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(Bacl(ground: Functional relationships between the microRNA and cellular hypoxia response pathways are unknown.
Results: Dicer is down-regulated in chronic hypoxia; this mechanism maintains the induction of hypoxia-inducible factor-a

Conclusion: Loss of Dicer-dependent microRNA regulation is important for maintaining the concerted cellular response to

Significance: Altogether, we provide a newer perspective into the post-transcriptional pathways that regulate the cellular
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The processes by which cells sense and respond to ambient
oxygen concentration are fundamental to cell survival and func-
tion, and they commonly target gene regulatory events. To date,
however, little is known about the link between the microRNA
pathway and hypoxia signaling. Here, we show in vitro and in
vivo that chronic hypoxia impairs Dicer (DICERI) expression
and activity, resulting in global consequences on microRNA bio-
genesis. We show that von Hippel-Lindau-dependent down-
regulation of Dicer is key to the expression and function of
hypoxia-inducible factor a (HIF-&) subunits. Specifically, we
show that EPAS1/HIF-2a is regulated by the Dicer-dependent
microRNA miR-185, which is down-regulated by hypoxia. Full
expression of hypoxia-responsive/HIF target genes in chronic
hypoxia (e.g. VEGFA, FLT1/VEGFR1, KDR/VEGFR2, BNIP3L,
and SLC2A1/GLUT1), the function of which is to regulate vari-
ous adaptive responses to compromised oxygen availability, is
also dependent on hypoxia-mediated down-regulation of Dicer
function and changes in post-transcriptional gene regulation.
Therefore, functional deficiency of Dicer in chronic hypoxia is
relevant to both HIF-« isoforms and hypoxia-responsive/HIF
target genes, especially in the vascular endothelium. These find-
ings have relevance to emerging therapies given that we show
that the efficacy of RNA interference under chronic hypoxia, but
not normal oxygen availability, is Dicer-dependent. Collec-
tively, these findings show that the down-regulation of Dicer
under chronic hypoxia is an adaptive mechanism that serves to
maintain the cellular hypoxic response through HIF-a- and
microRNA-dependent mechanisms, thereby providing an
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essential mechanistic insight into the oxygen-dependent
microRNA regulatory pathway.

Cellular adaptation to hypoxia is governed by the HIF? family
of heterodimeric transcription factors (1-3). Aryl hydrocarbon
receptor nuclear translocator (ARNT/HIF-1p) is constitutively
expressed and stable, whereas the HIF-« (that is HIF-1a or
HIF-2) subunit is regulated by an oxygen-dependent degrada-
tion process and targeted for ubiquitin-mediated destruction
under normoxia. Hypoxia has long been associated with alter-
ations to blood vessel function. For example, hypoxia elicits
dramatic changes in the physiology (4) and gene expression
in the vascular endothelium (5-7). These gene expression
changes are dependent in major part on HIF isoforms and result
in alterations to the endothelial phenotype that can ultimately
result in endothelial activation and dysfunction.

It has been known for some time that the post-transcrip-
tional regulation of hypoxia-responsive/HIF target genes, espe-
cially mRNA stabilization, is a key component of an integrated
hypoxic response, especially in the vascular endothelium.
Recent studies have determined a link between hypoxia and the
regulation of microRNAs, although the global mechanism(s)
remains largely unknown (8). Dicer is a key endoribonuclease
that processes precursor microRNAs (pre-microRNAs) into
mature microRNAs and cleaves double-stranded RNAs into
small interfering RNAs (9). Dicer also aids in the incorporation

3 The abbreviations used are: HIF, hypoxia-inducible factor; VHL, von Hippel-
Lindau; VEGFR, VEGF receptor; RISC, RNA-induced silencing complex;
HUVEC, human umbilical vein endothelial cells; qRT-PCR, quantitative
RT-PCR; Bis-Tris, 2-[bis(2-hydroxyethyl)aminol-2-(hydroxymethyl)pro-
pane-1,3-diol; CCRCC, clear cell renal cell carcinoma; pre-microRNA, pre-
cursor microRNA; pri-microRNA, primary microRNA transcript; DsiRNA,
Dicer substrate siRNA; Ago, argonaute; pre-mRNA, precursor mRNA; TRBP,
TAR (HIV-1) RNA binding protein 2; LMNA, lamin A/C; DGCRS8, DiGeorge
syndrome critical region gene 8.
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of microRNAs into the RNA-induced silencing complex (RISC)
(10), which silences gene expression via changes in target
mRNA stability and/or translation, thereby establishing Dicer
as a critical regulator of post-transcriptional gene silencing.
Increases and decreases in Dicer expression have broad func-
tional effects on cellular phenotype (11). Given that hypoxia
and microRNAs both regulate translation and mRNA stability
(12, 13), it is surprising that so little is known about the contri-
bution of changes in oxygen bioavailability, or sensing, to
microRNA biogenesis and more importantly the functional
consequences of such regulation.

In light of the potential for hypoxia to regulate mRNAs post-
transcriptionally and considering that HIF-« isoforms and
many hypoxia-responsive/HIF target genes are regulated by
microRNAs, it was of interest to determine whether global
changes in microRNA biogenesis could play a functional role in
chronic hypoxia. We report here that the microRNA pathway is
functionally integrated with the cellular hypoxia response path-
way, especially in the vascular endothelium. We show in vitro in
human cell types and in vivo in the mouse that chronic hypoxia
impairs Dicer expression and activity, resulting in global con-
sequences on microRNA biogenesis. VHL-dependent and HIF-
independent down-regulation of Dicer is key to the sustained
expression and function of HIF-« subunits in chronic hypoxia.
Full expression of hypoxia-responsive/HIF target genes in
chronic hypoxia (e.g VEGFA, VEGFR1, VEGFR2, BNIP3L, and
GLUT1), the function of which is to regulate various adaptive
responses to compromised oxygen availability, is also depend-
ent on the hypoxia-mediated down-regulation of Dicer func-
tion and changes in post-transcriptional gene regulation. These
findings add important conceptual and mechanistic insight
into the interaction between two very important cellular path-
ways, namely the microRNA pathway and the cellular hypoxia
response pathway.

EXPERIMENTAL PROCEDURES

Cell Culture—Human umbilical vein endothelial cells
(HUVEC) isolated from multiple independent donors were cul-
tured as described previously (7). Early passage HUVEC (pas-
sage 3—-5) were used in these studies. Human dermal microvas-
cular endothelial cells (Lonza) were cultured in EGM-2MV
(Lonza). Human aortic smooth muscle cells (ScienCell) were
cultured in smooth muscle cell medium (ScienCell). HepG2,
RCC4, 786-0O, and UMRC?2 cell lines were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM; Invitrogen) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS)
(Hyclone). 786-O clones stably expressing pRetroSUPER-
empty or pRetroSUPER-HIF2a shRNA were described previ-
ously (14). Cells were grown at 37 °C in 5% CO, in a humidified
Steri-Cycle incubator (ThermoForma, Model 370). Total cellu-
lar protein and RNA were extracted using the mirVana PARIS
kit (Ambion) according to the manufacturer’s recommenda-
tions. Nuclear/cytoplasmic partitioning was performed as
described previously (7). For MG-132 treatment, confluent
HUVEC were treated with MG-132 (EMD Chemicals) at a final
concentration of 10 um or DMSO after which cells were sub-
jected to 0 or 24 h of hypoxia.
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Hypoxia Treatment—Cells were subjected to 1% O, in a tem-
perature- and humidity-controlled incubator within a sealed
anaerobic system (ThermoForma, Model 1025). A hypoxic
environment (1% O,) was achieved and maintained using a high
purity anaerobic gas mixture (5% CO,, 10% H,, 85% N,; Linde).
Desferrioxamine treatment was performed as described previ-
ously (7).

Quantitative RT-PCR—First strand cDNA synthesis and
qRT-PCR were performed as described previously (7).
TagMan human microRNA assays and a TagMan microRNA
reverse transcription kit (Applied Biosystems) were used for
microRNA measurements according to the manufacturer’s rec-
ommendations. Results were normalized to 18 S rRNA levels.
mRNA and 18 S rRNA relative -fold changes were calculated
using either absolute quantification with plasmid standard
curves or the comparative Ct method, which was used for pre-
cursor microRNAs and microRNAs. A predetermined amount
of in vitro synthesized, capped, and polyadenylated luciferase
mRNA was added to each sample immediately before RNA
extraction and measured by qRT-PCR to control for efficien-
cies of RNA extraction and first strand cDNA synthesis. Primer
sequences are shown in supplemental Table S3.

Immunoblot—Total cellular protein was size-fractionated on
NuPAGE Novex 4-12% Bis-Tris or 3—8% Tris acetate gels
(Invitrogen) using the XCell SureLock Mini-Cell (Invitrogen)
and transferred onto 0.45-um nitrocellulose membranes using
the XCell II Blot Module (Invitrogen) according to the manu-
facturer’s recommendations. The following primary antibodies
were used: anti-Drosha (ab12286, Abcam), anti-DGCRS8 (N-
19) (sc-48473, Santa Cruz Biotechnology), anti-Exportin-5
(ab31351, Abcam), anti-Dicer (13D6) (ab14601, Abcam), anti-
TRBP (ab42018, Abcam), anti-Argonaute 1 (Agol) (NB100—
2817, Novus Biologicals), anti-Ago2 (ab57113, Abcam), anti-
HIF-1a (AF1935, R&D Systems or 610958, BD Pharmingen),
anti-HIF-2a (NB100-122, Novus Biologicals), anti-GLUT1
(ab652, Abcam), anti-BNIP3L (N0399, Sigma-Aldrich), anti-
VEGER1 (Y103) (ab32152, Abcam), anti-VEGFR2 (C-1158)
(sc-504, Santa Cruz Biotechnology), anti-HA (12CA5)
(11583816001, Roche Applied Science); anti-VHL (Ig32)
(556347, BD Pharmingen), anti-LMNA (346) (sc-7293, Santa
Cruz Biotechnology), and anti-Vinculin (V9264, Sigma-
Aldrich). The following secondary antibodies were used: horse-
radish peroxidase (HRP)-conjugated rabbit anti-mouse IgG
(heavy and light) (ab6728, Abcam), HRP-conjugated goat anti-
rabbit IgG (sc-2004, Santa Cruz Biotechnology), and HRP-con-
jugated donkey anti-goat IgG (sc-2020, Santa Cruz Biotechnol-
ogy). Signal quantification was performed using NIH Image]
and normalized to loading control (LMNA).

Global MicroRNA Profiling in Hypoxia—Microarray analysis
of global microRNA expression in HUVEC was performed by
Exiqon using miRCURY LNA Arrays (v10.0, Exiqon) annotated
according to miRBase v11. qRT-PCR measurements of global
mouse kidney microRNA expression were performed by
Applied Biological Materials, covering 726 mature mouse
microRNAs annotated according to miRBase v16.

Manipulation of Dicer and MicroRNA Expression—Dicer
knockdowns were performed using Oligofectamine (Invitro-
gen) as described previously (7) using Dicer-specific siRNAs
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versus scrambled non-silencing siRNA described previously
(15). LMNA knockdown was performed using siGENOME
LMNA control siRNA (Dharmacon) to control for nonspecific
RNA interference (RNAi) effects. Cells were harvested 72 h
after transfection. For Dicer overexpression, 70 — 80% confluent
HUVEC grown on 100-mm dishes were transiently transfected
with either 5 pg of Dicer plasmid (Hannon laboratory) or
pcDNAS3 (Invitrogen) together with 3 pg of pMACs K*.II plas-
mid (Miltenyi Biotec) using Effectene (Qiagen) according to the
manufacturer’s recommendations. 48-72 h after plasmid
transfection, cells were immunomagnetically purified using the
MACSelect K transfected cell selection kit (Miltenyi Biotec)
according to the manufacturer’s recommendations. Purified
cells were grown on 12-well plates for an additional 24 h before
they were subjected to 0 or 24 h of hypoxia. For microRNA
overexpression, microRNA mimics (Dharmacon) were trans-
fected at a final concentration of 40 nm.

HIF-a/VEGFA 3'-UTR Luciferase Assay—70—-80% conflu-
ent HUVEC grown on 60-mm dishes were transiently trans-
fected with either 2 pg of pLuc-Ctrl (described previously in
Ref. 16) or pLuc-Empty-3'-UTR (SwitchGear Genomics)
encoding firefly luciferase (GL3/luc+) versus chimeric lucifer-
ase reporter-human HIF-1a/HIF-2a/VEGFA 3'-UTR, ie.
pLuc-HIF1A/HIF2A/VEGFA-3'-UTR (pLuc-HIF1A/HIF2A-
3'-UTR, SwitchGear Genomics) together with 0.4 ug of pRL-
SV40 (Promega) (i.e. control for transfection efficiency) and
either 2 ug of Dicer plasmid or pcDNA3 (Invitrogen). 24 h after
plasmid transfection, cells were subjected to 0 or 24 h of
hypoxia after which luciferase activities were measured using
the Dual-Luciferase Reporter Assay System (Promega) accord-
ing to the manufacturer’s recommendations.

For miR-185 overexpression assays, microRNA target bind-
ing sites in pLuc-HIF2A-3'-UTR were mutated using standard
recombinant DNA techniques and replaced with sequences
that do not contain any known mRNA regulatory elements.
70 —80% confluent HUVEC grown on 60-mm dishes were tran-
siently transfected with 2 ug of luciferase reporter constructs,
either 2 ug of Dicer plasmid or pcDNA3, and 0.4 ug of pRL-
SV40. MicroRNA mimics (Dharmacon) were transfected at a
final concentration of 40 nm 24 h after plasmid transfection.
24 h after microRNA mimic transfection, cells were subjected
to 0 or 24 h of hypoxia after which luciferase activities were
measured as described above.

Dicer-dependent and Dicer-independent RNAi Assays—70—
80% confluent HUVEC grown on 60-mm dishes were tran-
siently transfected with 4 ug of pLuc-Ctrl and 0.4 ug of pRL-
SV40. The following RNAi methods were compared. 24 h after
plasmid transfection, cells were transfected with one of the fol-
lowing: siRNA: Silencer Firefly Luciferase (GL3) siRNA
(Ambion) or siGENOME Non-Targeting siRNA Number 3
(Dharmacon) at a final concentration of 50 nm; Dicer substrate
siRNA (DsiRNA): Dicector Fluc-S1 DS Positive Control or
Dicector DS Scrambled Neg (Integrated DNA Technologies) at
a final concentration of 20 nm; and shRNA: 3.2 ug of
psiRNA-LucGL3 with 0.8 ug of psiRNA-LacZ (Invivogen) or 4
g of psiRNA-LacZ. Dicer-specific siRNAs were transfected at
a final concentration of 50 nMm. For Dicer overexpression exper-
iments, cells were transfected with 2 ug each of pLuc-Ctrl and
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Dicer plasmid or pcDNA3,1.6 ug of psiRNA-LucGL3, and 2.4
pg of psiRNA-LacZ. 16 h after siRNA/shRNA/DsiRNA trans-
fection, cells were subjected to 0, 4, or 24 h of hypoxia after
which luciferase activities were measured as described above.

In Vitro Assay for RISC Activity—In vitro mRNA cleavage
experiments were performed using cytoplasmic extracts as
described previously (17).

RNA Polymerase II Chromatin Immunoprecipitation (ChIP)—
ChIP experiments were performed as described previously (7).
ChIP primers are available upon request.

mRNA Half-life Determination—Confluent HUVEC were
subjected to 4 h of normoxia or hypoxia after which actinomy-
cin D (BioShop Canada) was added at a final concentration of 2
pg/ml. Cells were then subjected to normoxia or hypoxia dur-
ing which total cellular RNA was extracted at 0, 2, 4, 6, and 24 h.

Global Protein Synthesis Measurements—[*H]Leucine
(PerkinElmer Life Sciences) was added to the growth medium
of confluent HUVEC grown on 12-well plates at a final concen-
tration of 2 uCi/well for the last hour of normoxia or hypoxia
after which cells were washed with ice-cold PBS, and the incor-
porated radioactivity was precipitated with 15% TCA for 20
min. Cells were then washed with DNase/RNase-free distilled
water and solubilized with 0.1 M NaOH and 0.1% SDS. Radio-
activity from each well was counted in a liquid scintillation
counter. Each experiment was performed in duplicate. As a
complementary approach, [**S]methionine (PerkinElmer Life
Sciences) was added to the growth medium of confluent
HUVEC grown on 12-well plates at a final concentration of 10
mCi/well for the last 0, 20, 40, or 60 min of normoxia or hypoxia
after which cells were washed with ice-cold PBS, incubated in
10% TCA for 20 min, washed three times with 100% ethanol,
and dried at 45 °C. The precipitates were dissolved in 0.3 N
NaOH for 20 min and neutralized with 0.3 N HCL. Radioactivity
in the resultant mixture was then measured using a liquid scin-
tillation counter. The rate of [**S]methionine incorporation
was determined by calculating the slope of the radioactivity-
incubation time plot.

Dicer-specific Protein Synthesis and Half-life Measurements—
Dicer-specific [>°S]methionine incorporation experiments
were performed as described previously (18) using an anti-
Dicer (13D6) antibody (ab14601, Abcam) (1:50 dilution).

Animals and Hypoxia Treatment—C57BL/6] mice were
obtained from The Jackson Laboratory. Mice between 8 and 12
weeks of age were subjected to either atmospheric O, or 8% O,
for 24 h after which they were sacrificed and organs were
harvested.

Clear Cell Renal Cell Carcinoma (CCRCC) Microarray Anal-
ysis—Microarray analysis of 105 primary CCRCC samples and
12 non-diseased kidney samples was performed as described
previously (19) (Gene Expression Omnibus accession number
GSE14762). Institutional review board approval was obtained
from each participating institution, and informed consent was
obtained from all participants.

Study Approval—All animal studies were performed in
accordance with the guidelines of the Canadian Council on
Animal Care and were approved by the University of Toronto
Animal Care Committee.
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FIGURE 1. Global effect of chronic hypoxia on microRNA expression in endothelial cells. A, volcano plot of 360 detectable microRNAs in 24-h hypoxic versus
control HUVEC as measured by microarray profiling (n = 3). Expression levels of representative down-regulated microRNAs (B) and corresponding precursor
microRNAs (pri/pre-microRNAs) (C) and the ratio of precursor microRNAs to their mature counterparts in normoxic versus 24-h hypoxic HUVEC (D) are shown.
Data represent mean = S.E. (error bars) (n = 3). * and T denote p < 0.05 compared with normoxia and 4-h hypoxia, respectively.

Statistical Analysis—All data sets represent the mean = S.E.
of at least three independent experiments unless otherwise
stated. Statistical analysis was performed using a two-tailed ¢
test or analysis of variance where appropriate. A two-tailed
Welch’s ¢ test was used to analyze comparisons from the
CCRCC microarray data.

RESULTS

Global Effects of Chronic Hypoxia on MicroRNA Expression
in Human Endothelial Cells—We performed a microRNA
microarray analysis on HUVEC subjected to either acute (4-h)
or chronic (24-h) hypoxia (1% O,). Results revealed that 360
microRNAs exhibited detectable expression above background
in HUVEC, and we were able to confirm the majority of
microRNAs reported previously by others as the most highly
expressed in endothelial cells under basal conditions (data not
shown). Significantly, volcano plot analysis of the microarray
results revealed 36 microRNAs that were differentially regu-
lated by chronic hypoxia at p < 0.01 compared with normoxia/
control conditions (Fig. 14 and supplemental Table S1). Impor-
tantly, we observed a common pattern in which chronic
hypoxia resulted in the down-regulation of 35 of the 36 differ-
entially regulated microRNAs (supplemental Table S1). The
expression levels of seven such hypoxia-regulated microRNAs
were validated using qRT-PCR (Fig. 1B) along with seven other
internal controls (supplemental Fig. SIA). Notably, we con-
firmed the up-regulation of miR-210, a hypoxia-inducible
microRNA (8, 20). Genomic loci encoding the 68 microRNAs
(obtained from miRBase) indicated no apparent clustering of
polycistronic primary microRNA transcripts (pri-microRNAs)
(data not shown). MicroRNAs mature through three interme-
diates: a pri-microRNA, a pre-microRNA, and a microRNA-
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microRNA* duplex (9). Interestingly, we observed the accumu-
lation of precursor (i.e. pri/pre-microRNAs) species under
chronic hypoxia (Fig. 1C). This accumulation of precursor spe-
cies extends to microRNAs that were not significantly regu-
lated by hypoxia (supplemental Fig. S1B). This suggested that
microRNA biogenesis is impaired under chronic hypoxia and is
best illustrated by defining the ratio of precursor to mature
microRNA species (Fig. 1D and supplemental Fig. S1C).
Following specific knockdown of Dicer in HUVEC under
normoxia (supplemental Fig. S2A), we observed a decrease in
mature microRNA levels (supplemental Fig. S2B) with a corre-
sponding accumulation of the precursor species (supplemental
Fig. S2, C and D). Comparable profiles of microRNA versus
precursor microRNA expression following Dicer knockdown
and chronic hypoxia and broad class effects on a significant
number of microRNAs suggested the hypothesis that Dicer
function is deficient in endothelial cells under chronic hypoxia.
Therefore, we examined the expression of Dicer and other
microRNA biogenesis/effector components (9) in hypoxic
HUVEC. We observed a significant decrease in Dicer protein
and mRNA expression in HUVEC under chronic hypoxia (Fig.
2, A-C) as well as in HUVEC treated with the hypoxia mimetic
desferrioxamine (Fig. 24). We confirmed this decrease in Dicer
expression in a variety of primary human cell types, e.g. human
microvascular endothelial cells (Fig. 2, D and E) and human
aortic smooth muscle cells (data not shown) as well as cancer
cell lines (i.e. HepG2; data not shown). Results indicated that
Drosha expression remained unchanged, and DiGeorge syn-
drome critical region gene 8 (DGCR8) and Exportin-5 expres-
sion were slightly reduced (Fig. 24 and supplemental Fig. S3,
A-C). Although chronic hypoxia led to a fall in Exportin-5 pro-
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tein expression in HUVEC (supplemental Fig. S3C), we found
that precursor microRNA species accumulated in the cyto-
plasm (supplemental Fig. S3D). This suggests that even though
Exportin-5 can be rate-limiting in certain settings (21) we failed
to define a major functional delay in the nuclear/cytoplasmic
transport of pre-microRNAs, which is a known function of
Exportin-5. Thus, taken together, these findings strongly sup-
port our hypothesis that the accumulation of precursor
microRNAs is attributable mainly to a deficiency in Dicer, the
key microRNA processing enzyme in the cytoplasm, rather
than impairment of nuclear processing or nuclear-cytoplasmic
export of microRNAs.

Dicer-dependent Regulation of HIF-« Isoforms and Hypoxia-
responsive Genes in Chronic Hypoxia—To determine the bio-
logical consequences of Dicer down-regulation on the ability of
cells to sense and respond to ambient oxygen concentration, we
measured the effects of forced Dicer overexpression on HIF-«
isoforms and several well known hypoxia-responsive genes that
promote various cellular processes, including anaerobic metab-
olism, cell survival, and angiogenesis such as GLUT1, BNIP3L,
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VEGFA, and its receptors VEGFR1 and VEGFR2 (Figs. 3-5). As
in most hypoxia-responsive cells, exposure to hypoxia led to
robust increases in steady-state protein levels of HIF-1a and, as
known for endothelial cells, HIF-2« (Figs. 24 and 3A). Impor-
tantly, results indicated that Dicer overexpression in HUVEC
resulted in the significant attenuation of endogenous HIF-1a
and HIF-2« protein expression under chronic hypoxia (Fig. 3, A
and B). Notably, the same effect was observed to occur for the
various hypoxia-responsive/HIF target genes tested whereby
the hypoxic induction of GLUTI1, BNIP3L, VEGFRI, and
VEGFR?2 protein expression (22-25) was significantly attenu-
ated following forced Dicer overexpression in hypoxic HUVEC
(Fig. 3, A and B). Of note, hypoxia has profound effects on global
translational rates (12). Although a variety of mechanisms are
operative in hypoxia (26), and microRNAs are known to basally
target up to 60% of coding genes (27), the relative contribution
of microRNAs to the global translational repression during
hypoxia has yet to be defined. Measurements of global protein
synthesis with [*H]leucine incorporation indicated that Dicer
overexpression decreased global protein synthesis in both nor-
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moxic and chronically hypoxic HUVEC (Fig. 3C). This is con-
sistent with the classic role of microRNAs in global transla-
tional inhibition and underscores the relevance of functional
Dicer deficiency in chronic hypoxia.

Taken together, the data presented so far indicate that the
loss of Dicer activity is functionally relevant to the maintenance
of HIF-a expression levels and its activity as a transcription
factor under chronic hypoxia. Indeed, we observed that the
hypoxic/HIF induction of HIF-2e, GLUT1, BNIP3L, VEGFA,
VEGEFR1, and soluble VEGFR1 mRNA levels (23-25, 28) in
chronic hypoxia was significantly blunted by Dicer overexpres-
sion (Figs. 3D and 4A). Similarly, the hypoxia-mediated
decrease in VEGFR2 mRNA expression (23) was further accen-
tuated by Dicer overexpression (Fig. 3D). Notably, Dicer over-
expression did not affect the hypoxia-mediated changes in
mRNA levels of HIF-1a or CXCR4 (Fig. 3D) (29, 30). Impor-
tantly, two recent independent studies that examined the kinet-
ics of microRNA-mediated translational inhibition and mRNA
degradation have found that mRNA degradation follows trans-
lational inhibition (31, 32). Thus, this could explain why we
observed a Dicer/microRNA-mediated decrease in HIF-1a at

29008 JOURNAL OF BIOLOGICAL CHEMISTRY

the protein (Fig. 3, A and B) but not mRNA level (Fig. 3D). The
same likely holds true for CXCR4, which has been shown to be
a target for microRNAs (Fig. 3D) (33).

Two pathways may be relevant here. First, the data presented
above indicate that functional loss of Dicer activity in chronic
hypoxia leads to increased HIF transcriptional activity due in
part to hypoxia-induced loss of microRNA repression of HIF-«
expression. However, because a number of hypoxia-induced
genes such as VEGFA (34) and VEGFR2 (22) are known to be
profoundly regulated at the post-transcriptional level by
hypoxia, especially chronic hypoxia, this raises the second pos-
sibility that loss of microRNA-mediated repression may be
mechanistically relevant to the induction of specific hypoxia-
responsive genes. To test this latter model, we investigated
VEGFA as a prototypic gene and created chimeric luciferase
reporter constructs representing the 3’-untranslated regions of
VEGFA located downstream of the open reading frame of lucif-
erase and transfected HUVEC under normoxia versus chronic
hypoxia. The activity of a chimeric luciferase-VEGFA 3'-UTR
construct was increased under chronic hypoxia compared with
control luciferase as reported by others (34) (Fig. 4B). Impor-
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tantly, Dicer overexpression significantly attenuated this
induction. This indicates that microRNA-mediated mRNA
degradation/translational inhibition is involved in the regula-
tion of hypoxia-inducible genes such as VEGFA, which is a
known target for microRNAs (35).

Our finding that a broad number of microRNAs are affected
by functional deficiency of Dicer in chronic hypoxia is signifi-
cant given that most studies performed to date have stressed
the single microRNA-single target mRNA paradigm. Impor-
tantly, in silico analyses identified 36 (i.e. 53%) hypoxia-regu-
lated microRNAs that can putatively target nine prototypical
hypoxia-regulated genes such as HIF-a subunits, VEGFA,
VEGFR1, VEGFR2, GLUT1, and BNIP3L among others (data
not shown). This indicates that a large proportion of hypoxia-
regulated microRNAs can potentially regulate genes involved
in the cellular response to hypoxia. Consistent with the obser-
vation that a number of microRNAs target specific nRNAs, the
HIF-1a isoform has been shown recently to be negatively reg-
ulated directly by a number of microRNAs at the post-tran-
scriptional level such as miR-20b, miR-199a, the miR-17-92
cluster, and miR-519c¢ (36). In our microarray analysis, miR-
519c and miR-92a were differentially regulated by hypoxia at
p <0.05. In addition, a recent study has identified miR-424 as a
hypoxia-inducible microRNA (supplemental Fig. S1, A—C) that

AUGUST 17,2012+VOLUME 287+-NUMBER 34

Functional Deficiency of Dicer in Hypoxia

indirectly stabilizes HIF-la by targeting and destabilizing
CUL2, which is involved in HIF-1a degradation (37). Further-
more, the constitutively expressed HIF-13 subunit has also
been shown to be a direct target of miR-107 (38).

However, in contrast to HIF-1« and HIF-1p, no studies have
been performed to the authors’ knowledge that examine the
targeting of HIF-2a by microRNAs, especially under hypoxia.
Thus, to investigate Dicer-mediated microRNA regulation of
HIF-2a, we first transfected chimeric luciferase reporter con-
structs representing the 3’-untranslated regions of HIF-2«
located downstream of the open reading frame of luciferase
into HUVEC under normoxia versus chronic hypoxia. Similar
experiments were performed using luciferase HIF-1a 3'-UTR
constructs for comparison. Importantly, hypoxia led to
increased and decreased reporter activity for the luciferase
HIF-2a and HIF-1a constructs, respectively (Fig. 54 and sup-
plemental Fig. S4A), which is consistent with the reported dif-
ferential effects of hypoxia on mRNA levels for HIF-2a and
HIF-1ain HUVEC (Fig. 3D) (29) as well as other cell types (39).
Importantly, Dicer overexpression in the setting of hypoxia sig-
nificantly blunted the luciferase activity of chimeric HIF-2acand
HIF-1a 3'-UTR reporters (Fig. 54 and supplemental Fig. S4A).
These results strongly suggested that HIF-2a is subject to
Dicer-mediated microRNA regulation.

Loss of HIF-2a Regulation by the Dicer-dependent miR-185 in
Chronic Hypoxia—Given the above evidence, we performed an
in silico analysis on our hypoxia-regulated microRNAs to deter-
mine the top candidate microRNAs that can target HIF-2a.. The
criteria used included microRNA conservation, the number of
target sites in HIF-2¢, target site conservation, identification by
at least TargetScan and miRanda prediction algorithms, and
expression levels as measured by microarray and qRT-PCR.
MiR-185 is a highly conserved microRNA species that is pre-
dicted to have two target binding sites in the human HIF-2«
3'-UTR (Fig. 5B). Notably, we observed that the down-regula-
tion of miR-185 under chronic hypoxia is Dicer-dependent:
mature miR-185 levels fell under chronic hypoxia (Fig. 1B),
whereas its precursor species accumulated (Fig. 1, C and D).
Importantly, we found that Dicer overexpression under
hypoxic conditions rescued mature miR-185 levels (Fig. 5C)
and restored precursor levels to normoxic levels (Fig. 5D).
Thus, the hypoxic regulation of miR-185 is Dicer-dependent.
Importantly, overexpression of miR-185 in hypoxic HUVEC
resulted in the reduction of endogenous HIF-2a protein (Fig. 5,
E and F) and mRNA levels (supplemental Fig. S4B). In contrast,
although miR-340 was predicted to target HIF-2q, it failed to
modify HIF-2a expression alone. This underscores the impor-
tance of direct experimentation versus prediction algorithms.
We utilized firefly luciferase-HIF-2a 3'-UTR chimeric report-
ers that contained either wild-type HIF-2a 3'-UTR, wild-type
3'-UTR with mutations in both miR-185 binding sites, or wild-
type 3’-UTR with multiple microRNA binding site mutations
(Fig. 5, G and H, and supplemental Fig. S4, C—H). Notably,
overexpression of both miR-185 and Dicer were able to atten-
uate the hypoxic induction of wild-type construct expression
(Fig. 5H). In contrast, for the miR-185 luciferase-HIF-2«
mutant construct, Dicer, but not miR-185 overexpression, was
able to attenuate the hypoxic induction of construct expression
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(Fig. 5H). Lastly, expression of the six-site mutant construct was
not affected by either miR-185 or Dicer overexpression, sug-
gesting that additional Dicer- and/or microRNA-independent
pathways may also be operative in HIF-2« post-transcriptional
regulation (Fig. 5H).

Overall, these results indicate that miR-185 targets HIF-2c.
In chronic hypoxia, the decrease in miR-185 expression main-
tains HIF-2« induction. Significantly, this is the first descrip-
tion that the hypoxia-induced attenuation of Dicer function is
critically important in maintaining the expression of HIF-«
subunits via the regulation of HIF-a-targeting microRNAs.
Ours is also the first study to identify the direct regulation of
HIF-2a by a specific microRNA, i.e. miR-185. This is especially
valuable because there is a growing consensus that HIF-2« has
unique roles in hypoxia signaling that are distinct from HIF-1a,
especially in endothelial cells (40) and cancers such as VHL-
associated renal cell carcinoma (41).

Efficacy of Dicer-dependent Versus Dicer-independent RNA
Interference in Chronic Hypoxia—Next, we examined the effect
of hypoxic Dicer down-regulation on different RNAi knock-
down methods. This concept is relevant to the application of
RNAi-based therapeutics in disease, especially in the setting of
cancer and cellular hypoxia. We designed a luciferase assay
whereby the specific knockdown of a firefly luciferase reporter
in HUVEC was performed using a Dicer-independent method
(i.e. siRNA) versus Dicer-dependent knockdown methods (i.e.
shRNA or DsiRNA) (42) (Fig. 6A). Results indicated that all
three approaches were effective in knocking down luciferase
expression under normoxia and acute hypoxia. However, the
efficiencies of Dicer-dependent knockdown approaches were
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markedly reduced under chronic hypoxia compared with nor-
moxia. Similar results were obtained in normoxic cells when
Dicer had been knocked down with siRNA (Fig. 6A4). Impor-
tantly, the observed phenotype was significantly rescued when
Dicer was overexpressed in chronically hypoxic HUVEC (Fig.
6B). Similar results were obtained when the experiments were
performed in HepG2 cells (data not shown). Taken together,
these results strongly indicate that functional Dicer activity is
reduced under chronic hypoxia. These findings have implica-
tions for RNA interference therapies and suggest that impair-
ment of global pre-microRNA processing in disease settings
may differentially affect exogenous Dicer-dependent and -in-
dependent approaches.

Effects of Chronic Hypoxia on RISC Activity and Argonaute
Protein Expression— Although Dicer is a functional component
of the RISC (10), the ~2-fold decrease in efficiency of the
siRNA/Dicer-independent knockdown and the significant but
incomplete rescue following Dicer overexpression under
chronic hypoxia suggested that microRNA activity is also
affected by additional factors in chronic hypoxia. Data pre-
sented here indicate that Agol, Ago2, and TRBP protein and
mRNA levels decreased in chronic hypoxia at least in the vas-
cular endothelium (supplemental Fig. S5, A—G). Contrasting
results have been described in vascular smooth muscle cells
(43). A recent report suggests that prolyl 4-hydroxylation reg-
ulates Ago2 stability (44), although the physiologic role of oxy-
gen dependence of this post-translational modification is
unclear. Therefore, we performed additional functional assays
in hypoxic HUVEC. We chose to assay RISC activity under
conditions where the mature microRNA (i.e. let-7a) being func-
tionally assessed did not change in extracts of hypoxic versus
normoxic HUVEC (supplemental Fig. S1A). Correspondingly,
we observed a ~56% decrease in let-7a-dependent RISC activ-
ity in the setting of chronic hypoxia (supplemental Fig. S5H).
These results suggest that hypoxia down-regulates RISC
expression and function at least in the vascular endothelium.

Effects of Chronic Hypoxia on Dicer mRNA and Protein—To
determine the mechanisms underlying the decrease in Dicer
mRNA under hypoxia, we performed RNA polymerase II ChIP
experiments and precursor mRNA (pre-mRNA) measure-
ments to ascertain whether Dicer is regulated at the transcrip-
tional level by hypoxia. Results indicated that polymerase II
occupancy at the major Dicer promoter in HUVEC (Fig. 7A) as
well as downstream genomic regions shared in common
between all Dicer mRNA variants (data not shown) decreased
with acute (2-h) but not chronic (24-h) hypoxia. Measurements
of Dicer pre-mRNA, which reflects transcription, indicated
that at 4 and 24 h the fall in Dicer transcription was no longer
evident (Fig. 7B). Importantly, mRNA half-life experiments
performed using actinomycin D showed that Dicer mRNA half-
life was decreased under hypoxia (~5.1 h) versus normoxia
(~10.1 h) (Fig. 7C).

Additionally, Exportin-5 protein expression fell in chronic
hypoxia (Fig. 24 and supplemental Fig. S3C). A recent study
reported that Exportin-5 is a post-transcriptional regulator of
Dicer expression that can mediate the nuclear-cytoplasmic
export of Dicer mRNA (45). Therefore, we wanted to assess
whether the decrease in Exportin-5 expression in chronic
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hypoxia plays a role in the hypoxic down-regulation of steady-
state Dicer mRNA. To do so, we measured Dicer mRNA levels
in nuclear versus cytoplasmic fractions of HUVEC. The results
indicated no preferential nuclear accumulation of Dicer mRNA

in chronic hypoxia (Fig. 7D) and that the down-regulation of
Dicer mRNA occurred predominantly in the cytoplasm. These
results suggest that changes in nuclear-cytoplasmic export due
to decreases in Exportin-5 expression in chronic hypoxia do not
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play a significant role in the down-regulation of Dicer mRNA.
Taken together, these results indicate that Dicer mRNA levels
decrease in hypoxic HUVEC primarily due to post-transcrip-
tional mechanisms in the cytoplasm.

We and others have provided evidence for translational and
post-translational regulation of Dicer (46, 47). For example,
alternative promoters and exonic splicing variants within
human Dicer mRNA transcripts, especially within the 5'-UTR,
have profound effects on translational efficiency (46). 5'-Rapid
amplification of cDNA ends indicated that the major mRNA
species in normoxic and hypoxic HUVEC are inefficient sub-
strates for the translational machinery at least under basal con-
ditions (data not shown). Indeed, measurement of global pro-
tein synthesis rates and Dicer-specific protein synthesis with
[**S]methionine pulse experiments indicated that although
hypoxia decreased the rate of global protein synthesis by ~50%
(12) (Fig. 7E) Dicer protein synthesis decreased to ~10% of the
normoxic rate under chronic hypoxia (Fig. 7F). Furthermore,
Dicer-specific [**S]methionine pulse-chase experiments indi-
cated that Dicer protein half-life was decreased under hypoxia
(~5.3 h) versus normoxia (~10.9 h) (Fig. 7G). The proteasomal
inhibitor MG-132 blunted the decrease in Dicer protein (Fig.
7H), suggesting that the decreased stability/enhanced degrada-
tion of Dicer protein under hypoxic conditions is dependent in
part on a functional proteasome. RISC components TRBP and
Agol/2 are known to contribute to Dicer stability (10). Their
decreased expression in hypoxia may also be functionally rele-
vant to decreases in Dicer expression. Therefore, these results
together indicate that decreased mRNA levels, decreased
mRNA translation, and impaired protein stability all contribute
to decreases in Dicer expression under chronic hypoxia.

Effects of Chronic Hypoxia on Dicer Expression and Function
in Mouse Organs—Dicer is key for survival. It has been shown
that Dicer knock-out is embryonic lethal (48). In addition,
severe morbidity and mortality have been reported for multiple
cell type/tissue-specific Dicer knock-outs (49 —54). Thus, it is
especially challenging to use these models to examine the in
vivo relationship between hypoxia and Dicer/microRNA biol-
ogy. In order to extend and establish the in vivo relevance of our
major findings, we first measured Dicer expression in normoxic
versus chronically hypoxic (8% O, for 24 h) mouse organs (Fig.
8, A and B). Consistent with our ix vitro observations, results
indicated that Dicer protein expression is significantly reduced
under chronic hypoxia in multiple organs, including brain,
heart, kidney, and liver. We then asked whether this down-
regulation of Dicer has any biological impact on microRNA
expression and processing. Thus, we used qRT-PCR to obtain a
profile of microRNA expression in normoxic versus chronically
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hypoxic mouse kidneys. In total, 726 mature mouse microRNA
species were measured, and volcano plot analysis indicated that
148 species were regulated by hypoxia at p < 0.05 (Fig. 8C and
supplemental Table S2). Importantly, 143 (i.e. 97%) of these
hypoxia-regulated microRNAs were down-regulated, whereas
five were up-regulated. This observation is significant because
it bears a striking resemblance to the trend we identified in vitro
whereby 88% of hypoxia-regulated microRNAs were down-
regulated under chronic hypoxia. Interestingly, in silico analysis
showed that a significant number, i.e. 62 (42%), of the hypoxia-
regulated mouse kidney microRNAs are predicted to target
nine prototypic hypoxia-regulated genes (data not shown), five
of which are shown to represent down-regulated microRNAs
(Fig. 8D). Together with our in vitro screen, these results
strongly suggest that a large proportion of hypoxia-regulated
microRNAs can regulate genes involved in the cellular response
to hypoxia in a tissue/cell type-dependent manner. Next, to
show that the decrease in mature microRNA expression is
Dicer-dependent, we measured the precursor levels of five rep-
resentative microRNA species that fall in hypoxic mouse kid-
neys and expressed the ratios of pre/mature levels (Fig. 8, E and
F). As in our in vitro studies, we observed the accumulation of
precursors even for microRNAs for which mature expression
did not change at steady state (supplemental Fig. 1D). Thus, we
recapitulated in vivo the down-regulation of Dicer expression
and function in chronic hypoxia that we observed in vitro.
Down-regulation of Dicer in Chronic Hypoxia Is VHL
Protein-dependent—The VHL protein regulates gene tran-
scription by ubiquitylating HIF-« subunits and targeting them
for proteasomal degradation in an oxygen-dependent manner
(55). Specifically, VHL functions as a substrate recognition
component of an E3 ubiquitin ligase, ECV (Elongin B/C-Cullin
2-VHL), which directly binds oxygen-dependent prolyl
hydroxylated HIF-« for ubiquitylation and subsequent destruc-
tion via the 26 S proteasome (55). Consequently, cells that are
deficient in VHL functional activity constitutively express
hypoxia-inducible genes. Functional loss of VHL results in the
hereditary cancer predisposition of VHL disease and underlies
the vast majority of sporadic CCRCC, the predominant form of
kidney cancer. Common to most cancer-causing VHL muta-
tions is a failure in down-regulating HIF-a. Therefore, we
sought to define the relationship between VHL status in
CCRCC and Dicer expression both in vitro and in vivo. Meas-
urement of Dicer expression in three different VHL-deficient
CCRCC cell lines (e.g RCC4, 786-O, and UMRC?2) that had
been stably reconstituted with either wild-type or mutant VHL
showed that Dicer protein levels were lower in VHL-deficient
(RCC4 and UMRC?2) or mutant (786-O-C162F mutant) cells

FIGURE 7. Effect of chronic hypoxia on Dicer mRNA and protein. A, relative RNA polymerase Il (Pol I) occupancy at the Dicer proximal promoter in hypoxic
HUVEC. Data represent mean = S.E. (error bars) (n = 3). * denotes p < 0.05 compared with 0 h. B, Dicer pre-mRNA measurements in hypoxic HUVEC. Data
represent mean * S.E. (error bars) (n = 4). C, Dicer mRNA half-life measurements in control versus hypoxic HUVEC. Data represent mean * S.E. (error bars) (n =
3). D, Dicer mRNA levels in nuclear (Nuc) versus cytoplasmic (Cyto) fractions of control versus 24-h hypoxic HUVEC. Data represent mean = S.E. (error bars) (n =
3). * and T denote statistical significance (p < 0.05) compared with hypoxia-nuclear and control-cytoplasmic, respectively. Relative rate of global protein
synthesis (E) and relative Dicer protein synthesis (F) in normoxic versus 24-h hypoxic HUVEC measured using [**SImethionine incorporation. A representative
gelis shown for F.Data represent mean = S.E. (error bars) (n = 3).* denotes p < 0.05 compared with normoxia. G, Dicer protein half-life measurements in control
versus hypoxic HUVEC. Data represent mean = S.E. (error bars) (n = 3). A representative gel from each condition is shown. H, representative immunoblots of
control versus 24-h hypoxic HUVEC treated with MG-132 (left panel). Quantification of Dicer immunoblots is shown in the right panel. Data represent mean =
S.E. (error bars) (n = 3). * and 1 denote statistical significance (p < 0.05) compared with control-DMSO and hypoxia-DMSO, respectively. IP,
immunoprecipitation.
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FIGURE 8. Effect of chronic hypoxia on Dicer expression and function in mouse organs. A, representative immunoblots of control versus 24-h hypoxic
mouse brain, heart, kidney, and liver. B, quantification of Dicerimmunoblots in A. Data represent mean = S.E. (error bars) (n = 5/6).* denotes p < 0.05 compared
with normoxia. C, volcano plot of 582 detectable microRNAs in 24-h hypoxic versus control mouse kidney as measured by qRT-PCR profiling (n = 4). Expression
levels of representative down-regulated microRNAs (D) and corresponding precursor microRNAs (E) and the ratio of precursor microRNAs to their mature
counterparts (F) are shown. Data represent mean = S.E. (error bars) (n = 4). * denotes statistical significance (p < 0.05) compared with kidney-control.

relative to their wild-type VHL-expressing counterparts (Fig. 9,
A and B). Lower Dicer mRNA levels were also observed in
RCC4 VHL-deficient versus VHL wild-type cells (Fig. 9C).
Moreover, measurement of Dicer expression in normoxic ver-
sus chronically hypoxic RCC4 showed that chronic hypoxia led
to decreased Dicer protein and mRNA levels in VHL wild-type
but not VHL-deficient RCC4 cells (Fig. 9, D and E). To under-
stand the in vivo implications of this work, we performed a
microarray analysis of 105 CCRCC tumor samples versus 12
non-diseased renal cortex controls as we have described previ-
ously (19) and observed that Dicer mRNA is significantly lower
in CCRCC tumors (by ~20%) (Fig. 9F). Taken together, these
findings indicate that Dicer expression is at least in part
dependent on VHL.

Down-regulation of Dicer mRNA Expression in Chronic
Hypoxia Is Not HIF-dependent—Given that VHL is a critical
regulator of HIF-«, we wanted to test whether the down-regu-
lation of Dicer in hypoxia is HIF-dependent. In its classical role
as a transcription factor, HIF could bind directly to the Dicer
promoter to mediate down-regulation of Dicer transcription as
we and others have shown to occur for several genes, including

29014 JOURNAL OF BIOLOGICAL CHEMISTRY

CDH1/E-cadherin and RABEP1/Rabaptin-5 (56 — 60). Thus, we
performed an extensive in silico analysis, including the use of
the transcriptional regulatory element database (TRED) (61,
62), to determine whether hypoxia response elements exist in
the Dicer promoter, i.e. 1500 bp of the transcription start site,
for the most commonly expressed Dicer mRNA variant in
human, mouse, and rat (46). Results indicated that there are no
hypoxia response elements in sequences upstream or down-
stream of the Dicer transcription start site, especially in the
proximal promoter (data not shown). However, given that
functional hypoxia response elements can operate at large dis-
tances (e.g human EPO gene (63)), we directly assessed HIF
dependence. We assessed Dicer expression in VHL- and HIF-
la-deficient, HIF-2a-expressing 786-O clones that had been
stably transfected with either an HIF-2a-targeting shRNA or a
scrambled shRNA (Fig. 104) (7, 14). Notably, HIF-2« is the
predominant HIF-« isoform in endothelial cells, and it is also
the only HIF-« isoform expressed in 786-O cells. Results indi-
cated that Dicer mRNA and pre-mRNA (Fig. 10B) expression
levels were not affected by cellular HIF-« status. In contrast,
GLUT1 and VEGFA mRNA expression was blunted in the
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HIF-2a knockdown cells (Fig. 10B). Taken together, these find-
ings indicate that the down-regulation of Dicer mRNA in hypoxia
is not HIF-dependent. In addition to HIF-mediated effects, VHL
can also influence gene expression via post-transcription mecha-
nisms involving RNA-binding proteins. Examples include HuR,
which regulates VEGFA mRNA stability (64), and heterogeneous
nuclear ribonucleoprotein A2, which regulates GLUT1 expression
(65), both in a VHL-dependent manner. Additionally, HIF can
down-regulate gene expression via non-transcriptional mecha-
nisms (66). For example, HIF has been shown to mediate the cyto-
plasmic proteasomal degradation of Foxp3 (67). Future studies will
be required to elucidate the mechanism(s) underlying the VHL
dependence of Dicer expression.

DISCUSSION

Cellular hypoxia regulates gene expression through tran-
scriptional and post-transcriptional mechanisms. Post-tran-
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scriptional regulation of hypoxia-responsive/HIF target genes,
especially mRNA stabilization, is a key component of an inte-
grated hypoxic response. We have found for the first time that
the microRNA pathway is functionally integrated with the cel-
lular hypoxia response pathway, especially in the vascular endo-
thelium. Specifically, chronic hypoxia leads to the down-regu-
lation of Dicer function, which has profound effects on the
microRNA pathway both in vitro and in vivo. Especially rele-
vant are the generalized decrease in expression of mature
microRNAs and the accumulation of precursor microRNA spe-
cies in chronic hypoxia. Importantly, the hypoxic down-regu-
lation of Dicer serves as a key mechanism that aids in the main-
tenance of HIF-a induction in chronic hypoxia as well as the
induction of numerous key hypoxia-responsive/HIF target
genes. Dicer expression has been observed to be decreased in
hypoxic pulmonary artery smooth muscle cells (43) as well as
rat lungs (68). However, the biological significance of such a
decrease has not been appreciated until the current work. Here,
we show that the loss of microRNA-mediated repression is an
important mechanism that is operative in the cellular response
to hypoxia. We found that the decrease in Dicer function in the
hypoxic vascular endothelium is mediated at multiple levels.
Hypoxia led to a transient decrease in Dicer gene transcription.
Hypoxia also led to decreases in Dicer mRNA stability and in
Dicer protein stability. A functional proteasome was necessary
for decreases in Dicer protein expression. We also provide evi-
dence that Dicer is regulated in hypoxia via VHL-dependent
processes. Moreover, the decrease in Dicer transcription is
HIF-independent at least in VHL-deficient CCRCC cells.

Evidence presented here indicates that even though distinct
mRNA species may be differentially up- or down-regulated in
hypoxia the loss of Dicer-mediated microRNA repression is
nonetheless functionally relevant and important to a broad
variety of hypoxia-responsive genes. For instance, stabilization
of VEGFA mRNA contributes to the observed increases in
VEGFA mRNA expression in hypoxia, especially after the ini-
tial HIF-dependent transcriptional activation. As an example,
hypoxia leads to increases in VEGFA mRNA and translational
efficiency in chronically hypoxic HUVEC (7). We report here
that the hypoxic induction of VEGFA mRNA is blunted if Dicer
is overexpressed in hypoxic endothelial cells. Moreover, chime-
ric RNAs that represent heterologous reporter proteins ligated
to the human VEGFA 3'-UTR exhibit increased expression in
hypoxic HUVEC. This increase, which is dependent on VEGFA
sequences, is blunted when Dicer is overexpressed. As with
VEGFA, we observed that the hypoxic induction of GLUT1,
BNIP3L, and VEGFR1I mRNA and protein is significantly
impaired when Dicer is overexpressed in hypoxic endothelial
cells.

On the other hand, as reported previously by others,
VEGFR2 mRNA decreases whereas VEGFR2 protein increases
in hypoxic endothelial cells (22, 23). Interestingly, Dicer over-
expression in chronic hypoxialeads to further decreases in both
VEGEFR?2 protein and especially mRNA. We observed the same
effect with HIF-1a mRNA (29, 39) and luciferase-HIF-1a-3'-
UTR construct expression in chronic hypoxia, which are fur-
ther decreased when Dicer is overexpressed. Thus, we take
these data to indicate that even though distinct mRNA species
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may be differentially up- or down-regulated in hypoxia the loss
of Dicer-mediated microRNA repression is nonetheless func-
tionally relevant and important to a broad variety of hypoxia-
responsive genes.

We found that the loss of microRNA function is relevant for
the post-transcriptional induction and/or maintenance of both
HIF-« isoforms, especially HIF-2a. HIF-2« is directly targeted
by Dicer-dependent microRNAs. Regulation of the human
HIF-2a 3'-UTR by miR-185 has not been reported previously.
Significantly, we show not only that HIF-2« is a direct target of
miR-185 in blood vessels in normoxia but also that the process-
ing of miR-185 is impaired in chronic hypoxia, which prevents
it from suppressing HIF-2«a function. miR-185 was down-reg-
ulated in HUVEC in chronic hypoxia, whereas miR-185 precur-
sors accumulated. Chimeric RNAs that represent heterologous
reporter proteins ligated to the human HIF-2a 3'-UTR were
increased in expression in hypoxic HUVEC. Mutation of the
miR-185 target sites in the 3'-UTR of HIF-2« blunted induc-
tion of the reporter. Forced overexpression of Dicer or miR-
185 in HUVEC under chronic hypoxia blunted HIF-2«
mRNA, protein, and chimeric 3'-UTR reporter induction.
Our work underscores that predicted 3'-UTR binding sites for
microRNAs need to be validated. For example, although miR-
340 fell in hypoxia and the precursor accumulated, mutation of
the target site or re-expression of miR-340 did not affect
HIF-2a expression.

The broad pattern effect of chronic hypoxia on an important
number of mature microRNAs and the accumulation of precur-
sor microRNA species is a new finding. Importantly, the accu-
mulation of precursors even occurs for mature microRNAs that
did not exhibit a significant change in expression. This obser-
vation suggests that Dicer is functionally deficient in chronic
hypoxia. Except for microRNAs that are known to be transcrip-
tionally up-regulated by hypoxia (e.g. miR-210) (8, 20), it is a
challenge to explain why all mature microRNAs do not fall with
chronic hypoxia. One potential contributing factor is the exist-
ence of Dicer-independent microRNA biogenesis pathways
(69 -71). Importantly, future studies will be required to better
understand the relationship between steady-state microRNA
expression and target mRNA abundance, especially in disease
settings such as hypoxia. The inherent stability of mature
microRNAs under normal conditions (9) may be relevant here.
Interestingly, a recent kinetic analysis indicated that the rate of
microRNA decay can be accelerated through target regulation
in a manner that is dependent on mRNA target concentration
(72). This newer view would argue that those microRNAs that
target hypoxia-inducible mRNAs (e.g. HIF-2ae and VEGFA) will
be selectively destabilized in hypoxia due to increased mRNA
target concentration (72, 73). We hypothesize that hypoxic
increases in hypoxia-inducible/HIF target gene expression
driven initially by enhanced transcriptional HIF activity in
hypoxia contribute to the preferential down-regulation of
unique microRNA species such as those observed in this study,
which then sets up a reinforcing post-transcriptional stabiliza-
tion of these same hypoxia-inducible/HIF target genes.

Notably, we observed that there was no significant overlap
between the hypoxia-regulated microRNAs detected in vitro
versus those detected in vivo. In addition to cross-species dif-

VOLUME 287+NUMBER 34+-AUGUST 17,2012



ferences in microRNA profiles, this discrepancy is likely
accounted for by the dynamic and integrative effects of several
factors. First, in vivo organs like the kidney consist of multiple
cell types (e.g. podocytes, a variety of tubular epithelial cell
types, mesangial cells, and a small contribution of endothelial
cells, etc.) as compared with a single cell type (e.g HUVEC)
studied in vitro, and different cell types often exhibit unique
basal microRNA profiles (74). In addition, basal exposure levels
of oxygen are very different in the two settings. HUVEC cul-
tured in vitro are exposed to a pO, of 160 mm Hg, whereas the
pO, in in vivo tissues is much lower (75). Different cell types in
an organ may respond differently to changes in pO,. Moreover,
unlike in vitro hypoxia, hypoxia in vivo is associated with
important concurrent physiological changes, e.g. blood flow,
oxidant stress injury, etc., all of which may regulate microRNA
expression. Thus, the interplay between multiple factors and
their combined net effect in the in vivo setting of hypoxia likely
account for the differences observed between in vitro and in
vivo hypoxia. However, it is important to remember that even
given these differences our major finding that Dicer expression
and activity are down-regulated in hypoxia was observed both
in vitro and in vivo. Additionally, a significant proportion of
hypoxia-regulated microRNAs were predicted to target
hypoxia-inducible genes both in vitro (53%) and in vivo (42%).
Thus, given that a single mRNA can be targeted by multiple
microRNAs and that a single microRNA can target multiple
mRNAs (76), this observation supports our model that the ini-
tial transcriptional up-regulation of hypoxia-inducible/HIF
target genes contributes to the preferential down-regulation
of both common and unique tissue/cell type-dependent
microRNA species, which then sets up a reinforcing post-tran-
scriptional stabilization of these same hypoxia-inducible genes.

Given our findings in this current study, it would be interest-
ing to test the hypothesis that other cellular stresses/stimuli
also lead to the down-regulation of Dicer and that it is function-
ally relevant to the biology of that particular stress/stimulus.
Indeed, it has been reported that Dicer expression is down-
regulated by multiple stresses, including reactive oxygen
species, phorbol esters, Ras oncogene, and IFN-« (77). Impor-
tantly, however, the biological significance of Dicer down-reg-
ulation in these cases has not been investigated. Thus, the func-
tional relevance of such changes in Dicer expression, especially
in the context of the biology of those stresses, needs to be exam-
ined in future studies. As in the current work, assessments of
the ratios of precursor to mature microRNA species may be
helpful in these studies.

Notably, most microRNA studies performed to date have
focused on the “single microRNA-single target” paradigm,
including in hypoxia, with preferences toward up-regulated
microRNA species. For example, miR-210 (8) and miR-424 (37)
are both hypoxia-inducible microRNAs that play important
roles in hypoxia biology, especially miR-424, which is involved
in the indirect regulation of HIF-« isoforms (37). Importantly,
these studies provide important mechanistic insight into
hypoxia biology. However, in this current study, we have shown
for the first time that the microRNA pathway is functionally
integrated with the cellular hypoxia response pathway on a
higher lever that goes beyond the single microRNA-single tar-
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get paradigm. Specifically, Dicer, the key cytoplasmic
microRNA processing enzyme, is down-regulated in chronic
hypoxia. This reduction in expression results in impaired Dicer
function, which we argue participates in the adaptive mecha-
nisms to maintain the concerted cellular response to hypoxia.
Specifically, this is achieved via both loss of microRNA regula-
tion of HIF-a isoforms and hypoxia-responsive/HIF target
genes and reduced transcriptional induction of HIF target
genes as a result of decreased HIF expression/activity. Conse-
quently, the hypoxia-mediated down-regulation of Dicer acts
to maintain the induction of hypoxia-responsive genes through
both transcriptional (HIF activity) and post-transcriptional (i.e.
microRNA regulation) mechanisms. Importantly, this repre-
sents a novel, previously uncharacterized facet of the regulation
of the cellular hypoxic response by microRNAs.

The findings reported here are relevant to microRNA func-
tion in cancer. Dicer status has prognostic implications in a
number of human malignancies (78, 79). A general down-reg-
ulation of microRNAs in tumors compared with normal tissues
has been observed (74), and recent studies have focused on
Dicer as a haploinsufficient tumor suppressor gene where dele-
tion of a single copy of Dicer in murine tumors led to reduced
survival compared with controls (79). This is consistent with
reports of impaired shRNA-mediated gene silencing in ovarian
cancer cell lines with low Dicer expression (78) and impaired
microRNA processing in murine tumors containing only a sin-
gle copy of the Dicer gene (79). Significantly, the data we pres-
ent here indicate that cellular hypoxia is also relevant to
decreased Dicer expression and function in tumors. In this
regard, a characteristic feature of solid tumors is the presence of
cells at very low oxygen tensions; these hypoxic cells confer an
angiogenic phenotype and tumor resistance to radiotherapy
and chemotherapy and are selected for a more malignant phe-
notype (60). Recent studies have revealed that miR-103/107 and
let-7 can target Dicer (80, 81). These microRNAs are function-
ally integrated into cellular pathways involved in cancer devel-
opment. Thus, it is of interest that even though members of the
miR-103/107 and let-7 families are present in HUVEC they do
not significantly decrease in hypoxia. Our findings that chronic
hypoxia impairs Dicer function are important in cancer given
that they provide a new mechanism for the general down-reg-
ulation of microRNAs in tumors. Finally, we report here that
functional loss of Dicer activity is VHL-dependent. However,
the down-regulation of Dicer mRNA expression is not HIF-de-
pendent. Loss of VHL function is key mechanistically to the
majority of familial and sporadic cases of CCRCC. Moreover,
62% of renal cell tumors have hemizygous loss of the DICERI
locus (82). Conceptually, therefore, loss of Dicer function in
CCRCC could involve three distinct pathways, namely dele-
tion/mutations of the Dicer gene, loss of VHL-dependent reg-
ulation of Dicer, and intratumoral hypoxia. The relative contri-
bution of each or all of these pathways to prognosis and therapy
of patients with CCRCC warrants further study.

Taken together, these findings represent a newer perspective
into the regulation of the cellular hypoxic response. Specifi-
cally, we are the first to show that loss of Dicer-dependent
microRNA regulation is important for the concerted cellular
response to hypoxia. Importantly, our findings suggest that the
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hypoxic down-regulation of Dicer plays a significant role in
maintaining the cellular response to hypoxia by preserving the
expression of HIF-a via microRNA regulation, including the
direct regulation of HIF-2a by the Dicer-dependent miR-185 as
we have shown here as well as the expression of other essential
hypoxia-responsive genes via HIF-« and microRNA regulation.
Additionally, the down-regulation of Dicer by chronic hypoxia
also serves as a potential explanation for the global microRNA
down-regulation observed in tumors versus normal tissue
(74). The finding that Dicer is functionally deficient in
chronic hypoxia is highly relevant to gene therapy
approaches that are Dicer-dependent versus Dicer-inde-
pendent as we have shown in this study. These findings pro-
vide significant new insight for hypoxia biology and the
development of RNAi-based therapeutics.
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