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Hypoxia-Inducible Factor/MAZ-Dependent Induction of Caveolin-1
Regulates Colon Permeability through Suppression of Occludin,
Leading to Hypoxia-Induced Inflammation
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Caveolae are specialized microdomains on membranes that are critical for signal transduction, cholesterol transport, and endo-
cytosis. Caveolin-1 (CAV1) is a multifunctional protein and a major component of caveolae. Cav1 is directly activated by hypox-
ia-inducible factor (HIF). HIFs are heterodimers of an oxygen-sensitive a subunit, HIF1a or HIF2«, and a constitutively ex-
pressed (3 subunit, aryl hydrocarbon receptor nuclear translocator (ARNT). Whole-genome expression analysis demonstrated
that Cavl is highly induced in mouse models of constitutively activated HIF signaling in the intestine. Interestingly, CavI was
increased only in the colon and not in the small intestine. Currently, the mechanism and role of HIF induction of CAV1 in the
colon are unclear. In mouse models, mice that overexpressed HIF1a or HIF2« specifically in intestinal epithelial cells demon-
strated an increase in Cavl gene expression in the colon but not in the duodenum, jejunum, or ileum. HIF2« activated the Cav1
promoter in a HIF response element-independent manner. myc-associated zinc finger (MAZ) protein was essential for HIF2a
activation of the Cav1 promoter. Hypoxic induction of CAV1 in the colon was essential for intestinal barrier integrity by regulat-
ing occludin expression. This may provide an additional mechanism by which chronic hypoxia can activate intestinal

inflammation.

Tissue hypoxia is caused by inadequate oxygen delivery, leading
to activation of hypoxia-inducible factor (HIF). A large set of
HIF target genes has been identified as being critical in the control
of metabolism, cell proliferation/survival, angiogenesis, and iron
uptake (1). HIF is a heterodimer of an oxygen-sensitive o subunit,
HIFla, HIF2q, or HIF3w, and a constitutively expressed 3 sub-
unit, aryl hydrocarbon receptor nuclear translocator (ARNT) (2—
4). Hypoxic signaling plays important physiological and patho-
logical roles in the intestine (5). HIF signaling is essential for
maintaining iron homeostasis during iron deprivation, regulating
the intestinal inflammatory response in colitis, and increasing co-
lon cancer progression. Studies assessing the overlapping and dis-
tinct roles of HIF1a and HIF2a demonstrate that HIF1a protects
the epithelial barrier from acute and chronic intestinal inflamma-
tion by activating expression of a large set of barrier protective
genes, such as CD55, intestinal trefoil factors, MUC3, and CD73
(6-8). Disruption of intestinal epithelial HIF1« leads to increased
injury and inflammation, whereas activation of HIF signaling de-
creases injury and inflammation in acute models of colitis (9-12).
In contrast, disruption of HIF2«a decreases the intestinal inflam-
matory response in acute models of colitis, while chronic activa-
tion of HIF2« in the intestine leads to spontaneous colitis (13, 14).
Moreover, activation of HIF2a markedly potentiates experimen-
tal colon carcinogenesis (15, 16). Contrary to HIF1la, the mecha-
nisms by which HIF2«a increases intestinal inflammation remain
unclear.

Whole-genome mRNA expression analysis identified caveo-
lin-1 (CAV1) to be highly induced in intestinal epithelial cells of
mice that overexpress HIF (16). CAV1 is the major structural pro-
tein in the formation of caveolae, which are small (50- to 100-nm)
flask-shaped membrane structures on the plasma membrane (17).
Caveolae are present in most mammalian cell types and play im-
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portant physiological roles in regulating diverse biological pro-
cesses, including signaling transduction and endocytosis (18, 19).
CAV1 is a critical homeostatic protein in inflammation and can-
cer. Several studies have demonstrated that disruption of CAV1
can increase the inflammatory response and cancer progression
(20-22). On the contrary, other studies have suggested that dis-
ruption of CAV1 reduces inflammation and cancer progression
(22,23). A recent study demonstrated CAV1 to be a direct HIF2a
target gene and serve a critical role in hypoxia-induced cell growth
and epidermal growth factor receptor (EGFR) signaling in renal
carcinoma-derived cell lines (24). However, the functional role
and precise mechanism of regulation of CAV1 following HIF ac-
tivation in the intestine have not been determined. CAV1 is spe-
cifically upregulated in the colon in a HIF2a-dependent manner.
However, activation of HIF2a in the small intestine did not in-
crease CAV1 expression. The data from the present study demon-
strated that HIF2a activates CavI expression through a nonca-
nonical mechanism dependent on myc-associated zinc finger
(MAZ) protein. Interestingly, unlike what was observed in renal
carcinoma cell lines, hypoxia-induced CAV1 did not regulate
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FIG 1 The hypoxic signaling pathway increases CavI expression in the colon. (A) Gene expression normalized to B-actin expression. (B) Western analysis of
CAV1 in the colons of VAI*'F and littermate control (VAIR¥8°X [ VhI¥/F]) mice. (C) CAV1 staining in the colons of VhIAE and littermate control (VAI"¥1°%) mice.
The nucleus was stained with DAPI (4',6-diamidino-2-phenylindole), and the epithelial cells were stained with E-cadherin (E-Cad) (bottom). Magnifications are
indicated on the left. (D and E) Cavl mRNA expression level in the jejunum (D) and ileum (E) of VAI*™® mice normalized to the level of B-actin expression. Eight
or nine mice were assessed per each group. Each bar represents the mean value = SD. The results for bars with different letters are statistically significantly

different (P < 0.005); N.S., not significant.

EGFR or cell proliferation. Increased expression of CAV1 led to a
decrease in occludin expression, thus revealing a possible role for
HIF2o in regulating barrier function and intestinal inflammation.

MATERIALS AND METHODS

Animal experiments. VAI1/1°% VRIAE (an intestine-specific disruption
of Vhl), VhlAIE/Hl-fJOLAIE’ VhlAIE/HifZOLAIE’ Hlf](XLSL/LSL, Hl-fZOLLSL/LSL’
and Hif2a""" mice were previously described (13, 25, 26). For methyl-
B-cyclodextrin (MBCD; Sigma, St. Louis, MO) treatment, the mice were
gavaged or intrarectally treated with 200 pl of 10 mM MBCD or saline
vehicle for 6 h. Colon permeability was assessed with fluorescein isothio-
cyanate (FITC)-labeled dextran. Mice were either untreated, treated with
dextran sulfate sodium (DSS) for 3 days, or treated with DSS for 3 days
and placed back on regular drinking water for 6 days. For the infliximab
experiment, mice were injected twice with 10 mg/kg of body weight inf-
liximab (Remicade; Janssen Biotech, Inc., Horsham, PA) at 1 dayand 4 h
prior to the FITC-dextran assay. Mice were gavaged with 0.5 mg/g body
weight of FITC-dextran for 6 h, and serum fluorescence for FITC was
assessed. Ex vivo colon culture was done as described previously (16). The
colons were incubated in dimethyl sulfoxide (DMSO) or MG132 (10 wM)
for 1 h, and Western blot analysis was performed as described below. All
mice were maintained in standard cages in a light- and temperature-con-
trolled room and given standard chow and water ad libitum. All animal
studies were carried out in accordance with the Institute of Laboratory
Animal Resources guidelines under protocols approved by the Commit-
tee on the Use and Care of Animals at the University of Michigan.

Cell culture. Human colorectal carcinoma (HCT116) cells obtained
from ATCC were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Life Technologies, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS; Life Technologies) and 1% antibiotic-antimyotic
(Life Technologies). For hypoxia experiments, HCT116 cells at 60% con-
fluence were cultured in a hypoxia chamber flushed with premixed gas
(1% O,, 5% CO,, and 94% N,).
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Plasmid construction. The 1.3-kb mouse CavI promoter construct
was previously described (27). 5', 3', and mutated constructs were gener-
ated, and the sequences were verified through the University of Michigan
DNA Sequencing Core. The primer sequences are listed in Table S1 in the
supplemental material.

Transient-transfection and luciferase assay. HCT116 cells were
seeded into a 24-well plate at a cell density of 5 X 10* cells per well. Cav1
promoter constructs were cotransfected with the HIF1a, HIF2a, and/or
MAZ expression vector by polyethylenimine (PEI; Polysciences Inc.,
Warrington, PA) (28). For hypoxic experiments, Cavl promoter con-
structs were transfected into HCT116 cells that were cultured in a hypoxia
chamber for 24 h. Cells were lysed in reporter lysis buffer (Promega, Mad-
ison, WI), and firefly luciferase activity was measured and normalized to
B-galactosidase (B-Gal) activity.

Protein isolation and Western blotting. HCT116 cells or scraped
mucosal cells of the colon were lysed to obtain whole-cell extracts or
membrane extracts as described previously (25, 26). Protein was resolved
on 10% SDS-polyacrylamide gels and transferred to a polyvinylidene di-
fluoride membrane. Following blocking with 3% nonfat milk, the blots
were incubated with primary antibodies against GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase) and CAV1 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), HIF2a (Novus Biological, Littleton, CO), occludin
(Life Technologies), EGFR, phospho-EGFR (pEGFR), phospho-ERK
(pERK), and extracellular signal-regulated kinase 1/2 (ERK1/2) (Cell Sig-
naling Technologies, Boston, MA).

RNA isolation and quantitative reverse transcription-PCR. Total
RNA was extracted and reverse transcribed as previously described (29).
The primers used for quantitative PCR are listed in Table S1 in the sup-
plemental material.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were
performed with HIF2a and ARNT antibody in VA mice and HCT116
cells treated with hypoxia for 24 h, as described before (26). The primers
used for the ChIP assay are listed in Table S1 in the supplemental material.

Molecular and Cellular Biology


http://mcb.asm.org

MAZ and HIF2a Regulate Cav1 Expression in the Colon

A 80 Colon 5 Colon Colon
£ L . N.S. ;
'z 60 2 g
3 %2 :
S ° g
5 540 B T
Sg S8 §a
<20 2 E
3 5 3
&~ a é é
VhIF*/Hiflo**  VhIM*/Hiflo*™® VhI*/Hif2a"  VhPM:/Hif2¢*"™ VhF"®/Arnt® VhI*E/ Arnt*™®
B C Colon Colon
20 b
Vhl  VhVHif2a 5 E
F/F _AIE _ F/F _AIE g g1s
) T &
- e == =|CAV] §4 §dw
z £
z -
.“‘.P“-‘.‘ GAPDH 3 5 )
I H"ﬂ aLSL/LSL 0 WT Hi‘zal,SL/l.SL

D Small Intestine Small Intestine
4 N.S 41
= = N.S.
S 44 1 g
2 £ 34 JR
2
€3 —— g
- 2 9 ~ a
> = S £
3SAe S =27
£ o
= £ ]
0 od
WT Hifta' 51" WT Hif2asinst

FIG 2 HIF2« increases Cavl expression in the colon. (A) Gene expression normalized to 3-actin expression. (B) Western analysis of Cavl in the colons of
VHIP/Hiflo M, VRIME/Hif20E, or VRIFE/Arnt™™® mice and littermate control mice (VA% Hifjgllox/flox ypflox/flox pripgfloxiflox oy floxflox) g gy gflox/flox)
(Cand D) Cavl gene expression normalized to B-actin expression in the colon (C) or small intestine (D) of Hifla"**""5" and Hif2a™*"**" mice and littermate controls
(wild type [WT]). Eight or nine mice were assessed per each group. Each bar represents the mean value = SD. The results for bars with different letters are statistically

significantly different (P < 0.005); N.S., not significant.

Immunohistochemistry. Frozen sections of the colon (VAI1*¥19x and

VhIA™E mice) were stained with antibodies for CAV1 (Santa Cruz Biotech-
nology), E-cadherin (E-Cad), and occludin (Life Technologies), as previ-
ously described (16).

Statistical analysis. Statistical analysis was performed using Graph-
Pad Prism software (La Jolla, CA). Two-way analysis of variance was used
to compare the means between the control and experimental groups. The
Student ¢ test was performed to compare statistical differences between
the control and experimental groups. Data are presented as means =+
standard deviations (SDs).

RESULTS

Activation of HIF signaling in intestinal epithelial cells in-
creases Cavl expression in the colon but not the small intestine.
HIFs are regulated through an oxygen-dependent degradation
domain (ODD). Under normoxia, ODD is hydroxylated by prolyl
hydroxylases, followed by recognition and proteasomal degrada-
tion via the von Hippel-Lindau tumor suppressor (VHL) and E3
ubiquitination (30-32). Therefore, disruption of Vhl enables con-
stitutive stabilization and activation of HIF under normoxia. To
assess the role of HIF in regulating CAV1 expression, mice with an
intestine-specific disruption of VAl (VAI*'E) were used (14). Cavl
mRNA expression (Fig. 1A) and CAV1 protein (Fig. 1B) were
highly induced in the colons of VAI*'® mice compared to the levels
of induction in their littermate controls (VA% mice). Immu-
nofluorescence staining demonstrated that the increase of CAV1
in the colons of VAI*'™® mice was from epithelial cells (Fig. 1C). The
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Cavl mRNA level was not increased in the small intestine of
VhI*' mice compared to that in their littermate controls (Fig. 1D
and E).

HIF2a« specifically increases CAV1 expression in colon epi-
thelial cells. To characterize the role of HIF-dependent pathways
on CAV1 expression in the colon, mice with a compound disrup-
tion of VAl and Hifla, Vhl and Hif2o, and Vhl and Arnt were
examined. Disruption of VAl and Hif2a (VAI*'*/Hif2a*"™) or VhI
and Arnt (VAHI*™/Arnt*") abrogated the induction of CAV1
mRNA, whereas disruption of Vil and Hifla (VAI*™™/Hif1a*'F)
had no effect on the Cavl mRNA level compared to that in
VRIA™ mice (Fig. 2A). Disruption of Vhl also increased the
CAV1 protein level, while disruption of both Vhl and Hif2a
abrogated the induction (Fig. 2B). To directly assess the role of
HIFla and HIF2« in the increase of Cavl in the colon, mice with an
intestine-specific overexpression of HIFla (Hifla™"™" mice) or
HIF2a (Hif2a"""" mice) were used (13). Cavl expression was
strongly induced in the colon but not in the small intestine of
Hif2a"*""5" mice. Intestinal overexpression of HIF1a did not ac-
tivate the expression of CavI (Fig. 2C and D). These data clearly
demonstrate that Cavl expression is increased in a HIF2a- and
cell type-dependent manner.

HIF2o regulates Cavl expression through a noncanonical
pathway. HIF1a and HIF2« directly activate genes through bind-
ing to promoters that contain a HIF response element (HRE),
such as those encoding erythropoietin (33) and transferrin (34).
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FIG 3 HIF2« activates the Cavl promoter through an HRE-independent mechanism. (A to D) A luciferase assay was performed in HCT116 cells cotransfected
with HIFla and/or HIF2a or cultured in a hypoxia chamber with a 1.3-kb (A), 650-bp (B), 114-bp (C), or 114-bp mutated (mut) HRE (D) CavI reporter
construct. (Eand F) ChIP assays for HIF2« in VAI*'F mice and littermate controls (E) or in HCT116 cells (F) following 24 h of hypoxia treatment. (G and H) ChIP
assays for ARNT in VAIA'E mice and littermate controls (G) or in HCT116 cells (H) following 24 h of hypoxia treatment. Promoter luciferase values were
normalized to those for 3-Gal, and each bar represents the mean value £ SD. The results of the ChIP analysis were normalized to the input, and each bar
represents the mean value = SD. Four mice were assessed for each group. The results for bars with different letters are statistically significantly different (P <

0.005).
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FIG 5 Induction of CAV1 does not increase EGFR signaling or cell growth. (A) Western analysis of phospho-EGFR (pEGFR), total EGFR, phospho-ERK
(pERK), and total ERK signaling in the colons of Hif2a™""3" and littermate control (wild-type) mice. (B) 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide assay in HCT116 cells with CAV1 overexpression in medium containing 0.5% or 10% FBS. N.S., not significant. (C) Western blot of CAV1
expression in HCT116 cells infected with adenovirus expressing CAV1. Ad-CAV1, adenovirus expressing CAV1; Ad-GFP, adenovirus expressing green fluores-

cent protein.

To further understand the mechanism by which HIF2« activates
Cavl expression in the colon, a 1.3-kb Cavl promoter luciferase
reporter containing three canonical hypoxia-response elements
was characterized. Colon-derived HCT116 cells were transfected
with the Cav1 promoter luciferase construct and incubated under
normoxia or in a hypoxia chamber containing 1% O, for 24 h. A
significant increase in luciferase activity compared to that in the
transfected cells incubated under normoxia was observed (Fig.
3A). Consistent with the in vivo data, cotransfection of HIF2a
under normoxic conditions robustly increased CavI promoter ac-
tivity, whereas HIF1a did not affect Cavl promoter activity (Fig.
3A). To delineate the role of putative HREs in HIF2a-mediated
induction of CavI promoter activity, 5’ deletion constructs of the
Cavl promoter were generated and characterized. The HIF2« re-
sponse was localized to a 114-bp region of the proximal promoter
(Fig. 3B and C). This region contained a single putative HRE.
Mutation of the HRE did not abolish HIF2a-mediated induction
of the Cavl promoter (Fig. 3D). However, in the absence of a
functional HRE, HIF2a and ARNT were still recruited to the Cav1
promoter in the VAI*'® mice and HCT116 cells treated with hyp-
oxia, as assessed by chromatin immunoprecipitation (ChIP) as-
says (Fig. 3E to H).

myc-associated zinc finger (MAZ) transcription factor is
critical for HIF2a regulation of the Cavl promoter. The Cavi
promoter is a TATA-less promoter containing a GC-rich se-
quence. Previous work demonstrated that HIF2« can activate GC-
rich elements through a MAZ protein, also known as serum am-
yloid A-activating factor 1 (SAF1) (13). To assess if the GC-rich
sequences were critical for HIF2a induction of CavI, constructs
with a deletion of the GC-rich sequence located at the 5" end of the
promoter (99-bp GC-del) and serial 3" deletions (96 bp, 64 bp,
and 24 bp) were generated (Fig. 4A). Compared to the luciferase
activity of the 114-bp promoter, luciferase activity decreased with
the 3’ truncations, and the basal promoter activity was completely

abolished with the deletion of the GC-rich sequence (Fig. 4A),
indicating that the GC-rich sequence is critical for promoter ac-
tivity. 3" deletions (96 bp, 64 bp, and 24 bp) were also generated,
and the promoter constructs were cotransfected with HIF2«.. The
96-bp and 24-bp promoter constructs were significantly induced
to alevel comparable to that of the 114-bp construct (Fig. 4B). The
64-bp promoter construct was also induced by HIF2q, but to a
lesser extent. This suggested that the GC-rich sequence may be
critical for HIF2« induction. To understand if the GC-rich bind-
ing transcription factor MAZ can activate the Cavl promoter,
MAZ was overexpressed and luciferase activity was measured.
MAZ increased the promoter activity in the 3’-truncated con-
structs (Fig. 4C). To further confirm the role of MAZ in HIF2a-
induced Cavl promoter activation, HCT116 cells with MAZ
knockdown by short hairpin RNA (shRNA) were examined (13).
Basal and HIF2a-induced Cavl promoter activity was signifi-
cantly attenuated in the HCT116 cells with MAZ knockdown
compared to that in cells with scrambled shRNA (Fig. 4D).
Cotransfection of MAZ and HIF2a further induced CavI pro-
moter activity compared to that in cells transfected with HIF2a or
MAZ only (Fig. 4E). A novel splice variant of MAZ, SAF3, could
also potentiate HIF2a-induced CavI promoter activity (Fig. 4E)
(35). To assess if MAZ was essential for HIF2a recruitment to the
Cavl promoter, ChIP assays were assessed in MAZ knockdown or
scrambled cells. Hypoxia led to the robust recruitment of HIF2a
in HCT116 cells with scrambled shRNA, which was completely
abrogated in cells with shRNA knockdown of MAZ (Fig. 4F).
Overexpression of MAZ and HIF2« demonstrated that these tran-
scription factors are predominantly colocalized in the nucleus
(Fig. 4G). To understand if HIF2a and MAZ interact, HIF2«
tagged with streptavidin binding peptide (NTAP) was cotrans-
fected with empty vector or MAZ in HEK293T cells. Cells were
precipitated with streptavidin, and Western analysis demon-

h of hypoxia treatment. (G) HIF2a and MAZ staining following cotransfection of the HIF2a and MAZ expression vector in HCT116 cells. (H) Coimmunopre-
cipitation (Co-IP) of HIF2a and MAZ in HEK293T cells. IP-Strp, immunoprecipitation with streptavidin. Promoter luciferase values were normalized to those
for B-Gal, and each bar represents the mean value = SD. The results of the ChIP analysis were normalized to the input, and each bar represents the mean value +
SD. The results for bars with different letters are statistically significantly different (P < 0.05); N.S., not significant.
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infliximab. Four to six mice were assessed per each group. Each bar represents the mean value = SD. The results for bars with different letters are statistically

significantly different (P < 0.05); N.S., not significant.

strated a protein interaction between HIF2a, MAZ, and ARNT
(Fig. 4H).

Overexpression of HIF2« in the colon does not alter EGFR
signaling or proliferation. EGFR was shown to interact with
CAV1 (36). Hypoxia upregulated CAVI expression, which pro-
moted ligand-independent EGFR signaling in renal cell carcino-
ma-derived cell lines (24). Overexpression of HIF2« in the colon
did not alter the levels of phosphorylated EGFR and its down-
stream ERK signaling pathway (Fig. 5A). In addition, adenovirus-
mediated overexpression of CAVI did not alter cell growth in
HCT116 cells (Fig. 5B and C).

HIF2a increases colon barrier permeability. CAV1 is critical
in the regulation of occludin, a major tight-junction protein im-
portant in intestinal epithelial barrier function (37). Occludin ex-
pression was significantly decreased in the colons of VAI*™ mice
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compared to that in their littermate control mice (Fig. 6A). The
decrease in expression was not observed in the VAI*®/Hif2a*™
mice (Fig. 6A). Decreased expression of occludin was observed on
the apical surface of colonic epithelial cells from VAI*'™® mice com-
pared to the level of expression in their littermate controls (Fig.
6B). To assess if the decrease in occludin expression correlated
with a change in the barrier function, VhITo¥1ox and VAIAE mice
were treated with regular drinking water, DSS in the drinking
water for 3 days, or DSS in the drinking water for 3 days and
regular drinking water for 6 days following DSS treatment. DSS
treatment led to an increase in intestinal barrier permeability. The
VAI*'E mice had a decrease in basal barrier function compared to
their littermate controls, which was further potentiated following
DSS treatment (Fig. 6C). The increase in barrier permeability was
abolished in mice with a compound disruption (Vhl and Hif2a),
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demonstrating a role for HIF2« in barrier permeability (Fig. 6D).
Furthermore, occludin expression was decreased in Hif2a™5"'*
mice (Fig. 6E). These mice overexpressed HIF2a from a single
allele and did not have overt intestinal inflammation (13). The
tumor necrosis factor alpha (TNF-a) gene (Tnfa) is a direct target
gene of HIF2a and can regulate occludin expression and barrier
permeability (13, 37). To determine whether TNF-a is involved in
the HIF2a-induced barrier defect, Hif2a™5'* mice were exam-
ined. Although no overt inflammation was observed, these mice
still had increased Tnfa mRNA expression (13). Consistent with
the decrease in occludin expression, Hif2a™"* mice also demon-
strated increased barrier permeability. However, the increase in
intestinal permeability was not decreased following treatment
with a clinically used TNF-a antagonist, infliximab (Fig. 6F).
CAV1 expression regulates occludin levels in the intestine of
VhI*™ mice. TNF-a triggered inflammation-induced CAV1-me-
diated endocytosis of occludin and disruption of the epithelial
paracellular tight junction (16, 37). Our data suggested that a con-
stitutive increase in Cavl expression may lead to a decrease in
occludin expression. To further assess this possibility, two colon-
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derived cell lines, Caco-2 and HCT116, which differentially ex-
press CAV1, were assessed. Caco-2 cells have low levels of expres-
sion of CAV1 and a higher level of occludin expression than
HCT116 cells (Fig. 7A). Forced expression of CAV1 in Caco-2
cells decreased occludin expression (Fig. 7B), whereas knockdown
of CAV1in HCT116 cells increased occludin expression (Fig. 7C).
These data suggested that overexpression of CAV1 independently
of TNF-a signaling can also regulate occludin. MBCD is a water-
soluble cyclic heptasaccharide compound that decreases CAV1
expression and inhibits its endocytic shuttling of occludin (37). To
understand if the decrease in occludin following HIF overexpres-
sion was due to CAV1, mice were treated with MBCD by gavage
(Fig. 7D) or intrarectally (Fig. 7E) and CAV1 and occludin expres-
sion was measured. Administration of MBCD led to a significant
decrease in CAV1 expression and a concomitant increase in oc-
cludin expression in colonic membrane extracts. To assess the
mechanism of CAV1 inhibition of occludin expression, occludin
mRNA was assessed in the colons of VAI*™ mice. No change in
occludin mRNA expression was observed in the VAI*'™® mice com-
pared to that in their littermate controls (Fig. 7F). Occludin has
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been demonstrated to be ubiquitinated and degraded to regulate
junction permeability (38). To assess if a chronic elevation in
CAV1 could increase proteasome-mediated degradation, the co-
lons of VAI*™® and VAI1°* mice were excised and incubated in
medium containing the proteasome inhibitor MG132 or DMSO.
Inhibition of the proteasome abolished the reduction of mem-
brane-bound occludin in the colons of VA mice (Fig. 7G).
Together, these data demonstrate that CAV 1 is critical for hypoxic
dysregulation of occludin.

DISCUSSION

The intestinal mucosa and barrier tight junction play an impor-
tant role in the host immune and inflammatory response. More-
over, recent work has demonstrated that colon tumor tight junc-
tions are inherently dysregulated, leading to an increase in
permeability and a major mechanism leading to activation of the
tumor-elicited inflammatory response (39). Previous work dem-
onstrated that inflammatory foci in patients with inflammatory
bowel disease and in colon tumors have increased HIF2a expres-
sion in the epithelium compared to that in the epithelium of nor-
mal intestines (13). Mice with HIF2a overexpression in intestinal
epithelial cells had increased inflammation and colon tumors (13,
16). In the current investigation, CAV1, a structural protein of
caveolae, was robustly induced by HIF2a specifically in the colon.
CAV1 is integral in inflammation-induced dysregulation of the
intestinal barrier function. TNF-a or a core family member,
LIGHT, induced intestinal barrier defects by increasing the inter-
nalization of occludin (37, 40). The present study demonstrates
that HIF2« activation in intestinal epithelial cells leads to a de-
crease in occludin expression and that inhibition of CAV1 by
MPBCD leads to an increase in occludin expression. HIF2a-in-
duced CAV1 regulated occludin degradation, as the decrease in
occludin expression was reversed in VhI*' mice following incu-
bation of the colon with a proteasome inhibitor. Interestingly, a
recent study also demonstrated that disruption of HIF2« signaling
could lead to barrier defects through the regulation of creatine
metabolism (41). Together with the findings of the present study,
this suggests that HIF2a is a homeostatic factor in the regulation
of tight junctions and either disruption or chronic activation can
lead to barrier dysregulation.
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CAV1 has a dual role in the progression of colon cancer. Con-
sistent with the growth-promoting and growth-inhibitory role of
CAV1in colon cancer, studies have shown that the CAV1 level can
be decreased or CAV1 can be overexpressed in colon adenocar-
cinomas (20, 42, 43). There are data that clearly demonstrate
the inhibitory role of CAVTI in cell transformation and tumor
formation. Studies in carcinoma cells, including colon cancer
(HT29 and DLD-1), breast cancer (ZR75), and embryonic kidney
(HEK293T) cells, demonstrate that CAV1 plays an essential role in
oncogenic transformation and tumor growth suppression (23, 44,
45). Recently, it was shown that disruption of Cavl promotes
colorectal carcinogenesis in mouse models (46). However, studies
in cancer patients and animal models have shown that in prostate,
breast, lung, and pancreatic cancer, an increase in CAV1 expres-
sion is correlated with a poor prognosis and reduced survival (47—
51). Several studies have shown a role for CAV1 in tumor invasion
and metastasis (52, 53). Recent studies in renal cell carcinoma cells
showed that HIF-mediated induction of CAV1 expression is cor-
related with activation of EGFR signaling in a ligand-independent
manner (24). Hypoxic activation of CAV1 increased the levels of
phosphorylation of EGFR and activation of downstream signaling
pathways, such as phosphorylation of ERK and MEK (24). EGFR
and its downstream signaling pathways are the critical regulators
of key cellular events in tumorigenesis (54-56). In the current
work, Cavl mRNA and CAV1 protein are highly induced in
mouse colon following an increase in HIF2a signaling. However,
EGFR and its downstream signaling pathways were not altered in
vivo. This may be due to the tissue-specific functions of CavI or
differences in signaling between cultured cells and in tissues in
vivo.

Previous work demonstrated that HIF2a increased CAV1 ex-
pression directly by regulating CAV1 promoter activity through a
canonical HRE (24). Consistent with the published data, the pres-
ent study also demonstrated that activation of HIF2a (but not
HIFla) in intestinal epithelial cells leads to a robust activation of
CAV1. Interestingly, the HIF2a-dependent increase in CAV1 was
localized to the colon but not the small intestine. This suggested
other levels of regulation, in addition to the HRE. Similar to the
regulation of other genes by HIF2«, the HRE was dispensable and
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MAZ was required for HIF2a-mediated induction (13). The ChIP
analysis demonstrated that HIF2a is recruited to the CavI pro-
moter in a MAZ-dependent manner. MAZ was first characterized
as the myc-associated zinc finger protein transcription factor in-
duced during inflammation (57, 58). MAZ can bind to GC-rich
DNA sequences, and the GC-rich sequence on the promoter of
Cavl was required for HIF2a-mediated induction. Moreover,
overexpression of MAZ potentiated the HIF2a-mediated induc-
tion of CavI and knockdown of MAZ abolished HIF2a activation
of Cavl. Coimmunoprecipitation studies demonstrate that
HIF2a and MAZ can interact, suggesting a model in the colon
where MAZ, HIF2a, and ARNT form a complex at the GC-rich
sequence of the Cavl promoter to activate transcription (Fig. 8).
However, MAZ ChIP assays to definitively verify this model were
inconclusive due to the specificity and sensitivity of the MAZ an-
tibodies in HCT116 cells or mouse colon. In addition, MAZ is
expressed in the colon and small intestine and therefore does not
completely address the tissue specificity of Cavl induction by
HIF2a. Colon and colon-derived cell lines may contain cell type-
specific transcriptional regulators that are critical for hypoxic in-
duction of Cavl.

In summary, MAZ-HIF2a-mediated signaling increased Cavl
expression, promoted disruption of intestinal tight junctions, and
increased barrier permeability in vivo. MAZ binding was required
for hypoxia-mediated induction of CAV1 in HCT116 cells. The
proposed novel regulatory mechanism may be critical in driving
inflammation in hypoxic foci in inflammatory bowel disease and
colon cancer.
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