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The GAIT translational control

system

Abul Arif,' Peng Yao,? Fulvia Terenzi," Jie Jia,' Partho Sarothi Ray® and Paul L. Fox'*

The interferon (IFN)-y-activated inhibitor of translation (GAIT) system directs
transcript-selective translational control of functionally related genes. In myeloid
cells, IFN-y induces formation of a multiprotein GAIT complex that binds structural
GAIT elements in the 3'-untranslated regions (UTRs) of multiple inflammation-
related mRNAs, including ceruloplasmin and VEGF-A, and represses their transla-
tion. The human GAIT complex is a heterotetramer containing glutamyl-prolyl
tRNA synthetase (EPRS), NSl-associated protein 1 (NSAP1), ribosomal protein
L13a (L13a), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). A network
of IFN-y-stimulated kinases regulates recruitment and assembly of GAIT complex
constituents. Activation of cyclin-dependent kinase 5 (Cdk5), mammalian target of
rapamycin complex 1 (mTORC1), and S6K1 kinases induces EPRS release from its
parental multiaminoacyl tRNA synthetase complex to join NSAP1 in a “pre-GAIT”
complex. Subsequently, the DAPK-ZIPK kinase axis phosphorylates L13a, inducing
release from the 60S ribosomal subunit and binding to GAPDH. The subcomplexes
join to form the functional GAIT complex. Each constituent has a distinct role in
the GAIT system. EPRS binds the GAIT element in target mRNAs, NSAP1 nega-
tively regulates mRNA binding, L13a binds elF4G to block ribosome recruitment,
and GAPDH shields L13a from proteasomal degradation. The GAIT system is sus-
ceptible to genetic and condition-specific regulation. An N-terminus EPRS truncate
is a dominant-negative inhibitor ensuring a ‘translational trickle” of target tran-
scripts. Also, hypoxia and oxidatively modified lipoproteins regulate GAIT activity.
Mouse models exhibiting absent or genetically modified GAIT complex constitu-
ents are beginning to elucidate the physiological role of the GAIT system, particu-
larly in the resolution of chronic inflammation. Finally, GAIT-like systems in
proto-chordates suggests an evolutionarily conserved role of the pathway in innate
immunity. © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

I :egulation of gene expression profoundly influ-
ences nearly all aspects of cellular life, including
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proliferation, metabolism, host defense, and death.’
Gene expression depends on both transcriptional and
posttranscriptional control mechanisms.” The latter is
particularly important for fine or localized control of
protein accumulation. Translational control can be
global, regulating expression of most transcripts, or
transcript-selective, modulating a defined subset of
mRNAs.>® Transcript-selective regulation is generally
mediated by proteins or complexes binding to specific
elements in the 5'- or 3’-untranslated region (UTR) of
target mRNAs.°® Such coordinate, posttranscrip-
tional control of expression of functionally related
genes has been termed as ‘posttranscriptional
regulon.””'® We have described a 3'-UTR-specific,
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transcript-selective translational control mechanism
that regulates a group of functionally related genes.'!
In human myeloid cells, the pro-inflammatory cyto-
kine interferon-y (IFN-y) induces recruitment of sev-
eral abundant ‘housekeeping’ proteins for assembly of
a heterotetrameric IFN-y-activated inhibitor of trans-
lation (GAIT) complex (Figure 1). The human GAIT
complex consists of glutamyl-prolyl tRNA synthetase
(EPRS), NS1-associated protein 1 (NSAP1), ribosomal
protein L13a, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH).'? Interestingly, the heterotri-
meric murine GAIT complex lacks NSAP1."* The
GAIT complex binds a defined bipartite GAIT element
consisting of a 29- to 33-nucleotide (nt) stem-loop in
the 3’-UTR of multiple inflammation-responsive
mRNAs and inhibits their translation without affect-
ing total protein synthesis.! "

ACTIVATION, ASSEMBLY, AND
FUNCTION OF THE GAIT COMPLEX

[FN-y-inducible recruitment of the four human GAIT
constituent proteins, and their assembly in the GAIT
complex, occurs in two distinct, tightly regulated
stages (Figure 2). In the first stage, completed after
about 2—4 h, human EPRS is phosphorylated at Ser®%®
and Ser” by two kinase systems.'> IFN-y induces
cyclin-dependent kinase 5 (CdkS5) in conjunction with
ERK2 and its activator, p35 (Cdk5R1); activated
Cdk5/p35 directly phosphorylates Ser®®¢ in EPRS.'® A
downstream event, phosphorylation of EPRS, Ser®”’,
is mediated by the kinase axis of mammalian target of
rapamycin complex 1 (mMTORC1) and p70 ribosomal
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Transcript-
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translation
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FIGURE 1 | Schematic diagram depicting human interferon
y-activated inhibitor of translation (GAIT) system. Interferon-y (IFN-y)
induces formation of heterotetrameric GAIT complex in myeloid cells.
The human GAIT complex contains glutamyl-prolyl tRNA synthetase
(EPRS), NS1-associated protein 1 (NSAP1), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and ribosomal protein (RP) L13a. Murine
GAIT complex is essentially identical but lacks NSAP1.
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protein S6 kinase 1 (S6K1).'” Interestingly, Ser’””

phosphorylation also requires Cdk$ activity, but the
specific role of Cdk3 in this event has not been eluci-
dated. Phosphorylated EPRS is released from the mul-
tiaminoacyl tRNA synthetase complex (MSC) to join
NSAP1 to generate an inactive ‘pre-GAIT complex’
that does not bind GAIT element RNA or silence
translation. NSAP1 binding specifically requires EPRS
Ser®® phosphorylation.'> About 12-16 h later, L13a
is phosphorylated at Ser”” by DAPK-activated ZIPK,
and is released from the 60S ribosomal subunit.'®
Released L13a binds GAPDH and the pre-GAIT com-
plex to form the functional heterotetrameric GAIT
complex competent for translation-repression of GAIT
element-bearing transcripts.

Several unique features of the GAIT system distin-
guish it from other stimulus-induced pathways that reg-
ulate gene expression. For example, the requirement for
two independent, temporally distinct signaling path-
ways, namely, early induction of EPRS phosphorylation
and delayed induction of L13a phosphorylation.'*'®
Also, the complex is formed from proteins with canoni-
cal activities distinct from their function in the GAIT
system. For example, EPRS and L13a are ubiquitous
components of translation machinery required for
mRNA translation, but when assembled into the GAIT
complex they adapt to perform ‘moonlighting’ func-
tions in translation repression.'' Likewise, GAPDH
activity is essential for glycolysis and energy produc-
tion, but it displays a noncanonical chaperone-like
activity in the GAIT system.'” Also remarkable is the
stimulus-dependent release of EPRS and L13a from
their macromolecular complexes: the MSC and ribo-
some, respectively.'>?" These findings introduced the
concept that otherwise stable macromolecular com-
plexes, particularly the MSC, can act as depots of
stimulus-dependent releasable regulatory proteins that
perform specialized auxiliary functions unrelated to
their primary function within the parental complex.*!
Here, we review the function of the individual constitu-
ents in GAIT complex assembly and the 3'-UTR GAIT
element-bearing targets subject to translation-repres-
sion, as well as the auxiliary activities of the GAIT com-
plex proteins. Also addressed are the genetic and
environmental stresses that influence the GAIT system,
and their potential pathophysiological consequences.

AUXILIARY, NONCANONICAL
ACTIVITIES OF GAIT COMPLEX
PROTEINS

Individual proteins can exhibit more than one func-
tion, thereby expanding the classical ‘one gene-one
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FIGURE 2 | Schematic diagram of interferon y-activated inhibitor of translation (GAIT) system activation for transcript-selective translation
inhibition of inflammation-related genes in myeloid cells. Interferon-y (IFN-y) induces early activation of human EPRS by two-step phosphorylation
at Ser®® and Ser®®° in the linker region by Cdk5/p35, mTORC1, and S6K1 kinases. Cdk5/p35 directly phosphorylates Ser®®, and is also required, in
conjunction with mTORC1 and S6K1 for phosphorylation of Ser®®®. Phosphorylated-EPRS (P-EPRS) is released from the multiaminoacyl tRNA
synthetase complex (MSC). Phospho-5er® EPRS interacts with NSAP1 to form an inactive pre-GAIT complex (in humans only). After ~12-16 h,
L13a is phosphorylated at Ser’” (P-L13a) by DAPK-activated ZIPK, and released from the 605 ribosomal subunit. Free P-L13a interacts with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and joins the pre-GAIT complex to form the functional GAIT complex. The complex binds
GAIT elements in the 3’-UTR of functionally related transcripts induced by IFN-y, and inhibits their translation by a mechanism that requires a
circularized mRNA. L13a in the GAIT complex interferes with the eukaryotic translation-initiation factor, elF4G, near the elF3-binding site, and
blocks translation-initiation. DAPK and ZIPK translations are repressed by GAIT system constituting a negative-feedback module to limit L13a

phosphorylation and GAIT system activity.

enzyme’ theory proposed by George Beadle and
Edward Tatum in 1941.%* In many cases, such multi-
functional (or ‘moonlighting’) proteins exhibit a pri-
mary, constitutive function and a secondary
(or noncanonical), context-dependent role.”® Fre-
quently, the new cellular activity is directed by post-
translational modification(s) that can cause
conformational changes and recruit new binding
partners, or fewer partners in the case of release from
a parental complex.”*** Alternatively, a secondary
function is driven by an isoform with a distinct pri-
mary sequence generated, e.g., by alternative RNA
splicing or translation-initiation, or proteolytic
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cleavage.’®*” Remarkably, each of the GAIT com-
plex constituents are ubiquitously expressed, essential
housekeeping protein with a primary function unre-
lated to its function in the GAIT system (Figure 3). In
this section, we briefly summarize canonical and non-
canonical activities of the GAIT complex proteins.

Glutamyl-prolyl tRNA Synthetase (EPRS)

EPRS belongs to an ancient group of 20 aminoacyl-
tRNA synthetases (AARSs), one for each amino acid,
that catalyze ligation of amino acids to their cognate
tRNAs to ensure accurate decryption of the genetic
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FIGURE 3 | Summary of canonical and noncanonical activities of
interferon y-activated inhibitor of translation (GAIT) complex
constituent proteins.

code during protein synthesis.”®*° Present in nearly
all animals, EPRS is the only bifunctional AARS con-
taining two synthetase catalytic cores in a single poly-
peptide chain (Figure 4).>° Specifically, the ERS and
PRS domains ligate Glu and Pro, respectively. In
human EPRS, the two enzymatic domains are joined
by a noncatalytic linker containing three helix-turn-
helix WHEP domains (named after the AARSs first
shown to contain these domains, i.e., Trp(W)RS,
His(H)RS, and EPRS).*! The N-terminus of EPRS
also contains an appended glutathione-S-transferase
(GST)-like domain that has an important role in
MSC assembly and structure.>* EPRS along with
seven other AARSs and three non-AARS proteins
reside in the MSC, a cytoplasmic 1.5-mDa macromo-
lecular complex.** The MSC has been shown to bind
ribosomes and is thought to improve translation effi-
ciency by direct channeling of charged tRNAs to the
ribosome  A-site.>*** Activation of EPRS during
GAIT complex assembly in myeloid cells requires
IFN-y-induced phosphorylation of Ser®®® and Ser”®”
in the linker region, followed by release of EPRS
from the MSC." Free, phosphorylated EPRS binds
NSAP1 and the other GAIT components to form the
active translational silencing complex. Recently,
EPRS has been observed to exhibit several GAIT-
independent, noncanonical activities related to adi-
posity and antiviral defense, and possibly in breast
cancer progression.' =% Interestingly, EPRS is not
unique among AARSs in the expression of a
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FIGURE 4 | Schematic diagram of glutamyl-prolyl tRNA
synthetase (EPRS) domains, phospho-sites and their interactors. An N-
terminal glutathione-S-transferase (GST)-like domain is upstream of
the ERS domain, which is joined to the PRS domain by a linker
containing three WHEP repeats: R1, R2, and R3. In humans, NSAP1
binding to EPRS in the R2-R3 region requires Ser®® phosphorylation.
Phospho-Ser’’-L13a and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) interaction with EPRS requires Ser®® phosphorylation. The
interferon y-activated inhibitor of translation (GAIT) element RNA
binds in the upstream R1-R2 repeat region.

noncanonical function as recent studies have shown
many, if not most, AARS also express secondary
activities unrelated to tRNA charging.’”*** Beyond
the noncanonical function, elucidation of EPRS’s
mode of activation revealed an unexpected finding,
namely, stimulus-dependent release of EPRS from its
parental complex, the MSC.'>'* This observation,
coupled with stimulus-dependent release of L13a
from the 60S ribosome (see below), led us to propose
the ‘depot hypothesis’ in which macromolecular com-
plexes serve as depots or reservoirs of proteins that
can be released under specific conditions or stimuli to
perform new functions unrelated to the primary func-
tion within the complex.*%*!

EPRS is the sole GAIT complex constituent that
recognizes and binds the 3'-UTR GAIT element in
target mRNAs.'? Deletion analysis showed that
GAIT element RNA binds the upstream pair of EPRS
WHEP repeats (R1 and R2) in the noncatalytic
linker*! (Figure 4). Surprisingly, although EPRS is
released from the MSC within a few hours following
IFN-y stimulation, the interaction with the GAIT
RNA element is delayed for at least 10 h.'* Interac-
tion of NSAP1 with the downstream, overlapping
pair of WHEP repeats, R2 and R3, prevents EPRS
binding to target mRNAs.*' The inhibition is
reversed by delayed interaction of EPRS with Ser’’-
phosphorylated L13a and GAPDH that induces a
conformational shift in the EPRS/NSAP1 complex
thereby exposing the RNA binding site (Figures 2
and 4)."%% A proteomic screen using RBDmap to
identify RNA-binding proteins (RBPs) and domains
identified the EPRS linker as an atypical RNA
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binding site.*> Each of the phospho-sites in the
human EPRS linker has its own protein-binding func-
tion. Phosphorylation of Ser®®® located in the spacer
between R2 and R3, is essential for NSAP1 binding,
whereas phosphorylation of Ser”?, located just
upstream of the PRS domain, facilitates the binding
of L13a and GAPDH, completing the formation of
the GAIT complex'>*! (Figure 4).

Through accretive evolutionary processes, many
metazoan AARSs bear appended domains not present
in bacterial, archaeal, and yeast orthologs.’ These
acquired domains, most often at the N- or C-termini,
are thought to be nonessential for aminoacylation,
but rather participate in executing noncanonical
activities.>” Importantly, the N-terminal GST-like
domain and the WHEP domain-containing linker
connecting the synthetase cores are essential for the
known noncanonical activities of EPRS.'>*® The
ERS and PRS catalytic domains became joined to
form a single polypeptide by a gene fusion event that
occurred about a billion years ago in a unicellular
animal ancestor; the earliest detection of the linked
synthetases in the filasterean, Capsaspora owczarzaki
that contains a linker with two WHEP domains.**
ERS and PRS have remained joined by linkers con-
taining a variable number up to six WHEP domains
in nearly all known animals with the exception of the
nematode Caenorbabditis elegans and closely related
species. In the cnidarian, Nematostella vectensis
(stinging sea anemone), EPRS mRNA is alternatively
spliced to generate three isoforms of variable number
and sequence of WHEP domains with differential
RNA binding capabilities (described below).*’

NS1-Associated Protein 1 (NSAP1)

NSAP1 (also known as heterogeneous nuclear ribo-
nucleoprotein (hnRNP) Q; glycine- and tyrosine-rich
RBP, i.e., GRY-RBP; or synaptotagmin-binding cyto-
plasmic RNA-interacting protein, i.e., SYNCRIP) is a
member of the hnRNP family of RBPs.*® NSAP1
contains three RNA-recognition motifs (RRMs) and
participates in packaging of nuclear transcripts, RNA
editing, splicing, stabilization, and transport,
nonsense-mediated mRNA decay, transcriptional
control, and internal ribosome entry site (IRES)-
dependent translation control.*’>! In the human
GAIT system, NSAP1 binds EPRS released from the
MSC, in a Ser®®® phosphorylation-dependent man-
ner, to form a transient binary complex (Figures 2
and 4). NSAP1 prevents EPRS binding of GAIT
element-bearing mRNAs until the negative regulation
is overcome by a conformational shift induced by
interaction with phospho-L13a and GAPDH." The
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GAIT system

presence of the pre-GAIT complex for about 10 h in
human myeloid cells suggests the possibility of an as-
yet unidentified function. Interestingly, the negative
regulation by NSAP1 is primate-specific, and is
absent in the GAIT system activated in mouse macro-
phages, likely due to the absence of the Ser®%®
phospho-site in murine EPRS.'?  Species-specific
differences between the human and mouse GAIT
systems are not too surprising as inflammatory
responses differ substantially between these organ-
isms.>> Future studies in which the mice are
generated bearing a knock-in of the human NSAP1-
binding site in EPRS might shed light on the conse-
quences of NSAP1-mediated negative regulation, as
well as the function of the human-specific pre-GAIT
complex.

Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH)

GAPDH is an essential and abundant ‘housekeeping’
enzyme required for the breakdown of glucose for
energy production in the sixth step of glycolysis,
i.e., conversion of glyceraldehyde-3-phosphate to
1.3-bisphosphoglycerate.'”? Despite the essential
glycolytic activity, GAPDH is an archetypal moon-
lighting protein exhibiting diverse nonglycolytic
activities in transcriptional as well as posttranscrip-
tional regulation, cell motility, cytokine production,
and apoptosis among others.’*>” Several GAPDH
functions require incorporation into multiprotein
complexes, e.g., it acts as a redox-sensitive sensor
that regulates transcription following integration into
the OCA-S coactivator complex.’® GAPDH is also a
RBP, targeting both ribosomal RNA (rRNA) and the
UTRs of several eukaryotic and viral mRNAs.>”~¢!
Studies on the pathophysiological regulation of the
GAIT system revealed that GAPDH exhibits
chaperone-like activity and binding to L13a prevents
its proteasomal degradation.®” The requirement for
protection of a free ribosomal protein is not unex-
pected as the 1:1 stoichiometry of ribosomal proteins
(and rRNAs) is maintained, in part, by rapid degra-
dation of newly synthesized ribosomal proteins not
assembled into ribosome subcomplexes.®> During
ribosome biogenesis, heat shock proteins are the pre-
dominant protectors.®* However, a specialized mech-
anism (and protein) might be required for protection
of a ribosomal protein released from a mature ribo-
some, as in the case of L13a. Possibly, GAPDH
might bind and protect other ribosomal proteins with
stimulus-inducible extraribosomal functions.® The
pathological dysregulation of the protective activity
of GAPDH is described below.

50f 18



Advanced Review

Ribosomal Protein L13a

The eukaryotic 80S ribosome is a complex consisting
of four rRNAs and about 80 proteins split between
the large 60S and small 40S subunits.®®®” The rRNA
component of the ribosome drives the central pepti-
dyltransferase activity necessary for interpretation of
the triplet genetic code. Although the precise role of
most ribosomal proteins in protein synthesis is not
well understood, ribosomal proteins are essential for
biogenesis and structural integrity of the ribosome.®®
Similar to the AARSs, several ribosomal proteins
exhibit ribosome-independent moonlighting activities
influencing various pathophysiological processes.®**®”
Ribosome-free ribosomal proteins can arise from de
novo synthesis or from dissociation from the
ribosome. %!

Mammalian ribosomal protein L13a is an inte-
gral constituent of the ribosome 60S subunit.”®”!
RPL13A mRNA is co-transcribed with four box C/D
small nucleolar RNA (snoRNA) genes, U32a, U33,
U34, and U35a, located within four RPL13A gene
introns.”* During ribosome biogenesis, L13a is first
incorporated into the 90S pre-ribosome in the nucle-
olus and is essential for rRNA methylation within
that complex.”> Delayed release of L13a from the
mature 60S ribosomal subunit, about 16 h after IFN-
y stimulation, represents the rate-determining step of
GAIT complex formation.”® Ribosomal release
requires L13a phosphorylation at Ser’” by IFN-
y-mediated activation of the DAPK-ZIPK kinase
axis, with the latter serving as the proximal kinase.'®
The activity of both kinases is maximal at about
16 h following stimulation, nearly coinciding with
assembly of active GAIT complex and translational
arrest of target transcripts. L13a release from the 60S
subunit does not perturb overall ribosome structural
integrity or global protein synthesis, consistent with
the location of L13a far from the tRNA binding sites
and exit tunnel of the ribosome.?*”! Stimulus-
dependent release is consistent with structural data
indicating that many ribosomal proteins essentially
‘float’ on the rRNA core, without extensive protein—
protein interactions and with limited RNA-
penetrating extensions.”>*! However, the specific
molecular details of L13a release from the ribosome
have not been elucidated beyond identification of
Arg®® as a residue site near the phosphorylation site
and is required for L13a binding to rRNA and incor-
poration into the ribosome during hierarchical
assembly.”?

Following its release, Ser’” phosphorylated L13a
binds GAPDH and the pre-GAIT complex to form the
functional heterotetrameric (or heterotrimeric in mice)
GAIT complex'® (Figure 2). As described above, EPRS
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is the GAIT RNA element-binding protein in the
mature GAIT complex.">'> Ser”” phosphorylated
L13a has an equally important function in the GAIT
system. Phospho-L.13a in the RNA-bound GAIT com-
plex interacts with eukaryotic translation-initiation
factor 4G (elF4G) of the translation-initiation com-
plex at or near the eIF3-binding site.'>'®** This inter-
action blocks recruitment of the elF3-containing 43S
pre-initiation complex, thereby inhibiting the initiation
of translation of GAIT element-bearing target
mRNAs. A “closed loop” model of mRNA, in which
the 5" and 3’ termini are connected by protein—protein
interactions involving both ends, has been proposed to
increase translation by enhancing the efficiency of
ribosome subunit recycling.”* Importantly, the GAIT
system also requires mRNA circularization, presuma-
bly to bring the 3’-UTR-bound GAIT complex into
the vicinity of the 5’ terminus where it can effectively
block 43S joining and translation-initiation'"”*
(Figure 2).

shRNA-mediated knockdown of L13a in mye-
loid cells inactivates the GAIT system and rescues
target mRNA translation.”® Most protein synthetic
functions are not disturbed by L13a knockdown as
shown by the lack of effect on rRNA processing, pol-
ysome formation, or global translation. However,
knockdown significantly reduces rRNA methylation
as well as cap-independent translation of several
mRNAs containing IRES elements. These alternative
activities of L13a potentially confound interpretation
of genetic knockdown experiments.

L13a Phosphorylation by DAPK-ZIPK is
Autoregulated by Negative Feedback
Approximately 12-16-h delay before DAPK and
ZIPK activation is likely due to a complex transcrip-
tional upregulation of DAPK possibly involving
CCAAT/enhancer-binding protein (C/EBP)-f tran-
scription  factor.””>”® Despite continued elevated
mRNA levels, DAPK and ZIPK protein levels decline
markedly soon after L13a phosphorylation, consist-
ent with translational silencing. Remarkably, both
DAPK and ZIPK bear stem-loop structures in their
3/-UTR similar to that of Cp and VEGFA GAIT ele-
ments, and translational silencing by both elements
was confirmed experimentally.'® The attenuation of
the expression of both kinases by the GAIT complex
establishes an auto-regulatory feedback loop, in
which the kinases that activate the pathway are
themselves regulated by the same pathway. Thus,
DAPK-ZIPK-L13a axis constitutes an endogenous
negative feedback module that limits the negative
regulation of inflammatory gene expression by the
GAIT system. DAPK and ZIPK are established
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regulators of programmed cell death pathways.””
However, the possibility that GAIT-mediated transla-
tional repression of the kinases contributes to regula-
tion of apoptosis has not been explored. A similar
regulatory mechanism has been reported for the cyto-
solic tyrosine kinase, c-Src.*® Upon phosphorylation
by c¢-Src, phospho-hnRNP K binds the c-Src mRNA
3’-UTR and inhibits the expression during erythroid
maturation. These examples of repression of kinase
mRNA translation by their substrate represent a
unique ‘network motif’ in regulation of gene
expression.

THE 3’-UTR GAIT RNA ELEMENT

The mature GAIT complex binds a cis-acting element
featuring unique structural characteristics in target
mRNA.*" A GAIT element was first identified in the
3’-UTR of human Cp mRNA by deletion and site-
directed mutagenesis-based mapping.'* The minimal
29-nt GAIT element was sufficient to confer robust
translational silencing to a heterologous reporter
transcript. The Cp GAIT element has a bipartite
stem-loop structure consisting of a 5-nt terminal
loop, a 3-bp helix, an asymmetric internal bulge, and
a proximal 6-bp helical stem (Figure 5). Recognition
of the GAIT element by the GAIT complex largely
depends on the structure, not the primary sequence,
with the exception of two relatively invariant nucleo-
tides in the internal bulge. There appears to be sub-
stantial positional tolerance as the distance between
the GAIT element and termination codon or poly(A)
tail has little effect on activity. To identify additional

GAIT system

pattern-matching algorithm was wused to mine
UTRdb, a nonredundant 3’-UTR database, based on
the required sequence and secondary structure fea-
tures of the Cp GAIT element.®” The query revealed
GAIT element-like patterns in 52 human 3’-UTRs,
and several have been functionally validated,
e.g., VEGFA and DAPKI1, as well as an atypical
GAIT element in ZIPK (DAPK3) that contains a
symmetric bulge in the proximal stem and a 4-6-bp
distal stem.'®%%, Posttranscriptional base modifica-
tions, such as Ng-methyladenosine or pseudouridiny-
lation, in the GAIT element certainly could influence
element structure and function, likewise, single nucle-
otide polymorphisms might prevent (or permit) GAIT
element formation.®®> These intriguing possibilities
could influence condition-dependent GAIT-mediated
translational repression, but they have not yet been
investigated.

In a separate genome-wide approach, delayed
repression of mRNAs in IFN-y-treated human
U937 monocytic cells was determined by polysome
profiling coupled with microarray analysis.** Tran-
scripts encoding several chemokines and chemokine
receptors were identified, including CCL22,
APOL2, CCR3, CCR4, CCR6, and CXCL13.
RNA secondary structure prediction algorithms
identified putative GAIT elements in the 3'-UTR of
these mRNAs. Translational repression by the atyp-
ical GAIT element in CCL22 mRNA was con-
firmed experimentally (Figure 5). Future analysis
employing state-of-the-art technologies such as
CLIP- (ultraviolet crosslinking coupled with immu-
noprecipitation) or RIP- (ribonucleoprotein-immu-
noprecipitation) Seq with antibody against EPRS,

GAIT element-bearing mRNAs, the PatSearch  the sole RNA binding constituent of the GAIT
Terminal N N N Accession Location in
loop N N Gene number OMIM mBNA 3UTR Function Reference
gézﬁl m;m c M 000096 117700 28106 Ferroxidase and .,
NeN' P - iron metabolism
U o
Internal N N Proliferation and
oop N A N VEGFA NM_001025366 192240 358-386 angiogenesis 82
NeN’
NeN (BApg ~ NM.00493s 600831 11441172 Pogrammed g
; NeN'
Proximal p DAPK3 Programmed
stem NeN (ZIPK) NM_001348 600831 174-206 cell death 18
NeN’ .
NeN’ CCL22  NM_002990 603289  434-461 Cytokineand g4
5,/ N 3 chemotaxis

FIGURE 5 | Sequence and structure characteristics of a typical bipartite stem-loop interferon y-activated inhibitor of translation (GAIT) element
with conserved nucleotides in bold (left), and examples of validated functional GAIT elements (right). The structure is derived from the biochemical

and mutagenesis experiments on human 3’-UTR Cp GAIT element.
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FIGURE 6 | Regulation of interferon y-activated inhibitor of translation (GAIT) system in normoxic and hypoxic macrophages, and control of
GAIT element-bearing VEGFA mRNA. (i) The GAIT system is activated by IFN-y-dependent phosphorylation of EPRS and L13a in myeloid cells.

(ii) Stimulation with both IFN-y and oxidatively modified low density lipoprotein, LDL (LDL,,) induces activation of an iNOS-S100A8/A9 nitrosylase
complex and site-specific S-nitrosylation of an array of targets bearing an l/L-X-C-X,-D/E motif, including Cys**’ of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). SNO-GAPDH fails to bind L13a causing proteasomal degradation of the latter and inactivation of the GAIT system. (jii) In
hypoxia, IFN-y-induced hnRNP L is phosphorylated at Tyr*>® and joins hnRNP A2/B1 and double-stranded RNA-binding protein (RBP), DRBP76, to
form the active HILDA complex. The complex binds the hypoxia stability region (HSR) in VEGFA mRNA, blocks GAIT element conformation, and
switches to translation-permissive conformation. (iv) In normoxia, translational repression of IFN-y-induced VEGFA mRNA by the GAIT complex is
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complex, will likely provide a more complete pro-
file of the GAIT complex-bound transcripts, and
additional insights into GAIT system function.

REGULATION AND DYSREGULATION
OF GAIT PATHWAY

The GAIT system is subject to endogenous checks
and dysregulation by environmental conditions
(Figure 6). These regulatory mechanisms are dis-
cussed in detail in the following sections.

Oxidatively Modified Low Density
Lipoprotein Inhibits GAIT System Activity
Chronic inflammation induces expression of reactive
oxygen and nitrogen species promoting pathological
modifications of lipids and proteins; one example is
oxidatively modified low density lipoprotein (LDL,,)
which accumulates in atherosclerotic lesions.®
Plasma level of LDL,, is a strong predictor of acute
coronary heart disease events.*® A correlation
between expression of LDL,, and GAIT targets,
e.g., Cp and VEGF-A, has been observed in athero-
sclerotic lesions.®”®® Our studies show that in mye-
loid cells, TFN-y-induced GAIT complex assembly
(Figure 6(i)) is inhibited by LDL,, (generated by
in vitro treatment of human LDL with the myeloper-
oxidase/H,0,/NO,~ system of leukocytes) resulting in
sustained production and accumulation of GAIT sys-
tem target proteins, e.g., VEGF-A, Cp, and others.®*
Cell stimulation with IFN-y and LDL,, (but not
native LDL) caused rapid disappearance of nearly the
entire cellular complement of 1.13a without diminish-
ing the levels of other GAIT complex proteins, or
other ribosomal proteins. LDL,,, induces degradation
of L13a by a mechanism involving target-selective,
site-specific S-nitrosylation of GAPDH that fails to
bind L13a (Figure 6(ii)). S-nitrosylation is a ubiqui-
tous, reversible protein modification involving cova-
lent addition of a reactive nitric oxide (NO) moiety to
Cys thiols.” Unprotected L13a is polyubiquitinated
and degraded by the proteasome system, thereby pre-
venting assembly of a functional GAIT complex.®* A
protective function of GAPDH was verified by
siRNA-mediated GAPDH depletion that also caused
L13a degradation following its IFN-y-induced,

GAIT system

phosphorylation-dependent ~ release ~ from  the
ribosome.

Human GAPDH is a homotetramer with three
Cys in each monomeric subunit, each susceptible to S-
nitrosylation by chemical NO donors.”®”!' Bacterial
lipopolysaccharide (LPS) induces site-specific ~S-
nitrosylation at GAPDH Cys'*? near the catalytic
active site, suppressing glycolytic activity.”* Impor-
tantly, treatment of myeloid cells with TFN-y plus
LDL,, triggers S-nitrosylation of GAPDH at Cys**’,
thereby preventing GAPDH binding to L13a.%* The
site is near the enzyme surface, far from the catalytic
site, and nitrosylation does not alter activity. Site-
specific Cys**” S-nitrosylation requires expression of
inducible nitric oxide synthase (iNOS), which in the
presence of IFN-y plus LDL,,, forms a novel, multi-
protein S-nitrosylase complex also containing two
members of the S100 calcium-binding family, ST00A8
and S100A9.”° Mass spectrometry-based proteomic
approach identified about 95 candidate targets of the
iNOS-S100A8/A9 nitrosylase complex. In addition to
GAPDH, four proteins were inducibly nitrosylated by
this complex: annexin 5, ezrin, moesin, and vimentin.
Alignment of the candidate sequences revealed a con-
served I/L-X-C-X,-D/E motif that was validated by
loss- and gain-of-function mutagenesis experiments.
The discovery of a sequence motif that directs nitrosy-
lation provides an additional parallel to posttransla-
tional modification by phosphorylation—both are
stimulus-inducible, influence protein activity, and can
be enzymatically reversed, e.g., by denitrosylases and
phosphatases, respectively.

Ribosomal proteins have been implicated in
several diseases, i.e., ribosomopathies, including
peripheral nerve tumors, diabetes, Diamond-
Blackfan anemia, and in developmental abnormal-
ities such as cleft palate.”*” The pathology gener-
ally is traceable to genetic alteration or deletion of a
ribosomal protein. Degradation of L13a is unique in
that its dysregulation is not at the genetic level, but
is rather a consequence of stimulus-dependent post-
translational modification of a distinct protein, in
this case, GAPDH. Also unusual is the finding that
the extraribosomal activity of L13a is subject to dys-
regulation. The potential role of extraribosomal
functions in other ribosomopathies has been consid-

ered, e.g., in Diamond-Blackfan anemia, but not yet
established.®>"’

facilitated by degradation of hnRNP L following prolyl hydroxylation and von Hippel-Lindau (VHL)-mediated polyubiquitination. (v) Constitutive
generation of an EPRS truncate, EPRSM' by polyadenylation-directed conversion of a Tyr to a stop codon (PAY*) binds GAIT elements in target
mRNAs including VEGFA and shields it from the GAIT complex, thereby allowing a ‘translational trickle’ of expression.
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Regulation of VEGF-A Expression by a
Stress-Inducible RNA FElement Switch

The activity of the GAIT system can be modulated
by condition-dependent binding of other RBPs or
complexes to the 3’-UTR of GAIT element-bearing
mRNAs.””® The best-studied example is VEGFA
mRNA that features a condition- and protein-
dependent RNA switch in the 3’-UTR (Figure 6).
Normoxia and hypoxia induce distinct conforma-
tional structures in the VEGFA 3/-UTR driven by
alternative binding of the GAIT complex and an
hnRNP  L-containing complex, respectively.5>"
When myeloid cells are stimulated with IFN-y under
hypoxic conditions, hnRNP L is phosphorylated at
Tyr**? and accumulates in the cytoplasm in a com-
plex with hnRNP A2/B1 and DRBP76 (double-
stranded RBP) (Figure 6(iii)).'°° The hnRNP L in the
HILDA  (hypoxia-induced hnRNP L-DRBP76-
hnRNP A2/B1) complex binds a CA-rich element
directly adjacent to the GAIT element, and DRBP76
binds a downstream AU-rich stem-loop thereby dis-
rupting GAIT element formation, preventing GAIT
complex binding, and enhancing VEGFA mRNA
translation. In contrast, under normoxic condition,
IFN-y induces prolyl hydroxylation of cytoplasmic
hnRNP L, followed by pVHL (von Hippel-Lindau)-
mediated ubiquitination and degradation by the pro-
teasome system (Figure 6(iv)). Degradation of
hnRNP L in normoxia permits GAIT complex bind-
ing to the GAIT element and represses VEGFA
mRNA translation. Within the HILDA complex,
hnRNP L acts as the ‘selector’ that recognizes and
binds CA-rich elements in mRNAs, thereby determin-
ing target specificity. DRBP76 acts as the “flipper’
that alters the conformation of the VEGFA 3'-UTR
to prevent GAIT complex binding. A comprehensive
search for other target mRNAs regulated by this
RNA switch is ongoing in our laboratory. A plethora
of metabolite-driven conformational alterations in
RNA that regulate gene expression in bacteria,
i.e., riboswitches, have been described.'®’ However,
very limited information is available on protein-
driven RNA switches in eukaryotes, such as the one
described here for VEGFA mRNA, and certainly
offers much scope for discovery.

EPRS™! Prevents Complete Translation
Inhibition by GAIT Complex

Basal expression of GAIT element-bearing transcripts
is maintained despite the abundance of active GAIT
complex sufficient for complete inhibition of transla-
tion. Dynamic model simulations predicted an
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inhibitory ~ GAIT-element-interacting, trans-acting
factor that might account for this conundrum. We
identified the constitutive presence of low levels of a
C-terminus truncate of EPRS, termed EPRS™!, that
contains the RNA-binding domain, i.e., the upstream
pair of WHEP domains, but not the downstream
domain required for GAIT complex assembly.?”
Thus, EPRS™! shields a small amount of target tran-
scripts, including VEGFA and ZIPK mRNAs, from
GAIT  complex-mediated  translation-repression,
thereby permitting continuous, leaky translation of
the target transcripts at a very low rate that we
termed a ‘translational trickle’ (Figure 6(v)). Investi-
gation into the mechanism of EPRS™! generation
revealed an unexpected twist on alternative polyade-
nylation (APA). Polyadenylation normally occurs
downstream of the coding region to terminate the 3'-
UTR. APA events most often alter 3’-UTR lengths,
but also can occur within introns to alter splicing
events yielding an alternative coding region.'** We
observed a cryptic polyadenylation signal within the
EPRS coding sequence consisting of an UA cleavage
site. within an UAU codon specifying Tyr, an
upstream AAUAAA polyadenylation element, and a
downstream U-rich element. During generation of
EPRS™N!, the UA cleavage site is polyadenylated to
convert the UAU codon to the UAA stop codon.?’
Thus, polyadenylation-directed conversion of a Tyr
codon to a stop codon (PAY*) results in a truncated,
but translatable, transcript in which the newly gener-
ated stop codon is followed directly by a polyA tail
without an intervening 3’-UTR. The low efficiency of
EPRSN' mRNA generation might be due to sub-
optimal distances between the polyadenylation ele-
ments, or possibly to interference by downstream
secondary sequences or structures that interfere with
the PAY* process.'®'%* Global analyses have indi-
cated several APA events within coding regions, how-
ever, they most often generate truncated transcripts
lacking a stop codon, and are subject to nonstop
mRNA decay.'®™'%” The PAY* process discovered
in EPRSN" not only reveals a novel cellular mechan-
ism for regulating gene expression, but it also pro-
vides a new genetic mechanism for transcriptome
and proteome expansion.

Additional human PAY* targets were sought
by mining mRNA and expressed sequence tag data-
bases using two criteria: (1) the presence of a coding
RNA that has a poly(A) tail immediately following
the first UAA stop codon and (2) this UAA stop
codon replaces a Tyr-encoding UAU or UAC in a lar-
ger transcript that extends past the truncated mRNA;
this analysis revealed 7 candidate PAY* targets.’
Ribonucleotide reductase M1 (RRM1) mRNA was
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validated as an authentic PAY* target. Prediction
based on classical APA signal elements and distance
constraints between elements indicated many puta-
tive coding region APA events, comprising about
~0.7% of human mRNAs.'°® The generation of
EPRSN! appears to be primate-specific, but the PAY*
mechanism is evolutionarily conserved. A bioinfor-
matics analysis in yeast identified 28 mRNAs appar-
ently generated by the PAY* mechanism.'%® The
in vivo significance of truncated versions of EPRS, or
other protein products of the PAY* mechanism, is
not known at this time. Possibly, the PAY* mechan-
ism generates protein isoforms with alternate activity,
including the dominant-negative function observed
for EPRSN!. As an example, conditional deletion of
macrophage-derived VEGFA markedly accelerates
tumorigenesis.'% We speculate that the translational
trickle directed by EPRS™' maintain low levels of
VEGF-A, and other GAIT complex targets, which
increases cell and organismal survival and well-being.

PHYSIOLOGICAL FUNCTION OF THE
GAIT SYSTEM

Inflammatory response during host defense and
wound healing induces activation of macrophages to
release multiple factors injurious to invasive organ-
isms. However, sustained inflammation contributes
importantly to initiation and progression of chronic
diseases such as cancer, atherosclerosis, and pulmo-
nary disease, among others.®>1* Several transcrip-
tional mechanisms have been described that limit
expression of inflammatory proteins and accumula-
tion of toxic products in the process termed ‘resolu-
tion of inflammation.”'"" The delayed inhibition of
expression of multiple inflammation-related proteins
by the GAIT complex suggests that this system repre-
sent a posttranscriptional off-switch that also contri-
butes to inflammation-resolution.'® For example,
accumulation of Cp oxidase activity is a risk factor
for pathogenesis of atherosclerosis.'’® Likewise,
uncontrolled production of several GAIT targets,
e.g., the angiogenic factor VEGF-A and cytokines
including CCL22 and CCR3, contributes to inflam-
matory disease progression.'’>'"* Genetic or envi-
ronmental defects in GAIT system proteins might
contribute to disease progression. Indeed, defects in
several GAIT system-related genes including
GAPDH, CdkS$ and its putative inhibitor, CDKALIT,
DAPK, mTORCI1, and S6K1 are associated with dis-
eases in which inflammation has a critical function,

e.g., type 2 diabetes and Alzheimer’s,'!>~"2
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Evidence to support the role of the GAIT sys-
tem in inflammation-resolution #n wvivo has been
provided by several studies using genetically modi-
fied mice with a macrophage-specific deletion of
L13a.'*® Unchallenged mice are healthy with no
apparent phenotypic changes, consistent with the
concept that the protein is dispensable for the
canonical function of ribosomes, i.e., global protein
synthesis. Upon challenge with LPS, the mice exhib-
ited multiple symptoms of severe inflammation
including widespread macrophage infiltration of
organs, tissue injury, and reduced survival. Macro-
phages from Rpl13a-null mice exhibited increased
expression of several chemokines that are GAIT
complex targets. A second mouse model took
advantage of the propensity of apolipoprotein E
(apoE)-knockout mice fed a high-fat (“Western’) diet
to develop severe atherosclerosis.'** Importantly,
apoE-deficient macrophages are a major contributor
to atherosclerotic lesion formation.'*> Myeloid cell-
specific Rpl13a knockout mice were bred with
apoE-null mice and fed a high-fat diet.'"*® Double
knockout mice exhibited significantly greater athero-
sclerosis as shown by increased lesion cross-section
in the aortic root and greater lesion area in the aor-
tic tree. Elevated levels of plasma cytokines were
also observed. In other experiments, the role of
L13a in experimental colitis was investigated.'?’
Administration of dextran sodium sulfate to
myeloid-specific Rpl13a knockout mice exacerbated
colitis.

The results from experiments using myeloid
cell-specific Rpl13a knockout mice are consistent
with the hypothesis that the GAIT system contributes
to the resolution of inflammation, and limits chronic
inflammatory pathology. However, there are impor-
tant limitations to this approach as the L13a gene
locus and L13a protein specify several functions.
Depletion of Rpl13a will inhibit non-GAIT-related,
alternate functions of L13a, e.g., rRNA methylation
and cap-independent translation of IRES-containing
mRNAs.”® Also, confounding the Rpli3a gene
knockout approach is the presence of four snoRNAs
encoded by box C/D genes within the introns of the
Rpl13a locus. Deletion of essentially the entire
Rpl13a gene, as was done in the experiments
described here, might have also deleted the snoRNAs
that have been shown to confer resistance to lipo-
toxic and oxidative stress in vitro.”* Importantly,
deletion of the Rpl13a snoRNAs in a mouse model,
while leaving the coding and regulatory regions
intact, profoundly influenced mitochondrial metabo-
lism, resulting in enhanced systemic glucose tolerance
and protection against oxidative stress.'*® In view of
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these potentially confounding functions of the
Rpl13a gene locus and protein, the development of
alternative in vivo models is required to confirm the
role of the GAIT system in inflammation-resolution.
We have generated mice with Ser””’-to-Ala mutation
in the Eprs gene and thus defective in stimulus-
dependent phosphorylation required for EPRS activa-
tion and participation in the GAIT complex."”
Unexpectedly, these mice exhibit low body weight,
reduced fat mass, and longer life span comparable to
mice with defects in the upstream mTORC1-S6K1
signaling axis that phosphorylates EPRS at Ser””’.
The phospho-deficient mice do not exhibit an inflam-
matory phenotype as determined by cytokine levels
in serum, but they have not yet been challenged with
pro-inflammatory stimuli. Phospho-defective EPRS
mice will be helpful for investigating GAIT system
activity, however, the metabolic phenotype, and
other noncanonical functions of EPRS, might con-
found interpretation of inflammation-related para-
meters. Possibly, the development of phospho-
defective L13a mice will provide the most specific
and reliable information on the role of the GAIT sys-
tem in inflammatory responses.

EVOLUTION AND CONSERVATION OF
THE GAIT SYSTEM

Both EPRS linker phosphorylation sites are con-
served in mammals from opossum to primates
(except for the Ser®® site that is absent in mice),
and the essential Ser phosphorylation site (Ser’” in
humans) in L13a is conserved from yeast to
human.'>'® However, a functional GAIT system
has been experimentally validated only in mice and
humans. The human and mouse GAIT systems dif-
fer as the latter lacks NSAP1 in the GAIT complex
and its phosphorylation-mediated binding site in the
EPRS linker."? This species-specific difference is not
completely unexpected, particularly in innate immu-
nity systems. For example, macrophages and other
immune cells in the two species, often respond dif-
ferently to pro-inflammatory stimuli.>>'*’ These
species might have acquired these disparate func-
tional differences in both orthologous and paralo-
gous genes due to (1) divergence ~65-75 million
years ago and (2) more importantly, dissimilar eco-
logical niches with distinct pathogenic challenges.
The targets of the GAIT complex also reveal species
differences. A pattern search for Cp-like GAIT ele-
ments in an UTR database suggests their presence
in  multiple nonhuman mammalian  species,
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e.g., sheep and baboons, but it appears to be absent
in rodent Cp mRNA.'*3? Likewise, the same search
suggests that mouse VEGFA mRNA lacks a GAIT
element. However, translational repression of
VEGFA mRNA is observed in both mice and
humans.”” These observations suggest that the
mouse and human GAIT complexes recognize dif-
ferent structural elements, and our ability to bioin-
formatically detect GAIT element is limited due to
the structural diversity.

In the human GAIT system, the upstream pair
of EPRS WHEP domains are required for binding
GAIT element-bearing RNA targets. The presence of
WHEP domains in EPRS is conserved from unicellu-
lar filasterean animal-like organisms to multicellular
mammals; the sole exception is the WHEP-less EPRS
found in several parasitic protostomes.** One infor-
mative example is the stinging sea anemone
N. vectensis which expresses three alternatively
spliced mRNAs from the EPRS gene; two mRNAs
encode EPRS bearing a single WHEP domain in the
linker, whereas the third encodes a form bearing two
adjacent WHEP domains.*® Binding studies of
expressed N. vectensis EPRS linkers revealed one of
the 1-WHEP isoforms bound tRNA with high affin-
ity, but the 2-WHEP isoform bound human Cp
GAIT element RNA with high affinity. A third iso-
form with a unique single WHEP domain binds both
RNA classes with intermediate affinity. One can sur-
mise the evolutionary history of EPRS function from
the unusually complex splicing pattern that generated
these isoforms. Possibly, a linked EPRS bearing a sin-
gle WHEP domain evolved to insure the availability
of tRNA to the adjacent synthetases for increased
charging efficiency. Later duplication of the WHEP
domain permitted additional RNA-binding character-
istics such as GAIT element-binding, and perhaps
other regulatory RNAs. Studies to test the role of
these isoforms in regulating N. vectensis gene expres-
sion have not been done. However, it is tempting to
speculate that an early version of the GAIT system
originated in a closely related ancestor of
N. vectensis and has persisted in metazoans for hun-
dreds of millions of years. There is no experimental
evidence for the presence of GAIT function in more
complex, i.e., bilaterial, metazoans other than mice
and humans. The urochordate sea squirt Ciona intes-
tinalis exhibits a structural equivalent of a GAIT ele-
ment in the 3’-UTR of a CAP gene member of the
cysteine-rich secretory protein, antigen 5 and
pathogenesis-related 1 superfamily thought to be
involved in modulation of host immune responses.'>°
Interestingly, formation of the GAIT is regulated,
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and only forms when the organism is challenged with
LPS, consistent with a role in innate immunity.
Genome sequencing of C. intestinalis revealed that
EPRS mRNA contains two WHEP domains compa-
rable to the RNA-binding, upstream pair of WHEP
domains in the human ortholog, suggesting a poten-
tial GAIT element-binding activity of EPRS and
GAIT-mediated innate immune function.** Finally, a
GAIT-like RNA sequence has been described in the
3’ terminus of the transmissible Gastroenteritis coro-
navirus genome, with a possible function in modulat-
ing innate immunity."'>!

CONCLUSIONS AND FUTURE
PERSPECTIVES

Much progress has been made following the original
observation of delayed inhibition of Cp mRNA
translation in IFN-y-treated monocytes in 1997 that
led to the discovery of the GAIT system.'?> However,
it is likely that we are still near the ‘tip of the iceberg’
as many issues remain unexplored. Prominent among
these are questions at the molecular level such as the
mechanism of release of phospho-EPRS and
phospho-L13a from their parental macromolecular
complexes, and the specific role of phosphorylation
in these events. Although, the IFN-y-activated proxi-
mal kinases that phosphorylate EPRS and L13a have
been elucidated, our knowledge of the upstream acti-
vation pathways that coordinate early and delayed
phosphorylation of EPRS and L13a, respectively, is
limited. Also, the unexpected requirement of both
CdkS5/p35 and S6K1 (as well as mTORC1) in EPRS
phosphorylation remains unclear.'®!”13% The early
formation of the pre-GAIT complex about 12 h
before formation of the functional GAIT complex
remains puzzling, and its function, if it has one, is
completely undefined. We also have very limited
structural information about the protein—protein
interactions within the GAIT, HILDA and S100A8/
A9-INOS complexes, and their interactions with tar-
gets. Additionally, the potential contribution of
microRNAs and other noncoding RNAs to GAIT
system activity has not been explored.
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In addition to these important mechanistic
knowledge gaps, our understanding of the physiolog-
ical role of the GAIT system remains uncertain. For
example, the potential role of the GAIT complex in
macrophage switching between classically- (M1) or
alternatively- (M2) activated states remains unex-
plored despite its likely significance in clarifying the
role of the GAIT system in inflammation-resolution.
Furthermore, the discovery of GAIT complex activa-
tion in other immune cells as well as in nonmyeloid
cells by non-IFN-y agonists would certainly alter our
understanding of the significance of the system. Also,
the identification and verification of new GAIT
element-bearing target mRNAs should provide addi-
tional insight. Additional genetic animal models
should prove helpful. As described above, the impor-
tant studies using myeloid-specific, L13a-deficient
mice are consistent with an anti-inflammatory role of
the GAIT system, however, their interpretation is
confounded by the other moonlighting activities of
L13a, and by the presence of snoRNAs within the
RPL13a gene itself.”>"37%128 Likewise, phospho-
deficient EPRS mice exhibit strong, potentially con-
founding phenotypes unrelated to inflammation.'”
Possibly, a mouse with a mutation in the RPL13a
gene that prevents release from the ribosome and
GAIT complex formation, but still permits rRNA
methylation, would be informative. A critical void is
the absence of information on the role of the GAIT
system in regulating inflammation and inflammatory
disease in humans. Single nucleotide polymorphisms
in genes that influence GAIT complex constituents or
GAIT elements in target mRNAs have not been
reported. Likewise, the roles of environmental effec-
tors of GAIT system activity such as LDL,, or
hypoxia have not been investigated in vivo, either in
humans or in mice. The regulation and dysregulation
of posttranscriptional mechanisms contributing to
the resolution of inflammation is a critical, under-
investigated area. We believe that a deeper under-
standing of the ‘off-switch’ provided by the GAIT
system, both at the mechanistic and physiological
levels, will provide new avenues and opportunities
for development of novel therapies against chronic
inflammatory diseases.
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