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Abstract

Ischemic retinopathies are clinically well-defined chronic
microvascular complications characterized by gradually
progressive alterations in the retinal microvasculature
and a compensatory aberrant neovascularization of the
eye. The subsequent metabolic deficiencies result in
structural and functional alterations in the retina which
is highly susceptible to injurious stimuli such as diabe-
tes, trauma, hyperoxia, inflammation, aging and dys-
plipidemia. Emerging evidence indicates that an effec-
tive therapy may require targeting multiple components
of the angiogenic pathway. Conceptually, mircoRNA
(miRNA)-based therapy provides the rationale basis
for an effective antiangiogenic treatment. miRNAs are
an evolutionarily conserved family of short RNAs, each
regulating the expression of multiple protein-coding
genes. The activity of specific miRNAs is important
for vascular cell signaling and blood vessel formation
and function. Recently, important progress has been
made in mapping the miRNA-gene target network and
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miRNA-mediated gene expression control. Here we
highlight the latest findings on angiogenic and antian-
giogenic miRNAs and their targets as well as potential
implications in ocular neovascular diseases. Emphasis is
placed on how specific vascular-enriched miRNAs regu-
late cell responses to various cues by targeting several
factors, receptors and/or signaling molecules in order
to maintain either vascular function or dysfunction. Fur-
ther improvement of our knowledge in not only miRNA
specificity, turnover, and transport but also how miRNA
sequences and functions can be altered will enhance
the therapeutic utility of such molecules.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: MircoRNA; Angiogenesis; Retinal neovascu-
larization; Vascular endothelial growth factor; Ischemia;
Endothelial cell

Core tip: This review examines the critical regulatory
role of microRNAs (miRNAs) in the process of normal
and pathological angiogenesis and the prospects that
they provide for the development of new treatments.
miRNAs are both upstream and downstream of multiple
growth factors in regulating endothelial proliferation,
migration, and vascular patterning, processes critical
for normal and abnormal formation of blood vessels.
Emphasis in this review is placed on how specific vas-
cular-enriched miRNAs regulate cell responses to vari-
ous cues by targeting several factors, receptors and/or
signaling molecules in order to maintain either vascular
function or dysfunction.

Agrawal S, Chaqour B. MicroRNA signature and function in
retinal neovascularization. World J Biol Chem 2014; 5(1): 1-11
Available from: URL: http://www.wjgnet.com/1949-8454/full/
v5/i1/1.htm DOI: http://dx.doi.org/10.4331/wjbc.v5.il.1
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INTRODUCTION

Angiogenesis is the generation of new blood vessels
from pre-existing ones, a process initiated by branch-
ing “decisions” of endothelial cells (ECs) to undergo
proliferation, guided migration, tubulogenesis, vessel

fusion and pruning. Physiological angiogenesis is crucial
in maintaining normal vascular growth and homeosta-
sis from embryogenesis to postnatal life, especially in
instances of fetal development, wound healing, trans-
plantation, post-ischemic tissue repair and the menstrual
cycle™. However, excessive angiogenesis is a commonly
occurring pathogenic condition in more than 30 diseas-
es, including eye diseases, cancer, theumatoid arthritis,
atherosclerosis, diabetic nephropathy, pathologic obesity,
asthma, cystic fibrosis, inflammatory bowel disease, pso-
riasis, endometriosis, vasculitis and vascular malforma-
tions. In particular, the vascular beds supplying the retina
often sustains injury as a result of underlying diseases
such as diabetes, trauma, hyperoxia, aging, dyslipidemia,
or the interaction of genetic predisposition, environ-
mental insults and age. The high metabolic and oxygen
demands make the retina highly susceptible to these inju-
rious stimuli which lead to an arrest of vascular develop-
ment, vaso-obliteration and/or vascular occlusion. The
subsequent vascular pathological response observed,
especially in intraocular vascular diseases, generates dis-
organized, leaky, and tortuous vessels that leak into the
interface between the vitreous and the retinal tissue, at-
tracting fibroglial elements causing severe hemorrhage,
retinal detachment, and vision loss. These atre the char-
acteristic features of neovascular and fibrovascular dis-
eases of the eye such as retinopathy of prematurity and
proliferative diabetic retinopathy. The exudative or “wet”
form of age-related macular degeneration (AMD) which
largely affects choroidal vessels and cause blindness in
elderly populations is characterized by the overgrowth
of the choriocapillaris that invade the Bruch’s membrane

and grow into subretinal spacesls’m.

GROWTH FACTOR EXPRESSION AS A
DETERMINANT FACTOR OF NORMAL
AND PATHOLOGICAL ANGIOGENESIS IN
THE RETINA

The formation of an aberrant and dysfunctional vas-
culature is commonly initiated by the uncontrolled
expression or, lack thereof of growth factors includ-
ing vascular endothelial growth factor (VEGF), Notch
and Wnt signaling components, bone morphogenic
protein, thrombospondins and insulin-like growth fac-
tors (IGFs)""". In particular, VEGF, a highly specific
mitogen for ECs, is a major determinant of normal and
pathological formation of the retinal vasculature”. Loss
of VEGTF attenuates blood vessel formation in mice

embryos leading to early embryonic lethality and causes
defective vascularization in adults’>'”. Conversely, high
expression of VEGF is common in avascular peripheral
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hypoxic regions of the retina compared to already vascu-
larized areas"”. Under conditions of oxygen deprivation,
hypoxia-inducible factor 1o (HIF-1q) is activated and
binds to its responsive elements in the promoter region
of VEGF and other hypoxia-responsive genes, caus-
ing their upregulation and subsequent abnormal vessel
growth“s]. Anti-VEGF treatments have been useful in
reducing neovascularization of the eye. However, not
all patients have achieved an optimal response. Safety
data from several studies identified ocular and systemic
adverse events including subretinal fibrosis, endophthal-
matis, traumatic cataract, non-ocular hemorrhage, ez.
Additionally, the use of anti-VEGF treatments, in the
case of AMD in diabetic patients, interfered with myo-
cardial revascularization and, in some cases, worsened
the pathology in the diabetic eyes as a result of VEGF-
dependent loss of neurotrophic and vasculotropic fac-
tors!'L.

There are numerous other factors that contribute
to neovascular growth. The erythropoietin (Epo) and
IVEGF genes, for instance, exhibit a similar expression
pattern during both physiological and pathological vessel
growth and inhibition of Epo suppressed retinal neo-
vascularization both 7 vive and in vitrd™*". Other factors
such as basic fibroblast growth factor (bFGF), platelet
derived growth factor (PDGF), transforming growth fac-
tor alpha, interleukin 8 (IL-8), connective tissue growth
factor (CTGF), pigment epithelium-derived factor,
IGF- 1, and matrix metalloproteinase (MMP)-2 were
similarly implicated in the neovascular response and are
considered as potential therapeutic targets. In addition,
inflammation-mediated cyclooxygenase-2 (COX-2) can
modulate angiogenesis zia its interaction with VEGF*
and important pro-angiogenic and neovascular functions
have been associated with the activation of the renin-
angiotensin system, ephrins, tyrosine kinase receptors
and ligands (e.g., tie/angiopoietin receptors). Together,
all these factors form a well-coordinated and functional
network of molecules affecting the process of normal
and pathological angiogenesis. Emerging evidence indi-
cates that antiangiogenic therapy may require therapeutic
approaches that target multiple components of the an-
giogenic pathwaym’w. Conceptually, microRNA-based
approaches may potentially provide the rationale basis for
such approaches.

MICRORNA BIOGENESIS AND FUNCTION
IN THE MODULATION OF GENE
EXPRESSION

Key events in gene regulation depend on specific small
non-coding RNA-guided posttranscriptional regulators,
commonly referred to as miRNAs that target a “mixture”
of diverse growth and differentiation factor mRNAs
encoding networks”). MicroRNAs are a relatively abun-
dant class of gene expression regulators that function
as “micromanagers” of gene expressionlzgl. These are
short non-coding RNAs (18-25 nucleotides) which work

February 26, 2014 | Volume 5 | Issuel |



Agrawal S et a/. Differential expression of miRNAs in neovascularization

Intron or exon RNA

Transcription by RNA pol 1

5'cap l

Pri-miRNA

3’ Poly-A tail

loop structures

Modified by drosha into 70 nt stem

l

Pre-miRNAs

e — -

Exportin-5

Base-pairs imperfectly

Nucleus

\» Cytoplasm

to inhibit translation
Mature miRNA
mRNA

Modified by dicer to
18-25 nt duplex

—

l

Base-pairs perfectly to
initiate degradation
Mature miRNA
mRNA PR

One mature strand is assembled into

the RISC complex

Figure 1 Schematic representation of microRNA (miRNA) biogenesis. miRNA genes are transcribed into large pre-miRNA (capital R) that are cleaved by a protein
complex containing the endonuclease Drosha into shorter pre-miRNAs. The latter are then transported to the cytoplasm by exportin-5. A complex containing the endonucle-
ase, Dicer, then cleaves the loop portion of the pre-miRNA (capital R) to form a short duplex molecule that is unwound, and the single-stranded mature mirNA is then passed
to Argonaute to from a functional mature, approximately 22 nucleotide, miRNA that inhibit translation after base-pairing with the 3" UTR of the miRNA (capital R) target.

post-transcriptionally to negatively regulate gene expres-
sion through translational inhibition or degeneration of
mRNAs. They might act as on-off switches to eliminate
mRNAs that should not be expressed in a particular cell
type or at a particular moment. MictoRNAs can also
act to fine tune mRNA abundance and adjust the levels
of their mRINA targets within a physiological range in
response to environmental cues. A single miRNA has
the capacity to target multiple target mRNAs, which can
themselves be targeted by numerous other miRNAs.
To date, 1186 mouse miRNA and 1872 human miRNA
sequences have been noted on the miRBase database
and may control at least 30% of all the protein-coding

Since the discovery of miRNAs, their biogenesis has
been thoroughly examined and it is now known that both
miRNAs and small interfering (si) RNAs share the same
cellular machinery™, Most #RN.A genes are transcribed
by RNA polymerase I, which is usually responsible for
the transcription of protein coding genes, to yield several
kilobase-long primary miRNA (pri-miRNA) transcripts
(Figure 1). Pri-miRNAs have characteristic loop stem (or
hairpin) morphology and contain the mature miRNA
sequence in the stem portion near the loop. The micro-
processor, containing the endonuclease Drosha, cleaves
the pri-miRNA into shorter pre-miRNAs that are trans-
ported to the cytoplasm by exportin-5. Once in the cy-
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toplasmic compartment, pre-miRNAs undergo the final
steps towards maturation. The first step involves “dicing”
of the loop portion of the molecule by another endo-
nuclease, Dicer and the transactivation response RNA
binding protein (TRBP). A miRNA-miRNA duplex that
is unwound is released together with the single-stranded
mature miRNA. The latter is then passed to Argonaute
to from a functionally mature, approximately 22 nucleo-
tide miRINA. The 2-8-bp “seed” region in the 5 end of
miRNAs binds to target 3’UTR of mRNA sequences and
inhibits translation if base-pairing is imperfect or initiates
mRNA cleavage if base-pairing is perfect.

REGULATION OF ANGIOGENESIS BY
MICRORNAS

The first studies of the functional significance of the
miRNA pathway in angiogenesis were performed using
conditional deletion of Dicer alleles, as complete loss
of Dicer resulted in a significant reduction of the ma-
ture miRNA profile and early embryonic lethality"".
Yang ez a/** have shown that mice with Dicer gene dele-
tion lack adequate blood vessel formation in embryos
and yolk sacs and die between 12.5 and 14.5 d post-
gestation, thus implicating Dicer-dependent miRNA
genesis in the regulation of blood vessel formation. De-
fects in these mice were due to dysregulation of VEGF

February 26, 2014 | Volume 5 | Issuel |
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and its receptors, KDR and FLT-1, along with Tie-1, an
angiopoietin-2 receptorm]. Similarly, silencing of Dicer
or Drosha in (ECs) using siRNA significantly inhibited
capillary sprouting and altered expression patterns of
Tie-2, VEGF receptor 2 (VEGFR2/KDR), Tie-1, endo-
thelial nitric oxide synthase (eNOS) and T1-8 7n vitrd™>",
Another study by Otsuka ez a/”” showed that in female
Dicer hypomorphic mice, infertility ensued from lack of
angiogenesis in the ovaries. Further analysis revealed that
impaired angiogenesis resulted from the absence of two
pro-angiogenic miRNAs, miR17-5p and let-7b, which
target anti-angiogenic factors™. Additionally, nude mice
subcutaneously injected with siRNA-transfected ECs
showed reduced angiogenic sprouting of transplanted
cells™. In two EC-specific Dicer knock-out mouse mod-
els generated by Suarez ef al, postnatal angiogenesis
significantly decreased in response to multiple stimuli.
In this study, transfection of cells with miR-18a, miR-
17-5p, and miR-20a (collectively forming the miR-17-92
cluster) restored normal angiogenesis in Dicer knockout
mice™. Taken together, these studies established a role
of Dicer-dependent miRNA biogenesis in the control
of angiogenesis in vitro and 7n vivo.

MICRORNA SIGNATURE IN NORMAL
AND PATHOLOGICAL ANGIOGENESIS

Recent studies have examined miRNA expression pro-
files and patterns during retinal angiogenesis[s’%’w. Mote
than 250 miRNAs have been enumerated in the retina
and new information on the regulation and mode of

action of those miRNAs is progressively emergingm].
Specific functions have been attributed to individual an-
giogenic miRNAs, although the challenge still remains in
3363941 Similarly, differen-

tial expression of miRNAs during retinal neovasculariza-

validating their protein targets

tion has been studied in the mouse model of oxygen-in-
duced retinopathy (OIR). In this model, seven miRNAs
were upregulated, including miR-451, -424, -146, -214,
-199a, -181 and -106a, when compared to control reti-
nas, while miR-31, -150 and -184 were downregulated.
However, this study provided only an exhaustive list of
potentially key angiogenic miRNAs whose expression
patterns, localization, and actual targets remain unclear.
Greater insights on angiogenic and antiangiogenic
miRNA expression and function have been obtained
from 7n vitro studies and other 7z vivo models of pathologi-
cal angiogenesis. Poliseno ez al*" have performed the first
large-scale analysis of miRNA expression in human um-
bilical vein endothelial cells using miRNA arrays. Twenty
seven highly expressed miRNAs were identified, 15 of
which were predicted to regulate the expression of re-
ceptors for angiogenic factors (e.g., Flt-1, Nrp-2, FGF-R,
c-Met, c-Kit). Additional studies from other groups have
identified a total of 200 miRNAs that are expressed in
ECs™*. Overall 28 endothelial-specific miRNAs were
highly expressed in 5 out of 8 of the profiling studies in-
cluding miR-221/222, miR-21, the let-7 family, miR-126,
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miR-17-92 cluster, and the miR 23-27-24 cluster™™***,
Angiogenic factors and receptors are putative targets of
those miRNAs""**!. However, it should be noted that
both abundantly expressed miRNAs as well as the rarely
expressed ones play important regulatory roles and the
exact /n vivo relevance of all miRNAs expressed in ECs
remains to be determined. Since angiogenesis involves
complex and intertwined pathways, we have classified the
currently known endothelial-specific miRNAs based on
the context/conditions of their expression (Figure 2).

Hypoxia-sensitive miRNAs

Microarray-based expression profiling revealed that
specific miRNAs are induced under hypoxic condi-
tions and target angiogenic factors produced by ECs™.
In particular, miR-15b, -16, -20a and -20b were shown
to be upregulated under hypoxic conditions and target
VEGF"™. Additionally, miR-15b and miR-16 are predict-
ed to be putative regulatory miRNAs of #PAR, COX2,
and ¢-MET, which themselves are induced in response
to hypoxic conditions™”. Upregulation of these miR-
NAs is p53- and HIF-1g-dependent. Other microarray-
based expression profiles have also revealed a set of
hypoxia-induced miRNAs which are also over-expressed
in tumors”™". In particular, miR-210 is hypoxia-induced
in all cell types tested™™?. In ECs subjected to hypoxia,
miR-210 regulates the tyrosine kinase receptor eph-
rin-A3 that contributes to vascular remodeling, miR-210
promotes the formation of capillary-like structures in
cultured ECs but, under hypoxic conditions, it decreases
ECs tube formation and migradon[52’53]. miR-100 is an-
other hypoxia-sensitive miRNA that was shown to be
significantly down-regulated after hind-limb ischemia®”.
Under these conditions, miR-100 repressed the expression
of an angiogenic serine/threonine protein kinase targeted
by rapamycin®. Furthermore, Shen ez a/”” reported a dra-
matic increase in the expression of miR-106a, -146, -181,
-199a, -214, -424 and -451 in a model of retinal ischemia
suggesting their potential roles in the pathogenesis of
neovascular diseases of the eye. Similarly, the hypoxia-
induced miR-424 and miR-200 target the protein complex

[56,57]

that stabilizes HIF-q and promote angiogenesis™ "

Growth factor-sensitive miRNAs

The effects of several angiogenic factors are mediated by
miRNAs such as miR-155, -191, -21, -18a, -130a, -17-5p,
-20a, -296, -101, -125b and -132"°", In particular, serum,
VEGF, and bFGF increased the expression of miR-
130a, which enhances angiogenesis by downregulating
the expression of anti-angiogenic homeobox proteins
such as growth arrest-specific homeobox and Homeo-
box protein Hox-A5"" 1n the presence of VEGF or
epidermal growth factor (EGF), the levels of miR-296
were significantly up-regulated in primary human brain
microvascular ECs'”. miR-296 was also found to be up-
regulated in tumors and targets the hepatocyte growth
factor-regulated tyrosine kinase substrate that inhibits
degradation of key angiogenic growth factor recep-
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tors such as VEGF receptor 2 and PDGF receptor .
Conversely, miR-101 was found to be down-regulated
by VEGF which then allows the expression of histone-
methyltransferase enhancer of zest homolog 2, increasing
methylation of histone H3 and enhancing a pro-angio-
genic response’’. miR-125b was induced transiently by
VEGTF and negatively regulates vascular endothelial (VE)-
cadherin to suppress tube formation i vitro and tumor
growth in vivd®”. A prolonged over-expression of miR-
125b 7n vivo resulted in blood vessel regression. Trans-
forming growth factor  (TGF-f) which is best known
for its profibrotic activities, is a potent inducer of VEGF
gene expression in retinal pigment epithelial cells”. How-
ever, numerous miRNAs have also been found to regulate
and participate in TGF-B-induced VEGFE expression®.
Such effect is mediated by miR-29a which targets the
phosphatase and tensin homolog (PTEN) gene, leading to
the activation of the protein kinase B pathway, increased
VEGF expression and angiogenesis'®”. Similarly, miR-132,
which is undetectable in normal endothelium, was shown
to be induced by VEGF and FGF in ECs and trigger neo-

L. . [65,66
vascularization in the retina®*,

Inflammation and cytokines

Inflammation typically has beneficial effects on an acute
basis, but it produces undesirable effects if persist-
ing chronically. Angiogenesis sustains inflammation by
providing oxygen and nutrients for inflammatory cells
which, in turn, stimulates pathological angiogenesis[m].
The increased expression of many inflammatory pro-
teins such as IL.-1, I1.-3 and tumour necrosis factor-alpha
(TNF-q), is regulated at the level of gene transcription
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through the activation of proinflaimmatory transcription
factors, including nuclear factor-kappa-B (NF-kB). In
retinal ECs of diabetic rats, the expression of miR-140,
-155, -132 and -21 up-regulates NF« B gene expression
and activity[m]. In contrast, miR-146 negatively regulates
ILL-1 receptor-associated kinase 1 and TNF receptor-
associated factor 6 which are themselves induced follow-
ing NF-kB activation™“", Thus, targeting miR-146 may
have an anti-inflammatory potential.

Meanwhile, T cell derived cytokine I1.-3, a pro-inflam-
matory and a pro-angiogenic cytokine, was reported to
down-regulate the expression of miR-296, miR-126, and
-miR-221/222 in ECs'"". The miR-222 exhibited anti-
angiogenic effects by negatively regulating STAT5A in a
mouse model of retinal neovascularization™. miR-126
has been portrayed as an anti-inflammatory molecule
because it suppresses TNF-or mediated vascular cell ad-
hesion molecule 1 (VCAM-1) expression and leukocyte
interactions with ECs”*",

Reactive oxygen species as inducers of EC senescence
There is considerable evidence that increased production
of reactive oxygen species (ROS) in the retina affects
retinal vessel formation, although the mechanisms by
which this occurs are not fully understood™. ROS such
as superoxide anions such as H20:2 inhibit EC growth
and increased cell death which are commonly associ-
ated with vaso-obliteration preceding ischemia'. Over-
expression of miR-23a from the miR-23-27-24 cluster
inhibits H202-induced apoptosis in retinal pigment epi-
thelial cells from AMD patients za the repression of Fas,
an activator of the apoptotic pathway'". Similarly, the
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miR-200c is up-regulated in ECs by oxidative stress and
affects EC proliferation and death by inhibiting ZEB1".

The miRNA profiling of aging human primacy ECs
revealed that miR-17,-21,-216,-217,-31b, and-181a/b are
highly expressedm. In particular, miR-217 is progres-
sively expressed in response to EC stimulation by ROS
and targets Sirtl (silent information regulator 1) that
regulates angiogenic gene expression via deacetylation
of histones”"". Inhibition of miR-217 in ECs reduced
senescence and enhanced angiogenesism. Likewise, miR-
34a targets Sirt] and impairs angiogenesis which leads to

51,74
the onset of senescence""".

OTHER MIRNAS WITH POTENTIALLY
IMPORTANT ANGIOGENIC FUNCTIONS
IN THE RETINA

Other miRNAs with potentially important angiogenic
functions in the retina were shown in Figure 2.

miR-221/222

miR-221 and miR-222 are two paralogue miRNAs
located in close proximity to one another on Xp11.3
chromosome*", Over-expression of miR-221/222
reduced EC growth iz vitro by targeting the c-Kit re-
ceptor, a tyrosine kinase receptor for stem cell factor
which regulates EC migration, and survival as well as
tube formation'"*”, EC transfection with miR-221/222
inhibits tube formation, migration, and wound heal-
ingw‘sz]. Conversely, miR-221/222 positively regulates
proliferation and migration of cultured vascular smooth
muscle cells, suggesting a cell type-specific function™”,
The proangiogenic effects of miR-221/222 in smooth
muscle cells are p27 and p57-dependent. A recent study
in zebra fish showed that miR-221 deficiency resulted
in drastic developmental vascular defects which un-
derscore an important function of miR-221/222 in
angiogenesism. In the latter study, miR-221 acts autono-
mously on the VEGF-C/Flt4 signaling pathway, altering
endothelial tip and stalk cell phenotypesm. miR-221
promotes tip cell migration and proliferation by nega-
tively regulating cyclin dependent kinase inhibitor 1b
and phosphoinositide-3-kinase regulatory subunit 1",
The discrepancy between the in vitro and in vivo activities
of miR-221/222 may be due to a differential effect on
the mature and non-mature circulatory system. Further
studies are needed to ascertain the regulation and func-
tion of miR-221/222 in developmental and pathological
angiogenesis in the retina.

miR-17-92 cluster

The miR-17-92 cluster is a polycistronic 7#RNA gene
located in intron 3 of chromosome 13 in humans, and
contains six mature miRNAs, miR-17, -18a, -19a, -19b-1,
-20a and -922"**. This cluster is highly expressed in
ECs and tumor cells and is strongly up-regulated by
ischemia™"*", Ectopic expression of the miR-17-92
cluster partially rescued the angiogenic phenotype of
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Dicer-deficient ECs™. Similarly, restoration of miR-17
in combination with let-7b in Dicer knockout mice also
partially normalized corpus luteum angiogenesis by tar-
geting the tissue inhibitor metalloproteinase-1, an anti-
angiogenic factor”™. The pro-angiogenic function of this
cluster is due to the inhibition of the anti-angiogenic
molecules thrombospondin-1 and CTGF by miR-18 and
miR-19, respectively[ssl. However, the function of this
miRNA cluster in retinal angiogenesis remains to be elu-
cidated.

miR-126

miR-126 is the best characterized EC-specific miRNA
and is known to be highly conserved among species“‘zﬂ.
It is encoded by intron 7 of the EGF-like domain 7.
miR-126 enhanced VEGTF signaling by directly targeting
the 3’UTR of Sprouty-related EVH1 domain contain-
ing protein-1 and phosphoinositol-3-kinase regulatory
subunit 27" Thus, miR-126 promotes angiogen-
esis by targeting negative regulators of the angiogenic
pathway. miR-126 affects cell migration, reorganization
of the cytoskeleton, capillaty network stability, and cell
survival 7 vitro”. Tt also altered developmental angiogen-
esis and vascular integrity. Fifty percent of miR-126 null
mice died as a result of severe systemic edema, ruptured
blood vessels and multifocal hemorrhagesm]. Vascular-
ization of the retina was shown to be severely impaired
in mice that survived the miR-126 deletion™. An intra-
vitreal injection of miR-126 in the retina reduced the
levels of VEGF, IGF-2, and HIF-1¢"". Additionally,
miR-126 exhibited tumor suppressor functions in lung
cancer cells by negatively regulating VEGF both 7 vivo
and 7 vitrd™™. Hence, strategies to modulate miR-126
levels may hold a great therapeutic value against retinal
neovascular discases.

miR-200b

The miR-200 family is up-regulated by stimuli such as
TGF-B1 and PDGF and suppresses growth of human
microvascular ECs”. Hypoxia inhibits miR-200b ex-
pression, prompting an clevated E#-7 gene expression
and its downstream target genes such as MMP7 and
IVEGFR2". Intravitreal injection of miR-200b mim-
icked reduced elevated levels of VEGF and prevented
angiogenesis in a model of diabetic retinopathy!™. Thus,
the regulation of miR-200b in retinal neovascular diseas-
es may prevent the aberrant expression of critical factors
associated with pathological angiogenesis.

miR-214

miR-214 is located on a non-coding intronic Dynamin-3
gene sequence and its expression is controlled by the
transcription factor Twist-1. HIF-1aw mediates Twist-1
transcription, which then allows miR-214 expression®”
Concordantly, miR-214 was shown to be up-regulated
in ischemic conditions when HIF-1¢ was stabilized"™”.
A recent study has shown that miR-214 directly targets
Quaking (QKI) and regulates the expression and secre-
tion of angiogenic growth factors such as VEGE, bFGF
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and PDGE"®", Quaking plays an essential role in vascular
development[szl. In vivo silencing of miR-214 enhanced
the formation of blood vessels on Matrigel plugs and
increased the secretion of pro-angiogenic growth fac-
tors™!, Additionally, miR-214 is substantially increased
in the mouse model of OIR™. Inhibition of miR-214
enhanced normalization of the vascularization of the
retina through the expression of QKI, suggesting that
miR-214 may function directly to either block pathologi-
cal neovascularization or prevent hyperoxia-induced va-

soobliteration®™".

miR-329

miR-329 targets the important pro-angiogenic gene,
CD146, and inhibits angiogenesis 7 vitro and in vivd™
CD146 is an adhesion molecule and an endothelial
biomarker which actively participates in the angiogenic
processm’w. CD146 functions as a co-receptor for
VEGFR2 and activates the p38/IkB kinase/NF-xB
signaling pathway leading to increased EC migration
and tube formation. A study by Wang e# al® has shown
that exposure of ECs to VEGF represses endogenous
miR-329 expression, resulting in the simultaneous up-
regulation of CD146 and treatment with miR-329 sig-
nificantly reduced retinal neovascularization. miR-329 is
thought to inhibit the expression of many downstream
pro-angiogenic genes including intercellular adhesion
molecule-1 ICAM-1), IL-8, and MMP-2, among others.
Thus, miR-329 serves as a potential therapeutic target in
pathological retinal angiogenesis.

miR-21

miR-21 is located on chromosome 17q23.2 within the
protein-coding region of the transmembrane protein
491 miR-21 promotes angiogenesis by inhibiting phos-
phate and tensin homolog deleted on chromosome 10
(PTEN), a potent negative regulator of the phosphatidyl
inositol-3 kinase/AKT signaling pathway. By blocking
Akt signaling, PTEN decreases both eNOS activity and
VCAM-1 expressionp]’%’sv]. In tumor cells, overexpres-
sion of miR-21 significantly increased the levels of
HIF-a and VEGE. In primary bovine retinal microvas-
cular ECs, inhibition of miR-21 drastically reduced pro-
liferation, migration, and tube-forming capacity reinforc-
ing the important pro-angiogenic role of miR-21 in the
retinal microvasculature®™.

miR-23-27-24 cluster

The miR-23-27-24 cluster is highly enriched in ECs and
is well conserved between rodent and humans™’. There
are two paralogs of the clusters: an intergenic miR-23a-
27a-24-2 cluster and an intronic miR-23b-27b-24-1 clus-
ter on vertebrate chromosomes 8 and 13 respectivelym.
miR-27a/b and miR-23a/b mediate proper capillary
formation in response to VEGF 7 vitrd™”. miR-27a/b
and miR-23a/b repress anti-angiogenic gene expression

such as SPROUTY2, SEMAGA and SEMAGD™. These
anti-angiogenic genes inhibit the mitogen-activated pro-
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tein kinase pathway and VEGF pathwayw. Additionally,
miR-23a/b and miR-27a/b also promote choroidal neo-
vascularization (CNV)HO]. Silencing of miR-23a/b and
miR-27a/b suppressed CNV in mice™. Thus, targeting
the miR-23-27-24 cluster may have beneficial therapeutic
applications in the treatment of AMD.

miR-132

miR-132 is highly up-regulated in human embryonic
stem cells and tumors whereas it was undetectable in a
normal endothelium”®”. However, stimulation of ECs
by growth factors increased the levels of miR-132 which
then activates quiescent endothelium by suppressing
p120RasGAP**. Suppression of p120RasGAP led
to the activation of Ras which then increases VEGF-
mediated phosphorylation of mitogen-activated protein
kinase extracellular related protein kinase kinase-1'".
Ectopic expression of miR-132 was sufficient to induce
EC proliferation in vitro and its inhibition significantly
reduced growth factor-mediated angiogenesis 7 vivo and
in vitrd®. Additionally, inhibition of miR-132 also greatly
decreased retinal neovascularization in mice'®. Thus,
carly detection and modulation of this miRNA may in-
hibit the onset of neovascularization.

CONCLUSION

Treatment and management of neovascular diseases rely
mainly on pharmacotherapy and/or surgical procedures.
However, these treatments are seldom efficacious and
they often are plagued by unwanted side effects and/or
insurmountable complications. The use of miRNAs that
specifically target a set of angiogenic genes appears to be
a viable alternative approach. Currently, there are numer-
ous ongoing clinical trials designed to test the efficacy
and effectiveness of such approach in the treatment of
various disorders (eg., atherosclerosis, cancer, inflam-
matory diseases) and the preliminary results are promis-
ing™”!. Neovascular diseases including those of the eye
will likely test/use such approach in a near future as outr
understanding of miRNA regulation and the molecular
mechanisms underpinning their functions increases ev-
ery day.

MicroRNAs are also increasingly considered as poten-
tial diagnostic markers of disease stages. Indeed, miRINAs
have been discovered in a wide variety of extracellular
body fluids such as saliva, serum, plasma, milk, and urine
as nuclease resistant entities”™"””. These extracellular
circulating miRNAs enable cell-to-cell communication
and also provide insight into the physiological states or
progression of pathological diseases within the secreting
cells”™. miRNAs are thought to be secreted from cells
in three possible ways: (1) via passive leakage from cells
resulting from injury, inflammation, apoptosis or necrosis;
(2) via an active sectetion method in membrane-bound
vesicles such as exosomes, shedding vesicles and apoptotic
bodies; and (3) vz an active secretion method of protein-
miRNA complexesmj. Exosomes are 30 nm-100 nm ves-
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icles, arising from multivesicular bodies and their release

31,92-95]

is mediated by the enzyme sphingomyelinase—Z[ .

Shedding vesicles, arising from the plasma membrane, is
facilitated wiz a ligand-receptor method. Further insight
into the exosomal miRNA formation and circulation may

not only validate their prognostic potential in the slowly

developing neovascular diseases of the eye but, will also

help design optimal delivery systems of miRNAs 7 vivo.
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Abstract

Interferon production is an important defence against
viral replication and its activation is an attractive thera-
peutic target. However, it has long been known that
viruses perpetually evolve a multitude of strategies to
evade these host immune responses. In recent years
there has been an explosion of information on virus-
induced alterations of the host immune response that
have resulted from data-rich omics technologies. Un-
ravelling how these systems interact and determining
the overall outcome of the host response to viral infec-
tion will play an important role in future treatment and
vaccine development. In this review we focus primarily
on the interferon pathway and its regulation as well as
mechanisms by which respiratory RNA viruses interfere
with its signalling capacity.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Respiratory virus; Interferon; Systems biol-
ogy; Proteomics; Genomics; Innate immunity

Core tip: Many novel regulators of innate immune sig-
nalling pathways, such as the interferon signalling path-

(4 9
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way, have been discovered recently. These advances
may be in part attributed to high-throughput systems
biology techniques including genomic, proteomic, miR-
NA and siRNA screens, as well as through various con-
firmatory methods using quantitative polymerase chain
reaction, microscopy, and animal models. Collectively,
these studies have provided insights into novel drug
targets that could boost host innate immunity or could
potentially serve as broad-spectrum anti-virals against
RNA respiratory viruses.

Kroeker AL, Coombs KM. Systems biology unravels inter-
feron responses to respiratory virus infections. World J Biol
Chem 2014; 5(1): 12-25 Available from: URL: http://www.
wjgnet.com/1949-8454/full/v5/i1/12.htm DOI: http://dx.doi.
org/10.4331/wjbc.v5.i1.12

INTRODUCTION TO SYSTEMS BIOLOGY
AND INTERFERONS

Virus-host studies of a wide range of viruses have identi-
fied many host changes that occur upon infection, includ-
ing the induction of a variety of anti-viral pathways. For
example, these include autophagy, apoptosis, endoplas-
mic-reticular stress, nuclear-factor kappa B (NF-xB) and
proteasomal degradation pathways as well as the topic of
this review, interferon signalling. Some of these studies
have utilized global genomic, transcriptomics and pro-
teomic technologies and have led to the characterizations

oy

of “infectomes”, “interactomes” and “interferomes”.
One of the great advantages to systems biology tools is
that they can provide a relatively unbiased “bottom-up”
discovery approach such as with global transcriptome
and siRNA screens. These have proven useful in the
characterization of innate immune responses. Biological
tools for detection of specific subsets of the cell are also
continually being developed, including probes for specific
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Figure 1 Interferon activation. NLRX1 :
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classes of enzymes, methods to detect different protein
post-translational and epigenetic modifications, and sub-
cellular fractionation techniques. As will be discussed be-
low, many studies have begun to characterize gene tran-
scription programs in response to viruses, have identified
novel anti-viral proteins and regulators of interferon pro-
duction and have experimented with novel approaches to
treatment of viral infection.

The study of interferons (IFN) is one of the oldest
known family of proteins with anti-viral properties. They
are produced and released in response to pathogens,
such as viruses and bacteria, and function in establish-
ing an anti-viral state in host cells and activating immune
cells (for review see'). Type I interferons in humans
include IFN-q, IFN-B, IFN-¢g, IFN-k and IFN-@ and
are classified as such by their ability to bind the IFNAR1-
IFNAR2 interferon receptor complexm. IFN-y is a type
I interferon and signals through the IFNGR1-IFNGR2
receptor complex. A third class of interferons, type I,
has been proposed and would likely contain IFN-A1, -A2
and -A3, which are also known as interleukin-29 (IL-29),
IL-28A and IL-28B, respectively, and bind IFNLR1 (also
known as I1.-28 receptor-a, IL-28Ra) and IL-10RB". Ef-
fects of interferons are numerous and depend on down-
stream signaling pathways. The canonical activation of
Janus-Kinase-Signal Transduction Activator (JAK-STAT)
signal]jngw, for example, induces a variety of interferon-
stimulated genes (ISGs) of which some have known anti-
viral activities. Activation of mitogen-activated protein
kinases”™ has also been shown to have anti-viral as well
as anti-proliferative effects. In contrast, phosphatidylino-
sitol 3-kinase activation'® induces cell proliferation and
increased protein synthesis (for review see!™. Autophagy
has also been described as an inducer of interferon™” as
well as being induced by interferons"""", The interactions
and cross-regulation of these pathways are complex and
are not well defined but overall, the ability of the host to
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mount an effective interferon response typically plays a
significant protective role against viral pathogenicity.

Regulation of the interferon signalling pathway is in-
fluenced by multiple cellular regulatory systems including
phosphorylation, ubiquitination and miRNA silencing, In
addition, viral components such as viral proteins and viral
RNA can also significantly impact interferon production
by the infected host cell. Systems biology approaches
have substantially contributed to understanding the inter-
actions of these vatious regulatory networks, the overall
outcome of their actions, and their impact on respiratory
virus replication. For example, it is becoming increasingly
popular to combine various omics technologies such as
transcriptome and proteomic screens with functional
validation using techniques such as siRNA screens, pPCR
and microscopy imaging.

REGULATION OF INTERFERON
INDUCTION

Activation of viral pattern recognition receptors

Innate immune responses are initially triggered in re-
sponse to viral infection through the recognition of
highly conserved pathogen association molecular patterns
(PAMPs). In terms of RNA viruses this typically involves
activation of RIG-like (RLR), Toll-like (TLR) and Nod-
like receptors (NLR) in the cytoplasm and at membra-
nous surfaces such as the plasma membrane, endosomes
and endoplasmic reticulum. A major outcome of RLR
and TLR activation is the production of interferons. This
induction, and its regulation, will be the focus of this re-
view (summarized in Figure 1).

Coordination of antiviral responses at the mitochondrial
outer membrane
An important event following RLR activation consists
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of the formation of mitochondrion-centric anti-viral
signalling complexes that regulate interferon and NF-xB
signalling cascades and subsequent immune responses.
The mitochondrial anti-viral signaling protein (MAVS)/
virus-induced signaling adaptor/interferon-beta pro-
moter stimulator protein 1/Cardif protein is central to
this process. Located at the outer mitochondrial mem-
brane, it acts as a scaffolding protein that interacts with
a variety of different host proteins that regulate down-
stream signalling pathways. There are many activators
and facilitators of MAVS-mediated signalling and some
of the most recently discovered ones include retinoic-
acid inducible gene I (RIG-I), nucleotide-binding oligo-
merization domain, leucine rich repeat containing X1
(NLRX1), MITA/Stimulator of interferon genes pro-
tein'”, Tom70"”, interferon-induced protein with tetratri-
copeptide repeats 3 (IFTT3)!", C1gA"™, tumor necrosis
factor receptor associated factor (TRAF) proteinsl16J and
UXT-V1"", The formation of MAVS-mediated com-
plexes can subsequently lead to the recruitment of tank
binding kinase (TBK1) and inhibitor of nuclear factor
kappa-B kinase (IKKe). However, this process is also
carefully controlled through recruitment of negative regu-
lators such as Ezh2"™ Mfn2"" SEC141.1"" and Wnt/beta-
catenin (WN'T/CTNNB) signalling™’. MAVS has also been
described to associate with the endoplasmic reticulum!>**,

P2 and autophagosomes[zsl, although the

peroxisomes
outcome of these events are beyond the scope of this re-
view. For further details we direct readers to a review by
Belgnaouim. Opverall, MAVS-interacting partners influ-
ence the extent of activation ot inhibition of downstream

interferon and NF-kB anti-viral pathways.

Activation of interferon regulatory factors

RLR and TLR activation culminate in the phosphoryla-
tion, activation and nuclear translocation of various IRF
transcription factors. Two well-known factors are IRF3
and IRF7, which can be activated by kinases TBKI1,
IKKi, TAK1, and interleukin-1 receptor-associated
kinase. This activation is carefully controlled through
ubiquitin-mediated degradation of TBKI, which can
be negatively regulated by tripartite motif containing
11 (TRIM11)"*", ring finger protein 11 (RNF11)* and
thyroid receptor-interacting protein™. Interaction with
other molecules such as TRAF3, DDX3 [(DEAD (Asp-
Glu-Ala-Asp) box polypeptide 3]™"
protein 1P can also modulate downstream signalling. In-
terestingly, a recent study using triple IRF3/IRF5/IRF7
knockout mice™ demonstrated a formerly unappreciated
role of IRF5 in interferon induction in myeloid dendritic
cells. Genome-wide IRF1 binding sites have also been
characterized in primary monocytesmj. Overall, the IRF
family members are essential mediators of interferon sig-
nalling in response to RNA viral infection.

and nef-associated

Other regulators of interferon production
Numerous other proteins have been described in regulat-
ing interferon production including activators Gab1%
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and suppressors protein tyrosine phosphatase 1™ fork-
head box protein 03" and toll/intetleukin-1 receptor
domain containing adaptor molecule 2 (TRIF) degrada-
tion”". Several E3 ligases promote interferon signalling
such as Pellino1™, TRIM25"™, TRIM32"" and Riplet™".
Other E3 ligases have been characterized with a nega-
tive regulatory role in interferon production, such as
Smurf1™, RNF125* disintegrin and metalloproteinase
domain-containing protein 15" TRIM38"" TRIM11%"
and TRIM21"* Finally, several deubiquitinases appear
to negatively regulate interferon responses, for example
OTUB1" and UCHL1"". In addition, miRNAs are
emerging as important regulators of interferon-mediated
anti-viral responses such as miR-155" miR-21"""
miR-146"" and miR-4661",

JAK-STAT signalling

Secreted type I interferons bind to interferon receptors
at the cell-membrane and induce the janus activated
kinase-signal transducer and activator (JAK-STAT)
pathway. The bound receptor activates self-catalyzed
kinase activity and causes phosphorylation, dimerization
and nuclear translocation of STAT proteins. Ubiquitina-
tion has also been demonstrated to negatively regulate
this pathway, for example, by ubiquitinating JAK1 > and
STAT1"" a5 well as through binding of suppressor
of cytokine signaling and protein inhibitor of activated
STAT proteins, which recruit E3 ligases[sﬂ. In addition,
mir-19a has been identified as a JAK-STAT regulatorm.

ISG-induced gene transcription

There are many different interferon transcriptional pro-
grams that depend on factors such as the receptor and
JAK isoforms, as well as the type of STAT dimer™
that are induced. These in turn are dependent on the
stimulus, species, cell type, and co-stimuli. Because of
this complexity, the study of interferon-stimulated gene
(ISG) transcription patterns has benefited greatly from
omics studies and has begun to provide powerful insights
into the effects of interferons on host transcription. The
response to interferon-gamma, for example, has been
a source of recent interest and has been demonstrated
to regulate ISGs at both the mRNAP" and miRNA lev-
el A few specific miRNAs that have been identified
as interferon regulators include miR-203"" and miR-9"".
Genome-wide DNA-binding sites for STAT1 have also
been characterized using ChIP—SeqM. Many quantitative
proteomic studies have also identified altered expression
patterns of interferon-induced proteins upon various
stimuli, especially after viral infection; some of these
genes have also been found to be dependent upon NF-
kB signalh'ng[("”.

Microarrays and quantitative proteomics: Identifying
global viral-induced alterations to the host response
A variety of models have been used to study the induc-
tion of innate immune pathways following virus infec-
tion, including epithelial cells, productive and abortive

February 26, 2014 | Volume 5 | Issuel |



Table 1 For example references

Cell type Proteomics Genomics
Respiratory Epithelial cells [95-98] [99]
syncytial virus Macrophages - [65,100]
Cord blood - [101]
Coronavirus Epithelial cells [79,80,102-104] [76-78]
Pro-monocytes -
Influenza Macrophages [70,73,105,106] [110]
Epithelial cells [71,72,107] [111]
Mice [108] [112,113]
Ferrets - [114,115]
Macaques [109] [112,116]
Reovirus Epithelial cells [117-120] [64]
Myocytes [119] -
Mice - [121]
Rhinovirus Epithelial cells - [74,122,123]
Dendritic cells [66] -
Human nasal cells - [75]

infections in macrophages[65], dendritic cells*” and animal
models (see Table 1). Microarrays have been particularly
popular for these studies due to its ability to provide a
comprehensive analysis of the entire cellular genome
with relatively sensitive quantification of gene expression
(see!” for review of microarray technologies). Quan-
titative proteomic studies have also been important in
validating these findings at the protein level and have
been useful, for example, in the search for biomarkers.
Many respiratory viruses, such as influenza™ ™, reovirus,
and rhinovirus'™"” demonstrate a robust activation of
antiviral pathways and pro-inflammatory cytokines. Both
genomic and proteomic analyses have demonstrated hubs
of gene and protein induction that are induced by key
transcriptional factors such as IRFs, STAT proteins, NF-
kB and JNK. On the other hand, genomic profiling of
respiratory syncytial virus® and pathogenic coronavirus-
es such as severe acute respiratory syndrome (SARS) and
EMC strains have been reported to elicit weaker innate
immune responsesm"m]. The absence of interferon signal-
ling has also been recapitulated in several proteomic viral-
host studies””™".

Analyses of microRNA expression during influenza
have recently begun to emerge in a variety of models
including respiratory epithelial cells™ ™ human blood™
immune cells®*” and lung tissue in animal models”™”"!
Collectively these have identified roles for miR-18a
and miR-223""" in negative regulation of STAT3, mir-29
in IFN-y1 productionlg()], and miR-449b as a positive
regulator of IFN-B production™. miR-23b has also been
identified as a novel anti-viral molecule that is induced
through RLR signaling during rhinovirus infection™.

>

86,92]

Strain differences: One of the fundamental questions
of virology revolves around deciphering factors of
pathogenesis. Hence, some studies have attempted to
identify pathways that are differentially altered by patho-
genic viral strains compared to less pathogenic strains.
Influenza has been particularly well studied in this respect
and several host factors have been identified that are
unique to the replication of strains such as the patho-
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genic avian H5N1, the p2009 swine flu and the 1918
Strain!®70108.124

). However, rather than inducing radically
different cell responses, many different influenza strains
have been found to activate surprisingly similar immune
signatures (reviewed in“zsl). It was, instead, the degree
U2 of these path-

ways that was found to significantly impact the severity

and timing of activation and resolution

of disease!™. Dysregulation of the host inflammatory
response in particular is a major determinant of influenza
pathogenicity and is influenced by both viral and host
factors'”’. Different rhinovirus strains, for example type
14 and 1B"*'" have also been demonstrated to have
different abilities to attenuate interferon production and
secretion from epithelial cells. This effect has been attrib-
uted to the inhibition of TRF3 dimerization*"*” but the
viral mechanism leading to this is unknown.

Cell type differences: Cell types have also been demon-
strated to express different basal levels of interferon and
hence, have different innate susceptibilities to viral infec-
tion!12011

feron signaling between primary bronchial lung epithelial
cells and the A549 continuous alveolar epithelial cell line
suggested differences between either primary and cancer
cell lines and/or epithelial cells of different origins in the
lungm. Additionally, different cell types have been shown

to influence the degree of interferon activation after reo-
[132]

. For example, a direct comparison of inter-

virus infection

Correlation of interferon signaling with pathogen-
esis: Generally interferon production is considered
protective against viral infections. It has been shown nu-
merous times that cells that produce less interferon, such
as Vero cells, are more susceptible to viral infection and
produce high titers of the virus'™, The extent of inter-
feron inhibition by the influenza non-structural (INS)-1
protein and RSV NS1 and NS2 proteins' "> has also
been extensively studied and correlates negatively with
pathogenicity[137’l38]. Similarly, models in which intetferon
signaling has been disrupted, such as by deleting IFNR,
can produce high viral titers'”” and display increased lung
tissue pathologymo]. Conversely, type I interferon signaling
has also been shown to contribute to secondary bacterial
infections"*"'"*. Tn some studies the degree of interferon
induction correlated positively with the degree of patho-
genicity. For example, the reovirus T3D strain is consid-
ered more pathogenic the T1L strain, but the T3D strain
was found to induce higher levels of innate immunity
proteins[(’4’1”’“8]. The role of interferons in these situa-
tions is not currently understood.

Altered innate immune responses in chronic lung
diseases: Many studies with rhinovirus have investigated
differences in the immune response between healthy and
non-healthy donor cells. In one study, infection of chron-
ic obstructive pulmonary disorder (COPD) epithelial cells
induced higher transcription levels of cytokines, chemo-
kines, RNA helicases, interferons and increased apoptosis
compared to infection of healthy control cells. In addi-
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tion, basal levels of several antiviral signalling pathways
were altered in COPD patients“zsj. Similarly, asthma-
derived epithelial cells also showed altered expression of
several immunity genes both at basal levels and during
thinovirus infection"*"*!. Modulation of rhinovirus-
induced host responses has also been investigated in the
presence of Echinacea extracts and cigarette smoke?.

Core innate immune responses shared by multiple
respiratory viruses: While many studies that have been
discussed in this review have focused on identifying
global host responses towards a single virus, a few stud-
ies have directly compared viruses from multiple families.
For example, Smith ¢/ ™. identified common gene
networks that were activated in response to seven respira-
tory viruses: influenza A virus, respiratory syncytial virus,
rhinovirus, SARS-coronavirus, metapneumonia virus,
coxsackievirus and cytomegalovirus“44]. Among those re-
sponses were pathways associated with a general immune
response including interferon signalling“44]. A second
study also identified core immune responses to four re-
spiratory viruses including apoptosis induction, endoplas-
mic reticulum stress and interferon signa]]ingl()gj. In addi-
tion several host interferon-induced proteins have been
tested against multiple families and strains of viruses. For
example, IFIT1""! Interferon-inducible transmembrane
(IFITM) proteins'**, ISG15"""* and Viperin" " pro-
tect against multiple virus families.

Overall, microarrays and quantitative proteomics have
allowed sensitive and comprehensive analyses of the host
genome, and have contributed substantially to under-
standing the types and kinetics of signaling pathways that
are activated upon viral infections.

Identification of host-virus interactions and novel
restriction factors

Interactomes, viral-mediated antagonism of inter-
feron signaling: As many viruses encode interferon-an-
tagonizing proteins, there has been significant interest in
defining their interacting partners in the host cell. Several
studies have also been undertaken to identify host pro-
teins that recognize dsRNA and 5’pppRNA. This has, for
example, led to the discovery and characterization of the
IFIT family"* and their role anti-viral innate immunity.

Influenza: The influenza NS1 protein is a well-known
antagonist of interferon signalling and is able to interfere
with multiple anti-viral pathways. Viral-host studies have
identified additional host proteins that interact with the
influenza NS1 protein, using either plasmid-based expres-
sion of NS1"" or during whole virus infection™>"",
Collectively, the integration of multiple interactome stud-
ies has allowed networks such as Flu-Pol to be established
which provide the basis for comparing differences and
commonalities between influenza strains and cell types
and are useful for targeted drug design.

RSV: RSV proteins NS1 and NS2 strongly inhibit
IFN o/ by preventing the phosphorylation of the IFN
regulatory factor-3""""" as well as activation of NLRX1
and RIG-1", Additionally, the RSV NS1 protein inter-
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feres with interferon signaling through interaction with an
elonginC-cullin2 E3 ligase complex that ubiquitinates and
degrades STAT2""" RSV NS1 and NS2 have also been
shown to alter miRINA expression, which can contribute
to antagonism of interferon and NF-kB responsesmo].

Coronavirus: In studies with coronaviruses, it has
been previously proposed that the viral deubiquitinase,
PLpro, plays a major role in suppressing interferon-alpha
induction. In support of this idea, Li ez a/'*" recently
demonstrated that PLpro overexpression mediated the
down-regulation of mitogen-activated protein kinase and
up-regulation of the ubiquitinase Ubiquitin ligase (UBC
E2-25k). The open reading frame 6 protein has also been
shown to attenuate antiviral responses by sequestering
host nuclear impact factors including STAT1"™] vitamin
D receptor, cyclic AMP-responsive element-binding pro-
tein 1, mothers against decapentaplegic homolog 4, p53,
Epas [ and Oct3/4"%,

Rhinovirus: Despite induction of interferon gene
transcription, rhinovirus (type 14) infection can strongly
attenuate interferon secretion from epithelial cells. This
effect has been attributed to the inhibition of IRF3 di-
U421 but the viral mechanism leading to this
is unknown. In contrast, rhinovirus 1B readily stimu-

merization

lated interferon production in bronchial smooth muscle
cells"*, suggesting different interferon regulation be-
tween strains and/or cell types.

Reovirus: The degree of IFN—a/B induction after
reovirus infection has been attributed to both host and
viral factors but is not well understood. However, repres-
sion of interferon signaling has been mapped to the M7,
1.2 and 271 genes.

Knockdown/Knockout studies: siRNA technology has
been important in testing functional effects of interferon-
induced proteins. Both whole genome siRNA screens,
and individual knockdown experiments have discovered
and validated anti-viral effects of many including interferon-
induced proteins such as the IFITM1-3 proteins““‘, IRF3
and TRF2 (Shapira), ISG15"*" and Viperin"”’. In contrast,
several interferon pathway members have been assigned
pro-viral functions such as MxB"*® and IFTT2"%'%,

Knock-out animals have also underscored the pro-
tective effects of interferon signalin}g during respiratory
virus infections, for example, ISG15 Hante) IFNAR’/’WW,
and MxA” "™, In addition to its role in innate immunity,
interferons have also been demonstrated to have pro-
found effects on the adaptive immune system, for exam-
ple, by priming CD" T-cells during influenza infection"”?
and inhibiting neurotropism of reovirus infection ™",
Although discussion of the effects of interferon on
whole host immunity is beyond the scope of this review,
further discussion can be found in several comprehensive
reviews! ™.

Collectively, these studies have provided fundamental
insights into how cells respond to RNA virus infection
and have highlighted the importance of interferon in-
duction in restricting virus replication and activating an
appropriate host immune response. Many new and unex-
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pected regulators of interferon signalling have been dis-
covered and have demonstrated how multiple anti-viral
networks interact such as ubiquitin-mediated regulation
of interferon signalling molecules. As large omics studies
move forward, it will become possible to compare and
draw connections between anti-viral networks that are
induced by different viruses.

FUTURE DIRECTIONS: INTERFERON
SIGNALING AS A BROAD-SPECTRUM
ANTI-VIRAL PATHWAY?

Using interferons therapeutically has been most exten-
sively studied in models of hepatitis. However, it has also
shown some promise in protecting against a variety of
other virus families, including the respiratory viruses dis-
cussed in this review. For example, exogenous IFN—al}?};a

[177-179]

treatment has proven effective against influenza R
[128,180 [181-183

rhinovirus I and coronavirus |, Interferons are
also important in protecting against reovirus infec-
tions'*. The role of type Il interferons is generally not
as well understood as type [ but may also afford protec-
tion against respiratory viruses'" .

Interferons can also be endogenously elicited through
a variety of RLR and TLR agonists. 5’pppRNA, for ex-
ample, is a well-known and potent RIG-1 agonist and
has been demonstrated to protect against both RNA and
DNA viruses, including Dengue virus, influenza, hepati-
tis C and human immunodeficiency virus-1"*, Similarly,
TLR agonists such as dsRNAM o inosine-containing
ssSRNA"™ have been shown to protect against coronavi-
rus, influenza, and respiratory syncytial virus infections
in mice. A commercial compound, Arbidol, has also had
some success in neutralizing various respiratory viruses
such as influenza, rhinovirus, adenovirus, coxsackie virus
and RSV"™, Additional small molecules that induce type
I interferons have recently been identified using high-
throughput screens!
nists of interferon signaling can also boost the produc-
tion of interferon. As discussed above, these antagonists
can either be host molecules or viral proteins, and inhibi-
tors to each have been described"™. Interestingly, ribavi-
rin treatment of RSV-infected epithelial cells was shown
to enhance interferon-stimulated gene expression””” and
treating RSV-infected macrophages with lovastatin was
shown to blunt pro-inflammatory cytokine gene expres-
sion"™). These therapies may have potential for broad-
spectrum anti-viral properties.

Despite successfully treating some viral infection with
interferon, it has also been noted that interferon stimula-
tion can increase lung inflammation. Many gene array
studies have also positively correlated pathogenicity or cy-
topathology with the induction of interferon and/or in-
flammatory genes. For example, the severe pathology of
the 1918 influenza pandemic and of H5N1 (bird flu) vi-
ruses has been attributed to a “cytokine storm” (reviewed
by, Tt is therefore important to identify the mecha-

P Alternatively, inhibiting antago-
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nisms behind interferon-dependent protection against
viruses. Numerous studies, for example, have suggested
that MxA is a major effector of INF-q pre-treatment

195-197 . . .

1517 other newly identified interferon-

[146,198]
b

against influenza
induced anti-viral proteins include IFITM proteins
1SG15"" and Viperinmg’m]. It may also be useful to

combine interferon treatment with anti-inflammatory

. 199-201 202
compounds such as curcumin { | tesveratrol™, S1P

agonists[m’zw, COX-2 inhibitors™** and statins" """\

CONCLUSION

The study of immune responses to viral infection has
benefited greatly from viral proteomic studies. However,
knowledge of proteomic subsets is still limited and fu-
ture studies could provide more detailed insight into the
dynamics of protein localization, activity and regulation
through post-translational modifications during virus in-
fection. Based on current technologies and identified net-
wortks, it may be beneficial to also investigate alterations
of the phosphoproteome, ubiquitome, and the activity
of proteasomes after viral infection. The development of
broad-spectrum anti-virals has also shown some potential
and could benefit from comparative analyses of multiple

viruses.

REFERENCES

1

25-39 [PMID: 23947345 DOI: 10.1111/imr.12101]

R700006200]

69-77 [PMID: 12483210 DOI: 10.1038/1i875]

10.4161/jkst.23931]

23954936 DOI: 10.1038 /nri3495]

jbc.270.27.15938]

15864272 DOI: 10.1038/nri1604]

23219390 DOI: 10.1016/j.immuni.2012.09.014]

17

Durbin RK, Kotenko SV, Durbin JE. Interferon induction
and function at the mucosal surface. Immunol Rev 2013; 255:

de Weerd NA, Samarajiwa SA, Hertzog PJ. Type I interferon
receptors: biochemistry and biological functions. | Biol Chem
2007; 282: 20053-20057 [PMID: 17502368 DOI: 10.1074/jbc.

Kotenko SV, Gallagher G, Baurin VV, Lewis-Antes A, Shen
M, Shah NK, Langer JA, Sheikh F, Dickensheets H, Donnelly
RP. IFN-lambdas mediate antiviral protection through a dis-
tinct class II cytokine receptor complex. Nat Immunol 2003; 4:

Au-Yeung N, Mandhana R, Horvath CM. Transcriptional
regulation by STAT1 and STAT?2 in the interferon JAK-STAT
pathway. JAKSTAT 2013; 2: 23931 [PMID: 24069549 DOI:

Arthur JS, Ley SC. Mitogen-activated protein kinases in in-
nate immunity. Nat Rev Immunol 2013; 13: 679-692 [PMID:

Uddin S, Yenush L, Sun XJ, Sweet ME, White MF, Platanias
LC. Interferon-alpha engages the insulin receptor substrate-1
to associate with the phosphatidylinositol 3’-kinase. | Biol
Chem 1995; 270: 15938-15941 [PMID: 7608146 DOI: 10.1074/

Platanias LC. Mechanisms of type-I- and type-Il-interferon-
mediated signalling. Nat Rev Immunol 2005; 5: 375-386 [PMID:

Henault J, Martinez ], Riggs JM, Tian ], Mehta P, Clarke L,
Sasai M, Latz E, Brinkmann MM, Iwasaki A, Coyle A]J, Kol-
beck R, Green DR, Sanjuan MA. Noncanonical autophagy is
required for type I interferon secretion in response to DNA-
immune complexes. Immunity 2012; 37: 986-997 [PMID:

Law AH, Lee DC, Yuen KY, Peiris M, Lau AS. Cellular re-
sponse to influenza virus infection: a potential role for au-
tophagy in CXCL10 and interferon-alpha induction. Cell Mol
Immunol 2010; 7: 263-270 [PMID: 20473322 DOI: 10.1038/

February 26, 2014 | Volume 5 | Issuel |



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Kroeker AL et a/. Interferon responses to respiratory viruses

cmi.2010.25]

Schmeisser H, Fey SB, Horowitz J, Fischer ER, Balinsky
CA, Miyake K, Bekisz J, Snow AL, Zoon KC. Type I inter-
ferons induce autophagy in certain human cancer cell lines.
Autophagy 2013; 9: 683-696 [PMID: 23419269 DOI: 10.4161/
auto.23921]

Kalvakolanu DV, Gade P. IFNG and autophagy: a critical
role for the ER-stress mediator ATF6 in controlling bacterial
infections. Autophagy 2012; 8: 1673-1674 [PMID: 22874566
DOI: 10.4161/auto.21403]

Zhong B, Yang Y, Li S, Wang YY, Li Y, Diao F, Lei C, He X,
Zhang L, Tien P, Shu HB. The adaptor protein MITA links
virus-sensing receptors to IRF3 transcription factor activa-
tion. Immunity 2008; 29: 538-550 [PMID: 18818105 DOI:
10.1016/j.immuni.2008.09.003]

Liu XY, Wei B, Shi HX, Shan YF, Wang C. Tom70 mediates
activation of interferon regulatory factor 3 on mitochondria.
Cell Res 2010; 20: 994-1011 [PMID: 20628368 DOI: 10.1038/
cr.2010.103]

Liu XY, Chen W, Wei B, Shan YF, Wang C. IFN-induced
TPR protein IFIT3 potentiates antiviral signaling by bridg-
ing MAVS and TBK1. | Immunol 2011; 187: 2559-2568 [PMID:
21813773 DOI: 10.4049/jimmunol.1100963]

Wang Y, Tong X, Zhang J, Ye X. The complement C1qA en-
hances retinoic acid-inducible gene-I-mediated immune sig-
nalling. Immunology 2012; 136: 78-85 [PMID: 22260551 DOI:
10.1111/j.1365-2567.2012.03561.x]

Liu S, Chen J, Cai X, Wu J, Chen X, Wu YT, Sun L, Chen
Z]. MAVS recruits multiple ubiquitin E3 ligases to activate
antiviral signaling cascades. Elife 2013; 2: e00785 [PMID:
23951545 DOI: 10.7554 / eLife.00785]

Huang Y, Liu H, Ge R, Zhou Y, Lou X, Wang C. UXT-V1
facilitates the formation of MAVS antiviral signalosome on
mitochondria. | Immunol 2012; 188: 358-366 [PMID: 22131337
DOI: 10.4049/jimmunol.1102079]

Chen CH, Zhang XQ, Lo CW, Liu PF, Liu YT, Gallo RL,
Hsieh MF, Schooley RT, Huang CM. The essentiality of
alpha-2-macroglobulin in human salivary innate immunity
against new H1IN1 swine origin influenza A virus. Pro-
teomics 2010; 10: 2396-2401 [PMID: 20391540 DOI: 10.1002/
pmic.200900775]

Yasukawa K, Oshiumi H, Takeda M, Ishihara N, Yanagi Y,
Seya T, Kawabata S, Koshiba T. Mitofusin 2 inhibits mito-
chondrial antiviral signaling. Sci Signal 2009; 2: ra47 [PMID:
19690333 DOI: 10.1126/ scisignal.2000287]

Li MT, Di W, Xu H, Yang YK, Chen HW, Zhang FX, Zhai
ZH, Chen DY. Negative regulation of RIG-I-mediated innate
antiviral signaling by SEC14L1. | Virol 2013; 87: 10037-10046
[PMID: 23843640 DOI: 10.1128/JVI1.01073-13]

Baril M, Es-Saad S, Chatel-Chaix L, Fink K, Pham T, Ray-
mond VA, Audette K, Guenier AS, Duchaine J, Servant M,
Bilodeau M, Cohen E, Grandvaux N, Lamarre D. Genome-
wide RNAI screen reveals a new role of a WNT/CTNNB1
signaling pathway as negative regulator of virus-induced
innate immune responses. PLoS Pathog 2013; 9: e1003416
[PMID: 23785285 DOI: 10.1371/journal.ppat.1003416]
Horner SM, Liu HM, Park HS, Briley ], Gale M. Mitochon-
drial-associated endoplasmic reticulum membranes (MAM)
form innate immune synapses and are targeted by hepatitis
C virus. Proc Natl Acad Sci USA 2011; 108: 14590-14595 [PMID:
21844353 DOI: 10.1073 / pnas.1110133108]

SunW, LiY, Chen L, Chen H, You F, Zhou X, Zhou Y, Zhai Z,
Chen D, Jiang Z. ERIS, an endoplasmic reticulum IFN stimu-
lator, activates innate immune signaling through dimeriza-
tion. Proc Natl Acad Sci USA 2009; 106: 8653-8658 [PMID:
19433799 DOI: 10.1073 / pnas.0900850106]

Ishikawa H, Barber GN. STING is an endoplasmic re-
ticulum adaptor that facilitates innate immune signalling.
Nature 2008; 455: 674-678 [PMID: 18724357 DOI: 10.1038/na-
ture07317]

Jounai N, Takeshita F, Kobiyama K, Sawano A, Miy-

(4 9

TR
JBaishideng®

WIJBC | www.wjgnet.com

26

27

28

29

30

31

32

33

34

35

36

37

38

39

awaki A, Xin KQ, Ishii KJ, Kawai T, Akira S, Suzuki K,
Okuda K. The Atg5 Atgl2 conjugate associates with in-
nate antiviral immune responses. Proc Natl Acad Sci USA
2007; 104: 14050-14055 [PMID: 17709747 DOI: 10.1073/
pnas.0704014104]

Belgnaoui SM, Paz S, Hiscott J. Orchestrating the interferon
antiviral response through the mitochondrial antiviral sig-
naling (MAVS) adapter. Curr Opin Immunol 2011; 23: 564-572
[PMID: 21865020 DOI: 10.1016/j.c0i.2011.08.001]

Lee Y, Song B, Park C, Kwon KS. TRIM11 negatively regu-
lates IFNf production and antiviral activity by targeting
TBK1. PLoS One 2013; 8: 63255 [PMID: 23675467 DOI:
10.1371/journal.pone.0063255]

Charoenthongtrakul S, Gao L, Parvatiyar K, Lee D, Harhaj
EW. RING finger protein 11 targets TBK1/IKKi kinases to
inhibit antiviral signaling. PLoS One 2013; 8: 53717 [PMID:
23308279 DOI: 10.1371/journal.pone.0053717]

Zhang M, Wang L, Zhao X, Zhao K, Meng H, Zhao W, Gao C.
TRAF-interacting protein (TRIP) negatively regulates IFN-f3
production and antiviral response by promoting proteasom-
al degradation of TANK-binding kinase 1. ] Exp Med 2012;
209: 1703-1711 [PMID: 22945920 DOI: 10.1084/jem.20120024]
Gu L, Fullam A, Brennan R, Schréder M. Human DEAD
box helicase 3 couples IkB kinase ¢ to interferon regulatory
factor 3 activation. Mol Cell Biol 2013; 33: 2004-2015 [PMID:
23478265 DOI: 10.1128/MCB.01603-12]

Zhao W, Wang L, Zhang M, Wang P, Yuan C, Qi ], Meng H,
Gao C. Tripartite motif-containing protein 38 negatively reg-
ulates TLR3/4- and RIG-I-mediated IFN-p production and
antiviral response by targeting NAP1. | Immunol 2012; 188:
5311-5318 [PMID: 22539786 DOI: 10.4049/jimmunol.1103506]
Lazear HM, Lancaster A, Wilkins C, Suthar MS, Huang A,
Vick SC, Clepper L, Thackray L, Brassil MM, Virgin HW,
Nikolich-Zugich ], Moses AV, Gale M, Friih K, Diamond MS.
IRF-3, IRF-5, and IRF-7 coordinately regulate the type I IFN
response in myeloid dendritic cells downstream of MAVS
signaling. PLoS Pathog 2013; 9: 1003118 [PMID: 23300459
DOI: 10.1371/journal.ppat.1003118]

Shi L, Perin JC, Leipzig ], Zhang Z, Sullivan KE. Genome-
wide analysis of interferon regulatory factor I binding in
primary human monocytes. Gene 2011; 487: 21-28 [PMID:
21803131 DOI: 10.1016/j.gene.2011.07.004]

Zheng Y, An H, Yao M, Hou ], Yu Y, Feng G, Cao X. Scaf-
folding adaptor protein Gabl is required for TLR3/4- and
RIG-I-mediated production of proinflammatory cyto-
kines and type I IFN in macrophages. ] Immunol 2010; 184:
6447-6456 [PMID: 20435932 DOI: 10.4049/jimmunol.0901750]
Xu H, An H, Hou ], Han C, Wang P, Yu Y, Cao X. Phos-
phatase PTP1B negatively regulates MyD88- and TRIF-
dependent proinflammatory cytokine and type I interferon
production in TLR-triggered macrophages. Mol Immunol
2008; 45: 3545-3552 [PMID: 18571728 DOI: 10.1016/
j.molimm.2008.05.006]

Luron L, Saliba D, Blazek K, Lanfrancotti A, Udalova IA.
FOXO3 as a new IKK-e-controlled check-point of regula-
tion of IFN-B expression. Eur | Immunol 2012; 42: 1030-1037
[PMID: 22531926 DOI: 10.1002/ €ji.201141969]

Xue Q, Zhou Z, Lei X, Liu X, He B, Wang ], Hung T. TRIM38
negatively regulates TLR3-mediated IFN-f signaling by tar-
geting TRIF for degradation. PLoS One 2012; 7: e46825 [PMID:
23056470 DOI: 10.1371/journal.pone.0046825]

Enesa K, Ordureau A, Smith H, Barford D, Cheung PC,
Patterson-Kane J, Arthur JS, Cohen P. Pellinol is required for
interferon production by viral double-stranded RNA. | Biol
Chem 2012; 287: 34825-34835 [PMID: 22902624 DOI: 10.1074/
jbc.M112.367557]

Castanier C, Zemirli N, Portier A, Garcin D, Bidére N,
Vazquez A, Arnoult D. MAVS ubiquitination by the E3
ligase TRIM25 and degradation by the proteasome is in-
volved in type I interferon production after activation of the

February 26, 2014 | Volume 5 | Issuel |



40

41

42

43

44

45

46

47

48

49

50

51

52

53

antiviral RIG-I-like receptors. BMC Biol 2012; 10: 44 [PMID:
22626058 DOI: 10.1186/1741-7007-10-44]

Zhang J, Hu MM, Wang YY, Shu HB. TRIM32 protein
modulates type I interferon induction and cellular antiviral
response by targeting MITA/STING protein for K63-linked
ubiquitination. | Biol Chem 2012; 287: 28646-28655 [PMID:
22745133 DOI: 10.1074/jbc.M112.362608]

Oshiumi H, Matsumoto M, Hatakeyama S, Seya T. Riplet/
RNF135, a RING finger protein, ubiquitinates RIG-I to pro-
mote interferon-beta induction during the early phase of vi-
ral infection. | Biol Chem 2009; 284: 807-817 [PMID: 19017631
DOI: 10.1074/jbc.M804259200]

Wang Y, Tong X, Ye X. Ndfipl negatively regulates RIG-
I-dependent immune signaling by enhancing E3 ligase
Smurfl-mediated MAVS degradation. | Immunol 2012; 189:
5304-5313 [PMID: 23087404 DOI: 10.4049/jimmunol.1201445]
Luo H, Zhang Z, Zheng Z, Ke X, Zhang X, Li Q, Liu Y, Bai B,
Mao P, Hu Q, Wang H. Human bocavirus VP2 upregulates
IEN-B pathway by inhibiting ring finger protein 125-medi-
ated ubiquitination of retinoic acid-inducible gene-I. | Im-
munol 2013; 191: 660-669 [PMID: 23772026 DOI: 10.4049/jim-
munol.1202933]

Ahmed S, Maratha A, Butt AQ, Shevlin E, Miggin SM.
TRIF-mediated TLR3 and TLR4 signaling is negatively regu-
lated by ADAM15. | Immunol 2013; 190: 2217-2228 [PMID:
23365087 DOI: 10.4049/jimmunol.1201630]

Young JA, Sermwittayawong D, Kim HJ, Nandu S, An N,
Erdjument-Bromage H, Tempst P, Coscoy L, Winoto A. Fas-
associated death domain (FADD) and the E3 ubiquitin-pro-
tein ligase TRIM21 interact to negatively regulate virus-in-
duced interferon production. ] Biol Chem 2011; 286: 6521-6531
[PMID: 21183682 DOI: 10.1074/jbc.M110.172288]

Li S, Zheng H, Mao AP, Zhong B, Li Y, Liu Y, Gao Y, Ran
Y, Tien P, Shu HB. Regulation of virus-triggered signal-
ing by OTUB1- and OTUB2-mediated deubiquitination of
TRAF3 and TRAF6. | Biol Chem 2010; 285: 4291-4297 [PMID:
19996094 DOI: 10.1074/jbc.M109.074971]

Karim R, Tummers B, Meyers C, Biryukov JL, Alam S,
Backendorf C, Jha V, Offringa R, van Ommen GJ, Melief CJ,
Guardavaccaro D, Boer JM, van der Burg SH. Human papil-
lomavirus (HPV) upregulates the cellular deubiquitinase
UCHL1 to suppress the keratinocyte’s innate immune re-
sponse. PLoS Pathog 2013; 9: e1003384 [PMID: 23717208 DOL:
10.1371/journal.ppat.1003384]

Wang P, Hou ], Lin L, Wang C, Liu X, Li D, Ma F, Wang Z,
Cao X. Inducible microRNA-155 feedback promotes type
I IFN signaling in antiviral innate immunity by targeting
suppressor of cytokine signaling 1. | Immunol 2010; 185:
6226-6233 [PMID: 20937844 DOI: 10.4049/jimmunol.1000491]
Yang CH, Yue J, Fan M, Pfeffer LM. IFN induces miR-21
through a signal transducer and activator of transcription
3-dependent pathway as a suppressive negative feedback on
IFN-induced apoptosis. Cancer Res 2010; 70: 8108-8116 [PMID:
20813833 DOI: 10.1158 /0008-5472.CAN-10-2579]

Lu TX, Hartner J, Lim EJ, Fabry V, Mingler MK, Cole ET,
Orkin SH, Aronow BJ, Rothenberg ME. MicroRNA-21 lim-
its in vivo immune response-mediated activation of the
IL-12/IFN-gamma pathway, Thl polarization, and the se-
verity of delayed-type hypersensitivity. | Immunol 2011; 187:
3362-3373 [PMID: 21849676 DOI: 10.4049/jimmunol.1101235]
Hou J, Wang P, Lin L, Liu X, Ma F, An H, Wang Z, Cao X.
MicroRNA-146a feedback inhibits RIG-I-dependent Type I
IFN production in macrophages by targeting TRAF6, IRAK1,
and IRAK2. | Immunol 2009; 183: 2150-2158 [PMID: 19596990
DOI: 10.4049/jimmunol.0900707]

Li Y, Fan X, He X, Sun H, Zou Z, Yuan H, Xu H, Wang C,
Shi X. MicroRNA-466] inhibits antiviral innate immune re-
sponse by targeting interferon-alpha. Cell Mol Immunol 2012;
9: 497-502 [PMID: 23042536 DOI: 10.1038 /cmi.2012.35]

Lee Y, Hyung SW, Jung HJ, Kim H]J, Staerk ], Constantinescu

(49

TR
JBaishideng®

WIJBC | www.wjgnet.com

Kroeker AL et a/. Interferon responses to respiratory viruses

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

19

SN, Chang EJ, Lee ZH, Lee SW, Kim HH. The ubiquitin-
mediated degradation of Jakl modulates osteoclastogenesis
by limiting interferon-beta-induced inhibitory signaling.
Blood 2008; 111: 885-893 [PMID: 17928529 DOI: 10.1182/
blood-2007-03-082941]

Kim TK, Maniatis T. Regulation of interferon-gamma-
activated STAT1 by the ubiquitin-proteasome pathway. Sci-
ence 1996; 273: 1717-1719 [PMID: 8781235 DOI: 10.1126/sci-
ence.273.5282.1717]

Yeh HM, Yu CY, Yang HC, Ko SH, Liao CL, Lin YL. Ubig-
uitin-specific protease 13 regulates IFN signaling by stabiliz-
ing STAT1. ] Immunol 2013; 191: 3328-3336 [PMID: 23940278
DOI: 10.4049/jimmunol.1300225]

Kile BT, Schulman BA, Alexander WS, Nicola NA, Martin
HM, Hilton DJ. The SOCS box: a tale of destruction and
degradation. Trends Biochem Sci 2002; 27: 235-241 [PMID:
12076535 DOI: 10.1016/S0968-0004(02)02085-6]

Collins AS, McCoy CE, Lloyd AT, O’Farrelly C, Stevenson
NJ. miR-19a: an effective regulator of SOCS3 and enhancer
of JAK-STAT signalling. PLoS One 2013; 8: 69090 [PMID:
23894411 DOI: 10.1371 /journal.pone.0069090]

Murray PJ. The JAK-STAT signaling pathway: input and
output integration. | Immunol 2007; 178: 2623-2629 [PMID:
17312100]

Nazarov PV, Reinsbach SE, Muller A, Nicot N, Philippidou
D, Vallar L, Kreis S. Interplay of microRNAs, transcription
factors and target genes: linking dynamic expression chang-
es to function. Nucleic Acids Res 2013; 41: 2817-2831 [PMID:
23335783 DOI: 10.1093 /nar/ gks1471]

Reinsbach S, Nazarov PV, Philippidou D, Schmitt M,
Wienecke-Baldacchino A, Muller A, Vallar L, Behrmann I,
Kreis S. Dynamic regulation of microRNA expression fol-
lowing interferon-y-induced gene transcription. RNA Biol
2012; 9: 978-989 [PMID: 22767256 DOI: 10.4161/rna.20494]
Buggele WA, Horvath CM. MicroRNA profiling of Sendai
virus-infected A549 cells identifies miR-203 as an inter-
feron-inducible regulator of IFIT1/ISG56. | Virol 2013; 87:
9260-9270 [PMID: 23785202 DOI: 10.1128/JV1.01064-13]

Gao F, Zhao ZL, Zhao WT, Fan QR, Wang SC, Li ], Zhang
YQ, Shi JW, Lin XL, Yang S, Xie RY, Liu W, Zhang TT, Sun
YL, Xu K, Yao KT, Xiao D. miR-9 modulates the expression
of interferon-regulated genes and MHC class I molecules in
human nasopharyngeal carcinoma cells. Biochem Biophys Res
Commun 2013; 431: 610-616 [PMID: 23291181 DOI: 10.1016/
j-bbrc.2012.12.097]

Satoh J, Tabunoki H. A Comprehensive Profile of ChIP-
Seq-Based STAT1 Target Genes Suggests the Complexity of
STAT1-Mediated Gene Regulatory Mechanisms. Gene Regul
Syst Bio 2013; 7: 41-56 [PMID: 23645984 DOI: 10.4137/GRSB.
511433]

O’Donnell SM, Holm GH, Pierce JM, Tian B, Watson M],
Chari RS, Ballard DW, Brasier AR, Dermody TS. Identifi-
cation of an NF-kappaB-dependent gene network in cells
infected by mammalian reovirus. ] Virol 2006; 80: 1077-1086
[PMID: 16414985 DOI: 10.1128/]JV1.80.3.1077-1086.2006]

Ravi LI, Li L, Sutejo R, Chen H, Wong PS, Tan BH, Sugrue
R]. A systems-based approach to analyse the host response
in murine lung macrophages challenged with respiratory
syncytial virus. BMC Genomics 2013; 14: 190 [PMID: 23506210
DOI: 10.1186,/1471-2164-14-190]

Gundacker NC, Haudek V], Wimmer H, Slany A, Griss J,
Bochkov V, Zielinski C, Wagner O, Stockl J, Gerner C. Cy-
toplasmic proteome and secretome profiles of differently
stimulated human dendritic cells. | Proteome Res 2009; 8:
2799-2811 [PMID: 19351150 DOI: 10.1021/ pr8011039]
Coombs A. Transcriptomics and quantitative proteomics
in virology. Future Virol 2012; 7: 1193-1204 [DOI: 10.2217/
fv1.12.112]

Baskin C. The role and contributions of systems biology to
the non-human primate model of influenza pathogenesis

February 26, 2014 | Volume 5 | Issuel |



69

70

71

72

73

74

75

76

77

78

79

80

81

Kroeker AL et a/. Interferon responses to respiratory viruses

and vaccinology. Curr Top Microbiol Immunol 2013; 363: 69-85
[PMID: 22890718 DOI: 10.1007/82_2012_248]

Bortz E, Westera L, Maamary ], Steel ], Albrecht RA, Mani-
cassamy B, Chase G, Martinez-Sobrido L, Schwemmle M,
Garcia-Sastre A. Host- and strain-specific regulation of
influenza virus polymerase activity by interacting cellular
proteins. MBio 2011; 2: pii: e00151-11 [PMID: 21846828]
Cheung CY, Chan EY, Krasnoselsky A, Purdy D, Navare
AT, Bryan JT, Leung CK, Hui KP, Peiris ]S, Katze MG. H5N1
virus causes significant perturbations in host proteome very
early in influenza virus-infected primary human monocyte-
derived macrophages. | Infect Dis 2012; 206: 640-645 [PMID:
22822004 DOI: 10.1093/ infdis/jis423]

Coombs KM, Berard A, Xu W, Krokhin O, Meng X, Cortens
JP, Kobasa D, Wilkins J, Brown EG. Quantitative proteomic
analyses of influenza virus-infected cultured human lung
cells. | Virol 2010; 84: 10888-10906 [PMID: 20702633 DOI:
10.1128/JV1.00431-10]

Kroeker AL, Ezzati P, Halayko AJ, Coombs KM. Response
of primary human airway epithelial cells to influenza infec-
tion: a quantitative proteomic study. ] Proteome Res 2012; 11:
4132-4146 [PMID: 22694362 DOI: 10.1021/ pr300239r]

Lietzén N, Ohman T, Rintahaka J, Julkunen I, Aittokallio T,
Matikainen S, Nyman TA. Quantitative subcellular proteome
and secretome profiling of influenza A virus-infected human
primary macrophages. PLoS Pathog 2011; 7: €1001340 [PMID:
21589892 DOI: 10.1371/journal.ppat.1001340]

Peng T, Kotla S, Bumgarner RE, Gustin KE. Human rhinovirus
attenuates the type I interferon response by disrupting activa-
tion of interferon regulatory factor 3. | Virol 2006; 80: 5021-5031
[PMID: 16641293 DOI: 10.1128,/JV1.80.10.5021-5031.2006]
Proud D, Turner RB, Winther B, Wiehler S, Tiesman JP,
Reichling TD, Juhlin KD, Fulmer AW, Ho BY, Walanski AA,
Poore CL, Mizoguchi H, Jump L, Moore ML, Zukowski CK,
Clymer JW. Gene expression profiles during in vivo human
rhinovirus infection: insights into the host response. Am |
Respir Crit Care Med 2008; 178: 962-968 [PMID: 18658112 DOI:
10.1164/1ccm.200805-6700C]

Josset L, Menachery VD, Gralinski LE, Agnihothram S, Sova
P, Carter VS, Yount BL, Graham RL, Baric RS, Katze MG.
Cell host response to infection with novel human coronavi-
rus EMC predicts potential antivirals and important differ-
ences with SARS coronavirus. MBio 2013; 4: e00165-e00113
[PMID: 23631916 DOI: 10.1128/mBio.00165-13]

Lau SK, Lau CC, Chan KH, Li CP, Chen H, Jin DY, Chan JF,
Woo PC, Yuen KY. Delayed induction of proinflammatory
cytokines and suppression of innate antiviral response by the
novel Middle East respiratory syndrome coronavirus: impli-
cations for pathogenesis and treatment. | Gen Virol 2013; 94:
2679-2690 [PMID: 24077366 DOI: 10.1099/vir.0.055533-0]
Tang BS, Chan KH, Cheng VC, Woo PC, Lau SK, Lam CC,
Chan TL, Wu AK, Hung IF, Leung SY, Yuen KY. Compara-
tive host gene transcription by microarray analysis early af-
ter infection of the Huh? cell line by severe acute respiratory
syndrome coronavirus and human coronavirus 229E. | Virol
2005; 79: 6180-6193 [PMID: 15858003]

Jiang XS, Tang LY, Dai ], Zhou H, Li SJ, Xia QC, Wu JR,
Zeng R. Quantitative analysis of severe acute respiratory
syndrome (SARS)-associated coronavirus-infected cells using
proteomic approaches: implications for cellular responses to
virus infection. Mol Cell Proteomics 2005; 4: 902-913 [PMID:
15784933]

Lai CC, Jou MJ, Huang SY, Li SW, Wan L, Tsai FJ, Lin
CW. Proteomic analysis of up-regulated proteins in hu-
man promonocyte cells expressing severe acute respiratory
syndrome coronavirus 3C-like protease. Proteomics 2007; 7:
1446-1460 [PMID: 17407183 DOI: 10.1002/ pmic.200600459]
Zhang L, Zhang X, Ma Q, Ma F, Zhou H. Transcriptomics
and proteomics in the study of HIN1 2009. Genomics Pro-
teomics Bioinformatics 2010; 8: 139-144 [PMID: 20970742 DOI:

(49

TR
JBaishideng®

WJBC | www.wjgnet.com

82

83

84

85

86

87

88

89

90

91

92

93

94

95

10.1016/51672-0229(10)60016-2]

Lam WY, Yeung AC, Ngai KL, Li MS, To KF, Tsui SK, Chan
PK. Effect of avian influenza A H5N1 infection on the ex-
pression of microRNA-141 in human respiratory epithelial
cells. BMC Microbiol 2013; 13: 104 [PMID: 23663545 DOI:
10.1186/1471-2180-13-104]

Terrier O, Textoris J, Carron C, Marcel V, Bourdon JC, Rosa-
Calatrava M. Host microRNA molecular signatures asso-
ciated with human HIN1 and H3N2 influenza A viruses
reveal an unanticipated antiviral activity for miR-146a. |
Gen Virol 2013; 94: 985-995 [PMID: 23343627 DOI: 10.1099/
vir.0.049528-0]

Buggele WA, Johnson KE, Horvath CM. Influenza A vi-
rus infection of human respiratory cells induces primary
microRNA expression. | Biol Chem 2012; 287: 31027-31040
[PMID: 22822053 DOI: 10.1074/jbc.M112.387670]

Buggele WA, Krause KE, Horvath CM. Small RNA profiling
of influenza A virus-infected cells identifies miR-449b as a
regulator of histone deacetylase 1 and interferon beta. PLoS
One 2013; 8: 76560 [PMID: 24086750 DOI: 10.1371/journal.
pone.0076560]

Tambyah PA, Sepramaniam S, Mohamed Ali J, Chai SC,
Swaminathan P, Armugam A, Jeyaseelan K. microRNAs in
circulation are altered in response to influenza A virus infec-
tion in humans. PLoS One 2013; 8: 76811 [PMID: 24116168
DOI: 10.1371/journal.pone.0076811]

Rosenberger CM, Podyminogin RL, Navarro G, Zhao GW,
Askovich PS, Weiss MJ], Aderem A. miR-451 regulates den-
dritic cell cytokine responses to influenza infection. | Immu-
nol 2012; 189: 5965-5975 [PMID: 23169590 DOI: 10.4049/jim-
munol.1201437]

Song H, Wang Q, Guo Y, Liu S, Song R, Gao X, Dai L, Li B,
Zhang D, Cheng J. Microarray analysis of microRNA expres-
sion in peripheral blood mononuclear cells of critically ill
patients with influenza A (HIN1). BMC Infect Dis 2013; 13:
257 [PMID: 23731466 DOI: 10.1186/1471-2334-13-257]

Fang J, Hao Q, Liu L, Li Y, Wu ], Huo X, Zhu Y. Epigenetic
changes mediated by microRNA miR29 activate cyclooxy-
genase 2 and lambda-1 interferon production during viral
infection. | Virol 2012; 86: 1010-1020 [PMID: 22072783 DOI:
10.1128/JV1.06169-11]

Langlois RA, Varble A, Chua MA, Garcia-Sastre A, tenO-
ever BR. Hematopoietic-specific targeting of influenza
A virus reveals replication requirements for induction
of antiviral immune responses. Proc Natl Acad Sci USA
2012; 109: 12117-12122 [PMID: 22778433 DOI: 10.1073/
pnas.1206039109]

Wu Z, Hao R, Li P, Zhang X, Liu N, Qiu S, Wang L, Wang Y,
Xue W, Liu K, Yang G, Cui J, Zhang C, Song H. MicroRNA
expression profile of mouse lung infected with 2009 pan-
demic HINT1 influenza virus. PLoS One 2013; 8: €74190 [PMID:
24066118 DOI: 10.1371/journal.pone.0074190]

Brock M, Trenkmann M, Gay RE, Gay S, Speich R, Huber
LC. MicroRNA-18a enhances the interleukin-6-mediated pro-
duction of the acute-phase proteins fibrinogen and haptoglo-
bin in human hepatocytes. | Biol Chem 2011; 286: 40142-40150
[PMID: 21953462 DOI: 10.1074/jbc.M111.251793]

Bhaumik D, Scott GK, Schokrpur S, Patil CK, Orjalo AV,
Rodier F, Lithgow GJ, Campisi ]J. MicroRNAs miR-146a/b
negatively modulate the senescence-associated inflammatory
mediators IL-6 and IL-8. Aging (Albany NY) 2009; 1: 402-411
[PMID: 20148189]

Ouda R, Onomoto K, Takahasi K, Edwards MR, Kato H, Yo-
neyama M, Fujita T. Retinoic acid-inducible gene I-inducible
miR-23b inhibits infections by minor group rhinoviruses
through down-regulation of the very low density lipoprotein
receptor. | Biol Chem 2011; 286: 26210-26219 [PMID: 21642441
DOI: 10.1074/jbc.M111.229856]

Munday DC, Emmott E, Surtees R, Lardeau CH, Wu W,
Duprex WP, Dove BK, Barr JN, Hiscox JA. Quantitative

February 26, 2014 | Volume 5 | Issuel |



96

97

98

99

100

101

102

103

104

105

106

107

108

109

proteomic analysis of A549 cells infected with human respi-
ratory syncytial virus. Mol Cell Proteomics 2010; 9: 2438-2459
[PMID: 20647383]

Munday DC, Hiscox JA, Barr JN. Quantitative proteomic
analysis of A549 cells infected with human respiratory syn-
cytial virus subgroup B using SILAC coupled to LC-MS/
MS. Proteomics 2010; 10: 4320-4334 [PMID: 21110324 DOI:
10.1002/ pmic.201000228]

Ternette N, Wright C, Kramer HB, Altun M, Kessler BM.
Label-free quantitative proteomics reveals regulation of
interferon-induced protein with tetratricopeptide repeats 3
(IFIT3) and 5'-3"-exoribonuclease 2 (XRN2) during respira-
tory syncytial virus infection. Virol | 2011; 8: 442 [PMID:
21933386]

van Diepen A, Brand HK, Sama I, Lambooy LH, van den
Heuvel LP, van der Well L, Huynen M, Osterhaus AD, An-
deweg AC, Hermans PW. Quantitative proteome profiling
of respiratory virus-infected lung epithelial cells. ] Proteomics
2010; 73: 1680-1693 [PMID: 20470912]

Huang YC, Li Z, Hyseni X, Schmitt M, Devlin RB, Karoly
ED, Soukup JM. Identification of gene biomarkers for respi-
ratory syncytial virus infection in a bronchial epithelial cell
line. Genomic Med 2008; 2: 113-125 [PMID: 19459069 DOI:
10.1007 /s11568-009-9080-y]

Ravi LI, Li L, Wong PS, Sutejo R, Tan BH, Sugrue R]. Lov-
astatin treatment mitigates the pro-inflammatory cytokine
response in respiratory syncytial virus infected macrophage
cells. Antiviral Res 2013; 98: 332-343 [PMID: 23523944]

Fjaerli HO, Bukholm G, Skjaeret C, Holden M, Nakstad B.
Cord blood gene expression in infants hospitalized with re-
spiratory syncytial virus bronchiolitis. | Infect Dis 2007; 196:
394-404 [PMID: 17597454 DOI: 10.1086/519168]

Emmott E, Smith C, Emmett SR, Dove BK, Hiscox JA. Eluci-
dation of the avian nucleolar proteome by quantitative pro-
teomics using SILAC and changes in cells infected with the
coronavirus infectious bronchitis virus. Proteomics 2010; 10:
3558-3562 [PMID: 20827733 DOI: 10.1002/ pmic.201000139]
Vogels MW, van Balkom BW, Kaloyanova DV, Batenburg JJ,
Heck AJ, Helms JB, Rottier PJ, de Haan CA. Identification of
host factors involved in coronavirus replication by quantita-
tive proteomics analysis. Proteomics 2011; 11: 64-80 [PMID:
21182195 DOI: 10.1002/ pmic.201000309]

Zhang L, Zhang ZP, Zhang XE, Lin FS, Ge F. Quantitative
proteomics analysis reveals BAG3 as a potential target to
suppress severe acute respiratory syndrome coronavirus
replication. | Virol 2010; 84: 6050-6059 [PMID: 20392858]

Liu L, Zhou ], Wang Y, Mason R], Funk CJ, Du Y. Proteome
alterations in primary human alveolar macrophages in re-
sponse to influenza A virus infection. | Proteome Res 2012; 11:
4091-4101 [PMID: 22709384 DOI: 10.1021/ pr3001332]
Ohman T, Rintahaka ], Kalkkinen N, Matikainen S, Nyman
TA. Actin and RIG-I/MAVS signaling components translo-
cate to mitochondria upon influenza A virus infection of hu-
man primary macrophages. | Immunol 2009; 182: 5682-5692
[PMID: 19380815]

Kroeker AL, Ezzati P, Coombs KM, Halayko AJ. Influenza
A infection of primary human airway epithelial cells up-reg-
ulates proteins related to purine metabolism and ubiquitin-
related signaling. | Proteome Res 2013; 12: 3139-3151 [PMID:
23750822 DOI: 10.1021/ pr400464p]

Zhao D, Liang L, Li Y, Liu L, Guan Y, Jiang Y, Chen H.
Proteomic analysis of the lungs of mice infected with dif-
ferent pathotypes of H5N1 avian influenza viruses. Pro-
teomics 2012; 12: 1970-1982 [PMID: 22623221 DOI: 10.1002/
pmic.201100619]

Baas T, Baskin CR, Diamond DL, Garcia-Sastre A, Bielefeldt-
Ohmann H, Tumpey TM, Thomas M], Carter VS, Teal TH,
Van Hoeven N, Proll S, Jacobs JM, Caldwell ZR, Gritsenko
MA, Hukkanen RR, Camp DG, Smith RD, Katze MG. Inte-
grated molecular signature of disease: analysis of influenza

(49

TR
JBaishideng®

WIJBC | www.wjgnet.com

Kroeker AL et a/. Interferon responses to respiratory viruses

21

110

111

112

113

114

115

116

117

118

119

120

121

122

123

virus-infected macaques through functional genomics and
proteomics. | Virol 2006; 80: 10813-10828 [PMID: 16928763]
Wang J, Nikrad MP, Travanty EA, Zhou B, Phang T, Gao
B, Alford T, Ito Y, Nahreini P, Hartshorn K, Wentworth D,
Dinarello CA, Mason R]. Innate immune response of human
alveolar macrophages during influenza A infection. PLoS
One 2012; 7: €29879 [PMID: 22396727 DOI: 10.1371/journal.
pone.0029879]

Yang XX, Du N, Zhou JF, Li Z, Wang M, Guo JF, Wang DY,
Shu YL. Gene expression profiles comparison between 2009
pandemic and seasonal HIN1 influenza viruses in A549
cells. Biomed Environ Sci 2010; 23: 259-266 [PMID: 20934112]
Kash JC, Basler CF, Garcia-Sastre A, Carter V, Billharz R,
Swayne DE, Przygodzki RM, Taubenberger JK, Katze MG,
Tumpey TM. Global host immune response: pathogenesis
and transcriptional profiling of type A influenza viruses ex-
pressing the hemagglutinin and neuraminidase genes from
the 1918 pandemic virus. | Virol 2004; 78: 9499-9511 [PMID:
15308742 DOI: 10.1128/JVI1.78.17.9499-9511.2004]

Belisle SE, Tisoncik JR, Korth MJ, Carter VS, Proll SC,
Swayne DE, Pantin-Jackwood M, Tumpey TM, Katze MG.
Genomic profiling of tumor necrosis factor alpha (TNF-alpha)
receptor and interleukin-1 receptor knockout mice reveals
a link between TNF-alpha signaling and increased severity
of 1918 pandemic influenza virus infection. | Virol 2010; 84:
12576-12588 [PMID: 20926563 DOI: 10.1128/JV1.01310-10]
Rowe T, Leén A, Crevar CJ, Carter DM, Xu L, Ran L, Fang
Y, Cameron CM, Cameron M], Banner D, Ng DC, Ran R,
Weirback HK, Wiley CA, Kelvin DJ, Ross TM. Modeling host
responses in ferrets during A/California/07/2009 influenza
infection. Virology 2010; 401: 257-265 [PMID: 20334888 DOI:
10.1016/j.virol.2010.02.020]

Cameron CM, Cameron M]J, Bermejo-Martin JF, Ran L, Xu
L, Turner PV, Ran R, Danesh A, Fang Y, Chan PK, Mytle
N, Sullivan TJ, Collins TL, Johnson MG, Medina JC, Rowe
T, Kelvin DJ. Gene expression analysis of host innate im-
mune responses during Lethal H5N1 infection in ferrets. |
Virol 2008; 82: 11308-11317 [PMID: 18684821 DOI: 10.1128/
JV1.00691-08]

Baskin CR, Garcia-Sastre A, Tumpey TM, Bielefeldt-Ohm-
ann H, Carter VS, Nistal-Villan E, Katze MG. Integration of
clinical data, pathology, and cDNA microarrays in influenza
virus-infected pigtailed macaques (Macaca nemestrina). |
Virol 2004; 78: 10420-10432 [PMID: 15367608 DOI: 10.1128/
JV1.78.19.10420-10432.2004]

Berard AR, Cortens JP, Krokhin O, Wilkins JA, Severini A,
Coombs KM. Quantification of the host response proteome
after mammalian reovirus T1L infection. PLoS One 2012; 7:
€51939 [PMID: 23240068 DOI: 10.1371/journal.pone.0051939]
Coombs KM. HelLa cell response proteome alterations in-
duced by mammalian reovirus T3D infection. Virol | 2013;
10: 202 [PMID: 23799967]

Li L, Sevinsky JR, Rowland MD, Bundy JL, Stephenson JL,
Sherry B. Proteomic analysis reveals virus-specific Hsp25
modulation in cardiac myocytes. | Proteome Res 2010; 9:
2460-2471 [PMID: 20196617 DOI: 10.1021/ pr901151Kk]

Jiang J, Opanubi KJ, Coombs KM. Non-Biased Enrichment
Does Not Improve Quantitative Proteomic Delineation
of Reovirus T3D-Infected HeLa Cell Protein Alterations.
Front Microbiol 2012; 3: 310 [PMID: 23024642 DOI: 10.3389/
fmicb.2012.00310]

Tyler KL, Leser JS, Phang TL, Clarke P. Gene expression in
the brain during reovirus encephalitis. | Neurovirol 2010; 16:
56-71 [PMID: 20158406 DOI: 10.3109/13550280903586394]
Bochkov YA, Hanson KM, Keles S, Brockman-Schneider
RA, Jarjour NN, Gern JE. Rhinovirus-induced modulation
of gene expression in bronchial epithelial cells from sub-
jects with asthma. Mucosal Immunol 2010; 3: 69-80 [PMID:
19710636 DOI: 10.1038 /mi.2009.109]

Proud D, Hudy MH, Wiehler S, Zaheer RS, Amin MA,

February 26, 2014 | Volume 5 | Issuel |



Kroeker AL et a/. Interferon responses to respiratory viruses

124

125

126

127

128

129

130

131

132

133

134

135

136

Pelikan JB, Tacon CE, Tonsaker TO, Walker BL, Kooi C,
Traves SL, Leigh R. Cigarette smoke modulates expression
of human rhinovirus-induced airway epithelial host de-
fense genes. PLoS One 2012; 7: e40762 [PMID: 22808255 DOI:
10.1371/journal.pone.0040762]

Go JT, Belisle SE, Tchitchek N, Tumpey TM, Ma W, Richt
JA, Safronetz D, Feldmann H, Katze MG. 2009 pandemic
HINT1 influenza virus elicits similar clinical course but differ-
ential host transcriptional response in mouse, macaque, and
swine infection models. BMC Genomics 2012; 13: 627 [PMID:
23153050 DOI: 10.1186/1471-2164-13-627]

Korth M]J, Tchitchek N, Benecke AG, Katze MG. Systems
approaches to influenza-virus host interactions and the
pathogenesis of highly virulent and pandemic viruses. Semin
Immunol 2013; 25: 228-239 [PMID: 23218769 DOI: 10.1016/
j.smim.2012.11.001]

Huang Y, Zaas AK, Rao A, Dobigeon N, Woolf PJ, Veldman
T, @ien NC, McClain MT, Varkey JB, Nicholson B, Carin L,
Kingsmore S, Woods CW, Ginsburg GS, Hero AO. Temporal
dynamics of host molecular responses differentiate symp-
tomatic and asymptomatic influenza a infection. PLoS Genet
2011; 7: 1002234 [PMID: 21901105 DOI: 10.1371/journal.
pgen.1002234]

Fukuyama S, Kawaoka Y. The pathogenesis of influenza
virus infections: the contributions of virus and host factors.
Curr Opin Immunol 2011; 23: 481-486 [PMID: 21840185 DOI:
10.1016/j.c0i.2011.07.016]

Baines KJ, Hsu AC, Tooze M, Gunawardhana LP, Gibson
PG, Wark PA. Novel immune genes associated with exces-
sive inflammatory and antiviral responses to rhinovirus
in COPD. Respir Res 2013; 14: 15 [PMID: 23384071 DOI:
10.1186/1465-9921-14-15]

Kotla S, Peng T, Bumgarner RE, Gustin KE. Attenuation of
the type I interferon response in cells infected with human
rhinovirus. Virology 2008; 374: 399-410 [PMID: 18272195 DOI:
10.1016/j.virol.2008.01.022]

Stewart MJ, Smoak K, Blum MA, Sherry B. Basal and
reovirus-induced beta interferon (IFN-beta) and IFN-beta-
stimulated gene expression are cell type specific in the car-
diac protective response. | Virol 2005; 79: 2979-2987 [PMID:
15709018]

van Boxel-Dezaire AH, Rani MR, Stark GR. Complex modu-
lation of cell type-specific signaling in response to type I
interferons. Immunity 2006; 25: 361-372 [PMID: 16979568]
Zurney J, Kobayashi T, Holm GH, Dermody TS, Sherry B.
Reovirus mu2 protein inhibits interferon signaling through
a novel mechanism involving nuclear accumulation of inter-
feron regulatory factor 9. | Virol 2009; 83: 2178-2187 [PMID:
19109390]

Montomoli E, Khadang B, Piccirella S, Trombetta C, Men-
nitto E, Manini I, Stanzani V, Lapini G. Cell culture-derived
influenza vaccines from Vero cells: a new horizon for vac-
cine production. Expert Rev Vaccines 2012; 11: 587-594 [PMID:
22827244 DOI: 10.1586/ erv.12.24]

Rajsbaum R, Albrecht RA, Wang MK, Maharaj NP, Versteeg
GA, Nistal-Villan E, Garcia-Sastre A, Gack MU. Species-
specific inhibition of RIG-I ubiquitination and IFN induc-
tion by the influenza A virus NS1 protein. PLoS Pathog
2012; 8: 1003059 [PMID: 23209422 DOI: 10.1371/journal.
ppat.1003059]

Boyapalle S, Wong T, Garay ], Teng M, San Juan-Vergara H,
Mohapatra S, Mohapatra S. Respiratory syncytial virus NS1
protein colocalizes with mitochondrial antiviral signaling
protein MAVS following infection. PLoS One 2012; 7: 29386
[PMID: 22383950 DOI: 10.1371/journal.pone.0029386]

Ling Z, Tran KC, Teng MN. Human respiratory syncytial
virus nonstructural protein NS2 antagonizes the activation
of beta interferon transcription by interacting with RIG-L.
J Virol 2009; 83: 3734-3742 [PMID: 19193793 DOI: 10.1128/
JV1.02434-08]

(49

TR
JBaishideng®

WIJBC | www.wjgnet.com

22

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Durbin JE, Johnson TR, Durbin RK, Mertz SE, Morotti RA,
Peebles RS, Graham BS. The role of IFN in respiratory syncy-
tial virus pathogenesis. | Immunol 2002; 168: 2944-2952 [PMID:
11884466]

Wolff T, Ludwig S. Influenza viruses control the vertebrate
type I interferon system: factors, mechanisms, and conse-
quences. | Interferon Cytokine Res 2009; 29: 549-557 [PMID:
19708812 DOI: 10.1089/1ir.2009.0066]

Koerner I, Kochs G, Kalinke U, Weiss S, Staeheli P. Protec-
tive role of beta interferon in host defense against influenza
A virus. | Virol 2007; 81: 2025-2030 [PMID: 17151098 DOI:
10.1128/JV1.01718-06]

Arimori Y, Nakamura R, Yamada H, Shibata K, Maeda
N, Kase T, Yoshikai Y. Type I interferon limits influenza
virus-induced acute lung injury by regulation of excessive
inflammation in mice. Antiviral Res 2013; 99: 230-237 [PMID:
23721943 DOI: 10.1016/j.antiviral.2013.05.007]

Li W, Moltedo B, Moran TM. Type I interferon induction
during influenza virus infection increases susceptibility to
secondary Streptococcus pneumoniae infection by negative
regulation of y6 T cells. | Virol 2012; 86: 12304-12312 [PMID:
22951826 DOI: 10.1128/JV1.01269-12]

Shahangian A, Chow EK, Tian X, Kang JR, Ghaffari A, Liu
SY, Belperio JA, Cheng G, Deng JC. Type I IFNs mediate
development of postinfluenza bacterial pneumonia in mice. |
Clin Invest 2009; 119: 1910-1920 [PMID: 19487810]

Sykes A, Macintyre J, Edwards MR, Del Rosario A, Haas
], Gielen V, Kon OM, McHale M, Johnston SL. Rhinovirus-
induced interferon production is not deficient in well con-
trolled asthma. Thorax 2014; 69: 240-246 [PMID: 24127021
DOI: 10.1136/ thoraxjnl-2012-202909]

Smith SB, Dampier W, Tozeren A, Brown JR, Magid-Slav
M. Identification of common biological pathways and drug
targets across multiple respiratory viruses based on human
host gene expression analysis. PLoS One 2012; 7: 33174
[PMID: 22432004 DOI: 10.1371/journal.pone.0033174]
Pichlmair A, Lassnig C, Eberle CA, Gérna MW, Baumann
CL, Burkard TR, Biirckstiimmer T, Stefanovic A, Krieger
S, Bennett KL, Riilicke T, Weber F, Colinge J, Miiller M,
Superti-Furga G. IFIT1 is an antiviral protein that recognizes
5-triphosphate RNA. Nat Immunol 2011; 12: 624-630 [PMID:
21642987]

Huang IC, Bailey CC, Weyer JL, Radoshitzky SR, Becker
MM, Chiang JJ, Brass AL, Ahmed AA, Chi X, Dong L, Lon-
gobardi LE, Boltz D, Kuhn JH, Elledge SJ, Bavari S, Denison
MR, Choe H, Farzan M. Distinct patterns of IFITM-mediated
restriction of filoviruses, SARS coronavirus, and influenza A
virus. PLoS Pathog 2011; 7: €1001258 [PMID: 21253575 DOI:
10.1371/journal.ppat.1001258]

Lenschow DJ, Lai C, Frias-Staheli N, Giannakopoulos NV,
Lutz A, Wolff T, Osiak A, Levine B, Schmidt RE, Garcia-
Sastre A, Leib DA, Pekosz A, Knobeloch KP, Horak I, Virgin
HW. IFN-stimulated gene 15 functions as a critical antiviral
molecule against influenza, herpes, and Sindbis viruses. Proc
Natl Acad Sci USA 2007; 104: 1371-1376 [PMID: 17227866]
Yangiiez E, Garcia-Culebras A, Frau A, Llompart C, Kno-
beloch KP, Gutierrez-Erlandsson S, Garcia-Sastre A, Esteban
M, Nieto A, Guerra S. ISG15 regulates peritoneal macro-
phages functionality against viral infection. PLoS Pathog
2013; 9: 1003632 [PMID: 24137104 DOI: 10.1371/journal.
ppat.1003632]

Wang X, Hinson ER, Cresswell P. The interferon-inducible
protein viperin inhibits influenza virus release by perturbing
lipid rafts. Cell Host Microbe 2007; 2: 96-105 [PMID: 18005724
DOI: 10.1016/j.chom.2007.06.009]

Teng TS, Foo SS, Simamarta D, Lum FM, Teo TH, Lulla A,
Yeo NK, Koh EG, Chow A, Leo YS, Merits A, Chin KC, Ng
LF. Viperin restricts chikungunya virus replication and pa-
thology. | Clin Invest 2012; 122: 4447-4460 [PMID: 23160199
DOI: 10.1172/JCI63120]

February 26, 2014 | Volume 5 | Issuel |



151

152

153

154

155

156

157

158

159

160

161

162

163

Nasr N, Maddocks S, Turville SG, Harman AN, Woolger N,
Helbig KJ, Wilkinson J, Bye CR, Wright TK, Rambukwelle D,
Donaghy H, Beard MR, Cunningham AL. HIV-1 infection of
human macrophages directly induces viperin which inhibits
viral production. Blood 2012; 120: 778-788 [PMID: 22677126
DOI: 10.1182/blood-2012-01-407395]

Helbig K]J, Eyre NS, Yip E, Narayana S, Li K, Fiches G, Mc-
Cartney EM, Jangra RK, Lemon SM, Beard MR. The antiviral
protein viperin inhibits hepatitis C virus replication via in-
teraction with nonstructural protein 5A. Hepatology 2011; 54:
1506-1517 [PMID: 22045669 DOI: 10.1002/hep.24542]
Tafforeau L, Chantier T, Pradezynski F, Pellet ], Mangeot
PE, Vidalain PO, Andre P, Rabourdin-Combe C, Lotteau V.
Generation and comprehensive analysis of an influenza vi-
rus polymerase cellular interaction network. ] Virol 2011; 85:
13010-13018 [PMID: 21994455 DOI: 10.1128/JVI1.02651-10]

de Chassey B, Aublin-Gex A, Ruggieri A, Meyniel-Schicklin
L, Pradezynski F, Davoust N, Chantier T, Tafforeau L,
Mangeot PE, Ciancia C, Perrin-Cocon L, Bartenschlager R,
André P, Lotteau V. The interactomes of influenza virus
NS1 and NS2 proteins identify new host factors and provide
insights for ADAR1 playing a supportive role in virus repli-
cation. PLoS Pathog 2013; 9: 1003440 [PMID: 23853584 DOI:
10.1371/journal.ppat.1003440]

Mok BW, Song W, Wang P, Tai H, Chen Y, Zheng M, Wen
X, Lau SY, Wu WL, Matsumoto K, Yuen KY, Chen H. The
NSI1 protein of influenza A virus interacts with cellular pro-
cessing bodies and stress granules through RNA-associated
protein 55 (RAP55) during virus infection. | Virol 2012; 86:
12695-12707 [PMID: 22973032 DOI: 10.1128/JVI1.00647-12]
Shapira SD, Gat-Viks I, Shum BO, Dricot A, de Grace MM,
Wu L, Gupta PB, Hao T, Silver SJ, Root DE, Hill DE, Regev
A, Hacohen N. A physical and regulatory map of host-
influenza interactions reveals pathways in HIN1 infection.
Cell 2009; 139: 1255-1267 [PMID: 20064372 DOI: 10.1016/
j.cell.2009.12.018]

Liu P, Jamaluddin M, Li K, Garofalo RP, Casola A, Brasier
AR. Retinoic acid-inducible gene I mediates early antiviral
response and Toll-like receptor 3 expression in respiratory
syncytial virus-infected airway epithelial cells. | Virol 2007;
81: 1401-1411 [PMID: 17108032 DOI: 10.1128 /JV1.01740-06]
Rudd BD, Burstein E, Duckett CS, Li X, Lukacs NW. Dif-
ferential role for TLR3 in respiratory syncytial virus-induced
chemokine expression. | Virol 2005; 79: 3350-3357 [PMID:
15731229 DOI: 10.1128/JV1.79.6.3350-3357.2005]

Elliott J, Lynch OT, Suessmuth Y, Qian P, Boyd CR, Burrows
JF, Buick R, Stevenson NJ, Touzelet O, Gadina M, Power
UF, Johnston JA. Respiratory syncytial virus NS1 protein
degrades STAT2 by using the Elongin-Cullin E3 ligase. |
Virol 2007; 81: 3428-3436 [PMID: 17251292 DOI: 10.1128/
JV1.02303-06]

Thornburg NJ, Hayward SL, Crowe JE. Respiratory syncy-
tial virus regulates human microRNAs by using mechanisms
involving beta interferon and NF-xB. MBio 2012; 3: [PMID:
23249809]

Li SW, Lai CC, Ping JF, Tsai FJ, Wan L, Lin Y], Kung SH, Lin
CW. Severe acute respiratory syndrome coronavirus papain-
like protease suppressed alpha interferon-induced responses
through downregulation of extracellular signal-regulated
kinase 1-mediated signalling pathways. ] Gen Virol 2011; 92:
1127-1140 [PMID: 21270289 DOI: 10.1099/ vir.0.028936-0]
Frieman M, Yount B, Heise M, Kopecky-Bromberg SA,
Palese P, Baric RS. Severe acute respiratory syndrome coro-
navirus ORF6 antagonizes STAT1 function by sequestering
nuclear import factors on the rough endoplasmic reticulum/
Golgi membrane. ] Virol 2007; 81: 9812-9824 [PMID: 17596301
DOI: 10.1128/JV1.01012-07]

Sims AC, Tilton SC, Menachery VD, Gralinski LE, Schifer
A, Matzke MM, Webb-Robertson BJ, Chang ], Luna ML,
Long CE, Shukla AK, Bankhead AR, Burkett SE, Zornetzer

(49

TR
JBaishideng®

WIJBC | www.wjgnet.com

Kroeker AL et a/. Interferon responses to respiratory viruses

164

165

166

167

168

169

170

171

172

173

174

175

176

23

G, Tseng CT, Metz TO, Pickles R, McWeeney S, Smith RD,
Katze MG, Waters KM, Baric RS. Release of severe acute
respiratory syndrome coronavirus nuclear import block en-
hances host transcription in human lung cells. | Virol 2013;
87: 3885-3902 [PMID: 23365422 DOI: 10.1128/JV1.02520-12]
Calvén J, Yudina Y, Uller L. Rhinovirus and dsRNA induce
RIG-I-like receptors and expression of interferon 3 and A1
in human bronchial smooth muscle cells. PLoS One 2013; 8:
€62718 [PMID: 23658644 DOI: 10.1371/journal.pone.0062718]
Irvin SC, Zurney J, Ooms LS, Chappell JD, Dermody TS,
Sherry B. A single-amino-acid polymorphism in reovirus
protein p2 determines repression of interferon signaling and
modulates myocarditis. | Virol 2012; 86: 2302-2311 [PMID:
22156521 DOI: 10.1128 /JV1.06236-11]

Brass AL, Huang IC, Benita Y, John SP, Krishnan MN, Fee-
ley EM, Ryan BJ, Weyer JL, van der Weyden L, Fikrig E, Ad-
ams DJ, Xavier R], Farzan M, Elledge S]. The IFITM proteins
mediate cellular resistance to influenza A HIN1 virus, West
Nile virus, and dengue virus. Cell 2009; 139: 1243-1254 [PMID:
20064371 DOI: 10.1016/j.cell.2009.12.017]

Tan KS, Olfat F, Phoon MC, Hsu JP, Howe JL, Seet JE, Chin
KC, Chow VT. In vivo and in vitro studies on the antiviral
activities of viperin against influenza HIN1 virus infection. |
Gen Virol 2012; 93: 1269-1277 [PMID: 22377585 DOI: 10.1099/
vir.0.040824-0]

Tran AT, Rahim MN, Ranadheera C, Kroeker A, Cortens
JP, Opanubi KJ, Wilkins JA, Coombs KM. Knockdown of
specific host factors protects against influenza virus-induced
cell death. Cell Death Dis 2013; 4: €769 [PMID: 23949218 DOI:
10.1038/ cddis.2013.296]

Lai C, Struckhoff JJ, Schneider J, Martinez-Sobrido L, Wolff T,
Garcia-Sastre A, Zhang DE, Lenschow DJ. Mice lacking the
ISG15 E1 enzyme UbE1L demonstrate increased susceptibili-
ty to both mouse-adapted and non-mouse-adapted influenza
B virus infection. | Virol 2009; 83: 1147-1151 [PMID: 19004958
DOI: 10.1128/JV1.00105-08]

Bartlett NW, Slater L, Glanville N, Haas JJ, Caramori G,
Casolari P, Clarke DL, Message SD, Aniscenko J, Kebadze T,
Zhu ], Mallia P, Mizgerd JP, Belvisi M, Papi A, Kotenko SV,
Johnston SL, Edwards MR. Defining critical roles for NF-xB
p65 and type I interferon in innate immunity to rhinovirus.
EMBO Mol Med 2012; 4: 1244-1260 [PMID: 23165884 DOI:
10.1002/ emmm.201201650]

Staeheli P, Haller O, Boll W, Lindenmann J, Weissmann C.
Mx protein: constitutive expression in 3T3 cells transformed
with cloned Mx cDNA confers selective resistance to in-
fluenza virus. Cell 1986; 44: 147-158 [PMID: 3000619 DOI:
10.1016/0092-8674(86)90493-9]

Wei J, Waithman ], Lata R, Mifsud NA, Cebon ], Kay T,
Smyth MJ, Sadler AJ, Chen W. Influenza A infection enhanc-
es cross-priming of CD8+ T cells to cell-associated antigens
in a TLR7- and type I IFN-dependent fashion. | Immunol
2010; 185: 6013-6022 [PMID: 20956347 DOI: 10.4049/jimmu-
n0l1.1002129]

Shmulevitz M, Pan LZ, Garant K, Pan D, Lee PW. Onco-
genic Ras promotes reovirus spread by suppressing IFN-
beta production through negative regulation of RIG-I signal-
ing. Cancer Res 2010; 70: 4912-4921 [PMID: 20501842 DOI:
10.1158/0008-5472.CAN-09-4676]

Li S, Sun F, Zhang YB, Gui JF, Zhang QY. Identification
of Drel as an antiviral factor regulated by RLR signaling
pathway. PLoS One 2012; 7: 32427 [PMID: 22412872 DOI:
10.1371/journal.pone.0032427]

Yoo JK, Kim TS, Hufford MM, Braciale TJ. Viral infection
of the lung: host response and sequelae. | Allergy Clin Im-
munol 2013; 132: 1263-176; quiz 1277 [PMID: 23915713 DOI:
10.1016/j.jaci.2013.06.006]

See H, Wark P. Innate immune response to viral infection
of the lungs. Paediatr Respir Rev 2008; 9: 243-250 [PMID:
19026365]

February 26, 2014 | Volume 5 | Issuel |



Kroeker AL et a/. Interferon responses to respiratory viruses

177

178

179

180

181

182

183

184

185

186

187

188

189

Haasbach E, Droebner K, Vogel AB, Planz O. Low-dose
interferon Type I treatment is effective against HSN1 and
swine-origin HIN1 influenza A viruses in vitro and in vivo.
J Interferon Cytokine Res 2011; 31: 515-525 [PMID: 21323570
DOI: 10.1089/jir.2010.0071]

Matzinger SR, Carroll TD, Fritts L, McChesney MB, Miller
CJ. Exogenous IFN-alpha administration reduces influenza
A virus replication in the lower respiratory tract of rhesus
macaques. PLoS One 2011; 6: €29255 [PMID: 22220209 DOI:
10.1371/journal.pone.0029255]

Jiang H, Yang H, Kapczynski DR. Chicken interferon alpha
pretreatment reduces virus replication of pandemic HIN1
and H5N9 avian influenza viruses in lung cell cultures from
different avian species. Virol | 2011; 8: 447 [PMID: 21939525]
Gaajetaan GR, Geelen TH, Vernooy JH, Dentener MA, Rey-
naert NL, Rohde GG, Beuken EV, Grauls GE, Bruggeman
CA, Stassen FR. Interferon-f induces a long-lasting antiviral
state in human respiratory epithelial cells. ] Infect 2013; 66:
163-169 [PMID: 23201152]

Falzarano D, de Wit E, Rasmussen AL, Feldmann F, Oku-
mura A, Scott DP, Brining D, Bushmaker T, Martellaro C,
Baseler L, Benecke AG, Katze MG, Munster V], Feldmann
H. Treatment with interferon-a2b and ribavirin improves
outcome in MERS-CoV-infected rhesus macaques. Nat Med
2013; 19: 1313-1317 [PMID: 24013700 DOI: 10.1038/nm.3362]
de Wilde AH, Raj VS, Oudshoorn D, Bestebroer TM, van
Nieuwkoop S, Limpens RW, Posthuma CC, van der Meer
Y, Barcena M, Haagmans BL, Snijder EJ, van den Hoogen
BG. MERS-coronavirus replication induces severe in vitro
cytopathology and is strongly inhibited by cyclosporin A or
interferon-a treatment. | Gen Virol 2013; 94: 1749-1760 [PMID:
23620378 DOI: 10.1099/vir.0.052910-0]

Kuri T, Weber F. Interferon interplay helps tissue cells to
cope with SARS-coronavirus infection. Virulence 2010; 1:
273-275 [PMID: 21178452 DOI: 10.4161/ viru.1.4.11465]
Johansson C, Wetzel JD, He ], Mikacenic C, Dermody TS,
Kelsall BL. Type I interferons produced by hematopoietic
cells protect mice against lethal infection by mammalian reo-
virus. | Exp Med 2007; 204: 1349-1358 [PMID: 17502662 DOI:
10.1084/jem.20061587]

Empey KM, Orend JG, Peebles RS, Egafia L, Norris KA,
Oury TD, Kolls JK. Stimulation of immature lung macro-
phages with intranasal interferon gamma in a novel neonatal
mouse model of respiratory syncytial virus infection. PLoS
One 2012; 7: €40499 [PMID: 22792355 DOI: 10.1371/journal.
pone.0040499]

Goulet ML, Olagnier D, Xu Z, Paz S, Belgnaoui SM, Lafferty
El Janelle V, Arguello M, Paquet M, Ghneim K, Richards S,
Smith A, Wilkinson P, Cameron M, Kalinke U, Qureshi S,
Lamarre A, Haddad EK, Sekaly RP, Peri S, Balachandran S,
Lin R, Hiscott J. Systems analysis of a RIG-I agonist inducing
broad spectrum inhibition of virus infectivity. PLoS Pathog
2013; 9: 1003298 [PMID: 23633948 DOI: 10.1371/journal.
ppat.1003298]

Zhao J, Wohlford-Lenane C, Zhao ], Fleming E, Lane TE,
McCray PB, Perlman S. Intranasal treatment with poly(I*C)
protects aged mice from lethal respiratory virus infections. |
Virol 2012; 86: 11416-11424 [PMID: 22915814 DOI: 10.1128/
JVI1.01410-12]

Boukhvalova MS, Sotomayor TB, Point RC, Pletneva LM,
Prince GA, Blanco JC. Activation of interferon response
through toll-like receptor 3 impacts viral pathogenesis and
pulmonary toll-like receptor expression during respiratory
syncytial virus and influenza infections in the cotton rat
Sigmodon hispidus model. | Interferon Cytokine Res 2010; 30:
229-242 [PMID: 20038196 DOI: 10.1089/jir.2009.0025]

Liao JY, Thakur SA, Zalinger ZB, Gerrish KE, Imani F. Ino-
sine-containing RNA is a novel innate immune recognition
element and reduces RSV infection. PLoS One 2011; 6: 26463
[PMID: 22028885 DOI: 10.1371/journal.pone.0026463]

(49

TR
JBaishideng®

WJBC | www.wjgnet.com

24

190

191

192

193

194

195

196

197

198

199

200

201

202

203

Brooks MJ, Burtseva EI, Ellery PJ, Marsh GA, Lew AM, Sle-
pushkin AN, Crowe SM, Tannock GA. Antiviral activity of
arbidol, a broad-spectrum drug for use against respiratory
viruses, varies according to test conditions. | Med Virol 2012;
84:170-181 [PMID: 22028179 DOI: 10.1002/jmv.22234]

Shi L, Xiong H, He ], Deng H, Li Q, Zhong Q, Hou W, Cheng
L, Xiao H, Yang Z. Antiviral activity of arbidol against
influenza A virus, respiratory syncytial virus, rhinovirus,
coxsackie virus and adenovirus in vitro and in vivo. Arch
Virol 2007; 152: 1447-1455 [PMID: 17497238 DOI: 10.1007/
s00705-007-0974-5]

Martinez-Gil L, Ayllon ], Ortigoza MB, Garcfa-Sastre A,
Shaw ML, Palese P. Identification of small molecules with
type I interferon inducing properties by high-throughput
screening. PLoS One 2012; 7: e49049 [PMID: 23145065 DOI:
10.1371/journal.pone.0049049]

Teng MN. The non-structural proteins of RSV: targeting
interferon antagonists for vaccine development. Infect Disord
Drug Targets 2012; 12: 129-137 [PMID: 22335499 DOI: 10.2174
/187152612800100170]

Zhang Y, Jamaluddin M, Wang S, Tian B, Garofalo RP, Caso-
la A, Brasier AR. Ribavirin treatment up-regulates antiviral
gene expression via the interferon-stimulated response ele-
ment in respiratory syncytial virus-infected epithelial cells.
J Virol 2003; 77: 5933-5947 [PMID: 12719586 DOI: 10.1128/
JV1.77.10.5933-5947.2003]

Kugel D, Kochs G, Obojes K, Roth ], Kobinger GP, Kobasa
D, Haller O, Staeheli P, von Messling V. Intranasal admin-
istration of alpha interferon reduces seasonal influenza A
virus morbidity in ferrets. ] Virol 2009; 83: 3843-3851 [PMID:
19193792 DOI: 10.1128/TV1.02453-08]

Matzinger SR, Carroll TD, Dutra JC, Ma ZM, Miller CJ.
Myxovirus resistance gene A (MxA) expression suppresses
influenza A virus replication in alpha interferon-treated pri-
mate cells. | Virol 2013; 87: 1150-1158 [PMID: 23152507 DOI:
10.1128/]VI1.02271-12]

Xiao H, Killip M]J, Staeheli P, Randall RE, Jackson D. The hu-
man interferon-induced MxA protein inhibits early stages of
influenza A virus infection by retaining the incoming viral
genome in the cytoplasm. ] Virol 2013; 87: 13053-13058 [PMID:
24049170 DOI: 10.1128/JV1.02220-13]

Anafu AA, Bowen CH, Chin CR, Brass AL, Holm GH. Inter-
feron-inducible transmembrane protein 3 (IFITM3) restricts
reovirus cell entry. | Biol Chem 2013; 288: 17261-17271 [PMID:
23649619 DOI: 10.1074/jbc.M112.438515]

Narayanan A, Kehn-Hall K, Senina S, Lundberg L, Van
Duyne R, Guendel I, Das R, Baer A, Bethel L, Turell M, Hart-
man AL, Das B, Bailey C, Kashanchi F. Curcumin inhibits
Rift Valley fever virus replication in human cells. | Biol Chem
2012; 287: 33198-33214 [PMID: 22847000 DOI: 10.1074/jbc.
M112.356535]

Si X, Wang Y, Wong ], Zhang ], McManus BM, Luo H. Dys-
regulation of the ubiquitin-proteasome system by curcumin
suppresses coxsackievirus B3 replication. | Virol 2007; 81:
3142-3150 [PMID: 17229707]

Obata K, Kojima T, Masaki T, Okabayashi T, Yokota S, Hi-
rakawa S, Nomura K, Takasawa A, Murata M, Tanaka S,
Fuchimoto J, Fujii N, Tsutsumi H, Himi T, Sawada N. Cur-
cumin prevents replication of respiratory syncytial virus and
the epithelial responses to it in human nasal epithelial cells.
PLoS One 2013; 8: 70225 [PMID: 24058438 DOI: 10.1371/
journal.pone.0070225]

Xie XH, Zang N, Li SM, Wang L], Deng Y, He Y, Yang XQ,
Liu EM. Resveratrol Inhibits respiratory syncytial virus-
induced IL-6 production, decreases viral replication, and
downregulates TRIF expression in airway epithelial cells.
Inflammation 2012; 35: 1392-1401 [PMID: 22391746 DOI:
10.1007/510753-012-9452-7]

Carr JM, Mahalingam S, Bonder CS, Pitson SM. Sphingosine
kinase 1 in viral infections. Rev Med Virol 2013; 23: 73-84

February 26, 2014 | Volume 5 | Issuel |



204

205

[PMID: 22639116 DOI: 10.1002/rmv.1718]

Maceyka M, Harikumar KB, Milstien S, Spiegel S. Sphingo-
sine-1-phosphate signaling and its role in disease. Trends Cell
Biol 2012; 22: 50-60 [PMID: 22001186]

Shirey KA, Pletneva LM, Puche AC, Keegan AD, Prince GA,
Blanco JC, Vogel SN. Control of RSV-induced lung injury by
alternatively activated macrophages is IL-4R alpha-, TLR4-,
and IFN-beta-dependent. Mucosal Immunol 2010; 3: 291-300
[PMID: 20404812]

(49

TR
JBaishideng®

WJBC | www.wjgnet.com

Kroeker AL et a/. Interferon responses to respiratory viruses

25

206

207

Verma S, Kumar M, Nerurkar VR. Cyclooxygenase-2 inhibi-
tor blocks the production of West Nile virus-induced neu-
roinflammatory markers in astrocytes. | Gen Virol 2011; 92:
507-515 [PMID: 21106803]

Nabatov AA, Pollakis G, Linnemann T, Paxton WA, de Baar
MP. Statins disrupt CCR5 and RANTES expression levels in
CD4(+) T lymphocytes in vitro and preferentially decrease
infection of R5 versus X4 HIV-1. PLoS One 2007; 2: e470
[PMID: 17520029 DOI: 10.1371/journal.pone.0000470]

P- Reviewers: Carter WG, Faik A S- Editor: Wen LL
L- Editor: A E- Editor: Wu HL

February 26, 2014 | Volume 5 | Issuel |



wWJBC

World Journal of
Biological Chemistry

Online Submissions: http:/ /www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.4331/wjbc.v5.i1.26

World | Biol Chem 2014 February 26; 5(1): 26-39
ISSN 1949-8454 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

REVIEW

Cystic fibrosis transmembrane conductance regulator
chloride channel blockers: Pharmacological, biophysical

and physiological relevance

Paul Linsdell

Paul Linsdell, Department of Physiology and Biophysics, Dal-
housie University, Halifax, Nova Scotia B3H 4R2, Canada
Author contributions: Linsdell P contributed to the manuscript.
Correspondence to: Paul Linsdell, PhD, Department of Physi-
ology and Biophysics, Dalhousie University, PO Box 15000,
Halifax, Nova Scotia B3H 4R2, Canada. paul.linsdell@dal.ca
Telephone: +1-902-4942265 Fax: +1-902-4941685

Received: October 2,2013  Revised: November 15, 2013
Accepted: December 9, 2013

Published online: February 26, 2014

Abstract

Dysfunction of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) chloride channel causes cys-
tic fibrosis, while inappropriate activity of this channel
occurs in secretory diarrhea and polycystic kidney dis-
ease. Drugs that interact directly with CFTR are there-
fore of interest in the treatment of a number of disease
states. This review focuses on one class of small mol-
ecules that interacts directly with CFTR, namely inhibi-
tors that act by directly blocking chloride movement
through the open channel pore. In theory such com-
pounds could be of use in the treatment of diarrhea
and polycystic kidney disease, however in practice all
known substances acting by this mechanism to inhibit
CFTR function lack either the potency or specificity for
in vivo use. Nevertheless, this theoretical pharmaco-
logical usefulness set the scene for the development
of more potent, specific CFTR inhibitors. Biophysically,
open channel blockers have proven most useful as ex-
perimental probes of the structure and function of the
CFTR chloride channel pore. Most importantly, the use
of these blockers has been fundamental in developing a
functional model of the pore that includes a wide inner
vestibule that uses positively charged amino acid side
chains to attract both permeant and blocking anions
from the cell cytoplasm. CFTR channels are also subject
to this kind of blocking action by endogenous anions
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present in the cell cytoplasm, and recently this blocking
effect has been suggested to play a role in the physio-
logical control of CFTR channel function, in particular as
a novel mechanism linking CFTR function dynamically
to the composition of epithelial cell secretions. It has
also been suggested that future drugs could target this
same pathway as a way of pharmacologically increasing
CFTR activity in cystic fibrosis. Studying open channel
blockers and their mechanisms of action has resulted in
significant advances in our understanding of CFTR as a
pharmacological target in disease states, of CFTR chan-
nel structure and function, and of how CFTR activity is
controlled by its local environment.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Cystic fibrosis; Cystic fibrosis transmem-
brane conductance regulator; Chloride channel; Open
channel block; Channel pore; Permeation; Anion secre-
tion; Potentiators

Core Tip: This review summarizes our understanding
of small molecules that inhibit the cystic fibrosis trans-
membrane conductance regulator (CFTR) by blocking
the channel pore. It describes how such inhibitors could
be used in the treatment of diarrhea and hereditary
kidney disease; how studying these inhibitors” mecha-
nisms of action has led to advances in our understand-
ing of CFTR channel structure and function; and how
substances acting via this mechanism could contribute
to the physiological control of CFTR function in epi-
thelial cells. Ironically, studying channel inhibitors has
recently led to the discovery of a new class of CFTR
potentiators that could be used to treat cystic fibrosis.

Linsdell P. Cystic fibrosis transmembrane conductance regula-
tor chloride channel blockers: Pharmacological, biophysical and
physiological relevance. World J Biol Chem 2014; 5(1): 26-39
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INTRODUCTION

Cystic fibrosis (CF) is the most common fatal autosomal
recessive disease affecting Caucasians, with around 80000
CF sufferers in the world today. CF is caused by muta-
tions that cause loss of function of the CF transmem-
brane conductance regulator (CFTR) protein'’. Over
1900 different mutations that affect the transcription,
synthesis, trafficking, turnover, or function of CFTR
have been shown to cause CE. CFTR is expressed in the
apical membrane of many different epithelial tissues,
where it plays a central role in epithelial CI, HCOs', and
fluid transportm. As a consequence, CF is associated with
respiratory, pancreatic, gastrointestinal, and reproductive
disease that results from deficient salt and fluid secretion
in these epithelia“’a]. Conversely, inappropriately elevated
CFTR function results in excessive intestinal fluid secre-
tion in sectetory diarrhoeas such as that associated with
cholera”, CFTR-mediated CI transport by renal epithe-
lial cells also undetlies fluid accumulation and growth
of renal cysts in autosomal dominant polycystic kidney
disease (ADPKD), the most common hereditary kidney
disease”. The involvement of CFTR in such common
and serious disease states makes it an attractive target for
therapeutic intervention. Many different small molecules
interact directly with the CFTR protein, and these have
proven useful experimental tools. The therapeutic poten-
tial of drugs that act directly with CFIR is also receiving
increasing interest. This review focuses on one class of
small molecules interacting with CFTR-those that directly
block CI' movement through the open channel pore.

OVERVIEW OF CFTR ARCHITECTURE

CFTR is a member of a large family of membrane pro-
teins, the adenosine triphosphate (ATP)-binding cassette
(ABC) proteins, most members of which function as
active transport ATPases™”. CFTR appears to be unique
within the ABC family in functioning instead as an ATP-
dependent CI channel™. The structure and function of
CFTR has been reviewed in detail recently®? and will be
described only briefly here. In common with other ABC
proteins, CFTR has a modular architecture, consisting of
two membrane-spanning domains (MSDs) each compris-
ing six transmembrane a-helices (TMs) (Figure 1). Each
MSD is followed by a cytoplasmic nucleotide binding do-
main (NBD), and the two MSD-NBD modules are joined
by a cytoplasmic regulatory domain (R domain) that is
unique to CFTR. The modular architecture of CFTR also
corresponds with its defining functional features. The
R domain contains multiple consensus phosphorylation
sites for protein kinase A and protein kinase C, allowing
the channel to be regulated physiologically by hormones
that act through these protein kinases. Phosphorylation
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of the R domain is a prerequisite for channel activity. Fol-
lowing R domain phosphorylation, CFTR channel gating
(opening and closing) is controlled by ATP binding and
hydrolysis at a dimer of the two NBDs. The NBDs also
make physical contact with the long intracellular loops
(ICLs) that join individual TMs (Figure 1). The chan-
nel pore that forms the transmembrane pathway for the
movement of Cl ions is formed by a pseudo-symmetrical
arrangement of the two MSDs. Recent evidence suggests
that the ICLs form a functional link that allows a confor-
mational rearrangement initiated by ATP interaction with
the NBDs to be transmitted to the TMs, controlling the
opening and closing the channel pore.

The channel pore itself has been studied using a
combination of structural'™”’ | functional™ substituted
cysteine accessibility™>'” and molecular rnodelingmzﬂ
approaches. A simple model of the proposed overall
functional architecture of the pore is shown in Figure
1C. The pore is thought to have a relatively narrow re-
gion over which discrimination between different anions
is predominantly determined. This region is flanked by
outer and inner vestibules, with functional evidence sug-
gesting that the inner vestibule is both deeper and wider.
Of the 12 TMs (Figure 1), TM6 appears to play a domi-
nant role in determining functional interactions between
the narrow pore region and permeating anions" . TM1,
TMG6, TM11 and TM12 all contribute to the inner ves-
tibule"*" while TM1, TM6, TM11, TM12, and the
extracellular loops (ECLs) adjacent to these TMs con-
tribute to the outer vestibule! ", As described in detail
below (see “Bigphysical Relevance”), residues from TM1
(K95), TM5 (R303), TMG6 (S341) and TM12 (S1141) have
all been proposed to interact with CFTR open channel
blockers (Figure 1D and E).

CFTR CHANNEL BLOCKERS

The first kinds of CFTR inhibitors to be id@ﬂtiﬁed were
those that act as open channel blockers?™* (Figure 2).
These are substances that enter into the open channel

pore and physically occlude it, temporarily preventing
the flow of CI ions until the blocker molecule dissoci-
ates from the pore. Many diverse substances share this
mechanism of CFTR channel block, the best known (and
best studied) of which are sulfonylureas such as gliben-
clamide”* and related substances™***

zoates such as 5-nitro-2-(3-phenylpropylamino) benzoic
acid (NPPB) and diphenylamine-2-carboxylate™* ™, and
disulfonic stilbenes such as 4,4’-diisothiocyanostilbene-
2,2’-disulfonic acid and 4,4’-dinitrostilbene-2,2’-disulfonic
acid (DNDS)™. Detailed biophysical analysis of the
blocking effects of these groups of negatively charged

, arylaminoben-

substances reveal a number of common features that
may reflect a common mechanism of action. In each case
the blocker enters the pore only from its cytoplasmic end
to reach its binding site inside the channel pore (Figure
2); block is voltage-dependent, being stronger at more
hyperpolatized voltages that favour entry of negatively
charged substances into the pore from its cytoplasmic
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Figure 1 Three-dimensional and two-dimensional representations of cystic fibrosis transmembrane conductance regulator structure. A: Atomic homology
model of cystic fibrosis transmembrane conductance regulator in a so-called “channel like” conformation®. Different colours are used to illustrate the approximate
extent of the extracellular loops (ECLs, red), transmembrane domains (TMs, green), intracellular loops (ICLs, blue), and two nucleotide binding domains (NBD1, cyan;
NBD2, magenta). The cytoplasmic R domain is not included in this homology model; B: Schematic representation of these different domains (and the R domain), us-
ing the same colour scheme; C: Functional model of pore architecture. As described in the text, experimental evidence suggests that the pore has a narrow region
that is connected to the cytoplasmic and extracellular solutions by a wide inner vestibule and a narrower outer vestibule, respectively; D: Location of putative blocker-
interacting residues in the TMs (K95-TM1; R303-TM5; S341-TM6; S1141-TM12) within the same homology model shown in A. E: Location of these same residues in
the same schematic model shown in B.

end; and block is sensitive to the extracellular CI' concen- transmembrane electric field, such that the blocker appar-
tration, being stronger at low CI" and weaker at higher ently experiences at least part (generally about 20%0-50%0)
CI. Each of these defining features tells us something of this electric field as it moves between the cytoplasm
about the mechanism of inhibition and the location of and its binding site inside the pore. While the relation-
the blocker binding site. Inhibition from the cytoplasmic ship between distance across the transmembrane electric
side of the membrane was originally used to suggest that field and physical distance across the membrane itself is
the open CFTR channel pore is structurally asymmetric, neither direct nor straightforward, this voltage-depen-
with a wide inner vestibule that is easily accessible from dence is consistent with the blocker moving into the
the cytoplasm™*, and a narrower extracellular entrance membrane-spanning parts of CFTR to access the blocker
that prevents the entry of large substances from the ex- binding site. Finally, sensitivity of block to the extracel-
tracellular solution (Figure 2). Voltage-dependent block lular CI' concentration is usually ascribed to repulsive

suggests that the blocker binding site is located within the clectrostatic interactions between Cl and the negatively
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Figure 2 Mechanism of open channel blocker action. A: Chemical structures of three well-known voltage-dependent cystic fibrosis transmembrane conductance
regulator (CFTR) channel blockers: the sulfonylurea glibenclamide, the aryl amino benzoate 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), and the disulfonic
stilbene 4,4 -dinitrostilbene-2,2’-disulfonic acid (DNDS). B-D: Characteristic functional properties of block shared by these and other CFTR open channel blockers:
block is side-dependent, voltage-dependent, and sensitive to extracellular CI” concentration; B: Blockers enter the pore only from its cytoplasmic end, likely because
the extracellular entrance to the pore is too small and/or the narrow pore region prevents them from accessing their binding site in the wide inner vestibule; C: Block is
relatively strengthened at hyperpolarized membrane potentials that favour entry of negative substances into the pore from the cytoplasm, and weakened at depolar-
ized membrane potentials that favour anion retention in the cytoplasm; D: Block is weakened at higher extracellular CI' concentrations; this is usually ascribed to a
“knock-off” mechanism whereby CI' entering the pore from its extracellular end electrostatically repels negatively charged blockers back into the cytoplasm, destabiliz-

ing blocker binding inside the pore.

charged blocker molecule that take place when both are
bound simultaneously within the open channel pore.
Many or all of these features of the blocking reac-
tion have been observed with other, unrelated blocking
anions, including substrates of related ABC proteins’™*"
such as the conjugated bile salt taurolithocholate-3-sulfate
(TLCS) and the conjugated steroid 3-estradiol 17-(B-D-
glucuronide), indazole compounds such as lonidam-
ine™*, short-chain fatty acids butyrate and 4-phenyl-
butyrate®™, the fluorescein derivative phloxine B, and
even commonly used experimental compounds such as
the pH buffer 3-(4-morpholino) propane sulfonic acid™
and the negatively charged cysteine-reactive reagent
(2-sulfatoethyl) methanesulfonate (MTSES)®". Together
these open channel blocking substances represent a large
and structurally diverse group of organic anions, suggest-
ing that entry of anions into the CFTR CI channel pore
from its cytoplasmic end is a process that shows little
specificity ot size discrimination. Furthermore, most of
these blockers show relatively low potency (dissociation
constants usually in the micromolar to millimolar range,
depending on voltage). At the single channel level, these
blockers may cause discrete “flickers” in the open chan-
nel current (due to resolved individual blocking events)"
7,38,44,45,47,49,51,52] . . .
, ofr an apparent reduction in single channel
current amplitude where blocking and unblocking ate too
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fast to be resolved at the bandwidth used for patch clamp
recording™**** 8 These effects reflect kinetically
“intermediate” and “fast” blocking and unblocking reac-
tions, respectively, according to the scheme proposed by
Hille™. The low apparent affinity of CFTR open channel
blockers limits their potential for use 7 vivo. Furthermore,
many of these substances also block other classes of CI
channels™*", perhaps reflecting some structural similarity
amongst Cl' channel pores that results in similar sensitiv-
ity to block by organic anions'!

In more recent years, high-throughput screening tech-
nologies have been used to identify more potent CFTR
inhibitors". The thiazolidinone CFTRin-172 inhibits
CFTR from the cytoplasmic side of the membrane at
sub-micromolar concentrations™, due to a voltage-inde-
pendent effect on channel gating”*". Glycine hydrazides
such as GlyH-101 cause voltage-dependent block from
the extracellular side of the membrane at low micromo-
lar concentrations'”. These substances appear to inhibit
CFTR by different mechanisms than that described
above and in Figure 2 for intracellular open channel
blockers. CEFTRinh-172 has been shown to bind preferen-
tially to open channels, perhaps triggering a conforma-
tional change to an “inactivated” nonconducting state'
GlyH-101 does appear to act as an open channel blocker,
however acting from the extracellular side of the mem-
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brane!™, perhaps becoming lodged close to the narrow
pore region to occlude CI permeation®. These two potent
and relatively selective inhibitors have become drugs of
choice for experimental inhibition of CFIR activity; be-
cause of their different sidedness of action, CFTRinn-172
is preferred when applied to the intracellular side of the
membrane, and GlyH-101 for extracellular application.

Finally, a 3.7 kDa peptide toxin isolated from scorpion
venom and named GaTx1 inhibits CFTR channels from
the cytoplasmic side of the membrane at sub-micromolar
concentrations'”. Although the molecular mechanism of
GaTx1 inhibition is not well defined, this substance has
been described as acting as a non-competitive inhibitor
of channel gatingw’()s], with no demonstrated open chan-
nel blocking action. Currently GaTxl1 is the only known
peptide inhibitor of CFTR.

PHARMACOLOGICAL RELEVANCE

Because of the inviolable relationship between loss of
CFTR function and CF, there is tremendous current
interest in the identification and development of small
molecules that directly interact with the CFTR protein
to increase its function (known as CFTR “potentia-
tors”)!"”7. On the other hand, it has long been suggest-
ed that CFTR channel blockers could (at least in theory)
be used in the treatment of secretory diarrhoea and
ADPKD™ ", CFTR inhibitors have also been suggested
as potential male contracepﬁves[53’74]. As described above,
known intracellular-active open channel blockers lack
either the potency or the specificity for i vivo use. How-
ever, the higher affintiy CFTR inhibitors CEFTRinn-172
and GlyH-101 have been shown to be effective in i vitro
and 7n vivo models of secretory diarrhea®*™. Moreover,
non-absorbable lectin conjugated forms of GlyH-101
were active against cholera-induced fluid secretion and
mortality in mice when administered orallym. Similatly,
CFTRian-172 and GlyH-101 (or closely related substanc-
es) have been shown to retard cyst growth in i vitrd”""
and n vivd™ models of ADPKD. The therapeutic po-
tential of potent and specific CFTR inhibitors has been
discussed in several recent reviews"”"*".

BIOPHYSICAL RELEVANCE

Since open channel blockers bind to specific sites within
the channel pore with relatively high affinity (compared
to Cl' and other permeant anions), they have proven
invaluable probes of the structure and function of the
Cl permeation pathway. Mutations in TM6 and TM12
have been shown to alter the affinity of block by arylami-
nobenzoates™ " 1281 and lonidamine™,
consistent with functional evidence™*** and molecular
models"™" that suggest that these two TMs make sub-
stantial contributions to the inner vestibule of the pore
where the blocker binding site is thought to reside (Figures
1 and 2). Because open channel blockers are anions, and
because positively charged amino acid side chains in the

, sulfonylureas
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CFTR channel pore are known to play important roles in
electrostatic attraction of Cl ions™""** much atten-
tion has also been placed on the role of such fixed posi-
tive charges in interactions with blockers. In particular,
mutations that remove the positive charge at lysine resi-
due K95 in TM1 (Figure 1D and E) dramatically reduce
the channel blocking affinity of glibenclamide, DNDS,
lonidamine, NPPB and TLCS™*. This finding suggests
that these structurally diverse open channel blockers
share a common molecular mechanism of block - they
are attracted into the wide inner vestibule by electrostatic
attraction between the negative charge on the blocker
molecule and the positive charge on the lysine side chain
at K95, and once in the inner vestibule they bind tightly
enough to occlude the pore and temporarily prevent CI
permeation (Figure 3). This model of blocker binding in
the pore inner vestibule is also supported by a recent in
silieo investigation of blocker docking inside the pore of
an atomic homology model of CFTR™. Neutralization
of fixed positive charge in the inner vestibule by muta-
genesis of K95 also decreases single channel Cl' conduc-
tance by about 85%*** suggesting that this positive
charge also plays an important role in the normal CI'
permeation mechanism, most likely due to electrostatic
attraction of CI ions. The functional importance of the
positive charge on the side chain of K95 may explain
the sensitivity of CFTR to broad range of intracellular
anionic blockers: a positive charge in the inner vestibule
is necessary to attract Cl ions and so maximize the rate
of CI' permeation, however, this fixed positive charge
also attracts all anions in the cytoplasm, many of which
reside within the wide inner vestibule for long enough to
temporarily block the passage of Cl ions beyond into the
narrow pore region. Mutagenesis of all positively charged
lysine and arginine residues within the TMs suggests that
K95 plays a unique role within the pore inner vestibule in
attracting permeant and blocking ions”"*”, although other
positive charges may also play somewhat analogous roles
in attracting cytoplasmic ions to more superficial parts of
the pore close to its intracellular mouth.

If K95 does play a unique role in attracting anions
into the pore inner vestibule - suggesting that it might be
the only fixed positive charge located close to the blocker
binding site within this vestibule™ then what would
be the effect of adding a second positive charge to the
walls of this vestibule? This question has been addressed
by using mutagenesis to introduce additional positively
charged lysine residues at positions that have been shown
to donate pore-lining side chains to the pore inner ves-
tibule. Initially it was demonstrated that the unique, im-
portant role played by the positive charge at K95 could
be “moved” from TM1 to TM12. Thus, while the charge-
neutralizing K95S mutation dramatically decreased both
CI' conductance and sensitivity to open channel blockers,
the double mutant K95S/S1141K showed similar single
channel conductance and open channel blocker binding
properties as wild type CFTR"™

nel function suggests that these two amino acids play

! This “rescue” of chan-
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Q98
K95
A
T™M12 /J{h \ TM6

Figure 3 Location of amino acid residues key for blocker interactions in the pore inner vestibule. A: The positively charged side chain of lysine residue K95
is essential for block, due to electrostatic attraction between this positive charge and the negatively charged blocker. However, this important charge can also be sup-
ported by other amino acid side chains that line the pore inner vestibule. B, C: Sites that have been shown to host positive charge that can support block are shown in
an atomic homology model of the whole cystic fibrosis transmembrane conductance regulator protein (B) and in a detailed view of the central portions of TMs 1, 6 and
12 (C) the area highlighted in (B). The endogenous positively charged side chain of K95 is shown in red; those residues that were deemed best able to support this
functionally important positive charge in orange (V345, S1141) or yellow (1344); and those that were able to host this positive charge to a lesser extent in blue (Q98,
S341, M348) or green (A349). The homology model used here is the “channel like” conformation presented by ref® and shown in Figure 1A; other models give similar
relative positions of these pore-lining side chains.

A K95Q B wild type C 00K
K95Q/xxxK

) eL\O

&) | | (&
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Figure 4 Importance of the number of fixed positive charges in the pore inner vestibule. The importance of electrostatic interactions with the pore inner ves-
tibule is demonstrated by the finding that the strength of block can be decreased or increased by mutations that decrease or increase, respectively, the number of
positively charged amino acid side chains in the pore inner vestibule area shown in Figure 3C. A: Block is relatively weak in when the endogenous positive charge is
removed, for example as in the K95Q mutation; B: Block is of similar strength to that observed in wild type cystic fibrosis transmembrane conductance regulator when
the positive charge is “transplanted” to other, nearby sites, for example as in the double mutants K95Q/1344K, K95Q/V345K, and K95S/S1141K; C: Block is relatively
strong when a second positive charge is introduced, for example as in 1344K, V345K and S1141K.

interchangeable roles within the pore inner vestibule, in to lysine) while retaining the positive charge at K95 - in
that either could effectively host the positive charge that effect, increasing the number of positive charges lo-
supports interactions with Cl and blocking anions'® cated deep in the pore inner vestibule from one to two
(Figure 4). Substituted cysteine accessibility mutagenesis (Figure 4). Interestingly, at no site tested (Q98K, 1344K,
and disulfide cross-linking experiments indicated that the V345K, M348, A349K, S1141K) did the addition of a

amino acid side chains at these two positions line the in- second positive charge increase single channel conduc-
ner vestibule in open channels and that these side chains tance™*. This suggests that, while the presence of one
are in close physical proximity™™. Subsequent experiments positive charge is essential for normal Cl' conductance,
showed that the positive charge from K95 could similarly a second positive charge provides no additional benefit.
be transplanted to different pore-accessible positions in However, a second fixed positive charge (in S1141K)

TMG6 (1344, V345, M348, A349), as well as a site closer increased the strength of block by cytoplasmic NPPB,
to the extracellular end of TM1 (Q98)”. Thus it appears and also induced apparent voltage-dependent channel

that the exact location of the positive charge in the pore block by polyvalent anions present in the experimental
inner vestibule is not critical to support channel function. solutions (ATP, pyrophosphate) 2 suggesting that the
The ability of other sites in TMs 1, 6 and 12 to accom- number of positive charges was correlated with open
modate the positive charge that normally resides at K95 channel blocker potency (Figure 4). This suggestion was
then allowed investigation of the effects of introducing most strongly supported using the small divalent anion
a second positive charge at these sites (by mutagenesis Pt(NO2)+*, which also causes voltage-dependent open
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channel block in a K95-dependent manner™*, Addition
of a second positive charge to nearby pore-lining sites in
TMO6 (1344K, V345K) or TM12 (S1141K) led to a dra-
matic (40-100 fold) increase in the apparent affinity of in-
tracellular Pt(NO2)s” block™™, suggesting that increasing
the number of positive charges in the pore has a greater
impact on interactions with multivalent anions (such as
Pt(NO2)s> and ATP) than monovalent anions such as
Cl. Positive charges introduced at other sites within the
pore inner vestibule (Q98K, S341K, M348K, A349K)
also supported strengthened Pt(NO2)s” block, albeit to
a lesser extent. These findings, summarized in Figure 4,
led to the hypothesis that one positive charge in the inner
vestibule (as in wild type CFTR) was optimum for CFTR
channel function™. Thus, removal of the one endog-
enous positive charge (as in K95Q or K95S) decreases
channel function due to reduced electrostatic attraction
of Cl ions and a resulting dramatic decrease in channel
conductance. This effect can be “rescued” by introducing
a positive charge at other, nearby positions (as in K958/
S1141K and K95Q/V345K). Conversely, addition of a
second positive charge (as in 1344K, V345K, S1141K and
other lysine substitutions) results in no further increase in
Cl conductance but increases the electrostatic attraction
of multivalent anions that block the pore, resulting in an
overall decrease in channel function. Thus the greatest
importance of a single fixed positive charge in the inner
vestibule may be in conferring preference for monovalent
anions, including the physiological channel transport sub-
strates Cl' and HCOs'.

If one is the optimum number of positive charges in
the inner vestibule to maximize channel function, where
is the optimal location for this charge? Since normal
channel function can be rescued by moving the positive
charge to other, nearby sites in TM1, TM6 or TM12, the
exact location of this charge does not appear to be criti-
cal™. Of all sites tested as hosts of the positive charge
(K95, Q98 in TM1; S341, 1344, V345, M348, A349 in
TMO6; S1141 in TM12), K95 appears optimal in terms
of maximizing single channel conductance™. In terms
of both single channel conductance and blocker binding
properties, 1344, V345 and S1141 appeared to be the best
locations for a positive charge to reproduce wild type
properties, with Q98, S341, M348 and A349 also being
able to host this positive charge to some extent”, Simi-
larly, a second positive charge at 1344, V345 or S1141 had
the greatest impact on divalent Pt(N 02)¢” block™. These
ideas are presented graphically, within the framework of
a recent atomic homology model of CFTR, in Figure
3C. Within this model, the side chains of 1344, V345 and
S1141 appear to be at approximately the same “depth”
into the channel pore as K95; with Q98 and S341 being
located more deeply into the pore from its cytoplas-
mic end, and M348 and A349 closer to the cytoplasmic
mouth of the pore. This relative location of amino acids
is also supported by experimental evidence that disulfide
bonds can be formed between cysteine side chains sub-
stituted for K95 and S$1141™, as well as between K95C
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and 1344C and between Q98C and 1344C™. This model
suggests that it is location along the axis of the channel
pore that is most important in defining the functional
effects of a positive charge in the pore inner vestibule:
residues close to the endogenous site at K95 are best able
to substitute and rescue pore function, while residues
either further from, or closer to, the cytoplasmic entrance
of the pore are less able to host this important positive
charge. This is consistent with molecular modeling stud-
ies that show open channel blockers docked within the
pore inner vestibule and with their negative charges close
to the positive charge of K95,

As described above, interaction with the positive
charge at K95 and occlusion of the pore inner vestibule
appears to be the molecular mechanism of many dif-
ferent kinds of CFTR open channel blockers, including
those shown in Figure 2. However, a second blocker
binding site was identified using the large, polyvalent or-
ganic anion suramin®”. Suramin causes potent, voltage-
independent block of CFTR channels exclusively from
the intracellular side of the membrane®™*. Furthermore,
block by intracellular suramin is independent of extra-
cellular CI' concentration, and completely unaffected by
removal of the key positive charge in the inner vestibule
in the K95Q mutant™, This suggests that suramin does
not enter deeply enough into the pore inner vestibule to
experience electrostatic interaction with K95, perhaps
because the suramin molecule is simply too big to pass
into this restricted pore region. In contrast, suramin
block was weakened in an electrostatic fashion by muta-
genesis of another positively charged amino acid, R303
at the cytoplasmic end of TM5"" (Figure 1D and E).
This result was consistent with the previous finding that
the positive charge of R303 attracts intracellular Cl ions
to the cytoplasmic entrance of the pore™ and suggests
that the large suramin molecule may be able to occlude
the cytoplasmic mouth of the pore to prevent CI' move-
ment into or out of the pore. As shown in Figure 5, this
proposed molecular mechanism of suramin action is
consistent with observed biophysical differences between
suramin block and block by other (smaller) open chan-
nel blockers that interact with K95 (see above). Because
of its size, suramin does not penetrate deeply into the
inner vestibule; as a result, it does not traverse enough
of the transmembrane electric field to generate measur-
able voltage-dependence of block, it does not reside in
close proximity to Cl ions bound within the channel pore
(perhaps in the narrow pore region or close to the outer
extent of the inner vestibule) and so does not experience
the kind of repulsive electrostatic interactions that are
thought to underlie extracellular CI' dependence, and it
does not approach close enough to K95 to experience
attractive electrostatic interactions with this positively
charged residue (Figure 5). Electrostatic interaction with
R303 near the cytoplasmic mouth of the pore may also
contribute to the inhibitory effects of other substances
on CFTR, for example arachidonic acid™.
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Figure 5 Two distinct proposed mechanisms of block by cytoplasmic
anions. A: The effects of most blockers are voltage- and CI dependent (as
described in Figure 2) and are sensitive to mutations that remove the positive
charge at K95; B: The large multivalent anion suramin blocks the channel in a
voltage- and CI" independent fashion, and its effects are dependent on a posi-
tive charge at R303 but independent of K95. This is interpreted as the large
suramin molecule blocking the cytoplasmic entrance to the pore; at a site that
does not involve entering significantly into the transmembrane electric field or
approaching close enough to CI ions inside the pore to experience repulsive
electrostatic interactions.

PHYSIOLOGICAL RELEVANCE

CFTR channel currents are routinely studied in excised,
inside-out membrane patches, where the current-voltage
relationship is uniformly linear™”" (Figure 6). Conversely,
CFTR channel currents in intact cells, including native
epithelial cells”™”, cardiac myocytes””, and many dif-
ferent heterologous expression systems*>”"”)exhibit
outward rectification of the current-voltage relation-
ship, such that outward currents (carried by CI influx)
show greater conductance than inward currents (carried
by CI efflux) (Figure 6). This rectification - and its dis-
appearance in cell-free membrane patches - led to the
longstanding suggestion that CFTR channels in intact
cells are subject to voltage-dependent block by unknown
cytosolic anions™" ™™, This appears to reflect predomi-
nantly a voltage-dependent flickery block by cytosolic
anions that is lost when the membrane patch is excised
from the cell””7*" although differences in single chan-
nel conductance in cell-attached and excised patches have
also been reported”>””". Detailed single channel record-
ing experiments from cell-attached membrane patches
suggested that the flickery blocking mechanism was
functionally analogous to that generated by exogenous
voltage-dependent blocking anions with intermediate
blocking and unblocking kinetics' . Open channel block
as the mechanism of outward rectification was further
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Figure 6 Channel block by cytoplasmic anions in intact cells and its
dependence on extracellular anions. A: During patch clamp recording from
intact cells, cystic fibrosis transmembrane conductance regulator (CFTR) chan-
nels in the cell membrane are subject to block anions present in the cytoplasm
of the cell (left). This blocking effect is lost when the patch of membrane is
excised into the inside-out patch configuration (right); B: Example of this effect
during macroscopic CFTR current recording from a baby hamster kidney cell
expressing human CFTR, as described in detail™. Currents were recorded
before (red) and after (black) excision of the patch from the cell, during voltage
steps to between -100 mV and +100 mV in 20 mV increments from a holding
potential of 0 mV. Dotted line represents the zero current level; C: Current-
voltage relationships for the currents shown in (B). Note the outward rectifica-
tion of the relationship in cell-attached recording (red) due to voltage-dependent
channel block, and loss of this blocking effect following patch excision (black);
D: Similar example current-voltage relationships from baby hamster kidney cell
membrane patches when the extracellular solution contained 150 mmol/L NaCl
(left) or 150 mmol/L NaHCO3" (right), as described in detail"®”. Note that the
apparent degree of block in cell attached patches (red) is stronger when the ex-
tracellular solution contains HCO3' compared to CI', an effect quantified in detail
in ref. [101].

supported by the more recent finding that inhibition of
currents in intact cells was reduced in K95Q-CFTR and
(to a lesser extent) R303Q-CFTR""", This indicates that
the unknown cytosolic blocking anions interact with
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Figure 7 Interactions between cytoplasmic blocking anions and extracellular anions. Cytoplasmic block is modified by extracellular anions by different mecha-
nisms, leading to different degrees of block under different conditions. A: Block is strong in the absence of modulation of block by extracellular anions; physiologically,
such a condition may occur during periods of epithelial HCO3™ secretion, leading to strong block of cystic fibrosis transmembrane conductance regulator (CFTR) chan-
nel currents under these conditions™"; B: Block is weakened by extracellular anions that can enter the channel pore, such as CI', due to an electrostatic “knock-off’
mechanism. This may lead to increased CFTR channel currents during periods of epithelial CI" secretion™"; C: Block is weakened by extracellular anions that interact
with an extracellular part of the protein involving extracellular loop 4. This is presumed to result in a long-range conformational change in CFTR that decreases the af-
finity of the cytoplasmic blocker binding site. This mechanism may allow pharmacological manipulation of CFTR activity by compounds that interact with the extracel-
lular anion binding site™. Note that CI"ions may also interact with intracellular blocking anions by the non-pore mediated effect shown in (C)™.

these positively charged residues in the CFTR pore in anjons. As a result, overall CFTR activity will be increased

intact cells, much as had previously been shown for exog- under high extracellular Cl conditions (i.e., during peri-
enous channel blockers. ods of epithelial CI secretion) and decreased under high
While outward rectification of CFTR currents in HCO:s' conditions (ze., during periods of secretion of rel-
intact cells-and the weak form of voltage-dependence it atively HCO5 -rich fluid)""" (Figure 7). These findings led
confers on CFTR channel currents (Figure 6) has long to the suggestion that endogenous cytoplasmic blocking
been recognized, only recently has it been suggested anions are physiologically relevant regulators of CFTR
that the voltage-dependent channel block that underlies channel function, in that they confer upon the channel
this voltage-dependence might fulfil some kind of chan- sensitivity to physiologically relevant changes in extracel-
nel regulatory role. Just as block by exogenously applied lular fluid composition""). Tn epithelial cells, this may be
open channel blockers is sensitive to extracellular CI one mechanism by which CFTR channel function is fine-
(Figure 2D), so too is block by endogenous cytosolic tuned by the concentration of its transport substrates Cl
anions in intact cells**'"""'""" (Figures 6D and Figure 7). and HCOs at the apical face of these cells"'" ",
This is not surprising if, as described above, these two While extracellular CI' may be an endogenous sub-
intracellular voltage-dependent blocking effects share a stance regulating CFTR channel function #iz modula-
common molecular mechanism. Recently it was proposed tion of the blocking effects of cytoplasmic anions, this
that this ClI' dependence might be one mechanism that mechanism of channel regulation may also be subject to
allows CFTR conductance to be regulated by the com- pharmacological manipulation. Thus, millimolar concen-
position of secreted fluid bathing the extracellular face trations of extracellular multivalent psuedohalide anions
of epithelial cells""". Most CFTR-expressing epithelia ~ (Co(CN)s”, Co(NO2)s", Fe(CN)s", IrCls”, Fe(CN)s")
secrete substantial amounts of Cl and HCOs (up to were shown to mimic the effects of high extracellular
140 mmol/L. HCOs in the case of the pancreas™) in a CI' on channel block in intact cells, leading to an overall
CFTR-dependent fashion™"'"™. Furthermore, in many stimulation of CFTR channel function"" (Figure 7). It
epithelia the concentrations of Cl and HCOs' in secreted was suggested that these anions represent the founder

fluid vary greatly under physiological conditions' """, members of a new class of CFTR potentiators, and that

Interestingly, it was shown that voltage-dependent block their effects identify a novel mechanism by which CFTR

of CFTR in intact cells was significantly stronger under function could potentially be increased therapeutically
high extracellular (HCOs3) conditions than under high in the treatment of CE Interestingly, these pseudohalide
extracellular CI' conditions"". This suggests that extra- anions do not enter into the CFTR channel pore' ¥ and
cellular HCOs' is unable to substitute for Cl in relieving as such presumably do not interact electrostatically with
the blocking effects of endogenous cytoplasmic blocking blocking anions inside the channel pore; such an electro-
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static “knock off” mechanism is commonly proposed to
underlie the effect of extracellular Cl ions on intracel-
lular open channel blockers' ™' (Figure 7), as well as
permeant ion effects on blocker binding in many other
ion channel types[”]. Instead, pseudohalide anions were
shown to exert their effects »iz interation with extracel-
lular parts of CFTR, in particular ECL4""™*'""", The mo-
lecular mechanism of action of these substances, acting
on extracellular parts of the protein, is therefore distinct
from those of known CFTR potentiators, perhaps al-
lowing additive or synergistic effects with other types of
potentiators. Furthermore, the suggestion that a novel
potentiator “binding site” might exist on ECL4 raises
the possibility that this externally-accessible part of the
CFTR protein could in future be targetted by drugs that
can manipulate CFTR function therapeutically.

CONCLUSION

The architecture and ClI' permeation mechanism of
CFTR likely results in a susceptibility to relatively low
affinity, voltage dependent open channel block by a
very broad range of structurally diverse organic anions,
including unidentified anions that the channel normally
encounters in the cytoplasm of the cell. Because the

channel is normally involved in the sectetion of Cl and
HCOs ions at hyperpolarized cell membrane potentials,
the channel has a relatively large intracellular vestibule
that contains fixed positive charges to allow it to capture
these anions from the cytoplasm by the process of elec-
trostatic attraction. As the vestibule narrows toward the
centre of the pore (Figure 1C and D), a single, function-
ally unique positive charge (K95 in TM1) ensures efficient
attraction of monovalent anions (Figure 3). Beyond this
point, permeating anions pass into a narrow, uncharged
pore tegion that may allow some level of discrimination
between different anions, and also acts as a size selectivity
filter to prevent larger organic anions from escaping the
cell. While this architecture appears efficient at maximiz-
ing channel CI conductance (Figure 4), it also probably
results in some degree of channel inhibition by cytoplas-
mic anions that are attracted by the positive charge at
K95, but which ate too large to pass into the narrow pore
region (Figures 2, 3, 4 and 5). CFTR experimentalists
have long taken advantage of these voltage dependent
blocking anions to investigate CFTR-dependent process-
es, to think about the possible advantages of inhibiting
CFTR function in disease states associated with inappro-
priately elevated CEFTR function, and as relatively high-
affinity probes to investigate the structure and function
of the wide inner vestibule of the channel pore. This has
allowed the development of functional (Figures 3, 4 and
5) and structural™ models of the pore. More recently, it
has been suggested that endogenous substances that act
in this fashion may in fact play a role in tying CFTR func-
tion to the content of epithelial cell secretions (Figures 6
and 7), perhaps allowing CFTR activity to be fine-tuned
directly by the amount of its substrate(s) being secreted
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from epithelial cells. In the future, this mechanism of
CFTR regulation could be targetted by new drugs that act
at an extracellular site on the CFTR protein to reduce the
voltage-dependent blocking effects of endogenous cyto-
plasmic anions and so increase overall CFTR function in
CF patients.
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Abstract

The messenger RNA 3’-untranslated region (3'UTR)
plays an important role in regulation of gene expres-
sion on the posttranscriptional level. The 3'UTR con-
trols gene expression via orchestrated interaction
between the structural components of mRNAs (cis-ele-
ment) and the specific trans-acting factors (RNA bind-
ing proteins and non-coding RNAs). The crosstalk of
these factors is based on the binding sequences and/
or direct protein-protein interaction, or just functional
interaction. Much new evidence that has accumulated
supports the idea that several RNA binding factors can
bind to common mRNA targets: to the non-overlapping
binding sites or to common sites in a competitive fash-
ion. Various factors capable of binding to the same
RNA can cooperate or be antagonistic in their actions.
The outcome of the collective function of all factors
bound to the same mRNA 3’UTR depends on many
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circumstances, such as their expression levels, affinity
to the binding sites, and localization in the cell, which
can be controlled by various physiological conditions.
Moreover, the functional and/or physical interactions of
the factors binding to 3'UTR can change the character
of their actions. These interactions vary during the cell
cycle and in response to changing physiological condi-
tions. Abnormal functioning of the factors can lead to
disease. In this review we will discuss how alterations
of these factors or their interaction can affect cancer
development and promote or enhance the malignant
phenotype of cancer cells. Understanding these altera-
tions and their impact on 3'UTR-directed posttran-
scriptional gene regulation will uncover promising new
targets for therapeutic intervention and diagnostics.
We will also discuss emerging new tools in cancer di-
agnostics and therapy based on 3'UTR binding factors
and approaches to improve them.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Translational control; 3'-untranslated re-
gion; MicroRNAs; RNA binding proteins; Cancer

Core tip: The messenger RNA 3'-untranslated region (3’
UTR) plays an important role in regulation of gene ex-
pression on the posttranscriptional level. 3'UTR controls
gene expression vig orchestrated interaction between
structural components mRNAs (cis-element) and specif-
ic trans-acting factors (RNA binding proteins and non-
coding RNAs). Alteration of any of these components
can lead to various pathologies. In this review we will
discuss how alteration of these factors or a change in
the crosstalk between them can affect cancer develop-
ment and promote or enhance the malignant phenotype
of cancer cells. Understanding these regulatory mecha-
nisms and their impact on 3'UTR-directed posttran-
scriptional gene regulation may uncover promising new
targets for therapeutic intervention and diagnostics.
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INTRODUCTION

During tumor growth, characteristic alterations in gene
expression result in modification of the quantity of the
corresponding proteins. The alterations have been ex-
tensively documented at the mRNA transcription and
protein degradation levels; both have a strong impact on
the accumulation of critical proteins involved in tumori-
genesis. While translational control is a key mechanism
involved in the regulation of the gene expressionm, the
impact of the misregulation of gene expression during
carcinogenesis at the translational level has long been
widely underestimated.

Translation of mRNA into proteins can be specifi-
cally regulated by a combination of RNA-binding factors
(proteins and antisense RNA) that act positively or nega-
tively on translation initiation and elongation, mRNA sta-
bility and mRNA localization. This regulation is mostly
controlled by sequence elements in 3’-untranslated region
(3’UTR) of the transcripts, located downstream from
the open reading frame. The importance of the 3’UTR
was not fully appreciated until the discovery of small
non-coding regulatory RNAs (mictoRNAs or miRNAs).
MiRNAs interact with a protein complex called RNA-
induced silencing complex (RISC), which controls gene
expression by binding to miRNA target sites in mRNA
3UTRs. MiRNAs have proven to be not only impor-
tant markers but also key players in the control of gene
expression during cancer development. Multiple 3’UTR
regulatory elements are usually involved in the regulation
of translation. One of the best characterized of them is
the cytoplasmic polyadenylation element (CPE) which,
upon binding by the CPE-binding protein (CPEB), regu-
lates specific target mRINAs. CPEBI1 directly controls the
mammalian cell cycle, particularly during senescence, sug-
gesting a role in cancer and aging. According to the lit-
eratute and to our unpublished data, members of CPEB

family are misregulated in many cancers and can play
[23]

important role in carcinogenesis

The insulin-like growth factor (IGF)-2 mRNA-bind-
ing proteins 1, 2 and 3 [IGF2BP1-3/Insulin-like growth
factor 2 mRNA-binding protein 1 (IMP1-3)] belong to
another well-known family of proteins that bind to 3’
UTR and control the expression of proteins important in
the normal cell cycle and in cancerous transformation',
IGF2BP1-3 and IMPs are highly over-expressed in a
number of cancers'”.

The aim of this review is to show that regulatory fac-
tors controlling gene expression #a binding to 3’UTR do

not act separately but in cooperation. Crosstalk of these
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factors is based on the binding sequences and direct
protein-protein interaction. The functional and physi-
cal interactions of factors binding to 3’UTR can change
the character of their action, according to physiological
conditions"”. Disruption of the coordinated action of
these factors can have a big impact on the expression of
proteins involved in cancer induction and development.
A detailed understanding of these mechanisms can help
in development of new tools for cancer diagnostics and
treatment.

MIRNA AND CANCER

One of the main breakthroughs in cellular and molecu-
lar biology in the last decade was the discovery of gene
expression regulation by non-coding RNAs. The num-
ber of classes of non-coding RNAs continues to grow
rapidly. Major among them are miRNAs, piRNAs, endo-
siRNAs, exo-siRNAs, rasiRNAs, scnRNAs, tasiRNAs,
natsiRNAs, 21U-RNA, IncRNAs and tRNA-derived
RNA fragments". We will focus this review on miRNAs,
which is the most widely studied group of non-coding
regulatory RNAs. MiRNAs are small (21-23 nt) RNAs.
MiRNAs originate from Pol II -transcribed precursors
(pri-miRNAs). Then the Drosha enzyme recognizes a 70
nt stem-loop structure and produces pre-miRNA, which
is transported from the nucleus by Exportin 5. In the
cytoplasm, Dicer enzyme forms a double-stranded 22
nt RNA from pre-miRNA. One of the RNA strands is
degraded, whereas the other one inserts into the RISC
complex, binds to the target sequence in 3’UTR, and
carries out its regulatory function'. These tiny mol-

ecules are involved in the regulation of almost all cellular
processes''?. Since single miRNA can potentially have
hundreds of targets, alteration of its expression can
easily influence cellular homeostasis, which in the most
extreme case may result in cell death or in malignant
transformation of the cell. Indeed, the first evidence of
involvement of miRNAs in tumorigenesis was shown
in 2002 by Calin ¢z a/"”'. These authors found that in
68% of chronic lymphocytic leukemia (CLL) cases, dele-
tions and down-regulation of miRNA genes #/R-75 and
miR-16 at 13q14 locus were observed. Since then, thou-
sands of publications have been devoted to miRNAs
involvement in various types of cancer.

Misregulation of miRNA expression in various cancers

Involvement of miRNA in cancer has been proven
by genome-wide expression studies using microarray
technology and techniques based on quantitative poly-
merase chain reaction (qPCR), which have helped to
establish the miRNA profiles of normal and neoplastic
U453 These studies revealed a global decrease in
miRNA expression in many tumors. Various tumors
also correlate with changes in specific miRNA expres-
sion. The above studies were supported by a number of
investigations of individual types of neoplasmsmzﬂ (and
many others). About 200 miRNAs have at least once
been reported as being up- or down-regulated in tumors.

tissues
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Overall, these studies prove that each neoplasm could
exhibit a distinct miRNA expression profile that differs
from one of the other neoplasms and its normal tissue
counterpart. However, a group of miRNAs was shown
to have a similar expression profile in multiple cancers,
suggesting that their involvement in tumorigenesis is
common for many cancer types. At the same time, there
are many miRNAs that are differentially misregulated in
different cancers™. The reason for this is not yet clear,
but it is likely that the function of a miRNA may vary
because of tissue-specific expression of their targets.
On the other hand, specific miRNAs can have differ-
ent cofactors and build different networking in different
cancers. Thus, it becomes possible for a given miRNA to
act cither as an oncogene or as a tumor suppressot, ac-
cording to the context.

One of the best examples for tissue-specific target
regulation is the let-7 family of miRNAs, which accord-
ing to many reports acts as tumor suppressors” . It has
been shown that let-7 is frequently down-regulated in
many cancers, leading to up-regulation of the proto-on-
cogenes RAS™ High Mobility Group A2 (HMGAZ2) po3sl;
Mycm], integrin beta 3" the oncofetal gene IMP-1"" and
the miRNAs maturation enzyme Dicer™. Let-7b was
shown to down-regulate the expression of cyclin D1,
D3, A and cyclin-dependent kinase (Cdk 4) in melanoma
cells™,

A similar effect was observed for the miR-34 family,
another potential tumor-suppressor in a variety of can-
cets. Localized to chromosomes 1 (34a) and 11 (34c and
b), this family is frequently deregulated in various cancers,
including lung, ovarian, CLL and colorectal™. In addi-
tion, miR-34b/c polymorphism has been linked to risk
of developing hepatocellular carcinoma'™”. The miR-34
family appears to be the direct transcriptional target of
p53[49’501 and has few validated targets, SNAIL (zing finger
protein SNALI, epithelial-mesenchymal transition), Wnt,
SIRT1 (silent mating type information regulation homo-
log), cyclin-dependent kinase 6 (CDKG) and others” ™,

The miR-29 family (a, b and ¢) also has often been
found to be decreased in tumors, such as CLL, hepato-
P57 and has been
validated to target key components of cellular survival
as MCL-1 (induced myeloid leukemia cell differentiation
protein), cell cycle CDKG6 and dedifferentiation Kriippel-
like factor 4°° The most interesting observation con-
cerning miR-29 is that it can globally alter methylation
status through targeting of DNA methyltransferases 3A
and B (DNA methyltransferases 3A and B) and lead to

159

cellular carcinoma and breast cancer

the derepression of critical tumor suppressors

The miR-17-92 cluster acts as a group of oncogenes
when over-expressed. This group includes 14 homolo-
gous miRNAs that are encoded by three gene clusters
on chromosomes 7, 13 and X\, The cluster on chro-
mosome 13 is amplified in human B cell lymphomasm,
which leads to increased expression of various miRINA
members. Forced expression of the miR17-92 cluster
along with myc proto-oncogene (MYC) accelerates tumor
development in mouse B cell lyrnphorna[(’z], thus acts as
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an oncogene. Up-regulation of members of this large
miRNA group protects cells from apoptosis by inhibiting
the expression of E2F, p21 and Bim™*Y,

Among oncogenic miRNAs families, the most thera-
peutic and diagnostic potential is the miR-21 family, lo-
cated on chromosome 17. It is over-expressed in several
cancers, including breast, colorectal and lung[(ﬁ’m, and
has few validated targets: TPMI (tropomyosin), PDCD4
(program cell death protein 4) and PTEN (phosphatase
and tensin homolog) fos,

These and other observations found in the literature
prove that miRNAs play very important roles in cancer,
although their mode of action can differ according to the
composition of the targets and a combination of other
factors. Knowledge of the mechanisms of miRNA action
in particular cancers, especially understanding of their
collaborators or inhibitors, will help to develop proper
tools for miRNA-based therapy and diagnostics.

Cancer processes associated with misbalance of miRNA
expression

Epithelial-mesenchymal transition: To date, it is
believed that one of the causes of failure in the treat-
ment of cancer is the existence of cancer stem cells".
In cancer, epithelial-mesenchymal transition (EMT) is a
process by which epithelial cells are reprogrammed to
lose their differentiation and become undifferentiated
stem cells with mesenchymal properties. Despite the fact
that genes responsible for EMT are well known', data
devoted to the involvement of miRNAs in this process
are still accumulating, Thus, Nairismigi e# al™ showed
that miR-580 and CPEB1/2 down-regulate TWIST1
expression, one of the main inductors of EMT in a co-
operative way. Another miRNA that suppresses EMT
belongs to the miR-200 family. These miRNAs increase
E-cadherin expression by targeting the mRNA of the
E-cadherin transcriptional repressors zinc finger E-box-
binding homeobox 1 (ZEB1) and ZEB2"" It was
later shown that the miR-200 family is downregulated
in the initial stages of stromal invasion, but restored at
metastatic sites ”. In cases of hepatocellular carcinoma,
miR-612 was found to have an inhibitory effect on EMT
targeting of the AKT (also known as protein kinase B)
signal cascade”. On the other hand, a set of miRNAs is
correlated with EMT progression. MiR-21 is thus over-
expressed during EMT, whereas blockage of miR-21
inhibits metastasis developmentl78’79J. During EMT,
the Twist transcription factor induces expression of
miR-10b. In turn, over-expression of miR-10b in non-
metastatic breast tumors initiates intense invasion and
metastasis’ . Furthermore, in hepatocellular carcinoma,
miR-106b promotes cell migration and metastasis by ac-
tivating the EMT process'

Angiogenesis and proliferation: The tumor growth
rate is one of the most critical characteristics that define
the level of cell malignancy. However, while growing, a
tumor must supply itself with nutrients, which are pro-
vided by active angiogenesis. Deregulation of miRNA
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expression is also involved in these processes. For
instance, upregulation of the miR-17-92 cluster in ad-
enocarcinoma leads to downregulation of its predicted
targets: anti-angiogenic thrombospondin-1 and connec-
tive tissue growth factor, resulting in enhanced neovas-
| Lee et al™ showed that miR-378 increases
cell survival, tumor growth and angiogenesis. Detailed
analyses revealed that the main targets of the miR-378
were SuFu (inhibitor of Hedgehog signal cascade) and

cularization™

tumor suppressor Fus-1. Regulation of proliferation is
mainly carried out by forced entry and progression of
the cell cycle. Cyclins and their CDKs regulators are key
players in the above-mentioned process. Thus, miRNAs
can potentially inhibit key components, resulting in the
inhibition of proliferation or in decreased expression of
cyclin inhibitors. Indeed, Linsley e# al™ showed that the
miR-16 family regulates cell cycle progression. Further-
more, the miR-497-195 cluster has been shown to target
multiple cell cycle regulators, including CDKs, but it is
transcriptionally silenced in hepatocellular carcinoma®™.
In the case of breast cancer, the same miRNA was able

B9 Wee-1, a well-known

to decrease the cyclin E1 level
cell cycle regulator, is also a target of miR-497"". There
are other cases in which miRINAs inhibit cell cycle inhib-
itors. Thus, analyses of miRnome from a broad set of
different cancer samples demonstrated that a number of
miRNAs were over-expressed in all cases. Interestingly,
one of the main targets of these miRNAs was RB1, a

well-known negative regulator of the cell cycle!™,

Mechanisms of alterations of miRNA-mediated control
of gene expression in cancer

Genetic mechanisms: It is well known that genome
instability characterizes malignant cells. The discov-
ery of DNA alteration involvement in trespassing of
miRNA gene expression came from the observation
that 30%-50% of miRIN.A genes are located in fragile
sites™*” . Fragile DNA sites are regions that possess high
levels of instability and are susceptible to such processes
as genomic rearrangement, which include multiplication
and deletion of loci, translocation, high rates of muta-
tion ez, Such a process is deletion of oncosuppressive
miR-15a/ miR-16a miRNAs that target the anti-apoptotic
B-cell lymphoma 2 (BCL-2) protem | which was found
in the majority of CLL cases'” Another rearrangement,
translocation, was shown to alter the 17-92 cluster that
contains a set of miRNAs among which is leukemogenic
miR-19"%. Translocation can also alter miRNA targets,
which results in the disruption of miRNA-mediated
proto-oncogenes repression. For instance, Mayr showed
that translocation of High Mobility Group A2 (HMGA2)
3’UTR disrupts its repression by let-7 miRNAP". Dur-
ing amplification, the number of pro-oncogenic miRNA
genes is often increased. Thus, miR-26a, a direct regula-
tor of PTEN, is frequently amplified at the DNA level
in human glioma™. Amplification of growth- promotmg
miR-23a is widely observed in gastric cancer”. While
there is little data concerning the role of mutations in
miRNA-mediated control in cancer, the number of
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publications dedicated to the role of single-nucleotide
polymorphism (SNP) on miRNA action is growing fast.
SNPs are single-nucleotide variations that naturally occur
in the genome. They can potentially alter miRNA seed
sequence, which results in alterations in miRNA target
sites and deprivation of proto-oncogene expression
control. It may also influence miRNA secondary struc-
ture and cause disruption of pri-miRNA recognition by
miRNA processing enzymes. So far, numerous genomic
studies have shown that SNPs in the miRNA seed se-
quence or target site may be associated with the risk for
different types of cancer and in the prognosis of cancer

treatment’ .

Transcriptional mechanisms: MiRNAs can be pro-
cessed from RNA intron (mirtron) or transcribed as in-
dependent transcripts. In the latter case, an 77RINA gene has
its own promoter and is transcribed by Pol 1I Pl Since tissue
transcription factors in cancer are often misregulated,
it is logical to assume that this also influences miRNA
expression. Indeed, regulation of miRNA expression
by such well-known cancer-related transcription factors
such as E2E, RAS, MYC and P53 has been shown! """\
Morteover, miRNAs and their transcription factors often
work in feedback loops. Thus, E2F is responsible for
up-regulation of the above-mentioned 17-92 cluster of
miRNA in gliomas. E2F1 acts as a transcriptional acti-
vator of the miR-17- 92 cluster and binds directly to the
miR-17-92 promoter”?, However, the set of miRNAs
produced from this cluster directly inhibits E2F1. This
is an example of a negative feedback loop[loz’m]. Since
E2F1 activates its own transcription by a positive feed-
back loop, miRNAs in this case act as a fuse for E2F1
over-saturation. MiRNAs miR-449a and miR-449b are
other targets of E2F1. In this case, both miRNAs form
a negative feedback loop indirectly by targeting the pRb-
E2F1 pathway through cell cycle arrest! ngh expres-
sion of miR-375 and estrogen receptor a (ERq) in
breast cancer cells is an example of a positive feedback
circuit. MiR-375 targets dexamethasone-induced ras-re-
lated protein 1 mRNA, an ERq inhibitor, whereas ERa

. . . [105
increases miR-375 expresslon[ ],

Epigenetic mechanisms: Methylation of DNA, espe-
cially gene promoter regions of the genes, causes altera-

106 g .
. During cancer progression,

tion in gene expression
two cases could potentially be realized: hypermethylation
of oncosuppressors and hypomethylation of oncogenes.
The fact that most miRNAs are associated with CpG is-
lands""” allows us to assume that miRNA genes are po-
tential targets of DNA methylation machinery. Indeed,
treatment of cells with inhibitors of DNA methylation
(5-aza-2’deoxycytidine) led to upregulation of the subset
of oncosuppressor miRNAs in human cancer cells"™.
Another example is the oncosuppressor #iR-663 gene,
which targets well-known proto-oncogenes such as
EEF1A2, TGEB, JunB and JunD"” "', Tt was found
to be downregulated »ia methylation in samples of hu-
man acute myeloid leukemia, hepatocellular carcinoma
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and breast cancer, as well as in the K-562 leukemia cell
line*"". Similar processes occur with miR-129-2, a tu-
mor-suppressive miRNA that is frequently methylated in
lymphoid but not myeloid rnalignancies“m]. The process
of hypomethylation can also be influenced in cancer-re-
lated alterations of miRNA expression. Thus, Li ez al™”
observed hypomethylation of miR-200a/200b promot-
ers with subsequent overexpression of these miRNAs.
MiR-200a and miR-200b target SIP7, a protein product
that suppresses E-cadherin expression and contributes
U417 10 renal cell
carcinoma, the promoter of the well-known oncogene
miR-21 was found to be hypomethylated, which corre-
lates with upregulated miRNA expression level™,

to epithelial mesenchymal transition

The stoichiometry of miRNAs and their targets:
Each miRNA potentially targets hundreds of transcripts.
Depending on the strength of the miRNA binding site,
the target can be more or less inhibited. Thus, constant
levels of miRNAs and mRNAs expression are in equi-
librium, which provides cell homeostasis. However,
several mechanisms that might decrease the miRNA
level by using “miRNA sponges” have been discovered.
The most well-known example is regulation of PTEN
oncosuppressor expression by its pseudogene PTENPT,
which harbors the same conserved miRNA binding
site as PTEN mRNA™. In samples of colon cancer, a
decrease in the PTENP7 pseudogene copy number was
found, which potentially increases the miRNA pool that
targets PTEN. A pseudogene sequestering the miRINA
pool was also shown in the case of KRAS7P pseudo-
gene that possess binding sites for miR-143 and let-7
farnily“zo‘. Another example of a “miRNA sponge” is
circular RNAs (circRNAs). These non-coding RNAs are
processed from introns during splicing and carry multi-
ple miRNA binding sites. Hansen ez al"*" has shown that
ciRS-7 (circular RNA sponge for miR-7) contains more
than 70 selectively conserved miRNA target sites and

strongly inhibits miR-7 oncosuppressor activity“zz’m‘ﬂ.

3'UTR BINDING PROTEINS AND CANCER

Modulation of the protein expression on the posttran-

scriptional level during oncogenic transformation often
depends on 3’UTR and takes place by changing cis-ele-
ments or trans-binding factors that dictate stability and
translation efficiency of cancer-related protein mRNAs.

There are few well-characterized cis-elements present
in the 3’UTR region. One of them is the CPE, which has
a consensus sequence of U4-8A1-2U and is located in
relatively close proximity to the ubiquitous nuclear poly-
adenylation hexanucleotide AAUAAA™"™,

CPE binds CPEB, one member of a family of four
conserved sequence-specific RNA-binding proteins that
contain a zinc finger and two RNA recognition motifs"*".
During Xenopus oocyte maturation, CPEB controls
meiosis progression from prophase I to metaphase
""", Translational control by CPEBs was later also
shown to be involved in learning and memory*"*” and
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in the regulation of the mammalian cell cyclemm‘ CPEB
is also implicated in senescence in mammals'”"" and
in controlling the translation of proteins involved in cell
cycle checkpointsmﬂ. Xenopus studies have shown that
CPEB can both promote and inhibit RNA translation by
respectively elongating and shortening the poly(A) tail.
The balance between the two CPEB-associated activities
is altered during progression of the cell cycle, depending
on post-transcriptional modifications as well as on the
number and location of CPEs to which CPEB binds and
recruits associated adenylating and de-adenylating protein
complexes. The CPEB-containing complex in Xenopus
include: symplekin, which may be a platform protein
upon which multi-component complexes are assembled,
poly(A) ribonuclease, a de-adenylating enzyme and germ-
line-development factor 2 (Gld2), an atypical poly(A)
polyrnerase”%135
nylation is mediated by activation of the serine/threonine
kinase Aurora A/Eg2, possibly through repression of
glycogen synthase kinase 31981 \When phosphorylated
on S174 or T171 (species-dependent), CPEB promotes
polyadenylation by stimulating the activity of Gld-2""",
The newly elongated tail bound by the poly(A)-binding
protein promotes translation by augmenting the assembly
of the eIF4F initiation complex™,

CPEB family members were found to be misregulated
in various cancers”. One of them, CPEB4, was recently

. The induction of cytoplasmic polyade-

shown to be not only over-expressed in pancreatic cancer
and glioblastoma in comparison with healthy pancreatic
and brain tissues, but also plays a role as a key regula-
tor of cancer transformation and controls translation
of hundreds of mRNAs. SiRNA down-regulation of
CPEB4 expression in RWP-1 (human pancreatic cancer
lines) and Capan pancreatic cancer cells reduce their abil-
ity to form tumors after injection into nude mice'. This
group found that one of the most enriched CPEB4-
associated mRNAs, tissue type plasminogen activators
(tPA), which is known to be over-expressed in pancreatic
tumors, has a short poly(A) tail in normal tissue, whereas
in ductal tumors and pancreatic ductal adenocarcinoma
cell lines, the tPA poly(A) tail is elongated. This observa-
tion supports the idea that misregulation of protein ex-
pression during cancer transformation can be controlled
by the length of the poly(A) tail, which depends on the
presence of CPEB proteinsm.

Insulin-like growth factor-2 mRNA-binding proteins
(IGF2BPs or IMPs) are oncofetal proteins that were first
discovered in human embryonic Rhabdomyosarcoma and
are highly expressed in a number of human cancers'”.
IMPs belong to a conserved family of RNA-binding
proteins implicated in the post-transcriptional regulation
of multiple mRNAs, IGF2, MYC, CD44, PTEN, G1/
S-specific cyclin-D1 (CCND1), CCND3, G1/S-specific
cyclin-G1 (CCNG1) and others™" "™ All these IMP
targets are implicated in the proliferation and invasion of
human cancer cells. Moreover, several studies have shown
that IMPs participate in essential cell functions alienated
during cancer transformation, such as cell polarization,
migration, morphology, metabolism, proliferation and
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differentiation” .

IMPs are mainly expressed in the embryo and are im-
portant during development. However, because of their
abnormal re-expression in several types of cancer, IMPs
are considered as oncofetal proteins. Typically, IMP1
and IMP3 have been implicated in colon, liver, kidney,
pancreas and female reproductive tissue cancers. IMP3 is
reported in over 50 publications as being over-expressed
in multiple cancer types. IMP3 expression actually corre-
lates with tumor aggressiveness. Concerning IMP2, a few
studies have linked its expression to liposarcoma, liver
cancer and endomettial adenocarcinomas' .

IMPs are generally observed in the cytoplasm, where
they associate with target mRNAs in cytoplasmic ribo-
nucleoprotein complexes (MRNPs). Actually, in complex
with a wide range of other RNA binding proteins (RBPs),
IMPs are able to control mRNA turnover, transport, lo-
calization and translation.

Other studies provide evidence suggesting an impot-
tant role for IMPs in cell migration. For instance, IMP2
binds and controls the expression of PINCH-2 (par-
ticularly interesting new cysteine-histidine-rich protein)
and MURF-3 (muscle specific RING finger protein2)
mRNAs to modulate cell motility*,

Despite controversial observations regarding a po-
tential nuclear role of IMPs, increasing evidence suggests
that IMPs can recruit their target mRNAs in the nucleus
during their transcription“%m. Moteovert, a recent study
actually shows that in contrast with IMP1 and IMP2,
IMP3 has nuclear localization in a large number of hu-
man cancer cell lines. For example, IMP3 is almost 100%
nuclear in hepatocellular carcinoma, breast and ovarian
cancer cells™.

Among other well known proteins that bind mostly
to the AU-rich sequences in 3’UTR and are involved in
cancer transformations are Hu/elav proteins, known
to bind AU-rich sequences in the 3’UTR and enhance
mRNA translation or increase its stabilityw’ml. HuR is
ubiquitously expressed and HuB, -C and -D are primarily
neuronal. HuR is also known as embryonic lethal, abnor-
mal vision, Drosophila-like 1. A link between HuR and
malignant transformation has been suggested in cancers
such as breast, colon, lung and ovary“w]. Their targets
are involved in several processes, such as cell growth and
survival, proliferation, stress response, senescence and
cancer™""",

AU-binding factor 1 (AUF1), also known as hetero-
geneous nuclear ribonucleoprotein D, belongs to a big
family of hnRNPs that includes hnRNNP A, B, C, D, E,
E H, I, K L, M, Q and R. AUF1 binds to the AU-rich
sequence in the 3’UTR of target mRNAs and promotes
degradation of the target transcript, most probably by
recruiting them to exosomes for degradation' ™", How-
ever, AUF1 was found to enhance stability and transla-
tion of some mRNAs""*"*. AUF1 was also shown to be
involved in several processes: cell cycle, stress response,
apoptosis and carcinogenesis.

T-cell intracellular antigen 1 (TIA-1) TIA-1-related
(TTAR) binds to AU/U-rich sequences in the 3UTR
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of the target transcript and suppresses mRNA trans-
lation. Under stress conditions, these proteins are
thought to halt mRINA-to-protein aggregations known as
stress granules“sﬂ.

Nuclear factors 90 interacts with AU rich sequences
and suppresses translation of mRNAs involved in the cell
cycle™,

Tristetraprolin (T'TP), zinc finger protein, binds AU-
rich sequences in mRNAs to promote their decay. It is
involved in the cell cycle, inflammation and carcinogen-
esiglH100

KH-type splices regulatory protein (KSRP). RBP
binds to AU-rich sequences of target transcripts, pro-
moting mRNA decay. Its targets encoded cytokines, tran-
scription factors, proto-oncogenes and cell cycle regula-
tors" 'L

Nucleolin interacts with mRNAs bearing AU-rich
or G-rich sequences and regulates mRNA stability and
translation. Its targets are involved in the cell cycle, cell
morphology, development, cell proliferation and cancer
genesisms].

Obviously, two or more RBP may functionally inter-
play among themselves and with microRNAs through
binding to the same mRNA 3’UTR.

INTERACTION BETWEEN 3'UTR BINDING
FACTORS AND THEIR FUNCTION IN
NEOPLASTIC TRANSFORMATION

RNA binding proteins interaction

Significant evidence has accumulated to support the
idea that several RNA binding proteins can bind the
same mRINA target on either the non-overlapping bind-
ing sites or on common sites in a competitive fashion.
Different RBPs that are capable of binding to the same
RNA can cooperate or compete in their actions (Figure
1). The outcome of the combined action of all factors
bound to the same mRNA 3’UTR depends on many cir-
cumstances, such as expression of different RBPs, their
affinity for the binding sites, and their localization in the
cells. This can be controlled by different physiological
conditions.

For instance, interleukin (IL)-8 plays an integral role
in promoting a malignant phenotype in breast cancer
and its production is directly influenced by inflammatory
cytokines in the tumor microenvironment. Subsequently,
activation of the IL-1 receptor on malignant breast can-
cer cells strongly induces IL-8 mRINA expression. HuR,
KSRP and TIAR were found to bind one or more loca-
tions within the IL-8 3’UTR, although affinity of the
stabilizing factor HuR was 20-fold stronger than that of
the KSRP destabilizing factor"”. HuR, AUF1 and nu-
cleolin bind to BCL-2 mRNAs. HuR and nucleolin both
stabilized the BCL-2 transcript, while AUF1 enhanced
degradation“é}ml. Thus HuR and nucleolin can have a
cooperative effect that is antagonized by AUF1. Another
example is related to regulation of GADD45A mRNA
stability and translation efficiency. Nucleolin stabilized
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5UTR

3'UTR

Figure 1 Models of RNA binding proteins interplay in regulation of the
same target. A, B: Two RBPs compete for the same binding site in 3UTR; A:
RBP1 binds to the site, repels RBP2, and stimulates translation; B: RBP2 binds
to the site, repels RBP1, and inhibits translation; C, D, E: Two RBPs bind to the
different sites and cooperate (C, E) or compete (D) in their actions; C: Coopera-
tive action of two RBPs stimulating expression; D: Two RBPs antagonized their
effects; E: Cooperative action of two RBPs inhibiting expression. RBPs: RNA
binding proteins; 3UTR: 3-untranslated region; ORF: Open reading frame.

GADD45A mRNA and was antagonized by AUF1,
which promotes decay of this mRNA, and by TIAR,
which suppresses translation!"”.

In addition, HuR and AUF1 formed a stable ribo-
nucleoprotein complex in the nucleus, whereas in the
cytoplasm, HuR and AUF1 bound to target mRNAs indi-
vidually. HuR colocalizes with the translational apparatus
and AUF1 with exosomes'*”.

The nuclear localization of IMP3 depends on its pro-
tein partner, HNRNPM. Nuclear IMP3 is important for
the efficient synthesis of CCND1, D3 and G1 proteins
and for the proliferation of human cancer cells. Curi-
ously, IMP3 can be differentially localized in normal
versus cancerous adult cells, which in turn will determine
the efficiency of protein synthesis of CCND1, D3 and
G1 in these cells and have an impact on their prolifera-
tion, These studies suggested that IMPs are controlling
the transcript destiny of targeted mRNAs in the nucleus
and subsequently influence their stability and translation
in the cytoplasm. IMP is also found in complex with
other RNA-binding proteins, such as HNRNP A2/B1,
HNRNP A1, HNRNP A3, Polypyrimidine tract-binding
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protein 1, interleukin enhancer-binding factor 3, an RNA
helicase DHX9 and a2 mRNA-stabilizing protein HuR'",
Some of these IMP3 partners, such as HuR, are already
known to positively regulate CCND1 mRNA stability
and translation*”,

Members of the CPEB and PUF (drosophila pumilio
(Pum) protein is a founder member of a novel family of
RNA-binding proteins, known as the PUF family.) (Po-
melia/Fem-3 mRNA-binding factor 1) families collabo-
rate to regulate mRNA expression throughout eukary-
otes. PUF was shown to directly interact with CPEB in C.
clegans and humans (CPEB3) and to inhibit translation
of common targets' .

3’UTR binding factors can control translation effi-
ciency wia interaction with translation, initiation and elon-
gation factors. An example of the interaction with initia-
tion factors has been described for CPEBI1 in a previous
chapter. Recently, the eukaryotic translation elongation
factor 1A1 (eEF1A1) was shown to be involved in EMT
regulation. The main function of eEF1A1 is delivery of
aminoacyl tRNA to the A-site of the ribosome™"™.
However, Hussey ¢ al'™ discovered a new mechanism
of EMT control when eEF1A1 in complex with hnRNP
E1 binds to the BAT element in the 3’UTR of the EMT,
inducing Dab2 and ILEI transcripts. This results in the
inhibition of eEF1A1 release from the ribosomal A site,
which causes a stall in translational elongation of the
above-mentioned transcripts'’ .

Moreover, PUF and Ago can interact with eEF1A
proteins to repress translation elongation in both C. el-
egans and mammalians. This repression occurred after
translation initiation and led to ribosome accumulation
within the open reading frame, roughly at the site where
the nascent polypeptide emerged from the ribosomal
exit tunnel. Together, these data suggest that a conserved
PUIE—%go—eEFlA complex attenuates translation elonga-
tion .

RNA binding protein and microRNA interaction

Proteins that bind to the same mRNAs 3’UTR can
modulate the function of miRNAs. They either enhance
the inhibitory function of miRNA or prevent it. On the
other hand, miRNA also can assist the function of RNA
binding protein or inhibit it. This can happen simply
through binding site competition or collaboration (via
RNA remodeling), direct protein-protein interaction of
3’UTR-binding complexes, or just functional interplay
when a few factors act separately but their actions aug-
ment or negate each other (Figure 2).

Interestingly there are few cases described in the
literature in which miRNA in collaboration with RNA
binding proteins can change their mode of action during
the cell cycle or under physiological conditions such as
oxidative stress and others.

It has been shown that upon cell cycle arrest, the
ARE (AU-rich element) in tumor necrosis factor-q,
mRNA acts as a translation activation signal, recruiting
AGO (argonaute RISC catalytic component) and fragile
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AAAAAA

Competitive models

AAAAAA

Cooperative models

AAAAAA

Figure 2 Models of RNA binding protein and miRNA interplay targeting the
same mRNA. A, B: Competitive interaction. A: RBP stabilizes the secondary struc-
ture in 3UTR, and prevents miRNA binding; B: RBP competes with miRNA for the
same binding site; C, D: Cooperative interaction; C: RBP facilitates miRNA function
by opening secondary structure in 3'UTR and liberating its binding site; D: RBP
directly interacts with RISC (RNA-induced silencing complex) complex, stabilizing
binding of the latter. RBPs: RNA binding proteins; 3'UTR: 3"-untranslated region.

X mental retardation-related protein 1 factors associated
with miRNPs. Human miRNA mir-369-3 directs the as-
sociation of these proteins with the AREs, leading to the
activation of translation!”. Moreover, two well-studied
miRNAs, let-7 and the synthetic miRNA miRcxcr4, also
induce translational up-regulation of target mRNA upon
cell cycle arrest. However, they repress translation in
proliferating cells. It has been proposed that translation
regulation by miRNPs oscillates between repression and
activation during the cell cycle,

Another example of inactivation, storage and reacti-
vation is calcium transport protein (CAT)-1 mRNA tar-
geting by mir-122 under stress conditions. The derepres-
sion of CAT-1 mRNA is accompanied by its release from
cytoplasmic P-bodies and its recruitment to polysomes.
Detepression requires binding of HuR, an AU-rich-element-
binding protein, to the 3UTR of CAT-1 mRNA""™. Thus,
interaction with RNA binding proteins can change the
miRNA mode of action directed to the same target, ac-
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cording to conditions.

Some difficulty in understanding the affiliation of
certain RBPs for oncogenes or tumor suppressors came
from the observation that the same RBP interacting
with different miRNAs in the regulation of different
targets could lead to enhanced or suppressed cancer
transformation, according to the nature of the target.
The stimulation effect of Pomelia on miRNA function,
most probably through mRNA remodeling, is directed
towards the targets acting in opposite ways, as oncogene
or tumor suppressor. It was shown by Kedde and co-
workers that Pomelia RBP pumilio RNA-binding family
member 1 (PUM1) and PUM2 promote the regulation
of miR-221/222 on the pZ7kipl check-point protein and
tumor suppressor mRNAs by opening of the secondary
structure of the p27 3’'UTR and exposing the binding se-
quence to miR-221/222. This causes down-regulation of
p27kipl accumulation and stimulates cell proliferation and
breast cancer developmentmﬂ. On the other hand, Po-
melia collaborates with some miRNAs to repress E2F3,
transcription factor and strong oncogene. This prevents
cell proliferation and down-regulates bladder cancer de-
velopment!”.

Another example of miRNA and RBP collabora-
tion was shown by Nairismagi ez al™ who showed that
miR-580 and CPEB1/2 down-regulate TWIST1 expres-
sion, one of the main inductors of EMT in a cooperative
way. On the other hand, Dnd1 is an example of RBP that
prevents binding of miRNA to their target sequences in
a few genes, such as p27kipl and LATS2, and suppresses
formation of germ cell tumor! . Tt also prevents miR-21
function on its MutS protein homolog 2 target, which
suppresses tumorigenesis in skin''"”. Thus by preventing
miRNA down-regulation of tumor suppressors, Dnd1
inhibits the development of certain tumors.

The same RNA binding protein can cooperate or
antagonize miRNA functions, according to the mRNA-
target. One of the most investigated examples is HuR™",
which was found to recruit let-7 to suppress c-MYC
mRNA translation™ but competes with miR-494 and
miR-548-3p for the regulation of nucleolin and TOP2A
mRNA, respectively“so’lsﬂ.

Some RBPs not working alone but in complex with
other RNA binding proteins can prevent miRINA actions.
IMP1 in complex with heterogeneous nuclear ribonu-
cleoprotein U, synaptotagmin binding, cytoplasmic RNA
interacting protein, YXB1 (transcriptional regulator ) and
DHX9 [DEAH (Asp-Glu-Ala-His) box helicase 9] is able
to stabilize the mRNA of MYC, possibly by inhibiting its
translation-coupled degradation'*. However, some stud-
ies showed that MYC is repressed by members of the
let-7 microRNA family, suggesting a possible function
of IMP1 in protecting MYC mRNAs from microRNA
silencing. This was previously proposed as a mechanism
for the stabilization of the BTRC (beta-transducin re-
peat containing E3 ubiquitin protein ligase) mRNA by
IMPl [183,184] .

Not only RNA-binding protein can influence miRNA

function, but reciprocal action has already also been
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documented in the literature. Some miRNAs can affect
the function of RNA binding protein. For example, in-
teraction of mir-16 (a member of the mir-15/16 family
of miRNPs) and an ARE-binding protein TTP (tristet-
raprolin) has been shown to occur through association
with AGO/eiF2C family members. Mir-16 assists TTP in
targeting ARE, which appears to be an essential step in
ARE-mediated mRNA degradationﬂsﬂ.

From all of these examples, one can see that interac-
tion among factors binding to 3’UTR brings a new level
of complexity to the mechanisms of action of these fac-
tors and their influences on cancer transformation. It is
becoming clear that to understand the true picture of the
post-transcriptional control of certain genes via 3’UTR,
especially that involved in cancer transformation, one
needs to take into account all proteins and miRNAs bind-

ing to their 3’UTRs.

APPLICATION OF 3'UTR-BINDING
FACTORS TO CANCER DIAGNOSIS AND
TREATMENT

From the very ecarly investigations that suggested

miRNA involvement in cancer, scientists began to
think about using it as a tool for cancer diagnosis and
therapy. A number of studies have been initiated utiliz-
ing miRNA expression profiling to determine markers
for diseases. An eatly study comparing a limited number
of available miRNAs in cancer and normal tissues drove
the conclusions that miRNAs expression signatures are
able to classify tumors based on the development lin-
eage and the differentiation state, suggesting miRNAs
as a potential biomarker!". Following works used the
miRNA expression profile to define a number of nor-
mal and cancerous tissues from thyroid, kidney, bladder,
liver e#2"™"). Furthermore, miRNA profiling has also
been used to classify tumor subtypes in breast cancer in
P19 Mir-342 is differentially expressed in
breast cancer subtypes with high expression in Luminal

development

B-type tumors and decreased expression in therapeu-
tically difficult estrogen receptor/human epidermal
growth factor receptor 2-negative tumors' . This obset-
vation suggested that select miRNAs expression could
differentiate tumor subtypes that can be more sensitive
or resistant to particular treatments.

Radiation therapy (RT) is one of the most often used
procedures in cancer treatment; however, not all patients
respond well to it. So, it is very important to develop
markers that can predict a patient’s response to RT. MiR-
NA profiling has a big potential for this type of diagnosis.

One of the first reports identifies the let-7 family for
its role in modulating sensitivity for RT in lung cancer”’
It has been demonstrated that over-expression of let-7
promotes radio-sensitivity while knockdown increases
resistance both 7z vitro and in vive. Mir-181a has been
identified as an important miRNA for radio-sensitivity
in glioma cells. Transient over-expression of miR-181a
prevented radio-sensitivity that correlated with decreased
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quantities of Bcl-2, an anti-apoptotic proteinmg‘. Simi-
larly, over-expression of mir-451 in colorectal cancer cell
lines decreases proliferation and increases RT sensitivity
of colorectal cancer cells"™.

Chemotherapy is another widely used treatment in
cancer therapy. The miRNA profile also has a big poten-
tial as a marker for chemo-sensitivity. Inhibition or intro-
duction of some miRNAS to certain cancers can improve
their chemo-sensitivity. Inhibition of mir-21 sensitizes
U251 glioma cells to etoposide and glioma in mice to tu-
mor necrosis factor-related apoptosis, inducing the ligand
S-TRAIL (I'NF-related apoptosis-inducing ligand)[zm’m].
Mir-451 is downregulated in the glioblastoma stem cell
population. Reintroduction of mir-451 in combination
with the frequently used glioblastoma treatment imatinib
inhibits the growth of glioblastoma stem cells and the
formation of neurospheres[zoﬂ.

Mir-122 was shown to be downregulated in hepa-
tocellular carcinoma (HCC) cells, which promotes RT
resistance as well as growth, proliferation and metasta-
sis™™. Insulin growth factor 1 tyrosine kinase receptor is
targeted and suppressed by miR-122 in normal liver cells.
However, depletion of mir-122 in HCC increases the
IgfIR level. Reintroduction of mir-122 in HCC promotes
sensitivity to the tyrosine kinase inhibitor sorafenib™,

In colorectal cancer, a number of miRNAs have been
associated with predicting the response to nucleoside
analogs. Mir-143 is downregulated in colon cancer. It tar-
gets NF-kB, Bxl-2 and ERK5 and has been shown to in-
crease sensitivity to fluorouracil in HCT-166 colon cancer
cell lines™. In rectal cancer, mir-125b and mir-137 were
associated with poor response to capecitabine, a pro-
drug that is enzymatically converted to fluorouracil™.
In colon cancer, mir-519¢ targets and suppresses ATP-
binding cassette sub-family G member 2 (ABCG2) in cell
lines that are sensitive to mitoxantrone, whereas mir-519¢
inhibition increases the ABCG2 level and chemoresis-
tance. In the ABCG2 resistant cell line, mRNA possess a
shortened 3’UTR, which results in the loss of a mir-519c¢
target site and a high-level of ABCG2 protein[zm].

All these examples clearly show that miRNA profil-
ing of each cancer could provide useful information for
choosing the right treatment strategy. Few bio-pharma-
ceutical companies are working on developing miRNA-
profiling platforms for more detailed identification of
cancer subtypes that could improve recommendation of
treatment. There are more than 100 ongoing trials incor-
porating miRNA as biomarkers underway in various bio-
pharmacological companies.

Direct miRNA therapeutics, the fundamental prin-
ciple of miRNA therapy, involves either directed silenc-
ing or reduction in tumor-promoting miRNAs versus
enrichment of tumor suppressive miRNAs. Iz vivo, these
approaches include genetically engineered animals and
different ways of delivery, such as viral vectors, nanopat-
ticle-based delivery, mimics and antimiRs. Targeting
miRNA for suppression through the use of antimiRs is
perhaps the most promising model. Through comple-
mentary binding to the target miRNA (working strand),

February 26, 2014 | Volume 5 | Issuel |



Vislovukh A et a/. Role of 3'UTR translational control in cancer

these molecules can repress the action of select miRNAs.

To improve stability and target specificity, investiga-
tors have developed various modifications. Three types
of modification currently give the most promising results:
replacement of 2-OH residues by 2’-O-methyl modified
oligonucleotides, 2’-O-methoxyethyl and locked nucleic
acid. In addition, conjugation of cholesterol may be used
to Improve target speciﬁcity[m].

Sponge is another tool for RNA-silencing, By having
multiple target binding sites, sponges essentially compete
with target mRNA for miRNA occupancy, thus decreas-
ing binding miRNA to its real target”".

To target a few miRINAs involved in the same cancer
formation, investigators started using tiny 8-mer locked
nucleic acids with a phosphorothioate backbone to en-
hance the stability level®™”. They were shown to inhibit
families of miR-221/222 and let-7 with high specificity.

Viral vector-based delivery systems, including ad-
enoviral, retroviral and lentiviral systems provide some
advantages. For example, lentiviral let-7 delivery has been
successfully used in murine models of lung cancer™
Several nanoparticles with lipid-based formulations were
perhaps the most effective in delivery while minimizing
toxicity. Lipid emulsions have been used to deliver miR-
NAs in lung cancer and lymphomaml'm].

In spite of big efforts, only mir-122 has successfully
reached the clinical trial in targeted therapylm’m]. The
systematic delivery of antimiR-122 could reduce the
hepatitis C virus (HCV) viral load chimpanzee model of
chronic HCV infection with minimal toxicitylm]. San-
taris Pharma conducted a human phase Il a trial safety
antiviral function using miravirsen (a locked nucleic acid-
modified miR-122 antagonist).

RNA binding proteins similarly can be used as mark-
ers for proper cancer diagnostics, leading to better treat-
ment selection. For example, IMP3 over-expression has
been associated with distinct cancer types. Several studies
have suggested IMP3 as an important marker for poor
prognosis in cancer” " Moreover, it was demonstrated
that IMP3 promotes cell growth, proliferation and re-
sistance to ionic irradiation in an IGF2-dependent man-
ner””?". Since CPEB4 was found to be a key protein for
pancreatic cancer and glioblastoma development, one can
try to apply siRNA-dependent direct down-regulation
of CPEB4 protein in this type of tumor using delivery
methods that are discussed in this chapter.

In conclusion, 3’UTRs of human mRNAs contained
many cis-elements that bind trans factors and are impoz-
tant for the development of various diseases, including
cancer. Additional work is required to identify the com-
plete set of 3’UTR cis-elements and the trans-regulatory
factors that interact with them and to determine func-
tional consequences of these interactions and their role
in cancer transformation. Powerful transcriptome-wide
computational and experimental methods are now be-
ing used to address these questions. Along with lower-
throughput reductionist approaches, they should move us
closer to a system biology understanding of how 3’'UTRs
contribute to gene regulation during cancer transforma-
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tion. This will allow developing new, more powerful
drugs in cancer therapy.
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Abstract

Mobilization of intracellular Ca®* stores is involved in
many diverse cell functions, including: cell proliferation;
differentiation; fertilization; muscle contraction; secre-
tion of neurotransmitters, hormones and enzymes;
and lymphocyte activation and proliferation. Cyclic ad-
enosine diphosphate ribose (cADPR) is an endogenous
Ca** mobilizing nucleotide present in many cell types
and species, from plants to animals. cADPR is formed
by ADP-ribosyl cyclases from nicotinamide adenine di-
nucleotide. The main ADP-ribosyl cyclase in mammals
is CD38, a multi-functional enzyme and a type I mem-
brane protein. It has been shown that many extracel-
lular stimuli can induce cADPR production that leads
to calcium release or influx, establishing cCADPR as a
second messenger. CADPR has been linked to a wide
variety of cellular processes, but the molecular mecha-
nisms regarding cADPR signaling remain elusive. The
aim of this review is to summarize the CD38/cADPR/
Ca’* signaling pathway, focusing on the recent advanc-
es involving the mechanism and physiological functions
of cADPR-mediated Ca®* mobilization.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: This is a comprehensive review regarding
the role and mechanism of the CD38/Cyclic adenosine
diphosphate ribose (cADPR)/Ca®* signaling pathway in
various cellular processes. We introduce the structure
and function of cADPR, together with its production
and degradation pathways. We also describe CD38,
the main enzyme that is responsible for synthesis of
cADPR, through its structure and topology. Finally, we
summarize the functions of the CD38/cADPR/Ca’" sig-
naling pathway under both physiological and pathologi-
cal conditions.

Wei W, Graeff R, Yue J. Roles and mechanisms of the CD38/
cyclic adenosine diphosphate ribose/Ca’" signaling pathway.
World J Biol Chem 2014; 5(1): 58-67 Available from: URL:
http://www.wjgnet.com/1949-8454/full/v5/i1/58.htm DOIL: http://
dx.doi.org/10.4331/wjbc.v5.11.58

INTRODUCTION

Discovered mote than two decades ago, cyclic adenosine
diphosphate ribose (cADPR) has been established as a
second messenger, according to criteria first proposed
by Sutherland and co-workers'". Together with inositol
1,4,5-trisphosphate (IP3) and nicotinic acid adenine dinu-
cleotide phosphate (NAADP), cADPR has been recog-
nized as a principal second messenger involved in cellular
Ca”" mobilization. Extracellular stimuli can induce cAD-
PR production, which leads to Ca>" mobilization from
intracellular stores as well as Ca”* entry from the extracel-
lular compartment to initiate diverse cellular responses.
cADPR is synthesized by ADP-ribosyl cyclases and the
major ADP-ribosyl cyclase in mammals is CD38 (Figure
1). In this review, we will first introduce the structure and
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Figure 1 Cyclic adenosine diphosphate ribose mediated Ca™ signaling. TRPM2: Transient receptor potential cation channel M2; cADPR: Cyclic adenosine di-
phosphate ribose; NAADP: Nicotinic acid adenine dinucleotide phosphate; NAD: Nicotinamide adenine dinucleotide; ER: Endoplasmic reticulum.

function of cADPR. Next, the structure and topology of
CD38 will be reviewed. Finally, the physiological func-
tions of CD38/cADPR/Ca”" signaling and their involve-
ment in pathological processes will be summarized.

THE STRUCTURE AND FUNCTION OF
CADPR

A suitable model system is the foundation of any novel
finding and this concept is also true for the discovery of
cADPR. Sea urchin eggs are large and amenable for mi-
croinjection studies so that Ca™ mobilizing activities duz-
ing fertilization can be readily observed, and it is easy to
1solate endoplasmic reticulum (ER) from sea urchin eggs,
making them the perfect system to investigate mecha-
nisms of intracellular Ca*” mobilization. Taking ad-
vantage of the sea urchin homogenate preparation and
use of the fluorescent Ca’" indicator Fura 2, Lee ef al
and Clapper ef al¥ found that the pyridine nucleotide
nicotinamide adenine dinucleotide (NAD) can invoke a
delayed Ca®* release from ER independent of IPs. They
then determined that this delay was due to enzymatic
conversion of NAD to cADPR by the homogenate.
Later, Lee e al” solved the structure of cADPR by x-ray
crystallography and showed that it is a novel cyclic nucle-
otide formed by the covalent linkage of the N1 nitrogen
of the adenine ring to the anomeric carbon of the termi-
nal ribose to become a closed cyclic structure (Figure 2).
Benefiting from the identified structure, multiple cADPR
analogs have been synthesized, which greatly promoted
research on the role and mechanism of cADPR-mediated
Ca™” signaling[(’"()].

From the very beginning of research on cADPR, sev-
eral pharmacological studies have cleatly shown that the
mechanism of cADPR-induced Ca’* release is different
from that of IPs. For example, desensitization experi-
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ments demonstrated that the sea urchin homogenates
which were desensitized to IP3 would still respond to
cADPR™. and the IPs inhibitor heparin had no effect on
the cADPR-induced Ca”" release!"”. Using the sea urchin
homogenate as the model, Galione e# al™ proposed that
calcium-induced calcium release (CICR) may be modu-
lated by cADPR, since concentrations of cADPR in the
nanomolar range could greatly increase the sensitivity to
Ca”" during the CICR process. Thus, ryanodine recep-
tors (RyRs) were proposed to be the cADPR receptors
through which the CICR functions, and this idea was
supported by several subsequent studies. For example,
cADPR was shown to directly activate RyR2 that was
incorporated into lipid bilayers"?. In HEK293 cells trans-
fected with an islet type RyR, which is a splice variant
of the RyR2 gene by alternative splicing of exons 4 and
75, Ca’" release was enhanced in the presence of 100
prnol/ L cADPR, and the effect could be reversed by pre-
incubating with a cADPR antagonist, 8-bromo-cADPR
(8-Br-cADPR)""”. Similarly, cADPR triggered a marked
Ca’" transient in HEK293 cells that stably expressed
RyR1 and RyR3, and this Ca’’ transient was abolished by
dantrolene, an RyR antagonistm. In summary, all these
results suggested that RyRs might serve as cADPR recep-
tors (Figure 1).

However, further experiments argued that the action
of cADPR on ryanodine receptors might require the
assistance of additional protein factors (Figure 1). For
example, both calmodulin and FK506 binding protein
(FKBP) have been shown to be required for cADPR
action” . These data suggested that cADPR does not
directly bind to the ryanodine receptors, but acts through
some intermediate proteins, whose definitive identities
remain to be established. Zheng ¢z a/”" demonstrated in
mouse bladder smooth muscle that Ca" release induced
by cADPR is actually mediated by FKBP12.6 proteins.
Nevertheless, additional research such as genome-wide
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RNAI screening is needed to elucidate the direct receptor
of cADPR.

In addition, growing evidence has shown that cADPR
also evokes Ca”' influx (Figure 1), Tt has been shown
that cADPR can significantly potentiate the transient re-
ceptor potential cation channel M2 (TRPM2) channel ac-
tivity in a temperature dependent manner””. Similarly, we
recently synthesized a novel fluorescent caged cADPR
analogue, coumarin caged isopropylidene-protected cl-
DPRE (Co--cIDPRE), and found that it is a potent and
controllable cell permeant cADPR agonist. Moreover, we
demonstrated that uncaging of Co-i-cIDPRE activates
RyRs for Ca*" mobilization and triggers Ca™ influx via
TRPM2"". Yet, another experiment showed that TRPM2
is not involved in the effect of another membrane-per-
meant cADPR agonist, 8-bromo-cyclic IDP-ribose (8-Br-
N'-cIDPR), which induced Ca”" entry in T cells”. Thus,
the channel that mediates the cADPR induced Ca”" influx
still needs to be elucidated.

ENZYMATIC PATHWAY OF CADPR
SYNTHESIS AND DEGRADATION

As mentioned above, the effect of NAD to induce Ca™"
release in sea urchin eggs was shown to result from its
enzymatic conversion to cADPR. Subsequently, a similar
enzymatic activity was shown to exist in a wide variety of
mammalian tissues”. The first purified enzyme shown
to produce cADPR from NAD was identified in _Aplysia
and was later named ADP-ribosyl cyclase. Surpris-
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ingly, the amino acid sequence of Aplysia ADP-ribosyl
cyclase, a soluble 30 kDa protein, showed overall about
68% homology with human CD38, a lymphocyte anti-
gen[zg’zg]. CD38 was indeed able to catalyze the cyclization
of NAD to cADPR in pancreatic beta-cells™. More-
over, purified murine CD38 was able to convert NAD
to cADPR in an n vitro assay[zsl. Later, CD157, a GPI-
anchored antigen that shared 30% homology with CD38,
was found to have ADP-ribosyl cyclase activity as well”",

Overall, these ADP-ribosyl cyclases share about
25%-30% sequence identity™, and this family is likely
to grow since researchers have continued to find ADP-
ribosyl cyclase activity that is undefined. In addition, it
appears that these unknown cyclases function differently
in different tissues. For example, an unidentified cardiac
ADPR cyclase can be inhibited by micromolar concentra-
tions of Zn”", which is different from the effects of this
cation on CD38 and CD157">*". A similar ADP-ribosyl
cyclase that can be inhibited by the divalent cations Zn”*
and Cu”" has also been found in the disks of bovine reti-
nal rod outer segmentswl. Specific inhibitor based analy-
sis confirmed the existence of a distinct ADP-ribosyl
cyclase in the kidney since it responded differently to the
inhibitor 4,4’-dihydroxy azobenzene (DHAB) treatment
than CD38",

So far, CDD38 is still considered to be the main mam-
malian ADP-ribosyl cyclase, as shown by the fact that
extracts of tissues from CD38 knockout mice have little
if any ADP-ribosyl activity compared to those from wild
type mice. When incubated with NAD 7 vitro, CD38 only
produced a small portion of cADPR, while the major-
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ity of the product is ADP-ribose; thus CD38 possesses
both cyclase and NADase activities. In addition, CD38
can hydrolyze cADPR to ADP-ribose and, other than
CD157, it remains the only ADP-ribosyl cyclase that has
been identified in mammals”™. Moreover, CD38 shows
another bifunctional character in that it catalyzes the syn-
thesis and hydrolysis of another secondary messenger,
NAADP. In this reaction, CD38 catalyzes the exchange
of the nicotinamide group of NADP with nicotinic
acid under acidic conditions to generate NAADP; fur-
thermore, NAADP can also be hydrolyzed by CD38 to
ADPRP (Figure 2)Pm, Understanding the structure and
function of CD38 is a crucial part of cADPR/ Ca™" sig-
naling reseatch.

STRUCTURE AND ENZYMATIC
FUNCTION OF CD38

CD38 is a transmembrane protein, containing a short
21 amino acid residue N-terminal cytoplasmic tail, a 23
amino acid residue hydrophobic transmembrane domain,
and a large 256 amino acid residue carboxyl-terminal ex-
tracellular domain with four putative glycosylation sites™.
The extracellular domain of human CD38 with the gly-
cosylation sites removed has been expressed in yeast and
purified. Structural analysis of the recombinant CD38 by
X-ray crystallography showed that the secondary struc-
ture of CD38 is similar to that of the Aphsia cyclase.
Overall, both CD38 and the cyclase have similar topology
although the cyclase forms dimers in the crystals whereas
CD38 does not. The middle cleft of both proteins forms
a deep pocket as the active site, with a TLEDTL con-
served sequence sitting in the bottom of the pocket™"",
Site-directed mutagenesis studies identified Glu226 as the
catalytic residue of CD38". Two other residues, Glu146
and Thr221, were found to be essential for the cyclization
and hydrolysis activity of CD38, respectivelyl43j. Upon
binding of NAD to the active site, the nicotinamide ring
interacts with Trp189 by hydrophobic ring stacking, the 2’
and 3’ hydroxyls of the northern ribose form hydrogen
bonds with Glu226, and the ribose diphosphate moi-
ety interacts with amino acids Trp125, Ser126, Argl27,
Thr221 and Phe222. Upon cleavage of the nicotinamide
ring, the N1 nitrogen of the adenine ring gains access to
the anomeric carbon to form a covalent bond and pro-
duce cADPR. Alternatively, a water molecule, rather than
the adenine ring, attacks the intermediate to form ADP-
ribose™. In contrast to the formation of cyclic ADP-
ribose from NAD, CD38 also catalyzes the formation of
NAADP from NADP. Under acidic pH and in the pres-
ence of nicotinic acid, the acidic residues in the active site
of CD38 are protonated, thereby facilitating the nucleo-
philic attack of the intermediate of NADP by nicotinic
acid to generate NAADP™,

TOPOLOGY OF CD38
Structurally, CD38 is predicted to be a type-11 transmem-
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brane protein with its catalytic C-terminal domain located
outside of the cell™. This circumstance presents a dilem-
ma because the NAD substrate is located intracellularly
whereas the enzyme is positioned extracellularly. If so,
cytosolic NAD must be transported out of cells first and
then cyclized by CD38 to produce cADPR in the extra-
cellular space. Subsequently, the cADPR product must be
transported back into the cytosol to induce Ca”" release
from the ER. This scenario obviously presents a “topo-
logical paradox” for the cADPR/ Ca™ signaling cascade.
Two general hypotheses have been proposed to solve this
puzzle (Figure 3). The first proposal is based on the pres-
ence of transporters, such as connexin 43 hemichannels,
which allow intracellular NAD to move to the extracel-
lular space so that it is available for access to the catalytic
domain of CD38 to be converted to cADPR™. The
cADPR product is then transferred back to cells zia either
CD38 or nucleoside transporters[%]. Besides this direct
transport model zia transporters, Zocchi et al*" also sug-
gested that CD38 undergoes an extensive internalization
through invaginations of the plasma membrane to form
endocytotic vesicles, which makes the active site of CD38
intravesicular and able to convert cytosolic NAD into
cADPR. CD38 itself is a unidirectional transmembrane
transporter of cADPR that mediates the cADPR efflux
into the cytoplasm to reach the Ca”" store, while influx of
the cytosolic NAD" substrate into the endocytotic CD38-
containing vesicles is mediated by other transmembrane
transporters, such as connexin 43 hemichannels™™. The
internalization of CD38 has been supported by several
studies. For example, the internalization of CD38 can
be induced by NADP in Chinese hamster ovary (CHO)
cells™ and hemin treatment can induce internalization of
CD38 in K562 cells™. Rah ¢z a/”" have also demonstrat-
ed that association of phospho-nonmuscle myosin heavy
chain [T A with tyrosine kinase Lck and CD38 is critical
for the internalization and activation of CD38. However,
mechanisms regarding the transporter mediated CD38
activation process remain elusive. For example, connexin
43 hemichannels are opened for NAD export only when
the cellular Ca”"is 100 nmol/L; thus this system is unlike-
ly to operate when Ca™ is elevated above basal levels™™!
The second proposal offered to explain the topologi-
cal paradox involves a consideration of the orientation of
CD38. Bruzzone and coworkers have shown that treat-
ment of granulocytes with 8-Br-cyclic adenosine mono-
phosphate (cAMP), a cell-permeant analog of cAMP, in-
duced serine phosphorylation of CD38, correlating with
a cAMP-dependent intracellular cADPR synthesis™. Al-
though the exact location of the phosphorylation sites is
unknown, it was predicted to be in the catalytic C-terminal
domain that contains multiple serine residues. However,
if the catalytic domain of CD38 is phosphorylated by
protein kinase A (PKA), this domain should be in the cy-
tosol to directly cyclize NAD, thereby synthesizing cAD-
PR intracellularly. This suggests that although CD38 is
believed to be a type-II protein, at least a portion of the
total CDD38 is expressed as a type-Ill membrane protein
with its C-terminal catalytic domain sitting in the cyto-
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Figure 3 Models of CD38 topology. cADPR: Cyclic adenosine diphosphate ribose; NAD: Nicotinamide adenine dinucleotide; RyR: Ryanodine receptor.

sol™. Since the number of positive charges that determine
the polarity of membrane protein is equal on each side of
the CD38 transmembrane segment, studies from protease
digestion[54] and electron microscopy[ssl showed that the
nuclear CD38 might be a type-Ill membrane protein. Most
recently, Zhao ez al”” reported that expression of a cyto-
solic CD38 protein with deletion of both the N-terminal
tail and transmembrane domain results in intact disulfides
as well as active enzyme in spite of the cytosolic reductive
environment; this result appears to solve the fundamental
need of the six disulfides for CD38 enzymatic activity.
Based on this finding, they consequently proved the co-
expression of type II and type Il CD38 on the surface
of leukemia HI-60 cells during retinoic acid-induced dif-
ferentiation and on interferon Y-activated natural human
monocytes and U937 cells™. They proposed that the type-
I structure may take part in fast cellular responses, while
the type- Il structure may be more suitable for slower and
long term responses (Figure 3P,

PHYSIOLOGICAL FUNCTIONS OF THE
CD38/CADPR/CA?* PATHWAY

In addition to its role in cADPR production, another
function of CD38 is to regulate the NAD level inside
cells. It has been well established that NAD plays an
essential role in energy metabolism and is involved in
diverse signal transduction pathways. A rather surprising
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finding is that CD38 has a dramatic role in intracellular
NAD metabolism. NAD levels in CD38 knockout mice
are 10 to 20-fold higher than that in wild-type animals.
These results suggest that CD38 is a major regulator of
NAD levels in mammalian cells™.

CD38 was originally identified as a lymphocyte anti-
gen; thus it is not surprising that the CD38/cADPR/ Ca™"
pathway plays an important role in inflammatory process-
es. In an ischemic stroke study, CD38" mice produced
less monocyte chemoattractant protein-1 (MCP-1) after
temporary middle cerebral artery occlusion and had fewer
infiltrating macrophages and lymphocytes in the ischemic
hemisphere than the wild type mice, whereas the amount
of resident microglia was unaltered. The same study also
demonstrated that CD38 affected immune cell migration
as well as activation, two crucial postischemic inflamma-
tory responses in secondary brain damage, suggesting
that CD38 might be a therapeutic target to modulate
the inflammatory mechanisms after cerebral ischemia™®’.
Recently, Ng ¢ a/* used intravital multi-photon micros-
copy to observe the neutrophil granulocyte traffic into
the injury site in the dermis of mice and found that the
amplification phase, which is the attraction of more neu-
trophils toward the damage focus after the initial phase
of migration by scouting neutrophils, was mediated by
cADPR. cADPR and CD38 were also involved in the
regulation of leukocyte adhesion and chemotaxis and
were required for the deletion of T regulatory cells dut-
ing inflammation as well. In addition, 8-Br-cADPR, a
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cADPR antagonist, inhibited the MCP-1 induced Ca™*
increase, reactive oxygen species (ROS) production and
apoptosis in human retinal pigment epithelium, suggest-
ing that cADPR is also involved in the inflammatory re-
sponses of age-related macular degeneration (AMD) o,

Recently, we demonstrated that cADPR is important
for regulating cell proliferation and neuronal differentia-
tion in PC12 cells. We found that acetylcholine (Ach)
activates the CD38/cADPR pathway to induce Ca™"
release and the CD38/cADPR/Ca”" signaling pathway
is required for Ach-stimulated cell proliferation in PC12
cells. Interestingly, inhibition of the cADPR pathway ac-
celerated nerve growth factor (NGF)-induced neuronal
differentiation in PC12 cells. On the other hand, CD38
overexpression increased cell proliferation but delayed
NGF-induced differentiation. Taken together, we demon-
strated that cADPR plays a dichotomic role in regulating
proliferation and neuronal differentiation of PC12 cells™,

Abscisic acid (ABA) is an endogenous stimulator of
insulin secretion in human and murine pancreatic beta
cells. ABA triggered activation of CD38 and production
of cADPR before insulin release, suggesting that CD38
is a regulator of insulin release®. Also, CD38 expression
and cADPR production induced by ABA were required
for ABA-induced upregulation of COX-2 and prosta-
glandin E2 in human mesenchymal stem cells (MSC) and
for chemokinesis of MSC"”.

Since cADPR can activate RyRs for Ca’* release from
ER and can modulate the CICR process, the CD38/
cADPR/Ca™ pathway is predicted to participate in the
regulation of cardiac activities, including cardiogenesis
and the function of adult cardiac tissue. In fact, ever
since the discovery of cADPR, researchers have vigor-
ously explored its role in cardiac tissues. Galione ez al””
showed that application of cADPR through a patch
electrode resulted in an increase in Ca”~ transients with
a concomitant increase of the magnitude of contraction
in guinea-pig cardiac ventricular myocytes, whereas ap-
plication of the inhibitor 8-amino-cADPR resulted in
a significant reduction in contractions and Ca”™ release
from the SR. Similarly, in rat cardiac ventricular myocytes,
cADPR increased the frequency of Ca™* “sparks”, which
may contribute to the increase in subsequent whole-
cell Ca”" transients™. In addition, Prakash e «/*” found
that microinjection of cADPR into adult rat ventricular
myocytes not only induced sustained Ca™” responses in a
concentration dependent manner but also increased the
frequency and amplitude of spontaneous Ca™" waves,
which were completely blocked by 8-amino-cADPR, a
cADPR antagonist.

Interestingly, cardiac hypertrophy developed only in
CD38 knockout male mice. The expression of RyR pro-
tein was increased only in female CD38 knockout mice
compared with wild type, suggesting that the CD38/
cADPR signaling plays an important role in intracellular
Ca”" homeostasis in cardiac myocytes i vivo, although its
deficiency was compensated differentially according to
genderm.

cADPR was also shown to be involved in angiotensin
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1 -induced cardiac hypertrophy'". In rat cardiomyocytes,
angiotensin II evoked a Ca”" increase via IP3R to activate
PKC, which then activated the NAD(P)H oxidase to ini-
tiate ROS generation. The ROS together with Ca™ then
activated the ADP-ribose cyclase to synthesize cADPR,
which induced a sustained increase of both Ca’" and
ROS and finally led to cardiac hypertrophy™. Most re-
cently, Xu e# al™ demonstrated that CD38/cADPR was
involved in the regulation of superoxide (O2") production
in mouse coronary arterial myocytes (CAMs). NAD(P)H
oxidase is responsible for O2" production. Since CD38
can use NAD, an NAD(P)H oxidase product, to produce
cADPR and cADPR production can result in an increase
in NAD(P)H oxidase activity, the system contains a posi-
tive feedback loop. Xu ez al™ found that oxotremorine, a
muscarinic type 1 receptor agonist, stimulated intracellu-
lar O2" production in CAMs that was inhibited in CD38
knockout, CD38 knockdown, or nicotinamide-treated
(a CD38 inhibitor) cells. On the other hand, direct ap-
plication of cADPR into CAMs increased intracellular
Ca>" and O2" production in CD38”" CAMs. Moreover,
CD38 knockout, Nox1 knockdown or Nox4 knockdown
blocked oxotremorine-induced contraction in the iso-
lated perfused coronary arteries in mice. Taken together,
these data indicate that the CD38/cADPR pathway is an
important regulator of Nox-mediated intracellular O2"
production.

The CD38/cADPR/Ca*" pathway has also been
shown to regulate the cardiogenesis process. We recently
studied the role of CD38/cADPR/Ca*" in the cardio-
myogenesis of mouse embryonic stem (ES) cells. We
found that beating cells appeared earlier and were more
abundant in CD38 knockdown embryoid bodies (EBs)
than control EBs, and the expression of several cardiac
markers was increased significantly in CD38 knockdown
EBs than control EBs. Similarly, more cardiomyocytes
(CMs) existed in CD38 knockdown or cADPR antago-
nist-treated EBs compared to control EBs. Conversely,
CD38 overexpression in mouse ES cells markedly inhib-
ited CM differentiation. Surprisingly, CD38 knockdown
ES cell derived CMs possess the functional properties
characteristic of normal ES cell derived CMs. In addition,
we found that the CD38/cADPR pathway inhibited the
Etk1/2 cascade during CM differentiation of ES cells,
and transient inhibition of Erk1/2 blocked the enhancive
effects of CD38 knockdown on the differentiation of
CM from ES cells. Taken together, we demonstrated that
the CD38/cADPR/Ca*" signaling pathway inhibits the
CM differentiation of mouse ES cells"™.

The mechanism underlying cADPR regulation of Ca”"
sparks in cardiomyocyte remains elusive. Zhang ez al™.
showed that cADPR markedly increased the Ca”" spark
frequency in cardiomyocytes isolated from wild type
mice, whereas cADPR failed to initiate Ca™ sparks in car-
diomyocytes isolated from FK506 binding protein 12.6
(FKBP12.6) knockout mice. They further demonstrated
that cADPR induced FKBP12.6 dissociation from RyRs
in a phosphorylation-dependent manner. Yet, another
study showed that cAMP signaling is required for the
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role of cADPR in the beta-adrenergic receptor induced
Ca”'increase in rat cardiomyocytes. They found that the
isoproterenol-mediated increase of Ca”" was blocked by
pretreatment with 8-Br-cADPR, PKA inhibitor H89 or
a high concentration of ryanodine. Moreover, incuba-
tion of ventricular lysates with isoproterenol, forskolin
or cAMP resulted in activation of ADP-ribosyl cyclase
of the ventricular lysates[34]. Interestingly, for comparison,
estrogen increased CD38 expression and its cyclase activ-
ity, but did not affect its hydrolase activity, while proges-
terone eliminated the effects of estrogen on CD38 in the
rat myometrium'”. Nevertheless, the mechanism of how
the CD38/cADPR is involved in the regulation of car-
diac function is still unclear.

CD38/CADPR/CA?** PATHWAY IN

PATHOLOGICAL PROCESSES
The CD38/cADPR/Ca*" pathway has been suggested

to be involved in various pathological processes. For
example, CD38 deficiency accelerated diabetes in a non-
obese diabetic (NOD) mice model™. Tt has also been
shown that both the specific kidney ADP-ribosyl cyclase
activity and cADPR production were increased in the
kidneys of diabetic mice, suggesting that cADPR plays
a role in the renal pathogenesis of diabetes””. Down-
regulation of CD38 has also been shown to mediate the
intermittent hypoxia induced impairment of glucose-

induced insulin secretion, suggesting that CD38 plays a

role in type 2 diabetes progressionm

. Numerous studies
have been attempted to dissect the molecular mechanism
of the role of CD38/cADPR/Ca*" pathway in mediat-
ing diabetes in order to identify an alternative therapeutic
tool. Tian ¢f a/” found that the content of cADPR was
elevated with concomitant enhanced activity of RyR2 in
ventricular myocytes isolated from a type 1 diabetic rat
model, suggesting that cADPR mediates type 1 diabetes
through regulating the function of RyR2. Chen e# al™
demonstrated that the ATP-gated ion channel P2X7 was
required for the acceleration of type 1 diabetes induced
by CD38 deficiency. Taken together, knowledge about
the role of the CD38/cADPR/Ca” pathway in diabetes
is accumulating rapidly and there is hope that understand-
ing this pathway will facilitate the development of novel
therapeutics for the disease.

The CD38/cADPR/Ca™" pathway has been associat-
ed with inflammatory airway disorders. In human airway
smooth muscle (ASM) cells, increased ASM contractil-
ity in inflammatory diseases such as asthma was due to
enhanced Ca”* sensitivity to cytokines, which was corre-
lated with the increase of CD38 expression and cADPR
level®. This increase of CD38 was induced by TNFa
via NFkB and could be inhibited by glucocorticoidslgzj.
In addition, the CD38/cADPR/Ca”™" pathway also me-
diated the 2-arachidonoylglycerol induced rapid actin
rearrangement during differentiation of HL-60 cells into
macrophage-like cells™ and extracellular NAD" induced
stimulation and recruitment of human granulocytes dut-
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ing the inflammation process[w. In addition, CD38 was
involved in a neuroinflammatory disorder where CD38
expression level was markedly increased in IL-1beta- or
HIV-1-activated human astrocytes, whereas CD38 knock-
down significantly reduced proinflammatory cytokine and
chemokine production in astrocytes'™ . Considering these
results, the CD38/cADPR/Ca”™" pathway plays important
roles in multiple inflammatory processes.

CONCLUSION

The CD38/cADPR/Ca™" pathway modulates various
processes of cells, including inflammation, insulin secre-
tion, cardiogenesis, cardiac regulation ezz. With further
investigation, it is likely that other physiological roles of
the CD38/cADPR/Ca*" pathway will be revealed. For
example, Yue ef a/* have shown that the CD38/cAD-
PR/Ca”" pathway delayed the nerve growth factor in-
duced differentiation of PC12 cells; thus it is reasonable
to predict that this pathway might also be involved in the
regulation of neurogenesis. Using the mouse embryonic
stem cell 7z vitro differentiation model, our preliminary re-
sults showed that the CD38/cADPR/Ca”" pathway does
play a role in neural differentiation of mES (unpublished
data); however, further research is needed to decipher the
underlying mechanism. A comprehensive understanding
of the physiological and pathological roles of the CD38/
cADPR/Ca™" pathway in various cellular processes will
undoubtedly be helpful for exploiting new molecular
therapy targets. In addition, it still remains to be deter-
mined whether cADPR binds directly to RyRs or through
some unknown proteins. Recently, the long-sought-after
store-operated Ca”" entry proteins were identified using a
genome-wide RNAI screen by several groupslgb'sgl. A simi-
lar strategy could be applied to identify novel cADPR-
interacting proteins or regulators.
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Abstract

Ribonucleotide reductase (RNR), the rate-limiting
enzyme in DNA synthesis, catalyzes reduction of the
different ribonucleotides to their corresponding deoxyri-
bonucleotides. The crucial role of RNR in DNA synthesis
has made it an important target for the development of
antiviral and anticancer drugs. Taking account of the re-
cent developments in this field of research, this review
focuses on the role of thioredoxin and glutaredoxin sys-
tems in the redox reactions of the RNR catalysis.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Ribonucleotide reductase; Thioredoxin; Glu-
taredoxin; DNA synthesis; Thiol disulfides; Replication

Core tip: Thioredoxin and glutaredoxin-mediated redox
regulations of ribonucleotide reductase (RNR) catalysis
play a vital role as the RNR catalysis involves differ-
ent redox active thiol functions, thiyl radicals and thiol
proteins. The in depth knowledge of the whole redox
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catalysis will contribute significantly to designing and
developing new RNR inhibitors for improved cancer
chemotherapy, antibiotic development and antiviral
treatments.

Sengupta R, Holmgren A. Thioredoxin and glutaredoxin-
mediated redox regulation of ribonucleotide reductase. World J
Biol Chem 2014; 5(1): 68-74 Available from: URL: http://www.
wjgnet.com/1949-8454/full/v5/i1/68.htm DOI: http://dx.doi.
org/10.4331/wjbc.v5.11.68

INTRODUCTION

Ribonucleotide reductase (RNR) catalyzes the rate limit-
ing step of the DNA synthesis where the reduction of
ribonucleotides (NTPs) results in the formation of cor-
responding deoxyribonucleotides (ANTPs)""™, The RNR
catalysis involves protein free radicals, redox-active thiols
and proteins of the thioredoxin (Trx) superfamily. In the
RNR complex, the R1 subunit contains the active site,
allosteric sites and redox active thiols/disulfides required
for the RNR catalysis; while the R2 subunit provides a
dinuclear metal cluster and a tyrosyl free radical essential
for the catalytic cycle. The RNR activity can be regulated
by expression of different subunits, subcellular localiza-
tion, post-translational modifications and allosteric regu-
lation involving both activity and substrate speciﬁcity[}s].
The DNA replication is coordinated with the cell growth
by different regulatory mechanisms. Development of
malignancy and cancer are found to be associated with
an increased expression and activity of RNR. In cells, an
imbalance in the levels of dNTPs will cause mutagenesis
and carcinogenesis. On the other hand, blockage of RNR
activity can inhibit DNA synthesis and repair which re-
sults in apoptosis. In recent years, several RNR inhibitors
have entered clinical trials. Recent developments in the
field will provide a new basis for the discovery of more
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Figure 1 Crystal structure of Class I aerobic ribonucleotide reductase
complex (A), and proposed reaction mechanism of ribonucleotide reduc-
tase catalysis (B). A: This is based on the crystal structures of the R1 and R2
proteins (Protein Data Bank ID: 1RLR and 1RIB). The figure shows the pres-
ence of substrate in R1 subunit and dinuclear iron center in R2 subunit. The
ribonucleotide reductase complex (RNR) complex is a tetramer with the dimer of
R1 subunit and the dimer of R2 subunit. The allosteric regulatory domain of R1 sub-
unit (ATP-cone) binds either ATP or dATP to regulate the enzymatic activity (adapted
from Logan et af’); B: The figure describes the reduction of nucleoside diphosphate
(NDP) to deoxyribonucleoside diphosphates (ANDP) by class I RNR (E. coli). The
reduction is iniiated by a thiyl radical (Cys 439) by abstracting the 3-hydrogen from
the NDP. A water molecule is lost and the two cysteines (Cys 225 and Cys 462) then
deliver the required reducing equivalents, generating a 3'-ketodeoxynucleotide
which is subsequently reduced to give INDP (adapted from Holmgren et al").

effective RNR inhibitors for cancer therapy. Taking ac-
count of the recent progress in this field of research, this
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review focuses on the role of Trx and glutaredoxin (Grx)
systems in the redox regulations of the RNR catalysis.

RNR: CLASSIFICATION AND CATALYSIS

Based on the pathways of radical initiation and require-
ments of metal cofactors, the RNRs have been divided in
to three classes” . The active site of all three classes of
RNR has a very similar structure (Figure 1)**". A con-
served cysteine residue plays the vital role for the genera-
tion of a thiyl radical in all the classes of RNR (Figures 1
and 2). The reaction mechanisms of different classes of
RNR are similar due to the structural similarities of the

catalytic domains. The RNR catalysis starts with the gen-
23]

eration of a thiyl radical close to the bound substrate
Then the abstraction of hydrogen from the C3’ of the
ribose ring and generation of a substrate radical occur.
During the RNR catalysis, a cysteinyl radical, required for
the abstraction of hydrogen at the C3’ ribose substrate,
is derived from a tyrosyl radical for class I or cobalamin
cofactor for class I or a glycyl radical for class III. For
class I and II enzymes, electrons required for the reduc-
tion of the ribonucleotides aare provided by reduced
nicotinamide adenine dinucleotide phosphate (NADPH)
through Trx or Grx systems. However, for class Il en-
zymes, the electrons are supplied by formate.

The class I RNR occurs in eukaryotes, eubacteria,
bacteriophages and viruses. The complex, in its simple
form, is a tetramer with the dimer of larger subunit (R1)
and the dimer of R2 subunit (Figures 1 and 2)**”, Oxy-
gen is required for the generation of a tyrosyl radical
(Tyr 122) in the R2 subunit. As described above, during
catalysis, the radical is continuously transferred to a cys-
teine (Cys 439) residue of the R1 subunit and generates a
thiyl radical to activate the substrate. The R1 subunit car-
ries the catalytic site, allosteric effector binding sites and
redox-active thiol groups required for the catalysis. p53R2
is an additional mammalian RNR protein which functions
as a catalytic partner of the Rl subunit""?, The expres-
sion of the p53R2 subunit is induced by DNA damage
which is mediated by the tumor suppressor protein p53.
Both R2 and p53R2 subunits use a diferric iron center gen-
erating a tyrosyl free radical required for the RNR catalysis.
The R1-p53R2 complex is suggested to be required for
basal DNA repair and the R1-R2 complex is suggested to
be associated with DNA rep]jcation[m. Moreover, the R1-
p53R2 complex has been found to play a significant role in
dNTP supply for mitochondrial DNA synthesis.

For class I RNR (archaebacteria, eubactetia), a co-
factor (5’-deoxyadenosylcobalamin) replaces the pres-
ence of a separate subunit for storage of radicals” .
The cleavage of 5’-deoxyadenosylcobalamin generates
a deoxyadenosyl radical which abstracts hydrogen from
the active site cysteine residue. Ttrx system can reduce the
C-terminal pair of redox-active cysteines which, in turn,
can reduce the active site to continue the RNR catalysis.
For anaerobic class Il RNR (archaebacteria, eubacteria,
bacteriophages), a glycyl radical is generated by the ac-
tion of activase, S-adenosylmethionine and a reducing
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Figure 2 Subunit organization of ribonucleotide reductase complex. Amino acids are shown with E. coli numbering which are crucial for the radical transfer and
ribonucleotide reductase (RNR) catalysis. The R2 subunit contains the iron-oxygen cluster (Fe-O-Fe) which reacts with dioxygen to generate a stable tyrosyl radical in
Tyr 122 required for the RNR catalysis. The radical transfer pathway from Tyr 122 to the active-site Cys 439 in R1 subunit involves the network of Asp 84, His 118, Asp
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[2-5]

nucleoside diphosphate (NDP) in R1 subunit. During the catalysis, the disulfide bond between Cys 225 and Cys 462 is reduced by the C-terminal shuttle dithiols*™.

The figure is adapted and modified from Holmgren et af.

system containing flavoredoxin, NADPH and NADPH-
flavoredoxin reductase. Then the glycyl radical generates
a thiyl radical required for the catalysis.

TRX AND GRX SYSTEM

Trx is a class of 12 kDa ubiquitous redox proteins found
primarily in the cytosolmj. Trxs possess a catalytically ac-
tive dithiol function in a Cys-Gly-Pro-Cys motif and are
present in all organisms. The complete mammalian Trx
system comprising Trx, the selenoenzyme thioredoxin
reductase (TrxR) and NADPH also plays a crucial role in
redox signaling and thiol homeostasis of cells. Cytosolic
Trx1 and mitochondrial Trx2 regulate several metabolic
pathways, oxidative/nitrosative stress defence, apoptosis
and DNA synthesis™"”"". On the other hand, Grxs are
small redox enzymes of approximately 10 kDa and they
participate in thiol-disulfide exchange reactions in the
presence of glutathione (GSH), glutathione reductase
(GR) and NADPH. In the Grx system, Grx is reduced vz
GSH"’. The glutathione disulfide formed is then reduced
by GR and NADPH. Grxs ate involved in redox signaling
and maintenance of cellular redox environment. More-

ovet, the maintenance of cytosolic and mitochondrial iron
16,17)

homeostasis have been found to be linked to Grxs!

Several findings support the redundancy between cy-
tosolic Trx and Grx systems to provide a backup for each
other. Yeast and bacterial strains can survive in the ab-
sence of either of the disulphide reductase pathways“sj.
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Moteover, GSH synthesis was found to be essential for
19

mouse development!"”, whereas the deletion of Trx gene
was reported to be lethal for mouse embryolzoj. Loss of
TrxR1 showed no effect on the normal replicative poten-
tial”". However, the survival of TrxR1-deficient tumor
cells was found to be very much dependent on GSH™,
In a recent study, it has also been shown that the GSH/
Grx system can reduce Trx1 in TrxR1-deficient HeLa

cells™

ROLE OF TRX AND GRX AS EXTERNAL
ELECTRON DONORS FOR RNR

Trxs and Grxs belong to related families of low mo-
lecular weight redox enzymes catalyzing thiol-disulfide
exchange reactions with catalytically active cysteine thiols
in a CXXC active site" ™', For class I and T RNR en-
zymes, the electrons are supplied by NADPH through
Trx or Grx systems” . Reduction of ribonucleotide in
the RNR catalysis involves the formation of a disulfide
in the active site of R1 subunit. Structural studies with E.
coli RNR show that the active site cleft of the R1 subunit
is not very wide to permit the direct reduction by the
external redoxin system(s)™*". However, the reduction
of active site disulfide is performed by a pair of shuttle
cysteine residues in the C-terminal mobile tail of R1 sub-
unit (Figure 3)***), The C-terminal shuttle dithiols of
E. coli R1 subunit has the CXXXXC sequence; whereas
yeast and mammalian R1 has a CXXC sequence. I vitro
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Figure 3 The mechanistic model for the role of thioredoxins and glutaredoxins for the ribonucleotide reductase catalysis. After the completion of one turn-
over cycle of ribonucleotide reductase (RNR) catalysis, a disulfide bond is formed between the conserved cysteine pair at the active site (shown in the circle). Shuttle
dithiol function present at the C-terminal CXXC motif of the neighboring subunit reduces the disulfide bond through disulfide-exchange. Then, the resulting disulfide
bond at the C-terminal tail is reduced by the thioredoxin/glutaredoxin (Trx/Grx) systems resulting in an active R1 to continue the next cycle of RNR catalysis. The Grx
system can also reduce the C-terminal thiols by the glutathionylation mechanism“*?, For simplicity, only the reduction of active site of one subunit by the C-terminal
shuttle dithiols of the neighboring subunit is shown in the diagram. The figure is adapted and modified from Holmgren et af".

mutagenesis and kinetic studies support a critical role for
the C-terminal cysteine pair of R1 in regeneration of the
active site”””", The disulfide exchange reaction results in
the formation of a disulfide in the C-terminal tail of R1.
Then, the external redoxin systems reduce the disulfide
bond to continue the next cycle of RNR catalysis.

Trx and Grx systems were found to act as dithiol
electron donors of E. /i RNRP™. Recently, Gustafs-
son et al’" characterized the Trx1 system as the physi-
ologically relevant electron donor for RNR in Baci//us
anthracis. In E. coli, the class 1 a enzyme requires the
dithiol form of at least one of Grx1, Trx1 or Trx2 to be
viable®™. The Grx1 system showed 10-fold lower Am
value compared to that of Trx1 system, while both of
the redoxins had similar vmax (Table 1). This makes Grx1
the most efficient electron donor for the E. co/i enzyme.
However, there is 2 mechanistic difference between the
E. co/i and the mammalian RNR catalysis involving Trx1
and Grx1 systems as electron donors™. Trx1 and Grx1
system showed similar catalytic efficiencies (fc/&m) with
recombinant mouse RNR complex (Figure 4 and Table
1). In the presence of 4 mmol/L GSH, the Grx1 system
showed a higher affinity compared to Trx1 and displayed
a higher apparent .. The RNR activity with the Grx
system was found to be very much dependent on the
concentrations of GSH. Here, it is noteworthy to men-
tion that mammalian cells have significantly high concen-
trations of GSH (5-20 mmol/L)"™. Moreover, the ability
of the monothiol mutant of Grx2 to maintain RNR
catalysis demonstrates a glutathionylation mechanism for
Grx catalysis in contrast to the dithiol mechanism for the
Trx systemlzq. However, the E. co/i RNR complex showed
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no activity with the monothiol mutant of bacterial Grx1
suggesting the involvement of a dithiol-disulfide mecha-
nism for the catalysism.

The advantage of a glutathionylation mechanism may
be with the very low levels of R1 involved in the repair
and production of dNTPs for mitochondrial DNA syn-
thesis. Trx is present at low levels in many resting post-
mitotic cells. The sigmoidal curve of Trx activity showed
that reduced Trx could not be efficient with a low con-
centration of R1 in postmitotic cells”™. The high concen-
tration of GSH"™ would ensure that there is glutathionyl-
ated R1 and then monothiol/dithiol Grx should be able
to catalyze reduction of the C-terminal disulfide. Several
studies reported that the rapidly proliferating cells have
increased GSH concentration, while a decrease in GSH
concentration limits cell proliferation. GSH acts as a key
regulator of cell proliferation and thus the colocalization
of GSH with nuclear DNA was observed in proliferat-
ing cells”. In mammary carcinoma cells, the depletion
of glutathione was found to inhibit DNA synthesismj. A
similar study with 3T3 fibroblast cells showed a signifi-
cant correlation between progression of cell cycle and the
distribution of nuclear GSH"". Moreover, accumulation
of DNA damage was found in liver, kidney and lung of
mice deficient in y-glutamyl transpeptidase, the enzyme
responsible for initiating the catabolism of GSH™. In an-
other study, down-regulation of TrxR showed no effects
on the dNTP pools in malignant mouse cells™. This sug-
gests the role of the GSH/Grx system as an alternative
pathway used by the RNR in tumor cells. Moreover, a
study in mouse hepatocytes, suggested the importance of
a TrxR-independent pathway for the supply of electrons
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Table 1 Kinetic parameters of thioredoxin 1, glutaredoxins

(1, 2, 2C40S) for reduction of mouse ribonucleotide
reductase complex

Electron donor system vmax (nmol/L per second per/ km (umol/L)

microgram of R1)

Trx1 222 1.90
Grx1 25) 0.18
Grx2 15 0.30
Grx2C40S 15 0.36

Data adapted from Zahedi Avval et al® Trx: Thioredoxin; Grx:
Glutaredoxins.

to RNRP, These studies clearly show the crucial role of
the GSH/Grx system in DNA repair #a RNR catalysis.

ROLE OF TRX FOR CLASS II RNR

The class Il RNR (present in strict and facultative anaet-
obes) forms an inactive azB2 complex in resting state””.
The cysteine residues present in the C-terminus of pro-
tein o were found to be responsible for the formation
of glycyl radical and to participate in radical transfer
reactions duting enzyme activation. Under the reducing
condition, the small B subunit can activate several ¢ pro-
teins. The Trx system was found to activate the enzyme
with the same efficiency as dithiothreitol (DTT)". The
data suggests that the Trx system keeps the conserved
cysteines of the C-terminus of the a-polypeptide in a
reduced form which is required for radical generation.
Therefore, Trx acts only for the activation of the class
IT RNR. Later, a structural study of the homologous
enzyme from bacteriophage T4 revealed the presence of
zinc bound to four conserved cysteine residues'™. Tt was
also shown that the Trx system or DTT is dispensable
for the formation of the glycyl radical with the fully Zn-
loaded RNR. The radical transfer from glycine to the
active-site cysteine to the substrate is controlled by a cru-
cial hydrogen-bond network. Thus, the suggested role of
the Trx system (or DTT) was to facilitate the recognition
of the network and allow efficient radical transfer.

CONCLUSION

For several years, the RNR inhibitors have been used to
treat cancers and viral infections®***). Most of the RNR
inhibitors are either radical scavengers (hydroxyurea) or
metal chelators (triapine) which specifically inactivate the
R2 subunit***”. On the other hand, several nucleoside
analogs and sulthydryl group inhibitors (such as cisplatin,
caracemide, chlorambucil, e#.) are used as Rl-specific
inhibitors*"™". Gene expression silencers and R1-R2
polymerization inhibitors (oligopeptides) have also been
used to block RNR activity”” ™. In recent years, many
new strategies have emerged in the designing of subunit-
specific and more effective RNR inhibitors. Redox regu-
lation of RNR catalysis plays a vital role as the RNR
catalysis involves different redox active thiol functions,
thiyl radicals and thiol proteins of the Trx superfamily.
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Figure 4 Activity profile of mouse ribonucleotide reductase in the presence
of the thioredoxin and glutaredoxins system. Mouse R1 (120 pg/mL) and R2 (40
ng/ml) were assayed with dithiothreitol, thioredoxin (Trx) and glutaredoxin (Grx) sys-
tems. The Trx system contained 3.6 pmol/L Trx1, NADPH and TrxR. The Grx system
contained 1 umol/L Grx1, 4 mmol/L glutathione , NADPH and glutathione reductase.
Combinations of 3.6 umol/L Trx1 or the whole Trx system with the Grx system were
also monitored (data adapted from Zahedi Avval et af™®).

Therefore, further investigations on the Trx/Grx-mediat-
ed redox regulation of RNR catalysis will contribute sig-
nificantly to design and develop new RNR inhibitors for
improved cancer chemotherapy and antiviral treatments.
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15451, Greece
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Author contributions: Wang CL and Liang L. contributed equally
to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong I and Wu
XM designed the research; Wang CL, Zou CC, Hong F and Wu
XM performed the research; Xue JZ and Lu JR conttibuted new
reagents/analytic tools; Wang CL, Liang L and Fu JF analyzed the
data; and Wang CL, Liang L. and Fu JF wrote the paper.

Supportive foundations: The complete name and number of
supportive foundations should be provided, e.g. Supported by Na-
tional Natural Science Foundation of China, No. 30224801

Correspondence to: Only one corresponding address should be
provided. Author names should be given first, then author title, af-
filiation, the complete name of institution, city, postcode, province,
country, and email. All the letters in the email should be in lower
case. A space interval should be inserted between country name and
email address. For example, Montgomery Bissell, MD, Professor of
Medicine, Chief, Liver Center, Gastroenterology Division, Universi-
ty of California, Box 0538, San Francisco, CA 94143, United States.
montgomery.bissell@ucsf.edu
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country number, district number and telephone or fax number, e.g.
Telephone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review.
Normally, three experts are invited for each article. Decision for
acceptance is made only when at least two experts recommend
an article for publication. Reviewers for accepted manuscripts are
acknowledged in each manuscript, and reviewers of articles which
were not accepted will be acknowledged at the end of each issue.
To ensure the quality of the articles published in WJBC, review-
ers of accepted manuscripts will be announced by publishing the
name, title/position and institution of the reviewer in the footnote
accompanying the printed article. For example, reviewers: Professor
Jing-Yuan Fang, Shanghai Institute of Digestive Disease, Shang-
hai, Affiliated Renji Hospital, Medical Faculty, Shanghai Jiaotong
University, Shanghai, China; Professor Xin-Wei Han, Department
of Radiology, The First Affiliated Hospital, Zhengzhou University,
Zhengzhou, Henan Province, China; and Professor Anren Kuang,
Department of Nuclear Medicine, Huaxi Hospital, Sichuan Univer-
sity, Chengdu, Sichuan Province, China.

Abstract

There are unstructured abstracts (no less than 200 words) and struc-
tured abstracts. The specific requirements for structured abstracts
are as follows:

An informative, structured abstract should accompany each
manuscript. Abstracts of original contributions should be struc-
tured into the following sections: AIM (no more than 20 words;
Only the purpose of the study should be included. Please write the
Aim in the form of “To investigate/study/...”), METHODS (no
less than 140 words for Original Articles; and no less than 80 words
for Brief Articles), RESULTS (no less than 150 words for Original
Articles and no less than 120 words for Brief Articles; You should
present P values where appropriate and must provide relevant data
to illustrate how they were obtained, e.g. 6.92 £ 3.86 »s 3.61 * 1.67,
P < 0.001), and CONCLUSION (no mote than 26 wotds).

Key words
Please list 5-10 key words, selected mainly from Index Medicus,
which reflect the content of the study.

Text

For articles of these sections, original articles and brief articles, the
main text should be structured into the following sections: INTRO-
DUCTION, MATERIALS AND METHODS, RESULTS and DIS-
CUSSION, and should include appropriate Figures and Tables. Data
should be presented in the main text or in Figures and Tables, but not
in both.

Illustrations

Figures should be numbered as 1, 2, 3, e«., and mentioned cleatly
in the main text. Provide a brief title for each figure on a sepa-
rate page. Detailed legends should not be provided under the
figures. This part should be added into the text where the figures
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wijgnet.com/1007-9327/13/4891.pdf; http://www.
wijgnet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is
necessary in line-art image. Scale bars should be used rather than
magnification factors, with the length of the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured
areas. Please use uniform legends for the same subjects. For ex-
ample: Figure 1 Pathological changes in atrophic gastritis after treat-
ment. A: ..;B: . Gy D s Er o Fr o G LLlee Tt ds our principle
to publish high resolution-figures for the printed and E-versions.
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Tables

Three-line tables should be numbered 1, 2, 3, e¢#., and mentioned
clearly in the main text. Provide a brief title for each table. Detailed
legends should not be included under tables, but rather added into
the text where applicable. The information should complement,
but not duplicate the text. Use one horizontal line under the title, a
second under column heads, and a third below the Table, above any
footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations

Data that are not statistically significant should not be noted. ‘P < 0.05,
"P < 0.01 should be noted (P > 0.05 should not be noted). If there
are other seties of P values, ‘P < 0.05 and P < 0.01 are used. A third
seties of P values can be expressed as °P < 0.05 and ‘P < 0.01. Other
notes in tables or under illustrations should be expressed as 'E°E,°F;
or sometimes as other symbols with a superscript (Arabic numer-
als) in the upper left corner. In a multi-curve illustration, each curve
should be labeled with @, 0, m, 0, A, /\, e, in a certain sequence.

Acknowledgments

Brief acknowledgments of persons who have made genuine con-
tributions to the manuscript and who endorse the data and conclu-
sions should be included. Authors are responsible for obtaining
written permission to use any copyrighted text and/ort illustrations.
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Abbreviations

Standard abbreviations should be defined in the abstract and on
first mention in the text. In general, terms should not be abbrevi-
ated unless they are used repeatedly and the abbreviation is helpful
to the reader. Permissible abbreviations are listed in Units, Symbols
and Abbreviations: A Guide for Biological and Medical Editors and
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Biology: H. pylori, E coli, ete.

Examples for paper writing
All types of articles’ writing style and requirement will be found in the
link: http:/ /www.wjgnet.com/esps/NavigatonInfo.aspxrid=15
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Authors must revise their manuscript carefully according to the
revision policies of Baishideng Publishing Group Co., Limited. The
revised version, along with the signed copyright transfer agreement,
responses to the reviewers, and English language Grade B certificate
(for non-native speakers of English), should be submitted to the
online system via the link contained in the e-mail sent by the editor.
If you have any questions about the revision, please send e-mail to
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Language evaluation

The language of a manuscript will be graded before it is sent for revi-
sion. (1) Grade A: priority publishing; (2) Grade B: minor language
polishing; (3) Grade C: a great deal of language polishing needed; and
(4) Grade D: rejected. Revised articles should reach Grade A.

Copyright assignment form
Please download a Copyright assignment form from http://www.
wignet.com/1949-8454/¢_info_20100309233100.htm.

Responses to reviewers

Please tevise your article according to the comments/suggestions
provided by the reviewers. The format for responses to the reviewers’
comments can be found at: http://www.wjgnet.com/1949-8454/
g_info_20100309232833.htm.
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For paper supported by a foundation, authors should provide a
copy of the document and serial number of the foundation.
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TION OF THE PEER REVIEWERS’ COMMENTS

In order to increase the quality of peer review, push authors to
carefully revise their manuscripts based on the peer reviewers' com-
ments, and promote academic interactions among peer reviewers,
authors and readers, we decide to anonymously publish the review-
ers” comments and author’s responses at the same time the manu-

sctipt is published online.
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