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Abstract microRNAs (miRNAs) were discovered nearly
two decades ago by researchers who sought to understand
how basic developmental mechanisms work in the nema-
tode Caenorhabditis elegans. Since the identification of
conserved miRNA families in higher eukaryotes, there has
been an explosion of interest into how these tiny RNA
molecules function. miRNAs are 20–24 nucleotide non-
coding RNA molecules that predominantly regulate tran-
scripts of target genes through translational inhibition.
Much recent interest has focused on the influence of
miRNAs on homeostatic regulation, and in particular,
hypoxic responses. The ability to sense and respond to
hypoxia is of fundamental importance to aerobic organisms
and dysregulated oxygen homeostasis is a hallmark in the
pathophysiology of cancer, neurological dysfunction, myo-
cardial infarction, and lung disease. miRNAs are ideal
mediators of hypoxic stress responses as they are able to
modify gene expression both rapidly and reversibly. This
enables miRNA-mediated gene regulatory circuits to
modify metabolic networks with immaculate precision and
control. Therefore, one may consider miRNAs as molecular
rheostats which effect tuning and switching of regulatory
circuits to facilitate survival and adaptation to hypoxic
conditions. Such miRNA-mediated regulatory circuits
would provide flexible and conditional alternatives to
“conventional” transcriptional regulation. Here, I review
recent discoveries that have boosted our understanding of
miRNA regulation of hypoxia and discuss where future
breakthroughs in this area may be made.
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microRNAs

microRNAs (miRNAs) are a class of endogenous 20–24
nucleotide non-protein-coding RNAs that regulate eukaryotic
gene expression at the post-transcriptional level [1]. miRNAs
are among the more abundant gene regulatory molecules,
consisting of ~1% of the predicted genes in animal cells; and
it is estimated that more than 30% of all messenger RNA
(mRNA) transcripts are regulated by miRNAs [29]. The first
miRNAs to be discovered, lin-4 and let-7, were identified in
forward genetic screens for mutants with defective develop-
mental timing in Caenorhabditis elegans [46, 56, 60, 78].
These heterochronic genes are required for the correct timing
of cell cycle progression and terminal differentiation of the
seam cells during worm larval development. In the ensuing
years, the diversity of miRNA functions has expanded to
many aspects of development and disease such as the control
of cell death, neuronal patterning, flower development,
metabolism, and oncogenesis [6, 14, 18, 35, 36, 52, 53, 76,
77]. miRNAs predominantly regulate gene expression
through repression of target genes by reducing mRNA
stability and/or inhibiting translation. The miRNA profile
of each cell may be distinct to enable the customization of
protein levels depending on the requirements of a cell. In some
cases, miRNAs may lower specific proteins to undetectable
levels, and in others, miRNAs may adjust the dosage of gene
expression depending on their developmental or environmen-
tal state. Therefore, miRNAs append an extensive tier of gene
regulatory control that integrates transcriptional and other
regulatory processes to expand the complexity and adaptability
of gene regulation in animals and plants.
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Since their discovery, relatively few functions have been
attributed to miRNAs. In fact, a survey of miRNA genetic
mutants in C. elegans found that the majority of miRNAs
are dispensable in normal laboratory conditions [54]. This
work suggests that miRNAs have (1) discrete cellular
functions, such as for lsy-6 which regulates left/right
patterning of the ASE pair of neurons in the C. elegans
chemosensory system [35] or (2) act as buffers to provide
robustness to genetic networks when subjected to genetic or
environment perturbation, such as miR-7 during sensory
organ development in Drosophila [51].

miRNA biogenesis

Most miRNAs are transcribed by RNA polymerase II into
primary transcripts called primary precursor miRNAs (pri-
miRNAs), which are transcribed as autonomous genes or as
introns of protein-coding genes (Fig. 1) [49]. pri-miRNAs
fold into hairpin structures that are cleaved by the
Microprocessor complex, which contains the RNase III
enzyme Drosha, into pre-miRNA (miRNA precursor)
molecules of ~70 nucleotides that are transported into the
cytoplasm by Exportin 5 [47, 48, 80]. For some particular
miRNAs that reside within introns, splicing bypasses the
Microprocessor requirement and directly produces pre-
miRNAs [62]. pre-miRNAs act as substrates for a second
RNase III enzyme called Dicer that further processes them
into 20–24-bp imperfect miRNA/miRNA* duplexes [33].
Within miRNA duplexes, the strand with the weakest
5′-end base pairing is selected as the mature miRNA and
the miRNA* is either degraded or recognizes a different
group of target transcripts for regulation of gene expression
[39, 64]. The mature miRNA is loaded onto an Argonaute
(Ago) protein to form miRNA-induced silencing complexes
(miRISCs) [42]. miRISCs are then directed to target
mRNAs and induce translational repression or mRNA
degradation. Imperfect miRNA::mRNA base pairing favors
translational repression, which is the principal mode of
regulation in metazoa [7], whereas plant miRNAs predomi-
nantly cause cleavage of target transcripts due to near-perfect
complementarity [7].

miRNAs in metazoa target mRNA transcripts via
imperfect base pairing to multiple sites in 3′ untranslated
regions (UTRs) [2]. An important determinant for the
miRNA::mRNA interface is Watson-Crick base pairing to
nucleotides 2–7 of the 5′ end or “seed” region of miRNAs
[2]. miRNAs and their target mRNA 3′ UTRs form
imperfect hybrids that harbor central bulges between
nucleotides 9–12 which enable inhibition of translation.
The 3′ ends of miRNAs are thought to be less important
than the 5′ end but may contribute to target recognition
when seed matches are weak. miRISCs may inhibit

translation through a variety of known and unknown
mechanisms. miRISC-associated Ago2 can prevent ribo-
some assembly through binding to the anti-association
factor eIF6 [16]. In addition, miRISC can block transla-
tion initiation at the mRNA-cap-recognition step by
competing with the cytoplasmic cap-binding protein eIF4E
[32, 40].
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Fig. 1 miRNA biogenesis. miRNAs are processed from RNA
polymerase II transcripts. Such transcripts may arise from independent
genetic loci (canonical pathway) or from introns of protein-coding
genes (non-canonical pathway). Canonical miRNA primary precursors
(pri-miRNAs) are processed by the RNase III family members Drosha
and Dicer. Non-canonical transcripts bypass the Drosha processing
step. Following Dicer processing, the mature miRNA strand (red) is
incorporated into a miRNA-induced silencing complex (miRISC)
whereas the miRNA* strand (black) is degraded. miRISCs are guided
to the 3′ UTR of target mRNA transcripts where they induce
translational repression or mRNA degradation
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miRNA target identification

One of the major challenges of miRNA research is the
identification of miRNA targets. Since miRNAs predomi-
nantly regulate gene expression through imperfect matches
in their target mRNA 3′ UTR regions [2], computational
prediction programs identify hundreds of potential targets,
many of which may be artifacts. Therefore, the identifica-
tion of miRNA targets requires a number of parallel
approaches to be undertaken: genetics, proteomics, whole
genome sequencing, and bioinformatics. If a miRNA of
interest has a deletion mutant available (such as for most C.
elegans miRNAs), genetics may be used to identify miRNA
targets via suppressor screening approaches, provided that a
suppressible phenotype is detected. This is in fact how the
let-7 target lin-41 was identified [71]. However, if the
miRNA target gene is essential or if the miRNA regulates
multiple targets, this may not be a suitable strategy. To
circumvent these issues, biochemical and next-generation
sequencing technologies are now being used to identify
miRNA targets on a genome-wide scale [17, 65, 82].
miRNAs mediate post-transcriptional regulation of gene
expression through miRISCs, and the physical interaction
between mRNAs and miRISC can be exploited to pull-
down miRNA targets [82]. Immunoprecipitation of
miRISC-associated proteins will purify ribonucleoprotein
complexes that contain miRNAs and their mRNA targets.
Immunoprecipitated miRNAs and mRNAs from control
and miRNA mutant or a conditioned sample are then
analyzed by high-throughput sequencing to identify poten-
tial miRNA targets. Recent innovative work has also
enabled the identification of miRNA targets by directly
measuring changes in cellular protein synthesis using the
stable isotope labeling with amino acids in cell culture
technique [65]. This technique yields a genome-wide
profile of protein synthesis in response to miRNA knock-
down or overexpression and enables the measurement of
changes in protein synthesis shortly after induction of
changes in miRNA expression.

Hypoxia

Sensing and responding to fluctuations in the environment
are an essential requirement for all organisms. Mechanisms
are required to restore homeostasis or to implement a novel
genetic program to enable long-term adaptation to a new
environment. Maintaining oxygen homeostasis is a funda-
mental prerequisite for all aerobic organisms. Consequently,
organisms and cells have developed adaptive mechanisms
to survive hypoxic insults. The major effector of the
hypoxic response in metazoa is the hypoxia-inducible
factor (HIF-1α) [66]. This bHLH–PAS transcription factor

regulates the expression of target genes to increase anaerobic
metabolism within cells and enhance vascularization of
hypoxic tissues [34, 59]. HIF-1α mRNA is detected in all
human, rat, and mouse organs; however, in normoxic
conditions, the half-life of HIF-1α protein is less than
5 min due to its efficient degradation by a conserved
proteasomal degradation pathway [21]. This degradation
pathway is initiated by hydroxylation of a specific proline
residue in the conserved LXXLAP motif of HIF-1α by
members of the EGL-9 oxygen-dependent prolyl 4-
hydroxylase superfamily [4]. The VHL-1 (von Hippel-
Lindau tumor suppressor protein) E3 ubiquitin ligase
complex recognizes the hydroxylated proline and targets
HIF-1α for ubiquitin-mediated proteasomal degradation [4].
Hypoxic conditions interfere with hydroxylation of HIF-1α,
thereby stabilizing the protein. Stabilized HIF-1α subse-
quently translocates to the nucleus where it forms a
heterodimer with the constitutively expressed HIF-1β
protein [75]. The HIF-1 complex then functions to transcrip-
tionally regulate the expression of a host of target genes
(>100), including growth and survival factors, extracellular
matrix proteins, and modifying enzymes, cytoskeletal pro-
teins, proapoptotic proteins, glucose transporters, glycolytic
enzymes, and transcription factors [66, 67]. HIF-1 regulates
its targets through a conserved cis-regulatory motif called the
hypoxia-response element (HRE), which contains the core
HIF-1 binding site of 5′-(A/G)CGTG-3′ [68]. In mammalian
systems, the battery of genes regulated by HIF-1 differs
between cell types, as HIF-1 can act as an activator or
repressor in a cell type-specific manner [37]. This suggests
that specific cells respond to a build up of nuclear HIF-1α in
different ways, presumably dependent on the prior program-
ming fate of the cell. Such programming would be
contingent on the presence or absence of HIF-1 co-
activators/co-repressors or other potential transcriptional
and post-transcriptional regulators of HIF-1α target genes.

Recent studies indicate that in addition to the canonical
HIF-1 pathway, further levels of regulation exist to control
hypoxic responses. In particular, it was revealed that
miRNAs play important roles in hypoxic adaptation [44].
It is proposed that miRNAs may act to regulate the
expression of (1) genes normally required in a normoxic
environment but must be inhibited in hypoxic conditions
and (2) genetic factors that provide alternative metabolic
pathways or other advantages in hypoxia. miRNAs may be
regulated in an HIF-1-dependent or -independent manner
and they may act to repress the expression of HIF-1α, HIF-
1β, or a plethora of possible downstream targets to effect
hypoxic responses (Fig. 2).

The HIF-1 transcriptional pathway monitors internal
oxygen levels and regulates metabolic networks, angiogene-
sis, neuronal development, cell survival and proliferation and
sensory capacity [11, 13, 14, 31, 57, 58]. So, why would
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cells and tissues also require miRNA-mediated mechanisms
to orchestrate HIF-1-dependent and -independent gene
regulatory circuits to combat hypoxia? Hypoxic and meta-
bolic stress can be an acute, localized, and transient
phenomena and miRNA-mediated regulation has advantages
over transcriptional regulation in each of these respects.
miRNAs can be generated rapidly due to their small size and
non-coding nature, they may be partitioned in cell compart-
ments, and their repressive effect is rapidly reversible which
would enable translation of inhibited mRNAs to recom-
mence at the flick of a switch. Therefore, miRNAs may act
as rheostats, where they allow cells to quickly and
efficiently turn off or dampen protein expression of target
genes in hypoxia. Alternatively, miRNAs may initiate
new gene expression programs to enable adaptation to
long-term hypoxic stress. Previously, the functional roles
of miRNAs in hypoxic adaptation were poorly under-
stood; however, recent studies have implicated miRNAs
in the control of mitochondrial metabolism, hypoxic
responses in tumor cells, and DNA damage responses
[13–15, 19, 31, 79]. The importance of better understanding
regulatory mechanisms involved in hypoxic responses is
crucial, as hypoxia plays a key role in the pathophysiology
of cancer, neurological dysfunction, myocardial infarction,
and lung disease.

Hypoxia-regulated miRNAs

Control of metabolism

During the past 5 years, various studies have determined
miRNA expression profiles, or signatures, from a variety of
different organisms, cell types, and disease states in relation to
hypoxia [8, 22, 30, 43]. These studies have described more
than 90 hypoxia-regulated miRNAs (HRMs); however,
many are only regulated in certain cellular contexts. The
lack of consistent HRM profiles is likely due to differences
in detection methods, the period and severity of oxygen
deprivation, and the cellular and organismal context.
However, all these studies have identified miR-210 as a
HRM that is robustly regulated by hypoxia in all cell types.
miR-210 expression is upregulated in a dose-dependent
manner when cells are incubated in decreasing levels of
oxygen but is not dysregulated when cells are exposed to
osmotic stress, low pH, or growth factor deprivation [14,
22]. Genetic and biochemical studies have also now
confirmed that miR-210 is directly regulated by HIF-1 via
a HRE in the miR-210 promoter [19, 31]. In addition, miR-
210 is required for cell survival under a hypoxic microen-
vironment [14]. How does miR-210 promote hypoxic
survival? The identification of miR-210 targets has revealed
some interesting insights. Two identified targets of miR-210
are required for the mitochondrial electron transport chain
and the tricarboxylic acid cycle to function correctly [14,
15]. The iron–sulfur cluster scaffold homolog and cyto-
chrome c oxidase assembly factor (COX10) proteins are
both targeted by miR-210 and their downregulation represses
mitochondrial respiration. In normoxia, such repression of
mitochondrial respiration would lead to decreased adeno-
triphosphate (ATP) levels; however, in hypoxia, repression
of electron transport balances the reduced oxygen tension
and increases ATP levels via enhanced glycolysis (Pasteur
effect) [14, 15]. Therefore, upregulation of miR-210 in
response to acute hypoxia enables survival and permits
cellular adaptation to hypoxia. However, chronic repression
of mitochondrial function is linked to various pathological
states, including stroke and diabetes mellitus [20, 70]. The
effects of miR-210 may therefore be diverse depending on
oxygen tension, cell/tissue type, and duration of hypoxic
exposure.

Hypoxia is a major hallmark of cancer and work from
the Giaccia laboratory has found that hypoxia upregulates
the expression of miR-210 in a variety of tumor types [31].
In normoxia, miR-210 is generally expressed at low levels
in breast, pancreatic, head and neck, lung, colon, and renal
cell lines. After exposure to 24 h of 2% oxygen, miR-210
expression was induced in all cancer cell lines analyzed.
Upregulation of miR-210 is controlled by HIF-1 via a HRE
in the miR-210 promoter. To identify miR-210 targets,
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Fig. 2 Transcriptional and post-transcriptional hypoxia pathways. The
HIF-1 transcriptional pathway mediates canonical hypoxic responses.
miRNA pathways integrate hypoxia-dependent and -independent signals
and act on HIF-1 pathway components (HIF-1α and HIF-1β) and
possibly on non-HIF-1-regulated pathways
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miRISC immunoprecipitation of myc-tagged AGO2 protein
was performed in the breast cancer cell line MCF10A in
normoxia and hypoxia. AGO2 immunoprecipitation identi-
fied 246 genes that were enriched more than twofold in
hypoxia. Of these, 50 genes contain miR-210 target sites in
their 3′ UTRs and are therefore predicted miR-210 targets.
Only one out of the 50 predicted miR-210 targets (EFNA3)
was identified previously as hypoxia-inducible. Therefore,
it was postulated that HIF-1-induced miR-210 represses
these “normoxia-expressed” genes in hypoxia to enable
survival and adaptation to hypoxia. The biological require-
ment for miR-210 was assayed using tumor xenograft
growth assays. miR-210 was stably expressed, via retroviral
transfection, in the head and neck cancer cell line FaDu and
in the pancreatic cell line SU86.86 [31]. Expression of miR-
210 did not affect cell growth in normoxia or at 2% oxygen.
However, expression of miR-210 dramatically delayed
tumor growth when transfected cells were implanted into
nude mice. It appears, however, that miR-210 only delays
the initiation of tumor growth, as tumors are able to
overcome growth inhibition [31]. This is possibly due to
utilization of alternative tumorigenic pathways to overcome
miR-210’s inhibitory effect.

In the three studies detailed above, miR-210 acts in two
distinct ways. First, miR-210 induction in hypoxia
represses crucial components that are required for electron
transport in mitochondria, leading to increased ATP
generation via glycolysis and cell survival. Second, miR-
210 represses genes that are expressed under normoxia that
are not required for adaptation and survival in hypoxia,
which presumably also reduces the energy requirements of
the cells.

DNA damage responses

Tumor cells exhibit a high mutational frequency that
enables adaptation to adverse tumor microenvironments
[5]. Such genetic instability within solid tumors offers a
poor prognosis for cancer patients owing to local resistance
to anti-cancer therapies and systemic metastasis. The
hypoxic tumor microenvironment has been implicated in
causing genetic instability through the dysregulation of
DNA repair pathways [61]. The roles of miRNAs in
hypoxia-induced regulation of DNA repair are beginning
to be elucidated. Recent work has found that the expression
of miR-210 and miR-373 is induced when HeLa and MCF-
7 cells were exposed to 0.01% oxygen for 24 h [19]. miR-
210 was induced by ten- to 12-fold and miR-373 by three-
to fourfold in both cells lines studied. Both miR-210 and
miR-373 contain HREs in their promoter regions suggest-
ing direct regulation by HIF-1, and indeed, hypoxia
induction of miR-210 and miR-373 is dependent on HIF-
1 function [19]. Bioinformatic analysis identified DNA

repair genes that may be potential targets of miR-210 and
miR-373. Both miR-210 and miR-373 have predicted
binding sites in the 3′ UTR of the RAD52 gene that is a
part of the homology-dependent repair pathway [63].
RAD52 promotes annealing of complementary DNA
strands and the loading of RAD51 onto DNA to form
nucleoprotein filaments [28]. miR-373 also has a predicted
binding site in the 3′ UTR of the nucleotide excision repair
gene RAD23B which is an important factor required for the
recognition of DNA lesions [3]. Both RAD52 and RAD23B
are downregulated in hypoxia and forced expression of
miR-210 and miR-373 can cause such downregulation via
targeting the 3′ UTR of these genes [19]. Such down-
regulation of DNA repair factors by miRNA-mediated
pathways during hypoxia confers a mutator phenotype on
cancer cells. In the adverse microenvironment of a tumor,
this would provide enhanced adaptive capacity due to
augmented mutational frequency and afford advantages to
cancer cells over non-transformed cells. In addition,
inhibition of DNA repair mechanisms may conserve ATP
pools that may be of short supply under metabolic stress.

Angiogenesis

Angiogenesis is a highly coordinated process of tissue
remodeling that leads to the formation of new blood vessels
[10]. Hypoxic regions during normal development of an
embryo and in pathophysiological conditions, such as
cancer and ischemic brain injury, modulate the induction
of angiogenesis via the regulation of pro- and anti-
angiogenic factors [23, 25, 38]. During hypoxia, the
transcriptional activity of HIF-1 directly induces the
expression of a variety of angiogeneic growth factors,
including vascular endothelial growth factor (VEGF),
angiopoietin 2, stromal-derived factor 1, and stem cell
factor [12, 26, 37, 69]. The cell type-specific expression of
these and other factors from a variety of cell types
orchestrate the regulation of specific receptors that are
expressed on the surface of vascular endothelial cells and
smooth muscle cells. Activation of these cells by receptor–
ligand interactions promotes angiogenic budding of new
capillaries from existing vessels. Angiogenesis is required
for tumors to grow beyond a certain size; therefore, a better
understanding of how this process is regulated is of
therapeutic importance. Recent work has now revealed an
additional layer of angiogenic regulation via the action of
specific miRNAs.

In human cancer, one of the most frequently mutated
genes is p53 [55, 74]. p53 protein normally acts to inhibit
cell growth and stimulate apoptosis when induced by
cellular stresses. However, perturbation of the p53 pathway
has been associated with angiogenesis and tumor growth
[72, 81]. Analysis of miRNAs that are dysregulated in p53-
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induced human colon cancer specimens revealed that miR-
107 is a p53 target and that p53 directly regulates miR-107
via its 5′ UTR [79]. Investigations into potential targets of
miR-107 identified potential target sites in the HIF-1β
3′ UTR (and not HIF-1α) suggesting a novel means of
regulating hypoxic signaling [79]. Indeed, miR-107 over-
expression decreases transactivation of a luciferase reporter
that contains the HIF-1β 3′ UTR and mutation of the miR-
107 target sites abrogates this regulation. Furthermore,
endogenous HIF-1β, and not HIF-1α, protein levels are
reduced with miR-107 overexpression [79]. HIF-1 transcrip-
tional activation of VEGF is known to induce angiogenesis
[26]. But does miR-107 have an impact on VEGF
expression and angiogenesis? Overexpression of miR-
107 was indeed found to decrease VEGF induction by a
hypoxia mimetic suggesting that miR-107 repression of
HIF-1β could blunt angiogenesis [79]. This potentiality
was validated in vivo through expression of miR-107 via a
lentiviral vector system in mice. Tumorigenic HCT116
cells were injected into nude mice and tumors were
allowed to develop. After 31 days, overexpression of
miR-107 decreased tumor size in addition to reducing the
number of blood vessels within the tumor [79]. Therefore,
genetic mutations in p53 and subsequent reduction in
miR-107 levels induce angiogenesis in hypoxic tumors via
HIF-1β derepression and subsequent increased levels of
hypoxic signaling. This is a novel means in which p53 can
regulate hypoxic signaling where HIF-1β, and not HIF-
1α, is the regulatory target.

Another intriguing mode of miRNA regulation of
angiogenesis has recently been reported where miR-519c
is a hypoxia-independent regulator of HIF-1α [13]. miR-
519c was identified as a potential regulator of HIF-1α
expression through target prediction. This was corroborated
via luciferase-based assays where the efficient downregu-
lation of the HIF-1α 3′ UTR was abolished when the miR-
519c target site in the 3′ UTR was mutated [13]. HIF-1α is
a known regulator of the angiogenic factors VEGF, bFGF,
and IL-8[66], and the authors found that conditioned media
of CL1-5 cells transfected with miR-519c exhibited a
significant decrease in the levels of these factors [13]. In
the converse experiment, inhibition of miR-519c, using
antisense oligonucleotides, was sufficient to increase HIF-
1α levels and secretion of angiogenic factors from CL1-5
cells. However, unlike HIF-1α, miR-519c expression is not
dysregulated in hypoxia [13]. In contrast, miR-519c
expression is suppressed in response to hepatocyte growth
factor (HGF) in a dose-dependent manner. HGF was
already known as a hypoxia-independent regulator of
HIF-1α and it appears that the mechanism for such
regulation, at least in part, is through HGF suppression of
miR-519c, which releases HIF-1α from post-transcriptional
repression [13]. HGF expression does not affect the levels

of pri-miR-519c or pre-miR-519c but is suggested to act by
inhibiting mature miR-519c biogenesis [13]. The in vivo
role of miR-519c in HIF-1α-dependent angiogenesis was
confirmed in mice in which Matrigel plugs, pre-soaked with
conditioned medium, were injected. Using this approach,
the angiogenic activity of miR-519c knockdown medium
was found to be higher than from control cells and this
effect was abolished with dominant-negative HIF-1α. To
study the role of miR-519c on tumor angiogenesis, CL1-5/
miR-519c overexpressing cells were injected into nude
mice. miR-519c overexpression causes a slower growth rate
and tumor size when compared to controls and the tumors
had significantly fewer blood vessels [13]. These in vivo
outcomes suggest that miR-519c may be a potential cancer
therapeutic in the future. In addition, this work describes
the presence of non-hypoxia-regulated microenvironmental
mediators, such as HGF, that provide alternative layers of
information used to integrate homeostatic responses.

Future directions

Understanding the roles of miRNAs in the regulation of
complex physiological and pathophysiological responses of
hypoxic cells is still in its infancy. In the coming years, the
study of miRNA-mediated hypoxic responses in animal and
plant model systems will help provide a better picture on
the importance of post-transcriptional gene regulatory
mechanisms in hypoxia. The kinetic properties of miRNAs
provide marked advantages over transcriptional regulation
for acute and transient hypoxic insults. Their rapid
biogenesis and mode of regulation affect gene expression
with less delay than nuclear regulatory factors. Such
rapidity and efficiency may be crucial to counteract variable
fluctuations in the environmental milieu such as oxygen
levels. The fact that few functions have been assigned for
miRNA mutants that are cultured in standard laboratory
conditions suggests that they have discrete functions and
perhaps act as responders to fluctuations in environmental
stress [45, 54]. Therefore, miRNA profiling after environ-
mental stress and exposure of mutant animals and cells to
environmental challenges may reveal novel mechanistic
roles. In fact, a survey of miRNA expression levels in C.
elegans has identified a number of miRNAs that are
dysregulated in 0.5% oxygen, and that mutant animals
lacking specific HRMs are sensitive to hypoxia (Pocock,
unpublished data). I expect that further work in the
nematode, and other models, will elucidate novel miRNA-
mediated mechanisms of hypoxic adaptation.

One crucial aspect of miRNA biology that is of
particular interest at present is miRNA compartmentaliza-
tion and transport. Such mechanisms may enable miRNAs
to be shuttled intracellularly between cellular compartments
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(e.g., plasma membrane, mitochondria, endoplasmic reticu-
lum, and synapse) and, in addition, to be carried in a systemic
fashion via circulation in the blood and other body fluids
[9, 24, 41]. Intracellular localization may provide restrict-
ed high concentrations of specific miRNAs, temporal
segregation and even control of access to mRNA targets.
Sequestration of hypoxia-responsive miRNAs could be
especially useful in mitochondria where hypoxic insults
may require a rapid and orchestrated response. In addition,
the membrane association of miRNAs within and at the
periphery of cells may enable the rapid and localized
regulation of mRNA translation in response to environ-
ment stressors such as hypoxia. One could envision that
the internalization of activated plasma membrane receptors
may in some cases be used to signal the release of latent
miRNAs from subcellular compartments or the plasma
membrane itself. Systemically acting miRNAs also open
up the possibility of long-range modes of action where
miRNAs expressed in one cell type are then packaged and
transported to regulate the expression of genes in other
cells and tissues. The involvement of endosomal trafficking in
miRNA silencing suggests that miRNAs use this route for
intracellular and intercellular transmission [27, 50].

Finally, it is crucial to remember that the initial discovery
of miRNAs, and many subsequent advances in our
knowledge, have hinged on basic research in developmen-
tal genetics and the free availability of genome sequences
[46, 56, 60, 73, 78]. Thus, continued work on elucidating
the biological roles of miRNAs and decoding the mecha-
nisms of miRNA-mediated gene regulation of hypoxia
require the utilization of a variety of model systems. This
will ensure that we do not overlook important discoveries
in the future.
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