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Yamamoto S, Nakase H, Matsuura M, Honzawa Y, Matsumura
K, Uza N, Yamaguchi Y, Mizoguchi E, Chiba T. Heparan sulfate on
intestinal epithelial cells plays a critical role in intestinal crypt ho-
meostasis via Wnt/B-catenin signaling. Am J Physiol Gastrointest
Liver Physiol 305: G241-G249, 2013. First published June 6, 2013;
doi:10.1152/ajpgi.00480.2012.—Heparan sulfate (HS), a constituent
of HS proteoglycans (HSPGs), is a linear polysaccharide present on
the cell surface. HSPGs modulate functions of several growth factors
and signaling molecules. We examined whether small intestinal epi-
thelial HS plays some roles in crypt homeostasis using intestinal
epithelium cell (IEC)-specific HS-deficient C57B1/6 mice. Survival
rate after total body irradiation was significantly reduced in HS-
deficient mice due to profound intestinal injury. HS-deficient IECs
exhibited Wnt/B-catenin pathway disruption, decreased levels of
{3-catenin nuclear localization, and reduced expression of Wnt target
genes, including Lgr5 during crypt regeneration. Moreover, epithelial
HS increased Wnt binding affinity of IECs, promoted phosphorylation
of Wnt coreceptor LRP6, and enhanced Wnt/B-catenin signaling
following ex vivo stimulation with Wnt3a, whereas activation of
canonical Wnt signaling following direct inhibition of glycogen syn-
thase kinase-3f3 by lithium chloride was similar between HS-deficient
and wild-type mice. Thus HS influences the binding affinity of IECs
to Wnt, thereby promoting activation of canonical Wnt signaling and
facilitating regeneration of small intestinal crypts after epithelial
injury.

heparan sulfate; intestinal regeneration; Wnt signaling

THE SMALL INTESTINAL EPITHELIUM comprises a single layer of
columnar cells that are organized into villi and crypts. Villi
extend into the intestinal lumen and contain three types of
terminally differentiated cells: enterocytes, goblet cells, and
enteroendocrine cells. Enterocytes absorb nutrients, goblet
cells secrete mucin, and enteroendocrine cells release gastro-
intestinal hormones. Crypts are formed by epithelial invagina-
tions into the connective tissue of the intestine and contain
stem cells, their transit-amplifying daughter cells, and Paneth
cells, which secrete antibacterial peptides into the crypt lumen
(99-13). An intricate cell-replacement process maintains the
integrity of the mucosal epithelium of the intestine. Vigorous
proliferation occurs in crypt compartments. When the commit-
ted transit-amplifying cells reach the crypt-villus junction, they
rapidly and irreversibly differentiate. The differentiated cells
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migrate up to the villus tip, where they are shed. In mouse, the
small intestinal epithelium is renewed every 5 days (2).
Several intracellular signaling pathways, such as the Wnt/
B-catenin, bone morphogenic protein, phosphoinositide 3-ki-
nase (PI3K)/Akt, and Notch pathways, have critical roles in
crypt-villous homeostasis (2). In addition, several extracellular
components have also been shown to regulate intestinal crypt
homeostasis (36, 39), but their precise roles remain obscure.
Heparan sulfate (HS) is a linear polysaccharide constituting
repeating disaccharide units of glucuronic acid and N-acetylg-
lucosamine. HS is found on the surface of most cells as a
constituent of HS proteoglycans (HSPGs), which comprise a
core protein with covalently attached HS chains. In the small
intestinal epithelial cells (IECs) of humans (42) and mice (5),
HSPGs are predominantly located on the basolateral surface of
the cells. HSPGs bind to various growth factors, including
Wnt, Hedgehog, transforming growth factor-f3, and FGF and
modulate the biologic activities of these molecules (4, 58).
The importance of HSPG in embryological development is
established. In Drosophila, HS is required for distribution and
signaling of morphogens such as Wingless, Hedgehog, and the
Drosophila homologue of bone morphogenetic protein, Deca-
pentaplegic, in the embryonic epidermis and the wing disc (8,
20, 22). HS is also involved in FGF signaling during the
migration of mesodermal and tracheal cells (32). In vertebrate,
HS influences FGF function in zebrafish limb development
(40) and is essential for Wntl1 during zebrafish and Xenopus
gastrulation (41). In mice, HS is required for proper Indian
Hedgehog distribution during endochondral bone development
(30) and Fgf8 function in brain development (26). Despite
many evidences demonstrating that HSPGs play pivotal roles
in embryogenesis, it remains unclear how HSPGs are involved
in intestinal epithelial homeostasis.
In the present study, we used the intestine-specific HS-
deficient mouse model (5) to elucidate the role of HS in the
small intestine.

MATERIALS AND METHODS

Mice. We used C57B1/6 mice. Conditional Extl allele (Extl1°%)
was created as described previously (26). Villin-Cre mice (16) were
obtained from the Jackson Laboratory. Mice were maintained on a
12-h:12-h light/dark cycle and fed standard laboratory mouse chow ad
libitum in specific pathogen-free conditions. All experiments were
performed with 2- to 4-mo-old mice. All animal experiments in this
study were approved by the Review Board of Kyoto University and
adhered to their institutional ethical guidelines. For survival data,
mice were euthanized if moribund or seriously injured (e.g., vocaliz-
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ing, lack of grooming, or more than 20% weight loss) to prevent
suffering.

Histopathology and immunohistochemical staining. Mice were
killed, and the small intestine was removed, fixed in 10% formalde-
hyde, and embedded in paraffin. Sections were stained with hematox-
ylin and eosin reagent. Immunohistochemical staining with anti-HS
mAb (10E4; Seikagaku, Tokyo, Japan), bromodeoxyuridine (BrdU)
antibody (Sigma-Aldrich, Tokyo, Japan), anti-FGF receptor (FGFR) 1
(phospho Tyr154) antibody (Novus Biologicals, Littleton, CO), or
anti-pFGFR3 (Tyr 724) antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) was performed on paraffin-embedded slices using the
avidin-biotin immunoperoxidase method. Sections were deparaf-
finized and rehydrated through a graded series of xylene-ethanol
washes. Endogenous peroxidase was blocked with 0.3% H,0,. After
biotin was conjugated with secondary antibodies, sections were incu-
bated with the avidin-biotin peroxidase complex (ABC Elite Kit;
Vector Laboratories, Burlingame, CA) before reaction with 3,3’
-diaminobenzidine/H,O,. Nuclei were counterstained with hematox-
ylin. For immunofluorescence staining, specimens were incubated
with anti-B-catenin antibody (Cell Signaling Technology, Tokyo,
Japan) and followed by staining with Alexa Fluor 488 anti-rabbit-IgG
(H+L) (Invitrogen, Tokyo, Japan). Nuclei were visualized by DAPI
staining.

Total body vy-irradiation and bone marrow transplantation. Total
body irradiation (TBI) was performed using a '*’Cs source emitting at
a fixed-dose rate of 1.11 Gy/min (Gammacell 40 Exactor; MDS
Nordion International, Ontario, Canada). For bone marrow transplan-
tation, Ext]1ox/ox (Ext[¥/F) donor mice were killed, and marrow cells
were harvested from the medullary cavities of the femur by flushing
with Hanks’ balanced salt solution (GIBCO, Tokyo, Japan). Cells
were counted, diluted to 5 X 10° cells/200 pl, and injected into the tail
vein of recipient mice 16 h after TBI. Mice were killed, and the
proximal jejunum was rapidly dissected, fixed in 10% neutral buffered
formalin, and embedded in paraffin. Paraffin sections (4 wm) were cut
perpendicular to the long axis of the intestine before immunohisto-
chemical analysis. Immunohistological staining was performed as
described above.

In vivo microcolony assay of crypts. Crypt stem cell survival was
determined 3.5 days after TBI based on BrdU incorporation into
proliferating crypt cells, as previously reported (59). Each mouse
received 120 mg/kg BrdU intraperitoneally 2 h before harvesting the
tissue to permit identification of replicating S phase cells by immu-
nohistochemistry using the avidin-biotin immunoperoxidase method.
The number of surviving crypts per cross-section was scored. A
surviving crypt was defined as a crypt with five or more BrdU-labeled
epithelial cells.

Isolation of IECs. IECs were isolated as described previously (27).
Mice were killed, and the small intestine was removed and placed in
ice-cold PBS flushed through the lumen of the intestines using a
syringe. The intestines were then cut longitudinally with scissors and
rinsed with cold PBS. The small intestines were placed in PBS with
3 mM EDTA and 50 mM DTT and stored on ice for 1 h in 50-ml
conical tubes. The supernatant was filtered and centrifuged for 5 min
at 400 g, and the cell pellet was resuspended in cold PBS. Finally,
primary IECs were collected by centrifugation through a 20/40%
discontinuous Percoll gradient at 600 g for 30 min. Purity of IECs was
assessed by flow cytometric analysis using rat anti-mouse E-Cadherin
mAb (R & D Systems, Tokyo, Japan) and was confirmed more than
90% pure. Primary mouse IECs were collected in sample buffer for
subsequent RNA isolation as well as immunoblotting or in PBS for ex
vivo stimulation.

Immunoblotting. Primary mouse IECs were lysed with Tris-HCI
buffer containing 1% Triton X-100 (lysis buffer). Cell lysate proteins
(15 pg) were subjected to SDS-PAGE separation followed by immu-
noblotting using primary antibody. The primary antibodies used for
immunoblot analysis were as follows: anti-f-catenin, anti-cyclin D1,
anti-c-Myc, anti-Survivin, anti-phospho-f3-catenin (Ser552), anti-Akt,
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anti-phospho-Akt (Thr308), anti-Erk1/2, anti-phospho-Erk1/2, anti-
SAPK/INK, anti-phospho-SAPK/INK, anti-p38 MAPK, anti-phos-
pho-p38 MAPK, anti-phospho-FGF receptor substrate (FRS) 2a,
anti-active [3-catenin, anti-LRP6, anti-phospho-LRP6 (Cell Signaling
Technology), and anti-LgrS antibody (Abcam, Tokyo, Japan). The
bound antibody was detected by horseradish peroxidase-conjugated
secondary antibody (GE Healthcare, Piscataway, NJ) followed by
chemiluminescence using an ECL Plus kit (GE Healthcare). Blotting
with anti-B-actin antibody (Sigma-Aldrich) was run as a loading
control.

Quantitation of gene expression using real-time PCR. The total
RNA isolated with TRIzol reagent (Invitrogen) was reverse-tran-
scribed using Superscript First-Strand Synthesis System for RT-PCR
(Invitrogen) according to the manufacturer’s instructions. PCR am-
plification of cDNA (1 ng/20 pl of PCR reaction) was carried out
in the LightCycler (Roche Diagnostics, Tokyo, Japan) using Fast-
Start Universal SYBR Green Master (Rox; Roche Diagnostics).
Results are expressed as the ratio of each molecule to Gapdh.
Primer pairs were as follows: Gapdh: AGCCTTCTCCATGGTG-
GTGAAGAC (forward), CGGAGTCAACGGATTTGGTCGTAT
(reverse); Lgr5: CTACTTGACTTTGAGGAAGACC (forward), AG-
GAAAGCGCCAGTACTGC (reverse); cyclin DI: TCCGCAAGCA
TGCACAGA (forward), GGTGGGTTGGAAATGAACTTCA (re-
verse); c-Myc: GCTCGCCCAAATCCTGTA (forward), AGGAC-
TCGGAGGACAGCA (reverse); Survivin: GCGGAGGCTGGC
TTCA (forward), AAAAAACACTGGGCCAAATCA (reverse); Ker-
atin8: TCATCCTATGGGGGACTCAC (forward), TCTTCACAAC-
CACAGCCTTG (reverse); Frizzled4: GACAACTTTCACGCCGC-
TCATC (forward), CCAGGCAAACCCAAATTCTCTCAG (reverse);
Frizzled6: TGTTGGTATCTCTGCGGTCTTCTG (forward), CTCG-
GCGGCTCTCACTGATG (reverse); Frizzled7: ATATCGCCTA-
CAACCAGACCATCC (forward), AAGGAACGGCACGGAG-
GAATG (reverse); and Axin2: TCACAGCCCTTGTGGTTCAAG (for-
ward), GGTAGATTCCTGATGGCCGTAGT (reverse).

Wnt3a binding assay and ex vivo stimulation of primary mouse
IECs. Recombinant mouse Wnt3a (R&D Systems, Minneapolis, MN)
was labeled with Alexa Fluor 488 dye using the Alexa Fluor 488
Microscale Protein Labeling Kit (Invitrogen) according to the manu-
facturer’s instructions. Primary mouse IECs (1 X 10°) were incubated
with 30 ng/ml Alexa Fluor 488-conjugated Wnt3a for 60 min at 37°C.
The cells were filtered through nylon filters (Becton Dickinson,
Tokyo, Japan) and washed three times with PBS, and mean fluores-
cent intensity was measured using the FACS Canto II (Becton Dick-
inson). For ex vivo stimulation, primary mouse IECs were incubated
with 30 ng/ml or 100 ng/ml recombinant mouse Wnt3a, 200 ng/ml
recombinant mouse Wnt5a (R&D Systems), or 60 mM lithium chlo-
ride (LiCl) at 37°C and harvested for immunoblotting or PCR anal-
ysis.

Statistical analysis. The results are represented as means = SE. A
Student’s r-test was performed for statistical evaluation. Actuarial
survival was calculated by the Kaplan-Meier method, and P values
were evaluated by log-rank test. A P value of <0.05 was considered
statistically significant.

RESULTS

Generation of intestine-specific HS-deficient mice. To exam-
ine whether HS on IEC of the small intestine affects crypt
homeostasis, we generated mice with intestine-specific condi-
tional ExtI knockout by crossing Ext/™ mice with Villin-Cre
mice as reported previously (5). Ext/ encodes glycosyltrans-
ferase, which polymerizes alternating glucuronic acid and
N-acetylglucosamine sugar residues in the HS biosynthetic
process (35), and is indispensable for HS synthesis because
cells lacking a functional Ext/ allele do not synthesize HS (34,
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Fig. 1. Heparan sulfate (HS) biosynthesis in intestinal epithelial cells (IECs)
was defective in intestine-specific Ext/-deficient mice. A and B: Analysis of
PCR products of Ext!/ (A) and immunoblotting of Extl (B) in IECs isolated
from ExtI™F and ExtI** mice. Both mRNA and protein expression of Extl
were disrupted in Ext/*’ mice. C: immunohistochemistry for HS in the small
intestine of ExtI™" (left) and ExtI*’* (right) mice. Scale bar = 200 pum.

37). Intestine-specific Ext/ knockout mice are referred to as
ExtI*® mice, and Ext/™F mice were used as controls.

PCR and immunoblot analyses of IEC separated from the
small intestine of ExtI*’* mice revealed minimal levels of Ext/
mRNA (Fig. 1A) and Extl protein (Fig. 1B), respectively.
Immunohistochemical study with a mAb to HS (10E4) re-
vealed that HS was expressed on the basolateral surface of IEC
in ExtI™F mice (Fig. 1C, left), whereas HS expression was
undetectable in the IEC of ExtI*’* mice (Fig. 1C, right). Both
macroscopic and microscopic findings were normal in Ext/%/4
mice as previously reported (5), suggesting that HS on IECs
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are not critically involved in crypt homeostasis in the steady
state.

Epithelial HS is required for intestinal regeneration after
TBI. We first examined the effects of intestine-specific deletion of
Extl on radiation damage to the small intestine in vivo. ExtI™F
and Ext]** mice received TBI followed by bone marrow trans-
plantation to rescue from bone marrow death induced by lethal
irradiation. Of interest, all Ext/** mice with 12 Gy TBI died
within 6 days despite bone marrow transplantation, whereas 71%
of ExtI™"F mice were alive more than 30 days after TBI (log-rank
test; P < 0.01; Fig. 2A). Histological evaluation 4 days after 12
Gy TBI revealed the small intestinal mucosa with regenerative
crypts covering most of the inner intestinal surface in Ext/™F mice
(Fig. 2B, top), whereas severe intestinal damage with almost no
villi or crypts in the small intestinal mucosa of ExtI*’* mice
was observed (Fig. 2B, bottom). This finding suggests that
Ext]*® mice after TBI died of intestinal damage induced by
irradiation. Therefore, we further evaluated roles of epithelial
surface HS in crypt regeneration in the small intestine follow-
ing radiation injury using a crypt microcolony assay (59).
Because most of Ext/*’* mice died within 4 days after 12 Gy
TBI (Fig. 2A), dose of irradiation was reduced to 10 Gy in this
experiment. Intestine-specific deletion of Exz/ significantly
decreased the number of surviving crypts, which were labeled
with BrdU 3.5 days after 10 Gy TBI (Fig. 2, C and D). Taken
together, these results suggest that HS on IECs has protective
effects against irradiation and plays critical roles in crypt
regeneration after TBI-induced epithelial injury.

HS is involved in Wnt/B-catenin signaling in intestinal epi-
thelium. Given that IEC-specific Ext/ deletion results in decreased
proliferation of IECs, we investigated the Wnt/3-catenin and the
MAPK pathways that are important for regulating IEC prolifera-
tion (17, 50). Immunoblot analysis demonstrated no significant
difference in the phosphorylation of the MAPKSs, including p38
MAPK, Erkl1/2, and JNK1/2, in IECs 4 days after TBI between

Fig. 2. Intestine-specific HS-deficient mice were
sensitive to total body irradiation (TBI)-induced
gastrointestinal toxicity. A: Kaplan-Meier sur-
vival analysis of ExtI™F and ExtI*/* mice after
12 Gy TBI (n = 7). By log-rank test, P = 0.0004.
B: upper jejunal sections of ExtI™F (top) and
ExtI*’™ (bottom) mice 4 days after 12 Gy TBI
stained with hematoxylin and eosin. C: represen-
tative bromodeoxyuridine (BrdU) labeling of sur-
viving crypts. Scale bar = 100 pm. D: surviving
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Fig. 3. The protein levels of total and active
B- catemn were decreased in intestine-specific HS-

deficient mice after TBI. A: immunoblotting anal-
ysis of phosphorylated and total MAPKs. A rep-
resentative blot from 5 independent experiments
is shown. B and C: immunoblotting analysis of
total B-catenin (B) and activated nonphosphory-
lated B-catenin (C). A representative blot is
shown, and graph bars are expressed as the ratio
of each molecule to B-actin. (n = 5) **P < 0.05.
D: representative images of immunofluorescence D
staining for (-catenin in the small intestine of
ExtI™ and Ext]*’* mice. B-catenin was stained
with Alexa Fluor 488, and nuclei were visualized
by DAPI staining. Scale bar = 100 wm. E: the
ratio of crypt cells with [B-catenin-positive nu-
cleus per crypt. More than 50 crypts per mouse were
scored and compared between Ext/"" and Ext/**
mice (n = 3). *P < 0.01.
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ExtI*® and ExtI¥F mice (Fig. 3A). In contrast, the protein
levels of total B-catenin were lower in IECs isolated from the
small intestine of Ext/** mice 4 days after 10 Gy TBI than
those of ExtI™F mice (Fig. 3B). In addition, nonphosphorylated
B-catenin (active B-catenin) was also lower in ExtI*’ mice
(Fig. 3C). Moreover, immunofluorescence staining revealed
lower levels of B-catenin nuclear localization in crypt cells of
Ext]*'® mice 4 days after TBI, compared with those of Ext/™/F
mice (Fig. 3, D and E). These data suggest the decreased
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Fig. 5. The gene expressions of Frizzled4, 6, and 7
were similar between ExtI™F and ExtI*’* mice 4

days after 10 Gy TBI. Quantitative PCR analysis of
Frizzled4 (A), 6 (B), and 7 (C). Results are expressed as
the ratio of each molecule to Gapdh. (n = 4-7).
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numbers of crypt cells reflected lower levels of expression of
Wht target genes in Ext/*/* mice, we used Keratin8, the major
intermediate filament proteins in the intestinal epithelia (57), to
normalize the data in addition to a housekeeping gene. As
expected, the mRNA levels of Wnt target genes were signifi-
cantly lower in IECs harvested from Ext/*/* mice than those
from ExtI™F mice even when normalized by Keratin8 (Fig.
4C). These data indicate that disruption of Ext/ in IECs
impaired Wnt/f-catenin signaling and that HS plays an impor-
tant role in regeneration of intestinal crypts following TBI-
induced intestinal injury.

In addition, we evaluated the mRNA expression of Frizzled
receptors, acting as receptors for Wnt proteins (2, 44, 50),
which resulted in similar levels between Ext/™F and Ext14/*
mice (Fig. 5, A-C).

Deletion of HS in IECs does not affect the FGF-FGFR axis
or the PI3K-Akt pathway. Next, we investigated the mecha-
nism by which intestinal epithelial HS mediates Wnt/@3-catenin
signaling. It was recently reported that FGFR3 signaling reg-
ulates crypt epithelial stem cell expansion and crypt morpho-
genesis partly through (-catenin/T cell factor-4-dependent
pathways (56). In addition, HS binds to both FGFs and FGFRs
(43, 49) and is required for FGF signal transduction (32).
Therefore, we first evaluated the FGF-FGFR axis in radiation
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enteritis. Immunohistochemical analysis revealed no signifi-
cant difference in the phosphorylation of FGFR3 and FGFR1
in crypts 4 days after 10 Gy TBI between ExtI*’* and ExtIt'F
mice (Fig. 6, A and B). Moreover, levels of phosphorylation of
the docking-protein FRS2«, which plays a critical role in
FGFR-mediated signal transduction pathways (19, 21), were
similar in IECs between ExtI™F and ExtI*’* mice (Fig. 6C).
Given that the PI3K-Akt pathway activates Wnt/f3-catenin
signaling by phosphorylating 3-catenin at Ser552 (24, 31), we
next examined whether PI3K-Akt pathway-mediated (3-catenin
activation was involved in the disruption of HS in IECs.
Phosphorylation of Akt at Ser 308 was a similar level in IECs
of Ext1*’® mice and Ext/™F mice. In addition, protein levels of
phosphorylated B-catenin at Ser552 in IECs from ExtI*/* mice
were comparable with those from Ext/™" mice (Fig. 6D).
These data suggest that neither the FGF-FGFR axis nor the
PI3K-Akt pathway is involved in HS-dependent Wnt/3-catenin
signaling in IECs from HS-deficient mice after irradiation.
HS affects binding affinity of IECs to Wnt3a and enhanced
Wnt/B-catenin signaling. Because HS chains are capable of
binding Wnt proteins (1, 7, 46), we hypothesized that HS on
IEC binds Wnt proteins and increases the dose of the ligands
on the cell surface, which may result in enhanced Wnt/(3-
catenin signaling. Therefore, we assessed Wnt3a binding in

- e

Fig. 6. FGF-FGFR axis and phosphoinositide 3-kinase
(PI3K)-Akt pathway were similar between ExtI™" and
ExtI®® mice 4 days after 10 Gy TBIL. A and B: im-
munohistochemistry for pFGFR3 (A) and pFGFR1 (B)
in the small intestine of Ext/™" and Ext/*® mice. A
representative image from 6 mice is shown. Scale bar =

FIF AID
Ext1FExt1 100 pm. C: immunoblotting analysis of phospho-FGF

receptor substrate (pFRS)2ac (Tyr196 and Tyr436) in
‘ IECs isolated from Ext/™" and Ext/*’* mice. A represen-
tative blot is shown from 5 independent experiments.

D: immunoblotting analysis of pAkt, pp-catenin (Ser552),
and total B-catenin in IECs isolated from Ext/™F and
Ext]** mice. A representative blot is shown, and graph

bars are expressed as the ratio of each molecule to

Ext1FF Ext148 B-actin. (n = 5).
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IECs harvested from Ext1™F and Ext1** mice. Flow cytomet-
ric analysis indicated that the binding of fluorescent-labeled
Wnt3a to IECs of Ext/** mice was significantly lower than
that of Ext/™’F mice (Fig. 7, A and B). Moreover, immunoblot
analysis revealed that stabilization of [3-catenin by ex vivo
stimulation with Wnt3a was attenuated in IECs from ExtI*/2
mice compared with Ext/™'F mice, whereas B-catenin stability
was not affected by deletion of HS sugar chains when IECs
were incubated with LiCl (Fig. 7C), which directly inhibits the
activity of glycogen synthase kinase-3(3 in a Wnt-independent
manner (25, 28). In addition, phosphorylation of Wnt corecep-
tor LRP6 at Ser 1,490 (2, 44, 50) after ex vivo stimulation with
Wnt3a was attenuated in IECs harvested from Ext/*/* mice
(Fig. 7D). The mRNA levels of Wnt target gene Axin2 were
lower in IECs of Ext/*’* mice than those of Ext/™F mice after
incubation with Wnt3a, and the difference of Axin2 expression
between ExtI™F and ExtI*’* mice after stimulation with 100
ng/ml of Wnt3a was augmented, whereas similar levels of
Axin2 gene expression were observed between two groups after
ex vivo stimulation with LiCl (Fig. 7E). These results suggest
that HS on IECs increases cell surface binding affinity of IECs
to Wnt ligands, enhances Wnt/B-catenin signaling, and facili-
tates crypt regeneration after intestinal epithelial injury.

HEPARAN SULFATE IN INTESTINAL CRYPT REGENERATION

DISCUSSION

In this study, we showed that intestine-specific HS-deficient
mice were more sensitive to TBI-induced intestinal injury than
ExtI®F mice and that HS influenced Wnt binding affinity of
IECs and subsequent Wnt/B-catenin signaling. Our data sug-
gested that HS plays an important role in Wnt/B-catenin
signaling during regeneration of the small intestinal crypts in
mice.

First, we assessed the role of epithelial HS in regeneration of
small intestine after TBI. The gross intestinal phenotype and
histology of intestine-specific HS-deficient mice without TBI
appeared normal in our study, being in agreement with the
findings by Bode et al. (5). However, our study demonstrated
that the survival rate of these mice after TBI was significantly
reduced compared with that of Ext/™F mice due to severe small
intestinal injury. Furthermore, in in vivo crypt colony assay,
which reflects the capacity of regeneration of intestinal crypts
after irradiation (59), the number of surviving crypts in intes-
tine-specific Ext/-deficient mice was significantly lower than
that in Ext/™'" mice. These findings suggest that HS is essential
for crypt regeneration after intestinal epithelial injury.

Next, we investigated whether HS plays some roles in
MAPK pathways or Wnt/-catenin signaling in IECs. Several
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Fig. 7. The binding affinity with Wnt3a was decreased, and Wnt/f-catenin signaling was disturbed in IECs defective in HS biosynthesis in ex vivo stimulation
with Wnt3a but not with LiCl. A and B: Wnt3a binding assay of IECs harvested from Ext/™F and ExtI1*’* mice. IECs from Ext1™F or ExtI*’* mice were incubated
with 30 ng/ml Alexa Fluor 488-conjugated Wnt3a for 60 min at 37°C. A: representative flow cytometry histogram. Fluorescent intensities of HS-competent IECs
incubated with (ExtI™" Wnt; solid line, open histogram) or without (ExtI™" Ctl; solid line, solid histogram) Wnt3a and those of HS-deficient IECs with (Ext/4/4
Wht; dashed line, open histogram) or without (Ext/*’ Ctl; dashed line, solid histogram) Wnt3a are shown. B: mean fluorescence intensity of IECs incubated
with fluorescent-conjugated Wnt3a after subtracting that of the untreated IECs (n = 3). **P < 0.05. C: immunoblotting analysis of total and active (-catenin
in IECs after ex vivo stimulation with Wnt3a, LiCl, or Wnt5a. Primary mouse IECs were incubated with 30 ng/ml or 100 ng/ml Wnt3a, 60 mM LiCl, or 200
ng/ml Wnt5a for 240 min at 37°C and harvested for immunoblotting. Untreated IECs were used as controls. A representative blot from 3 independent experiments
is shown. D: immunoblotting analysis of phosphorylated and total LRP6 in IECs after ex vivo stimulation with Wnt3a. IECs from Ext/"™/¥ or ExtI*’* mice were
incubated with 100 ng/ml Wnt3a at 37°C and harvested after indicated time for immunoblotting. A representative blot from 3 independent experiments is shown.
E: quantitative PCR analysis of Axin2 in IECs incubated with Wnt3a or LiCl for 240 min. Untreated IECs were used as controls. The gene expressions were
normalized by Gapdh. (n = 6) **P < 0.05 compared with ExtI™F control; TP < 0.05 compared with Ext/™F Wnt3a 100 ng/ml; £3P < 0.05 compared with
ExtI*'A control.

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00480.2012 « www.ajpgi.org



HEPARAN SULFATE IN INTESTINAL CRYPT REGENERATION

lines of evidence indicate that MAPK pathways are involved
in, not only intestinal cell proliferation, but also intestinal
tumorigenesis (17). Our study demonstrated that activation of
MAPK pathways in IECs was similar between Ext/™F and
Ext]*’ mice after TBI, suggesting that HS does not play a
significant role in MAPK signaling during the regeneration of
intestinal crypts after lethal irradiation. In contrast, protein
levels of total as well as active form of (3-catenin were lower,
and B-catenin nuclear localization was reduced in IECs iso-
lated from the small intestine of Ext/** mice than Ext/™F
mice. To confirm whether decreased levels of -catenin had
functional consequences, we examined the expression of Wnt
target genes in IECs isolated from ExtI™F and ExtI** mice.
Expressions of Wnt target genes in IECs in Ext/*/* mice were
lower than those in Ext/™F mice. Thus the Wnt/B-catenin
pathway was disturbed, and the expression of Wnt target genes
was reduced in HS-deficient IECs. Wnt/pB-catenin signaling
plays a central role in the regeneration of intestinal epithelium
(29, 44). In addition, the role of HSPGs in the regulation of
Wnt pathway has been extensively studied in cell signaling
during development. In Drosophila, the abrogation of HSPG
activity by mutation of the EXT family genes leads to reduced
extracellular Wingless levels and loss of Wnt target gene
expression (6, 23, 52). In Xenopus, HSPGs have been shown to
interact with Wntl1 during gastrulation (41) and axis forma-
tion (53). Taken together, our data and previous findings
indicate that HS on IECs has an important function in canon-
ical Wnt signaling and is essential for the proliferation of small
intestinal epithelium. Notably, our data demonstrated that both
mRNA expression and protein levels of c-Myc and Lgr5 were
reduced when intestinal epithelial HS was disrupted. c-Myc is
essential for accelerating the cell cycle of crypt progenitor cells
(38), and Lgr5 is one of the intestinal stem cell markers (3).
These findings may suggest that HS on IEC is required for the
expansion of intestinal stem cells, as well as for the prolifera-
tion of transit-amplifying cells after crypt injury.

Finally, we examined the effect of HS on cell-binding
affinity of Wnt proteins, which may result in enhanced Wnt/
B-catenin signaling. Our results revealed that Wnt binding
affinity of IECs and Wnt/B-catenin signaling in ex vivo stim-
ulation with Wnt3a were clearly reduced by HS deficiency. On
the other hand, activation of Wnt/f3-catenin signaling following
direct inhibition of glycogen synthase kinase-33 by LiCl was
not affected by HS deficiency although the possibility cannot
be denied that other effects of LiCl than inhibition of glycogen
synthase kinase-3(3, such as inducing autophagy by inhibiting
inositol monophosphatase (48), are influenced. Furthermore,
phosphorylation of LRP6 by stimulation with Wnt3a was
reduced in IECs from ExtI*’* mice. These findings strongly
suggest that HS on the cell surface enhanced binding of Wnt
ligands to IECs and thereby promoted the canonical Wnt
pathway in the regeneration of intestinal epithelium.

Modification of HS structures has been reported to be
important for binding to Wnt ligands or receptors. The Dro-
sophila mutants of sulfateless, HS N-deacetylase/N-sulfotrans-
ferase, are completely deficient in HS sulfation and have
disrupted Wingless signaling (33, 54). Reducing 6-O-sulfation
of the HS chains results in the reduction of Wnt binding to HS,
facilitating the interaction between Wnt ligand and receptor
and promotes canonical Wnt signal transduction (1, 18). Be-
cause we disrupted the Ext/ gene, which is indispensable for
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HS synthesis, HS was almost completely eliminated on the
surface of IECs in our study. Therefore, specific conformations
of HS for binding to Wnt and facilitating ligand-receptor signal
transduction in crypt regeneration remain to be elucidated.

Furthermore, in our study, HS synthesis was disturbed irre-
spective of the family of HSPGs. Cell surface HSPGs are
classified into two major families based on their core protein
structure, glypicans and syndecans. Glypicans are linked to the
plasma membrane by a glycosylphosphatidylinositol linkage
and syndecans by a transmembrane domain. Several studies
demonstrated that glypicans play an important role in the
interaction between HS and Wnt signaling (33, 55), whereas
syndecans are important for wound repair (15, 51) and IEC
proliferation (14). Further studies are needed to determine
which HSPGs are most involved in intestinal crypt regenera-
tion.

Recently, several populations of intestinal stem cells, includ-
ing Lgr5™ cells (3), Bmil™ cells (47), and Lrigl™ cells (45),
have been identified. Each of these populations has its own
distinctive adjacent niches and plays separate but cooperative
functions in homeostasis of intestinal crypt (3, 45, 47). In this
study, we focused Lgr5 expression in IECs after TBI. At the
minimum, our data suggested that gene expression and protein
levels of Lgr5 were attenuated in IECs with disrupted HS
biosynthesis although there was one limitation that specificity
of anti-Lgr5 antibody used in this study was not validated by
immunohistochemistry. Thus further investigations on the in-
teraction between HS on IECs and intestinal stem cells would
be required.

In conclusion, we elucidated an important role of HS in
extracellular regulation of Wnt signaling in crypt regeneration
of the small intestine. Further studies on the interactions of
HSPGs with Wnt ligands and their receptors will provide new
insights into the homeostatic mechanisms of the intestine.
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