J c I The Journal of Clinical Investigation

Hypoxia-responsive miRNAs target argonaute 1 to promote
angiogenesis

Zhen Chen, ..., Michael Hsiao, John Y-J. Shyy

J Clin Invest. 2013;123(3):1057-1067. https://doi.org/10.1172/JC165344.

BEELE(L WGl Oncology

Despite a general repression of translation under hypoxia, cells selectively upregulate a set of hypoxia-inducible genes.
Results from deep sequencing revealed that Let-7 and miR-103/107 are hypoxia-responsive microRNAs (HRMs) that are
strongly induced in vascular endothelial cells. In silico bioinformatics and in vitro validation showed that these HRMs are
induced by HIF1a and target argonaute 1 (AGO7), which anchors the microRNA-induced silencing complex (miRISC).
HRM targeting of AGOT1 resulted in the translational desuppression of VEGF mRNA. Inhibition of HRM or overexpression
of AGO1 without the 3’ untranslated region decreased hypoxia-induced angiogenesis. Conversely, AGO7 knockdown
increased angiogenesis under normoxia in vivo. In addition, data from tumor xenografts and human cancer specimens
indicate that AGO1-mediated translational desuppression of VEGF may be associated with tumor angiogenesis and poor
prognosis. These findings provide evidence for an angiogenic pathway involving HRMs that target AGO7 and suggest that
this pathway may be a suitable target for anti- or proangiogenesis strategies.

Find the latest version:

https://jci.me/65344/pdf



http://www.jci.org
http://www.jci.org/123/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI65344
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/33?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/65344/pdf
https://jci.me/65344/pdf?utm_content=qrcode

Research article

Hypoxia-responsive miRNAs target
argonaute 1 to promote angiogenesis

Zhen Chen,'?2 Tsung-Ching Lai,® Yi-Hua Jan,® Feng-Mao Lin,* Wei-Chi Wang,* Han Xiao,'
Yun-Ting Wang,> Wei Sun,! Xiaopei Cui,! Ying-Shiuan Li,' Tzan Fang,* Hongwei Zhao,®
Chellappan Padmanabhan,® Ruobai Sun,' Danny Ling Wang,5 Hailing Jin,®
Gar-Yang Chau,” Hsien-Da Huang,* Michael Hsiao,2® and John Y-J. Shyy'?2

Division of Biomedical Sciences, University of California, Riverside, California, USA. 2Department of Medicine, School of Medicine, UCSD,
San Diego, California, USA. 3Genomics Research Center, Academia Sinica, Taipei, Taiwan. 4Institute of Bioinformatics and Systems Biology,
National Chiao Tung University, Hsin-Chu, Taiwan. ®Institute of Biomedical Science, Academia Sinica, Taipei, Taiwan.
6Department of Plant Pathology and Microbiology, University of California, Riverside, California, USA.

“Division of General Surgery, Department of Surgery, Taipei Veterans General Hospital, Taipei, Taiwan.

Despite a general repression of translation under hypoxia, cells selectively upregulate a set of hypoxia-inducible
genes. Results from deep sequencing revealed that Let-7 and miR-103/107 are hypoxia-responsive microRNAs
(HRM:s) that are strongly induced in vascular endothelial cells. In silico bioinformatics and in vitro validation
showed that these HRMs are induced by HIF10 and target argonaute 1 (AGO1), which anchors the microRNA-
induced silencing complex (miRISC). HRM targeting of AGO1 resulted in the translational desuppression of
VEGF mRNA. Inhibition of HRM or overexpression of AGO1 without the 3’ untranslated region decreased
hypoxia-induced angiogenesis. Conversely, AGO1 knockdown increased angiogenesis under normoxia in vivo.
In addition, data from tumor xenografts and human cancer specimens indicate that AGO1-mediated transla-
tional desuppression of VEGF may be associated with tumor angiogenesis and poor prognosis. These findings
provide evidence for an angiogenic pathway involving HRMs that target AGO1 and suggest that this pathway
may be a suitable target for anti- or proangiogenesis strategies.

Introduction

Hypoxic stress induces various physiological or pathophysiologi-
cal responses in conditions including high-altitude adaptations,
development, wound healing, ischemic heart disease, advanced
atherosclerosis, stroke, and tumorigenesis. These multifaceted
changes are controlled by a profound but coordinated gene expres-
sion profile, signified by a panel of hypoxia-inducible genes, despite
a nominal inhibition of general protein synthesis. Among these
genes, hypoxia-inducible factor 1o (HIFIa) is a key transcription
factor (TF) robustly induced by oxygen deprivation to increase
hundreds of proteins involved in angiogenesis, erythropoiesis, cell-
cycle arrest, and metastasis (1, 2). Consensus hypoxia-responsive
elements (HREs) in the promoter region are responsible for the
HIFlo transcriptional induction of approximately 70 genes (3).
However, mechanisms at the posttranscriptional level involving the
3" UTR of mRNAs are also important for the hypoxia induction of
genes, especially for genes lacking HREs. A synergism between tran-
scriptional induction and posttranscriptional mechanisms seems
crucial for the optimal induction of hypoxia-inducible genes (1, 4).
For example, hypoxia can upregulate VEGF via HIF1o-dependent
and -independent transcription (5, 6), 5'-cap-independent, internal
ribosomal entry site-mediated (IRES-mediated) preferential trans-
lation (7), and increased mRNA stability (8, 9).

MicroRNAs (miRNAs) are noncoding small RNAs that regulate
gene expression at the posttranscriptional level. After being pro-
cessed from their hairpin precursors, miRNAs are loaded into the
miRNA-induced silencing complex (miRISC). Consequently, Argo-
naute (AGO, also known as eukaryotic initiation factor 2C, eIF2C),
the core protein in miRISC, tethers miRNA to the 3’ UTR of the tar-
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get mRNAs, which results in mRNA degradation or translational
repression (10, 11). Among AGO protein family members expressed
in human cells, AGO1-AGO4 are involved in small RNA-induced
gene silencing, and only AGO1 and AGO?2 exhibit strand-dissoci-
ating activity of miRNA duplexes (12-14). Despite ample studies
focusing on miRNAs responding to various stress conditions, little
is known about the regulation of AGO expression under stress con-
ditions and its functional consequences in the vasculature.

Several miRNAs are regulated by hypoxia and thus termed
hypoxia-responsive miRNA (HRM) or hypoxamiRs (15-18). A sub-
set of HRMs is considered proangiogenic (19). However, the molec-
ular mechanisms by which HRMs promote angiogenesis remain
elusive. Using sequencing-by-synthesis (SBS) deep sequencing, we
generated a comprehensive and quantitative profile of HRMs in
vascular endothelial cells (ECs). Bioinformatics in conjunction
with experimental validation revealed that Let-7 and miR-103/107
are robustly induced in ECs and consequently target AGO1. Subse-
quently, a translational desuppression pathway upregulates VEGF
and enhances angiogenesis in vitro and in vivo. In addition, results
from clinical specimens provided evidence that this pathway may
be implicated in tumor angiogenesis and progression. These find-
ings suggest a novel role of HRMs in hypoxia-induced gene expres-
sion and the consequent angiogenesis via targeting AGO1.

Results

Hypoxia induces Let-7 and miR-103/107. We performed SBS deep
sequencing of small RNA libraries derived from HUVECs subjected
to normoxia or hypoxia. Among all the miRNAs profiled, Let-7 and
miR-103/107 were highly induced miRNA families (Table 1 and
Supplemental Table 1; supplemental material available online with
this article; doi:10.1172/JCI165344DS1). Their induction by hypoxia
was confirmed by Northern blotting (Figure 1A). The marked induc-
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Table 1
HRM profiles from SBS deep sequencing

miRNA Reads Reads Fold
(normoxia) (hypoxia) change
Let-7a 277 2614 6.96
Let-7b 146 900 4.54
Let-7¢c 205 1089 3.92
Let-7d 252 1032 3.02
Let-7e 52 655 9.29
Let-7f 984 5820 4.36
Let-7g 171 1476 6.36
Let-7i 142 488 2.53
miR-103 334 3743 8.26
miR-107 336 3789 8.31

tion of specific miRNA paralogs, namely, Let-7a, Let-7e, miR-103,
and miR-107, was validated by TagMan quantitative PCR (qPCR)
(Figure 1B). Because HIF1a. is the key TF that mediates the induc-
tion of many hypoxia-inducible genes and was previously reported
to induce miR-103 in cancer cells (18), we examined whether HIF 1o
can upregulate these HRM:s in ECs. As depicted in Table 2 and Sup-
plemental Table 2, Let-7 and miR-103/107 genes were all predicted
to contain 1 or more conserved HREs in their promoter regions.
Indeed, overexpression of HIF1o in HUVECS confirmed the induc-
tion of Let-7a, Let-7e, miR-103, and miR-107 (Figure 1C).
Let-7andmiR-103/107 target AGO1. Given that Let-7 and miR-103/107
are greatly induced by hypoxia, we predicted the functional targets
of these miRNAs by using miRanda (20), RNAhybrid (21), and Tar-
getScan (22). Let-7 and miR-103/107 were predicted to target 169
and 148 mRNAs, respectively; these genes included AGOI1, homeo-
box protein Al (HOXAI), and apoptosis-antagonizing TF (AATF)
(Supplemental Table 3, A and C). To verify whether the predicted
genes are bona fide targets of HRMs, we first tested whether their
expression was downregulated by hypoxia. The expression of AGOI
and HOXAI but not AATF was decreased and that of HIFIa. was
increased in ECs under hypoxic stress (Figure 2A). Because AGO1
is a key protein anchoring miRISC and its mRNA 3" UTR contains
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conserved seed sequences for all HRMs (Supplemental Figure 1), we
further explored the HRM targeting of AGO1. Overexpression of
the pre-miRs of Let-7 or miR-103/107 decreased the level of AGO1
in ECs under normoxia. In contrast, the inhibition of Let-7 or
miR-103/107 with locked nucleic acid (LNA) increased the expres-
sion of AGO1 in hypoxic HUVECs (Figure 2, D and E, and Supple-
mental Figure 2B). Furthermore, exogenously expressed HIF1a., sim-
ilar to hypoxia or pre-miRs, suppressed the level of AGO1 (Figure 2F).
These data suggest that HIFla-induced Let-7 and miR-103/107
suppressed AGO1 expression under hypoxia.

HRMs targeting AGO1 mRNA in miRISC. To demonstrate a direct
targeting of AGO1 3" UTR by Let-7 and miR-103/107, we created
reporter constructs containing luciferase fused to the WT AGO1
3' UTR (AGO1-3' UTR). Human embryonic kidney 293 (HEK293)
cells cotransfected with the AGO1-3" UTR reporter together with
pre-Let-7e, pre-miR-103, or a combination of these 2 pre-miRs
conferred lower luciferase activity as compared with cells cotrans-
fected with control RNA (Figure 3A). However, pre-Let-7e or pre-
miR-103 induction was unable to decrease the luciferase activity
in cells cotransfected with AGO1-3" UTR mutant constructs with
mutated Let-7 or miR-103/107 binding sites. We also constructed
an AGO2-3' UTR reporter. The luciferase reporter activity of the
constructed AGO2-3" UTR was not affected by the cotransfected
pre-Let-7 or miR-103, which is consistent with the lack of Let-7 and
miR-103/107 target sequences at the AGO2-3" UTR. Furthermore,
hypoxia, like pre-Let-7 or miR-103, decreased the luciferase activity
of AGO1-3' UTR, but not that of AGO2-3" UTR in ECs (Figure 3B).

miRNA/mRNA complexes associate with AGO proteins to
form miRISC. For AGO1-4 found in human cells (13), hypoxia
decreased only AGO1 levels in HUVECs (Figure 3C; AGO4 pro-
tein level was under the detection limit), but the mRNA level of
AGO1-3 remained unchanged (Figure 3D). These results suggest
that HRMs targeting AGO1 was due mainly to translational sup-
pression but not AGOI mRNA degradation, possibly because of
imperfect complementarities between the Let-7 and miR-103/107
and AGOI mRNA (refs. 23, 24 and Supplemental Figure 1).

Let-7 and miR-103/107 should target AGOI mRNA within the
AGO1-associated miRISC. We therefore compared the amount of
AGO1-associated Let-7, miR-103/107, and AGOI mRNA in nor-
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Hypoxia induces Let-7 and miR-103/107 in ECs. (A and B) HUVECs were kept under normoxia (21% O.) or were subjected to hypoxia (2% O.)
for 24 hours. (A) Northern blotting analysis of Let-7 and miR-103/107 expression. 18S rRNA was detected as loading control. (B) The indicated
miRNAs were detected by TagMan qPCR. The relative expression was normalized to that of U6 RNA, with that of normoxia set as 1. (C) HUVECs
were infected with Ad-HIF1a for 72 hours, and miRNAs were quantified by TagMan qPCR. The relative level of miRNA expression was compared
with that of the mock-infected group (0 MOI), set as 1. Bar graphs represent mean + SD from 3 independent experiments. *P < 0.05 compared
with normoxia in B or mock-infected controls in C.
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Table 2
Putative HREs and HIF1a-binding sites in the HRM promoter
regions

miRNA HRE Strand Binding sequence

Let-7a-1 346 + ACAGACGTGTTGAT
Let-7a-3 -2130 + CCTGACGTGAGTTC
Let-7b -2130 + CCTGACGTGAGTTC
Let-7d -1086 + GAATACGTGCCGCC
Let-7e -2363 + GCAAACGTGGCAAA
Let-7f-1 356 + ACAGACGTGTTGAT
Let-7f-2 -345 - GACGACGTGGGAAG
Let-7g -159 - CGAGACGTGCAGGG
Let-7i 290 GGTCACGTGGTGAG
miR-103-1 -669 GACCACGTGCAATT
miR-103-2 -2192 + CCCAACGTGCTGGG
miR-107 -475 + CACCACGTGATGCC

moxic HUVECs and that in hypoxic cells. IP of AGO1 and sub-
sequent qPCR analysis revealed that Let-7a/e and miR-103/107
were significantly enriched in AGO1-miRISC in hypoxic ECs, even
though the level of AGO1 was lower (Figure 3, E and F, and Sup-
plemental Figure 3). Consistently, the level of AGOI mRNA, as an
HRM target, was also increased in the AGO1-miRISC in hypoxic
cells (Figure 3G). However, we detected neither miRNA nor AGOI
mRNA in IgG isotype controls (Supplemental Figure 3).
Translational desuppression of VEGF mediated by HRMs targeting AGOI.
The sequential events of HIF 1o upregulation, Let-7 and miR-103/107
induction, and AGO1 suppression (Figure 4, A-C) led us to propose
an HRM-induced translational desuppression pathway: during
hypoxia, the HIFla-induced HRMs, through repressing AGO1-
miRISC, release mRINAs that are translationally suppressed under
normoxia, which results in the upregulation of the encoded proteins
(Figure 4D). To validate this pathway, we searched for mRNA that
is decreased in AGO1-miRISC under hypoxia. We tested VEGF as a
prototypic gene because it can be induced by hypoxia due to increased
mRNA stability or translational efficiency, possibly mediated by
AGO1-miRISC. Indeed, we detected a marked decrease in mRNA level
of AGO1-associated VEGF in ECs under hypoxia as compared with
the normoxic control (Figure 4E). We then tested whether HRM tar-
geting AGO1 mediates hypoxia-induced VEGF. Inhibition of HRMs
or overexpression of AGO1 by using a construct encoding the AGO1
ORF without its 3' UTR attenuated the hypoxia-induced VEGF in
ECs (Figure 4, F and G). However, when AGO1 was knocked down
to mimic hypoxia suppression, VEGF expression was increased in
normoxic ECs. Furthermore, when HUVECs were treated with cyclo-
heximide, a translation inhibitor, the effect of AGO1 knockdown on
VEGF induction was abolished (Figure 4H). In a control experiment,
VEGEF levels were not altered by siRNA against AGO2, whose expres-
sion was not repressed under hypoxia (Supplemental Figure 4A).
These results suggest that hypoxia-induced VEGF requires transla-
tional desuppression through HRM-specific targeting of AGO1.
HRMs targeting AGO1 enhances angiogenesis. To investigate the
functional consequence of translational desuppressed VEGF, we
assessed the role of HRMs targeting of AGO1 in in vitro angio-
genesis. Consistent with results presented in Figure 4, F-H, block-
age of HRMs abolished the hypoxia-induced endothelial tube
formation in Matrigel (Figure SA), which was simulated by AGO1
overexpression (Figure 5B). In contrast, knockdown of AGO1 in
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normoxic ECs resulted in enhanced tube formation (Figure 5C).
These findings indicate that HRMs targeting AGO1 is functionally
important for angiogenesis in vitro.

To validate these findings in vivo, we first examined the expression
of HRMs and AGO1 in C57BL/6 mice subjected to 5-day 10% O,
treatment, which mimics the partial pressure of oxygen at approxi-
mately 5000 m altitude (25). Let-7a, Let-7e, and miR-103 expression
were abundant and robustly induced in multiple tissues/organs
in mice exposed to such hypoxia, whereas miR-107 expression was
less abundant and not significantly changed (Figure 5D). In accor-
dance with the miRNA induction, AGO1 expression was suppressed
(Figure SE). Similar results were obtained in mice subjected to hypox-
ia with lower oxygen content or longer duration (8% O, for 3 days or
10% O for 7 days; Supplemental Figure 5, A-C). We next delivered
antagomirs against Let-7a, Let-7e, and miR-103 to the hind limbs of
C57BL/6 mice (Figure SF): Hypoxia-induced VEGF expression was
attenuated in antagomir-administered muscles as compared with
muscles of mice receiving control RNA (Figure 5G).

To evaluate the effect of miRNA targeting of AGO1 on angiogenesis
invivo, we implanted Matrigel mixed with control RNA or antagomirs
against Let-7a, -7e, and miR-103 in C57BL/6 mice. Hypoxia-induced
angiogenesis was apparent in Matrigel plugs mixed with control RNA,
as signified by the increased hemoglobin (Hb) content, infiltrated red
blood cells, and staining for vWF and CD31 (Figure 6, A-C). Notably,
these angiogenic responses were greatly decreased in Matrigel plugs
mixed with antagomirs, which abolished the hypoxia-induced Let-7a,
-7e,and miR-103 (Figure 6, A-C, and Supplemental Figure 6). In not-
moxic mice, little angiogenesis was seen in Matrigel plugs mixed with
control RNA or antagomirs. We also tested the role of AGO1 by using
SCID mice. Matrigel mixed with HUVECs was s.c. injected into the
dorsal sides of SCID mice. As compared with HUVECs transfected
with a control vector, cells overexpressing AGO1 resulted in a lower
angiogenic response in hypoxic mice (Figure 6, D and E). In the com-
plementary experiment, we administered Matrigel mixed with ECs
transfected with control RNA or AGO1 siRNA to SCID mice. Under
normoxia, angiogenesis was increased in the implanted Matrigel
plugs, which depended on the dose of AGO1 siRNA (Figure 6, F-H).
Thus, angiogenesis could be induced by HRMs targeting AGO1, lead-
ing to translationally desuppressed VEGF.

The HRM/AGO1/VEGF pathway is correlated with tumorigenesis.
Because hypoxia-induced angiogenesis is critical in tumorigenesis,
we postulated that HRM-mediated desuppression is also present
in solid tumors. We therefore examined the levels of miRNAs and
AGO1 in breast tumor xenografts in SCID mice. In these expanded
xenografts, hypoxic cores were formed (Figure 7A). As compared
with oxygenated distal regions, the hypoxic core showed increased
HRM levels but decreased AGO1 expression (Figure 7, B and C).

Given that hypoxic stress is associated with the majority of human
tumors (26), we compared HRM levels in paired tumor and normal
tissues from patients with breast, colon, or liver cancers. Let-7e and/or
miR-103 levels were elevated in tumor tissues in 11 of 16 pairs (Figure
7D). To evaluate the clinical relevance of the AGO1-mediated trans-
lational desuppression of VEGF, we performed in situ hybridization
(ISH) and immunohistochemistry (IHC), and correlated the VEGF
and AGO1 expression in 173 human hepatocellular carcinoma (HCC)
specimens. We found inverse correlations between HRM and AGO1
expression, AGO1 and VEGF expression, and AGO1 and microvessel
density (revealed by CD31 staining) (Figure 7, E and F, and Supple-
mental Table 4). Furthermore, a high level of AGO1 but low level of
VEGF was associated with both increased disease-free (P=0.009) and
March 2013 1059
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Figure 2

Let-7 and miR-103/107 target AGO1. (A) HUVECs were subjected to normoxia (time 0) or hypoxia for the indicated times. Cell lysates underwent
SDS-PAGE, then Western blot analysis with various antibodies. (B and C) HUVECs were transfected under normoxia for 72 hours with control
RNA, pre—Let-7a and pre—Let-7e, or pre-103 and pre-107, at 20 or 40 nM each. Western blot analysis was performed to assess the AGO1 level. (D
and E) HUVECs were transfected with LNAs inhibiting Let-7a and Let-7e or miR-103 and miR-107 at indicated concentrations for 48 hours before
24-hour hypoxic stress. Western blot analysis was performed to assess the level of AGO1. (F) Western blot analysis of AGO1 level in HUVECs
infected with Ad-HIF1a. Relative protein expression was obtained by normalizing to that of g-actin or a-tubulin. Bar graphs represent mean + SD
from 3 independent experiments. *P < 0.05 versus respective controls set to 1.

overall survival (P = 0.055). In contrast, poor cancer survival was cor-
related with low levels of AGO1 but high levels of VEGF (Figure 7,
G and H). These findings suggest that the HRM-targeted AGO1 and
the subsequent desuppressed VEGF expression may be involved in
tumor progression and is indicative of cancer prognosis.

Discussion

Under hypoxia, cells adjust their transcription and translation to
adapt to the deficit in O, and energy. Hypoxia decreases global
protein synthesis, mainly by phosphorylation of eukaryotic initia-
tion factor 2 o and inhibition of mammalian target of rapamycin
activity, thus causing suppressed 5'-cap-dependent mRNA trans-
lation (27-29). However, many genes involved in glycolysis, cell
cycle arrest, and angiogenesis are highly expressed. The transcrip-
tional induction by TFs such as HIF ensures an abundant level of
mRNAs that enables the translation of some of these genes under
the suppressed translational machinery. In addition to direct
transcriptional induction, noncanonical IRES-initiated transla-
tion and decreased proteosome-mediated protein degradation
are involved in the induction of some of these hypoxia-inducible
genes (7, 30, 31). Our current study suggests that HRMs such as
Let-7 and miR-103 targeting AGO1 results in translational desup-
pression under hypoxia. This newly defined mechanism may
allow for a timely release of sequestered mRNAs for translation,
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which synergizes with those previously defined, thus leading to
an optimal concentration of mRNAs to overcome the suppressed
translational machinery.

In the current study, we identified VEGF, a key mediator of
hypoxic response, as a target gene regulated by such machinery.
We provided evidence that HRMs, by targeting AGO1, release
VEGF mRNA sequestered in miRISC, thus contributing to VEGF
induction (Figure 4, E-H). Because the silencing effect of miRISC
requires AGO1 protein as well as the miRNA-mRNA duplex,
hypoxia-suppressed AGO1 expression should also release miRNAs
that would otherwise target VEGF mRNAs under normoxia.
Indeed, hypoxia greatly decreased AGO1-associated miR-15 and
miR-29 levels, previously reported to target VEGF (refs. 32, 33,
and Supplemental Figure 7A). In contrast, the mRNAs encoding
hypoxia-suppressed genes and their cognate miRNAs would still
be enriched in hypoxic AGO1-miRISC. For example, the AGO1
protein-associated AGOI mRNA and HRMs were concomitantly
higher under hypoxia, despite the reduced expression of AGO1
(Figure 3, E-G). Of note, HIF2a. overexpression can also induce
HRMs, probably through the putative HREs in the promoter
regions of these HRMs (Supplemental Figure 8). Therefore, both
HIFla and HIF2a may upregulate HRMs under hypoxia. Given
the induction of HRMs by HIF (Figure 1C and Supplemental Fig-
ure 8) and the time course of HIF, HRM, and AGO1 expression
March 2013
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AGO1-associated
mRNA

AGO1

Posttranscriptional targeting of AGO7 mRNA in AGO1-mediated miRISC. (A) HEK293 cells were transfected with the WT Luc-AGO1-3' UTR
(WT), Luc-AGO1-3" UTR with miR-103/107 or Let-7 target sites mutated (mut), or Luc-AGO2-3" UTR, together with pre—Let-7e (40 nM), pre-103
(40 nM), pre—Let-7e and pre-103 (20 nM each), or control RNA (40 nM). (B) Bovine aortic ECs (BAECSs) transfected with Luc-AGO1-3’' UTR or
-AGO2-3' UTR were subjected to normoxia (Nx) or hypoxia (Hx). CMV—3-gal was cotransfected in all groups as a transfection control. Luciferase
activity was normalized to that of 3-gal. (C—G) HUVECs were subjected to normoxia or hypoxia. (C and D) Western blot and gPCR analyses of
protein and mRNA levels of AGO1-3. (E-G) AGO1 was immunoprecipitated from cell lysates. The immunoprecipitates were subjected to AGO1
immunoblotting (F) and the AGO1-associated miRNAs and AGO7 mRNA were quantified by gqPCR (E and G). Data represent mean + SD from 3
independent experiments. *P < 0.05 compared with control RNA group in A or normoxia group in B—-G.

(Figure 2A and Figure 4, A-C), the translational desuppression
may also be considered an HIF-integrated network. Such a mode
of action, combined with enhanced transcription and translation,
may confer maximal upregulation of VEGF and serve as an essen-
tial mechanism, especially in chronic hypoxia. In line with this, the
hypoxia-activated HRM/AGO1 pathway was detected under both
physiological and pathophysiological conditions in vivo (Figure 5,
D and E, and Figure 7, A-C).

Because of the multitude of genes regulated by miRNAs and
miRISC, other hypoxia-inducible genes may also be translation-
ally desuppressed in this manner. To test this likelihood, we per-
formed microarray experiments to compare mRNAs associated
with AGO1-miRISC under normoxia and hypoxia. In addition
to VEGF, multiple genes involved in glycolysis and angiogen-
esis may be desuppressed under hypoxia (Supplemental Tables
5 and 6). Among these, mRNAs encoding PDGF and placen-
tal growth factor (PIGF) were verified by qPCR (Supplemental
Figure 7B). Belonging to the same family as VEGF, PDGF and
PIGF are highly induced by hypoxia and are potent angiogenic
factors under various physiological and pathological conditions
(34-36). Interestingly, consensus HREs were not found in the
promoter regions of PDGF and PIGF. Hence, their induction by
hypoxia seems independent of HIF direct transactivation (37).
An intriguing issue is the specificity of AGO1-mediated desup-
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pression because not all mRNA transcripts were released from
the AGO1-miRISC under hypoxia (Figure 3G). This finding sug-
gests that the desuppression mechanism is not a generic effect
resulting from global AGO1 decrease.

Among all the AGO family members, only AGO1 is suppressed
by hypoxia in ECs. A recent study reported that hypoxia increases
AGO?2 expression through posttranslational hydroxylation in cul-
tured SMCs, which enhances its stability (38). In contrast, Ho et al.
reported that hypoxia slightly decreases AGO2 in ECs (39). How-
ever, none of our newly identified HRMs were predicted to target
AGO2, nor did hypoxia significantly alter AGO2 expression in
cultured ECs or various tissues in vivo (Figure 3, A-D, and Supple-
mental Figure 5D). Because AGO1 expression is decreased under
hypoxia, AGO?2 is likely involved in mediating miRINA targeting.
Indeed, AGO2-associated HRMs were also increased under hypox-
ia (Supplemental Figure 4B). In addition, AGO2 would be required
for stabilizing mature miRNAs under hypoxia (40). Because levels
of AGO2-associated VEGF, PIGF, and PDGF mRNAs in normoxic
cells were similar to those in hypoxic cells (Supplemental Figure
4C) and AGO2 silencing did not enhance VEGF expression in ECs
(Supplemental Figure 4A), AGO2 may not play a major role in the
hypoxia-induced translational desuppression.

Results presented in Figure 7 suggest that HRM/AGO1-mediated
translational desuppression may contribute to hypoxia-induced
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Translational desuppression of VEGF caused by AGO1 targeting. (A—C) HUVECs were subjected to normoxia or hypoxia for the indicated times.
Western blot analysis of protein levels of HIF1o (A) and AGO1 (C) and TagMan gPCR analysis of miRNAs (B). (D) Model of translational suppres-
sion under normoxia and desuppression under hypoxia. Red arrows indicate up- or downregulation of various molecules. (E) AGO1-associated

mRNAs were enriched by IP. Level of VEGF was detected by gPCR.

(F) HUVECSs were transfected with a mixture of anti-Let-7a/e/miR-103

(10 nM each) or control RNA (30 nM). (G) HUVECSs were transfected with a control vector expressing HA or HA-AGO1-ORF plasmid containing
AGO1 ORF without 3" UTR. (H) HUVECs were transfected with AGO1 siRNA or control RNA for 48 hours, then treated with vehicle control or
cycloheximide (CHX) (5 ug/ml) for 4 hours. Cells in F-H were then subjected to hypoxia or kept as normoxia controls, and various proteins were
detected by Western blot analysis. *P < 0.05 compared with normoxia group.

angiogenesis during tumorigenesis. Antagonists against this angio-
genic pathway may disrupt the tumorigenesis by targeting VEGF
and other proangiogenic factors. Because of the heterogeneity of
solid tumors and the distinct tumor origin, the induced HRMs
and the involved mechanisms may differ. For example, although
hypoxia can decrease AGO1 expression via Let-7 targeting, Let-7
may also target oncogenes (41, 42). The overall functional outcome
of Let-7 would depend on integrated targeting of genes. In contrast
to Let-7’s role as a tumor suppressor, miR-103/107 expression was
found inversely correlated with breast cancer survival (43). We and
our collaborators also demonstrated that miR-103/107 levels are
negatively correlated with survival rates for colon cancer patients
(44). Thus, during the development of certain types of cancer,
miR-103/107 but not Let-7 may be protumorigenic.

Interestingly, Let-7 and miR-103/107 also target human Dicer
(43, 45). As well, recent work by Ho et al. demonstrated that full
expression of hypoxia-responsive genes such as VEGF in chronic
hypoxia depends on hypoxia-repressed Dicer and changes in post-
transcriptional gene regulation (39). Together with Dicer-mediated
suppression of miRNA targeting, HRM/AGO1-mediated transla-
tional desuppression adds a new mode of regulation of hypoxia-
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induced gene expression in concert with the HIF-orchestrated net-
work. These pathways highlight the importance of miRNAs and
their machinery in modulating the cellular response to hypoxic
stresses. Collectively, our findings demonstrate the crucial role of
HRM/AGO1-mediated translational desuppression in the hypoxic
response (Figure 4D and Figures 5 and 6) and the therapeutic
potential of targeting this pathway in pathological angiogenesis.

Methods
Small RNA library and SBS deep sequencing. Total RNA was extracted by a stan-
dard TrizoL protocol (Invitrogen). The small RNA library was constructed
as described (46). Briefly, 20- to 30-nt small RNAs were gel isolated; then the
5"and 3" ends were ligated to single-stranded oligonucleotides (5’ tags and
3" adaptor) (for oligo sequences, see Supplemental Methods). The ligates
then underwent RT-PCR, which resulted in a library of small RNA cDNA
molecules. After performing quality control, we used the cDNA library for
deep sequencing by Illunima analyzer. miRNA profiles are demonstrated by
their reads in the libraries derived from normoxic or hypoxic cells, and fold
change under hypoxia relative to normoxic controls was thus determined.
In silico bioinformatics analysis. Reads from SBS deep sequencing were ana-
lyzed as follows: (a) sorting of normoxia and hypoxia libraries based on 5’
March 2013
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HRM/AGO1 pathway mediates hypoxia-induced angiogenesis in vitro and responds to hypoxia in vivo. (A—C) HUVECs were prepared as
described in Figure 4, F—H, and underwent in vitro angiogenesis assays. The tube/joint numbers were counted, with normoxia/control RNA group
(A), normoxia/control plasmid group (B), or control RNA group (C) set to 1. Scale bar: 100 um. (D and E) C57BL/6 mice were subjected to hypoxia
(10% O,) or normoxia (21% O,) for 5 days. Let-7 and miR-103/107 expression in multi-organs/tissues was detected by TagMan miRNA gPCR
(D) and AGO1 protein level by Western blot analysis (E). The levels of miRNAs in normoxia were set to 1. (F and G) Control RNA or antagomirs
(antmiR) were delivered with pluronic gel to hind-limb muscles of C57BL/6 mice and then kept under normoxia or hypoxia for 5 days. The miRNAs
in the hind limbs were quantified by gPCR (F) and VEGF by Western blot analysis (G). (D—G) Data represent results from at least 6 animals per
group. *P < 0.05 compared with controls or between indicated groups.
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Figure 6

HRM/AGO1 pathway regulates hypoxia-induced angiogenesis in vivo.
(A—C) Matrigel mixed with control RNA (15 ug/plug) or antagomirs
against Let-7a, Let-7e, and miR-103 (5 ug/plug each) was injected
s.c. into C57BL/6 mice before 5-day normoxia or hypoxia. Gross
morphology (A) and Hb quantification (B) as well as H&E, vWF, and
CD831 staining of Matrigel plugs (C). (D and E) HUVECs transfected
with control or HA-AGO1-ORF plasmid were mixed with Matrigel and
s.c. injected into SCID mice, which were then kept under normoxia or
hypoxia for 3 days. Gross morphology (D) was photographed and Hb
quantified (E). (F-H) HUVECSs transfected with control RNA (40 nM)
or AGO1 siRNA (20 or 40 nM) were mixed with Matrigel and s.c. inject-
ed into SCID mice. Five days after injection, the plugs were harvested
for gross morphology (F), Hb quantification (G), histology, and IHC
(H). In C, E, and G, the Hb content in normoxia/control RNA or con-
trol plasmid group was set to 1. Bar graphs represent mean + SEM.
Results are from 5-10 animals per group. Scale bar: 100 um. *P < 0.05
compared with controls or between indicated groups.

tag sequences, (b) trimming the 3’ adaptor sequences, and (c) eliminat-
ing sequences of less than 18 or more than 28 nt. All obtained sequences
were searched against the human genome by use of a short oligonucleotide
alignment program for completely matched sequences. After alignment to
the miRNA registry (miRBase 13.0), the miRNA expression profiles were
generated and presented as specific miRNA with copy numbers normalized
by total small RNA reads. HREs in miRNA promoter regions were searched
as described (47). Briefly, 3 binding consensus sequences from proTrans-
Fac 7.0 (48) were used to scan the putative promoter regions, and potential
HREs were calculated by the position-weight matrix approach. To predict
the miRNA targets, we used miRanda, RNAhybrid, and TargetScan to scan
cross-species-conserved 3’ UTRs of mRNAs.

Plasmids and luciferase assay. Human AGO1 or AGO2 3" UTR contain-
ing miR-103/107 and Let-7 target sequences were subcloned into pMIR-
REPORT vector (Ambion) to generate pMIR-Luc-AGO1/2-3" UTR. To cre-
ate the pMIR-Luc-AGO1-3" UTR-103/7-mut, a GC to CG mutation was
introduced into the miR-103/107 target sequence by using PfuTurbo (Strat-
agene). To create the pMIR-Luc-AGO1-3’ UTR-Let-7-mut, approximately
50-bp flanking Let-7 target sites were deleted using a 2-step PCR deletion
strategy (49). N-terminal HA-AGO1-ORF (plasmid 21535; Addgene) was
originally generated by Lian et al. (50). Luciferase reporter constructs were
cotransfected with -gal with or without pre-miR or control RNA. Lucifer-
ase activity was measured by use of the Dual-Glo Luciferase Reporter Assay
Kit (Promega). The luciferase activity was normalized to that of -gal.

Immunoprecipitation of AGO-miRISC. HUVECs were lysed with a buffer con-
taining 50 mM Tris-HCL, pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM EDTA,
and 100 units/ul RNase inhibitor. The lysates were incubated with anti-AGO1
(clone 2A7; Wako Chemicals) or anti-AGO2 (clone 4G8; Wako Chemicals) at
4°C overnight and then protein G Dynabeads for 4 hours. The beads were then
spun down, and the immunoprecipitated proteins and RNAs were extracted
with lysis buffer and Trizol, respectively. The microarray data of AGO1-
associated mRNAs have been deposited in Gene Expression Omnibus (GEO
GSE43165), with an assigned accession number upon approval of GEO.

Animal experiments. We used 8- to 12-week-old male C57BL/6 or female
SCID mice. The mice subjected to hypoxia were placed in a sealed chamber
infused with 10% O and 90% N, that was kept at room temperature for
S days. Age- and sex-matched mice were maintained at room temperature,
which represented the normoxic control.

AntagomiRs against Let-7a, -7e, and miR-103 were designed as described
(51) (see Supplemental Methods for details). On day 1, mice were anesthe-
tized. Then 30 ug control RNA or antagomirs (10 ug of Let-7a, Let-7e, and
miR-103 each) mixed with 25% pluronic gel in a total volume of 80 ul was
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administered into each designated hind limb. After immediate gelification,
the skin was reapproximated. The animals were kept for 2 days for recovery
before subsequent procedures.

In vivo Matrigel plug assay followed a published protocol (52) with
modification. First, 2 Matrigel plugs premixed with 60 U/ml heparin and
40 ng/ml basic fibroblast growth factor, together with 15 pug control RNA
or antagomirs (5 ug each of Let-7a, Let-7e, and miR-103) were s.c. injected
(500 wl) into the dorsal surface of C57BL/6 mice. After 24-hour recovery,
animals were subjected to normoxia or hypoxia for 5 days. The mice were
sacrificed, and Matrigel plugs were photographed and harvested for Hb
quantification and histology. For Hb quantification, Matrigel plugs were
homogenized in 200 ul distilled deionized water. The supernatant after
centrifugation was used for Drabkin’s assay (Sigma-Aldrich). For IHC,
Matrigel plugs were fixed with formaldehyde and processed as described
in Supplemental Methods.

The experiments involving SCID mice were conducted as described (53),
with modification. Briefly, HUVECs were transfected with siRNA or DNA
plasmids. At 18 hours after transfection, 1 x 10° cells were mixed with 400 ul
Matrigel containing 30 units/ml heparin and s.c. injected into the dor-
sal surface of 8-week-old female SCID mice. On day 3 (for AGO1 rescue
experiments) or 5 (for AGO1 siRNA experiments), mice were sacrificed and
Matrigel plugs were harvested and photographed.

Female SCID mice (6 to 8 weeks old) were used as recipients in the tumor
xenograft model. Specifically, MDA-MB-231 human breast adenocarcino-
ma cells (5 x 10%) were injected into the mammary fat pad. Body weight and
tumor volume were monitored weekly for 4 weeks. Tumors of 10-15 mm
in diameter were collected at autopsy. Core regions of necrotic tumors and
distal areas were separated for detection of miRNA and AGO1 protein.

Clinical samples, ISH, and IHC. The surgical specimens used for ISH and
THC were formalin-fixed and paraffin-embedded (FFPE) before being
archived. ISH and IHC were performed following protocols previously
described (44) with minor modification. For ISH, 50 nM 3'-DIG-labeled
Let-7e or miR-103 LNA were used as probes. Upon reaction with alka-
line phosphatase-linked antibody against DIG (Roche), ISH signals were
visualized by use of bromochloroindolyl phosphate-nitro blue tetrazo-
lium substrates. For IHC, rabbit antibodies against human AGO1 (Cell
Signaling), VEGF (Santa Cruz Biotechnology Inc.), or CD31 (Santa Cruz
Biotechnology Inc.) were used as primary antibodies, followed by sequen-
tial incubation with biotinylated secondary antibody, and horseradish
peroxidase-conjugated streptavidin. The staining was visualized by use of
3-3' diaminobenzidine tetrahydrochloride (DAB), and counterstaining was
with light hematoxylin. All samples were viewed and photographed under
an Olympus microscope. A 4-point scoring system based on staining inten-
sity (range from 0 to 3, with 0 being no expression and 3 maximal expres-
sion) was used to evaluate the relative expression of various molecules. All
IHC images were reviewed and scored independently by 2 pathologists.

Statistics. The significance of variability was determined by 2-tailed Stu-
dent’s ¢ test for 2-group comparison. For multi-group comparison, ANOVA
was performed, followed by post-hoc testing to compare differences among
groups. Unless otherwise indicated, all results are presented as mean + SD
or mean + SEM from at least 3 independent experiments. P < 0.05 was
considered statistically significant. Correlation between prognostic mol-
ecules was determined by Spearman’s nonparametric correlation test. The
Kaplan-Meier estimate was used for analysis of disease-free and overall sur-
vival, with the log-rank test used to compare the difference.

Study approval. The animal experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) of the Univer-
sity of California, Riverside, and the University of California, San Diego.
The normal and tumor (N/T) paired samples and human tissues used for
miRNA ISH and IHC were from patients undergoing tumor resection or
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Figure 7

Implication of HRM-mediated VEGF desuppression in tumorigenesis. (A—C) Mammary fat pads of SCID mice were implanted with 5 x 10°
MDA-MB-231 human breast cancer cells. After 4 weeks, mice were killed and tumors were harvested. Core regions of necrotic tumors and distal
areas shown in A were collected for detection of miRNAs (B) and AGO1 protein (C). Scale bar: 2 mm. (B) Specimens collected from 10 animals
were pooled into 4 samples (each containing 2 or 3 specimens as indicated) for miRNA gPCR. Bars represent the ratio of miRNA level in the core
relative to that in the distal region. (C) Representative images of Western blot analysis with samples from individual mice. (D) Levels of Let-7e
and miR-103 was detected in paired normal (N) and tumor (T) tissues, and the T/N expression ratio was calculated. (E and F) Representative IHC
staining of AGO1, VEGF, CD31, and ISH of Let-7e and miR-103 in serial sections from patients with AGO1 high/VEGF low (E) and AGO1 low/
VEGF high expression patterns (F). Scale bar: 200 um (x100); 100 um (x400). Yellow arrowheads indicate the location of microvessels. (G and H)
Kaplan-Meier analysis of disease-free (G) and overall survival (H) for 1773 HCC patients, stratified by AGO1 and VEGF expression.
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surgical procedures at Taipei Veterans General Hospital. All clinical sam-
ples were obtained with informed consent and institutional review board

approval (protocol number: 201010021IC) and paired based on patient

sex, age, and histopathological diagnoses.
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(Department of Oral Biology, University of Florida College of Den-
tistry Health Science Center) for sharing the HA-AGO1 plasmid in
the Addgene repository. The authors are grateful for useful comments

from David Johnson, Craig Byus, Amy Pasquinelli, and Traci Marin.

Supplemental methods. Additional experimental procedures are described

in Supplemental Methods.
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