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Paneth cells at the base of small intestinal crypts of
Lieberkühn secrete host defense peptides and proteins, includ-
ing �-defensins, as mediators of innate immunity. Mouse Pan-
eth cells also express �-defensin-related Defcr-rs genes that
code for cysteine-rich sequence 4C (CRS4C)peptides that have a
unique CPX triplet repeat motif. In ileitis-prone SAMP1/YitFc
mice, Paneth cell levels of CRS4C mRNAs and peptides are
induced more than a 1000-fold relative to non-prone strains as
early as 4 weeks of age, with the mRNA and peptide levels high-
est in distal ileum and below detection in duodenum. CRS4C-1
peptides are found exclusively in Paneth cells where they occur
only in dense core granules and thus are secreted to function in
the intestinal lumen. CRS4C bactericidal peptide activity is
membrane-disruptive in that it permeabilizes Escherichia coli
and induces rapid microbial cell K� efflux, but in a manner dif-
ferent from mouse �-defensin cryptdin-4. In in vitro studies,
inactive pro-CRS4C-1 is converted to bactericidal CRS4C-1
peptide by matrix metalloproteinase-7 (MMP-7) proteolysis of
the precursor proregion at the same residue positions that
MMP-7 activates mouse pro-�-defensins. The absence of pro-

cessed CRS4C in protein extracts of MMP-7-null mouse ileum
demonstrates the in vivo requirement for intracellular MMP-7
in pro-CRS4C processing.

In mammals, antimicrobial protein and peptide genes are
expressed by differentiated cell lineages, including epithelial
cells and phagocytes, as endogenousmediators of innate immu-
nity (1–4). Of the twomajor mammalian antimicrobial protein
families, cathelicidins and defensins (2, 5), the defensins com-
prise three subfamilies of cationic peptides, each characterized
by a unique tridisulfide array (6, 7). The �-defensins are broad
spectrum microbicides that kill via membrane-disruptive
mechanisms (8–11) and are abundant in neutrophil azuro-
philic granules (12) and in dense core secretory granules of
Paneth cells, a secretory epithelial cell lineage that is restricted
to small intestinal crypts under normal conditions (13–15).

�-Defensins, termed cryptdins (Crps)6 in mice, are synthe-
sized as inactive precursors that must be processed into bacte-
ricidal mature forms (16–22). In the �-defensin precursors,
anionic proregions in the N-terminal moiety of pro-�-defensin
inhibit bactericidal peptide activity by apparent charge neutral-
ization of electropositive amino acids of the�-defensin compo-
nent (17, 23, 24). Inactive mouse �-defensin precursors are
converted to mature bactericidal peptides by matrix metallo-
proteinase-7 (MMP-7)-mediated proteolysis within the prore-
gionwhich releases inhibitory acidic amino acids from covalent
association with the �-defensin component (17, 19, 23, 25, 26).
Mouse pro-Crp activation occurs intracellularly in the Paneth
cell-regulated pathway (27, 28).
The two-exon�-defensin genes expressed by small intestinal

Paneth cells of rhesus macaque, mouse, and rat undergo exten-
sive duplication events and rapid diversification (29). In the
mouse, �-defensin genes duplicated and diversified further to
give rise to theDefcr-rs gene subfamily that codes for numerous
cysteine-rich sequence 4C (CRS4C) peptides that are unique to
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mice (30). Defcr-rs and �-defensin (Defcr) genes have similar
two-exon structures and normally are expressed only by Paneth
cells in mouse small bowel. The first exons of mouse Defcr-rs
and Defcr genes have �95% nucleotide sequence identity and
code for nearly identical proregions (31–33). Despite that
extensive identity, however, Defcr-rs gene second exons code
for Cys-rich, cationic CRS4C peptides that are not �-defensin
paralogs. Instead, they are characterized by seven repeats of a
CPX triplet motif that is unique to this defensin peptide sub-
family and found only in the mouse (32, 34) (see supplemental
Fig. S1). Native CRS4C peptides purified from mouse small
intestine exist as disulfide-stabilized homodimers and het-
erodimers that are antibacterial (33). However, details of their
expression patterns, post-translational processing, and mecha-
nisms of action remain obscure.
Here, we report that small intestinal levels of Paneth cell-

specific CRS4C mRNAs and peptides are markedly and differ-
entially elevated in the ileum of the SAMP1/YitFc mouse, a
strain prone to spontaneous ileitis (35). CRS4C peptides are
constituents of Paneth cell dense core granules and are selec-
tively expressed in distal small bowel, andMMP-7 is required to
process pro-CRS4C in vivo. MMP-7 can also activate pro-
CRS4C-1 in vitro by a mechanism similar to mouse pro-�-de-
fensin processing, converting inactive pro-CRS4Cmolecules to
bactericidal, membrane-disruptive peptides.

EXPERIMENTAL PROCEDURES

Animals and Tissue Preparation—SAMP1/YitFc mice are a
substrain derived fromSAMP1/Yitmice, originally provided by
Professor S. Matsumoto of the Yakult Central Institute for
Microbiological Research (Tokyo, Japan) (35), following 20
generations of sibling mating of the colony at the University of
Virginia. C57BL/6 mice were purchased from Charles River
Breeding Laboratories (Wilmington, MA), and all procedures
were performed in compliance with approved protocols of the
Institutional Animal Care and Use Committees of the Univer-
sity of California, Irvine and the University of Virginia.
For protein extractions, the ileum was removed from mice

euthanized by halothane inhalation, and organs were flushed
and homogenized on ice in 30% (v/v) acetic acid and incubated
overnight at 4 °C with continuous stirring (14, 28, 36, 37). Pro-
tein extracts were clarified by centrifugation, diluted 6-fold,
dialyzed using SpectraPor3 membranes (Spectrum Labs, Los
Angeles, CA) against 5% acetic acid, and lyophilized. Lyophi-
lized protein extracts were concentrated, resuspended in 5%
(v/v) acetic acid, and subjected to further purification using
preparative acid-urea polyacrylamide gel electrophoresis (AU-
PAGE) and reversed phase HPLC (38).
C57BL/6 mouse ileum was prepared for histochemical anal-

ysis by immersion in phosphate-buffered formalin fixative.
Fixed tissuewas processed into paraffin blocks and sectioned by
the Histology Laboratory, Department of Pathology and Labo-
ratory Medicine, University of California Irvine Medical
Center.
Preparation of Recombinant Pro-CRS4C-1 and CRS4C-1

Peptides—Recombinant pro-CRS4C-1(20–72) and deduced
mature CRS4C-1(54–72), corresponding to the Ala532Leu54
cleavage of pro-CRS4C-1 byMMP-7 (see supplemental Fig. S4),

were expressed in Escherichia coli as N-terminal His6-tagged
fusion proteins using pET-28a (Novagen, Madison, WI) as
described (17, 39). Pro-CRS4C-1 cDNA (GenBankTM accession
number NM_007847) was used as a template to amplify
sequences for cloning using forward primer petpro-CRS4cF
(5�-GCGCG AATTC ATGGA TTCTA TCCAA AAACA
CAGAT-3�) paired with reverse primer petCRS4cR (5�-
ATATATGTCGACTTATTTTGGATTGCATTTGCA-3�).
For deduced mature CRS4C-1, forward primer pET-LQDAA-
CRS4C-F (5�-ATATA TGAAT TCATG CTTCA AGATG
CAGCC-3�) and reverse primer petCRS4cR (5�-ATATA
TGTCG ACTTA TTTTG GATTG CATTT GCA-3�) were
used. The underlined codons in the forward primers denote
Met codons introduced to provide a unique CNBr cleavage site
within fusion proteins at theN termini of all expressed peptides
whose primary structures lack Met (10). PCR was performed
using GeneAMP PCR core reagents (Applied Biosystems, Fos-
ter City, CA) by incubating the reaction mixture for 94 °C for 5
min followed by 30 cycles of 94 °C for 30 s, 60 °C for 30 s, and
72 °C for 30 s followed by an extension reaction for 7 min at
72 °C. Amplification products were cloned in pCR-2.1 TOPO
(Invitrogen), verified by DNA sequencing, subcloned into pET-
28a plasmidDNA (Novagen), and transfected into E. coliBL21-
CodonPlus (DE3)-RIL (Stratagene, La Jolla, CA) for protein
expression.
Recombinant pro-CRS4C-1(20–72), CRS4C-1(59–72), and

Crp-5 peptides were expressed in E. coli as N-terminal His6-
tagged fusion proteins (1–5). As described above, peptide-cod-
ing amplified cDNAs were subcloned into the EcoRI and SalI
sites of pET28a (Novagen), transformed into XL-1 Blue cells
(Stratagene), and confirmed byDNA sequencing. Recombinant
protein expression was induced with 100 �M isopropyl-�-D-1-
thiogalactopyranoside for 6 h at 37 °C inTerrific Brothmedium
(10). Cells were subsequently deposited by centrifugation and
lysed by sonication in 6 M guanidine-HCl in 100 mM Tris-HCl
(pH 8.0), and the lysates were clarified by centrifugation.
His6-tagged fusion peptides were affinity-purified by selec-

tive binding to nickel-nitrilotriacetic acid resin affinity chroma-
tography and elutedwith 1M imidazole, 6M guanidine-HCl, 100
mMTris-HCl (pH 5.9) (10, 18). Fusion proteins were exposed to
10 mg/ml CNBr in 80% formic acid for 18 h at 25 °C, diluted
with water, and lyophilized. Cleavage products resuspended in
5% (v/v) acetic acid were separated by C18 and C4 reversed
phase HPLC with a gradient of acetonitrile and with 0.1% tri-
fluoroacetic acid as an ion-pairing agent. Peptide homogeneity
was confirmed by analytical AU-PAGE. The molecular masses
were determined bymatrix-assisted laser desorption ionization
mode mass spectrometry (MALDI-TOF MS) in a Voyager-DE
MALDI-TOF spectrometer (PE-Biosystems, Foster City, CA).
Quantitative Real-time PCR—Levels of Crp and CRS4C

mRNAs in mouse small intestinal segments were quantified by
real-time PCR analysis using an ABI PRISM SDS7000 sequence
detection system (Applied Biosystems). Total RNAwas isolated
using the RNeasy kit from Qiagen (Valencia, CA) as described
by themanufacturer. cDNAwas prepared by reverse transcrip-
tion using random hexamers (1 �g) and 10 ng of total RNA in a
final reaction volume of 20 �l containing 200 units of Super-
script (Invitrogen). Primers for measuring levels of mRNA
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were: CRS4C forward primer, 5�-CGCAG CCATG AAGAA
ACTTG-3� and reverse primer, 5�-GAATC AGCCT GGACC
TGGAA-3�; Crps, pan-Crp forward primer, 5�-AAGAG
ACTAA AACTG AGGAG CAGC-3� and reverse primer,
5�-GGTGA TCATC AGACC CCAGC ATCAG T-3�, which
amplify all mouse Crp mRNA sequences. PCR was performed
in triplicate using 10% (v/v) of the first strand synthesis in a total
vol of 50 �l that included 25 �l SYBR Green master mix
(Applied Biosystems) and a 250 nM final concentration of prim-
ers. The amplification of cDNAwas performed for 40 cycles by
a preset cycling program that included the generation of amelt-
ing curve. Thermocycling conditions were: (i) 50 °C for 2 min
(activation of AmpErase UNG); (ii) 95 °C for 10min (activation
of AmpliTaq Gold enzyme); (iii) 95 °C for 15 s (denaturation)
and 60 °C for 1 min (anneal/extend) for 40 cycles. The �CT
method was used to quantify relativemRNA levels as described
in User Bulletin 2 (Applied Biosystems), using 18 S RNA as the
reference and internal standard. A TaqMan primer probe set
for 18 S RNAwith the Vic/Tamra detection systemwas used to
measure 18 S RNA in replicate samples simultaneously.
The CRS4C primers were based on regions of identity in

small intestinal cDNAs or genes from 129/SvJ, C3H/HeJ, C3H/
HeN, NMRI/KI, FVB, and BALB/c mice. Those same primers
were used to clone and sequence �30 CRS4C cDNAs from
SAMP1/YitFc ileum, which were identical to reported CRS4C
cDNA sequences (32, 33), and CRS4C cDNA cloning frequen-
cies from SAMP1/YitFc mouse ileal RNA were very similar to
those from other inbred strains of mice. Thus, the primers are
appropriate for quantitation of CRS4C mRNA levels in varied
mouse strains, including the SAMP1/YitFc strain.
Preparation of CRS4C-1 and Crp-5 Peptide Antisera—The

immune antigens consisted of recombinant CRS4C-1(59–72)
and Crp-5 peptide pET-28a fusion proteins expressed in E. coli
(1–5), purified by affinity nickel-nitrilotriacetic acid affinity
chromatography, dialyzed, and lyophilized. For immunization
purposes, a single 7–15-month-old cross-bred goat (35–50 kg)
was immunized by subcutaneous injection of 1 mg of Crp-5 or
CRS4C-1 fusion proteins emulsified with Complete Freund’s
Adjuvant (Elmira Biologicals, Iowa City, IA) under conditions
approved by the Institutional Animal Care and Use Committee
of Elmira Biologicals. Six weeks after initial immunization,
goats were boosted by an injection of an additional 1 mg of
peptide antigen in the absence of adjuvant. Sera were collected
8–9 days after each antigen boost and tested for peptide spec-
ificity by immunoblotting and byWestern blots. Immunoglob-
ulin G (IgG) was isolated from antiserum by DEAE Econo-Pac
chromatography (Bio-Rad) as recommended by the manufac-
turer. Peptide specificity of the antibody was determined by
assessing immunoreactivity against recombinant proCRS4C-1,
mature CRS4C-1, pro-Crp-4, and mature Crp-4 immobilized
on nitrocellulosemembranes, with the antibody demonstrating
reactivity only with the proform and mature form of CRS4C-1
(data not shown).
Immunolocalization of CRS4C Expression in Mouse Small

Intestine—For immunohistochemical localization of CRS4C-1
in SAMP1/YitFc mouse, ileal segments were rapidly dissected
from SAMP1/YitFc and AKR mice at 10 weeks of age, fixed in
Bouin fixative, and embedded in paraffin as described previ-

ously (40). Deparaffinized tissue sections were incubated with
goat-anti CRS4C-1 (1:5000) and the reaction visualized using
horseradish peroxidase-conjugated donkey anti-goat second-
ary antibody (1:1500, Jackson ImmunoResearch Laboratories)
followed by diaminobenzidine precipitation. All sections were
counterstained with hematoxylin.
Immunolocalization of CRS4C-1 and Crp-5 in C57Bl/6

mouse small bowel was performed as before (28). Briefly, par-
affin sections of formalin-fixed mouse jejunum or ileum were
deparaffinized, treated 30 min with 0.3% H2O2, and washed
with water and phosphate-buffered saline. Sections were incu-
bated with normal rabbit serum for 30 min, with avidin D
blocking solution for 15 min, rinsed with phosphate-buffered
saline, and incubated 15 min with biotin blocking solution
(Vector Laboratories, Burlingame, CA). Slides were incubated
at ambient temperature with 1:1000 dilutions of goat anti-
CRS4C-1(59–72) or goat anti-Crp-5 immune antisera or with
corresponding preimmune sera, washed with phosphate-buff-
ered saline, incubated 30min with biotinylated rabbit anti-goat
IgG (1:2000), and washed. After a 15-min incubation with Vec-
tastain ABC peroxidase reagent (Vector), slides were washed,
flooded with diaminobenzidine, washed, and counterstained
before mounting.
For immunogold localization of CRS4C in Paneth cells,

C57BL/6micewere perfusedwithHanks’ balanced salt solution
and then with fixative containing 2% (v/v) formaldehyde and
0.1% (w/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at
37 °C. The ileum was excised, embedded in gelatin, cut into
100-�m-thick sections, and embedded in Unicryl (Ted Pella,
Redding, CA) at �20 °C as described (28, 41). Thin sections
were placed on nickel grids and stained on both sides with goat
anti-CRS4C-1(59–72) immune sera diluted 1:200 overnight at
4 °C, washed, and then reacted overnight at 4 °C with 1:20 pro-
tein G conjugated to 10 nm gold (EMS, Hatfield PA). The sec-
tions were then formvar- and carbon-coated, counterstained
with uranyl acetate and lead citrate, and evaluated with a JEOL
JEM 1200EX II electron microscope at 80 kV (42). Equivalent
dilutions of preimmune sera provided negative controls in all
experiments.
In Vitro Activation of Pro-CRS4C-1 by MMP-7—Recombi-

nant pro-Crp-4, Crp-4, pro-CRS4C-1, and CRS4C-1 peptides
were digested with MMP-7, and reaction mixtures were ana-
lyzed byAU-PAGEandbyN-terminal sequencing to determine
cleavage sites (18). Peptide samples (1.3 nmol) were incubated
with half-molar quantities of human MMP-7 catalytic domain
(Chemicon International, Temecula, CA) in buffer containing
10mMHEPES (pH 7.4), 150mMNaCl, and 5mMCaCl2 for 24 h
at 37 °C. Reactions were analyzed by AU-PAGE and subjected
to N-terminal peptide sequencing. Samples of complete digests
were subjected to five cycles of Edman sequencing reactions at
the former University of California Irvine Biomedical Protein
andMass Spectrometry Resource Facility on an ABImodel 477
system (American Biosystems, Inc., Foster City, CA) config-
ured with on-line phenylthiohydantoin-derivative amino acid
analysis as described (18, 28).
Preparative Acid-Urea PAGE—Total soluble proteins

extracted from SAMP1/YitFc (35, 40) and MMP-7-null mouse
ileawere separated by preparativeAU-PAGEusing amodel 491

Expression and Activation of CRS4C in Ileitis-prone Mice

MARCH 5, 2010 • VOLUME 285 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 7495



PrepCell device (Bio-Rad) as described (38). Lyophilized sam-
ples of protein extracts dissolved in 1ml of 3 M urea in 5% acetic
acid (v/v) were electrophoresed continuously on 12.5% AU-
polyacrylamide gels for 1 h at 100 V and subsequently 6 h at 250
V. Proteins were eluted from the anodal reservoir with 5% ace-
tic acid at a flow rate of 1ml/min, and effluent wasmonitored at
A230 nm. Samples of fractions containing resolved proteins
were analyzed by analytical AU-PAGE and visualized by stain-
ing with Coomassie Blue R-250 after fixation in formalin-con-
taining acetic acid/methanol (43).
Western Blot Analyses—Protein extracts and control pep-

tides resolved by AU-PAGE were transferred to 0.2-�m nitro-
cellulose membranes using a semidry apparatus, blocked, and
incubated with goat anti-CRS4C-1(59–72) immune IgG diluted
in Tris-buffered saline/Tween containing 5% (w/v) nonfat milk
at room temperaturewith agitation (27, 28).Washed blots were
incubated with peroxidase-conjugated rabbit anti-goat anti-
body diluted 1:60,000 in 10 mM Tris-HCl, 150 mM NaCl, 0.1%
Tween 20 for 1 h, washed, and developed using SuperSignal
chemiluminescent substrate (Pierce) with a 30–60-s exposure
(27).
Assays of Bactericidal Peptide Activity—Tomeasure bacteri-

cidal peptide activities, E. coli ML35 cells suspended in 10 mM

PIPES supplemented with 1% (v/v) trypticase soy broth were
incubated with recombinant pro-CRS4C-1, CRS4C-1, and
CRS4C-1 that had been linearized by reduction and alkylation
with iodoacetamide, usingCrp-4 as a positive control peptide as
described previously (17, 18, 44). Briefly, �1 � 106 exponen-
tially growing E. coli ML35 cells were incubated with peptides
orMMP-7 digests in 10mM PIPES (pH 7.4) supplemented with
1% (v/v) trypticase soy broth at 37 °C. After a 60-min incuba-
tion, 20 �l of each incubation mixture was diluted 1:2000 with
10 mM PIPES (pH 7.4), and 50 �l of the diluted samples was
plated on trypticase soy agar using a Spiral Biotech Autoplate
4000 (Spiral Biotech, Bethesda, MD). Surviving bacteria were
quantified as colony-forming units/ml on plates after incuba-
tion at 37 °C for 12 h (45).
Assays of Live E. coliML35Cell Permeabilization—Exponen-

tially growing E. coliML35 cells were washed and resuspended
in 10 mM PIPES supplemented with 1% (v/v) trypticase soy
broth and 2.5 mM 2-ortho-nitrophenyl �-D-galactopyranoside
(ONPG). Bacteria were exposed in triplicate to Crp-4, pro-
Crp-4, CRS4C-1, and pro-CRS4C-1 in the presence of 2.5 mM

ONPG for 2 h at 37 °C. E. coliML35 is a �-galactosidase consti-
tutive, permease-negative strain that cannot take up ONPG or
hydrolyze it to o-nitrophenol (ONP) unless permeabilized by
external factors, including defensins (17, 46). �-Galactosidase
hydrolysis ofONPGwasmeasured at 405 nmon a 96-well Spec-
tra-Max plate spectrophotometer (Molecular Devices, Inc.,
Sunnyvale, CA) as described (17, 46).
Potassium Efflux Assays—Exponentially growing E. coli

ML35 cells were washed with 10 mM PIPES (pH 7.4) and resus-
pended in 10 mM PIPES (pH 7.4), 0.1% (v/v) trypticase soy
broth. Samples containing 6.25 � 107 colony-forming units of
E. coli ML35 cells in a final volume of 250 �l and incubated at
37 °C were used in our experiments. Peptide-mediated potas-
sium efflux from cells was monitored at 10-s intervals after the
addition of 7 �M peptide (47) using an MI-442 potassium-se-

lective microelectrode (Microelectrodes, Inc., Bedford, NH)
and an MI-409F reference microelectrode (Microelectrodes)
both fitted to an Orion SensorLink PCM-700 pH/ISE meter
(48) To suppress electrode drift, the tip of the reference elec-
trode was fitted with a salt bridge containing 2 M NaCl in 1%
agarose.
Statistical Methods—Data were analyzed by pairwise t tests

using the pooled estimate of variance and Bonferroni’s correc-
tion of the p values for multiple comparisons. Differences were
considered significant at p � 0.05.

RESULTS

Dysregulation of Defcr-rs Gene Expression in Ileitis-prone
SAMP1/YitFc Mice—At �6–8 weeks of age, SAMP1/YitFc
mice develop a spontaneous ileitis that resembles many aspects
of humanCrohn disease (35). Gene expression profiling studies
provided evidence that certain Paneth cell-specific mRNAs
occur at markedly higher levels in SAMP1/YitFc mice prior to
histological evidence of ileal inflammation (data not shown).
For example, at 4 weeks of age, transcript levels of the Defcr-
rs10 gene, which codes for a CRS4C-4 peptide isoform (32, 33),
were already elevated �1000-fold in SAMP1/YitFc ileum rela-
tive to age-matched AKR and C57BL/6 mice, non-ileitis-prone
reference strains in which levels are inherently low (Fig. 1A).
Also, Defcr-rs10 gene expression was specific for the ileum,
with CRS4C mRNAs occurring at barely detectable levels in
jejunum. Using pan-Crp primers that amplify all knownmouse
�-defensins (see “Experimental Procedures”), a more modest
over all increase in Crp gene expression was evident beginning
at 4–5 weeks (Fig. 1B), coincident with the time course of
increased Paneth cell and intermediate cell numbers that char-
acterizes the SAMP1/YitFc strain (35, 40). In contrast to the
elevated Crp gene expression in SAMP1/YitFc ileum, overall
expression of Crps remained relatively stable as a function of
age in AKR mouse ileum. The time course for CRS4C mRNA
accumulation in SAMP1/YitFc ileum diverged markedly from
that seen for Crp-coding mRNAs. Increased expression of
CRS4C in SAMP1/YitFc ileum began by about 3–4 weeks of
age, prior to histologic evidence of inflammation, reaching the
highest levels during the inductive phase of inflammation,
between 5 and 10 weeks of age (Fig. 1C). Although levels of
CRS4C mRNA fell precipitously after inflammation became
chronic in SAMP1/YitFc mice, at age �10 weeks (35, 40), they
were still elevated compared with the non-ileitis-prone mouse
strains.
Abundant CRS4C Peptides in SAMP1/YitFc Mouse Ileum—

The unusual pattern of CRS4C expression seen in SAMP1/
YitFc mice coupled with the distinct behavior of expression of
the Defcr-rs genes relative to the Crp (Defcr) �-defensin gene
expression prompted us to investigate the levels and pattern of
CRS4C protein distribution in the intestine of the SAMP1/
YitFc mouse and additional inbred strains. By immunohisto-
chemical detection, the anti-CRS4C-1 antibody reacted with
Paneth cells in the small bowel of 10-week-old SAMP1/YitFc
mice (Fig. 2B). When staining was performed at low antibody
concentration, the intensity of the ileal Paneth cell immuno-
staining of SAMP1/YitFc mouse (Fig. 2B) was much more
intense than the staining of Paneth cells of AKR mice, a non-
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ileitis-prone strain (Fig. 2A). Also, in Western blots performed
on three individual AKR and SAMP1/YitFc mice, CRS4C-1
protein was not detected immunohistochemically in the prox-
imal intestine of either strain and was at undetectable levels in
AKR mouse ileum under those conditions (see supplemental
Fig. S2). Consistent with the results ofmRNAquantitation (Fig.
1A), CRS4C protein accumulates to markedly higher levels in
the distal small bowel.
CRS4C-1 and cross-reactive peptide isoformswere immuno-

localized exclusively to Paneth cells in the C57BL/6 mouse
small intestine (supplemental Fig. S3). However, a much higher
antiserum concentration than that used for SAMP1/YitFc
immunolocalization was required to detect CRS4C-1 in

C57BL/6 Paneth cells. Under these conditions, anti-CRS4C-1
reacted with Paneth cells in C57BL/6 mouse small intestinal
crypts (supplemental Fig. S3, A and B), with an intensity and
specificity similar to that of antisera for Crp-5 (supplemental
Fig. S3, C and D), consistent with in situ hybridization of
CRS4C-1 to mouse Paneth cells (32) and as reported for Crp-1,
Crp-4, and the pro-Crp proregion (14, 28, 49). The CRS4C pep-
tide family consists of many isoforms with conservative amino
acid substitutions (32, 33, 50), and the anti-CRS4C-1 serum is
likely to detect those variants as well as the original peptide
antigen.
The induction of ileal CRS4C peptide levels and the marked

accumulation of CRS4C peptides in SAMP1/YitFc ileum
reflected increased levels of CRS4C mRNA and preceded the
onset of ileitis. Nominal�10-kDa peptides were prepared from
protein extracts of ileum and jejunum from 4- and 10-week-old
SAMP1/YitFc mice using Centricon 10 centrifugal filtration
units (Millipore). The �10-kDa peptide fractions, along with
recombinant CRS4C and pro-CRS4C peptide controls, were
subjected toAU-PAGEWestern blot analysis withCRS4C anti-
serum (Fig. 2C). The resolved CRS4C peptide isoforms are
abundant in SAMP1/YitFc mouse ileum (Fig. 2C, lanes I) at
both ages examined and contrasts with the low levels detected
in jejunum (Fig. 2C, lanes J). CRS4C peptide immunoreactivity
in the SAMP1/YitFcmouse ileumwas present at 4 weeks of age
and continued to increase during the development of the acute
phase of ileitis, consistent with the increased expression of
CRS4C mRNA observed at this time (Fig. 1C).
CRS4C-1 in Paneth Cell Dense Core Secretory Granules—

CRS4C peptides are constituents of mouse Paneth cell secre-
tory granules as shown by subcellular location in mouse jeju-
num using a gold-conjugated second antibody. Anti-CRS4C-1
antibody reacted specifically with Paneth cell dense core gran-
ules (Fig. 3, A, B, and D) with negligible background staining
with preimmune serum (Fig. 3C). The electron-lucent halos of
Paneth cell granules, which are rich inO-linked GalNAc glyco-
conjugates (51), were not immunoreactive (Fig. 3C). Staining
was highly specific for the electron-dense region of secretory
granules (Fig. 3D), where peptide constituents are concentrated
in the regulated pathway. Thus, CRS4C peptides co-localize
with mouse enteric �-defensins (28) and, along with the varied
host defense molecules secreted by Paneth cells (13, 52), are
released into the small intestinal lumen to function in that envi-
ronment. The localization of CRS4C and �-defensins in Paneth
cell secretory granules and the extensive proregion sequence
identity of their precursors (32, 33, 50) suggested that CRS4C
and Crp proforms are processed by a similarMMP-7-mediated
mechanism (27, 28).
In Vitro Pro-CRS4C-1 Activation by MMP-7—To test

whether MMP-7 mediates in vitro activation of pro-CRS4C-1,
recombinant pro-CRS4C-1 and CRS4C-1 peptides were
exposed to MMP-7 and compared with the well characterized
MMP-7 conversion products of pro-Crp-4 (17, 18, 23, 27). In
vitro MMP-7 digestion products of pro-CRS4C-1 and pro-
Crp-4 were analyzed by AU-PAGE (43, 53), by direct N-termi-
nal sequencing of reaction mixtures, and for bactericidal pep-
tide activity (18). AU-PAGE analyses showed that the single
major product of pro-CRS4C-1 digestion with MMP-7 co-mi-

FIGURE 1. High ileal CRS4C mRNA levels in ileitis-prone SAMP1/YitFc
mice. A, CRS4C mRNA levels were measured by quantitative real-time PCR in
jejunum and ileum of 10-week-old AKR, SAMP1/YitFc, and C57BL/6 mice rel-
ative to 18 S rRNA using sequence-specific primers (see “Experimental Proce-
dures”). Filled bars denote levels in ileum, open bars are levels in jejunum. Data
are expressed as mean � S.D. with n � 4 mice/group. p 	 0.001 SAMP1/YitFc
ileum versus B6 ileum; p 	 0.0001 SAMP1/YitFc ileum versus AKR ileum. B, Pan-
eth cell �-defensin mRNA levels were measured at the ages indicated as given
in A. Levels in SAMP1/YitFc (filled squares) and AKR (open circles) mouse ileum
were compared using pan-Crp primers Defcrp130 and Defcrm380, which
amplify all known mouse Crps. Data are expressed as mean � S.D. with n �
4 – 6 mice/group. C, ileal CRS4C mRNA levels were measured as in B. Levels in
SAMP1/YitFc (filled squares) and AKR (open circles) mouse ileum were com-
pared using the CRS4C-specific primer set (“Experimental Procedures”). Data
are expressed as mean � S.D. with n � 4 – 6 mice/group.
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grated with recombinant CRS4C-1 (Fig. 4A, upper arrow). Sim-
ilarly, a singlemajor product resulted from pro-Crp-4 exposure
to MMP-7, and it co-migrated with mature Crp-4 as shown
before (17, 18, 23, 28).
To identify the major sites of proteolysis, pro-CRS4C-1 was

incubated withMMP-7, and theN termini of reaction products
were determined by five cycles of Edman sequencing reactions
(18). Three N-terminal sequences, VSFGD…, LQDAA…, and
LGWGR… were the most prevalent in the digests (see supple-
mental Fig. S4). These N termini correspond to proregion
cleavage events at Ser432Val44, Ala532Leu54 and
Ala582Leu59 in the precursor, the same sites cleaved in pro-
Crp-4 (17, 18) (see supplemental Fig. S4). Because theN termini
of mouse enteric �-defensins correspond to the Ala582Leu59
cleavage site (14, 27, 28), and the predominant N terminus of
native, purified CRS4C peptides (33) corresponds to the prod-
uct of Ala532Leu54 cleavage, we speculate that MMP-7 proc-
essing of pro-CRS4C molecules may be less efficient than pro-
�-defensin processing in vivo.
MMP-7 Proteolysis Activates Bactericidal Peptide Activity—

Generally, pro-�-defensins lack bactericidal activity until
cleaved by their convertases (17, 19, 22, 23, 54). To test whether
MMP-7 proteolysis is an activating conversion step, we assayed
the bactericidal peptide activity of pro-CRS4C-1(20–72) and
CRS4C-1(54–72) before and after incubation with MMP-7.
E. coli ML35 cell survival was unaffected by incubation with
untreated pro-CRS4C-1 (Fig. 4B), indicating that pro-
CRS4C-1, as all pro-�-defensins, lacks bactericidal activity.
However, digestion mixtures consisting of pro-CRS4C-1 incu-
bated with MMP-7 for 1 h at 37 °C reduced E. coli cell survival
by 99.9%, as observed for mature CRS4C-1 in the presence or
absence of MMP-7 (Fig. 4B). Fig. 4B is representative of three
independent experiments performed on different days.
CRS4C-1(54–72) has slightly greater activity in the presence of
MMP-7 than in its absence, suggesting that the LQDAAN ter-
minus of CRS4C-1(54–72) is somewhat attenuated relative to the
final CRS4C(59–72) product ofMMP-7 cleavagewhich terminates
in LGWGR (see supplemental Fig. S4). Thus, removal of the pro-
region fromcovalent associationwith theCRS4C-1(54–72) compo-
nent converts the precursor to an active form, even though the
three proregion digestion fragments remain in the assay mix-

FIGURE 2. Temporal and regional CRS4C peptide levels in SAMP1/YitFc
mouse small intestine. A and B, immunohistochemical staining of crypts of
the non-ileitis-prone AKR (A) and SAMP1/YitFc (B) mouse strains using anti-
CRS4C-1 antiserum (see “Experimental Procedures”). Arrows indicate strongly
immunopositive SAMP1/YitFc Paneth cells in B and AKR Paneth cells in A that
exhibit markedly lower levels of immunoreactivity. CRS4C peptides are prod-
ucts of Paneth cells in the intestinal crypts of both mice. C, age-related
appearance and regional distribution of CRS4C peptide accumulation deter-
mined for the SAMP1/YitFc mouse by Western blotting. Samples (0.50 mg) of
total organ protein-extracted jejunum (J) and ileum (I) of individual 4- or
10-week-old SAMP1/YitFc mice were separated by AU-PAGE as noted and
blotted onto a nitrocellulose membrane. The blot was subjected to Western
blot analysis using anti-CRS4C-1 IgG diluted 1:5 (see “Experimental Proce-
dures”). Recombinant pro-Crp-4 (leftmost lane) was a negative control pep-
tide, and recombinant CRS4C-1 and pro-CRS4C-1 provided positive controls
as shown by their strong immunoreactivity. Immunopositive bands that co-
migrate with recombinant CRS4C-1, indicated by the lower right arrow and
the curly brace, are readily detected in ileum of both 4- and 10-week-old
SAMP1/YitFc mice, with the intensity of the signal markedly increased by 10
weeks of age.
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ture. Because the predominant form of CRS4C isolated from
mouse small intestine had LQDAA at the N terminus (33), that
peptide was prepared and used to investigate the mechanisms
of action of this unusual peptide. These in vitro experiments
show the ability of MMP-7 to process pro-CRS4C-1 to the
mature deduced CRS4C-1 peptide and demonstrate that the
mature CRS4C-1 peptide is resistant to proteolysis by this
enzyme. Also, MMP-7 converts the inactive CRS4C-1 precur-
sor to a bactericidal peptide that is equivalent in activity to
mature CRS4C.
MMP-7 Processing of CRS4C Precursors in Vivo—To deter-

mine whether the in vitro activation by MMP-7 is predictive of
in vivo pro-CRS4C conversion, the status of CRS4C activation
was characterized in protein isolated from intact mouse small
bowel. Protein was extracted from the ilea of SAMP1/YitFc (35,
40) and MMP-7-null (28) mice (see “Experimental Proce-
dures”) and separated by preparative AU-PAGE (38), and the
levels of processed CRS4C-1 were evaluated by Western blot
analyses with CRS4C-1 antiserum. Processed Paneth cell �-de-
fensins were abundant in AU-PAGE separations of SAMP1/

YitFc protein extracts as judged by
their co-migration with Crp-4 (Fig.
5A, boxed region, 7th–11th lanes).
As expected, mature �-defensins
were not detected in MMP-7-null
ileal protein extracts as judged by
staining with Coomassie Blue (Fig.
5B) (27). AU-PAGE Western blot
analyses (55) of fractionated
SAMP1/YitFc mouse ileal proteins
(Fig. 5A) showed robust immunore-
activity of mature CRS4C peptides
that eluted from preparative
AU-PAGE slightly later than �-de-
fensins and co-migrated with
recombinant CRS4C-1 (Fig. 5C,
boxed region, 15th–20th lanes).
Consistent with the requirement for
MMP-7 in �-defensin activation
(27), mature CRS4C-1 peptides
were not detected in MMP-7-null
mouse extracts (Fig. 5D). Ileal pro-
teins from MMP-7-null mice con-
tained apparent CRS4C precursors
that eluted from preparative
AU-PAGE with lower mobility
(fractions 35 and later) as judged by
their immunoreactivity and co-mi-
gration with recombinant pro-
CRS4C-1 (data not shown). Collec-
tively, the results of these in vitro
and in vivo experiments implicate
MMP-7 as the in vivo activating
convertase for both pro-�-defensins
and the related CRS4C precursors
in mouse Paneth cells.
Mechanisms of CRS4C-1 Bacte-

rial Cell Killing—Disulfide stabili-
zation contributes to CRS4C-1 microbicidal activity against
certain bacterial targets. Although the disulfide pairings of
CRS4C dimers have not been determined definitively, the
dimer lacks free thiol groups, and evidence suggests that the
two monomer strands are oriented as parallel strands that are
stabilized by three or more intermolecular disulfide bonds.7
Because analyses of several �-defensins have shown that the
canonical �-defensin disulfide array is not required for bacteri-
cidal peptide activity (44), we tested whether the disulfide
bonding is a functional determinant in structurally distinct
CRS4C-1(54–72). Accordingly, CRS4C-1wasmodified by reduc-
tion and acetylation to eliminate all disulfide bonds, and its
bactericidal peptide activity was compared with native
CRS4C-1, with Crp-4 and pro-Crp-4, which served as respec-
tive positive and negative control peptides. In assays against
Vibrio cholerae and Staphylococcus aureus (Fig. 6, A and D),
both peptides were bactericidal, although the activity against S.

7 M. T. Shanahan, unpublished observations.

FIGURE 3. CRS4C protein localization to dense core secretory granules of mouse Paneth cells. Sections of
C57/BL6 mouse small intestinal tissue were incubated with preimmune (C) and anti-CRS4C-1 antisera and
anti-goat IgG secondary antibody conjugated with 10-nm gold particles (A, B, and D), as described under
“Experimental Procedures.” Magnification, �20,000 (A). Scale bars, 200 nm (all panels). Electron micrographs
show that the anti-CRS4C antibody reacts specifically with the electron-dense regions of Paneth cell secretory
granules (arrows).
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aureus was lower. However, disulfide bond disruption elimi-
nated the in vitro bactericidal activity against Salmonella
enterica serovar typhimurium CS022, S. typhimurium 14028S,
and Listeria monocytogenes (Fig. 6, C, E, and F) and attenuated
bactericidal activity against E. coli ML35 (Fig. 6B). These find-
ings are representative of assays performed two to three times
on different days. In summary, alkylation of CRS4C-1 resulted
in peptide bactericidal activity that differed with the microbial
cell target, being fully active against V. cholerae (Fig. 6A) but
abrogated against L. monocytogenes (Fig. 6C). Thus, although
the outcome of disulfide mutagenesis is attenuation of activity
against certain bacterial species, no generally applicable effect
can be drawn from these results. Because in both Crp-4 and
RMAD-4, Ala for Cys substitutions induce sensitivity to in vitro
proteolysis by their convertases (19, 44), we considered testing
for comparable effects on CRS4C. Although native CRS4C-1 is
not proteolyzed byMMP-7 (Fig. 4A), this peptide is highly sen-
sitive to trypsin and is degraded to such an extent that peptide
fragments cannot be detected (data not shown). Thus, unlike
�-defensins, which are inherently resistant to proteolysis (19,
44, 56), disulfide bonds in native CRS4C-1 do not confer com-
parable stability.
CRS4C(54–72) Mediates Membrane-disruptive Effects—Most

�-defensins mediate bactericidal effects via membrane-disrup-
tive mechanisms (8–11, 39, 57, 58). However, the strikingly
different primary and quaternary structures of CRS4C and
�-defensins suggested that CRS4C might kill bacteria by a dif-
ferent, perhaps unique, mechanism. To determine the mecha-
nismofCRS4C-1 bactericidal action, wemeasured the ability of
CRS4C-1 to permeabilize live E. coliML35 cells by monitoring
intracellular conversion of ONPG to ONP as a function of pep-

tide concentration and exposure
time (see “Experimental Proce-
dures” and Fig. 7A). As reported
previously (11, 23, 59), Crp-4
induced robust and rapid ONPG
conversion in E. coli at 1.5 and 3 �M

peptide concentrations, whereas
CRS4C-1 induced no ONP produc-
tion at those concentrations (Fig.
7A, upper panel, and data not
shown). CRS4C-1-mediated cell
permeabilization was evident at a
minimum peptide concentration of
6 �M, under which conditions nei-
ther precursor had detectable cell
permeabilizing activity (Fig. 7A,
lower panel). Also, the kinetics of
CRS4C-induced ONPG conversion
were markedly slower than for
Crp-4, and longer peptide exposure
times were needed for CRS4C-1 to
reach maximal ONP production
(Fig. 7A, lower panel). Thus,
although CRS4C-1 induces E. coli
cell killing via a membrane disrup-
tion mechanism, the distinct
CRS4C-1 dose response and kinet-

ics of ONP production suggest that its disruptive mechanisms
differ from those of Crp-4 and �-defensins.

The release or efflux of potassium ions from bacterial cells
indicates that cell membrane physiology is disrupted and that
the death of the organism has occurred (47, 48, 60). Accord-
ingly, we also assayed efflux of bacterial cell K
 as an index of
membrane-permeabilizing mechanisms of the CRS4C and
Crp-4 peptides. Extracellular K
 levels were measured over
time using an ion-selective electrode in incubation mixtures
containing bacterial cells mixed with CRS4C-1 or Crp-4 as well
as their respective precursors (see “Experimental Procedures”).
As predicted, neither precursor induced K
 efflux from E. coli
cells (Fig. 7B), but extracellular K
 levels increased substan-
tially in the presence of either of the mature peptides. As in the
ONPG conversion assays (Fig. 7A), 7 �M Crp-4 evoked a more
rapid K
 efflux from E. coli ML35 cells than equimolar
CRS4C-1 (Fig. 7B). Although CRS4C-1 and Crp-4 both disrupt
bacterial cell membranes, the reduced kinetics of CRS4C-1-
mediated K
 efflux suggest that its effects on E. coli viability are
less immediate than Crp-4-induced cell killing.

DISCUSSION

In themouse small intestine, enteric �-defensins and CRS4C
peptides are Paneth cell-specific products that are storedwithin
secretory granules for release into the crypt lumen. CRS4C-
codingDefcr-rs genes exhibit a pattern of expression that differs
both regionally and in relative abundance to that ofmouse Pan-
eth cell �-defensins, with the highest CRS4C mRNA levels
found in the ileum and barely detectable transcript and protein
levels in the proximal small intestine. The CRS4C expression
pattern resembles that of Crp-4 in that Crp-4mRNA levels also

FIGURE 4. In vitro enzymatic activation of pro-CRS4C-1 bactericidal activity by MMP-7. A, equimolar sam-
ples of recombinant Crp-4, pro-Crp-4, deduced mature CRS4C-1, and pro-CRS4C-1 were incubated overnight at
37 °C with (
) or without (�) 0.5-mol equivalents of MMP-7 and subjected to analytical AU-PAGE. Note that
MMP-7cleaves pro-Crp-4 as well as pro-CRS4C. Pro-CRS4C peptides are processed by MMP-7. B, exponentially
growing E. coli ML35 were exposed to mature CRS4C-1 (E) and pro-CRS4C-1 (F) as well as mature CRS4C-1 (ƒ)
and pro-CRS4C-1 (�) that were exposed to MMP-7 for 1 h at 37 °C. Surviving bacteria were quantified as
colony-forming units (CFU)/ml (see “Experimental Procedures”). The displayed result is representative of three
independent experiments. MMP-7 converts the inactive CRS4C precursor to a bactericidal peptide activity level
equivalent to that of mature CRS4C.
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are highest in Paneth cells of the distal small intestine (49).
Additionally, the levels of CRS4CmRNAand peptide aremark-
edly higher in Paneth cells of ileitis-prone SAMP1/YitFc mice

compared with non-prone strains. Furthermore, the increased
CRS4C expression in SAMP1/YitFc ileum occurs prior to any
histologic evidence of ileitis. Accordingly, we investigated the
mechanism of pro-CRS4C processing and its bactericidalmode
of action. Inactive pro-CRS4C peptides are processed by
MMP-7 in activating cleavage events that are identical to those
involved in the processing of pro-�-defensins. The absence of
processed enteric �-defensin and CRS4C peptides in MMP-7
nullmice demonstrates the in vivo requirement for this enzyme
in peptide processing. ONPG membrane leakage and potas-
sium efflux assays demonstrated that the mechanism of action
for CRS4C-1 occurs via membrane disruption, an activity that
pro-CRS4C-1 lacks.
Although MMP-7 activates both mouse enteric �-defensin

and CRS4C precursors at the same three residue positions, the
efficiency of MMP-7-induced cleavage at the Ser582Leu59 and
Ala582Leu59 sites in Crp-4 and CRS4C-1 sequences, respec-
tively, (Fig. 4) appears to differ. For example, native mouse
enteric �-defensins purified from intestinal tissue of wild-type
mice are fully processed, with Leu59 at the N terminus (28).
However, analyses of native CRS4C peptides detected CRS4C
peptides with Leu54 or Leu59 at their N termini, and peptides
with Leu54N termini weremore prevalent (16). Although the in
vitro digest products are the same, perhaps in vivo, MMP-7-

FIGURE 5. Analysis of in vivo processing of native CRS4C peptides. Acid
extracts of ileal organs from wild-type SAMP1/YitFc mice (A and C) and MMP-7
gene knock-out mice (B and D) were separated by preparative AU-PAGE and
analyzed in analytical AU-polyacrylamide gels by Coomassie Blue staining
(A and B) and Western blotting using anti-CRS4C-1 IgG (1:15) (C and D). Pep-
tide controls included pro-Crp-4 (PC4), CRS4C-1 (4C), and pro-CRS4C-1 (P4C),
and fraction numbers are denoted at the tops of the gels. Processed mouse
enteric �-defensins (A, boxed region) and immunoreactive, processed CRS4C
(C, boxed region) are found in wild-type mice but absent in MMP-7-null mice.
MMP-7 is required for native CRS4C processing in vivo.

FIGURE 6. Bactericidal peptide activities of native and alkylated CRS4C.
Exponentially growing V. cholerae (A), E. coli (B), L. monocytogenes (C), S.
aureus (D), S. typhimurium 14028s (E), and S. typhimurium CS022 (F) were
exposed to the peptide concentrations shown at 37 °C in 50 ml of 10 mM PIPES
buffer supplemented with 1% trypticase soy broth for 1 h. Following peptide
exposure, the bacteria were plated on trypticase soy broth and agar and incu-
bated overnight at 37 °C. Surviving bacteria were counted as colony-forming
units (CFU)/ml at each peptide concentration, and each panel is representa-
tive of three independent experiments. Values at or below 1 � 103 colony-
forming units/ml signify that no colonies were detected. F, Crp-4; E, pro-
Crp-4; ƒ, native CRS4C-1(54 –72); �, alkylated CRS4C-1(54 –72).
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induced cleavage at the Ala582Leu59 residue positions in
CRS4C precursors is less efficient than at the corresponding
position in mouse Paneth cell pro-�-defensins. It is possible
that the striking differences in primary, secondary, and tertiary
structures between CRS4C and Crps influence access to this
cleavage site and account for the difference in cleavage effi-

ciency. MMP-7 cleavage sites are defined by a sequence of pre-
ferred residues. Pro-Leu-Glu2Leu-Arg-Ala was shown to be
an optimal hexapeptide substrate for MMP-7-mediated prote-
olysis (61).WithArg at the P2�position, the Ser582Leu59 site in
mouse pro-Crp proregions appears to match the preferred
cleavage site sequence better than the corresponding site in
pro-CRS4Cs. Reduced binding affinity and/or a slower rate of
catalysis of CRS4C precursors due to a less optimal sequence
may account for the less efficientMMP-7-mediated processing
at this site.
Despite marked structural differences between the mature

peptides, the proregions of both the CRS4C and Crp peptide
families appear to have similar inhibitory roles. Pro-CRS4C and
pro-Crps are activated to bactericidal forms by MMP-7-medi-
ated cleavage of the proregion (Fig. 4), and assays of cell perme-
abilization and membrane-disruptive behavior (Fig. 7) show
that CRS4C-1 is active whereas its precursor is not (Fig. 4). It
seems remarkable that nearly identical prosegment sequences
are able to perform the same function on peptides with almost
no sequence or structural similarity. However, the high level of
electropositive charge common to the two peptide familiesmay
represent a feature that allows the proregions to neutralize
charge and inhibit interactions with electronegative bacterial
cell envelopes.
The inhibition of CRS4C membrane-disruptive activity by

the CRS4C proregion may provide a protective role in the Pan-
eth cell during peptide biosynthesis. �-Defensins interact with
model membranes and permeabilize and disrupt bacterial cell
membranes with electronegative surfaces (10, 62). CRS4C also
induces bacterial cell death and permeabilization by a similar
general mechanism (Fig. 7). The inner leaflet of eukaryotic cells
is enriched with phophatidylserine, and it has been proposed
thatmature�-defensinsmay perturb cellular innermembranes
during biosynthesis in the absence of a charge-neutralizing pro-
region (24). Proregion charge neutralization, therefore, could
attenuate certain of the cytotoxic properties of defensins, such
as the ability of HNP-1 to permeabilize K562 leukemia cell
membranes (20). The cytotoxicity of mature CRS4C has not
been characterized, but it appears reasonable to speculate that
pro-CRS4C proregions could mask potential cytotoxic
properties.
The CRS4C-coding Defcr-rs genes exist uniquely in the

mouse genome. Thus, the association of CRS4C overproduc-
tion with the development of ileitis in the SAMP1/YitFc mouse
model of Crohn disease cannot apply directly to human disease
per se. However, the extraordinary overexpression of these
highly cationic, disulfide-bonded peptides, e.g. CRS4C, pro-
vides a system for investigating the role of such Paneth cell gene
products in the induction or exacerbation of chronic intestinal
inflammation of relevance to human disease. Possibly, unusu-
ally high levels of CRS4C peptide secretion into the SAMP1/
YitFc mouse ileum could influence the composition of the
microbiome, leading to ileitis in these mice. Certainly, the rep-
ertoire of Crp peptides secreted by Paneth cells has profound
effects on the composition of resident small bowel flora (63).
It is equally plausible that the potential consequences of

CRS4C hyper abundance may not involve peptide-mediated
membrane disruption or direct effects of the peptide on the

FIGURE 7. CRS4C-mediated bactericidal peptide activity is mediated via a
membrane disruptive mechanism. A, E. coli ML35 cells were exposed to 1.5
�M (upper panel) and 6.0 �M (lower panel) pro-Crp-4 (E), Crp-4 (F), pro-
CRS4C-1 (ƒ), and CRS4C-1 (�) in the presence of 2.5 mM ONPG for 2 h at 37 °C.
Membrane permeabilization was measured spectrophotometrically at
A405 nm. Mature CRS4C-1 and Crp-4, but not their precursors, induce target cell
membrane leakage. B, membrane efflux of K
 from live E. coli cells was mea-
sured in response to peptide exposure as an index of membrane disruption
and cell death. Exponential-growing E. coli ML35 cells were incubated for 1
min in 10 mM PIPES (pH 7.4) supplemented with 0.1% (v/v) trypticase soy
broth and subsequently exposed to 7 �M pro-Crp-4 (E), Crp-4 (F), pro-
CRS4C-1 (ƒ), and CRS4C-1 (�) in the same buffer for 4 min at 37 °C. Extracel-
lular levels of potassium ions were measured using an ion-selective electrode
sensitive for K
 (see “Experimental Procedures”). Mature CRS4C-1 and Crp-4,
but not their precursors, induce K
 efflux of target cells.
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luminal flora. Rather, overexpression of this peptide could
induce inflammation by disrupting cellular homeostasis. For
example, in pro-HNP-1, the covalently associated proregion
greatly facilitates defensin folding by solubilizing and interact-
ing with the C-terminal, mature form of the peptide (64). Dis-
ruption of Paneth cell homeostasis by deficient autophagy (65–
67) or by severe disruption of the unfolded protein response
and the attendant induced apoptosis (68) increases sensitivity
to proinflammatory stimuli or causes fulminant ileitis, respec-
tively. Several observations are consistent with the disrup-
tion of cellular homeostasis in this model. First, CRS4C
peptide accumulation is already very high before ileitis is
histologically detectable in SAMP1/YitFc mice. Second,
SAMP1/YitFc mice are able to develop attenuated ileitis in
the absence of intestinal microflora (69). Third, the mem-
brane-active CRS4C peptide is highly unstable in solution
and folds inefficiently in vitro. These facts lead us to specu-
late that high intracellular levels of CRS4Cmay affect Paneth
cell ER homeostasis adversely, perhaps increasing sensitivity
to additional proinflammatory stimuli and initiating the ile-
itis. Therefore, although CRS4C is unique to the mouse, the
exceptionally high levels of CRS4C in SAMP1/YitFc mouse
ileum may influence inflammation by disrupting homeo-
static mechanisms common to all cells and thus have rele-
vance to the human condition.
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Amir, E., Teggatz, P., Barman, M., Hayward, M., Eastwood, D., Stoel, M.,
Zhou, Y., Sodergren, E., Weinstock, G. M., Bevins, C. L., Williams, C. B.,
and Bos, N. A. (2010) Nat. Immunol. 11, 76–83

64. Wu, Z., Li, X., Ericksen, B., de Leeuw, E., Zou, G., Zeng, P., Xie, C., Li, C.,
Lubkowski, J., Lu, W. Y., and Lu, W. (2007) J. Mol. Biol. 368, 537–549

65. Cadwell, K., Liu, J. Y., Brown, S. L., Miyoshi, H., Loh, J., Lennerz, J. K.,
Kishi, C., Kc,W., Carrero, J. A., Hunt, S., Stone, C. D., Brunt, E.M., Xavier,
R. J., Sleckman, B. P., Li, E., Mizushima, N., Stappenbeck, T. S., and Virgin,
H. W., 4th (2008) Nature 456, 259–263

66. Cadwell, K., Patel, K. K., Komatsu, M., Virgin, H. W., 4th, and Stappen-
beck, T. S. (2009) Autophagy 5, 250–252

67. Stappenbeck, T. S. (2009) Gastroenterology 137, 30–33
68. Kaser, A., Lee, A. H., Franke, A., Glickman, J. N., Zeissig, S., Tilg, H.,

Nieuwenhuis, E. E., Higgins, D. E., Schreiber, S., Glimcher, L. H., and
Blumberg, R. S. (2008) Cell 134, 743–756

69. Barnes, S. L., Vidrich, A., Wang, M. L., Wu, G. D., Cominelli, F., Rivera-
Nieves, J., Bamias, G., and Cohn, S.M. (2007) J. Immunol. 179, 7012–7020

Expression and Activation of CRS4C in Ileitis-prone Mice

7504 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 10 • MARCH 5, 2010


