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Intestinal alkaline phosphatase (IAP) is the most ancestral of the tissue-specific members of the AP gene
family. Several studies have suggested an absorptive function for IAP, but in vivo data to this effect have been
lacking. We inactivated the mouse IAP gene in embryo-derived stem cells and generated mice homozygous for
the null mutation. The mice were macroscopically and histologically normal and fertile and showed no
difference from the wild-type controls under normal laboratory conditions. However, when maintained long-
term on a high-fat diet, the IAP-deficient mice showed faster body weight gain than did control animals.
Histological examination revealed an accelerated transport of fat droplets through the intestinal epithelium
and elevation of serum triglyceride levels in the IAP-deficient mice compared to wild-type mice. Our study
suggests that IAP participates in a rate-limiting step regulating fat absorption.

Alkaline phosphatases (EC 3.1.3.1) (APs) are dimeric en-
zymes present in most, if not all, organisms (22). They catalyze
the hydrolysis of phosphomonoesters with release of inorganic
phosphate and alcohol (22). In humans, three of the four AP
isozymes are tissue specific, i.e., the intestinal AP (IAP), pla-
cental AP, and germ cell AP, while the fourth AP gene is the
tissue-nonspecific AP (TNAP) found expressed in bone, liver,
and kidney (12). Mice have the TNAP gene and two tissue-
specific APs, i.e., embryonic AP (EAP) and IAP, while the
fourth locus is a pseudogene (21).

Gene knockout (KO) experiments have provided unique
insights into the biological functions of APs. Inactivation of the
mouse TNAP gene phenocopies the human inborn error of
metabolism known as infantile hypophosphatasia, character-
ized by rickets and osteomalacia; epileptic seizures; and in-
creased levels of inorganic pyrophosphate, pyridoxal-5'-phos-
phate, and phosphoethanolamine (9, 24, 30). It is clear that the
epileptic seizures and apnea are due to deficient utilization of
pyridoxal-5'-phosphate by TNAP-deficient tissues (26, 30).
The bone abnormalities are clearly due to the lack of inorganic
pyrophosphatase activity in the cartilage and bone of TNAP
KO mice, which are unable to properly regulate the extracel-
lular concentrations of this mineralization inhibitor (13). The
EAP gene is the mouse ortholog of human placental AP and
germ cell AP (11, 21, 25). Inactivation of the mouse EAP gene
appears to have no adverse consequences, and the mice are
fertile and live a normal life (25) despite the fact that embryos
display a 12-h delay in their preimplantation development (2).

IAP, as the name implies, is expressed in the small intestine
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of many species. Levels of IAP in lymph and serum increase
after a fatty meal (10, 23). Most of our understanding of IAP
function is derived from studies of rats, where IAP is found
associated with the brush border of the intestinal epithelium,
with the highest levels in the duodenum, especially the duode-
nal crypt and villous cells (14, 31). IAP is enriched in surfac-
tant-like particles (SLP) (3, 7) that appear to be secreted in two
directions, i.e., towards the intestinal lumen and towards the
blood through the lymphatic vessels in the intestinal lamina
propria (28, 33). Fat feeding as well as transfection of rat IAP
c¢DNA into Caco-2 cells increases SLP secretion (5, 6, 29), and
of the two mRNAs encoding IAPs in the rat (IAP I and II),
IAP II is the more active in this regard (8, 32). The murine IAP
gene is the ortholog of the rat IAP II gene (21).

Despite these observations, the biological role of IAP re-
mains to be clarified. In this report, we present evidence that
mice lacking IAP show an accelerated transport of fat droplets
through the intestinal wall that leads to increased body weight
during high-fat feeding. Thus, IAP appears to participate in a
rate-limiting step during fat absorption.

MATERIALS AND METHODS

Targeting vector. PCR was used to amplify a 1.7-kb fragment extending from
the 5" untranslated region to the beginning of exon IV and a 2.7-kb fragment
encompassing intron 6 and 1.2 kb of the 3’ untranslated region of the IAP gene
with genomic DNA from the D3 embryonic stem (ES) cells used for targeting.
Bands of expected sizes were subcloned into the pCR2.1 vector (Invitrogen, San
Diego, Calif.), and their identity was confirmed by sequencing.

A 1.7-kb Xbal-Spel and a 2.7-kb NotI-Sacl fragment of the mouse TAP gene
were then subcloned into the KS vector (Stratagene, San Diego, Calif.). The
pGTN28 vector (New England Biolabs, Beverly, Mass.) was linearized with KpnI,
and this plasmid was blunt ended and ligated with the blunt-ended diphtheria
toxin A (DTA) gene cassette obtained by XhoI-Sall digestion of the pMCIDTA
vector. The 2.7-kb Xbal-Sacl fragment was then subcloned into the DTA-
pGTN28 vector, yielding the IAP-DTA-pGTN28 vector. This vector and the
1.7-kb IAP-KS vector were then cut with Xhol and ligated. The final construct
was purified with cesium chloride ultracentrifugation and linearized with Scal.

Generation of targeted ES cells and JAP KO mice. The D3 ES cells were
cultured with Dulbecco modified Eagle medium supplemented with 15% fetal
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bovine serum (Tissue Culture Biologicals, Tulare, Calif.), 1% penicillin-strepto-
mycin (Life Technologies, Rockville, Md.) with 0.1 mM nonessential amino acids
(Irvine Scientific, Santa Ana, Calif.), 1 mM sodium pyruvate (Irvine Scientific),
10~® M B-mercaptoethanol (Sigma, St. Louis, Mo.), 2 mM L-glutamine (Irvine
Scientific), and 1,000 U of leukemia inhibition factor/ml. The D3 ES cells were
electroporated with 25 ug of linearized targeting vector, seeded onto fibroblast
feeders treated with mitomycin C (Sigma), and selected with 150 wg of Geneticin
(Life Technologies)/ml for 2 weeks. Single clones were picked and expanded for
screening and storage. Genomic DNA was extracted from the ES clones, di-
gested with Dral, separated by electrophoresis on an 0.9% agarose gel, and
transferred onto Optitran (Schleicher & Schuell, Keene, N.H.). The membrane
was hybridized with an internal 3*P-labeled probe to detect the 3.1-kb targeted
and the 5.2-kb wild-type (wt) IAP allele, respectively. To further confirm the
Southern blot results, PCR analysis using an external primer was also performed
to amplify a 333-bp fragment of the wt IAP allele using as 5’ primer the 22-mer
5'-AGTTCAGTTCCCACATACCTGG-3' and as 3’ primer the 22-mer 5'-CCA
AACATACTGGGATCCCTAG-3'. To identify the 369-bp fragment of the tar-
geted allele, another pair of primers was derived from the neomycin resistance
gene. The 5" primer was TGTGCTCGACGTTGTCACTGAA, and the 3’ primer
was GCGGCCATTTTCCACCATGATA. The reaction conditions were 1 min at
55°C, 2 min at 72°C, and 30 s at 94°C for 35 cycles and then 1 min at 55°C and
2 min at 72°C for one cycle. Twenty microliters of each PCR product was
resolved on a 1.8% agarose gel.

Two independent targeted clones with normal karyotypes were chosen for
blastocyst injection. The cells were cultured in leukemia inhibitory factor-condi-
tioned ES cell culture medium with fibroblast feeders. After two to three pas-
sages, the cells were trypsinized into a single-cell suspension and replated to
eliminate the feeder cells. The cells were washed with phosphate-buffered saline
and resuspended in M2 medium for injection. Both targeted clones produced
chimeric founders and yielded germ line transmission of the targeted IAP allele.
The targeted cells were derived from 129/Sv™/" mice. Chimeric founders were
bred to C57BL/6 females to obtain germ line transmission. Currently the line is
being maintained by sib matings.

RT-PCR and Northern blot analysis. Total mouse intestinal RNA was isolated
using the Trizol reagent (Life Technologies). Reverse transcription-PCR (RT-
PCR) analysis was performed using the SuperScript One-Step RT-PCR with
Platinum Taq system kit (Life Technologies). Oligo(dT) was used for the reverse
transcriptase reaction. The primers for mouse IAP were designed from the gene
sequences (21). The 5’ primer had the sequence 5'-CTCATCTCCAACATGG
AC-3" and was common to both IAP and EAP. The 3’ primers were as follows:
for the IAP gene, 5'-TGCTTAGCACTTTCACGG-3'; for the EAP gene, 5'-C
TCTCTGTGTGTAACCAC-3'; and for the pseudo-AP, 5'-CACGATAGGCT
ATGGAATC-3'. Northern blot hybridization was performed according to stan-
dard methods. Ten micrograms of total RNA isolated from the entire small
intestine was loaded on each lane. The membranes were hybridized with a 569-bp
BamHI fragment of the IAP cDNA encompassing part of exon IIT through exon
VI (21).

Western blot analysis. One hundred micrograms of protein was loaded on
each lane of a Tris-glycine gel under denaturing and reducing conditions. An
anti-mouse IAP serum was raised by immunizing a rabbit with an AP extract
from Chinese hamster ovary cells stably transfected with the wt IAP gene (25).
An anti-rat TNAP antiserum, displaying cross-reactivity with mouse TNAP, was
a gift from Yukio Ikehara, Japan (15). Both antisera were used at a 1/1,000
dilution. Western blot analysis was done using the ECL system (Amersham,
Little Chalfont, Buckinghamshire, United Kingdom).

Tissue collection, histology, and immunohistochemistry. Adult mice were
sacrificed using CO, gas. The intestine was immediately fixed with 10% buffered
formalin, washed with increasing sucrose concentrations, and embedded in OCT
compound as described previously (24). Serial sections (8 pm thick) were used
for immunohistochemistry and Oil Red O staining. Alternatively, some of the
formalin-fixed tissues were processed through standard protocols for paraffin
sections and used for hematoxylin and eosin staining. To examine IAP expres-
sion, a Vectastain ABC kit (Vector Laboratories, Burlingame, Calif.) was used
according to the manufacturer’s instructions. The antiserum to mouse IAP was
used at a dilution of 1:500 in blocking solution and incubated with the tissue for
2 h at room temperature. Normal rabbit serum was used as the negative control.
To visualize fat vesicles, after the OCT compound was removed, slides were
incubated in Oil Red O solution (0.7% Oil Red O dissolved in propylene glycol)
for 7 min at room temperature, washed with 85% propylene glycol and distilled
water, and counterstained with hematoxylin.

Low- and high-fat diets. Gender-, age-, and genotype-matched mice (three to
five in each group) were fed either a 4.5% or an 11% fat diet (Mouse Chow no.
5015; Purina Mills, St. Louis, Mo.). Body weights were monitored every 4 to 5
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weeks, and the mice were observed starting at different ages (4, 6, and 9 weeks
old). Observation in the long-term diet group continued for 6 to 8 months. Adult
mice were also fed 500 l of corn oil by gavage following an overnight fast. The
mice were sacrificed by CO, gassing at various times. The intestine was imme-
diately removed and processed as described above.

Statistics. Body weight data were obtained from 7 to 11 mice in each group at
each time point. The means and standard deviations were plotted on the graph,
and Student’s ¢ test was used to compare the statistical significance of the
differences.

RESULTS

Inactivation of the IAP gene. The targeting vector used for
knocking out the IAP gene is shown in Fig. 1A. This construct
consisted of IAP genomic DNA spanning exon I to XI, but the
neomycin resistance gene replaced exon IV to VI. Digestion of
genomic DNA with the restriction enzyme Dral yields a 5.2-kb
fragment for the wt allele and a 3.1-kb fragment for the tar-
geted allele. Southern blot screening demonstrated the antic-
ipated fragments after Dral digestion of genomic DNA from
the targeted ES cells as well as from mouse tail genomic DNA
(Fig. 1B). PCR screening also showed the anticipated 333-bp
band for the wt allele and the 369-bp band for the targeted
allele (Fig. 1C).

Disruption of IAP expression was confirmed by RT-PCR,
Northern blotting, Western blotting, and immunohistochemis-
try. The 333-bp band corresponding to the wt IAP allele was
detected by RT-PCR in intestinal RNA from control mice but
not in IAP~/~ mice (Fig. 1D), while expression of the syntenic
EAP gene was not affected (Fig. 1D). Northern blot analysis
confirmed the absence of IAP mRNA in the IAP~/~ intestine
(Fig. 1E). Mouse intestinal sections were also stained with a
rabbit antiserum to mouse IAP. Positive staining was observed
on the apical region of enterocytes of wt mice but not of
IAP~/~ mice (Fig. 1F). Furthermore, Western blot analysis
using this same antiserum demonstrated the presence of IAP
protein in the wt intestine but not in the IAP~/~ intestine (Fig.
1G).

Phenotypic abnormalities in IAP KO mice after high-fat
feeding. Despite the absence of IAP expression mice heterozy-
gous or homozygous for the IAP null mutation did not show
any abnormalities in appearance, behavior, and fertility after
having been bred for several generations. Histomorphological
examination of tissues revealed a similar normal appearance of
all internal organs known to express IAP, including the intes-
tine, in homozygous IAP KO mice as well as in control animals
(Fig. 2A to D).

It has been hypothesized that IAP may participate in fat
absorption in the intestine (20). However, no apparent fat
absorption changes were observed in the IAP KO mice under
a regular laboratory diet. However, abnormalities were noted
in homozygous IAP KO mice fed with high-fat diets by either
forced oil feeding or long-term high-fat feeding.

For forced oil feeding experiments, prefasted mice were
gavaged with corn oil. The intestines were collected and fixed
at various time points (ranging from 0 to 48 h) following oil
feeding. Tissue sections were examined after hematoxylin-eo-
sin staining and Oil Red O staining (Fig. 2E to H), which
specifically stains fat. We observed time-dependent changes in
the rate of disappearance of fat droplets in the duodenal mu-
cosa of control and IAP™/~ mice. At 0 h following forced
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FIG. 1. Structure of the IAP targeting construct and proof of inactivation of the IAP gene. (A) The targeting construct replaced the coding
regions of exon IV to VI of the IAP gene with the pGT neomycin resistance (Neo) cassette (New England Biolabs). A DTA cassette was included
for negative selection. The homologous recombination events were screened by Southern blot hybridization with an internal probe (P). Dral
genomic DNA digestion allowed the visualization of the 3.1-kb targeted allelic fragment and the 5.2-kb wt allelic fragment. (B) Southern blot
analysis of DNA derived from the targeted ES cell clone and mouse tails. D3, DNA from parental ES cells; #48, DNA from targeted ES cell clone;
+/+, +/—, and —/—, tail DNA from wt, heterozygous, and homozygous mice, respectively. (C) The homologous recombination events were also
confirmed by amplifying a 369-bp targeted fragment and a 333-bp wt fragment by PCR. (D) The disruption of IAP expression in the homozygous
mouse intestine was confirmed by RT-PCR of total RNA from the intestine of adult control (+/+) and KO (—/—) mice. The 333-bp IAP band
is not detected in IAP KO mice. The expression level of mouse EAP was unchanged in the KO mice. No transcript from the pseudogene was
detected in either wt or KO mice. *, PCR products from residual genomic DNA in the RNA samples. (E) Disruption of IAP gene expression was
confirmed by Northern blot hybridization with the use of a 569-bp BamHI fragment of the mouse IAP cDNA as a probe. IAP transcripts were
absent in the KO mice. EtBr, ethidium bromide staining for total nucleic acid. (F) Immunohistochemical localization of IAP in adult mouse
duodenum. Positive signal (in brown) was observed at the apical surface of wt enterocytes but not in the corresponding regions of the IAP KO
mice. Bar, 25 um. (G) Western blot analysis detects no IAP protein in the IAP KO mouse intestines but a strong signal in the wt intestinal sample
while levels of TNAP protein are unchanged in the same samples.
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high-fat feeding, there was no difference between IAP~/~ mice
and wt littermate controls. Similar numbers of fat droplets
were also localized at the apical region of enterocytes in
IAP™/~ and wt mice 3 h after fat feeding. However, 5 h after
feeding, fat droplets were no longer observable in IAP~/~ mice
while they were still present in significant numbers in the en-
terocytes of wt mice. This apparent accelerated transport of
lipids through the intestine of IAP~/~ mice is accompanied by

an elevation in plasma triglyceride levels 7 h after gavage (Fig.
3A).

For long-term high-fat feeding, we fed IAP~/~ and wt con-
trol mice either a normal 4.5% fat or an 11% fat mouse chow.
wt mice fed a regular-fat diet revealed a consistent difference
in body weight gain between males and females (Fig. 3B).
Long-term observation showed a different rate of weight in-
crease for IAP KO versus control mice when fed a high-fat diet
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FIG. 2. Histochemical analysis of wt and IAP KO intestines. (A to
D) Hematoxylin and eosin staining of sections of duodenum and ileum
from wt and IAP KO mice. No morphological difference was observed
in the duodenum, jejunum, or ileum of IAP KO mice. Bar, 100 pm. (E
to H) Oil Red O staining, specific for lipid, of duodenum sections from
wt and IAP KO mice to visualize lipid droplets in red. Lipid droplets
in the duodenum of IAP KO mice subjected to forced feeding with oil
are indistinguishable from those of wt controls after 3 h of incubation;
however, after 5 h of incubation the enterocytes in the IAP KO mice
contained fewer lipid droplets (H), while the droplets were still present
in the wt mice (F). Bar, 30 pm.

from 4 weeks of age (Fig. 3C). This response was observed in
both male and female IAP KO mice but was much more
dominant in males as expected from the relative difference in
weight as shown in Fig. 3B. Furthermore, this increase in body
weight was not dependent on the time at which the high-fat
diet was initiated, as similar curves were obtained if high-fat
feeding began at 4, 6, or 9 weeks of age. Figure 3D shows the
relative difference in size achieved by a wt and an IAP~/~
mouse at 30 weeks of age under a high-fat diet.

DISCUSSION

IAP is a glycosylphosphatidylinositol-anchored enzyme ex-
pressed mainly in the microvillus membrane of the intestine. In
the rat, 1 to 2% of IAP is secreted into the circulation and
gastrointestinal lumen (27). The enzyme that is secreted baso-
laterally is free of glycosylphosphatidylinositol linkage (4), but
the luminal IAP is membrane bound. The luminal membrane

MoL. CELL. BIOL.

is different from the microvillus membrane and does not rep-
resent sloughed membrane as in the calf but represents a
distinct organelle with surfactant-like activity. This secreted
membrane, enriched in dipalmitoyl-phosphatidylcholine, has
been designated SLP.

SLP is produced by the enterocyte and appears to be in-
volved in fat absorption (1). In the rat, either force-feeding of
corn oil (5) or natural feeding of a high-fat diet to the suckling
animal (6) increases IAP and SLP secretion. IAP is found on
intracellular membranes that are associated with the lipid
droplets in the enterocyte of suckling rats (6). Transfection of
the rat IAP ¢cDNA enhances the production and secretion of
IAP and SLP in cultured cells (29). Thus, IAP could be in-
volved in production or function of SLP either directly or
indirectly. In addition, when chylomicron secretion is blocked
in adult rats by feeding them the detergent Pluronic L-81,
membranes are retained within the enterocyte, and these
membranes are enriched in IAP as detected by immunoelec-
tron microscopy (18). However, the intracellular retention was
implied morphologically by retention of fat globules with sur-
rounding membranes and by a fall in secreted SLP level. Upon
quantification, only a small albeit statistically significant
change in SLP numbers could be detected. These data were
interpreted initially as suggesting that SLP enhanced fat ab-
sorption. The data from the present paper, however, suggest an
alternative explanation, i.e., that SLP and IAP are involved in
the transcytotic movement of lipid droplets following a meal,
but that they slow it down (and perhaps direct it), possibly by
protein-protein interactions.

What are the data that suggest that IAP and/or SLP might
be involved in transcytosis? First, IAP binds to other proteins,
including serum immunoglobulin G (27), enterocyte calbindin
(17), and the hepatic asialoglycoprotein receptor (23). No di-
rect assessment of IAP binding to intracellular proteins has
been made to date. Second, SLP contains other proteins, in-
cluding one known to be involved in transcytosis, i.e., cubilin
(19). IAP and cubilin are present not only in SLP isolated from
the luminal surface of the cell, as in all the studies reported
previously, but also in intracellular SLP. After fat feeding, both
cubilin and IAP colocalized to the intracellular regions sur-
rounding lipid droplets (19). Third, these recent studies have
also confirmed the existence of a membrane surrounding the
intracellular lipid droplet in the rat. Thus, SLP appears to
surround the lipid droplet and contains proteins that could
modify the movement of the lipid droplet through the cell.

Our present data provide support for the studies that sug-
gested a role for SLP and IAP in fat absorption. Indeed, the
IAP KO model was created to test the hypothesis that these
factors were related to fat absorption. The original hypothesis
(that TAP and/or SLP was essential for transcytosis) appears to
be proven incorrect by the results of this study, but the fact that
IAP and SLP play a role has been confirmed. As noted above,
none of the data obtained to date are inconsistent with the
revised hypothesis, i.e., that IAP and/or other SLP components
bind to intracellular proteins and retard the movement of the
fat droplet across the enterocyte. The role of IAP in decreasing
the rate of fat absorption could be viewed as logical for animals
that ingest high-fat diets. The activity of AP increases steadily
from the level in the blind eel to the highest level in mammals,
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FIG. 3. Plasma triglyceride levels and body weights of control and IAP KO mice under different feeding conditions. (A) Triglyceride levels in
plasma from the mice subjected to forced oil feeding were measured at 0, 5, and 7 h following gavage. After 7 h the triglyceride levels were
significantly higher in IAP KO mice than in wt controls. (B) Body weights of IAP KO (ko) and control wt mice at 8 weeks of age fed a regular
diet containing 4.5% fat were measured, and average values were obtained from 7 to 11 mice in each group. The body weights of male mice are
higher than those of female mice among both KO and control mice; however, there is no statistical difference between the control and the IAP
KO mice subjected to a regular diet. (C) Body weights of control and IAP KO male mice under a regular-fat diet (4.5%) or high-fat diet (11%)
feeding regimen initiated at 4 weeks of age. There is a clear difference between the weight gain in IAP KO mice subjected to the high-fat diet and
that in the control mice. (D) Example of the difference in body size at 30 weeks of age between IAP KO and wt male mice fed long-term with a
high-fat diet.

and the properties that are characteristic of the IAP isozyme 10. Glickman, R. M., D. H. Alpers, G. D. Drummey, and K. J. Isselbacher. 1970.

were established late in evolution and only in mammals (16). Increased lymph alkaline phosphatase after fat feeding: effects of medium
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