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Abstract Fructosamine-3-Kinase (FN3K) is an enzyme
phosphorilating fructoselysine (FL) residues on glycated
proteins, resulting in the production of protein-bound FL-3-
phosphate. The pathological role of the non-enzymatic
modification of proteins by reducing sugars has become
increasingly evident in various types of disorders, includ-
ing the cancer. In this study, our aim was to study FN3K
enzyme activity, as well as its mRNA in human colorectal
cancer (CRC). Thirty consecutive CRC patients undergo-
ing surgery of the colon were enrolled in the study. FN3K
enzymatic activity and gene expression were analyzed
using a radiometric assay and quantitative RT-PCR,
respectively. FN3K is a functionally active enzyme in
human colon tissue, without significant differences
between normal mucosa and cancer. The mean level of
FN3K mRNA was significantly lower in cancer than in the
corresponding normal colorectal mucosa The colorectal
tumors located on the left side showed lower levels of both
enzymatic activity and mRNA FN3K than tumors located
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in the right side of colon. This paper is the first studying
FN3K enzyme activity in human CRC, showing a signifi-
cant relationship between enzymatic activity, its mRNA
and tumor side.
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Introduction

Protein glycation is a spontaneous reaction of reducing
sugars with amino groups of proteins. In this reaction, the
e-amino group of lysine condenses with the carbonyl of a
sugar to form a Schiff’s base, which then slowly undergoes
an Amadori rearrangement to become a ketoamine or, if
reacting sugar is glucose, fructosamines [3, 9, 26]. The fate
of fructosamines is to continue to react slowly until they
become “advanced glycation end products” (AGEs),
which are thought to play a role in the pathophysiology of
several human disorders, most particularly diabetes [1, 5].

The non-enzymatic reaction of protein amino groups
with glucose and other reducing sugars has long been
considered irreversible [8, 25]. However, recent evidence
indicates that fructosamines can be repaired by Fructos-
amine-3-Kinase (FN3K), which phosphorilates fructosely-
sine (FL) residues on glycated proteins, resulting in the
production of protein-bound FL-3-phosphate (FL3P) [16].
The physiological occurrence of deglycation has been
proven by showing that protein-bound fructosamines are
present at high concentrations in tissues and erythrocytes of
FN3K-deficient mice respect to the control mice [4].

The pathological role of the non-enzymatic modification
of proteins by reducing sugars, a process that is known as
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the “Maillard reaction”, has become increasingly evident
in various types of disorders [4, 9, 10]. Glycation is part of
the broader concept of the Maillard reaction, in which all
sorts of reactive carbonyl compounds inflict cellular and
tissue damage during aging and in age-related disease [17].
Diseases of “carbonyl stress” include among others, dia-
betes and end-stage renal disease, in which levels of AGEs
(advanced glycation end products) reach staggering con-
centrations. The role of AGEs in the pathophysiology of
various chronic and age-related diseases has been scientifi-
cally well accepted [22, 24]. Recent studies show that in
addition to those endogenously formed, diet constitutes an
important exogenous source of AGEs [20, 28]. Food-derived
AGEs are found to play an important role in the pathogenesis
of the AGE-related disorders, so that the restriction of food-
derived AGE:s or the inhibition of absorption of dietary AGEs
may be a novel target for therapeutic intervention in patients
with diabetes or chronic renal failure [28].

Differences in the efficiency with which individual
patients detoxify glycated proteins may explain individual
differences in susceptibility to complications of hypergly-
cemia [22].

Recent evidence indicates that malignant cell transfor-
mation may be considered a disease of “carbonyl stress”.
The risk of colorectal adenoma has been related to high
levels of serum fructosamine [15].

Previously, we evaluated FN3K gene expression in
colorectal cancer (CRC) patients, showing that the FN3K
gene expression was significantly lower in colon cancer
tissue than in the corresponding normal surrounding
mucosa, and that FN3K gene was particularly down-regu-
lated in the tumors located on the left side of the colon.
These findings suggest that cancer cells have lost a pro-
tective enzymatic system or that it is at low levels [6].

There is the possibility that an appreciable difference in
FN3K gene expression produces variation in the levels of
enzymatic activity between normal tissue and cancer or
between right and left side of colon in CRC patients. In
order to verify this hypothesis, in a new group of CRC
patients, we have evaluated FN3K activity levels as well as
the expression of its mRNA in normal colorectal mucosa
and cancer tissues.

Patients and methods

Patients

Thirty consecutive CRC patients (14 men and 16 women,
mean age 64.8 £+ 11.2 years) undergoing surgery of the
colon were enrolled in the study. Colorectal mucosa and

cancer were obtained from each of them according to a
standardized procedure. At once after removal, samples of
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mucosa were taken from macroscopically normal areas of
colon at 10 cm from neoplastic lesion. Specimens were
taken within 1 h after the surgical procedure and stored at
—80°C until assayed. All the patients gave informed con-
sent to participate in the study.

The laboratory analyses were performed blindly with
respect to the clinical characteristics and histopathologic
features of the samples.

FN3K activity assay

Fructosamine-3-Kinase (FN3K) enzymatic activity was
measured in normal colorectal mucosa and cancer. The
tissue samples were left in 500 pl of homogenization
buffer 10 mM Tris—HCI1 (pH 7.8), 1 mM DTT, 1 pg/ml
Leupeptin and centrifuged for 10 min at 4°C at 10000 rpm.
Sample protein content was determined using Lowry’s
method. An aliquot of supernatant (50 pl) was incubated
with 100 pl of reaction mix [5 mM Glucose, 10 mM Tris—
HCI (pH 7.8), 1 mM DTT, 1 pg/ml Leupeptin and 2 mM
D-[1-'*C]-Glucose (49.5 mCi/mmol, PerkinElmer Life and
Analytical Sciences)] for 40 min at 37°C. Subsequently,
30 pl aliquots of the medium were spotted on cation-
exchange papers (P81 Whatman), which were washed three
times with ice-cold 75 mM H;PO, and then once with
alcohol and once with acetone. After drying, the papers
were counted for radioactivity in the presence of scintillant.
FN3K activity was expressed as picomoles of incorporated
D-[1-"C]-Glucose per minute per milligram of total pro-
tein (pmol min~' mg~" protein).

The enzyme activity assay was validated on all studied
samples in the presence of FN3K inhibitor (1-deoxy-1-
morpholino-fructose, DMF). The use of 25 mM of DMF
for each sample determinates a reduction in total radioac-
tivity of 80%. Then, the non-specific radioactivity due to
amine compounds derived from other metabolic processes
was negligible. In all the experiments, enzyme assays were
carried out in duplicate. The coefficient percentages of
intra-and inter-assay variation were 3 and 4%, respectively.

FN3K gene expression analysis

Fructosamine-3-Kinase mRNA expression was determined
using RT-PCR as described previously [6]. Briefly, total
RNA from normal colorectal mucosa and cancer was iso-
lated with TRI-Reagent (Mol. Res. Centre Inc. Cincinnati,
0O, USA), following the manufacturer’s instruction. About
2 ng extracted RNA were used for the reverse transcription
reaction using antisense primer (FN3K sense 5'-CAA CCA
GAA GCT CAG GGA GAA-3', FN3K antisense 5'-GCT
CAG CAC CCT CAC CTC TT-3, B-actin sense 5'-AAA
GAC CTG TAC GCC AAC ACA GTG CTG TCT GG-3/,
p-actin antisense 5'-CGT CAT ACT CCT GCT TGC T
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GAT CCA CAT CTG C-3') for analyses of the FN3K and
the f-actin gene. Human f-actin gene was utilized as an
internal control, chosen as a reference gene because it is a
housekeeping gene. Then, cDNAs were used for RT-PCR
analysis, and the PCR products were quantified by external
calibration curves, one for each tested gene, obtained with
serial dilutions of known copy number of molecules (10*—
107 molecules). All expression data were normalized by
dividing the target amount by the amount of f-actin used as
internal control for each sample. The specificity of the PCR
product was confirmed by gel electrophoresis.

Statistical analysis

The differences in FN3K activity and mRNA levels
between normal mucosa and neoplastic tissue were ana-
lyzed by paired Student ¢ test.

The unpaired Student ¢ test was used in order to analyze
the differences in FN3K activity and gene expression in
relation to tumor site.

Results

The clinical and histopathologic features of all patients are
shown in Table 1. All participants to the study were nor-
moglycaemic subjects. At histology, all tumors were shown
to be adenocarcinomas. They were classified according to
their grade of histologic differentiation and tumor stage.

Table 1 Clinico-histopathologic features of colorectal cancer
patients
Cases (n = 30)

Age (mean £ SD) 64.8 £ 11.2
Sex

Men 14

Women 16
Tumor side®

Right 8

Left 22
Tumor stageb

Stage 1 7

Stage 11 6

Stage III 13

Stage IV 4
Histologic grading

Well differentiated (G1) 6

Moderately differentiated (G2) 19

Poorly differentiated (G3) 5

* Right side: hepatic flexure, cecum and ascending colon; left side:
descending colon, sigmoid and rectum

® Clinical staging performed using UICC system

Fructosamine-3-Kinase activity and its mRNA were
detectable in all samples. FN3K is a functionally active
enzyme in human colon tissue, without significant differ-
ences between normal mucosa and cancer (20.2 £ 2.6 vs.
22.4 + 2.4 pmol min~' mg~" protein, mean value & SE,
P > 0.05, paired ¢ test; Fig. 1a). According to our previous
study [16], the mean level of FN3K mRNA was signifi-
cantly lower in cancer than in the corresponding normal
colorectal mucosa, being 0.44 £ 0.08 versus 0.74 + 0.15
(mean values + SE), respectively, expressed as number of
mRNA FN3K molecules/number of mRNA f-actin mole-
cules (paired ¢ test, P = 0.03; Fig. 1b).

We have found significant differences in FN3K enzymatic
activity and its gene expression levels between colon tumors
located on the left and right side. The CRC tumors located on
the left side showed lower levels of both enzymatic activity
and FN3K mRNA than CRC tumors located in the right
side (19.4 & 2.5 vs. 31.6 & 4.8 pmol min~" mg ™' protein,
mean values = SE, P = 0.02, unpaired ¢ test, and
0.19 £ 0.05 vs. 0.68 £ 0.02 n° molecules mRNA FN3K/n°
molecules mRNA f-actin, mean values + SE, P = 0.007,
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Fig. 1 FN3K activity (panel a) and mRNA (panel b) levels in
colorectal normal mucosa and cancer (20.2 2.6 vs.
22.4 %+ 2.4 pmol min~' mg~" protein, mean value = SE, P > 0.05,
paired ¢ test and 0.74 + 0.15 vs. 0.44 + 0.08, mean value + SE,
expressed as n° molecules mRNA FN3K/n° molecules mRNA
p-actin, P = 0.03, paired ¢ test, respectively)
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Fig. 2 Differences in FN3K activity (a) and mRNA (b) levels
between right- and left-sided CRC (31.6 £ 4.8 vs. 19.4 &+ 2.5 pmol
min~! mg_1 protein, mean values £ SE, *P = 0.02, unpaired ¢ test
and 0.68 £ 0.24 vs. 0.19 £ 0.05 mean values + SE, expressed as n°
molecules mRNA FN3K/n° molecules mRNA f-actin, *P = 0.007,
unpaired ¢ test, respectively)

unpaired ¢ test; Fig. 2a, b, respectively). There are no sig-
nificant differences in FN3K enzymatic activity and its
mRNA in normal surrounding mucosa between left and right
colon side (Fig. 3a, b, respectively).

No difference was detected in FN3K activity and mRNA
levels according to clinico-histopathologic features of
patients.

Discussion

This paper is the first studying FN3K enzyme activity in
human colorectal cancer, showing a significant relationship
between enzymatic activity, its mRNA and tumor side.
The tumors located at left side showed a reduced FN3K
activity and mRNA gene expression respect to the tumors
located at right side. The differences, in FN3K activity and
mRNA, between proximal and distal colon tumor underline
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Fig. 3 Differences in FN3K activity (a) and mRNA (b) levels in
normal surrounding mucosa between right and left colon side
(21.8 £ 2.9 vs. 19.7 & 3.4 pmol min~' mg™" protein, mean val-
ues = SE, P > 0.05, unpaired ¢ test and 0.66 £ 0.19 vs. 0.64 £+ 0.11
mean values = SE, expressed as n° molecules mRNA FN3K/n°
molecules mRNA f-actin, P > 0.05, unpaired ¢ test, respectively)

the biochemical regional variability of colon neoplastic
transformation. A biological difference between proximal
and distal colon tumors has been observed also for other
enzymes, growth factors and multiple genetic alterations
[7, 13, 14, 18]. We have previously already observed that
different biochemical pathways linking proliferation and
tumor progression are modified in a different manner in the
large bowel, suggesting a different susceptibility of colon
regions to neoplastic transformation [7, 18].

On the right side of colon, the tumors have higher levels
of FN3K activity and gene expression respect to the tumors
located on the left side. This enzyme seems catalyze a
repair mechanism offering selective cell advantage. The
end products of glycation reactions inflict molecular dam-
age through cross-linking, conformational changes, binding
of redox active metals, ecc [4]. For these reasons, it is
important to rid proteins of their sugar adducts rather than
replace them with newly synthesized macromolecules.
Different studies have demonstrated a better clinical
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outcome for the patients with proximal colorectal cancer
with respect to distal colorectal cancer [2, 11]. Colonic
cells of proximal colon appear to have more efficient
mechanisms to protect their proteins against the glycating
effects of high glucose or fructose compared to distal colon
cells. Likely, due to the down-regulation of FN3K enzyme
and its mRNA, an accumulation of AGEs could be present
in tumors located in the left side with disregulation of the
control cell growth.

There is growing body of evidences to show that AGEs
and their receptor (RAGE) interactions are involved in the
development of human CRC [12, 21, 27]. It has recently
been hypothesized that AGEs could explain the molecular
link between diabetes and CRC [27]. Elevated glucose
concentrations lead to an increase in oxidative stress, to the
activation of protein kinase C, to the formation of Amadori
products and AGEs, all of which have been hypothesized to
play a role in the malignant transformation of colorectal
mucosa [12, 21]. Colorectal cancer and diabetes are com-
mon diseases that share many risk factors. A comparison of
the risk factors of proximal and distal colorectal cancer
showed that type 2 diabetes is associated with distal
colorectal cancer in men [19]. In contrast, another study
has shown that the patients with poorly controlled type 2
diabetes had more right-sided CRCs [23].

Our data confirm that down-regulation of FN3K enzyme
activity and its gene expression is a characteristic of the
left-sided colon tumors.

Further studies will be necessary to address whether
disregulation of this enzyme associated with biologic fac-
tors as tumor side plays a role in CRC development and
patient outcome.
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