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Little is known about the regulation of the innate host defense
peptide cathelicidin at the mucosal surfaces. Expression is
believed to be transcriptionally regulated, and several cis-acting
elements have been identified in the cathelicidin putative pro-
moter. However, the trans-acting factors have not been clearly
defined.Wehave recently reported that bacterial exotoxins sup-
press cathelicidin expression in sodium butyrate-differentiated
intestinal epithelial cells (ECs), and this may be mediated
through inducible cAMP early repressor. Here we have shown
that cAMP-signaling pathways transcriptionally regulate cathe-
licidin expression in various ECs. cAMP-response element-
binding protein (CREB) and AP-1 (activator protein-1) bind to
the cathelicidin putative promoter in vitro. Additionally, tran-
scriptional complexes containing CREB, AP-1, and cathelicidin
upstream regulatory sequences are formedwithin ECs.We have
also shown that these complexes may activate cathelicidin pro-
moter and are required for its inducible expression in ECs. This
is underscored by the fact that silencing of CREB and AP-1
results in failure of ECs toup-regulate cathelicidin, andhepatitis
B virus X protein may use CREB to induce cathelicidin. On the
other hand, inducible cAMP early repressor competes with
CREB and AP-1 for binding to the cathelicidin promoter and
represses transcription, thus functioning as a counter-regula-
tory mechanism. Finally, both CREB and AP-1 were shown to
play major roles in the regulation of cathelicidin in sodium
butyrate-differentiated HT-29 cells. This is the first report of a
detailed mechanistic study of inducible cathelicidin expression
in themucosal ECs. At the same time, it describes a novel immu-
nomodulatory function of cAMP.

hCAP-18 is the only knownmember of the cathelicidin fam-
ily of small cationic antimicrobial peptides in humans that con-

stitutes an essential component of the host innate immune sys-
tem (1–4). It has direct microbicidal activities against a wide
range of bacteria, viruses, fungi, and protozoa in vitro (5–10). In
addition, its antimicrobial functions in vivo are significantly
contributed by multiple immunomodulatory properties (11–
13). The physiological importance of cathelicidin in host
defense is underscored by the increased susceptibility of the
knock-out animals, whereas the transgenics develop resistance
to various infections (14–18).
Cathelicidin is widely expressed by many cells and tissues of

the body (11, 19). Epithelial surfaces, such as the skin and the
mucosal and squamous epithelia of the gastrointestinal, respi-
ratory, and genitourinary tracts, are the major sites of catheli-
cidin function that includes homeostasis as well as immune
responses. Accumulating evidence suggests that the expres-
sion, which is either constitutive or modulated by external
stimuli, as well as the regulatorymechanisms, may be stimulus-
and tissue-specific (20–22). Thus, normal skin and the colonic
epitheliumexpress very low levels of cathelicidin, althoughhigh
basal expression is found in bone marrow, thymus, and several
other tissues (19, 22, 23). Inflammatory lesions have been
reported to increase its expression in the airway and cervical
epithelium as well as in the keratinocytes (19, 23, 24). In addi-
tion, cytokines and growth factors may regulate cathelicidin
expression in the skin epithelial cells (25–27). However, the
underlying mechanisms of regulation remain poorly under-
stood. On the other hand, pro- or anti-inflammatory cytokines
play no role in the regulation of cathelicidin expression in the
colonic epithelium (22).
It is generally believed that cathelicidin expression in differ-

ent tissues is transcriptionally regulated (1, 11, 28, 29).
Researchers have suggested complex regulation by both tran-
scriptional activators and repressors (30). Vitamin D3 has been
extensively studied for its role in the regulation of cathelicidin
in the keratinocytes and monocytes (31–33). It functions
through vitamin D receptor (VDR),2 a member of the nuclear
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hormone receptor superfamily that binds to the consensus
VDR element repeats over the cathelicidin promoter (34, 35).
Elegant studies published recently have demonstrated VDR-
mediated induction of cathelicidin in response to TLR2 activa-
tion (36, 37). On the other hand, sodium butyrate (NaB) so far
remains the most potent inducer of cathelicidin in the colon
epithelial cells (22, 38). Although researchers have described
several NaB-responsive elements in the cathelicidin upstream
regulatory region, efforts to identify specific trans-acting fac-
tors remain largely elusive (39). Recent reports have suggested a
role for intracellular signaling molecules like ERK1/2, p38
MAPK, and transforming growth factor-�1 kinase in NaB-me-
diated up-regulation of cathelicidin expression (38, 40), and it is
believed that histone deacetylase inhibition by NaB may also
contribute to this effect (21, 41). Several pathogenic microor-
ganisms have been demonstrated to either up- or down-regu-
late cathelicidin in the mucosal ECs (5, 22, 42), and we have
recently reported that bacterial exotoxins markedly suppress
cathelicidin expression in the differentiated intestinal ECs in
vitro and in vivo in a cAMP-dependent mechanism (43).
Activation of cAMP-signaling pathways involves accumula-

tion of cAMP secondmessenger inside the cells and subsequent
phosphorylation of the cellular kinases (44). Protein kinase A
(PKA) is the best known cAMP effector that regulates tran-
scriptionmainly through direct phosphorylation and activation
of the bZip family members CREB, CREM �, and ATF1. Acti-
vated bZip family transcription factors bind the consensus
cAMP-response element (CRE) sequences over the promoters
of the cAMP-responsive genes (45, 46). A similar sequence
called AP-1-response element/TPA-response element (ARE/
TRE) is occupied by activated AP-1 family proteins c-Fos and
c-Jun. These molecules may be transcriptionally induced by
CREB (47) or regulated post-translationally through phospho-
rylation by MAPKs (48), which extensively cross-talk with the
cAMP-PKA pathway. Although p38MAPK is usually activated
by cAMP, JNK and ERK may be either positively or negatively
regulated (49, 50). Activated ERK and p38 MAPK in turn may
phosphorylate CREB. CRE- and ARE/TRE-binding factors also
include several transcriptional repressors. Although themajor-
ity of them (CREM�, -�, and -�, E4BP4, and CREB2) are regu-
lated via phosphorylation by PKA, a group of CREM family
members known as ICER is stringently controlled at the tran-
scriptional level by CREB and an autoregulatory feedback
mechanism (45, 46). Our previous studies have suggested that
ICER may be involved in the transcriptional repression of
cathelicidin (43).
Here, we have studied transcriptional regulation of cathelici-

din by cAMP signal transduction pathways. We have exten-
sively investigated the role of CREB, AP-1, and ICER in cAMP-

induced regulation of cathelicidin expression in the mucosal
epithelial cells. In addition, we have also studied their role in
NaB-regulated cathelicidin expression.

EXPERIMENTAL PROCEDURES

Cathelicidin—Cathelicidin is a family of small cationic anti-
microbial peptides, the sole member of which in humans is
called hCAP-18 (human cathelicidin antimicrobial peptide 18)
(Scheme 1). The full-length molecule is synthesized in the cells
and storedwithin vesicles. It is cleaved off by protease 3, and the
mature 37-amino acid-long peptide (LL-37) with antimicrobial
functions is secreted outside the cells.
Cells and Reagents—HT-29 (HTB-38), Caco-2 (HBT-37),

INT-407 (CCL6), and A459 (CCL-185) cell lines were pur-
chased from the American Type Culture Collection (ATCC).
Sodium butyrate (NaB), purified cholera toxin, 8-bromo-
cAMP, N6,2�-O-dibutyryladenosine-cAMP, forskolin (FSK),
2�,5�-dideoxyadenosine (DDA), prostaglandin E2, actinomycin
D (ActD), and (Rp)-cAMP were purchased from Sigma. Heat-
labile toxin (LT) of enterotoxigenic E. coli was a generous gift
from Dr. T. Hamabata of the International Medical Center of
Japan, Tokyo. Cathelicidin antibody was procured from Santa
Cruz Biotechnology, and CREB, c-Jun, and c-Fos antibodies and
their respective phosphoantibodieswere purchased fromCell Sig-
naling Technology. Synthetic inhibitors (U0126, SB203580,
MG132, and JNK inhibitor II) were procured from Calbiochem.
Oligonucleotides for the cloning of c-jun (FP, 5�-GAATTCATG-
ACTGCAAAGATGGAAACG-3�; RP, 5�-CTCGAGGACGGT-
CTCTCTTCTAAATG-3�), c-fos (FP, 5�-GGAATTCATGATG-
TTCTCGGGCTTCAACGC-3�; RP, 5�-CTCGAGTCACAGGG-
CCAGCAGCGTGGGTG-3�), and cathelicidin upstream
regulatory sequences (FP1, 5�-TAGATGGAGCAGAGCCTTC-
G-3�; FP2, 5�-CTGTTACCCAGGCTGGAGTG-3�; FP3, 5�-
CTGCTTCCCGGGTTCAATG-3�; FP4, 5�-TACAGGTGTGA-
GCCATCATG-3�; FP5, 5�-CTTGAGCACCCCTGGCTATGA-
C-3�, and RP, 5�-GGCCCAGCAGCAGGAGCACCA-3�) were
custom-synthesized from IDT. Primers for qPCR amplification
of cathelicidin (FP, 5�-CCAAGCCTGTGAGCTTCACAG-3�;
RP, 5�-GGACTCTGTCCTGGGTACAAG-3�), CREB (FP, 5�-
ATGACCATGGAATCTGGAGC-3�; RP, 5�-TTAATCGGA-
TTTGTGGCAG-3�), c-jun (FP, 5�-ACAGAGCATGACCCT-
GAACC-3�; RP, 5�-CCGTTGCTGGACTGGATTAT-3�),
c-fos (FP, 5�-GAATCCGAAGGGAAAGGAA-3�; RP, 5�-CTT-
CTCCTTCAGCAGGTTGG-3�), and ICER (FP, 5�-TGGAGA-
TGAAACAGATGAGGAA-3�; RP, 5�-TCTCTGAGGGCCT-
TGAGTTC-3�) were also received from IDT.
Cell Culture and Stimulation—All the cell lines were cul-

tured in DMEM (Invitrogen) supplemented with 10% fetal

element; qRT, quantitative reverse transcription; ELISA, enzyme-linked
immunosorbent assay; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; DMEM, Dulbecco’s modified Eagle’s medium; PBS, phosphate-
buffered saline; HRP, horseradish peroxidase; ERK, extracellular signal-reg-
ulated kinase; MAPK, mitogen-activated protein kinase; MEK, MAPK/ERK
kinase; DDA, 2�,5�-dideoxyadenosine; ActD, actinomycin D; JNK, c-Jun
NH2-terminal kinase; HBX, hepatitis B virus X; siRNA, small interfering RNA;
TRE, 12-O-tetradecanoylphorbol-13-acetate-response element; CREM,
cAMP-response element modulator; FP, forward primer; RP, reverse prim-
er; LT, heat-labile toxin.
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bovine serum, 2 mmol/liter L-glutamine, 100 units/ml penicil-
lin, and 100�g/ml streptomycin (Invitrogen). For experimental
purposes, 2 � 105 cells were seeded in each well of a 24-well
plate and allowed to grow. Cells near confluence were cultured
overnight in serum-free DMEM before the experiment except
for NaB treatment where 1-day post-confluent cells were cul-
tured in serum-free DMEM for 48 h in the presence of NaB
(4 mmol/liter).
Total RNA Extraction and cDNA Synthesis—Total RNA was

extracted with TRIzolTM reagent (Invitrogen) following the
manufacturer’s instructions. cDNA was prepared from 2 �g of
extracted RNA using Superscript II reverse transcriptase
(Invitrogen) following the standard protocol.
SYBR-Green� Real Time PCR—Real time quantitative PCR

was performed using ABI7300 (Applied Biosystems). Relative
quantitationwas done by the comparativeCTmethod. PCRwas
performed with SYBR Green� Mastermix (Applied Biosys-
tems), where SYBR green is the fluorescent reporter. The inter-
nal control gene GAPDH was amplified simultaneously in sep-
arate reaction tubes. To eliminate primer dimers, the
fluorescent signal was collected at a temperature of 82 °C,
where the primer dimers melted, but the PCR products were
still in their double-stranded form, thereby emitting fluores-
cence. The reaction conditions were set as follows: initial heat-
ing at 95 °C for 5min, followed by 40 cycles of reactions at 95 °C
(1 min), followed by 62 °C (2.5 min), and finally 82 °C (45 s).
Final extension was carried out at 62 °C for 8 min. Threshold
cycle number (CT) of triplicate reactions was determined using
the ABI-SDS software, and the mean CT of triplicate reactions
was determined. The levels of expression of the genes of inter-
est were normalized against GAPDHusing the formula 2���CT,
where ���CT � �CT (sample) � �CT (calibrator) and �CT is
the CT of the target gene subtracted from the CT of the house-
keeping gene (GAPDH). The calibrator used in our experi-
ments was the unstimulated HT-29 and A549 cells.
Cloning and Expression—CREB and dominant negative

CREB (dnCREB) constructs were the generous gifts fromMarc
Montiminy (Salk Institute), and the ICER expression construct
was kindly provided by P. Sassone-Corsi (University of Califor-
nia, Irvine). c-jun and c-fos were PCR-amplified from cDNAs
derived from HT-29 cells using Pfu TurboTM (Stratagene).
Cathelicidin putative promoter sequences and the deletion
mutants were also amplified by PCR. Amplified DNAs were
cloned into pBluescriptSK� (Novagen). Positive clones were
selected by blue-white screening and confirmed by sequencing
in an ABI automated sequencer. Overexpression constructs of
all the above genes were generated by subcloning the DNAs
into the pIRES-hrGFP vector (Stratagene), and the reporter
constructs of cathelicidin promoter sequences were generated
by subcloning the latter into the pGL3-Basic vector (Promega)
upstream of the luciferase gene. Expression construct of hepa-
titis B “X” gene (HBX) was generated by PCR amplification of
the gene using a clone of hepatitis B viruswhole genome (kindly
provided by Dr. Hidenori Shiraha, Okayama University, Japan)
as template, followed by cloning into pBluescriptSK� and
finally subcloning into pcDNA3.1 vector (Invitrogen).
Transient and Stable Transfection—Transfection of HT-29

cells was done using Lipofectamine 2000 (Invitrogen) following

the manufacturer’s instructions. Briefly, cells (1 � 105/well)
were seeded in 24-well plates 18 h prior to transfection and
cultured in DMEM supplemented with 10% fetal bovine serum
but no antibiotics. Cells in each well were incubated with trans-
fectionmix containing 0.75 �g of total DNA for 6 h followed by
addition of complete DMEM. Transient transfection was
checked after 48 h. HepG2 cells stably expressing HBX were
generated by transfecting the cells as described above followed
by selection with G418 (600 �g/ml) for 4 weeks.
Reporter Assay—Reporter assay was done 48 h post-transfec-

tion using dual luciferase assay kit (Promega) following the
manufacturer’s protocol. Briefly, cells were washed with PBS
followed by lysis with 1� passive lysis buffer (Promega). The
lysate was cleared by brief centrifugation, and firefly luciferase
reporter activity in the clear supernatant was measured with a
luminometer (Berthold). Renilla luciferase activity in the same
lysate was used as transfection control.
ELISA—LL-37 ELISA was performed by coating the ELISA

plates (Nunc) with the secreted LL-37 protein present in the
culture supernatants of unstimulated or FSK-stimulatedHT-29
cells. 50 �l of the culture supernatant containing 50 �g of total
protein was added to each well and incubated overnight at 4 °C.
Excess supernatants were withdrawn from the wells, which
were washed twice with PBS. 200 �l of blocking buffer contain-
ing 1% bovine serum albumin in PBS (1�) was added to each
well and incubated at room temperature for 1 h. The wells were
washed three timeswith thewash buffer (0.05%Tween 20 in 1�
PBS) followed by the addition of 100 �l of LL-37 primary anti-
body (Santa Cruz Biotechnology) diluted (1:100) in blocking
buffer. After incubation for 1 h at room temperature, wells were
washed four times with the wash buffer and further incubated
at room temperature for 1 h with 100 �l of HRP-conjugated
secondary antibody (Pierce) diluted (1:1000) in the blocking
buffer. Wells were washed again four times and incubated with
50 �l (1 mg/ml) of o-phenylenediamine (Sigma) diluted in
phosphate/citrate buffer, pH 5.0. After 30 min of incubation at
room temperature, the reaction was stopped by adding 50 �l of
1 N H2SO4, and absorbance was taken at 590 nm.
Western Blot Analysis—Cell lysates were prepared by har-

vesting cells in TritonX-100 lysis buffer (50mMHEPES, pH 7.4,
250 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% glycerol, 50
mM �-glycerophosphate, 1 mM sodium orthovanadate, 1 mM

phenylmethylsulfonyl fluoride, 1 mM NaF, 10 �g/ml leupeptin,
and 5 �g/ml aprotinin). After clearing the lysate by centrifuga-
tion at 14,000 rpm for 10min, supernatants were collected, and
total protein content was measured by the Bradford assay. 30
�g of total protein per well was resolved in a 12% SDS-PAGE
and electrotransferred to a polyvinylidene difluoride mem-
brane. The blot was probed with the specific primary antibody
followed by HRP-conjugated secondary antibody (Pierce) and
developed using SuperSignal West Pico chemiluminescence
substrate (Pierce).
Nuclear Run-on Assay—A nonradioactive nuclear run-on

assay (51) was used in conjunction with qRT-PCR to measure
the transcription rate of cathelicidin in the HT-29 cell line.
Briefly, 107 numbers of cells were trypsinized and washed twice
withCa2�- andMg2�-free PBS.The cell pelletwas resuspended
in lysis buffer containing 10mMTris-HCl, pH 7.4, 3mMMgCl2,
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10 mM NaCl, 150 mM sucrose, and 0.5% Nonidet P-40 and
passed through a 21-gauge needle five times, which ensures
lysis of the cell membrane. Nuclei were collected by centrifuga-
tion at 14,000 rpm for 10 min at 4 °C. The run-on reaction was
carried out in a 2� transcription buffer containing 200mMKCl,
20 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 5 mM dithiothreitol, 4
mM each of ATP, GTP, and CTP, 200 mM sucrose, and 20%
glycerol. The reaction was initiated by adding 4 mM biotin-16-
UTP (Ambion) and continued for 1 h at 29 °C. uMACS column
(Miltenyi Biotec) packedwithmagnetic beads covalently linked
to streptavidin was used to isolate the biotin-labeled run-on
RNA. The beads were resuspended in RNase-free water and
used for reverse transcription and real time PCR. Total cellular
RNAs from parallel experiments were isolated using TRIzol
reagent (Invitrogen) and subjected to qRT-PCR.
Preparation of Nuclear and Cytoplasmic Extracts—Nuclear

and cytoplasmic fractions were prepared as described previ-
ously (52). Briefly, 5� 106 HT-29 or A549 cells seeded 24 h prior
to the experiment were harvested by scraping. Cells were resus-
pended in low salt bufferA (10mMHEPES, pH7.9, 1.5mMMgCl2,
10mMKCl) and incubated on ice for 15min. After the addition of
Nonidet P-40 (0.5%, final concentration), the cell suspensions
were passed through a 21-gauge needle 5–6 times. Cytoplasmic
and nuclear fractions were separated by centrifugation at
14,000 rpm for 10 min at 4 °C. Nuclear proteins were
extracted by incubating the pellet in high salt buffer C (20
mM HEPES, pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM

EDTA, 25% glycerol) for 30 min on ice with vigorous shaking
(250 rpm).
Electrophoretic Mobility Shift Assays (EMSAs)—CREB and

AP-1EMSAswere carried out using standard protocols. Briefly,
nuclear extracts of HT-29 and A549 cells were incubated with
biotin-labeled CRE (5�-CATGATCTCA-3� in three tandem
repeats) and ARE (5�-TGCCTCATTC-3� in three tandem
repeats) consensus oligonucleotides in a binding buffer (50 mM

HEPES, 250 mM KCl, 0.5 mM EDTA, 50% glycerol, 1 mM dithi-
othreitol, 5 mM MgCl2, 0.4 �g/ml single-stranded DNA) at
room temperature for 30min. For oligonucleotide competition
assays, nuclear extracts were preincubated with a 100-fold
excess of the mutated (CRE, 5�-CATGATTGTC-3�; ARE,
5�-TGTTTCGCGC-3�) or unlabeled oligonucleotides prior to
incubation with the labeled oligonucleotides, while for the
supershift assays, the DNA-protein complexes were incubated
with antibodies against the protein(s) in the complexes. The
reaction mixture was resolved in a 6% nondenaturing polyac-
rylamide gel at 200 V for 2 h followed by transfer to a charged
nylonmembrane. The charged nylonmembranewas developed
using streptavidin-HRP followed by chemiluminescence.
DNA Pulldown Assay—DNA pulldown assay was performed

as described previously with minor modifications (53). Briefly,
CRE or ARE oligonucleotides used in EMSA were labeled with
biotinylated dUTPby random labeling kit (Pierce) following the
manufacturer’s protocol. 0.3�g of labeled oligonucleotides and
nuclear extracts (500 �g of total protein) of untreated or FSK-
treated HT-29 or A549 cells was incubated together in the
binding buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5% glyc-
erol, 1 mM dithiothreitol, and 0.1% Triton X-100) at 4 °C for 90
min. After the reaction was completed, 100 �l of streptavidin-

coated magnetic beads (Miltenyi Biotec) were added to the
reactionmix and loaded onto a pre-equilibrated column placed
in a high magnetic field. The column was washed three times
with appropriate wash buffer, and the bound proteins were
eluted with the elution buffer containing 1 M NaCl. Eluted pro-
teins were resolved in 10% SDS-PAGE and transferred to a
polyvinylidene difluoride membrane (Millipore). Transferred
proteins were probed with CREB, c-Jun, and c-Fos antibodies
(phospho and total), and the blot was developed using Super-
Signal West Pico chemiluminescence substrate (Pierce).
Chromatin Immunoprecipitation (ChIP)—ChIP assays were

performed using EZChIPTM chromatin immunoprecipitation
kit (Upstate) following the manufacturer’s instructions. Briefly,
HT-29 and A549 cells treated with or without FSK were cross-
linked using formaldehyde and harvested by scraping. The cell
pellet was resuspended in the lysis buffer provided with the kit,
and chromatin was immunoprecipitated using CREB, c-Jun, or
c-Fos antibodies as well as anti-RNA polymerase II antibody.
Immunoprecipitated genomic DNA of cathelicidin promoter
was amplified by qPCR using specific primers flanking the CRE
(FP, 5�-TTGGGGGTGGCTACTGTCTT-3�; RP, 5�-AGCTG-
AGATCATGCCACTGC-3�) and ARE sequences (FP, 5�-TGC-
TGGGATTATAGGCGTGA-3�; RP, 5�-ATAGCCAGGGGT-
GCTCAAGA-3�). The specific region of the GAPDHpromoter
was also amplified (FP, 5�-TACTAGCGGTTTTACGGGC-3�;
RP, 5�-TCGAACAGGAGGAGCAGAGAGCGA-3�) from
anti-RNA polymerase II-precipitated genomic DNA and was
used to normalize cathelicidin promoter usage in the unstimu-
lated and stimulated cells.
Gene Silencing by siRNA—siRNAs for CREB, c-jun, and c-fos

as well as the transfection kit were purchased from Santa Cruz
Biotechnology. GrowingHT-29 andA549 cells at 70–80% con-
fluence were transiently transfected following the manufactur-
er’s protocol. siRNA duplex and siRNA transfection reagent
were diluted into the siRNA transfection medium and incu-
bated together at room temperature for 30 min. Cells were
overlaid with the transfection mixture and cultured for 5 h at
37 °C in the presence of 5% CO2. The efficiency of gene silenc-
ingwas verified by qRT-PCR 48 h post-transfection. siRNAs for
ICER were designed using the siRNA data base (Ambion).
Briefly, four predicted target sequences of the ICER gene were
selected and corresponding oligonucleotides were synthesized
from Sigma. Oligonucleotides were cloned into the pSilencer-
puro 4.1 vector (Ambion). Clones were transfected into HT-29
and A549 cells using siPortTM transfection reagent (Ambion)
following the manufacturer’s protocol. Transfection efficiency
in the form of silencing of ICERwas verified 48 h post-transfec-
tion by qRT-PCR.
Statistical Analysis—Statistical significance was analyzed by

the Student’s t test. The results were considered less significant
at p � 0.01 and highly significant at p � 0.001.

RESULTS

cAMP Regulates Cathelicidin Expression in the Epithelial
Cells of Diverse Origins—We have recently reported that chol-
era toxin (CT) and LT of enterotoxigenic Escherichia coli
down-regulate cathelicidin expression in NaB-differentiated
intestinal ECs, possibly through ICER (43). Although the latter
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is known to repress transcription of genes induced by cAMP,
we failed to detect induction of cathelicidin in the differentiated
intestinal ECs upon stimulation of the cAMP signal transduc-
tion pathways by CT or LT.We postulated that these pathways
might already be activated by NaB treatment, and this resulted
in elevated cathelicidin expression in the differentiated cells.
Cathelicidin levels failed to increase upon further stimulation;
instead, such stimulation induced repressor gene ICER, which
suppressed cathelicidin expression. To prove this hypothesis,
we studied cathelicidin levels in the colon epithelial cells
HT-29, treated for 48 h with NaB with or without adenylate
cyclase inhibitor 2�,5�-DDA that interfered with cAMP accu-
mulation inside the cells. The results showedmarked induction
of cathelicidin in the NaB-treated cells, which was significantly
obliterated by concomitant treatment with the adenylate
cyclase inhibitor. Stimulation of the inhibitor-treated cells with
the cAMP agonist FSK augmented cathelicidin expression, fur-
ther supporting the hypothesis (Fig. 1A, left panel). Western
blot analysis showed that CREB was activated in NaB-differen-
tiated HT-29 cells, but significantly less in the 2�,5�DDA-
treated cells (Fig. 1A, right panel). The above results together
suggest that NaB activates cAMP signal transduction pathways
and induces cathelicidin expression in the HT-29 cells. More-
over, cathelicidin is significantly more elevated in the NaB-
treated cells that have activated cAMP-signaling pathways
compared with similarly treated cells where the signaling path-
ways are inhibited. To investigate if cAMP regulates cathelici-
din expression in the epithelial cells, undifferentiated HT-29
cells were stimulated with FSK for various durations. The high-
est levels of cathelicidin mRNA and LL-37 protein were
induced after 90 min and 6 h, respectively, of stimulation that
returned to the original levels over next several hours (Fig. 1B).
Simultaneous stimulation of NaB-differentiated cells with FSK
showed no up-regulation of cathelicidin; instead, its expression
was reduced by severalfold comparedwith the cells treatedwith
NaB alone (supplemental Fig. S1). Role of cAMP in cathelicidin
regulation was further supported by stimulating the HT-29
cells with other cAMP agonists. These included bacterial ADP-
ribosylating toxins CT and LT as well as the cell-permeable
cAMP analogs (8-bromo-cAMP and dibutyryl cyclic AMP) and
an endogenous agonist of cAMP (prostaglandin E2). All these
agents significantly induced cathelicidin expression, albeit to a
lesser extent compared with FSK (Fig. 1C). To rule out the pos-
sibility that cAMP effects were cell- or tissue-restricted, we
stimulated other intestinal epithelial cell lines (Caco-2 and
INT407) as well as keratinocyte (HaCaT) and lung ECs (A549)
with FSK. Despite different kinetics, cathelicidin expression
essentially followed a similar pattern as in the HT-29 cells (Fig.
1D). The above results together suggest that cAMP-signaling

pathways may regulate cathelicidin expression in multiple ECs
of human origin.
Cathelicidin Regulation by cAMP Is Transcriptionally Medi-

ated and InvolvesMultiple Signal Transduction Pathways—Al-
though several published studies have suggested that the regu-
latory mechanisms for cathelicidin expression in different
tissuesmainly operate at the transcriptional level (11, 19), it has
never been experimentally proved for mucosal expression. On
the contrary, NaB has been suggested to post-transcriptionally
regulate cathelicidin in the colonic epithelial cells (20). To
investigate whether elevated cathelicidin mRNA expression
upon activation of the cAMP-signaling pathways is caused by
increased transcriptional activity or a post-transcriptional
mechanism like mRNA stability, we transiently overexpressed
into the HT-29 cells a reporter plasmid containing the catheli-
cidin putative regulatory sequences (�794 bp upstream to
�200 bp downstream of the transcription start site) cloned
upstream of a luciferase gene. Stimulation of the cells with FSK
increased the reporter activity, suggesting transcriptional acti-
vation (Fig. 2A, left panel). This was further confirmed by
nuclear run-on assays with unstimulated and FSK-stimulated
cells. Induction of nascent cathelicidin mRNAs incorporating
biotinylated 16-UTP and the corresponding total mRNAs fol-
lowed the same kinetics, confirming that increased transcrip-
tional rate rather than post-transcriptional mechanisms led to
the elevated cathelicidin mRNA and protein levels inside the
cells (Fig. 2A, right panel). To study the pathways activated
downstream of cAMP that may regulate cathelicidin expres-
sion, HT-29 and A549 cells were treated with synthetic inhibi-
tors of the signaling pathways followed by FSK or FSK alone.
The results showed significantly reduced induction of catheli-
cidin when the cells were pretreated with the PKA or the MEK
inhibitor (Fig. 2B). Concomitant use of both the inhibitors
almost completely obliterated cathelicidin induction, although
the inhibitors of the NF-�B pathway, p38 MAPK, and JNK had
little effect. The above results suggest essential and cooperative
roles played by the ERK MAPK and PKA in the regulation of
cathelicidin expression. PKA and ERK regulate gene expression
mainly through the activation of transcription factors CREB
and AP-1, respectively, and the cathelicidin putative promoter
has several consensus CRE and ARE sites (43). We therefore
studied the role of the above transcription factors in cathelici-
din regulation by luciferase reporter assays. To this end,
reporter constructs of the cathelicidin putative promoter hav-
ing progressive deletions of the CRE and the ARE sequences
were transiently overexpressed into theHT-29 cells followed by
activation of CREB and AP-1 by FSK. The results showed sig-
nificant loss of reporter activity when the CRE and the ARE
sites at �598 and �358 bp, respectively were deleted, suggest-

FIGURE 1. Induction of cathelicidin expression by cAMP. A, 1-day post-confluent HT-29 cells were treated with NaB with or without 2�,5�-DDA for 48 h. A
separate set of cells treated with both the agents was subsequently stimulated with FSK for 1.5 h. Left panel, cathelicidin mRNA expression was analyzed in
triplicate samples by qRT-PCR and data presented as mean (�S.D.) relative (GAPDH normalized) expression in the treated cells compared with that in the
untreated cells. Right panel, Western blot analysis with the cells treated as above using phospho-CREB (pCREB) and CREB (total) antibodies. B, HT-29 cells were
stimulated with FSK for different durations. Left panel, cathelicidin mRNA expression in triplicate samples was analyzed by qRT-PCR, and data are presented as
in A in the stimulated compared with the unstimulated cells. Right panel, ELISA showing LL-37 protein expression (mean �S.D.) in the FSK-stimulated compared
with the unstimulated quadruplicate samples. C, qRT-PCR analysis of cathelicidin expression in the HT-29 cells stimulated with different cAMP analogs or
exogenous or endogenous activators of the cAMP signal transduction pathways for 1.5 h. D, cathelicidin mRNA expression in the epithelial cells of diverse
origins stimulated with FSK for various durations was analyzed by qRT-PCR. The experiment was done in triplicate and data presented as in B. Each of the above
data is representative of three independent experiments.
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FIGURE 2. Transcriptional regulation of cathelicidin by cAMP. A, left panel, luciferase reporter construct of cathelicidin putative promoter (�794 to �200 bp) was
transiently overexpressed into the HT-29 cells followed by stimulation of the cells with FSK for various durations. Data are presented as the ratio of the mean (�S.D.)
reporter (firefly luciferase) activities, normalized against the Renilla luciferase reporter activities, of the stimulated and the unstimulated cells. Right panel, qRT-PCR
analysis of cathelicidin expression was performed with RNAs derived from nuclear run-on assays. Biotin-16-UTP-incorporated nascent RNAs were extracted from the
nuclei of unstimulated and FSK-stimulated HT-29 cells. In parallel experiments, total cellular RNAs were extracted from similarly treated cells. Ratio of the mean (�S.D.)
relative cathelicidin expression of the stimulated and unstimulated cells in the nuclear as well as the total lysates is presented. B, HT-29 (left) and A549 (right) cells were
treated with synthetic signaling pathway inhibitors, either alone or in different combinations, followed by FSK for 1.5 and 6 h, respectively. Cathelicidin mRNA
expression was analyzed by qRT-PCR, and data are presented as in Fig. 1B. C, left, selective cis-acting elements over the cathelicidin putative promoter, as retrieved from
CSHL promoter data base and analyzed by TRANSFAC are graphically represented. Right, luciferase reporter activities were analyzed with the lysates of HT-29 cells
transiently transfected with the reporter constructs of the cathelicidin putative promoter or one of its deletion mutants. All the experiments under A–C were performed
with triplicate samples and repeated three times, and one representative for each experiment is shown. Cath, cathelicidin; U0126, MEK1 and 2 inhibitor; RP-cAMP, PKA
inhibitor; SB 203580, p38 MAPK inhibitor; MG132, proteasome inhibitor; JNK inhibitor II (SP 600125), JNK inhibitor.
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ing that CREB and AP-1 binding to these sites may play critical
roles in the transactivation of cathelicidin gene by cAMP (Fig.
2C, right panel).
CREB Is Required for cAMP-induced Transcriptional Activa-

tion of Cathelicidin—The above results suggest that CREBmay
be required for cathelicidin promoter activity. To investigate
whether CREB can drive transcription by this promoter, we
analyzed luciferase reporter activity following co-expression of
CREB and a reporter construct of the cathelicidin putative pro-
moter. The results showed �100% increase in the basal lucifer-
ase activity when CREB was expressed along with the reporter.
This rise was completely abolished by simultaneous expression
of the dnCREB, indicating that it was indeed due to CREB.
Deletion of the CRE site at �598 bp, but not at �770 bp, com-
pletely abolished CREB-induced reporter activation. This sug-
gests that CREB may preferentially bind to the former site to
transcribe cathelicidin (Fig. 3A). To investigate CREB binding
to the cathelicidin promoter, we first carried out in vitroDNA/
protein binding assays with the biotinylated oligonucleotides
containing the CRE consensus sequence at �598 bp of the
cathelicidin promoter (the “probe”) and the nuclear extracts of
the HT-29 cells. When the reaction mixture was resolved in
EMSA, the probe that was incubated with the nuclear extracts
of the unstimulated cells migrated with the free probe (data not
shown). On the other hand, the probe incubated with the FSK-
stimulated nuclear extracts migrated considerably slower (the
“shift”), suggesting formation of DNA-protein complex (Fig.
3B, upper panel). Although the excess of unlabeled wild type
probe competed out the labeled probe from the complex, 100-
fold excess of the mutant probe failed to do so. This suggests
specificity of binding of the nuclear proteins(s) of FSK-stimu-
lated cells to the CRE sequence of the cathelicidin promoter.
The identity of the protein present in this complex was con-
firmed by incubating the DNA-protein complex with the CREB
antibody that resulted in further delayedmigration of the probe
(supershift assay), indicating that CREB was indeed present
there. In a separate assay (pulldown assay), the existence of
CREB in the in vitro-generatedDNA-protein complexwas con-
firmed byWestern blot analysis. Although significant amounts
of CREBwere detected in the complex containing the wild type
CRE oligonucleotides, noCREBwas bound to themutatedCRE
or ARE oligonucleotides (Fig. 3B, lower panel). The above
results together suggest that activated CREB of FSK-stimulated

cells may bind to the cathelicidin promoter. To further address
this issue, ChIP assays were performed where transcriptional
complexes formed inside the unstimulated and FSK-stimulated
HT-29 and A549 cells were immunoprecipitated using CREB
antibody. qPCR amplification with specific primers using the
immunoprecipitate as the template resulted in a single
amplified product that matched the cathelicidin promoter
sequences. The amounts of PCR-amplified products were sig-
nificantly higher with the stimulated as opposed to the
unstimulated cells, suggesting higher utilization of the pro-
moter by CREB in the stimulated cells (Fig. 3C). In addition,
cells havingmaximum cathelicidin expression (1.5 h post-stim-
ulation) utilized CRE to a significantly larger extent compared
with the cells with basal cathelicidin levels (6 h post-stimula-
tion). These results strongly suggest that the complex described
above may transactivate cathelicidin. To further study if CREB
can mediate up-regulation of cathelicidin expression in the
ECs, we transiently overexpressed CREB in the HT-29 cells or
engineered liver epithelial HepG2 cells to stably express HBX
protein that is known to enhanceCREB-mediated transcription
in a PKA-dependent manner (54). Cathelicidin expression was
significantly augmented upon stimulation of the transfected
HT-29 cells with FSK compared with the stimulated untrans-
fected cells (Fig. 3D, left panel). On the other hand, HBX-ex-
pressing HepG2 cells constitutively expressed severalfold more
cathelicidin than the parentalHepG2 cells (Fig. 3D, right panel).
These results indicate that CREB plays an important role in
cAMP-induced cathelicidin expression. This is further sup-
ported by abolition of cathelicidin up-regulation by dnCREB in
the HT-29 cells or treatment of the HepG2 cells expressing
HBX with the PKA inhibitor. To finally prove that induction of
cathelicidin by cAMP requires CREB, we silenced the CREB
gene by siRNAs in theHT-29 andA549 cells and studied cathe-
licidin expression in response to the stimulus (FSK) that
increases cAMP. FSK was remarkably less efficient in inducing
cathelicidin following silencing of the CREB gene, confirming
the essential role the latter plays in this regulation (Fig. 3E).
cAMP-induced Cathelicidin Expression Requires AP-1—In

our studies, ARE/TRE sequenceswere found to be necessary for
cathelicidin promoter activity (Fig. 2C). Hence, we investigated
if AP-1 can augment cathelicidin promoter-driven transcrip-
tion. To this end, HT-29 cells were transfected with the lucif-
erase reporter construct of the cathelicidin promoter or one of

FIGURE 3. Regulation of cathelicidin by CREB. A, HT-29 cells were transiently transfected with the luciferase reporter constructs of the cathelicidin putative
promoter sequence (pGL3-cath), either alone or in combination with CREB or CREB and dnCREB constructs. Mean (�S.D.) reporter activities of the unstimulated
and FSK-stimulated triplicate cell samples were normalized and presented as in Fig. 2A. B, upper panel, EMSAs performed with the biotinylated oligonucleotides
of the CRE consensus sequence at �598 bp over the cathelicidin promoter, incubated with the nuclear extracts of the unstimulated and FSK-stimulated (1.5 h)
HT-29 cells with or without 100-fold excess of unlabeled or mutated oligonucleotides or CREB antibody. DNA-protein complexes were resolved in 6% PAGE,
transferred to a charged nylon membrane, and developed with streptavidin-HRP. Lower panel, DNA-protein complexes as generated above were pulled down
using streptavidin-coated magnetic beads. The complexes were studied by Western blot analysis using phospho-CREB and CREB antibodies. C, ChIP assays.
DNA-protein complexes from the unstimulated and FSK-stimulated HT-29 (left) and A549 (right) cells were immunoprecipitated with CREB (for cathelicidin
promoter) and RNA polymerase II (for GAPDH promoter) antibodies. DNAs in the immunoprecipitates were amplified by qPCR using specific primers corre-
sponding to the flanking sequences of the CRE sites at �598 bp of the cathelicidin promoter and to the GAPDH promoter, respectively. The ratio of GAPDH-
normalized amplification of the CRE sequences of the stimulated and unstimulated cells is presented here. D, left, qRT-PCR analysis of cathelicidin expression
in FSK-stimulated (1.5 h) untransfected HT-29 cells or in cells transfected with CREB or CREB along with dnCREB constructs. The results of the experiments done
with triplicate samples are presented as in Fig. 1B. Right, cathelicidin and GAPDH mRNAs were amplified by qRT-PCR using total RNAs extracted from the
untransfected HepG2 cells and cells stably expressing HBX protein. Cells in triplicate were either left untreated or treated with PKA or MEK inhibitor before RNAs
were extracted. Data presented as above as relative cathelicidin expression of the engineered and parental HepG2 cells. E, CREB gene was silenced in the HT-29
(left) and A549 (right) cells using siRNAs. Cathelicidin was amplified by qRT-PCR from the triplicate parental and CREB-silenced cells stimulated with FSK for
different durations. Data are presented as mean relative cathelicidin expression of the stimulated and unstimulated parental and silenced cells. All the
experiments under A–E were performed three times, and the results of a representative one in each case is presented here. Cath, cathelicidin.
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its deletion mutants along with c-jun and/or c-fos. The results
showed significant increase of reporter activity in the dually
transfected cells as opposed to the cells that were transfected

with the reporter alone when they were stimulated with FSK
(Fig. 4A). Although c-Jun was transcriptionally more active
than c-Fos, they acted cooperatively as their combined expres-
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sion enhanced cathelicidin reporter activity more than when
either one was expressed. Deletion of the ARE sequence at
�358 bp resulted in complete loss of AP-1-induced reporter
activity, suggesting thatAP-1 predominantly uses this sequence
over the cathelicidin promoter for transactivation. To experi-
mentally prove the binding of AP-1 to the cathelicidin pro-
moter, we carried out in vitro DNA/protein binding assays by
incubating ARE oligonucleotides with the nuclear extracts of
the HT-29 cells. The reaction mixture as resolved in EMSAs
showed slower migration of the probe that was incubated with
the nuclear extracts of FSK-stimulated cells as compared with
that incubated with the unstimulated nuclear extracts (Fig. 4B,
left panel). This suggests formation of the DNA-protein com-
plex in the former case. Binding specificity of the nuclear pro-
tein(s) to the ARE sequence was ascertained by competition
assays as described above. The mutated oligonucleotides failed
to replace the labeled probe, which was efficiently competed
out by the unlabeled wild type oligonucleotides. The presence
of AP-1 in the DNA-protein complex was confirmed by super-
shift assays following incubation of the DNA-protein complex
with c-Jun or c-Fos antibodies. Supershift was observed with
both antibodies, indicating the presence of c-Jun as well as
c-Fos in the complex. The identity of the proteins was also
studied byWestern blot analysis where the DNA-protein com-
plex pulled down with streptavidin-coated magnetic beads was
probed with c-Jun or c-Fos antibodies. AP-1 subunits signifi-
cantly bound to the ARE sequence of the cathelicidin promoter
but not to the CRE or mutated ARE (Fig. 4B, right panel). To
investigate if endogenous AP-1 binds to the cathelicidin pro-
moter, we performed ChIP assays as described above with
unstimulated and FSK-stimulated HT-29 and A549 cells.
Bound DNA was amplified in a qPCR after the DNA-protein
complex was immunoprecipitated with c-Jun or c-Fos antibod-
ies. Significantly higher amounts of amplified PCRproduct cor-
responding to the ARE sequence when the immunoprecipitate
was generated from the FSK-treated as compared with the un-
treated cells suggest greater utilization of the above sequence in
the former cells (Fig. 4C). As expected, c-Jun binding to the
cathelicidin promoter wasmore efficient than c-Fos binding. In
addition, the amounts of the PCR product were considerably
higherwith theHT-29 andA549 cells stimulated for 1.5 and 6h,
respectively. Given that the cells expressed highest levels of
cathelicidin at those time points, these results strongly suggest
that AP-1 may be involved in the transcriptional induction of
cathelicidin. Next, we studied the functional significance of
AP-1 binding to the cathelicidin promoter. To this end, we first

investigated if AP-1 can augment cathelicidin expression in the
ECs. c-Jun and c-Fos, both individually and cooperatively, sig-
nificantly enhanced cathelicidin expression in the HT-29 cells
upon stimulation with FSK, suggesting a role for AP-1 in
cAMP-induced cathelicidin regulation (Fig. 4D). Finally, we
confirmed the essential role played by c-Jun and c-Fos in this
regulation by silencing these genes in theHT-29 andA549 cells.
Cathelicidin induction was significantly abrogated in the FSK-
stimulated cells that lacked either AP-1 subunit, more in the
absence of c-Jun as expected (Fig. 4E).
Transcriptional Induction of AP-1 as Well as Phosphoryla-

tion of CREB and AP-1 by Upstream Kinases Regulate Catheli-
cidin Expression—PKA and ERK are known to be the major
cAMP-induced kinases that post-translationally regulate the
activation of CREB and AP-1, respectively, by phosphorylation
(50, 55). ERKhas also been reported to independently phospho-
rylate CREB, whereas the latter molecule may transactivate
both c-jun and c-fos (47, 56). To investigate if phosphorylation
of CREB and AP-1 by the upstream kinases regulates cathelici-
din transcription, we carried out DNA/protein binding assays
using oligonucleotide probes of the CRE and ARE sequences as
described above and the nuclear extracts of A549 cells treated
withPKAand/orMEK inhibitor(s) followedby FSK.The results
showed marked inhibition of transcriptional complex forma-
tion with the CRE oligonucleotides by both the kinase inhibi-
tors, PKA inhibitor being more efficient (Fig. 5A). In addition,
the inhibitors worked cooperatively to reduce DNA binding,
suggesting that the above kinases acted independently aswell as
in collaboration to regulate cathelicidin. Similarly, PKA and
ERK-MAPKalso cooperated in the formation of transcriptional
complexes with the ARE oligonucleotides. As AP-1 may be
transcriptionally induced by the cAMP signal transduction
pathways, we investigated whether such regulation exists in the
A549 cells. To this end, we studied c-jun and c-fos mRNA
expression in these cells variously stimulated with FSK. The
results showed significant induction of c-fos and less of c-jun
expression upon cAMP activation (Fig. 5B). To study if tran-
scriptional induction of AP-1 contributes to cathelicidin
expression, we carried out EMSAs with the transcriptional
complexes formed by incubating ARE oligonucleotides and the
nuclear extracts of cells treated with or without ActD followed
by FSK.DNAbindingwith the nuclear extracts of dually treated
cells at 6 h post-stimulation when cathelicidin was maximally
induced was somewhat less efficient as compared with the cells
treated with FSK alone for the same duration, suggesting that

FIGURE 4. AP-1-induced regulation of cathelicidin. A, activity of the pGL3-cath reporter constructs transiently overexpressed in the HT-29 cells, along
with c-fos or c-jun or both followed by stimulation of the cells with FSK for 1.5 h. The relative increase of reporter activity in FSK-stimulated versus
unstimulated cells is presented as in Fig. 3A. B, left, EMSAs performed as in Fig. 3B with the biotinylated oligonucleotides of the ARE sequences at �358
bp over the cathelicidin promoter. Competition and supershift assays were done by incubating the above complexes with 100-fold excess of unlabeled
or mutated ARE and c-Jun or c-Fos antibodies, respectively. The complexes were subsequently analyzed as in Fig. 3B. Right, DNA-protein complexes as
generated above were pulled down using streptavidin-coated magnetic beads followed by Western blot analysis with phospho-c-Jun, phospho-c-Fos,
and c-Jun (total) antibodies. C, ChIP assays. DNA-protein complexes immunoprecipitated with c-Jun or c-Fos antibodies from the unstimulated and
FSK-stimulated HT-29 (left) and A549 (right) cells were subjected to qPCR analysis using primers flanking the ARE sequence as above. Data are
normalized and presented as in Fig. 3C. D, cathelicidin gene amplified by qRT-PCR from the untransfected or c-jun/c-fos/c-jun plus c-fos transfected
HT-29 cells stimulated with FSK. The experiment was done in triplicate, and data are presented as in Fig. 3D. E, FSK-induced cathelicidin expression in
the parental and c-fos or c-jun gene-silenced HT-29 (left) and A549 (right) cells. Mean (�S.D.) relative (GAPDH-normalized) expression of the triplicate
samples is presented as in Fig. 3E. All the above experiments were repeated three times and data from a representative one are shown here. Cath,
cathelicidin.
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transcriptional induction ofAP-1 by cAMPmay also contribute
to cathelicidin transactivation (Fig. 5C).
ICER Represses CREB and AP-1-regulated Transactivation of

Cathelicidin—CREB and AP-1 are mainly activated by phos-
phorylation, whereas dephosphorylation remains the major
counter-regulatory mechanism that controls expression of
genes induced by them (46, 57). However, considerable CREB
phosphorylation persisted after 6 h of stimulation of the HT-29
cells with FSK, whereas basal cathelicidin expression level was
restored (supplemental Fig. S2). Some of the CREB and AP-1
regulated genes are known to be counter-regulated by an induc-
ible repressor called ICER (45, 46, 58). We had earlier reported
that cathelicidin and ICER expression in theNaB-differentiated
HT-29 cells bears an inverse relation (43). To investigate if
ICER may act as a transcriptional repressor of cathelicidin, we
first studied the temporal profile of ICER expression in FSK-
stimulated cells. ICER appeared after cathelicidin expression
reached the maximum levels and gradually increased as the
cathelicidin came down. Maximum ICER mRNA expression
was observed 6 and 18 h post-stimulation in the HT-29 and
A549 cells, respectively, when cathelicidin levels wereminimal.
The above results suggest that ICER may counter-regulate
cathelicidin.Next, we studied if ICERmay suppress cathelicidin
promoter activity induced by CREB and AP-1. To this end,
HT-29 cells were transfected with a luciferase reporter con-
struct of cathelicidin promoter (�794 bp upstream) with or
without CREB/AP-1. Reporter activity was significantly more
elevated in the dually transfected cells compared with the ones
expressing the reporter only. Concomitant expression of ICER
resulted in complete abrogation of both CREB- and AP-1-in-

duced reporter activities, suggesting
that ICERmay repress CREB/AP-1-
induced transactivation of cathelici-
din. It was earlier reported that
ICER transrepresses genes either by
binding to ARE/TRE sequences as
homodimers and competing CREB/
AP-1 out or by forming a het-
erodimer with the latter and inter-
fering with their binding to the
above sequences (45). To investi-
gate the mechanism behind ICER-
mediated repression of cathelicidin
transcription, we carried out
EMSAs with the nuclear extracts of
untreated HT-29 cells as well as
cells treatedwith FSK for two differ-
ent durations. The results showed
generation of large DNA-protein
complex with both the FSK-stimu-
lated extracts and retarded migra-
tion of the CRE oligonucleotide
probe. The complex generated with
the cells stimulated for 1.5 h, when
cathelicidin expression reached the
peak, contained CREB but not ICER
as suggested by the supershift assays
(Fig. 6C, 3rd and 4th lanes). In con-

trast, relatively less amounts of DNA-protein complex were
formed with the nuclear extracts of 6-h stimulated cells that
had significantly reduced cathelicidin expression, and it was
composed of ICER rather than CREB (Fig. 6C, 5th to 7th lanes).
This suggests that ICER, which had the highest levels of expres-
sion at the latter time point, replaced CREB and preferentially
bound to the CRE sequence. To further prove that ICER com-
petitively replaced CREB from binding to the cathelicidin pro-
moter, EMSAs were carried out with the cells knocked down of
the ICER gene. CREB remained bound to the oligonucleotide
probe at 6 h post-stimulation in the absence of ICER (Fig. 6C,
8th to 10th lanes). ICER binding to the cathelicidin URR was
also studied by ChIP assays. To this end, transcriptional com-
plexes formed inside the FSK-stimulated HT-29 cells were
immunoprecipitated with the CREM/ICER antibody. qPCR
amplification showed that significantly higher amounts ofDNA
corresponding to the CRE and ARE sequences of the cathelici-
din promoter were present in the complexes immunoprecipi-
tated from the cells stimulated for 6 h as compared with 1.5-h
stimulated cells (Fig. 6C, lower panel). These results suggest
greater utilization of the above sequences by ICER in the FSK-
stimulated cells where cathelicidin expression returned back to
the original levels. To investigate if endogenous ICER and
CREB/AP-1 compete for binding to the cathelicidin promoter,
transcriptional complexes were immunoprecipitated from the
FSK-stimulated wild type and ICER knocked downHT-29 cells
using CREB and AP-1 antibodies. qPCR with the immunopre-
cipitatedDNAs resulted in almost identical amplification of the
CRE and ARE sequences with the cells stimulated for 1.5 h. In
contrast, the amounts of the amplified products were much

FIGURE 5. Transcriptional and post-translational regulation of CREB and AP-1. A, EMSAs performed with
the nuclear extracts of unstimulated HT-29 cells as well as cells stimulated with FSK alone or PKA or MEK
inhibitor followed by FSK. Each nuclear extract was incubated with the biotinylated CRE or ARE oligonucleo-
tides before being resolved in EMSA. DNA-protein complexes were analyzed as in Fig. 3B. B, qRT-PCR analysis of
c-jun and c-fos expression in the HT-29 cells stimulated with FSK for various durations. The results from tripli-
cate samples are presented as mean (�S.D.) relative expression in the stimulated versus unstimulated cells.
C, EMSAs carried out with the FSK or FSK and ActD-treated nuclear extracts of HT-29 cells incubated with the
biotinylated ARE oligonucleotides. The DNA-protein complexes were blotted to a membrane that was devel-
oped as described under “Experimental Procedures.” Each of the above data is representative of three inde-
pendent experiments.
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smaller with the wild type HT-29 cells stimulated for 6 h com-
pared with the similarly treated cells where ICER gene was
silenced (Fig. 6D). This suggests that although ICER replaced
CREB and AP-1 from the cathelicidin promoter, significantly
larger amounts were retained in the absence of ICER. Given
that cathelicidin expression was the least at the 6-h time point,

this result suggests that ICER may
transcriptionally repress cathelici-
din. Similar results were observed
with A549 cells where the amounts
amplified at the earlier time points
(6 h post-stimulation) were compa-
rable between the parental and
ICER knocked down cells but were
significantly larger with the latter
cells 18 h after stimulation (supple-
mental Fig. S3). That ICER is
required for the counter-regulation
of cAMP-induced cathelicidin
expression was further studied by
analyzing cathelicidin in the paren-
tal and ICER knocked down HT-29
and A549 cells variously stimulated
with FSK. The results showed sig-
nificantly less suppression of cathe-
licidin expression at the later time
points in the cells silenced for
ICER expression (Fig. 6E), strongly
suggesting a mandatory role for
ICER in this down-regulation.
NaB-induced Up-regulation of

Cathelicidin Is Mediated through
CREB and AP-1—NaB markedly
up-regulates cathelicidin expres-
sion in several epithelial cells (22,
38), but the molecular mechanism
behind this regulation remains
poorly understood.We investigated
if CREB and AP-1 may also regulate
NaB-induced cathelicidin expres-
sion. To this end, parental as well as
CREB or AP-1 gene-silencedHT-29
cells were treated with NaB for 48 h.
Around 50-fold induction of cathe-
licidin was found in the parental
HT-29 cells. In contrast, the siRNA-

transfected cells exhibited markedly reduced cathelicidin
induction, suggesting that bothCREB andAP-1 play significant
roles in cathelicidin regulation by NaB (Fig. 7A). However, the
gene was not induced at the time points when FSK induced it,
indicating thatNaB exerted delayed effects (Fig. 7B). The role of

FIGURE 6. Transrepression of CREB and AP-1-regulated cathelicidin expression by ICER. A, qRT-PCR analysis of ICER expression in HT-29 (left) and A549
(right) cells stimulated for various durations with FSK. Data presented as in Fig. 1B. B, reporter construct of cathelicidin promoter (�794 bp) was transfected into
HT-29 cells, either alone or in combination with CREB or AP-1 expression constructs with or without the ICER construct. Triplicate cells were stimulated with FSK
for 1.5 h, and the relative (Renilla luciferase activity normalized) reporter activities compared with that in the unstimulated cells are shown. C, upper panel,
EMSAs with the nuclear extracts of the unstimulated and FSK-stimulated HT-29 cells incubated with biotin-labeled CRE with or without CREB or ICER antibody.
Nuclear extracts were also prepared from the ICER gene-silenced cells that were stimulated with FSK for 6 h. DNA-protein complexes were analyzed as in Fig.
3B and Fig. 4B. Lower panel, ChIP assays done with the nuclear extracts of unstimulated and FSK-stimulated HT-29 cells immunoprecipitated with CREM/ICER
antibody. The immunoprecipitate was used as a template to amplify CRE (left) or ARE (right) sequences as mentioned above by qPCR using flanking sequence-
specific primers. GAPDH promoter was also amplified from the same samples, and the data are presented as in Fig. 3C and Fig. 4C. D, ChIP assays were
performed with the nuclear extracts of parental or ICER gene-silenced HT-29 cells that were either left unstimulated or stimulated with FSK for two different
durations. DNA-protein complexes were immunoprecipitated with CREB (left) or AP-1 (c-Jun plus c-Fos) (right) antibodies along with RNA polymerase II
antibodies in both cases, and the protein-bound DNAs were amplified by qPCR using CRE, ARE, and GAPDH sequence-specific primers. Data are presented as
above. E, cathelicidin mRNAs were amplified from the parental and ICER gene-silenced HT-29 (left) and A549 (right) cells, which were either left unstimulated
or stimulated with FSK. Data were analyzed and presented as in Fig. 3E and Fig. 4E. All the above experiments were carried out at least three times, and data from
one representative experiment is shown here. Cath, cathelicidin.

FIGURE 7. CREB and AP-1-mediated regulation of NaB-induced cathelicidin expression. A, cathelicidin
expression as analyzed by qRT-PCR in the parental and CREB or AP-1 gene-silenced HT-29 cells treated with NaB
for 48 h. Data from triplicate samples are presented as the ratio of expression of NaB-treated and untreated
cells. B, qRT-PCR analysis of cathelicidin expression in the HT-29 (left) or A549 (right) cells stimulated in triplicate
with FSK or NaB. C, EMSAs with the nuclear extracts of untreated and NaB-treated parental or CREB/AP-1
gene-silenced HT-29 cells. Nuclear extracts from each cell population were incubated with the CRE or ARE
oligonucleotides, and supershift assays were done by incubating DNA-protein complexes with CREB or AP-1
(c-Jun plus c-Fos) antibodies, respectively. The blot containing the DNA-protein complexes was prepared and
developed as described under “Experimental Procedures.”
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CREB and AP-1 was further addressed by EMSAs (Fig. 7C).
Large DNA-protein complexes were generated when the
nuclear extracts of NaB-treated cells were incubated with the
CRE or ARE oligonucleotides. Complex formation was mark-
edly abrogated in CREB or AP-1 knocked down cells, suggest-
ing critical roles played by these molecules in the formation of
transcriptional complexes within NaB-treated HT-29 cells.
Their presence in these complexes was further confirmed by
incubating the complexes with CREB or AP-1 (both c-Jun and
c-Fos) antibodies that resulted in a “supershift” of the bound
probe.

DISCUSSION

In this report, we have undertaken studies on the regulation
of cathelicidin expression in the mucosal epithelial cells.
Althoughprevious reports had shown tissue-specific regulation
by multiple stimuli (19–22), we observed a similar pattern of
expression, albeit with different kinetics, in the epithelial cells
of diverse origins upon activation of the cAMP signal transduc-
tion pathways (Fig. 1). Mechanisms operating at the transcrip-
tional level may predominantly regulate cathelicidin, as mRNA
and protein expression in different tissues closely follows each
other (22, 23, 43). Reporter assays carried out previously (30,
39) as well as here with cathelicidin promoter constructs have
lent further support to this idea. However, a recent study found
discordance between cathelicidin promoter activity and gene
expression. In the HT-29 cells, vitamin D3 was able to drive the
cathelicidin promoter, but the gene expression remained unal-
tered. In contrast, butyrate augmented cathelicidin expression
but not the promoter activity (20). This suggests post-tran-
scriptional rather than transcriptional regulation, although we
had reported activation of the cathelicidin promoter by NaB
(43). This difference in observation may have resulted from the
different time pointswhen the assayswere performed afterNaB
treatment. Noticeable impact of NaB on cathelicidin is seen
only at later time points, and the optimumeffect takes as long as
48 h to develop (38). Nuclear run-on assay is currently the best
method to study transcriptional versus post-transcriptional
regulations, as it directly measures the amounts of newly gen-
erated (nascent) mRNAs (51). Using this assay, we have con-
vincingly proved for the first time that cathelicidin may indeed
be transcriptionally regulated.
Analysis of the cathelicidin putative promoter by several

independent groups has reported consensus binding sequences
for many transcription factors (1, 28, 29, 43). However, the evi-
dence to date for such interactions is, at best, indirect except for
VDR in the keratinocytes and monocytes (31–33). Although
transcriptional regulation of cathelicidin by NF-IL6 in several
squamous epithelia has been suggested (23), it has never been
experimentally demonstrated. Instead, interleukin-6 failed to
induce cathelicidin in the colon epithelial cells (22). The role of
VDR, however, in the mucosal cathelicidin expression remains
unclear despite ubiquitous distribution of the former. As stated
above, vitamin D3 fails to induce cathelicidin in the colonic
epithelial cell line HT-29 (20), but it augments its promoter
activity in the presence of NaB, and either of them may induce
binding of the Ets family transcription factor PU.1 to the cathe-
licidin promoter (39). On the other hand, NaB-induced expres-

sion of cathelicidin in the Caco-2 cells may require VDR (40).
The lattermay result fromdifferentiation of the colon epithelial
cells by NaB treatment, which leads to major re-programming
of gene expression, including significantly elevated cathelicidin
levels (22, 38, 59, 60). This is supported by the fact that induc-
tion of cathelicidin is a relatively late event that is apparent
between 24 and 48 h after NaB treatment when the cells may be
already differentiated (30, 38, 39). On the other hand, we have
investigated early regulatory events in the undifferentiated
mucosal epithelial cells.
cAMP may regulate gene expression by activating multiple

intracellular signaling pathways (50, 61). However, cathelicidin
in our studies was regulated by PKA and ERK-MAPK only.
Whereas PKA is directly activated by cAMP because of the
removal of the inhibitory subunit (44), ERK may be either acti-
vated or inhibited (50, 55). In most cells, PKA inhibits ERK, but
it may activate ERK through small GTPase Rap-1 in the B-Raf-
expressing cells. In addition, cAMP may function in a PKA-
independent way through Epacs to induce ERK activation (50,
62). The ERK, in our studies, was activated in both a PKA-de-
pendent and -independent manner, as it cooperated with PKA
to regulate CREB activation and cathelicidin transcription (Fig.
2B and Fig. 5A). However, we did not address the specificmech-
anisms of ERKactivation by cAMP in theHT-29 andA549 cells.
Our results are in agreement with the earlier studies that indi-
cated critical involvement of ERK-MAPK in NaB-induced
cathelicidin expression in the colon epithelial cells (38). p38
MAPK, on the other hand, has a rather controversial role, and
both positive and negative regulation of cathelicidin by this
molecule has been reported (38, 40). This suggests cell- and
stimulus-specific regulation of cathelicidin in response to NaB.
However, we found that p38 MAPK, JNK, and NF-�B play no
significant role in the regulation of cathelicidin expression by
cAMP in the colon or lung epithelial cells (Fig. 2B).
PKA and ERK-MAPK activate a large number of transcrip-

tion factors, mainly through phosphorylation (50, 61). Compu-
tational analysis showed several consensus CRE and ARE
sequences in the cathelicidin promoter (43). These sequences
are bound by CREB and AP-1, two major transcription factors
activated by PKA and ERK kinases, respectively. Our studies
here have shown that cathelicidin promoter activity is predom-
inantly regulated by the CRE and ARE sequences at �598 and
�358 bp, respectively.
CREB primarily binds to the CRE sites, although it may also

occupy ARE because of the high degree of similarity between
the two sequences. Binding of CREB to ARE usually represses
gene expression by interfering with the transcriptional activi-
ties of AP-1 (63, 64). In our studies, CREB strongly and specif-
ically bound to the CRE sequence but not to the ARE (Fig. 3B).
This interaction is critical for the induction of cathelicidin tran-
scription by cAMP, as significantly larger amounts of endoge-
nous CREB bound to the CRE sequence when cathelicidin
expression level was the highest than when the expression was
the least. In addition, silencing of the CREB gene resulted in
marked suppression of cathelicidin induction (Fig. 3). HBX has
been reported to directly interact with CBP/p300 and to
enhance PKA-induced phosphorylation and activation of
CREB (54). Augmented cathelicidin expression in the cells
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expressing HBX protein further indicates the role of CREB in
cathelicidin transactivation. Considering the critical role
played by cathelicidin in innate immunity, the above result sug-
gests that cAMP-induced cathelicidin may contribute to anti-
viral immune responses.
Transactivator complex of AP-1 usually consists of c-Jun/c-

Fos heterodimers or c-Jun homodimers that bind theARE/TRE
sequences over the promoter (45, 65). Our studies have sug-
gested that c-Jun and c-Fos work cooperatively to regulate
cAMP-induced cathelicidin transactivation, although c-Jun
plays a greater role comparedwith c-Fos (Fig. 4). c-Junmay also
heterodimerize with ATF2 to bind the CRE sequences and acti-
vate transcription (46). In our studies, however, it did not bind
CRE over the cathelicidin promoter.
AP-1 activities are mainly regulated through phosphoryla-

tion by theMAPKs (48, 66). However, cAMPmay regulate their
amounts within the cells by acting through CRE-binding fac-
tors, especially CREB (47, 56). We observed induction of c-jun
and c-fos mRNA expression by cAMP in A549 cells, and this
corroborated with increased cathelicidin expression (Fig. 5).
Pretreatment of the cells with transcriptional inhibitor ActD
resulted in decreased binding of the cathelicidin promoter
sequence by AP-1. However, ActD had much less effect com-
pared with that of kinase inhibitors, which suppressed both
transcriptional and post-translational regulations of AP-1. This
suggests that post-translational regulation of AP-1 predomi-
nantly contributes to its role in cathelicidin transactivation.
Negative regulation of cAMP-induced genes operates

through multiple mechanisms. Whereas dephosphorylation of
the cellular kinases and activated transcription factors by vari-
ous phosphatases remains a key mechanism (46, 57), CRE-
binding specific repressors also exist. The latter include the
CREM family members that are either constitutively active
(CREM-�, -�, and -�) or induced (ICER) by signals that activate
cAMP pathways. ICER, which has multiple isoforms expressed
in tissue-dependent and physiological condition-dependent
manner, is transcriptionally induced by CRE sequence-binding
bZip transcription factors from an alternative, intronic pro-
moter within the CREM gene (45, 58, 67). The gene products
contain only the DNA-binding domain, but lack any transacti-
vation domain, and function as transcriptional repressors when
bound to the CRE/ARE sequences (58, 68). The characteristic
kinetics of ICER mRNA expression that usually reaches the
peakwithin first 6 h suggests that it belongs to the class of “early
response genes” (58). In our studies, peak ICER expression in
theHT-29 cellswas found at 6 hpost-stimulation.However, the
kinetics may vary between cells and tissues (69), and we
observed the highest mRNA expression in the A549 cells as late
as 18 h. ICER imposes the most stringent control over cAMP-
induced genes, such asMIP-1�, IL-2,GABA receptor, and tyro-
sine hydrolase (70–73). We have shown here that ICER medi-
ates the major counter-regulatory mechanisms for cathelicidin
expression (Fig. 6). Strict regulation by ICER is physiologically
important, as persistently high cathelicidin levels may be detri-
mental to the host cells (1, 74). It would be interesting to study
the specific ICER isoform(s) that regulate cathelicidin at differ-
entmucosal sites. The constitutive CREM repressors, however,
played only aminor role, if any, in our studies as very little CRE-

and ARE-binding transcriptional complexes exist in the
unstimulated HT-29 and A549 cells.
Several studies have described NaB as a potent inducer of

cathelicidin in various epithelial cells (21, 38). We, however,
observed little effect of NaB on cathelicidin expression levels in
the HT-29 and A549 cells at the time points when they exhib-
ited the highest induction by cAMP. This reflects the fact that
NaB probably functions indirectly through its role in cellular
differentiation and expression of other genes, rather than
directly, to regulate cathelicidin levels. Our data indicating
major roles for CREB and AP-1 in NaB-induced cathelicidin
expression are in agreement with the previous studies, which
suggested that cAMP-mediated transactivation of the target
genes in response to histone deacetylase inhibitors is a late
event (75). In addition, AP-1was earlier reported to be involved
in cathelicidin expression in the lung epithelial cells EBC-1 (41).
However, the induction was significantly poorer compared
with that in the HT-29 cells and AP-1 bound to a single site
between �109 and �68 bp of the cathelicidin promoter in
EBC-1. On the other hand, we observed roles for multiple CRE
and ARE sequences in the HT-29 cells. Multiple cis-acting reg-
ulatory elements have also been reported by other investigators
(30, 39). Interestingly, one group of researchers found an NaB-
responsive PU.1-binding sequence in the cathelicidin promoter
(39). As the consensus PU.1 site reported by the authors is sig-
nificantly homologous to the ARE sequences, it would be inter-
esting to investigate whether AP-1 may bind to this site to reg-
ulate cathelicidin expression.
cAMP regulates a wide range of cellular processes, includ-

ing differentiation, secretion, gene transcription, cytoskel-
etal remodeling, cell proliferation, apoptosis, leukocyte che-
motaxis, and angiogenesis (61, 76). The physiological stimuli
as well as the agonists that trigger cAMP production may
exert both pro- and anti-inflammatory effects. Thus, Cox-2
and p38 MAPK are the major pro-inflammatory targets of
cAMP-signaling pathways (77–79). On the other hand, pros-
taglandin E2 may function as both agonist and antagonist of
cAMP and suppresses several pro-inflammatory cytokines
and chemokines, while increasing the others (80). Dual pro-
and anti-inflammatory activities are also exerted by PKA
(80). Although the determinants of the pro- and anti-inflam-
matory role of cAMP are not clearly known, it may depend
on the type or the strength of the stimulus as well as the
specific cellular compartments (44). In addition, this may
regulate the immunomodulatory functions that are long
appreciated for cAMP and its agonists (81–83). CT has been
recognized as a potent immunomodulator, a property that
largely depends on its ability to induce cAMP production,
and has been extensively studied as a vaccine adjuvant (84).
CT and FSK were found to induce several cytokines and
chemokines, pro- as well as anti-inflammatory, in the
peripheral blood mononuclear cells (85, 86). Given that
cathelicidin expressed at the mucosal surfaces shows multi-
ple immunological functions (87), many of which, such as
chemotaxis, angiogenesis, cytokine, and chemokine produc-
tion, overlap with those of cAMP, it would be important to
investigate if it may mediate immunomodulatory roles of
cAMP at different mucosal sites.
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