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A defective induction of epithelial autophagy may have a role in the pathogenesis of inflammatory bowel diseases. This

process is regulatedmainly byextracellular factors suchasnutrients andgrowth factors and is highly inducedbydiverse

situations of stress. We hypothesized that epithelial autophagy is regulated by the immune response that in turn is

modulatedby local hypoxia and inflammatory signals present in the inflamedmucosa.Our results reveal thatHIF-1a and
Wnt1 were co-localized with CD68 in cells of the mucosa of IBD patients. We have observed increased protein levels

of b-catenin, phosphorylated mTOR, and p62 and decreased expression of LC3II in colonic epithelial crypts from

damaged mucosa in which b-catenin positively correlated with phosphorylated mTOR and negatively correlated with

autophagic protein markers. In cultured macrophages, HIF-1 mediated the increase in Wnt1 expression induced by

hypoxia, which enhanced protein levels of b-catenin, activated mTOR, and decreased autophagy in epithelial cells in

co-culture. Our results demonstrate a HIF-1-dependent induction of Wnt1 in hypoxic macrophages that undermines

autophagy in epithelial cells and suggest a role for Wnt signaling and mTOR pathways in the impaired epithelial

autophagy observed in the mucosa of IBD patients.

Inflammatory bowel disease (IBD) is a chronic disorder of the
gastrointestinal tract characterized by impairment of the
intestinal epithelium function as a regulator of the host
immune response to microbiota.1,2 In colonic epithelial cells,
autophagy has a homeostatic role by engulfing intracellular
organelles and endogenous pathogens via double-membrane
vesicles that fuse with lysosomes, leading to the degradation of
their contents.3–5 This process is mediated by intracellular
microbial sensing via NOD2.6,7 In recent years polymorphisms
in gene loci containing autophagy-related proteins such as
ATG16L1, IRGM, and NOD2 have been associated with an
increased risk of IBD, which implicates a defective induction of
autophagy in the pathogenesis of IBD.3,6,8–10 Autophagy is
regulated mainly by extracellular factors such as nutrients,
hormones, and growth factors and is induced by situations of
stress including starvation, hypoxia, and endoplasmic reticu-
lum stress.11,12 We hypothesized that immunological mechan-
isms modulate autophagy in the mucosa of IBD patients.

Macrophages constitute one of the central components of the
inflamed mucosa, where local hypoxia and inflammatory

mediators modulate their gene expression through the activity
of hypoxia-inducible factors (HIFs).13,14 These infiltrated macro-
phages could be the source of signaling molecules such as soluble
growth factors or Wnt glycoproteins,15,16 which by acting on
epithelial cells may have an important role in the maintenance
of intestinal homeostasis and tissue regeneration.17–19

The Wnt glycoprotein family comprises several ligands that
mediate close-range signaling.20,21 Two branches of Wnt
signaling have been described: canonical and non-canonical
pathways. Binding of canonical Wnt ligands to frizzled receptors
results in the inhibition of glycogen synthase kinase 3 (GSK3),
which is associated with the accumulation of b-catenin in the
cytoplasm and translocation to the nucleus to activate gene
expression.22 Interestingly, stimulation of frizzled receptors has
recently been related to activation of mTOR, a central negative
regulator of autophagy.12,23–26 Although most evidence sug-
gests that the canonical Wnt signaling pathway is involved,
some studies have shown that Wnt1 activates mTOR through
an action that is mediated by both canonical and non-
canonical-independent pathways.27
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The aim of the present study was to analyze the expression of
autophagic protein markers in epithelial cells from the mucosa
of IBD patients. Considering the hypoxic microenvironment of
inflamed mucosa and the strategic position of macrophages in
maintaining communication with epithelial cells, we set out to
determine whether HIFs modulate the expression of Wnt1 in
macrophages and to explore the role of this ligand on epithelial
autophagy and the relevance of this pathway in IBD.

RESULTS

An impaired autophagy is observed in epithelial cells of the
damaged mucosa of IBD patients

Analysis of the expression of autophagic protein markers in the
mucosa of IBD patients revealed an impaired autophagy in the

damaged mucosa compared with the non-damaged (Figure 1b).
Western blot studies showed lower levels of LC3II and increased
levels of p62 and phosphorylated mTOR (p-mTOR) in damaged
vs. non-damagedmucosa. These differences were also observed
in the mucosa of DSS-treated mice compared with the mucosa
of control animals (Figure 1a), suggesting that activation of
mTOR and impaired autophagy are associated with human and
murine-injured colon.

The epithelial expression of autophagic protein markers was
analyzed in isolated crypts from the mucosa of IBD patients
(Figure 1c). Western blot protein analysis revealed increased
levels of p62 and phosphorylatedmTOR and decreased levels of
LC3II in isolated crypts of damaged mucosa vs. non-damaged
mucosa of the same patients (Figure 1c). The evaluation of the

Figure 1 Autophagic protein markers are reduced in damaged colonic mucosa. Representative western blots and graphs showing p-mTOR, p62, and
LC3expression in panela themucosaof vehicle- orDSS-treatedmice (n¼10), (b) themucosaof IBDpatients (n¼14), and (c) the colonic crypts from IBD
patients (n¼ 14); representative photographs showing isolated intestinal crypts of human mucosa, magnification � 20 and � 40. (d) Representative
images showing p62 immunostaining in the damagedand non-damagedmucosa of IBDpatients (scale bar 100 mm).Graph shows a quantitative analysis
(n¼ 14) of the number of p62-positive cells in a total area of 0.135mm2. Bars in the graphs represent mean±s.e.m. Significant difference from the
respective non-damaged mucosa is shown by *Po0.05.
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expression of these proteins in crypts obtained from themucosa
of patients with Crohn’s disease (CD) and ulcerative colitis
(UC) revealed non-significant differences (Supplementary
Figure S1a online).

Moreover, immunostaining for p62 showed accumulation of
this protein in epithelial cells of the damagedmucosa (Figure 1d).
In this way, by highlighting differences in the expression of
autophagic protein markers between damaged and non-
damaged areas, our results suggest that epithelial autophagy
is modulated by mechanisms associated with damage.

HIF-1a stabilization and Wnt1 expression are upregulated
in the damaged mucosa of IBD patients

We and others have previously reportedHIF-1a stabilization in
the mucosa of IBD patients.28,29 In the present study, we
perform a comparative study between damaged and non-
damaged mucosa of the same patients. Quantitative analysis
revealed that protein levels of HIF-1a were higher in the
damaged mucosa of human and murine IBD samples than in
the respective non-damaged mucosa (Figure 2a). In contrast,
protein levels of HIF-2a did not differ significantly between
injured and non-injured areas (Figure 2a). A similar pattern of
the expression of these transcription factors was observed in

the mucosa of patients with UC and CD (Supplementary
Figure S1a). Immunohistochemical experiments revealed
the presence of HIF-1a and HIF-2a in epithelial cells
and cells of the lamina propria. Quantitative analysis
showed a higher number of HIF-1a-positive cells in cells
of the lamina propria of damaged mucosa vs. non-damaged
mucosa, whereas the number of HIF-2-positive cells was
similar in the injured and non-injured tissue (Supplementary
Figure S1b).

Wnt ligands have been reported to regulate multiple aspects
of intestinal pathophysiology. Our results show increased
protein levels of Wnt1 in the damaged mucosa of both DSS-
treated mice and IBD patients with respect to those observed in
the respective non-damagedmucosa (Figure 2a). Furthermore,
a significant increase in the mRNA expression of Wnt1 was
observed in the damaged vs. non-damaged human mucosa
(Figure 2b). Our results demonstrate that both HIF-1a and
Wnt1 are upregulated in the injured mucosa of IBD patients.

HIF-1a stabilization and Wnt1 expression are detected in
macrophages of the mucosa of IBD patients

Immunofluorescence experiments revealed that CD68-positive
cells were co-localized with HIF-1a and Wnt1 in the mucosa

Figure 2 HIF-1a protein levels andWnt1 expression are increased in damaged colonic mucosa. (a) Representative western blots and graphs showing
HIF-1a, HIF-2a, andWnt1 protein levels in themucosa of vehicle- or DSS-treatedmice (n¼10) and IBD patients (n¼ 14). (b) Graph showsWnt1mRNA
expression in the damaged and non-damagedmucosa of IBD patients (n¼ 14). In all cases, bars in the graphs represent mean±s.e.m., and significant
difference from the respective non-damaged mucosa is shown by *Po0.05, **Po0.01 and ***Po0.001.
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(Figure 3a and b), which shows that these proteins are
expressed in gut macrophages. To confirm this, we isolated
macrophages from the mucosa and evaluated the expression of
Wnt1. Our results demonstrate that the percentage of
macrophages that were positive for Wnt1 was significantly
higher in macrophages from damaged mucosa than in non-
damaged mucosa as well as the mRNA expression of Wnt1
(Figure 3c and d).

HIF-1 mediates the hypoxic upregulation of Wnt1 in
macrophages

Next, we set out to determine whether HIFs in cultured
macrophages modulated the expression of Wnt1. First, we
observed HIF-1a and HIF-2a stabilization in macrophages
under hypoxia (Figure 4a). Interestingly, hypoxia increased the
protein (Figure 4a) andmRNAexpression (Figure 4b) ofWnt1
with respect to normoxic cells. This was a consistent pattern, as
it was observed in U937- and THP-1 macrophages as well

as in monocyte-derived macrophages (MDMs) (Figure 4b,
Supplementary Figure S2a). The role of HIF-1 and HIF-2 in
Wnt1 expression was determined using an miRNA approach
to selectively knockdown these transcription factors in
U937-derived macrophages (Supplementary Figure S2b).
As shown in Figure 4c, hypoxic upregulation of Wnt1
mRNA expression was significantly reduced in cells trans-
fected with miHIF1a, but not in those transfected with
miHIF2a, suggesting that HIF-1, and not HIF-2, is involved
in the induction of this ligand by hypoxia. In line with this
observation, the increase in the amount of Wnt1 protein
induced by hypoxia was significantly diminished in miHIF1a
cells (Figure 4d). No significant changes in the expression of
Wnt1 were observed in normoxic macrophages treated with
miHIF1a ormiHIF2a compared withmock-treated cells, which
suggests that neither HIF-1 nor HIF-2 mediates the expression
of this ligand in macrophages under normoxia (Figure 4c,
Supplementary Figure S2b). A role forHIF-1 in the expression
of Wnt1 in hypoxia was also observed in THP-1 macrophages
(Supplementary Figure S2c).

Hypoxic macrophages-derived Wnt1 activates Wnt
signaling pathways in epithelial cells

Macrophages in the mucosa are strategically located to interact
with epithelial cells. The role of Wnt1 from hypoxic macro-
phages in the activation of theWnt signaling pathway in colonic
epithelial cells was analyzed in a co-culture setup in which cells
were treated with miWnt1 (Supplementary Figure S2d).
A significant increase in protein levels of total and nuclear
b-catenin and the mRNA expression of Lgr5, a target gene of
Wnt, was detected in Caco-2 cells co-cultured with hypoxic
macrophages vs. normoxic macrophages (Figure 5a). The
increase induced by hypoxic macrophages was prevented when
these cells underwent transient transfection with miHIF1a or
miWnt1 (Figure 5a). Our results suggest that Wnt1 released
from hypoxic macrophages has a role in the activation of the
canonical Wnt signaling pathway in epithelial cells. This
was confirmed when Wnt1 was administered exogenously to
epithelial cells. As shown in Figure 5b, Wnt1 significantly
increased b-catenin stabilization in Caco-2 cells with respect to
the vehicle.

Hypoxic macrophages-derived Wnt 1 activates mTOR and
reduces autophagy in epithelial cells

The role of hypoxic macrophages in the expression of the
autophagic proteinmarkers p62 and LC3II and in the activation
ofmTOR in epithelial cells was evaluated in the aforementioned
co-culture system. As can be seen in Figure 5c, the amount of
LC3II was lower in Caco-2 cells that had been co-cultured with
hypoxic macrophages than in those co-cultured with normoxic
macrophages, while the amount of p62 and phosphorylated
mTOR was higher. These results demonstrate that hypoxic
macrophages activate mTOR and reduce autophagy in
epithelial cells.

Interestingly, the amount of LC3II, p62, and phosphorylated
mTOR in epithelial cells co-cultured with hypoxic macro-
phages treated with miHIF-1 or miWnt1 (Figure 5c) did not

Figure 3 HIF-1a stabilization and Wnt1 expression in macrophages of
the mucosa of IBD patients. (a) Representative images of three
experiments showing CD68 immunostaining in the damaged and non-
damaged mucosa of IBD patients (Fluorescence microscopy). (b) CD68
co-localizes with HIF-1a and Wnt1 in the lamina propria of the mucosa
(Confocal microscopy). (c, d) Macrophages were isolated from damaged
and non-damaged mucosa of IBD patients (n¼3), and graphs show the
percentage of these cells that were positive for Wnt1 (c) and the Wnt1
mRNA expression in these cells (d). Bars in the graphs represent mean
±s.e.m., and significant difference from the respective non-damaged
mucosa is shown by *Po0.05.
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differ significantly from those observed in normoxic
macrophages, showing that the absence of HIF-1 or Wnt1
in hypoxic macrophages prevented the inhibition of epithelial
autophagy induced by these cells. Under these co-culture
conditions, the exogenous administration of Wnt1 reproduced
the effects induced by hypoxicmacrophages, which was evident
in the lower amount of LC3II, the enhanced expression of p62,
and the activation of mTOR (Figure 5c). Finally, the role of
Wnt1 in epithelial autophagy was further confirmed when
Wnt1 was administered exogenously to epithelial cells, which
led to activation of mTOR, p62 accumulation, and reduced
protein levels of LC3II (Figure 5b).

Wnt signaling correlates with impaired autophagy in
epithelial cells from the damaged mucosa of IBD patients

A comparative western blot analysis revealed increased
b-catenin protein levels in crypts of damaged vs. non-damaged
mucosa (Figure 6a), which provided evidence of the activation

of the Wnt signaling pathway in the epithelial cells of injured
mucosa. Immunohistochemical experiments revealed the
presence of nuclear b-catenin immunostaining mainly located
in epithelial cells of the damaged mucosa (Figure 6b). Inter-
estingly, a detailed analysis of crypts isolated from damaged
mucosa revealed a positive and significant correlation between
b-catenin protein levels and phosphorylated mTOR (Figure 6c).
In addition, protein levels of b-catenin positively correlated
with those of p62 and negatively correlated with protein
expression of LC3II in crypts of damaged mucosa (Figure 6c).
These results point to a role for the Wnt signaling pathway in
the impaired epithelial autophagy detected in the damaged
mucosa of IBD patients.

DISCUSSION

The present study demonstrates impaired autophagy in a
murine model of colitis and in the intestinal mucosa of IBD
patients. In both cases, differences in the expression of two

Figure 4 HIF-1 mediates the hypoxic upregulation of Wnt1 in macrophages. (a) Western blots showing HIF-1a and HIF-2a stabilization and Wnt1
expression induced by hypoxia in U937macrophages. Graph shows a time-course analysis of protein expression in these cells. (b) Graph shows a time-
course analysis of the effects of hypoxia on Wnt1 mRNA expression in U937 macrophages. In all cases, points in the graphs represent mean±s.e.m.
(n43). *Po0.05. vs. time 0 h (a) and vs. macrophages in normoxia at the same time point (b). (c) Graph shows the mRNA expression ofWnt1 in mock-
transfected U937 cells and cells treated withmiHIF-1a ormiHIF-2a under normoxic or hypoxic conditions. (d) Graph shows Wnt1 protein expression in
macrophages in normoxia or hypoxia inmock-transfectedU937 cells and cells treatedwithmiHIF-1a. In all cases, bars in graphs representmean±s.e.m.
(n43). *Po0.05. vs. the same group in normoxia and #Po0.05. vs. mock-transfected cells in hypoxia.
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autophagic protein markers, LC3II and p62, were observed
between the damaged and non-damagedmucosa. Furthermore,
the activation of mTOR, a central negative regulator of
autophagy, was detected in the damaged area, which led us
to suspect that colonic inflammation and injury may be
associated with impaired autophagy. At the intestinal level,
autophagy proteins are required for a variety of cellular
functions, including antigen presentation by dendritic cells,
cytokine secretion by macrophages, and antimicrobial peptide
secretion by paneth cells.3 The impaired autophagy detected in
isolated crypts of damaged human mucosa indicates that
inflammation and injury specifically affect epithelial autophagy
in IBD.

Hypoxia and inflammatory cytokines are present in the
mucosa of IBD patients14,29 and may modulate the activity of
HIFs. Our results show that levels ofHIF-1a, but not ofHIF-2a,
are higher in damaged vs. the non-damaged mucosa of both
IBD patients and DSS-treated mice. The upregulation of HIF-1
in damaged mucosa is in line with previous studies relating

HIF-2 with mild hypoxia and HIF-1 with intense hypoxia,30 a
condition that is likely associated with mucosal inflammation
and injury.14,29 Previous studies have highlighted the presence
of HIF-1a in epithelial cells of the mucosa of IBD patients,29

where it promotes epithelial barrier function.31 Our results
demonstrate that HIF-1, in addition to epithelial cells, is also
present in macrophages that infiltrate the mucosa of these
patients, and we have analyzed whether epithelial function is
modulated by the transcriptional activity mediated by HIF-1 in
these cells.

Wnt glycoproteins are small signaling molecules that have a
crucial role in the regulation of epithelial proliferation and
differentiation.14,20,21 Our immunohistochemical experiments
reveal that macrophages in the lamina propria express Wnt1,
and the studies we have performed in macrophages isolated
from mucosa indicate that the proportion of cells expressing
this ligand is higher in damaged mucosa than in normal tissue.
This suggests that the enhanced expression ofWnt1 observed in
damaged mucosa is due to infiltrated macrophages, which is

Figure 5 Wnt1 frommacrophages increases the canonicalWnt pathway and decreases autophagy in epithelial cells. (a) Caco-2 cells were co-cultured
for 24 h with mock, miHIF-1a or miWnt1 transfected U937-derived macrophages under normoxic or hypoxic conditions (16 h). Western blots showing
protein expression of b-catenin in Caco-2 cells from total, cytosolic and nuclear extracts. Graphs showquantification of b-catenin protein by densitometry
and Lgr5mRNA expression in Caco-2 cells. (b) Caco-2 cells were treated with Wnt1 (20 ngml�1) or vehicle for 24 h. Western blots and graphs showing
protein expression of p-mTOR, b-catenin, p62, and LC3 (n¼ 3). (c) Caco-2 cells were co-cultured as described in panel a and in some caseswere treated
withWnt1 (20 ngml� 1). Representative western blots and graphs showing protein expression of p-mTOR, p62, and LC3 (n¼3). In all cases, bars in the
graphs represent mean±s.e.m. *Po0.05. vs. mock-transfected U937 cells in normoxia, #Po0.05. vs. mock-transfected U937 cells in hypoxia and
&Po0.05 and &&Po0.01 vs. the respective Wnt1-treated cells.
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consistent with the low levels of Wnt1 mRNA expression
reported in the colonic epithelial cells of IBD patients.16,32

Immunofluorescence analysis revealed the co-localization of
HIF-1 and Wnt1 in macrophages of the mucosa and the
presence of HRE sequences in the promotor region of the
Wnt1 gene led us to determine whether HIFs were
involved in the expression of this ligand. We observed that
hypoxia, which induced HIF-1a and HIF-2a stabilization,
enhanced the expression ofWnt1 inmacrophages derived from
two different cell lines and human monocyte-derived macro-
phages in a time-dependent manner. Interestingly, specific
silencing studies revealed that HIF-1, but not HIF-2, mediated
Wnt1 induction, which points to Wnt1 being a target gene
of HIF-1.

The results obtained in our co-culture system suggest that the
increased synthesis of Wnt1 induced by HIF-1a in hypoxic
macrophages acts in a paracrine way to modulate the epithelial
compartment, since we detected the activation ofWnt signaling
pathways in co-cultured epithelial cells. This is consistent with
previous reports showing that epithelial cells respond to rather

than produce Wnt ligands.32 Of interest, we observed the
activation of Wnt signaling in epithelial cells, which is
associated with a decreased expression of autophagic protein
markers. This effect was prevented after knocking down Wnt1
in macrophages and was reproduced by the exogenous
administration of Wnt1. As a whole, these results suggest
that Wnt1 mediates the impaired epithelial autophagy induced
by hypoxic macrophages, which is in accordance with the role
of this ligand in the epithelial activation of mTOR.Wnt ligands
have been shown to activate the mTOR pathway through
b-catenin-dependent23,26 and canonical- and non-canonical-
independent pathways.27 Although we have not analyzed the
precise molecular pathway involved, our results showing that
hypoxic macrophages increase the protein levels of nuclear
b-catenin in parallel to those of phosphorylated mTOR suggest
that Wnt1 activates mTOR through the inhibition of GSK3.
These results together with previously published evidence of
autophagy negatively modulating Wnt signaling33 suggest a
regulatory feed-back mechanism between Wnt signaling and
autophagy.

Figure 6 Increased Wnt signaling correlated with decreased autophagy in epithelial cells of damaged mucosa. (a) Representative western blots and
graph show b-catenin protein levels in crypts of the mucosa of IBD patients. Bars in the graph represent mean±s.e.m. (n¼14); *Po0.05. vs. non-
damaged mucosa. (b) Representative microphotographs of 14 patients showing b-catenin immunostaining in the mucosa of IBD patients. Arrows show
nuclear staining. (c) A positive and significant correlationwasobservedbetweenprotein levels ofb-catenin and the expressionof p62or p-mTOR in crypts
of damagedhumanmucosa,whereasanegative and significant correlationwasdetected between protein levels ofb-catenin andLC3II in the samecrypts
(n¼ 14).
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Finally, we set out to analyze whether Wnt signaling
modulates autophagy in epithelial cells of the mucosa of
IBD patients. Activation of the canonical Wnt pathway has
previously been reported as a response to injury.34,35 Our
results endorse this by showing that canonical Wnt signaling is
activated specifically in colonic epithelial crypts from damaged
mucosa of IBD patients, as demonstrated by the increased
protein levels of b-catenin. Interestingly, levels of b-catenin in
these crypts correlated negatively with LC3II and positively
with p62, suggesting that the activation of Wnt signaling is
involved in impaired epithelial autophagy. In addition, our
results show a positive and significant correlation between b-
catenin and the activation of mTOR in the same crypts. The
crucial role had by mTOR pathways in the negative regulation
of autophagy12 and our in vitro results showing a role forWnt1
in the activation of mTOR strongly suggest that Wnt signaling
impairs autophagy in epithelial cells of the damaged mucosa of
IBD patients through activation of mTOR pathways.

In summary, our results demonstrate a HIF-1-dependent
induction of Wnt1 in hypoxic macrophages that impairs
autophagy in epithelial cells. In the damaged mucosa of IBD
patients, macrophage-derived Wnt1 may be involved in the
epithelial activation of Wnt signaling and mTOR pathways,
which mediate the impaired epithelial autophagy. A better
understanding of the pathophysiological role had by autophagy
in colonic epithelial cells will help to clarify the relevance of the
HIF-1-dependent induction of Wnt1 in macrophages on
epithelial function.

METHODS

DSS-induced colitis in mice. Male 6- to 8-week-old C57BL/6 mice
received vehicle (n¼ 10) or Dextran Sulfate Sodium (n¼ 10) (DSS,
40 kDa, Sigma-Aldrich, St Louis, MO) via their drinking water in a 3%
(w/v) solution (7 days). Body weight and clinical signs of disease
were recorded from day 1. On day 7, mice were killed, and colon
tissue samples were collected for further analysis. All the animals were
housed under appropriate conditions and treated according to
institutional guidelines.

Intestinal mucosal samples. Colonic surgical resections from both
damaged and non-damaged mucosa were obtained from IBD patients
(Table 1). The study was approved by the Institutional Review Board
of The Hospital of Manises (Valencia). Written informed consent was
obtained from all patients.

Isolation of colonic crypts. Human intestinal crypts were isolated
from both damaged and non-damaged mucosa of surgical resections
obtained from IBD patients (n¼ 14). The intestinal epithelial cell
isolation procedure was performed using a non-enzymatic dissocia-
tion technique based on short-term EDTA treatment, as described
previously.36 The resulting crypt suspension was analyzed by light
microscopy (Figure 1c).

Isolation ofmacrophages fromhuman intestine. Macrophages were
isolated from both damaged and non-damaged mucosa of surgical
resections obtained from IBD patients (n¼ 3) by a previously
described technique37 with modifications. The mucosa was trans-
ported in cold (4 1C) 0.9%NaCl and washed with Hanks’ balanced salt
solution without calcium and magnesium (cmHBSS). Epithelial cells
were removed by shaking themucosa (5–10mmstrips ofmucosa)with
1mM DTT and 5mM EDTA for 20min at 4 1C, followed by washing
with cmHBSS. This was repeated twice, and, after the last step, washing

was performed with Hanks’ balanced salt solution with calcium and
magnesium (HBSS). The mucosa was then cut into 2mm pieces and
digested with collagenase (from Clostridium histolyticum; Lonza,
Basel, Switzerland) at a concentration of 100mg per 100ml in culture
medium (10% inactivated bovine fetal serum (FBS, Lonza, Basel,
Switzerland)) in RPMI (Sigma-Aldrich) by shaking for 3 h at 37 1C.
After digestion, the cells were filtered through a 100 m nylon mesh and
washed thoroughly withHBSS. Cells were cultured for 24 h with RPMI
medium with 10% inactivated FBS with 100Uml� 1 penicillin
(Lonza), and 100 mgml� 1 streptomycin (Lonza) in the presence of
phorbol-12-myristate-13-acetate (PMA, Sigma-Aldrich). Adhered
cells were washed thoroughly with HBSS and stained with a specific
monoclonal antibody CD68 (1:100, Biolegend, Madrid, Spain); Tex-
Red-labeled anti-mouse was used as the secondary antibody. Hoechst
33342 (Sigma-Aldrich) was used for nuclear staining. The fluorescent
signal (18 images per well) was quantified using the static cytometer
software (Olympus, Barcelona, Spain) ‘Scan’ version 2.03.2, and results
showed that 82±2% of the cells were macrophages.

Cell culture. Caco-2 cells (American Type Culture Collection, VA)
were cultured in MEM medium (Sigma-Aldrich) supplemented with
20% inactivated FBS with 100Uml� 1 penicillin 100mgml� 1

streptomycin, 2mM L-glutamine (Lonza), 100mM sodium pyruvate
(Lonza), and 1% of non-essential amino acids (Lonza).
Human monocytes (U937 and THP-1, European Collection of Cell

Culture, Salisbury, UK) were cultured in RPMI medium with 10%
inactivated FBS with 100Uml� 1 penicillin and 100mgml� 1 strep-
tomycin. Monocytes (U937 or THP-1) were differentiated into
macrophages by culturing them in the presence of PMA for 48 h.28

Hypoxia (3% O2) was established by incubating macrophages in a
CO2/O2 incubator (model INVIVO2 400, RUSKINN Technology Ltd,
Pencoed, UK) with a blend of 5% CO2 and the appropriate percentage
ofO2 andN2 up to a total of 100%.Normoxic controls were obtained by
incubating the cells at 21% O2.

Isolation of mononuclear cells. Human peripheral blood mono-
nuclear cells were isolated from healthy donors by Ficoll density
gradient centrifugation at 400 g for 40min. Monocyte-derived
macrophages were obtained from monocytes seeded in 12-well tissue
culture plates and differentiated into macrophages through culture in
X-Vivo 15 medium (Lonza) supplemented with 1% human serum,
100Uml� 1 de penicillin, 100 mgml� 1 streptomycin, and 20 ngml� 1

recombinant human M-CSF (Peprotech, London, UK) at 37 1C in 5%
CO2 for 6 days.

Co-culture with Caco-2 cells. Caco-2 cells were co-cultured with
U937 macrophages using Transwell inserts (Corning Incorporated,

Table 1 Patient characteristics

Ulcerative colitis Crohn’s disease

Number of patients 5 9

Age

17–40 years 3 1

440 years 2 8

Gender

Male 4 4

Female 1 5

Concomitant medication

Azathioprine 3

Anti-TNF 4 9

Mesalazine 2

ARTICLES

936 VOLUME 7 NUMBER 4 | JULY 2014 |www.nature.com/mi

http://www.nature.com/mi


MA) with a 0.4-mm porous membrane.38 U937-derived macrophages
were seeded on the inserts and differentiated, after which they were
incubated in hypoxia for 16 h. Subsequently, the inserts were placed on
top of Caco-2 cells andmaintained in co-culture for 24 h. SomeCaco-2
cells were treated with Wnt1 (20 ngml� 1, 24 h, Sigma-Aldrich).

Immunohistochemical studies. Immunostaininig for HIF-1a,
HIF-2a, p62, and b-catenin was performed with 5 mm sections of
paraffin-embedded tissues (Table 2). A horse anti-mouse/rabbit
biotinylated antibody (Vector Laboratories, CA, 1:200) was used as a
secondary antibody. The VECTASTAIN elite ABC system Kit (Vector
Laboratories) was employed for signal development. All tissues were
counterstained with hematoxylin, and the specificity of the immuno-
staining was confirmed by the absence of signal when primary or
secondary antibodies were omitted. An area of 0.135mm2was selected
for quantitative analysis.
For immunofluorescence studies, colonicmucosa from IBDpatients

was frozen in liquid nitrogen, and sections of 4–8 mmwere cut with the
cryo-microtome. The slides were blocked with PBS/ 0.5% BSA for
20min and incubatedwith diluted primary antibodies (CD68,Wnt1 or
HIF-1 (Table 2), dilution 1:100) in PBS/ 0.5% BSA for 30min at 37 1C
in a humidified atmosphere. After washing with PBS, fluorescent
double-labeling was performed with the secondary antibodies, goat
anti-rabbit immunoglobulin G (IgG)-fluorescein isothiocyanate
(FITC, HIF-1 and Wnt1) and goat anti-mouse IgG-Tex-Red (1:200,
Abcam, Cambridge, UK, CD68); 1mM Hoechst 33342 was added to
stain nuclei (30min at 37 1C). The specificity of the immunostaining
was confirmed by the absence of fluorescencewhen primary antibodies
were omitted. Samples were analyzed with a Olympus FLUOVIEW
FV1000 confocal or a Olympus IX81 fluorescent microscopes
(Olympus, Hamburg, Germany).

Static cytometry. Isolatedmacrophages from both damaged and non-
damaged mucosa of surgical resections obtained from IBD patients
were fixed with 2% paraformaldehyde, permeabilized with 0.1%
Triton-X100, and then stained with antibodies against CD68 and
Wnt1 (dilution 1:100). Tex-Red-labeled goat anti-mouse or FITC goat
anti-rabbit, respectively, were used as the secondary antibodies
(dilution 1:200), and Hoechst 33342 was added to stain nuclei. The
fluorescent signal (18 images per well) was quantified using the static
cytometer.

RNA interference and cellular transfection. U937 or THP-1 cells
were transfected with a vector-targeting human HIF-1a (miHIF-1a,
targeting sequence: 50-AGCTATTTGCGTGTGAGGAAA-30, GenBank
Accession No. NM_001530), HIF-2a (miHIF-2a, targeting sequence:
50-CTCCAACAAGCTGAAGCTGAA-03, GenBank Accession No.
NM_001430), Wnt1 (miWnt1, targeting sequence: 50-TGACTTGT

TAAACAGACTGCGAA-30, GenBank Accession No. NM_005430)
or a non-targeting control vector (mock), as described previously.38

Lipofectamine-2000 (Invitrogen Life Technologies, Carlsbad, CA) was
employed as a transfection reagent according to the manufacturer’s
instructions. Twenty-four hours post transfection, the cells were
incubated for 16 h in normoxic or hypoxic conditions, as described
above.

Protein extraction and western blot analysis. Equal amounts of
protein from macrophages or Caco-2 cells (nuclear, cytosolic or total
extracts),39,28 or from colonic tissues40 were loaded onto SDS/PAGE gels
and analyzed by western blot. Membranes were incubated overnight at
4 1C with different primary antibodies (Table 2). Subsequently,
membranes were incubated with a peroxidase-conjugated anti-mouse
IgG (Thermo Scientific, Rockford, IL, 1:5,000) or anti-rabbit IgG
(Thermo Scientific, 1:10,000). Following treatment with supersignal
west pico chemiluminescent substrate (Thermo Scientific), protein
bands were detected by a LAS-3000 (Fujifilm, Barcelona, Spain).
Protein expression was quantified by means of densitometry using the
Image Gauge Version 4.0 software (Fujifilm). Data were normalized to
b-actin.

RNA extraction and qPCR analysis. Total RNA from colonic tissue
was isolated using the Tripure Isolation reagent (Roche Diagnostics,
Barcelona, Spain), and total RNA from macrophages (isolated
macrophages, THP1- or U937-derived macrophages or from MDMs
cells) was obtained by using an extraction kit (Illustra RNA spin mini
isolation kit, GE Health Care Life Science, Spain). In all cases, cDNA
was obtained with the Prime Script RT reagent Kit (Takara, Otsu,
Japan). The protocol was followed as described previously.28 Real-time
PCR was performed with the Prime Script Reagent Kit Perfect Real
Time (Takara) in a thermo cycler LightCycler (Roche Diagnostics).
Specific oligonucleotides for human Wnt1 (50-cgcccacccgagtacctcca-
30, 50-ttcatgccgccccaggcaag-30) or Lgr5 (5’-tgctccgacctggggctctc-3’,
5’- tcggaggctaagcaactgctgga-3’) were designed according to the
reported sequences, and human b-actin (50-ggacttcgagcaagagatgg-30,
50-agcactgtgttggcgtacag-30) expression was used as a housekeeping
gene. The threshold cycle (CT) was determined, and relative gene
expression was expressed as follows: change in expression
(fold)¼ 2�D(DCT) where DCT¼CT (target)�CT (housekeeping),
and D(DCT)¼DCT (treated)�DCT (control).

Statistical analysis. Data were expressed as mean±s.e.m. and were
compared by analysis of variance (oneway-ANOVA)with aNewman-
Keuls post hoc correction for multiple comparisons or a t-test when
appropriate. A P–value o0.05 was considered to be statistically
significant. Clinical correlations were analyzed in the human samples
using Pearson’s correlation coefficient.

Table 2 Specific antibodies used for immunohistochemical and western blot analysis

Immunohistochemistry Western blot

Antibody Antigen retrieval Antibody dilution

P62 (Santa Cruz Biotechnology, Heidelberg, Germany) Sodium citrate buffer pH¼ 9, 97 1C 20min. 1:100 1:1,000

HIF 1a (Santa Cruz Biotechnology) Sodium citrate buffer pH¼ 9, 97 1C 20min. 1:100 1:250

HIF 2a (Sigma-Aldrich) Sodium citrate buffer pH¼ 9, 97 1C 20min. 1:200 1:250

Wnt1 (Santa Cruz Biotechnology) 1:1,000

b-Catenin (Sigma-Aldrich) Sodium citrate buffer pH¼ 6, 97 1C 20min. 1:200 1:1,000

LC3 (Novus Biologicals, CO) 1:1,000

p-mTOR (Ser 2448) (Santa Cruz Biotechnology) 1:1,000

b-Actin (Sigma-Aldrich) 1:10,000
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