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Prohibitin (PHB) is a highly conserved protein that has mul-
tiple functions in the cell. We recently demonstrated that PHB
plays an important role in combating oxidative stress and its
expression is down-regulated in human and animal models of
inflammatory bowel disease. Little is known regarding the reg-
ulation of PHB expression in intestine or other tissues. In this
study we examined the regulation of PHB expression in intesti-
nal epithelial cells using the model cell line Caco2-BBE. We suc-
cessfully cloned the 1192-bp human PHB promoter region and
identified the transcription start site 1594 bp upstream from the
translation start site due to an intervening intron. We show that
the acute phase cytokine interleukin-6 (IL-6) increases PHB
protein and mRNA abundance and induces PHB promoter acti-
vation. The IL-6 response element site in the PHB promoter is
required for maximal basal promoter activity and responsive-
ness to IL-6. IL-6 also increases binding of nuclear proteins to
the IL-6 response element in the PHB promoter that are super-
shifted by a STAT3 antibody. Both basal promoter activity and
IL-6 responsiveness are attenuated by signal transducer and
activator of transcription 3 short interference RNA, suggesting
that signal transducer and activator of transcription 3 mediates
PHB activity by IL-6. Confirming these ix vitro results, IL-6 '~
mice exhibit reduced PHB expression in the colon compared
with wild-type mice. These results suggest that IL-6 modulates
PHB expression in cultured intestinal epithelial cells and in the
intestine in vivo.

Prohibitin (PHB)? is a ubiquitously expressed protein that
has pleiotropic functions, including mitochondrial protein
folding (1, 2), inhibition of cell cycle progression and apoptosis
(3—6), regulation of transcription (7, 8), modulation of cell
motility (9), and ligand binding at the plasma membrane (10).

* This work was supported by a Ruth L. Kirschstein National Research Service
Award for Individual Postdoctoral Fellow (F32-DK076243-01) (to A.L.T.),
NIDDK, National Institutes of Health Grants RO1-DK06411 (to S.V.S.) and
RO1-DK061941-02 (to D. M.) and Research Center Grant R24-DK064399.
The costs of publication of this article were defrayed in part by the pay-
ment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to indi-
cate this fact.

The nucleotide sequence(s) reported in this paper has been submitted to the
DDBJ/GenBank™/EBI Data Bank with accession number(s) DQ406856.

" To whom correspondence should be addressed: Division of Digestive Dis-
eases, Emory University, 615 Michael St., Whitehead Biomedical Research
Bldg. 265, Atlanta, GA, 30322. Tel.: 404-712-2862; Fax: 404-727-5767;
E-mail: atheiss@emory.edu.

2 The abbreviations used are: PHB, prohibitin; EMSA, electrophoretic mobility
shift assay; IL-6, interleukin-6; a2-M, « 2-macroglobulin; IL-6RE, interleu-
kin-6 response element; Ct, cycle threshold; siRNA, short interference RNA;
STAT, signal transducer and activator of transcription; WT, wild type.

This is an Open Access article under the CC BY license.
12804 JOURNAL OF BIOLOGICAL CHEMISTRY

PHB is a potential tumor suppressor gene, and expression of
PHB is altered in gastric, cervical, breast, and colorectal cancer
(11-15). Evidence also suggests that PHB expression is altered
during other disease states. We and other investigators have
shown that PHB expression is decreased during inflammatory
bowel disease (16 —18). In our recent study, we demonstrated
that PHB localizes to the mitochondria in a model intestinal
epithelial cell line as well as in native human colonic epithelia
(18). We demonstrated that PHB increased glutathione levels
during oxidative stress and induced the expression of glutathi-
one S-transferase 7. Importantly, we showed that PHB was
highly effective in protecting epithelial cells from oxidant-in-
duced epithelial barrier dysfunction. Loss of barrier function
provided by epithelial cells is thought to be the initial inciting
event that underlies injury and inflammation in many intestinal
disorders, including shock, trauma, sepsis, and inflammatory
bowel disease (19). Hence, PHB may play an important role in
the pathogenesis of intestinal inflammation by acting as a
potent antioxidant. Little is currently known regarding the reg-
ulation of PHB expression in intestine or other tissues. In this
study we assessed the regulation of PHB expression by the
immunomodulatory cytokine interleukin-6 (IL-6).

IL-6 is an acute phase cytokine and is thought to participate in
host defense mechanisms. One of the effects of IL-6 is protection
against oxidative stress by inducing antioxidant defenses, includ-
ing increased glutathione levels, glutathione peroxidase, and met-
allothionin expression (20—-22).IL-6 '~ mice show increased sus-
ceptibility to oxidant-induced hepatocellular injury (23) and
alveolar epithelial cell death (24), and exogenous administration of
IL-6 protects intestinal epithelial cells against sepsis-induced oxi-
dative stress (25). With respect to the intestine, IL-6 is increased in
the serum and in mucosal biopsies of patients with inflammatory
bowel disease during the acute phase of inflammation (26 -28).
Although some studies have shown that IL-6 may be pro-inflam-
matory, other studies have shown that IL-6 may indeed protect
intestinal mucosa from the consequences of systemic inflamma-
tion, including permeability alterations. For example, mice given
oral administration of IL-6 exhibit decreased permeability and
reduced bacterial invasion through the gastrointestinal tract (29—
31). The role of IL-6 in protecting against oxidative stress and its
protective role in intestinal inflammation known to be associated
with oxidative stress prompted us to examine the regulation of
PHB by IL-6.

EXPERIMENTAL PROCEDURES
RNA Isolation and Quantitative Real-time PCR Analysis—

Total RNA was isolated from monolayers of Caco2-BBE cells
and colon from IL-6~/~ mice and wild-type (WT) mice using
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TRIzol reagent (Invitrogen). Total RNA was then reverse tran-
scribed using the Thermoscript reverse transcriptase PCR sys-
tem (Invitrogen). 50 ng of reverse-transcribed cDNA was
amplified by quantitative real-time PCR using 10 um PHB gene-
specific primers and iQ SYBR Green Supermix (Bio-Rad) using
the following PCR conditions: initial denaturation of one cycle
at 95 °C for 10 min, followed by amplification at 95 °C for 30 s,
55 °Cfor 30s,and 72 °C for 30 s for 35 cycles. Expression level of
B-actin was used as an internal control. Raw cycle threshold
values (Ct values) obtained for IL-6-treated cells/IL-6 '~ and
WT mice were deducted from the Ct value obtained for
internal B-actin transcript levels. For graphical representa-
tion of quantitative PCR data, the AAC was calculated as
follows: AACy = (Ct, rarger = Cb plactin)ireatment/i6 /- —
(Ct target — Cb goactin)non-treatment/wr» With the final graphical
data derived from 242", The primers utilized for quantita-
tive real-time PCR were designed using human nucleotide
sequences available in the GenBank™ data base. Human PHB
(sense: 5'-GGGCACAGAGCTGTCATCTT-3', antisense: 5'-
TGACTGGCACATTACGTGG T-3'); mouse PHB (sense:
5'-GCATTGGCGAGGACTATGAT-3’, antisense: 5'-CTCT-
GTGAGGTCATCGCTCA-3'); B-actin (sense: 5'-TATGCCA-
ACACAGTGCTGTCTGG-3', antisense: 5'-TACTCCTGCT-
TGCTGATCCACAT-3).

SDS-PAGE and Western Immunoblot Analysis—Total pro-
tein was isolated from polarized Caco2-BBE cells plated on per-
meable supports and treated with 100 ng/ml recombinant
human IL-6 (R&D Systems, Minneapolis, MN) on the basolat-
eral side because previous studies have shown that IL-6 recep-
tors are predominantly expressed on the basolateral side in
these cells (32). The samples were separated by SDS-PAGE
using Laemmli’s 2X SDS sample buffer and 4-20% gradient
polyacrylamide gels followed by electrotransfer to nitrocellu-
lose membranes. Membranes were incubated with primary
antibodies at 4 °C overnight and subsequently incubated with
corresponding peroxidase-conjugated secondary antibodies.
Rabbit polyclonal PHB antibody was obtained from Lab Vision
Corp. (Fremont, CA). Rabbit polyclonal phospho-STAT3 and
total STAT3 antibodies were obtained from Cell Signaling
(Danvers, MA). Membranes were washed and immunoreactive
proteins were detected using enhanced chemiluminescence
(Denville Scientific Inc., South Plainfield, NJ) and exposed to
high performance chemiluminescence film (Denville). Blots
were reprobed with anti-B-tubulin (Sigma) antibody as a load-
ing control. Films were analyzed by densitometry, and signal
intensity was quantitated using a gel documentation system
(Alpha Innotech, San Leandro, CA).

Isolation of the 5'-Flanking Region of the Human PHB Gene—
The 5’-flanking region of the human PHB gene was amplified
by PCR using human chromosome 17 genomic DNA (clone
RP11-1079K10; BacPac Resources, Children’s Hospital Oak-
land Research Institute, Oakland, CA) as a template and using
the following primers: 5'-GCAAAAGCTTCCTCACAAGTC-
GGACTCACGC-3’ (underlined nucleotides indicate a HindIII
site); 5-GCAACTCGAGGGAGAAACCCCGTCTCTAC-3’
(underlined nucleotides indicate a Xhol site). After sequence
confirmation, the 1192-bp PCR product was cloned into pGL3
luciferase reporter vector (Promega, Madison, W1I) using Xhol
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and HindIII restriction sites. The DNA sequence of human
PHB promoter region has been submitted to GenBank™
and is available under accession DQ406856. Putative tran-
scription factor binding sites within the full-length human
PHB promoter were identified using the Web-based search
program Transcription Element Search System (TESS;
www.cbil.upenn.edu/tess/).

5'-Rapid Amplification of cDNA Ends (RACE)—The Gene-
Racer™ kit (Invitrogen) was used to obtain the full-length
c¢DNA sequence at the 5'-end of PHB. Briefly, 5'-racing cDNA
was prepared from 4 ug of total RNA isolated from Caco2-BBE
intestinal epithelial cells as described in the manufacturer’s
protocol. Subsequent PCR was performed using the antisense
human-specific PHB oligonucleotide (5'-CCACAATGTCCT-
GCACTCCACGG-3') corresponding to nucleotides +126 to
+148, the GeneRacer™ 5'-primer, 0.2 mM dNTPs, and Sure-
Pol™ DNA polymerase (Denville) using the following PCR
conditions: initial denaturation of one cycle at 94 °C for 2 min,
followed by amplification at 94 °C for 30 s, 69 °C for 30 s, and
72 °C for 2 min for 25 cycles. The PCR products were cloned
into the Zero Blunt TOPO vector (Invitrogen) for sequencing
to determine the transcription start site.

Comparison of the Human PHB Promoter with the Mouse
PHB Promoter—T o determine homology across the human and
mouse PHB promoter regions, the 1054-bp region upstream
from the transcription start site of the mouse PHB gene was
obtained from the mouse chromosome 11-nucleotide sequence
available in the GenBank™ data base (accession number
AL732490). Alignment of the human PHB promoter and the
mouse PHB promoter sequences and calculation of percent
homology were performed using Vector NTI Advance 10 soft-
ware (Invitrogen). The mouse PHB promoter sequence was
submitted to TESS to determine whether the IL-6 response
element present in the human PHB promoter is preserved in
the mouse PHB promoter.

Deletion Constructs, Mutagenesis, and Reporter Gene Assay—
To determine the putative regulatory site(s) necessary for basal
PHB promoter activity, deletion constructs were obtained by
internal restriction enzyme digest within the full-length
(—1054/+138 bp) PHB promoter construct. The truncated
fragments —949/+138 bp, —189/+138 bp, and —35/+138 bp
were obtained using restriction enzymes Smal, Sacll, and Sacl,
respectively. The truncated fragments were digested with Kle-
now enzyme to remove overhangs if necessary and recircular-
ized using the Quick Ligation kit (New England Biolabs,
Ipswich, MA). To determine the importance of the IL-6
response element (IL-6RE) in PHB promoter activity, site-spe-
cific mutation was introduced into the wild-type —1054/
+138-bp PHB promoter in pGL3 by PCR amplification using
the QuikChange II site-directed mutagenesis kit (Stratagene, La
Jolla, CA) and sense and antisense primers of the same
sequence possessing a mutation in the IL-6RE: wild-type sense,
5'-CTGTAATCTCAGCTATTCTGGGAGGGTGAGGCAG-
GAGAAT-3'; mutant sense, 5'-CTGTAATCTCAGCTATTC-
TCCATGGGTGAGGCAGGAGAAT-3'; mutant antisense,
5'-ATTCTCCTGCCTCACCCATGGAGAATAGCTGAGA-
TTACAG-3'. Nucleotide substitutions are indicated in bold,
and the wild-type IL-6RE sequence is underlined. The PCR
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product was sequenced to ensure nucleotide substitution at the
IL-6RE site.

For reporter gene assays, Caco2-BBE cells were plated onto
permeable supports and co-transfected with 1.6 pg of the
reporter construct and 20 ng of pRL-CMYV (Renilla luciferase;
Promega) as an internal control. Cells were transfected using
Lipofectamine 2000 (Invitrogen) and were harvested 72 h post-
transfection. Cells treated with IL-6 were serum-deprived over-
night and treated with 100 ng/ml IL-6 for 6 h. Luciferase activity
was measured using the Dual-Luciferase Reporter Assay system
(Promega) and a Luminoskan Ascent luminometer (Thermo
Electron Corp., Waltham, MA). Relative luciferase was calcu-
lated by normalizing firefly luciferase activity to Renilla lucifer-
ase activity of the pRL-CMV vector.

The a 2-macroglobulin («2-M) promoter was used as a pos-
itive control because it contains a consensus-type II IL-6RE.
The —1151/+54-bp «2-M promoter in pGL3 luciferase
reporter vector was a generous gift from Dr. James E. Darnell,
Rockefeller University, New York, NY).

Effect of STAT3 siRNA on PHB Promoter Activity—STAT3
siRNA (5'-CCGGAAGAGAGUGCAGGAUCUAGAA-3') was
obtained from Invitrogen and co-transfected with the full-
length (—1054/+138-bp) PHB promoter construct and pRL-
CMYV for 48 h because this time point showed highest RNA
interference by Western blot for STAT3. Cells were serum-
deprived overnight, treated with 100 ng/ml IL-6 for 6 h, and
assayed for luciferase activity as described above. Scramble
RNA was used as a negative control (Invitrogen).

Electrophoretic Mobility Shift Assay (EMSA) and STAT3
Supershift—Nuclear protein extracts were isolated from
serum-deprived polarized Caco2-BBE cells treated with 100
ng/ml IL-6 on the basolateral side for 0, 0.5, 1, 2, and 8 h. 10 ug
of nuclear protein was assayed for DNA binding to biotin-la-
beled, double-stranded oligonucleotides corresponding to the
IL-6RE binding site (5'-GCTATTCTGGGAGGGTGA-3') in
the PHB promoter obtained from Integrated DNA Technolo-
gies (Coralville, IA). The IL-6RE binding site is underlined. The
oligonucleotides were end-labeled using the Biotin 3’-end
DNA labeling kit (Pierce) according to the manufacturer’s
instructions. EMSAs were performed using the Lightshift
Chemiluminescent EMSA kit (Pierce). 20 fmol biotin-labeled
oligonucleotide was incubated with 10 ug of nuclear proteins
for 20 min at room temperature in binding buffer (50 mm Tris,
pH 7.4, 2.5 mm EDTA, 0.25 mg/ml poly(dI-dC), 250 mm NaCl,
2.5 mM dithiothreitol, 5 mm MgCl,, and 20% glycerol). Binding
was competed by 8-fold excess unlabeled IL-6RE oligonucleo-
tides (cold). For STAT3 supershift, 8 ug of STAT3 antibody
(Santa Cruz) was added after incubation of the nuclear pro-
teins with the biotin-labeled oligonucleotides. IL-6RE bind-
ing complexes were resolved by electrophoresis using 5%
TBE Criterion gels (Bio-Rad), transferred to Biodyne B pre-
cut modified nylon membranes (Pierce), UV cross-linked,
and visualized using the Chemiluminescent Nucleic Acid
Detection system (Pierce).

IL-6~"~ Mice—Male wild-type (WT) and IL-6 '~ mice (6—8
weeks, 12—-16 g) on the inbred C57BL6 background were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). All
mice were group-housed in standard cages under a controlled
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FIGURE 1. IL-6 induces expression of PHB in Caco2-BBE cells. A, total RNA
from polarized Caco2-BBE cells treated with IL-6 for various amounts of time
was subjected to reverse transcription followed by quantitative real-time PCR
amplification using PHB-specific primers. Histograms show mean = S.E. rela-
tive to 0-h time point. *, p < 0.05 versus control; n = 3/time point performed
in triplicate. B, representative Western immunoblots showing PHB and -tu-
bulin (loading control) expression in total protein lysates from Caco2-BBE
cells treated with IL-6. Histograms show mean * S.E. relative to no-treatment
control cells. *, p < 0.05 versus control; n = 3/treatment.

temperature (25 °C) and photoperiod (12:12-h light/dark cycle)
and were allowed standard chow and tap water ad libitum.
They were allowed to acclimate to these conditions for atleast 7
days before inclusion in experiments. All procedures were in
accordance with the Emory University Institutional Animal
Care, authorization number 146 -2002. Total colon was iso-
lated; a small distal portion was snap-frozen in Optimal Cutting
Temperature and stored at —80 °C for confocal staining, while
the remaining colon was split into two pieces with one half
homogenized in phosphate-buffered saline containing 1% Tri-
ton X-100, 1% Nonidet P-40 (v/v), 1 mm EDTA, 1 mM sodium
orthovanadate, 1 mm sodium fluoride, and 1 pul/ml protease
inhibitor mixture III (Roche Applied Science) to obtain protein
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-1054 GGAGARACCC CGTCTCTACA ARAATAARAA ATTAGCCGGG TGTGGTGGTG h (-1054) GAGAAACCCCGTCTCTACAAARATAAARARA--~
IL-6RE m (-1054) CTATAAAAGTCACTATTTGCTTAATTGGCAAAATTGGAATGCAGACATGGATAATATTTACTTAAGTAAAAGGAT
-1004 CATGCCTGTA ATCTCAGCTA TYCTGGGHGG GTGAGGCAGG AGAATCGCTT Consensus GA A T T TAC AA TAAAA

-954 GAACCCGGGA GGCGGAGGTT GCGGTGAGCC GAGATCGCGC CACTGCACTC h (-1024) ATTAGCCGGGTGTGGTGGTGCATGCCTGTAATCTCAGCTATTCTGGGHGGGTGAGGCAGGAGAATCGCTTGAACC
m  (-979) AGTAGCCGGGCGTGGTGGCGGACGC-TTTANTCCCAGEACT--TGGGAGCCAGAGGCAGGCGGATTTCTGAATTC
-904 CAGCCTGGGC AACAAAAGCG AAACTCCATC TCAAAAACAA ACAACAAAAC Consensus A TAGCCGGG GTGGTGG G A GC T TAATC CAGC T TGGGAG GAGGCAGG G AT CT A C
-854 AAAACAAARA CAAGAAAATA AACACACACG CACACGGAGG TGGGGCGGCG h  (-949) CGGG--AGGCGG------ AGGTTGCGGTG-AGCCGAGATCGCGCCACTGCACTCCAGCCTGGGCAACAAAAGCGA
m  (-907) GAGGCCAGCCTGGTCTATAGAGTGAGTTCCAGGACAGCTAGGGCTACA-CAGAGAAACCCTGTCTCGAAAACAAA
-804 GAGTGGCGGC AGGGAGGAGG AGGGGAGAGG TAAGAAACAA ATGATAAAAC Consensus GG AG C G AG TG GT AG AGT G GC AC CA ACC GC AAMA A
-754 ARATGAAGCA AATTGTTAAC AATAGGTGAA TCTGAGCCAA AGTTTAACGT h (-883) AACTCCATCTCAAAAACAAACAACAAAACAAAACAAAAAC-AAGAAAATARACACACACGCACACGGAGGTGGGG
NF-AT m  (-833) CAAACAAAC--AAAAACAAAARAACAAAACAAAACAAAAAGTAAGAGGATAGATATCCTTGATCTTAGAGAATAGT
=704  GCGTTCTTTT GCCCTATTCT TGCAACTTTT CGAAATAAAA CGTTTCTCTA Consensus A C A C AARAACAAA AACAARAACAARACAAAAA AAGA ATA A A C G C GAG G
-654 ARATCATGTC TAGGGGACCT GGATTCCAAG CCGAGCCCCT TTTCTCACTC h (-809) CGGCGGAGTGGCGGCAGGGAGG-AGGAGGGGAGAGGTAAGAAACAAATGATAAAACAAATGAAGCARATTGTTAA
m  (-760) AGG GAG GTGGAGGGAGGCGAGGAGATGGAACAAAAACA-—--ACAACAAAT-ACGCAAATTGTTGA
-604 GGTGCATGAC CCTGAATGAA TTCCTTCCTC TCGGTTGGTC TCAGITTITC Consensus GGGA G GGAGG AGG G GGAGA G AA ARA A A A AACAAAT A GCAAATTGTT A
~554  AGCACAGATG GTTCTICICTIG GGICTGGTAA TCAACGICTIC ACAACTCTGA h (-735) CAATAGGTGAATCTGAGCCAAAGTTTAACGTGCGTTCTTTTGCCCTATTCTTGCAACTTTTCCAAATAAAACGTT
m  (-690) CAACAGGTGAACTTGAG--AA-GCCATACACATGATCTCCGTCCCT-TTTTTGCAA-TTCCTCGAATATAAC--T
—504  GGACGTTTGC AGACAGGGCT TTGGAAGGAA GACGGCCCTT CGTTTCCCCC Consensus CAA AGGTGAA TGAG BAA G AC G TCT CCCT TT TTGCAA TT ~ C AATA AAC T
-454  AAAGGGTCTC AGCCTGCCGG TGATTTCACC ACGACTTCCT CCAGAGTTCC h  (-660) TCTCTAAAATCATGTCTAGGGGACCTGGATTCCAAGCCGAGCCCCTTTTCTCACTCGGTGCATGACCC-—-TGAR
m  (-622) TGGAARAAAAGATGCCCAGAG-ATTTAGACCCTAAATCAAGAGCCTTTACTGAAGTATTGCAAGACCTGAATGAC
-404 ACCTGTCCTC TTCATCAGCC ATGAACTTGC CCCTACTAAT TTTTGCCACC Consensus r MRAR ATG C AG G A T GA C AA O AG COTTT OT A P —— .
~354  AGCTGGACGC CCACCTCCTC TTTCCAPG;AGcg:'_C;AAGGCT creerrecee h (-588) TGAATTCCTTCCTCTCGGTTGGTCTCAGTTTTTCAGCACAGATGGTTCTCTCTGGGTCTGGTA-ATCAACGTCTC
304 CAGICTTAGE CTCTGTACAG GATAGG@-ATTTAGC CCCAGARAAC m  (-548) CGACTCCCTTCCTCTTCTTTCTAAGCCGTTTTTAAG-——————— GTTATGGAGTGGCTTGGAAGATCAACATCTT
) Consensus GA T CCTTCCTCT  TT C GTTTTT AG GIT T GG TGG A ATCAAC TCT

-254 TACAGCCCCC AAAAGGCTTT GCGGCAACAT CCTCGCGTTG ATCACCAAAG
h (-514) ACAACTCTGAGGACGTTTGCAGACAGGGCTTTGGAAGGAAGACGGCCCTTCGTTTCCCCCAAAGGGTCTCAGCCT
m (-481) ACGTCCCTGAGG CTGT C-TTAACTTCCCTAGCAGTCTCTCAGTGC

-204 AGARAACGCT TTTCTCCGCG GGCCCGCCGC TGCATAGCCT TTTGGGAGTT

Consensus AC C CTGAGG GCT T CC TT TTCCC AG TCTCAG

-154 GTAGTTCATC TGCTAAGAGC CGCAGAACCA GGGTGAGGTT CTAAGCCACC
h  (-439) GCCGGTGATTTCACCACGACTTCCTCCAGAGTTCC-ACCTGTCCTCTTCATCAGCCATGAACTTGCCCCTACTAA
104 CTTCCCAGAA CTCACAGEGE TCTTCCACAC CAATAGGAAG CGTGGATCTT m  (-435) ATGAATTATTTTACCTCACCTTTATCCAAAATGCCCACCCATTC-CTTCACCA-————-—- T CTTGTGA
TFIID, Sp1 Consensus T ATTT ACC C CTT TCCA A T CC ACC T C CTTCA CA c cT T A

-54 GGAAA]CGGG CGGGGORGAG GAGCTCATGC GCAGTATGTG TGGTTGGGGA
—> Transcription start site h  (-365) TTTTTGCCACCAGCTGGACGCCCACCTCCTCTTTCCCGGAGCCCTAAGGCT-CTCCTTGCGGCAGTCTTAGCCTC
-4 ATTCATGTGG AGGTCAGAGT GGAAGCAGGT GAGAATGGAG GGGGCGGCAA m  (-375) TTTCCTCTACCAAGTGGAAGCCCAACTCCT--TTCC--GATCC---AGTCTGCTTCCGGCTTCTGGAACCACCTC
Consensus TTT C ACCA TGGA GCCCA CTCCT TTCC GA CC  AG CT CT C GC C G ccTc

-47 AGGCTCGTTT CTGGGCATCT CTGCAGTCCT CCTCTGCTCC ATGATGTGCA

h (-291) TGTACAGGATAGGCACGTGCATTTAGCCCCAGARAAACTACAGCCCCCAAAAGGCTTTGCGGCAACATCCTCGCGT

-97 CTTTGGGCGA GGAGAGTGCG TGCGTGAGTC CGACTTGTGA GG m
Consensus

(=307) CTTGAGGAATAGGCACGTGCATATATTACCAAGGAACTACAACTCCCGAAAGGCTTTGCGGCAACATCCCATCCG

T G ATAGGCACGTGCAT TA Ccca AACTACA C CCC AAAGGCTTTGCGGCAACATCC c

h (-216) TGATCACCAAAGAGAAAACGCTTTTCTCCGCGGGCCCGCCGCTGCATAGCCTTTTGGGAGTTGTAGTTCATCTGC
m (-232) TTCTCACCAGTCAGAAACGGGTTTCCTGAAAGAGCCCGTTGCTGCATGATCTTTTGGGAGTTGTAGTTGACCTCA

Consensus T TCACCA AGAAA G TTT CT G GCCCG GCTGCAT CTTTTGGGAGTTGTAGTT A CT
h (-141) TAAGAGCCGCAGAACCAGGGTGAGGTTCTAAGCCACCCTTCCCAGAACTCACAGCGCTCTTCCACACCAATAGGA
m  (-157) TTAAAGCCACAGAGCCCGCGGAAGACTGCAAAACACGTTTCCCAGAATGCACGTCGCTCGGCTTCACCAATTGAA
Consensus T A AGCC CAGA CC G G AG T AA CAC TTCCCAGAA CAC CGCTC C CACCAAT G A
h -66) AGCGTGGATCTTGGAAAG-——————-| CGGGCGGGGCAGAGGAGCT--—————~ CATGCGCAGTATGTGTGGTTGG
m -82) GGGTCGGATCTTGAAGAGGCGGGGGTCGGGGGGGGGGGAGGAGCTGCCTGGCGCACGCGCAGTATCCGGAGCTGG
Consensus G GGATCTTG A AG CGGG GGGG GAGGAGCT CA GCGCAGTAT G G TGG
— Transcription start site
h -7) GGAATTCATGTGG
m -7) GGRATTCATGTGG
Consensus GGAATTC

FIGURE 2. Characterization of the cloned 5'-flanking region of the human PHB gene and comparison of the human and mouse PHB promoter
sequences. A, sequence of the cloned 5'-flanking region of the human PHB gene (GenBank™ accession number DQ406856). Putative transcription factor
binding sites, which are boxed in the sequence, were identified using the program TESS. B, sequence alignment of the human (h) and mouse (m) PHB promoter

regions. IL-6RE sites present in both promoter regions are boxed.

extracts for Western immunoblotting and the other half
homogenized in TRIzol for RNA isolation.

Confocal Microscopy—10-um cryostat sections of mouse
colon were fixed in buffered 4% paraformaldehyde for 20 min,
blocked in 2% bovine serum albumin, incubated with rabbit
PHB antibody (Lab Vision Corp.) overnight at 4 °C, washed
with phosphate-buffered saline, and subsequently incubated
with fluoresceinated secondary antibody for 1 h at room tem-
perature. Colon sections were stained with rhodamine/phalloi-
din (Molecular Probes, Carlsbad, CA) to visualize actin. Sam-
ples were mounted in p-phenylenediamine/glycerol (1:1) and
analyzed by confocal microscopy (Zeiss dual-laser confocal
microscope) as previously described (33).

Statistical Analysis—Values are expressed as mean = S.E.
Statistical analysis was performed using unpaired Student’s ¢
test. A p value <0.05 was considered statistically significant in
all analyses.
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RESULTS

IL-6 Induces Expression of PHB in Caco2-BBE Cells—Caco2-
BBE cells were treated with IL-6 for various amounts of time
and assayed for PHB mRNA and protein expression. As shown
by quantitative real-time PCR, PHB mRNA expression is signif-
icantly increased by IL-6 treatment at 4 and 8 h and returns to
basal levels at 12 h (Fig. 1A). PHB protein expression is signifi-
cantly increased after 8 h of IL-6 treatment and sustained
through 24 h (Fig. 1B).

Isolation of the 5'-Flanking Region of the Human PHB Gene
and Comparison of the Human and Mouse PHB Promoter
Sequences—To determine whether IL-6 induces PHB mRNA
and protein expression via transcriptional responses, the
1192-bp promoter region of PHB was cloned (Fig. 2A). The
5'-flanking region of the human PHB gene isolated from
Caco2-BBE cells was confirmed by sequence comparison with
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A @ _ B factor of activated T-cells sites are
Rl located at —679 to —673 bp and at
W = O - .
I < <5 2 —323 to —328 bp, and an activator
T L L
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FIGURE 3. The IL-6 response element is essential for basal PHB promoter activity, and the IL-6RE is required
for IL-6 responsiveness. A, schematic representation of the putative regulatory sites in the full-length PHB pro-
moter and deletion constructs. Restriction enzymes used to make the deletion constructs are shown. B, the full-
length promoter (—1054 bp) of the PHB gene and sequential deletion promoter constructs (—949, —189, —35 bp)
were transfected into Caco2-BBE cells, and the basal relative luciferase activity was measured after 72 h. An IL-6
response element (IL-6RE) that is located at —977 to —982 bp from the transcription start site was mutated by
site-directed mutagenesis (IL-6RE MUT), transfected into Caco2-BBE cells, and assessed for luciferase activity. All data
presented represent the mean = S.E. for firefly luciferase activity normalized to Renilla luciferase activity from two
independent experiments (n = 6/treatment for each experiment). ***, p < 0.0001 versus pGL3; #, p < 0.0001 versus
—1054.C, relative luciferase activity was measured in serum-deprived Caco2-BBE cells transfected with pGL3 vector,
full-length PHB promoter (— 7054), full-length PHB promoter with mutated IL-6RE site (IL-6RE MUT), —949 deletion
construct, or a 2-macroglobulin (a2-M) promoter (as a positive control) and treated with IL-6 (100 ng/ml) for 6 h. All
data presented represent the mean = S.E. for normalized luciferase activity from two independent experi-

ments (n =3/treatment for each experiment). ¥, p < 0.05 versus —1054.

the human genomic clone of chromosome 17 (GenBank™
accession number AC091180). To localize the transcription
start site(s) for the PHB gene, 5'-rapid amplification of cDNA
ends experiments were performed with total RNA isolated
from Caco2-BBE cells. Subsequent PCR produced a single
215-bp DNA fragment using a PHB-specific primer located
downstream of the start ATG and the GeneRacer™ 5’-primer
(data not shown). Sequencing revealed that this fragment
mapped 1594 bp upstream from the start of translation codon
(ATQG) due to an intervening intron (Fig. 24). The first base of
this fragment is considered the transcription start site and will
be referred to as nucleotide +1. A putative IL-6RE site is located
at —977 to —982 bp from the start of transcription, two nuclear
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human PHB promoter, indicating
that the IL-6RE is preserved.

The IL-6 Response Element Is
Essential for Basal PHB Promoter
Activity—To identify regions in-
volved in regulating PHB gene tran-
scription, a series of sequential dele-
tion reporter constructs (—949,
—189, —35to +138 bp) were cloned
into the luciferase-containing vec-
tor pGL3 (Fig. 3A4). Constructs were
transiently transfected into Caco2-
BBE cells, and relative luciferase
activity was compared with the full-
length promoter (—1054 to +138).
Cells transfected with the full-length promoter showed an
80-fold induction of relative luciferase activity compared with
cells transfected with pGL3 vector (Fig. 3B). The —949 and
—189-bp deletion constructs showed an 80% decrease in rela-
tive luciferase activity compared with the full-length promoter,
suggesting that the regulatory site removed in the —949-bp
construct is essential for maximal PHB promoter activity. The
regulatory site present between —1054 and —949 bp is an
IL-6RE (—977 to —982 bp). The —35 deletion construct
showed no induction of relative luciferase.

To determine whether the IL-6RE is necessary for maximal
PHB transcriptional activation, a mutation was introduced into
the IL-6RE by site-directed mutagenesis. As shown in Fig. 35,
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mutation of the IL-6RE resulted in 85% decrease in relative
luciferase activity compared with that observed with the —1054
wild-type construct, which was similar to that found with
removal of the IL-6RE in the —949 deletion construct.
Together, these results suggest that the IL-6RE is the regulatory
site necessary for maximal basal PHB promoter activation in
intestinal epithelial cells.

IL-6 Increases PHB Promoter Activation and the IL-6RE Is
Required for IL-6 Responsiveness—To determine whether IL-6
increases PHB promoter activation in Caco2-BBE cells, cells
transfected with the full-length construct (—1054 bp) were
treated with IL-6 for 6 h and compared with no treatment con-
trol cells. As shown in Fig. 3C, cells treated with IL-6 (—1054 +
IL-6) showed a 60% increase in promoter activity compared
with vehicle-treated cells transfected with full-length promoter
(—1054), indicating that IL-6 stimulates PHB promoter activa-
tion. To identify whether the IL-6RE site was essential for
responsiveness to 1L-6, Caco2-BBE cells were transfected with
the —949-bp deletion or the IL-6RE mutant (IL-6RE MUT)
construct and treated with IL-6 simultaneously with cells trans-
fected with the full-length construct. Both the —949-bp dele-
tion construct and the IL-6RE MUT showed an 80— 85% reduc-
tion in basal relative luciferase compared with the full-length
construct, as shown previously in Fig. 3B. The —949-bp con-
struct and the IL-6RE MUT showed no induction of luciferase
activity by IL-6 treatment, indicating that the IL-6RE site is
necessary for PHB promoter responsiveness to IL-6.

The a2-M promoter was used as a positive control because it
contains a consensus-type II IL-6RE. The —1151/+54-bp
a2-M promoter showed a 2-fold induction of relative luciferase
with IL-6 treatment compared with no treatment (Fig. 3C).

IL-6 Induces STAT3 Binding to the IL-6RE Binding Site
Located in the PHB Promoter—Because the IL-6RE is essential
for PHB promoter responsiveness to IL-6, we next performed
EMSA to determine whether IL-6 stimulates transcription fac-
tor binding to the IL-6RE. Nuclear protein extracts show
increased binding to the IL-6RE present in the PHB promoter
after 1 h of IL-6 treatment, with maximum binding after 2 h
(Fig. 4). Binding is competed by unlabeled IL-6RE oligonucleo-
tides (Fig. 4B, cold). To determine whether STAT3 was binding
to the putative PHB promoter IL-6RE site, we performed
STATS3 supershift using a specific STAT3 antibody. As shown
in Fig. 4B, the binding complex is indeed shifted when the anti-
body is included, indicating that STAT3 is binding to the
IL-6RE located in the PHB promoter.

STAT3 siRNA Down-regulates Basal and IL-6-stimulated
PHB Promoter Activity—W e and others have previously dem-
onstrated that IL-6 receptors are abundantly expressed at the
basolateral surface of epithelial cells (32). IL-6 modulates its
downstream effect through activation of STAT3 and NF-«B
signaling in intestinal epithelial cells (32, 34). Given that STAT3
binds to the IL-6RE in the PHB promoter as shown by STAT3
supershift, we determined the effect of STAT3 siRNA on PHB
promoter activity. To determine whether STAT3 is involved in
PHB promoter activity, cells were transiently co-transfected
with full-length PHB promoter construct (—1054) and STAT3
siRNA or scramble RNA as a control, treated with IL-6, and
assayed for relative luciferase activity. STAT3 siRNA abolishes
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FIGURE 4.IL-6 induces STAT3 binding to the IL-6RE binding site located in
the PHB promoter. A, EMSA showing binding of nuclear proteins from
Caco2-BBE cells treated with IL-6 for various amounts of time. B, EMSA show-
ing maximal binding of nuclear proteins from Caco2-BBE cells treated for 2 h
with IL-6. Addition of STAT3 antibody to the binding reactions results in a
supershift of the complexes. Binding is competed by unlabeled IL-6RE oligo-
nucleotides (cold).

basal PHB promoter activity and stimulation by IL-6 (Fig. 5A).
Cells transfected with scramble RNA show similar results to
those transfected with full-length PHB promoter construct
(—1054).

Colonic PHB Protein and mRNA Expression Are Reduced in
IL-6~"~ Mice Compared with WT Mice—Given our results sug-
gesting that IL-6 modulates PHB expression in cultured intes-
tinal epithelial cells, we assessed the effect of IL-6 deficiency on
PHB expression in vivo. For these experiments we used colon
isolated from IL-6 '~ mice. Our data demonstrate that IL-6 '~
mice have significantly reduced PHB protein expression in
colonic extracts compared with WT control mice (Fig. 6A).
Western blots using extracts from colonic tissue show an addi-
tional band above PHB. We are unsure of the identity of the
upper band, but it is likely nonspecific binding of the PHB anti-
body because total colonic extracts contain many other cell
types in addition to intestinal epithelial cells as compared with
extracts from Caco2-BBE cells.

Quantitative real-time PCR was used to assay PHB mRNA
expression in total RNA isolated from colon of IL-6 '~ and WT
mice. IL-6/~ mice show ~50% less PHB mRNA expression in
colon compared with WT mice (Fig. 6B).

We next localized PHB expression in colon sections by
immunofluorescence and confocal microscopy. PHB predomi-
nantly localizes to epithelial cells with little staining in the
underlying lamina propria in IL-6~/~ and WT colon (Fig. 6C,
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FIGURE 5. STAT3 siRNA down-regulates basal and IL-6-stimulated PHB
promoter activity. A, relative luciferase activity was measured in serum-de-
prived Caco2-BBE cells co-transfected with the full-length PHB promoter con-
struct (—1054), STAT3 siRNA, or scramble RNA and treated = IL-6 (100 ng/ml)
for 6 h. All data presented represent the mean = S.E.for normalized luciferase
activity. **, p < 0.005 versus —1054; ***, p < 0.0001 versus —1054; #, p <
0.0001 versus —1054 + IL-6; n = 6/treatment. B, total STAT3 and phospho-
STAT3 (p-STAT3) were assayed in cells transfected with STAT3 siRNA to deter-
mine efficiency of RNA knock down. Cells were treated with 100 ng/ml IL-6 for
1 h. B-tubulin was measured to ensure equal protein loading.

panels cand f), similar to our previous findings (18). Confirming
our Western blot results, confocal staining reveals less PHB
staining in IL-6~/~ colon compared with WT colon using the
same microscope settings to obtain the images (Fig. 6C, panel a
versus panel d).

DISCUSSION

Although it is well established that the levels of PHB expres-
sion are altered in multiple types of cancer and during inflam-
matory bowel disease (11-18), the regulation of PHB expres-
sion in intestine and other tissues was not well characterized.
Here we show that the acute phase cytokine IL-6 increases PHB
protein and mRNA expression and induces PHB promoter acti-
vation in cultured intestinal epithelial cells. Confirming these in
vitro results, IL-6~'~ mice exhibit reduced PHB expression in
the colon compared with WT mice. These results suggest that
IL-6 modulates PHB expression in cultured intestinal epithelial
cells and in the intestine in vivo.

Deletion mapping analysis of the full-length PHB promoter
indicated the presence of an IL-6RE (—977 to —982 bp) that was
required for maximal basal promoter activity and promoter
responsiveness to IL-6. IL-6 also increases binding of nuclear
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FIGURE 6. Colonic PHB protein and mRNA expression are reduced in
IL-6~/~ mice compared with WT mice. A, Western immunoblots showing
PHB or B-tubulin (loading control) expression in total protein lysates from
colon of wild-type (WT) and IL-6/~ mice. Histograms show mean = S.E. Each
animal is plotted as an individual dot in the histogram. *, p < 0.05 versus WT;
n = 6. B, total RNA from colon of IL-6~/~ and WT mice was subjected to
reverse transcription followed by quantitative real-time PCR amplification
using PHB-specific primers. Histograms show mean = S.E. relative to control.
*, p < 0.05 versus control; n = 4 animals/group performed in triplicate.
C, confocal staining of PHB localization in a cross-section of a colonic crypt
from WT (panels a-c) and IL-6 '~ mice (d—f). Sections were counterstained for
rhodamine/phalloidin to visualize actin. PHB staining is reduced in IL-6 '~
epithelium compared with WT (panels a versus d and c versus f) using the same
microscope settings to obtain the images. WT sections incubated with nor-
mal rabbit serum and rhodamine/phalloidin antibody to visualize the tissue
were used as a negative control (panels g—i). Magnification, X40.

proteins to the IL-6RE in the PHB promoter as shown by
EMSA. The IL-6RE present in the PHB promoter is a type II
IL-6RE with the consensus sequence CTGGGA (35, 36). Type Il
IL-6REs are found in some acute phase proteins such as «
2-macroglobulin and fibrinogen (35, 37) and in several imme-
diate early genes, including ICAM-1 and junB (38). The nuclear
factors that bind to the type II IL-6RE include the IL-6 response
element-binding protein (IL-6REBP), STAT3, and STAT5a/b
(37,39-41). The IL-6RE and flanking nucleotides (TTCTGG-
GAG; IL-6RE is underlined) in the PHB promoter show high
sequence homology with the consensus STAT3 DNA binding
motif TTC(C/T)GGGAA (42). Compared with the « 2-macro-
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globulin promoter that contains the consensus STAT3 binding
motif and shows 2-fold induction of activity by IL-6 in Caco2-
BBE cells, the PHB promoter shows 1.6-fold induction by IL-6.
This could be due to lack of the A nucleotide in the IL-6RE of
the PHB promoter. However, STAT3 supershift of nuclear pro-
teins binding to IL-6RE oligonucleotides in combination with
results showing that STAT3 siRNA abolishes basal and IL-6-
induced PHB promoter activity suggests that STAT3 binds to
the IL-6RE located in the PHB promoter and is crucial for pro-
moter activity in Caco2-BBE cells.

The finding that the IL-6RE is necessary for maximal basal
PHB promoter activity is somewhat surprising given that levels
of IL-6 under control conditions are relatively low in intestine.
Our results reflect the role of the IL-6RE in the regulation of
baseline PHB expression in intestinal epithelial cells and not in
other cell types because PHB regulation may vary from tissue to
tissue. Despite relatively low levels of IL-6 during control con-
ditions, IL-6 is secreted by intestinal epithelial cells (43) as well
as pericryptal fibroblasts that are in intimate contact with epi-
thelial cells under physiological conditions. Intestinal epithelial
cells possess the IL-6 receptor at the same density or higher
than monocytes under physiological conditions (32, 44, 45).
Although under pathological conditions excessive secretion of
IL-6 may play a major role in the pathogenesis of many diseases,
including inflammatory bowel disease (26, 46), under physiolog-
ical conditions IL-6 expression is important for the host response
to a number of infections (47). Similar to our results using PHB
deletion constructs, deletion of the IL-6RE from the rat a 2-mac-
roglobulin gene resulted in attenuated basal promoter activity (36).
Perhaps the relatively low levels of IL-6 under control conditions
are enough to basally stimulate the PHB promoter or STAT3 that
binds the IL-6RE is stimulated by other factors besides IL-6 during
basal conditions. Approximately 20% of PHB promoter activity
resides with deletion or mutation of the IL-6RE, indicating that
factors that bind to other transcriptional regulatory sites are also
involved in regulating a portion of PHB promoter activity. Regard-
less, our results indicate that the IL-6RE is responsible for maximal
basal and IL-6-stimulated PHB promoter activity in these cells.

Interestingly, our in vitro results in intestinal epithelial cells
are confirmed in intestine of IL-6"/~ mice. PHB mRNA and
protein expression is attenuated in colon from IL-6 '~ mice
compared with WT control mice, suggesting that IL-6 is a pre-
dominant regulator of PHB expression in intestine in vivo. PHB
protein expression in liver did not vary between IL-6"'~ and
WT mice,® indicating that the effect of IL-6 on PHB regulation
may be specific to the intestine. Our results showing decreased
PHB expression in IL-6 '~ colon are especially interesting
given that the mouse PHB promoter contains an inverse IL-6RE
of identical sequence 11 bp upstream from the IL-6RE in the
human PHB promoter. Because PHB expression is not com-
pletely absent in IL-6~/~ mice, other factors must modulate
PHB expression in addition to IL-6 or compensate in the
absence of [L-6. Multiple studies suggest that IL-6 may be pro-
tective against mucosal barrier dysfunction by modulating
wound healing and combating oxidative stress. IL-6/~ mice

3S.V. Sitaraman and A. L. Theiss, unpublished observations.
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exhibit more severe erosion of the intestinal epithelium subse-
quent to impaired mucosal wound healing when treated with
dextran sodium sulfate to induce colitis (48). In vivo adminis-
tration of IL-6 in septic rats was shown to protect mucosal
epithelial cells from sepsis-induced oxidative damage (25). Fur-
thermore, IL-6 was shown to be protective against oxidative
stress in other organs, including the liver and lung (23, 24). Our
recent findings in intestinal epithelial cells suggest that PHB
overexpression protects against oxidative stress (18). Further
studies are needed to determine whether PHB is a downstream
mediator of IL-6 signaling, leading to these functional
responses in the intestinal epithelium of IL-6 '~ mice and mice
administered exogenous IL-6.

In conclusion, this study assessed the regulation of PHB
expression in intestinal epithelial cells. IL-6 increases PHB pro-
tein and mRNA abundance and stimulates PHB promoter acti-
vation. Promoter deletion analysis revealed that the IL-6RE is
the essential transcription regulatory site for maximal basal and
IL-6-induced PHB promoter activity. STAT3 mediates basal
and IL-6-induced PHB transcription and binds to the IL-6RE in
the PHB promoter. Moreover, IL-6~/~ mice show decreased
PHB expression in colon. Together, these results suggest that
IL-6 is the predominant modulator of PHB expression in cul-
tured intestinal epithelial cells and in the intestine in vivo.
Given that PHB levels are altered in inflammatory bowel dis-
ease, this study provides important insights into the potential
regulation of PHB expression by IL-6.
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