Current Trends in

Immunology

Vol. 19, 2018

Review

Post-transcriptional regulation of cytokine expression and

signaling

Liang Guo™**, Irina Vlasova-St. Louis* and Paul R. Bohjanen

1234%

'Department of Medicine, Division of Infectious Diseases and International Medicine, Program in Infection
and Immunity; “Department of Microbiology and Immunology; *Institute for Molecular Virology
Training Program; *Graduate Program in Comparative and Molecular Bioscience,

University of Minnesota, Minneapolis, MN 55455, USA.

ABSTRACT

Cytokines and cytokine signaling pathways are
crucial for regulating cellular functions, including
cell growth, proliferation, differentiation, and cell
death. Cytokines regulate physiological processes
such as immune responses and maintain immune
homeostasis, and they also mediate pathological
conditions such as autoimmune diseases and cancer.
Hence, the precise control of the expression of
cytokines and the transduction of cytokine signals
is tightly regulated at transcriptional and post-
transcriptional levels. In particular, post-transcriptional
regulation at the level of mRNA stability is critical
for coordinating cytokine expression and cytokine
signaling. Numerous cytokine transcripts contain
AU-rich elements (AREs), whereas transcripts
encoding numerous components of cytokine signaling
pathways contain GU-rich elements (GREs). AREs
and GREs are mRNA decay elements that mediate
rapid mRNA degradation. Through ARE- and GRE-
mediated decay mechanisms, immune cells selectively
and specifically regulate cytokine networks during
immune responses. Aberrant expression and stability
of ARE- or GRE-containing transcripts that encode
cytokines or components of cytokine signaling
pathways are observed in disease states, including
cancer. In this review, we focus on the role of AREs
and GREs in regulating cytokine expression and
signal transduction at the level of mRNA stability.
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INTRODUCTION

Cytokines are small secretory proteins produced
by a variety of cells, including immune cells, and
play vital roles in many cellular processes, such as
cell growth, differentiation, proliferation, and
apoptosis. Cytokines are indispensable regulators
in development, immune responses, inflammation,
and often play important roles in mediating diseases.
They act through receptors on targets cells, triggering
cascades of intracellular signaling to upregulate or
downregulate certain genes to modulate the behavior
of the affected cells. Cytokine levels are highly
dynamic and are precisely regulated by several
mechanisms, both transcriptional and post-
transcriptional [1-4]. Dysregulated expression of
cytokines and components of cytokine signaling
pathways are often associated with human diseases,
including autoimmune diseases, inflammatory
diseases, and cancer [5-7].

The expression of cytokine genes is tightly regulated
at multiple different levels, such as transcription,
RNA localization, RNA turnover, and translation.
In particular, post-transcriptional regulation at the
level of mRNA stability plays important roles in
the regulation of cytokine expression and cytokine
signaling cascades. The cellular mRNA decay
machinery works to coordinate the expression of
cytokine genes during immune or inflammatory
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responses by controlling the stability and lifespan
of cytokine mRNAs. Altered mRNA stability
accounts for 20-50% of the changes in gene
expression in mammalian cells upon stimulation,
highlighting the importance of mRNA stability in
determining gene expression [8]. A well-known
mechanism for selectively regulating mRNA
stability is through the interaction between cis-
acting elements and trans-acting factors [9, 10].
Cis-acting elements are sequences often found in
the untranslated regions of mRNAs, which can be
recognized by trans-acting factors, such as RNA-
binding proteins (RBPs) or microRNAs (miRNAs).
Several trans-acting factors may compete for the
same cis-acting element, or work synergistically,
and the net effect of their interaction determines
the stability of the mRNAs that harbor the cis-
acting element [11, 12]. Post-transcriptional regulation
of cytokine expression and signaling is mainly
achieved by the cis-elements within mRNA transcripts
encoding cytokines or cytokine signaling proteins
[13].

Regulation of ARE-containing cytokine
transcripts

The ARE is an extensively studied cis-element
that was first identified in 1986 as a conserved
sequence present in the 3’ untranslated region (UTR)
of both human and mouse tumor necrosis factor
(TNF) transcripts [14]. Later studies identified
additional AREs in a variety of cytokine and early-
response transcripts, and AREs were subsequently
categorized into clusters based on sequence
characteristics and decay kinetics [15-18]. A subset
of AREs, characterized by overlapping AUUUA
pentamers, is enriched in secreted proteins such as
cytokines and chemokines. Notably, ARE-containing
transcripts account for 5-8% of the human
transcriptome [19], but they comprise approximately
80% of the transcripts within cytokine networks
[4]. The importance of AREs in regulating cytokine
expression was first demonstrated by the mutation
of AREs in cytokine mRNAs, such as TNF-a or
IFN-y, resulting in autoimmune-like inflammatory
syndrome due to increased expression of these
cytokines [20, 21].

AREs regulate mRNA stability by interacting with
a variety of ARE-binding proteins (AREBPs). Some
AREBPs, such as Tristetraprolin (TTP, also known

as ZFP36), promote transcript decay by recruiting
cellular enzymes for deadenylation and degradation
[22, 23], while other AREBPs, such as human
antigen R (HuR, also known as ELAV-like protein 1),
stabilize transcripts when they bind to the AREs
[24], possibly by preventing the binding of decay-
promoting AREBPs [25]. Some ARE-containing
transcripts are targeted for degradation by cellular
ribonucleases directly. For example, ZC3H12A
initiates rapid degradation of several cytokine
transcripts, such as TNFa, IL1b, IL2, IL6 and
IL12b, by cleaving the stem loop mRNA structure
that is proximal to the AREs [26]. HuR can
counteract the decay function of ZC3H12A by
binding to AREs in the 3’UTR of these transcripts,
promoting transcript stabilization and increased
mRNA and protein levels [27-31]. In addition,
some microRNAs can directly bind to AREs and
influence the half-life of the ARE-containing
transcripts [32]. Thus, AREBPs and microRNAs
can work in concert to determine the stability of
the ARE-harboring transcripts.

ARE-mediated mRNA decay is indispensable in
the resolution of immune responses by shutting
off the expression of ARE-containing immune
activation genes such as cytokine genes [2, 13,
33]. In activated T lymphocytes, the transcription
of several ARE-containing cytokine transcripts, such
as IL2, IL4, IFN-y, and TNF-q, is induced to initiate
immune responses. During the immune resolution
phase, these cytokine transcripts are marked for
degradation through the AREs to limit their
expression [34, 35]. In self-reactive T cells, AREs
are responsible for the post-transcriptional silencing
of cytokine mRNAs, causing these cells to exhibit
anergic phenotypes [36]. Overall, AREs are critical
for regulating cytokine expression during immune
responses.

Aberrant stabilization of ARE-containing
cytokine transcripts in cancer

Unlike normal immune cells, where cytokine mRNA
decay is tightly regulated in a dynamic way during
an immune response, in malignant cells this
dynamic regulation is lost. For example, ARE-
containing cytokine transcripts that are normally
unstable in primary cells can become constitutively
stable in malignant cells, leading to overexpression
of cytokines [37, 38]. The aberrant stabilization of
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these ARE-containing transcripts may be due to
abnormal expression, post-translational modification
or altered localization of AREBPs or irregular
microRNA interactions in malignant cells [39, 40].
Two AREBPs in particular, HuR and TTP, have
been extensively studied with regard to their role
in ARE-mediated mRNA decay in malignant
compared to normal cells. These two proteins
potentially compete for thousands of overlapping
ARE-binding sites, but they have antagonistic
effects [41, 42]. HuR facilitates transcript stabilization
and up-regulation upon binding to AREs [43],
while TTP promotes degradation and down-regulation
of ARE-containing transcripts [41]. During immune
responses, binding by HuR to ARE-containing
cytokine transcripts mediates transient cytokine
expression, whereas activation-induced expression
of TTP mediates subsequent rapid transcript
degradation, allowing the resolution of immune
responses [25].

Remarkably, the balance between these HuR and
TTP function is disturbed in malignant cells. In
many types of cancer, the function and expression
of HuR is elevated but the function of TTP is
nearly abolished, leading to increased production
of cytokines that promote malignant phenotypes
[44-48]. In fact high HuR/TTP ratio is associated
with high levels of mitosis-related ARE-containing
transcripts in many solid cancers [39], and single
nucleotide polymorphisms in these two proteins
often correlate with poor prognosis [49, 50]. In
cancer cells, increased cytoplasmic HuR levels
and HuR phosphorylation are strongly associated
with aberrant cell growth, proliferation, and
chemo-resistance [51-54]. Also, HuR increases
the stability and expression of pro-angiogenic and
pro-inflammatory cytokine transcripts through the
AREs within their 3’UTRs, further promoting
tumor growth [47, 48].

In contrast to HuR overexpression in malignant
cells, the decay-promoting protein, TTP, is often
down-regulated or even absent in various cancers,
which makes the cancerous cell unable to degrade
ARE-containing mRNAs that are normally targeted
by TTP [55]. For example, TTP down-regulation
or deficiency in many tumors accounts for the
overexpression of pro-inflammatory and tumorigenic
cytokines and growth factors, including IL1, 2, 6, 8,
10, 16, 17, and 23, IFNy, TNFo/B, and VEGF [56-59].

When TTP is exogenously overexpressed, the
progression of tumor growth and metastasis is
decreased in several cancer cell lines [60]. In fact,
the cancer drug Sorafenib, an inducer of TTP re-
expression in melanoma cells, can reduce the
expression of pro-angiogenic cytokines that contain
AREs in their mRNA 3’UTRs [61].

Overall, abnormal expression of HuR and TTP
seems to contribute to malignant phenotypes in
cancer cells. Future studies may focus on developing
agents that can correct the imbalance of these two
proteins to achieve favorable post-transcriptional
regulation of ARE networks in cancer cells. Such
agents could potentially serve as therapies for a
variety of cancer types.

Regulation of GRE-containing signal
transduction transcripts

The GRE, another cis-element that mediates rapid
mRNA decay, was recently identified to be enriched
in the 3’ UTRs of short-lived transcripts expressed
in primary human T cells. The consensus GRE
sequence has been defined as UGUU(/G)UGUU
(/G)UGU, which functions as a mediator of mRNA
decay. Insertion of a GRE into the 3° UTR of a
beta-globin reporter transcript caused the transcript
to decay more rapidly compared to the same reporter
without GRE insertion [62, 63]. The GRE binds to
the RNA-binding protein CUGBP and Etr3-Like
Factor 1 (CELF1) and together they mediate rapid
degradation of the GRE-containing transcripts [64].
Genome-wide RNA-immunoprecipitation studies
in primary cells or cell lines reveal that GREs are
enriched in CELF1-target transcripts involved in a
variety of biological functions such as cell growth,
development, apoptosis, and cytokine signal
transduction [65, 66]. The proposed mechanism
for GRE/CELF1-mediated mRNA decay is that
binding by CELF1 to GRE-containing transcripts
leads to recruitment of components of the mRNA
decay machinery to the transcripts, resulting in
deadenylation and subsequent degradation of the
target transcripts [67]. Numerous transcripts encoding
the protein components of cytokine signaling
cascades contain GREs, suggesting that the down-
stream effects of cytokines are regulated through
GREs. Figure 1 shows an example where GRE-
containing transcripts encode multiple components
of IL1 signaling cascades (grey nodes). Presumably,
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Figure 1. ARE- and GRE-containing transcripts are enriched in the IL1 signaling pathway. Transcripts shown
in grey nodes contain GREs in their 3’UTRs. Transcripts shown in grey nodes and labeled with an asterisk (*)
contain AREs in their 3’UTRs. This pathway diagram was built using Ingenuity Pathway Assistant Software.

the presence of GREs in transcripts encoding
multiple cytokine signaling components is responsible
for rapid decay of these transcripts, limiting their
expression, and allowing them to be regulated during
immune responses. For example, phosphorylation
of CELF1 occurs following the activation of primary
human T lymphocytes, leading to decreased binding
by CELF1 to GRE sequences and consequently,
increased stability and expression of GRE-
containing transcripts, including numerous transcripts

encoding components of cytokine signaling pathways
[68].

Aberrant GRE-mediated decay of cytokine
signaling transcripts in cancer

The rapid decay of many GRE-containing transcripts
observed in normal immune cells was not observed
in malignant T cells [69]. In malignant T cells,
CELF1 lost its ability to bind to a subset of GRE-
containing transcripts that were targeted in normal
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T cells. The loss of binding was probably due to
hyper-phosphorylation of CELF1 since the target
transcripts were present in both normal and
malignant cells and the CELF1 expression level
was similar in both cell types. The lack of CELF1
binding resulted in the stabilization and up-
regulation of GRE-containing target transcripts in
these malignant cells, including transcripts encoding
transcription factors (such as JUN, STATS5) and
transcripts encoding cytokine signaling molecules
that control cell growth [69]. Notably, while
hyperphosphorylation of CELFI in malignant
cells blocked its ability to bind to a subset of GRE-
containing transcripts, this hyper-phosphorylation
caused CELF1 to gain the ability to bind to and
mediate decay of another subset of GRE-containing
transcripts. These transcripts encoded proteins
involved in suppressing proliferation such as
SOCSS, TNFRSF4, and PIAS1 [69]. The mechanism
by which CELF1 hyperphosphorylation leads to
switching target binding preferences is not clear,
and more experiments are needed to investigate
the impact of post-translational modification of
CELF1 on GRE/CELFI1-mediated mRNA decay
in cancer.

Coordinated regulation of cytokine expression
and signaling transduction by AREs and GREs

While AREs regulate the stability of many cytokine
transcripts, GREs control the stability of transcripts
encoding numerous components of cytokine signaling
pathways, indicating that cytokine function is
coordinately regulated by both AREs and GRE:s.
The ARE-binding protein HuR and GRE-binding
protein CELF1 share many target transcripts,
because HuR can also bind to GU-rich or poly U
sequences in addition to AREs. Therefore, HuR
and CELF1 may compete for the GU- or U- rich
binding sites and exert opposite stabilizing effects
on target transcripts [70, 71]. The cytoplasmic
abundance and binding affinity of these two proteins
vary in different cell types or activation states,
thus the stability of a given target transcript varies
depending on whichever protein is predominant in
the cell. Particularly, in cancer cells, cytoplasmic HuR
overexpression and phosphorylation, plus CELF1
hyper-phosphorylation, push GU- or U-rich mRNAs
to undergo stabilization by HuR [4, 69, 72, 73].
Therefore, a plausible model is that in normal cells,

CELF1 targets numerous cytokine signaling
transcripts for degradation through GRE-mediated
decay. Whereas in malignant cells, CELF1 is hyper-
phosphorylated and loses its ability to bind to
certain GRE-containing transcripts. In the meantime,
HuR is overexpressed and phosphorylated in
malignant cells such that its binding affinity
increases to both AREs and GREs, resulting in
increased stability and expression of some ARE-
and GRE-containing transcripts, as we have seen
in malignant cells [74, 75]. More evidence is
required to confirm this model.

The crosstalk between ARE and GRE networks is
evident in many cytokine signaling pathways. For
instance, both HuR and CELF]1 target transcripts
are involved in the TNF signaling pathway that
regulates apoptosis, including members of the
BCL2 superfamily [76, 77]. HuR and CELF1 also
co-regulate the IL1 receptor signaling transduction
through targeting AREs or GREs in transcripts
that encode components of this pathway [29]
(Figure 1). As another example, transcripts encoding
cytokines of the interferon type I, II and III family
all contain AREs and are controlled by the
ARE/AREBP-mediated decay, whereas the interferon
receptors harbor GREs in their mRNAs and undergo
GRE/CELF1-mediated decay. Moreover, many
components of the interferon signaling pathway
contain ARE, GRE or both and are subject to their
regulation [78]. Therefore, coordination of ARE
and GRE networks is required for effective
interferon responses.

SUMMARY

Both ARE and GRE networks coordinate post-
transcriptional regulation of cytokine expression
and signaling in health and disease [79]. AREs
modulate the expression of many cytokines as
well as components of the cytokine signaling
pathways, whereas GREs are overrepresented in
the mRNAs encoding cytokine receptors and
cytokine signaling proteins and modulate their
transcript stability. Malfunctions in ARE- and
GRE-binding proteins, such as HuR, TTP, and
CELF1, are highly correlated with dysregulated
cytokine production and signaling, and play roles
in mediating autoimmune diseases and cancer.
Understanding the mechanism of ARE- and GRE-
mediated mRNA decay and the interactions between
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ARE and GRE networks may shed light on the
development of therapeutic strategies for these
diseases.
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