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R ob u s t n e ss of t h e H yp oxic R e sp on se : An ot h e r
J ob for m iR NAs?
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Liv in g or ga n ism s a r e con s t a n t ly e xp ose d t o e n vir on m e n t a l a n d ge n e t ic p e r t u r b a t ion s . Bio log ica l r ob u s t -
n e ss e n a b le s t h e se or ga n ism s t o m a in t a in t h e ir fu n ct ion a l s t a b i li t y in t h e p r e se n ce of e x t e r n a l or in t e r n a l
ch a n ge s . I t h a s b e e n p r op ose d t h a t m icr oR NAs (m iR NAs), sm a ll n on -cod in g r e gu la t o r y R NAs, con t r ib u t e
t o r ob u s t n e ss of ge n e r e gu la t o r y n e t w or k s . Th e h yp oxic r e sp on se is a m a jor a n d w e ll-ch a r a c t e r ize d e xa m -
p le of a ce llu la r a n d sys t e m ic r e sp on se t o e n vir on m e n t a l s t r e ss t h a t n e e d s t o b e r ob u s t . m iR NAs r e gu la t e
t h e r e sp on se t o h yp oxia , b o t h a t t h e le ve l of t h e m a in t r a n scr ip t ion fa c t or t h a t m e d ia t e s t h is r e sp on se , t h e
h yp oxia -in d u cib le fa c t or (H IF ), a n d a t t h e le ve l of on e of t h e m ost im p or t a n t sys t e m ic ou t com e s of t h e
r e sp on se : a n g ioge n e s is . In t h is r e v ie w, w e w ill t a k e t h e h yp oxic r e sp on se a s a p a r a d igm of m iR NAs p a r t ic -
ip a t in g in c ir cu i t s t h a t p r ov id e r ob u s t n e ss t o b io log ica l r e sp on se s . Develop m en t a l Dyn a m ics 241:1842�
1848, 2012. VC 2012 Wile y P e r iod ica ls , In c .
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m iR NAs CONF E R
R OBUSTNE SS TO
DE VE LOP ME NTAL AND
P H YSIOLOGICAL
P R OCE SSE S

F e e d b a ck a n d F e e d fo r w a r d
Loop s P r ov id e Bio log ica l
R ob u st n e ss

A remarkable fea ture of developmen-
ta l and physiologica l processes is tha t
they are h igh ly reproducible, even
under condit ions of genet ic and envi-
ronmenta l var iability (Barkai and
Shilo, 2007; Her ranz and Cohen ,
2010). Biologica l robustness is a prop-
er ty inheren t to a ll living organ isms
that enables stability. The concept of
biologica l robustness refer s to the abil-

ity of a biologica l system to maintain
its funct ions despite endogenous or ex-
ogenous per tu rbat ions (Kitano, 2004;
Silva -Rocha and de Lorenzo, 2010). It
should be stressed tha t robustness not
only implies the capacity of a system
to buffer per turba tions to maintain
phenotypic stability, but a lso contr ib-
u tes to ach ieve predictable and repro-
ducible responses, a llowing phenotypic
switches to take place ef�cien tly
regardless of per turba tions (Freeman,
2000; Kitano, 2004; Ebert and Sharp,
2012). When considering biologica l
systems, noise or var ia t ion can have
differen t sources, including stochastic
changes in gene expression (i.e., in
t ranscr ipt ion , t ransla tion , and RNA or
protein degradation), as well as envi-
ronmenta l �uctuations (Raser and
O'Shea, 2005).

Among the mechanisms that
expla in robustness of biologica l net -
works is the presence of feedback and
feedforward loops (Freeman, 2000;
Har tman et a l., 2001; Kitano, 2004;
Graham et a l., 2010; Osella et a l.,
2011; Pelaez and Car thew, 2012).
Bioinformat ic analyses indica te tha t
cer ta in loops or circu it s tha t const i-
tu te complex gene regu la tory net -
works appear more often than
expected by chance; these recur ren t
circu its have been named `̀network
mot ifs.'' In terest ingly, feedback and
feedforward loops have been found to
be network mot ifs in differen t organ -
isms, from bacter ia to humans (Milo
et a l., 2002; Shen-Orr et a l., 2002;
Alon , 2007).

Feedback can be de�ned as the abil-
ity of a system to modify its response
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by monitoring itself (Freeman, 2000).
Depending on the overall sign of the
interact ions, feedback loops can be pos-
it ive or negative. Single-negative feed-
back occurs when a signal limits itself
by inducing its own inhibitor (Fig. 1A),
and is usually related to buffering
responses (Becskei and Serrano, 2000;
Freeman, 2000). In mutual- or double-
negative feedback loops, the signal
represses it own repressor (Fig. 1B),
conferring robustness by stabilizing
gene expression in one state, which can
contribute to bistability (Ebert and
Sharp, 2012; Pelaez and Carthew,
2012). Positive feedback occurs when a
signal ampli�es itself, or the cellular
response it tr iggers (Fig. 1C), and
confers robustness by ensuring an `̀all-
or-none'' outcome, often leading to a
bistable system (Kitano, 2004; Graham
et al., 2010; Herranz and Cohen, 2010).

Feedforward loops are composed of
a t least th ree elements. The upstream
factor regu la tes the ta rget gene
through two para llel pa ths: one is

direct and the other one is indirect . In
the indirect pa th , the upst ream factor
regu la tes a th ird componen t of the
loop, which in turn regu la tes the tar -
get gene (Fig. 1D,E). Depending on
the sign of the two paths, feedforward
loops can be divided in two categor ies:
coheren t and incoheren t loops. In the
coheren t pa t tern , the sign of the
direct pa th is the same as the overa ll
sign of the indirect pa th (Fig. 1D),
while in incoheren t st ructu res the
signs of the direct and indirect pa ths
a re opposite (F ig. 1E). Each of the
three in teract ions in the feedforward
loops can be posit ive or negat ive,
de�ning eigh t possible con�gura t ions
(four coheren t and four incoheren t )
(Mangan and Alon , 2003). Indeed,
depending on the con�gura t ion , these
loops can have differen t proper t ies
and funct ions, including delaying or
accelera t ing the response and gener-
a t ing pulse-like dynamics (Mangan
and Alon , 2003; Alon , 2007). Feedfor -
ward loops can confer robustness
th rough differen t mechanisms. They
can buffer the impact of noise on tar -
get gene expression , con t r ibu t ing to
enhance the robustness of the net -
work (Shen-Orr et a l., 2002; Horn-
stein and Shomron , 2006; Wu et a l.,
2009a; Osella et a l., 2011). In an inco-
heren t feedforward loop, �uctuat ions
of the upst ream factor are uncoupled
from the �nal ou tpu t of the target
gene, because the in termedia te com-
ponent of the indirect pa th of the loop
will compensate changes in the input
signal (Eber t and Sharp, 2012). Thus,
on ly when the upst ream factor
reaches cer ta in levels will it induce
changes in the expression of the tar -
get gene (Pelaez and Car thew, 2012).
Coheren t feedforward loops can also
increase the robustness of the circu it
act iva t ing, or inh ibit ing, redundant ly
the expression of the downstream fac-
tor (Eber t and Sharp, 2012; Pelaez
and Car thew, 2012).

m iR NA-Con t a in in g Cir cu i t s
Con t r ib u t e t o t h e R ob u st n e ss
of Bio log ica l Sys t e m s
Genome-sca le ana lyses revealed that
feedback and feedforward loops tha t
con ta in miRNAs are a lso recur ren t
network mot ifs in large gene net -
works (Tsang et a l., 2007; Mar t inez

et a l., 2008; Re et a l., 2009), so tha t
miRNAs can provide biologica l
robustness by par t icipa t ing in these
loops (Hornstein and Shomron , 2006;
Wu et a l., 2009a; Her ranz and Cohen ,
2010; Osella et a l., 2011; Pelaez and
Car thew, 2012). miRNAs are small
(approximately 22 nucleot ides) non-
coding single-st randed RNAs that
regu la te gene expression post -t r an-
scr ipt ionally. They are genera lly syn-
thesized by the RNA polymerase II,
and then processed sequent ia lly by
two complexes conta in ing Drosha and
Dicer, to be �nally incorpora ted in to
the RNA-induced silencing complex
(RISC). The mature miRNA leads the
RISC complex to recognize the target
messenger RNA (mRNA) by sequence
complementar ity, usually found in the
30-un t ransla ted region (30UTR) (Kim,
2005; Yeom et a l., 2006; J auber t et a l.,
2007; Inu i et a l., 2010). Genera lly,
miRNAs promote degradat ion and/or
inh ibit t r ansla t ion of their ta rget
mRNAs (Djuranovic et a l., 2011).

It is becoming increasingly eviden t
tha t miRNA-dependent repression of
protein t ransla t ion is usually modest ,
with a typica l down-regu la t ion of no
more than 50% (Baek et a l., 2008; Sel-
bach et a l., 2008). Moreover, in gen-
era l, individual miRNA knock-ou t
an imals don 't display dramatic phe-
notypes under con t rolled labora tory
condit ions (Li and Car thew, 2005;
Miska et a l., 2007; Li et a l., 2009;
Alvarez-Saavedra and Horvitz, 2010).
This is somet imes refer red to as the
paradox of miRNAs: miRNAs posses a
h igh degree of evolu t ionary conserva-
t ion , and yet the major ity of them
seem to have an apparen t ly non-
essen t ia l role in cell and organ ism vi-
ability. In terest ingly, in spite of these
knock-ou ts being `̀apparen t ly nor-
mal,'' in many cases they show impor -
tan t phenotypic a ltera t ions under dif-
feren t st ress condit ions (van Rooij
et a l., 2007; Li et a l., 2009; Leung and
Sharp, 2010; Mendell and Olson ,
2012).

A paradigmat ic example of a
miRNA gran t ing robustness dur ing
development is provided by Drosoph-
ila mela noga ster miR-7, which par t ic-
ipa tes in in ter locked feedback and
feedforward loops involved in the dif-
feren t ia t ion of photoreceptors from
their ret ina l precu rsor cells (Fig. 2)
(O'Neill et a l., 1994; Rebay and
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Fig. 1. Feedback and feedforward loops.
Only direct interactions are shown, but loops
can also be indirect. A: In single-negative
feedback loops, the signal (X) induces a factor
(Y) that negatively regulates the initial signal.
B: In double-negative feedback loops, both
factors (X and Y) inhibit each other. C: In posi-
tive feedback loops, both factors (X and Y)
induce each other. D,E: In feedforward loops,
the upstream factor (X) regulates a target
gene (Z) both directly and indirectly, via the
third component of the loop (Y). In the coher-
ent configuration (D), the signs of the direct
and indirect paths are the same. In the case
of an incoherent pattern (E), the signs of the
direct and indirect paths are opposite. In feed-
forward loops, the sign of each interaction
can be positive or negative, and therefore
eight different configurations are possible.
Only one example of a coherent and one
example of an incoherent pattern are shown.
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Rubin , 1995; Gabay et a l., 1996; Xu
et a l., 2000; Rohrbaugh et a l., 2002; Li
and Car thew, 2005; Li et a l., 2009).
This complex network has been math-
ematica lly modeled, predict ing tha t it
behaves as a bistable system (Graham
et a l., 2010). Remarkably, under un i-
form labora tory condit ions, miR-7
mutan t �ies show normal photorecep-
tor differen t ia t ion , bu t when these
mutan t la rvae are exposed to �uctu-
a t ing tempera ture condit ions, abnor-
malit ies in photoreceptor differen t ia -
t ion occur (Li et a l., 2009; Pelaez and
Car thew, 2012). Therefore, both com-
puta t ional and exper imenta l evidence
suppor t a role of miR-7 in providing
robustness to the network tha t con-
t rols ret ina l cell differen t ia t ion .

Even thought biologica l robustness
is usua lly associa ted with phenotypic
stability, developmenta l and physio-
logica l responses to st ress a lso need to
be reproducible and robust . In the

next two sect ions, we will discuss the
regu la t ion of the hypoxic response by
miRNAs. We will a rgue tha t miRNAs
par t icipa te in posit ive and negat ive
feedback loops, as well as in feedfor-
ward loops, which likely provide
robustness to the t ranscr ipt ional
response to hypoxia and angiogenesis
as an overa ll process.

m iR NAs P AR TICIP ATE IN
NE GATIVE AND P OSITIVE
F E E DB ACK LOOP S TH AT
R E GULATE H IF -a
E XP R E SSION
The transcr ipt ional response to hy-
poxia is main ly media ted by a family
of t ranscr ipt ion factors ca lled hy-
poxia-inducible factor s (HIF) (Max-
well et a l., 1993; Wang and Semenza ,
1993, 1995; Majmundar et a l., 2010).
HIF direct ly regu la tes the expression
of genes involved in the adapta t ion to
hypoxia , decreasing oxygen consump-
t ion and improving oxygen delivery to
cells, by modifying metabolism, pro-
mot ing erythropoiesis, vascu logene-
sis, angiogenesis and vasodila t ion ,
among other mechanisms (Semenza ,
2007; Lisy and Peet , 2008). HIF is an
a/b heterodimer (Wang et a l., 1995),
in which the b subunit is const itu t ive
and the a subunit is nega t ively regu-
la ted by oxygen . Regu la t ion of HIF-a
occurs a t differen t levels, including
proteasomal degradat ion (Huang
et a l., 1998; Maxwell et a l., 1999),
recru itment of t ranscr ipt ional co-act i-
va tors (Hewitson et a l., 2002; Lando
et a l., 2002) and subcellu lar loca liza-
t ion (Kallio et a l., 1998). Regula t ion of
HIF-a protein stability is the most im-
por tan t mechan ism controlling HIF
act ivity. In normoxia , two prolyl resi-
dues of HIF-a are hydroxyla ted in a
react ion cata lyzed by speci�c prolyl
hydroxylases, termed PHD1, PHD2
and PHD3, which use molecu lar oxy-
gen and 2-oxoglu tara te as co-sub-
st ra tes, and Fe(II) as a co-factor.
Upon hydroxyla t ion , HIF-a is poly-
ubiqu it ina ted and degraded at the
26S proteasome. Since PHDs ut ilize
dioxygen as a co-subst ra te in the cata -
lyt ic react ion , in hypoxia HIF-a is not
hydroxyla ted, stabilizes and accumu-
la tes in the nucleus promot ing target
gene t ranscr ipt ion (J aakkola et a l.,
2001; Bru ick, 2003).

A wide ar ray of miRNAs have been
linked to the t ranscr ipt ional response
to hypoxia . There is an extensive and
growing list of miRNAs regula ted by
hypoxia , either posit ively or nega-
t ively, in differen t exper imenta l set -
t ings (Kulshresh tha et a l., 2008;
Loscalzo, 2010; Bussola t i et a l., 2012;
Du et a l., 2012; Fang et a l., 2012; Guo
et a l., 2012; Voellenkle et a l., 2012).
Other miRNAs are hypoxia-independ-
en t , bu t are capable of negat ively reg-
u la t ing HIF; these include miR-107,
miR-17-92 and miR-519c, whose
expression is induced by p53, c-myc
and the hepatocyte growth factor
(HGF), respect ively (Taguchi et a l.,
2008; Cha et a l., 2010; Yamakuchi
et a l., 2010). A th ird group of miRNAs
are those regu la ted by hypoxia tha t
can in turn regu la te HIF, par t icipa t -
ing in either negat ive or posit ive feed-
back loops. Differen t examples of
feedback loops conta in ing miRNAs
that regu la te HIF expression will be
discussed in deta il below.

Bruning and coworkers demon-
st ra ted in Caco-2 cells exposed to pro-
longed hypoxia tha t HIF-1 induces
miR-155, which in turn represses
HIF-1a expression , th rough direct
binding to the 30UTR of its mRNA
(Fig. 3A). This single-negat ive feed-
back loop, where HIF-1a induces it s
own inh ibitor, con t r ibu tes to set a
limit to the act ivity of HIF-1a in cells
exposed to prolonged per iods of hy-
poxia (Brun ing et a l., 2011).

An example of a miRNA par t icipa t -
ing in a double-negat ive feedback loop
tha t regu la tes HIF-1a expression is
provided by miR-20b (Lei et a l., 2009)
(Fig. 3B). In H22 liver cancer cells
exposed to hypoxia , miR-20b levels
decrease in a HIF-1-dependent man-
ner, while miR-20b direct ly targets
HIF-1a mRNA, negat ively regu la t ing
it s t ransla t ion . Thus, whereas in nor -
moxia miR-20b levels are h igh and
repress HIF-1a, in hypoxia HIF-1a
accumula t ion leads to inh ibit ion of
miR-20b expression , fu r ther enhanc-
ing HIF-1a levels.

miR-210 is considered a prototypi-
ca l hypoxia-induced miRNA, as it has
been shown to be consisten t ly up-
regu la ted in differen t cell types under
low oxygen tension , in an HIF-de-
pendent manner (Chan and Losca lzo,
2010; Huang et a l., 2010; Gorospe
et a l., 2011). In HEK 293A cells, miR-
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Fig. 2. Regulation of photoreceptor differen-
tiation in Drosophila melanogaster. Yan is a
transcriptional repressor that prevents retinal
cell differentiation by competing with another
transcription factor, Pointed-P1 (Pnt-P1). Epi-
dermal growth factor receptor (DER) signaling
activates the extracellular signal-regulated ki-
nase (ERK), leading to Yan degradation and
Pnt-P1 accumulation. Yan acts as a repressor
of Pnt-P1 function, competing for the binding
to specific enhancer regions of target genes,
and Pnt-P1 directly represses Yan transcrip-
tion. One of the Yan and Pnt-P1 target genes
is miR-7, whose transcription is activated by
Pnt-P1 and inhibited by Yan. In turn, miR-7
directly binds to the 30UTR of Yan mRNA, in-
hibiting its translation. This network includes
two interlocked double-negative feedback
loops, one composed of Yan and miR-7, and
the other one of Yan and Pnt-P1. The network
also includes three coherent feedforward
loops that involve Yan, Pnt-P1 and miR-7,
which prevent changes in the network state in
response to non-persistent fluctuations in the
levels of Pnt-P1 and Yan (Pelaez and Carthew,
2012).
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210 binds to the 30UTR of the glyc-
erol-3-phosph a tedehydr ogen ase1-like
(GPD1L) mRNA and down-regu la tes
it s t r ansla t ion (Kelly et a l., 2011). In -
dependent ly of its dehydrogenase ac-
t ivity, GPD1L is able to increase PHD
act ivity, leading to augmented protea -
somal degradat ion of HIF-1a (F ig.
3C). Therefore, in normoxia , where
HIF-1a act ivity is suppressed, low
levels of miR-210 resu lt in h igh
GPD1L expression , which induces
PHD act ivity, enhancing HIF-1a deg-
rada t ion . In hypoxia , HIF-1a protein
accumula tes, inducing miR-210
expression , leading to decreased
GPD1L levels. Th is, in tu rn , poten t i-
a tes inh ibit ion of PHD act ivity,
increasing HIF-1a protein levels.
Thus, miR-210 par t icipa tes in a posi-
t ive feedback loop, in which HIF-1
induces miR-210 expression tha t , in
tu rn , indirect ly enhances HIF-1a pro-
tein stability.

miR-210 is induced in la te stages of
lung cancer progression (Puissegur
et a l., 2011). In lung adenocarcinoma
A549 cells, the subun it D of the succi-
na te dehydrogenase complex (SDHD),

which is a member of the elect ron
t ranspor t chain , is another bona �de
miR-210 target mRNA. miR-210 is
induced in hypoxia in an HIF-1-de-
pendent manner, leading to inh ibit ion
of SDHD expression . As a conse-
quence of SDHD silencing, succina te
accumula tes in the cell, inh ibit ing
PHD act ivity, which resu lt s in fur ther
stabiliza t ion of HIF-1a (Fig. 3D).
These �ndings suggest tha t miR-210
is par t of another posit ive feedback
loop, regu la t ing HIF-1a indirect ly
th rough SDHD.

We have discussed examples of
miRNAs that par t icipa te in feedback
loops tha t regu la te the hypoxic
response. As we have seen , depending
upon the type of feedback loop they
are involved in , miRNAs can either
con t r ibu te to restore the or igina l gene
expression pat tern , or to rein force a
new expression program (Leung and
Sharp, 2010; Mendell and Olson ,
2012). If the miRNA par t icipa tes in a
single-negat ive feedback loop (e.g.,
F ig. 3A), it will tend to restore the
or igina l sta te of the system, provok-
ing desensit iza t ion of the response

(Pelaez and Car thew, 2012). On the
other hand, double-negat ive (e.g., F ig.
3B) or posit ive (e.g., F ig. 3C and D)
feedback loops rein force the act iva-
t ion of the response to hypoxia . Thus,
miRNAs par t icipa t ing in single-nega-
t ive, double-negat ive or posit ive feed-
back loops can provide robustness to
the hypoxic response th rough differ -
en t molecu lar mechan isms.

m iR NAs P AR TICIP ATE IN
TH E R E GULATION OF
H IF -DE P E NDE NT
ANGIOGE NE SIS
Large organ isms, with sizes beyond
the oxygen diffusion limit , have devel-
oped delivery systems to t ranspor t ox-
ygen to differen t t issues. In insects,
such as Drosophila , oxygen t ranspor t
occurs th rough the t racheal system, a
complex network of rami�ed tubu les
tha t reaches every t issue of the body.
Similar ly, in ver tebra tes, oxygen is
t ranspor ted by the bloodst ream
through vessels tha t reach organs
and t issues (Dunwoodie, 2009; Fra isl
et a l., 2009). Vascu lar format ion and
remodeling occur by means of differ -
en t mechanisms: Vascu logenesis is
the process of de novo format ion of
blood vessels, from vascu la r progen i-
tor cells; angiogenesis is de�ned as
the genera t ion of new capilla r ies from
pre-exist ing vessels (Rey and
Semenza , 2010). Hypoxia is an essen-
t ia l st imulus for both vascu logenesis
and angiogenesis (Simon and Keith ,
2008), and HIF direct ly induces the
t ranscr ipt ion of the vascu lar endothe-
lia l growth factor (VEGF), a cen t ra l
player in these two processes (For -
sythe et a l., 1996). Remarkably, the
role of HIF in angiogenesis is far
more genera l, as it con t rols hypoxia-
dependent expression of most cr it ica l
angiogen ic factor s, including st romal-
der ived factor 1 (SDF1), angiopoiet in
1 and 2 (ANGPT1 and ANGPT2), pla-
cen ta l growth factor (PGF), and pla te-
let -der ived growth factor B (PDGFB)
(Kelly et a l., 2003; Ceradin i et a l.,
2004; Rey and Semenza , 2010).
Impor tan t ly, adu lt angiogenesis can
be in some cases physiologica l (i.e., in
skeleta l growth , menst rua l cycle, and
pregnancy), or in others pathologica l,
such as in tumor igenesis and
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Fig. 3. Feedback loops that contain miRNAs regulate HIF-1a expression. A: HIF-1 and miR-
155 are involved in a single-negative feedback loop, where miR-155 is induced by HIF-1 and in
turn limits HIF-1a expression. B: HIF-1 and miR-20b participate in a double-negative feedback
loop. In hypoxia, HIF-1 represses miR-20b expression, whose down-regulation contributes to
further HIF-1a accumulation. C,D: miR-210 participates in two different positive feedback loops
regulating HIF-1a expression. In one of the loops (C), HIF-1 induces miR-210 expression in hy-
poxia, which in turn down-regulates GPD1L translation, leading to decreased PHD activity, ulti-
mately promoting further accumulation of HIF-1a (C). In the other positive feedback loop (D),
miR-210 expression is also induced by HIF-1 in hypoxia; miR-210 targets and down-regulates
the subunit D of the succinate dehydrogenase (SDH), which catalyzes the oxidation of succinate
to fumarate. When SDHD levels decrease, succinate accumulates, leading to PHD activity inhibi-
tion, which in turn promotes HIF-1a stabilization (D). These two positive feedback loops (C, D)
reinforce the accumulation of HIF-1a in hypoxia, and, therefore, the hypoxic response.
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ischemic diseases (Shi, 2009; Lu and
Kang, 2010; Chung and Fer rara ,
2011).

Growing evidence suggests that spe-
ci�c miRNAs participate in different
aspects of the angiogenic response,
from proliferation and migration of en-
dothelial cells to morphogenesis of the
angiogenic sprouts (Wu et al., 2009b).
Importantly, some miRNAs are pro-
angiogenic, whereas others have anti-
angiogenic effects. The complete analy-
sis of the miRNAs that regulate angio-
genesis is out of the scope of this art i-
cle, as this topic has been excellently
reviewed by others (Wang and Olson,
2009; Staszel et al., 2011). Neverthe-
less, it is important to point out that it
has not been established whether the
regulation of angiogenesis by most of
these miRNAs requires and/or depends
on HIF. We will, therefore, discuss
examples in which miRNAs regulate
angiogenesis as part of feedforward
loops that also include HIF.

As ment ioned in the previous sec-
t ion , miR-20b and HIF-1 are engaged
in a double-negat ive feedback loop in
which both factors inh ibit each other 's
expression . Notewor thy, miR-20b does
not on ly down-regu la te HIF-1a t rans-
la t ion , bu t a lso direct ly targets VEGF
(Lei et a l., 2009). Thus, in hypoxia ,
HIF-1 increases VEGF expression
through both a direct and an indirect
pa th . On one hand, HIF-1 direct ly
induces VEGF transcr ipt ion (For-
sythe et a l., 1996), and on the other
hand, it inh ibit s miR-20b expression ,
releasing the repression exer ted by
th is miRNA on VEGF. This second
circu it involving HIF-1, miR-20b and

VEGF is de�ned as a coheren t feed-
forward loop (Fig. 4A). Hence, by look-
ing at the whole pictu re, there is a
network composed of two in ter locked
loops: a coheren t feedforward loop
and a double-nega t ive feedback loop
that in terplay, likely confer r ing
robustness to the angiogen ic process.

In CNE cells, the expression of miR-
20a is down-regu la ted in hypoxia , pre-
sumably in an HIF-1-dependent man-
ner ; th is miRNA in turn direct ly inh ib-
its VEGF transla t ion (Hua et a l., 2006)
(Fig. 4B). Thus, a coherent feedfor-
ward loop apparent ly occurs, in which
HIF-1 direct ly induces VEGF tran-
scr iption (Forsythe et a l., 1996) and
simultaneously reduces the repression
exer ted by miR-20a , enhancing VEGF
expression indirect ly.

Thus, miRNA-mediated feedforward
loops involved in angiogenesis regu la-
t ion might be an addit ional way to
provide robustness to the hypoxic
response. Occurrence of robust mecha-
n isms controlling angiogenesis is cru-
cia l to prevent an onset of the process
under weak or non-persistent hypoxic
stimuli, and, conversely, to ensure a
t imely and reproducible response
under susta ined hypoxic condit ions.

P E R SP E CTIVE S
In the present art icle, we have pro-
posed tha t miRNA-containing feed-
back and feedforward loops regu la ting
HIF-a expression and angiogenesis
can enhance robustness of the hypoxic
response. Even though bioinformat ic
analyses have demonstrated tha t
these loops can provide robustness, it

is impor tant to take into account tha t
proper t ies of the network motifs
are not exclusively dependent on qual-
ita tive interact ions. Quantitat ive pa-
rameters, such as stoichiometry of the
components and kinetics of the interac-
t ions in the loop, also determine the
functionality of these motifs (Graham
et a l., 2010; Pelaez and Carthew,
2012). The context in which the net-
work operates can also be cr it ica l, since
circuits do not act in isolation (Ebert
and Sharp, 2012). Therefore, experi-
menta l and computa tional evidence
will be extremely relevant to con�rm
an actual role of miRNAs in conferr ing
robustness to the hypoxic response.

The regu la tory role of miRNAs in
complex networks is on ly beginn ing
to be understood. These small RNAs
have unique proper t ies as gene
expression regu la tors, and studying
their involvement in in ter locked cir -
cu its and complex networks will help
us to fur ther understand their biologi-
ca l funct ions. One of the most impor -
tan t roles of miRNAs may be to pro-
vide robustness to the networks they
are involved in , regu la t ing many dif-
feren t biologica l processes, the
hypoxic response being one of them.
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