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Abstract Sphingomyelin (SM) metabolism in the gut may
have an impact on colon cancer development. In this study,
we purified alkaline sphingomyelinase (alk-SMase) from hu-
man intestinal content, and studied its location in the mu-
cosa, expression in colon cancer, and function on colon
cancer cells. The enzyme was purified by a series of chro-
matographies. The molecular mass of the enzyme is 60 kDa,
optimal pH is 8.5, and isoelectric point is 6.6. Under opti-
mal conditions, 1 mg of the enzyme hydrolyzed 11 mM SM
per hour. The properties of the enzyme are similar to those
of rat intestinal alk-SMase but not to those of bacterial
neutral SMase. Immunogold electronmicroscopy identified
the enzyme on the microvillar membrane in endosome-like
structures and in the Golgi complexes of human entero-
cytes. The expression and the activity of the enzyme were
decreased in parallel in human colon cancer tissues com-
pared with the adjacent normal tissue. The enzyme inhib-
ited DNA biosynthesis and cell proliferation dose depen-
dently and caused a reduction of SM in HT29 cells.
Intestinal alk-SMase is localized in the enterocytes, down-
regulated in human colon cancer, and may have antiprolif-

 

erative effects on colon cancer cells.
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Metabolism of sphingomyelin (SM) generates the lipid
messengers ceramide, sphingosine, and sphingosine-1-
phosphate, which may have antiproliferative and apop-
totic effects in many cell types (1–3). Several observations
suggest a relationship between SM metabolism and colon
cancer development (4). When rats were treated with a
chemical carcinogen that could induce colon cancer, an

 

accumulation of SM in the colonic mucosa occurred be-
fore the onset of tumorigenesis (5). Supplementing SM
and other derivatives of ceramide in the diet inhibited the
formation of aberrant crypt foci, i.e., the earliest sign of
tumor development, in mice treated with 1,2-dimethylhy-
drazine (6–8). In cultures of human colon cancer cells,
ceramide and sphingosine were found to arrest the cell cy-
cle at G2/M phase and caused accumulation of cells in
the S phase (9). It was recently reported that ceramide
and sphingosine reduced the levels of cytosolic and nu-
clear 

 

�

 

-catenin, indicating an effect on the APC/

 

�

 

-catenin
system (10). These findings link the effects of sphingolip-
ids in the colon to a major signaling pathway responsible
for the initial tumor formation in colon.

Three decades ago, Nilsson identified a sphingomy-
elinase (SMase) activity with optimum alkaline pH in the
intestinal tract of rats, pigs, and humans (11). Differing
from other types of SMase, such as acid and neutral
SMase, which have been purified and cloned (12, 13), the
alkaline SMase (alk-SMase) activity was only found in the
intestinal tract of many species and additionally in human
bile (14–16). The enzyme was present in human meco-
nium, in the intestine of germ-free mice, and in sterile hu-
man bile, indicating that it did not originate from intestinal
bacteria (11, 14). We recently purified and characterized
rat intestinal alk-SMase and showed that the enzyme was
only expressed in the intestine and not in other organs in
rats (16). Studies of the longitudinal distribution in the
gut demonstrated the highest activity of the enzyme in the
jejunum and ileum, where most of the digestion of dietary
SM to ceramide occurs (17).

We previously found a significant reduction of the en-
zyme activity in human colorectal adenocarcinomas and
in the mucosa of patients with familial adenomatous poly-
posis (FAP) (18, 19). In addition, in patients with long-
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standing extensive ulcerative colitis that is associated with
an increased risk of colon cancer, alk-SMase activity was
decreased (20). Furthermore, ursodeoxycholate, a bile
salt known to have anticarcinogenic effects in colon, was
found to increase the colonic alk-SMase activity (21).
Thus, several pieces of evidence suggest that metabolites
generated by alk-SMase may influence cellular growth and
differentiation in the gut.

In addition, SM metabolism in the gut may affect intes-
tinal lipoprotein metabolism and sterol absorption. It has
been demonstrated that hydrolysis of membrane SM in
cultured intestinal cells influenced both sterol absorption
(22, 23) and lipoprotein secretion (24), and that cer-
amide hydrolysis could affect the size and composition of
lipoproteins secreted (25). In the gut lumen, the physical
interaction between sterols and SM influences the course
of both sterol absorption and SM hydrolysis (26, 27)

In the present study, we purified human intestinal alk-
SMase and located the enzyme in the intestinal mucosa
using a polyclonal antiserum. The expressions of the en-
zyme in normal and colonic cancer tissue were compared
and the potential effects of the enzyme on proliferation
and apoptosis of human colon cancer cells were studied.

MATERIALS AND METHODS

 

Materials

 

Human small intestinal contents were collected from ileos-
tomy stomas of six individuals who had undergone a colectomy
due to ulcerative colitis more than 3 months earlier. Before sam-
ple collection, the patients had been fasted overnight. Samples
from human colonic tumors and surrounding normal tissues
were obtained from patients undergoing resection at the De-
partment of Surgery, Malmö University Hospital. Human colonic
biopsy samples were taken during colonoscopic examinations at
the Gastroenterology Division, Lund University Hospital. All studies
involving humans had been approved by the Human Ethics
Committee, Lund University.

Bovine milk SM was provided by Dr. Lena Nyberg at Skane
Dairy Co. (Malmö, Sweden) and labeled with [N-

 

14

 

C-CH

 

3

 

]cho-
line by the methods of Stoffel (28). The specific activity of
[

 

14

 

C]SM was 56 

 

�

 

Ci/mg. DEAE Sepharose, Sephadex G25
(PD10) column, and Phenyl Sepharose 6 FF were obtained from
Amersham Pharmacia Biotech AB (Uppsala, Sweden). Uno Q
anion exchange chromatography cartridge, prepacked SE gel
chromatography column, Biologic HR protein purification sys-
tem, and isoelectrofocusing instrument Rotofor were obtained
from Bio-Rad (Sundberg, Sweden). YM 30 filtration membranes
with 30 kDa molecular mass cut-off were purchased from Ami-
con (Beverly, MA). HT-29 cells were obtained from American Tis-
sue Culture Collection (Rockville, MD). The cell death detection
kit and the cell proliferation reagent 4-[3-(4-lodophenyl)-2-(4-nitro-
phenyl)-2H-5-tetrazoliol]1,3-benzene disulfonate (WST-1) were pur-
chased from Roche Diagnostics GmbH (Mannheim, Germany).
[

 

3

 

H]thymidine and [

 

3

 

H]choline chloride were bought from Du-
Pont Corporation (Cambridge, MA).

 

Purification procedure

 

The human intestinal contents were freeze dried and dis-
solved in ice-cold 0.15 M NaCl containing 1 mM benzamidine
and 1 mM phenylmethylsulfonyl fluoride (PMSF). The nonsolu-

 

ble materials were removed by centrifugation at 8,000 rpm for
15 min at 4

 

�

 

C. The proteins were precipitated by acetone as pre-
viously described (16) and dissolved in 20 mM Tris-HCl buffer,
pH 8.2, containing 0.075 M NaCl, 1 mM benzamidine, and 1
mM PMSF (DEAE buffer). The sample was subjected to a series
of chromatographies by a means very similar to that used for
purification of rat alk-SMase (16). Briefly, the sample was first
loaded on a DEAE Sepharose column that had been equili-
brated with DEAE buffer. After loading, the column was eluted
with the same buffer and the fractions containing nonretained
proteins were collected. The column was then eluted with the
same buffer but contained 0.5 M NaCl to obtain the retained
proteins. The intestinal alk-SMase activity was in the fractions
containing nonretained proteins. These fractions were pooled,
supplemented with ammonium sulfate to 1.0 M, and applied to
a column packed with Phenyl Sepharose for hydrophobic inter-
action chromatography (HIC). The column was eluted with a
gradient of ammonium sulfate from 1.0 to 0 M in 20 mM Tris-
Maleate buffer (pH 7.0). After HIC, the fractions containing
alk-SMase activity were pooled and desalted, followed by loading
on a Uno Q column for high-affinity anion exchange chroma-
tography. The column was eluted with a gradient of NaCl from 0
to 0.25 M in 20 mM Tris buffer (pH 7.0). The fractions with high
enzyme activity were pooled, concentrated by ultra filtration,
and loaded on an SE column, followed by elution with 20 mM
Tris, 0.15 M NaCl (pH 8.2). The fractions with high alk-SMase
activity were subjected to native isoelectric focusing electro-
phoresis with pH ranging from 3 to 10. The protein concentra-
tions during chromatographies were monitored by a UV detec-
tor or quantified by a kit from Bio Rad with bovine albumin as a
standard. The purity of the enzyme was visualized by 10% SDS
polyacrylamide gel electrophoresis (PAGE) and the gel was
stained by silver staining.

 

SMase assay

 

Alk-SMase activity was determined by two methods according
to Duan and Nilsson (29). For monitoring the migration of the
activity during the purification procedure, 2 

 

�

 

l of samples from
fractions collected were added to the tubes followed by adding
50 mM Tris-HCl buffer (pH 9.0) containing 0.15 M NaCl, 2 mM
EDTA, 10 mM taurocholate (TC), 0.1 mM SM, and 0.80 

 

�

 

M
[

 

14

 

C]SM (

 

�

 

8,000 dpm) to a final volume of 100 

 

�

 

l. After incuba-
tion at 37

 

�

 

C for 30 min, the reaction was terminated by adding
0.4 ml of chloroform-methanol (2:1, v/v) followed by centrifuga-
tion at 10,000 rpm for 10 s. An aliquot (100 

 

�

 

l) of the upper
phase containing the cleaved phosphocholine was analyzed for
radioactivity by liquid scintillation. The activity was expressed as
dpm in the upper phase after 30 min incubation. For assaying
the enzyme activity in HT 29 cells, tissue samples, and in charac-
terization studies, 5 

 

�

 

l of samples were added in 50 mM Tri-HCl
buffer containing 0.15 M NaCl, 2 mM EDTA, and 10 mM TC (pH
9.0) (assay buffer) to a final volume of 80 

 

�

 

l. The reaction was
started by adding 80 pmol [

 

14

 

C]SM (

 

�

 

8,000 dpm) in a 20 

 

�

 

l as-
say buffer and incubating at 37

 

�

 

C for 30 min. The reaction was
terminated as above, and the activity was calculated and ex-
pressed as nmol substrate hydrolyzed by 1 mg sample protein in
1 h (nmol/h/mg).

The hydrolytic capacity of the alk-SMase was determined by
adding 5 ng enzyme in 100 

 

�

 

l assay buffer containing different
amounts of SM ranging from 5 

 

�

 

g to 640 

 

�

 

g together with 100
pmol of [

 

14

 

C]SM. Percentage of hydrolysis of the substrate was
calculated from the ratio of dpm in the upper phase to the total
dpm added in the system. The mass of SM that had been hydro-
lyzed in 1 h was calculated from the percentage hydrolysis. The
Lineweaver-Burk plot was used to determine the 

 

V

 

max

 

 of the enzy-
matic reaction under the assay condition.
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Antibody preparation

 

The purified alk-SMase was subjected to 10% SDS-PAGE and
stained by 0.1% Coomassie blue. The enzyme band was excised
and homogenized and the homogenates were used to immunize
two rabbits once a month for 3 months by subcutaneous injec-
tions. Bleeding started 2 weeks after the second injection. The
immune procedure was performed by the company Agri Sera AB
(Vännäs, Sweden).

 

Immunogold electron microscopy

 

Human normal ileum biopsy samples were fixed in 2% para-
formaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.2) for 2 h at 4

 

�

 

C. After a rinse with 0.1 M phosphate
buffer (pH 7.2), the small intestinal samples were infused with
2.3 M sucrose for 30 min and then mounted on top of a metal
pin and frozen in liquid nitrogen. Ultracryosections (

 

�

 

50 nm)
were cut in an RMC 6,000 XL ultracryomicrotome and collected
with a sucrose droplet and attached to formvar and carbon-
coated nickel grid. Immunogold labeling was performed accord-
ing to Hansen et al. (30) using either the rabbit anti-human
SMase serum or the preimmune serum as a control. The ul-
tracryosections were finally examined in a Zeiss EM900 electron
microscope and electronmicrographs were obtained using a
Mega View II CCD camera and an Image analysis system.

 

Western blot

 

The tissue samples were homogenized in 50 mM Tris buffer
containing 2 mM EDTA, 10 mM TC, 1 mM PMSF, 1 mM benza-
midine, and 0.5 mM DTT (pH 7.4), followed by sonication for 10 s.
After centrifugation at 13,000 rpm for 10 min at 4

 

�

 

C, 50 

 

�

 

g
proteins of each sample were subjected to 10% SDS-PAGE and
transferred to nitrocellulose membrane by electrophoresis. The
membrane was blocked in 20 mM Tris buffer containing 0.15 M
NaCl and 5% fat free dried milk for 2 h and probed with antise-
rum (1:500) for 2 h. After washing, the membrane was incubated
with biotinylated goat anti-rabbit antibody for 2 h and then with
a complex of equal amounts of streptavidin and biotinylated-
alkaline phosphatase for 3 h. After color development, the den-
sity of the protein bands was quantified by Scion Image software
program.

 

Effects of alk-SMase on cell proliferation and apoptosis in 
HT29 cells

 

HT29 cells were cultured in RPMI-1640 medium with 

 

l

 

-gluta-
mine containing 100 IU/ml penicillin, 10 

 

�

 

g/ml streptomycin,
and 10% (v/v) heat inactivated fetal calf serum. The purified alk-
SMase was diluted to a concentration with an activity being 200
nmol/h/ml. HT29 cells seeded in 96 well plate were incubated
with the alk-SMase in different doses for 24 h. WST-1reagent was
added in each well and cell proliferation was determined as pre-
viously described (31). For assaying DNA replication, the cells
were treated with alk-SMase for 24 h. [

 

3

 

H]thymidine at a dose of
0.5 

 

�

 

Ci/well was added and the incorporation of [

 

3

 

H]thymidine
in DNA was determined as described (31).

Apoptosis was determined by ELISA using a cell death detec-
tion ELISA kit, which is based on the quantification of mono-
and oligonucleosomes in the cytoplasm. The cells were treated
with alk-SMase for 24 h and lysed by the lysis buffer provided
with the kit. The cytoplasmic histone-associated DNA fragments
were quantified, and the specific enrichment was determined as
described previously (31).

 

Measurement of SM in the cells

 

Determination of cellular SM levels was performed according
to Hedlund et al. (32). In brief, the cells were preincubated with
[

 

3

 

H]choline for 48 h at a concentration of 0.5 

 

�

 

Ci/ml and then

treated with alk-SMase as described above. The total lipids were
extracted according to Bligh and Dyer (33) and applied on Silica
gel plate (60 F, 0.25 mm) for thin layer chromatography. The
plates were developed by chloroform-methanol-25% ammonium
hydroxide (65:25:4, v/v/v) and the lipid bands were visualized by
iodine vapor. The SM bands were scraped according to the inter-
nal standard and the radioactivity in bands was measured by liq-
uid scintillation counting.

 

RESULTS

 

Purification

 

In the initial chromatographic separation on DEAE-
Sepharose column, two portions with alk-SMase activity
were identified (

 

Fig. 1

 

). The activity in the first portion
(Portion A) was not retained on the column and eluted
with the loading buffer (20 mM Tris buffer pH 8.2 with
0.075 M NaCl). A second and smaller peak of alk-SMase
(Portion B) was eluted by increasing NaCl concentration
to 0.5 M in the same buffer. According to our previous
studies, portion A contains intestinal alk-SMase, whereas
portion B is likely represent bile alk-SMase (16, 34). Por-
tion A was saved and subjected to Phenyl Sepharose HIC
(

 

Fig. 2A

 

), Uno Q high affinity anion chromatography
(Fig. 2B), and SE chromatography (Fig. 2C). The fractions
containing alk-SMase were marked by arrows in each
panel. The alk-SMase activity in SE gel chromatography
was found in fraction 28 to 33 with peak activity in fraction
30 and 31. The proteins in these fractions were visualized
by 10% SDS-PAGE (

 

Fig. 3A

 

). A band at about 60 kDa
(marked by arrow) was identified as correlated with the
enzyme activity. To further confirm that this 60 kDa pro-
tein is alk-SMase, fractions 30 and 31 were combined and
subjected to native electric focusing electrophoresis. A to-
tal of 20 fractions were collected. The highest alk-SMase
activity was found in the fraction with pH 6.6. SDS-PAGE
confirmed that the fraction contained a single protein
with a mass of 60 kDa (Fig. 3B), which was identical to
those shown in Fig. 3A.

Fig. 1. Profile of DEAE sepharose chromatography. Proteins dis-
solved in 20 mM Tris buffer containing 0.075 M NaCl, 1 mM benza-
midine, and 1 mM phenylmethylsulfonyl fluoride were loaded on a
DEAE column, followed by washing the column with the same load-
ing buffer. The column was then eluted with the buffer containing
0.5 M NaCl, as indicated by the arrow. Alkaline sphingomyelinase
(Alk-SMase) activity in the fractions was determined. Portion A con-
tains the activity that was not retained on the column and portion
B, the enzyme retained.
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Characteristics of human alk-SMase

 

The optimal pH, divalent ion dependency, bile salt de-
pendency, glutathione inhibition, and substrate specificity
of alk-SMase were examined according to methods de-
scribed previously (16). The pH dependence was similar
to that of rat intestinal alk-SMase. Maximal activity was ob-
tained at pH 8.5 and the activity at pH 7.5 was about 68%
of the maximal activity. Like the rat enzyme, human alk-
SMase did not require Ca

 

2

 

�

 

 and Mg

 

2

 

�

 

 and was not inhib-
ited by EDTA. In addition, the activity at alkaline pH with-
out divalent cations remained significantly higher than
that at pH 7.5 with Mg

 

2

 

�

 

 present. In analogy with rat alk-
SMase, the enzyme activity was specifically stimulated by
TC and taurochenodeoxycholate, but inhibited by other
detergents such as CHAPS and Triton X-100. Glutathione,
which inhibits neutral SMase, had no significant effects on
human alk-SMase. Although the major product generated
by the enzyme was ceramide, the enzyme had weak activity
against phosphatidylcholine at neutral pH in the presence
of Ca

 

2

 

�

 

. Because these properties described above are
very similar to those for rat intestinal alk-SMase reported

 

previously (16), detailed data are not presented, but the
properties for rat and human alk-SMase are summarized
in 

 

Table 1

 

.
To determine the hydrolytic capacity of the enzyme, the

activity of alk-SMase (5 ng) was assayed in the presence of
different amounts of SM in 100 

 

�

 

l assay buffer (

 

Fig. 4A

 

).
The 

 

V

 

max

 

 was determined by a Lineweaver-Burk plot (Fig.
4B). One milligram of the enzyme is able to hydrolyze
about 11 mmol SM in 1 h.

 

Localization of alk-SMase in human small intestine

 

By immunogold labeling, alk-SMase was found to be lo-
calized at the surface of the microvillar membrane in the
enterocytes (

 

Fig. 5A

 

). Specific labeling of SMase was also
identified in endosome-like structures situated beneath
the microvillar membrane (Fig. 5C) and in Golgi com-
plexes (unpublished observations). No specific labeling of
alk-SMase was found in the enterocytes using the preim-
mune serum as controls (Fig. 5B, D).

 

Cross reaction of the rabbit anti-human 
alk-SMase antiserum

Figure 6

 

 shows the cross reaction of rabbit anti-human
alk-SMase with the enzyme in rat intestine and human
bile. In human bile, the antibody identified a band with
similar molecular mass as that of human intestinal alk-
SMase, and in rat intestinal tissue, a band that was slightly
smaller (58 kDa) than that of human alk-SMase. The mo-
lecular mass of the band identified in rat intestine is equal
to that of purified rat intestinal alk-SMase (16). However,
no positive band was identified when the antiserum was
used against bacterial neutral SMase, as shown in Fig. 6D
compared with Fig. 6E. The negative result with neutral
SMase was not due to a low amount of protein loaded, as
silver staining clearly showed a major band and two small
bands in the neutral SMase preparations (Fig. 6F).

Fig. 3. SDS-PAGE. A: Twenty microliters from each fraction after
SE chromatography was subjected to 10% SDS-PAGE and the gel
was stained by silver staining. The fraction numbers are shown
above the panel and SMase activities below it. The bands indicated
by an arrow are the ones correlated with SMase activity. B: Fraction
30 and 31 from SE chromatography were combined and subjected
to electrofocusing. The fractions with alk-SMase activity after elec-
trofocusing were resolved by 10% SDS-PAGE and the gel was
stained by silver staining. The pH values of each fraction are shown
at the top of the panel and SMase activity at the bottom. The bands
indicated by an arrow are purified alk-SMase.

 

TABLE 1. Comparison of properties of intestinal alkaline SMases in 
rat and human

 

Rat Human

 

Molecular mass (kDa) 58 60
Optimal pH 9.0 8.5
Isoelectric point 6.2 6.6

 

V

 

max

 

 (mmol/h/mg) 0.93 11.0
Stimulation by bile salt TC, TCDC TC, TCDC
Glutathione inhibition no no
Mg

 

2

 

�

 

 dependence no no
Effect of EDTA no no
Cross immunoreaction yes yes
Activity against PC yes yes

PC, phosphatidylcholine; SMase, sphingomyelinase; TC, taurocholate;
TCDC, taurochenodeoxycholate. The comparison was made based on the
results in this paper and those in our previous investigation (16). The pI
value in rat alkaline SMase is from our unpublished data.

 

Fig. 2.

 

Profiles of chromatographies. The portion A from DEAE chromatography was subjected to Phenyl Sepharose hydrophobic interac-
tion chromatography (HIC) (A), Uno Q anion exchange chromatography (B), and SE gel chromatography (C). Ammonium sulfate gradi-
ent in HIC was from 1.0 to 0 M, and NaCl gradient in anion exchange chromatography was from 0 to 0.25 M. Protein concentrations were
monitored by UV detector. The alk-SMase activities were determined and the fractions with high activity are indicated by the arrows.
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Comparing the expression of alk-SMase in normal 
and colon cancer tissues

 

Previous studies have identified a reduction of alk-
SMase activity in human carcinomas and colonic ade-
nomas (18, 19). To extend these previous findings, West-
ern blot was performed to examine the enzyme levels in
human colon cancer tissues in comparison with the adja-
cent normal tissues in six individuals (

 

Fig. 7

 

). In pairwise
comparisons, the levels of the enzyme were higher in the
normal tissues than in the cancers. The immunoreactivity
data and enzyme activity data are summarized in 

 

Fig. 8

 

.
The mean densities of the enzyme bands were decreased
by 39% (

 

P

 

 

 

�

 

 0.05) and the maximal density reduced by
51% in the tumors. The reduction in immunoreactivity
was largely in agreement with the changes in enzyme activ-
ities in each individual case. However, as shown in Fig. 7,
the variations among individuals were big.

 

Effects of alk-SMase on proliferation and apoptosis of 
HT29 cells

 

To examine the potential anticancer effect of alk-SMase
on human colon cancer, HT29 cells were incubated with
the purified enzyme. As shown in 

 

Fig. 9A

 

, when HT29
cells were treated with the enzyme for 24 h, the cell prolif-

eration rates were decreased, and the incorporation of
[

 

3

 

H]thymidine was inhibited in a dose-dependent manner
(Fig. 9A). At the dose that inhibited cell proliferation, the
enzyme decreased SM levels in the cells by about 25%
(Fig. 9B). However, the enzyme did not stimulate apopto-
sis in HT 29 cells in the doses tested (Fig. 9C).

DISCUSSION

In the present study, we purified human intestinal alk-
SMase, and for the first time demonstrated the localiza-
tion of the enzyme to the brush border of the intestinal
mucosal cells. As a general feature, the enzyme is very sim-

Fig. 5. Indirect immunogold labeling of human small intestinal
enterocytes using the polyclonal rabbit anti-human alk-SMase (A
and C), or the corresponding preimmune serum (B and D). Immu-
nogold labeled particles of alk-SMase were observed in the microvil-
lar membrane (MM) and in endosome-like structure (EN). Bars in-
dicate 0.2 �m.

Fig. 4. The hydrolytic capacity of purified alk-SMase. The enzyme
activity was determined in the assay buffer in the presence of vari-
ous concentrations of unlabeled sphingomyelin (SM), and 0.1
�mole [14C]SM. A: Shows the substrate saturation curve and B is
the Lineweaver-Burk plot. Results shown are representative of three
determinations.
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Fig. 6. Western blot showing cross reaction of rabbit anti-human
alk-SMase antiserum with rat intestinal alk-SMase. A: Rat intestine; B,
human bile; C, human small intestine; D, bacterial neutral SMase; E,
human small intestine. F: Shows the silver staining of the sample in D.

 

ilar to rat intestinal alk-SMase that was purified in an ear-
lier study, judging from the hydrolytic properties, the mo-
lecular mass, and the immunologic cross reactivity. The
paper also extends our earlier studies showing decreased
alk-SMase activity in colon tumors (18, 19) by demonstrat-
ing that the decreased enzyme activity is paralleled by a
decrease in enzyme expression. Finally, the study shows
that the purified enzyme is able to inhibit proliferation
and reduce SM levels of colon carcinoma HT29 cells.

The starting material for the purification was intestinal
content collected from ileostomy patients. The procedure
took advantage of our earlier experience in the rat
study (16, 35) that much of the enzyme could be released
by luminal perfusion of the small intestine by a solution
containing a moderate concentration of bile salts. In line

with this expectation, the ileostomy contents were found
to contain considerable alk-SMase activity. A concern was
that degradation of the enzyme by pancreatic proteases
might have occurred. Previous studies showed, however,
that the activity of intestinal alk-SMase was extremely resis-
tant to digestion by pancreatic trypsin and chymotrypsin
(4, 36). Activity of alk-SMase has also been found in feces
of rats (21) and humans (unpublished observations) and
was unchanged for about 2 days even at room tempera-
ture. Due to the high stability of the enzyme, it is possible
to purify the enzyme from the intestinal content collected
from the ileostomies.

Previous studies have shown that only humans have alk-
SMase in both the intestinal mucosa and bile (14, 15). The
two forms of alk-SMases share many properties in common
but differed in the behavior on DEAE chromatography
(34). The binding of intestinal alk-SMase on DEAE matrix
is weaker than that of bile alk-SMase and in the buffer con-
taining 0.075 M NaCl; the intestinal alk-SMase was not re-
tained on the column, in contrast to the bile alk-SMase.

Fig. 7. Comparison of the expression of alk-SMase in colon can-
cer tissues with the adjacent normal tissues of six patients. Cancer
and adjacent normal tissues were homogenized and 50 �g of pro-
teins in each sample were subjected to Western blotting analysis. N,
normal adjacent tissue; C, cancer tissue. The alk-SMase activities of
corresponding samples are given under each panel.

Fig. 8. Comparison of the densities of the bands (A)
and alk-SMase activities (B) in normal and cancer tis-
sues shown in Fig. 7. The mean and the maximal den-
sity of the SMase bands were measured. The alk-SMase
activities were determined as described. * P � 0.05
compared with the normal tissues by paired Student
t-test.
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As with the rat alk-SMase, the human enzyme clearly
differs from the bacterial neutral SMase and neutral
SMase of human tissues (37). The high pH-optimum, the
lack of dependence on divalent metal ions, the lack of in-
hibition by glutathione, the strong inhibition by certain
detergents such as CHAPS and Triton X-100, and the se-
lective stimulation by primary taurine-conjugated bile acids
are typical characteristics of both rat and human alk-
SMase. Furthermore, these enzymes have a similar molec-
ular mass and exhibit immunological cross reactivity.
They differ, however, in catalytic efficiency. Under the as-
say conditions used, the hydrolytic capacity of human alk-
SMase is about 10 times greater than that of rat enzyme.
Further studies elucidating the amino acid sequence and
the catalytic mechanism are necessary to explain this dif-
ference.

 

An earlier study suggested that intestinal alk-SMase ac-
tivity was enriched in the brush border of the enterocytes
(11). The location of the enzyme in the gut, however, has
not been clearly visualized. In this study, we demon-
strated by immunogold technique that intestinal alk-
SMase is present along the microvillar membrane,
whereas the basolateral membrane contains little or no
enzyme. This location resembles that of the enzymes cata-
lyzing the terminal digestion of carbohydrates and pro-
teins, e.g., lactase, aminopeptidase N, and dipetidyl pepti-
dase IV (38, 39). As a consequence, the enzyme can
probably be released into the lumen from the intestinal
mucosa by physiological concentrations of bile salts, as in-
dicated previously (35). The enzyme was also found in
endosomal-like structures situated beneath the microvil-
lar membrane. This might indicate that 

 

a

 

) the enzyme
can be taken up by endocytosis, 

 

b

 

) newly synthesized en-
zyme actually passes this compartment en route to the mi-
crovillar membrane, or 

 

c

 

) a crinophagic pathway in which
the enzyme is degraded.

We previously found that the activities of alk-SMase
were significantly reduced in human colorectal ade-
nomas and carcinomas and in the mucosa of FAP pa-
tients (18, 19). The finding in 18 patients in the initial
study (18) was later confirmed in another 36 patients
(unpublished observations). A recent study also found a
reduction of the enzyme activity in human long-standing
ulcerative colitis, a disease linked to an increased risk of
colon cancer (20). The present work extends the previ-
ous observations by showing that the decrease in alk-
SMase activity in tumors is linked to a parallel decrease in
expression of the enzyme. Although the reduction of alk-
SMase in the tumors compared with surrounding mucosa
is a general feature, the level of alk-SMase varied consid-
erably. At present, we do not know the genetic and exter-
nal factors behind this variation, although a significant
influence of dietary factors has been demonstrated in ro-
dents (40).

To further test the hypothesis that alk-SMase may influ-
ence cell growth, its effects on human colon cancer HT29
cells were examined. The DNA replication and cell prolif-
eration were inhibited associated with a reduction of SM
in the cells. The enzyme at the dose tested did not induce
apoptosis; however, an apoptotic effect of the enzyme in
vivo cannot be excluded. A good correlation of caspase-3
activity with the activity of alk-SMase in rat was previously
reported in the colon after in vivo administration of ur-
sodeoxycholic acid (21), a bile acid that was found to have
anticancer effects in colonocytes (41). As has been shown
recently, different mechanisms might be involved in medi-
ating the apoptotic effect of exogenous SMase (42). In ad-
dition, the cells may have different SM pools with differ-
ent functions. It is possible that alk-SMase in this study
only hydrolyzed SM in the outer leaflet of the membrane,
which is unable to trigger apoptosis. Furthermore, the en-
zyme in vivo may be colocalized with ceramidase in the
brush border to generate sphingosine that may permeate
the cells to induce apoptosis, as demonstrated by Schmelz
et al. (10).

Fig. 9. Effects of human alk-SMase on cell proliferation, apopto-
sis, and the levels of SM in HT29 cells. The purified enzyme was di-
luted to activity being 200 nmol/h/ml. The cells were incubated
with the enzyme at different doses for 24 h. The changes of cell pro-
liferation rate were shown in A and apoptosis in C. B: The cells
were incubated with 2 �l of alk-SMase for 24 h. The changes of SM
in the cells were determined by thin layer chromatography. Results
are mean � SEM from six experiments. * P � 0.05 compared with
control.
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In summary, we purified human intestinal alk-SMase,
identified its location and down-regulation in colon tu-
mors, and showed its potential antiproliferative action on
human colon cancer cells. The further studies on the bio-
logical effects of the enzyme upon intestinal cells and its
preventive role in tumorigenesis have to await the se-
quencing and cloning of the enzyme.
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