic epithelium from UC nonprogressors
and progressors was negative for MCT4, except at the surface epi-
thelium. MCT4, however, was highly expressed in most epithelial
cells from LGD, HGD, and cancer. This is in contrast to COX,
which was negative in LGD, only partially positive in HGD, and
fully positive in cancer.
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progressor patients [same as in (E)]. The number of mtDNA copies was
estimated by quantitative polymerase chain reaction using total DNA
extracted from frozen biopsies whose maximum histological grade was
previously determined by pathological examination of adjacent forma-
lin-fixed, paraffin-embedded biopsies. Numbers in parentheses indicate
number of biopsies of each given grade. For (E) and (F), box and whisker
plots depict the median (black line), interquartile range (box), and maxi-
mum and minimum (ends of whiskers). The trend for the decrease of
COX and mtDNA was quantified and tested for a difference from slope
of zero using the two-sided Wald test from generalized estimating equa-
tions; the same test was applied to test for nonzero differences in mean
between LGD, HGD, and cancer. Neg = Negative for dysplasia.

Discussion

The analysis of COX staining in UC biopsies has been exception-
ally informative at two different levels. At the biomarker level,
COX loss precedes tumor progression in UC, and thus it could
potentially be used as a biomarker to distinguish UC patients
with cancer. At the biological level, the loss of COX represents a
reduction of the number of mitochondria in preneoplasia, which,
surprisingly, is restored in cancers. This early decrease and later
increase of mitochondria can also be detected by quantification
of mtDNA copy number and by immunohistochemistry of other
mitochondrial proteins, and it appears to be driven by PGCla, the
master regulator of mitochondrial biogenesis.

Regarding the potential of COX as a useful cancer biomarker,
is worth noting that, in this preliminary study, we could discrimi-
nate progressors from nonprogressors with 100% sensitivity and
77.7% specificity by analyzing only two to four colonic biopsies per
patient. The value of this approach is that these biopsies are ran-
dom, histologically normal biopsies, which can detect the presence
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Figure 4. Serial staining of mitochondrial markers in representative biopsies of ulcerative colitis (UC) nonprogressors (NP) and progressors (P).
A-E) Complex Il subunit 30KDa (nuclear encoded). F-J) Complex IV subunitVa (nuclear encoded). K-O) Complex IV subunit | (cytochrome C oxidase
[COX], mitochondrial encoded). P-T) PGC1a. Black arrows indicate concordant regions of COX loss. Scale bar = 100 pm. HGD = high-grade

dysplasia; Neg = negative for dysplasia.

Figure 5. Comparison of respiration and glycolysis in ulcerative colitis (UC) tumorigenesis. Serial staining in representative biopsies of UC nonpro-
gressors (NP) and progressors (P) for cytochrome C oxidase (COX) (A-E) and MCT4, a marker of glycolysis (F-J). Scale bar = 100 pm. HGD = high-

grade dysplasia; Neg = negative for dysplasia.

of HGD or cancer elsewhere in the colon because most of the colon
is affected with mitochondrial dysfunction (field effect) in patients
that have developed cancer. Actually, mitochondrial dysfunction is
more prominent closer to dysplasia; therefore, by analyzing a larger
number of biopsies, the ability to distinguish progressors based on
random biopsies should increase even further.

The main limitation of this study is the small number of
patients. This was an exploratory study, which will have to be
validated in larger cohorts of patients. Another limitation is its
cross-sectional design. Ideally, UC cancer biomarkers should be
evaluated in retrospective or prospective studies so that longitudi-
nal information about the progression status of the patient is avail-
able. In this study, two nonprogressors showed low levels of COX.
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Longitudinal information would allow to determine whether
these two patients are truly nonprogressors with low COX (false
positive) or patients that eventually developed cancer (future pro-
gressors). The advantage of COX is that it can be tested in FFPE
biopsies, which are the archival material clinically available for
retrospective studies. This makes it an ideal biomarker for cancer
prediction in UC.

The pattern of COX loss observed in UC is different from the
pattern described in aging colon (5,6) and sporadic colorectal can-
cer (7,8). These studies reported loss of COX in segments of crypts,
whole crypts, and groups of crypts. This was attributed to mtDNA
mutations that occur in colonic stem cells and propagate through
the cryptand then the crypts expand by fission to generate groups of
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crypts that are completely COX negative. In our study, we observed
loss of COX in irregular patches that do not fit with a crypt-based
boundary. Moreover, we provided evidence that COX loss reflects
mitochondrial loss, as demonstrated by mtDNA quantification
and immunohistochemistry staining of multiple mitochondrial
proteins (both nuclear and mtDNA encoded). In addition, mito-
chondrial loss appears to be the consequence of downregulation
by PGCla, the master regulator of mitochondrial biogenesis (25).
Sporadically, we observed crypts with complete COX loss, which
closely resembled the ones described in aging colon. Serial staining
with PGCla showed normal expression, indicating that the loss
of COX in these rare crypts is not due to mitochondrial down-
regulation. MtDNA sequencing is currently under way to confirm
COX mutations in those crypts. Rare colon crypts with mutated
COX could also account for crypt to crypt discrepancies between
telomere length and mitochondrial loss. The fact that both cellular
events show identical bimodal distributions raises the possibility
of a potential association, which is strengthened by the recently
discovered link between short telomeres and mitochondrial dys-
function in telomerase knockout mice (28).Our study had limited
amount of samples to explore this association in detail, but it will be
the subject of future research.

A striking finding of this study is the recovery of mitochondria
in tumors, which occurs in addition to the acquisition of glycoly-
sis in LGD. Interestingly, cells in LGD typically show low mito-
chondrial content, which might trigger glycolysis as an alternative
mechanism of ATP production. At the cancer stage, however, gly-
colysis is still present, but the number of mitochondria dramati-
cally increases, which suggests a positive selection of mitochondria
to allow further cell proliferation. This is in agreement with the
concept that cancer metabolism is not the consequence of mito-
chondrial dysfunction but the result of mitochondrial reprogram-
ming to meet the challenges of macromolecular synthesis (4). The
current view is that cancer metabolism is a dynamic process (29)
in which waves of gene regulation might initially suppress mito-
chondrial biogenesis and increase glycolysis but eventually restore
oxidative phosphorylation in cancer cells (30). Our results offer
unique in vivo data that fully supports this view.
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