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The regulation of jejunal induction of the
maltase-glucoamylase gene by a high-starch/low-fat

diet in mice
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Maltase and glucoamylase are derived from the same mRNA and are responsible for diges-
tion of starch in the small intestine. Their jejunal activities in rodents are induced by a high-
starch/low-fat (HS)-diet. However, it is unknown whether jejunal expression of the malta-
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se—glucoamylase (Mgam) gene is enhanced by the HS-diet. In this study, we found that
jejunal Mgam mRNA was increased by a HS-diet in mice. We showed that the HS-diet
increased acetylation of histones, bindings of a coactivator, Creb binding protein (CREBBP),
and the transcriptional factors caudal type homeobox 2 (CDX2) and HNF1 homeobox (HNF1)
in the promoter/enhancer and transcriptional regions of Mgam gene. This suggests that the
increase in the jejunal activity of maltase and glucoamylase caused by a HS-diet in mice is
regulated at the mRNA level through histone acetylation and binding of CREBBP, CDX2 and
HNF1 in the promoter/enhancer and transcriptional regions of Mgam gene.
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1 Introduction

After oral intake of carbohydrates, starch is digested to o-limit
dextrin, maltotriose and maltose by o-amylase in saliva and
pancreatic fluid. o-Limit dextrin and maltotriose are subse-
quently digested to glucose from the non-reducing end of the
substrates by disaccharidases such as maltase—glucoamylase
complex and sucrase-isomaltase complex, which are expres-
sed in the brush border membrane of the small intestine.
Particularly, glucoamylase and maltase greatly contribute to
maltooligosaccharide digestion and it is known that gluco-
amylase prefers longer maltooligosaccharide substrates and
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maltase prefers shorter substrates. Sucrose is digested to
glucose and fructose by sucrase [1-4]. These mono-
saccharides are then absorbed by the enterocytes through
hexose transporters and transported to the portal vein [5].

It is known that rapid digestion of carbohydrates in the
gastrointestinal tract results in high postprandial glucose
and insulin levels in blood. Several studies have shown that
inhibiting disaccharidases with inhibitors such as acarbose,
miglitol and voglibose reduces postprandial hyperglycemia
and ameliorates diabetes [6, 7]. Thus, it is important to
regulate the activities and gene expression of disacchari-
dases in the small intestine to inhibit postprandial hyper-
glycemia/hyperinsulinemia.

Several studies have shown that the jejunal activities of
maltase, glucoamylase, sucrase and isomaltase were higher in
rats fed a high-starch/low-fat (HS) diet than in those fed a
low-starch/high-fat (LS) diet [8, 9]. This suggests that disac-
charidase activity in rats is increased by a diet containing a
high-energy percentage derived from starch. We have
previously demonstrated that feeding rodents a HS-diet
increased the jejunal expression of the sucrase-isomaltase (Si)
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gene, which is a single gene that expresses both the sucrase
and the isomaltase protein [10-12]. It has also been shown
that expression of the Si gene is regulated by nuclear trans-
criptional factors such as caudal type homeobox 2 (CDX2)
and HNF1 homeobox (HNF1) in Caco-2 cells, an intestinal
cell line [13]. In addition, we have demonstrated that CDX2
and HNF1 are not only strongly bound to the promoter
region of the Si gene in mice, but also that binding is
increased by a HS-diet [11]. Furthermore, we revealed that
histone acetylation on the Si gene, which is one of the histone
modifications that have a central role in the regulation of
transcription, was increased by a HS-diet in mice [11].
Hyperacetylation of histones H3 and H4 is associated with
the euchromatin region on the genome [14, 15] and histone
acetylation promotes transcription through recruiting the
transcriptional complex on the target genes [16]. Therefore,
the increase in Si gene expression caused by a HS-diet in
mice is regulated not only by binding of transcriptional
factors such as CDX2 and HNF1, but also by recruiting the
mRNA transcriptional complex on acetylated histones of the
Si gene.

Little is known about the transcriptional regulation of the
maltase-glucoamylase (Mgam) gene, the gene that expresses
both the maltase and the glucoamylase protein, because the
gene has only recently been cloned [2-4]. As maltase and
glucoamylase have a greater contribution to intestinal starch
digestion than sucrase and isomaltase it is necessary to
determine whether a HS-diet increases jejunal expression of
the Mgam gene in rodents, and to investigate its underlying
mechanism. This may give us better understanding of the
induction of postprandial hyperglycemia/hyperinsulinemia
after intake of starch [5, 17].

In this study, we examined whether the induction of
maltase and glucoamylase activities by feeding mice a HS
diet is regulated at the mRNA level through increased
histone acetylation, binding of the coactivator CREBBP,
which is known to bind to the acetylated histones and
nuclear transcriptional factors to mediate the recruitment of
the transcriptional complex [18], and binding of nuclear
transcriptional factors (CDX2 and HNF1).

2 Materials and methods
2.1 Animals

Seven week old male mice of the C57BL/6] strain (Japan
SLC, Hamamatsu, Japan) were fed one of two isoenergic
synthetic diets for 7 days; LS (5% energy from cornstarch,
73% energy from corn oil) or HS (71% energy from corn-
starch, 7% energy from corn oil), as summarized in Table 1
[19]. The diets contained at least 2.4% corn oil to supply
essential fatty acids. The mice were killed by decapitation
between 10:00 and 11:00 am. The experimental procedures
used in this study met the guidelines of the animal use
committee of the University of Shizuoka.
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Table 1. Composition of diets

Ingredient Diet

LS HS

Wt. (g) Energy (%) Wt. (g) Energy (%)

Vitamin-free casein 15.9 20.8 15.7 20.9
Cornstarch 3.6 5.5 52.6 70.9
(B-starch)

Corn oil 24.7 72.7 2.4 7.2
AIN®3 Mineral mix 2.8 2.8

AIN®® Vitamin mix 0.8 0.8
L-cystine 0.24 1.0 0.24 1.0
Choline bitartrate 0.16 0.16

2% Agar 51.8 25.3

All values are given in %. Mineral mix and vitamin mix are based
on AIN-93 (Oriental Yeast, Tokyo, Japan). Both diets are
isoenergic (12.6 kJ/g).

2.2 Preparation of intestinal samples

The entire small intestine was removed and the jejunoileum
was divided into three segments of equal length. The proxi-
mal third of jejunoileum was flushed twice with ice-cold
0.9% NaCl solution. A 1cm segment (100 mg) was excised
from the middle region of the jejunal loop, and immediately
used for RNA extraction. The remaining part of the jejunal
loop was used for chromatin immunoprecipitation (ChIP)
assays.

2.3 Quantitative RT-PCR

Total RNA was extracted by the acidified guanidine thio-
cyanate method, as described by Chomczynski and Sacchi
[20]. Total RNA samples were stored at —80°C before use in
quantitative RT-PCR analysis. The total RNA samples
(2.5 pg) were converted into cDNA by reverse transcription
using SuperScriptTM III reverse transcriptase (Invitrogen,
Tokyo, Japan) according to the manufacturer’s instructions.
To quantitatively estimate the mRNA levels of Mgam and
TATA box binding protein (Thbp), PCR amplification was
performed on a Light-Cycler 480 instrument system (Roche,
Tokyo, Japan). Real-time PCR reactions were carried out in a
total volume of 10puL containing 400nM each of gene
specific primers, cDNA and SYBR Premix Ex Taq (Takara,
Shiga, Japan). The cycle threshold (CT) values of Mgam and
Thp detected by real-time RT-PCR were converted to signal
intensities by the delta—delta method [21], which calculates
one CT value as two to the power of the difference between
the signal for Mgam and the signal for a gene for normal-
ization (Tbp). The formula is [2(¢T MemCT Tbp)  The
sequences of the PCR primer pair and the fragment size are
listed in Table 2.
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Table 2. The sequences of oligonucleotide primers

Gene Sequence

Mgam mRNA 5-GCCACCTGGTACGACTATGAA-3

5-TTGTGTGGGAAAGATGTAGCC-3

Tbp mRNA 5-CTTCACCAATGACTCCTATGACC-3
5-ACAGCCAAGATTCACGGTAGA-3

Region on the Sequence

Mgam gene

—10000 5-CACCAGACTTACTGAAGCAACA-3
5-TCCCAGATCTGTCTGAAGGAA-3

—2000 5-TTGAGGGAAGCACCAATACAC-3
5-CCCTCCATTCCTGACTCTTTT-3

—1000 5-AAGGGGCAGCTAGACTTCTGTA-3
5-AAAGGAAGTCATGGGACCTGT-3

0 5-GGTGGAACAGTAGGCATTTCA-3
5-TCTCTGCCCAGAAATGGTAGA-3

100000 5-GTTTCAAGCCTGCATCCTGTA-3

5-GAATGGGAGGCAGCAATCTAT-3

2.4 Enzyme assays

Jejunal homogenates in 10 mM potassium-phosphate buffer
(pH 7.0) were incubated with 28 mM maltose for 15 min
(maltase activity) and with 1% soluble starch for 30min
(glucoamylase activity), as described by Dahlqvist [22]. The
reactions were terminated by adding Tris-HCl (pH 8.0) to
the final concentration of 100 mM, after which the homo-
genates were immediately boiled for 3 min to neutralize the
enzymes. Concentrations of glucose produced by maltase or
glucoamylase in jejunal homogenates were determined by
Glucose CII test WAKO (Wako Pure Chemical Industries,
Osaka, Japan). Protein was measured according to the
method of Lowry et al. [23].

2.5 Chromatin immunoprecipitation assay

The mucosa removed from the jejunum was incubated with
fixation solution (1% formaldehyde, 4.5 mM Hepes, pH 8.0,
9mM NaCl, 0.09mM EDTA, 0.04mM ethylene glycol
tetraacetic acid) in PBS for 30 min at 37°C. The reaction was
terminated by the addition of glycine to a final concentration
of 150 mM. After being washed in FACS solution (1 x PBS
(=), 2% Dbovine serum, 0.05% NaNs), the samples were
sonicated in SDS lysis buffer (50mM Tris-HCl, pH 8.0,
10mM EDTA, pH 8.0, 1% SDS, 0.5mM phenylmethane-
sulphonylfluoride) with protease inhibitor tablets (Complete
Mini, Roche) (1 tablet/10mL SDS lysis buffer) when the
DNA size of samples was 200-500bp. The ChIP assay,
using 1pg anti-CDX2 (Bio Genex, CA, USA), anti-HNF1
(Santa Cruz Biotechnology, CA, USA), anti-acetyl-histone
H3 (Millipore, Tokyo, Japan), anti-acetyl-histone H4 (Milli-
pore), anti-CREBBP (Santa Cruz Biotechnology), or a
control rabbit IgG was performed as described previously
[11]. The precipitated DNA was subjected to real-time PCR
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using primers that corresponded with the indicated sites in
the promoter/enhancer and transcription start sites. The CT
values of ChIP signals detected by real-time PCR were
expressed as the percentage of each ChIP signal for input
DNA using the delta—delta method [21]: the CT-value was
calculated as two to the power of the difference between the
CT-value for a ChIP signal and the CT-value for the input
signal. The formula used was 100 x [2(CT P sample=CT Inputy

3 Results

3.1 The effects of a HS-diet on jejunal expression
of the Mgam gene and on maltase and
glucoamylase activities

Jejunal expression of the Mgam gene was 3.5-fold higher in
mice fed the HS-diet than those fed the LS-diet (p<0.01,
Fig. 1A). Jejunal maltase (Fig. 1B) and glucoamylase
(Fig. 1C) activities were both 3.2-fold higher in mice fed the
HS-diet than in those fed the LS-diet (p<0.01).

3.2 The effect of a HS-diet on the binding of CDX2
and HNF1 in the promoter/enhancer regions
of the Mgam gene

The average of the ChIP signals of normal IgG was
0.011%+0.001. The ChIP signals of CDX2 and HNF1 were
highly detectable around the transcription start site. ChIP
signals of both CDX2 and HNF1 were increased by the
HS-diet intake, which was significant at +0bp for CDX2
and at —2000bp for HNF1 (Figs. 2A and B).

3.3 The effects of a HS-diet on the acetylation
of histones H3 and H4 and on the binding of
coactivator CREBBP in the promoter/enhancer
and transcriptional regions of the Mgam gene

To investigate whether acetylation of histones H3 and H4 on
the Mgam gene is associated with induction of Mgam gene
expression by a HS-diet, we performed ChIP assays using
antibodies for histone H3 acetylated at lysine 9 and 14, an
antibody for histone H3 acetylated at both sites (K9/14) and
for histone H4 acetylated at lysine 5, 8, 12 and 16, an anti-
body detectable for acetylation of histone H3 at these sites
(K5/8/12/16) in mice fed a HS- or an LS-diet for 7 days. The
ChIP signals of acetylated histone H3 at K9/14 and H4 at
K4/8/12/16 in the promoter/enhancer (—10000, —2000 and
—1000bp) and transcriptional (0 and 10000 bp) regions of
the Mgam gene were markedly higher than those of IgG.
Acetylation levels of histone H3 at K9/14 gradually
increased from the upstream region (—10000bp) to the
transcriptional region (+10000bp) (Fig. 3B), whereas
histone H4 was highly acetylated in the promoter/enhancer
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Figure 2. CDX2 and HNF1 binding on the Mgam gene in mice fed
a HS- or LS-diet for 7 days. (A) Primer pairs used for PCR analysis
for ChIP assays. (B) CDX2. (C) HNF1. Means+SEM of four to
seven animals are shown. *p<0.05, HS-diet versus LS-diet
(Student'’s t-test).

region (—2000 and —1000bp) compared with the tran-
scriptional region (+0 and +10000bp) (Fig. 3C). The acet-
ylation of histone H3 at K9/14 was higher in both enhancer/
promoter and transcriptional regions in the mice fed the
HS-diet compared with those fed the LS-diet (Fig. 3B). The
acetylation of histone H4 at K5/8/12/16 was only higher in
the enhancer/promoter regions (—10000 and —2000 bp) of
the Mgam gene in the mice fed the HS-diet compared with
those fed the LS-diet (Fig. 3C).
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Because acetylation of histone H3 at K9/14 on the Mgam
gene was higher and more inducible by the HS-diet than
that of histone H4 at K5/8/12/16, we examined the indivi-
dual signal of lysine 9 (K9) or 14 (K14) of acetylation of
histone H3. The ChIP signals using a specific antibody for
acetylation levels of histone H3 at K9 gradually increased
from —10000 to —1000bp and the levels were constantly
high in the transcriptional region (+0bp, +10000bp)
(Fig. 3D). By contrast, the ChIP signals using a specific
antibody for acetylated histone H3 at K14 tended to be
higher in the promoter/enhancer region (—2000 and
—100bp) than in the transcriptional region (0 and
+10000bp) (Fig. 3E). Acetylation of histone H3 at K9 was
higher in mice fed a HS-diet than in those fed a LS-diet in all
regions of the Mgam gene (p<0.01), whereas acetylation at
K14 was significantly higher in the promoter/enhancer
regions (—10 000, —2000 and 1000 bp) in mice fed a HS-diet
than those fed a LS-diet (Figs. 3D and E). The ChIP signals
for the coactivator CREBBP (generally called CBP) were
higher than signals of normal IgG in both groups. The ChIP
signals were higher in mice fed a HS-diet than those fed a
LS-diet, which was significant at —10000, —2000, —1000
and +10000bp (Fig. 3F).

4 Discussion

In this study we have demonstrated that both jejunal Mgam
mRNA and maltase and glucoamylase activities were
increased by feeding mice a HS-diet. Furthermore, we have
demonstrated that CDX2 and HNF1, which are important
transcriptional factors for intestinal maturation and Si gene
expression [11, 13], were bound to the promoter/enhancer
regions (—2000 —+0bp) of the Mgam gene, with a peak
around +O0Dbp. This is the first demonstration that CDX2
and HNF1 are bound to the promoter/enhancer region of
the Mgam gene. The consensus sequences for CDX2
are located on —70 ——66bp from the translation start site,
whereas those for HNF1 are not found in the promoter/
enhancer regions (from —2000 to 0bp) of the Mgam gene.
The reason may be that consensus sequences for HNF1 are
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variable [24]. Previous studies have demonstrated that CDX2
and HNF1 binding sites are located on the promoter region
within 200bp from the transcription initiation site of the
mouse Si gene [25]. In this study, we have also described
that the binding sites for CDX2 and HNF1 on the promoter
region of Mgam gene are close to the transcription initiation
site, since the peak of CDX2 and HNF1 bindings is around
the transcription initiation site. These insights indicate that
the promoter structures of the Mgam and Si genes are very
similar and this similarity may mean that the expression of
these genes is regulated by a HS-diet in a similar way.
Further studies using electrophoretic mobility shift assays
and reporter assays are needed to investigate which sites in
the promoter/enhancer region of the Mgam gene are for
binding to HNF1 and CDX2. Furthermore, the binding of
CDX2 and HNF1 to the promoter/enhancer regions of
Mgam gene was enhanced by the HS-diet.

These results suggest that induction of the Mgam gene by
a HS-diet in mice is associated with enhanced binding of
CDX2 and HNF1 to the promoter/enhancer region of the
Mgam gene. Furthermore, we revealed that acetylation of
histones H3 and H4 in the promoter/enhancer and tran-
scriptional regions of the Mgam gene was enhanced by the
HS-diet. Several studies have shown that acetylation of
histones H3 (K9/14) and H4 (K5/8/12/16) is associated with
the euchromatin region and increases gene expression by
recruitment of the transcriptional complex [14-16, 26].
However, it is still unknown which lysine residues of
histone H3 have increased acetylation in response to a
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HS-diet. In this study, we have demonstrated that a HS-diet
increases acetylation of histone H3 at K9 in both the
promoter/enhancer and the transcriptional regions of the
Mgam gene and at K14 in the promoter/enhancer region of
the Mgam gene. Acetylation of histone H3 at K9 was more
inducible than at K14 in the promoter/enhancer and trans-
criptional regions of the Mgam gene. Taken together, this
shows that the induction of Mgam gene expression by a HS-
diet is associated not only with binding of CDX2 and HNF1,
but also with histone acetylation, particularly of histone H3
at K9. We have previously shown that gene expression of
solute carrier family 5, member 1 (Slc5a1, generally called
SGLT1), which is a transporter for glucose and galactose
expressed in the brush border membrane of the small
intestine, was enhanced by the HS-diet and the acetylation
of histone H3 was increased at K9 rather than at K14 [27].
Thus, the induction of genes related to carbohydrate diges-
tion/absorption by the HS-diet may be regulated strongly by
the acetylation of histone H3 at K9, but this hypothesis
should be further examined by determining whether a
HS-diet affects acetylation at K9 of histone H3 on the Si gene.

Furthermore, the binding of CREBBP, which has acetyl-
transferase activity and a bromodomain that is known to
bind to acetylated histones [18], was increased by the HS-
diet. This is the first report showing that the binding of one
of the coactivators was increased in the promoter/enhancer
and transcriptional regions of a jejunal gene by a HS-diet.
These results suggest that increased acetylation of histones
H3 and H4 may recruit CREBBP in the promoter/enhancer
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region of Mgam gene, and the recruited CREBBP may
subsequently acetylate the histones H3 and H4 in the
promoter/enhancer and transcriptional regions of the Mgam
gene. Further studies are needed to investigate whether
other proteins that bind to acetylated histones in the
promoter/enhancer and transcriptional regions of the Mgam
gene, in particular to acetylated histone H3 at K9, are
enhanced by a HS-diet.

Recent studies have demonstrated by gene targeting that
deficiency of the Mgam gene reduces jejunal maltase activity
in both heterozygous and homozygous mice and reduces
postprandial hyperinsulinemia in homozygous mice,
although the inhibition of maltase activity was not complete
even in homozygous mice because of the partial maltase
activity of sucrase [4, 28]. These results indicate that reduc-
tion of Mgam gene expression is important for inhibiting
postprandial hyperglycemia/hyperinsulinemia and for rela-
ted diseases such as diabetes. In addition, it is reported that
disaccharidase activities, including maltase, were markedly
higher in rats with streptozotocin-induced hyperglycemia
than in normal rats [29]. Furthermore, a previous study of
ours demonstrated that feeding rats a diet containing high-
amylose cornstarch, which is more slowly digested in the
small intestine than regular corn starch, for 14 days, led to a
decrease in disaccharidase activities, including maltase, in
the upper jejunum as well as a decrease in serum tri-
acylglycerol [30]. In addition, treating streptozotocin-
induced diabetic rats with acarbose, an inhibitor for disac-
charidases known to reduce postprandial hyperglycemia, for
12 days led to reduced disaccharidase activities, including
maltase, in the jejunum [31]. These results suggest that
increased disaccharidase activity is associated with increased
lipid abnormality and diabetes, whereas reduced disacchari-
dase activity caused by drugs or nutrients that decrease the
digestion/absorption of carbohydrates, such as acarbose and
high-amylose cornstarch, decreases lipid abnormality and
diabetes. Further studies are needed to investigate if these
changes in disaccharidase activity are regulated at the trans-
criptional level through binding of transcriptional factors
(CDX2, HNF1), a coactivator (CREBBP), or acetylation of
histones on their genes.

In conclusion, we have demonstrated for the first time
that the induction of Mgam gene expression by a HS-diet in
mice is regulated not only by transcriptional factors (CDX2
and HNF1), but also by histone acetylation and a coactivator
(CREBBP).
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