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Abstract
The membrane-bound mucins, MUC17 (human) and Muc3 (mouse), are highly expressed on the
apical surface of intestinal epithelia and are thought to be cytoprotective. The extracellular regions
of these mucins contain EGF-like Cys-rich segments (CRD1 and CRD2) connected by an
intervening linker domain (L). The purpose of this study was to determine the functional activity
of human MUC17 membrane-bound mucin.

Methods—Endogenous MUC17 was inhibited in LS174T colon cells by stable transfection of a
small hairpin RNA targeting MUC17 (LSsi cells). The effect of recombinant MUC17-CRD1-L-
CRD2 protein on migration, apoptosis, and experimental colitis was determined.

Results—Reduced MUC17 expression in LSsi cells was associated with visibly reduced cell
aggregation, reduced cell–cell adherence, and reduced cell migration, but no change in
tumorigenicity. LSsi cells also demonstrated a 3.7-fold increase in apoptosis rates compared with
control cells following treatment with etoposide. Exposure of colonic cell lines to exogenous
recombinant MUC17-CRD1-L-CRD2 protein significantly increased cell migration and inhibited
apoptosis. As a marker of biologic activity, MUC17-CRD1-L-CRD2 proteins stimulate ERK
phosphorylation in colonic cell lines; and inhibition of ERK phosphorylation reduced the anti-
apoptosis and migratory effect of MUC17-CRD1-L-CRD2. Finally, mice treated with MUC17-
CRD1-L-CRD2 protein given per rectum demonstrated accelerated healing in acetic acid and
dextran sodium sulfate induced colitis in vivo. These data indicate that both native MUC17 and the
exogenous recombinant cysteine-rich domain of MUC17 play a role in diverse cellular
mechanisms related to cell restitution, and suggest a potential role for MUC17-CRD1-L-CRD2
recombinant protein in the treatment of mucosal inflammatory diseases.
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1. Introduction
Mucin-type proteins, categorized as secretory or membrane bound (1), are located at the
interface of epithelial surfaces and the environment. These proteins are thought to be
integral to the epithelial defense of respiratory, digestive, ocular, and reproductive surfaces.
The membrane-bound mucins are characterized by an extracellular region composed of a
short amino terminal domain, followed by a large, heavily O-glycosylated tandem repeat
domain which accounts in part for their protective function. This large (>4000 amino acids)
structural domain is followed by a globular region just proximal to the membrane that is
made up of two Cys-rich domains (CRD1 and CRD2), each with similarity to epidermal
growth factor (EGF)-like motifs, separated by a linker (L) domain containing a SEA (sea-
urchin sperm protein, enterokinase and agrin) module. C-terminal to the CRD1-L-CRD2
unit is a transmembrane segment followed by a small cytoplasmic domain. An overview of
this structure of MUC17 is shown schematically in Fig. 1. The related membrane-bound
mucin genes MUC3A/B, MUC12, and MUC17 are clustered on chromosome 7q22, and are
highly expressed in intestinal tissues at the apical surface of enterocytes. The mouse Muc3
gene (Shekels et al., 1998) is most similar in sequence and chromosomal localization to the
human MUC17 gene (Gum et al., 1997;Crawley et al., 1999;Williams et al., 1999).

We have previously shown that GST-tagged recombinant mouse Muc3-CRD1-L-CRD2
(also termed Muc3 EGF1, 2) inhibits cellular apoptosis and accelerates cell migration over
surfaces in vitro; and also promotes healing in mouse models of ulcerative colitis (Ho et al.,
2006). The Muc3-GST-CRD1-L-CRD2 protein does not directly activate EGF receptors, but
the specific mechanisms responsible for the actions of the mucin-derived recombinant
proteins have not been determined to date. These findings constitute the rationale for
studying the function of endogenous membrane-bound MUC17 mucin and the testing of a
human recombinant mucin protein containing a bivalent display of Cys-rich EGF-like CRD
domains for potential therapeutic use.

In the present work, we sought to determine: (1) if endogenous human MUC17
demonstrated biologic activity related to cell restitution in vitro; (2) if exogenous
administration of recombinant human MUC17-CRD1-L-CRD2 proteins stimulated cell
restitution processes in vitro; and (3) determine if recombinant human MUC17-CRD1-L-
CRD2 enhances healing of experimental colitis in vivo. The findings from these studies
begin to describe a CRD1-L-CRD2 unit from human MUC17 that is a candidate for further
development as a potential mucosal restitution agent for the treatment of inflammatory
bowel disease and other mucosal disorders.

2. Materials and methods
2.1. Recombinant proteins

Two MUC17 recombinant proteins were synthesized with either a GST or poly-His tag, as
described previously (Ho et al., 2010). The first is labeled human MUC17-CRD1-Linker
(L)-CRD2-GST (R-1 through S-260) containing a N-terminal GST tag, with the sequence:
(glutathione-S-transferase)-R T T T C F G D G C Q N T A S R C K N G G T W D G L K C
Q C P N L Y Y G E L C E E V V S S I D I G P P E T I S A Q M E L T V T V T S V K F T
E E L K N H S S Q E F Q E F K Q T F T E Q M N I V Y S G I P E Y V G V N I T K L R L
G S V V V E H D V L L R T K Y T P E Y K T V L D N A T E V V K E K I T K V T T Q
Q I M I N D I C S D M M C F N T T G T Q V Q N I T V T Q Y D P E E D C R K M A K E
Y G D Y F V V E Y R D Q K P Y C I S P C E P G F S V S K N C N L G K C Q M S L S G
P Q C L C V T T E T H W Y S G E T C N Q G T Q K S. The extracellular, globular region
of MUC17-CRD1-L-CRD2 coding region was amplified from human intestinal cDNA,
cloned into the pGEX-2TK vector (Amersham, Piscataway, NJ), sequenced, and introduced
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into E. coli strain BL21 (Invitrogen, Carlsbad, CA). GST-fusion proteins were then
expressed in E. coli by induction with 0.5 mM isopropylthio-beta-D-galactoside (IPTG;
Fisher, Pittsburgh, PA) and purified by affinity chromatography using glutathione agarose
(Sigma Chemical Co., St. Louis, MO), as described (Ho et al., 2010).

2.1.1. His-tagged fusion proteins
The second recombinant protein was labeled human MUC17-CRD1-L-CRD2His8 (R-1
through K-259) with a 5-residue extension (shown in low case), followed by a C-terminal 8-
His tag, with the sequence: M R T T T C F G D G C Q N T A S R C K N G G T W D G L K
C Q C P N L Y Y G E L C E E V V S S I D I G P P E T I S A Q M E L T V T V T S V K F
T E E L K N H S S Q E F Q E F K Q T F T E Q M N I V Y S G I P E Y V G V N I T K L R
L G S V V V E H D V L L R T K Y T P E Y K T V L D N A T E V V K E K I T K V T T Q
Q I M I N D I C S D M M C F N T T G T Q V Q N I T V T Q Y D P E E D C R K M A K E
Y G D Y F V V E Y R D Q K P Y C I S P C E P G F S V S K N C N L G K C Q M S L S G
P Q C L C V T T E T H W Y S G E T C N Q G T Q K slvyg H H H H H H H H. The
MUC17-CRD1-L-CRD2 coding region was amplified as previously described (Ho et al.,
2010). The PCR product was cloned into pCR2.1 and sequenced. The Muc17-CRD1-L-
CRD2 coding sequence was subcloned into pET28a using NcoI and XhoI to create pET28
Muc17. This construct expresses MUC17-CRD1-L-CRD2 with His6 tags on both the N and
C termini. This plasmid was transformed into BL21(DE3) bacteria. Freshly transformed
BL21(DE3) isolates were inoculated and grown overnight in 5 ml of LB + 100 μg/ml
kanamycin then induced with 1 mM IPTG. Induced cells were collected by centrifugation
and lysed by sonication in lysis buffer (50 mM Tris (pH 8.0), 100 mM NaCl, 5 mM EDTA,
0.5% (v/v) Triton-X-100, 0.1% (v/v) 2-ME, 100 μM PMSF). The lysate was centrifuged and
the insoluble fraction (inclusion bodies) was washed in lysis buffer. The resultant insoluble
protein was resuspended in PS buffer (50 mM Na2HPO4, pH 7.6, containing 100 mM NaCl)
by sonication and then dissolved with the addition of urea to 6 M (PSU buffer). The
solubilized protein was next purified by binding to PSU equilibrated Ni-NTA resin and
eluted with PSU + 0.5 M imidizole. The protein was re-folded by dialyzing in a 5kDa
molecular weight cut-off membrane against 100 volumes of 50 mM Tris (pH 8.2) and 137
mM NaCl with three changes of buffer. The yield of proteins synthesized in E. coli ranged
from 40 to 50 mg/l. The proteins were ∼95% pure based on SDS-PAGE analysis and N-
terminal sequencing. In addition, recombinant proteins were endotoxin-purified using
Detoxi-Gel Endotoxin Removal Gel (Pierce, Rockford, IL), which did not alter the activity
of the proteins. We have previously shown that MUC17-CRD1-L-CRD2 recombinant
protein is cleaved at the SEA domain within the linker region, and is reassociated when
purified. The GST- and 8-His-tagged proteins have molecular weights of 45–50 and 30–35
kDa, respectively, on reducing gels, and have been shown to have similar activity (Ho et al.,
2010).

2.2. Cell lines and cell culture
Several types of colonic cells lines were used for these experiments. LoVo cells are a human
colon cancer cell line known to respond to Muc3CRD protein as described previously (Ho et
al., 2006), and express ErbB1 and low level ErbB2 receptors (Magne et al., 2002; Nyati et
al., 2004). Colon cell lines commonly used as models of “normal” colon cells were used,
including the intestinal cell line IEC-6 (American Type Culture Collection (Manassas, VA))
and the Young Adult Mouse Colon (YAMC) cell line (Ho et al., 2006). YAMC are
conditionally immortalized mouse colon cells grown in RPMI 1640 supplemented with 5%
FCS + 50 U penicillin/ml and 0.05 μg streptomycin/ml (Invitrogen, Carlsbad, CA), as
described previously (Kaiser and Polk, 1997; Frey et al., 2004). YAMC cells have
previously been shown to respond to Muc3CRD protein and are known to express EGF-type
receptors (Ho et al., 2006). Cells were grown in 24-well plates for cell migration and

Luu et al. Page 3

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 August 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



proliferation experiments or T-25 flasks for immunoblotting experiments. Lovo and IEC-6
cells were grown using DMEM supplemented with 10% fetal calf serum + 50 U penicillin/
ml and 0.05 μg streptomycin/ml (Invitrogen, Carlsbad, CA). Cells were cultured at 37 °C,
5% CO2, 10% FCS until the desired confluence was reached. The monolayers were washed
with PBS 24 h before experiments and switched to serum-free media for cell migration and
immunoblotting experiments.

2.3. Antibodies
Anti-ERK 1 (C-16) and anti-phospho-ERK (E-4) were purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). The antibody against a MUC17 core protein (M17TR)
was used as described previously (Moniaux et al., 2006). Antibody against β-actin purchased
from Invitrogen (Carlsbad, CA).

2.4. Immunoblots
Cells were cultured on 6-well plates until confluency. Cells were then serum starved
overnight prior to treatment with recombinant mucin proteins, EGF, or BSA. After
designated time points total protein was extracted from cells with RIPA buffer (150 mM
NaCl, 1.0% NP-40, 50 mM Tris base (pH 8.0)) with the addition of Phosphatase Inhibitor
Cocktail Set V (sodium fluoride, sodium orthovanadate, sodium pyrophosphate,
decarbohydrate, β-glycerophosphate) (Calbiochem, San Diego, CA). After quantification by
DC Protein Assay (Bio-Rad, Hercules, CA) equal amounts of total protein were resolved by
10% SDS-PAGE and transferred to polyvinylidene difluoride membrane (Millipore,
Billerica, MA). Membranes were blocked with 5% nonfat milk in Tris-buffered saline (TBS)
(0.137 M NaCl, 2.68 mM KCl, 24.7 mM Tris base (pH 8.0)) for 1 h at room temperature.
The immunoblots were then incubated overnight at 4 °C with primary antibodies in TBS
plus 0.1% Tween-20 (TBST) and washed three times with TBST. The immunoblots were
then incubated for 1 h at room temperature with secondary antibody and washed three times
with TBST before being visualized by ECL (ThermoScientific, Rockford, IL).

2.5. Reverse transcriptase PCR
Cells were seeded onto T25 flasks, n = 3. When cells reached close to 85% confluency,
RNA was extracted with TRI Reagent (Ambion, Austin, TX) and then treated with
TurboDNase (Ambion, Austin, TX). RNA extract was reverse transcribed with M-MLV
(Invitrogen, San Diego, CA) and then screened for MUC17 with PCR. Forward primer:
GGG CCA GCA TAG CTT CGA. Reverse primer: GCT ACA GGA ATT GTG GGA GTT
CA (Russo et al., 2006). PCR product was viewed by gel electrophoresis.

2.6. Wound healing assay
Cells were seeded onto 6-well plates, coated with poly-L-lysine, and cultured until
confluent. When cells were 90% confluent, an area of cells was scraped with a razor,
producing a sharp, clean scrape. Several scrapes were made per well. Cells surrounding the
scrape were allowed to migrate over the scrape over 48 h in complete media. Cells were then
fixed and stained with Dip Quick (Jorgensen Laboratories, Loveland, CO). For Lovo cells
the number of cells migrated across the scrape were counted at 400×. For LS174T cells
photomicrographs were made at 1600× and area of cell migration determined using NIH
ImageJ program (http://rsbweb.nih.gov/ij/). For inhibition experiments, cells were pretreated
with the ERK inhibitor, U0126 (Calbiochem, San Diego, CA), when indicated, for 1 h in
fresh media followed by treatment with recombinant proteins.
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2.7. Apoptosis assay
Apoptosis was induced by incubating cells with either interferon gamma 100 ng/ml for 24 h
followed by removal of the interferon and the addition of anti-Fas antibody at 500 ng/ml for
48 h (R&D Systems, Minneapolis, MN) (Quirk et al., 1998), or 125 μM etoposide
(Calbiochem, San Diego, CA). Lovo cells were previously shown to be sensitive to anti-Fas
treatment (Ho et al., 2006), and LS174T cells were previously shown to be sensitive to
etoposide (Kouniavsky et al., 2002). Cells were pretreated with or without recombinant
proteins 1 h prior to addition of anti-Fas or etoposide. Cells were fixed in 4%
paraformaldehyde in PBS pH 7.4 for 5 min, then washed twice in PBS. The cells were
stained with the nuclear dye, Hoechst 33258 (Polysciences Inc., Warrington, PA), at a
concentration of 5 μg/ml in PBS for 30 min, rinsed, cover-slipped with Slowfade Antifade
(Molecular Probes, Eugene, OR), and then immediately imaged using an fluorescent
microscope. Apoptotic nuclei were identified by morphology (Fan et al., 1996). The total
number of normal and apoptotic nuclei were counted in three 400× lens fields per dish
(representing >200 nuclei per dish). Three or more dishes were used for each experimental
condition. In separate experiments LS174T cells were seeded at 1 × 106 cells/well in 6-well
plates. After 24 h treatment with or without etoposide all cells, floating and attached, were
collected and treated with Annexin V-FITC and propidium iodide. These were then
submitted for flow cytometry analysis. In addition, LS174T cells were seeded at 5 × 104

cells/well in 8-well glass chamber slides. After 24 h incubation at 37 °C cells were treated
with 125 μm etoposide for another 24 h. Cells were then fixed with 4% paraformaldehyde
and stained with Hoescht dye. Cells were imaged at 400× at random fields with a fluorescent
microscope. The number of apoptotic cells was compared to the total number of cells to find
the percent of apoptotic cells.

2.8. Endogenous MUC17 inhibition
The human colonic cell line LS174T was chosen because of high baseline expression levels
of MUC17 compared to other colonic cells lines, such as HT29, Caco2, LoVo, HCT15,
SW480, WiDr, and Colo 205 (S. Batra et al., unpublished observations). The LS174T cells
were stably transduced with a small hairpin RNA sequence, cloned and expressed in a
retroviral expression vector pSUPER.Retro (OligoEngine, Inc., Seattle, WA) secreted from
Phi-NX cells (293T cell-derived), targeting MUC17 expression, as described previously
(Chaturvedi et al., 2007). The MUC17-specific sequence was determined using the search
algorithm of Dharmacon's siDESIGN® Center
(http://www.dharmacon.com/DesignCenter/DesignCenterPage.aspx, Dharmacon, Lafayette,
CO) based on the previously reported sequence (Moniaux et al., 2006). Multiple controls
were used to test the efficacy of the MUC17 inhibition. This included using multiple
targeting sequences that resulted in knock down of MUC17 message and protein,
quantification of knockdown of both MUC17 mRNA and protein, and the use of a nonsense
scrambled small hairpin RNA sequence for an experimental control. Note that the MUC17
mRNA is too large to feasibly transfect to “rescue” the cellular changes caused by the
interfering RNA. Two different sequences were used to investigate knock down of MUC17
message and protein. Finally, a 19 nucleotide target sequence 5′-ATACCAACCTCGACTCTTA-3′
occurring 5445 downstream of the initiation codon was selected as the best candidate target.
This resulted in a cell line with a suppressed expression of MUC17, labeled LSsi. A second
small hairpin RNA with an unspecific scrambled sequence was used to create LSscram as an
experimental control. Targeted clones were identified by antibiotic selection, 3 μg/ml
puromycin (InvivoGen, San Diego, CA) for LSsi or G418 at 400 μg/ml (EMD Chemicals,
Calbiochem, Gibbstown, NJ) for LSscram. Reverse transcriptase PCR and immunoblotting
confirmed a decrease in MUC17 expression. Permanent cell lines were created by
continuous antibiotic selection with either puromycin or G418.
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LS174T cells were grown in MEM (Mediatech, Herndon, VA) supplemented with 10%
FBS, HEPES, non-essential amino acids, L-glutamine, sodium pyruvate, sodium
bicarbonate, and its corresponding antibiotic (Puromycin used at 3 μg/ml for Lssi, G418
(neomycin) use at 400 μg/ml for LSscram) maintained at 37 °C in 5% CO2 atmosphere.
Antibiotics were removed at least 24 h prior to experiments.

2.9. Morphology and cell aggregation
Cells were examined for morphological differences under light microscope grown in normal
tissue culture conditions. Cells were suspended in media at 2 × 105 cells/ml. 25 μl droplets,
containing 5000 cells each, were placed onto the inner surface of 35 mm Petri dish lids. The
lids were then inverted without disturbing the droplets and incubated for 30 h at 37 °C to
allow cells to aggregate. The droplets were viewed under the microscope at 40× and 100×
magnification.

2.10. Cell adhesion
Cells were seeded at 2 × 105 cells/well in 6-well plates in triplicates. After 5 h of incubation
at 37 °C, unattached cells were separated from attached cells. The number of unattached
cells was compared to the number of attached cells to find the percentage of cell adherence.
Cell viability prior to seeding was checked with trypan blue.

2.11. Doubling time and growth curve
LS174T cells were seeded onto 6-well plates at 5 × 104 cells/well and allowed to proliferate
over time. At each respective time point cells were trypsinized and counted by
hemocytometer. Cell doubling time was found by the formula: Td = 0.693 × t/ln(Nt/N0),
where t is the time, Nt is the number of cells at time t, and N0 is the number of cells at t0.
Cell growth was checked over 192 h to determine doubling time and the overall cell growth
curve.

2.12. Anchorage-independent growth in soft agar
Cells of different starting densities were suspended in warm agar (20% FBS, 0.3% agar, in
growth medium), mimicking growth in soft tissue. Cells were allowed to form colonies over
14 days at 37 °C. Cells were imaged and number of colonies formed in agar was counted
with the use of the NIH ImageJ program (http://rsbweb.nih.gov/ij/).

2.13. Subcutaneous tumor growth
1 × 106 cells were subcutaneously injected per site into 3-wk-old athymic Nu−/− female
mice from Harlan Laboratories, as described previously (Kuan et al., 1987). Each mouse
received injections at three separate sites. Mice received only either LSsi or LSscram cells.
Mice were given ready access to food and water. Tumors were allowed to grow for 15 days.
Tumor growth was monitored every other day with calipers. After 15 days the mice were
sacrificed and the tumors were extracted and weighed. The tumor volume was found by:
volume = (length × (width)2)/2.

2.14. Experimental colitis models
All experimental procedures were approved by the Institutional Animal Care and Use
Committee. Acetic acid colitis: Female CD-1 mice (20–30 g, Harlan Sprague-Dawley,
Indianapolis, IN) were fasted overnight and anesthetized with 3% isofluorane by inhalation.
As described previously, colitis was induced by intrarectal administration of 0.1 ml of 5%
acetic acid (Ho et al., 2006). The solutions were administered through a trocar needle
approximately 3 cm proximal to the anus. Mice were subsequently treated 12 and 24 h later
by intrarectal administration of 0.1 ml recombinant peptide in phosphate buffered saline or
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with 0.1 ml of control peptide in the same buffer at a similar concentration, using
isofluorane anesthesia. Then all mice were harvested at 30 h after induction of colitis (6–12
h after last treatment enema), and the distal colons were removed and examined for gross
ulceration and microscopic examination. This model has been described previously (Tomita
et al., 1995; McCafferty et al., 1997). Dextran sodium sulfate (DSS) colitis: Acute colitis
was induced in female CD-1 mice (20–30 g) by administration of 5% dextran sodium sulfate
(molecular weight 40,000–50,000, USB, Cleveland, OH) in drinking water, as previously
described (Okayasu et al., 1990; Cooper et al., 1993; Murthy et al., 1993; Ho et al., 2006).
After 7 days the DSS was removed from the drinking water. Mice were treated 24 and 48 h
after removal of DSS by intrarectal administration of 0.1 ml recombinant peptide in
phosphate buffered saline or with 0.1 ml of control peptide in the same buffer, using
isofluorane anesthesia. All mice were harvested at 72 h after removal of DSS and the colons
examined histologically. Histologic mucosal injury score: Resected colons were fixed in
10% buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and
eosin. The severity of mucosal injury was graded similarly to that described previously
(Okayasu et al., 1990; Murthy et al., 1993). The injury scale was graded from 0 to III, as
follows: grade 0: normal; grade I: distortion and/or destruction of the bottom third of glands
and focal inflammatory infiltrate; grade II: erosions/destruction of all glands or the bottom
two-thirds of glands and inflammatory infiltrate with preserved surface epithelium; and
grade III: loss of entire glands and surface epithelium. Specimens were examined without
knowledge of the experimental group. The total number of low power (10×) fields
exhibiting grade III colitis was determined for each specimen. An overall crypt damage
score was also calculated by giving grades I, II, and III scores of 1, 2, and 3, respectively.
Each low power field was graded, and the percentage of each specimen with each score was
calculated and added to give the final crypt damage score (range 0–3.00), as described
previously (Ho et al., 2006).

2.15. Statistical analysis
Mean ± SEM was calculated for variables in each experimental group and analyzed by
ANOVA and Student's t-test (two-tailed) or Fishers exact test, as appropriate. A p-value of
<0.05 was considered significant.

3. Results
3.1. Characterization of MUC17 knock down cell line LSsi

The LS174T colon cells exhibited high levels of endogenous MUC17 mRNA and therefore
was chosen to create a stably transfected cell line with MUC17 siRNA in order to
demonstrate whether endogenous MUC17 mucin may play a role in cellular behavior and
processes related to cell restitution. Both Western blot and RT-PCR screening for MUC17 in
LSsi and LSscram showed decreased MUC17 protein and mRNA expression in LSsi as
compared to LSscram (Fig. 2). LSsi and LSscram cells also exhibited morphological
differences in standard cell culture environment, with the LSsi cells appearing less
aggregated and demonstrating a reduced ability to adhere to plastic. The hanging droplet
environment forces cells to aggregate, as depicted in Fig. 3. Reduced MUC17 expression in
LSsi cells was associated with visibly reduced cell aggregation. Reduced MUC17
expression also resulted in a reduced cell adherence after cell seeding (LSscram 96.25% vs.
LSsi 91.67%, p < 0.002) (Fig. 3B). LSsi cells demonstrated a slightly increased doubling
time and a slightly slower growth rate (Fig. 3C) compared with LSscram cells. However,
when examining colony formation in soft agar and nude mouse tumorigenicity, no
significant differences were seen between the two cell lines (Fig. 4).
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3.2. Inhibition of endogenous MUC17 impairs anti-apoptosis and cell migration response
Exogenous recombinant MUC17 and Muc3 cysteine-rich domain protein has been shown to
stimulate cell migration in colon cells, and also inhibits apoptosis in response to toxins (Ho
et al., 2006, 2010). Similarly, reduction of MUC17 expression in LSsi cells was associated
with 67 ± 5% less migration than control LSscram cells over 48 h (p < 0.0001) in a wound
healing assay (Fig. 5A and B). Furthermore, LSsi cells demonstrated increased apoptosis
rates (6.53 ± 1.44%) compared with LSscram cells (1.75 ± 0.33%) following treatment with
etoposide (p < 0.002) (Fig. 5C).

3.3. Characterization of recombinant MUC17-CRD proteins
We have previously reported that a GST-tagged recombinant mouse Muc3 cysteine-rich
domain protein demonstrated anti-apoptotic and pro-migratory activity in colonic cell lines
(Ho et al., 2006); and that human recombinant MUC17-CRD1-L-CRD2 protein synthesized
with either a GST tag or a smaller poly-His tag inhibited anti-Fas-induced apoptosis and
enhanced migration of colonic cells across plastic (Ho et al., 2010). The recombinant
proteins used in this study were tested for biologic activity related to anti-apoptosis and
migration, and were verified to inhibit Fas-induced apoptosis in a dose-dependent manner
(Fig. 6A). Recombinant MUC17-CRD1-L-CRD2 at a dose of 10 μg/ml was also shown to
enhance migration of Lovo colonic cells across plastic to a similar degree as 10 ng/ml
purified EGF (Fig. 6B).

3.4. ERK phosphorylation as a marker of recombinant MUC17-CRD1-L-CRD2 activity
Since prior studies have indicated that exogenous agents may stimulate cell migratory and
anti-apoptotic pathways by ERK phosphorylation (Frey et al., 2004), we sought to determine
if exposure to exogenous MUC17-CRD1-L-CRD2 would give measurable ERK activation.
The differentiated colon cell lines IEC6 and YAMC were tested following treatment with
His-MUC17-CRD1-L-CRD2 derived from E. coli. As seen in Fig. 7A, MUC17 treatment of
IEC6 cells induced ERK phosphorylation above baseline by 30 min, which was blocked
with pretreatment with the ERK inhibitor U0176. This was tested in an additional colon cell
line, YAMC, which has been shown to respond to EGF exposure by stimulation of ERK
phosphorylation (Frey et al., 2004). As shown in Fig. 7B, MUC17-CRD1-L-CRD2 activates
ERK phosphorylation beginning at 5 min with maximal stimulation at 20 min, followed by a
decrease in ERK phosphorylation by 60 to 120 min. This is in contrast to more rapid ERK
phosphorylation induced by EGF 100 ng/ml. Note that EGF-stimulated tyrosine
phosphorylation has also been shown to dissipate in colon cell lines after 60 min of exposure
(Polk, 1995).

Due to the established effect of mucin CRD proteins in the Lovo human cell line (Ho et al.,
2006 and Fig. 6), we tested whether inhibition of ERK pathways altered the effect on cell
migration induced by His-MUC17-CRD1-L-CRD2 from E. coli. As depicted in Fig. 7C,
ERK inhibition by U0126 had no effect on EGF-induced cell migration, partially blocked
migration induced by 10% fetal calf serum (FCS), and completely blocked migration
induced by both His-tagged Muc3-CRD1-L-CRD2 and MUC17-CRD1-L-CRD2 proteins.
These data suggest that ERK phosphorylation can be used as a measure of mucin CRD
protein activity and that cell migration is induced at least in part via ERK-related cell
signaling pathways.

3.5. Exogenous MUC17-CRD1-L-CRD2 accelerates healing in experimental models of
colitis

Colitis was induced in mice using rectal infusion of acetic acid or by administration of DSS
in drinking water. Treatment of mice with GST-tagged MUC17-CRD1-L-CRD2 at 100 μg/
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dose per rectum at 12 and 24 h after acetic acid infusion resulted in a trend for reduced
overall crypt damage score and a significant improvement in the amount of severe or grade
III ulceration (Fig. 8A and B). A second experiment using smaller sized mice showed a
significant survival benefit of mice treated with the MUC17 protein given at 200 μg/dose
(Fig. 8C). Due to the deaths in the control animals in this experiment comparison of
histology was not performed. Similarly, mice treated with hisMUC17-CRD1-L-CRD2 (100
μg/dose) at 12, 24, and 36 h following induction of colitis with DSS exhibited significantly
improved crypt damage scores and length of severe grade III ulceration compared with
animals treated with control buffer alone (Fig. 9).

4. Discussion
Membrane-bound mucins such as MUC17 are highly expressed on the surface of intestinal
cells, but to date little is known about their function. We demonstrate that inhibition of
expression of endogenous MUC17 mucin in a high-MUC17 expressing cell line resulted in
an altered morphology, reduced cellular aggregation, increased susceptibility to apoptosis,
and reduced spontaneous cell migration, indicating the potential importance of endogenous
membrane-bound mucins in cellular processes related to cell–cell interactions and cell
restitution. Recombinant protein corresponding to the extracellular cysteine-rich EGF-like
domains of MUC17 stimulate ERK phosphorylation and result in enhanced cell migration
and inhibition of apoptosis in response to toxins, indicating that these domains of
membrane-bound mucins may be the active site for eliciting these processes.

Following intestinal injury the ability of cells to migrate and close a wound allows for
restitution of the epithelial barrier more rapidly than by enhanced proliferation. Increased
cell migration has been shown to occur in response to experimental intestinal injury and
peptic ulcer disease (Feil et al., 1987; Argenzio, 1999), and inflammatory diseases of the
bowel (Hermiston and Gordon, 1995; Karayiannakis et al., 1998). In addition, apoptosis is a
determinant of the amount of epithelial damage that occurs in inflammatory conditions
(Borges et al., 2005; Greten et al., 2004). Increased cell migration and anti-apoptosis are
often associated and share some common pathways (Ridley et al., 2003). Thus, agents that
enhance intestinal cell migration and reduce apoptosis are potentially therapeutic for
inflammatory bowel disease. A recombinant mouse GST-Muc3 cysteine-rich domain (CRD)
protein with two cysteine-rich EGF-like domains was previously shown to inhibit apoptosis
and stimulate cell migration in colonic epithelial cells, and was able to enhance healing of
experimental mouse models of colitis (Ho et al., 2006). We have now extended these studies
to demonstrate that the human ortholog of the mouse Muc3 cysteine-rich protein, MUC17-
CRD1-L-CRD2, has similar biologic activity in vitro, and have demonstrated that rectally
administered MUC17-CRD1-L-CRD2 is also effective in accelerating histologic healing in
mouse models of colitis. Taken together, these results indicate that full length human
MUC17 mucin-derived CRD protein produced in E. coli expression system is a feasible and
promising candidate for further development as a therapeutic for inflammatory bowel
disease targeting epithelial restitution.

The mechanisms whereby membrane-bound mucins and their cysteine-rich domains
influence cell migration and anti-apoptosis are largely unknown. We hypothesized that,
similar to other growth factors, recombinant MUC17-CRD1-L-CRD2 may act by
stimulating the raf/MEK/ERK pathway, which has been shown to function in anti-apoptotic
and pro-migratory pathways in response to growth factors in multiple cell types
(Dieckgraefe et al., 1997; El-Assal and Besner, 2005; Tan et al., 2008; Satoh et al., 2009).
We showed that recombinant MUC17-CRD1-L-CRD2 induced phosphorylation of ERK in
two colonic epithelial cell lines, and that pretreatment with an ERK phosphorylation
inhibitor blocked migration induced by Muc3CRD1-L-CRD2 and by MUC17-CRD1-L-
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CRD2 recombinant proteins. Unlike the EGF growth factor property of inducing cell
proliferation, the Muc3- and MUC17-CRD1-L-CRD2 proteins (EGF-like domains)
minimally stimulate cell proliferation (Ho et al., 2006, 2010). In addition, EGF-stimulated
cell migration was less susceptible to ERK inhibition compared with the mucin recombinant
CRD proteins, suggesting that EGF and mucin CRD protein pathways may be distinct.
There are numerous other parallel pathways related to apoptosis and cell migration that
could also be involved, including phospholipase C-gamma, phosphatidylinositol (PI) 3-
kinase/Akt, Src kinase, and p38 MAPK (Polk, 1998; Polk and Tong, 1999; Frey et al.,
2004). The finding of recombinant mucin CRD protein activation of ERK is similar to the
trefoil TFF2, which stimulates cell migration and activates ERK in bronchial epithelial cells
(Graness et al., 2002), but is in contrast to the activity of intestinal trefoil factor, or TFF3,
which has been shown to down-regulate ERK phosphorylation despite inducing cell
migration in intestinal cells (Kanai et al., 1998). The purpose of the present experiments was
not to fully test these possibilities, but rather show that at least one potential pathway related
to processes of cellular restitution is stimulated by the mucin recombinant proteins, which
may be used as an intermediate marker of activity for testing recombinant mucin proteins.
The entire range of cell signaling pathways that could be induced by the mucin proteins is
currently under investigation.

Therapeutic strategies aimed at improving the ability of the mucosal lining to restore itself
have been shown to have potential and may augment current treatments that are designed
primarily to inhibit the immune system. In this study we have shown that recombinant
human MUC17-CRD1-L-CRD2 given per rectum is associated with decreased histologic
colitis from both acetic acid-induced and dextran sodium sulfite-induced colitis. Because of
the effects on anti-apoptosis and cell migration established for this recombinant protein, we
believe that the beneficial effect is due to accelerated restitution of the epithelial barrier in
these models, however further studies are required to explore the potential effects of these
proteins in vivo. Targeting epithelial restitution has shown promising results with the use of
topical growth factors such as epidermal growth factor (EGF), recombinant trefoil proteins,
cell membrane components such as phospholipids, and intestinal energy sources such as
short chain fatty acids, indicating that approaches to enhance the mucosal barrier are feasible
(Taupin et al., 2000; Sinha et al., 2003; Hoffmann, 2004; Gibson and Muir, 2005). Agents
that enhance cell restitution may also be expected to increase the risk of neoplastic
transformation in the colon, however agents such as MUC17-CRD1-L-CRD2 which do not
stimulate cell proliferation as much as a EGF may be preferred because of a potential lesser
risk of neoplasia. Further animal and clinical trials will be necessary to delineate these risks.

Other mucin proteins have been implicated as playing a protective role in experimental
colitis. A mouse model with the deletion of the secretory Muc2 mucin demonstrated
enhanced susceptibility to colitis induced by dextran sodium sulfate (Van der Sluis et al.,
2006). A mouse model with deletion of the membrane-bound Muc1 mucin demonstrated no
alterations in intestinal function under normal germ free conditions, but was found to have
increased susceptibility to invasion and damage by the pathogenic bacteria, Campylobacter
jejuni (McAuley et al., 2007). Lastly, altering the glycosylation of mucin proteins, such as is
found in mouse models deleting core 3-type and core 2-type protein O-glycosyltransferases,
has been shown to confer increased susceptibility to colitis from dextran sodium sulfate (An
et al., 2007; Stone et al., 2009). Further gene deletion studies of more intestine specific
membrane-bound mucins, such as the mouse Muc3, are needed to establish the specific role
of membrane-bound mucins in colonic mucosal protection. In humans, the membrane-bound
mucin locus on Chromosome 7 may be included in the large area that has been demonstrated
to be linked to susceptibility to inflammatory bowel disease in large population linkage
studies (Satsangi et al., 1996), but no specific data linking mucin defects to colitis has been
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reported in humans to date. The relevance of various intestinal epithelial barrier functions to
inflammatory bowel disease susceptibility has been reviewed (McGuckin et al., 2008).

In conclusion, the data presented in this paper demonstrate that endogenous MUC17 plays
an important role in cell restitution processes, such as aggregation, apoptosis, and cell
migration. The data also demonstrate the efficacy of synthetic proteins derived from
cysteine-rich regions of the human MUC17 surface membrane mucin to promote restitution
of wounded colonic cells and accelerate healing in mouse models of colitis. Use of
recombinant mucin-related proteins for mucosal restitution may potentially augment current
therapies for inflammatory bowel disease and other mucosal diseases.
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Fig. 1.
Schematic representation of MUC17 protein structures. The MUC17 amino acid sequence is
comprised of a signal peptide, a large tandemly repeated central domain (TR), two EGF-like
domains, a SEA domain, a transmembrane domain (TM), and an 80 amino acid cytoplasmic
tail (Cyt). The recombinant proteins used are derived from the two Cys-rich domains (CRD1
and CRD2), separated by a linker (L) domain which includes the SEA domain. On this
figure CRD1 corresponds to the first EGF-like domain, the linker region corresponds to the
next domain that includes the SEA module, and CRD2 corresponds to the second EGF-like
domain.
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Fig. 2.
Expression analysis of MUC17. (A) RT-PCR for MUC17 mRNA expression in LSscram
and LSsi cells. RT-PCR performed with B-actin primers were used to indicate mRNA in all
lanes. (B) Western blot of cell lysates from LSscram and LSsi using anti-MUC17 antibody.
Protein lysates from were resolved on 2% agarose gel containing SDS and transferred
passively onto PVDF membrane. A unique band was revealed with a molecular weight
consistent with the 500 kDa expected for MUC17. Loading control indicated by
immunoreactivity using anti-actin antibody. Samples were tested in duplicate on two
different occasions with similar results.
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Fig. 3.
LS174T cell morphology, adhesion, and cell growth. (A) Cell morphology in standard cell
culture environment: 1600× magnification images of LSscram (a) and LSsi (d). Cell
aggregates in a droplet environment: LS scram at 40× (b) and 100× (c) magnification and
LSsi at 40× (e) and 100× (f) magnification. (B) Cell Adhesion assay. LS174T cells were
seeded at 2 × 105 cells/well into 6-well plates, in triplicate and performed twice. After 5 h of
incubation at the medium was aspirated and unattached cells were counted and expressed as
a percentage of total cells seeded, *p < 0.002 vs. LSscram. (C) Cell growth assay. LSsi and
LSscram cells seeded in triplicate onto 6-well plates at 5 × 104 cells/well and counted at 48
and 96 h. Mean ± SEM, *p < 0.002, **p < 0.01 vs. LSscram.
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Fig. 4.
(A) Colony formation in soft agar with different initial seeding densities. Cells were seeded
at indicated densities, allowed to incubate for 14 days at 37 °C, then the plates were imaged
and number of colonies counted with the use of ImageJ. n = 4 per initial seeding density.
Mean ± SEM. (B) Tumor size in nude mice over time after initial injection of 1 × 106 LSsi
cells per site (n = 9) and 1 × 106 LSscram cells per site (n = 9). Mean ± SEM. (C) Final
tumor weights after 15 days in LS scram (n = 9) and LSsi (n = 9), Mean ± SEM.
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Fig. 5.
Cell migration and apoptosis. (A) The number of cells migrating across a razor scrape
(arrow) was measured after 48 h at 37 °C; two images of LSscram cells and two images of
LSsi cells (1600×). (B) Surface area of migration over wound over 48 h measured by
computer imaging. (Mean ± SEM); *p < 0.00001. (C) Percent of apoptotic cells determined
by Hoescht dye staining with and without 24 h treatment with etoposide. LSsi and LSscram
cells were imaged at 400× at random fields. N = 4 per sample. Mean ± SEM. *p < 0.002 vs.
LSscram no treatment, p < 0.03 vs. LSsi + etoposide; **p < 0.008 vs. LSsi no treatment.
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Fig. 6.
(A) Apoptosis was induced in Lovo colon cells using anti-Fas. His-tagged MUC17-CRD1-
L-CRD2 (HisMUC17wt) inhibits Fas-induced apoptosis in a dose-dependent fashion. N = 4
per sample, *p < 0.001 vs. Fas Only treatment. (B) His-tagged MUC17-CRD1-L-CRD2
(hisMUC17wt) as well as His-tagged MUC17-L-CRD2 without CRD1, indicated as
trunMUC17, stimulated cell migration in Lovo colon cells, N = 6 per sample, *p < 0.01 vs.
serum free (sf). EGF at 10 ng/ml was a positive control for anti-apoptosis and cell migration.
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Fig. 7.
Activation of ERK cell signaling pathways. (A) IEC6 cells were treated with control serum-
free medium (SF) or E. coli MUC17-CRD1-L-CRD2His8 (10 μg/ml) for 5–30 min and
lysates were blotted with anti-phosphoERK1. Cells pretreated with ERK inhibitor U0126
before 15 min exposure to the MUC17 protein resulted in no phosphoERK1. The lower
molecular weight bands indicate coumassie-stained protein demonstrating equal loading of
gel. (B) YAMC cells were treated with control serum-free medium (SF. Lane 1); E. coli
MUC17-CRD1-L-CRD2His8 (10 μg/ml) for 5, 10, 20, 60 or 120 min (lanes 2–6); EGF (100
ng/ml) for 5 and 10 min (lanes 7 and 8); and BSA (10 μg/ml) for 5 and 10 min; and lysates
were blotted with anti-phosphoERK1. (C) Cell migration of Lovo cells treated with EGF (20
ng/ml), 10% fetal calf serum (FCS), Muc3-CRD1-L-CRD2 (hM3ecoli; 10 μg/ml), or
MUC17-CRD1-L-CRD2 (hM17ecoli; 10 μg/ml); with or without pretreatment with 10 μM
ERK inhibitor U0126 (u). *p < 0.01 vs. SF; **p < 0.01 vs. SF and p < 0.04 vs. hM3ecoli+u;
***p < 0.005 vs. SF and p < 0.02 vs. hM17ecoli+u. ERK inhibition has no effect on EGF-
induced cell migration, partially blocks migration induced by 10% fetal calf serum (FCS),
and completely blocks migration induced by both Muc3 and MUC17-CRD proteins.
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Fig. 8.
Colitis induced by acetic acid. Mice received 5% acetic acid per rectum at time 0, then
treated with PBS, GST control protein (100 μg/dose), or GST-tagged MUC17-CRD1-L-
CRD2 (gM17ecoli); 100 μg/dose per rectum at time 12 and 24 h. Mice were euthanized at
30 h for histologic examination of the distal colon for (A) crypt damage score and (B) length
of total (grade III) ulceration. *p < 0.056 vs. GST. (C) Survival experiment: mice were given
5% acetic acid per rectum at time 0, then treated with PBS buffer, GST control protein (100
μg/dose), or GST-tagged MUC-17 (gM17ecoli) protein at 200 μg/dose at 12 h and 24 h
(note mice treated with 100 μg/dose showed similar survival in previous experiment). Mice
were then euthanized at 30 h. In this experiment, 100% of mice treated with the MUC17
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protein survived, compared to 78% treated with GST, and 55% treated with PBS (*p =
0.032).
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Fig. 9.
Colitis induced by dextran sodium sulfate. Mice received 5% DSS for 5 days and then
received control buffer or hisMUC17-CRD1-L-CRD2 (hM17ecoli) (100 μg/dose) at 12, 24,
and 36 h. Mice were harvested at 48 h and distal colons examined. (A) Crypt damage score.
*p < 0.02 vs. control. (B) Total length of grade III ulceration. *p < 0.056 vs. control. (C)
Representative histology of undamaged distal colon crypts in mouse treated with
hisMUC17-CRD1-L-CRD2. (D) Representative histology of early grade III ulceration in
distal colon of control mouse treated with buffer only.
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