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Abstract

The AU-rich element (ARE) was discovered in 1986 as a conserved mRNA sequence found in the
3’ untranslated region of the TNF-q transcript and other transcripts encoding cytokines and
inflammatory mediators. Shortly thereafter, the ARE was shown to function as a regulator of
MRNA degradation, and AREs were later shown to regulate other posttranscriptional mechanisms
such as translation and mRNA localization. AREs coordinately regulate networks of chemokine,
cytokine, and growth regulatory transcripts involved in cellular activation, proliferation, and
inflammation. ARE-mediated regulation is carried out by a host of ARE-binding proteins, whose
activity is regulated in a cell type and activation-dependent manner. The last 25 years of ARE
research has offered insight into the mechanisms and regulation of ARE-mediated mRNA decay,
and has provided a road map for the discovery of additional MRNA regulatory motifs. The future
of ARE research will transition from a discovery phase to a phase focused on translating basic
biological findings into novel therapeutic targets. Our understanding of ARE-mediated gene
regulation and posttranscriptional control has implications for many fields of study including
developmental biology, neuroscience, immunobiology, and cancer biology.

INTRODUCTION

In 1986, Caput et al. described a 33 nucleotide sequence composed of entirely T and A in
the 3’ untranslated region (UTR) of the TNF-a cDNA that was completely conserved
between mice and humans. Furthermore, the investigators found that AU-rich sequences,
termed AU-rich elements (ARESs), were statistically enriched in the 3’ UTRs of several other
inflammatory mediators, suggesting they served a regulatory function.! This regulatory
function was confirmed shortly thereafter when Shaw and Kamen showed that a 51
nucleotide AU-rich sequence from the 3’ UTR of the GM-CSF transcript caused rapid decay
when inserted into the 3’ UTR of an otherwise stable 4-globin transcript.2 These studies
launched the field of ARE-mediated mMRNA decay, and opened the door for subsequent
insights into posttranscriptional regulatory networks in diverse fields including immunology,
cancer biology, development, and neuroscience.

ARE-containing transcripts comprise approximately 5-8% of the transcriptome,3 and this
mode of regulation provides the cell with a rapid and precise mechanism to alter gene
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expression patterns in response to extracellular stimuli.# While the field of ARE-mediated
mRNA regulation has matured greatly, the early pioneers in ARE research introduced
important themes that remain evident in the literature today. For example, a major theme
which still looms large in ARE research is that regulation of gene expression in
inflammatory cells is highly regulated at posttranscriptional levels and precise mMRNA decay
regulation is crucial for normal immune responses.>® Models of immune cell activation
have provided fruitful avenues for understanding posttranscriptional regulation, and the field
continues to work toward understanding with how networks of posttranscriptional gene
regulation control the outcome of immune responses. A second important theme that has
emerged from ARE research is that many advances in our understanding of
posttranscriptional regulation have been, and continue to be, through bioinformatics
approaches. Through the use of genome-wide technologies and the computational analysis
of large data sets, we have been able to identify networks of coordinated ARE-mediated
mRNA decay that would have been impossible through analysis of individual transcripts.”:8
These approaches will become even more important as the field grapples with more complex
questions about how these networks of ARE-containing transcripts are regulated. This
review summarizes how our understanding of the ARE has influenced the field of mMRNA
decay research over the past 25 years as well as the future challenges.

CLASSES OF AREs

As researchers began dissecting the minimum sequence elements necessary for ARE-
mediated mMRNA decay, it was recognized that not all AREs conferred the same functional
outcomes,?19 leading to the classification of AREs into subgroups.! In this classification
system, class | AREs contain 1-3 copies of scattered AUUUA motifs with a nearby U-rich
region and caused synchronous deadenylation. Class Il ARESs are composed of at least two
overlapping copies of the UUAUUUA(U/A)(U/A) nonamer in a U-rich region and caused
asynchronous deadenylation. Finally, class 11l AREs were said to contain a U-rich region
and other ‘poorly defined features’ and caused synchronous deadenylation. Certain Class I11
ARES are similar to GU-rich elements (GREs), discussed later, since the class 111 AREs,
such as the ARE in the c-jun proto-oncogene, can function as binding sites for the GRE-
binding protein, CELF1. The organization of AREs into these three classes has proved to be
useful in understanding the observed heterogeneity in the behavior of ARE-containing
transcripts.

A second classification scheme was introduced by the developers of the ARE-database, an
online database of ARE-containing transcripts from mouse, rat, and man.3 This system
classified AREs into five groups based on the number of overlapping AUUUA pentamers
found in the 3’'UTR of a transcript. In this classification scheme, group 1 through group 5
AREs have five to one overlapping AUUUA pentamers, respectively. The developers of this
classification system found that group 1 ARESs were enriched in secreted proteins involved
in the growth of hematopoietic and immune cells, while the other ARE groups are found in a
diverse set of transcripts and exhibit no gene ontology enrichment.

While these classification systems capture some important aspects of ARE-mediated decay,
they do not sufficiently describe the spectrum of function of AREs and cannot predict which
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AREs are functional in specific contexts. It is likely that several motif characteristics
including surrounding sequences, secondary RNA structure and number of overlapping
AUUUA pentamers fine tune the efficacy and function of AREs. These sequence and
structural characteristics likely define ARE subgroups by influencing the recruitment of
specific ARE-binding proteins. In the future, the most precise ARE classification scheme
will likely be constructed based on the defined interactions between individual AREs and
the various ARE-binding proteins as well as other components of functional ARE-binding
complexes.

Given their heterogeneity, it is not surprising that AREs can promote a variety of outcomes
to harboring transcripts. The first discovered function of AREs was they promote the rapid
deadenylation and subsequent degradation of a transcript.22:12 As the field moved forward,
it became clear that AREs can function to increase or decrease the translational efficiency of
a transcript.13:14 For example, the ARE-binding proteins, HUR/ELAVL1 and TIA-1, exert
opposing translational effects on the cytochrome c transcript.1®> An additional function of the
ARE is to influence the cytoplasmic location of its harboring transcript. Processing bodies
(P-bodies) are discrete cytoplasmic granules that contain much of the mRNA degradation
machinery necessary for 5 — 3 mRNA decay.1® The decay promoting ARE-binding
proteins, TTP and BRF-1/2, are found in P-bodies, suggesting that they may function to
recruit ARE-containing transcripts to P-bodies for degradation.1” Stress granules are a
separate type of cytoplasmic granule that can be induced under conditions of cellular stress
and are thought to function to temporarily and reversibly store transcripts in a state of stalled
translational initiation. Depending on the duration and severity of the stress, transcripts
harbored in stress granules can either return to the translationally active pool of cytoplasmic
mRNA, or be shuttled to P-bodies for decay.1® The ARE-binding proteins TIA-1 and TIAR,
among others, are intimately involved in the nucleation and structure of stress granules, and
recruit their target transcripts to stress granules in an ARE-dependent manner.18

ARE-BINDING PROTEINS

In 1989, the first RNA-binding protein with specificity for the ARE was identified in
cytoplasmic extracts from a lymphocyte cell line.1® Subsequently, two distinct ARE-binding
proteins were identified in primary human T lymphocytes: one of these proteins was
expressed constitutively and the other was induced upon T cell stimulation.29-21 The
constitutive ARE-binding protein was later shown to be HuR (also known as HuA) and the
induced ARE-binding protein was shown to be tristetraprolin (TTP),22 both of which are
discussed in more detail below. Over the next several years, scientists identified numerous
other ARE-binding proteins in a variety of cell types,23:24 and at least 20 ARE-binding
proteins with a variety of structural characteristics have been described.2® Despite their
heterogeneity in protein structure, many ARE-binding proteins are involved in regulation of
transcript half-life. A large group of ARE-binding proteins promote transcript destabilization
through binding to the ARE and subsequently recruiting cellular deadenylases and enzymes
involved in both 5 — 3’ and 3’ — 5 mRNA decay.26 The best-characterized ARE-binding
proteins that function to destabilize mMRNA are tristetraprolin (TTP), BRF-1, BRF-2, KSRP,
and AUF1.25 Within this group of destabilizing proteins, TTP and BRF-1/2 show
remarkable similarity in their structure and binding specificity, but exhibit different tissue
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distributions suggesting that they may perform their roles in a tissue and context specific
manner.27-28 A smaller group of ARE-binding proteins, such as HuR and HuD, function to
stabilize target transcripts.2> In addition to regulating mRNA stability, ARE-binding
proteins regulate almost all aspects of RNA metabolism including alternative splicing,29-30
nucleocytoplasmic export,3! cytoplasmic localization,32 and translational efficiency.33-35 A
summary of the biochemical functions and binding specificities associated with several
ARE-binding proteins is shown in Table 1. This table only includes ARE-binding proteins
whose binding sites have been evaluated through high throughput methods. The intricate
network of ARE-binding proteins and their target transcripts is made more complex due to
the regulation of these proteins through posttranslational modifications, particularly
phosphorylation.38 Phosphorylation of ARE-binding proteins can impact their function by
altering subcellular localization3! or cofactor recruitment3” and their function can change
over time over the course of cellular activation or immune responses.

Studies of immune responses and inflammation have provided important insight into the
function of AREs and ARE-binding proteins. A major breakthrough in the mechanisms of
ARE-mediated mMRNA decay occurred through evaluation of mice that were genetically
deficient in the zinc finger ARE-binding protein TTP.4° Shortly after birth, TTP deficient
mice developed a syndrome of cachexia, arthritis, and autoimmunity due to the
overproduction of TNF-a by macrophages due to stabilization of TNF-a mRNA.4° This
study highlighted the crucial role that ARE-mediated mMRNA decay plays in regulating the
dynamics of inflammatory and immune responses. While TTP knockout mice were useful in
demonstrating that TTP functions as a mediator of mMRNA decay, additional biochemical
experiments have elucidated the mechanisms by which TTP functions to degrade mRNA.
Co-immunprecipitation, gel-shift, and mass spectrometry techniques have suggested a model
whereby TTP promotes mRNA decay by recruiting components of the mRNA degradation
machinery to ARE-containing transcripts (Figure 1(b)). Upon binding to an ARE, TTP
recruits and activates deadenylases including poly A-ribonuclease (PARN)*6 and CAF1.47
In addition, TTP recruits enzymes involved in both 5 — 3’ mMRNA decay (Dcpl, Dcp2, and
Xrnl) and 3 — 5’mRNA decay (exosome subunits).484° The ability of TTP to bind to and
recruit components of the cellular RNA decay machinery to ARE-containing transcripts was
shown to be regulated by phosphorylation in a mitogen dependent manner.37:48.50-52 For
example, TTP-mediated decay is regulated by phosphorylation of TTP by p38 MAPK-
activated protein kinase 2.37 LPS stimulation of macrophages activates this kinase, causing
TTP phosphorylation. TTP phosphorylation in turn prevents TTP from recruiting a
deadenylase to the bound transcript by promoting TTP’s association with 14-3-3 proteins,
while maintaining TTP’s ability to bind to the ARE.3’ Through this mechanism, TTP target
transcripts such as IL-1, IL-6, and COX-2 are stabilized and expressed at higher levels,
allowing for an effective immune response.53 Eventually TTP phosphorylation is reversed
by the phosphatase PP2A, allowing for TTP to return to its baseline function.4:55
Dysregulation of this balance between kinase and phosphatase activity on TTP function can
lead to abnormal target transcript expression and ultimately result in disease states such as
autoimmunity or cancer.%6:57
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In addition to phosphorylation of individual ARE-binding proteins, such as TTP, following
cellular activation, the dynamic interaction between different ARE-binding proteins is also
regulated over the course of immune activation. For example, throughout the process of T
cell activation, ARE-containing transcripts are regulated through a dynamic process by
alterations of their decay rates.58 ARE-containing transcripts can be either stabilized or
destabilized during T cell activation, as a result of the functional relationships between
various ARE-binding proteins.>® The ARE-binding proteins, HUR and TTP, compete with
each other for certain ARE-containing transcripts expressed in T cells and promote opposing
effects of stabilization and destabilization, respectively. A model of the dynamic interplay
between HUR and TTP in mRNA decay regulation following T cell activation is illustrated
in Figure 1(a). As early as 1 h following T cell activation, cytoplasmic HuR levels increase
above those seen in resting T cells and transiently stabilizes a network of ARE-containing
transcripts to allow their increased expression.?2 At 3-6 h following activation, TTP is
induced and displaces HUR on ARE-containing transcripts and mediates their rapid decay.??
This model provides a mechanism for coordinate regulation of the transient expression and
subsequent degradation of a network of transcripts involved in T cell activation including
proto-oncogene transcripts involved in cell growth and proliferation as well as transcripts
that encode cytokines and other mediators of immune responses.

IDENTIFICATION OF NETWORKS OF ARE-CONTAINING TRANSCRIPTS

Experiments performed to evaluate individual-ARE containing transcripts have provided
mechanistic insights into ARE-binding protein function and regulation, but are unable to
illuminate the coordinate regulation of networks of ARE-containing transcripts. A major
advance in our understanding of ARE-mediated mRNA decay was made possible by a
technique that utilized immunoprecipitation of RNA-binding proteins followed by
microarray analysis of the associated transcripts, allowing for the unbiased, genome-wide
identification of RNA-binding protein target transcripts.®? This technique involves
immunoprecipitation of an RNA-binding protein of interest from cellular lysates under
conditions that maintain protein-RNA binding. After RNA-binding protein
immunopurification, the co-purified RNA is then eluted and interrogated using genome-
wide approaches such as microarray analysis. The first application of this technique led to
the identification of EIF4E, HuB, and PolyA-binding protein (PABP) target transcripts.®0
The target transcripts of numerous ARE-binding proteins have subsequently been
determined, including HuR,”61.62 TTP 63 AUF1,39 TIAR,* and Pum1.64 This approach has
also been applied to identifying targets of CELF1, a protein that binds to GREs and Class Il1
AREs.4465-67 The jdentification of these target transcripts has allowed for the
computational identification of specific recognition motifs of individual ARE-binding
proteins, as well as a better understanding of the combinatorial regulation of subnetworks of
ARE-binding protein targets. The results of these experiments have led to a network model
of RNA regulation, whereby a small number of RNA-binding proteins regulate functionally
related, overlapping networks of transcripts.® The expression of these networks can be
altered quickly and precisely by changing the function of a small number of proteins through
posttranslational modification, allowing for a rapid cellular response to environmental cues.
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Recently a new technique, termed PAR-CLIP, utilizing photoactivatable nucleoside analogs
that form reversible protein—-RNA crosslinks has allowed for high resolution mapping of
RNA-binding protein binding sites in a genome-wide fashion.58 The PAR-CLIP technique is
powerful because it is able to identify individual binding sites, allowing for much more
accurate inference of binding specificity as well as combinatorial regulation. This technique
has been used to determine the target transcripts and binding sites of a few RNA-binding
proteins, including HUR.%9 Comparison of HuR target transcripts identified through the
traditional RNA-immunoprecipitation methods to those identified through the PAR-CLIP
method revealed that a much larger number of HUR target transcripts was identified by
PAR-CLIP (~7500 transcripts identified by PAR-CLIP vs ~1900 transcripts identified by
traditional RNA-immunoprecipitation), and relatively modest overlap (65% of targets
identified by RNA-IP were also identified by PAR-CLIP). These results raise questions
about whether all targets identified by PAR-CLIP are biologically relevant, or whether this
very sensitive technique is identifying a large number of transient protein—-RNA interactions
that are not biologically meaningful. More work is needed to understand the networks of
ARE-binding proteins, and techniques such as RNA-immunoprecipitation and PAR-CLIP
will be useful tools for furthering our understanding of these networks.

THE ARE IS A PARADIGM FOR CONSERVED CIS-REGULATORY
NETWORKS

The discovery of the ARE is an example of how bioinformatics analysis of genomic data led
to the identification of novel regulatory sequences and laid a pathway for the discovery of
novel sequences involved in the coordinate regulation of networks of mMRNA. The value of a
bioinformatic approach is also highlighted by the discovery of the Iron Response Element
(IRE) as a conserved sequence in 1987, just a year after the discovery of the ARE.”0 A
comparison of the sequences in the 5 UTR of the heavy and light ferritin subunits from rat
and man led to the identification of a conserved 28 bp sequence which was postulated to
control the translation of these genes.”® Rapidly this prediction was validated through
cloning of the IRE into a reporter construct and showing that translation from the reporter
transcripts became iron-regulated.” The characterization of the IRE was followed by the
identification of a cytoplasmic protein (Iron Response Element-Binding Protein) which
bound to the IRE and increased the translational efficiency of bound transcripts in an iron-
dependent manner.”2 It is now known that there are two iron regulatory proteins, and these
proteins bind to the stem-loop secondary structure of the IRE which occurs in the 5 UTRs
of a network of transcripts coding for several iron metabolism proteins.”3 The discovery of
the ARE and the IRE was similar in that the identification of sequence conservation led to
the identification and characterization of the biological function of these elements.

Another example of how the discovery of the ARE as a conserved regulatory element in the
3’ UTR of mRNA informed further discovery of novel regulatory elements is the recent
discovery of the GRE, a GU-rich sequence with similarity to certain class 11l AREs. In order
to understand the dynamics of mRNA decay in T cell stimulation, Raghavan et al. used
microarray technology to measure the decay rate of thousands of transcripts simultaneously
in resting and stimulated primary human T cells.?® The authors found that transcript half-
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lives were dynamic throughout T cell stimulation, and many transcripts that were
upregulated at early time points exhibited rapid decay. In addition, the authors found that
while many short-lived transcripts contained an ARE in their 3’'UTR, a majority of short-
lived transcripts contained no known decay elements. This prompted the authors to perform
a bioinformatic search for novel motifs enriched in these short-lived transcripts and led to
the discovery of the GU-rich element (GRE) as a conserved 3’ UTR sequence that promoted
rapid mRNA decay.® The GRE was defined as an 11 nucleotide sequence of the form
UGU[G/UJUGU[G/U]JUGU found to be enriched and conserved in the 3’UTR of short-lived
transcripts.** The GRE resembles class 11l AREs in that it is U-rich and lacks canonical
AUUUA motifs, and certain class 11l AREs, such as the c-jun ARE, contain the GRE
sequence. The GRE serves as a binding site for the RNA-binding protein CUGBP and
ETR-3 Like Factor 1 (CELFZ1; also known as CUGBP1), which functions as a mediator of
mRNA decay.”* CELF1 has long been known to be a phosphoprotein,”® and like many
ARE-binding proteins, CELF1 function is regulated through phosphorylation.”® Figure 2
depicts a model of CELF1 function in mMRNA decay and its regulation by phosphorylation.
The CELF1 target transcript, TNF-a, was stabilized under conditions that promote CELF1
phosphorylation,’” and phosphorylation of CELF1 during primary human T cell stimulation
led to reduced binding by CELF1 for the GRE, which could contribute to subsequent
upregulation of CELF1 target transcripts.6” Overall, the discovery of the GRE and its role in
MRNA decay regulation was very similar to the previous discovery of the ARE, in that
sequence conservation led to the discovery of a functional element that was found to
mediate MRNA degradation through its interaction with an RNA-binding protein.

The development of techniques for the genome-wide identification of target transcripts for
RNA-binding proteins such as RNA immunoprecipitation and PAR-CLIP have allowed for
the determination of subsets of ARE and GRE-containing transcripts targeted by specific
RNA-binding proteins. Analysis of the target transcripts of CELF1 for the prevalence of
GRE and AUUUA-pentamer-containing transcripts revealed that the number of transcripts
containing both motifs is far less than one would expect by chance alone. This finding
suggests that mutually exclusive subsets of transcripts can be defined as transcripts regulated
by GREs versus transcripts regulated by AUUUA pentamers. These distinct subsets of
transcripts may indicate differential regulation by orthogonal mMRNA decay pathways. The
fact that these elements are conserved throughout evolution suggests that they coevolved
under evolutionary pressure which served to separate these two pathways. Clues to the
source of this evolutionary divergence comes from functional pathway analysis of the
networks of transcripts targeted by GRE- and AUUUA-specific ARE-binding proteins. This
analysis revealed some overlapping functions, but transcripts targeted by ARE-binding
proteins tend to be involved largely in inflammation and cytokine/chemokine pathways,’8
whereas GRE-containing target transcripts tend to be largely involved in cell proliferation
and apoptosis related pathways.’4 The ability of the cell to regulate these different pathways
independently may allow an organism to more precisely respond to environmental changes
which could provide an evolutionary advantage.
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MICRO-RNAS IN REGULATING ARE-MEDIATED DECAY

In addition to ARE-binding proteins, microRNAs (miRNAs) and the associated molecular
machinery may also be involved in regulating ARE-containing transcripts. miRNAs are
short (~21 nt) RNA species which bind to complementary sequences in RNA/DNA
molecules and can regulate almost all aspects of gene expression including mRNA stability
and translational efficiency.”® An RNAi-based screen to identify factors which affect ARE-
mediated RNA decay led to the identification of miRNA-16 and proteins involved in
miRNA biogenesis and function (Dicer 1, Argonaute 1, and Argonaute 2) as factors required
for TTP-mediated degradation of TNF-a mRNA.0 In addition to promoting RNA decay,
miRNAs may also negatively regulate TTP-mediated mRNA decay through competitive
inhibition as shown in a recent article where miRNA 4661 competed with TTP binding to an
ARE in the 3 untranslated region of interleukin-10 mRNA.81 Since decay triggered by
miRNA-4661 was significantly slower than that triggered by TTP, the result was a functional
stabilization of the IL-10 transcript. Another example of regulation through miRNA and
ARE interactions is regulation of the CAT-1 transcript by cellular stress in liver
hepatocarcinoma cell lines.82 These studies investigated the effects of various cell stresses
on CAT-1 regulation and found that upon stress the CAT-1 mRNA was relieved of
miRNA-122 mediated repression and translocated from p-bodies into the actively translated
pool of cytoplasmic mMRNA.82 The investigators further showed that this effect was
dependent on cytoplasmic HUR binding to the CAT-1 mRNA.82 It is likely that this effect is
mediated by HuR binding adjacent to the miRNA binding site and modulating the function
of the miRNA bound Argonaute protein.82:83 The vast diversity of sequences represented by
miRNAs, and our inability to accurately predict miRNA target transcripts creates a
challenge in understanding fundamental principles regarding ARE mediated decay and its
interplay with miRNA regulation. The recent development of techniques to identify both
RNA-binding protein and miRNA binding sites on a genome-wide level may provide
opportunities to use bioinformatics to begin to decipher the combinatorial code behind these
two regulatory mechanisms.

EVOLUTIONARY CONSERVATION OF RNA REGULATORY PATHWAYS

The biologic importance of ARE pathways is highlighted by the fact that AREs and the
proteins which recognize them are conserved throughout evolution. AREs have been found
to regulate gene expression in all mammalian organisms studied, as well as in evolutionarily
distant organisms such as Drosophila and Saccharomyces cerevisiae.8486 In S cerevisiag,
AREs from the endogenous transcript TIF51A as well as the exogenous transcripts TNF-a
and c-fos, placed in the 3’ UTRs of reporter transcripts functioned as mediators of mMRNA
decay.87:88 Interestingly, ARE-mediated decay in S. cerevisiae was executed through a
deadenylation-dependent decapping mechanism similar to that seen in mammalian ARE-
mediated mMRNA decay.10 The ARE-binding proteins that carry out regulatory functions are
also conserved in their structure and function from yeast to humans. For example, the yeast
ELAV homolog Publp recognizes and binds to the ARE and promotes transcript
stabilization.87
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GRE-mediated mRNA decay is also highly conserved, extending from worms to humans.”#
One highly studied CELF1 homolog is the Xenopus protein, embryo deadenylation element
binding protein (EDEN-BP). This protein binds to a UGU-rich element termed the embryo
deadenylation element (EDEN) to promote transcript deadenylation.5589 EDEN-BP is 88%
homologous to human CELF1, and CELF1 has been shown to be able to functionally
replace EDEN-BP in Xenopus extracts.%? The deadenylation promoting function of CELF1
homologs is conserved through humans, as CELF1 has been shown to recruit deadenylases
in order to promote mRNA decay.®! Functionally, EDEN-BP is involved in muscle and
bone formation during Xenopus development as evidenced by faulty somatic segregation in
EDEN-BP deficient Xenopus embryos.%2 The Caenorhabditis elegans protein ETR-1 is also
a homolog of human CELF1. The function of ETR-1 in C. elegans development was
investigating by inactivating ETR-1 using interfering RNA. This reduction in ETR-1 levels
led to a defect in muscle development which caused failure of embryos to elongate and
paralysis, which resulted in embryonic lethality.93 This finding that CELF1 homologs are
critical for muscle development in Xenopus and Drosophila closely mirrors findings in the
human disease, myotonic dystrophy, that show that CELF1 is a key regulator of the disease
state in muscle tissue.?* Additionally, CELF1 is a major regulator of mMRNA decay in
muscle tissue through recognition of the GRE.®8 These results suggest that in addition to
conservation of the biochemical mechanisms of CELF1-GRE regulation, there may be
conservation of the function of CELF1-GRE regulation at the organismal level in regulating
specific aspects of developmental programs.

ABBERANT REGULATION OF mRNA DECAY NETWORKS IN CANCER

An important advance in the field of RNA biology in the past decade has been the
recognition that altered mMRNA metabolism contributes to an oncogenic phenotype.26 Many
aspects of RNA metabolism including splicing patterns,9® polyadenylation site usage,%
RNA degradation,®” and translational efficiency®8 have been shown to contribute to
oncogenesis or malignant transformation. As these stages of the RNA life cycle are
controlled by RNA-binding proteins, researchers investigated whether there are altered
levels or functions of these RNA hinding proteins in cancer relative to healthy tissue.

Increased levels of the ARE-binding protein, HuR, are found in several types of
cancer,?9-101 and several studies have worked to define mechanisms by which increased
HuR may contribute to oncogenesis. HUR has been shown to target the transcript coding for
vascular endothelial growth factor (VEGF).192 VEGF is expressed in response to hypoxia
and serves as a paracrine factor to promote tissue vascularization. In the setting of cancerous
tissue, tumor expression of VEGF promotes vascularization of the tumor allowing for
increased delivery of oxygen and other nutrients.193 The interaction between HuR and
VEGF serves to stabilize the VEGF transcript and promotes upregulation of the VEGF
protein.192 Another HuR target is the cycloxygenase 2 (COX-2) transcript.104 COX-2 is
involved in prostanoid synthesis and tends to be upregulated in cancerous tissue.1%° Similar
to VEGF, the interaction of HUR with the COX-2 enzyme promotes increased COX-2
transcript stability and subsequently increased COX-2 protein.194 Increased HuR expression
is correlated with higher tumor grade in colon106 and breast cancer,107 perhaps through
stabilization of these and other transcripts that promote tumor development. In addition to
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upregulation of HuR in the cytoplasm of tumors, it has also been shown that downregulation
of TTP is a common finding in a variety of primary cancer tissues.1%8 TTP promotes the
decay of many ARE-containing transcripts, and this downregulation of TTP in cancer
promotes the upregulation of target transcripts that may promote cancer. It was further
shown that the level of TTP in cancer tissue is inversely proportional to prognosis.108 These
and other studies suggest that ARE-binding proteins, in particular HUR, may be promising
targets for the design of molecular therapies to combat cancer by inducing ARE-mediated
mMRNA decay. The development of small molecule inhibitors of HUR might present novel
treatment options for cancer patients, sand would provide researchers with useful tools for
understanding the basic biology of cancer.

The field of GRE-mediated mMRNA decay is in its infancy compared to ARE-mediated
mRNA decay, and the relationship between GRE-mediated RNA decay and cancer is not as
strong. The identity of GRE-containing target transcripts of the CELF1 protein shows that
many of these transcripts encode important regulators of cell growth and apoptosis,
suggesting that the dysregulation of the GRE/CELF1 network could promoter oncogenesis.
It was recently shown that the ability of cytoplasmic CELF1 to bind to mRNA decreased
during early time points of primary T cell stimulation as a result of transient phosphorylation
of CELF1.57 This decreased binding by a mediator of mRNA decay allows the networks of
transcripts coding for regulators of cell proliferation and apoptosis to rapidly but transiently
accumulate in the cell. T cells in the early stages of activation share many characteristics
with malignant cells, including reduced responses to apoptotic stimuli and rapid
proliferation, and many of the same cell pathways activated at early time points in T cell
stimulation are aberrantly regulated in cancer (e.g., PKC and MAPK/ERK pathways).199 We
hypothesize that the activation of these signaling pathways in cancer causes phosphorylation
and inactivation of CELF1, which contributes to an oncogenic phenotype by preventing the
degradation of transcripts that promote cell growth and prevent apoptosis. Investigation of
this hypothesis in models of oncogenesis will help to understand the pathways regulating
CELF1 in cancer and in normal cell biology.

CONCLUSION

As the ARE turns 25 years old, it is remarkable how far the field has come in a relatively
short period of time. The progress made in understanding the function of regulatory
networks defined by the ARE and ARE-binding proteins will accelerate with the advent of
techniques such as RNA-immunoprecipitation, PAR-CLIP, and next generation sequencing.
One challenge to overcome will be to develop more sensitive experimental and
bioinformatics approaches to understand the combinatorial regulation of networks of ARE-
containing transcripts. Several ARE-binding proteins are expressed simultaneously in the
cell and often have opposing functions. Understanding how these subnetworks of ARE-
containing transcripts are regulated under various cellular conditions will aid in our ability to
leverage this information to develop novel therapies for diseases such as autoimmunity or
cancer. In particular, our increased understanding of dysregulated ARE-mediated mRNA
decay in cancer will allow a transition from studies focused on biochemical mechanisms to
exploiting these findings to develop new anti-cancer therapies that target ARE networks.
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FIGURE 1.
The ARE-binding proteins TTP and HuR exert opposite effects on ARE-containing

transcripts. (2) HuUR binds to the ARE to stabilize the transcript, likely through competitive
inhibition of destabilizing ARE-binding proteins. (b) TTP binds to the ARE and recruits
deadenylases as well as proteins involved in both the 5 — 3’ and 3’ — 5’ decay pathways.
The ability of TTP to recruit components of the mRNA decay machinery is blocked by
phosphorylation and recruitment of the 14-3-3 adaptor protein.
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FIGURE 2.
CELF1 promotes transcript decay by binding to the GRE, followed by the recruitment of

deadenylase (i.e., PARN), promoting transcript degradation. CELF1-mediated mMRNA decay
is regulated by phosphorylation during T cell stimulation which causes decreased ability of
CELF1 to bind to target transcripts.
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Binding Specificities and Biochemical Functions Associated with ARE-binding Proteins that have been
Investigated by High-throughput Experimental Methods

RNA-Binding Protein Binding Motif Function Reference
HUR/ELAVL1 mRNA stabilization, translational regulation 38
AUF1 mRNA degradation 39
TIAR Translational inhibition (via stress granule formation) 40
TIA-1 Translational inhibition 41
TTP UUAUUUAUU mRNA destabilization 42
HuD mRNA stabilization in neurons 43
CEEUCCEUCACEC
CUGBP1/CELF1 44

mRNA destabilization, alternative splicing, translational control
felEletelel
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