Published online 10 July 2014

Nucleic Acids Research, 2014, Vol. 42, No. 13 8663-8677
doi: 10.1093narlgku580

Hypermethylated-capped selenoprotein mRNAs in

mammals

Laurence Wurth''", Anne-Sophie Gribling-Burrer'-f, Céline Verheggen?, Michael Leichter,
Akiko Takeuchi', Stéphanie Baudrey', Franck Martin', Alain Krol', Edouard Bertrand? and

Christine Allmang’~’

' Architecture et Réactivité de '’ARN, Université de Strasbourg, Centre National de la Recherche Scientifique, Institut
de Biologie Moléculaire et Cellulaire, 67084 Strasbourg, France and ?Equipe labélisée Ligue contre le cancer, Institut
de Génétique Moléculaire, Centre National de la Recherche Scientifique, UMR 5535, 34293 Montpellier, France

Received April 24, 2014; Revised June 05, 2014; Accepted June 17, 2014

ABSTRACT

Mammalian mRNAs are generated by complex and
coordinated biogenesis pathways and acquire 5-end
m’G caps that play fundamental roles in process-
ing and translation. Here we show that several se-
lenoprotein mRNAs are not recognized efficiently by
translation initiation factor elF4E because they bear
a hypermethylated cap. This cap modification is ac-
quired via a 5-end maturation pathway similar to
that of the small nucle(ol)ar RNAs (sn- and snoR-
NAs). Our findings also establish that the trimethyl-
guanosine synthase 1 (Tgs1) interacts with seleno-
protein mRNAs for cap hypermethylation and that
assembly chaperones and core proteins devoted to
sn- and snoRNP maturation contribute to recruiting
Tgs1 to selenoprotein mRNPs. We further demon-
strate that the hypermethylated-capped selenopro-
tein mRNAs localize to the cytoplasm, are associ-
ated with polysomes and thus translated. Moreover,
we found that the activity of Tgs1, but not of elF4E, is
required for the synthesis of the GPx1 selenoprotein
in vivo.

INTRODUCTION

Eukaryotic mRNAs, synthetized by RNA polymerase
II (polll), are characterized by the presence of a 7-
methylguanosine (m’G) cap structure at their 5'-end (1).
Nuclear RNA capping serves as an important quality con-
trol checkpoint and is an essential determinant of mRNA
expression, stability and biogenesis (2). The m’G cap pro-
motes splicing of cap-proximal introns, 3’-end formation,
nucleocytoplasmic export, control of RNA stability and

translation (3—7). Two major cap-binding proteins mediate
these processes: the cap-binding complex (CBC) in the nu-
cleus, composed of the CBP20 and CBP80 subunits (3), and
the translation initiation factor eIF4E in the cytoplasm (8-
10). The binding of both CBC and elF4E is highly spe-
cific for the m’G cap, and other modified caps are poorly
recognized by these proteins (11-14). Polll small nuclear
(snRNAs) and a few small nucleolar RNAs (snoRNAs)
also acquire m’G caps in the nucleus but become further
methylated at guanosine position 2 to generate the 2,2,7-
trimethylguanosine cap (m3G or TMG cap) (15). TMG
modification of snRNAs is performed in the cytoplasm by
the trimethylguanosine synthase 1 (Tgsl) which catalyzes
the m’G to m3G hypermethylation. After export to the cy-
toplasm, precursor snRNAs are assembled with Sm core
proteins by the Survival of Motor Neuron (SMN) complex
(16). Binding of SMN and Sm proteins is a prerequisite for
further recruitment of Tgs1. The m3G cap together with the
Sm ring represent bipartite signals that promote nuclear im-
port of snRNPs for final maturation and assembly into the
active spliceosome (17,18). The transfer of TMG-capped
snRNPs to the nucleus is governed by snurportin which in-
teracts specifically with m3G and Sm proteins, but not with
m’G cap structures (19,20). Cap hypermethylation, there-
fore, represents a critical step in determining the fate of sn-
and snoRNAs.

Unlike snRNAs, hypermethylation of m’G-capped
snoRNAs takes place in the nucleus, and snoRNAs transit
to the Cajal bodies (CB) in a PHAX (phosphorylated
adaptor for RNA export)-dependent manner where they
are hypermethylated by nuclear Tgsl (21,22). In this case,
Tgsl is recruited to the snoRNA by the core proteins
Nop56 and Nop58 for the box C/D snoRNAs, and by
dyskerin for the H/ACA snoRNAs (23,24). Two Tsgl
isoforms have been identified; the long form (LF) is mainly
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involved in snRNA hypermethylation and is present in
both the nucleus and cytoplasm, whereas a short nuclear
isoform (SF) is dedicated to snoRNA maturation (23). In
the nucleoplasm, Tgsl isoforms are present in a large mul-
tiprotein complex that contains ribonucleoprotein (RNP)
maturation, transport and assembly factors (15,22,25).

Selenoprotein mRNAs constitute an interesting class of
mRNAs. Indeed, because of the presence of an in-frame
UGA codon, recoded as selenocysteine (Sec) and other-
wise read as a stop codon, they are submitted to distinctive
biogenesis and translation pathways (26,27). Several cis-
and trans-acting factors participate in the co-translational
recoding of UGA Sec codons. Pivotal in this process are
the SElenoCysteine Insertion Sequence (SECIS), a stem-
loop in the 3’ untranslated region (3’'UTR) of selenopro-
tein mRNAs, and the SECIS-binding protein 2 (SBP2) (28—
31). We have previously shown that the assembly mecha-
nism of selenoprotein mRNPs, in particular in the 33UTR
region, is partly common with that of SnRNP, snoRNP par-
ticles and the telomerase (27). SBP2 which undergoes nu-
cleocytoplasmic shuttling (32,33), binds to components of
this conserved RNP assembly machinery linked to the pro-
tein chaperone Hsp90 (27). Besides, SBP2 shares functional
RNA binding motifs with primary core proteins of sn- and
snoRNPs (27,34), suggesting that selenoprotein mRNPs,
sn- and snoRNPs could also share a common 5 maturation
pathway.

In this work, we demonstrate that several mammalian se-
lenoprotein mRNAs, in contrast to other cellular mRNAs,
undergo a 5'-end maturation pathway similar to that of sn-
and snoRNPs and bear hypermethylated caps.

MATERIALS AND METHODS
Cell culture

HEK293FT, HelLa and U20S cells were cultured at 37°C
in 5% CO, in Dulbecco’s modified Eagle’s media (DMEM)
containing 10% Fetal Calf Serum (FCS), 1% penicillin—
streptomycin and 10 nM sodium selenite. One percent ge-
neticine was added to HEK293FT cells. Cells were trans-
fected using Turbofect (Fermentas) and siRNA inactivation
was done for 48 h using 30 or 100 nM of siRNA and Lipo-
fectamine 2000 (Invitrogen) following the manufacturer’s
conditions. siTGS1, siSMN, siSBP2 and sielF4E RNAs and
sicontrol were ON-TARGET plus smart pools of four dif-
ferent siRNAs (Thermo Scientific Dharmacon), siNop58
RNAs were from Santa Cruz. For rescue experiments,
cells were transfected for 24 h after siRNA inactivation
with peGFP-Tgsl (21,24), non-tagged plenti6/V5-SBP2 or
pcDNAS-eIF4E expression plasmids and grown for an ad-
ditional 24 h treatment. Cells were extracted with HNTG
buffer (20 mM HEPES-NaOH pH 7.9, 150 mM NacCl, 1%
Triton, 10% glycerol, 1 mM MgCl,, | mM EGTA (Ethylene
glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid),
1 mM PMSF (phenylmethylsulfonyl fluoride), anti-protease
cocktail from Roche). Subcellular fractionation was per-
formed according to (35).

Generation of stable cell lines and induced protein expression

Flp-In™ T-Rex™ 293 system (Invitrogen) was used ac-
cording to the manufacturer’s instructions to generate sta-
ble cell lines with regulated expression of 3xHA-GPx1
(HA-GPx1) and 3xHA-GPx1mutCys (HA-Gpx1Cys). Sta-
ble clones containing the required open reading frame un-
der the control of the cytomegalovirus/tetO, hybrid pro-
moter were selected by culturing in selective medium con-
taining 250 wg/ml of hygromycin (InvivoGen) and 15
wg/ml of blasticidin (InvivoGen). Resistant colonies were
expanded and tested for doxycycline-regulated protein ex-
pression. Protein expression was induced by addition of
0.5-1 pg/ml of doxycycline in culture medium and in the
presence of 10 nM of sodium selenite.

Stable isogenic Hela cells expressing the Flag-tagged
Tgsl proteins were obtained with HeLa Flp-In cells, by co-
transfection of the parental cells with pcDNAS5-3X Flag-
Tgsl (SF or LF) and a Flippase expression vector with
Lipofectamine and Plus reagent (Invitrogen). Stable clones
were then selected with 50 mM hygromycin B (Calbiochem),
picked individually, expanded and characterized by western
blots. Individual clones usually expressed similar levels of
the tagged protein. DNA cloning was performed with the
Gateway system (Invitrogen).

Immunopurification, co-immunoprecipitation and western
blotting

Immunopurification of endogenous SBP2  com-
plexes was performed as described in (27). For co-
immunoprecipitation experiments, cell extracts (100-300
wl) were incubated with 50 pl of protein A-sepharose
(Sigma) coupled to the indicated antibody for 2 h at 4°C
in NT2 buffer (50 mM Tris—HCI pH 7.5, 150 mM NacCl,
1 mM MgCl,, 0.05% NP40, 1 mM DTT (Dithiothreitol),
400 pM VRC (Vanadyl ribonucleoside complexes), 100 U
RNasin/ml, anti-protease cocktail) or with anti-GFP mag-
netic beads (Miltenyi) in IPP150 (10 mM Tris—HCI pH 7.5,
150 mM Nacl, 0.1% NP-40, 0.5 mM PMSF, 2 mM VRC).
Beads alone were used as a control. Beads were washed
with NT2 or IPP150, respectively, resuspended in Laemmli
buffer, analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by western blot.
Antibodies used were: anti-His (H3) mouse monoclonal
(Santa Cruz), anti-SBP2 rabbit polyclonal (27), anti-Tgsl
mouse monoclonal (24), anti-Nop58 (C-20) polyclonal
goat antibodies (Santa Cruz), anti-SMN (2B1) mouse mon-
oclonal (Santa Cruz), anti-rpS21 goat polyclonal (Santa
Cruz) and anti-AspRS rabbit polyclonal (36). For RNA IP,
extracts were first clarified on protein A-sepharose to elim-
inate unspecific RNA binders. For microarray experiment,
co-immunoprecipitation was performed according to (37).

TMG RIP and qRT-PCR analysis

Trimethyl-capped RNAs were immunoprecipitated using a
strictly specific rabbit polyclonal anti-m*G (TMG) serum
(Synaptic Systems) also referred to as R1131 (38,39). Ten
microliters of serum was coupled to 50 wl of protein A-
Sepharose beads saturated with 20 g of both purified
bovine serum albumin (BSA) and total yeast tRNA in NT2



buffer for 18 h at 4°C. The immobilized antibody was in-
cubated with 200 pg of pre-cleared total RNAs prepared
from HEK293FT cells (Tri-reagent, Euromedex) in a to-
tal volume of 1 ml for 2 h at 4°C. Beads were washed six
times in NT2 buffer, the bound RNA was extracted by
phenol/chloroform and precipitated. After DNase treat-
ment, RNAs were reversed transcribed using AMV-RT (Q-
Biogen) and cDNAs were amplified by classical or quanti-
tative RT-PCR (qRT-PCR). Level of mRNAs after siRINA
treatment was measured directly after RNA extraction us-
ing the same qRT-PCR method. qRT-PCR was performed
on MX3005P (Stratagene) using the Maxima SYBR Green
PCR kit (Fermentas). Oligonucleotides used for qRT-PCR
are listed in Supplementary Table S1.

Anti-FLAG immunoprecipitation and microarray analysis

Anti-Flag Tgsl LF and Tgsl SF immunoprecipita-
tions were done with M2 antibody-coated beads (Sigma-
Aldrich). HeLa cells stably expressing Tgs1 LF, Tgsl SF or
parental cells as control, were extracted with lysis buffer (50
mM Tris—-HCl pH 7.5, 150 mM NaCl, ] mM EDTA, 1% Tri-
ton, antiprotease cocktail) for 30 min at 4°C and centrifuged
for 10 min at 10 000 rpm at 4°C. Extracts were incubated
with M2 beads for 2 h at 4°C. Beads were washed twice in
HNTG and three times in phosphate buffered saline (PBS),
RNAs from beads were homogenized in Trizol and purified
with RNeasy mini kit (Qiagen). cDNA were prepared and
labeled as recommended by the manufacturer (Affymetrix).
RNAs were analyzed using human gene 1.0ST microarray
covering all annotated transcripts (Affymetrix). Files were
analyzed and normalized with expression consol software
(Affymetrix). The 3XFlag-Tgs1 IPs were performed in du-
plicates, and the control IP (non-tagged parental cell line)
was done in triplicate. Microarray data are accessible at
GEO GSES57625.

Recombinant proteins and GST pull-down assays

Radiolabeled proteins were synthesized in the presence of
33S-Met in rabbit reticulocyte lysate (TNT; Promega). Bind-
ing was performed with 5 wg GST-tagged protein in 50
mM Tris—-HCI pH 7.5, 150 mM NaCl, 5 mM MgCl,, 0.1
mM EDTA and 0.1% NP-40. Washing was performed with
the same buffer. GST- and His-tagged proteins were pro-
duced by standard procedure and purified using glutathione
sepharose (GE Healthcare) and Ni-NTA agarose (Qiagen),
respectively. GST-4E 194 protein was expressed and puri-
fied as described by (40). For GST pull-down experiments
purified GST-4Ek 194 or GST (200 pg) was bound to 200 pl
of MagneGST beads (Promega) and incubated with 100 pg
of HEK293 total RNA in RNP buffer (20 mM Tris-HCI
pH 7.5, 100 mM KCI, 0.1 mM EDTA, 1 mM DTT, 10%
glycerol, 100 U RNasin/ml, anti-protease cocktail) for 2 h
at 4°C. Beads were washed five times with RNP buffer. The
RNAs present in the flow-through or on the beads were ex-
tracted by phenol/chloroform and precipitated.

Yeast-two hybrid interaction tests

For yeast-two hybrid interaction (Y2H) assays, appropri-
ate pGBKT7 (DB) or pGADT?7 (AD) plasmids were co-
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transformed into AH109 (Clontech Laboratories, Inc.) and
plated on triple selective media (-Leu -Trp -Ade).

Polysome analysis

Polysome profiles were analyzed on sucrose gradients.
HEK?293 cells were cultivated up to 80% confluence. 2 x
10° cells were collected, washed in 3 volumes PBS and in-
cubated in the presence of 150 pwg/ml cycloheximide for 20
min on ice. Lysis of the cells was performed in polysome
buffer (PB) containing 10 mM HEPES-NaOH pH 7.5, 50
mM KCI, 5 mM MgCl,, ] mM DTT, 100 units RNasin/ml,
400 wM VRC, protease inhibitors and 150 pwg/ml cyclohex-
imide or in polysome denaturing buffer (PDB) containing
10 mM HEPES-NaOH pH 7.5, 10 mM potassium acetate,
0.5 mM magnesium acetate, 5 mM DTT. Cytoplasmic ex-
tracts were loaded onto a linear 7-47% sucrose gradient pre-
pared in PB or PDB. Polysomes were separated by 2.5 h
centrifugation at 37 000 rpm using a Beckmann SW41 ro-
tor. Gradients were monitored by following absorbance at
254 nm. RNAs were extracted and analyzed by RT-qPCR
as described previously.

RESULTS

A subclass of selenoprotein mRNAs harbor hypermethylated
caps and show reduced affinity for eIF4E

Having previously established that selenoprotein mRNPs
and sn-, snoRNPs share a common 3’ assembly pathway
(27), we asked whether selenoprotein mRNAs could conse-
quently undergo similar 5" maturation events. Indeed, un-
like mRNAs, Polll sn- and snoRNAs that are modified
co-transcriptionally with a 5 m’G cap, subsequently ac-
quire a trimethylguanosine cap m>>7 (TMG) structure (15).
We asked whether selenoprotein mRNAs could also bear
similar cap modifications and could be recognized by the
canonical translational machinery. A prerequisite to cap-
dependent translation is the recognition of the eukaryotic
mRNA cap structure by the translation initiation complex
elF4F (composed of the three subunits eIF4E, eIF4A and
elF4G). elF4E specifically recognizes the m’G moiety of
the 5 m7GpppN cap of eukaryotic mRNAs and was shown
to poorly recognize TMG caps (41). Therefore, we first ex-
amined the ability of selenoprotein mRNAs to be recog-
nized by elF4E.

We performed glutathione-S-transferase (GST) pull-
down experiments using total RNAs from HEK293FT cells
and a high-affinity mutant of eIF4E, GST-eIF4Eg 94 (40).
This mutant was developed for specific isolation of 5 m’G-
capped mRNAs and showed strict specificity but 10-fold
higher affinity for the m’G cap. The RNA content of eIF4E
bound and unbound fractions was determined by qRT-
PCR analysis. For the detection of selenoprotein mRNAs,
we used primers complementary to 12 out of the 25 seleno-
protein mRNAs characterized in mammals (Figure 1A). B-
actin, HPRT (hypoxanthine guanine phosphoribosyltrans-
ferase) and LDHA (lactate dehydrogenase A) mRNAs were
used as the m’G-capped controls, U3 snoRNA and U2
snRNA for TMG-capped controls. Coherently, an average
of 75% of the canonical B-actin, HPRT and LDHA mR-
NAs were recovered in the eIF4E bound fraction, whereas
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Figure 1. The cap of selenoprotein mRNAs is hypermethylated and poorly
recognized by eIF4E. (A) Binding of recombinant GST-eIF4Ek j9a to
HEK?293 total RNA. GST-eIF4Eg 194 (or GST alone) was bound to glu-
tathione beads and incubated with the extract. The percentage of mRNAs
present in the bound and unbound fractions were determined separately
by qRT-PCR and normalized to 100%. Asymmetric error bars represent
the minimum and maximum observations for three independent biological
replicates, reflecting intrinsic variability. SelR, GPx1, GPx4, SelM, SelW,
SelT, SelO, TrxR 1, Sell5, SelK, GPx3 and SelN are selenoprotein mRNAs.
U3 snoRNA was used as a positive control, B-actin, HPRT and LDHA are
housekeeping mRNAs used as negative controls. (B and C) Total RNA ex-
tracted from HEK293FT cells was immunoprecipitated with anti-TMG
serum (a-m3G). Bound RNA was analyzed by (B) RT-PCR or (C) qRT-
PCR. (—) Control without antibodies. In: input 10%. The graph represents
the percentage of mRNAs in IP compared with the input RNA. Error bars
represent standard deviation of an average of three independent experi-
ments. The horizontal line represents the level of housekeeping mRNA
binding (1-2% in average). See also Supplementary Figure S1 for specificity
controls. (D) Heatmap representation of mRNA binding in GST-eIF4E
pull-down and TMG IP experiments. The binding scale is represented to
the right, maximum binding values in each set of experiments are repre-
sented in red and minimal binding values in green. Heat maps were gen-
erated with the MeV software. The three classes of selenoprotein mRNAs
are indicated.

74% of sn-, snoRNAs were found in the unbound fraction
(Figure 1A). The results revealed that selenoprotein mR-
NAs showed differential binding patterns to eIF4E. The
selenoprotein mRNAs of SelR, glutathione peroxidases 1
and 4 (GPx1, GPx4), SelM and SelW showed a distribu-
tion pattern similar to that of sn-, snoRNAs with only 20—
35% of the mRNA recovered in the eI[F4E bound fraction
(Figure 1A). SelT, SelO, thioredoxin reductase 1 (TrxR1),
Sell5, SelK selenoprotein mRNAs showed an intermediate
pattern with over 50% of the mRNAs in the bound frac-
tion (Figure 1A), whereas selenoprotein mRNAs compris-
ing glutathione peroxidase 3 (GPx3) and selenoprotein N
(SelN) were enriched up to 70% in the eIF4E bound fraction
with patterns similar to non-selenoprotein mRNAs (Figure
1A).

To explain the differential binding to eIF4E, we asked
whether some of the selenoprotein mRNAs could bear 5
modifications similar to sn- and snoRNAs as a trimethyl-
guanosine cap m>>’ (TMG) structure. To answer this ques-
tion, RNAs extracted from HEK293FT cells were immuno-
precipitated with the highly specific anti-TMG cap R1131
serum that was demonstrated not to recognize monomethy-
lated caps (38,39) (see also Supplementary Figure S1 for
specificity validation of the antibody). The immunoprecip-
itated RNAs were extracted and analyzed by RT-PCR. Re-
sults showed that anti-TMG antibodies recognized GPx1,
GPx4 and TrxR1 selenoprotein mRNAs as well as U3
snoRNA used as the control but not the m’G-capped B-
actin mRNA, indicating that the cap of these endoge-
nous selenoprotein mRNAs is hypermethylated (Figure
1B). Quantitative RT-PCR analysis revealed that seven se-
lenoprotein mRNAs, namely SelR, GPx1, GPx4, SelM,
SelW, SelT and SelO, were specifically immunoprecipitated
with anti-TMG antibody (Figure 1C) while TrxR 1 was only
weakly recognized. These results correlate with the GST-
elF4E pull-down experiments, as these TMG-capped se-
lenoprotein mRNAs correspond to those poorly recognized
by eIF4E. TrxR1, SelT and SelO, that show an intermedi-
ate binding pattern of eIF4E, are consistently recognized
in the TMG-IP (Figure 1A, C). Four selenoprotein mR-
NAs were not pulled-down over the background (SellS5,
GPx3, SelN and SelK) in TMG immunoprecipitations (Fig-
ure 1C); they were consistently bound by eIF4E (Figure
1A). Asexpected, the U3 snoRNA positive control was fully
retained but not the control HPRT or LDHA housekeep-
ing mRNAs (Figure 1C). A significant fraction (5-15%) of
the TMG-capped selenoprotein mRNAs was recovered in
the anti-TMG immunoprecipitation. This precipitation is
weaker compared with U3 snoRNA (100%) but is neverthe-
less consistent with previously reported levels for snRNAs
(39).

Determinants such as the larger size, under-
representation of selenoprotein mRNAs versus sno-,
snRNAs as well as the shorter half-life of selenoprotein
mRNAs compared to sn(0)RNAs may contribute to the
lower recovery of selenoprotein mRNAs in the immuno-
precipitation. It is also envisageable that different mRNA
folded structures in the SUTR could lead to differential
recognition of individual mRNAs by the antibody.

TMG-IP experiments, in combination to the GST-eIF4E
pull-down results, suggest that a substantial fraction of se-



lenoprotein mRNAs possesses a trimethylated guanosine
cap. Altogether, our results reveal an inverse relationship
between el F4E binding and TMG capping (Figure 1D) and
suggest the existence of three classes of selenoprotein mR-
NAs. In the first class, <50% of the selenoprotein mRNAs
are bound to eIF4E and the TMG-IP efficiency is >5%.
These mRNAs include SelR, GPx1, GPx4, SelM and SelW
(Figure 1D); they harbor a hypermethylated cap and are
not recognized efficiently by the translation factor eIF4E. A
second class of selenoprotein mRNAs showed an interme-
diate pattern with >50% of the mRNAs bound by elF4E
and >5% TMG-IP efficiency; this class includes selenopro-
tein mRNAs such as SelT, SelO and TrxR 1 that can possi-
bly bear both types of caps (Figure 1D). Finally, the third
class represents selenoprotein mRNAs—Sel15, SelK, GPx3
and SeIN—(Figure 1D) bound with <5% in the TMG-IP,
that are m’G-capped and recognized by eIF4E. Selenopro-
tein mRNAs thus appear to be subjected to differential 5
processing events.

Tgs1 hypermethylates the cap of selenoprotein mRNAs

The trimethylguanosine synthase 1 (Tgs1) converts them’G
cap of sn- and snoRNA precursors into the functional
TMG cap (21,24). This modification step plays a critical role
in targeting sn- and snoRNA precursors to their final mat-
uration and functional site (15). Tgsl is present in a large
U3 snoRNA processing complex that also contains com-
ponents of the conserved RNP assembly complex linked
to Hsp90 (27). Because selenoprotein mRNAs are assem-
bled into mRNPs by the same molecular machinery (27),
we asked whether Tgs1 was linked to selenoprotein mRNP
biogenesis. Tgsl exists as two molecular species: a full-
length, mostly cytoplasmic (Tgs1 LF) and a shorter nuclear
isoform (Tgs1 SF) (23). First, we examined if Tgsl could
be associated to selenoprotein mRNPs in vivo and per-
formed immunoprecipitation of RNA-protein complexes
from HEK293FT cells with an anti-Tgs1 antibody that rec-
ognizes both isoforms (Figure 2A). RNAs associated with
endogenous Tgsl were detected by RT-PCR. Several se-
lenoprotein mRNAs, such as GPx1 and 4 as well as TrxR 1
were specifically associated with Tgsl in vivo, whereas this
was not the case for the B-actin mRNA; U3 snoRNA was
the positive interaction control that binds both Tgsl iso-
forms (Figure 2A). Whether the interaction of Tgsl could
be generalized to all selenoprotein mRNAs was investigated
by analyzing the RNA content of the Tgsl immunoprecip-
itation reaction (IP) by microarrays. Because we did not
have antibodies specific for either form of Tgs1, we used two
HeLa cell lines that stably express either Tgsl LF or Tgsl
SF with a 3XFlag tag, and performed the IPs using anti-
Flag beads, using the parental cell line to perform control
IPs (37). On average, selenoprotein mRNAs were signifi-
cantly enriched in the IPs versus non-selenoprotein mRNAs
that were not retained (Table 1). We found that both Tgsl
LF and Tgsl SF associated to selenoprotein mRNAs (Ta-
ble 1 and Figure 2B); likewise and as expected from previ-
ous studies (23), Tgsl LF preferentially recognized snRNAs
whereas Tgsl SF bound more strongly to snoRNAs in our
experiment (Table 1 and Figure 2B, (37)). To date, 25 seleno-
protein genes have been identified in humans (42). Among
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the 21 mRNAs expressed in our experiment, 14 were bound
by Tgsl LF and/or SF (Figure 2B), and 7 were not de-
tected: TrxR1, SelH, Sell, SPS2, DI2, TrxR3 and GPx1-
2. Binding efficiencies were variable, the strongest signals
being observed for SelT, Sell5, GPx1-1 and SelM seleno-
protein mRNAs for which the enrichment was similar to
that seen for snRNAs and snoRNAs (Figure 2B). TrxR1
results show differences with those obtained in the endoge-
nous Tgsl RNA IP experiments (Figure 2A) most likely
because gqRT-PCR is more sensitive and specific than mi-
croarrays for the detection of the endogenous population of
TrxR1 mRNAs. Binding of Tgs1 does not appear to strictly
correlate with TMG-capping, suggesting that recruitment
of the enzyme does not necessarily lead to cap modification.
This is similar to the case of intronic snoRNAs which bind
Tgsl without subsequent cap modification. Altogether our
results show that selenoprotein mRNAs interact with the
two isoforms of Tgsl. The affinity of Tgsl LF for seleno-
protein mRNAs appears only slightly higher than for Tgs1
SF and resembles that of snRNAs.

Having shown the interaction of Tgs1 with selenoprotein
mRNAs, we further investigated whether this enzyme was
indeed responsible for hypermethylation of the selenopro-
tein mRNA cap. To this end, Tgsl was knocked-down by
RNA interference (RNA1) in HEK293FT cells (Figure 2C).
Tgsl mRNA was decreased to 36% (Figure 2D), which re-
sulted in 35% of residual Tgs1 protein (Figure 2C). The drop
of Tgs1 did not affect selenoprotein mRNA steady state lev-
els (Figure 2D) but led to a global reduction of TMG-IP
efficiency in correlation with the level of Tgs1 knock-down
(Figure 2E and Supplementary Figure S2). Individual se-
lenoprotein mRNAs responded differentially to Tgs1 inac-
tivation. TMG-IP efficiency dropped down to 45% in the
case of SelR (Figure 2E), comparably to the U3 snoRNA
positive control. Milder effects were observed in the case of
GPx1, GPx4, SelW and TrxR1 as the TMG-IP efficiency
was only reduced to 80%. This can be attributed to resid-
ual Tgsl and suggests that its depletion does not affect
all selenoprotein mRNAs to the same extent. Hierarchy
of selenoprotein expression and variations in selenoprotein
mRNA stability have been reported in numerous studies,
particularly with regard to the glutathione peroxidase fam-
ily (43-46). Individual selenoprotein mRNAs respond in a
unique fashion to various imbalances, including Tgs1 deple-
tion. Altogether, these results indicate that Tgsl is involved
in hypermethylation of the cap of the majority of seleno-
protein mRNAs. Our data therefore conclude that the cap
hypermethylation activity of Tgs1 is thus not only restricted
to that of sn- and snoRNA substrates.

Tgsl is recruited to selenoprotein mRNAs predominantly via
the assembly chaperone SMN but also by the core protein
Nop58

The recruitment mode of Tgsl is dependent on the nature
of its RNA targets. In the case of sn- and snoRNAs, the
best characterized Tgsl targets, two different strategies al-
low Tgs1 isoforms to be recruited to the m’G cap. Recruit-
ment of Tgsl LF to snRNAs is dependent on both a ma-
jor assembly factor, the Survival of Motor Neuron (SMN)
complex, and the core protein SmB, whereas the core pro-
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Figure 2. Tgsl is involved in selenoprotein mRNA cap hypermethylation. (A) Tgsl interacts with selenoprotein mRNAs in vivo. HEK293FT cells trans-
fected with SBP2 were immunoprecipitated using anti-Tgsl antibodies. Bound RNAs were detected by RT-PCR. In: input 15%; (—) no antibodies; U3:
positive control; B-actin: negative control. (B) Tgsl LF and SF associate with selenoprotein mRNAs. Isogenic HeLa cells stably expressing 3XFlag tagged
Tgsl LF and SF were used for anti-FLAG IPs, the RNA content was analyzed on microarrays. The control was the parental cell line that did not express
any tagged protein. The graph represents the fold RNA enrichment in the IP in a log, scale. Dark bars: Tgsl LF IP; gray bars: Tgsl SF IP. Data of all
the expressed selenoprotein mRNAs are represented followed by examples of snoRNAs (U3 to U19), snRNAs (U2, U4, US5) and housekeeping mRNAs
(LDHA and GAPDH). GPx1-1 and GPx1-2 are splice variants of GPx1. (C) Tgsl inactivation by siRNA. Tgsl mRNA was decreased to 36% which
resulted in 35% of residual Tgsl protein. Western blot detection of Tgsl was performed using anti-Tgsl antibodies; anti-AspRS antibodies were used
as a control. siRNAs directed against firefly luciferase were used as controls (sicontrol). (D) siTgsl did not have any effect on the steady state level of
selenoprotein mRNAs. qRT-PCR was used to determine relative expression levels by the AACt method. (E) siTgs! reduces hypermethylation efficiency.
RNA-IP using anti-TMG serum was performed as described in Figure 1 under siTgsl and sicontrol conditions. IP ratios between siTgsl and sicontrol
are represented by the histogram and deduced from Supplementary Figure S2. Error bars represent standard deviation of an average of three independent
experiments.
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Table 1. Microarray analysis of RNA immunoprecipitations using Tgs1 SF and LF isoforms

logy (IP Tgs1-IPCt) Tgs1-LF-Cont

Tgs1-SF-Cont

Seleno mRNA (20 genes)
snRNA (9 genes)

C/D snoRNA (112 genes)
H/ACA snoRNA (108 genes)
mRNA (18685 genes)

0.32 (0.0038)
0.82 (0.0031)
—0.34(0.0033)
—0.11 (0.0037)
~0.022 (0.2612)

0.16 (0.0001)
0.25 (0.0031)
1.2 (0.0019)
0.61 (0.0001)
~0.027 (0.1910)

Average of fold enrichment for each RNA family in IP (Tgs! SF or LF) versus control measured in duplicate microarray analysis for Tgs1SF and Tgsl LF
RNA IPs. P-values were obtained from Mann—Whitney tests and are indicated in brackets. The average expression level of the entire set of selenoprotein
mRNAs expressed in the HeLa cell line is indicated (20 expressed mRNAs among the 25 selenoprotein mRNA genes). The average expression level of the

entire set of non-selenoprotein mRNAs is also indicated.

teins Nop56 and Nop58 recruit Tgsl SF to box C/D snoR-
NAs (23,47,48). To determine if Tgs1 could be recruited to
selenoprotein mRNAs via one of these two pathways, we
separately inactivated expression of the Nop58 and SMN
proteins by RNAI. This resulted in residual levels of 2 and
8% of Nop58 and SMN proteins, respectively, but did not
affect expression of Tgsl LF, SF and of the selenoprotein
biosynthesis factor SBP2 (Figure 3 and Supplementary Fig-
ures S3A and S4A). Hypermethylation of the selenoprotein
mRNA cap was affected in each case (Figure 3A and B).
Cap hypermethylation was decreased in Nop58 depleted-
cells by 60-80% (Figure 3A), but was totally abolished af-
ter siSMN treatment (Figure 3B). The steady state levels of
selenoprotein mRNAs, Tgsl and SBP2 mRNAs, as mea-
sured by qRT-PCR were not significantly affected in both
cases (Figure 3C and D). As expected, Nop58 depletion
strongly affected the stability of U3 snoRNA (Figure 3C)
while SMN knock-down deregulated expression of U2 (Fig-
ure 3D). This is consistent with earlier reports showing that
SMN deficiency or knock-down altered the stoichiometry
of snRNAs in mammalian cells and could even increase
their level, particularly in the case of U2 snRNA (49). We
conclude that both Nop58 and SMN participate in hyper-
methylation of the selenoprotein mRNA cap. The strong ef-
fect of SMN inactivation suggests that recruitment of Tgs1
LF likely constitutes the major pathway.

SBP2 interacts with Nop58 and SMN in vivo and recruits
Tgsl

Next, we asked how Tgs1 isoforms, SMN and Nop58 could
be recruited to selenoprotein mRNAs. As SBP2 plays cen-
tral roles in selenoprotein biosynthesis by binding to the se-
lenoprotein mRNA SECIS element (26), we first tested if
SBP2 could interact with Tgs1. Endogenous protein com-
plexes associated with SBP2 were immunoprecipitated from
HeLa cell extracts using antibodies against the N-terminal
region of SBP2. Western blotting using anti-Tgs1 antibody
revealed the association of SBP2 with endogenous Tgsl LF,
and little, if any, with Tgsl SF (Figure 4A). No associa-
tion was seen with the control protein Hsp70 (Figure 4A).
To confirm this finding, we co-transfected SBP2 with either
GFP-Tgsl LF or GFP-Tgsl SF and immunoprecipitated
the total cell lysates with anti-GFP antibodies. As shown
in Figure 4B, SBP2 associated with Tgsl LF in vivo, while
binding to Tgsl SF was not detected. Y2H tests confirmed
protein—protein interactions between SBP2 and both Tgs1
LF and Tgs1 SF (Figure 4C). Finally, in vitro binding assays

between 3S-labeled SBP2 proteins expressed in micrococ-
cal nuclease treated rabbit reticulocyte lysate (RRL) and the
recombinant His-Tgsl LF protein produced in Escherichia
coli, showed quantitative binding of SBP2 to Tgs1 LF. How-
ever, little interaction was observed between His-SBP2 and
338-Tgs1 SF (Figure 4D). Similar results were obtained us-
ing 3S-labeled proteins translated in RNase-treated bac-
terial S30 lysates (Figure 4D). Recombinant SBP2 protein
preparations, produced from bacterial heterologous sys-
tems, do not contain snRNAs, snoRNAs and correspond-
ing RNP proteins, nor components dedicated to synthesis of
mammalian selenoprotein. This excludes the possibility that
the protein—protein interactions shown are RNA dependent
or mediated via protein components of the sn-, sno- and
selenoprotein mRNP assembly machinery. Thus, Tgsl LF
and SBP2 associate in vivo and in vitro and this associa-
tion is RNA independent. Because SMN and Nop58 inter-
act with Tgs1 and appear to be required for selenoprotein
mRNA cap-hypermethylation in vivo (Figure 3A and B),
we next analyzed whether Nop58 and SMN also interacted
with SBP2. SBP2 was co-transfected with Nop58-YFP in
HEK293FT cells and we immunoprecipitated the total cell
lysates with anti-GFP beads. As shown in Figure 4E, SBP2
interacted with Nop58 in vivo. We also verified the interac-
tion in vitro by GST pull-down experiments (Figure 4F) and
found that (*>S-Met)-SBP2 produced in RRL or bacterial
S30 extracts bound strongly to GST-Nop58 independently
of RNA. In addition, RNA-IPs in Nop58-YFP transfected
cells revealed that GPx1 and GPx4 mRNAs were specifi-
cally associated with Nop58 in vivo (Supplementary Fig-
ure S5). To verify the link between SMN and selenopro-
tein mRNPs, we co-transfected GFP-SBP2 or GFP-SMN
and SBP2 in HEK293FT cells for co-IP analysis. We found
that GFP-SBP2 was able to interact with endogenous SMN
and conversely that GFP-SMN interacted with transfected
SBP2 in vivo (Figure 4G); these interactions were resistant
to RNase A treatment and are therefore RNA independent
(Figure 4G). GST pull-down experiments confirmed the in-
teraction between (**S-Met)-SBP2 and GST-SMN in vitro
(Figure 4H). We conclude that SBP2 plays a central role by
interacting with both SMN, Nop58 and Tgsl. The recruit-
ment of Tgsl is likely to be dependent on the formation
of the ternary complexes between SBP2/SMN/Tgsl LF on
one side, and SBP2/Nop58/Tgs! SF on the other.
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Figure 3. Nop58 and SMN contribute to selenoprotein mRNA hypermethylation. (A and B) Nop58 and SMN inactivation. RNA-IP using anti-TMG
serum was performed as described in Figure 1 under siNop58 or siSMN and sicontrol conditions. IP ratios between siNop58, siSMN and sicontrol
conditions are represented by the histogram bars and deduced from Supplementary Figures S3B and S4B, respectively. (C and D) siNop58 and siSMN
have no effect on the steady state level of selenoprotein mRNAs nor on Tgsl or SBP2 mRNAs. Relative expression levels were determined by qRT-PCR.

U2 snRNA and B-actin were used as normalizers, respectively.

Hypermethylated-capped selenoprotein mRNAs localize to
the cytoplasm and are polysome-associated

The discovery of hypermethylated-capped selenoprotein
mRNAs raises the fundamental question of their ability to
be present and translated in the cytoplasm. Indeed, since
the TMG cap is a part of the nuclear localization signal
for snRNAs, it could also be envisaged that hypermethy-
lation leads to sequestration of selenoprotein mRNAs in
the nucleus. We thus performed subcellular fractionation
of HEK?293 cells (Figure 5A) followed by TMG-IP experi-
ments and determined the percentage of each TMG-capped
mRNA in the cytoplasm compared with the nucleus (Figure
5B). To assess the quality of the nuclear-cytoplasmic frac-
tions, we have performed western blot analysis using an-
tibodies directed against the transcription factor ZNF143
(a strictly nuclear protein (50)) and the cytoplasmic riboso-
mal protein rpS21 (Figure 5A). Results showed that glob-
ally selenoprotein mRNAs are more abundant in the cyto-
plasmic than the nuclear compartment; indeed 70-84% of
TMG-capped selenoprotein mRNAs are found in the cyto-
plasm (Figure 5B). As expected, both U3 snoRNA and U6
snRNA were predominantly immunoprecipitated from the
nuclear fraction. U6 was used as a control because it does
not exit the nucleus during biogenesis; although it is not
TMG-capped, it is always recovered in TMG-IPs because
of its interaction with U4 snRNA (51). Non-selenoprotein
mRNA controls were not recognized by the anti-TMG an-
tibody. These results strongly suggest that hypermethylated-
capped selenoprotein mRNAs are present in the cytoplasm,

a prerequisite to their translation. To evaluate the ability
of selenoprotein mRNAs to associate with actively trans-
lating ribosomes, we analyzed the polysome distribution of
endogenous selenoprotein mRNAs. Cytoplasmic extracts
of cycloheximide-treated HEK293 cells (blocking trans-
lation elongation) were fractionated on linear 7-47% su-
crose gradients and the abundance of individual mRNAs
in each fraction was measured by qRT-PCR (Figure 6A—
C). The profiles revealed that all the endogenous selenopro-
tein mRNAs tested, except TrxR 1, sedimented to fractions
of lower molecular weight than non-selenoprotein mRNAs.
The peak of selenoprotein mRNA population was found
in fractions 10-26 in close proximity to the 80S mono-
somes (Figure 6B), whereas B-actin, HPRT and LDHA
mRNAs sedimented in the heavier fractions 5-16 contain-
ing the polysomes (Figure 6C). As expected, U3 snoRNA
was not found in polysomes (Figure 6C). These results in-
dicate that fewer ribosomes are loaded on selenoprotein
mRNAs, consistent with elongation pausing at the UGA
Sec codon as previously reported for GPx4 (52). TrxR1 se-
lenoprotein mRNA is the only mRNA found in heavier
polysome fractions (see Figure 6B). This correlates with
the fact that TrxR1 is the sole mRNA tested for which
the UGA Sec codon is at the antepenultimate position be-
fore the stop codon; in all the other selenoprotein mRNAs
of our test panel, the UGA Sec codon resides between 39
(SelW) and 285 nucleotides (SelR) downstream of the start
codon. Worth of note, the proportion of free versus ribo-
some bound mRNAs is higher for selenoprotein than non-
selenoprotein mRNAs. We next tested whether selenopro-
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Figure 4. Tgsl is recruited to selenoprotein mRNAs via interactions
with SBP2. (A) Immunopurification of endogenous SBP2 from Hela
cytoplasmic extracts using antipeptide antibodies (a-pepSBP2) against
amino acids 380-852. In: input 4%; (—) beads without antibodies;
Prel: beads with preimmune serum; IP: beads with antibodies. (B) Co-
immunoprecipitations using anti-GFP beads and HEK293FT cells trans-
fected with SBP2 and GFP-Tgs1 or SBP2 alone (no GFP). (C) Y2H inter-
action tests performed in S. cerevisiae between SBP2 and Tgsl LF or SF.
(—) Controls with empty DNA binding (DB) or activation domain (AD)
fusion vectors; (+) positive interaction control between SBP2 and Nu-
fip. (D) Binding of recombinant His-Tgsl to in vitro translated (**S-Met)-
SBP2 using rabbit reticulocyte lysate (RRL) and bacterial S30 extracts
(S30). His-Tgs1 was bound to protein A-Sepharose using anti-His antibod-
ies. (E) Co-immunoprecipitations using anti-GFP beads and HEK293FT
cells transfected by SBP2 and Nop58-YFP. (F) Binding of recombinant
GST-Nop58 to in vitro translated (°>S-Met)-SBP2 using RRL and S30 ex-
tracts. GST-Nop58 (or GST alone) was bound to glutathione beads and
incubated with the extract. (G) Co-immunoprecipitations using anti-GFP
beads and HEK293FT cells transfected by GFP-SBP2 or GFP-SMN and
SBP2 without tag. (+ RNase A) co-immunoprecipitation performed in the
presence of RNase A. (H) Binding of recombinant GST-SMN (or GST
alone) to in vitro translated (3S-Met)-SBP2 using RRL and S30 extracts.
Asterisks denote frequently encountered hSBP2 proteolysis fragments. u
represents non-specific protein signal revealed by the anti-SBP2 antibod-
ies and that serves as an internal control. Ab: cross-reactivity signal from
antibodies bound to the beads.
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Figure 5. Hypermethylated selenoprotein mRNAs are more abundant in
the cytoplasm. (A) Western blot analysis of the nuclear and cytoplasmic
extracts using antibodies directed against the nuclear restricted ZNF143
transcription factor and the cytoplasmic rpS21. (B) RNA was extracted
from total, nuclear and cytoplasmic extracts of HEK293FT cells; RNA-
IPs using anti-TMG antibodies were performed and analyzed as described
in Figure 1. The relative percentage of TMG-capped mRNA in both com-
partments is represented. Error bars represent standard deviation of an av-
erage of two independent experiments. U3 snoRNA and U6 snRNA were
used as controls for the quality of the fractionation.

tein mRNAs present in polysomes bear hypermethylated
caps. TMG-IP experiments were performed on pooled frac-
tions 6-26 (polysomes) or 28-41 (RNP) that contain free or
non-polysome associated RNAs. We reasonably considered
that the two pools contained 100% of the RNAs. Immuno-
precipitation yields dropped importantly after fractionation
of the RNAs on sucrose gradients; nevertheless, the results
clearly showed the presence of the hypermethylated seleno-
protein mRNAs in the polysome pool (Figure 6D). Indeed,
between 50% (SelT) and 80% (SelR) of the recovered TMG-
capped mRNAs was present in the polysome fraction, the
rest of the TMG-capped selenoprotein mRNAs being in the
RNP fractions (Figure 6D). As expected, U3 snoRNA and
U2 snRNA were predominantly recovered from the RNP
pool (Figure 6D). The non-selenoprotein mRNA controls
were not recognized by anti-TMG antibodies (see also Fig-
ure 1C). When RNA fractionation was performed under
low magnesium concentration leading to ribosome dissoci-
ation into subunits (Figure 6A), the signal of selenoprotein
mRNA TMG-IP was shifted to the RNP fractions (Figure
6F). Altogether these results show that hypermethylated se-
lenoprotein mRNAs are found in polysomes and are there-
fore translated.

Tgsl activity, but not eIF4E, is required in vivo for translation
of GPx1

In order to determine the functional importance of the
TMG-cap modification by Tgsl on selenoprotein synthe-
sis in vivo, we constructed two stable cell lines capable of
expressing HA tagged wild-type (wt) and mutant GPx1 se-
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lenoproteins. GPx1 was chosen as a model of class 1 se-
lenoprotein mRNAs which bear a TMG cap and are poorly
recognized by eIF4E. The mRNAs contained the complete
natural 5" and 3'UTRs and were under the control of a tetra-
cycline inducible promoter (HA-GPx1 and HA-GPx1Clys,
respectively). In HA-GPx1 cell lines, synthesis of GPx1 was
selenium dependent (Supplementary Figure S6) and relied
on translational recoding. In the HA-GPx1Cys mutant, the
Sec codon was mutated to Cys. Expression of this construct
is thus independent of the recoding mechanism. Transla-
tion of GPx1Cys was indeed unaffected by the selenium
level (Supplementary Figure S6); it was used as a non-
selenoprotein control. This system allowed us to analyze the
effects of the depletion of biogenesis or translation factors
on de novo synthesis of the GPx1 selenoprotein. We first in-
hibited expression of Tgs1 by siRNA using pools of four dif-
ferent, non-overlapping, siRNAs and two different siRINA
conditions. After 48 h of siRNA treatment, the level of Tgs1
mRNA was reduced down to 52% (siRNA2) and the corre-
sponding Tgsl protein levels to 62% (Figure 7A). At this
stage, expression of HA-GPx1 was selectively induced for
an additional 12 h and we monitored the impact of Tgsl
depletion on de novo selenoprotein synthesis (Figure 7B).
Partial Tgsl depletion resulted in a statistically significant
47% drop of HA-GPx1 selenoprotein synthesis compared
to the endogenous control protein AspRS that remained un-
affected (Figure 7B). With a similar efficacy of siRNA treat-
ments, the drop in protein synthesis was 66% in the case of
SBP2 knock-down, a protein factor essential to the Sec in-
corporation process in vivo and no effect was observed in
samples treated with control siRNAs (Figure 7B). Both the
siTgs1 and siSBP2 effects could be rescued by transfection
of SBP2 and Tgsl expression plasmids 24 h after knock-
down. Restoration of Tgsl and SBP2 wt levels (Figure 7A)
re-established 89 and 100% of HA-GPx1 expression, respec-
tively (Figure 7B). Interestingly, depletion of neither Tgsl
nor SBP2 affected translation of the HA-GPx1Cys mutant
(Figure 7B). In this case, synthesis of the HA-GPx1Cys pro-
tein does not rely on translational recoding events and be-
comes independent of the presence of SBP2, in agreement
with depletion of SBP2 having no effect on protein pro-
duction arising from this construct (Figure 7B). Altogether
these results suggest that Tgsl does play a functional role
in selenoprotein synthesis in vivo, most likely by its direct
action on selenoprotein mRNA cap hypermethylation.
Because we showed that hypermethylation affected the
recognition by eIF4E, we also examined the effects of eIF4E
knock-down, using pools of four different siRNAs, on the
in vivo expression of GPx1 using the same HA-GPx1 and
HA-GPx1Cys inducible stable cell lines (Figure 7). eIF4E
mRNAs were reduced to 58%. In this case, a 40% depletion
of the eIF4E protein (Figure 7A) hardly affected HA-GPx1
selenoprotein synthesis, in agreement with our data show-
ing that eIF4E only poorly recognized the GPx1 mRNA.
In contrast, translation of the HA-GPx1Cys mutant was
more affected and reduced between 23% (siRINA1) and 30%
(siRNA?2) (statistically significant, P = 0.0002 and P = 0.02
for siRNAT1 and siRNA2, respectively) (Figure 7B). In this
case, protein synthesis is independent of UGA Sec recod-
ing and relies on canonical translation mechanisms. The re-
sults of eIF4E inactivation show opposite effects compared
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Figure 7. Tgsl, but not eIF4E, is required for de novo synthesis of GPx1.
Stable cell lines expressing HA-GPx1 and HA-GPx1Cys mutant proteins
under the control of an inducible promoter were used to monitor de novo
selenoprotein synthesis following 48 h of Tgsl, eIF4E and SBP2 knock-
down (siTgsl, siel F4E and siSBP2). Two different siRNA conditions us-
ing 30 and 100 nM siRNA (marked 1 and 2 below the histogram) were
analyzed for each gene. r indicates rescue experiments of siRNA2 con-
ditions by transfection of a plasmid 24 h after siRNA. (A) Western blot
analysis of siTgs1, siel F4E and siSBP2 efficiency using antibodies directed
against the targeted proteins. Levels of protein compared with the control
are indicated below the panels and normalized against AspRS. (B) Quan-
tification results of de novo HA-Gpx!1 protein expression levels by western
blot analysis using anti-HA antibodies. Normalization was performed us-
ing AspRS antibodies. Gray bars: HA-GPx1; dark bars: HA-Gpx1Clys.
Error bars represent standard deviation of an average of four independent
experiments. Asterisks indicate statistically significant differences between
siTgsl, sielF4E, siSBP2, rescues and corresponding sicontrol conditions.
*P < 0.05and **P < 0.005 based on Student's ¢-test. Expression constructs
HA-GPx1 and HA-GPx1Cys, integrated in the stable cell lines, flanked by
their natural GPx1 5" and 3'UTRs as well as SECIS RNA, are represented
above the histograms.

to the siTgs1 and siSBP2 control conditions that solely im-
pacted UGA recoding (Figure 7B). The mild effect ob-
served is consistent with the existence of strong homeostatic
control mechanisms of e[F4E activity; indeed knockdowns
have been reported to cause only minor reduction in trans-
lation (53). Rescue experiments of sielF4E (Figure 7A) re-
stored 98% of HA-Gpx1Cys expression (Figure 7B). These
results suggest that elF4E is not essential for the translation
of hypermethylated-capped selenoprotein mRNAs.

DISCUSSION

Cellular mRNAs are known to be m’G-capped (1). Here we
showed that mammalian mRNAs encoding selenoproteins
bear a hypermethylated cap. Some mRNAs in Caenorhab-
ditis elegans, Ascaris lumbricoides, Ciona intestinalis and
Euglena gracilis acquire TMG caps but by spliced-leader
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(SL) trans-splicing, thus a radically different pathway than
described here (54-57). Some Rev/RRE-dependent HIV-1
RNAs can also be TMG-capped by Tgsl, TMG capping
representing in this case a regulation mechanism for selec-
tive expression (58). To assess the impact of TMG capping
on selenoprotein mRNA export, stability and translation
is challenging. Hypermethylation of selenoprotein mRNA
cap may serve different purposes: dedicated assembly path-
way for selenoprotein mRNPs and/or control of seleno-
protein expression at the level of translation initiation or
UGA Sec recoding. Our experiments reveal that seleno-
protein mRNAs are subjected to differential 5" processing
and translational initiation events. Although some are sub-
strates for Tgsl, harbor hypermethylated caps and are not
recognized efficiently by the translation factor eIF4E, oth-
ers are m’G-capped and recognized by eIF4E. These dif-
ferences between selenoprotein mRNAs are not surprising
as differential expression and stability regulation mecha-
nisms have been reported for various subsets of selenopro-
tein mRNAs under conditions as different as selenium lev-
els, type of SBP2-SECIS interactions, and sensitivity to

NMD (nonsense mediated decay) (44,59-63). Control of
gene-specific selenoprotein expression and differential reg-
ulation of UGA Sec recoding of a subset of selenoprotein
mRNAs were recently shown to be selenium-dependent and
mediated by the degree of tRNABIS« Um34 methylation
(43). Likewise, it is conceivable that cap hypermethylation
could also be part of a regulation process of selenoprotein
expression. As suggested by our results, hypermethylation
does not necessarily occur equally on all selenoprotein mR-
NAs, possibly regulating translation initiation in a way that
could contribute to the mechanisms of hierarchy of seleno-
protein expression. Mechanisms and factors influencing the
fate of selenoprotein mRNAs are far from being understood
and so far no unified mechanism could be proposed for
all selenoprotein mRNAs, at any stage of their mRNA life
cycle. Our findings point to the existence of an additional
level of complexity in the mechanism of selenoprotein syn-
thesis residing at the stage of mRNP assembly, processing
and translation initiation (Figure 8). This process is gov-
erned by the interactions between SBP2, Tgsl and seleno-
protein mRNAs. We established that the hypermethylase



Tgsl is recruited to selenoprotein mRNAs predominantly
via SMN but also Nop58, and therefore probably belongs
to two possible ternary complexes: SBP2/Nop58/Tgsl or
SBP2/SMN/Tgsl (Figure 8). Interestingly, oxidative stress
was identified as a novel regulation mechanism for selective
selenoprotein synthesis (64). It was shown to induce nuclear
shuttling of SBP2 and selenocysteine incorporation factors,
and to promote assembly of selenoprotein mRNPs (32,33).
It is conceivable that oxidative stress could also regulate hy-
permethylation of selenoprotein mRNAs by stimulating re-
cruitment of the nuclear isoform of Tgsl.

SBP2 is a member of the L7Ae family of RNA-binding
proteins (65) that include the archacal L7Ae and eukary-
otic 15.5 kDa core proteins of the box C/D sRNPs and
snoRNPs, respectively. We have previously shown that the
structural motifs of the SECIS and box C/D RNAs as well
as binding strategies governing the interaction of SBP2,
L7Ae and 15.5 kDa to their cognate RNAs are similar and
are controlled by a common conserved RNA chaperone
complex (27,34,66). Interestingly, it is the L7Ae and 15.5
kDa proteins that play a key role in box C/D RNP assembly
in Archaea and Eukarya, respectively, by specifically rec-
ognizing their cognate RNA motif. Moreover, in the case
of U3 snoRNA, assembly and maturation was shown to
be dependent on a large multiprotein complex that con-
tains, in addition to the core proteins, components of the
RNA chaperone complex but also RNA processing factors
including Tgsl (22,25). Likewise, our present data suggest
that SBP2 could trigger the assembly of the cap modifi-
cation complex by recruiting Nop58 or SMN in a similar
manner, and this would ultimately lead to the binding of
Tgs1 methylase for modification. Tgsl SF is strictly nuclear
but Tgsl LF is present both in the nucleus and the cyto-
plasm. This suggests that m’G hypermethylation could oc-
cur in either of the two cellular compartments via two al-
ternative pathways and could obey a fast and potentially
reversible regulation process (Figure 8). Altogether, our re-
sults demonstrate that selenoprotein mRNAs indeed un-
dergo a sophisticated assembly and 5’end maturation path-
way similar to that of sn- and snoRNAs, and which involve
common maturation factors and core proteins.

However, unlike TMG-capped sn- or snoRNAs, our re-
sults also show that hypermethylated-capped selenoprotein
mRNAs can be found in the cytoplasm and in actively
translating ribosomes, excluding nuclear retention as a con-
sequence of cap hypermethylation. Hypermethylation by
Tgsl rather seems to be required for translational recod-
ing events, as its knock-down reduced expression of GPx1.
Our current data do not allow us to differentiate whether
Tgsl activity is required for Sec incorporation or transla-
tion initiation (Figure 8). It is conceivable that both mech-
anisms could be linked for optimal selenoprotein transla-
tion. Specialized translation initiation factors or alterna-
tive mechanisms are therefore likely to be involved in hy-
permethylated mRNA recognition. One possibility would
be an IRES-dependent translation. Consistently, earlier re-
ports showed that the cricket paralysis virus internal ribo-
some entry site is able to support Sec incorporation in a lu-
ciferase reporter construct, although the incorporation ef-
ficiency was decreased (67). Our results also showed a re-
duced affinity of the translation initiation factor eIF4E for
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selenoprotein mRINA cap structures. However, eIF4E vari-
ants that can accommodate the TMG cap were identified
in the genome of C. elegans (68). Whether such a situation
prevails for some selenoprotein mRNAs will be the aim of
future investigations.
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