@& MolecularMedicine

Milk Fat Globule-Epidermal Growth Factor 8 Is Decreased in
Intestinal Epithelium of Ulcerative Colitis Patients and Thereby
Causes Increased Apoptosis and Impaired Wound Healing
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Milk fat globule-epidermal growth factor 8 (MFG-E8) plays an important role in maintaining intestinal barrier homeostasis and ac-
celerating intestinal restitution. However, studies of MFG-E8 expression in humans with ulcerative colitis are lacking. We examined
MFG-E8 expression in colonic mucosal biopsies from ulcerative colitis patients and healthy controls (n = 26 each) by real-tfime quan-
fitative polymerase chain reaction (PCR), Western blot analysis and immunohistochemistry. MFG-E8 mRNA and protein expression
was lower in ulcerative colitis patients than in controls. MFG-E8 expression was inversely correlated with mucosal inflammatory ac-
fivity and clinical disease activity in patients. MFG-E8 was present in human intestinal epithelial cells both in vivo and in vitro. Apo-
ptosis induction was also detected in the intestinal epithelium of ulcerative colitis patients by terminal-deoxynucleoitidyl transferase
mediated nick-end labeling assay. We used lentiviral vectors encoding human MFG-E8 targeting short hairpin RNA to obtain
MFG-E8 knockdown intestinal epithelia cell clones. MFG-E8 knockdown could promote apoptosis in intestinal epithelial cell lines,
accompanied by a decrease in level of the antiapoptotic protein B-cell ymphoma 2 (BCL-2) and induction of the proapoptotic
protein BCL2-associated protein X (BAX). The addition of recombinant human MFG-E8 led to decreased BAX and cleaved
caspase-3 levels and induction of BCL-2 level in infestinal epithelia cells. MFG-E8 knockdown also attenuated wound healing on
scratch assay of intestinal epithelial cells. The mRNA level of intestinal trefoid factor 3, a pivotal factor in intestinal epithelial cell mi-
gratfion and restitution, was downregulated with MFG-E8 knockdown. In conclusion, we demonstrated that decreased colonic
MFG-E8 expression in patients with ulcerative colitis may be associated with mucosal inflasnmatory activity and clinical disease ac-
tivity through basal cell apoptosis and preventing tissue healing in the pathogenesis of ulcerative calitis.
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INTRODUCTION

Ulcerative colitis (UC) is a chronic and
relapsing inflammatory disorder involv-
ing the mucosal layer of the colon and
rectum (1). Studies suggest that abnor-
mal innate and adaptive immunities, ge-
netic susceptibility and environmental
factors collaboratively lead to the disease
(1-4). UC is characterized by elevated
production of proinflammatory media-
tors, repeated intestinal injury and cell

restitution and increased apoptosis of in-
testinal epithelial cells (IECs), which
leads to impaired mucosal barrier func-
tion (5-8). However, the underlying mo-
lecular basis has not been completely
elucidated.

Milk fat globule-epidermal growth
factor 8 (MFG-ES), also named lactad-
herin, BA46 or SED], is a secreted glyco-
protein present in several cell types, in-
cluding macrophages, mammary
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epithelial cells and epidermal keratino-
cytes (9-11). It participates in engulfing
apoptotic cells. MFG-E8-null mice show
severe autoimmune disease-like human
systemic lupus erythematosis because of
accumulation of uncleared apoptotic
cells (9,12-14). MFG-ES8 also participates
in cell events such as the promotion of
mammary gland branching and facilita-
tion of sperm—egg binding (10,15).
Several studies of animal models
demonstrated that MFG-E8 has an im-
portant role in intestinal homeostasis.
In mice with sepsis, MFG-E8 promoted
enterocyte migration along the
crypt-villus axis and accelerated intes-
tinal mucosal healing (16). Also, MFG-
E8 expression was impaired in inflamed
mouse colons during the acute phase of
dextran sodium sulfate (DSS)-induced
colitis, but pretreatment with recombi-
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nant MFG-E8 had a protective role
against inflammation (17). Moreover, a
recent study reported that recombinant
MFG-E8 administered during the recov-
ery phase of DSS-induced colitis in
mouse could attenuate inflammation
and enhance epithelial repair, which
suggests a therapeutic role for MFG-E8
in DSS-induced colitis (18). However,
we lack reports of MFG-ES8 activity in
humans with UC. MFG-E8 may be de-
creased in such patients and involved
in the disease process. We aimed to de-
lineate the expression of intestinal
MFG-ES8 in UC patients and evaluated
the consequences of MFG-E8 knock-
down by lentiviral vector in vitro in the
context of UC.

MATERIALS AND METHODS

Patients and Controls

We enrolled 26 patients with UC who
underwent colonoscopy for disease sur-
veillance. The diagnosis was based on
well-established clinical, endoscopy
and histopathological criteria. Control
subjects were 26 healthy volunteers
matched by age and sex who under-
went colonoscopy for physical examina-
tion, surveillance of polyp recurrence or
functional abdominal pain. Our study
was approved by the Clinical Ethical
Committee of Qilu Hospital of Shan-
dong University. All subjects gave writ-
ten informed consent before biopsy
sampling. Table 1 includes demo-
graphic features, colitis extent and drug
therapy.

During colonoscopies, intestinal mu-
cosal biopsies were obtained from the
macroscopically inflamed area for UC
patients or from normal areas for healthy
controls in the sigmoid colon or rectum.
For each subject, we obtained two adja-
cent biopsies: one for histology and the
other for RNA or protein analysis. For
histology, biopsies were immediately
fixed in 10% neutral buffered formalde-
hyde, and those for RNA or protein anal-
ysis were snap frozen in liquid nitrogen
and stored at —80°C. Biopsies from sub-
jects underwent routine histology, and all

Table 1. Demographic features of participants.

ucC Healthy
patients controls
n 26 26
Sex ratio (M/F) 15/11 14/12
Mean age (years (range)) 47.9 (22-73) 46.5 (25-74)
Extent of colitis®
No colitis 0 26
Ulcerative proctitis 3 0
Left-sided colitis 14 0
Pancolitis 7 0
Treatment
SASP or 5-ASA only 10 0
SASP/5-ASA + corticosteroids 14 0
Immunosuppressive agents 0 0
None 2 26

ASA, acetylsalicylic acid; SASE sulfasalazine.

“Colitis was classified according to the Montreal classification (40): ulcerative proctitis,
limited to the rectum; leff-sided colitis, distal fo the splenic flexure; pancolitis (fotal colitis),

proximal to the splenic flexure.

biopsies from healthy controls were con-
firmed as histologically normal.
Mucosal inflammation severity was
classified as mild, or moderate or severe,
by neutrophil infiltration according to
Matts grade (19). The Mayo disease
activity index (0-12 scale) calculated
for each UC patient at the time of
colonoscopy was on the basis of fre-
quency of bowel movements, rectal
bleeding, endoscopy findings and the
physician’s overall assessment (20).

RNA Isolation, Reverse Transcription-
Polymerase Chain Reaction (PCR)
and Real-Time PCR

A total of 25 biopsy specimens (12
from UC patients and 13 from controls)
were used for RNA analysis. Total RNA
was isolated by the Trizol reagent
method (Invitrogen, San Diego, CA,
USA). In total, 500 ng RNA from each
specimen was reverse-transcribed into
¢DNA in a final volume of 20 uL con-
taining 1 uL Moloney murine leukemia
virus (MMLV)-derived reverse tran-
scriptase (Invitrogen, San Diego, CA,
USA) and 1 uL oligo dT primer. For
real-time polymerase chain reaction
(PCR), 2 uL cDNA in total was ampli-
fied with SYBY Green reagent (Takara,
Japan) in a fluorescence thermocycler
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(LightCycler; Roche Diagnostics,
Mannheim, Germany). Reverse tran-
scription (RT)-PCR was performed with
ExTaq DNA polymerase (Takara, Japan)
in a Mastercycler thermal cycler (Eppen-
dorf, German). Human B-actin was used
as an internal control. Sequences of
primers used in this study are listed in
Table 2. Targeted gene mRNA levels
were normalized to those of B-actin by
the 272" method (21).

Western Blot Analysis

Total protein was extracted from 27
biopsy samples (14 from UC patients
and 13 from controls) in radioimmuno-
precipitation assay (RIPA) buffer (Bey-
otime Institute of Biotechnology, Shang-
hai). Protein was quantified by using a
BCA protein quantification kit (Bey-
otime). An amount of 20 ug total pro-
tein from each sample was separated by
sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and transferred to a
polyvinylidene difluoride membrane
(0.22 um pore; Millipore, Bedford, MA,
USA). After being blocked with 5%
skim milk powder diluted in TBS con-
taining 0.1% Tween-20 for 1 h, the
membrane was incubated with primary
antibodies at 4°C overnight. Horserad-
ish peroxidase—conjugated secondary



Table 2. Sequences of primers used in RT-PCR and real-time PCR analysis.
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were counterstained with hematoxylin.
For a negative control, primary antibod-

ies were substituted with normal goat
IgG.

For in situ apoptosis detection, frag-
mented DNA was stained by terminal-
deoxynucleoitidyl transferase-mediated
nick-end labeling (TUNEL) assay with
an in situ cell death detection kit (Roche

Gene name Primers Product length

Human MFG-E8 sense 5-CCTGCCACAACGGTIGGTITAT-3'; 169 bp
antisense 5-GCGATCTGTGAGTIGGCAATGT-3'

Human IL-8 sense 5'-TGAGAGTCATIGAGAGTGGACCA-3; 113 bp
antfisense 5'-TCAGCCCTCTTCAAAAACTICTCC-3

Human BCL-2 sense 5-TTICTTTGAGTICGGTIGGGGTC-3'; 196 bp
antisense 5-GCCAGGAGAAATCAAACAGAGG-3’

Human BAX sense 5-GACGAACTGGACAGTAACATG-3; 230 bp
antisense 5-AGGAAGTCCAATGTCCAGCC-3

Human TGF-B1 sense 5'- CGCGTGCTAATGGTGGAAA-3'; 102 bp
antfisense 5-CGCTICTCGGAGCTCTGATG-3'

Human TFF3 sense 5'-AACCGGGGCTIGCTIGCTITG-3'; 92 bp
antisense 3-GAGGTGCCTCAGAAGGTGC-3’

Human g-actin sense 5'- TGGACATCCGCAAAGAC-3'; 323 bp

antisense 5-GAAAGGGTGTAACGCAACTA-3

antibodies (Zhongshan Gold Bridge,
Beijing, China) were probed the next
day, and an enhanced chemilumines-
cent substrate (Millipore) was used to
detect the protein bands. Primary anti-
bodies for human MFG-E8 and B-actin
were from Abcam (Cambridge, MA,
USA). BCL-2 and BAX primary antibod-
ies were from Cell Signaling Technol-
ogy (Beverly, MA, USA). Cleaved
caspase-3 primary antibody was from
Bioworld (Atlanta, GA, USA). The
polyvinylidene fluoride membrane
probed with MFG-E8 primary antibody
initially was rinsed in stripping buffer
and reprobed with anti-human p-actin
antibody. Densitometry of protein
bands was quantified by use of Quan-
tity One 4.6.2 (Bio-Rad Laboratories,
Hercules, CA, USA).

Immunohistochemistry
Paraffin-embedded tissues were cut into
3-um-thick sections and underwent rou-
tine deparaffinizing and rehydrating. For
antigen retrieval, sections were immersed
in a Tris—ethylenediaminetetraacetic acid
(EDTA) buffer, pH 9.0 (Dako, Carpen-
taria, CA, USA) and boiled in a micro-
wave oven for 15 min. After sections
were cooled at room temperature for
20 min, 3% hydrogen peroxide was ap-
plied to quench endogenous peroxidase.
Mouse anti-human MFG-E8 monoclonal
antibody (Abcam) was incubated at 4°C
overnight. The secondary detection was

performed with the Envision system
(Dako) with 3'3-diaminobenzidine (DAB)
as a chromogen for visualization. Nuclei

A

Applied Science, Mannheim, Germany).
After deparaffinizing and rehydrating,
sections were permeabilized with

20 pg/mL proteinase K (Merck, Ger-
many) for 20 min at ambient tempera-
ture. Endogenous peroxidase activity
was blocked by 3% hydrogen peroxide.
Sections were subsequently incubated
with TUNEL reaction mixture contain-
ing terminal-deoxynucleoitidyl trans-
ferase and label solution at 37°C for 1 h.
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200bp < 18] —l_
MFG-E8

UC UC UC UC UC HC HC HC HC

UC UC UC* UC UC HC HC HC HC

UC UC UC UC* HC HC HC HC HC

Relative MFG-E8 mRNA level

MFG-E8
. HC uc
Beta-actin (n=13) (n=12)
°
>
2 P<0.01
MFG-E8 % 151 ,—I
Beta-actin  ©
Q ) %
(=]
w
MFG-E8 @ o
. =
Beta-actin Py
>
- o -
8
) HC uc
(14 (n=13) (n=14)

Figure 1. MFG-E8 mRNA and protfein level in colonic biopsies from control subjects and UC
patients. (A) Semiquantitative PCR of the mRNA level of MFG-E8 in colons of controls (HC)
and UC patients and in human colon cancer cell lines HT-29 and Caco-2. -Actin was an
infernal control. Real-time quantitative PCR analysis of mRNA level (B) and Western blot
analysis of protein level of MFG-E8 (C) in colons from UC patients and healthy controls.
*Not representative outliers. Human p-actin was a loading control. Quantification is me-
dian (line within the box) and interquartile range (fop and bottom of the box). Upper and
lower whiskers indicate the 95th and 5th percentile, respectively.
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Figure 2. Association of colonic MFG-E8 protein expression with inflammation severity and
clinical disease activity. (A) MFG-E8 protfein expression in UC biopsies with colitis classified as
mild (n = 5) and moderate or severe (n = 9) according to Matts grade (19). (B) Spearman
rank correlation of MFG-E8 protein level with Mayo clinical disease activity in UC patients

(r=-0.7713; P< 0.01).

Figure 3. Immunohistochemical staining for MFG-E8 expression in human colonic biopsies.
(A, B) Normal colons from control subjects. (C, D) Inflamed colons from UC patients. (E)
Negative control. Original magnification: 400x.

Figure 4. TUNEL staining of inflamed colons of patient with UC (A, B) and normal colons from
healthy controls (C, D). Arrows indicate TUNEL-positive IECs. Original magnification: 400x.
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Converted peroxidase (POD) was
added later. DAB was used as a chro-
mogen for final visualization, as de-
scribed above.

Cell Culture and Lentiviral Vector-
Mediated MFG-E8 Knockdown

Human colorectal cancer-derived IEC
lines Caco-2 and HT-29 were obtained
from the American Type Culture Collec-
tion (Manassas, VA, USA). Cells were
cultured in Dulbecco’s modified Eagle’s
medium (Gibco by Invitrogen, CA, USA)
supplemented with 10% (v/v) fetal calf
serum (FCS; Gibco) at 37°C in a humidi-
fied incubator containing 5% CO,. Lenti-
viral particles encoding short hairpin
RNA (shRNA) sequences targeting
human MFG-E8 mRNA (5'-CAACC
ACTGT GAGAC GAAA-3', LV-M) and
control lentiviral particles encoding a
scrambled shRNA sequence (5'-TTCTC
CGAAC GTGTC ACGT-3', LV-C) were
from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Lentiviruses all carried
a puromycin-resistant gene. copGFP
control lentiviral particles encoding
green fluorescence protein (GFP) (Santa
Cruz Biotechnology) was used to moni-
tor transduction efficiency and optimize
the multiplicity of infection. Cells were
seeded in 12-well plates at 1 x 10° cells
per well in 1 mL complete medium.
When cells were at 50% to 60% conflu-
ence, lentiviral vectors were added with
10 ug/mL polybrene (Santa Cruz
Biotechnology). Transduction efficiency
was monitored under an inverted fluo-
rescence microscope 72 h after transduc-
tion. When cells reached 80% to 90%
confluence, they were trypsinized and
seeded into 100-mm dishes. Puromycin
(Santa Cruz Biotechnology) was added
to adherent cells at a final concentration
of 100 ug/mL for selection. Medium was
changed to fresh puromycin-containing
medium every 2 d. After 7 d, transduced
clones encoding the puromycin-resistant
gene survived and nontransduced cells
died. Stable clones were selected and ex-
panded. MFG-E8 knockdown levels
were validated by real-time quantitative
PCR and Western blot analysis.



Flow Cytometry

Apoptosis was detected by flow cytom-
etry with an annexin-V/fluorescein isoth-
iocyanate (FITC) kit (Biotech, Nanjing,
China). Briefly, floating and adherent
cells were washed with phosphate-
buffered saline (PBS). After cells were re-
suspended in binding buffer, FITC-
conjugated annexin-V and propidium
iodide were added for 10 min in the dark.
Annexin-V binding was determined in a
BD FACSCalibur flow cytometer (BD,
Franklin Lakes, NJ, USA).

Apoptotic Cell Morphology

To determine apoptotic nucleus
changes, cells were incubated with
Hoechst 33342 staining solution (Sigma,
St. Louis, MO, USA) in the dark for
10 min. Apoptotic cells with nuclear
chromatin condensation and fragmenta-
tion were viewed under a fluorescence
microscope (Olympus IX-70; Olympus,
Prague, Czech Republic).

Wound Healing Assay

HT-29 cells transduced with LV-C or
LV-M were seeded in six-well plates and
allowed to reach confluence overnight;
then wounds were made by scratching cell
monolayers with a sterile pipette tip. De-
tached cells were rinsed off three times
with PBS. Serum-deprived culture medium
(DMED with 0.1% FCS) was added for
further culture. Cells were photographed
0 and 24 h after wounding. Distances cov-
ered by migrated cells were quantified.

Statistical Analysis

The nonparametric Mann-Whitney test
was used to compare colonic MFG-E8
mRNA and protein expression between
UC patients and healthy controls. Spear-
man correlation analysis was used to cor-
relate MFG-E8 expression and clinical dis-
ease activity index in UC patients. For in
vitro experiments, the Student ¢ test was
used. Data are shown as means + stan-
dard deviation. All analyses involved use
GraphPad Prism 5.01 (Graphpad Soft-
ware, San Diego, CA, USA). Differences
were considered statistically significant at
P <0.05.
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Figure 5. alidation of MFG-E8 expression in [EC lines and MFG-E8 knockdown. (A) Western
blot analysis of MFG-E8 protein level in HT-29 and Caco-2 cells. (B) Fluorescence mi-
croscopy of HT-29 and Caco-2 cells 72 h after tfransduction with copGFR Scale bar,

100 um. (C) Real-time quantitative PCR analysis of MFG-E8 mRNA expression in LV-M- and
LV-C-transduced HT-29 and Caco-2 cells. LV-M, lentiviral particles encoding short hairpin
RNA sequences targeted to human MFG-E8 mRNA. LV-C, control lentiviral particles encod-
ing a scrambled shRNA sequence. (D) Western blot analysis of MFG-E8 protein level in
LV-M- and LV-C-transduced HT-29 and Caco-2 cells.

RESULTS

Decreased MFG-E8 Expression in
Biopsies of Inflamed Mucosa from
Patients with UC

RT-PCR analysis revealed that MFG-
E8 mRNA was abundant in normal in-
testinal biopsies and lower in inflamed
UC biopsies (Figure 1A). Similarly, real-

MOL MED 18:497-506, 2012 | ZHAO ET AL.

time PCR analysis showed a 58% de-
crease of relative MFG-E8 mRNA level
in inflamed intestinal tissue of UC pa-
tients compared with healthy tissue (P <
0.01; Figure 1B). MFG-E8 protein level
was significantly downregulated in in-
flamed UC biopsies. Relative protein
level of MFG-E8 was decreased 70% in
inflamed intestinal tissue of UC patients

|1 501



MFG-E8 IN ULCERATIVE COLITIS

HT-29

Relative IL-8 mRNA level

0
TNF-alpha - +
Flagellin

B _ 10 C
[
>
2 % 3
3
s 3
Caco-2 £ ¢ <
5 z
2 £
= 40 @
H =
R [
[} =
[}
z s
TNF-alpha - +
+  Flagellin - - +
Flagellin
rhMFG-E8
(ng/ml)

601

404

20

—1

0

+

0

+

10

+ +

100 500

Figure 6. Basal and TNF-a- and flagellin-induced IL-8 mRNA expression in LV-C- and LV-
M-transduced HT-29 (A) and Caco-2 cells (B). To detect TNF-a- and flagellin-induced IL-8

MRNA expression, total RNA was isolated after stimulation with 100 ng/mL TNF-a or

100 ng/mL flagellin for 12 h. (C) IL-8 mMRNA levels in flagellin-stimulated Caco-2 cells pre-

tfreated with thMFG-E8 at different concentrations for 12 h. A, B: [, LV-C; &, LV-M.

Lv-C LV-M
A B 40
E P<0.01
HT-29 5 5
> 30 P<0.01
.E ]
PI 3
< 204
10 <
‘s
(]
Caco-2 |2« 8w
=
° 7]
o
R @
im0 o
Annexin V-FITC HT-29 Caco-2
B Lv-C LV-M
HT-29
Caco-2

N [/
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rows indicate typical apoptotic nuclei with chromatin condensation or fragmentation.
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compared with healthy tissue (P < 0.01;
Figure 1C).

MFG-E8 Expression Is Inversely
Correlated with Histological
Inflasnmatory Activity and Clinical
Disease Activity but Not Endoscopy
Grading

Intriguingly, all of the outlier UC cases
exhibiting high MFG-E8 protein expres-
sion were graded as mild inflammation
on histology and were from patients
with mild clinical symptoms. So we pre-
sumed that MFG-E8 downregulation in
UC patients was correlated with mucosal
histological grading and clinical disease
activity. Indeed, MFG-E8 protein expres-
sion was inversely correlated with mu-
cosal inflammation activity (Figure 2B).
The median decrease in MFG-E8 protein
level was 33% for biopsies with mild in-
flammation compared with 77% for biop-
sies with moderate or severe inflamma-
tion (P < 0.01; Figure 2A). MFG-E8
protein level was inversely correlated
with clinical disease activity in UC pa-
tients (r = -0.7721, P < 0.01) but not en-
doscopy grading (data not shown).

Decrease of MFG-E8 and Induction of
Apoptosis in IECs of UC Patients

We used immunohistochemistry to in-
vestigate the cellular origin of MFG-ES8 in
intestinal tissues. The intestinal epithelium
of healthy controls showed strong posi-
tive staining for MFG-E8 (Figures 3A, B).
MFG-E8 was present in both the surface
epithelium and crypts of normal intes-
tinal tissues. However, the intestinal ep-
ithelium of UC patients showed less
staining for MFG-E8 (Figures 3C-E). The
specificity of staining was confirmed by
the negative control (Figure 3F). Addi-
tionally, our TUNEL assay revealed in-
creased apoptotic cells in the epithelium
of the inflamed colon from UC patients
compared with normal colons from
healthy controls (Figure 4).

MFG-E8 in IEC Lines and Validation of
MFG-E8 Knockdown

MFG-E8 mRNA and protein is ex-
pressed in the IEC lines HT-29 and
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tion in HT-29 and Caco-2 cells. (E) Western blot analysis of cleaved caspase-3, BCL-2 and
BAX protein levels in IECs incubated with nMFG-E8 at different concentrations for 24 h.

Caco-2 (Figures 1A, 5A). In copGFP
lentiviral-transduced HT-29 and Caco-2
cells, transduction efficiencies were both
>90% (Figure 5B). After transduction
with LV-M, MFG-E8 mRNA levels were
decreased by 93.2% and 92.7% in HT-29
and Caco-2 cells, respectively, compared
with LV-C transduction (Figure 5C). As
well, MFG-E8 protein levels were de-
creased by 78% and 73% in HT-29 and
Caco-2 cells, respectively (Figure 5D).

MFG-E8 Has No Effect on Interleukin-8
Production Induced by Tumor
Necrosis Factor-a or Flagellin in IEC
Lines

The basal interleukin (IL)-8 mRNA
expression level with MFG-E8 knock-
down HT-29 and Caco-2 cells was similar
to that with LV-C transduction (Figures
6A, B). After stimulation with
100 ng/mL tumor necrosis factor (TNF)-
o (PeproTech Inc., Rocky Hill, NJ, USA)
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or flagellin (Enzo Life Science, Farming-
dale, NY, USA) for 12 h, IL-8 mRNA lev-
els were both upregulated in MFG-E8
knockdown cells and LV-C—transduced
cells. And IL-8 mRNA expression in-
duced by TNF-a or flagellin was not al-
tered in MFG-E8 knockdown IECs. To
further investigate the role of MFG-E8 in
flagellin-induced inflammatory response
in IECs, we used recombinant human
MFG-E8 (thMFG-ES8; R&D Systems, Min-
neapolis, MN, USA) to treat Caco-2 cells
(since Caco-2 is more responsive to fla-
gellin than HT-29) before flagellin addi-
tion. And preincubation with thMFG-E8
from 10 to 500 ng/mL for 12 h did not
alter IL-8 mRNA levels induced by fla-
gellin in Caco-2 cells (Figure 6C).

MFG-E8 Knockdown Promoted
Apoptosis in IEC Lines and Altered the
Expression of Apoptosis-Related
Proteins

Flow cytometry results demonstrated
that annexin V-positive cells signifi-
cantly increased in number in MFG-E8
knockdown IECs (Figure 7A). Hoechst
33342 staining revealed typical apopto-
tic cell changes, including nuclear
chromatin condensation and fragmenta-
tion, in MFG-E8 knockdown IECs
(Figure 7B). In Caco-2 cells, MFG-E8
knockdown decreased the mRNA and
protein levels of the antiapoptotic pro-
tein BCL-2 (Figures 8A, D). In HT-29
cell lines, BCL-2 expression was barely
detected (Figure 8D). The mRNA and
protein levels of the proapoptotic BAX
were both upregulated in HT-29 and
Caco-2 cells with MFG-E8 knockdown
(Figures 8B-D). MFG-E8 knockdown
was accompanied by induction of
cleaved caspase-3 protein in both two-
cell lines (Figure 8D). Addition of
rhMFG-ES8 led to a decrease of BAX and
cleaved caspase-3 protein levels in both
two-cell lines and an increase of BCL-2
protein level in Caco-2 cells (Figure 8E).
The effect of thMFG-E8 was dramatic at
high concentrations (100 ng/mL). In
HT-29 cells, BCL-2 was still barely de-
tected after incubation with rhMFG-E8
(data not shown).
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Figure 9. MFG-E8 knockdown attenuated IEC restitution in vifro. (A) Wound healing assay
of MFG-E8 knockdown HT-29 cells and cells tfransduced with control lentivirus. The mRNA
expression of TGF-B1 (B) and intestinal TFF3 (C) in MFG-E8 knockdown HT-29 cells is shown.

MFG-E8 Knockdown Impaired Wound
Healing and Downregulated Intestinal
Trefoid Factor 3 mRNA Expression

MFG-E8 knockdown greatly attenu-
ated wound closure of scratched HT-29
cell monolayers 24 h after wounding
(Figure 9A). In light of the crucial role of
transforming growth factor (TGF)-f1 and
intestinal trefoid factor 3 (TFF3) in IEC
migration and restitution, we determined
their mRNA expression in MFG-E8
knockdown cells. TGF-$1 mRNA levels
were not changed (Figure 9B), whereas
TFF3 mRNA levels were significantly re-
duced in MFG-E8 knockdown HT-29
cells (Figure 9C).

DISCUSSION

MFG-E8 expression was decreased in
inflamed mouse colons with colitis, and
recombinant MFG-E8 had a protective
role against inflammation. However, be-
cause of the lack of studies of MFG-E8
expression in humans with UC, we

investigated MFG-E8 expression in
colonic mucosal biopsies from UC pa-
tients and healthy controls. Several
studies revealed MFG-E8 expression in
mouse macrophages of the intestinal
lamina propria but not the intestinal ep-
ithelium (16,17). In the present study,
we detected positive staining for MFG-E8
in the human colonic epithelium of both
control subjects and UC patients, the
first evidence of MFG-E8 in human
IECs. This disparity may be partially
due to the low homology of MFG-E8 be-
tween the species (human MFG-E8
shares only 52% sequence identity with
mouse MFG-ES8) (22) but also due to the
conditions of different stages of colitis
since UC in humans is a chronic, relaps-
ing form of intestinal disorder. Addi-
tionally, we detected a high basal
mRNA and protein level of MFG-ES8 in
human colorectal cancer-derived IEC
lines HT-29 and Caco-2, whereas
MFG-E8 expression was absent at base-
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line in the murine colon cancer cell line
MC38 (23).

MFG-ES8 has been implicated in intes-
tinal homeostasis and inflammation in
animal models (16-18). Here we deter-
mined for the first time the expression of
MFG-ES8 in patients with UC. MFG-E8
mRNA and protein levels were lower in
inflamed intestinal biopsies from UC
than control biopsies. MFG-E8 staining
was decreased in the colonic epithelium
of UC patients. In UC patients, intestinal
MFG-E8 expression was inversely corre-
lated with Mayo disease activity index, a
well-established clinical calibrator for
disease severity (20). Also, MFG-E8 ex-
pression was lower in UC biopsies with
moderate or severe inflammation than
mild inflammation, which suggests a po-
tential negative correlation between his-
tology grading and MFG-E8 expression.
Our findings agree with previous find-
ings in mice of decreased production of
MFG-E8 in inflamed colons during the
initiation and acute phase of DSS-
induced colitis, with recovered expres-
sion during the healing phase (17).

IECs are a pivotal physiological bar-
rier between the environment and the
host. They play a key role in gut innate
immunity and contribute to inflamma-
tory progression in intestinal bowel dis-
ease by secreting various chemokines
and cytokines (24,25). Recombinant
mouse MFG-E8 administration attenu-
ated inflammatory mediator secretion of
macrophages induced by lipopolysac-
charide (LPS) in a NF-kB-dependent
manner (17). We wondered whether
MFG-ES is involved in the inflammatory
response of IECs. Because the IECs are
not well responsive to LPS, we used
TNF-a and flagellin (another TLR lig-
and) for IEC stimulation. We did not ob-
serve any changes in basal mRNA level
of IL-8 or IL-8 mRNA level induced by
TNEF-a or flagellin in IEC lines with
MFG-E8 knockdown. And preincubation
with thMFG-E8 did not change IL-8 lev-
els induced by flagellin in IECs. Maybe
this is due to different inflammatory re-
sponsive mechanisms in IECs from
macrophages and other cell types.



IEC apoptosis has a major role in intes-
tinal epithelial homeostasis and patho-
genic mechanisms (26). Increased IEC
apoptosis was observed in acute inflam-
matory sites of patients with inflamma-
tory bowel disease, which led to im-
paired intestinal barrier function and
contributed to disease development
(7,27). Here we showed increased IEC
apoptosis in patients with UC compared
with healthy controls by TUNEL in situ
apoptosis assay. We also confirmed that
MFG-E8 knockdown could promote
basal apoptosis in IEC lines, as sup-
ported by flow cytometry and the induc-
tion of cleaved caspase-3. A previous re-
port demonstrated that knockdown of
MFG-E8 with shRNA in human mela-
noma cells was associated with increased
apoptosis (28). Also, in chemotherapeutic
agent-resistant MC38 murine colon
cancer cells (cells surviving chemothera-
peutic agents and showing significant
MEFG-E8 expression), the addition of
anti-MFG-E8 antibodies potentiated the
lethality of chemotherapeutic drugs and
enhanced caspase-3 activation (23). We
found decreased mRNA and protein lev-
els of antiapoptotic BCL-2 and increased
levels of proapoptotic BAX in MFG-ES8
knockdown IECs. Addition of thMFG-E8
led to decreased BAX and cleaved
caspase-3 levels and induction of BCL-2
level in IECs. These results indicate a po-
tential underlying mechanism involved in
MFG-E8 knockdown-induced apoptosis.

The intestinal epithelium is exposed to
various stimuli, and IEC injury is constant
and inevitable. Especially in patients with
inflammatory bowel disease, repeated in-
testinal epithelial injury is typical (29).
During intestinal epithelium injury, IECs
rapidly depolarize and migrate to cover
the denuded area, independent of prolifer-
ation. This process is called restitution,
and rapid restitution is required to main-
tain the integrity of the intestinal barrier
(30). Using a classic in vitro wound healing
model to properly recapitulate the restitu-
tion of IECs after injury in vivo, we found
that MFG-E8 knockdown significantly at-
tenuated closure of scratch-wounded IEC
monolayers 24 h after wounding. In a pre-

vious study, recombinant mouse MFG-E8
administration accelerated murine IEC mi-
gration in vitro and in vivo (16).

Intestinal restitution is modulated by a
broad spectrum of cytokines and growth
factors. Among these, TGF-f1 plays a cen-
tral role (31-33). The beneficial effect of
many cytokines and growth factors in in-
testinal restitution depends on TGF-B1
because neutralizing TFG-f1 with the
anti-TGF-B1 antibody diminished their ef-
fect (33,34). However, we did not observe
any alterations in TGF-p1 mRNA level
after MFG-E8 knockdown in HT-29 IECs.

TFF3 is another crucial factor in intes-
tinal restitution and repair. It is a pro-
tease-resistant peptide secreted by goblet
cells of the small intestine and colon that
can promote IEC migration and intes-
tinal restitution through a mechanism in-
dependent of TGF-f31 (35-37). Colonic
TFF3 expression was found reduced in
trinitro-benzene-sulfonic acid-induced
rat colitis (38). In UC patients, reduced
TFF3 expression was more pronounced
with increasing disease severity (39). We
found TFF3 mRNA expression signifi-
cantly decreased in MFG-E8 knockdown
HT-29 IECs, which suggests a potential
molecular basis responsible for impaired
wound healing.

CONCLUSION

In summary, we confirmed the presence
of MFG-E8, important in maintaining in-
testinal barrier homeostasis and accelerat-
ing intestinal cell restitution, in the
human intestinal epithelium. And we fur-
ther demonstrated decrease of MFG-E8
and induction of apoptosis in IECs of pa-
tients with UC. We also showed that in-
testinal MFG-E8 expression in UC was in-
versely correlated with clinical disease
activity and histology grading. Our in
vitro studies confirmed the expression of
MFG-E8 in human colon cancer—derived
IEC lines and that MFG-E8 knockdown
could promote IEC apoptosis accompa-
nied by decreased level of the antiapopto-
tic protein BCL-2 and induction of the
proapoptotic protein BAX. MFG-E8
knockdown could attenuate wound heal-
ing of scratched IEC monolayers. The
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level of TFF3, a pivotal factor in intestinal
restitution and migration, was decreased
with MFG-E8 knockdown in IECs. We
suggest a pivotal role for MFG-ES8 in UC
pathogenesis. Decreased epithelial MFG-
E8 expression is a risk factor in inflamma-
tory bowel disease associated with in-
creased apoptosis and impaired wound
healing.
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