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ackground & Aims: Telomere shortening is impli-
ated in cancer and aging and might link these 2
iologic events. We explored this hypothesis in ulcer-
tive colitis (UC), a chronic inflammatory disease that
redisposes to colorectal cancer and in which shorter

elomeres have been associated with chromosomal
nstability and tumor progression. Methods: Telo-

ere length was measured by quantitative polymer-
se chain reaction in colonocytes and leukocytes of 2
ifferent sets of UC patients and compared with nor-
al controls across a wide range of ages. For a subset

f patients, telomere length was measured in epithe-
ium and stroma of right and left colon biopsy spec-
mens. A third set of biopsy specimens was analyzed
or phosphorylation of histone H2AX (�H2AX), a
NA damage signal, by immunofluorescence and for

elomere length by quantitative fluorescence in situ hy-
ridization. Relationships between telomere length,
H2AX intensity, age, disease duration, and age of
isease onset were explored. Results: Colonocyte

elomeres shorten with age almost twice as rapidly in
C patients as in normal controls. This extensive

hortening occurs within approximately 8 years of
isease duration. Leukocyte telomeres are slightly
horter in UC patients than in controls, but telomeres
f colon stromal cells are unaffected. �H2AX inten-
ity is higher in colonocytes of UC patients than in
ontrols and is not dependent on age or telomere
ength. Conclusions: Colonocytes of UC patients
how premature shortening of telomeres, which

ight explain the increased and earlier risk of cancer
n this disease. Shorter leukocyte telomeres and in-
reased �H2AX in colonocytes might reflect oxidative
amage secondary to inflammation.

elomeres protect the end of the chromosomes from
end-to-end fusions, degradation, and recombina-

ion. Telomeres shorten approximately 100 base pairs in
ach cell division because of their incomplete replication1

nd also as a consequence of oxidative damage.2 Telo-
ere attrition plays 2 opposing roles in cancer: as a
umor-suppressor mechanism when DNA damage check-
oints are intact3 and as a mechanism to generate chro-
osomal instability when DNA damage checkpoints are

ysfunctional.4 In addition, cross-sectional studies sug-
est that telomere shortening also plays an important
ole in aging: not only does telomere length decrease with
ge in most human tissues,5 but shorter leukocyte telo-
eres are associated with mortality, diseases of aging,

nd factors that predispose to aging.6,7 Although the risk
f most cancers increases with age,8 it is still not known
o what extent telomere shortening is responsible for this
ssociation. Support for the role of telomeres as a key
actor linking cancer and aging comes from some prema-
ure aging syndromes, such as dyskeratosis congenita and
plastic anemia, characterized by accelerated rate of telo-
ere attrition with age, chromosomal instability, and

redisposition to cancers (reviewed in Blasco9).
Critically short, uncapped telomeres lead to replicative

enescence by activation of a DNA damage response that
nvolves phosphorylation of the histone H2AX (�H2AX).10

his response is normally triggered by DNA double-
trand breaks to arrest cell cycle progression until the
NA damage has been repaired, and it can be visualized

y fluorescence microscopy as nuclear accumulation or
oci of �H2AX and other DNA repair factors.11 In the
resence of uncapped telomeres, growth arrest is perma-
ent, and �H2AX foci are persistent and a marker of
ellular senescence.12 Although the DNA damage re-
ponse that links short telomeres, H2AX phosphoryla-
ion, and senescence is increasingly well characterized in
itro,13 less is known of how telomere shortening trans-
ates into aging and disease in humans.

Ulcerative colitis (UC) is a chronic inflammatory dis-
ase of the colon that predisposes to colorectal cancer.14

he risk of colorectal cancer increases with duration,
xtent, and early onset of disease15 and with the severity
f inflammation.16 We and others have previously dem-

Abbreviations used in this paper: �H2AX, phosphorylated H2AX;
-FISH, quantitative fluorescence in situ hybridization; Q-PCR, quanti-

ative polymerase chain reaction; UC, ulcerative colitis.
© 2008 by the AGA Institute
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August 2008 RAPID TELOMERE ATTRITION IN UC 411
nstrated telomere shortening in colonocytes of UC pa-
ients, especially in those progressing to dysplasia and
ancer.17,18 In addition, we have shown that telomere
hortening is associated with chromosomal instability
nd anaphase bridges (a result of end-to-end chromo-
omal fusion), providing a mechanistic connection be-
ween telomere shortening and chromosomal damage
eading to cancer.18 The mechanism that triggers UC is,
owever, unknown, but inflammation and oxidative
amage are thought to play a crucial role.19 Because
elomeres shorten with cell replication1 as well as oxida-
ive damage,2 we hypothesized that, in UC, telomeres

ight shorten faster than in normal colon. We have
reviously demonstrated that in normal colon, telomere

ength decreases with age until approximately age 60
ears. Beyond that age, the average telomere length in-
reases, presumably reflecting the selective survival of
atients with longer colonocyte telomeres.20 Therefore,
y comparing colonocyte telomere length and �H2AX
amage-related foci in UC and normal individuals across
wide range of ages, we aimed to study the role of

elomere attrition and DNA damage in this disease and
s a potential link between cancer and aging. In addition,
e analyzed telomere length in stroma adjacent to

olonocytes and in leukocytes of UC patients to deter-
ine whether telomere attrition in UC patients is sys-

able 1. Demographics of Ulcerative Colitis Patients and Con

SET 1

escription set
Samples Colon biopsies
Parameter Telomere length
Technique Quantitative-PCR

ormal colon
Cases 79b

Age (mean � SD) 48.9 � 21.4
Gender

Male 27 (34.2%)
Female 52 (65.8%)

lcerative colitis
Cases 85
Age (mean � SD) 48.3 � 18.3
Gender

Male 50 (58.8%)
Female 35 (41.2%)

Disease duration 12.9 � 11.1a

Age of onset 35.3 � 18.2a

Disease activity
Inactive 11/80 (13.8%)
Mild 22/80 (27.5%)
Severe 47/80 (58.8%)

Medication use
5-ASA 43/62 (69.4%)
Vitamins 25/62 (40.3%)
Folic acid 15/61 (24.6%)

Excludes patients for whom this information was missing (3, 28, an
A subset of this data was previously published in O’Sullivan.20
emic or cell and tissue specific. b
Materials and Methods
Patients and Samples
Three different sets of UC patients and normal

olon controls were analyzed (Table 1). The first set
ncluded fresh frozen biopsy specimens from 79 normal
olon controls (ages, 2–79 years) and 85 UC patients
ages, 14 –79 years) and was analyzed for telomere length
sing quantitative polymerase chain reaction (Q-PCR).
he second set included leukocyte DNA from 45 normal
ontrols (ages, 33–79 years) and 102 UC patients (ages,
1– 80 years) and was analyzed for telomere length using
-PCR. UC patients in set 2 are only 2% overlapping with

et 1, but the normal controls are 77.8% overlapping with
et 1. The third set included paraffin-embedded, lightly
araformaldehyde-fixed blocks from 53 normal colon
ontrols (ages, 31–79 years) and 43 UC patients (ages,
1–78 years) and was analyzed for in situ �H2AX immu-
ostaining and for telomere length by quantitative fluo-
escence in situ hybridization (Q-FISH). Set 3 shares most
f the UC cases with set 1 (83.7%) but only a small percent-
ge of normal controls (9.4%). Data from the 3 sets were
nalyzed independently. To study the potential relationship
etween biopsy specimen telomere length and colon loca-
ion, and to add an additional cell type (stroma) as a con-
rol, we analyzed telomere length by Q-PCR in a subset of

SET 2 SET 3

Blood Colon biopsies
Telomere length H2AX and telomere length
Quantitative-PCR Quantitative-immuno-FISH

45b 53
55.5 � 14.6 54.7 � 14.9

14 (31.1%) 28 (52.8%)
31 (68.9%) 25 (47.1%)

102 43
51.2 � 12.8 54.8 � 14.6

60 (58.8%) 22 (51.2%)
42 (41.2%) 21 (48.8%)

20.8 � 11.4a 13.6 � 10.7a

28.9 � 12.8a 40.4 � 20.1a

32/83 (38.6%) 4/37 (10.8%)
32/83 (38.6%) 11/37 (29.7%)
19/83 (22.9%) 22/37 (59.5%)

24/44 (54.5%) 20/25 (80%)
8/43 (7.8%) 10/25 (40%)
9/43 (8.8%) 5/25 (20%)

ases in set 1, 2, and 3 respectively).
trols

d 1 c
iopsy specimens from 14 UC cases and 14 age-matched
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412 RISQUES ET AL GASTROENTEROLOGY Vol. 135, No. 2
ormal controls from set 1 (ages, 30–59 years). One right
olon biopsy specimen and 1 left colon biopsy specimen
ere analyzed for each UC patient. For the normal controls,
nly 1 biopsy specimen was analyzed.

Normal colon was obtained from individuals with no
istory of colorectal malignancy and included patient
iagnoses of trauma, appendicitis, diverticular disease,
olitary rectal ulcer syndrome, focal active colitis (infec-
ious), and benign lymphoid tissue. Clinical information
vailable for UC patients includes disease duration and
ge of onset, which was assessed by the first appearance
f symptoms; disease activity, categorized as inactive,
ild, or severe; and medication use, including 5-aminosa-

icylate (5-ASA) drugs, vitamins, and folic acid (Table 1). UC
amples were obtained during colonoscopy or from sur-
ically resected colons. Only biopsy specimens graded as
egative for dysplasia were included in this study; how-
ver, approximately half of the UC patients (set 1: 44%,
et 2: 52%, set 3: 44%) had dysplasia or cancer at a distant
ite. Multiple biopsy specimens were analyzed for 32% of
he UC cases in set 1 and 56% of the UC cases in set 3. For
hose cases, the average of multiple biopsy specimens was
aken. For the rest of UC cases and for all normal colon
ontrols, only 1 biopsy specimen was analyzed. Samples
ere collected at the University of Washington Medical
enter and the Group Health Cooperative in Seattle, WA,
nd at the Cleveland Clinic in Cleveland, OH. These
tudies were approved by the human subjects review
oards of each institution, with annual renewals.

Epithelial Cell Isolation and DNA Extraction
Epithelial cells from frozen biopsy specimens were

solated using epithelial shake off as previously described.21

ytokeratin staining confirmed that at least 90% of the cells
ere epithelial. DNA was extracted from epithelium,

troma, and blood using Qiagen DNA extraction kits (Qia-
en, Valencia, CA), following manufacturer’s instructions.

Telomere Measurements by Q-PCR
Telomere length was measured by Q-PCR as pre-

iously described.22,23 Telomeric DNA and a single-copy
nternal control gene (36B4, acidic ribosomal phospho-
rotein PO) were amplified in each sample. A 4-point
tandard curve (2-fold serial dilutions from 5 to 0.625 ng
NA) was used to transform cycle threshold into nano-

rams of DNA. All samples were run in triplicate, and the
edian was used for subsequent calculations. The

mount of telomeric DNA (T) was divided by the amount
f single-copy internal control gene DNA (S), producing
relative measurement of the telomere length (T/S ratio).
wo control DNA samples were included in each run to
llow for normalization between experiments, and peri-
dic reproducibility experiments were performed to guar-
ntee accurate measurements. The intra- and interassay
ariability (coefficient of variation) for Q-PCR was 6%

nd 7%, respectively. F
�H2AX Immunostaining and Telomere
Q-FISH
Paraffin-embedded, lightly paraformaldehyde-fixed

lides were processed using a modification of previous
rotocols.13,18 Slides were incubated in 10 mmol/L so-
ium citrate, pH 6.5, for 40 minutes at 90°C for antigen
etrieval. Slides were blocked in 3% bovine serum albu-

in (Sigma Chemical Co, St Louis, MO) and incubated
t 4°C overnight with mouse monoclonal anti-phospho-
istone H2AX antibody (Ser139) clone JBW301 (Upstate
iotech, Charlottesville, VA) diluted 1:1000 in blocking
uffer. Slides were washed with 5% goat serum/phos-
hate-buffered saline and incubated with 1:1000 second-
ry antibody (goat anti-mouse Alexa 568 IgG1; Molecular
robes, Carlsbad, CA). Antibody was fixed with 4% para-
ormaldehyde for 20 minutes followed by 0.25 mmol/L
lycine for 20 minutes. Slides were dehydrated through
erial ethanol baths then digested with 1 mg/mL pep-
in (Sigma Chemical Co), dehydrated in ethanol series,
nd incubated with 10 mg/mL RNase A. Slides were
ybridized with a 1:250 dilution of PNA-FITC (5=-
TTCGTTGGAAACGGGA-3=) as described.18 Nuclear
NA was counterstained with 10 mg/mL DAPI. Slides
ere mounted in Vectashield (Vector Laboratories, Bur-

ingame, CA). Images were taken on a Zeiss LSM Meta
10 microscope at 63� with excitation at 543 nm for
lexa 568, 488 nm for FITC, and 405 nm for DAPI, using

equential scans at constant settings for all slides. Both
elomere spots and �H2AX foci images were quantita-
ively analyzed.20,24

Statistical Analysis
The association between telomere length and

H2AX vs age, disease duration, and age of onset was
nalyzed by both simple and 2-segment linear regression
odels. Permutation tests were used to select the best

tted model and to estimate the confidence interval of
lopes and change point, if the 2-segment model was
hosen.25 Lowess smoothing curves were also fitted to the
ata with a confidence interval band from bootstrap
nalysis. Simple linear regression was used to assess the
ssociation between telomere length and �H2AX. The
omparisons of telomere length and �H2AX by age de-
ades were done by Wilcoxon rank-sum test. Paired t tests
ere used to compare telomere length between epithe-

ium and stroma, and unpaired t tests were used to
ompare left UC biopsy specimens, right UC biopsy spec-
mens, and normal colon biopsy specimens.

Results
Accelerated Telomere Shortening in the Colon
of UC Patients
The relationships between telomere length and

ge in normal control and UC colonocytes are shown in

igure 1. We previously reported the association between
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August 2008 RAPID TELOMERE ATTRITION IN UC 413
-PCR measured telomere length and age in a subset of
7 normal colons.20 In that set, however, only 4 cases

igure 1. Associations between colonocyte telomere length and age
n normal colon (A) and ulcerative colitis (B). Both the 2-segment model
dark continuous line) and the smoothed curve with bootstrap confi-
ence interval (light continuous line and dashed lines) are indicated. The
values correspond to the comparison of the 2-segment model vs a

ingle linear model. (C) Comparison of telomere length (mean � SEM) in
ormal colon and ulcerative colitis by decades of age. The P values
orrespond to Wilcoxon rank-sum tests for each age group.
ere younger than 40 years old. To explore colonocyte d
elomere dynamics more broadly in younger patients, we
ave added 32 additional individuals, most of them be-
ween 2 and 40 years of age. Figure 1A shows the ex-
ected decrease of telomere length until age 59 (95%
onfidence interval [CI]: 48.5– 67) years, followed by a
ignificant increase in average patient telomere length
hereafter, consistent with our previous report. A 2-seg-

ent model fitted the data significantly better than a
ingle linear model (P � .002). The slope for the first
egment was �0.025 (95% CI: �0.033 to �0.020) and for
he second was 0.012 (95% CI: �0.003 to 0.046).

In UC patients, a 2-segment model also fitted the data
ignificantly better than a single linear model (P � .002)
ut, in these patients, the change point was much earlier,
orresponding to an age of 33 (95% CI: 25.5– 48.5) years
Figure 1B). The slope for the first segment was �0.041
95% CI: �0.087 to �0.018) and for the second was �0.001
95% CI: �0.005 to 0.008). A 95% bootstrap CI (Figure 1B,
ashed lines) for the smoothed curve (Figure 1B, light contin-
ous line) supported the fitted 2-segment models and
uggested a steep decrease in telomere length at young
ges in UC patients. The 2-segment association between
elomere length and age was statistically significantly
ifferent between normal and UC subjects (P � .005).
he change point for UC patients was estimated to be 26
ears younger than that for normal controls (95% CI:
7– 40.5 years). In addition, the difference between the
lopes of the first segment in UC and normal colon
pproached significance (�0.016, 95% CI: �0.033 to
.001, P � .065), suggesting an approximately 2-fold
aster decrease of telomere length with age in UC than in
ormal colon. When compared by decades (Figure 1C),
C patients showed significantly shorter colonocyte telo-
eres than normal individuals in age decades 30 –39 and

0 – 49 (P � .001 and P � .02, respectively). After age
djustment, telomere length in UC patients was not sig-
ificantly associated with the disease activity or medica-
ion use.

Shorter Telomeres Are Associated With
Longer Disease Duration
We analyzed telomere length as a function of age

f onset and duration of disease (Figure 2). Age of onset
as not related to colonocyte telomere length either in a

imple linear or a 2-segment model (Figure 2A). Two
ubsets of UC patients were observed: early onset (age of
isease onset under 50 years) and late onset (above 50
ears). As seen in Figure 2B, late-onset patients generally
ad short telomeres in spite of recent clinical onset of
heir disease. However, in early-onset patients, telomeres
ere related to disease duration by a 2-segment rather

han a single linear model (Figure 2B, P � .028), with an
stimated change point at 8.5 years (95% CI: 1.5–30).
xcept for 1 case, UC patients with long telomeres were
oung individuals (less than 30 years of age) who had the

isease for less than 8.5 years.
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Shorter Telomeres Are Found in Both the
Right and the Left Colon of UC Patients
One right and 1 left colon biopsy specimen were

nalyzed in a subset of 14 UC patients, ages 30 –59 years.
igure 3 shows that UC telomeres from both left and
ight biopsy specimens were significantly shorter than
ge-matched normal colon biopsy specimens (P � .02
nd P � .04, respectively) and were not significantly
ifferent from each other (P � .96).

Stromal Telomere Length Is Not Shortened in
UC Colons
Telomere length was analyzed in the paired stro-

al cells obtained after epithelial shake off (see Materials
nd Methods section) in right and left biopsy specimens
f the same 14 patients as above. Epithelial telomere

igure 2. Association between telomere length and age of onset (A) and
dark continuous line) and the smoothed curve with bootstrap confidenc
orrespond to the comparison of the 2-segment model vs a single linea
�50 years); triangles, late age of onset (�50 years).

igure 3. Comparison of telomere length in epithelium and matched
troma from normal colon and left and right UC colon biopsy speci-
ens. Mean telomere lengths are compared by paired t tests for epi-

helium and stroma and by unpaired t test for left UC biopsy specimens,
ight UC biopsy specimens, and normal colon biopsy specimens. Only

ignificant P values are indicated. a
ength was significantly shorter than stromal telomere
ength in both left (P � .004) and right (P � .004) UC
iopsy specimens, but right and left UC stromal telomere

engths did not differ from each other (P � .95) or from
hose of normal colon (P � .39 and P � .37 for left and
ight UC colon, respectively).

Leukocyte Telomeres Are Significantly
Shorter in UC Patients Than in Normal
Controls
Leukocyte telomere length significantly decreased

ith age, both in UC patients and in normal controls
P � .01 and P � .001, respectively; Figure 4). Because
hese 2 populations were not matched for age and gen-
er, we used a linear regression model to compare leu-
ocyte telomere length in both groups after age and

ase duration (B) in ulcerative colitis patients. Both the 2-segment model
rval (light continuous line and dashed lines) are indicated. The P values
el. In B, patients are coded by age of onset: circles, early age of onset

igure 4. Association between leukocyte telomere length and age in UC
atients (asterisks) and normal individuals (circles). Simple regression lines
dise
e inte
r mod
re shown for UC patients (dark line) and normal controls (light line).
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August 2008 RAPID TELOMERE ATTRITION IN UC 415
ender adjustments. This showed slightly, but signifi-
antly, shorter telomeres in leukocytes from UC patients
ompared with normal individuals (P � .046). The ad-
usted leukocyte telomere length means (�SD) calculated
t age 50 years were 1.22 � 0.24 for control and 1.14 �
.23 for UC, a 6.6% difference. There were no significant
ssociations between age-adjusted leukocyte telomere
ength and disease activity or medication use, although
here was a nonsignificant trend (P � .08) for longer
elomeres in patients that used 5-ASA.

Higher Levels of �H2AX in UC Patients
Than in Normal Controls
We compared the mean intensity of �H2AX in the

olonocytes of UC patients and normal individuals as a
easure of the activation of the DNA damage response

licited by DNA double-strand breaks and critically short
elomeres. In normal colon specimens, we observed that
evels of �H2AX increased linearly with age until approxi-

ately age 69 years (95% CI: 63–74.5 years) (Figure 5A).
fter that age, �H2AX intensity dropped, producing a 2-seg-
ent regression that was nearly the direct inverse of what
e observed for telomere length (P � .001 for a 2-segment
odel vs a single linear model). The slope for the first

egment was 0.014 (95% CI: 0.009–0.018) and for the sec-
nd segment was �0.051 (95% CI: �0.153 to �0.024). In
C cases, there was no significant association between
H2AX levels and age (Figure 5B), but �H2AX levels were
tatistically significantly higher in UC cases than in normal
ontrols between ages 30 and 59 years (Figure 5C). �H2AX
ntensity was not related to duration, age of onset of UC,
isease activity, or medication use (data not shown).

Association Between �H2AX and Telomere
Length in Normal Colon But Not in UC
For normal colon controls, telomere length

easurements by Q-FISH were inversely correlated
ith higher levels of �H2AX (slope, �0.483; P � .009,
igure 6A). In UC colonocytes, the high levels of �H2AX
how no significant association with telomere length
P � .73, Figure 6B), just as there was no association of
H2AX and age (Figure 5B).

Discussion
We have demonstrated an accelerated shortening of

olonocyte telomere length with age in UC patients com-
ared with normal controls. On average, by age 33 years, UC
atients have acquired very short colonocyte telomeres,
omparable with that reached in normal individuals by age
0 years. Moreover, this rapid attrition occurs within the
rst 8 years of the disease, although patients with late-onset
isease have short colonocytes telomeres irrespective of dis-
ase duration. These findings have a parallel in clinical
ractice: colon cancer risk becomes elevated in UC only after
years disease duration,26 which marks the beginning of
olorectal cancer screening and, interestingly, the acquisi- o
ion of short colonocytes telomeres. Similarly, in the general
opulation, colorectal cancer screening starts at age 50
ears, which is concordant with the age at which short
olonocyte telomere length is reached in normal individu-
ls. Thus, rapid telomere shortening in UC colonocytes
ight reflect accelerated colon aging of these patients, pre-

isposing them to colorectal cancer at an earlier age. Indeed,
he average age of colorectal cancer incidence in UC patients
age, 47 years) is more than 2 decades earlier than in the
eneral population (age, 70 years),27 and the lifetime risk is
9 times higher.26

It is well-known that telomere length decreases with
ge in most human tissues, including colon,20 and it has
een hypothesized that short telomeres might partially
xplain the connection between cancer and aging.8,9

hen telomeres become critically short, and in the ab-
ence of proficient DNA damage checkpoints, anaphase
ridges are formed in mitosis as a consequence of end-
o-end chromosome fusions, which initiates cycles of
reakage-fusion-bridge. These cycles facilitate the accu-
ulation of genetic changes and chromosomal instabil-

ty. To emerge from this crisis, cells need to acquire
echanisms of telomere maintenance, which usually con-

ist of reactivation of telomerase. Telomerase prevents fur-
her accumulation of chromosomal instability and confers
nlimited replicative potential, setting the stage for cancer
rogression.4 We previously demonstrated that, in UC, colo-
ectal cancer progression is associated with shorter colono-
yte telomeres, chromosomal instability, and anaphase
ridges.18 In this expanded cross-sectional study, we dem-
nstrate that, in UC, age-related telomere shortening is
ccelerated. Our results also suggest that there is a minimal
iable length of colonocyte telomeres, consistent with data
rom both human cell lines28 and telomerase-deficient

ice.29 When this critical length is reached, UC colonocytes
efective for DNA damage checkpoints can continue to
roliferate but with increased chromosomal instability. Be-
ause p53 and p16 are frequently altered in UC nonneo-
lastic epithelium,30,31 this could be a common pathway of
umor progression in this disease. Further research in
eeded, however, to characterize the mechanisms of activa-
ion and abrogation of senescence in UC and to determine
he timing of these events.

An important question that arises in light of our results
s whether accelerated telomere shortening in UC is due to
n inherent telomere maintenance defect or is a conse-
uence of the chronic inflammation characteristic of this
isease. If the former were true, then we would expect
horter telomeres not only in colonic epithelium but also in
ther tissues. Our data show that shorter telomeres are
bserved only in the epithelium but not in the adjacent
troma of UC colon biopsy specimens. On the other hand,
eukocyte telomere length is on average 6.6% shorter in UC
han in normal controls. Although this difference is signif-
cant, it is considerably smaller than the telomere reduction

bserved in syndromes with an inherent telomere mainte-
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ance defect, such as dyskeratosis congenita.32 The small
hortening observed in leukocytes of UC patients is more
imilar to that previously reported in cardiovascular dis-
ases, in which affected patients have average telomere
ength reductions of 3%–12% compared with normal con-
rols.33–35 These small differences require a large number of
c

ases to be detected, especially given the large variability of
elomere length between individuals, which might explain
hy shortened leukocyte telomere length was not reported

n a previous study that included 19 UC patients and 18
ontrols.36 However, lymphocytes from UC patients were
ound to have higher frequency of telomeric associations
nd chromosome aberrations than normal controls,37

hich may be a consequence of the telomere attrition ob-
erved here. Multiple associations between short leukocyte
elomere and diseases of aging have been reported,6,7 and,
lthough this could reflect a predisposition of individuals
ith constitutionally short telomeres to age-related dis-

ases, recent results suggest that these associations are
ore likely due to the ability of leukocyte telomere

engths to reflect the history of inflammation and oxida-
ive stress of the individual.23,38 We thus hypothesize that
nflammation and proliferation are responsible for telo-

ere shortening in UC: the largest shortening is observed
n colonocytes, which are highly proliferative cells located
n the areas of inflammation; second to this, leukocytes,
hich are also proliferative and frequently travel through

he inflamed colon, experience moderate shortening; and,
ast, stroma cells, which have very low proliferative rates,
eem to be protected from shortening.

Another way to study the role of telomere shortening in
he colon of UC patients is to compare right and left biopsy
pecimens. In UC, inflammation can be confined to the
ectum (proctitis) or extend throughout the entire colon
pancolitis). We found comparable telomere shortening in
oth right and left colon epithelium, probably because of
he fact that most of the patients analyzed had pancolitis.
nterestingly, the only patient who had exclusively left dis-
ase showed longer telomeres in the right than in the left
olon. Kinouchi et al analyzed telomere length in rectal and
ecal mucosa of 17 UC patients, 7 of whom had left disease,
nd found significantly shorter telomeres in the rectal mu-
osa, especially in those patients with dysplasia.17 Regarding
elomerase activity, Usselmann et al reported a decrease
long the colon of UC patients and a negative correlation
ith inflammation.39 However, 2 other studies reported no

uch association40 but rather an increase in activity corre-
ponding to closer proximity to dysplasia.41 In spite of the
onflicting results, these studies suggest a possible link
mong the extent and severity of inflammation, the pres-

igure 5. Associations between colonocyte �H2AX intensity and age
n normal colon (A) and ulcerative colitis (B). The 2-segment model (dark
ontinuous line) and the smoothed curve with bootstrap confidence

nterval (light continuous line and dashed lines) are indicated in A, and
he P value corresponds to the comparison of the 2-segment model vs

single linear model. In B, the 2-segment model was not significant,
nd only the simple linear model is depicted for clarity. The P value
orresponds to the linear regression of telomere length vs age.

C) Comparison of �H2AX intensity (mean � SEM) in normal colon and
lcerative colitis by decades of age. The P values correspond to Wil-

oxon rank-sum tests for each age group.
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nce of dysplasia, and colonocyte telomere dynamics that is
orth investigating.
To explore further the effects of telomere shortening in

C, we also measured the intensity of �H2AX, which is
n indication of the degree of phosphorylation of the
istone H2AX, an event that occurs as a response to DNA
ouble-strand breaks and critically short, uncapped telo-
eres. Phosphorylation of H2AX is known to be one of

he triggers in the cascade of events that leads to senes-
ence.10 We showed that the levels of �H2AX were higher
n the colons of UC patients than in normal individuals,
cross most decades of age. This confirms previous re-
orts of higher levels of DNA damage in UC colonocytes
ompared with normal controls, especially in UC cases
ith dysplasia and cancer.42,43 It is important to note that

he normal individuals in this study include some diag-
oses that involve colonic inflammation (eg, diverticular
isease or infection) and possible increased oxidative
amage, so the �H2AX signal in truly healthy colons
ight be even lower. Surprisingly, in UC, there was nei-

her an age-related pattern nor a correlation between
H2AX foci and telomere length, contrary to what was
bserved in normal colon. Although short telomeres in
C colon are likely to contribute to high levels of �H2AX

ignal, our data indicate that there must be other large
ources of DNA damage. Double-strand breaks caused by
eactive oxygen and nitrogen species secondary to
hronic inflammation are a very likely cause.19 Although
ctivation of DNA damage pathways that lead to senes-
ence acts as a tumor suppressor mechanism, it is also a
allmark of premalignant tissues and a sign of potential
ancer progression because tumors can eventually bypass
enescence and acquire proliferative ability in the pres-
nce of high levels of DNA damage.44

Secondary to our main goal, but highly relevant to the
eld of aging, we found that normal colonocytes not only
horten telomeres with age, but they also accumulate
H2AX foci, up to approximately age 67 years, after
hich the trend reverses. This 2-segment model for age-
ependent increase in DNA damage foci in normal colon

igure 6. Associations be-
ween �H2AX intensity and
elomere length measured by
-FISH in normal colon (A) and
lcerative colitis (B) colonocytes.
he P value corresponds to the
imple linear regression of both
arameters.
s the inverse of the age-dependent changes in telomere
ength previously reported,20 and there is a significant
orrelation between these variables: the shorter the telo-
eres, the higher the mean intensity of �H2AX foci.
lder individuals (above 60 years old) tend to have longer

elomeres and less �H2AX signal, which, as previously
ypothesized, probably reflects the selective survival of

ndividuals with constitutionally longer telomeres, better
ntioxidant defense, or less cumulative exposure to in-
ammation and oxidative stress in their lifetimes.
In summary, we have shown accelerated telomere short-

ning and accumulation of DNA damage in the colon of
C patients, which might be secondary to inflammation,

ncreased cell turnover, and oxidative stress. In light of these
esults, we postulate that UC could be considered a disease
f premature aging of the colon, which might explain the
igh and early incidence of colorectal cancer in these pa-
ients. Further studies are needed to clarify the role of
enescence in UC and to determine the specific contribution
f colonocyte turnover and oxidative damage in the short-
ning of telomeres.
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