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ABSTRACT Intestinal epithelial cells (IECs) are exposed to the low-oxygen environ-
ment present in the lumen of the gut. These hypoxic conditions on one hand are
fundamental for the survival of the commensal microbiota and, on the other hand,
favor the formation of a selective semipermeable barrier, allowing IECs to transport
essential nutrients/water while keeping the sterile internal compartments separated
from the lumen containing commensals. The hypoxia-inducible factor (HIF) complex,
which allows cells to respond and adapt to fluctuations in oxygen levels, has been
described as a key regulator in maintaining IEC barrier function by regulating their
tight junction integrity. In this study, we sought to better evaluate the mechanisms
by which low oxygen conditions impact the barrier function of human IECs. By
profiling miRNA expression in IECs under hypoxia, we identified microRNA 320a
(miRNA-320a) as a novel barrier formation regulator. Using pharmacological inhibi-
tors and short hairpin RNA-mediated silencing, we could demonstrate that expres-
sion of this microRNA (miRNA) was HIF dependent. Importantly, using overexpres-
sion and knockdown approaches of miRNA-320a, we could confirm its direct role in
the regulation of barrier function in human IECs. These results reveal an important
link between miRNA expression and barrier integrity, providing a novel insight into
mechanisms of hypoxia-driven epithelial homeostasis.
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The human gastrointestinal (GI) tract is the organ forming the largest barrier toward
the external environment and a key player in nutrient absorption (1). It consists of

a monolayer of intestinal epithelial cells (IECs) separating the lamina propria from the
lumen of the gut. This epithelium on the one hand allows for the translocation of
nutrients, water, and electrolytes from the lumen to the underlying tissue and, on the
other hand, builds up a tight barrier to prevent penetration of commensal bacteria and
potential harmful microorganisms (bacterial and viral) to the lamina propria (1). Al-
though these luminal microorganisms have well-characterized beneficial functions for
the host, they can represent a risk when epithelial barrier and gut homeostasis are
disrupted. Altered barrier functions increase the risk of enteric pathogen infection and
can lead to the dysregulation of the mechanisms leading to the tolerance of the
commensals which ultimately can lead to inflammation of the GI tract and the devel-
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opment of chronic diseases like inflammatory bowel disease (IBD), including Crohn’s
disease (CD) and ulcerative colitis (UC) (2, 3). Multiple cellular strategies are utilized to
physically separate the content of the gut lumen from the host. First, goblet cells and
Paneth cells in the mucosal lining secrete mucus, together with antimicrobial and
antiviral peptides, which forms a layer of separation between the intestinal epithelial
cells and the luminal content of the digestive tract (4–6). Second, epithelial cells
polarize and express tightly juxtaposed adhesive junctional complexes between neigh-
boring cells. These junctional complexes are composed of integral transmembrane
proteins that are linked via intracellular scaffolding proteins to the actin cytoskeleton
(7). This tight organization of intestinal epithelial cells inhibits paracellular diffusion of
ions and other solutes, as well as antigenic material (8). The junctional complex
therefore is essential for establishing and maintaining the barrier function of the
mucosal layer and is composed of tight and adherens junction proteins such as
claudins, occludin, junctional adhesion molecule A (JAM-A), tricellulin, zona oc-
cludens 1 (ZO-1), and E-cadherin (8). The interaction between the different tight
junction and adherens junction proteins thus creates a tight epithelial barrier and
determines selective permeability through the intestinal epithelium.

Within the physiological organization of the GI tract, an important but often
overlooked parameter is the low oxygen level present in the lumen of the gut. This
environment is fundamental for the survival of many commensals. Within the complex
three-dimensional organization of the crypt-villus axis, the tip of the villus protrudes
into the almost anoxic environment of the gut. The gut lumen is characterized by an
oxygen partial pressure (pO2) below 10 mm Hg (9, 10). This oxygen level increases
significantly along the crypt-villus axis where, within the mucosal lining, oxygen-rich
blood vessels are located in the subepithelium, providing the stem cell containing
crypts with a higher oxygen content of around pO2 of 60 to 85 mm Hg (11, 12). This
environment of relatively low oxygen tension is also called physiologic hypoxia and has
profound impact on many functions of the gut (10). Besides this oxygen gradient
among the intestinal epithelium, the subepithelium of the GI tract is also exposed to
daily fluctuations in oxygen content. After food ingestion, the intestinal blood flow and
perfusion of the tissue increase and the oxygen content in the subepithelium rises,
while under fasting conditions oxygen content decreases (10, 13, 14).

Cells respond to the hypoxic environment by specifically regulating the expression
of hundreds of genes through the major hypoxic-induced transcription factor hypoxia-
inducible factor (HIF) (15). HIFs are heterodimeric transcription factors that are com-
posed of a constitutively expressed HIF-� subunit and one of the three oxygen-
regulated alpha subunits (HIF-1�, HIF-2�, or HIF-3�) (16). Under normoxic conditions,
HIF-1� is rapidly hydroxylated at specific proline residues by different prolyl hydroxy-
lases (PHDs), leading to binding to the E3 ubiquitin ligase containing the von Hippel-
Lindau (VHL) tumor suppressor protein, polyubiquitination, and subsequent protea-
somal degradation of the protein (17). Under hypoxic conditions, lack of substrates
such as Fe2�, 2-oxoglutarate, and O2 inhibits hydroxylation (18), therefore stabilizing
HIF-1� and leading to dimerization with its constitutively expressed �-subunit (HIF-1�),
translocation to the nucleus and binding of the coactivators CBP (CREB-binding protein)
and p300 (19). This enables the complex to bind to target genes at the consensus
sequence 5=-RCGTG-3= (where R refers to A or G) and leads to formation of the
transcription initiation complex (TIC) with subsequent expression of many genes that
promote erythropoiesis, angiogenesis, glucose transport, and metabolism, all of which
are needed to adapt to low-oxygen concentrations (20).

Beside the importance of hypoxia for the commensal flora, it has been shown that
low-oxygen conditions also impact epithelial cells by inducing secretion of several
proteins into the surrounding of the cells, including cytokines and growth factors (21).
Precisely, in the context of epithelial barrier function, the intestinal trefoil factors (TFFs)
exhibit intestinal cell-specific barrier-protective features and are specifically upregu-
lated under hypoxia in an HIF-1�-dependent manner (22). The molecular mechanisms
of TFF function and how they achieve the barrier protection is still not fully understood.
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Recent publications indicate a stabilizing effect on mucosal mucins (23), induction of
cellular signals that modulate cell-cell junctions of epithelia leading to increased levels
of claudin-1, impairment of adherens junctions, and facilitation of cell migration in
wounded epithelial cell layers (24–26). In addition, it has been shown that pharmaco-
logical induction of hypoxia or loss of PHDs result in an increased barrier function due
to a decreased amount of cell death by apoptosis, highlighting the importance of
hypoxia for regulating the rate of proliferation in the maintenance of barrier function
(27–29).

In recent years it has become appreciated that hypoxia additionally regulates the
expression of an expanding but specific subset of microRNAs (miRNAs), termed hypox-
amiRs (30, 31). miRNAs are endogenous, small noncoding RNAs that consist of 18 to 23
nucleotides. After transcription and subsequent maturation, the functional strand of the
mature miRNA is loaded into the RNA-induced silencing complex (RISC), where it
silences target mRNAs through mRNA cleavage, translational repression, or deadeny-
lation (32). miRNAs coordinate complex regulatory events relevant to a variety of
fundamental cellular processes (33). Although it has been shown that miRNAs can
participate in the regulation of barrier function (34), it remains unclear whether the
hypoxic environment in the lumen of the gut can induce the expression of a specific
subsets of hypoxamiRs, which in turn will influence barrier function of the intestinal
epithelium.

In the present study, we sought to investigate how hypoxia impacted the formation
of a tight barrier in human intestinal epithelial cells. We found that human intestinal
cells grown under hypoxic conditions more rapidly displayed barrier formation com-
pared to cells grown under normoxia. We could correlate this improved barrier function
with the faster assembly of the tight junction belt under low oxygen conditions.
Through miRNA transcriptome microarray analysis, we identified three hypoxamiRs,
miRNA-320a, miRNA-16-5p, and miRNA-34a-5p, known to play a role in barrier forma-
tion. Using overexpression and depletion experiments, we could demonstrate that
miRNA-320a acts as a key player in promoting barrier formation in human intestinal
epithelial cells under hypoxic conditions. Our data demonstrate that the hypoxic
condition around intestinal epithelial cells regulates the expression of a specific subset
of miRNAs, which in turn participate in the establishment of a fully functional epithelial
barrier. Importantly, our work highlights the importance of studying the cellular
functions of intestinal epithelial cells under their physiological hypoxic environ-
ment.

RESULTS
Low oxygen levels improve barrier function in human intestinal epithelial cells.

The gastrointestinal tract is characterized by a steep oxygen gradient along the
crypt-villus axis with high levels of oxygen at the bottom of the crypts and a low-
oxygen environment at the tip of the villi (11). Several studies (22, 28, 35) have shown
that low oxygen concentrations can influence the barrier function of epithelial cells in
vitro by changing gene expression profiles and inducing secretion of barrier-regulating
proteins, i.e., TFFs. To investigate the mechanism by which hypoxic conditions regulate
barrier function, the T84 colon adenocarcinoma-derived cell line was seeded onto
Transwell inserts (Costar 3415; Corning) and allowed to polarize under normoxic (21%
O2) or hypoxic (1% O2) conditions. To determine the effect of hypoxia on the ability of
T84 cells to form a tight barrier, transepithelial electrical resistance (TEER) measure-
ments were performed at 24-h intervals for 5 days. TEER is a well-characterized method
used to quickly access barrier function characterized by the rise in the electrical
resistance over a cell monolayer. Similar to our previous observations (36), normoxic
cells reached a polarized state and acquired a fully functional barrier function within 4
to 5 days postseeding (Fig. 1A). However, T84 cells cultured under hypoxic conditions
established their barrier function significantly faster compared to cells under normoxic
conditions, reaching a polarized state within 2 days postseeding (Fig. 1A). To further
assess paracellular permeability and the integrity of the IEC monolayer, the diffusion of
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fluorescein isothiocyanate (FITC)-labeled dextran across the epithelial monolayer was
measured (Fig. 1B). In this assay, when cells are nonpolarized, dextran added to the
apical chamber of a Transwell insert is able to rapidly diffuse to the basal compartment.
However, upon cellular polarization and creation of a tight barrier, the FITC-dextran is

FIG 1 Hypoxia improves barrier function in intestinal epithelial cells. T84 cells were seeded onto Transwell inserts and cultured for the indicated time under
normoxic (21% O2) (red) or hypoxic conditions (1% O2) (blue). (A) The rate of TEER increase over the cell monolayer was measured every 24 h using the EVOM2

chopstick electrode. A TEER of �330 � · cm2 indicates complete barrier formation and is marked by a dotted line (36). (B) Paracellular permeability of the cell
monolayer on Transwell inserts was assessed by adding 4-kDa FITC-dextran to the apical compartment (schematic overview [left panel]). At 3 h postincubation,
the basal medium was analyzed for an increase of fluorescence by spectrofluorimetry (right panel). (C) T84 cells cultured for 24 and 48 h under normoxic and
hypoxic conditions were evaluated for the expression of the tight junction protein ZO-1 (red). Cell nuclei were stained with DAPI (blue). Scale bar, 25 �m. A
representative image is shown. (D) RNA samples of normoxic and hypoxic cultures of T84 cells taken at 24-h intervals for 4 days were analyzed by qPCR for
the expression of the hypoxia-induced VEGF and CA9 genes. The results are normalized to normoxic values for each day. (E) RNA samples of normoxic and
hypoxic cultures of T84 cells were analyzed over time by qPCR for the expression of the tight junction proteins E-cadherin, occludin, and JAM-A. The results
are normalized to normoxic values for each day. (A and B) Values shown represent means � the standard errors of the mean (SEM) (n � 9) from triplicate
experiments. ***, P � 0.0001 (two-way analysis of variance [ANOVA]). (D and E) Experiments were performed in quadruplicate. Error bars indicate the standard
deviations (SD). *, P � 0.05; **, � 0.01; n.s., not significant (one-sample t test on log-transformed fold changes).
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retained in the apical chamber. The results show that, similar to the rapid increase in
TEER measurements, T84 cells grown under hypoxic conditions are able to more quickly
control FITC-dextran diffusion from the apical into the basal compartment of the
Transwell. This indicates that a tight barrier function has been achieved faster under
hypoxia compared to normoxia (Fig. 1B). This increase in barrier function was rapid and
was already apparent at 1 day postseeding. To determine whether the increase in the
rate of polarization and barrier formation was also apparent at the level of the tight
junction belt, T84 cells were seeded onto Transwell inserts and the formation of tight
junctions was monitored by indirect immunofluorescence of ZO-1 and by quantitative
PCR (qPCR) for the tight and adherens junction proteins E-cadherin (CDH1), occludin
(OCLN), and junctional adhesion molecule 1 (F11R/JAM-A). The results show that similar
to results of the TEER and dextran diffusion assay, cells cultured under hypoxic
conditions already showed, within 1 day of seeding, a well-defined tight junction belt
characterized by the classical cobblestone pattern. In contrast, cells grown under
normoxic conditions did not have well-defined tight junctions 1 day postseeding, and
this coincided with the presence of dispersed ZO-1 protein in the cytosol of the cells
(Fig. 1C). To address whether hypoxia induces an upregulation of barrier-function
protein expression, we performed a quantitative reverse transcription-PCR (qRT-PCR)
analysis of cells grown under normoxic and hypoxic conditions. As positive controls, we
used the two archetypical hypoxia-driven genes vascular endothelial growth factor
(VEGF) and carbonic anhydrase 9 (CA9) genes and confirmed that they were upregu-
lated when cells were cultured under hypoxia (Fig. 1D). Importantly, mRNA expres-
sion of the junction proteins E-cadherin, occludin, and JAM-A was increased under
hypoxia. E-cadherin showed a higher induction initially after hypoxic culture, while
occludin and JAM-A required a prolonged treatment under hypoxia to show increases
in their expression (Fig. 1E). Altogether, these results suggest that hypoxia favors the
establishment of barrier function in T84 cells.

Chemical stabilization of HIF by DMOG induces a faster barrier formation. The
main transcription factors involved in cellular response following changes in oxygen-
ation are HIF-1� and HIF-2�. To address whether the phenotype of faster barrier
establishment under hypoxia was dependent on the activation of HIF1-� or HIF-2�, we
aimed at mimicking the hypoxic conditions using the pharmacological HIF-1�/2�

activator dimethyloxaloylglycine (DMOG). DMOG exerts its function by inhibiting PHDs,
which under normoxic conditions induce the degradation of HIF-1� and HIF-2� (HIF-
1�/2�) (28). Therefore, DMOG treatment of normoxic cells stabilizes HIF-1�/2�, allow-
ing for its translocation to the nucleus and induction of HIF-responsive elements (HRE)
dependent gene expression (Fig. 2A). To confirm that DMOG was capable of stabilizing
HIF-1�/2�, T84 cells were treated with DMOG, and the levels of HIF-1� and HIF-2� were
assessed by Western blot analysis. The results show that DMOG treatment induces
stabilization of both HIF-1� and HIF-2� to similar levels compared to cells incubated
under hypoxic conditions (Fig. 2B). To further confirm that DMOG treatment leads to
the upregulation of transcripts known to be induced by HIF-1�/2�, the transcriptional
upregulation of the archetypical HIF-1� target proteins VEGF and CA9 were assessed by
qPCR. The results show that, similar to hypoxic treatment (Fig. 1D), DMOG treatment
results in the significant upregulation of both VEGF and CA9 (Fig. 2C). Finally, to
determine whether DMOG treatment can phenocopy hypoxia and can induce an
increase in the rate of barrier formation, T84 cells were seeded onto Transwell inserts
and incubated under normoxic conditions in the presence or absence of DMOG. The
barrier function was assessed by monitoring TEER in 24-h intervals over a 4-day time
course. In line with our previous observations, DMOG-treated cells established their
barrier function faster than the solvent-treated control cells (Fig. 2D). Together, these
results demonstrate that a pharmacological approach to mimic hypoxic conditions
promotes barrier function in T84 cells.

Increased barrier formation induced by hypoxia is HIF-1� dependent. To
address whether the observed increase in barrier function was HIF-1� dependent,
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HIF-1� was knocked down by lentiviral transduction of shRNAs (Fig. 2A). Quantification
of HIF-1� knockdown efficiency revealed a 75% reduction of HIF-1� mRNA compared
to cells expressing a scrambled shRNA control (shScrambled) (Fig. 3A). Similarly, this
downregulation of HIF-1� expression was confirmed by Western blot analysis, where
cells expressing an shRNA against HIF-1� grown under hypoxia show a decreased level
of HIF-1� compared to WT cells or shScrambled cells (Fig. 3B). Importantly, expression
of an shRNA against HIF-1� had no effect on the induction of HIF-2� (Fig. 3B). In
addition, downregulation of HIF-1� led to an inhibition of the transcriptional induction
of the archetypical HIF-1�-dependent protein CA9 under hypoxic conditions (Fig. 3C).
Interestingly, knockdown of HIF-1� resulted in the loss of tight and adherens junction
protein upregulation under hypoxia (Fig. 3D). Finally, knockdown of HIF-1� abolished
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untreated cells. (D) T84 cells were seeded on Transwell inserts and incubated under normoxic conditions in the presence or absence of DMOG. DMSO was
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the faster barrier formation under hypoxic conditions, as seen by similar TEER values
under normoxic and hypoxic conditions (Fig. 3E). These results were HIF-1� specific
since knockdown of HIF-2� did not impact the hypoxia-induced barrier function
formation (Fig. 3E). Interestingly, cells expressing HIF-1� shRNA exhibited a slower
barrier formation in comparison to scrambled shRNA-expressing cells even under
normoxic conditions, revealing a general dependency of barrier formation on HIF-1�

even in normal oxygen levels (Fig. 3E). These findings were not due to cytotoxic effects
of knocking down HIF-1� since cell proliferation and viability assays did not show any
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differences between wild type (WT), shScrambled, and cells overexpressing an shRNA
against HIF-1� (data not shown). Altogether, these results strongly suggest that faster
establishment of barrier function in T84 cells observed under hypoxic conditions is
HIF-1� dependent.

Whole-transcriptome miRNA profiling reveals regulation of several miRNAs
that are involved in barrier formation. Since significant differences in the barrier
state between hypoxic and normoxic conditions could be observed already 24 h after
seeding, we hypothesized that the very fast changes in protein expression and barrier
establishment must occur within hours after exposure of the cells to hypoxic condi-
tions. Several proteins (22, 24) have been shown to contribute to mucosal repair and
barrier formation in intestinal cells, but the role of miRNAs in fine-tuning gene expres-
sion involved in barrier formation has recently become appreciated (37). So far, most of
these studies have been conducted only under normoxic conditions, hence overlooking
the physiological hypoxic conditions of the gut. To directly address the role of miRNAs in
regulating barrier functions of IECs under low-oxygen conditions, miRNAome microarray
analysis was used for cells incubated under normoxic or hypoxic conditions. This allowed
us to broadly screen hypoxia-regulated miRNAs, the so-called hypoxamiRs. By comparing
the miRNA expression patterns from normoxic and hypoxic conditions, we could identify a
total of 108 differentially regulated hypoxamiRs of which 65 were upregulated and 43 were
downregulated under hypoxic conditions (Fig. 4A). Detailed analysis of hypoxamiR expres-
sion revealed that upon hypoxic exposure, T84 cells highly upregulate miRNA-210-3p
expression (Fig. 4A). This miRNA is a master regulator for adaptation to low oxygen
concentration (31) and is a well-characterized hypoxamiR whose expression is strongly
linked to hypoxic conditions. This upregulation of miRNA-210-3p strongly suggests that T84
cells have established a hypoxia-specific transcription profile. To probe for miRNAs that
could regulate barrier function, we performed KEGG and MetaCore-driven pathway analysis
(Fig. 5). This allowed us to identify potential hypoxamiRs involved in barrier function
establishment (Fig. 4B and Fig. 5C). To narrow down the list of potential miRNAs involved
in regulating barrier function, we decided to focus our attention on three miRNAs for which
previous reports described involvement in barrier function. These are miRNA-320a, miRNA-
34a-5p, and miRNA-16-5p (Fig. 4B and Fig. 5C). miRNA-320a has been shown to be crucial
for intestinal barrier integrity through modulation of the regulatory subunit PPP2R5B of
phosphatase PP2A (38). In addition, miRNA-320a was found to both target �-catenin
directly (39) and VE-cadherin through inhibition of the transcriptional repressor TWIST1 (40,
41). miRNA-34a-5p has been shown to serve as an inhibitor for the zinc finger transcription
factor Snail (42, 43), which in turn functions as a transcriptional repressor of the adherens
and tight junction proteins E-cadherin, claudin, and occludin (44–46). Interestingly, we
recently (47) determined that miRNA-16-5p acts as a regulator of claudin-2 and cingulin
expression and its expression negatively correlated with occurrence of irritable bowel
syndrome (IBS) in patients, therefore playing a key role in modulating barrier function.

To validate the results of the miRNA microarray profiling, we performed qRT-PCR
analysis for these specific miRNAs. As observed in our microarray approach, miRNA-
210-3p, miRNA-320a, miRNA-34a-5p, and miRNA-16-5p were upregulated under hy-
poxic conditions in T84 cells 24 or 48 h postseeding (Fig. 6A). On the contrary, qRT-PCR
analysis of a miRNA for which expression is not affected by hypoxic conditions
(miRNA-1268a) showed no difference between normoxia and hypoxia (Fig. 6A). Since
T84 cells are immortalized cells derived from carcinoma, they may show altered gene
regulation, protein expression, and signaling pathways. To verify that the observed
hypoxia-dependent upregulation of barrier function-related miRNAs was not an artifact
of the cancerogenic nature of the T84 cells, stem cell-derived primary intestinal
epithelial cells, so called human mini-gut organoids, were used. Organoids are primary
cell cultures and thereby retain key features like structural architecture and all major
cell lineages present in the inner lining of the gut, hence mimicking the physiological
organization of the human gut epithelium in vivo (48). In line with the results found in
T84 cells, qRT-PCR confirmed upregulation of all four tested targets under hypoxic
conditions by 24 or 48 h postseeding in our human intestinal organoids (Fig. 6B). Our

Muenchau et al. Molecular and Cellular Biology

July 2019 Volume 39 Issue 14 e00553-18 mcb.asm.org 8

https://mcb.asm.org


A.

B.

hsa−miR−210−3p

hsa−miR−320a

hsa−miR−34a−5p

hsa−miR−16−5p

−1. 5

−1

−0. 5

0

0. 5

1

1. 5Normoxia Hypoxia

hsa−miR−193b−3p
hsa−miR−21−5p
hsa−miR−141−3p
hsa−miR−210−3p
hsa−miR−181a−5p
hsa−miR−200c−3p
hsa−miR−155−5p
hsa−miR−320b
hsa−let−7e−5p
hsa−miR−331−3p
hsa−miR−203a−3p
hsa−miR−26b−5p
hsa−let−7b−5p
hsa−miR−320d
hsa−miR−21−3p
hsa−miR−224−5p
hsa−miR−361−3p
hsa−miR−365a−3p
hsa−let−7c−5p
hsa−let−7a−5p
hsa−miR−10a−5p
hsa−let−7f−5p
hsa−miR−4443
hsa−miR−3192−3p
hsa−let−7i−5p
hsa−miR−181a−2−3p
hsa−miR−584−5p
hsa−miR−125a−5p
hsa−miR−151a−5p
hsa−miR−96−5p
hsa−miR−192−5p
hsa−miR−320a
hsa−miR−22−3p
hsa−miR−338−3p
hsa−miR−200a−3p
hsa−miR−30b−5p
hsa−miR−193a−3p
hsa−miR−30e−5p
hsa−miR−28−5p
hsa−miR−23a−3p
hsa−miR−215−5p
hsa−miR−27a−3p
hsa−miR−221−5p
hsa−miR−5100
hsa−miR−1290
hsa−miR−550a−3p
hsa−miR−31−5p
hsa−miR−181b−5p
hsa−miR−4739
hsa−miR−4762−5p
hsa−miR−552−3p
hsa−miR−8069
hsa−miR−652−3p
hsa−miR−135b−5p
hsa−miR−30d−5p
hsa−miR−1287−5p
hsa−miR−99b−5p
hsa−miR−224−3p
hsa−miR−222−3p
hsa−miR−320e
hsa−miR−3651
hsa−miR−151a−3p
hsa−miR−194−3p
hsa−miR−183−5p
hsa−miR−320c
hsa−miR−4459
hsa−miR−6803−5p
hsa−miR−4497
hsa−miR−4505
hsa−miR−4507
hsa−miR−483−5p
hsa−miR−2392
hsa−miR−378i
hsa−miR−4465
hsa−miR−4530
hsa−miR−642a−3p
hsa−miR−7641
hsa−miR−494−3p
hsa−miR−6089
hsa−miR−6088
hsa−miR−663a
hsa−miR−6132
hsa−miR−6785−5p
hsa−miR−6087
hsa−miR−1973
hsa−miR−4651
hsa−miR−6125
hsa−miR−4428
hsa−miR−1915−3p
hsa−miR−8063
hsa−miR−6798−5p
hsa−miR−574−5p
hsa−miR−7704
hsa−miR−6869−5p
hsa−miR−19a−5p
hsa−miR−6768−5p
hsa−miR−450b−5p
hsa−miR−1587
hsa−miR−4284
hsa−miR−4485−3p
hsa−miR−378a−3p
hsa−miR−4485−5p
hsa−miR−1273g−3p
hsa−miR−4417
hsa−miR−1181
hsa−miR−19b−1−5p
hsa−miR−3134
hsa−miR−135a−3p

−2

−1

0

1

2

Normoxia Hypoxia

FIG 4 Hypoxia leads to changes in expression of several hypoxamiRs known to regulate barrier function. T84
cells were incubated under hypoxic or normoxic conditions for 48 h. miRNA was isolated and evaluated by
miRNA microarray. (A and B) Heatmaps of differentially expressed miRNAs in T84 cells cultured under normoxic

(Continued on next page)

hypoxamiR-Mediated Barrier Function in IECs Molecular and Cellular Biology

July 2019 Volume 39 Issue 14 e00553-18 mcb.asm.org 9

https://mcb.asm.org


observations made both in immortalized carcinoma-derived cell lines and in primary
human IECs therefore confirm the increased expression of the hypoxamiRs miRNA-
320a, miRNA-34a-5p, and miRNA-16-5p under hypoxic conditions in the human intes-
tinal epithelial cells.

Overexpression of miRNA-320a induces faster barrier formation in T84 cells.
Our above results indicate that miRNA-320a, miRNA-34a-5p and miRNA-16-5p are
upregulated under hypoxic conditions. To directly validate that these hypoxamiRs
are responsible for the observed improved barrier function under hypoxia, we
stably overexpressed these miRNAs in T84 cells by lentiviral transduction. qRT-PCR
analysis revealed that all miRNAs were indeed overexpressed in our T84 cells (Fig.
7B). Of note, we achieved only a very low overexpression of miR-16-5p (Fig. 7B).
miRNA-overexpressing T84 cells were seeded on Transwell inserts, and their barrier
formation was monitored by TEER measurements at 24-h intervals (Fig. 7A). The results
show that miRNA-320a-overexpressing cells exhibited a significantly faster barrier
formation than scrambled miRNA-expressing cells. miRNA-16-5p- and miRNA-34a-5p-
expressing cells showed no significant alteration in barrier formation compared to
scrambled miRNA cells (Fig. 7A). Taken together, these data support a model wherein
miRNA-320a has a key role in regulating barrier function in intestinal epithelial cells.

Inhibition of miRNA-320a expression diminishes barrier formation in T84 cells.
To confirm the role of miRNA-320a in increasing barrier formation under hypoxic
conditions, we generated T84 cells expressing a miRNA-320a sponge. We confirmed
through qRT-PCR that overexpression of the miRNA sponge leads to a downregulation
of miRNA-320a expression (Fig. 8C). In line with our previous results, T84 cells express-
ing a miRNA-320a sponge displayed a slower establishment of barrier function in
comparison to scrambled transduced cells under hypoxic conditions (Fig. 8A). To
confirm the role of miRNA-320a in regulating barrier function, T84 cells overexpressing
miRNA-320a or depleted of miRNA-320a were seeded on Transwell inserts, and their
barrier integrity was monitored using a FITC-dextran diffusion assay. In line with our
previous results, miRNA-320a-overexpressing cells show a reduced flux of FITC-dextran
to the basal compartment of the Transwell chamber, while cells depleted of miRNA-
320a show an increased flux compared to scrambled miRNA cells (Fig. 8B). Taken
together, these findings strongly suggest a model where hypoxia-induced expression
of miRNA-320a directly regulates the establishment of a functional barrier in the
epithelial cells lining the gastrointestinal tract.

miRNA-320a expression is dependent on HIF-1�. Finally, to investigate whether
hypoxia leads to the induction of miRNA-320a in an HIF-1�-dependent manner, we
analyzed the promoter region of miRNA-320a. We could identify several HIF-1� binding
motives, marked by the HRE consensus sequence 5=-RCGTG-3=, clustered upstream of
the promoter of miRNA-320a, strongly indicating a binding of this transcription factor
under hypoxic conditions to facilitate miRNA-320a expression (data not shown). In
addition, publicly available HIF-1� ChIP-Seq data sets from both breast cancer T47D
cells and HeLa cells grown under hypoxia were analyzed. In both cases, binding of
HIF-1� was reported over the full length of the genomic region for miRNA-320a
(Fig. 9A). These data strongly suggest that HIF-1� directly regulates miRNA-320a
expression. To confirm this, HIF-1� knockdown cells cultured under normoxic and
hypoxic conditions were analyzed for the expression of miRNA-320a. We could show

FIG 4 Legend (Continued)
and hypoxic conditions. The color scale shown on the right illustrates the relative expression levels of
differentially expressed miRNAs. Orange indicates upregulated miRNAs (�0), and purple indicates downregu-
lated miRNAs (�0). (A) Heatmap for 108 differentially regulated hypoxamiRs that were significantly up- or
downregulated compared to normoxic conditions. Connecting lines in the cluster dendrogram between up-
and downregulated miRNAs were shortened to enable visualization (indicated by two skewed lines). (B)
Heatmap of miRNA-210-3p (positive control for hypoxic conditions), miRNA-320a, miRNA-34a-5p, and
miRNA16-5p, identified by pathway analysis for playing a putative role in barrier formation. For both panels
A and B, samples were tested in quadruplicate, and the level of expression of each replicate is shown in the
heatmap.
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that knockdown of HIF-1� abrogates the previously observed upregulation of miRNA-
320a by hypoxia (Fig. 9B). These data strongly implicate HIF-1� as the transcription
factor primarily responsible for the hypoxic induction of miRNA-320a under a low
oxygen concentration to enhance barrier formation in intestinal epithelial cells.
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FIG 6 Validation of upregulated hypoxamiRs in T84 cells and primary human mini-gut organoids. T84 (A)
and human intestinal epithelial cells (hIEC) cultured as mini-gut organoids (B) were incubated for 24 and
48 h under hypoxic or normoxic conditions. Upregulation of specific miRNAs was evaluated by qRT-PCR.
miRNA-210-3p was used as a positive control for a miRNA upregulated under hypoxia. miRNA-1268a was
used as a negative control since its expression is not hypoxia dependent. Data were normalized to
normoxic cells at 24 h. All experiments were performed in triplicate. Error bars indicate the SEM.

Muenchau et al. Molecular and Cellular Biology

July 2019 Volume 39 Issue 14 e00553-18 mcb.asm.org 12

https://mcb.asm.org


DISCUSSION

In this work, we demonstrate that the physiological hypoxic environment improves
intestinal epithelial barrier function of T84 cells as shown by the faster establishment of
transepithelial electrical resistance, by the more rapid decrease in barrier permeability
to FITC-dextran, as well as by the faster establishment of the tight junction belt
compared to normoxic conditions. Using pharmacological inhibitor and knockdown
approaches, we could show that this increased barrier function is dependent on the
hypoxia regulator HIF-1�. In addition, using a miRNA microarray approach, we identi-
fied miRNA-320a as a key miRNA induced under hypoxia being directly responsible for
regulating barrier functions in human intestinal epithelial cells. We could demonstrate
that its overexpression is sufficient to promote barrier function in epithelial cells while
interfering with its expression under hypoxic conditions counteracts the hypoxia-
mediated barrier formation establishment. In silico analysis of the genomic region of
miRNA-320a, as well as evaluation of miRNA-320a expression in cells expressing a
shRNA against HIF-1�, suggests a direct regulation of miRNA-320a by HIF-1�. Taken
together, our results show that miRNA-320a is a hypoxia-induced miRNA that plays a
key role in regulating barrier function in human intestinal epithelial cells.

The importance of hypoxic conditions in regulating barrier function in intestinal
epithelial cells has been previously studied, and several potential mechanisms highlight
the central role of the transcription factor HIF. It was shown that specific shRNA-
mediated knockdown of HIF-1� in T84 and Caco-2 cells resulted in the decrease of
claudin-1 expression on mRNA and protein level accompanied by defects in barrier
function and abnormal morphology of tight junctions (49). This is thought to be a direct
effect from the HIFs themselves since HIF responsive elements have been identified in
the promoter region of claudin-1 (49).
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FIG 7 Overexpression of miRNA-320a induces faster barrier formation in T84 cells. (A) T84 cells stably overexpressing miRNA-320a,
miRNA-16-5p, and miRNA-34a-5p by lentiviral transduction were seeded onto Transwell inserts, and barrier formation was assessed by
TEER measurement in 24-h intervals over 4 days. A TEER of �330 � · cm2 indicates complete barrier formation and is marked by a dotted
line. Values shown represent means � the SEM (n � 6 [miRNA-16-5p and miRNA-34a-5p] or n � 12 [miRNA-320a]) from triplicate or
quadruplicate experiments, respectively. ***, P � 0.0002 (two-way ANOVA); n.s., not significant. (B) T84 cells overexpressing miR-320a,
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One of the best-characterized means by which hypoxia induces barrier formation
involves the HIF-dependent expression of the intestinal trefoil factor (TFFs). The trefoil
factor family consists of three peptides: TFF1, TFF2, and TFF3; all three are widely
distributed in the gastrointestinal tract and are present in virtually all mucosal mem-
branes (50). Recently, TFFs have been shown to induce a stabilizing effect on mucosal
mucins (23). In addition, the Van-Gogh-like protein 1 (Vangl1) was identified as a
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FIG 8 Inhibition of miRNA-320a expression diminishes barrier formation in T84 cells. (A) T84 cells stably
expressing miRNA-320a sponge were seeded onto Transwell inserts under normoxic or hypoxic condi-
tions and barrier function was assessed by TEER measurements in 24-h intervals over 4 days. A TEER of
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means � the SEM (n � 12) from quadruplicate experiments. *, P � 0.0174 (two-way ANOVA). (B) Paracellular
permeability of T84 cells overexpressing the miRNA-320a (overexpression [OE]) or the miRNA-320a sponge.
The barrier function on Transwell inserts was assessed by adding 4 kDa FITC-dextran to the apical
compartment and measuring the diffusion of fluorescent FITC-dextran to the basal compartment at 3 h
posttreatment. A paracellular permeability assay was performed every 24 h for 4 days. Values shown
represent the means � the SEM (n � 3) from triplicate experiments. (C) T84 cells overexpressing (OE)
miR-320a or depleted of miR-320a by expression of a sponge were evaluated by qRT-PCR. Values shown
represent means � the SD from three independent experiments. **, P � 0.01; ***, P � 0.001 (one-sample t
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downstream effector of TFF3 and described to mediate wound healing in IECs,
thereby promoting recovery of barrier function under condition of local loss of
epithelium integrity (24). Importantly, TFF3 also regulates the expression of tight
junctions and adherens junctions in IECs by elevating the levels of claudin-1 and
downregulating the expression of E-cadherin (25). This further activates the phos-
phatidylinositol 3-kinase/Akt signaling pathway, which leads to an increase in
barrier function and altered proliferation of cells in the intestinal epithelium (26,
51). Extensions of these studies in vivo revealed the protective role of TFFs on
intestinal permeability and barrier function, since both administration of TFFs, as
well as administration of a novel PHD inhibitor (FG-4497), were protective and had
a beneficial influence on clinical symptoms (weight loss, colon length, tissue tumor
necrosis factor alpha [TNF-�]) in a mouse colitis model (29, 52). Correspondingly,
HIF-1� was found to be highly expressed in Crohn’s disease and ulcerative colitis
patients (53) and seems to play a protective role in inflammatory bowel disorders
through improvement of epithelial barrier function (54). It has been suggested that
HIF-1� helps to control intestinal inflammation by interacting with the inflamma-
tion transcription factor nuclear factor �B (NF-�B) (55).

To date, most of the work aimed at understanding the effect of hypoxia on barrier
function in the gut has focused on the transcripts and proteins that are induced under
hypoxia. In the emerging field of miRNA, several miRNAs have been identified as
potential regulators of barrier function. However, to the best of our knowledge, these
miRNAs were not studied under hypoxic conditions but in normal cell culture condi-
tions or in patient samples with inflammatory diseases. For example, McKenna et al.
demonstrated that claudin-4 and claudin-7 were not expressed in the apical membrane
of intestinal epithelial cells in Dicer1-deficient mice, resulting in impaired intestinal
barrier function, thus strongly supporting the importance of miRNA regulation in
barrier formation (56). In addition, overexpression of miRNAs has been linked to a
regulation of barrier function in intestinal epithelial cells (38, 57). miRNA-31 was found
to increase the TEER by decreasing the transepithelial permeability through interaction
with tumor necrosis factor superfamily member 15 (TNFSF15) in Caco2-BBE cells (58). Of
note, the TNFSF15 gene is a well-known risk gene involved in the pathogenesis of
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inflammatory bowel syndrome (IBS) and inflammatory bowel disease (59, 60). miRNA-
26b was found to regulate the Ste20-like proline/alanine rich kinase (SPAK) involved in
epithelial barrier integrity (61), and overexpression of miRNA-21 in patients with
ulcerative colitis has been associated with the impaired intestinal epithelial barrier
function through targeting the Rho GTPase RhoB (62). We recently identified miRNA-16
and miRNA-125b as being downregulated in patients suffering from IBS with diarrhea
and determined that these two miRNAs modulated the tight junction proteins
claudin-2 and cingulin (47).

Similar to our work, miRNA-320a was previously reported to play a role in barrier
function under normoxic conditions. Cordes et al. could show a functional role of
miRNA-320a in stabilizing the intestinal barrier function through reinforcement of
barrier integrity in T84 cells and in a murine colitis model (38). These researchers
suggest that this is due to a potential modulation of the tight junction complex during
intestinal inflammation. However, they did not address how different oxygen concen-
tration could influence expression of this hypoxamiR. Our miRNA expression profiling
showed an upregulation in all members of the miRNA-320 family under hypoxic
conditions. We further demonstrate that, as a result of the induced expression of
miRNA-320, hypoxic conditions favor barrier function of intestinal epithelial cells. As
such, we propose that the hypoxic environment present in the lumen of the gut
impacts barrier functions not only via direct HIF-mediated regulation of tight junction
and adherens proteins expression but also through a miRNA-based regulation of
cell-cell contact formation.

To conclude, our work further emphasizes the importance of studying intestinal
epithelial cells in their physiological environment. On the one hand, hypoxia
directly influences the cell biology of the mucosal layer by regulating cell-to-cell
contact, migration, stem cell-ness, and metabolism. On the other hand, a low
oxygen concentration is critical for the establishment and maintenance of a stable
microbiota. As such, given the growing interests in understanding both host/
commensal interactions in health and diseases and the complex interplay between
host and pathogens in the gastrointestinal tract, it is critical to integrate the impact
of local oxygen concentration and fluctuation in regulating and altering these
molecular processes.

MATERIALS AND METHODS
Cell lines. T84 human colonic adenocarcinoma cells (ATCC CCL-248) were cultured in Gibco

Dulbecco modified Eagle medium–F-12 nutrient mixture (1:1), supplemented with 10% fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 �g/ml streptomycin (Gibco) in collagen-coated T25 cell culture
flasks. The cells were kept in a constant humid atmosphere containing 37°C and 5% CO2 and either 21%
oxygen (normoxia) or 1% oxygen (hypoxia). HEK293T human embryonic kidney cells (ATCC CRL 3216)
were cultured in Iscove modified Dulbecco medium supplemented with 10% FBS, 100 U/ml penicillin,
and 100 �g/ml streptomycin. Cells were grown at 37°C in a humidified atmosphere containing 5% CO2.
Human intestinal epithelial organoids were isolated from biopsy tissue provided by the University
Hospital Heidelberg, as described previously (63). This study was carried out in accordance with the
recommendations of the University Hospital Heidelberg with written informed consent from all subjects
in accordance with the Declaration of Helsinki. All samples were received and maintained in an
anonymized manner. The protocol was approved by the Ethics Commission of the University Hospital
Heidelberg under the protocol S-443/2017. In short, resected intestinal tissue was incubated with 2 mM
EDTA in phosphate-buffered saline (PBS) for 1 h at 4°C. Intestinal crypts containing the Lgr5� stem cell
niche were isolated after 2 mM EDTA treatment, washed with ice cold PBS, and resuspended in Matrigel.
The Matrigel was then overlaid with basal medium (Advanced DMEM–F-12, supplemented with 1%
penicillin-streptomycin, 10 mM HEPES, 50% (vol/vol) L-WRN conditioned medium (ATCC CRL-3276,
expressing Wnt3A, R-spondin, and Noggin), 1� B-27 (Life Technology), 1� N-2 (Life Technology), 2 mM
GlutaMAX (Gibco), 50 ng/ml epidermal growth factor (Invitrogen), 1 mM N-acetyl-cysteine (Sigma),
10 mM nicotinamide (Sigma), 10 �M SB202190 (Tocris Bioscience), and 500 nM A-83-01 (Tocris) and
cultured at 37°C and 5% CO2 and 21 or 1% oxygen.

Antibodies and/or reagents. Mouse monoclonal antibody against ZO-1 (Invitrogen catalog no.
339100) was used at a 1/100 dilution for immunostaining. Secondary antibodies were conjugated with
AF568 (Molecular Probes) and directed against the animal source. For Western blot analysis, mouse
antibody against HIF-1� was obtained from BD (catalog no. 610959), the HIF-2� antibody was obtained
from Novus Bio (catalog no. NB100-122ss), and the �-actin antibody was obtained from Sigma-Aldrich
(catalog no. A5441). ProLong Gold antifade containing DAPI (4=,6=-diamidino-2-phenylindole) was ob-
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tained from Thermo Fisher Scientific. FITC-labeled dextran (4 kDa) and DMOG were obtained from
Sigma-Aldrich.

Monitoring transepithelial electrical resistance. To monitor barrier function, 105 T84 cells were
grown on Transwell filters (6.5-mm polycarbonate membrane, 3-�m pore size; Corning). The medium
was changed 1 day postseeding and subsequently every second day. Transepithelial resistance was
measured with an EVOM2 chopstick electrode. T84 cells were considered to have a completely formed
barrier when being also fully polarized. Full polarization in our setting was reached with a TEER of 1,000
� (36). Taking into account the surface of the membrane, reaching a value of 330 � · cm2 indicated full
barrier function (64).

Fluorescent flux assay using FITC-labeled dextran. A total of 105 T84 cells were grown on
collagen-coated Transwell filters under normoxic and hypoxic conditions. Every 24 h, 2 mg/ml FITC-
labeled dextran was added to the apical compartment, and medium was collected from the basal
compartment at 3 h posttreatment. The increase in the fluorescence in the basal medium was measured
using a FLUOstar Omega spectrofluorometer (BMG Labtech) at an excitation wavelength of 495 nm and
an emission wavelength of 518 nm. As a positive control, the fluorescence of a 100-�l aliquot of a
collagen-coated but cell-free Transwell filter was measured to assess maximum diffusion of FITC-labeled
dextran.

Immunofluorescence staining. A total of 105 T84 cells were grown on Transwell filters. At the
indicated times postseeding, the polycarbonate membrane was removed from the Transwell holder,
rinsed once in PBS, and fixed in 2% paraformaldehyde (PFA) for 20 min. The PFA was removed, and the
cells were washed three times with PBS and permeabilized with 0.5% Triton X-100 (vol/vol) at room
temperature for 15 min. After being blocked with 3% bovine serum albumin (BSA)-PBS for 1 h at
room temperature, the cells were incubated with primary antibody against ZO-1 in 3% BSA-PBS for
1 h at room temperature. The cells were then washed with 0.1% Tween 20 –PBS (vol/vol), followed
by incubation with the secondary goat anti-mouse Alexa Fluor 568-conjugated antibody diluted in
1% BSA-PBS at room temperature for 45 min. After 45 min, cells were subjected to three washes with
0.1% Tween 20 –PBS. The membrane was then briefly rinsed in Millipore H2O and mounted onto
glass slides using ProLong Gold antifade reagent with DAPI. Samples were imaged on a Nikon Eclipse
Ti-S inverted microscope using a 40� oil objective.

RNA isolation, cDNA, and qPCR. Total RNA was purified from lysed T84 colonic adenocarcinoma
cells or intestinal organoids using the NucleoSpin RNA extraction kit by Machery-Nagel according to the
manufacturer’s instruction. A total of 100 to 250 ng of RNA was reversed transcribed into cDNA using the
iScript cDNA synthesis kit according to the manufacturer’s instructions (Bio-Rad Laboratories). qRT-PCR
was performed using the Bio-Rad CFX96 real-time PCR detection system and SsoAdvanced Universal
SYBR green supermix (Bio-Rad). The data were analyzed with the Bio-Rad CFX Manager 3.0, using the
housekeeping HPRT1 gene for normalization. The expression of E-cadherin, occludin, JAM-A, VEGF, and
CA9 was analyzed using specific primers for the respective human sequence (Table 1). The expression
levels of the investigated genes were calculated as ΔΔCq, where Cq is quantification cycle, normalizing to
normoxic control samples and to the normalizing genes.

Western blotting. To analyze protein content, cells were rinsed once with 1� PBS and lysed with 1�
radioimmunoprecipitation assay buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris [pH 8.0]) with phosphatase, and protease
inhibitors [Sigma-Aldrich]) for 5 min at room temperature. Lysates were collected, and equal protein
amounts determined by a DC protein assay (Bio-Rad) were separated by SDS-PAGE. The separated
proteins were transferred to Amersham Hybond ECL nitrocellulose membrane using the Wetblot system
(Bio-Rad) at 100 V for 75 min. After blotting, the membrane was washed three times for 10 min each time
with 0.1% TBS–Tween and directly blocked by incubation in blocking solution for 2 h at room temper-
ature. The primary antibodies were diluted 1:500 (mouse anti-HIF-1� and rabbit anti-HIF-2�) or 1:5,000
(antiactin) in blocking solution, followed by incubation with the blot at 4°C overnight. After three
washing steps in 0.1% TBS–Tween, the blot was incubated with the respective IRDye-conjugated

TABLE 1 Primer sequences used for qRT-PCR

Primera Sequence (5=–3=)
CA9 fw AGGATCTACCTACTGTTGAG
CA9 rev TGGTCATCCCCTTCTTTG
E-cadherin fw CCGAGAGCTACACGTTC
E-cadherin rev TCTTCAAAATTCACTCTGCC
JAM-A fw AAGGGACTTCGAGTAAGAAG
JAM-A rev AAGGCAAATGCAGATGATAG
HIF-1a fw TCCATGTGACCATGAGGAAA
HIF-1a rev CCAAGCAGGTCATAGGTGGT
HPRT1 fw CCTGGCGTCGTGATTAGTGAT
HPRT1 rev AGACGTTCAGTCCTGTCCATAA
Occludin fw GGACTGGATCAGGGAATATC
Occludin rev ATTCTTTATCCAAACGGGAG
VEGF fw CTACCTCCACCATGCCAAGT
VEGF rev AGCTGCGCTGATAGACATCC
afw, forward; rev, reverse.
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secondary antibody (anti-mouse or anti-rabbit antibody, 1:10,000) in blocking solution for 1 h at room
temperature. Blots were washed an additional three times in 0.1% TBS–Tween. Protein bands were
detected using the Odyssey CLx imaging system.

miRNA microarray. The expression of miRNAs under normoxic and hypoxic conditions was analyzed
by extracting total RNA, including miRNA, using a Qiagen miRNeasy minikit according to the manufac-
turer’s instructions. Microarray analysis was performed using an Agilent human miRNA v21 microarray
chip. Quantile normalized miRNA expression values were log2 transformed, and differentially
expressed miRNAs between experimental conditions were identified using the empirical Bayes
approach based on moderated t statistics, as implemented in the Bioconductor package limma. P
values were adjusted for multiple testing using the Benjamini-Hochberg correction to control the
false discovery rate. Adjusted P values below 5% were considered statistically significant. For
heatmap display, miRNAs were scaled across samples, and hierarchical clustering of samples and
miRNAs was performed using Euclidean distance and Ward’s linkage. Analyses were carried out
using R 3.348, with the add-on package pheatmap. Target genes of significantly regulated miRNAs
were retrieved from the miRTarBase database v6.1 using Bioconductor package multiMiR (65).
Overrepresentation of KEGG pathways was tested with limma functions kegga and goana. P values
were adjusted for multiple testing using the Benjamini-Hochberg correction. Subsequent pathway
analysis was performed using MetaCore software.

miRNA validation. For further validation of miRNA-210-3p, miRNA-320a, miRNA-34a-5p, and miRNA-
16-5p, total RNA, including miRNA, was transcribed into cDNA using a miScript II RT kit (Qiagen). After
cDNA-synthesis, qRT-PCR was performed using the miScript SYBR green PCR kit (Qiagen) and the
respective miScript primer assays (Qiagen) on the Bio-Rad CFX96 real-time PCR detection system,
normalizing to RNU6-2 as a housekeeping snRNA. The expression levels (fold values) of the investigated
miRNAs were calculated as ΔΔCq, normalizing to normoxic control samples and to the housekeeping
snRNA.

Production of lentiviral constructs expressing miRNAs and shRNA against HIF-1�. Oligonucle-
otides encoding the sequence for mature miRNA-16-5p, miRNA-34a-5p, and miRNA-320a were designed
according to the protocol “Lentiviral Overexpression of miRNAs” (66); oligonucleotides encoding the
sequence for HIF-1� knockdown were designed from the TRC library, cloneID TRCN0000003808 (Table 2).
The sequences for the oligonucleotides against HIF-2� were kindly provided by the lab of F. Hoppe-
Seyler, Heidelberg, Germany. Annealed oligonucleotides were ligated with AgeI-HF- and EcoRI-HF-
digested pLKO.1 Puro vector (Addgene, catalog no. 8453) using the T4 DNA ligase (New England Biolabs),
and the resulting plasmids were transformed into Escherichia coli DH5�-competent cells. Amplified
plasmid DNA was purified using a NucleoBondR PC100 kit (Machery-Nagel) according to the manufac-
turer’s instructions.

Lentivirus production and selection of stable cell lines. HEK293T cells were seeded on 10-cm2

dishes and allowed to adhere for 2 days. When cells reached 70 to 80% confluence, they were transfected
with 4 �g of pMD2.G (Addgene, catalog no. 12259), 4 �g of psPAX2 (Addgene, catalog no. 12260), and
8 �g of purified pLKO.1 plasmid containing the shRNA or miRNA constructs. Cell supernatant containing
generated lentivirus was harvested at 48 to 72 h posttransfection, filtered through a 0.45-�m Millex-HA
filter (Merck Millipore), and purified by ultracentrifugation at 27,000 � g for 3 h. For lentiviral transduc-
tion, 3 � 105 T84 cells were seeded onto collagen coated six-well plates. After 24 h, the medium was
replaced with 4 ml of medium containing 20 �l of the purified lentivirus or lentivirus encoding the
miRNA-320a sponge (Mission Lenti microRNA inhibitor, human; Sigma, catalog no. HLTUD0470). Two to
three days after transduction, the medium was supplemented with 10 �g/ml puromycin for the selection
of successfully transduced cells.

Bioinformatics. HIF-1� ChIP-Seq profiles for HeLa and T47D were downloaded from NCBI Gene
Expression Omnibus, under accession numbers GSM1634922 and GSM1462475, respectively. The data
were visualized with the Integrative Genomics Viewer by the Broad Institute and the Regents of the
University of California.

TABLE 2 Oligonucleotides used for shRNA and miRNA expression

Oligonucleotidea Sequenceb

shHIF1 fw CCGGCCGCTGGAGACACAATCATATCTCGAGATATGATTGTGTCTCCAGCGGTTTTTG
shHIF1 rev AATTCAAAAACCGCTGGAGACACAATCATATCTCGAGATATGATTGTGTCTCCAGCGG
shHIF2 fw CCGGGCGACAGCTGGAGTATGAACTCGAGTTCATACTCCAGCTGTCGCTTTTTG
shHIF2 rev AATTCAAAAAGCGACAGCTGGAGTATGAACTCGAGTTCATACTCCAGCTGTCGC
MIR-320a fw CCGGTCGCCCTCTCAACCCAGCTTTTCTCGAGAAAAGCTGGGTTGAGAGGGCGATTTTTG
MIR-320a rev AATTCAAAAATCGCCCTCTCAACCCAGCTTTTCTCGAGAAAAGCTGGGTTGAGAGGGCGA
MIR-16-5p fw CCGGCGCCAATATTTACGTGCTGCTACTCGAGTAGCAGCACGTAAATATTGGCGTTTTTG
MIR-16-5p rev AATTCAAAAACGCCAATATTTACGTGCTGCTACTCGAGTAGCAGCACGTAAATATTGGCG
MIR-34a-5p fw CCGGACAACCAGCTAAGACACTGCCACTCGAGTGGCAGTGTCTTAGCTGGTTGTTTTTTG
MIR-34a-5p rev AATTCAAAAAACAACCAGCTAAGACACTGCCACTCGAGTGGCAGTGTCTTAGCTGGTTGT
afw, forward; rev, reverse.
bBoldfacing indicates the respective target or miRNA sequence.
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