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I. MRNA AND THE ROAD LEADING TO TRANSLATION

Messenger RNAs (mRNA) are the key link between DNA and proteins. After several steps
of processing such as splicing, polyadenylation and cap attachment, the mature mRNA is
exported to the cytosol where it can be degraded or loaded to the ribosome and translated.
All cellular processes depend on protein synthesis: on one hand a constant level of protein
translation is maintained in the cell, on the other hand local and quick translation is needed
to regulate particular events such as secretion of hormones or conduction of neuronal signals.
Indeed, to maintain cellular homeostasis it is important to coordinate the translation of all
mRNAs. A huge network of regulatory mechanisms is responsible for monitoring this
translation, which takes place in different cell types, at different cellular localizations and at

different moments of the cell’s “life” (Sonenberg and Hinnebusch, 2009).

1. Translation initiation of eukaryotic mRNAs

Translation is a four-step process comprising initiation, elongation, termination and recycling
of the ribosomes. In eukaryotic translation, initiation is the limiting step and is a highly
coordinated and regulated process, involving at least 12 eukaryotic initiation factors (eIFs)
(Jackson et al., 2010; Hinnebusch, 2011). The main elFs involved in these regulatory
processes will be described in this chapter. In agreement with my phD work, I will focus on

conventional and unconventional translation initiation mechanisms in mammalian cells.

1.1. Cap-dependent initiation

Cap-dependent translation initiation is the classical mechanism that eukaryotic cells use to
synthetize proteins. Most cellular mRNAs contain a methyl-7-guanosine triphosphate
(m7Gppp), the so-called cap, on their 5’-termini. This cap structure, along with the 3’-end
polyA tail bind several translation initiation factors allowing circularization of the mRNA

molecule and subsequent ribosome loading.

1.1.1. Ternary complex formation
The first step of translation initiation is the formation of the ternary complex (TC) (Figure 1).
This complex comprises Met-tRNA1, eIF2 initiation factor and a GTP molecule: eIF2*GTP
binds Met-tRNA1 with higher affinity than does eIF2*GDP. This factor is a heterotrimer (o,
B and y); while the y subunit binds GTP and recognizes the Met-tRNA|, the o and § subunits
stabilize this interaction (Naveau et al., 2010). The rate of translation initiation is regulated
upon the availability of this ternary complex. Indeed, under stress conditions, eIF2 is

phosphorylated and forms an unproductive elF2B-eIF2*GDP complex (eIF2B being the



GTP*GDP exchange factor), which inhibits translation initiation. Once the ternary complex

is formed, it joins the 40S ribosomal subunit to make the pre-initiation complex (PIC).

Met-tRNAj GDP

Y

GTP

g

Ternary complex

Met-tRNAj|

Figure 1. Ternary complex formation
elF2B (grey) converts elF2*GDP to active elF2*GTP. Met-tRNAi (green) is recognized by
elF2*GTP, composed of 3 subunits (a, B and y) to form the ternary complex.

1.1.2.  The open pre-initiation complex
Initiation factors elF1, eIF1A, elF3 and elF5 bind the 40S ribosomal subunit and promote
the recruitment of the ternary complex to form the 43S pre-initiation complex (Figure 2).
Both eIF1 and eIF1A cooperatively bind to the small ribosomal subunit near the peptidyl (P)
site and the aminoacyl (A) site respectively, stabilizing the open conformation of the
complex. Both factors are important for mRNA loading and scanning. Then eIF3, the largest
factor (almost as large as the 40S subunit) binds on the solvent exposed surface of the 40S
subunit, stabilizes the open conformation of the PIC and promotes mRNA recruitment. In
this complex, the position of eIF1 obstructs the P site and the Met-tRNAi stays in a

metastable conformation (P, state).
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Figure 2. Open pre-initiation complex (PIC)
The 40S ribosomal subunit (in yellow) associates with elF1 (brown), eIF1A (orange), eIF3 (grey)
and elF5 (green). Upon binding of the TC, an “open” PIC is formed.

1.1.3.  PIC and mRNA recruitment

Before loading on the PIC, the mRNA is recognized by several factors allowing the
formation of a “closed loop mRNP” (Figure 3). Once the mature mRNA, with poly(A)
binding protein (PABP) attached to its polyA tail, is exported in the cytoplasm eIF4E binds
the 5’-cap structure. eIF4G recognizes both eIF4E and PABP, thus connecting the 5’ and 3’
extremities of the messenger. This assembly enables the loading of eIF4A and elF4B factors.
elF4A is a DEAD box ATP-dependent helicase that disrupts RNA duplexes and unwinds
mRNA 5’-UTRs. This helicase is important for clearing out parts of the RNA where the
ribosome would bind. However, further unwinding of long and structured 5’-UTRs is
achieved by other helicases. The mRNA is then recruited to the PIC thanks to the
interactions between elF4G and elF3.



Figure 3. mRNA activation and recruitment

The mRNA m7G cap (red) is recognized by elF4E (dark blue). The polyA tail with the PABP
(green) and elF4E are recognized by elF4G (light brown), elF4A (blue), and elF4B (pink) to
trigger mRINA circularization. Thus, the activated mRINA is loaded on the 43S complex.

1.1.4. mRNA scanning and start codon recognition
Once the mRNA is recruited to the 43S pre-initiation complex, ribosome scanning starts
seeking for the initiation codon. According to Kozak, the sequence surrounding the initiation
codon is of particular importance for its efficient recognition. An optimal context would
correspond to the following sequence: -GCC(A/G)CCAUGG-, where a purine at position -
3 and a G at position +4 play a leading part (Kozak, 1987). When the initiator codon is
loaded in the P site of the 40S subunit, several conformational changes occur. Upon codon-
anticodon pairing, the Met-tRNAI is fully engaged in the P site, leading to a steric clash and
the clearance of eIF1. The ejection of eIF1 is promoted by elF5, probably by competition for
the same binding site on the pre-initiation complex. Ejection of elF1 also triggers Pi release
from elF2 and the scanning process stops. The elF5 factor interacts with eIF1A and
stabilizes the PIC in a closed conformation state, which is then ready to recruit the 60S

subunit to form the 80S initiation complex (IC).



1.1.5.  80S initiation complex formation
Upon removal of e[F2*GDP and elF5, elF1A is free to interact and recruit the GTPase
elF5B, which promotes joining of the 60S subunit into the complex. After GTP hydrolysis,
eIF5B*GDP dissociates from the 80S IC. Finally, elF1 is the last factor to leave the IC,
which is now ready to elongate. Sometimes, elF3 remains bound on the elongating 40S

subunit and participates in further reinitiation steps.

1.2. 5’- and 3’-UTR regulatory elements

Every single step of gene expression, from chromatin to a functional protein, is precisely
regulated to avoid dysfunction in cellular homeostasis. Thus, the presence of alternative
untranslated regions for a given mRNA is an important source of regulation. Between 15 and
21% of genes contain alternative 5’- or 3’-UTRs, generated either by alternative
transcriptional promoters (5’-UTR), splicing (5’- and 3’-UTRs), or polyadenylation sites (3’-
UTR) (Hughes, 2006). This diversity provides the possibility to express the same protein
differentially in different development stages, tissues, physiological conditions, or cell
compartments.

During my thesis I was particularly interested in post-transcriptional events regulating the
expression of the human glycyl-tRNA synthetase (GRS). Thus, in this introduction, I will
describe some general mechanisms of post-transcriptional regulation involving mRNA
untranslated regions (5’- and 3’-UTRs) that take place in eukaryotic cells. When describing
the role of 5’-UTRs, I will especially focus on mechanisms that control translational
initiation. To illustrate each mechanism, I have chosen a few examples from the literature
that concern preferentially the questions I addressed during my PhD work: neuronal protein

translation, aminoacyl-tRNA synthetase regulation, etc.

1.2.1. mRNA localization
Sequences or structural motifs commonly named zip codes are present in 5’- and 3’-UTRs.
They are recognized by different RNA binding proteins, which target these mRNAs to
specific sub-cellular localizations.
Well known examples correspond to proteins expressed in neurons, where translation occurs
not only in the cellular body but also in neuronal projections. This local synthesis of proteins
is important for a quick response to a neuronal signal and more precisely for synaptic
plasticity. For example, a 21 nt sequence in the 3’-UTR of MBP (myelin basic protein) is
recognized by the hnRNP A2 protein (Heterogeneous nuclear ribonucleoprotein A2) and

then located to the myelin compartment of oligodendrocytes (Ainger et al., 1997) (Figure 4,



top). A similar nucleotide sequence named “RNA transport signal-like” was also identified in
the 5’-UTR of neurogranin (Kiebler and DesGroseillers, 2000), in the 3’-UTR of the GABA
receptor o subunit and in the 5’-UTR of nitric oxide synthase, which are all dendritically
localized in growth cones (Crino and Eberwine, 1996). Another important motif is the G-
quadruplex structure found in the 3’-UTR of at least 30% of dendritically localized mRNA
(Subramanian et al, 2011). The trans-acting factor Fragile-X mental retardation protein
(FMRP) specifically recognizes this G-quadruplex structure and localizes at least two key
proteins, PSD-95 (postsynaptic density protein 95) and CaMKIIa (Calcium/calmodulin-
dependent protein kinase II), in post-synaptic terminations (Figure 4), (Subramanian et al.,
2011).

Rat MBP mRNA RTS

CaMKlla mRNA

G-quadruplex structure

Figure 4. Neuronal localization guided by 3’-UTR motifs
The mRNA of MBP, containing a 21 nt RNA transport signal (RTS) sequence (green) is
recognized by the hnRNP 2A protein and is located in the myelin compartment of
oligodendrocytes. FMRP binds specifically to a G-quadruplex structural element in the 3’-UTR
of CaMKIIa mRNA and triggers its localization to dendrites.

In other cell types, zip codes allow the localization of mRNAs in specific cellular
compartments: This is the case for vimentin, c-myc and metalloprotein-I mRNAs that are
targeted to the perinuclear cytoplasm (reviewed in Hervé ez al., 2004). In some cases, mRNA
translated by ribosomes coupled to the mitochondria or to the endoplasmic reticulum (ER)
are localized in these structures prior their translation. For example the 3’-UTR of yeast

PMP1 (plasma membrane protein 1) mRNA contains a UG rich region that mediates its



association with the ER membrane (Loya et al., 2008). Likewise, the 3’-UTR of the yeast
ATMI1 (ATP-binding cassette transporter mitochondrial) contains a zip code, which leads to
its mitochondrial localization in a translation-independent manner (Corral-Debrinski et al.,

2000).

ARE containing mRNA

ARE containing mRNA

Figure 5. ARE (AU rich elements) mediated regulations

ARE are usually located in the 3’-UTR of mRNAs and are recognized by two types of proteins.
While the binding of HuR (blue) and other members of the Hu family stabilizes the target mRNA
and stimulates translation, the binding of AUF-1 (dark orange) promotes mRINA degradation
and translation inhibition.

1.2.2.  Regulatory elements in 3’-UTRs
The 3’-UTR usually contains information about mRNA stability. Independent of the length
of the PolyA tail, which is a major stability determinant for cellular mRNAs, at least three
well-characterized motifs inducing either mRNA degradation or translation repression have
been identified in 3’-UTRs (reviewed in Knapinska ef al, 2005). For example, mRNAs
coding for oncogenes, cytokines and growth factors such as c-myc, c-jun, interleukin 3 and
TNF o (tumor necrosis factor alpha) contain AU rich elements (ARE). These AREs are
targeted by different RNA binding factors characterized by two RNA binding domains

(RRM: RNA recognition motif). Amongst these factors, the Hu (Human antigen R) proteins



are stabilizing factors and promote mRNA translation. In contrast, AUF-1 (AU-rich element
RNA-binding protein 1), TTP (Tristetraprolin), and KSRP (KH-type splicing regulatory
protein) are destabilizing factors and lead to mRNA deadenylation and its subsequent decay
(Figure 5) (Lal et al., 2004). Interestingly, HuR and AUF-1 recognize exactly the same ARE

element (Barker et al, 2012), however the corresponding regulatory mechanisms are still

Stable mRNA
A ----------- —— emmmmmm=els e s A A A A AAAAA
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147 '\\ Polyadenylation ' Translation
\ 5 5
AIuJ +tRNAAsP7 l
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i. i Polyadenylation i i

v
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N /
1 1
/ [
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10sUGAGGUU-~-UUURUUGUC, g,
polyA2
_____ e

unclear.

Figure 6. Regulation of human DRS expression

(A) tRNA®P 7 (green) recognizes a partial Alu sequence (orange) and induces conformational
changes of the DRS 3’-UTR. It exposes the second polyadenylation signal, thus generating a
stable mRNA. (B) In the absence of tRNA”" 7, the proximal PolyA (PolyAl) is recognized and
induces the synthesis of a shorter and unstable mRNA.

Another intricate regulation involves the human aspartyl-tRNA synthetase (DRS) 3’-UTR.
In our laboratory, Rudinger and collaborators have shown that the 3’-UTR of DRS mRNA
contains two alternative polyadenylation sites and a partial Alu element that regulate DRS
expression (Figure 6). This partial Alu element is recognized by one specific human tRNA*¥
isodecoder sequence. This regulatory tRNA sequence adopts a peculiar structure. Upon
tRNA™? binding, the folding of the 3’-UTR reorganizes and the distal polyadenylation signal
is recognized, thus triggering normal expression of DRS. In the absence of this tRNA®?, the

Alu sequence forms a 16 bp duplex with part of the 3’-UTR unmasking the proximal



polyadenylation site. The resulting short 3’-UTR destabilizes the mRNA and prevents

protein expression (Rudinger-Thirion ez al., 2011).

3’-UTRs are also targets for micro RNAs (miRNA). miRNAs are small endogenous RNA
regulatory molecules that usually bind a specific sequence in the 3’-UTR and either inhibit
translation or induce mRNA degradation. This kind of regulation is essential in various
stages of cell development and differentiation such as neurogenesis, myogenesis,

angiogenesis, and hematopoiesis (Song and Tuan, 2006), but will not be detailed here.

1.2.3. Regulatory elements in 5’-UTRs
mRNAs encoding house-keeping proteins are generally expressed constitutively and contain
relatively short 5’-UTRs. Such 5’-UTRs are deprived of stable structures and display a unique
start codon in a suitable context. On the contrary, genes encoding regulatory proteins are
characterized by more complex 5’-UTRs (Davuluri et al., 2000). Regulatory elements located
in mRNA 5’-UTRs are mostly implicated in translation initiation. Indeed, even in absence of
particular regulatory motifs, the length and the structure complexity of this region are
sufficient to influence translation initiation efficiency. They may display several initiation
codons, sites of internal translation initiation, upstream open reading frames, or sequence
and structural motifs. Stable secondary structures are often located at the very 5’-end, next to
the cap structure, preventing 43S complex fixation, or further away, rendering ribosomal

scanning difficult.

1.2.4. Structural regulatory elements

The Iron Response Element (IRE) is a well characterized 5’-structural element. It contains a
highly conserved stem loop structure, which controls the expression of proteins involved in
iron metabolism and storage. When the cellular iron level is low, iron regulatory proteins
(IRP1 and IRP2) bind the IRE element and inhibit mRNA translation (Figure 7 A). If this
stem loop element is close to the cap, then 43S recruitment is impeded. Alternatively, the
position of this structural element distant to the cap will block scanning of the ribosome
(reviewed in Araujo et al., 2012).

Another particular structural element is the JRE (c-Jun amino terminal kinase Response
Element) that regulates expression of the Transforming Growth Factor beta (TGFp) (Kim et
al., 1992). The RNA binding protein YB-1 (Y box protein-1) recognizes the JRE motif (a
stem loop domain embedded in a GC rich sequence) in the 5’-UTR of the TGFp mRNA and
inhibits translation initiation (Figure 7 B). Likewise, YB-1 along with nucleolin bind the JRE



element present in the 5-UTR of the Interleukin 2 (IL-2) mRNA (Chen et al, 2000).

However, in this case, they stabilize and avoid degradation of the mRNA (Jenkins ef al.,

2010).
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Figure 7. Structural regulatory elements

(A) IRE element regulates expression of iron storage proteins: Upon low iron concentration IRP1
binds an IRE element in the 5’-UTR of ferritin mRNA.. It inhibits translation by hindering (1) 43S
loading (light blue) or (2) 43S scanning.

(B) Isoleucine 2 (II-2) mRNA contains a JRE stem loop structure recognized by YB-1 (orange)
along with nucleolin (green) which inhibit translation.

(C) Regulation of p21 mRNA expression by a conserved stem loop structure: CUBP1 (red)
competes with Calreticulin (blue) for the same binding site (the stem loop) to activate or inhibit
translation.

An interesting example also is the regulation of p21 (cyclin-dependent kinase inhibitor)
during cellular senescence (Figure 7 C). The same type of structural element (a stable stem

loop) in the 5’-UTR is recognized by two different proteins CUGBP1 (CUG triplet repeat
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RNA-binding protein 1) and calreticulin, which are competing for the same binding site and
have antagonistic roles. While CUGBP1 is responsible for the activation of p21 expression,
calreticulin binding induces its translation inhibition (Iakova ez al., 2004).

These examples show the complexity of such regulatory mechanisms where different RNA

binding proteins recognize the same RNA motifs and control mRNA fate in different ways.

1.2.5. uORFs
Upstream open reading frames (uORF) are amongst the major regulatory elements in 5’-
UTRs. An exhaustive analysis of human 5’-UTRs from 5962 validated mRNAs shows that
44% of the human mRNAs contain an upstream AUG (UAUG) or uORF (Iacono et al.,
2005). Usually uORFs are inhibitory regulators that reduce protein expression (up to 80%)
(Calvo et al., 2009). They regulate gene expression using several complex mechanisms
(reviewed in Somers et al., 2013). Often, 5’-UTRs containing one or several uORFs are long,
and their length increases with the number of uORFs they contain (Iacono et al., 2005).
These uORFs can be distant, can overlap each other or can even overlap with the main ORF
(Figure 8). Translation initiation depends on the presence of secondary structures, the
distance of the uORF from the cap structure and from the main ORF, as well as the context
of the uAUG. Moreover, the presence of particular stress conditions can influence the
efficiency of uAUG recognition and the rate of translation initiation. As for subsequent
translation initiation at the main ORF, it occurs either by leaky scanning, reinitiation, or an

internal ribosome entry site.
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Figure 8. uORF translational control

(A) uORFs regulate gene expression by different mechanisms depending on the number of
uORFs and their location compared to the main ORF (mORF). (B) After translation of the
uORF, if the distance is suitable, the 40S ribosome remains on the mRNA and reinitiates
translation at the mORF. Or else, the scanning ribosome bypasses (leaky-scan) the uORF and
initiates directly at the mORF. In some cases, when an internal ribosome entry sequence (IRES)
is present, after translation the uORF, ribosomes reenter at the mORF start codon.
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* “Canonical” uORFs
Expression of the C/EBP Homologous Protein (CHOP) is enhanced under endoplasmic
reticulum (ER) stress (Palam ef al., 2011). The 5’-UTR of CHOP is characterized by the
presence of an inhibitory uORF. This uORF is efficiently translated under normal
conditions, despite the unfavourable “Kozak” context of its uAUG and thus inhibits

translation of the downstream CHOP ORF (Jousse et al., 2001) (Figure 9).
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Figure 9. CHOP expression regulation by uORF

(A) Under normal conditions, the uORF present in the CHOP mRNA 5’-UTR is translated and
inhibits downstream initiation at CHOP’s main ORF AUG. (B) Under stress conditions, the
ternary complex is limited and scanning ribosomes bypass the uORF to initiate CHOP
translation.

In contrast, under ER stress, phosphorylation of elF2a reduces initiation, especially at
codons in less optimal contexts (the availability of active ternary complex decreases and
global translation is inhibited). This allows scanning ribosomes to bypass the uORF and
initiate directly at the main ORF (Palam ez al., 2011).

Another well-studied example is the mammalian ATF4 (activating transcription factor 4)
gene encoding a stress dependent transcriptional activator of stress-related genes (Harding et
al.,, 2003). The 5’-UTR of ATF4 mRNA contains 2 uORFs: Under normal conditions, the
translation initiation at the uAUGTI is efficient and allows further reinitiation at uAUG2.
Since uORF2 overlaps the main coding frame, its translation inhibits ATF4 production

(Figure 10). However, cellular stress increases the concentration of inactive phosphorylated
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elF2a, and active elF2a becomes limiting in the cell, so that the 43S initiation complex
resumes scanning, bypasses UAUG?2 and reinitiates only at the main ATF4 ORF (Lu et al.,
2004).
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Figure 10. ATF4 expression regulation by two uORFs

ATF4 mRNA contains 2 uORFs: the first one is efficiently translated and under normal
conditions (A) allows reinitiation at the second inhibitory uORF overlapping the ATF4 ORF.
Upon cellular stress (B), when the ternary complex carrying the Met-tRNA! is less available, the

43S complex resumes scanning after translation of uORF1 and reinitiates at the main ATF4
ORF.

* uORF/IRES combinations
The 5’-UTR of some highly regulated genes are characterized by the simultaneous presence
of uORFs and IRES structures. This arrangement creates a further level of complexity in the
regulatory mechanism. A particularly complex example is the expression of the VEGF
(Vascular Endothelial Growth Factor) gene, which is regulated at several levels from its
transcription to its cellular localization. This gene produces several mRNA isoforms (Akiri ez
al., 1998), containing different poly(A) sites and regulatory elements in both the 3’- and 5’-
UTRs (reviewed in Arcondéguy et al, 2013). Among these mRNA isoforms, one is
characterized by a long and complex 5’-UTR. It contains 2 IRES structures (Huez et al.,
1998) and one uORF embedded within the second IRES (Bastide ez al., 2008). The first IRES
(IRES-B) induces cap-independent initiation from a non-canonical CUG codon (Huez et al.,
2001; Touriol et al., 2003), and generates a long L-VEGF, which is further maturated. The

second IRES (IRES-A) initiates translation at the AUG canonical initiation codon and in
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turn allows direct expression of the shorter secreted form of VEGF (Figure 11). However, the
recognition of this downstream AUG codon is hindered by the presence of a uAUG within
the IRES-A structure. In this case, uORF translation is cap-independent. Specific trans-acting

factors are certainly involved but the exact mechanism remains unclear (Bastide et al., 2008).

IRES-B IRES-A
1) f‘ AUG
ODL B hﬂ_
UORF

l Cleavage

- _______________________________________________________________]
Intracellular Secreted

Figure 11. VEGF expression is regulated by uORF and two IRESs

One VEGF mRNA isoform contains 2 IRES and a uORF to synthetize 2 proteins: L-VEGF and
a shorter secreted VEGF version. The L-VEGF protein is generated via the IRES-B sequence
from a non-canonical CUG initiation codon. The proximal IRES-A directly allows the synthesis
of the secreted form of VEGF from the AUG start codon. However, this IRES-A encloses a
uORF, which inhibits translation of the main ORF. The exact mechanism is still not clear.

* The role of uORF peptides
Although for most of the uORFs the coding sequence is not important for regulation, there
are a few examples where the uORF inhibitory activity is mediated by the amino acid
sequence of the nascent peptide. In fact, little is known about the outcome of upstream
peptides, since only a few peptides have been detected (Oyama et al., 2004 and 2007; Slavoff
et al., 2013). They are either quickly degraded or current techniques are not sensitive enough
to detect them. One of the best-known examples is S-adenosyl-methionine decarboxylase

(ADOMetDC) mRNA, whose expression is dependent on polyamine cellular concentrations
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(Figure 12) (Ruan ez al., 1996). The mRNA 5’-UTR contains an inhibitory uORF coding for
a 6 amino acid peptide -MAGDIS- (Hill and Morris, 1992). In the presence of an elevated
polyamine concentration, this small peptide interacts with the translation machinery, induces
ribosomal stalling, and thus blocks ribosome access to the main ORF (Law et al., 2001). In
contrast, when the level of polyamines is low, there is no ribosomal pausing and the main

OREF is efficiently translated.
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Figure 12. Polyamine dependent expression of AdoMetDC

AdoMetDC expression is regulated by a uORF peptide. (A) When cellular levels of polyamines
are low, the 43S reinitiates at the main ORF. (B) When polyamines are elevated, the small
peptide interacts with the translation machinery and induces ribosomal stalling, blocking
reinitiation at the main ORF.

1.2.6. Alternative Non-AUG initiation codons
Non-AUG codons are quite rare in eukaryotes and are tipically present in genes encoding
regulatory proteins such as proto-oncogenes, transcription factors, kinases, or growth factors.
Usually the first initiation codon is a near cognate initiation codon (one nucleotide is
different from the AUG codon) and the second one is a classical AUG initiation codon.
Efficient initiation at a non-AUG codon depends on its environment: (i) its positioning in an
optimal “Kosak” context that permits leaky scanning of the ribosome, (ii) the involvement of
translation initiation factors such as elF1, elF5 and eIF2 or (iii) the presence of an IRES

directed initiation. These mechanisms allow the translation of longer protein isoforms,
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generally displaying localization signals for specific cellular compartments (Touriol et al,
2003).

Interestingly, this is the case in the 5’-UTR of the yeast glycyl-tRNA synthetase (GRS)
mRNA. In S. cerevisiae, two distinct nuclear GRS genes were identified. The first one, GRS1
codes for the housekeeping enzyme that possesses both cytosolic and mitochondrial
glycylation activities, while the second one, GRS2, codes only for a stress-induced cytosolic
GRS. GRS encodes two distinct protein isoforms through alternative use of two in-frame
initiator codons. The longer mitochondrial form (with the mitochondrial localization signal)
is synthetized using a UUG initiation codon and the shorter cytosolic form uses a canonical
AUG initiation codon (Figure 13). Both codons are in the same suitable, but not optimal,
Kozak context (Chang and Wang, 2004). Different UUG/AUG mutants showed that the
UUG start codon is less efficient than the AUG, indicating that the cytosolic GRS is simply

generated by leaky-scanning (Chen et al., 2008).

UuUG AUG

Figure 13. Yeast GRS1 organization

The GRSI gene encodes both cytosolic and mitochondrial GRS in S. cerevisiae. Translation
initiation at UUG generates mitochondrial GRS (green peptide) with N-terminal 23 amino acids
targeting signal and translation initiation of the cytosolic GRS (blue peptide) starts at AUG by
leaky-scanning.

1.3. Cap-independent initiation

The majority of eukaryotic mRNAs are translated using the classical model of scanning. This
mechanism implies the presence of a cap structure (m7G) at the 5’-end of the mRNA. This
cap structure is recognized by elF4E and allows mRNA circularization via PABP and
elF4G. This complex then recruits the 43S preinitiation complex that scans the 5’-UTR until
it recognizes the AUG initiator codon. However, another mechanism of translation initiation
was discovered in 1988. Two groups showed independently that the poliovirus and the
encephalomyocarditis virus RNAs use cap-independent translation initiation (Jang et al.,
1988; Pelletier and Sonenberg, 1988). In the case of poliovirus mRNA, they observed that the
5’-UTR was particularly GC rich, contained several AUG codons and had no cap structure.
Despite this hostile context, the mRNA was efficiently translated and once inserted in a

bicistronic reporter, it was able to promote internal translation initiation (Pelletier and
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Sonenberg, 1988). This internal translation initiation was triggered by a specific region of the
viral RNA called the Internal Ribosome Entry Site (IRES). Indeed the structured RNA
domain drives direct recruitment of the 43S ribosomal complex next to the AUG start codon.
Over the following years, many other viral IRESs were discovered, mainly divided in 4
groups depending on their structure and the corresponding initiation mechanism (reviewed in
Balvay et al., 2009). Globally, type 1 and 2 IRESs are characteristic for picornaviruses.
Translation initiation is triggered by the 43S complex, e[F4G and eIF4GA, but do not
involve eIF4E. Type 3 or HCV-like (hepatitis C virus) viral IRESs attach the 43S complex
containing only eIF3 and eIF5. Finally, type 4 IRESs (cricket paralysis virus) directly recruit
the 40S ribosomal subunit and initiate translation without any additional initiation factor and
even without the Met-tRNAi. In this case, the first coding codon (CUG) is directly
positioned into the A site of the ribosome (Schiiler et al, 2006). In addition to being able to
initiate translation in a cap-independent manner, these viruses often reduce cellular mRNA
cap-dependent translation by inhibiting the cap recognition mechanism: eIlF4G is cleaved
(Pelletier and Sonenberg, 1988) or elF4E is sequestered by 4E-BP (elF4E binding protein)
(Beretta ez al., 1996, Gingras et al., 1996).

However, during this period of cap-dependent translation inhibition, certain cellular mRNAs
(3-5%) were still translated (Johannes and Sarnow, 1998) and thus the first evidence that
cellular mRNAs may also undergo cap-independent translation initiation emerged. Later on,
more evidence was collected to demonstrate that cellular mRNAs indeed also contain
functional IRES structures (Yang et al., 2006; Schepens et al., 2005; Fox et al., 2009; Riley et
al., 2010; Marash ez al., 2008; Dobbyn et al., 2008).

1.3.1. Cellular IRES
Despite scepticism concerning the existence of cellular IRESs, several eukaryotic mRNAs
containing such structures were identified during the last 20 years. Most of them concern
highly regulated proteins such as i) proto-oncogenes: c-myc (Nanbru ez al., 1997; Stoneley,
1998), n-myc (Jopling and Willis, 2001), I-myc (Jopling et al, 2004) and p53 (Ray et al.,
2006); ii) growth factors like IGF-2 (Teerink ez al., 1995), VEGF (Huez et al., 1998; Stein et
al., 1998), FGF-2 (Vagner et al., 1995) and iii) stress responsive genes such as Hif-1a (Lang et
al., 2002), cat-1 (Fernandez et al., 2001) and Apaf-1 (Coldwell ez al., 2000). Cellular IRESs
vary in length, structure and sequence. They are found in GC rich 5’-UTRs containing highly
structured regions often characterized by the presence of several start codons and uORFs,
these features being incompatible with the classical scanning model of translation initiation.

Cellular mRNAs containing IRES structures are not or poorly translated during cap-
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dependent initiation under normal cellular conditions (Spriggs et al., 2005). However, their
expression is boosted under particular physiological conditions where cap-dependent
translation is inhibited (reviewed in Komar and Hatzoglou 2011). There are only a few
examples of proteins expressed by both cap-dependent and cap-independent translation like
neurogranin and neuronal calmodulin binding protein (Pinkstaff er al., 2001).

The exact mechanisms of internal initiation for most of these cellular IRESs remain unclear
and more mechanistic studies are needed. Only a few structural models are available: c-myc,
cat-1, FGF-2, Apaf-1 and FGF1-A (Le Quesne et al., 2001; Yaman et al., 2003; Bonnal et al.,
2003; Mitchell ez al., 2003; Martineau et al., 2004). The highly structured domains that render
experimental approaches difficult explain it. A comparison of the existing models as well as
sequence analysis did not reveal any specific structural or sequence motif (Baird ez al., 2007).
Usually the structure of viral IRESs is highly conserved and small deletions or mutations
disrupt their functionality. On the contrary, cellular IRES appear to be a combination of
several segments working independently or together to promote internal initiation (Chappell
et al., 2000) and deletions decrease their capacity to initiate translation without abolishing it
completely (Huez ez al., 1998; Stoneley, 1998; Chappell et al., 2000).

An interesting example of such an IRESs, is the IRES present in the cat-1 (Amino acid
transporter cationic 1) mRNA 5’-UTR. This IRES is not functional under normal
physiological conditions. The 5’-UTR of this mRNA also contains a normally expressed
uORF. Because of the sequence of the nascent peptide, upon amino acid starvation, the rate
of translation is slowed down and induces ribosomes stalling (Figure 14) (Fernandez et al.,
2005). This event triggers structural changes in the mRNA and induces the formation of a

functional IRES sequence responsible for translation of the main ORF.
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Figure 14. Cat-1 IRES formation

Upon amino acid starvation, ribosomes translating the cat-1 uORF sequence stall and induce
conformational modifications in the 5’-UTR that shape an IRES structure, thus targeting internal
initiation at the main ORF AUG.
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1.3.2.  Canonical initiation factors and IRES recognition

Several factors are important for cap-independent initiation; they correspond to a selection of
canonical initiation factors or to IRES-specific trans-acting factors (ITAFs). As mentioned
above little is known about the mechanism that cellular IRESs use to recruit the initiation
complex directly at the start codon. For most of the cellular mRNAs, the IRES sequence is
located upstream of the initiation codon and can promote landing and then scanning of the
ribosome, as was proposed for c-myc, L-myc and N-myc (Spriggs et al., 2009). None of c-myc
or N-myc IRESs require the eIF4E and eIF4G to initiate translation, instead they use eIF4A
and elF3 probably to induce conformational changes at the landing site. On the contrary L-
myc IRES activity is dependent on the presence of the eIF4F complex and the association of
PABP and elF3 with eIF4G (Spriggs et al., 2009).

Surprisingly, the c-Src (Proto-oncogene tyrosine-protein kinase Src) IRES seems to directly
bind the 40S subunit without the requirement of any canonical initiation factor, comparable
to hepatitis C virus-like IRES, which recruit the small subunit via multiple direct contacts
(Allam and Ali, 2010). Many cellular IRESs such as cat-1, c-Src and N-myc IRESs are not
sensitive to eIF2 phosphorylation. They probably use other still unknown factors to position
the Met-tRNA!I in the P-site of the 40S ribosomal subunit (reviewed in Komar and Hatzoglou
2011).

It is worth noting that the smallest identified IRES is only a 9 nt sequence found in the
mRNA of the human homodomain protein Gtx. This short sequence is complementary to
nucleotides 1132-1124 in the 18S rRNA (Chappell ez al., 2000) and is sufficient to efficiently

recruit the ribosome small subunit.

1.3.3. IRES trans-acting factors and cellular stress

IRES mediated translation initiation also requires some IRES specific trans-acting factors
(ITAF). It was proposed that these factors sense changes in the physiological state of the cell
and thus regulate IRES-dependent expression. Many ITAFs are part of heterogeneous
nuclear ribonucleoproteins (HnRNP), such as HnRNP A1, C1/C2, E1/E2, I, K and L
(reviewed in Komar and Hatzoglou, 2005) or other RNA binding proteins with nuclear and
cytoplasmic localization: p54nrb, PSF (p54nrb—protein-associated splicing factor) and YB-1
(Cobbold et al., 2008; Spriggs et al., 2009).

Even if the exact mechanism is still unknown, there are two theories about how these
proteins regulate cap-independent translation (Figure 15) (Lewis and Holcik, 2007).
According to the first hypothesis, after mRNA synthesis in the nucleus, ITAFs would bind

IRES-containing mRNAs and retain them in the nucleus. Then, only a specific cell signal
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would promote their release into the cytosol where they will be translated. In the second
hypothesis, ITAFs would be confined to the nucleus and released into the cytoplasm upon a
specific cell signal and would bind there to cytosolic IRES-containing mRNAs and activate

or inhibit their translation (Lewis and Holcik 2007).

Stress induced Stress induced
cap-dependent cap-dependent
translation inhibition translation inhibition

o

Figure 15. Two alternative mechanisms for ITAFs in cap-independent translation
initiation

(A) ITAFs (blue) bind directly to IRES containing-mRNAs in the nucleus and are exported
together into the cytosol to induce IRES-dependent translation. (B) Upon particular stress signals,
ITAFs leave the nucleus and bind cytosolic IRES-containing mRNAs and modulate their
translation.

Actually, the same ITAF can have opposite effects, depending on the targeted IRES. Indeed,
hnRNP Al, when located in the cytosol activates IRES-dependent translation of FGF-2
(Fibroblast Growth Factor 2) (Bonnal er al, 2005) but can also inhibit IRES-dependent
translation of XIAP (X-linked inhibitor of apoptosis protein) (Lewis et al, 2007). Likewise,

PTB (Polypyrimidine tract-binding protein), which is one of the commonly used ITAFs,
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promotes Apaf-1 (Apoptotic peptidase activating factor 1) expression (Mitchell et al., 2001) or
represses IRES-mediated translation initiation of Bip (Binding immunoglobulin protein)
(Kim et al., 2000). Usually ITAFs cooperate to perform their activity. For example the unr
(N-ras upstream gene protein) ITAF binds to the Apaf-1 IRES and induces structural
conformation changes, allowing the binding of PTB, which subsequently allows 43S landing
(Mitchell ez al., 2001).

As seen above, ITAFs can influence IRES dependent translation depending on the
physiological state of the cell or in response to particular stimuli. Yet, some ITAFs are also
cell- or tissue-specific. This is the case for PTB, which has a neuronal enhanced paralog
called nPTB. Apaf-1, normally activated by PTB, is highly expressed in neurons because
nPTB binds its IRES and induces even more efficient expression (Mitchell ez al., 2003).

1.4. Cap-assisted internal initiation

Recent studies revealed another intricate mechanism of translation initiation, different from
the cap-dependent scanning mode and cap-independent IRES initiation. This mechanism
was discovered by Eriani and colleagues in 2011. They characterized the particular case of
cap-assisted internal initiation of translation of the mouse Histone H4 (Martin et al., 2011).
Histone mRNAs are unique because they don’t have PolyA tails and contain short 5’-UTRs
(only 9 nt in H4 mRNA) (Meier et al., 1989). Thus the usual mechanism involving the
formation of a closed mRNA to recruit the initiation complex does not apply. Instead, H4
mRNA contains a double stem-loop structure similar to the 4E-sensistive element (4E-SE) in
its coding sequence, which binds eIF4E in a cap-independent manner. Moreover, another
structure, located 19 nt downstream the 5’ end, forms a three-way helix junction shaping a
cap-binding pocket which sequesters the cap structure. The 43S initiation complex is thus
recruited using a tethering mechanism involving both the 4E-SE element and the three-way
helix junction. Finally, the release of the cap facilitates the positioning of the ribosome at the
AUG start codon.

All these examples of non canonical translation initiation mechanisms emphasise the
plasticity of regulation processes and illustrate the ingenious mechanisms eukaryotic cells use
to maintain homeostasis and to quickly adapt to different stresses. In particular, IRES
mediated translation initiation presents a complex network of regulations that is far from
being completely understood. More mechanisms have to be elucidated before elaborating a
complete picture of interacting cellular factors and cellular conditions that are required in

these processes.
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II. Aminoacyl-tRINA synthetases: translation and beyond

Translation of genetic information is crucial for the assembly and survival of each whole
organism. It implies the decoding of mRNAs into proteins, which is a highly specific and
regulated process. In eukaryotes, translation can take place in the cytosol or the
mitochondria and occurs on ribosomes with the cooperation of numerous other proteins.
Aminoacyl-tRNA synthetases (aaRS) are important housekeeping proteins that play a key
role in this mechanism. They catalyse the covalent attachment of a specific amino acid to
their cognate tRNAs, thus supplying aminoacylated tRNAs to the translation machinery.
Each eukaryotic cell contains a set of 20 canonical aminoacylation systems, composed of one
specific aminoacy-tRNA synthetase and one or more cognate tRNAs for each amino acid
(Ibba and Soll, 2000). Surprisingly, over the last 10 years a palette of alternative functions
outside the realm of aminocylation, as well as their implication in several diseases, have been
discovered for these enzymes (Guo and Schimmel, 2013; Yao and Fox, 2013). In this
chapter, I will briefly describe the canonical function of aaRSs and then go more deeply into
the alternative functions of mammalian aaRSs, emphasizing glycyl-tRNA sythetase’s (GRS)
moonlighting functions in cellular processes such as Ap4A synthesis, its implications in

cancer, and in Poliovirus infection.

1. Aminoacylation: catalysis and specificity

Protein synthesis is one of the most complex biosynthetic process, involving a huge number
of proteins and RNA molecules: ribosomal RNAs and proteins, translation initiation,
elongation and termination factors, tRNAs, aminoacyl-tRNA synthetases and several
auxiliary proteins. The fidelity of the translation reaction relies on two main mechanisms.
The first one is aminoacylation of tRNAs and the second one is based on ribosome-directed

codon/anticodon recognition and the correct decoding of the mRNA by tRNA molecules.

1.1. Aminoacylation reaction

Aminoacylation is a two—step reaction. The first step (1) consists of the activation of the

amino acid (aa), by the formation of a high-energy aminoacyl-adenylate (aa~AMP) in the

Mgz-l-
(1) aa+ATP +aaRS > aaRS.aa~AMP + PPi

(2) aaRS.aa~AMP + tRNA —>» aaRS + aa-tRNA + AMP
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aminoacyl-tRNA synthetase catalytic site. This reaction requires Mg** ions and releases PPi.
This step occurs usually in the absence of tRNA, except for activation of glutamate,
glutamine and arginine by the glutamyl-, glutaminyl- and arginyl-tRNA synthetases,
respectively. During the second step of the reaction (2), the activated amino acid is
transferred by esterification to the 2’- or 3’-OH on the 3’-terminal adenosine of the cognate
tRNA. The fidelity of the aminoacylation reaction is particularly important to avoid
incorporation of the wrong amino acids in the peptide sequence. It involves the specific
recognition of tRNA identity elements (reviewed in Giegé er al., 1998). Indeed, the tRNA
molecule is characterized by the presence of several identity elements (specific nucleotides),
usually located in the acceptor stem and/or in the anticodon regions that interact with the
catalytic and the anticodon domains in the aaRS, respectively. This specificity is often further
improved thanks to the presence of editing domains in certain aaRSs. These domains
increase aa selectivity by a “double sieve” mechanism and insure the accuracy of aa
activation and/or transfer (Fersht and Kaethner, 1976; Schmidt and Schimmel, 1994). The
first filter sits in the catalytic site and discriminates against most non-cognate aas based on
their size. The second filter is an additional hydrolytic editing domain present in selected
aaRSs (Table 1), which releases any misactivated or mischarged aa.

Correctly aminoacylated tRNAs are then recognized by the eukaryotic elongation factor EF-
la and loaded in the A-site of the ribosome, where their anticodon interacts with the

corresponding codon in the mRNA sequence.

1.2. Structure and characterisation of eukaryotic aaRSs

AaRSs are modular proteins characterized by the presence of conserved domains (Wolf ez al.,
1999). The central domain is the catalytic domain, where the aminoacylation reaction
occurs. AaRSs are divided in two classes based on the structure of their catalytic domains
and each class presents three sub-classes (Table 1) (Cusack ef al., 1990; Eriani et al., 1990;
Arnez and Cavarelli, 1997).

Class I Aminoacyl-tRNA synthetases are almost exclusively monomeric with a Rossman
ATP-binding fold in the catalytic core as well as two well conserved motifs KMSKS and
HIGH sequences, both of which important for amino acid stabilization and activation. Class
I aaRSs catalyse the attachment of the aa on the 2’-OH of the 3’-end adenosine of the tRNA
(Ibba et Soll, 2000).
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Table 1. AaRSs classification

Class | Oligomeric Class II Oligomeric
state state

la lla

VRS* a SRS o

IRS* a TRS* o

LRS* a PRS* o

MRS a, GRS a,

CRS a HRS o

RRS a ARS¥* Oy

Ib IIb

ERS a DRS o

QRS a NRS o

KRS a;

e lic

WRS a, FRS* B,

YRS o,

The 20 eukaryotic canonical aaRSs are organized in two classes according to their catalytic site
structural characteristics, aminoacylation mechanism and oligomery. AaRSs containing an
editing domain are indicated with an asterisk.

Class IT aaRSs are all multimeric (dimeric or tetrameric), the catalytic core is composed of 7
antiparallel B-sheets flanked by a-helices, containing three relatively well conserved motifs (I,
IT and III). In these cases, the aa is attached on the 3’-OH group of the terminal adenosine.
The second important module is the anticodon-binding domain that provides an additional
level of selectivity. It allows the specific recognition of the cognate tRNA by interacting with
the anticodon region of the aaRS.

During evolution aminoacyl-tRNA synthetases have acquired additional modules. Some of
which increase the strength of the aaRS-tRNA interaction. This is the case for N-terminal
extension domains present in lysyl-, aspartyl- and asparaginyl-tRNA synthetases (KRS, DRS
and NRS). In mammals, other appended domains involved in protein-protein interactions
appeared to facilitate the formation of the multisynthetase complex (MSC). The MSC
contains 9 of the 20 cytosolic aaRSs (RRS, KRS, LRS, IRS, QRS, MRS, DRS and EPRS)
and 3 non-catalytic factors (AIMP1, 2 and 3). The reason why these 9 aaRSs assemble in a

complex in the cell is still not elucidated. Two mutually non-exclusive hypotheses have been
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proposed: (i) this complex allows efficient channelling of aminoacylated tRNAs to the
translational machinery and/or (ii) the MSC serves to keep sequestered the aaRSs away from
their non-canonical functions, waiting to be released to the cytosol upon a specific cellular

signal.

2. Non-canonical functions of mammalian cytosolic aminoacyl-tRNA
synthetases

As mentioned above, during the last 10 years, a myriad of non-canonical functions have been
uncovered for aaRSs, often in connection with a particular disease. AaRSs are involved in
various processes such as transcription and translation regulation, apoptosis, immune
responses, angiogenesis, inflammatory pathways and the mTOR signalling pathway (Figure
16) (reviewed in Guo and Schimmel, 2013). AaRSs are important housekeeping proteins that
are ubiquitously expressed and required for cell survival. It is particularly difficult to study
their non-canonical functions, since their deletion or overexpression leads to lethality or
causes important cellular dysfunctions. However, several molecular and cellular mechanisms
involving aaRS alternative functions are well described. Moreover, future development of
high throughput proteomic and interactome analyses in different cellular compartments,
tissues and pathological cases should allow even more moonlighting functions to be

uncovered and establish connections between aaRSs and additional biological processes.

2.1. AaRSs and post-transcriptional regulations

In order to ensure accurate aminoacylation and alternative functions it is important to
maintain a stable and regulated expression of aaRSs in the cell. AaRSs are able to regulate
expression of their own genes, acting at the transcriptional or translational level. These
mechanisms are not conserved, they are different from one aaRS to the other and from one
cell type to the other (bacteria or eukaryotes). A large variety of mechanisms are well
described in bacteria, almost all of them involve amino acid or tRNA availability or tRNA
structural mimics to activate or inhibit either transcription or translation. (reviewed in
Ryckelynck et al., 2005). However only a few mechanisms concerning such regulations have
been studied in eukaryotes and one can imagine that many more remain undiscovered.
Nevertheless, six eukaryotic multifunctional aaRSs (DRS, QRS, MRS, EPRS, KRS and
GRS) are involved in transcriptional and translational regulations, not only for their own but

also for other proteins’ expression.
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Figure 16. aaRS non-canonical functions

At least 11 human aaRS are associated with various alternative functions. Tyrosyl-, tryptophanyl-
seryl-, histidyl- and asparaginyl-tRNA synthetases (YRS, WR, SRS, HRS, NRS) are free
cytoplasmic aaRSs. The case of glycyl-tRNA synetase (GRS) is not presented in this figure
because it will be detailed later on. Glutaminyl-, methionyl-, leucyl-, glutamyl-, prolyl-, arginyl-,
lysyl- and aspartyl-tRNA synthetases (QRS, MRS, LRS, EPRS, RRS, KRS and DRS) are
components of the MSC and are released from it to accomplish their non-canonical functions.
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2.1.1. Yeast DRS regulates its own expression
In yeast, aspartyl-tRNA synthetase (DRS) expression is regulated via a feedback mechanism
(Figure 17). In the cytosol, DRS attaches aspartic acid to its cognate tRNAs, which is then
delivered to the ribosome. However, when a surplus of free DRS (unbound to its cognate
tRNA) accumulates, the synthetase is imported into the nucleus, where it binds its own
mRNA and inhibits its expression (Frugier et al, 2005). Yeast DRS contains an N-terminal
appendage of 70 amino acid residues that protrudes from the anticodon-binding domain. It is
able to bind a domain in the DRS mRNA covering the 5’-UTR and the beginning of the
coding sequence (Ryckelynck ez al., 2005). Several levels of regulation can be considered to
explain this regulatory mechanism: mRNA transcription, mRNA degradation or impeded

export from the nucleus.

Nuclear sequestration
of excess AspRS

30000 oA

B transcription
ﬁ;—g ) P
W MRNAASPRS

competition

Y& decay

[;;4;;! translation

aspartylation

Figure 17. DRS expression regulation

In the cytosol, DRS aspartylates tRNA*¥. When there is not enough tRNA®? available
compared to the DRS cellular concentration, the enzyme translocates to the nucleus and binds its
own mRNA 5’-end. This interaction hinders further synthesis of DRS (from Frugier ez al., 2005).
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2.1.2.  Human MRS regulates ribosomal RNA biogenesis
Aminoacyl-tRNA synthetases are also able to regulate expression of other proteins or RNAs.
For instance, methionyl-tRNA synthetase (MRS), one of the nine synthetases of the MSC is
involved in ribosomal RNA biogenesis. In proliferating cells, human MRS translocates to the
nucleolus and activates ribosomal RNA synthesis (Ko et al, 2000). Indeed, specific MRS
antibodies block rRNA synthesis. MRS nucleolar localization is triggered by different growth
factors, such as insulin, platelet-derived growth factor (PDGF) and epidermal growth factor

(EGF). However, yet again, the exact regulatory mechanism remains unclear.

2.1.3. Human EPRS and the GAIT system

The GAIT (IFN-y—activated inhibitor of translation) system is a multiprotein complex,
which inhibits expression of a family of inflammatory genes. The GAIT complex is
composed of the bifunctional glutamyl-prolyl-tRNA synthetase (EPRS), the NS1-associated
protein 1 (NSAP1), the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the
ribosomal protein L13a. In myeloid cells and monocytes, IFN-y induces the formation of this
complex, which binds to a specific stem loop structure, the GAIT element. The GAIT
element is present in the 3’-UTR of several mRNAs, including those of ceruloplasmin (Cp)
(Mazumder and Fox, 1999; Sampath ez al, 2003), VEGF-A (Ray and Fox, 2007), death-
associated protein kinase (DAPK), zipper-interacting protein kinase (ZIPK) (Mukhopadhyay
et al., 2008), and a group of chemokine ligand and receptors (CCL22, CCR3, CCR4, CCR6
and apolipoprotein L2) (Vyas ez al., 2009).

The bifunctional EPRS displays two catalytic cores joined by a linker region containing three
WHEP (helix-turn-helix) domains (R1, R2 and R3) (Jeong ez al., 2000), which are involved in
several processes that allow the EPRS to switch from its canonical aminoacylation function
in the MSC to its regulatory function outside the MSC. During the first hours after IFN-y

induction, serine®*

and serine’”, surrounding WHEP R3, are phosphorylated (cyclin-
dependent kinase 5, 1, ERK and AGC kinases) (Arif et al., 2011). Phosphorylation promotes
EPRS release from the MSC and NSAP1 can then bind R2 and R3 in the modified EPRS
(Jia et al., 2008). Twelve to sixteen hours post IFN-y induction, the L.13a ribosomal protein is
in turn phosphorylated and released from the 60S ribosomal subunit (Mazumder et al., 2003).
Phosphorylated L13a, together with GAPDH, bind EPRS and promote a conformational
shift, which liberates R1 and R2. Both L.13a and EPRS become available to bind the GAIT
element of the targeted mRNA 3’-UTR (Figure 18) (Jia et al., 2008). Finally, L13a binds the
translation factor eiF4G and inhibits mRNA translation initiation by preventing the

recruitment of the eIF3-containing 43S ribosomal complex (Kapasi et al., 2007).
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Figure 18. EPRS and the GAIT complex formation

(A) Upon IFN-y stimulation, EPRS (blue) is phosphorylated (yellow) and released from the MSC
(grey). (B) The NSAP1 protein (red) binds R1 and R2 of the WHEP domain, hindering further
mRNA binding. (C) Later on, phosphorylation of the L.13a (light blue) ribosomal protein induces
its release from the 60S ribosomal subunit and facilitates its interaction with GAPDH (green).
(D) Once the GAIT complex is assembled, it can bind mRNAs containing GAIT elements and

inhibit binding of the 43S initiation complex. (According to the mechanisms described in Arif et
al., 2011; Jia et al., 2008; Mazumder et al., 2003).

2.1.4. Human KRS regulates transcription

The lysyl-tRNA synthetase (KRS) stimulates transcription by activating the microphthalmia
transcription factor (MITF) and the upstream transcription factor 2 (USF2) (Lee et al., 2004;
Lee and Razin, 2005). This moonlighting activity is triggered by the synthesis of diadenosine
tetraphosphate (ApsA). Several aaRSs (KRS, FRS, SRS and GRS) are able to synthesize
diadenosine polyphosphates (from 2 to 7 phosphates) (Goerlich ez al., 1982), which are well
known secondary messenger molecules involved in different cellular processes. KRS is the
major contributor to this production (reviewed in Yannay-Cohen and Razin, 2006).

In mast cells, upon IgE—antigen binding to the FceRI receptor, KRS is phosphorylated at
serine?”’ via the MAP kinase (MAPK) pathway (Yannay-Cohen et al., 2009) (Figure 19). This
phosphorylation triggers KRS dissociation from the MSC and its translocation to the

nucleus. It also induces a conformational change in the enzyme and promotes a switch from
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aminoacylation to ApsA synthesis (Ofir-Birin et al., 2013). In the nucleus, the subsequent
increased concentration of ApsA leads to the release of MITF and USF2 from the histidine
triad nucleotide-binding protein 1 (Hint-1), allowing both factors to recover their specific

transcription activities (Lee et al., 2004; Lee and Razin, 2005).

Figure 19. KRS regulates transctiption

In mast cells, Hint-1 (blue) binds the MITF and USF2 transcription factors (green) and prevents
their fixation to their target genes. When the IgE antigen (orange) binds on mast cells, the MAPK
pathway is activated and triggers KRS (red) phosphorylation (yellow circle). KRS is then released
from the MSC (grey) and translocates to the nucleus where it produces Ap4A (pink circles).
Finally, Ap4A binds Hint-1, and releases MITF/USF2 to allow transcription to occur (adapted
from Motzik et al., 2013).

2.2. Alternative functions related to signalling pathways

2.2.1. Human aaRSs as cytokines

Several aaRSs were identified as secreted proteins and act as cytokines; fragments of YRS
and WRS, as well as full length KRS, GRS, QRS and NRS are involved in inflammatory and
apoptotic pathways.

Human tyrosyl-tRNA synthetase (YRS) is characterized by the presence of an appended
domain at its C-terminus: the endothelial and monocyte-activating polypeptide II-like
(EMAP II-like) protein. The full-length YRS is dedicated to aminoacylation and is inactive in
cell signalling. However, two fragments are generated by endoproteolysis, each with their
own cytokine activities. On the one hand, the C-terminal YRS fragment contains the EMAP
[I-like domain and is an immune cell stimulating factor, which induces production of tumor

necrosis factor-a (TNF-a) and tissue factor (TF) (Wakasugi and Schimmel, 1999). On the
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other hand, the N-terminal fragment, also called mini-YRS, acts as a pro-angiogenic
cytokine. After TNF-a stimulation mini-YRS is secreted from endothelial cells and activates
angiogenesis through transactivation of the vascular endothelial growth factor receptor-2
(VEGFR2) (Greenberg et al., 2008).

Human tryptophanyl-tRNA synthetase (WRS) is also involved in angiogenesis but in
contrast to YRS, WRS inhibits neovascularization. This mechanism is triggered by a WRS
fragment (mini-WRS). Mini-WRS lacks its N-terminal moiety and is generated either by
alternative splicing or by proteolytic cleavage (Wakasugi e al., 2002; Otani et al, 2002).
Upon IFN-y stimulation, mini-WRS binds and inhibits the vascular endothelial (VE)-
cadherin, a key player in promoting angiogenesis. Inhibition is achieved by the fixation of
two tryptophan residues from VE-cadherin in the mini-WRS catalytic domain (the native
WRS, with its N-terminal domain does not bind VE-cadherin) (Tzima and Schimmel, 2006).
It was also shown that IFN-y stimulation triggers WRS translocation into the nucleus. There,
it forms a complex with the catalytic subunit of the DNA-dependent protein kinase (DNA-
PKcs) and the poly(ADP-ribose) polymerase 1 (PARP-1). This association further activates
the major apoptotic factor p53 (Sajish ez al., 2012).

The human lysyl-tRNA synthetase (KRS) was shown to trigger a proinflammatory response
upon TNF-a induction. In contrast to YRS and WRS, it is the full-length KRS that is
secreted from several cancer cell lines. KRS binds to macrophages and peripheral
mononuclear blood cells and activates the p38 mitogen-activated kinase (MAPK), the
extracellular signal-regulated kinase (ERK), and G-proteins to promote cell migration and
TNF-a production (Park ez al., 2005).

In addition, two other aminoacyl-tRNA synthetases: histidyl- (HRS), and asparaginyl- (NRS)
tRNA synthetases were also described as cytokines (Howard ez al,, 2002). They stimulate
immune cells and mediate inflammatory response, however their mechanisms of action are

still not clear.

2.2.2. AaRS as amino acid sensors
The level of amino acids in the cell is an important indicator of nutrition status and controls
homeostasis. The mTOR (mammalian Target Of Rapamycin) pathway, a major regulator of
cell growth, proliferation, motility and survival, is regulated by two complexes: mammalian
TORC1 and TORC2. Recently, two studies in yeast and mammalian cells showed that
leucyl-tRNA synthetase (LRS) acts as a leucine sensor and activates the mTOR pathway
(Han eral., 2012; Segev and Hay, 2012) via mTORC1. Upon amino acid stimulation, LRS is

translocated to the lysosomal membrane, where its C-terminal domain interacts with the
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RagD-GTPase. It induces the recruitment of mTORCI1 to the lysosome and its activation.
Mutations in LRS, inactivating leucine binding, renders the mTORC]1 pathway insensitive to
amino acids (Han et al., 2012).

Likewise, glutaminyl-tRNA synthetase (QRS) responds to increased levels of glutamine in
the cell and acts as an anti-apoptotic factor. Elevated glutamine specifically induces QRS
interaction with the apoptosis signal-regulating kinase 1 (ASK1) and in turn inhibits cell
death (Ko eral., 2001).

These examples of aaRS alternative functions highlight their importance in several crucial
processes, such as cell signalling, death and survival, and the existence of complex regulated
networks. Noteworthily, cells have developed various strategies to dissociate aminoacylation
from non-canonical functions, employing mechanisms such as alternative splicing, protein

cleavage, post-translational modifications and differential cellular localizations.

3. Human cytosolic aaRSs involved in diseases

Several aaRSs are associated with various human diseases, ranging from cancer to

autoimmune and neuronal pathologies (Figure 20).

CRS IRS

NRS

TRS Viral infection

Neurodegenerative
diseases

Figure 20. aaRS are implicated in different diseases

At least 16 of the 20 aaRSs are involved in different diseases, including antisynthetase syndrome,
neurodegenerative diseases, viral infections and cancers. Note that GRS and KRS are implicated
in all of them (adapted from Park ez al., 2008).
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Although these diseases may be related to the non-canonical functions of aaRSs involved in
the control of inflammation, angiogenesis, tumorigenesis and other important
physiopathologic processes, mutations or misregulation of aaRS expression could also affect

aminoacylation and thus affect cellular homeostasis and cellular development.

3.1. Antisynthetase syndrome

The first uncovered disease associated with human aaRSs was the antisynthetase syndrome.
In 1983, Mathews and Bernstein identified autoantibodies targeting histidyl-tRNA sythetase
(HRS) in serum from a patient with myositis (Mathews and Bernstein, 1983). This
autoimmune disease is characterized by weakness and muscle loss. Since then, seven other
synthetases have been identified as autoantibody targets: tryptophanyl- (TRS) (Mathews ez
al., 1984), alanyl- (ARS) (Bunn et al., 1986), isoleucyl- (IRS) (Targoft, 1990), glycyl- (GRS)
(Targoff, 1990), asparaginyl- (NRS) (Hirakata et al., 1999), tyrosyl- (YRS) (Targoft, 2006) and
phenylalanyl- (FRS) (Betteridge et al., 2007) tRNA synthetases. Clinical manifestations vary
and do not clearly associate with a specific type of pathology. Nevertheless, the
antisynthetase syndrome includes idiopathic inflammatory myopathies, interstitial lung
diseases, arthritis, and Reynaud's phenomenon. The exact mechanism for generating these
autoantibodies is still unclear. Yet, it was shown that most of the autoantigen fragments
targeted in systemic autoimmune diseases are generated by the cellular protease granzyme B
(Casciola-Rosen et al., 1999). Since IRS, HRS and ARS are cleaved by granzyme B in vitro, it
was proposed that aaRS autoantigenic fragments can be produced and presented on the
surface of mononuclear cells to initiate the primary immune response against these self-

antigens (Howard ez al., 2002).

3.2. Cancer

Numerous studies and experimental evidence have shown that aaRS expression and
functional versatility are tightly linked with tumorigenesis (reviewed in Park ez al., 2008; Kim
et al.,, 2011;Yao and Fox, 2013). Because of their function as key players in protein synthesis,
aaRSs are indirectly implicated in cell growth or arrest. One can imagine that unbalanced
expression of a specific component of the protein synthesis machinery could lead to anarchic
translation or to reduced protein synthesis. Similarly, increased aaRS concentrations could
lead to tRNA mischarging, promote production of mutated proteins and, thus, contribute to

cancer development. Moreover, secreted “cytokine” aaRSs are directly related to
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angiogenesis and cancer cell signalling cascades, which in turn regulate cellular survival and
death (Kim ez al., 2011).

For instance, several aaRSs show cancer related overexpression, yet the molecular processes
involved in these connections are is not clear. This is the case for KRS in breast cancer (Park
et al., 2005), and the FRS alpha-subunit in solid lung tumors and acute phase chronic
myeloid leukemia (Rodova ef al, 1999). The methionylation system is often involved in
development of malignant cells. It was shown that: (i) overexpression of Met-tRNAi
promotes oncogenic transformation (Marshall e al., 2008); (i) The catalytic activity of MRS
is increased in human colorectal cancer (Kushner et al, 1976); and, (iii) MRS itself is
overexpressed in different other types of cancers, such as glioblastomas, malignant gliomas,
sarcomas and malignant fibrous histiocytomas (Won Lee ez al., 2006). MRS promotes tumor
progression upon C/EBP homologous protein (CHOP) overexpression. Indeed, a sequence
in the MRS mRNA 3’-UTR is complementary to the CHOP mRNA 3’-UTR. Since, the
CHOP 3’-UTR also contains an AU-rich element, which normally induces mRNA
degradation, the association between MRS and CHOP mRNAs stabilizes the mRNA and
leads to CHOP accumulation in the cell (Ubeda er al., 1999). Moreover, a recent study has
demonstrated that a frameshift mutation in exon 3 of the MRS mRNA leads to a premature
stop codon in gastric and colorectal cancer. Again the molecular mechanism that leads to
tumorigenesis is not known (Park ez al., 2010).

Some aaRSs act on other proteins and promote indirect tumor development. For example,
KRS activates the MITF transcription factor (see Ch.II-2.1.4), which is a well-known
melanoma oncogene (Levy and Fisher, 2011), and QRS binds ASK-1 and suppresses its pro-
apoptotic activity (see Ch.1I-2.2.2) (Ko et al., 2001). This is also the case for aaRS fragments
that are secreted from different cell types to induce or inhibit angiogenesis or apoptosis. As
described above (see Ch.II-2.2.1), the N-terminal domain of YRS (mini-YRS) stimulates
angiogenesis at low doses through transactivation of vascular endothelial growth factor
receptor-2 (VEGFR2) (Greenberg et al, 2008). In contrast, mini-WRS, lacking the N-
terminal domain, inhibits neovascularization (Tzima and Schimmel, 2006), that is of prime

necessity for tumor development and growth.

3.3. Viral infection

Eukaryotic aaRSs are also key elements of viral infection. GRS, as shown below in Ch.11-4.2.,
binds region V of the poliovirus IRES to induce cap-independent translation (Andreev et al.,
2012). Another virus taking advantage of the cellular machinery to undergo its infectious

cycle is HIV-1. This retrovirus uses the human tRNA"as a primer to reverse transcribe its
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RNA genome into cDNA, which is then integrated into the host cell DNA (Jiang et al.,
1993). The newly synthetized viral RNA genome is packaged into a nucleoprotein complex
comprising the viral precursor proteins, but also the host tRNA™* (and two other
isodecoders, tRNA™ 242 and KRS (Kleiman ef al, 2010). Guo and collaborators have
shown that HIV-1 infectivity depends on the relative levels of packaged tRNA™* and that, in
turn, the concentration of tRNA™* correlates with the level of packaged KRS. Indeed,
knocking down cytoplasmic KRS expression proportionally reduced the amount of
encapsidated tRNA™* and, subsequently, virus infectivity. In contrast, KRS overexpression
in the host cell boosts HIV-1 infectivity (Guo et al, 2005). Selective incorporation of
tRNA™¥ is achieved by specific interaction between the viral Gag protein and KRS.
Interestingly, a tRNA™* anticodon-like element was uncovered in the viral RNA, it is located
close to the primer-binding site, and is specifically recognized by KRS. It was proposed that
HIV-1 uses this molecular mimicry of the tRNA™* anticodon to increase efficient annealing

of tRNA"*to viral RNA during retrotranscription initiation (Jones et al., 2013).

4. GRS alternative functions and roles in diseases

The human glycyl-tRNA synthetase that I studied during my PhD (Figure 21) is a member of
the class II aaRSs. Mitochondrial and cytosolic GRS are encoded by the same gene and
differ only in their N-termini by a 54 amino acid mitochondrial localization signal, which is
cleaved upon GRS translocation into the mitochondria. GRS is present in the cell as a
homodimer and does not belong to the MSC. Each monomer is composed of: i) the catalytic
domain, with the characteristic motifs I, IT and III; this domains performs glycine activation
and transfer on to tRNA®Y; and, ii) the anticodon binding domain, which specifically
recognizes the tRNA®Y anticodon. Human GRS also contains appended modules, which
could participate in cellular processes other than aminoacylation. The N-terminal WHEP
domain (Figure 21) is a particular helix-turn-helix domain that appeared in metazoan GRS
(as well as WRS, HRS, EPRS, TRS and MRS) and is usually involved in protein-protein
interactions. The role of this WHEP domain in GRS is still unknown and further co-
immunoprecipitation experiments would allow the identification of putative binding
partners. Insertions I, IT and III in the catalytic domain are specific to all eukaryotic GRSs.
Insertion I is implicated in Ap4A synthesis (Guo ef al., 2009) and glycylation (along with
insertion III) (Qin er al, 2014). Interestingly, when analysing a multiple alignment of
eukaryotic GRSs, we noticed that the last 12 C-terminal residues are present and conserved

only in vertebrates.
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Figure 21. Human GRS organization

GRS is an homodimer. Each monomer displays an N-terminal WHEP domain (grey), a central
catalytic domain (green) with insertions 1 (yellow), 2 (light blue), 3 (red), and a C-terminal
anticodon-binding domain (blue). The GRS homodimer (4KR2 Protein Data Bank structure) is
presented with its cognate tRNA®Y (orange). Note that the WHEP domain, insertion 1, part of
insertion 3 and the last 10 amino acids from the C-terminus are not present on the crystal
structure).

Amongst aaRSs, GRS is one of the best examples of highly regulated housekeeping proteins
with several moonlighting functions. Moreover, GRS is also implicated in various diseases,
such as peripheral neuropathies, cancer, and the antisynthetase syndrome. This particular
aaRS was the subject of my phD work, thus I will present its roles in signalling functions and
in diseases in detail. As for the particular case of GRS involvement in Charcot-Marie-Tooth

disease, I will present the related data in the third part of this introduction.
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Figure 22. Non-canonical functions of GRS and its connections to in diseases

GRS is a multifunctional protein. In the cytosol it aminoacylates its cognate tRNA, synthetizes
the Ap4A signalling molecule, and promotes IRES-mediated translation initiation of the
poliovirus mRINA. Autoantibodies against GRS were discovered in sera of patients diagnosed
with antisynthetase syndrome and breast cancer. GRS is also secreted from different tumor cells
and promotes tumor suppression. Moreover, several mutations in the GRS gene lead to Charcot-
Marie-Tooth peripheral neuropathy.

4.1. Ap4A synthesis

Like several other aaRSs, GRS synthesizes the extra- and intracellular signalling molecule
Ap4A (Goerlich ez al., 1982). In general, in the absence of cognate tRNA, the aaRS.aa~AMP
complex binds a second ATP molecule and generates Ap4A. However, GRS uses a different
and unique mechanism, which is glycine-independent and consists of the direct condensation
of two ATP molecules to generate Ap4A (Guo et al., 2009) (Figure 23). This particular way
of synthesizing Ap4A is uncoupled from aminoacylation and is important for cell signalling
processes involving GRS. Indeed, Ap4A and other diadenosine polyphosphates were shown

to trigger synaptic release in a calcium dependent manner in different neuronal types (Miras-

Portugal et al., 2003).
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+ tRNA + ATP
\ ATP + ATP + GRS —>» Ap4A + GRS
AMP aa
aa-tRNAada Ap4A

Figure 23. Ap4A synthesis

In the absence of tRNA, the aminoacyl-adenylate in the catalytic site of almost all aminacyl-
tRNA synthetases is converted into Ap4A via an additional ATP. GRS is the only synthetase able
to generate Ap4A directly from direct condensation of two ATP molecules without previous
formation of a glycyl-adenylate.

4.2. IRES mediated translation activation of Poliovirus

Recently it was shown that GRS promotes IRES-dependent translation initiation of
poliovirus mRNA. A particular structure in domain V of this viral IRES region displays a
tRNA®Y anticodon stem—loop mimic. This structure recruits GRS (Figure 24), which
facilitates the accommodation of the IRES domain into the ribosomal mRNA entry site and
thus enhances the efficiency of translation initiation. When a mutation is introduced in the
anticodon mimic, it abolishes GRS binding and decreases translation initiation drastically.

Thus GRS also acts as an ITAF for group I viral IRES translation (Andreev et al., 2012).
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Figure 24. GRS binding to poliovirus IRES
GRS (green) recognizes and binds a tRNA®Y anticodon stem-loop mimic in region V of the
Poliovirus IRES and stimulates its translation.

39



4.3. Anti-GRS syndrome

Antibodies against GRS were identified for the first time in the serum (Anti-EJ) of a patient
with antisynthetase syndrome autoimmune disease (Targoff, 1990). Patients with anti-GRS
antibodies present signs of inflammatory myopathy, interstitial lung disease and
dermatomyositis, associated with arthritis and Raynaud's phenomenon (Targoff ez al., 1992;
Mahler et al., 2014). The reason for the generation of autoantibodies against GRS is still not
clear. Indeed, extracellular GRS is also found in the sera of normal human subjects and

patients with cancer and do not induce immunogenic effects (Park ef al., 2012).

4.4. GRS and cancer

While other aaRSs are hijacked by tumor cells to induce growth, angiogenesis or immune
escape, GRS protects cells against cancer development. Indeed, recently, GRS was shown to
play a role as a natural defender against tumor growth (Park er al, 2012). Because
autoantibodies against GRS were discovered in patients with breast cancer (Mun ez al., 2010),
GRS was categorized as a cancer-associated autoantigen. Further investigations showed that
upon serum starvation, glucose deprivation, DNA damage, or TNF-a stimulation, GRS 1is
secreted from different types of macrophage cell lines (human U937 and mouse RAW264.7).
This secretion was specifically triggered by the Fas-ligand that is released from tumor cells.
Extracellular GRS binds cadherin CDH 6 on tumor cells (Figure 25), leading to the release of
phosphatase 2A (PP2A), which in turn inhibits ERK kinase activated tumorigenesis. When
the complex between GRS and CDHG6 is hindered (antibodies against CDH 6), ERK is no
longer inhibited and tumor cells develop as usual. GRS antitumor activity was also tested in
vivo by injecting GRS into mice developing HTC116 cell-induced tumors. After a 21 day
treatment, the volume of the tumors was significantly reduced. Even more strikingly, when
nude mice were simultaneously injected with HTC116 tumor cells and GRS, tumors failed to
grow. When considering those recent findings, modifying GRS expression or activity appears
to be a promising therapeutic strategy against cancers involving highly expressed CDH6 and
active ERK pathway (Park et al., 2012).

How can cells coordinate the expression of the same protein, encoded by the same gene, and
localize it in different cellular compartments such as the cytosol, mitochondria, neuronal
projections, extracellular medium and probably endoplasmic reticulum? How can a
ubiquitously expressed housekeeping protein with a key role in translation manage at the
same time to: 1) aminoacylate tRNAs, ii) synthetize the signalling molecule Ap4A, iii) be a

cytokine, iv) be a ITAF, v) induce the synthesis of autoantibodies, and vi) when mutated,
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provoke neurodegeneration? During the 4 years of my PhD work, I tried to answer some of

these questions by exploring the regulation of human GRS expression.

MEK

ERK

Tumor cell growth Tumor cell arrest/death

Figure 25. GRS against ERK-activated tumorigenesis

Fas-ligand induces GRS secretion from macrophage cells, triggering its binding to cadherin

CDHS6 on tumor cells. Upon GRS binding, phosphatase 2A (PP2A) is released and blocks ERK
mediated tumor cell growth (adapted from Park et al., 2012).
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III. GRS AND CHARCOT-MARIE-TOOTH DISEASE

1. Charcot-Marie-Tooth

The Charcot-Marie-Tooth (CMT) disease constitutes a heterogeneous group of peripheral
neuropathies, first described by Jean Charcot, Pierre Marie, and Howard Henry Tooth in
1886. CMT, also described as a hereditary motor and sensory neuropathy (HMSN), is the
most common inherited neuromuscular disorder, estimated to affect 1 in 2500 individuals
(Skre, 1974). The disease usually begins in childhood or adolescence and progress slowly.
However, age of onset, disease course, rate of progression, and severity depend on the CMT
form, the causative gene, and the mutation type. Clinical manifestations include muscular
weakness and atrophy in the distal extremities, hammer toes, steppage gait, pes carvus, foot
drop, absent or diminished deep-tendon reflexes and impaired sensations. It first affects the

lower limbs and then extends to the upper limbs (Pareyson and Marchesi, 2009) (Figure 26).

Figure 26. Phenotypic manifestations in patients with Charcot-Marie-Tooth disease
Major CMT symptoms include muscle wasting in lower limbs (left), foot deformation (center)
and atrophy of hand muscles (right) (Adapted from Pareyson and Marchesi, 2009).

No effective drug treatment for CMT disease is currently available. Treatments are only
symptomatic for non-neuropathic and neuropathic pains and supportive treatments are based
on rehabilitation and surgical corrections of skeletal deformities. Previous studies on CMT1A
showed that high doses of ascorbic acid (vitamin C) reduced the neuropathy severity in a
mouse model but unfortunately had no effect on humans (Pareyson ez al., 2011).

The CMT disease pathology is genetically heterogeneous. Most forms of CMT are inherited
as autosomal dominant traits, however X-linked and autosomal recessive inheritances also
occur. The number of CMT causing gene mutations has expanded over the past few decades,
so that more than 40 CMT-associated genes have now been described (Siskind er al., 2013;
Rossor et al.,, 2013). They include genes coding for proteins involved in myelin formation,
compaction and maintenance, cytoskeleton formation, axonal transport, mitochondrial

metabolism and, unexpectedly, six aaRS (Siskind e al., 2013; Wallen and Antonellis, 2013;
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Table 2. CMT classification

Inheritance Phenotype Mutated genes
. . PMP22
CMT1 AD Usually typical clinical phenotype duplication
Uniform and diffuse motor and sensory NCV slowing (<38 m/s in MPZ
upper-limb motor nerves)
Nerve biopsy: onion bulbs or other myelin abnormalities; secondary PMP22 point
axonal degeneration mutations
EGR2
SIMPLE/LITAF
NEFL
CMT2 AD or AR Usually typical phenotype MFN2
Normal or slightly reduced NCV (>38 m/s in upper-limb motor nerves)
and decreased amplitudes i
. . . . NEFL
Nerve blppsy. chronic axonal neuropathy usually without any specific HSPBI (HSP27)
diagnostic features
HSPBS (HSP22)
RAB7
GARS
GDAPI
(AD/AR)
LMNA (AD/AR)
MED25 (AR)
CMTX1: men more affected than women; motor NCV commonly
intermediate in men (30—45 m/s) and in the lower range of CMT2 in
CMTX X-linked women; NCV slowing can be non-uniform and asymmetrical; nerve GJB1/Cx32
biopsy: axonal loss and some demyelination, few onion bulbs; PRPS]
occasional CNS involvement
Other CMTX types: only males affected
Intermediate . .
CMT AD Mild to moderate severity MPZ
NCVs intermediate between CMT1 and CMT2 (25-45 m/s) DNM?2
Pathological features of both CMT1 and CMT2 YARS (NEFL)
JHMN AD or AR  Pure motor 1nvolv§ment on clinical, electrophysiological, and HSBPI
X-linked morphological basis
Preserved or mildly slowed NCVs; >38 m/s in upper-limb motor HSBPS
nerves; normal sensory action potential
Sural nerve biopsy normal or near-normal GARS
BSCL2
DCTNI
(IGHMBP2)

Classification of Charcot-Marie-Tooth neuropathy subtypes, based on electrophysiological manifestations and mode of
inheritance. CMT1 and CMT2=Charcot-Marie-Tooth type 1 and 2; dHMN=distal hereditary motor neuronopathy;
AD=autosomal dominant; AR=autosomal recessive; NCV=nerve-conduction velocity; CNS=central nervous system.
Genes: PMP22=peripheral myelin protein 22; MPZ=myelin protein zero; EGR2=early-growth-response 2;
SIMPLE/LITAF=small integral membrane protein of lysosome/late endosome; lipopolysaccharide-induced tumor
necrosis factor-alpha factor; NEFL=neurofilament light chain; MFN2=mitofusin 2; HSPB1/HSP27=heat shock 27-
kDa protein 1; HSPB8/HSP22=heat shock 22-kDa protein 8; RAB7=small GTPase late endosomal protein 7;
GARS=glycyl-tRNA synthetase; GDAPIl=ganglioside-induced differentiation-associated protein 1; LMNA=lamin
A/C nuclear envelope protein; MED25=mediator of RNA polymerase II transcription, subunit 25; GJB1/Cx32=gap
junction Bl/connexin 32; PRPS1=phosphoribosylpyrophosphate synthetase 1; DNM2=dynamin 2; YARS=tyrosyl-
tRNA synthetase; BSCL2=Berardinelli-Seip congenital lipodystrophy type 2; DCTN1=dynactin motor neuronopathy.
(Adapted from Pareyson and Marchesi, 2009).
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Gonzalez et al., 2013), (Table 2). In addition, CMT associated mutant proteins are expressed
in different cellular types, such as developing and myelinating Schwann cells or neuronal
axons.

Despite their genetic heterogeneities, Charcot-Marie-Tooth peripheral neuropathies share a
common clinical phenotype: they are characterized by the progressive impairment of
peripheral nerves, muscle and touch sensation loss. The classification of CMT is based on
nerve pathology and nerve-conduction studies (Table 2). In CMT type 1, patients exhibit
decreased motor nerve conductance velocities (MNCVs) (less than 35 m/s) with
demyelinating axons. On the contrary, CMT type 2 patients exhibit normal MNCVs (more
than 45 m/s) and no demyelination but have decreased amplitudes of motor and sensory
nerve responses and axonal loss. Some intermediate forms of CMT (with MNCVs raging
from 35 to 45 m/s) have been also described, (Skre, 1974; Siskind ez al., 2013; Pareyson and
Marchesi, 2009).

In 2003, Antonellis and colleagues described for the first time mutations in the gene encoding
GRS (GARS) as the cause of the neurodegenerative disorders Charcot-Marie-Tooth type 2D
(CMT2D) and distal spinal muscular atrophy type V (dSMA-V) (Antonellis et al, 2003).
Later, Jordanova and collaborators identified mutations in the tyrosyl-tRNA synthetase
(YRS) gene (YARS) causing Dominant Intermediate CMT neuropathy (DI-CMTC)
(Jordanova ez al., 2006). Since then, more CMT inducing mutations have been identified in 4
other genes coding aaRSs: alanyl- (44RS; CMT type 2N) (Latour ef al., 2010), lysyl- (KARS;
CMT intermediate recessive type B) (McLaughlin ef al., 2010), hytidyl- (HARS) (Vester et al.,
2013) and methionyl- (MARS) (Gonzalez et al., 2013) tRNA synthetases. These findings
suggest that these aaRSs could play specific roles in axon development and function.
Numerous studies, most of them concerning GRS and YRS, have been performed to assign
the importance of these CMT inducing mutations. They include structural and functional
studies, as well as development of animal models. In this chapter, I will describe GRS
mutations implicated in the CMT pathology and, when possible, discuss these data in light of
other mutated aaRSs inducing CMT, especially YRS mutants.

2. GRS mutants in CMT2D and dSMA-V

As previously described (see Ch.1I-4.), human GRS is a homodimer, where each monomer is
composed of an N-terminal WHEP domain, a catalytic domain and a C-terminal anticodon-
binding domain. The 13 reported CMT-causing mutations are all dominant mutations. They

introduce single amino acid changes that are spread throughout the GRS primary sequence
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(Figure 27) (Motley at al., 2010). In general, mutations are classified as gain of function or
loss of function. Gain of function means that the mutant protein has acquired a new function
that is “toxic” to the cell (such as the capacity to interact with new partners (proteins, RNA
or DNA)), and induces or disturbs associated cellular processes. In contrast, loss-of-function
implies that the mutant protein is no longer active, or cannot interact anymore with its usual
partner(s). As higher eukaryotes are heterozygous, the presence of mutations on one allele
only partially impairs the functionality of the protein, since the second allele can still produce
a functional protein. However, the production of only 50% functional protein is not
necessarily sufficient to properly accomplish its roles in the cell. In this case, the mutation
leads to haploinsufficiency. In some cases, the mutated protein can interfere with the wild-

type protein and provoke a dominant negative effect (see below).
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Figure 27. Domain localization of CMT mutations in GRS

The cytosolic GRS monomer (685 aa) displays a WHEP domain, a catalytic domain and an
anticodon-binding domain. The thirteen known GRS mutations present in human CMT patients
are indicated in blue, brow or grey (depending on their domain localization). Two mutations that
were characterized in mouse models (C157R and P234KY) are indicated in grey. Notice that
mutants D200N and S265F (identified by Lee er al, 2012a) were initially mapped to
mitochondrial GRS; the corresponding residues on the shorter cytosolic enzyme are D146N and
S211F, respectively (Adapted from Motley ez al., 2010).

2.1. Effect of CMT mutations on GRS aminoacylation activity

Several in vitro and in vivo studies were performed to characterize GRS CMT mutants aiming
to uncover a common molecular mechanism responsible for the CMT pathology. As the
canonical function of this housekeeping enzyme is the charging of glycine onto its cognate
tRNASY, it was proposed that GRS CMT causing mutations would affect glycylation and
thus impair protein synthesis. Aminoacylation activities of mutant GRSs were thus tested in
vitro and compared to the activity of the wild-type GRS. Three of the tested mutants, L129P,
G240R, G526R, were inactive (Table 3), probably because the mutations affect highly
concerved residues in the catalytic domain (Nangle ez al., 2007). However, E71G, P234KY,
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D500N and S581L GRS mutants were still able to aminoacylate tRNA®Y with the same

catalytic constant as the wild-type enzyme.

Table 3. Structural and functional data on aminacyl-tRINA synthetase mutants in CMT

Yeast Conforma
AARS Aminoacy- comple- Dimeri- ] onforma-
Mutants . . . . tional
domains lation mentation zation .
opening
essay
GRS
A57V Neterminal g5 NA NA NA
WHEP
E71G Catalytic wt normal NA NA
L129P Catalytic inactive reduced - Yes
D146N Catalytic NA NA NA NA
S211F Catalytic NA NA NA NA
P234KY Catalytic wt NA wt NA
G240R Catalytic inactive normal - Yes
1280F Catalytic NA NA NA NA
H418R Catalytic NA reduced wt NA
D500N Catalytic wt NA +++ NA
G526R Catalytic inactive reduced AFRap Yes
S581L A.n t1§odon wt NA +++ Yes
Binding
G598A A.n t1§odon NA normal NA Yes
Binding
YRS
G41R Catalytic residual reduced wt NA
153 -156 AVKQV  Catalytic inactive NA NA NA
E196K Catalytic normal normal wt NA
ARS
N71Y Catalytic inactive not viable NA NA
R329H Anticodon 4 tive not viable  NA NA
Binding
D893N Editing NA NA NA NA
KRS
L137H A.n t1§odon inactive normal NA NA
Binding
Anticodon
Y 173SerfsX7. . NA NA NA NA
Binding
HRS
R137Q Catalytic NA not vial NA NA

Peripheral neuropathy causing mutations in 5 aminoacyl-tRNA syntetases: GRS, YRS, ARS, KRS and
HRS. Distribution of each mutation in the corresponding aaRS domain is indicated. Notice that mutation
Y173SerfsX7 is a frame-shift mutation hindering the synthesis of KRS. Y173SerfsX7 and L137H were
found simultaneously in the same patient. In vitro aminoacylation assays, yeast complementation, dimer
formation, structural conformation opening and localization in neurons were evaluated compared to the
wild type of the corresponding synthetase. NA=Not Assigned. (Adapted from Wallen and Antonellis, 2013
and based on experimental data from: (GRS) Antonellis et al., 2006; Nangle et al., 2007; Stum et al., 2011;
He et al., 2011; Chihara et al., 2007; (YRS) Jordanova et al., 2006; Storkebaum 1t al., 2009; Froelich and
First, 2011; (ARS) Latour er al., 2010; McLaughlin ez al., 2012; (KRS) McLaughlin et al, 2012; (HRS);
Vester et al., 2013)
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Based on these data, general loss of aminoacylation activity cannot be responsible for the
CMT pathology, since most of the GRS mutants are fully active.

Evaluation of GRS activity was also performed in yeast complementation assays (Table 3).
In these experiments, yeast viability was evaluated when the gene coding for the endogenous
GRS was deleted and replaced by a selection of mutated yeast GRSs carrying the
corresponding human CMT mutations. Yeast expressing human E71G, G598A and the
mouse P234KY GRS mutants did not show any growth defect compared to the wild-type
GRS (Stum et al, 2011). Logically, the L129P and G526R mutants, with impaired
aminoacylation activities in vitro, caused growth defects in vivo. However, G240R, which was
also inactive in in vitro aminoacylation assays, did not affect yeast viability or growth
(Antonellis et al, 2006), indicating that in wvitro assays and yeast complementation
experiments can lead to divergent results.

This was also the case for YRS mutations causing DI-CMTC, where similar discrepancies
between both approaches were observed (Jordanova et al., 2006; Storkebaum ez al., 2009;
Froelich and First, 2011) (Table 3).

Only the CMT causing mutants N71Y and R329H in ARS showed coherent results where
complete loss of aminoacylation led to unviability in yeast complementation assays
(McLaughlin et al., 2012).

Even if aaRSs are expressed ubiquitously, only peripheral nerves are affected in CMT
patients. Thus, one cannot completely exclude that, in the particular context of the neuronal
environment and especially in long axons, GRS and YRS aminoacylation activities would
behave differently than in #n vitro assays. Likewise, the yeast model does not match the
complexity of neuron’s biology and the data obtained in these experiment may not be

relevant.

2.2. Effect of CMT mutations on GRS dimerization

Another possible way to induce CMT pathologies is in a dominant negative manner,
meaning that a mutant enzyme can modify the behavior of the WT enzyme. Because all
aaRSs causing CMT are dimers (GRS, YRS, KRS and HRS) or tetramers (ARS), the
association of one mutated monomer with a wild-type monomer could change the polymer
“performance” (activity, localization, interactions, etc.). Moreover, mapping of CMT
causing mutations on the human GRS crystal structure (Nangle et al., 2007; Lee et al., 2012a)
showed that most of the mutations are located close to or directly at the dimer formation

interface (Figure 28).
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Figure 28. Mapping of GRS CMT causing mutations

Twelve GRS mutations are displayed on the crystal structure (Protein Data Banck 2PME) of the
monomeric GRS. The upper face of the monomer displays the dimer interface (dashed line)
(Adapted from Nangle ez al., 2007; Lee et al., 2012a).

In order to evaluate dimer formation, Nangle and collaborators expressed 7 GRS mutants in
transfected mouse neuroblastoma NZ2a cells and performed pull down assays (Table 3). In
these experiments, they examined the capacity of the mutated GRS monomer to dimerize
with the endogenous wild-type GRS monomer (Nangle et al,, 2007). The mouse P234KY
GRS was the only mutant for which neither dimerization capacity nor aminoacylation
activity were affected. Two other mutants, D500N and S581L, exhibited stronger capacities
to dimerize than WT GRS, a situation that does not affect their respective aminoacylation
activities in vitro. Likewise, the absence of any evidence for dimer formation for the L129P
and G240R mutants would, somehow, explain why these mutants are inactive in vitro.
However, these data showed again some contradictions. Indeed, H418R conserved its WT
ability to dimerize, but did not support efficient yeast growth. Similarly, G526R has
enhanced dimerization ability but does not perform glycylation 7n vitro. Though the crystal
structure of this GRS mutant was solved, it didn’t show any significant structural differences
compared to the wild-type enzyme (Xie et al, 2007). As well, the crystal structure of the
S581L mutant confirmed that the ability to form more stable dimers did not lead to a

different interaction pattern between monomers (Cader et al., 2007) than in the WT enzyme.
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A complementary approach used the capacity of proteins to incorporate deuterium (H/D
exchange) in their exposed regions. When coupled with mass spectrometry, this technique
allowed comparing the flexibility of WT and CMT causing mutant (L129P, G240R, G526R,
S581L, G598A) GRSs. In all 5 mutants, 8 regions located predominantly at the dimer
interface were identified as hotspot for conformational changes (He er al, 2011). It was
suggested that conformational opening of the mutant GRS structure could promote CMT-
associated pathological interactions.

Although loss-of-function mechanisms could possibly explain the pathogenesis of CMT, it
seems that the “lost function” is still unidentified. Indeed, altogether, iz vitro aminoacylation,
yeast complementation assays and structural studies showed that there is no strict correlation
between CMT mutations and GRS canonical functionality (Table 3). However, it has been
proposed that CMT-causing mutations in GRS may affect Ap4A synthesis (Guo et al., 2009).
It is interesting to notice that even if KRS was described as the major contributor to Ap4A
synthesis in the cell, GRS, ARS, HRS and MRS are also able to synthetize this molecule.
Ap4A is an important signaling molecule, which has been detected in neurons and acts to
trigger the release of neurotransmitters such as glutamate, GABA or acetylcholine (Klishin ez
al., 1994; Miller, 1998). Yet, none of the aaRS CMT causing mutants were evaluated in their

ability to generate Ap4A in vitro or in vivo.

2.3. Neuronal expression of GRS CMT causing mutants
2.3.1. Granules or not granules: that is the question?

As loss of aminoacylation activity #n vitro failed to explain peripheral nerve axonal
degeneration caused by GRS mutations, several independent studies have also investigated
the localization of mutated GRSs in neuronal cells. A first investigation in normal human
tissues showed that GRS is expressed not only in the cellular body but also in neuronal
projections of the spinal cord and sural neurons (a sensory nerve located in the leg)
(Antonellis et al., 2006). Moreover, GRS showed a granular distribution in axons of the
ventral horn, dorsal horn, ventral root, dorsal root, and sural nerve, indicating that this
particular distribution is characteristic for both sensory and motoneurons (Figure 29).
Granule formation was also observed in cultured cells with (i) endogenous GRS in human
SH-SY5Y neuroblastoma cells and (ii) GFP-tagged GRSs in mouse motoneuron cells (MN-
1) (Antonellis ez al., 2006). These GRS granules do not match any known cellular structure,
such as the mitochondria, Golgi apparatus or cytoskeleton. Interestingly, some of them were
localized in the nucleolus, suggesting either an artifact from antibody staining or a new

differentiated mouse motoneuron cells, they were still localized in neuronal projections but
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Figure 29. Spinal cord and peripheral neuron organization

The dorsal part of the spinal cord conveys sensory information from the body to the brain. Cell
bodies of sensory neurons are located in the dorsal ganglion and their axons are in the dorsal
root, with synaptic signals arriving in the dorsal horn. The ventral part of the spinal cord
transmits signals from the brain to the muscles. Motoneuron cell bodies are located in the ventral
horn with projecting axons in the ventral root. (Adapted from Quick Books Docstoc)

exhibited a diffused localization (Antonellis er al, 2006). It was proposed that proper
localization of GRS within granules and subsequent transport of these granules to the cell
periphery are essential for maintaining axonal health and would reveal a special requirement
for GRS in peripheral nerve cell axons (Table 4).

In a second study, 7 GRS mutants (L129P, P234KY, G240R, H418R, D500N, G526R and
S581L) were transfected into differentiated mouse neuroblastoma cells (N2a) and their
respective localizations were investigated (Table 4) (Nangle ez al., 2007). In this study, WT
and mutated GRSs were fused to a C-terminal V5-tag in order to differentiate transfected
enzymes from the endogenous GRS. While the WT GRS localized to the cell body and
neurite projections, all the mutants were defective in their localization to sprouting neurites.
The authors stated that significant variability accured from cell to cell and from mutant to
mutant, indicating that, different mutations have different reasons for protein
mislocalization. However, in this study, neither endogenous GRS, nor transfected WT GRS
presented the granular profile observed previously by Antonellis and collaborators
(Antonellis et al., 2006).

51



Table 4. Neuronal expression of aaRS CMT causing mutants

G I Neurite
Mutants ranu .e projection Cell type Ilustration Ref

formation ..

localization
GRS
WT Yes Yes MN-1 Antonellis ez al., 2006
WT ? Yes N2a Nangle et al., 2007
E71G Yes Not shown MN-1 Not shown Antonellis et al., 2006
L129P No No MN-1 _ Antonellis et al., 2006
L129P ? No N2a Nangle ez al., 2007
P234KY ? No N2a Nangle et al., 2007
s e 4

G240R  No No MN-1 L Antonellis ef al., 2006
G240R ? No N2a Nangle et al.,, 2007

52



H418R No ? MN-1 Not shown Antonellis et al., 2006
H418R ? No N2a . Nangle et al., 2007
D500N ? No N2a . Nangle et al., 2007
G526R Yes ? MN-1 Antonellis et al., 2006
G526R ? No N2a Nangle et al., 2007
S581L ? No N2a Nangle et al., 2007
YRS

WT Yes Yes N2a Jordanova et al., 2006
G41R No No N2a Jordanova et al., 2006
E196K No No N2a Jordanova et al., 2006

Different GRS and YRS mutants were tested for their ability to localize in neurite projections and
for granules formation (or tear drop effect for YRS). In Antonellis et al., 2006, GRS was fused to
a C-terminal GFP (green) and transfected in mouse motoneurons (MN-1). In Nangle et al., 2007,
GRS was fused to a C-terminal V5-tag (detected in red) and transfected in mouse neuroblastoma
cells (N2a). In Jordanova et al., 2006, YRS was fused to GFP (green) (N-terminal) and transfected
in mouse neuroblastoma cells (N2a).
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GRS is not the only aaRS that localizes in neurite projections. WT YRS also localizes in
granular structures in the growth cone, branch points and the most distal part of projecting
neurites in differentiated N2a and SH-SYS5Y cell types (Jordanova et al., 2006). This granular
distribution called the ‘teardrop effect’ was specific to YRS and was not observed with
arginyl-(RRS) or tryptophanyl- (WRS) tRNA synthetases. Moreover, when two YRS
mutants (G41R and E196K) causing DI-CMTC were expressed in differentiated N2a cells,
they exhibited diffuse localization and reduced teardrop effects (Table 4), as was observed
with GRS CMT causing mutants. These findings suggest that both synthetases are involved
in some non-canonical function(s) specific to neuronal endings and that this alternative

function is certainly related to the protein specific sub-cellular localization.

2.3.2.  Animal models for aaRSs and CMT
Since then several animal models expressing mutant GRSs that cause neuropathy were used

to characterize GRS neuronal specificity in vivo.

2.3.2.1. Mouse models

* GRS point mutations
The first mouse model, Gars"™?*’*, presents a spontaneous mutation corresponding to the
P234KY residues of human GARS gene. It showed that both sensory and motor neurons are
affected, like in human CMT-2D, with abnormal neuromuscular junction morphology and
impaired transmission, reduced nerve conduction velocities and a loss of large diameter
peripheral axons, without defects in myelination (Seburn et al., 2006, Stum et al., 2011).
The second mutant GRS model, GRS“”®’*, presented only signs of mild neuropathy. In this
case, when histological examination didn’t show any abnormality in the spinal cord, the
diameter of large axons from the sciatic nerve was 50% decreased (Achilli e al., 2009).
Further investigations into the role that mutant GRSs play in the mechanism leading to
peripheral neurodegeneration revealed that Gars"?*’* and GRS“®'* mice display a
persistent defect in neuromuscular junction maturation that precedes the progressive, age-
dependent degeneration. Denervation in mice was observed only in limb neurons and not in
proximal abdominal nerves (Sleigh et al., 2014). This observation is consistent with human
CMT patients, where only distal nerves are affected.

* GRS deletion
A transgenic mouse, Gars™™** lacking a complete copy of the GARS gene (null allele)
presented no loss-of-function and showed no evidence of peripheral neuron dysfunction.

Since this mutant mouse still expressed 50% of GRS mRNAs, it indicates that a simple
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reduction of aminoacylation or other GRS activity is not the cause of CMT (Seburn et al.,
2006).

* GRS overexpression
Another transgenic mouse overexpressing wild-type GRS was designed (Motley et al., 2011).
They crossed this mouse with either Gars"?** or GRS““’®* mutants, but didn’t observe any
decrease in neuropathological symptoms. Indeed, despite WT GRS overexpression, these
mice still exhibited motor and sensory axon loss as well as neuromuscular junction

psVmRA/CHIR 1 creased the severity

impairment. Moreover, the production of a heterozygous Ga
of the neuropathy symptoms. These experiments led to two conclusions: GRS associated
peripheral neuropathy (i) is not due to GRS loss-of-function and (ii) is caused by a dose-
dependent gain of function that is not rescued by over-expression of the functional wild-type
protein (at least in mutant mice).
* Tissue specific expression of GRS mutants

Recently, adenovirus expressing the human G240R mutated GRS was injected directly into
the sciatic nerve of wild-type mice (Seo et al., 2014). Seven days after injection, the mutant
GRS was found in sensory and motoneuron cellular bodies, but not in axons (contrary to
WT GRS). Even if the mechanism is not yet elucidated, it is clear that the G240R mutation
in human GRS is sufficient to hinder GRS localization in mouse peripheral axons.
Unfortunately, due to restrictive experimental timing, it was not possible to observe if this

impaired distribution could lead to axonal degeneration, or determine if the mutant GRS had

to be already present at the early development stages to induce neuropathy.

2.3.2.2. Drosophila models

Several Drosophila melanogaster models were designed to characterize YRS mutants inducing
DI-CMTC neuropathy and GRS mutants inducing CMT2D (Storkebaum er al, 2009;
Ermanoska et al, 2014). Mutated YRSs (G41R, E196K and AVKQV) were expressed
ubiquitously or specifically in neurons, and in both cases, they impaired motoneuron
performance progressively in an age-dependent manner.

In contrast, mutated GRSs, G240R and P234KY, were toxic when expressed ubiquitously
and induced lethality at early stages of Drosophila development. In the same way, when
overexpression of these mutants was specifically induced in neurons, they showed
neurotoxicity. These data matched the results observed in the corresponding mouse models,
with a more severe phenotype associated with the P234KY mutation (Ermanoska ez al.,

2014).
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Despite progress made in characterizing aaRSs mutants, so far the reason why these
mutations affect only distal neurons remains to be elucidated. Especially, the role of both
GRS and YRS in the pathological mechanism leading to related peripheral neuropathies
remain puzzling. Further experiments aiming to characterize the specific role that these
multifunctional proteins play in neurons and particularly in axons should help to find a
common molecular mechanism. Interestingly, a recent study revealed the existence of two
common genetic modifiers for GRS and YRS mutants in Drosophila. These genes specifically
enhance the rough eye phenotype that YRS E196K and GRS P234KY induce when
expressed in Drosophila retina. However, the associated molecular function is still unknown
(Ermanoska et al., 2014). These new data lead the way towards the necessity to determine
GRS and YRS neuronal interactomes. This will be helpful to explore aaRS interactions with
specific neuronal partners and understand potential gain or loss of pathological functions of

mutated enzymes either in patients or animal models.
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IV. GOALS OF THE THESIS

During the last decade, numerous non-translational functions have been assigned to different
aminoacyl-tRNA synthetases involved in several cellular pathways, regulatory mechanisms
and diseases. The human glycyl-tRNA synthetase GRS is a perfect example of such a
multifunctional protein. In addition to aminoacylation, GRS synthesizes the Ap4A signaling
molecule (Guo et al., 2009), participates in the defense against ERK-induced tumorigenesis
(Park er al., 2012), and stimulates translation initiation of the poliovirus genome by binding
its IRES sequence (Andreev et al., 2012). In addition, at least 13 mutations in the GRS gene
have been reported to cause a dominant axonal form of the Charcot-Marie-Tooth (CMT)
type 2D as well as spinal muscular atrophy type V (SMA-V) (Antonellis et al, 2003;
Antonellis et al, 2006 rev: Motley et al., 2010; Wallen and Antonellis 2013; Yao and Fox
2013, Lee et al.,, 2012 a).

Though GRS activity is required in all cells, the CMT-associated mutations affect only the
peripheral nervous system (Antonellis et al, 2006). These findings suggest that this tRNA
charging enzyme, in addition to its canonical role in translation, may have another particular
function in neurons and plays a key role in maintaining peripheral axons. However, the links

between GRS mutations, tissue-specificity, and the pathological mechanism remain unclear.

Most of the research devoted to human GRS concerns the cytosolic enzyme and particularly
its structural and functional characterization in the context of the CMT pathological
mutations. We decided to use a different and complementary approach to explore GRS
through its coding mRNA. Indeed, the goal of my project was to understand the particular
expression of the human GRS in neurons, and to try to identify a possible neuron-specific

non-canonical function affected by GRS CMT2D causing mutations.

First, we concentrated our research on the basic expression of the human GRS and tried to
answer the following questions:

* How are the mitochondrial and cytosolic enzymes generated from the same gene?

* How is this expression regulated?
We brought answers to these questions in the article: Elaborate uORF/IRES features

control expression and localization of human glycyl-tRNA synthetase.

Then we tried to further explore the specific expression and accumulation of GRS in

neuronal granules and to find a connection with the CMT pathology.
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I. REGULATION OF HUMAN GLYCYL-TRNA SYNTHETASE EXPRESSION

1. Approach and main findings

In order to understand how the two human GRSs are expressed and regulated, we first used
RACE PCR to identify the corresponding mRNA. We discovered two isoforms that differed
in their 5’-UTR but had no difference in the main coding sequence or the 3’-UTR.

The longer mRNA (mRNAI) displays three initiation codons that we named AUG,,
AUGniw and AUGy. AUG is not in frame with the GRS ORF and would initiate the
translation of an upstream reading frame encoding a 32 amino-acid peptide. AUG, and
AUGgyy, initiate translation of the mitochondrial GRS precursor and the cytosolic form of
GRS, respectively. Immunolocalization and iz vitro translation studies showed that mRNA1
expresses essentially the cytosolic GRS, while the translation of the small uORF (whose stop
codon is located between AUGnmi, and AUG.y,) hinders the synthesis of the mitochondrial

enzyme.

The shorter mRNA (mRNA2) contains only the AUGmi, and AUG.y, start codons. Even
though AUG, 1s only 20 nt away from the very 5’-end of the mRNA, this isoform allows

efficient synthesis of both cytosolic and mitochondrial GRSs.

Moreover, mRNAT1 contains an Internal Ribosome Entry Site (IRES) and can be expressed
in a cap-independent manner. We showed that this GRS IRES is functional under normal
cellular conditions as well as during different cell stresses such as starvation, glucose

deprivation, hypoxia, or inhibition of the mTOR pathway.

Interestingly, we also observed a particular GRS localization pattern when it was expressed
from mRNA1: GRS organizes in a network structure. After removal of free cytosolic
proteins, we found that GRS colocalizes with the endoplasmic reticulum (ER) bound
ribosomes. Even if there is no evident N-terminal ER localization signal, we propose that this
localization is guided either by some zip code motif in the mRNA1 5’-UTR sequence or by
the 32 amino acid peptide encoded by the uORF.

Taken together our findings show that mitochondrial, cytosolic, but also ER-bound, GRS
expression are highly regulated processes, involving two mRNA isoforms, three initiation
codons, an uORF as well as an IRES. This complex regulation could potentially explain the
moonlighting activities of GRS, like its secreted protective anti-tumor cytokine action, its

peculiar expression in peripheral neurons, and its implication in CMT disease.
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2. Elaborate uORF/IRES features control expression and localization of human glycyl-

tRNA synthetase

Running head: Control of human glycyl-tRNA synthetase expression

Jana Alexandrova, Caroline Paulus, Joélle Rudinger-Thirion, Fabrice Jossinet and Magali

Frugier*

Architecture et Réactivité de I’ARN, Université de Strasbourg, CNRS, IBMC, 15 rue René
Descartes, 67084 Strasbourg Cedex, France

* To whom correspondence should be addressed. E-mail: M.Frugier@ibmc-cnrs.unistra.fr

Abstract

The canonical activity of Glycyl-tRNA synthetase (GRS) is to charge glycine onto its
cognate tRNAs. However, outside translation, GRS was also shown to participate in many
other functions, amongst which its involvement in peripheral axonal degeneration (Charcot-
Marie Tooth disease) is still not understood. A single gene encodes both the cytosolic and
mitochondrial forms of GRS but we identified two mRNA isoforms. Using
immunolocalization assays, in vitro translation assays, and bicistronic constructs, we provide
experimental evidence that one of these mRNAs tightly controls expression and localization
of human GRS. An intricate regulatory domain was found in its 5’-UTR which displays a
functional IRES and a uORF. Together, both elements hinder the synthesis of the
mitochondrial GRS and target the translation of the cytosolic enzyme to ER-bound ribosomes.
This post-transcriptional regulatory mechanism is conserved in mammals. This finding
reveals a complex picture of GRS translation and localization. In this context, we discuss how
human GRS expression could influence its moonlighting activities of GRS and its

involvement in diseases.

Endoplasmic reticulum localization/Glycyl-tRNA synthetase/IRES/post-transcriptional
regulation /JuORF
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INTRODUCTION
Human Glycyl-tRNA synthetase (GRS) is an essential component of the translation

apparatus. GRS is ubiquitously expressed and plays a central role in protein synthesis by
catalyzing the attachment of glycine to cognate transfer RNAs (tRNAs). However, GRS, like
other mammalian aminoacyl-tRNA synthetases (aaRS) [1-3] is involved in functions beyond
translation [4]. These alternative functions were identified mainly through the discovery of
several diseases linked to mutations in the corresponding gene or to the presence of antibodies
against extracellular GRS. In human, at least 13 dominant mutations in the GRS gene cause
motor and sensory axon loss in the peripheral nervous system and lead to clinical phenotypes
ranging from Charcot-Marie-Tooth (CMT) type 2D neuropathy to a severe infantile form of
spinal muscular atrophy type V [5-10]. Though GRS activity is required in all cells, the
CMT-associated mutations affect only the peripheral nervous system. These findings suggest
that this tRNA charging enzyme may also play a key role in maintaining peripheral axons.
However, the links between GRS mutations, tissue-specificity, and the pathological
mechanism remain unclear (reviewed in [7]). Several studies identified autoantibodies to 8
different aaRSs; amongst them, anti-GRS antibodies (anti-EJ) are mainly found in patients
with inflammatory myopathy, polymyositis and dermatomyositis (reviewed in [11]). Yet
information on their clinical impact is still limited. Interestingly, GRS autoantibodies were
also detected in sera of patients with breast cancer [12]. Further reports suggested that GRS is
indeed secreted by macrophages and acts as a cytokine with a distinct role against specific
tumor cells [13]. Moreover, that GRS binds the Internal Ribosome Entry Site (IRES) located
at the 5’-end of the poliovirus RNA genome and promotes its cap-independent translation
initiation [14]. Together these observations suggest that, in mammals, GRS expression may
be regulated in response to many different stimuli.

Three independent reports indicated that a single gene encodes both the cytoplasmic and
mitochondrial forms of human GRS [15-17]. This is in contrast to other aaRSs for which
cytoplasmic and mitochondrial tRNA aminoacylations are achieved by two separate genes
(the only other exception being lysyl-tRNA synthetase). The GRS gene was predicted to
produce both cytoplasmic and mitochondrial enzymes via alternative translational start sites
[15]. Analysis of fetal liver cDNA encoding human GRS [16], as well as primer extension
experiments on transfected cells [17], identified a single mRNA characterized by a long 5°-
UTR with 5 putative initiation codons. Based on these observations, it was anticipated that the
more distal codons relative to the transcriptional start site would initiate translation of the

cytosolic GRS, while one or more proximal codons would initiate the mitochondrial enzyme.
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In addition, the presence of three other upstream initiation codons could indicate the existence
of some regulatory mechanism(s); for instance one of these codons would lead to the
synthesis of a short Upstream Open Reading Frame (uORF), encoding 47 amino acids and
potentially controlling GRS expression [16].

We focused our study on the control of human GRS expression, especially because the
progress of other teams in investigating the novel functions of GRS adds further complexity
to these regulatory mechanisms. Indeed, many aspects of the regulation of this enzyme remain
unclear, especially its tissue specific expression and the control of both mitochondrial and
cytosolic forms of the enzyme. Therefore, in this study, we used different human tissues to
further characterize the 5'-UTR of the human GRS mRNA that may lead to the understanding
of the molecular mechanisms governing such regulations. Contrary to previous studies, we
identified two mRNA isoforms different from the mRNA previously isolated. These two GRS
mRNAs were present in all tissues and vary only by the length of their 5’-UTRs. They were
tested for their respective capacity to support translation of the mitochondrial and the
cytosolic GRS, in vitro and in transfected cells. We noticed that the two 5’-UTRs behave
differently. Interestingly, the longer 5’-UTR contains not only an uORF but also a functional
IRES and an endoplasmic reticulum localization signal, strengthening our prediction of a

complex regulatory mechanism.
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RESULTS

Identification of two mRNA isoforms:

Both the human mitochondrial and cytosolic glycyl-tRNA synthetase (GRS) enzymes
are encoded by the same gene, located on chromosome 7 and using two alternative initiation
codons. One mRNA isoform was previously identified from fetal liver cDNA, showing the
presence of a long 5°-UTR (357 nucleotides upstream the putative initiator codon for
mitochondrial GRS synthesis) containing three other potential initiation codons [17] (Figure
1A). To further explore the presence of alternative mRNA isoforms in other human tissues,
we performed 5°- and 3’-RLM-RACE PCR (RNA Ligase Mediated Rapid Amplification of
cDNA Ends PCR, Supplementary Figure 1A) on total RNA from six different tissues: liver,
brain, spinal cord, muscle, heart and spleen. We identified two populations of mRNAs
(mRNA1 and mRNA2), present in brain, spinal cord, muscle, heart and spleen tissues and
only one (mRNA2) was found in the liver tissue (Supplementary Figure 1B). These two
mRNA isoforms contained both the initiator codons corresponding to the predicted translation
start sites of the mitochondrial GRS (AUGniwo, at position +1) and of the cytosolic GRS
(AUGgyt0, at position +163); mRNA1 and mRNA?2 shared the same 3’-UTR sequence (166
nts; data not shown) and differed only by the length of their 5’-UTR (Figure 1A). The longest
mRNA (mRNA1) was characterized by a 85 nt long 5’UTR (+/- 6 nts) and contained one
extra AUG initiation codon (AUGy) close to the 5’-end (position -69). Unlike AUGpi, and
AUG.y10, AUGq was not in frame with the GRS Open Reading Frame (ORF) and codeed for a
small upstream ORF (uORF). This uORF would potentially initiate the synthesis of a 32
amino acids long peptide that ends at a stop codon (UAG) located 26 nt downstream AUGnyito.
The shortest mRNA, mRNA2, had a very short 5’-UTR (between 21 and 29 nt) and displayed
only AUGnit, and AUG.y, (Figure 1A).

5’-RLM-RACE PCR was done again, in the same conditions, but without removing the
5’-cap from mRNAs before ligation of the 5’-adaptor (Supplementary Figure 1A). No PCR
fragments were retrieved, indicating that both GRS mRNA1 and mRNA2 are capped in the

cell.
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FIGURE 1: Organization of human GRS mRNAs. (A) Schematic representation of the 2 isoforms of
the human GRS mRNA revealed in this study. The sequence identified by Mudge and collaborators in 1998 in
fetal liver cells was used as a reference. The long mRNA1 contains three initiation codons, AUG (initiates the
synthesis of an uORF), AUG, (initiates translation of the mitochondrial targeting signal -MTS- fused to GRYS),
AUG.y, (initiates translation of the cytosolic GRS) and a UAG stop codon (ends translation of the uORF). The
shorter mRNA2 contains only AUGpi, and AUGy,. (B) Multiple alignment of mammalian mRNA1 5’UTR:
blasting the nucleotide sequence of Homo sapiens GRS mRNA1 (NC_018918.2) against all NCBI nucleotide
databases (http://blast.ncbi.nlm.nih.gov/Blast) retrieved 43 sequences only from other mammalian genomes.
Among them, 14 GRS sequences were from primates. Here, we chose to show only a representative selection of
the retrieved sequences: Homo-sapiens (NC_018918.2), Gorilla-gorilla (NC_018431.1), Pan-troglodyte
(NC_006474.3), Nomascus-leucogenys (NC_019832.1), Pongo-abelii (NC_012598.1), Macaca-mulatta
(NC_007860.1), Cavia-porcellus (XM_003467957.2), Pteropus-alecto (XM_006912040.1), Mustela-putorius-
furo (XM_004762573.1), Ceratotherium-simum (XM_004418866.1), Ovis-aries (XM_004007927.1), Bos-
Taurus (NM_001097566.1), Orycteropus-afer (XM_007945456.1), Odobenus-rosmarus-divergens
(XM_004413949.1), Orcinus-orca (XM_004269943.1), Mus-musculus (NC_000072.6), Rattus-norvegicus
(NC_005103.3) GRS sequences. Sequence alignments were computed with Tcoffee software (http://igs-
server.cnrs-mrs.fr/Tcoffee/tcoffee_cgi/index.cgi). The three AUG codons, AUG,, AUG,,;, and AUG,,,, are
boxed in yellow, the stop codon in red. However, in the case of mouse and rat genomes, which are reliable, GRS
DNA sequences differ by the position of the stop codon, found before the AUG,,,,. Absence of these specific
codons is indicated in grey on the alignment. Moreover, there are other few exceptions in the translation
potential of some sequences (not shown on the alignment): pika (Ochotona princeps), wild boar (Sus scrofa),
elephant (Loxodonta Africana) and dog (Canis lupus familiaris) have the AUG, in the same open reading frame
than AUG,;, and AUG,,, and the dolphin (Lipotes vexillifer) sequence is missing AUG,. All of these
particularities could be the consequence of sequencing mistakes. The schematic representation of the 5’- end of
mRNAT1, used in this manuscript, is indicated: AUGs are signaled with circles, the uORF stop codon with a red
cross and the frameshift deletion with a green bar.
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Sequence comparison:

The 5’-end of GRS mRNA1 sequence was used to blast NCBI nucleotide databases. We
retrieved 43 sequences, showing that this complex organization, with three ATG codons and
one stop codon was found only among mammals (Figure 1B). Besides mammals, other
eukaryotic GRS gene sequences did not align with the 250 nts found at the 5’-end of the GRS
mRNAT1 sequence.

Characterization of mRNA1 and mRNA2 in translation:

DNA constructs encoding mRNA1 and mRNA2 sequences fused to the V5-tag were
transfected in COS-7 cells. In order to compare the capacity of each mRNA isoform to
support GRS expression and determine its nature (mitochondrial or cytosolic), we performed
Western Blot and immunolocalization experiments (Figure 2) on transfected cells. Western
Blot analysis (Figure 2A) showed that both mRNAs produced a unique band corresponding to
the theoretical size of the cytosolic GRS (approximately 90 kDa), yet with a slightly higher
expression for mRNA2 compared to mRNAI1. Because the mitochondrial targeting signal
(MTS) (54 amino acids, 5.6 kDa) is removed when the mitochondrial GRS enzyme is targeted
to its final destination, the resulting mature enzyme cannot be distinguished from the cytosolic
GRS based only on its size. Thus, mRNA 1 and mRNA2 were tested in vifro in wheat germ
extract translation assays (Figure 2A). In this system, proteins are not matured, thus it is
possible to distinguish the mitochondrial from the cytosolic GRS based on their respective
lengths. Indeed, in the test performed with mRNA2, we could distinguish the mitochondrial
(long) from the cytosolic (short) GRS. However, mRNA1 led only to the synthesis of the
cytosolic (short) GRS. Immunolocalization experiments (Figure 2B) allowed us to further
characterize the products of the two mRNA translations. Based on the GRS-V5 subcellular
localization, we determined that, in agreement with the results of in vitro translation
experiments, mRNA2 construct led to the synthesis of both the mitochondrial and the
cytosolic GRSs. This indicated that both AUGi,, and AUGey, codons present in this mRNA
are used to initiate efficient translation. However, the longer mRNA1, which contains 3

potential initiation sites, coded essentially for the cytosolic form of the protein.
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FIGURE 2: Translation of both mRNA isoforms in vivo and in vitro. (A) Western blot analysis of
COS-7 cells transfected with pcDNA3.1 encoding mRNA1 or mRNA2 fused to a V5 epitope nucleotide
sequence on their 3’-end. Translated GRS-V5 proteins are detected by anti-V5 antibodies. Detection of the 42
kDa B-actin (anti-actin antibodies) was included as a loading control. Translation of radioactive GRSs from
mRNA1 and mRNA2 in vitro was accomplished using wheat germ extracts. (B) GRS-V5 was detected by
immunofluorescence, using anti-V5 antibodies coupled to FITC (green). Mitochondria were stained with
Mitotracker Orange CMTMRos (red) and nuclei were stained with DAPI (blue). For mRNAT1 scheme, please
refer to the end of the Figure 1 legend.

Functional characterization of the three AUG codons present in mRNA1:
In order to assess if all 3 AUG codons in mRNA1 can initiate translation, they were mutated
individually and in combination. The subcellular localizations of GRS translated from
mRNA1 variants were determined by immunolocalization on transfected COS-7 cells (Figure
3A). When AUG (mutant a), AUGnj, (mutant b) or AUGy, (mutant c) were the single
initiation codons still available in mRNA1, we observed no synthesis, the synthesis of the
mitochondrial GRS or the synthesis of the cytosolic GRS, respectively. The signal intensity
for expressed proteins was significantly decreased compared to the wt mRNAT1, however.
Addition of AUG( upstream of AUGni, (mutant d), prevented initiation at AUG;w0; yet,

AUGq did not affect translation initiation at AUG.y, (mutant e). These observations indicated
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FIGURE 3: Immunolocalization of GRS expressed from mutated mRNA1. (A) Six mutants (a to h)
were generated where the different AUG codons were tested for translation. GRS-V5, mitochondria and nuclei
detection were performed as indicated in the legend of Figure 2 and mRNA1 scheme is described at the end of
the Figure 1 legend. (B) The same mutants were used in in vitro translation experiments (rabbit reticulocyte
extracts) in presence of *°S methionine.

that AUG, selectively prevents translation of the mitochondrial GRS. On the contrary,
mutation of AUG, (mutant f) restored translation initiation at AUGyit,. Finally, we deleted nt
C at position -45 (Figure 1 B) so that AUG, was in the same reading frame as AUGy;t, and
AUG.y (mutant g). Interestingly, this frame-shift allowed the synthesis of a GRS that was
mainly targeted to the mitochondria, suggesting that in this mutant, AUG( or AUGi, might
be used to initiate translation.

T7 RNA polymerase transcribed mRNA1 and mRNA2 as well as mRNA1 mutants (a to
g) were tested for in vitro translation (Figure 3B). The results confirmed globally what was
observed with immunolocalization experiments: AUGq alone or with AUG;,, did not allow
GRS expression (mutants a and d), removing AUG, permitted the ribosomes to initiate at
AUGn, and AUGy, (mutant f), the presence of only AUGecyt, (mutant ¢) or AUGp;, (mutant
b) led to the synthesis of the cytosolic or the mitochondrial GRS, respectively. Lastly, the
frameshift mutation (mutant g) led to the synthesis of an “extra-long” GRS that corresponds

to the addition of 23 extra amino acids at the N terminus of the MTS, indicating that initiation
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takes place at AUGy. This addition didn’t affect the targeting sequence (Figure 3 A, mutant g).
This clearly shows that despite its close proximity to the 5’-end of mRNA1 (3 to 20 nts,
Supplementary Figure 1 B), AUG is recognized as an efficient initiation codon and would
thus promote the synthesis of the 32 residue peptide.

We observed two main differences between immunolocalization and in vitro translation
results: the wild type mRNA1 product did not show any mitochondrial localization in Figure
3A, however in vitro we could detect a weak band that corresponded to the mitochondrial
GRS. The other difference concerned mutant e, which was strongly expressed in the cell
cytosol in vivo but was a poor substrate in vitro. Artifacts, such as mRNA alternative

structures, due to in vitro T7 RNA polymerase production could explain these discrepancies.

The ribosome reinitiates at the AUG immediately downstream of the stop codon:

In order to test the possibility that the ribosome reinitiates after synthesis of the uORF,
the stop codon initially present between AUGmni, and AUGcy, (mutant d) was moved before
AUGnpito (mutant h). We observed that, as expected for ribosome reinitiation, the

mitochondrial GRS was translated instead of the cytosolic GRS (Figure 3A).

mRNAT1 supports cap-independent translation initiation:

Taking into account the high percentage of GC (74%) and our unsuccessful attempts to
solve the mRNAI1 structure in solution using chemical and enzymatic methods, we considered
that mRNA1 would encompass a stable fold. Together with its unique expression pattern, we
hypothesized that the extra RNA sequence present at the 5’-end of mRNA1 would contain an
Internal Ribosome Entry Site (IRES). In order to test this idea, we produced mRNA1 and
mRNAZ2, each 5’-modified either with the natural m7G cap analog or with the non-functional
Ap3G cap analog. These mRNA transcripts were subjected to in vitro translation in wheat
germ extracts (Figure 4A). As expected, translation of m7G capped mRNA1 generated one
major band corresponding to the cytosolic GRS (about 80%) and translation of m7G-capped
mRNA2 lead to two bands of comparable intensities (55% cytosolic GRS and 45%
mitochondrial GRS). On the contrary, when mRNAs were capped with the non-functional
Ap3G cap analog, mRNA1 was still translated (>50%) while translation of mRNA2 was
abolished.
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FIGURE 4: Cap-independent versus cap-dependent initiations. (A) /n vitro translations of mRNA1
and mRNA2 were performed in wheat germ extracts. Both mRNAs were capped either with the natural m7G or
the inhibitor cap analog Ap3G. Synthesized GRSs correspond to the mitochondrial (upper band) and cytosolic
(lower band) enzymes. Expression levels of cytosolic (dark bars) and mitochondrial (light bars) GRSs were
quantified relative to the cytosolic GRS translated from mRNAZ2. Error bars were calculated from 3 independent
experiments. (B) Western blot analysis: Effect of a strong hairpin structure on GRS expression: COS-7 cells
were transfected with pcDNA3.1 constructs containing a strong hairpin structure introduced at the 5’-end of
mRNAT1 and mRNA2 (HP mRNA1 and HP mRNA2, respectively).

To further confirm the ability of the mRNAI to initiate the translation in a cap-
independent manner, we inserted a stable hairpin structure [18] at the 5’-extremity of both
mRNA1 and mRNA2 constructs. Such a structure is supposed to hinder ribosome scanning
and in consequence cap-dependent initiation [19,20]. mRNAs without or with the stable
hairpin structure were expressed for 24 hours in COS-7 cells. The corresponding Western
Blot analysis (Figure 4B) clearly shows that the hairpin structure indeed inhibited mRNA2

but not mRNAI translation, confirming the presence of a particular initiation in mRNAT.

mRNA1 contains a functional IRES:

To test the presence of a functional IRES in mRNAI, we used the bicistronic
renilla/firefly luciferase system pRF. The pRF vector contains a SV40 promoter and generates
long mRNAs with two consecutive cistrons: the first one is translated in a cap-dependent
manner and codes for the renilla luciferase (R), whereas the second one codes for the firefly
luciferase (F), which is expressed only if the inserted intercistronic region has an IRES
activity [19].

Vectors pRF and pRypF (containing the well-characterized cellular IRES) [21] were
used as negative and positive controls, respectively. The extremity of mRNAT (nt -78 to +163,
including AUGy, AUGnmi, and AUGcy1,) was cloned in the intercistronic region (Figure SA).
COS-7 cells were then transiently transfected with the three constructs and both renilla and
firefly luciferase activities were measured (Figure 5B). The relative firefly/renilla ratio shows
a strong IRES activity for pRprnaiF, 150 fold higher than the negative control and
comparable to pRy.i,F IRES activity (70%).
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FIGURE 5: Comparison of mRNAT1 and Vcip IRES elements for their ability to initiate translation.
(A) Schematic representation of biscistronic pRF constructs: sequences corresponding to the Vcip IRES and
mRNAT1 5’-end (containing the three AUG codons) were inserted in the intercistronic region between the renilla
and firefly ORFs (pRy.i,F and pRurnaiF). The cap structure at the 5’-end of the bicistronic mRNA is indicated
with a black circle. (B) pRF, pRy.i,F and pRurnaiF were transfected in COS-7 cells and renilla (cap dependent
initiation) and firefly (IRES-mediated initiation) luciferases activities were measured. pRy.,F and pRprnaiF
luciferases activities were represented relative to pRF activity. Error bars were calculated from 3 independent
experiments. For mRNAT1 scheme, please refer to the end of the Figure 1 legend.

Several controls were carried out to exclude any experimental artifacts (Supplementary
Figure 2). To rule out the presence of cryptic promoters, the SV40 promoter was deleted from
the bicistronic vectors, hindering the transcription of bicistronic mRNAs. As expected, both
renilla and firefly activities were drastically decreased confirming the absence of strong
cryptic promoters (Supplementary Figure 2A). However, for both pRy.i,F and pRmrnaiF, a
residual firefly luciferase activity (20% and 15%, respectively) can still be detected.

Because unwanted splicing could lead to the production of two monocystronic mRNAs
instead of the bicistronic mRNA, the synthesis of the firefly luciferase could be the result of a
cap-dependent initiation. Thus, we tested the presence of such putative splicing events; total
RNAs, purified from transfected COS-7 cells, were subjected to reverse transcription and
PCR amplification. Specific primers covering the promoter region and part of the firefly
luciferase sequence were used (Supplementary Figure 2B). The results of this specific RT-
PCR reaction showed that a unique product was amplified corresponding to each pRF
construct (the size of amplified inserts were: 1245 nt, 1815 nt and 1498 nt for pRF, pRyiF

and pRurNai, respectively).
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Finally, to eliminate the possibility of ribosome shunting or read-through of the renilla
stop codon, we verified the length of the produced firefly luciferase protein by Western Blot
(Supplementary Figure 2C). Whereas no protein is detected either for pRF or the mock
transfections, a unique band of the expected size (62 kDa) is observed when pRy.;,F and
PRmrna1F constructs were transfected in COS-7 cells, showing that the synthesis of the firefly

luciferase is indeed initiated at the expected AUG.

Looking for control of IRES-dependent expression:

Cellular IRESs are often expressed when cap-dependent translation is inhibited either
by stress or under particular physiological conditions [22-24]. Therefore, we tested several
conditions where mRNA1 IRES mediated expression could be affected.

First, different stress conditions were applied on cells transfected with bicistronic
constructs: (1) starvation by omitting the serum in the medium; (i1) glucose deprivation using a
low glucose medium; (iii)) mTOR pathway inhibition in presence of 100 nM Rapamycin and
(iv) hypoxia with addition of 150 yuM CoCl,. We didn’t observe any particular stimulation
either with Vcip, or GRS mRNAT.

Another consideration was the presence of a putative 5 base-pair sequence (5°-
152CGGAG ,5-3") complementarity to the 3’-extremity of the 18S ribosomal RNA (5°-
1530UUCCG 445-37). By mutating this sequence in pR znaF, we tested if these nucleotides

could stabilize the mRNA on the 40S subunit and facilitate AUG,/AUG,,,, recognition by the

eyto
ribosome. Again, in this context, the mutations did not lead to reduction of IRES activity (data
not shown).

Finally, because it has been shown that GRS binds to and stimulate translation from the
poliovirus IRES, we cotransfected GRS with the bicistronic constructs and tested whether

GRS co-expression could modify firefly luciferase synthesis. Again, this did not alter mRNA1

IRES controlled expression of firefly luciferase (data not shown).

Insights in mRNA1 IRES structure:

We faced technical problems in studying the mRNA1 IRES structure in solution due to
the intricate and stable IRES folding that hindered all our attempts to solve its structure. Thus,
we used bioinformatics tools to build a structural model of the GRS IRES based on sequence
alignments with mammalian 5’-UTRs (Supplementary Figure 3A). The two-dimensional
model shows a three-way junction linking Watson-Crick helices: (i) the 5’- and 3’-ends

interact together to form a double stranded domain (helix I) containing both AUG, and
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AUG,,,,, (i1) the left arm (helix II) covers most of the uORF and displays AUG,,, and the

cyto? mito

uORF stop codon, (iii) the right arm (helix III) corresponds to the rest of the MTS coding
sequence of the mitochondrial GRS. Such a structure presents strong potential for tertiary
interactions as well as extensive major/minor groove contacts between helices [25].
Progressive shortening of mRNAT1 at both the 5°- and 3’-ends led systematically to reduced
IRES activity, indicating that the entire domain is involved in efficient translation initiation
(Supplementary Figure 3B). Thus, any change in the sequence could destabilize this structure
and affect the initiation mechanism. Indeed, this is what is observed in mRNA1 mutants
missing AUG, (mutants b, ¢ and f). In the case of an exclusive IRES initiation mechanism,
these mutants should be completely inactive in translation. However, because AUG, is
involved in the structure of helix I, its mutation could lead to a partial unfolding of this
domain and introduce enough instability so that cap-dependent initiation and ribosome

scanning can occur in vivo and in vitro (Figure 3).

mRNA1 GRS colocalizes with endoplasmic reticulum associated ribosomes:

Contrary to mRNAZ2, the GRS produced by mRNAl showed some ambiguous
localization (Figure 2B). Indeed, in our hands, the GRS produced from mRNA1 organizes in
a network structure. We thus performed additional immunolocalization assays using digitonin,
in order to extract the soluble cytoplasmic GRS and keep only GRS attached to cellular
structures (Figure 6A). Colocalization assays between GRS-V5 and the Mitotracker label
confirmed that the GRS translated from mRNA2 is indeed present in the mitochondria
whereas most of the GRS translated via the mRNA1 IRES is clearly associated with some
other cellular structures (compare panels a and b). To identify the nature of this cellular
structure, mRNA1 and mRNA2 constructs were co-expressed with the Signal Recognition
Particle (SRP) receptor B subunit which is an integral endoplasmic reticulum protein (ER)
(coupled to DsRed: Srprb-DsRed) or with the endogenous ribosomal protein rm6S. We
observed that mRNA2 does not show obvious colocalization with ER or with ribosomes
(panels e and f), but mRNAI behaves differently. Indeed, panel ¢ shows that the GRS
network was clearly confined in the close proximity of the ER. Besides, it superimposed
clearly with ribosomes (panel e), suggesting that the mRNA1 product interacts with ER-
associated translating ribosomes. Moreover, overexpression of mRNAI increases

considerably the ER-bound ribosomes density. Since mRNA2 product does not, it implies that
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this specific localization is due to the 5’-end RNA domain containing the mRNA1 IRES

structure.

mRNA1 mRNA2
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FIGURE 6: Differential colocalization of GRS with subcellular structures, depending on mRNA
isoforms. (A) GRS-V5 was expressed from mRNAT1 (left) or mRNA2 (right). GRS-V5 localizations (green)
were compared with red markers for mitochondria (a and b, Mitotracker), ER protein (¢ and d, SRPs-DsRed) and
endogenous ribosomal protein S6 (e and f, rmS6). In order to remove the background noise due to the cytosolic
GRS, transfected COS-7 cells were first permeabilized with digitonin. This treatment strips the plasma
membrane, such that cells lose most of their cytosolic content but retain intact mitochondria and ER. Nuclei
were stained with DAPI (blue).
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DISCUSSION
The previous study analyzing the fetal liver cDNA encoding human glycyl-tRNA
synthetase (GRS) identified a single mRNA isoform by primer extension [16]. This mRNA
encoded the two initiator codons dedicated to the mitochondrial (AUG
(AUG,
AUG codons upstream of AUG

mio) and the cytosolic
) forms of the enzyme. The 5’-UTR was 371 nucleotides long and contained 3 other
mio- HOWever, despite repeated attempts, the authors were
unable to confirm the mRNA transcription start site (TSS) by 5’-RACE or RNase protection
assays [17]. Surprisingly, they also observed that an effective promoter activity was present
55 base pairs downstream of the TSS identified by primer extension, suggesting that this
proximal promoter element may be important for GRS expression. In our study, we confirmed
this assumption by identifying two shorter mRNA isoforms in 6 different adult tissues (heart,
brain, bone marrow, muscle, spleen and liver). The two mRNA isoforms (mRNA1 and
mRNA?2) that we identified both contained AUG,,;, and AUG,,,, but the longer 5’-UTR

(mRNA1) contained only 90 nucleotides upstream of AUG

mito cyto?

mio and a unique additional AUG
(AUG,). The shorter mRNA2 encodes both the mitochondrial and the cytosolic GRS,
suggesting a leaky scanning mechanism [26,27] whereas the longer mRNA1 codes
essentially for the cytosolic GRS (Figure 2B).

Further analysis of mRNAI1 identified the presence of an IRES structure. Indeed,
although the mature mRNA1 (like other cellular IRESs) contains a 5’-cap structure, it drives
cap-independent translation as expected for functional IRESs. It has been suggested that up to
10% of cellular mRNAs contain IRES elements [28] that would associate with many states
where cap-dependent initiation is diminished, such as differentiation, mitosis, stress, and
proliferation [22,23]. In this way IRES structures may respond to changing cellular
conditions and control the localization and cellular concentration of the produced proteins. An
alignment-based structural model of this IRES sequence combined with deletions in the
mRNA sequence indicates that the 3 hairpin structures are involved in recruiting the ribosome.
However, since cellular IRESs do not share any common structural motif [29], it is difficult
from here to draw a model for translation initiation of mRNA1. Further studies to understand
the dynamics of this IRES structure and to identify the proteins involved (initiation factors
and IRES trans-acting factors) will be decisive to comprehend both how this IRES captures
the translation machinery to initiate at AUG, and how it drives reinitiation at AUGcyqo.

The complexity of the initiation mechanism that characterizes mRNA1 is further

increased by the presence of a short upstream Open Reading Frame (uORF) initiating at
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AUG;, and encoding a putative 32 residue peptide. Interestingly, this particular organization of
the 5°-UTR 1is conserved in all the mammalian genes encoding GRS (Figure 1B). The
introduction of a frameshift mutation between AUG, and AUG,,, showed that AUG, is the
main initiator codon used to initiate mRNAT translation and that the peptide is potentially
produced (yet not detectable by mass spectrometry). The presence of such a uORF usually
reduces the translation efficiency of the downstream ORF (reviewed in [30]). Indeed, in
mRNA1, because the uORF sequence covers AUGni, translation of this peptide specifically
hinders the production of the mitochondrial GRS.

On the contrary, uORF translation terminates before AUG,,,,, allowing translation of the
cytosolic GRS by reinitiating at the AUG directly downstream of the stop codon [31].
Efficient reinitiation commonly occurs after translation of short ORFs and can be modulated
in response to environmental changes [32]. Moreover, genome wide bioinformatic analyses
show that >45% of mammalian mRNAs contain at least one uORF [30], and they are
frequently translated [33]. We cannot exclude that mRNA1 sequence can also be used for
cap-dependent initiation, even if the short 5’-UTR upstream of AUG, does not support this
option.

Even more striking is the specific colocalization we observe for most of the mRNA1
GRS product and ER-bound ribosomes (Figure 6). Using proteomic technology, David and
coworkers have shown that phenylalanine-tRNA synthetase and each of the nine aminoacyl-
tRNA synthetases of the multi synthetase complex co-sediment with polysomes in sucrose
gradients and interact with ER-bound ribosomes [34]. These results confirmed previous
immunoelectron microscopy data [35] and provide additional evidence for the concept of
channeled translation [36]. However, here GRS localization appears to be unique. Indeed, its
targeting to ER-bound ribosomes does not involve direct interaction between the ribosome
and the enzyme, but rather seems to be driven by the IRES domain of mRNA1. According to
the classical Signal Recognition Particle (SRP) pathway, a specific translated signal peptide
targets protein synthesis to the ER compartment. However, new data demonstrate that the
mRNA itself might contain ER targeting information [37], although clear motifs have not yet
been identified. Because mRNA2 does not show colocalization with ER bound ribosomes

GRS localization could be driven by the additional RNA domain that specifies mRNAL.
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FIGURE 7: Suggested model. Summary of GRS expression from mRNAI and mRNA2 isoforms:
mRNA2 codes both the mitochondrial and the cytosolic GRSs using a leaky scanning mechanism. Only 2
initiation codons are recognized in mRNA1, due to a uORF containing IRES, which hinders the mitochondrial
GRS synthesis. Translation initiation at AUG, leads (i) to the synthesis of a short peptide and (ii) to the
subsequent reinitiation at AUG,,,,. The 5’-additional sequence in mRNAI1 allows most of the GRS to be
translated on ER-bound ribosomes.

This work shows that the 5’-extremity of GRS mRNAT1 is the site of intricate regulatory
mechanisms connecting cap-independent translational initiation and subcellular localization
of human GRS (summarized in Figure 7B). Such complexity matches the range of uncovered
moonlighting activities for mammalian GRS connected with tissue-specific expression or
extracellular localization [4,13,14]. Indeed, the involvement of GRS in Charcot-Marie-Tooth
disease suggests its peculiar expression and function in peripheral motor and sensory neurons
[5-7,9,10]. GRS is active in translation in neurons, in the cell body and in the periphery of
cells; local translation is essential for dendritic and axonal terminal arborization during
development and maintenance of the nervous system. Could a disequilibrium between
mRNA1 and mRNAZ2 transcriptions in “sick” neurons disturb GRS expression and activity?
Could this imbalance affect the cytoplasmic, the mitochondrial or the ER-bound GRSs
specifically in dendritic and axonal terminal arborizations and affect some alternative
function? Likewise, macrophages secrete “cytokine GRS [13] and GRS autoantibodies are
present in the blood of polymyositis and dermatomyositis patients [39,40]. The localization
of mRNA-driven translation at the ER explains this “extracellular GRS” pool, even though

no secretion signal was found in the sequence of this enzyme. There is increasing evidence
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that mRNAs are zip-coded to specific regions in cells for localized translation [37,41,42].
Directing mRNAs to the ER for translation may function to modulate the relative protein
expression [43]. Thus, by exploiting the differential translation activities of cytosolic and ER-
bound ribosomes, the cell may control the level GRS synthesis through regulating the relative
subcellular distribution of its mRNA isoforms. In this context, GRS mRNA1 colocalization
with ER-bound ribosomes enables localized GRS synthesis and influences cellular responses

distal to the cell cytosol.
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MATERIALS AND METHODS

RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE):
Identification of GRS mRNA 5’-and 3’UTRs was performed using the First Choice RLM-
RACE kit (Ambion, Life Technologies) according to the manufacturer's instructions.
Experiments were performed with 10 ug of highly pure total RNA from six different tissues
(liver, spinal cord, brain, skeletal muscle, heart and spleen, purchased from Ambion).

For 5’-RLM-RACE, RNAs were first decapped (as appropriate), ligated to a 5’-adaptor
and reverse transcribed using a specific reverse primer 5’-TTCCTCGATTGTCTCTTTTTT-
ACCAGTCTCTTGC-3’, hybridizing between nucleotides (nt) 2184 and 2216 at the very end
of the predicted mitochondrial-GRS ORF sequence. The resulting cDNAs were then subjected
to two nested PCRs in the presence of 5% DMSO. PCRs were performed with two primers
complementary to the 5’-adaptor sequence and two nested primers hybridizing the
mitochondrial GRS ORF sequence: outer primer 5’-CTCCATTTTTTACGTCTTTCA-
CCATGAAGTCAGC-3’ (nt 595 to 628), inner primer 5’-GGGCTGTAACGCCAGCTCCT-
TTGCTTCCAGAACCCTC-3’ (nt 306 to 342).

Alternatively the 3’-RLM-RACE was performed on complete cDNAs reverse
transcribed using a primer hybridizing mRNA polyA tails and containing a 3’-adaptor
sequence. PCRs were performed with two primers complementary to the 3’-adaptor sequence
and two nested primers hybridizing the GRS ORF sequence: outer primer 5’-
ACTTTGACACAGTGAACA-AGAC-3> (nt 2018-2039) and inner primer 5’-
AGCATAGTCCAAGACCTAGCCAATGG-3’ (nt 2110-2135).

PCR-amplified fragments were cloned into pDrive cloning vector (PCR cloning kit,

Qiagen) and sequenced.

Construction of GRS mammalian expression vectors: GRS mRNA sequences were
introduced into a modified pcDNA3.1 vector for expression. In order to transcribe mRNAs
beginning with their exact 5’-extremity, the “extra” sequence present between the pcDNA3.1
transcription start site and the Kpnl restriction site was removed by mutagenesis (Phusion
Site-Directed Mutagenesis Kit, Thermo Scientific). The sequence of the GRS ORF was
generated by RT-PCR from HelLa cell total RNA, fused to a C-terminal V5 epitope sequence,
and introduced in the modified pcDNA3.1 between Kpnl and Xbal restriction sites. Then both
5’-UTR sequences were PCR amplified from brain cDNA (Ambion) and introduced between
the Kpnl restriction site and the unique internal Nhel restriction site present at nt 205 in the

mitochondrial GRS ORF. Mutants were generated by replacing each putative ATG initiator
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codon by the ATA sequence (Phusion Site-Directed Mutagenesis Kit). A 5 stable hairpin
structure [18] was introduced at the Kpnl site using two overlapping primers: 5’-
AATTGGTACCTTTGCAAAAAGCTCCACCACGGCCCAAGCTTGGGC-3’ and 5°- TTA-
AGGTACCAAGCTCCACCACGGCCCAAGCTTGGG-3".

Bicistronic vectors pRF and pR; FF were a kind gift from Catherine Schuster, described

Veip
previously [19]. Briefly, pRF contains two ORFs, the first one coding for the Renilla
luciferase and the second for the Firefly luciferase. Renilla luciferase is expressed
constitutively (cap-dependant translation), while Firefly is expressed only if an IRES
sequence is introduced in the intercistronic region. The mRNA1 5’-end sequence and
different variants were inserted in the intercistronic region between EcoRI and Ncol to obtain

the pR, gnaF vector and the mRNAI1 structure deletants. pRF, pRy,F and pR, xnaF

Vcip
promotorless constructs were created by excision of the SV40 promoter (between Smal and

EcoRV sites).

Cell culture and transfection.

COS-7 cells were cultured in DMEM GlutaMAX growth medium (Life Technologies)
containing 4,5 mg/L glucose, 50 U/mL penicillin, 50 pg/mL streptomycin and 10% fetal calf
serum. Cells were grown at 37 °C with 5% CO,.

Twenty-four hours prior to transfection COS-7 cells were seeded into 6 (or 12) well
plates, at a density of 2.10° (or 10°) cells per well and cells were then transfected with 100 (or
50 ng) of pcDNA3.1 (or pRF) constructs, using the Nanofectin transfection reagent according
to the manufacturer's instructions (PAA labs). After 24 hours incubation, cells were washed

with PBS (Life Technologies) and collected for further investigations.

Immunostaining.

For immunolocalization assays, cells were seeded directly on coverslips treated with 10
uglem® collagen type I (BD Bioscience). Twenty-four hours after transfection, mitochondria
were labeled with 50 nM MitoTracker Orange CMTMRos (Mitochondrion Selective Probe
from Life Technologies) for 30 min at 37 °C. When needed, extraction of free cytoplasmic
proteins was performed in the presence of 25 pg/mL digitonin (Sigma-Aldrich) for 10
minutes on ice. Cells were then washed twice in PBS, fixed for 10 min with 4%
paraformaldehyde (PFA) and permeabilized in ice-cold methanol for 5 minutes. Cells were

washed with PBS and blocked in 3% BSA (Euromedex) for one hour.

79



Immunostaining of GRS was performed with FITC-conjugated mouse anti-V5
monoclonal antibody from Life Technologies (1:500) at 37 °C for two hours. Ribosomes were
labeled first under the same conditions with rabbit monoclonal anti-S6 ribosomal protein
antibody (Pierce) and further detected with TRITC-conjugated anti-rabbit antibody (40 min at
37 °C). Slides were counterstained with DAPI (Sigma-Aldrich), mounted in anti-fading
solution and visualized under confocal laser scanning microscope (Zeiss LSM 780 Confocal
system, Carl Zeiss, Gottingen, Germany). The resulting images were analyzed using Image J

Software.

Western blot: Twenty-four hours after transfection, COS-7 cells were incubated in
lysis buffer (Promega) for 15 min at RT and the protein concentration was measured using the
Bradford protein assay reagent (Bio-Rad). Equal quantities of total protein were separated on
10% SDS-PAGE and transferred to PVDF membrane (Bio-Rad). The membrane was blocked
for 1 hour in 1X TBS-0.5% Tween20, 3% non-fat dry milk and then incubated with (i) mouse
anti-V5 monoclonal antibody HRP—conjugated (1:5000; Life Technologies) for 2 hours, (i1)
rabbit anti-firefly luciferase polyclonal (1:5000; Pierce) for 1 hour, or (iii) mouse monoclonal
anti-BActin (1:10000; Sigma-Aldrich) for 1 hour. Secondary sheep anti-mouse antibody
HRP-conjugated was from GE Healthcare and goat anti-rabbit HRP—conjugated from Bio-

Rad. All the incubations were carried out at room temperature.

Luciferase activity: Assays were conducted as indicated in the dual luciferase reporter
assay system manual (Promega, France) and error bars were calculated from 3 independent

experiments.

In vitro transcription of GRS mRNA and in vitro translation: The V5 epitope was
replaced by the sequence corresponding to the 3°-UTR of the GRS mRNA, inserted
immediately downstream of the GRS constructs (Xbal and Xhol). The T7 RNA polymerase
promoter and a polyA tail (40 As) were then introduced by PCR at the 5°- and 3’-ends of each
DNA template, respectively. In vitro transcription was performed in reaction mixtures
containing 40 mM Tris-HCI pH 8.1 (37 °C), 22 mM MgCl,, 5 mM dithiothreitol, 0.1 mM
spermidine, 4 mM ATP, CTP, and UTP, 1 mM GTP, 2 mM 3’-O-Me-m7G(5)ppp(5°)G
[m7G] cap structure analog (BioLabs), 40 ng/uL. DNA template and 5 pg/mL T7 RNA
polymerase. Transcription mixtures were incubated for 2 h at 37 °C and reactions were

stopped by acidic phenol/chloroform extraction. RNA transcripts were purified on Nap5
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columns (GE-Healthcare) to remove non-incorporated ribonucleotides, ethanol precipitated,
and quantified on a NanoDrop ND-1000 spectrophotometer. For cap-dependant/independant
in vitro translation assays, mRNAs were synthetized in the presence of 10 mM 3’-O-Me-
m7G(5)ppp(5°)G [m7G] or G(5*)ppp(5°)A [Ap3G] cap structure analogs (BioLabs).

In vitro translation reactions were carried out with 5 nM mRNA and 10 uCi [*°S]
methionine, in rabbit reticulocytes or wheat germ extract from Promega, according to the
manufacturer's instructions, for 60 minutes at 30 °C or for two hours at 25 °C, respectively.
Translated proteins were further analyzed by 10% SDS-PAGE, followed by autoradiography

and quantification.

RT-PCR analysis of pRF constructs: Twenty-four hours after transfection, total RNA
was extracted from transfected COS-7 cells using the TRI Reagent® Protocol (Sigma-
Aldrich). Extracted RNA was treated with DNasel: 10 yg of RNA were incubated in the
presence of SU of DNasel (Sigma-Aldrich) for 40 minutes at 37 °C. DNasel-treated RNA (0.5
ug) was reverse transcribed for 1 hour at 42 °C, using the first strand cDNA synthesis kit (GE
Healthcare) following the manufacturer's protocol. PCR reactions were performed with the
Phusion Taq polymerase (Thermo-Scientific) on 1 uL of reverse transcription product in the

presence of 3% DMSO.

Multi-alignment-based structure:
Using the structural aligner LocARNA [44], we inferred a consensus structure from all
mammalian sequences. This structure has was evaluated and curated with the last version of

the graphical tool Assemble [45].
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SUPPLEMENTARY FIGURE 1: Sequences of human GRS mRNA isoforms identified by RACE-
PCR. (A) 5’-RLM RACE PCR principle: UTRs and ORF are indicated. In 5°-RLM-RACE experiments, mRNA
is first (1) decapped, (2) ligated to a 5’-adapter, and (3) reverse transcribed using a specific primer. The resulting
cDNA is then amplified by two successive PCR reactions (4 and 5) with primers complementary to the adapter
and designed intentionally to hybridize after the AUG codon of interest. (B) Sequencing results of the 5’-RLM
RACE PCR experiment on total RNA extracted from 6 different human tissues (heart, brain, bone marrow,
muscle, spleen and liver). Sequences were ordered according to the tissue source and the length of the 5’-UTR
(mRNA1 or mRNA?2). The RACE 5’-adapter sequence is indicated in grey, the three ATGs and the stop codon
are in bold and the amino acid sequence of the short peptide encoded by the uORF is shown below.
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SUPPLEMENTARY FIGURE 2: Control experiments to rule out second cistron expression from
the bicistronic reporter pRF. (A) Ruling out cryptic promoters: Absence of a cryptic promoter was eliminated
by transfection of promoterless reporters (ASV40). In the absence of the SV40 promoter, no mRNA is generated
and expression of the renilla and firefly luciferases was drastically reduced. (B) Eliminating splicing
eventualities: The schematic representation of pRF indicates the positions of the primers used for the RT-PCR
analysis (arrows). RT-PCR analysis was performed on total RNA extracted from transfected COS-7 cells (with
the three reporter constructs: pRF, pRy;,F and pR,znaF). Two controls were achieved: (i) a direct PCR
amplification (no RT) was done on pR rnaF transfected cells to rule out the presence of residual DNA in the
RNA preparation, and (ii) the pRgnaiF vector DNA was used as a positive control to verify the size of the
amplified product. (C) Ruling out ribosome readthrough: Western blot analysis shows that the firefly luciferase
is translated as such (62 kDa) from both pRy;,F and pRzna F constructs. B-actin (42 kDa) detection was used as
loading control.
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SUPPLEMENTARY FIGURE 3: Alignment-based secondary structure of mRNA1 IRES. This
model was built using LocARNA [44] and Assemble [45] Programs. (A) The 3 AUG initiator codons are
circled in red, the uORF stop codon in black, and the frameshift deletion is squared. The sites for progressive
shortening of mRNAT are indicated by arrows. (B) Short versions of the mRNA1 IRES sequence were cloned in
pRF and their respective luciferase activities were measured. Graphic representations of pRyrnatF, PR mrnatF
deletants and pRyrnaoF activities are relative to the pRF negative control. Error bars were calculated from 3
independent experiments.
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II. HUMAN GRS EXPRESSION AND FUNCTION IN NEURONS

Worldwide, several teams are studying GRS in hereditary peripheral neuropathies. These
studies have been published between 2003 and today and concern various aspects, going
from in vitro structural and functional studies to the design of animal models (reviewed in
Motley et al., 2010; Wallen and Antonellis 2013). Most of the work has been done in order to
characterize GRS pathogenic mutants. All data collected by our colleagues on GRS
mutations and their possible implications in CMT2D or dSMA-V are focused on GRS
canonical function. Because different mutations have different effects on GRS
aminoacylation activity, localization and dimerization (Antonellis et al., 2006; Nangle et al.,
2007; Xie et al., 2007; He et al., 2011), it was proposed that all these alterations are important

for an alternative neuron-specific function of GRS.

During the first 3 years of my PhD, I studied the molecular mechanisms that control GRS
expression. This allowed us to understand how GRS accumulates differentially in the cytosol
and the mitochondria, but also to observe that, at least in our hands, the formation of GRS
granules observed by Antonnellis’ group was less obvious (Antonellis ef al., 2006). This led us
to postulate, like other groups, the existence of an alternative function where the formation of
GRS granules depends on the presence of specific neuronal proteins. We based our working
hypothesis on the fact that glycine (the GRS substrate) is part of a complex and still
enigmatic network of secretory vesicles in inhibitory neurons (Gasnier, 2000). We thus
decided to investigate the putative functions of GRS in glycine loading into these neuronal

synaptic vesicles.

1. Mitochondrial and Cytoslic GRS expression in neurons

First, we characterized the expression of GRS from mRNA1 and mRNA2 in differentiated
SH-SY5Y human neuroblastoma cells. In these neuronal cells (Figure 30 A), similar to our
previous study in COS-7 cells (see Article-Figure 2 A), the GRS expression level was lower
when translated from mRNA1 than from mRNA2. Nevertheless, both mRNA isoforms were
able to generate GRS that localizes in the cell body but also in the neuronal projections as
previously described (Antonellis ez al., 2006; Nangle et al., 2007) (Figure 30 B). Because of the
particular cellular shape (thick and thus difficult to observe, even by confocal microscopy) of
the differentiated SH-SY5Y compared to the flat and large COS-7 cells, it was impossible to
accurately differentiate the mitochondrial from the cytosolic enzyme. Moreover, GRS

distribution seemed more or less homogenous in the cell. Based on this finding, the question
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we wanted to answer next was how and why some of the previous studies described clearcut
GRS accumulation in granular neuronal structures (Antonellis et al, 2006; Stum et al.,

2011)...and not us?

A

GRS1 GRS2 Mock
GRS e axmssw 90 kDa
ACting s wm——— S——— 42 kDa

Mitotracker

Mitotracker

Figure 30. GRS expression in neurons

pcDNA3.1-mRNA1 and pcDNA3.1-mRNA2 constructs were transiently transfected in
differentiated SH-SY5Y neuroblastoma cells. GRS was fused to a V5 epitope at its C-terminus,
allowing protein detection via an anti-V5-tag antibody. (A) Western blot analysis: Anti-V5 HRP
conjugated antibody detects the cytosolic GRS (= 90 kDa), and anti-actin antibody, the 42 kDa j3-
actin. (B) Mitochondrial and cytosolic GRS were detected by immunofluorescence, using an anti-
V5 antibody coupled to FITC (green) and mitochondria were stained with Mitotracker Orange
CMTMRos (red). Merged images show a specific localization of GRS detectable in the
cytoplasm of the cell body and neurite projections for both mRNA1 and mRNA2.
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2. GRS accumulates in granules

When overexpressing mRNA1 and mRNA2 (in pcDNA3.1 expression vectors) in
differentiated SH-SY5Y neuroblasts, we noticed that GRS localization was not concentrated
in granules as observed by Antonellis and collaborators (Antonellis et al., 2006). On the
contrary, we observed a diffused expression like Nangle and collaborators (Nangle ez al.,
2007). However, the main difference between both studies lies in the approach of GRS
detection and the cell types used. Indeed, the granular structures observed by Antonellis were
detected with an antibody directed against the endogenous GRS in (i) peripheral nerve axons
in vivo, (i1) SH-SY5Y differentiated cells and (iii) 40 % of GRS transfected mouse MN1
motoneurons. Yet, in the study performed by Nangle and collaborators, WT GRS and
mutants fused to a V5-tag were overexpressed in differentiated N2a mouse neuroblasts.
Based on these data, we decided to abandon V5-tagged GRS overexpression and to perform
our experiments by seeking endogenous GRS granules with GRS-specific antibodies, in order
to avoid off-target results due to the C terminal V5 epitope. Moreover, we are aware that
experimental conditions may vary considerably from one laboratory to another, so we chose

to test different conditions, by adding CaCl, and KCI, known to induce neuronal activation.

GRS - Kt GRS + Ca2+ GRS + Kt

Figure 31. GRS granule formation in neurons

Differentiated SH-SY5Y cells were (A) left untreated or (B) treated with 5 mM Ca** for 15
minutes or (C) with 30 mM KCI for 10 minutes. Endogenous GRS was detected by specific
monoclonal rabbit anti GRS antibody (red).

2.1. K+/Ca2+ dependent granules formation

In our hands, when detected in differentiated SH-SY5Y cells, endogenous GRS was localized
in small puncta dispersed in the cell body and the neuronal projections (Figure 30 A). When
we treated cells with 5 mM CaCl,, we didn’t observe significant changes, yet puncta seemed

more regular (Figure 30 B). Surprisingly, in the presence of 30 mM KCl, we detected the
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expected granules (Figure 30 C). Addition of calcium and potassium in differentiated neuron
cultures leads to Ca”** channel opening and thus induces synaptic vesicle release. The
potassium-induced granular localization of GRS led us to the following hypothesis: in
neuronal cells such as the SH-SY5Y cell line, GRS could be localized in proximity of

synaptic vesicles, and could be potentially involved in synaptic transmission.

2.2. GRS and synaptic vesicles colocalization

Once we identified physiological conditions that lead to the formation of GRS granules in
neuronal cells (which corroborate the results obtained by Antonellis) we sought to explore
the nature of these granules and their potential role in nerve signal transduction. Therefore,
we performed a colocalization experiment with endogenous GRS and the presynaptic vesicle
marker synaptophysin (Figure 32). The superimposition of the two signals was not perfect,
but let us sense a proximity between GRS granules and synaptophysin. Interestingly, this

vicinity appeared to be clearer in neuronal projections than in the cellular body.

Synaptophysin

Figure 32. GRS and synaptic vesicle colocalization

GRS granules (red) localize in close proximity with the synaptic vesicle protein synaptophysin
(green) in differentiated SH-SYSY cells. Merged images show a partial superimposition of GRS
granules with synaptic vesicles, increased in neuronal projections. The right panel is a magnified
presentation of the boxed regions.
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3. A possible role of GRS in Glycinergic transmission

Our results showing that GRS granules partially colocalize with synaptic vesicles
(synaptophysin) led us to question granule formation in peripheral nerve axons and to
propose a new working hypothesis: by binding the Vesicular Inhibitory Amino Acid
Transporter (VIAAT), specifically expressed in glycinergic neurons, GRS would control
glycine accumulation in synaptic vesicles. The last part of my project was thus focused on

GRS’s possible involvement in glycinergic transmission.

3.1. Glycinergic/ GABA inhibitory transmission and the synaptic vesicle transporter
VIAAT

Glycine and GABA are the major fast inhibitory neurotransmitters. Both amino acids share
the same transporter VIAAT, a transmembrane protein in charge of entering glycine and
GABA into synaptic vesicles (Dumoulin et al, 1999). But, the mechanism of selection
between GABA and glycine is poorly understood (Aubrey et al., 2007) (Figure 33 A).

Two observations described in the literature prompted us to think that there is a missing
element present in vertebrates and absent in other eukaryotic organisms. Some of them
(plants, protozoans, insects and nematodes) do not perform glycinergic transmission that
would require vesicle loading with glycine:

First, in vertebrates, VIAAT has a much lower affinity for glycine than for GABA, a
situation that makes glycine accumulation in synaptic vesicles difficult to explain (MclIntire ez
al., 1997).

Second, the nematode C. elegans VIAAT homolog, UNC-47, is able to load glycine in

vesicular structures when expressed in human pancreatic cells (BON cells). Since glycinergic
neurotransmission is not present in C. elegans, it was surprising that UNC-47 could still
recognize and transport glycine.
We propose that this missing element could be GRS, which is significantly different between
vertebrates and other eukaryotic organisms that do not perform glycinergic transmission.
Thus, we speculated that, in glycinergic neurons, VIAAT and GRS would collaborate to
bind glycine (thanks to the GRS active site) to allow glycine loading in synaptic vesicles
(thanks to VIAAT) (Figure 33 B).

3.2. VIAAT specifically relocalizes GRS

In order to test our hypothesis, we co-transfected human cytosolic GRS and rat VIAAT (kind
gift of Dr Bruno Gasnier) in COS-7 cells. Indeed, Dumoulin and collaborators have shown

that overexpression of VIAAT in COS-7 kidney cells induces VIAAT accumulation in
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intracellular vesicular structures able to load glycine inside. (Dumoulin ez al., 1999; Sagné et

al., 1997) (Figure 34).

A
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Figure 33. Our working hypothesis: GRS is involved in glycinergic transmission

(A) Organization of the inhibitory neuron synaptic junction: In the pre-synaptic neuron, synaptic
vesicles are loaded with glycine (red) and GABA (light purple) by their shared transporter
VIAAT (green). The GlyT2 transporter (grey) is responsible for glycine reuptake and neuron
refilling. In post-synpatic neurons, glycine receptors (GlyR) conduct glycinergic
neurotransmission and GlyT1 transporters manage glycine clearance from the synaptic cleft. (B)
Loading synaptic vesicles with glycine: According to our hypothesis, GRS (green) would interact
with VIAAT (dark blue) to channel and promote efficient glycine loading into the synaptic
vesicle.

Figure 34. COS-7 mimic of synaptic filling with glycine and GABA

Transfected glycine and GABA transporters GlyT1 and GAT1 are in charge of glycine and
GABA uptake in COS-7 cells. When co-transfected with VIAAT, glycine and GABA are both
loaded in artificial vesicle structures, mimicking synaptic vesicle loading (according to Sagné et
al., 1997).
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Figure 35. GRS and VIAAT colocalization

GRS was expressed alone, with VIAAT or with the B subunit of the signal recognition particle
receptor (Srprb) in COS-7 cells. Likewise, VIAAT was transfected alone or co-transfected with
the human aspartyl-tRNA synthetase (DRS). Transfected GRS was detected via an anti-V5 tag
antibody, whereas other proteins were detected via specific antibodies. When expressed alone,
GRS and DRS display diffuse localization, while VIAAT is distributed in vesicular structures
(Dumoulin ez al., 1999) (a).
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Based on these previous experiments, we decided to co-express GRS with VIAAT in COS-7
cells (a cellular model that we know behaves adequately in transfection and microscopy
experiments), in order to see if GRS forms granules and if these granules in turn colocalize
with VIAAT. We observed a radical change in the GRS localization profile from diffuse
(Figure 35, a and b) to granule-like structures that partially colocalize with VIAAT. In
control experiments, if we replace VIAAT by the B subunit of the signal recognition particle
receptor (Srprb) (a protein also expressed in the endoplasmic reticulum) or GRS by another
aminoacyl-tRNA synthetase (aspartyl-tRNA synthetase: DRS), we do not observe any
colocalization (Figure 35 ¢ and d), suggesting that the partial colocalisation of VIAAT and

GRS is specific to those two proteins.

3.3. GRS mutants and VIAAT co-expression and colocalization

Subsequently, we wanted to test the specificity of this colocalization by identifying the GRS
domain involved in its interaction with VIAAT. We performed a multiple sequence
alignment and chose domains that are significantly different between vertebrates and other
eukaryotic organisms that do not perform glycinergic transmission (e.g. plants, protozoans,
and especially insects and nematodes). These invertebrates do not have functional glycine
receptors and instead use only GABA, or sometimes glutamate, to mediate inhibitory
neurotransmission (Chalphin and Saha, 2010). The human GRS domains that we deleted are
indicated in Figure 36 and correspond to the N-terminal WHEP domain, insertions 2 and 3
in the catalytic domain and the C-terminal peptide. We decided to exclude the active site
from our deletion program, because it is already involved in glycine and ATP binding. Since
glycinergic neurotransmission is not present in the nematode C. elegans, we also cloned the
GRS gene from C. elegans. We imagined that this protein would be the best negative control

in our colocalization experiments with VIAAT.
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Figure 36. Comparison of domain organizations of C. elegans and human GRSs and design
of human GRS deletants

Based on sequence comparisons between both GRSs, several variants of the human GRS were
designed, missing the WHEP domain (light blue), Insertions 2 (I12) (green) or 3 (I3) (orange), the
anticodon domain (Ac) (dark blue) or the C-terminal peptide (C-ter) (red). Insertion 1 in the
catalytic domain does not vary significantly between these enzymes and was not tested.

So far, we could only assess the localization of three mutants: those lacking either the WHEP
domain, Insertion 2 or Insertion 3 in the catalytic domain. In each case, we obtained a
perfect colocalization between the mutated GRSs and VIAAT (Figure 37). Thus, none of
these domains (WHEP, 12 or 13) are involved in colocalization between GRS and VIAAT.
Moreover, it appears that the deletions we performed induced structural changes in protein

folding that make the GRS interaction domain more accessible to VIAAT.



Figure 37. GRS mutants and VIAAT colocalization

GRS mutants lacking the WHEP domain, Insertion 2 or Insertion 3 were transfected alone or
with VIAAT in COS-7 cells. Transfected GRS mutants were detected via an anti-V5 tag antibody.
When transfected alone, GRS mutants are more or less diffuse in the cytoplasm, whereas all of
them colocalize with VIAAT.

Although our results show that human GRS colocalizes with VIAAT, we still have to test the
C. elegans GRS as well as the two mutants lacking the anticodon domain and the C-terminal
region. All these proteins should also be tested without the C-terminal V5-tag. This is
especially relevant since the major difference between the Antonellis and Schimmel
laboratories when looking for GRS granules was the absence or the presence of such a tag at

the C-terminus of the protein (Antonellis et al., 2006; Nangle ez al., 2007).
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3.4. Conclusions

In this study, we showed that both mRNA1 and mRNA2 are translated in differentiated SH-
SY5Y neuroblasts and the produced GRS localizes in both the cell body and neuronal
projections. Like in COS-7 cells, we obtained better GRS expression from mRNA2 than
from mRNAI, but here, due to technical limitations (SH-SY5Y sensitivity to digitonin
treatment), we couldn’t distinguish the mitochondrial from the cytoplasmic or the ER-bound
enzymes. Moreover, we didn’t observe any particular granular distribution as previously
observed by Antonellis and collaborators (Antonellis et al., 2006). Interestingly, when we
shifted our localization study from V5-tagged GRS to endogenous GRS in differentiated SH-
SY5Y neuroblasts, we could identify GRS accumulation in small granules. By doing so, we
avoided interference due to the C-terminal V5-tag that we initially inserted for exogenous
GRS detection. Surprisingly, when neurons were further treated with KCIl, GRS accumulated
in even bigger granules, which were more distinct in the neuronal projections when
compared to the cell body. KCI treatment induces neuronal membrane depolarization and
Ca®" release, which in turn causes synaptic vesicle formation. For this reason, we tested the
possible distribution of these GRS granules along with synaptic vesicles. We found that at
least some of these granules were clearly colocalizing with the pre-synaptic vesicle marker
synaptophysin.

Taking into consideration this particular GRS distribution in neurons and the results from
other laboratories showing that CMT mutations didn’t affect aminoacylation or dimerization
of GRS (Antonellis ez al., 2006, Nangle et al., 2007), it appears more and more likely that
GRS has specific neuronal function(s). Together, observations showing that (i) GRS granular
formation could be induced upon neuronal membrane depolarization, (i) GRS colocalizes
with synaptic vesicles, and (iii) glycine is both the GRS substrate and a major inhibitory

neurotransmitter; led us to propose that GRS would play a role in glycinergic transmission.

Glycinergic along with GABAnergic neurons conduct inhibitory transmission in the central
and peripheral nervous system. GABA and glycine neurotransmission could be triggered
either by mixed GABA-glycine axon terminals, or purely glycine and purely GABA axon
terminals. Glycinergic synapses are mainly located in the spinal cord, the brain stem and the
retina (Gasnier, 2000) where they regulate a wide range of motor and sensory functions. Both
neurotransmitters share the same vesicular inhibitory amino acid transporter (VIAAT) that
loads GABA and glycine into synaptic vesicles. While the exact mechanism of glycine and
GABA selectivity has not been determined, VIAAT exhibits higher affinity for GABA and it
was proposed that competition for VIAAT loading is triggered by changes in the intracellular

concentration of both neurotransmitters. Indeed, presynaptic GABA content depends on the
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plasma membrane GABA transporter, GAT1 and the glutamate decarboxylase enzyme
GADG65, whereas presynaptic glycine concentrations depend on the plasma membrane
glycine transporter, GlyT2 (Aubrey et al., 2007). Interestingly, the protein GAD65 associates
with VIAAT on the synaptic vesicle and promotes GABA loading, thus providing a kinetic
advantage over glycine for vesicular uptake. It was proposed that the VIAAT active site and
the GADG65 catalytic site are tightly coupled to provide efficient transfer of GABA from its
site of synthesis to the site of transport (Jin ez al., 2003). As synaptic glycine is mostly uptaken
from the extracellular medium, one can imagine GRS as a good candidate to bind both
VIAAT and its natural substrate glycine and channel glycine loading in the synaptic vesicle.
Moreover, during evolution, glycinergic neurotransmission appeared within vertebrates
(Chalphin and Saha, 2010), while in invertebrates, inhibitory neurotransmission is mediated
by GABA or glutamate only. Thus, we think that GRS collaborates with VIAAT for efficient
charging of glycine in synaptic vesicles and that the 12 amino acid GRS C-terminal extension
could be the missing link between vertebrates and invertebrates that appeared co-

evolutionary with glycinergic transmission.

In neurons, translation of dendritically localized mRNAs is thought to play a role in
synaptic plasticity. Some dendritically-localized proteins (i.e. the a subunit of calcium—
calmodulin-dependent kinase II, dendrin, microtubule-associated protein 2, activity-
regulated cytoskeletal protein neurogranin) are translated from an mRNA containing an
IRES and could be expressed in both cap-independent and cap-dependent manners
(Pinkstaff er al., 2001). In the case of GRS, the IRES structure we identified in mRNA1
could potentially increase the GRS concentration in neurons, not only to sustain local

translation, but also to participate in vesicle loading with glycine.
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III. STRUCTURAL STUDIES OF GRS MRNA 5’-UTRS

As already mentioned in Introduction Ch.I, protein expression is regulated at the
posttranscriptional level before translation. Once the mRNA is synthesized in the nucleus, it
already carries information about where, when and how to be translated. This information is
primarily encoded by the RNA structure. Different RNA structural motifs allow each mRNA
to be recognized by a large array of regulatory proteins, thus determining half-life, stability,
particular localization, and recognition by the translation (ribosomal) machinery (Knapinska
et al., 2005; Hervé et al., 2004).

In the results we obtained previously concerning the particular regulation of the human
mitochondrial and cytosolic GRSs expression, the presence of two mRNAs with multiple
initiation codons and an IRES, prompted us to determine the 5’-UTR structure of both
mRNA isoforms (mRNA1 and mRNA2).

Several approaches are generally used to determine the structure of a given RNA. The
theoretical determination is based on comparative analysis of homologous RNA sequences
from different species and calculation of the most stable structure using the thermodynamic
parameters of base pairing (Pace er al, 1999). However, more accurate models can be
achieved only by experimental approaches such as X-ray crystallography, nuclear magnetic
resonance spectroscopy (NMR) or chemical and enzymatic probing. Chemical and
enzymatic probing has been used over the last 35 years to precisely characterize the
secondary structure of numerous RNAs from the tRNAs to complex viral genomes (Weeks ez
al., 2010). Several reagents are used to probe RNA folding. Certain organic molecules like
DMS, CMTC, kethoxal or metal ions can modify accessible unpaired groups of specific
nucleotides and thus indicate which nucleotides are engaged in interactions and which are
free. RNA molecules can be also treated with RNases T1, S1 and T2 to assign single stranded
regions and with RNase V1 to assign double stranded domains. In order to obtain insight
into the initiation codon disposition in the secondary structure of the IRES containing
mRNAT1 and the shorter mRNAZ2 or the presence of other regulatory structures, we chose

three approaches: lead chemical probing, enzymatic probing, and SHAPE.

1. In solution RNA probing of GRS mRNA1 and mRNA2 5’-UTRs

We selected several fragments of different lengths containing the 5’-UTR of both mRNA1
and mRNA2 isoforms (from 100 to 1275 nt). RNA fragments were obtained by in vitro
transcription, purified and kept in native conditions during the whole process. We first

approached the problem by direct labelling on the 5’ extremity of the molecules with [y **P]-
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ATP. Unfortunately, the RNA structures were so compact that the 5’ extremity remained
inaccessible and we could not obtain enough radiolabelled molecules, even in denaturating
conditions.

As alternative approach, we chose the reverse transcription method where RNAs are first
statistically modified by aformentioned chemicals or digested by RNases, and then reverse
transcribed into cDNA using a specific radiolabeled oligodesoxyribonucleotide. The reverse
transcriptase is stopped when it runs into modified nucleotides or RNA breaks. Sequencing
reactions and controls are run in parallel, in order to determine the exact position of each
modified/cut nucleotide and control the integrity of the probed RNA molecule (see Material &
Methods-Figure 44).

We first used lead (Pb**) to probe mRNA1 and mRNA2 5’-fragments, a treatment that
reveals highly flexible non-paired regions in the folded RNA (Figure 38 A, B and C). We
then performed RNase T1, S1 and V1 digestions (Figure 38 C). Unfortunately both RNA
molecules were so structured that the reverse transcriptase stopped repetitively, presumably
not because of the treatment but because of its inability to unwind the RNA structure.
Indeed, as seen on Figure 38, control and sequencing experiments displayed strong stops,
indicating that reverse transcriptase could not proceed steadily along the molecule.
Moreover, the background signal was so elevated that putative signals due to chemical or

enzymatic treatments couldn’t be detected.
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Figure 38. Determination of mRNA1 and mRNA2 5’-UTR structure by chemical and
enzymatic probing

Representative autoradiographs corresponding to several probing experiments: (A) 1275 nt
sequence of mMRNAZ2 and (B) the first 100 nt sequence of mRNAT1 including only part of the IRES
structure were probed with increasing concentration of Pb**. Reverse transcription was performed
with oligonucleotides hybridizing the region downstream AUG.y, and AUG,, respectively. (C)
A 716 nt sequence of mRNA1 including the complete 5’-UTR and a part of the coding region
was also probed with increasing concentration of Pb** (lane 1-3) and with T1, S1 and V1 RNases
(lane 5-7). Reverse transcription was performed with an oligonucleotide hybridizing the region
downstream of AUG.y,. Controls are indicated as (0) and sequencing experiments as G and A.
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2. SHAPE (Selective 2'-hydroxyl acylation analyzed by primer extension)

Even though these results were disappointing, we didn’t give up the struggle and followed a
new strategy: we chose the SHAPE technique, which is supposed to be more sensitive than
conventional chemical probing. We tested only mRNA1 containing the IRES structure and
used the 716 nt fragment, that covers the whole 5’-UTR. The 1M7 (1-methyl-7-nitroisatoic
anhydride) SHAPE reagent reacts with the 2’-hydroxyl group of flexible (exposed)
nucleotides to form a 2’-O-adduct (see Material & Methods-Figure 44). Reverse transcription is
then performed to detect the exact position of the SHAPE reactive nucleotides. The main
differences from the classical techniques described above are that (i) the specific
oligonucleotide hybridizing the RNA sequence is labelled with a highly sensitive fluorophore
and (ii) the extension reaction is monitored in real-time. Usually the IM7 reagent is used at a
concentration between 4 mM and 8§ mM. In our experiments we tested a range from 4 mM to
150 mM (Figure 39 A and B), knowing that at the highest concentration the reaction mixture
precipitated. Once again, it was impossible to analyze the results because there was no
difference between the 1M7 treated and non treated RNA (Figure 39 blue and green spectra).
Again, many strong stops were present throughout the sequence. We tried several conditions,
varying different parameters in the extension reaction presented in Material & Methods-Table 5.
Neither extension at high temperature (60 °C), nor addition of 10% DMSO in conjunction
with the AMYV reverse transcriptase, nor the usage of Superscript III (another highly
processive reverse transcriptase) allowed progression through the strong stop artifacts caused
by the highly structured 5’-UTR of mRNAI.
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Figure 39. Electropherograms corresponding to the study of mRINA1 5’-UTR structure by

SHAPE

The first 716 nt of mRNAT1 including the 5’-UTR and a part of the coding region were treated
with 4, 6 and 10 (A) or 50, 100 and 150 mM (B) 1M7 reagent. Reverse transcription was
performed with an oligonucleotide targeting a region downstream of the AUG.,,. Extension was
performed with AMV RT for (A) 30 minutes at 42 °C without DMSO or (B) 2 minutes at 42 °C
and 30 minutes at 55 °C without DMSO. Electropherograms corresponding to (i) the 1M7
treated RNAs are presented in blue, (ii) non-treated RNAs in green, (iii)) G sequencing reactions
in black and (iv) A sequencing reactions in red.
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3. Conclusions

In this study, we tried to determine the 5’-UTR structure of GRS mRNA1 and mRNA2,
using classical chemical and enzymatic probing, as well as the SHAPE technique. We
faced several technical difficulties due to the apparently highly structured regions of the
GRS mRNAs, especially in the 5’-UTR containing the IRES sequence. We couldn’t use
direct mRNA labelling and all the reverse transcription conditions that we tested were
not sufficient to unfold this structure and allow correct reverse transcription. Even if our
attempts to determine the structure of this 5’-UTR were unsuccessful, it wasn’t really
surprising. Until now, there are only few experimentally solved structures of cellular IRES,
while most of them are in silico predictions. A few groups have succeeded in determining the
highly structured IRES region of some cellular IRES (Bonnal ez al., 2003; Le Quesne et al.,
2001; Yaman et al., 2003; Martineau et al., 2004). There are also other examples of such
structural studies (Mitchell ez al., 2003; Jopling et al., 2004), yet these are based on data that
are much less convincing. In these particular cases, numerous reverse transcription strong
stops appeared in both the treated and non-treated RNAs, exactly like in our study.

The common feature of all of these IRES is their high GC% content (between 65% and 75%)
and the apparent presence of strong structures. A study (Baird ez al, 2007) compared the
existing IRES structures in order to find common structural organization in cellular IRESs
like in viral IRES (Beales ef al., 2003) but without any success. It seems that small motifs
recruiting ITAF (IRES trans-acting factor) proteins are more important than the presence of a
specific structure.

In our case, structural characterization of the GRS IRES will be essential to unravel the
complex mechanism that regulates its expression and potentially its particular localization.
We thus used an in silico approach to build a structural model of this IRES (see article:
Elaborate uORF/IRES features control expression and localization of human glycyl-tRNA
synthetase), which shows the possible localization of all three initiation codons (AUGy,
AUGhin and AUGgy,) as well as the uORF stop codon. Considering the stable fold of the
GRS IRES, we think that a crystallization approach could work and may allow us to finally

determine its structure.
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Expression of all multifunctional and regulatory proteins is tightly regulated in the cell.
Anarchic expression of such proteins could provoke disruptions in cellular homeostasis and
induce damages raging from cellular death to tumorigenesis. To maintain controlled
expression of thousands of proteins, cells have developed several strategies, from
transcription regulation to post translational modifications. At the mRNA level, regulations
include generation of different splice variants and association with various protein factors
that influence stability and translation efficiency. Moreover, translation can be specific to
tissue type, stage of development, cellular conditions or cellular compartments.

AaRSs belong to a family of ubiquitously expressed housekeeping proteins with key roles in
translation. AaRSs are also multifunctional proteins characterized by a myriad of important
non-canonical functions in different cellular compartments (cytosol, nucleus, nucleolus,
extracellular) (reviewed in Pang er al, 2014). These alternative functions range from
transcription and translation regulation, to modulation of inflammatory responses,
angiogenesis and tumorigenesis. Some aaRS are also hijacked by viruses to ensure efficient
viral reproduction in the host cell (e.g. HIV and poliovirus).

One can imagine that a simple misregulation in expression of an aaRScould lead to a cellular
disaster. Indeed, this is exactly what happens when aaRSs are mutated or not correctly
expressed: they provoke cancer development or neurodegenerative pathologies (reviewed in
Yao and Fox, 2013). To ensure a correct switch from aminoacylation to alternative
functions, aaRSs employ various strategies: while some aaRSs acting as cytokines are
generated by mRINA alternative splicing or proteolytic cleavage, others are translocated from
one cellular compartment to another. Often the switch is a phosphorylation signal, which
allows the release of the modified aaRS from the multisynthetase complex and facilitates its
subsequent interaction with other proteins.

GRS is an example of an aaRS with moonlighting functions: 1) It is involved in Ap4A
synthesis (Guo et al., 2009), it acts ii) as a proapoptotic factor in tumorigenesis (Park ez al.,
2012), and iii) as an ITAF in poliovirus mRNA translation initiation (Andreev et al., 2012),
and iv) it was identified as an autoantigenic factor in antisynthetase syndrome (Targoft ez al.,
1990). Finally, the most studied non-canonical function of GRS is still to be discovered and
causes axonal degeneration in CMT2D and dSMA-V diseases (Antonellis et al, 2003).
Whereas all other synthetases (except KRS) are encoded by two distinct genes (one for the
cytosol and one for the mitochondria), both cytosolic and mitochondrial GRSs are generated
from the same gene.

Despite the diversity of cellular pathways involving human GRS, nothing was known about

the regulatory mechanisms that could explain its efficient and controlled expression in
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different cellular compartments and different cell types (e.g. macrophages and neurons)
where GRS canonical and alternative functions take place. During my thesis, I answered a
simple general question: How is GRS expression regulated at the post-transcriptional level? I
deciphered a regulatory molecular mechanism that sheds light on the complexity of GRS
control and the coordinate execution of all its functions. Based on these results, I aimed to
bring some clues about GRS expression and GRS alternative functions to light, especially in

neurons.
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I. REGULATION OF GRS EXPRESSION

In the firstr part of our study we uncovered two mRNAs (mRNA1 and mRNAZ2) potentially
coding for both cytosolic and mitochondrial GRS in six different tissues (liver, spinal cord,
brain, skeletal muscle, heart and spleen). In vitro translation, immunolocalization and
expression from bicistronic vectors in COS-7 cells, allowed us to uncover a particular
mechanism regulating the expression and localization of GRS in the cytosol, the
mitochondria and at the endoplasmic reticulum (ER), consistent with the complex role of
GRS in the cell. mRNA1 was found in all tissues except liver, while mRNA2 was
ubiquitously expressed. mRNA1 is longer than mRNA2 and displays a complex 5’-UTR
containing 3 initiation codons: i) AUGy, intiating translation of a uORF expressed thanks to
an IRES structure; ii) AUG, intiating translation of the mitochondrial GRS; and iii)
ATG.y0, initiating translation of the cytosolic GRS. mRNA2 is shorter and does not contain
AUGqy or the IRES element. We showed that mRNAZ2 efficiently expresses the cytosolic and
the mitochondrial GRSs, while mRNA1 mostly expresses the cytosolic enzyme. We propose
that mRNA2 is constitutively expressed to synthetize both mitochondrial and cytosolic
enzymes for aminoacylation. In contrast, in mRNA1, uORF translation hinders the synthesis
of mitochondrial GRS and guarantees efficient translation of the cytosolic enzyme.
Strikingly, mRINAI is able to generate cytosolic GRS in a cap-independent manner (IRES),
and this cytosolic GRS co-localizes with ER-bound ribosomes. Such localization has also
been observed for free cytosolic FRS and aaRSs from the multisynthetase complex (David et

al,, 2011).

1. Determination of the IRES structure

To understand how the GRS IRES is recognized by the initiation complex, we plan to
crystallize the mRNA1 5’-UTR. Taking into account its high GC content and highly
structured regions, which impeded our efforts to determine this structure with classical
probing and SHAPE techniques, we think that this IRES domain is stable enough 7 vitro to
crystallize. We will produce mRNAT1 5°-UTR in vitro transcripts and purify them under non-
denaturating conditions, in order to keep the native folding of this RNA fragment
unchanged. This structure should give us information not only about the IRES and the
positions of the initiation codons, but also about the presence of a putative zip-code element

targeting GRS to the ER ribosomes.
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2. ER localization

ER-localized translation is a complex process leading to the synthesis of secreted or
membrane proteins but also of cytosolic proteins (reviewed in Gerst, 2008). Figure 40
summarizes the different mechanisms that have been identified until now to target mRNA
translation to the ER. Three scenarios can apply to mRNA1 GRS synthesis: (i) mRNAI is
located to the ER before translation initiation, thanks to its IRES structure or part of this
structure, (ii)) mRNAI1 is co-translationally targeted to the ER via the translated uORF
peptide that could be recognized as a SRP signal, (iii) translation of the uORF creates a new
structural feature in the untranslated 3’-domain of the mRNA, which directs mRNA1 to the
ER.

However, several observations led us to favour options (ii) and/or (iii) for ER localization of
mRNAT1: Indeed, the uORF needs to be translated (mutants ¢ and f (see Article-Figure 3) do
not seem to localize at ER-bound ribosomes but they still need to be tested in the presence of
digitonin); the sequence of the uORF peptide seems to be important (the frameshift mutant g
localizes in mitochondria); the targeting mechanism is a “general” mechanism that does not
involve tissue-specific effectors, since our experiments were done in COS-7 cells. Thus, in
order to decipher this mechanism, we will first work on a process involving the cytosolic
ribonucleoprotein particle (SRP) system.

Co-translational transport of secretory and membrane proteins depends on the well-known
SRP and its membrane bound receptor (SR) (Figure 41 A). Newly synthesized proteins
destined for secretion or membrane insertion carry a hydrophobic signal sequence at their N-
termini. SRP interacts with this hydrophobic signal sequence as soon as it emerges from the
ribosomal polypeptide exit tunnel (1). Peptide elongation is then retarded upon binding of
SRP to the ribosome nascent chain complex (RNC). Subsequently, the SRP-RNC complex is
targeted to the endoplasmic reticulum membrane by the interaction with the SR (2). GTP
binding to SRP and SR has been shown to be a prerequisite for formation of the SRP-SR

complex.
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Figure 40. Two mRINA populations are delivered to the ER

These two populations corresponds to (i) mRNAs encoding secreted or membrane proteins that
contain either signal sequences or transmembrane domains. The nascent proteins are translocated
to the ER upon synthesis and (ii)) mRNAs encoding cytosolic proteins that lack these elements
and typically encode soluble, cytosolic proteins. Secreted or transmembrane proteins are directed
to the ER by four mechanisms, the first being the classical signal recognition particle (SRP)-
dependent path, that involves translation and signal peptide recognition by the SRP system.
Alternatively, secreted and transmembrane proteins can be delivered in a translation-independent
manner via three potential routes: A uracil-rich-dependent path, a low adenine-content signal
sequence coding region path for mRNAs bearing signal sequences and a sequence motif
recognition-dependent path that involves zip codes. The pathway for cytosolic protein delivery
depends upon at least three types of cis-elements embedded within the mRNA: Zip codes,
structural elements, and bipartite sequence localization elements. These cis-elements are probably
all recognized by specific RNA binding proteins (RBPs) that, together with the transport
machinery, target mRNAs to the ER. Yellow structures represent ribosomes present on or in
close juxtaposition to the ER. Black arrows indicate either protein insertion into the ER or
translation of cytosolic proteins. (adapted from Kraut-Cohen and Gerst, 2010).
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Figure 41. SRP cycle and our hypothesis involving SRP in mRNA1 ER-localization

(A) Overview of co-translational targeting of proteins directed for secretion or membrane
insertion. (B) Two scenarios for mRNA1 ER localization involving SRP components are
depicted. For details, see the main text. (C) Comparison between the consensus sequence of
eukaryotic signal peptides and the sequence of the mRNA1 uORF peptide. The amino-acid
residues are grouped and coloured based on the R group of their side-chain. Red denotes polar
acidic amino-acid residues (D, E); Blue denotes polar basic amino-acid residues (K, R, H); Green
denotes polar uncharged amino-acid residues (C, G, N, Q, S, T, Y); Black denotes non-polar
hydrophobic amino-acid residues (A, F, I, L, M, P, V, W) (Adapted from Choo and
Ranganathan, 2008).
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The RNC is then transferred to the protein-conducting channel in the ER membrane (3) after
which as a result of GTP hydrolysis, the SRP-SR complex dissociates and the ribosome
resumes translation.

In the case of GRS mRNALI, it is reasonable to propose that the sequence of the uORF
peptide (Figure 41 C) is hydrophobic enough so that it can be recognized by the SRP and
thus target translation to the ER. The implication of the uORF peptide in this mechanism is
supported by the fact that when introducing a frameshift mutation in the coding sequence,
the hydrophobicity of the synthesized N-terminus changes; this is the case with mutant g,
where the N-terminal sequence contains more charged amino acids than the uORF peptide:
MLRAGRRARFRRHPLWTAQGRRLMPSPRPVP. If it is sufficient to hinder SRP54
interaction, then the downstream mitochondrial targeting signal can relocalize GRS into the
mitochondria.

Alternatively, we can also imagine a minimal SRP complex. Indeed, in higher eukaryotes,
the SRP consists of 6 proteins (SRP9, SRP14, SRP19, SRP54, SRP68 and SRP72) assembled
onto the 300 nucleotides onto the 7S RNA. However, the universally conserved SRP core,
comprises only protein SRP54 bound to helix 8 of the 7S RNA. This protein combines the
two key functions of the SRP: signal sequence binding and GTP-dependent SR interaction.
Because uORF translation unfolds the IRES structure of mRINAI1, it could lead to the
emergence of new structural motives at the 5’-end of the mRNA. Interestingly, we found a
sequence upstream of the stop codon of the uORF that potentially forms a short RNA helix
and mimics the SRP54 binding motif of helix 8. SRP54 could then recognize this RNA
mimic in combination with the uORF peptide and target the ribosome to the ER (Figure 41
B). Moreover, the presence of the uORF stop codon would be sufficient to stop translation
(and replace the SRP in delaying peptide synthesis). The presence of this stop codon could
also explain why the resulting GRS is found in the cytosol and is not secreted or membrane
bound (Figure 41 B).

To test this hypothesis, first, we will design new mutants (Figure 42) by introducing other
frameshift mutations (2) and confirm that the peptide sequence is indeed important for GRS
localization (frameshifts allow changes in the aa sequence without disturbing the IRES
structure). We could also insert the mRNAT1 5’-UTR upstream of a reporter gene (1) such as
DsRed (Discosoma red fluorescent protein) or GFP (green fluorescent protein) to evaluate its
ability to relocalize the protein to the ER. Another option is to remove the uORF stop codon
and determine if the fused peptide can then lead to the secretion of GRS. Interestingly, in
high throughput analysis of global mapping of translation initiation sites in mammalian HEK

cells (Human Embryonic Kidney) (Lee et al., 2012b), GRS translation initiation was detected
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at AUG,, consistent with our findings, but also at a non-AUG initiation codon (CTGQG)
located 46 nucleotides downstream of AUG,(3). In this circumstance, the cytosolic GRS
would thus be fused to a 37 amino acids N-terminal peptide. Strikingly this 37 amino acid
peptide (LLLLPPRLLARPSLLLRRSLSAASCAPISLPAAASRS) is very hydrophobic and
could also be a target signal for the SRP54 and the SRP machinery. This observation,
together with our data on GRS translation on ER-bound ribosomes could explain how GRS
is secreted by macrophages (cytokine activity) or is responsible for anti-GRS syndrome. We
would like to convert the CUG start site to a conventional AUG to ensure controlled and

efficient expression and see if the resulting GRS is indeed located to the ER and further

secreted.
peptide
hydrophobicity GRS localization
1 —
uc A
1 1 O wt mRNA 1 or fusion + ER/Cytosol
AUGy, AUG 0 AUG 1o to reporter proteins
mutant g and other +I_ Mitochondria
frameshift mutants to test
UAG
1 1 - non AUG initiation ++ extracellular?

AUG,  AUGpipo ?}1 AUGyt0 (Lee et al., 2012 b)

Figure 42. Is the uORF of mRNA1 responsible for GRS localization?

(1) wt mRNAT1 IRES localizes GRS translation at the ER and leads to the synthesis of a cytosolic
GRS; (2) mutant mRNAT1 sequences should help us to determine if the uORF peptide is involved
in GRS targeting to the ER. (3) Based on other’s data, the localization of GRS synthesis at the
ER site could also lead to GRS secretion, if GRS translation initiation/reinitiation takes place at
the CUG codon. In this case, does the IRES structure control initiation?
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3. GRS dependent expression and localization in neurons

So far, GRS mRNA1 IRES was tested in COS-7 cells. We looked at various stress
conditions, such as starvation, glucose deprivation, hypoxia, etc...that could affect GRS
expression. Currently, we don’t know if mRNA1 IRES is present to ensure constant
expression of cytosolic GRS in all tissues, or if it responds to particular cellular conditions or
stress in specific tissues only. Usually IRES activity depends on the presence of different
ITAFs. These factors are often tissue-specific and are expressed under precise cellular
conditions. For example, IRES mediated expression of Apaf-1 (Mitchell et al., 2003), of N-
myc (Jopling and Willis, 2001), and of five other dendritically localized proteins (Pinkstaff ez
al., 2001) are enhanced in neuronal cells. Because GRS is particularly important in neurons,
mRNAT1 IRES could be involved in its neuron-specific expression upon specific neuronal

signal.

Neurons are highly polarized cells with dendrites and axons extending at long distance from
the cell body to form synapses that mediate neuronal transmission. Establishment and
maintenance of neuronal polarity start during neuronal differentiation and are dependent on
the integrity and spatial organization of the ER. It is thus important to confirm (or not) that
GRS colocalizes with ER-bound ribosomes in neurons. Our first attempt was not successful
because SH-SY5Y neuroblasts are quite sensitive to any treatment and detach easily from
microscope slides. However we will improve our experimental conditions or change the
neuronal cell type we use. If GRS is associated to the ER, this could explain how it is
targeted to distal axons. In order to test mRNAT1 IRES activity in neurons, we want to use
the constructs that we designed for our COS-7 experiments to transfect SH-SY5Y neuroblasts
(differentiated or not), mouse motoneurons, and primary spinal neurons. We will also test
different cell stress conditions as well as KC1/CaCl, treatments (known to induce synaptic
activity) on these transfected neurons. Ultimately, we would like to identify neuronal ITAFs
that would bind and regulate mRNA1 GRS expression. This could be achieved by
transfecting a biotinylated mRNAT1 into COS-7 cells and in neurons. The pulled-down

proteins could then be identified by mass spectrometry.
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II. GLYCYNERGIC TRANSMISSION: COULD GRS BE INVOLVED?

In the second part of our study we looked for a putative alternative function for GRS in
neurons. In our hands, GRS granules were observed only with endogenous GRS and
especially when treating neuronal cells with KCI, which activates synaptic vesicle exocytosis.
We further showed that some of these GRS granules co-localized partially with the synaptic
vesicle protein synaptophysin. These observations, with previous studies suggesting a specific
non-canonical function of GRS in neurons, led us to the following hypothesis: Since glycine,
the natural substrate of GRS, is also a major inhibitory neurotransmitter, could GRS be
involved in glycinergic inhibitory neurotransmission?

Glycinergic neurons in the spinal cord are small inhibitory interneurons that inhibit the long
spinal sensory and moto- neurons (Figure 43). When glycine is released from the axon of
these interneurons, it binds glycine receptors (GlyR) on the dendrites and soma of the
connected sensory and moto- neurons, thus blocking further excitation. Therefore, in the
absence of glycinergic inputs, motoneurons are more excitable and are presumed to fire
excessively and without coordination, resulting in severe muscle spasms (Zeilhofer ez al.,

2012). Also, loss of glycinergic synaptic transmission induces neuropathic pain.

Sensory neuron

piod |eu!dg‘

Glycine/GABA
inhibitory neuron

Motoneurons

‘ -
H.

Acetylcholine synapse

Neuromuscular junction

Figure 43. Spinal cord neurons interplay

Activated motoneuron (green) induces muscle contraction. Sensory neurons (blue) convey
information to the brain to activate Glycine/ GABA inhibitory neurons (red). Glycine/ GABA
transmission inhibits motoneurons (purple) to prevent contraction of the opposing muscle (via the
acetylcholine synapse on the neuromuscular junction). Activation and inhibition are indicated
with + and — signs respectively.
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Interestingly in a mouse model (with mutated GlyT2 transporters), where glycinergic
transmission is disturbed, alterations in the maturation of neuromuscular junctions were
observed (Bogdanik er al,, 2012). Likwise, Gars""**’*and GRS“**’* CMT mouse models
exhibit such defects in neuromuscular junctions that precede progressive degeneration
(Seburn et al., 2006; Achilli ez al., 2009; Motley et al., 2011, Sleigh et al., 2014). They include
incorrect synaptic elimination and defects in the maturation of acetylcholine receptors.
Besides, a transgenic mouse, overexpressing the WT GRS, was crossed either with
Gars™**"* or GRS“”®'* mice. Despite WT GRS overexpression, these mice still exhibited
motor and sensory axon loss as well as neuromuscular junction impairments leading to the
conclusion that GRS associated peripheral neuropathy is not due to GRS loss-of-function
(Motley et al., 2011). We noticed that the transgene used in these experiments contained only
47 nucleotides upstream of the AUG;, and did not include AUG, or the entire IRES
structure that we identified. It is thus possible that overexpressed WT GRS was not correctly
localized and could not make up for the Gars"™**/* or GRS’’*/* mutations. Thus, it remains
unclear if GRS CMT causing mutations are leading to gain- or loss-of-function in neuronal
cells. The path that we chose to develop next is to clearly consider a loss-of function for GRS

mutants inducing CMT2D.

Glycinergic neurotransmission includes several key membrane receptors: GlyT1 and GlyT2,
(see Results & Discussion Ch.II-3.1 Figure 33), which allow glycine entry into neuronal cells,
VIAAT which loads synaptic vesicles with glycine and GIlyR, the glycine receptor present in
the post-synaptic membrane. All of them are specific for glycine, except VIAAT, which
recognizes both glycine and GABA (the second major inhibitory neurotransmitter).
Glycinergic neurons are mainly located in the spinal cord, brainstem and retina, while
GABAnergic neurons are found preferentially in the brain. However, several neurons are
characterized by mixed Glycine/GABA neurotransmission. VIAAT exhibits higher affinity
to GABA (compared to glycine) and associates to GAD65 (glutamate decarboxylase) to
further increase the transport of newly synthesized GABA into synaptic vesicles. We
proposed a similar mechanism, where GRS would bind VIAAT and help glycine transport
into synaptic vesicles.

We have shown that the cytosolic V5-tagged GRS colocalizes with VIAAT in a vesicular
network structure (in COS-7 cells). In order to test which region of GRS interacts with
VIAAT, we designed and examined several mutants (see Results & Discussion Ch.II-3.3 Figure
36). The design was based on multiple sequence alignments of eukaryotic GRSs where we

identified and removed structural domains highly conserved only in vertebrates. We showed
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that deletion of the WHEP domain as well as insertions II and III (in the catalytic domain)
do not impede GRS co-localization with VIAAT. Moreover, these mutants show a better co-
localization profile than WT GRS-V5, suggesting that a relaxed structure of GRS (induced
by deletions) actually improves its interaction with VIAAT. In fact, we think that the V5-tag,
present at the C-terminus of WT GRS, impairs its interaction with VIAAT. Several
observations appears to support this idea:

- In our and other’s experiments, C-terminal V5-tagged GRS shows a diffuse distribution in
the soma and neurite projections when expressed in differentiated or non differentiated SH-
SY5Y human neuroblasts but do not show any granule formation.

- Invertebrates lack glycinergic transmission (inhibitory synapses are essentially GABA or
glutamatergic) and invertebrates’ GRSs lack 12 amino acids at their C-terminus compared to
vertebrate’s GRSs.

- In Human Embryonic Kidney (HEK) cells, C. elegans VIAAT can still load glycine into
vesicular structures (Aubrey et al., 2007).

Is there a correlation between the presence of this short C-terminal domain (conserved only in
vertebrate GRSs) VIAAT interaction, and glycinergic neurotransmission?

To answer this question, we have to test other GRS variants for their capacity to colocalize
with VIAAT, especially the C. elegans GRS (which is our invertebrate model), the human
GRS lacking its 12 C-terminal amino acids, and CMT mutants. Because we suppose that
GRS interacts with VIAAT viag its C-terminus, we will remove the V5-tag in all these
constructs.

Antonellis and collaborators have shown that GRS granules do not colocalize with the Golgi
apparatus in differentiated neurons (Antonellis ez al., 2006), however colocalization with the
ER was not tested. Because ER, along with the cytoskeleton, is a major element of protein
trafficking in axons in both central and peripheral neurons and contributes to all aspects of
neuronal function including local trafficking of neuronal receptors (glycine, GABA and
glutamate receptors), neurotransmitter release and synaptic plasticity, we want to evaluate if
GRS mRNA1 and/or KC1/CaCl, treatments can improve GRS co-localization with VIAAT.
Finally, to confirm that GRS interacts with VIAAT to channel glycine in synaptic vesicles,
we will need to perform co-immunoprecipitation assays and determine the influence of GRS

on the capacity of VIAAT to bind and transport glycine.

If GRS indeed interacts with VIAAT and takes part in glycinergic neurotransmission, then
GRS CMT causing mutations could interfere with this function and explain at least partially

its involvement in neurodegeneration. One can imagine that this perturbation could (i) lead
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to defects in the maturation of neuromuscular junctions at early stages of development but
also (i) impair motoneuron inhibition (via spinal cord interneurons: Figure 43), which in

turn would induce nerve degeneration, coherent with the CMT pathology.
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In this part I will describe the techniques I used to determine the structure of the 5’UTR of
mRNA1 and mRNAZ2 and to characterize the expression of GRS in neurons. First we tried
to assess the secondary structure of both 5’UTRs using the classical techniques of chemical
and enzymatic probing, as well as the new SHAPE method, unfortunately without success.
Therefore an in silico prediction model of the 5’UTR of mRNAT1 containing the IRES site was
elaborated by Fabrice Jossinet.

The methods concerning GRS expression and GRS regulation in COS-7 (cap-independent
translation initiation, mitochondrial and cytoplasmic GRS synthesis) and the co-localization
of GRS with the endoplasmic reticulum bound ribosomes are detailed in our article
“Elaborate uORF/IRES features control expression and localization of human

moonlighting glycyl-tRNA synthetase”.
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I. STRUCTURE DETERMINATION OF 5’ UTRS

1. Principle

We used in-solution RNA probing to determine the structure of the 5’-UTR of GRS mRNA
isoforms. Secondary structures of RNA are characterized by base-pairing interactions
between nucleotides leading to the formation of double stranded regions, loops and bulges.
In solution probing methods are based on the recognition of paired and non-paired
nucleotides (double or single stranded, or engaged in tertiary structure) by different chemicals
or enzymes. Usually, a combination of both enzymatic and chemical probing is used to
determine the secondary structure of a given RNA molecule (Jaeger er al, 1993). For
example lead (Pb”") reveals flexible regions, DMS (dimethyl sulfate) modifies specifically N1
of adenines or N3 of cytosines, and CMCT (1-cyclohexyl-(2-morpholinoethyl) carbodiimide
metho-p-toluene sulphonate) targets N1 of guanines or N3 of uridines when these positions
are not engaged in Watson-Crick interactions. Endonucleases T1, S1 and T2 recognize single
stranded regions and RNAse V1 cuts double stranded domains. Chemical probes present the
advantage of being small and able to access nucleotides in constricted regions more easily
compared to enzymes. Incidentally, most of them are also toxic and difficult to manipulate.

Treatments must be performed in order to introduce at most one modification or one
enzymatic digestion per RNA molecule (statistical modification of RNA). Next, probed
nucleotides are revealed by reverse transcription (Figure 44) and differential nucleotide

accessibilities allow the construction of a model.

125



Chemical treatement Pb2+ or 1M7 Enzymatic treatement
v
»>

Labeled primer hybridation
¥

D

Reverse transcriptase

~e= |

Reverse transcription

N

SHAPE electrophoregram analysis Polyacrylamide gel analysis
ML - =
WM.NJ\’ W M M—— —
AL it S L e

Figure 44. Principles of RNA secondary structure determination in solution

First the RNA of interest in its native fold (in red) is treated either (i) with a chemical compound:
Pb** for the classical probing or 1M7 (1-methyl-7-nitroisatoic anhydride) for the SHAPE method
(indicated with A) or (ii) with an RNase (T1, S1, T2, V1) (in green). Treated RNA is then
hybridized with a specific radiolabeled oligonucleotide (orange). Reverse transcriptase (grey) is
added to generate a complementary cDNA and the resulting cDNA is analyzed either on a
polyacrylamide denaturating gel or on a capillary electrophoresis sequencer (SHAPE
experiment).
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2. RNA sample preparation for probing experiments

We used two different mRNA1 and one mRNA2 fragments to perform our probing and
SHAPE experiments (Figure 45). The mRNA1 fragments were 100 nt and 716 nt long
respectively, while mRNA2 was 1275 nt long.

5’'UTR ORF
-69 +1 +163 +2220
i mRNA1
AUGQ AUG mito AUG cyto :
ﬁ : 716 nt fragment
: : — ! Probing and SHAPE
; : PR1 :
i 100 nt f
+ 100 nt fragment

PR2 Probing

* mRNA 2
e {1275 nt fragment

— '
PR3 Probing

Figure 45. Schematic representation of RNA molecules used in probing and SHAPE
experiments

Full-length mRNA1 and mRNA2 (grey) are presented with their corresponding initiation codons
AUG,, AUGui and AUG,. RNA fragments that were used are indicated with different
colours: the 1275 nt long mRNAZ2 fragment (red) and the 100 nt long mRNA1 fragment (green)
were used only in classic probing experiments, while the 716 nt long mRNAT1 fragment (blue)
was used in both classic probing and SHAPE experiments. Specific primers (PR1, PR2 and PR3)
were designed to perform primer extension.

Linerized DNA matrix (50 pg), containing the T7 promoter sequence upstream of the
mRNA region of interest, was incubated in 500 pL of transcription mixture containing 40
mM Tris-HCI pH 8.1 (at 37 °C), 22 mM MgCl,, 5 mM DTT, 4 mM ATP, 4 mM CTP, 4 mM
GTP, 4mM UTP, 5 mM GMP, 1 mM spermidine and 6 pg T7 RNA polymerase for 2 hours
at 37 °C. Then, 1300 units of DNase I were added for 20 minutes at 37 °C and the reaction
was stopped by phenol extraction. RNA was purified first on Illustra NAP-5 columns (GE
Healthcare) to remove the non-incorporated nucleotides. RNA pellets obtained by ethanol
precipitation were resuspended in 300 pL. H,O and further purified on a Superdex 200
10/300 GL gel filtration column (GE Healthcare) in the presence of 150 mM KCI, 50 mM
HEPES-KOH pH 7.4 to remove the DNA matrix and abortive transcription products.
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3. Lead chemical probing

Probing reactions (10 uL) were carried out in presence of 1 pmol of purified RNA transcripts
in 50 mM Tris acetate pH 7.5, 50 mM potassium acetate, 5 mM magnesium acetate and 5 to
80 mM Pb** acetate ((CH3COO],Pb.3H,0). The reaction was incubated for 6 min at 25 °C
and stopped by adding 5.8 mM EDTA and 1 pg E. coli tRNA. Modified RNAs were ethanol

precipitated in the presence of 1 ug of glycogen.

4. Enzymatic probing

S1, T1 and V1 endonucleases were used for RNA digestion. One pmol of RNA was
incubated either with 3.15x10” units of S1 (in the presence of 1 mM ZnCl,), 9.11x10” units
of T1, or 0.1 units of V1 in 25 mM Tris-HCI pH 7.5, 1 mM MgCl, and 50 mM NaCl. The
reaction was incubated for 10 min at 25 °C and stopped by phenol extraction followed by

ethanol precipitation in the presence of 1 pg of glycogen.

5. Primer extension and sequencing reaction

Modified or digested nucleotides are revealed by reverse transcription: the reverse
transcriptase extends RNA until it encounters a modification or the end of the digested

fragment.

5.1. Desoxyoligoribonucleotide labeling

Oligonucleotides are first radiolabelled and then hybridized to the targeted RNA to initiate
the reverse transcription. We wused three different primers (Figure 45): PR1 5’-
GCTTTGTCTACGTCTACTTGGGG-3’, PR2 5-GTTGTAAAACGACGGCCAGTG-3
and PR3 5’-AGCCTCAGAGGTGCCA-3’, for hybridizing mRNA1 716 nt, mRNA1 100 nt
and mRNA2 1275 nt fragments, respectively. Oligonucleotides were first purified on a
denaturating (8 M Urea) 12% polyacrylamide gel, electroeluted and precipitated. Then, 200
pmol of oligonucleotide were subjected to 5’-phosphorylation in 50 mM Tris-HCI (pH 7.6 at
25 °C), 10 mM MgCl,, 5 mM DTT, 1 mM spermidine, 15 pCi ATP- vy **P (3000Ci/mmol)
and 1 unit T4 polynucleotide kinase, for 30 minutes at 37 °C. Non incorporated ATP- y **P
was removed on Illustra NAP-5 columns, and purified radiolabelled oligonucleotides were
precipitated. Their specific activity was measured on a scintillation counter (LS6500,

Beckman Coulter).
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5.2. Reverse transcription and sequencing

Reverse transcription was performed with the Avian Myeloblastosis Virus Reverse
Transcriptase (AMV RT) at 42 °C for 30 minutes. RNA previously subjected to Pb**, RNase
treatments, or the non-treated controls were resuspended in 8 uL. H,O with 100 000 cpm of
radiolabeled oligonucleotide, incubated for 2 minutes at 90 °C and cooled for 2 minutes on
ice. Two uL of 5X reverse transcription buffer (250 mM Tris-HCI pH 8.5, 30 mM MgCl, and
200 mM KCl) were added and the reaction was further incubated for 15 minutes at 25 °C.
Reverse transcription was then initiated by the addition of 1 unit of AMV RT and 4,5 uL. mix
containing 0,93 mM of each dNTP, 50 mM Tris-HCI pH 8.5, 6 mM MgCl, and 40 mM KCI.
Primer extension was stopped by ethanol precipitation. The pellet was resuspended directly
in denaturing loading dye (90% formamide, 10 mM EDTA pH 8, 0.025% xylene cyanol, and
0.025% bromophenol blue) and loaded onto a denaturing 10% polyacrylamide (19/1) gel.
Radioactive bands corresponding to amplified fragments were revealed on an autoradiogram

(Kodak) and further analyzed.

5.3. Control experiments

In all probing experiments, 2 different controls are essential to assign (i) nucleotide sequence
and (ii) the quality of the probed RNA molecule:

- (1) The sequencing reaction uses non-modified RNA which is reverse transcribed in the
presence of dideoxynucleotides triphosphates (ddNTP). This approach is based on the Sanger
sequencing method, where statistical incorporation of ddNTP stops the elongation reaction.
Four sequencing reactions are performed in the presence of the four dNTPs (dATP, dTTP,
dGTP and dCTP) and only one ddNTP per reaction (ddATP, ddTTP, ddGTP or ddCTP).
As ddNTPs lack the 3'-OH group of dNTPs, further incorporation of dNTPs is blocked, thus
revealing the position of each nucleotide. For example, if we want to assess the position of G
nucleotides, the sequencing reaction would be performed in the presence of 1.5 mM dATP,
1.5 mM dTTP, 1.5 mM dGTP, 0.25 mM dCTP and 50 uM ddCTP.

- (i) A non-modified RNA is reverse transcribed to check the quality of the transcript.
Reverse transcription of high quality RNA should generate a unique band with a high
molecular weight. However, additional bands of lower molecular weicht can be observed due
to structured regions in the RNA molecule, which are difficult to unfold by the reverse

transcriptase.
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6. SHAPE (Selective 2'-Hydroxyl acylation Analyzed by Primer Extension)

SHAPE technology is an automated method used to examine long RNA structures. It is
based on chemical probing using compounds that react with the 2-OH of flexible and
accessible nucleotides. Then the 2-O-adduct is detected by reverse transcription. The 716 nt
fragment of mRNA1 was synthesized and purified as described above. Five different
concentrations (4, 6, 10, 50, 100, and 150 mM) of 1M7 (1-methyl-7-nitroisatoic anhydride)
(resuspended in anhydrous DMSQO) or DMSO as a control were incubated with 1 pmol of
target RNA and 2 pg E. coli tRNA for 5 minutes at 25 °C. The 1M7 reagent is highly reactive
and quickly oxidizes, therefore the reaction self quenches and then is ethanol precipitated.
Primer extension was performed as in classical probing. Different conditions of reverse
transcription were tested and are summarized in (Table 5). Four primer extensions
experiments were run in parallel. They were performed under the same conditions except for
fluorophores (VIC, FAM, NED, PET) were used to label the PR1 primer. These reverse
transcription reactions allowed us to distinguish between the control RNA, the modified
RNA and the two sequencing reactions (T and C). After precipitation, the resulting cDNAs
were resuspended in formamide, run on capillary electrophoresis sequencer (3130xL Genetic
Analyzer, Applied Biosystems) and electropherograms were analyzed using the
SHAPEfinder software (Vasa er al., 2008). Extension reaction with control RNA and the four

primers were included for the calibration of the mobility shift.

Table 5. Different reverse transcription conditions

RNA 0,5XTE/ Reverse

(pmol) H,0 Transcriptase Elongation T DMSO Result
1 H,O AMV 30 min 42°C 0 +/-
1 H,0 AMV 1min 42°C, 25 rlwin 50°C, 5 min 0 A

60°C
1 H,O AMV 2 min 42°C, 30 min 55°C 0 +/-
1 H,O AMV 2 min 42°C, 30 min 55°C 10 +/-
0,
1 H,0 AMV 2 min 42°C, 30 min 60°C e ;
glycerol
1 TE AMV 2min 42°C, 30 min 55°C 0 -
1 TE AMV 2min 42°C, 30 min 55°C 10 -
1 H,O Superscript Il 2 min 42°C, 30 min 55°C 0 +/-

Several reverse transcription experimental conditions were tested. In all of them, 1 pmol of RNA,
with or without 1M7 treatment was subjected to reverse transcription using an AMV or
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Superscript III reverse transcriptase. Different extension times were tested in the presence or in
the absence of 10% DMSO. To evaluate the success of these reverse transcription reactions we
took into account the number of strong stops detected in the non treated RNA sample. The
number of strong stops is inversely proportional to the reverse transcriptase processivity.

131



132



IT. GRS expression in neurons

In order to characterize GRS expression in neurons, we used human SH-SY5Y neuroblasts.
In this neuronal cell line, we performed GRS immunolocalization studies upon KCI
stimulation as well as co-localization experiments with synaptophysin (major synaptic vesicle

protein).

1. SH-SYS5Y differentiation, transfection and expression

Human SH-SY5Y neuroblastoma cells were differentiated with retinoic acid: cells were
plated at a concentration of 1x10° per well (6 well plate) on glass coverslips treated with 10 pg
entactin—collagen IV-laminin attachment matrix (Millipore). All-trans retinoic acid (10 uM)
(Sigma) was then added to the culture medium for six days and the medium was changed
every 48 h. Cells were then transfected with 200 ng pcDNA3.1-mRNA1, pcDNA3.1-
mRNA2 or the pcDNA3.1-mRNA-ORF (cytosolic GRS ORF without any 5’-UTR) using 6
uL Dreamfect gold reagent (OZ Biosciences), following the manufacturer’s instructions. GRS
was detected using a 1:5000 dilution of mouse monoclonal anti-V5-tag-Hrp conjugated
antibody (Life Technologies) in 1X TBS-Tween 20 (0.5%), and 3% non-fat dry milk for
western blot and a 1:500 dilution of mouse monoclonal anti V5-tag FITC conjugated

antibody (Life Technologies) in 1X PBS and 3% BSA for immunolocalization studies.

2. K*/Ca’" treatments and immunostaining

Differentiated SH-SY5Y were treated with 30 mM KClI for 10 minutes or 5SmM CaCl, for 15
minutes and directly fixed with 4% paraformaldehyde (PFA) for 20 minutes, washed with 1X
PBS, permeabilized 5 minutes with ice cold methanol and washed again with PBS. Cells
were then incubated in 1X PBS and 3% BSA for 30 minutes. Endogenous GRS was detected
with rabbit polyclonal anti-GRS (Abcam: ab42905) at a 1:500 dilution and synaptophysin
was detected with mouse monoclonal anti-synaptophysin (Abcam: ab8049) at a 1:10
dilution. Primary antibodies were diluted in 1X PBS containing 3% BSA and incubated over
night at 4 °C. After three washes in 1X PBS, SH-SY5Y cells were incubated with 1:300 anti-
rabbit TRITC antibody (Sigma-Aldrich) and 1:1000 anti-mouse FITC (Molecular Probes) for
one hour, washed again and mounted on microscopic slides with anti-fading solution. Cells
were finally visualized with a confocal laser scanning microscope (Zeiss LSM 780 Confocal
system). The resulting images were analyzed and merged using the ImageJ Software
(Schneider ez al., 2012).
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ITI. GRS and VIAAT colocalizations

Facing difficulties in manipulating neurons (fixation/permeabilization/imaging), we went
back to COS-7 cells to characterize the potential interaction between GRS and the vesicular
transporter VIAAT (Vesicular Inhibitory Amino Acid Transporter). It had been
demonstrated previously, that when transiently overexpressed in COS-7 cells, VIAAT
localizes in particular vesicular structures, which mimic glycine loading vesicles in
glycinergic neurons (Dumoulin et al., 1999). We thus used the same system to co-express the

human cytosolic GRS and VIAAT.

1. Plasmid constructions

The pcDNA3.1 plasmid containing the rat VIAAT coding sequence was a kind gift from Dr
Bruno Gasnier. The cytosolic GRS ORF sequence was amplified by PCR from pcDNA3.1-
mRNAT1 and cloned again into pcDNA3.1. Then, GRS mutants were generated by PCR
using this construct as a template (Table 6). Deletions were obtained by amplifying the entire
vector with primers introducing a unique BamHlI restriction site. Internaly deleted regions
were replaced by a Gly-Ser-Gly-Ser amino acid sequence to reduce as much as possible
interferences from misfolding of the recombinant mutant proteins. All constructs maintained
the V5-tag at the C-terminus of GRS. Finally, the C. elegans GRS coding sequence was
obtained by RT-PCR and cloned into pcDNA3.1 between Kpnl and Xbal, in fusion with a C-
terminal V5-tag. The total RNA wused to perform RT-PCR was extracted from N2
roundworms (C. elegans) using Tri-reagent (Sigma-Aldrich) following the manufacturer’s
instructions.

Five mutants, lacking different parts of GRS, were generated: the AWHEP mutant does not
contain the N-terminal WHEP domain (helix-turn-helix domain also present in WRS, HRS
and EPRS); AI2 and AI3 lack insertions 2 or 3, respectively, from the catalytic domain; AAC
lacks the anticodon binding domain and AC-ter lacks only the last 12 amino acids, which are

not present in the C. elegans GRS sequence.

2. Transfection and immunostaining

Twenty-four hours prior to transfection, 1.3x10° COS-7 cells were plated on glass coverslips
in 6-well plates. pcDNA3.1-mRNA-ORF (100 ng WT or mutant) were transfected alone or
with 1 pug of pcDNA3.1-VIAAT in the presence of pBluescript SK+ DNA (gs 3 pg) and 3.6
uL Nanofectin (GE healthcare). Twenty four hours after transfection, cells were washed with

1X PBS, fixed and permeabilized in ice cold methanol for 5 minutes, washed again with 1X
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PBS, and blocked for 30 minutes in 1X PBS containing 3% BSA at room temperature. Then,
cells were incubated with primary antibodies: a 1:500 dilution of mouse monoclonal anti V5-
tag (Life Technologies) and 1:1000 of rabbit anti-VIAAT specific antibodies (kind gift from
Bruno Gasnier) for 2 hours at 37 °C in 1X PBS/3% BSA. Cells were washed 3 times in 1X
PBS and were incubated with secondary antibodies: a 1:500 dilution of anti mouse-TRITC
conjugated and a 1:500 dilution of anti rabbit-FITC conjugated for 40 minutes at 37 °C.
Immunostained COS-7 were washed in 1X PBS, counterstained with DAPI, mounted with
anti-fading solution, and visualized under confocal laser scanning microscope (Zeiss LSM
780 Confocal system (Carl Zeiss, Gottingen, Germany). The resulting images were analyzed

using the ImageJ Software (Schneider et al., 2012).

Table 6. Construction of GlyRS domain mutants

Deletion  Matrix PCR primers (5’-3%)

GAAGGTACCATGGACGGCGCGGGGGC (FW
WT GRS PCONAS, W)

1-mRNA1 | TTAATTTCTAGACTACGTAGAATCGAGACCGA (RV)

CTAGCATGGATATTGTAGACCGAGCAAAAATGGAAGATACCCT

pCDNA3. [ GAAGAGGAGGTTTTTCTATGATCA (FW)
AWHEP | AD2-Dé62 1GRS-
ORF

AGCTTGATCATACAAAAACCTCCTCTTCAGGGTATCTTCCATTTT
TGCTCGGACTACAATATCCATG (RV)

AATAAGGATCCGGCAGCAACACAGTATTAGGCTATTTCATTGG

pCDNA3. [ CCGCATCTACCTCTACCTCACG (FW)
AL2 AD307-N348 | |Rs.

TTATTGGATCCGCTGCCGCTGCCTTTCTCACTGGGATCTACAAA
GTGCTCAATTTCTGCCATTGTG (RV)

ORF

AATAAGGATCCGGCAGCAAGAGATTCCAGAAAACACTATATGT

pCDNA3. | GGAAGAAGTTGTTCCGAATGTAATTG (FW)
AI3 A A421-V504 | | GRs.

TTATIGGATCCGCTGCCGCTGCCGCTGCCTCGTGCATGACAGGA
GAGGTCATAACAGG (RV)
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CGAGCTCGGATCCGATCAGGTAAGCCTATCCCTAACCCICTICCT
pCDNA3. | CGGTCTCGATTCTACGTAGT (FW)

AAC A 85521685 | ;5rs.
ORE TTATTGGATCCGAAGAATGTTCTCTGTTCATCTCCTTCTCGTACA
TGG (RV)
cDNA3, | COAGCTCGGATCCGATCAGGTAAGCCTATCCCTAACCCTCTCCT
p 5
A C-ter A673-1685 IGRS. CGGTCTCGATTCTACGTAGT (FW)
ORF AATTAAGGATCCCCAGAGGATACCTGGCCTCCACATCAGC (RV)
AAATTGGTACCATGGCTACTCCGGAAATTGAAGCGAAACTCGC
C.elegans Coelegans | CCCTCTTCGTGC (FW)
(618 RNA AATTTTCTAGATTATTCAGTTGCGCTCGCTTCGAATTTTGGATAT
TTGGCCTGAGC (RV)
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Tissue-specific expression of the human Glycyl-tRNA synthetase:

connection with the Charcot-Marie-Tooth disease

Human Glycyl-tRNA synthetase (GRS) is a housekeeping enzyme with a key role in protein synthesis,
both in the cytosol and the mitochondria. In human, mutations in GRS cause the Charcot-Marie-Tooth
(CMT) peripheral neuropathy. Though GRS activity is required in all cells, the CMT-associated mutations
affect only the peripheral nervous system, suggesting an additional non canonical role.

To understand how GRS is involved in CMT pathology, we first elucidated the original post-
transcriptional regulatory mechanism that controls the expression of both the mitochondrial and the
cytosolic GRS from a single gene. We identified two mRNA isoforms: one coding for both enzymes; and a
longer one containing a functional IRES and an uORF encoding only the cytosolic GRS, evidence that
expression and localization of human GRS are tightly controlled. Furthermore, we found a particular Ca2*
dependant distribution of GRS in neurons, giving us a first clue about a potential non-canonical role in

neurons.

La glycyl-ARNt synthétase humaine (GRS) est une enzyme clé dans la traduction des protéines dans le
cytosol et la mitochondrie. Chez 'Homme, des mutations de la GRS conduisent a la neuropathie
périphérique Charcot-Marie-Tooth (CMT). Bien que l'activité de la GRS soit ubiquitaire, les mutations
associées a la CMT n’affectent que les nerfs périphériques, suggérant un réle supplémentaire de la GRS
dans les neurones.

Pour comprendre ce role, nous avons d’abord élucidé le mécanisme particulierement complexe qui
controle I'expression de la GRS mitochondriale et cytosolique a partir du méme gene. Nous avons
identifié deux ARNm : un codant pour les deux enzymes ; et un autre plus long qui contient une IRES
fonctionnelle et un uORF. Cet ARNm complexe, ne génere que la GRS cytosolique et montre que son
expression et localisation sont étroitement controlées. De plus, nous avons montré une distribution

particuliere de la GRS dans des neurones, qui est un premier indice sur un role non canonique.



Expression tissu-spécifique de la Glycyl-ARNt synthétase humaine :

connexion avec la maladie de Charcot-Marie-Tooth

La Glycyl-ARNt synthétase humaine (GlyRS) est une aminoacyl-ARNt synthétase (aaRS). Les
aaRS, enzymes clés dans la traduction des protéines, catalysent I'attachement de l'acide
aminé sur leurs ARN de transfert homologues (1). Outre leur fonction essentielle dans
I’aminoacylation, au cours des deux derniéres décennies, on a observé que les aaRS sont des
protéines multifonctionnelles impliquées dans des processus biologiques divers tel que la
réponse immunitaire, I'apoptose, la voie de mTOR, ainsi que la régulation transcriptionnelle
ou traductionelle de certains genes (2). Certaines de ces synthétases sont aussi associées a

différentes maladies comme le cancer, des maladies autoimmunes et neuronales (3).

Chez les eucaryotes, la réaction d’aminoacylation a lieu non seulement dans le cytoplasme
mais également dans d’autres compartiments cellulaires comme la mitochondrie.
Contrairement aux ARNt qui sont codés par le génome mitochondrial, toutes les aaRSs
destinées a la traduction dans cette organelle sont codées par le génome nucléaire,
synthétisées dans le cytosol puis importées dans la mitochondrie. Dans la majorité des cas,
les aaRS mitochondriales sont codées par des geénes distincts de ceux qui codent pour les
enzymes cytosoliques. La GlyRS est une exception (4), elle fait partie des deux seuls
systemes humains (avec la LysRS) ou un geéne unique est a l'origine des deux enzymes: la
GlyRS cytosolique et la GlyRS mitochondriale. Dans ce cas particulier, la stratégie utilisée par
la cellule est une initiation de la traduction a partir de deux AUG différents sur le méme ARN
messager. Ce phénomene conduit donc a la synthése de deux protéines avec une séquence
identique, sauf que la GlyRS mitochondriale est fusionnée a une extension N-terminale

comportant le signal d’adressage vers la mitochondrie.

Mon travail de thése comporte deux parties. D’une part, il s’est focalisé sur la compréhension
globale de I'expression des GlyRS humaines ; ainsi j'ai étudié I'organisation de 'ARNm, afin
de comprendre les mécanismes moléculaires impliqués dans la régulation de l'initiation de
la traduction des formes cytosolique et mitochondriale. D’autre part, je me suis intéressée a
la localisation subcellulaire et I'accumulation tissue-spécifique (dans le systeme nerveux) de
la GlyRS. Cette étude a permis d’obtenir des résultats originaux qui pourraient élucider
certaines des fonctions alternatives associées a la GlyRS et mieux comprendre son

implication dans la maladie de Charcot-Marie-Tooth.



I. Régulation de I'’expression de la GlyRS humaine

Chaque étape de l'expression d’un gene, a partir de la chromatine jusqu’a la protéine fonctionnelle,
est régulée avec précision pour éviter un dysfonctionnement cellulaire. Ainsi, la présence de
régions non traduites (UTRs) alternatives pour un ARNm donné est une source importante de
régulation. Entre 15 et 21% des geénes contiennent des 5 'ou 3' UTR alternatives, générées soit par
des promoteurs de transcription alternatifs (5'UTR), épissage (5 'et 3' UTR), ou des sites de
polyadénylation alternatives (3 'UTR). Cette diversité donne la possibilité d'exprimer différent
protéines a des stades de développement différents, des tissus, des conditions physiologiques, ou
des compartiments cellulaires différents. Vu la complexité la GlyRS : deux protéines avec des
localisations différentes, exprimées a partir d’un seul gene, avec des fonctions secondaires et
implications dans diverses maladies, nous voulions explorer I'existence d’ARN messagers de
la GlyRS avec des UTRs alternatives. J'ai utilisé la technique de la RACE PCR (Rapid
Amplification of cDNA Ends) sur différents tissus humains, cerveau, moelle épiniére, muscle,
ceeur, ratte et foie pour rechercher de facon exhaustive les différents isoformes de ’ARNm
codant pour les GlyRS. Contrairement a ce qui avait été publié précédemment (5), j'ai
identifié deux isoformes, qui different par leurs tailles (et leurs séquences) au niveau de

extrémité 5’ de 'ARNm.
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Figure 1. Description des ARNm de la GlyRS humaine identifiés par RACE PCR

(A) L’ARNm long (mRNA2) présente une extrémité 5’ avec trois codons d’initiation potentiels: (1)
AUGo, (2) AUGnmito et (3) I’ AUGqeo initiant potentiellement la synthése d'un peptide de 32 acides
aminés, de la GlyRS mitochondriale avec son signal de localisation (MTS) et de la GlyRS cytosolique,
respectivement. L’ARNm court (mRNA1) présente une extrémité 5’ ne contenant pas I'’AUG, et
codant pour les GlyRS cytosolique et mitochondriale. (B) L’ARNm long avec ses trois codons

d’initiation est présent uniquement chez les mammiféres et son organisation est trés bien conservé.

Le messager le plus court (mMRNA1) est retrouvé dans tous les tissus. Comme chez tous les
autres eucaryotes la séquence en 5’ contient deux codons initiateurs et comme attendu, elle
permet la synthese de la GlyRS mitochondriale et de la GlyRS cytosolique. Ainsi les deux
codons initiateurs ont été appelés AUGmiwo (traduction de l'enzyme mitochondriale
caractérisée par le signal de localisation en N-terminal) et AUGto (traduction de I'enzyme

cytosolique).

Le messager le plus long (mRNA2) lui est retrouvé dans tous les tissus, sauf dans le foie. Il
contient un troisieme codon d’initiation en amont des AUG mito et cyto. Ce codon, AUGo
délimite une uORF (upstream Open Reading Frame) et permettrait ainsi la syntheése d'un
peptide de 32 acides aminés (que nous n’avons pas pu mettre en évidence). Cette
organisation particuliére de 'extrémité 5’ de 'ARN messager avec les trois codons AUG et le
uORF est tres bien conservée uniquement chez les mammiferes. De facon remarquable, cet

ARNm long, code préférentiellement pour la GlyRS cytosolique.

Grace a des expériences d'immunolocalisation et de traduction in vitro d’'une série de
mutants (ou les 3 AUG ont été mutés individuellement ou par paires), j’ai ainsi confirmé

'identité des codons d’initiation AUGmito et AUGcyto dans I’ARNm long (Figure 2).
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Figure 2. Traduction des deux isoformes de I'ARNm de la GlyRS in vivo et in vitro.
(A) Western blot analyse de cellules transfectées avec pcDNA3.1 codant pour mRNA1 ou mRNAZ2,
fusionnés a un épitope V5 a leur extrémité 3’. La GlyRS-V5 ainsi traduite est détectée par des
anticorps anti-V5. La détection de la f3-actine a 42 kDa (anticorps anti-actine) est utilisée comme
contréle. La traduction in vitro radioactive des GlyRSs a partir des mRNA1 and mRNA2 a été réalisée
dans des extraits de germe de blé. (B) La GlyRS-V5 est détectée par immunofluorescence, via des
anticorps anti-V5 conjugués FITC (vert). Les mitochondries sont marquées avec le Mitotracker

Orange CMTMRos (rouge) et les noyaux avec du DAPI (bleu).

De plus, l'introduction d’'un nucléotide supplémentaire, induisant un décalage du cadre de
lecture, m’a également permis de montrer sans ambiguité que, malgré sa proximité avec
I'extrémité 5° de I'ARN (environ une quinzaine de nucléotides), le ribosome initie
efficacement la traduction a I'’AUGo (Figure 3). Ces résultats d’'une part indiquent que la
synthese du peptide est possible et d’autre part expliquent I'absence de synthese de la GlyRS
mitochondriale a partir de 'TARNm long. En effet, la séquence de la uORF englobe I'’AUGmit et
la synthese du peptide, en empéchant la reconnaissance de ce codon initiateur, inhibe la

synthese de la GlyRS mitochondriale. En revanche, le codon stop de la uORF étant situé entre
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I’AUGnmito et '’AUGcyto (Figure 1), I'initiation de la traduction de la GlyRS cytosolique n’est pas

perturbée.
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Figure 3. Immunolocalisation de la GlyRS exprimée a partir de mRNA1 muté. (A) Six mutants (a
a h) ont été générés, ou les différents codons AUG ont été testé pour l'initiation de la traduction. Le
marquage de la GlyRS-V5, les mitochondries et le noyau ont été réalisés comme indiqué dans la
légende de la Figure 2. (B) Les mémes mutants ont été utilisés dans l'expérience de traduction in

vitro (extraits de réticulocytes de lapin) en présence de méthionine 35S.

Une étude plus approfondie de l'initiation de la traduction a partir de ’ARNm long a permis
la mise en évidence d’un site interne d’entré du ribosome (IRES) fonctionnel, permettant
d’exprimer la GlyRS de maniere cap indépendante. Cet IRES est extrémement fort, méme
plus fort que certains IRES virales. Fonctionnellement, cet IRES est actif dans des conditions
normales dans la cellule (Figure 4) ainsi que dans des conditions de stress tel que stress de
réticulum, manque de nutriments, de glucose, inhibition de la voie de mTOR ou hypoxie,

mais je n’ai pas pu identifier une condition particuliere ou il serait plus fortement induit.
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Figure 4. Comparaison des éléments IRES de mRNA1 et Vcip pour leur capacité d’initier la
traduction. (A) Représentation schématique des constructions biscistroniques pRF: les séquences
correspondantes a I'IRES de Vcip et mRNA1 5’-end (contenant les trois codons AUG) ont été insérées
dans la région intercistronique entre les ORFs de la renilla et la firefly luciférase (pRvcpF et
PRmrna1F). La coiffe attachée a 'extrémité 5’ de 'ARN messager bicistronique est indiquée avec un
cercle noir. (B) pRF, pRvcipF et pRmrnaiF ont été transfectés dans des cellules COS-7 et les activités de
la renilla (initiation cap dépendante) et la firefly (initiation IRES-dépendante) luciférases ont été
mesurées. Les activités luciférase de pRvcipF et pRmrnaiF sont représentées relatives a 'activité pRF.

Les bars d’erreur ont été calculés a partir de trois expériences indépendantes.

Afin de donner une image plus précise des 5’UTRs de I’ARN messager court et long de la
GlyRS et de la disposition des AUG initiateurs, j'ai essayé de déterminer la structure de cette
région en utilisant les techniques de cartographie en solution et de SHAPE (selective 2'-
hydroxyl acylation analyzed by primer extension). Malheureusement la séquence tres riche
en GC (74%) s’organise dans une structure tres stable qui ne permet ni un marquage direct
de '’ARN ni une extension efficace par la reverse transcriptase. Malgré les nombreuses
conditions testées, je n’ai pas pu établir la structure de la région 5’. Ce résultat rejoint ce qui
a été observé jusqu’'a présent sur les IRES cellulaires, ou trés peu de choses sont connues
puisque que la majorité des structures proposées sont essentiellement le résultat de

prédictions in sillico.



Compte tenu de I'implication de la GlyRS dans de nombreuses fonctions alternatives, ainsi
que dans la maladie de Charcot-Marie-Tooth, on suppose que cet IRES peut jouer un role
important dans I'expression tissu-spécifique de la synthétase, en particulier dans les tissus

neuronaux.
I1. Localisations et une fonction alternative possible

La GIyRS est un parfait exemple d'une enzyme multifonctionnelle. Outre sa fonction
essentielle dans la synthese protéique, elle joue un réle protecteur dans la tumorigenese, elle
synthétise aussi ’Ap4A (molécule de signalisation intra et extracellulaire) et stimule
I'initiation de la traduction du génome du Poliovirus en se fixant sur son IRES (6, 7, 8). De
plus, chez 'Homme, il a été montré que des mutations de la GlyRS provoquent des
phénotypes cliniques associés a la pathologie de Charcot-Marie-Tooth de type 2D (CMT-2D)
et a une forme sévere infantile d’atrophie musculaire spinale de type V (SMA-V). Bien que
I'activité d’aminoacylation de la GlyRS soit indispensable dans toutes les cellules, les
mutations associées a la CMT-2D n’affectent que le systeme nerveux périphérique. De plus,
la GlyRS est observée sous forme de granules (de nature inconnue) dans ces axones.
L’ensemble de ces observations suggerent l'importance de sa localisation dans la
pathogenese de la CMT et qu’elle joue un role clé dans le maintien des axones du systeme
nerveux périphérique. Cependant, le lien existant entre une synthése protéique déficiente, la
pathologie et la spécificité tissulaire n’est pas établi a ce jour. Ainsi, la détermination du role
de ces granules mais surtout du mécanisme qui contréle leur formation dans les neurones

est essentielle dans la compréhension des pathologies SMA-V et CMT-2D.

Je me suis donc intéressée a I'expression et a I'accumulation tissue-spécifique de la GlyRS
ainsi qu’a I'existence d’une fonction alternative pour cette enzyme dans le systéme nerveux.
Des expériences d'immunolocalisation dans des neuroblastes différentiés SH-SY5Y ont

permis de montrer que la GlyRS exprimée a partir de 'ARNm court et 'TARNm long est

localisée dans le core du neurone mais aussi dans les projections neuronales (Figure 5).
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Figure 5. Expression de la GlyRS dans des neurones

Les constructions pcDNA3.1-mRNA1 et pcDNA3.1-mRNAZ2 ont été exprimées de maniére transitoire
dans des neuroblastes différentiées SH-SY5Y. La GlyRS est fusionnée a un épitope V5 a son extrémité
C-terminale, permettant ainsi une détection par des anticorps anti-V5. (A) Analyse par Western blot:
des anticorps anti-V5 conjugués HRP permettent de détecter la GlyRS cytosolique (= 90 kDa), et des
anticorps anti-actine, la 3-actine de 42 kDa. (B) Les GlyRS mitochondriale et cytosolique ont été
détectées par immunofluorescence, en utilisant des anticorps anti-V5 couplés au FITC (vert) et les
mitochondries ont été marquées avec le Mitotracker Orange CMTMRos (rouge). Les images
fusionnées montrent une localisation spécifique de la GlyRS détectable dans le cytoplasme du core

neuronal, ainsi que dans les projections de neurites pour mRNA1 et mRNAZ2.

Nous avons constaté que lorsque les cellules neuronales sont traitées avec 30 mM de KCI ou
5 mM de CaCl; la GlyRS forme des granules (Figure 6). Ce traitement est généralement utilisé
pour induire une exocytose des vésicules synaptiques et ceci nous a conduits a ’hypothése

que la GlyRS pourrait étre impliquée dans la signalisation neuronale.
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Figure 6. Expression de la GlyRS dans des neurones
Des neuroblastes différenciés SH-SY5Y sont (A) pas traités (gauche) ou (B) traités avec 5 mM Ca2+
pendant 15 minutes ou (C) avec 30 mM KCI pendant 10 minutes. La GlyRS endogéne est détecté via

des anticorps spécifiques (rouge).

En effet, dans le systéme nerveux des vertébrés, la glycine est non seulement le substrat de
la GlyRS, mais c’est aussi un neurotransmetteur inhibiteur, au méme titre que le GABA
(acide y-aminobutyrique). Le méme transporteur vésiculaire, VIAAT (Vesicular Inhibitory
Amino Acid Transporter), permet le remplissage des vésicules neurosynaptiques avec ces
deux neurotransmetteurs, mais avec une affinité beaucoup plus faible pour la glycine que
pour le GABA. Cependant, le mécanisme qui spécifie le phénotype vésiculaire (Glycine ou

GABA) reste incompris.

-9
e €%
% Synaptic B

vesicles

- » . e \ Q::Q‘ :




Figure 7. GlyRS et sont réle potentiel dans la transmission glycinergique

(A) Organisation de la jonction synaptique inhibitrice : Dans le neurone pré-synaptique, les vésicules
synaptiques sont remplies avec glycine (rouge) et/ou GABA (violet) via le transporteur commun
VIAAT (vert). Le transporteur GlyT2 (gris) est lui responsable de la recapture de la glycine dans le
neurone pré-synaptique. Dans le neurone post-synaptique, le récepteur de la glycine (GlyR) conduit
la neurotransmission glycinergique (B) Remplissage de la vésicule synaptique avec glycine: d’apres
notre hypotheése, la GlyRS (vert) va interagir avec VIAAT (bleu foncé) affin d’assurer un remplissage

plus efficace.

Nous avons alors imaginé une hypothese de travail, selon laquelle, la coopération entre la
GlyRS et VIAAT compenserait ce déficit d’affinité et permettrait 'entrée de glycine dans les
vésicules. Dans ce contexte, les mutations dans la GlyRS qui affectent essentiellement le
systéme nerveux périphérique pourraient étre expliquées. Mes résultats préliminaires
montrent une co-localisation partielle de la GlyRS avec VIAAT. Des délétants de la GlyRS sont
actuellement testés afin de démontrer la spécificité de cette co-localisation et de déterminer
le ou les domaines de la GlyRS impliqués dans cette interaction. Si ces expériences s’averent
concluantes, nous pourrons alors analyser l'influence de la GlyRS et de ses mutants
pathologiques associées a la CMT-2D sur I'accumulation de glycine dans des vésicules et

identifier une éventuelle perte de fonction.

A ce jour le lien entre les mutations de la GlyRS conduisant a la maladie de Charcot-Marie-
Tooth, la spécificité tissulaire, la fonction premiére d’aminoacylation GlyRS et la pathologie
restent floues. Nous espérons que les résultats déja obtenus ainsi que les perspectives de
poursuivre le projet en lien avec la transmission glycinergique vont contribuer a mieux

comprendre le mécanisme moléculaire de la CMT- 2D.
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