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A B S T R A C T

Xanthine oxidoreductase (XOR) is a key enzyme in degradation of DNA and RNA, and has pre-

viously been shown to be decreased in aggressive breast and gastric cancer. In this study, XOR

expression was assessed in tissue microarray specimens of 478 patients with colorectal can-

cer and related to clinical parameters. In addition, we performed in vitro studies of XOR activ-

ity, protein and mRNA in colon cancer cells (Caco-2). Results from the tissue expression

analyses show that XOR was decreased in 62% and undetectable in 22% of the tumours as

compared to normal tissue. Loss of XOR was associated with poor grade of differentiation

(p = 0.006) and advanced Dukes stage (p = 0.03). In multivariate survival analysis, XOR was a

prognostic factor (p = 0.008), independent of Dukes stage, histological grade, age and tumour

location. The in vitro analyses show that XOR is not measurable in undifferentiated Caco-2

cells, but appears and increases with differentiation. We conclude that XOR expression is

associated with histological grade of differentiation and extent of disease in colorectal

cancer, and it provides significant prognostic information independently of established

factors.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Xanthine oxidoreductase (XOR) catalyses the final reactions

of the catabolism of DNA, RNA and high energy phosphates

(ATP, GTP and cAMP) in humans and oxidises hypoxanthine
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to xanthine and on to uric acid.1 XOR is an iron-containing

metalloflavoprotein that is coded for by a single gene located

on human chromosome 2p22.2,3 XOR is mainly expressed in

the cytoplasm of hepatocytes, intestinal enterocytes and gob-

let cells, vascular endothelial cells and breast epithelium.4,5
.
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Hypoxia activates XOR both at the transcriptional and at the

post-transcriptional levels, and pro-inflammatory cytokines

induce XOR transcription in cell culture.6,7 The wealth of bio-

chemical information on isolated XOR is in contrast to the

lack of knowledge on the physiological function of this en-

zyme, especially in humans.

In a large population-based cohort of breast cancer, we

showed that XOR is downregulated in more than half of the

breast tumours studied, and that absence of XOR is an inde-

pendent predictor of unfavourable outcome.8 We have also

demonstrated that the down-regulation of XOR is common

in patients with gastric cancer and associated with unfavour-

able disease-specific survival.9

Mouse colon carcinomas show considerably decreased XOR

activities compared with analogous normal tissue,10 but to

date, no previous reports describing the distribution of XOR

in malignant colon tumours in humans had been published.

Given that XOR is downregulated in human breast and

gastric cancer, and as XOR is strongly expressed in the epithe-

lial cells of the intestine, we hypothesised that the protein

may also be differentially expressed in human colon cancer.

We examined the expression of XOR in a comprehensive ser-

ies of patients with colorectal cancer and analysed whether

XOR expression is associated with clinicopathological param-

eters and clinical outcome.

To further study the relationship between XOR and cell dif-

ferentiation, we evaluate XOR expression in vitro in the entero-

cyte-like Caco-2 cell line, a human colon adenocarcinoma cell

line that spontaneously differentiates during cell culture.11

2. Materials and methods

2.1. Patients

The study included 643 consecutive patients who underwent

surgery for histologically verified colorectal cancer at the Hel-

sinki University Central Hospital in 1989–1998. Tissue speci-

mens suitable for the immunohistochemical evaluation of

XOR expression were available in 478 of the patients. Survival

data were available for all patients and obtained from patient

records, the Finnish Cancer Registry and Statistics Finland.

Median follow-up for patients alive at the end of follow-up

and with XOR expression data available was 9.0 years (range

0.1–15.4).

The clinicopathological characteristics of the patients in

this series are as shown in Table 1. Histological grading was

performed according to the WHO criteria.12

2.2. Preparation of tumour tissue microarrays

Representative tumour regions in routinely fixed paraffin-

embedded samples were defined from H&E-stained sections

and marked. Donor tissue blocks were sampled with 1.0 mm

punchers using a tissue microarray instrument (Manual Tis-

sue Arrayer 1, Beecher Instruments Inc., Silver Spring, MD,

USA). Three cores were cut from each donor block for the tis-

sue microarray blocks. From the tumour samples available,

six tissue array blocks were prepared, each containing 80–

180 tumour samples. Sections of 4 lm were cut and processed

for immunohistochemistry.
2.3. Immunohistochemistry

The antigen was enhanced in Target Retrieval Solution, pH 6.0

(DAKO, Carpentaria, CA) at 95–97 �C for 30 min on routinely

processed paraffin sections. The sections were then treated

with 3% hydrogen peroxide and XOR protein was detected

using a well-characterised rabbit polyclonal anti-XOR anti-

body.13 The antibody was diluted 1:50 in Blocking Solution

(Powervision, Immunovision Inc., Daly City, CA), and incu-

bated with the samples (overnight at +4 �C). An antimouse-

peroxidase polymer (30 min at room temperature) and diam-

inobenzidine as a chromogen (Powervision) were used for

visualisation. Specificity of the XOR localisation was con-

firmed by staining slides with preimmune serum and without

the primary antibodies. Human liver samples were included

as positive controls in each staining batch.

2.4. Cell line and culture

Caco-2 cells (from ATCC, Manassas, Virginia) were grown in

Dulbecco’s modified Eagle’s medium with Glutamax (Gibco,

Paisley, UK) supplemented with 10% (v/v) foetal calf serum,

100 U/ml penicillin and 100 lg/ml streptomycin in 5% CO2 at

37 �C. For in vitro differentiation, cells were seeded at

5 · 105 cells/10-cm cell culture dish, medium was changed

1 d after plating and every 2–3 d thereafter.

2.5. Maltase activity

Maltase activity was measured according to the method by

Messer and Dahlqvist.14 To prepare cell homogenates for the

assay, Caco-2 cells were washed three times with PBS,

mechanically harvested in saline and stored at –80 �C. The

cell suspensions were homogenised for 45 s, followed by cen-

trifugation at 15,800g for 40–50 min at 4 �C, and the superna-

tant was stored at –80 �C.

2.6. XOR activity

Total XOR and XO activities were determined as described.15

Cells were washed three times with PBS, harvested in

50 mM potassium phosphate buffer, pH 7.8, containing

0.5 mM dithiotreitol, 1 mM EDTA, 0.5 lg/ml leupeptin and

0.2 mM phenylmethylsulphonyl fluoride, frozen and thawed

twice, and centrifuged at 15,800g for 8 min at 4 �C in an

Eppendorf centrifuge. Protein concentration was measured

with a Bio-Rad DC protein assay (Bio-Rad, Hercules, CA),

and the supernatant stored at –80 �C.

2.7. Immunoprecipitation and Western blotting

Proteins (0.8 mg) from Caco-2 cell extracts, harvested as

above, were diluted 1:2 with PBS containing 1% nonidet P-40

(v/v), 1 mM EDTA and 50 ll/ml protease inhibitor cocktail

(Sigma, St. Louis, MO) (IP-buffer) and incubated with 3 ll of

polyclonal human anti-XOR antibodies13 for 90 min at 4 �C.

Subsequently, 50 ll protein G sepharose (Amersham Biosci-

ences, Uppsala, Sweden) was added, and incubation contin-

ued for further 90 min. The samples were washed four

times with IP-buffer, bound proteins eluted with reducing



Table 1 – Distribution of XOR immunoreactivity according to clinicopathological characteristics in 478 patients with
colorectal cancer.

Clinicopathological variable N XOR v2 p

Strong n (%) Moderate n (%) Negative n (%)

All patients 478 80 (16) 295 (62) 103 (22)

Age at diagnosis

649 years 57 9 (16) 33 (58) 15 (26) 5.20 0.52

50–64 years 142 27 (19) 88 (62) 27 (19)

65–74 years 160 20 (20) 102 (64) 38 (19)

P75 years 118 24 (17) 72 (62) 22 (21)

Gender

Female 221 38 (17) 126 (57) 57 (26) 4.95 0.08

Male 257 42 (16) 169 (66) 46 (18)

Tumour location

Colon 267 38 (14) 166 (62) 63 (24) 3.46 0.18

Rectum 211 42 (20) 129 (61) 40 (19)

Dukes stage

A 72 16 (23) 45 (62) 11 (15) 14.3 0.03

B 177 34 (19) 116 (66) 27 (15)

C 127 18 (14) 73 (57) 36 (29)

D 102 12 (12) 61 (60) 29 (28)

Histological type

Adenocarcinoma 439 73 (16) 274 (63) 92 (21) 0.83 0.66

Mucinous 38 7 (18) 21 (55) 10 (26)

Not available 1

Histological grade

Grade 1 14 6 (43) 8 (57) 0 (0) 18.13 0.006

Grade 2 320 56 (18) 203 (63) 61 (19)

Grade 3 129 18 (14) 75 (58) 36 (28)

Grade 4 15 0 (0) 9 (60) 6 (40)

650 E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 6 4 8 – 6 5 5
Laemmli-sample buffer, separated on 7.5% sodium dodecyl

sulphate (SDS)–polyacrylamide gels (PAGE), transferred to

nitrocellulose membranes and the XOR protein detected as

described.15

2.8. Ribonuclease protection assay (RPA)

To determine XOR mRNA levels, total RNA was extracted by

using the RNeasy Mini kit (Qiagen, Hilden, Germany). Specific

RNA was quantified using RPA according to the manufac-

turer’s protocol (RPAIII, Ambion, Austin, TX). 32P-labelled anti-

sense RNA probe was transcribed from a DNA template

corresponding to the nucleotides 405–789 of the human XOR

cDNA,16 and 100,000 cpm of the radiolabelled probe was

hybridised with 30 lg of RNA overnight at 42 �C. To control

for the RNA content, 30,000 cpm of a RNA probe transcribed

from human b-actin cDNA (pTRI-actin-human, Ambion) was

added to the same hybridisation reaction with the XOR probe.

After RNase digestion, the protected fragments were sepa-

rated on 5% polyacrylamide, 8 M urea gel and exposed to

autoradiography films (Curix Ortho HT-L Plus, Agfa, Mortsel,

Belgium). As another control for the RNA content, 5 lg of

RNA from the corresponding samples was subjected to north-

ern blotting analysis with mouse 18S ribosomal gene DNA

probe (Ambion) performed as described.15 The X-ray films

from RPA and northern blotting were scanned and analysed

as described.15
2.9. Digitisation of stained tissue microarray slides

The tissue microarray slides immunostained for XOR were

digitised at a 0.26-lm resolution and made available for view-

ing on our website (http://www.webmicroscope.net/supple-

ments/xor). For image acquisition, we used a Zeiss Axioskop

2 MOT microscope (Zeiss Gmbh, Göttingen, Germany)

equipped with a NeoFluar oil-40· objective, Märzhauser

motorised specimen stage (Märzhauser, Wetzlar, Germany)

and a CCD camera (Zeiss Axiocam HR). Image acquisition

was controlled by the KS400 software (Zeiss). The acquired

image files were digitally sharpened and stitched into a single

montage file, which was compressed into a wavelet-type im-

age file (ECW format) using the ERMapper software (Earth Re-

source Mapping Pty). The compressed virtual slides were

uploaded to the web server running the Image Web Server

software (IWS, Earth Resource Mapping Pty, West Perth,

Australia). The virtual slides on the website can be viewed

at any magnification level within a standard web browser.

2.10. Scoring of XOR immunostaining

Expression of XOR was evaluated by two of the investigators

(N.L. and J.L.). Both investigators were blinded to the clinico-

pathological data at the time of scoring. Scoring was per-

formed on the digitised whole slide tissue microarrays, by

the use of a web-based virtual microscopy platform (http://

http://www.webmicroscope.net/supplements/xor
http://www.webmicroscope.net/supplements/xor
http://www.webmicroscope.net


Fig. 1 – Immunohistochemical staining of xanthine oxido-

reductase in normal colon epithelium (A) and in colorectal

cancer (B–D) as described in Section 2. Examples of strong

(B), moderate (C) and no (negative) (D) immunoreactivity in

the cytoplasm of tumour cells.
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www.webmicroscope.net). Cytoplasmic XOR staining inten-

sity was scored as follows: strong = staining comparable to

that of normal colorectal epithelial cells; moderate = clearly

decreased staining; negative = more than 90% of cancer cells

negative for XOR protein. The cut-off for negativity was based

on our previous studies on breast and gastric cancer.8,9

2.11. Statistical analysis

The associations between XOR expression and other clinico-

pathological factors were analysed using the v2 test or Fisher’s

exact test in case of low expected frequencies. Life tables

were calculated according to the Kaplan–Meier method.

Events were deaths due to colorectal cancer, and deaths due

to other causes were censored. Survival curves were com-

pared with the logrank test or the logrank test for trend in

case of three or more ordered categories. Multivariate survival

analyses were performed with the Cox proportional hazards

model, and a p-value of 0.05 was adopted as the limit for

the inclusion of a covariate. Only variables significantly asso-

ciated with survival in the univariate analyses were included

in the multivariate model. The assumption of proportional

hazards was ascertained with complementary log plots. The

results from the in vitro studies are expressed as means and

standard deviations, and means were compared by using

two-tailed t-test with unequal variance. Values of p < 0.05

were considered significant. All statistical tests are two-sided,

and analyses were performed by the use of Stata 10 (Stata-

Corp LP, College Station, TX).

3. Results

3.1. XOR expression in normal colorectal epithelium and
in colorectal cancer

In the normal colorectal epithelia, XOR was strongly expressed

in the surface epithelial cells. There was no or minimal expres-

sion of XOR in the stromal cells of normal colorectal tissue.

Staining of cytoplasmic XOR was scored into three catego-

ries in 478 specimens with colorectal cancer. Sixteen percent

(n = 80) of the tumours showed strong staining for cytoplas-

mic XOR similar to the XOR expression in the normal colorec-

tal epithelial cells, whereas 62% (n = 295) showed moderate

staining, corresponding to a decreased XOR expression and

22% (n = 103) had lost the cytoplasmic XOR expression (Fig. 1).

3.2. Association between cytoplasmic XOR expression and
clinicopathological parameters

Loss of cytoplasmic XOR expression was significantly associ-

ated with poor histological grade and advanced Dukes stage.

No statistically significant association was found between

XOR and age at diagnosis, gender, tumour location or histo-

logical type (Table 1).

3.3. Association of XOR expression with colorectal cancer-
specific survival

Loss of cytoplasmic XOR expression as compared to the nor-

mal colorectal epithelium was significantly associated with
decreased cancer-specific survival amongst the 478 colorectal

cancer patients (Fig. 2). The five-year colorectal cancer-

specific survival in patients with strong or moderate XOR

expression was 62% (CI95% 56–66%), compared to 44%

(CI95% 34–53%) in those with no XOR staining of the cyto-

plasm (HR 1.69, CI95% 1.25–2.27, p = 0.0005).

Loss of XOR expression was significantly associated with

poor outcome in patients with cancer of both the colon

(p = 0.004) and rectum (p = 0.03), histological grades I–II

(p = 0.03) and grades III–IV (p = 0.02), as well as tumours of

adenocarcinoma, not otherwise specified (p = 0.007) and

mucinous (p = 0.004) type (Fig. 2).

3.4. Multivariate survival analysis

Cox multivariate analysis showed that XOR expression

(HR = 1.52; 95% CI = 1.12–2.07; p = 0.008 for strong and moder-

ate versus. negative) was an independent prognostic factor

for colorectal cancer-specific survival after adjustment for

Dukes stage, histological grade, age at diagnosis, as well as tu-

mour location (Table 2).

3.5. XOR and maltase activities during Caco-2 cell
differentiation

To study the expression of XOR during Caco-2 cell differenti-

ation, XOR and maltase activities were measured from cells

cultured for 3, 6, 8, 12 and 15 d. On day 3, XOR activity was

not detectable. Confluence was reached on day 5, total XOR

(XDH + XO) and XO activities were significantly above the

background on day 6 and remained essentially unchanged

http://www.webmicroscope.net
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Fig. 2 – (A) Disease-specific survival of 478 patients with colorectal cancer according to xanthine oxidoreductase expression.

—, strong (n = 80); - - -, moderate (n = 295); - — - , negative (n = 103). v2 = 12.2; p = 0.0005 (logrank test for trend). (B) Disease-

specific survival of 334 patients with histological grades 1–2 colorectal cancer according to XOR protein expression. —,

moderate to strong* (n = 273); - - - negative (n = 61). p = 0.03 (logrank test). (C) Disease-specific survival of 144 patients with

histological grades 3–4 colorectal cancer according to XOR protein expression. —, moderate to strong* (n = 102); - - - , negative

(n = 42). p = 0.02 (logrank test). (D) Disease-specific survival of 38 patients with colorectal mucinous adenocarcinoma

according to XOR protein expression. —, moderate to strong* (n = 28); - - - , negative (n = 10). p = 0.004 (logrank test). *, there

was little difference in patient outcome between strong and moderate XOR staining, and therefore these groups were

combined and compared with the patients with absent XOR in the survival analysis.
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until day 8. Thereafter, XOR activity tripled by day 12 and qua-

drupled by day 15 (Fig. 3A). XO represented 85% of the in-

creased total activity.

As a marker for small-intestinal enterocyte-like differenti-

ation,17 maltase activity was determined in parallel cell cul-

tures. An increase in maltase activity was apparent by day

12, and a more than threefold increase was detected between

days 3 and 15 of culture (Fig. 3B). These data suggest a

relationship between Caco-2 cell differentiation towards

small-intestinal enterocyte-like cells and induction of XOR

activity.

3.6. XOR protein and mRNA levels in differentiating Caco-
2 cells

To be able to detect small amounts of XOR protein, Caco-2 cell

lysates were immunoprecipitated with anti-XOR antibody.

The samples were then subjected to western blotting, fol-

lowed by enhanced chemiluminescence detection with the

same antibody. No band corresponding to the XOR protein

was visible in a sample from day 3, whereas a faint band

was detectable by day 6, and intensified up to day 15 (Fig. 4A).
XOR mRNA, determined by RPA, was faintly demonstrable

on day 3 of culture, but the intensity of the signal increased

towards day 15 (Fig. 4B). Levels of b-actin mRNA decreased

during cell culture in repeated experiments, rendering b-actin

an inappropriate control for RNA content in this setting.

When the mRNA for ribosomal 18S gene was determined by

northern blotting and used as the basis for quantification,

the increase in XOR mRNA was confirmed (Fig. 4B).

The increase in XOR mRNA levels precedes the rise in

activity, which is accompanied by the elevation in XOR pro-

tein levels, suggesting transcriptional regulation of XOR

expression during Caco-2 cell differentiation.

4. Discussion

Here, we show that the downregulation of XOR associates

with unfavourable outcome in a series of colorectal cancers.

The study comprises the first analysis of XOR expression in

colorectal cancer to date, including 478 patients treated at a

single centre during a period of 10 years. Moreover, data from

in vitro studies suggest that XOR is upregulated during differ-

entiation in human colon carcinoma cells.



Fig. 4 – Expression of XOR protein and mRNA during Caco-2

cell differentiation. (A) XOR protein was detected in Caco-2

cells cultured up to 15 d (d3–d15). First, 0.8 mg of total

protein was immunoprecipitated with anti-XOR antibody,

then subjected to western blotting and detection with the

same antibody. Arrow depicts the band corresponding to

XOR protein. Rat liver extract (liver) was used as a positive

control for XOR protein. (B) For ribonuclease protection

assay, 30 lg of total RNA, extracted from Caco-2 cells

cultured as in A, was used to detect mRNA for XOR and b-

actin. To control for RNA content of the samples, 5 lg of RNA

was subjected to northern blotting with 18S used as a probe.

The amount of XOR mRNA was quantified relative to 18S,

and the value for XOR/18S from cells cultured for 3 d was set

as one in each experiment. Data are means of two separate

experiments.

Fig. 3 – Xanthine oxidase (XO), total xanthine oxidoreduc-

tase (XOR) and maltase activities during Caco-2 cell differ-

entiation. (A) For differentiation, Caco-2 cells were cultured

for 15 d. XO (white bars) and XOR (black bars) activities were

measured (see Section 2) in cells cultured for 3 (d3), 6, 8, 12

and 15 d, respectively. Data are means (SD); n = 5. ***p < 0.001,

d6 compared with background, d12 compared with d6;
*p < 0.05 compared with d12. (B) Maltase activity in cells

cultured for 3 (d3), 6, 8, 12 and 15 d. Mean values of two

parallel determinations of a representative experiment are

shown.

Table 2 – Cox multivariate regression of the association
between XOR immunoreactivity and colorectal cancer-
specific survival, adjusted for clinicopathological char-
acteristics (n = 478).

Covariate HR CI 95% p-Value

XOR expression

Strong–moderate 1.00

Negative 1.52 (1.12–2.07) 0.008

Dukes stage

A 1.00

B 1.81 (0.92–3.54) 0.08

C 4.61 (2.41–8.80) <0.0001

D 30.03 (15.69–57.45) <0.0001

Histological grade

1–2 1.00

3–4 1.50 (1.11–2.02) 0.008

Age at diagnosis

649 years 1.00

50–64 years 1.66 (1.02–2.70) 0.04

65–74 years 2.21 (1.39–3.53) 0.001

>75 years 3.31 (2.00–5.47) <0.0001

Tumour location

Colon 1.00

Rectum 1.67 (1.27–2.21) <0.0001

HR, hazard ratio; CI, confidence interval.

E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 6 4 8 – 6 5 5 653
XOR activity has been detected in a variety of species

studied, and in all mammals, including humans; the activ-

ities are highest in the liver and in the intestine.18 Although

XOR activity has been determined in a number of animal

tumours19–21 and in a few human tumours,8,9 little is

known about the expression and regulation of XOR in can-

cer. XOR activity is significantly reduced in rat hepatomas,

including the slowest-growing and most well-differentiated

tumours.19 Mouse mammary tumours22 and colon carcino-

mas10 also show considerably decreased XOR activities

compared to the corresponding normal tissue. Taken to-

gether, the results show that XOR is downregulated in can-

cerous tissue in virtually all rodent and the human tumours

studied so far.
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Consistent with the previous studies in breast8 and in gas-

tric cancer,9 we observed that a significant proportion of the

colorectal cancer samples exhibited either reduction or loss

of XOR as compared to the normal epithelia. In breast and

in gastric tumours, a reduction of XOR was observed in about

half of the samples, whereas more than 80% of colorectal tu-

mours had decreased XOR.

The current study shows that the loss of XOR protein is

associated with adverse prognostic characteristics, such as

advanced histological grade, advanced Dukes stage, but not

with histological type or tumour location. In breast cancer,

decreased XOR expression was also associated with several

unfavourable features such as poor histological grade of dif-

ferentiation, large tumour size and high number of positive

axillary lymph nodes. Likewise, in gastric cancer, decreased

XOR expression was associated with unfavourable features

such as high TNM stage, deep penetration depth, lymph node

metastases, large tumour size and non-curative disease.

The evaluation of the prognostic significance of the XOR

levels in colorectal cancer revealed that patients whose tu-

mour cells had lost the immunoreactive XOR protein had a

70% higher risk of dying from colorectal cancer compared to

those whose tumour expressed XOR strongly or moderately.

In a multivariate survival analysis, XOR expression was sig-

nificantly associated with disease-specific survival even after

adjustment for conventional variables like Dukes stage, histo-

logical grade, tumour location and age at diagnosis. To our

knowledge, this is the first report to show an association be-

tween XOR expression and patient survival in colorectal

cancer.

Our previous study of breast cancer patients showed sim-

ilar results, i.e. a low XOR protein level in the carcinomas was

associated with unfavourable survival of the patients. Breast

cancer patients with no XOR expression had more than twice

the risk of distant recurrence as compared to those with a

moderately decreased or normal expression. This was also

true in patients with node-negative breast cancer as well as

in patients with small tumours.8 In gastric cancer, decreased

XOR expression was significantly associated with poor out-

come in patients with early stage disease, negative lymph

node status, small tumour size and curative disease.9

To date, the molecular mechanisms that regulate XOR

expression are poorly understood. Also, the reasons why can-

cers with decreased XOR expression show aggressive behav-

iour have not been studied. There appears to be a

correlation between upregulation of XOR expression and

enterocytic differentiation markers in Caco-2 cells. This cell

line provides an opportunity to study the expression of XOR

with respect to the degree of cell differentiation. Upon conflu-

ence, the Caco-2 cells spontaneously commit towards small-

intestinal enterocyte-like differentiation and produce

enzymes found in the villus epithelium.17 We followed the

process by measuring maltase activity, including both iso-

maltase and sucrase activities, which are early markers of

small-intestinal enterocyte differentiation.23 Based on XOR

activity, protein and mRNA levels, we observed an induction

of XOR expression during culture and enterocytic differentia-

tion of Caco-2 cells. Although the promoter for the human

XOR gene has been cloned,24 little is still known about its

transcriptional regulation, and factors determining tissue-
and species-specific expression of XOR have not been de-

scribed. We had previously shown that the ubiquitous tran-

scription factor nuclear factor Y (NF-Y) has an important

role in the transcriptional activation of the human XOR

gene.25 A marked induction of the expression of NF-YA, which

is one of the subunits of the trimeric NF-Y protein, has been

reported parallel to the increasing levels in the markers of

small-intestinal enterocyte-like Caco-2 cell differentiation.26

The transcriptional induction of XOR activity during Caco-2

cell differentiation suggests a link between cellular differenti-

ation and the induction of XOR expression.

As compared to other cancer types, very few molecular

prognostic markers have so far been reported in colorectal

cancer. Many serum markers for colorectal cancer have been

studied, but the only marker of prognostic significance sug-

gested to be added to the established staging systems is

CEA.27 Tumour tissue biomarkers which show prognostic va-

lue in colorectal cancer are largely missing, but would be

important for clinical decision making on adjuvant therapy.

The role of XOR as a potential prognostic marker should be

further studied and validated in independent patient series.

In summary, this study indicates that the loss of XOR is asso-

ciated with poor prognosis in colorectal cancer patients, sug-

gesting a tumour suppressor role for XOR in colorectal cancer

as had been previously shown for breast and gastric tumours.
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Pediatric Research.
Conflict of interest statement

None declared.
Acknowledgement

We thank prof. Erkki Savilahti for the maltase activity

measurements.
R E F E R E N C E S
1. Nishino T, Okamoto K, Eger BT, Pai EF, Nishino T. Mammalian
xanthine oxidoreductase – mechanism of transition from
xanthine dehydrogenase to xanthine oxidase. FEBS J
2008;275:3278–89.

2. Ichida K, Amaya Y, Noda K, et al. Cloning of the cDNA
encoding human xanthine dehydrogenase (oxidase):
structural analysis of the protein and chromosomal location
of the gene. Gene 1993;133:279–84.

3. Rytkonen EM, Halila R, Laan M, et al. The human gene for
xanthine dehydrogenase (XDH) is localized on chromosome
band 2q22. Cytogenet Cell Genet 1995;68:61–3.

4. Linder N, Rapola J, Raivio KO. Cellular expression of human
xanthine oxidoreductase protein in normal human tissues.
Lab Invest 1999;79:967–74.



E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 6 4 8 – 6 5 5 655
5. Vorbach C, Scriven A, Capecchi MR. The housekeeping gene
xanthine oxidoreductase is necessary for milk fat droplet
enveloping and secretion: gene sharing in the lactating
mammary gland. Genes Dev 2002;16:3223–35.

6. Linder N, Martelin E, Lapatto R, Raivio KO. Posttranslational
inactivation of human xanthine oxidoreductase by oxygen
under standard cell culture conditions. Am J Physiol Cell Physiol
2003;285:C48–55.

7. Terada LS, Guidot DM, Leff JA, et al. Hypoxia injures
endothelial cells by increasing endogenous xanthine oxidase
activity. Proc Natl Acad Sci 1992;89:3362–6.

8. Linder N, Lundin J, Isola J, Lundin M, Raivio KO, Joensuu H.
Down-regulated xanthine oxidoreductase is a feature of
aggressive breast cancer. Clin Cancer Res 2005;11:4372–81.

9. Linder N, Haglund C, Lundin M, et al. Decreased xanthine
oxidoreductase is a predictor of poor prognosis in early-stage
gastric cancer. J Clin Pathol 2006;59:965–71.

10. Weber G, Kizaki H, Tzeng D, Shiotani T, Olah E. Colon tumour:
enzymology of the neoplastic program. Life Sci 1978;23:729–36.
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