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Abstract
Hypoxia, or low oxygen tension, is a unique environmental stress that induces global changes in a
complex regulatory network of transcription factors and signaling proteins in order to coordinate
cellular adaptations in metabolism, proliferation, DNA repair, and apoptosis. Several lines of
evidence now establish microRNAs (miRNAs), which are short non-coding RNAs that regulate
gene expression through post-transcriptional mechanisms, as key elements in this response to
hypoxia. Oxygen deprivation induces a distinct shift in a specific group of miRNAs, termed
hypoxamirs, and emerging evidence indicates that hypoxia regulates several facets of hypoxamir
transcription, maturation, and function. Transcription factors such as hypoxia-inducible factor
(HIF) are upregulated under conditions of low oxygen availability and directly activate the
transcription of a subset of hypoxamirs. Conversely, hypoxia selectively represses other
hypoxamirs through less well characterized mechanisms. In addition, oxygen deprivation has been
directly implicated in epigenetic modifications such as DNA demethylation that control specific
miRNA transcription. Finally, hypoxia also modulates the activity of key proteins that control
posttranscriptional events in the maturation and activity of miRNAs. Collectively, these findings
establish hypoxia as an important proximal regulator of miRNA biogenesis and function. It will be
important for future studies to address the relative contributions of transcriptional and
posttranscriptional events in the regulation of specific hypoxamirs and how such miRNAs are
coordinated order to integrate into the complex hierarchical regulatory network induced by
hypoxia.
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Introduction
The processes that govern cellular adaptation to hypoxia, or low oxygen availability, are
complex and incompletely defined. Recently, several lines of evidence directly implicate
microRNAs (miRNAs), which are short non-coding RNAs that regulate gene expression
through posttranscriptional mechanisms, in these molecular events [1–3]. Approximately 1–
2% of the transcriptome in eukaryotic organisms consists of miRNAs [4, 5]. They
coordinate complex posttranscriptional regulatory events relevant to a variety of
fundamental cellular processes, including proliferation, apoptosis, and differentiation.

Corresponding author: Joseph Loscalzo, M.D., Ph.D., Department of Medicine, Brigham and Women’s Hospital, 75 Francis Street,
Boston, Massachusetts, USA, 02115, Tel: 617-732-6340, Fax: 617-732-6439, jloscalzo@partners.org.

Disclosures
None

NIH Public Access
Author Manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2013 September 04.

Published in final edited form as:
Free Radic Biol Med. 2013 September ; 64: 20–30. doi:10.1016/j.freeradbiomed.2013.05.022.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mature miRNAs are approximately 18–23 nucleotides (nt) in length and control gene
expression through degradation and repression of translation of primary messenger RNA
(mRNA) [6].

Hypoxic stress regulates the expression of an expanding but specific subset of miRNAs,
termed hypoxamirs [3, 7]. Although the specific miRNA hypoxic signature can vary based
on the cellular or physiological scenario, a core group of hypoxamirs appears to be
modulated consistently by hypoxia in diverse contexts [2] (Table 1). Among these, multiple
hypoxamirs directly target important gene transcripts that coordinate metabolic
reprogramming, DNA repair, apoptosis, and angiogenesis, among many other cellular
adaptations to low oxygen availability [8–11].

Hypoxic insults can be acute, transient, and/or localized, and miRNAs are uniquely suited to
participate in the rapid, adaptive responses to oxygen deprivation. The post-transcriptional
regulatory mechanisms employed by miRNAs facilitate an expedient, precise, and quickly
reversible fine-tuning of the cellular response to environmental stress. In addition, the
network of hypoxamirs and their direct targets offer the potential for a dynamic and robust
biological response to hypoxia through the coordinated regulation of host genes and miRNA
clusters, with each miRNA potentially controlling multiple and often functionally related
mRNA transcripts. Thus, in order to maintain such exquisite coordination of these adaptive
programs, important molecular crosstalk has evolved between hypoxic signaling cascades
and miRNA biogenesis and function. In this review, we will summarize our current
understanding of such hypoxia-mediated regulation of miRNA expression via alterations in
miRNA biogenesis, maturation, processing, and potentially degradation.

Cellular Adaptations to Hypoxia
Hypoxia evokes stereotyped and highly coordinated cellular responses in the acute setting in
order to preserve cell viability [12]. These adaptive responses are orchestrated by a variety
of global molecular regulators, including the hypoxia inducible factors (HIF), a “master”
regulator of the hypoxic response [13]. HIF is a heterodimeric transcription factor (TF)
consisting of HIFα and HIFβ subunits. Unlike HIFβ, which is stable regardless of cellular
oxygen tension, HIFα is rapidly degraded under normoxic conditions. The HIFα isoforms--
HIF1α, HIF2α, and HIF3α splice variants--undergo efficient prolyl hydroxylation of an
oxygen-dependent degradation domain (ODD) by prolyl hydroxylation domain (PHD)
proteins. This posttranslational modification (PTM) leads to HIF1α binding to the von
Hippel-Lindau tumor suppressor protein (VHL) and its subsequent ubiquitination and
degradation by the 26S proteasome. In contrast, under hypoxic conditions, hydroxylation of
proline residues in the ODD of HIFα is significantly diminished. As a result, HIFα
accumulates in the cytosol and translocates to the nucleus where it forms a functional HIF
heterodimer with HIFβ. The HIF heterodimeric complex then binds to consensus hypoxia
responsive elements (HREs) in the promoters of a number of target genes to activate wide-
scale gene programs that coordinate a switch to glycolysis, angiogenesis, erythropoeisis, and
apoptosis. Therefore, HIFα fulfills roles as a critical oxygen sensor and regulator of the
hypoxic adaptive response.

Recent evidence indicates HIF alone is insufficient to implement the full program of
adaptive changes required for cell survival under hypoxic stress. Rather, HIF-independent
pathways involving p53 [14–17], mTOR [18–20], endoplasmic reticulum (ER) stress, and
the unfolded protein response (UPR) [21, 22] play important complementary roles that
promote cell survival in conditions of low oxygen availability. These HIF-independent
pathways facilitate important energy conservation and cell survival measures in the setting
of low oxygen levels. Accumulating evidence indicates that miRNAs interface with both
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HIF-driven and HIF-independent pathways to form a highly interconnected regulatory
network during hypoxic stress.

The Diverse Roles of miRNAs in Cellular Adaptation to Hypoxia
Although individual miRNAs mediate relatively modest inhibitory effects on protein
translation via 30–50% reductions in target protein levels [23, 24], they collectively
constitute an important component of the cellular response to hypoxia through combinatorial
and coordinated regulation of key targets. An exhaustive discussion of the constantly
expanding portfolio of hypoxamir functions is beyond the scope of this report. Yet, it is
worth reviewing the broad themes that characterize their general actions in overall hypoxic
reprogramming (Table 2), including the reinforcement of HIF adaptive responses, and the
regulation of the levels of proteins involved in metabolism, cell cycle progression, DNA
repair, apoptosis, and angiogenesis.

A number of hypoxamirs promote HIF expression and/or activity [7] through positive
feedback circuits that support HIF-dependent hypoxic adaptation [13, 25]. Some of these
miRNAs are direct transcriptional targets of HIF itself during hypoxia. For example, the
master hypoxamir miR-210 is potently induced by hypoxia in a HIF-dependent manner and
stabilizes HIF-1α by targeting glycerol-3-dehydrogenase like 1 [26]. Hypoxia–dependent
miRNAs also modulate HIFα at the transcriptional level. In hypoxic endothelial cells,
induction of miR-424 expression stabilizes HIFα isoforms through targeting of cullin2
(CUL2) [11]. In addition, miRNAs that target the HIFα transcript, such as miR-20b and
miR-199a, are dynamically repressed under conditions of hypoxia, thereby increasing HIFα
expression and promoting HIF-mediated transcriptional activation [27, 28]. Recent work
indicates that hypoxia-regulated miRNAs may also participate in negative feedback
regulatory loops: for example, the HIF-dependent hypoxamir miR-155 is potently induced
by hypoxia and may contribute to the resolution of HIF-effects in hypoxic intestinal
epithelial cells by targeting the HIFα mRNA transcript [29].

Emerging data indicate that miRNAs also coordinate important adaptive responses to
hypoxia downstream of HIF in a manner that is independent of, but synergistic with, its
direct transcriptional effects. For example, HIF directly promotes the expression of
metabolic enzymes such as pyruvate dehydrogenase 1 and lactate dehydrogenase A that
support a shift toward glycolysis [25]. The HIF-induced hypoxamir miR-210 complements
these effects by suppressing mitochondrial respiration by alternative mechanisms, such as
targeting iron-sulfur cluster assembly and COX proteins [8, 9], among other targets that
influence mitochondrial function (Table 2). MiR-210 also lowers cellular energy
requirements by inducing growth arrest of hypoxic cells by targeting E2F transcription
factor 3 (E2F3), a cell-cycle regulator that is not directly transcriptionally regulated by HIF
[30]. Cells exposed to low levels of oxygen also limit DNA repair to conserve energy
resources. Both miR-210 and miR-373, which is also a direct transcriptional target of HIF,
restrict DNA repair responses by decreasing levels of DNA repair proteins, such as RAD52
and RAD23B [1].

Several miRNAs have also been implicated in modulating other important pro-survival
cellular responses during hypoxia involving apoptosis and inflammation. For example,
miR-146a,b are potently induced during hypoxia and have been shown to repress nuclear
factor-kappa B (NF-κB)-mediated inflammatory responses by targeting TNF receptor-
associated factor 6 (TRAF6) and IL1 receptor-associated kinase 1 (IRAK1) [31]. Similarly,
miR-181c limits activation of inflammatory pathways and apoptosis in hypoxic neuronal
cells by targeting the TNFα mRNA transcript [32]. In addition to controlling cell death,
miR-181c may also contribute metabolic reprogramming.
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During hypoxia, activation of angiogenic pathways seeks to restore a homeostatic balance
between oxygen demand and supply. HIF directly targets vascular endothelial growth factor
(VEGF), a master regulator of angiogenesis. In addition, miRNA networks downstream of
HIF contribute to the regulation of VEGF and angiogenesis under hypoxic conditions. In a
study examining miRNA-directed regulation of VEGF in nasopharyngeal carcinoma cells
[33], a computational approach identified 96 miRNA that were predicted to target VEGF. A
significantly smaller number of these miRNAs was selectively repressed under hypoxic
conditions. When these miRNAs were experimentally studied, a complex pattern of
regulation emerged. Co-transfection of miRNAs that do not share 3′UTR binding sites
(miR-20a and 361) resulted in additive repressive effects on VEGF expression, while co-
transfection of miRNAs with common binding sites (miR-20a and 106b) yielded the same or
a slightly lower effect compared to individual transfections. These findings suggest that
miRNAs likely function in a combinatorial and hierarchical fashion during hypoxic stress.
As such, miRNAs represent important nodes in the regulatory networks that coordinate
hypoxic reprogramming of cellular metabolism, growth, as well as DNA repair responses
and angiogenesis.

Biogenesis of miRNAs
The generation of mature miRNAs is a complex, multistep process (Figure 1) that is
regulated by hypoxia at virtually every level. We will, therefore, briefly review the
transcription and processing of miRNAs to provide a conceptual framework for the
emerging evidence on hypoxic regulation of miRNA expression and activity. The biogenesis
of miRNA commences in the nucleus with the transcription of the primary microRNA (pri-
miRNA) by RNA polymerase II or III [34, 35]. Pri-miRNAs are cleaved by the
microprocessor complex, which consists of Drosha and the Di George Syndrome critical
region 8 gene (DGCR8) protein [36] to form the precursor miRNA (pre-miRNA) [37–39].
Exportin 5 then translocates the pre-miRNA to the cytosol [40], where Dicer, cleaves pre-
miRNAs to generate a double-stranded 22 nt intermediate miRNA moiety [41]. In the final
step, the guide strand of the miRNA duplex, which contains the seed sequence, associates
with Argonaute 2 (Ago2), Dicer, TRBP, and PACT proteins to form the miRNA-induced
silencing complex (miRISC) [41, 42]. The miRISC then binds to the 3′ untranslated region
(3′UTR) of the target mRNA and mediates sequence-specific gene silencing through mRNA
destabilization and translational repression [43].

Although the mechanisms that underlie degradation of miRNA species remain poorly
understood, emerging data indicate that decay of miRNA may represent an additional level
of regulation of miRNA activity [44]. The unprotected 5′and 3′ ends of miRNAs may
render them susceptible to cleavage and degradation by exoribonucleases [44]. Several
studies indicate that cells also actively secrete miRNAs in association with membrane
vesicles (exososmes), apoptotic bodies, and protein complexes [45–47]. These extracellular
miRNAs resist degradation and are present in the circulation as well as a number of body
fluids, suggesting that they may play important functions in distant tissue sites [46].
Although a notion that has not been fully established, it is plausible that the active and
selective secretion of miRNAs may also serve as an additional regulatory mechanism to
control miRNA compartmentalization and function [46].

Regulation of miRNAs by Hypoxia
Experimental studies have identified several important mechanisms by which hypoxia
regulates miRNA expression and activity (Figure 1). An early study examining protein
levels of key enzymes that modulate miRNA maturation did not demonstrate any significant
change in Ago2, Dicer, or Drosha in human trophoblasts under hypoxic conditions [48],
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interpreted by many to suggest that hypoxia regulates miRNA primarily at the
transcriptional level. However, the use of primary human trophoblast cells and placental
tissue in this study limited the relevance of these findings to a specific developmental
context. In addition, this investigation examined a single time point of 48 hours and only
focused on dynamic regulation of Ago2 and its interacting protein DP103. As such, although
early studies on hypoxia-mediated regulation of miRNA largely focused on TFs that
consistently and robustly control hypoxamir transcription, such as HIF [2], subsequent work
quickly recognized that transcriptional control of miRNA expression comprises only part of
the narrative of hypoxamir regulation. Hypoxia prompts specific changes in miRNA
expression in a time frame that is too rapid to be explained solely by TF action.
Additionally, the complement of hypoxamirs varies depending on the cellular context as
well as degree and duration of the hypoxic insult [2, 49, 50]--observations that do not
correlate entirely with hypoxia-dependent TF alterations. Emerging evidence now indicates
that hypoxia modulates several other phases of miRNA biogenesis, maturation, and
function. Here, we will discuss hypoxia-mediated regulation of miRNAs under broad
classifications of transcriptional and non-transcriptional mechanisms (Table 3).

Transcriptional regulation of miRNAs by hypoxic stress
Our overall understanding of the transcriptional regulation of miRNA biogenesis is still
evolving. Similar to mRNA, miRNA transcription is driven primarily by Pol-II, although
recent evidence indicates that Pol-III maybe involved in the expression of a select subset of
miRNAs [35]. The expression of miRNAs that reside within the exons or introns of coding
genes usually depends on the promoter of the host gene; however, up to 1/3 of intronic
miRNAs may have independent promoters [51]. The functional significance of these
observations is borne out in studies that demonstrate a discordance between host gene
mRNA and resident miRNA(s) expression patterns [49].

Intergenic miRNAs possess independent promoters that lie up to several kilobases (kb)
upstream of the transcription start site [52]. Although relatively few miRNA promoters have
been characterized experimentally, multiple studies examining global miRNA promoter
architecture identify important similarities to promoters of protein-coding genes [52–54].
For instance, miRNA promoters identified by combining mapping of nucleosome occupancy
and chromatin signatures with experimental validation demonstrated that intronic and
intergenic miRNA promoters have significant sequence similarity to traditional protein
coding gene promoters [53]. Not surprisingly, miRNA promoters are also replete with TF
consensus binding sites, and bioinformatic approaches demonstrate a complex and diverse
TF-miRNA network [55, 56].

Furthermore, TFs bind these consensus sequences and exert fundamental regulatory actions
on miRNA transcription specifically in the context of cellular hypoxia. Given these
observations, as well as the established role of TFs in adaptation to hypoxia, the
transcriptional regulation of miRNAs by hypoxia-induced TFs is an active area of
investigation. HIFs play a predominant role in the coordination of transcriptional changes
during hypoxic stress [13], but several other TFs such as NF-κB, PU.1, and p53, also
execute important regulatory roles in the context of oxygen deprivation [57]. Therefore, the
transcriptional regulation of miRNA expression under hypoxic conditions can be broadly
categorized as HIF-dependent and HIF-independent (Figure 2).

Direct HIF regulation of hypoxamir transcription
Recent evidence indicates that HIF induces the transcription of multiple hypoxamirs through
direct binding to HREs in their respective promoters [2, 49, 58]. In a study investigating the
miRNA signature of hypoxia in multiple breast and colon cancer cell lines, a subset of 23
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hypoxamirs was consistently induced greater than two-fold. In silico analysis of the putative
promoter sequence of these hypoxamirs demonstrated a significant enrichment for the
presence of HREs compared to the promoters of 23 randomly selected, unrelated miRNAs
[2, 58]. Experimental validation was performed on a group of these hypoxamirs, including,
miR-24–1, miR-26, miR-103, miR-181, miR-210, and miR-213, using genetic approaches,
promoter-reporter assays, and chromatin immunoprecipitation (ChIP). Overexpression of
stable HIF isoforms robustly induced expression of miR-103, miR-210, and miR-213. In
addition, HIF-1α was noted to bind directly and transactivate HREs in the promoters of
miR-24–1, miR-26, and miR-181. Finally, HIF is dynamically recruited to the promoters of
miR-26 and miR-210. As such, by HRE recognition alone, HIF may exert multitiered effects
on a highly interconnected network of genes and miRNAs in the context of hypoxia.
However, the strongest data for direct involvement of HIF in the transcriptional regulation
of miRNA under hypoxia only exists for miR-26 and miR-210 in this study. For the
remainder of the validated miRNAs, data on HIF recruitment to and/or transactivation of
respective miRNA promoters was not presented to support the direct involvement of HIF in
their transcriptional regulation.

MiR-210 was one of the first hypoxamirs discovered as a direct transcriptional target of HIF
[2], and its strikingly robust induction by hypoxia (up to 30–100-fold) across multiple
mammalian cell types is unique among all HIF-dependent miRNAs [8]. In humans, the
miR-210 gene is located within the intronic sequence of a hypoxia-related transcript
AK123483 [59] and is also located in close proximity to 2 other genes, HRAS and RASSF7,
which are induced during hypoxia [60]. Although not yet experimentally verified, it is
possible that miR-210 participates in autoregulatory loops that involve its host gene based
on prior observations of the behavior of other intronic miRNAs. Under normoxic conditions,
miR-210 is expressed at low levels, especially in certain cell types such as endothelial cells.
This transcription of miR-210 appears to be driven by the transcription factor AP-1 under
basal conditions; however, given its relative low expression in this context, it is unclear
whether miR-210 adequately engages its main targets under normoxia [61]. Upon exposure
to hypoxia, miR-210 transcription is dynamically induced in all known mammalian cell
types, primarily through HIF-1α interaction with the HRE located within its promoter [44,
58–60]. Similar studies of HIF-2a have demonstrated conflicting results with regard to its
activity in upregulating miR-210 [44]. In turn, miR-210 exerts broad pleiotropic effects
(Figure 2, Table 2) by targeting genes involved in RNA/DNA processing and repair,
mitochondrial function, apoptosis, cell cycle progression, and cell survival [44, 61–63]. As
previously discussed, miR-210 may also stabilize HIF1α by targeting glycerol-3-
dehydrogenase like 1, an enzyme that hydroxylates HIFα and contributes to its degradation
[26].

Beyond miR-210, a number of other HIF-regulated hypoxamirs have been studied in detail.
During hypoxia, miR-373 is potently induced in a HIF-1α-dependent manner and targets the
RAD23B transcript [1]. The RAD23B gene has been implicated in nucleotide excision
repair and homology-dependent repair. Given that miR-210 also targets the transcript of a
related gene RAD52 that is also involved in these pathways, miR-373 may participate in a
hypoxamir regulatory network modulating DNA repair during hypoxic stress [1].
Interestingly, miR-21, which is induced by hypoxia, contains an HRE in its promoter [2],
but is regulated independent of HIF under conditions of low oxygen tension [64]. Rather,
induction of miR-21 during hypoxia occurs downstream of Akt2 activation (Figure 2) [65]
and promotes resistance to hypoxia in primary immortalized lung fibroblasts and a number
of mammary and ovarian cancer cell lines [66]. The hypoxamir miR-155 also possesses a
functional HRE in its promoter and is potently induced by hypoxia in epithelial cells [29].
Unlike miR-210, which serves as a downstream effector of HIF, miR-155 directly targets
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HIF mRNA and contributes to resolution of HIF effects under conditions of chronic
hypoxia.

Recent work has also elucidated an important convergence of HIF-miRNA pathways
relevant to tumor biology and hypoxia. MiR-10b, a microRNA that has emerged as an
important molecular determinant of tumor cell migration and invasion, has been recently
linked to HIF-mediated transcriptional regulation through the corepressor protein CCN5.
CCN5 modulates breast tumor cell migration and invasion in vitro through a HIF-1α-
dependent mechanism involving the TWIST1 transcription factor [67]. MiR10b has also
been implicated in tumor invasion and prognosis in the context of pancreatic
adenocarcinoma [68].

HIF-independent transcriptional regulation of hypoxamirs
Emerging evidence also implicates a number of other TFs in hypoxic adaptive responses
(Figure 2, Table 3) [57]. For example, hypoxia can potently induce expression of TP53,
which encodes p53. The complex mechanisms underlying the increased levels of p53 in
response to hypoxia remain incompletely understood; however, there appear to be HIF-
dependent and HIF-independent effects [14]. Similar to HIF, p53 regulates the expression of
both protein-coding genes as well as non-coding RNA transcripts. For instance, p53 directly
induces several miRNAs implicated in tumor suppression and cell cycle arrest, including
miR-34 [69], miR-15a [70], and miR-16-1 [70]. In addition, p53 controls the transcription of
miR-200 subfamilies that modulate the epithelial-to-mesenchymal transition, a phenomena
that is central to tumor metastasis [71, 72].

The p53-miRNA network has been more extensively examined in the context of
oncogenesis and tumor biology [73]; however, recent work indicates that p53 may also
regulate specific miRNA transcriptional events during hypoxia independent of HIF signaling
(Figure 2, Table 3). Under hypoxic conditions, p53 accumulates in HIF-β knockout mouse
embryonic fibroblasts (MEFs) that lack intact HIF signaling and directly induces miR-210.
Furthermore, p53-mediated expression of miR-210 protects cardiomyocytes exposed to
hypoxic stress [74]; however, robust induction of miR-210 by p53 in this study required
deep hypoxia. At very low levels of oxygen tension (0.5% O2), miR-210 expression was
induced approximately 25-fold compared to normoxic conditions. More modest levels of
hypoxia (5% O2) induced miR-210 to a significantly lesser extent, approximately 8-fold
lower than the changes observed in exposure to 0.5% O2 [74]. In addition to highlighting the
apparent need for very low levels of oxygen tension for induction of hypoxamirs by p53,
this study also emphasizes the complex interplay that exists between HIF and p53 during
cellular adaptations to hypoxia. Although hypoxia potently increased miR-210 in HIF-β
knockout MEFs, the induction of miR-210 by p53 appeared to be HIF-dependent. Notably,
p53 induces other miRNAs, such as miR-107 and miR-192, during tumorigenesis that have
also been implicated as hypoxamirs [73]. However, direct experimental evidence
demonstrating a functional link between p53 and the induction of these miRNAs in the
context of hypoxia is currently lacking.

Hypoxic stress can also activate NF-κB [57], a well-studied TF connected to inflammation
that regulates an expanding network of miRNAs [75]. A systematic screening approach in
human monocytes identified several NF-κB-regulated miRNAs, including miR-146a and
miR-155, that have subsequently been shown to exert divergent effects on inflammation
[31]. While miR-146a was implicated in a negative feedback loop that limits inflammation
by targeting TNF receptor-associated factor 6 (TRAF6) [76], miR-155 facilitates
downstream pro-inflammatory signaling [77]. In addition, other NF-κB-induced miRNAs
such as miR-21 also possess promoter NF-κB binding sites and function to modulate
inflammatory responses [78]. Recent work demonstrates that NF-κB may also exert
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important regulatory effects on the transcription of hypoxamirs. The miR-210 promoter
contains a conserved NF-κB binding site approximately 200 bp upstream of the primary
stem-loop structure in the pri-miRNA [44]. ChIP, as well as promoter-reporter assays and
gene knockdown studies, indicate that NF-κB directly interacts with and transactivates the
miR-210 promoter under hypoxic conditions [44]. The functional importance of HIF-
independent transcriptional regulation of miRNAs under conditions of low oxygen
availability is also underscored by the emergence of miR-424 as an important component of
the response to hypoxic stress in endothelial cells [11]. Hypoxic endothelial cells activate
transcription of miR-424 through HIF-independent mechanisms that involve the PU.1, runt-
related transcription factor 1 (RUNX-1) and CCAAT/enhancer binding protein α (C/EBPα).
The downstream effects of miR-424 center on stabilizing HIFα by targeting the CUL2
scaffolding protein of the ubiquitin ligase complex [11].

Given the high degree of structural similarity between promoters and enhancers of miRNA
“genes” and protein-coding regions, epigenetic modifications are also emerging as an
important transcriptional regulatory mechanism in miRNA biogenesis. Silencing of miRNAs
through DNA methylation of CpG islands in promoter regions is already known to hold
important pathobiological and prognostic implications in a wide spectrum of malignancies
[79, 80]. Although data on epigenetic regulation of genomic regions that encode miRNAs in
hypoxia are limited, a recent study demonstrated that hypoxic stress decreased DNA
methyltransferase (DMNT) activity in neural progenitor cells [81]. This decline in DMNT
activity correlated with demethylation of a CpG island associated with the miR-210 coding
region and a corresponding increase in miR-210 expression (Figure 2). The molecular
pathways driving alterations in DMNT activity and DNA methylation status have not been
fully elucidated, and further work is needed to determine if hypoxia specifically regulates
higher order chromatin structure through other mechanisms such as histone modifications.

Regulation of miRNA processing by hypoxia
Beyond transcriptional control, regulation of hypoxamir expression and function appears to
exist at virtually every level of miRNA biogenesis and processing, including
posttranscriptional modifications mediated by the microprocessor complex and miRISC
stability and activity. First, hypoxia regulates processing complexes containing Drosha and
Dicer to mediate dynamic changes in hypoxamir maturation and function (Figure 1). For
example, a recent study examining regulation of miRNAs in an experimental animal model
of hypoxia-induced pulmonary hypertension demonstrated that hypoxia modulates levels of
key miRNA biogenesis proteins [82]. Exposure of rats to hypoxia for as little as 48 hours
repressed the expression of Drosha and Dicer mRNA and protein levels in lung tissue
samples. When primary pulmonary fibroblasts were subjected to corresponding hypoxic
conditions in vitro, a similar decrease in Drosha mRNA was noted. The downstream
consequences of these changes were reflected in distinct and dynamic shifts in miRNA
expression under conditions of hypoxia. A small group of miRNAs, including miR-21, −22,
−30c, and let7f, were downregulated in vitro and in vivo in this model. Interestingly, miR-21
has been shown to be induced during hypoxia by our group and others, likely through HIF-
independent mechanisms that involve Akt2 activation [66]. However, without direct
evidence of dynamic shifts in the levels of precursor forms of these miRNAs in response to
low oxygen tension, it is difficult to link their reduced expression directly to the changes in
Drosha and Dicer protein levels observed during hypoxia. In addition, consistent with prior
studies, hypoxic conditions also induce a complement of miRNAs, including miR-22,
miR-322, and miR-451 [82]. Another study partially corroborated these findings and
established the importance of hypoxia in the regulation of Dicer activity and consequent
miRNA function in endothelial cells [83]. Consistent with prior data, hypoxia produced a
distinct shift in miRNA expression in human umbilical vein endothelial cells (HUVECs).
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While 365 miRNAs were induced, a smaller subset of 36 miRNAs was significantly
downregulated in hypoxic HUVECs. Interestingly, Dicer mRNA and protein levels were
decreased 2–3 fold in a VHL-dependent manner. These changes were accompanied by a
corresponding decrease in Dicer functional activity and an accumulation of precursors (pri-
miRNAs and pre-miRNAs) of repressed miRNAs. Collectively, these data indicate that
oxygen deprivation decreases expression and activity of key miRNA processing proteins.
However, it remains unclear how these changes lead to a selective repression of a subset of
mature miRNA while a substantial number of hypoxamirs are potently induced under the
same conditions.

Hypoxia also mediates important PTMs that modulate the activity of proteins involved in the
biogenesis and functionality of miRNAs (Figure 1). A recent study demonstrated that
hypoxia increases the expression of type I collagen prolyl-4-hydroxylase [C-P4H(I)], an
enzyme that promotes prolyl-hydroxylation and accumulation of Ago2, a crucial component
of the miRISC. This PTM is required for the association of Ago2 with heat shock protein 90
(Hsp90) and the subsequent efficient loading of guide strand miRNAs into miRISC.
Together, these discrete hypoxia-mediated events enhance the endonuclease activity of
miRNAs in RISC during hypoxia [84]. These findings provide a plausible mechanism for
the dynamic induction of multiple hypoxamirs under conditions of low oxygen tension.
Notably, it is difficult to reconcile the discrepancy between the accentuating effects of
hypoxia on miRISC activity, which promotes miRNA bioactivity, and its inhibition of
Drosha/Dicer-mediated miRNA maturation. Future studies will be necessary to explain how
these divergent effects may integrate to produce selective but uniform shifts in hypoxamir
expression and function.

Summary and Future Direction
The cellular response to hypoxic stress requires the precise coordination of a complex
regulatory network. The emergence of miRNAs as important contributors to cellular
adaptation to low oxygen tension has prompted interest in understanding how hypoxia
directly regulates miRNA transcription, biogenesis, and maturation. Experimental evidence
now indicates that hypoxia exerts important modulatory effects on miRNA at multiple levels
of biogenesis. As our understanding of hypoxamirs advances, it will be equally important to
ascertain the functional relevance and regulation of repressed miRNAs during conditions of
low oxygen availability. Studies demonstrating that hypoxic conditions decrease levels and
activity of key miRNA-processing proteins provide some indication of potential
mechanisms by which hypoxia downregulates miRNAs; however, the molecular details of
how of hypoxia exerts divergent effects on the expression of select subsets of miRNAs
while globally modulating levels and activity of miRNA processing proteins remain largely
undefined.

Future studies that interrogate the complexity of adaptive mechanisms in miRNA biology
should offer further insight. A growing body of evidence indicates that HIF may function as
a transcriptional repressor under conditions of low oxygen availability, as in the case of its
repression of the equilibrative nucleoside transporter during hypoxia [85] and its inhibition
of adenosine kinase leading to hypoxia-mediated vascular leakage [86]. HIF also blocks
expression of the Na-K-2Cl ion cotransporter in hypoxic intestinal epithelial cells [87].
Thus, it is plausible that HIF may also transcriptionally repress a subset of miRNAs while
otherwise inducing the expression of others (Figure 3). In addition, recent work
demonstrates that hypoxia is associated with rare alternative spicing mechanisms such as
intron retention that may have a direct impact on miRNA expression [88]. Although other
environmental stresses, such as heat treatment, induce specific alternative splicing events
that modulate levels of miR-400 in lower organisms such as plants [89], it is not clear as to
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whether hypoxic conditions activate similar alternative splicing pathways that directly
regulate miRNA expression and whether these mechanisms are operative in higher order
eukaryotes. Recent studies have also revealed that hypoxia induces adenosine-to-inosine (A-
to-I) RNA sequence editing [90]. Given its emerging biological importance in human
diseases [91, 92], such RNA editing of hypoxamir seed sequences or mRNA target
sequences may represent a novel regulatory mechanism of miRNA function in hypoxia.
Finally, multiple lines of evidence indicate that miRNA bioactivity and stability are
influenced by interactions with RNA binding proteins [93]. This additional level of
posttranscriptional regulation may also contribute to the unique but specific shifts in
hypoxamir expression patterns noted during exposure to low oxygen levels.

The emerging concept of the TF-hypoxamir regulatory network may also offer important
perspectives on the complexity of miRNA function and regulation during hypoxia. Multiple
groups have undertaken bioinformatic approaches to construct integrated TF-miRNA-
protein target maps [55, 56] that emphasize several important points potentially applicable to
the hypoxic adaptive response. First, TF and hypoxamirs likely form functionally-related
hubs and clusters that permit a synergistic amplification in effect size and pleotropic actions
[94]. A TF and hypoxamir may combinatorially regulate a specific protein target.
Simultaneously, this TF-miRNA pair may be highly connected to other network nodes that
target functionally related proteins in the same or related biological pathway. As such,
higher order feedforward and feedback regulatory loops may account for the diverse and
intricate patterns of miRNA regulation and action during hypoxic adaptation. Interestingly,
over 70% of mature miRNAs also have conserved TF-binding sites of uncertain functional
significance [95]. It is currently unclear if TFs interact with mature miRNAs independent of
promoter events, and if such interactions have bidirectional implications on TF and miRNA
function and stability.

Recent evidence also identifies potential links between reduction/oxidation (redox)
perturbations during hypoxic stress and regulation of miRNA biogenesis (Figure 3). The
redox hypothesis maintains that non-energetic ROS, such as superoxide and hydrogen
peroxide (H2O2), serve as important signaling intermediates in cellular adaptation to acute
and chronic hypoxia [96]. Although a detailed discussion of the redox perturbations in
hypoxia is beyond the scope of this review, accumulating data indicate dynamic shifts in
ROS levels occur during periods of low oxygen tension [96]. The duration and severity of
hypoxia, as well as the cellular context, appear to influence whether ROS levels increase or
decrease, creating some debate about the exact role and relative importance of redox status
in hypoxic cellular responses. Despite these controversies, multiple studies suggest that
bidirectional regulatory crosstalk likely exists between ROS and miRNA pathways. For
instance, miR-21 and miR-128 directly modulate ROS levels in human bronchial epithelial
and medulloblastoma cells, respectively [97, 98]. Simultaneously, a growing body of
evidence suggests that shifts in ROS levels may result in broad changes in miRNA
expression profiles. In murine hippocampal neuronal cells, H2O2 induced changes in the
expression of greater than 100 miRNAs, including miR-135b and miR-708 [99]. Similarly,
oxidative stress produced global changes in expression of miRNAs in RAW 264.7
macrophages [100].

The molecular mechanisms underlying these effects remain poorly understood; however,
ROS may exert these actions through effects on transcription factors and enzymes that
control miRNA transcription and maturation (Figure 3). The generation of mitochondrial
ROS during hypoxia appears to be required for the stabilization of HIF [101, 102], which
controls the expression of multiple hypoxamirs (Figure 1, Table 3). Lung epithelial cells pre-
treated with mitochondrial complex I and III inhibitors that block mitochondrial ROS
generation fail to accumulate HIF during exposure to hypoxia (O2 1.5%) [102]. In addition,
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H2O2 activates the HIF-1α promoter in pulmonary arterial smooth muscle cells through a
functional NF-κB site [103]. ROS may also modulate Dicer activity and levels. Hydrogen
peroxide downregulates Dicer protein levels and activity in JAR trophoblasts and a range of
other cell lines [104]. Although these reports raise the intriguing possibility that ROS
mediate important aspects of miRNA biogenesis, further studies are needed to define a
direct mechanistic link between oxidant stress and coordinated changes in miRNA
expression and maturation.

Additionally, further work is needed to decipher the hierarchical regulatory relationships
that must certainly exist among hypoxia-regulated miRNAs. Do hypoxamirs participate in
auto-regulatory loops or directly repress other miRNAs in an hierarchical system? Does
hypoxia modulate target affinity for a single miRNA or even a network of hypoxamirs? The
presence of genomic miRNA clusters, polycistronic miRNA genes, and shared/overlapping
targets imply that combinatorial regulation is a central feature of miRNA biology. However,
at present better computational tools are needed to help predict integrated miRNA effects
and regulation during hypoxic cellular adaptation. Overall, addressing these unresolved
issues in hypoxamir biology will directly inform our understanding of their role in an
expanding complement of adaptive responses and hypoxic and ischemic human diseases.
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HRE hypoxia responsive element

kb kilobases

IRAK1 IL1 receptor-associated kinase 1
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Figure 1. Overview of miRNA biogenesis and hypoxia-mediated regulation of miRNA generation
and activity
The generation of mature miRNAs is a multi-step process that begins with transcription of
the primary miRNA transcripts (pri-miRNA) by Pol II in the nucleus. Following cleavage by
the Drosha- DGCR8 complex, the precursor miRNA (pre-miRNA) is transported to the
cytosol where it is cleaved by Dicer in preparation for loading of the guide strand onto the
miRISC complex. Hypoxia regulates miRNA on multiple levels including transcription of
the pri-miRNA, processing of precursor miRNA intermediates, and post-translational
modifications of the miRISC complex.
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Figure 2. Summary of crosstalk between HIF and HIF-independent regulatory pathways and
miRNAs in hypoxic cellular adaptation
A complex hierachical regulatory network exists between transcription factors and miRNAs
in cells exposed to hypoxia. HIF stabilization results in the induction of key miRNA targets
such as miR-210 (a master hypoxamir), miR-373, and miR-155 which coordinate metabolic
reprogramming, DNA repair, and apoptosis responses. HIF-independent transcriptional
pathways involving p53 and NF-κB reinforce upregulation of miR-210 and other
hypoxamirs such as miR-21.
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Figure 3. Potential novel mechanisms of hypoxia-mediated regulation of miRNA transcription
and maturation
Recent evidence directly implicate oxidant stress and reactive oxygen species (ROS) in HIF
stabilization and modulation of Dicer activity. In addition, RNA processing mechanisms
operative in other cellular stress responses, such as RNA alternative splicing and editing,
may control hypoxamir expression.
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Table 1

Verified Hypoxamirs in Mammalian Cells

Upregulated by Hypoxia Downregulated by Hypoxia

Let-7b,e,I [33] Let-7a,c,d,f [33]

miR-7 [105] miR-15b [105]

miR-21 [2] miR-16 [33]

miR-23a,b [2] miR-19a [33]

miR-24 [2] miR-20a,b [33]

miR-26a,b [33] miR-29b [105]

miR-27a [105] miR-30e [105]

miR-30b [33] miR-92 [106]

miR-93 [2] miR-101 [105]

miR-98 [105] miR-122a [105]

miR-103 [2] miR-135a [110]

miR-106a [2] miR-141 [105]

miR-125b [2] miR-186 [2]

miR-130 [106] miR-197 [105]

miR-146a,b [8] miR-199a [111]

miR-148a,b [105] miR-200b [112]

miR-151 [33] miR-224 [33]

miR-181a,b,c [2, 33] miR-320 [105]

miR-188 [33] miR-374 [33]

miR-191 [105] miR-422b [105]

miR-192 [2] miR-449a,b [113]

miR-195 [105] miR- 565 [105]

miR-199a-5p [107]

miR-204 [108]

miR-205 [109]

miR-210 [2, 33, 87]

miR-213 [2]

miR-335 [109]

miR-373 [105]

miR-424 [11, 104]

miR-429 [105]

miR-451 [95]

miR-491 [109]

miR-498 [105]

miR-563 [105]

miR-572 [105]

miR-628 [105]

miR-637 [105]
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Table 2

Summary of Prototypical Functions of Hypoxamirs in Hypoxic Adaptation

Hypoxia-Regulated miRNA Target mRNA Regulatory Effect References

Induced Hypoxamirs:

miR-21 PDCD4 Anti-apoptosis [114]

SPRY2 Cell proliferation, migration [115]

PPARα Cell Proliferation, migration [115]

miR-23a Fas Ligand Anti-apoptosis [116]

miR-26a GSK-3β Pro-apoptosis [117]

miR-27a,b SEMA6A Angiogenesis [118]

miR-130 DDX6 Enhanced translation of HIF-1α [113]

miR-146a,b TRAP6
IRAF1

Anti-inflammatory effects [31]

miR-155 HIF-1α Resolution of HIF effects [29]

miR-181c TNFα Anti-inflammatory/ anti-apoptotic effects [32]

miR-204 LC3-II Inhibition of autophagy

miR-210 ISCU [8, 9]

NDUFA4 Impairment of mitochondrial function [120]

SDHD Impairment of mitochondrial function [120]

COX10 Impairment of mitochondrial function [121]

EFNA3 Impairment of mitochondrial function [62]

RAD52 Inhibition of cell migration [1]

E2F3 Inhibition of DNA repair [30]

GPD1L Cell cycle arrest
HIF-1α stabilization

[26]

miR-373 RAD23B Inhibition of DNA repair [1]

miR-424 CUL2 HIF-1α stabilization [11]

Repressed Hypoxamirs:

miR-15/16 BCL2 Anti-apoptosis [122]

miR-34a Notch Epithelial-to-mesenchymal transition [123]

miR-122 PSMD10 Promotes UPR [124]

miR-135a FLAP Promotes leukotriene formation [107]

miR-199a HIF-1α Derepression of HIF-1α [111]

miR-200b Ets-1 Angiogenesis [125]

miR-449a SERPINE1 Fibrosis [110]

Free Radic Biol Med. Author manuscript; available in PMC 2013 September 04.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nallamshetty et al. Page 25

Table 3

Summary of Transcriptional and Non-transcriptional Hypoxic Regulation of miRNA Biogenesis and Activity

Hypoxia-Related Regulatory Factor Hypoxamir Regulatory Effect

Transcriptional Regulation:

A. Transcription Factors:

 1. HIF ↑miR-210,-373,-181 [1]
↑miR-155 [29]

Mitochondrial function, DNA repair, cell cycle

 2. NF-κB ↑miR-210 [44] Mitochondrial function, DNA repair, cell cycle

 3. p53 ↑miR-210 [74] Mitochondrial function, DNA repair, cell cycle

 4. PU.1 ↑miR-474 [11] HIF stabilization

 5. Akt2 ↑miR-21[116]
↑miR-210 [74]

Mitochondrial function, DNA repair, cell cycle

B. Epigenetic Modifications:

 1. DNA demethylation ↑miR-210 [81] Mitochondrial function, DNA repair, cell cycle

miRNA Processing/Maturation:

 1. Dicer/Drosha Inhibition ↓ miR-21,-22,-30c, let7f [82, 83] ?

 2. Ago2 ↑miR-451 [84] ?
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