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kground and Aims: Proteases play a critical role in tumorigenesis and are upregulated in colorectal
and neoplastic polyps. In animal models, cathepsin B (CTSB)–activatable imaging agents show high
e activity within intestinal tumors.
thods: We conducted a prospective cohort study of 558 men and women with colon cancer with tumors
ere accessible for immunohistochemical assessment. We used Cox proportional hazards models, stratified
ge, to compute colon cancer–specific and overall mortality according to tumoral expression of CTSB.
ults: Among 558 participants, 457 (82%) had tumors that expressed CTSB (CTSB positive) and
8%) had tumors that did not express CTSB (CTSB negative). CTSB expression was not associated with
e stage (P = 0.19). After a median follow-up of 11.6 years, there were 254 total and 155 colon cancer–
ic deaths. Compared with participants with CTSB-negative tumors, participants with CTSB-positive
s experienced a multivariate hazard ratio for colon cancer–specific mortality of 1.99 (95% confidence
al, 1.19-3.34) and overall mortality of 1.71 (95% confidence interval, 1.16-2.50). CTSB expression was
endently associated with KRAS (P = 0.01) and BRAF mutation (P = 0.04), but not microsatellite
ility status, CpG island methylator phenotype status, PIK3CA mutation, LINE-1 methylation,
expression, or PTGS2 (cyclooxygenase-2) expression. Among 123 individuals with adenomas,
xpressed CTSB.
clusions: As assessed by immunohistochemistry, CTSB is expressed in the vast majority of colon
s, independent of stage, and is significantly associated with higher risk of colon cancer–specific
verall mortality.
and o

Impact: These results support the potential of CTSB a target for image detection of neoplastic lesions in
humans. Cancer Epidemiol Biomarkers Prev; 19(11); 2777–85. ©2010 AACR.
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teases play a critical role in tumorigenesis by facil-
rapid cell cycling, mediating local invasion, fueling

genesis, and promoting metastasis (1). Specifically,

TSB, the Human Genome Organisation-
ial gene symbol), a lysosomal cysteine
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ase, has been shown to be involved in tumor initi-
, hyperproliferation, and dedifferentiation, and is
ulated in early human colon adenomas, carcino-
and metastatic lesions (2-7). The central role of
in carcinogenesis suggests that it is not only a

ising target for therapy or chemoprevention, but
or molecular detection of neoplasia (8).
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revious work, we developed a novel class of optical
ng agents that are “smart” near IR (NIRF) protease-
table agents that become brightly fluorescent in
of increased CTSB expression, as seen in colorectal
asia (9, 10). These agents offer high tumor to back-
d ratio compared with nonspecific agents, due to
selective activation. The agents are optically silent
ir native (quenched) state and become highly fluores-
fter enzyme-mediated release of fluorochromes,
ng in in vitro signal amplification of several hundred-
n ApcMin/+ mice, immunohistochemistry and fluores-
ntibody microscopy show that CTSB is expressed
hout the adenoma in epithelial and stromal cells (8).
mice were injected i.v. with the cathepsin-activatable
, adenomas became highly fluorescent, indicative of
rotease activity, and were easily visualized with a

to background ratio of 9:1 using NIRF imaging as estab

r Epidemiol Biomarkers Prev; 19(11) November 2010

on February 24, 2021. © 2cebp.aacrjournals.org nloaded from 
en this promising preclinical data, we examined the
tance of CTSB in human colonic carcinogenesis by
ining the overall prevalence of CTSB expression in

n colon tumors. Furthermore, given the key role of
in the pathogenesis of tumor growth and invasion,
ecifically assessed the relationship between CTSB
ssion on prognosis and other important tumoral
ular markers in colon cancer.

rials and Methods

population
Nurses' Health Study (NHS) was established in

when 121,701 U.S. female registered nurses, 30 to
ars of age, completed a mailed questionnaire. The
h Professionals Follow-up Study (HPFS) was

lished in 1986 as a parallel cohort of 51,529 U.S.
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No. ( No (% No (%
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Gende 0.02

Mal 192 ( 25 (2 167 (
Fem 366 ( 76 (7 290 (

Mean 67.2 ± 67.8 ± 67.1 ± 0.43
Body m 0.58

<30 459 ( 85 (8 374 (
≥30 99 (18) 16 (16) 83 (18)

Family
can
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0.27

(−) 418 ( 80 (7 338 (
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Left 214 ( 38 (3 176 (

Stage 0.19
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acists, and veterinarians, who were 40 to 75 years
at entry. In each cohort, with a follow-up rate of

we mailed biennial questionnaires to update infor-
n and identify new cases of cancer.
each biennial follow-up questionnaire, participants
asked whether they had had a diagnosis of colon
r during the prior two years. When a participant re-
a diagnosis of colon cancer, we asked for permis-

o obtain hospital records and pathology reports.
physicians, blinded to exposure data, reviewed

edical records related to colon cancer, classifying
e stage according to the 6th version of the American
ommittee on Cancer. We had previously described
rocurement of colon cancer paraffin-embedded
ens in detail (Supplementary Materials; ref. 11).
is analysis, we included the 558 participants (366
n from NHS and 192 men from HPFS) with path-
ally confirmed colon adenocarcinoma that were

0% 58 (12)
osed through 2004 and for whom we were able to
sufficient amounts of tumor tissue for immunohis-

other
pressi

Caacrjournals.org

on February 24, 2021. © 2cebp.aacrjournals.org nloaded from 
mistry. Baseline characteristics among participants
olon cancer with available tissue for analysis were
y similar to those without available tissue. We ex-
d participants if they had reported any cancer (other
onmelanoma skin) previous to colon cancer diagno-
e also requested paraffin-embedded tissue samples
rectal polyps thatwere≥1 cm in diameter on endos-
among a separate group of 123 men and women
ed in these cohorts. The institutional review boards
Brigham and Women's Hospital and the Harvard
l of Public Health approved this study.

nohistochemical assessment and
cular assays
did immunohistochemistry of CTSB, PTGS2
oxygenase-2, COX-2), and TP53 from tissue micro-
of our tumor specimens (Supplementary Methods;
; refs. 11, 12). A pathologist (Y.B.), blinded to any

4 (16) 44 (11)
1. Clinical and patholo
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rev; 19(11) November 2010
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g the 558 tumors, 101 tumors showed no CTSB ex-
on, 253 showed weak expression, 184 showed mod-
xpression, and 20 showed strong expression. In our
exploratory analysis, we did not observe a signifi-
elationship between CTSB levels (negative, weak,
rate, or strong) and other molecular and clinical fea-
(P > 0.05). In our previous data frommurinemodels,
owed the ability of NIRF cathepsin-specific mole-
agents to identify tumors with weak to strong levels
SB expression using immunohistochemistry. Thus,
rther analysis in this study, we defined tumors with
to strong cytoplasmic expression of CTSB as CTSB
ve and tumors with absent cytoplasmic expression
SB as CTSB negative (Fig. 1). A random sample of
rs was reread by a second pathologist and the
rdance between readers was 0.92 (κ = 0.62, P <
; n = 108) for PTGS2 (COX-2), 0.87 (κ = 0.75, P <
1; n = 108) for p53, and 0.87 (κ = 0.62, P < 0.001;
4) for CTSB. Methylation analyses, sequencing of
, BRAF, and PIK3CA, and microsatellite instability
analysis have each been previously described
lementary Materials; refs. 13-21).

tainment of death

included deaths that occurred after diagnosis of co-
nc

sion.

le of colon can rding to C

ec Tota CT
No. ( No

st
SI 319 ( 45
SI 87 (2 13
P
IM 326 ( 45
IM 77 (1 12
F
) 340 ( 50
) 64 (1 7
S
) 254 ( 44
) 152 ( 13
3C
) 300 ( 42
) 56 (1 7
-1
e

60.4 ± 61.7

3 e
) 264 ( 40
) 142 ( 19

reviation: MSS, microsatellite stable.

r Epidemiol Biomarkers Prev; 19(11) November 2010
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gh the National Death Index and next of kin. Mor-
follow-up was >98% complete (22). For all deaths,
ught information to determine the cause, including
certificates, and, when appropriate, requested per-
n from next of kin to review medical records.

tical analysis
in our prior analysis (11), we pooled data from both
ts and tested for heterogeneity using the Q statistic.
bserved no heterogeneity between the cohorts re-
g the association of CTSB and colon cancer–specific
al (P = 0.75 for Cochran's Q test; ref. 23). For categ-
data, the χ2 test was done. To assess independent
ons of CTSB expression with other variables, a
variate logistic regression analysis was carried out
lementary Materials). For survival analyses, parti-
ts eligible for analysis accrued follow-up time
ning on themonth of their diagnosis of colon cancer
nding on the month of death from colon cancer,
from any cause, or June 1, 2008, whichever came
e categorized participants according to CTSB pos-

versus CTSB negative. We used Kaplan-Meier
s and the log-rank test to compare colon cancer–
ic and overall mortality according to CTSB expres-

To assess the effect of CTSB independent of stage,
er and before June 1, 2008. We identified deaths we used Cox proportional hazards modeling with tumor
TS sion
2. Molecular features
 cer acco
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(I, IIA, IIB, IIIA, IIIB, IIIC, IV, unknown) as a strat-
variable, which enabled us to avoid residual

unding and overfitting. To further adjust for other
tial confounding variables, we constructed a multi-
e, stage-matched Cox proportional hazards model
lementary Materials). For all analyses, we used SAS

n 9.1.3. All P values are two-sided and a level of sig-
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lts

ong the 558 eligible participants with colon cancer,
cumented 254 total deaths with 155 deaths due to
cancer. For participants who are alive, the median
f follow-up from date of diagnosis was 11.6 years
uartile range, 3.9-26.3 years). A total of 457 (82%)
ipants had cancers that expressed CTSB (CTSB pos-
and 101 (18%) had cancers that did not express
(CTSB negative). Baseline clinical characteristics
participants are shown in Table 1. Compared with
ipants with CTSB-negative tumors, participants
TSB-positive tumors were more likely to be male.

te, CTSB expression did not vary according to stage
0.19). The number and percentage with CTSB
ssion are as follows: stage I, 87 of 108 (81%); stage
of 194 (86%); stage III, 114 of 150 (76%); stage IV,

81 (85%).
omparison of other molecular features in colon can-
ccording to expression of CTSB is shown in Table 2.
ared with participants with CTSB-negative tumors,
ipants with CTSB-positive tumors were more likely
e an activating KRAS mutation. In contrast, there
ot seem to be a significant difference in MSI status,
island methylator phenotype (CIMP) status, BRAF
ion, PIK3CA mutation, LINE-1 methylation level,
expression, or PTGS2 COX-2 expression. In a multi-
e model adjusting for both clinical and molecular
es, participants with CTSB-positive cancers had
95% confidence interval, 1.25-4.88) higher odds
ving a KRAS mutation and 2.47 (95% confidence
al, 1.00-5.92) higher odds of having a BRAF
ion (Table 3).
B expression was associated with a significant in-
in risk of colon cancer–specific mortality (log-rank
.02; Fig. 2A) and an increase in overall mortality
ank P = 0.005; Fig. 2B). This relationship remained
y unchanged even after adjusting for stage or other
tors of cancer recurrence (Table 4). Compared with
ipants who had CTSB-negative cancers, the multi-
te hazard ratio (HR) associated with having a
-positive cancer was 1.99 [95% confidence interval
CI), 1.19-3.34] for colon cancer–specific mortality
.71 (95% CI, 1.16-2.50) for overall mortality. Addi-
ly adjusting for MSI status, CIMP status, BRAF mu-
, PIK3CA mutation, LINE-1 level, TP53 expression,

GS2 (COX-2) expression did not materially alter
findings (multivariate HR, 2.20; 95% CI, 1.15-4.20

overe
aden
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lon cancer–specific mortality, and multivariate
.89; 95% CI, 1.18-3.00 for overall mortality).
examined whether the influence of CTSB expres-
n colorectal cancer–specific survival was modified
y of the clinical, pathologic, and molecular vari-
We did not observe a significant interaction be-
CTSB expression and any of the covariates (all

ction > 0.16). Notably, the effect of CTSB did not sig-
ntly differ between the two independent cohort
es (Pinteraction = 0.71). In addition, there was no
icant interaction between CTSB and tumor stage
action = 0.98) or tumor location (Pinteraction = 0.85).
ause CTSB is a promising target for molecular im-
agents in murine models of adenomatous polyps,
so examined the prevalence of CTSB expression in
n adenomas. Among a separate group of 123 pa-
enrolled in these cohorts who had polyps >1 cm
meter on endoscopy, we found that 112 of 123
cases expressed CTSB. Among the 101 adenomas
ich we had complete size and histologic data, we
that CTSB expression was independent of adeno-

ze (P = 0.45) and histology (P = 0.28). The number
ercentage that were CTSB positive according to size
follows: 1.0 to 1.5 cm in diameter, 31 of 35 (89%);
2.0 cm in diameter, 21 of 26 (81%); >2.0 cm in di-
r, 31 of 40 (78%). The number and percentage that
CTSB positive according to histology are as follows:
ar, 54 of 69 (78%); tubulovillous, 24 of 26 (92%);
s, 5 of 6 (83%).

ssion

ummary, we observed that the CTSB proteases are

reviation: OR, odds ratio.
xp
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final model.
n
B

0 2781

http://cebp.aacrjournals.org/


expre
risk o
all, C
tures
and B
for CT
and th
Ou

shown
in the
CTSB
ing th
surrou
tastas
tumor
ses an
CTSB

cells (
sivene
CTSB
cance
29). O
small
expre
cance
surviv
colore
vival
Prio

or im
vanci
adeno

ure
ord
cer–specific survival. B, overall survival.

Chan et al.

Cance2782

Dow

Published OnlineFirst September 10, 2010; DOI: 10.1158/1055-9965.EPI-10-0529 
ssion was significantly associated with an increased
f colon cancer–specific and overall mortality. Over-
TSB was not associated with other molecular fea-
of colon cancer except for the presence of KRAS
RAF mutations. Our data support the potential
SB as a target for molecular detection of neoplasia
erapeutic intervention.
r data are supported by other studies that have
that synthesis and secretion of CTSB is increased
extracellular environment of colon cancers (2, 24).
has been shown to play an essential role in disrupt-
e extracellular matrix barriers between tumors and
nding tissue, thereby facilitating invasion and me-
is (8). A number of observations implicate CTSB in
progression: (a) inhibitors of CTSB retard metasta-

d in vitro growth (25); (b) genetic modulation of
favorably alters the invasive properties of tumor
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on February 24, 2021. © 2cebp.aacrjournals.org nloaded from 
26); (c) CTSB levels correlate with tumor aggres-
ss and angiogenesis (8, 27); and (d) serum levels of
are significantly higher in patients with colorectal
r and adenoma than in tumor-free controls (4, 28,
ur results are generally consistent with two previous
er studies that also showed that increased tissue
ssion or antigen activity levels of CTSB in colorectal
r were associated with significantly shorter patient
al (7, 30). In another small study of 60 patients with
ctal cancer, there was a trend toward worsened sur-
associated with tumor antigen levels of CTSB (5).
r studies have observed that CTSB antigen levels
munohistochemical staining does correlate with ad-
ng Dukes' stage and progression from adenoma to
carcinoma (2, 5, 6, 30). However, each of these
Fig
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