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ABSTRACT 

Translational readthrough of UGA stop codons by
selenoc ysteine-specific tRNA (tRNA 

Sec ) enab les the
synthesis of selenoproteins. Seryl-tRNA synthetase
(SerRS) charges tRNA 

Sec with serine, which is mod-
ified into selenocysteine and delivered to the ribo-
some by a designated elongation factor (eEFSec
in eukaryotes). Here we found that components of
the human selenocysteine incorporation machinery
(SerRS, tRNA 

Sec , and eEFSec) also increased transla-
tional readthrough of non-selenocysteine genes, in-
cluding VEGFA , to create C-terminally extended iso-
forms. SerRS recogniz es targ et mRNAs through a
stem-loop structure that resembles the variable loop
of its cognate tRNAs. This function of SerRS de-
pends on both its enzymatic activity and a vertebrate-
specific domain. Through eCLIP-seq, we identified
additional SerRS-interacting mRNAs as potential
readthr ough genes. Moreo ver, SerRS o verexpres-
sion was sufficient to re ver se premature termina-
tion caused by a pathogenic nonsense mutation.
Our findings expand the repertoire of selenoprotein
biosynthesis machinery and suggest an avenue for
therapeutic targeting of nonsense mutations using
endogenous factors. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

mRNA translation is a finely tuned process by which pro-
teins are generated. tRNAs are charged by their cognate
aminoacyl-tRNA synthetase (aaRS) with the specific amino
acid their anticodon deciphers ( 1 ). These charged tRNAs
are then used by the ribosome to produce a polypeptide
chain following instructions encoded by mRNA. Howe v er,
in order for the ribosome to know where to begin and end,
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pecific translation initiation, elongation, and termination 

actors are needed to facilitate the recognition of signals 
mbedded in the mRNA ( 2 , 3 ). In fact, the same mRNA
an produce different protein isoforms with vastly differ- 
nt functions ( 4 ). Regulation by the flanking untranslated 

egions (UTRs), especially the 3 

′ UTR, dictates the propor- 
ions of different protein variants that are synthesized ( 5 ). 
his allows for an additional le v el of gene product regula- 

ion unrestricted by genetically encoded information. 
Translational readthrough (TR) is one mode of trans- 

a tional regula tion involving the 3 

′ UTR. Suppression of a 

top codon leads to TR, upon which additional amino acids 
re attached to the C-terminus of a nascent peptide chain 

 6 ). Stop codon suppression is di v ersely utilized in cells –
part from the generation of protein isoforms by functional 
R, it is also key to introducing the 21st amino acid of the
enetic code, selenocysteine ( 7 ). 

The incorporation of selenocysteine via TR occurs in all 
hree domains of life. The first step, strictly conserved across 
ingdoms, is the aminoacylation of tRNA 

Sec by seryl-tRNA 

ynthetase (SerRS, gene name SARS1 ) with a serine ( 8 , 9 ).
he serine residue is further converted to selenocysteine 

n the second step, where eukaryotes use a di v ergent sys- 
em from that of bacteria ( 10 , 11 ). In eukaryotes, this step
s catalyzed by two consecuti v e enzymes: O-phosphoseryl- 
RNASec kinase (PSTK) and O-phosphoseryl-tRNASec 
elenium tr ansfer ase (SepSecS). The resulting Sec-tRNA 

Sec 

s deli v ered to the ribosome by a designa ted alterna ti v e
ransla tional elonga tion factor, eEFSec, to decode the 
GA stop codon ( 12 ). In all cases, whether to synthesize 

elenoproteins or to extend specific protein forms, TR must 
e strictly regulated as random disregard of stop codons 
ould be highly detrimental. Thus, complex RNA struc- 

ures, which dicta te transla tional speed to allow for the re- 
ruitment of nearby factors, regulate the readthrough of the 
top codon for selenocysteine incorporation ( 13 ). 

Numerous diseases are caused by nonsense mutations 
eading to in-frame pr ematur e termination codons (PTCs); 
n fact, about 11% of all genetic lesions that cause human 

isease can be traced to PTCs ( 14 ). Nonsense mutations 
an lead to a breadth of symptoms, ranging from de v elop- 
ental disorders early in life to increased susceptibility to- 
ards cancer during adulthood ( 15 , 16 ). Methods to utilize 
R as a therapeutic paradigm in these diseases ar e curr ently 

eing evaluated ( 17 ), such as using amino gl ycoside drugs 
 18 ), nonsense suppressor tRNAs ( 19 , 20 ), and nonsense- 
ediated mRNA decay (NMD) inhibitors. 
A major concern with these techniques is side effects 

esulting from possible readthrough of non-PTC genes 
 21 , 22 ), necessitating the de v elopment of targeted therapeu- 
ics. Deeper knowledge into the mechanisms of naturally 

ccurring readthrough would provide clues on how to res- 
ue nonsense mutations without the need to introduce for- 
ign components. 

TR has been described for the master angiogenesis reg- 
lator VEGFA, a pivotal protein in cancer and de v elop- 
ent ( 23 , 24 ). Attachment of 22 additional amino acids 

Figure 1 A) leads to novel VEGFA functions: instead 

f eliciting a pro-angiogenic response as found for the 
rototypical VEGFA variant, the so-termed VEGF-Ax 

eadthr ough pr oduct no longer str ongl y induces angio gen- 
sis, although its exact function is debated ( 25–27 ). VEGFA 

R is dependent on heterogeneous nuclear ribonucleopro- 
ein HNRNPA2 / B1 binding to a regulatory element follow- 
ng the stop codon. Howe v er, this mechanism does not di- 
ectly explain how the stop codon is suppressed nor why 

erine is e xclusi v ely incorpora ted a t the stop codon position
 25 ). We further investigated the mechanism of VEGFA TR 

nd found that it involved SerRS and select components 
f the selenocysteine incorporation machinery. This func- 
ion was dependent on the conserved catalytic function of 
erRS and a unique appended domain that appeared in ver- 
e brates. Moreover, w e performed enhanced cross-linking 

mmunoprecipitation (eCLIP) in human cells and identi- 
ed other candidate genes beyond VEGFA whose TR may 

e regulated by SerRS. We further showed that ov ere xpres- 
ion of human SerRS alone was sufficient to alleviate pro- 
ein truncation in a cell-based model of a familial nonsense 
utation in the tumor suppressor MSH2 that causes high 

isk for colorectal cancer. 

ATERIALS AND METHODS 

ell culture and constructs 

ll cells were cultured in a humidified incubator at 37 

◦C 

ith 5% CO 2 . Human HEK293 and MDA-MB-231 cell 
ines wer e pur chased from the American Type Culture 
ollection (ATCC, Manassas, VA, USA) and the human 

93AD cell line was purchased from Agilent (Agilent, Santa 

lara, CA, USA). These were cultured in Dulbecco’s Mod- 
fied Eagle Medium (ThermoFisher Scientific, Grand Is- 
and, NY, USA) supplemented with hea t-inactiva ted fetal 
ovine serum (Omega Scientific, Tarzana, CA, USA) to a 

nal concentration of 10% and 1% Penicillin-Streptomycin 

ThermoFisher Scientific). Tr ansient tr ansfections were 
erformed using Lipofectamine 2000 (ThermoFisher Sci- 
ntific). Human SerRS variants, GlyRS, and TyrRS were 
loned into pCDNA6c-V5 / His6 vector (ThermoFisher Sci- 
ntific), and human full-length SerRS was cloned into 

Babe-puro vector (Addgene, pBABE-puro was a gift 
rom Hartmut Land & Jay Morgenstern & Bob Wein- 
erg) (Addgene plasmid # 1764; http://n2t.net/addgene: 
764 ; RRID:Addgene 1764) ( 28 ). For mutations in SerRS, 
e performed site-directed mutagenesis PCR to obtain the 
erRS 

T429A construct. We established MDA-MB-231 cell 
ines stably expressing human SerRS mutants by using 

Babe-puro ( 28 ) vector-based retroviral infections. Stable 
olyclonal cell lines with either SerRS ov ere xpression or 
he corresponding control were generated through selection 

ith puromycin. 

rotein purification 

or protein purification, human SerRS was subcloned into 

ET-20b(+) plasmid (Novagen, Dar mstadt, Ger many) and 

xpressed in E. coli . The recombinant C-terminal His6- 
agged proteins were purified using Ni-NTA beads (Qiagen, 
alencia, CA, USA) followed by a heparin column and size 
xclusion chromato gra phy. The purities of the recombinant 
roteins were assessed by Coomassie blue staining and elec- 
rophoresis with 4–12% Bis-Tris Mini gels (ThermoFisher 

http://n2t.net/addgene:1764
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Figure 1. SerRS binds to the 3 ′ UTR of VEGFA to facilita te transla tional r eadthrough. ( A ) Scheme of VEGFA downstr eam of the first stop codon. VEGFA 

mRNA can be read through its first stop codon, resulting in VEGF-Ax with 22 appended amino acids. ( B ) Luciferase assay to quantify VEGFA translational 
r eadthrough. SerRS over expr ession incr eased VEGFA TR while expression of two other aminoacyl-tRN A synthetases, Gl yRS and TyrRS, did not impact 
VEGFA TR. ( C ) Upper panel: Secondary structure analysis of VEGFA predicts a stem-loop in the 3 ′ UTR. Comparison between the VEGFA stem-loop 
motif and variable loops of tRNA 

Ser and tRNA 

Sec . Both variable loops and the VEGFA stem-loop contain G–C base pairs, which are recognized by SerRS 
(PDB-ID: 4RQF, lower panel). ( D ) Alignment of human tRNA 

Sec and tRNA 

Ser isoacceptor variable loops. The conserved G–C base pairs in each variable 
loop are highlighted. ( E ) Disruption of the VEGFA stem-loop motif abrogated SerRS-mediated TR, quantified by luciferase reporter assay. Exchanging G– 
C base pairs to A–U reduced TR, as did disrupting the stem-loop structure entirely. ( F ) Addition of 12 or 24 nucleotide spacers between the VEGFA UGA 

stop codon and stem-loop reduced TR as quantified by luciferase reporter assay. ( G ) Quantification of competiti v e EMSA results sho wing ho w different 
VEGFA constructs compete WT VEGFA mRNA off SerRS. (A–G) (n.s., not significant; * P < 0.05, ** P < 0.01, *** P < 0.001; **** P < 0.0001). 
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cientific). Protein concentrations were determined by mea- 
uring absorbance at 280 nm. 

ell fractionation analysis 

ell fractionation was performed according to a previ- 
usly described protocol ( 29 ). Briefly, the cells were har- 
ested with 0.25% Trypsin-EDTA, and cells were lysed with 

welling buffer (10 mM Tris–HCl pH 7.4, 2 mM EDTA, 
roteinase inhibitor cocktail (Roche, Basel, Switzerland)). 
he cytoplasmic fraction was separated by centrifugation 

t 800 × g for 5 min (supernatant) and the pellet containing 

uclear proteins was washed. The nuclear fractions were ex- 
racted using nuclear extraction buffer (20 mM HEPES pH 

.6, 300 mM NaCl, 2 mM EDTA, 1 mM 1,4-dithiothreitol, 
0% glycerol, 1% Triton X-100, protease inhibitor cocktail). 
erRS was detected with an anti-SerRS antibody (made 

n-house by immunizing rabbits with recombinant human 

erRS protein). Lamin A / C and �-tubulin, nuclear and cy- 
oplasmic mar kers, respecti v ely, were detected by western 

lot to test the purity of cellular fractions. 

estern blot 

ells were washed with phospha te-buf fered saline (PBS) 
nd lysed with cell lysis buffer (20 mM Tris–HCl pH 7.5, 
50 mM NaCl, 1 mM of EDTA, 1 mM EGTA, 1% Tri- 
on X-100, 2.5 mM sodium pyrophosphate, 1 mM beta- 
lycer ophosphate, 1 mM Na 3 VO 4 and pr otease inhibitor 
ocktail). Protein concentration of each sample was quan- 
ified with a BCA Protein Assay Kit (ThermoFisher Sci- 
ntific). Equal amounts of protein extract were mixed with 

DS loading buffer and boiled at 95 

◦C for 5 minutes. Sam- 
les were loaded on 4–12% Tris-acrylamide gels, then trans- 
erred onto polyvinylidene difluoride membranes. Mem- 
ranes were first blocked with 5% milk, then incubated with 

he indicated antibodies, followed by secondary antibody 

onjugated to horseradish peroxidase. Blots were visualized 

ith an ECL chemiluminescence kit (ThermoFisher Scien- 
ific, USA) in a FluorChem M (Proteinsimple). Custom- 
ade rabbit anti-human SerRS antibody was made by the 

cripps Research antibody core. Monoclonal anti-His6- 
ag antibody (#HRP-66005) was purchased from Protein- 

ech. Monoclonal anti-V5 antibody (#R960CUS) and poly- 
lonal anti-eEFSec antibody (#PA5-31764) were purchased 

rom ThermoFisher Scientific. The anti-MSH2 (#2017), 
nti-Lamin A / C (#2032), anti- �-actin (#3700), and anti- �- 
ubulin (#3873) antibodies wer e pur chased from Cell Sig- 
aling Technology. Monoclonal anti-SBP2 antibody (#sc- 
30639) was purchased from Santa Cruz (Santa Cruz, CA, 
SA). 

ucifer ase r eporter system 

irefly luciferase (FLuc) reporters downstream of se- 
uences of interest ( VEGFA , MSH2 , BAK1 , TIMP1 , CFL1 )
ere transfected (500 ng / well) into HEK293 cells in 24-well 
lates using Lipofectamine 2000. Renilla luciferase (RLuc) 
50 ng / well) was co-transfected as a control. After 48 h, cells 
ere lysed and FLuc and RLuc activity wer e measur ed us- 

ng Dual-Luciferase Reporter Assay System (Promega) in a 

ictor3 1420 Multilabel Plate Counter (PerkinElmer). 
ross-linking immunoprecipitation (CLIP) 

LIP was performed as previously described ( 30 ). Briefly, 
 × 10 

8 SerRS-ov ere xpressing MDA-MB-231 cells were 
rosslinked by exposure to short-wave UV light at 300 mJ 
er cm 

2 . Cells were harvested by scraping and solubilized 

n RIPA buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 
.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) and 

rozen a t −80 

◦C . Immedia tel y preceding imm unoprecipi- 
a tion, lysa tes were thawed on ice, vortexed until homoge- 
eous, and clarified by centrifugation at 16 000 × g for 5 

in in a 4 

◦C refrigerated microcentrifuge. Clarified lysate 
as transferred to a fresh microcentrifuge tube and pre- 
epleted with protein G Sepharose beads for 30 min at 4 

◦C. 
he resin was removed from the clarified lysate by centrifu- 
a tion a t 5000 × g for 5 min, and the depleted lysate was
ransferred to a fresh microcentrifuge tube, followed by the 
ddition of rabbit polyclonal SerRS antibody or rabbit IgG 

ontrol. The extracts were incubated for 2 h at 4 

◦C under 
onstant agita tion. After antibod y binding, the immuno- 
omplex es wer e captur ed from the lysate by the addition of 
r otein G Sephar ose resin and incubated for 2 h at 4 

◦C un-
er agitation. After binding, RNA-protein complexes were 
eleased by proteinase K digestion at 37 

◦C in the presence 
f 1% SDS. RNA fragments were TRIzol extracted. 

CLIP-seq 

CLIP-seq was performed using the RBP-eCLIP Kit 
#ECK001, Eclipse Bioinnovations, San Diego, CA). 
 × 10 

7 MDA-MB-231 cells were used for each of the three 
eplica tes a t dif ferent cell passages. Cell culture medium 

as replaced with ice-cold PBS and cross-linking was per- 
ormed at 254 nM UV with a setting of 400 mJ / cm 

2 . Af-
er cross-linking, cells were scraped, washed, counted, cen- 
rifuged and snap-frozen. eCLIP was performed by follow- 
ng the manufacturer’s instructions. Briefly, cells were lysed, 
onicated using a Bioruptor Pico (Diagenode , Denville , 
J), and digested with DNase and Ambion RNase I, cloned 

#AM2294, ThermoFisher Scientific). Immunoprecipita- 
ion was performed with mouse monoclonal anti-SerRS an- 
ibody (#sc-271032, Santa Cruz Biotechnology) bound to 

oat anti-mouse IgG magnetic beads (#S1430, New Eng- 
and Biolabs). Size-matched input (SMInput) samples were 
aken before antibody enrichment. Samples were washed, 
da pters were added, protein-RN A complexes were sepa- 
ated by SDS-PAGE electrophoresis and transferred to ni- 
rocellulose membranes by wet transfer. The membrane sec- 
ion containing the complexes was cut out and digested 

ith Proteinase mix supplied by the manufacturer. Result- 
ng RNAs were purified and re v erse transcribed. Result- 
ng cDNA was purified and adapters were ligated on the 
nds. cDNA was quantified by qRT-PCR, and libraries were 
mplified by PCR. Libraries were gel-purified from a 3% 

ow-melting temperature agarose gel, pooled, analyzed by 

gilent TapeStation, and sequenced on a NextSeq 2000 

Illumina). 

CLIP-seq analysis 

eads were processed using the Skipper processing pipeline, 
vaila ble at https://github.com/YeoLa b/skipper ( 31 ). In 

https://github.com/YeoLab/skipper
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short, r eads wer e trimmed of adapters with skewer ( 32 ),
mapped with STAR (2.7.10a alpha 220314) ( 33 ) and PCR-
deduped with UMIcollapse ( 34 ). Binding candidates were
identified using a tiled window a pproach, w her e the 5 

′ r ead
ends (r epr esenting the crosslinking site) wer e counted across
e v enly sized windows for each genic region. Windows were
then binned according to GC content to estimate and ad-
just for GC biases, and the comparison of IP reads to corre-
sponding size-matched input (SMinput) reads were used to
determine enrichment of signal above backgr ound. Br owser
tracks wer e cr eated using IGV ( 35 ). P athw ay analysis w as
performed using Metascape ( 36 ). 

Ribosome profiling library construction 

Ribosome profiling libraries were generated as previously
described ( 37 , 38 ) with some minor modifications. Briefly,
two 10 cm dishes of cells were used for each biological
r eplicate, and thr ee biological r eplicates wer e pr epar ed for
each cell line (MDA-MB-231-empty vector, MDA-MB-
231-SARS). Cell homogenization was performed in 1 ml ly-
sis buffer (20 mM Tris–Cl, pH 8.0, 150 mM NaCl, 5 mM
MgCl 2 , 1 mM DTT, 100 �g / ml CHX, 1% (v / v) TritonX-
100, 50 units / ml Turbo DNaseI). RNase I-treated lysates
were overlaid on top of a sucrose cushion in 5 ml Beck-
man Ultraclear tubes and centrifuged in an SW55Ti ro-
tor for 4 hours at 4 

◦C at 46 700 rpm to isolate mono-
somes. Pellets were resuspended and RNA was extracted
using the miRNeasy kit (Qiagen) according to manufac-
turer’s instructions. 26–34 nucleotide RNA fragments were
purified by electrophoresis on a 15% denaturing gel. Linker
addition, cDNA gener ation (first-str and synthesis was per-
formed at 50 

◦C for 1 h), circularization, rRNA deple-
tion, and amplification of cDNAs with indexing primers
were performed. Library quality and concentration were as-
sessed using high sensitivity D1000 screen tape on the Ag-
ilent tape station, Qubit 2.0 Fluorometer, and qPCR. All
libraries were pooled and run on HiSeq4000 (SR75). 

Ribosome profiling analysis 

Ribosomal footprints were analyzed as described by Ingolia
et al. ( 37 ) with these modifications: Trimgalore was used to
trim off adapters and clip the first nucleotide off the 5 

′ end.
Reads were then mapped to ribosomal RNA using bowtie2
( 39 ) and unmapped reads were further mapped to the hu-
man transcriptome (v19) with STAR aligner ( 33 ). Expected
read length distribution was tested with the R package Ri-
boProfiling. To center ribosomes and obtain a list of genes
with P-sites in their 3 

′ UTR, we used functionalities within
Ribowaltz ( 40 ) and a custom python script by Scott Adam-
son, UConn, and Jax Laboratories. 

Quantitative real-time PCR assay (qRT-PCR) 

Total RNA was isolated from cells with TRIzol Reagent
(ThermoFisher Scientific) as a control. For assaying mRNA
stability, cells wer e tr eated with 5 �g / ml actinomycin D
for up to 4 h before isolating total RNA. One microgram
( �g) of total RNA from each CLIP experiment was re v erse
transcribed to cDNA with M-MLV re v erse transcriptase
(Promega, Madison, WI, USA) or SuperScript III (Invit-
rogen). All r eal-time PCR r eactions wer e performed using
the StepOnePlus Real-Time PCR system (ThermoFisher
Scientific) with SYBR Select Master Mix (Applied Biosys-
tems) or Power Sybr Green Master Mix (Thermo Fisher).
Primers used for the PCR reactions are listed in Supple-
mentary Table S1. The PCR reaction started at 95 

◦C for
10 min, followed by 45 cycles of 95 

◦C for 20 s and 60 

◦C for
1 min. 

RNAi 

DNA oligos encoding short-hairpin RNAs (shRNA) de-
signed against human eEFSec (5 

′ -GAT CCG CTA GAT
GCG GAC ATT CAC ACC TCG AGG TGT GAA TGT
CCG CAT CTA GCT TTT TTC -3 

′ ), SECISBP2 (5 

′ - GAT
CCG CCA GTC CTT TCC AAA GAA TGC TCG AGC
ATT CTT TGG AAA GGA CTG GCT TTT TTC -3 

′ ),
and tRNASec (5 

′ -GAT CCG TGC AGG CTT CAA ACC
TGT AGC TCG AGC TAC AGG TTT GAA GCC TGC
ACT TTT TT C-3 

′ ) wer e inserted into pLentiLox-hH1 plas-
mid, modified from the pLentiLox 3.7 plasmid to contain
a H1 promoter (between Xba I and Xho I sites) to dri v e
the shRNA expression. For non-targeting control shRNA,
we used the sequence 5 

′ -T AA GGC T A T GAA GAG A TA
C-3 

′ . Cells were transfected with shRNA plasmids by using
Lipofectamine 2000 reagent (ThermoFisher Scientific). 48
h post-transfection, cells were subjected to analysis. 

Electrophoretic mobility shift assay (EMSA) 

EMSA was performed as previously described ( 41 ). Briefly,
the 69 bp RNA oligonucleotides corresponding to the
SerRS binding site on the VEGFA 3 

′ UTR (5 

′ -UGA GCC
GGG CA G GA G GAA GGA GCC UCC CUC AGG
GUU UCG GGA ACC AGA UCU CUC ACC AGG
AAA GAC UGA-3 

′ ) and its variants were synthesized.
For MSH2 , a 30 bp RNA oligonucleotide (5 

′ -UCA AAU
GGA GCA CCU GUU CCA UAU GUA CGA-3 

′ ) was
synthesized. The RNA products were annealed and [32P]-
labeled at the 5 

′ end by T4 polynucleotide kinase (New
England Biolabs, Ipswich, MA, USA) before desalting us-
ing a Sephadex G-25 spin column (GE Healthcare, Pitts-
burgh, PA, USA). The labeled oligonucleotides (5 nM fi-
nal concentration) were incubated with recombinant SerRS
at the indicated concentrations (and cold RNA competi-
tors in competiti v e EMSAs) in binding buffer [20 mM Tris–
HCl pH 8.0, 60 mM KCl, 5 mM MgCl 2 , 0.1 mg / mL BSA,
10 ng / �l poly(I:C), 1 mM DTT, 5% glycerol] for 1 h at
room temperature. The samples were loaded on a 5% na-
ti v e polyacrylamide gel and underwent electrophoresis at
250 V in running buffer (25 mM Tris, pH 8.3, 190 mM
gly cine). Afterwar ds, the gel was dried and examined by
autor adiogr aphy. 

Northern blot 

Total RNAs of HEK293 cells transfected with shRNA-
encoding plasmids were extracted by using TRIzol
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ing binding of the catalytic mutant SerRST429A to the VEGFA mRNA. 
( E ) A point mutation in the SerRS catalytic site (T429A), which renders 
SerRS catal yticall y inacti v e, abolished SerRS translational readthrough 
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gated increased translational readthrough upon SerRS ov ere xpression in 
a VEGFA -based luciferase reporter assay. ( G ) SerRS-mediated TR mea- 
sured by a VEGFA reporter assay with SerRS ov ere xpression. TR is depen- 
dent on tRNA 

Sec and eEFSec, as their knockdown abrogates the increase 
in translational readthrough by SerRS ov ere xpression. SBP2 knockdown 
does not affect TR. Knockdown was verified by western blot. (A–G) (n.s., 
not significant; ** P < 0.01; *** P < 0.001; **** P < 0.0001) 
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Invitrogen) according to manufacturer’s instructions with 

inor modifications. RNAs were precipitated by adding 2.5 

olumes of ethanol and incubating at –20 

◦C overnight. The 
NA samples were subjected to electrophoresis on 10% 

BE-Urea gels (In vitrogen), f ollowed by electroblotting 

o Hybond-N + nylon membranes (GE Healthcare). The 
embranes were blocked and incubated with [32P]-labeled 

NA probes a t 50 

◦C . The probes used for detecting human 

RNA 

Sec and U6 snRNA are as follows: 5 

′ - GAA AGG 

 GG AAT T GA A CC A CT CTG TCG CTA GAC AGC
AC AGG TTT GAA GCC TGC ACC CCA GAC CAC 

GA GGA TCA TCC G -3 

′ and 5 

′ -GCA GGG GCC ATG 

TA ATC TTC TCT GTA TCG-3 

′ . 

atient-derived B cell isolation and immortalization 

lood samples were collected from the mother (P) and 

er three children (F1, M1, M2) (Figure 3 A) at the Na- 
ional Cheng Kung Uni v ersity Hospital following institu- 
ional guidelines for r esear ch with human subjects (IRB 

rotocol Number: B-ER-106–186). B cells were isolated by 

ositi v e selection using CD19 Dynabeads PanB magnetic 
eads (Invitrogen). Purified primary B cells were immortal- 

zed by incubation with supernatant from sodium butyrate 
3 mM) and TPA (tetradecanoyl phorbol acetate, 40 ng / ml) 
reated B95.8 cell for 1.5 h at 37 

◦C to infect them with EBV.
liquots of infected cells were collected a t dif ferent time 
oints for analysis: day 16, week 3 and week 6 (to ensure 
hat EBV immortalization had occurred). 

RNA alignment 

RNA sequences were retrie v ed from GtRNAdb ( 42 , 43 ). 

tatistical analyses 

tatistical significance was tested with Student’s t -test us- 
ng GraphPad Prism (Graphpad Software, Inc.). n.s., not 
ignificant; * P < 0.05; ** P < 0.01; *** P < 0.001; ****
 < 0.0001. 

ESULTS 

erRS o ver expr ession promotes tr anslational r eadthrough of 
EGFA in a reporter system 

swarappa et al. reported that the amino acid serine was 
ncorporated in the position of the UGA stop codon to 

enerate VEGF-Ax ( 25 ) (Figure 1 A). As SerRS charges 
erine onto tRN A 

Sec , w hich can suppress the UGA stop 

odon, during the initial step of selenocysteine incorpo- 
ation, w e w er e inter ested in investigating whether these 
rocesses ar e r ela ted. The ef ficiency of stop codon sup- 
r ession is incr eased if local concentrations of the charged 

RNA are high ( 44 ), so we tested whether increasing the 
e v els of SerRS would affect VEGFA TR. Howe v er, de- 
ection of VEGF-Ax on the protein le v el is challenging 

s the TR e v ent likely makes up only a small percentage 
f the total VEGFA protein produced and no commer- 
ial antibodies are available against the appended amino 

cid sequence to specifically detect the VEGF-Ax isoform. 
o facilitate VEGF-Ax detection, we used a luciferase 
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reporter assay to allow sensiti v e detection and quantifi-
cation of TR e v ents while controlling for other regula-
tory ef fects tha t might af fect general protein synthesis
(Figure 1 B). Expression of VEGFA from a plasmid un-
der a CMV promoter additionally enabled us to easily ex-
change regulatory elements in the mRNA and avoided in-
terference with potential SerRS-dependent transcriptional
regulation of VEGFA ( 45 ). Ov ere xpression of SerRS in
293AD cells increased TR by ∼7-fold, while ov ere xpres-
sion of other aaRSs (gl ycyl-tRN A synthetase, Gl yRS,
GARS1 , and tyrosyl-tRNA synthetase, TyrRS, YARS1 ) did
not alter TR significantly (Figure 1 B, Supplementary Fig-
ure S1A), demonstrating that SerRS specifically induced

VEGFA TR. 
SerRS r ecognizes stem–loop structur es r esembling its cog-
nate tRNAs 

As unr egulated r eadthrough of genes caused by the expres-
sion of a constituti v ely e xpressed protein would be highly
undesirab le, we inv estigated whether SerRS-dependent
readthrough would be specific to VEGFA transcripts due
to the recognition of internal RNA sequences or struc-
tures. SerRS does not use the tRNA anticodon as an iden-
tity element for recognition ( 46 ). Instead, a long variable
loop unique to both tRNA 

Ser and tRNA 

Sec is recognized
by SerRS ( 9 , 46 , 47 ) (Figure 1 C). Recognition of tRNA 

Sec

by SerRS is mediated by contacts with a G-C base pair in
the middle of the variable loop ( 9 ) (Figure 1 C). Conserved
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-C base pairs are also found in the tRNA 

Ser variable loop 

 43 ) (Figure 1 C and D). We found a stem-loop structure
ollowing the regular UGA stop codon in the 3 

′ UTR of 
EGFA mRNA that shared similarities with the variable 

oop in tRNA 

Ser and tRNA 

Sec (Figure 1 C and Supplemen- 
ary Figure S1B). Specifically, two G–C base pairs are simi- 
arly located in the stem-loop compared with the conserved 

-C pairs in the variable loops of tRNA 

Ser and tRNA 

Sec 

Figure 1 C). To test the importance of the stem-loop struc- 
ure and the G–C base pairs for TR, we introduced muta- 
ions in the VEGFA mRN A stem-loop w hich substituted 

hese two G–C base pairs for A–U pairs or with mutations 
hat were predicted to disrupt stem-loop formation entirely 

Figure 1 E and Supplementary Figure S1B). Substitution 

f the two G–C base pairs with A-U or disruption of the 
tem-loop structure both significantly reduced the SerRS- 
ediated increase of VEGFA TR using our luciferase TR 

ssay (Figure 1 E). Through competiti v e EMSA analysis, we 
onfirmed that SerRS binds to the VEGFA mRNA and that 
he A–U and structural mutants displayed weaker ability to 

ompete off WT VEGFA mRNA from SerRS (Figure 1 G 

nd Supplementary Figure S1C), demonstrating that bind- 
ng by SerRS was dependent on stem-loop G–C base pairs 
n its target mRN A. Additionall y, we introduced either a 12 

r 24 nucleotide spacer between the UGA stop codon and 

he stem-loop, both of which also decreased the efficiency of 
R (Figure 1 F). In contrast to the A-U and structural mu- 

ants, extending the distance between stop codon and the 
tem-loop either did not affect or improved WT VEGFA 

RNA binding to SerRS (Figure 1 G and Supplementary 

igure S1C), despite the observed reduction of TR in cells 
Figure 1 F). This strongly suggests that the close proximity 

etween the SerRS binding site and the stop codon is also 

mportant for TR. To further rule out the possibility that 
he observed TR increase was due to a mRNA stabilization 

ffect of SerRS binding, we performed qPCR of the VEGFA 

eporter mRNA with and without SerRS ov ere xpression 

Supplementary Figure S1D). No significant difference in 

he le v els and the stability of VEGFA reporter mRNA be- 
ween the two conditions was observed, suggesting SerRS 

oes not increase TR by mRNA stabilization. 

 r anslational r eadthrough r elies on SerRS aminoacylation 

unction and a vertebrate-specific domain 

sing the luciferase assay, we further mapped the involve- 
ent of different domains of SerRS in TR. SerRS consists 

f a N-terminal tRNA-binding domain (TBD) that binds 
o the long variable loop of its cognate tRNAs, a catalytic 
omain (CD) containing the acti v e site, and a C-terminal 
NE-S domain (Figure 2 A), which is an evolutionarily new 

ddition found in vertebrate SerRS from fish to humans 
 45 ). We found both the tRNA-binding and UNE-S do- 
ains are necessary for mediating TR, as expression of 

runcated SerRS lacking either domain did not stimulate 
R (Figure 2 B). Unlike the conserved tRNA-binding do- 
ain and catalytic domain, the UNE-S domain does not 

ontribute to tRNA binding and is dispensable for aminoa- 
ylation but mediates binding to other nucleic acids, for 
xample genomic DNA ( 45 ). Through EMSA, we deter- 
ined that the UNE-S domain is also necessary for SerRS 
o bind the VEGFA mRNA, which in turn mediates TR 

Figur e 2 C). Consistently, expr ession of the catalytic do- 
ain alone had no effect on TR (Figure 2 B). To investi- 

ate whether the catalytic activity of SerRS is r equir ed for 
erRS-mediated TR, we mutated threonine 429 to alanine 

n full-length SerRS (SerRS 

T429A ). The mutation is located 

ear the acti v e site in the catalytic domain (Supplementary 

igure S2), which disrupts tRNA charging ( 45 , 48 ). Despite 
he intact binding of SerRS 

T429A to the VEGFA stem-loop 

Figure 2 D), ov ere xpression of SerRS 

T429A did not lead to 

ncr eased TR (Figur e 2 E), demonstrating that enzymatic 
ctivity is essential for SerRS-mediated TR. These experi- 
ents suggested that to stimulate TR, not only the catalytic 

ctivity and tRNA-binding capacity of SerRS are required, 
ut also the vertebrate-specific UNE-S domain, possibly 

hrough its capacity to bind nucleic acids other than tRNA. 

erRS-mediated translational readthrough utilizes tRNA 

Sec 

nd eEFSec for stop codon suppression 

s we could establish that SerRS binding directly to mRNA 

nd its catalytic activity wer e r equir ed for TR, we next in-
estigated the mechanism. VEGFA contains a UGA stop 

odon, so we tested whether SerRS-dependent TR would 

olerate any of the three stop codons. Mutating UGA to 

ither of the other two stop codons, U AA or U AG , a bro-
ated SerRS-induced TR in our system (Figure 2 F). This 
uggests tha t SerRS-media ted TR is highly specific to UGA 

nd likely dependent on stop codon suppression by specific 
RN As reco gnizing the UGA stop codon. 

SerRS initiates the first step in the incorporation of se- 
enocysteine by charging tRN A 

Sec , w hich decodes UGA 

top codons. If the mechanism behind SerRS-dependent 
R is shared with selenocysteine incorporation, reduction 

f tRNA 

Sec should se v erely impair SerRS-dependent TR. 
e used a shRNA directed against tRNA 

Sec to reduce the 
RNA le v el ( 49 ) (Supplementary Figure S3A), which in- 
eed strongly reduced SerRS-dependent TR (Figure 2 G). 
elenocysteine incorporation is dri v en by a complex ma- 
hinery of factors that enables stop codon suppression by 

RNA 

Sec . A specific elongation factor, eEFSec, competes 
ith termination factors and employs a mechanism distinct 

rom other elongation factors ( 50 ). Knockdown of eEF- 
ec also significantly impaired TR, suggesting that SerRS- 
ependent TR does rely on the same components as seleno- 
ysteine incorporation (Figure 2 G). Knockdown of either 
RNA 

Sec or eEFSec also significantly reduced the le v el of 
R in the absence of SerRS ov ere xpression (Supplementary 

igure S3B), further confirming that the mechanism also 

ccurs in cells with an endogenous le v el of SerRS. 
During selenocysteine incorporation, the specific site of 

top codon suppression is determined by SBP2, which rec- 
gnizes the SECIS, an in-cis RNA stem-loop motif in the 
 

′ UTR of selenoprotein mRNAs. SBP2 also interacts with 

he ribosome stalled at the upstream UGA stop codon, 
hich brings the eEFSec / Sec-tRNA 

Sec complex via its 
inding to the SECIS to the proximity of the UGA codon 

 51 ). Howe v er, knockdown of SECISBP2 (SBP2 gene) did 

ot reduce TR significantly as opposed to knockdown 

f tRNA 

Sec or EEFSEC (eEFSec gene) (Figure 2 G and 

upplementary Figure S3B). Therefore, SerRS-mediated 
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TR shares some but not all key factors for selenocysteine
incorporation. 

SerRS rescues full-length protein expression by suppressing a
pathogenic nonsense mutation in MSH2 

To further explore the applicability of our observations to
disease-causing nonsense mutations, we focused on a family
with an autosomal dominant nonsense mutation in MSH2
( 16 ) (Figure 3 A). The MSH2 gene encodes for a DNA mis-
match repair protein, and the loss of one copy of this gene
is sufficient to cause microsatellite instability and increase
cancer risk, especially of hereditary nonpolyposis colorec-
tal cancer (HNPCC) or Lynch syndrome ( 52 ). The proband
(III-M1) and the proband’s mother (II-P) both carry a
heterozygous (c.1835C > G) mutation, introducing a stop
codon where a serine should be (p.Ser612X, annotated as
S611X in the original case report ( 16 )). We confirmed the
m utation independentl y by Sanger sequencing, w hile se-
quencing of the proband’s siblings (III-F1, III-M2) revealed
no mutation (Supplementary Figure S4A). The nonsense
mutation falls within the MSH3 / MSH6 interaction domain
and truncation of the protein would likely result in loss-
of-function (Figure 3 B). qRT-PCR analysis of the affected
proband and parent compared to the proband’s unaffected
sib lings re v ealed no significant differences in MSH2 mRNA
le v els (Figure 3 C), suggesting that nonsense-mediated decay
is not engaged. Howe v er, western b lotting of MSH2 from
immortalized patient-deri v ed B cells showed reduced full-
length protein in the individuals with the mutation (Fig-
ure 3 D). Truncated MSH2 could not be detected in patient
B cells, possibly due to degradation caused by instability.
RNA structur e pr ediction of the nucleotides directly follow-
ing the aberrantly introduced stop codon re v ealed the for-
mation of a G–C-containing stem-loop structure (Supple-
mentary Figure S4B), and an EMSA performed with puri-
fied SerRS and the 30 nucleotides of MSH2 mRNA con-
taining the stem-loop structure confirmed binding (Figure
3 E). We de v eloped a luciferase reporter system for MSH2
readthrough, similar to the one described for VEGFA : the
N-terminal sequence of MSH2 including the p.Ser612X
mutation and the 30 nucleotides downstream of mutation
were placed under a CMV promoter, followed by a lu-
ciferase r eporter (Figur e 3 F). This was transfected into
293AD cells along with SerRS or other aaRSs as controls.
Ov ere xpression of SerRS, but not of the other aaRSs, led
to increased translational readthrough of the MSH2 re-
porter (Figure 3 F). This was confirmed through western
b lot, where ov ere xpression of SerRS increased full-length
MSH2 expression and sim ultaneousl y reduced the trun-
cated form (Figure 3 G). These experiments suggest that
SerRS ov ere xpression could rescue full-length MSH2 trans-
lation in this single model of a clinically relevant nonsense
mutation. 

SerRS translational readthrough affects a specific gene set 

As SerRS recognized stem-loop structures, we asked
whether TR of other genes could be similarly regulated
by SerRS. We enriched SerRS-bound mRNAs using cross-
linking immunoprecipitation (CLIP) in human breast can-
cer MDA-MB-231 cells and manually identified genes
bound by SerRS through PCR and Sanger sequencing
(Supplementary Table S2). Enrichment of the so identified 9
genes and VEGFA could be verified by qRT-PCR (Supple-
mentary Figure S5A). Of these genes (including VEGFA ),
four contained a UGA stop codon. To verify that SerRS
ov ere xpression could lead to increased readthrough, we de-
veloped the luciferase reporter assa y f or one of the identi-
fied target genes with a UGA stop codon, BAK1 . BAK1,
a mitochondrial outer membrane protein, also possesses a
stem-loop motif in its 3 

′ UTR (Supplementary Figure S5B).
In line with our findings for VEGFA , SerRS ov ere xpres-
sion increased TR of BAK1 over 14-fold while ov ere xpress-
ing other aaRSs did not affect TR (Supplementary Fig-
ure S5B). These findings r einfor ced that SerRS binding to
mRNA stem-loop motifs is a common mechanism to pro-
mote TR in different genes. 

While the CLIP method was able to identify SerRS-
bound mRNAs, it could not pinpoint where SerRS bound
and was limited in the number of genes that could feasi-
bly be identified. To unbiasedly search for mRNAs that are
potentially regulated by SerRS and their binding sites, we
perf ormed enhanced CLIP f ollowed by next-generation se-
quencing of SerRS-bound RNA targets (eCLIP-seq). 

Reads from triplicate eCLIP-seq experiments in MDA-
MB-231 cells were passed through a CLIP-seq analysis
pipeline, Skipper ( 31 ), to obtain a set of 50613 sites with
significant SerRS binding over size-matched input ( q < 0.2),
corresponding to 7102 unique RNAs (Figure 4 A and Sup-
plementary Table S3). Most of the genes identified in the
original CLIP experiment (Supplementary Table S2) were
also found in this new eCLIP set (6 / 9 genes). All tRNAs for
serine and selenocysteine were found as top hits when call-
ing repeat elements, confirming the suitability of the eCLIP
technique and Skipper analysis pipeline (Supplementary
Figure S6A and Supplementary Table S4). Although most
binding sites were found within the coding sequence of mR-
NAs, including three binding sites in MSH2, many sites
were also found within 5 

′ UTRs and 3 

′ UTRs (Supplemen-
tary Figure S6B). Further refinement to include only sites
within 50 nucleotides of a protein-coding UGA stop codon
and with q < 0.05 led to the identification of 408 sites, cor-
responding to 365 unique mRNAs (Figure 4 A and Supple-
mentary Table S5). Of note, VEGFA appeared in this list.
As further validation that SerRS mediates physiological TR
e v ents we compared our gene set with previously reported
readthrough e v ents. We saw a sizeab le ov erlap with a pre vi-
ous set of genes with TR confirmed through ribosome pro-
filing by Dunn et al. ( 6 ), with 27 / 42 genes appearing in our
eCLIP set and 5 / 27 of those genes having SerRS occupancy
within 50 nucleotides of the UGA stop codon ( RHOA , TM-
BIM6 , PHPT1 , TIMP1 , SQSTM1 ) (Figure 4 B and Supple-
mentary Table S6). 

To test whether other mRNAs that appear in our eCLIP
list beside VEGFA are subject to TR, we selected CFL1
and TIMP1 to perform the same luciferase readthrough
reporter assay that we did for VEGFA . Both CFL1 and
TIMP1 contain a stem-loop structure containing G-C base
pairs immediately after the UGA stop codon (Figure 4 C).
We saw a similar increase in CFL1 readthrough as we did
for VEGFA , and a smaller but significant increase in TR for
TIMP1 (Figure 4 C). Using Metascape ( 36 ), we performed a
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Figure 4. eCLIP-seq identifies a set of SerRS-bound RNAs that includes other translational readthrough genes. ( A ) A schematic showing the eCLIP-seq 
analysis workflow and filtering steps to reach the final list of 408 SerRS-bound windows within 50 nucleotides of a UGA stop codon ( q < 0.05). Created 
with BioRender.com. ( B ) Venn diagram showing the overlap between the final 365 unique genes found in our eCLIP set (from 408 windows) with the 
confirmed translational readthrough genes identified in human foreskin fibroblasts by Dunn et al. ( 6 ). ( C ) Luciferase reporter assays were performed for 
the hits CFL1 and TIMP1 , using VEGFA as a positi v e control. All three RNAs possess a G–C base pair-containing stem-loop after the canonical UGA 

stop codon. ( D ) Gene Ontology (GO) analysis was performed on RNAs from the final list of 408 windows. The number of genes enriched in each pathway 
are shown along with the overlapping translational readthrough genes from Figure 4 B and our experimentally confirmed translational readthrough genes 
in Figure 4 C. (A–D) (n.s., not significant; *** P < 0.001). 
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ene ontolo gy (GO) anal ysis to determine cellular pathways 
hat may be enriched by bound RNAs ( q < 0.05, window 

ithin 50 nucleotides of UGA). We found that Rho GTPase 
ffectors, metabolism of RNA, cell cycle, and VEGFA– 

EGFR2 signaling pathways were enriched (Figure 4 D and 

upplementary Table S7). We highlighted VEGFA , CFL1 , 
nd the 5 readthrough genes from Dunn et al. ( 6 ) that over-
apped with our set (Figure 4 B) in each related GO pathway 

Figure 4 D). 
Collecti v ely, our da ta indica te a r ole for SerRS in contr ol-
ing translational readthrough for a subset of genes defined 

y their mRNA structure and stop codon usage. 

ISCUSSION 

e showed that SerRS can bind and mediate TR of specific 
RNAs by recruiting certain components of the seleno- 

ysteine incorporation machinery, including tRNA 

Sec and 
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the corresponding elongation factor, eEFSec, for ribosomal
deli v ery. Our data suggests that SerRS binds to specific
stem-loop motifs in the 3 

′ UTR that mimic the long variable
loop (a major identity element) of tRNA 

Ser and tRNA 

Sec

(Figure 1 ) and that the catalytic activity and UNE-S do-
main of SerRS are necessary for mediating TR (Figures 2 B
and C). 

Not all components of the selenocysteine incorporation
machinery are needed for SerRS-mediated TR. SerRS per-
forms the same function in both mechanisms to initiate
the charging of tRNA 

Sec with serine ( 53 ). For selenocys-
teine incorporation, this is followed by the conversion of
Ser-tRN A 

Sec to Sec-tRN A 

Sec through PSTK and SepSecS
( 11 ). SepSecS forms a complex with the enzymes that pro-
vide activated selenium ( 54 ), suggesting a supramolecular
hub for the conversion of Ser-tRNA 

Sec to Sec-tRNA 

Sec .
To avoid nonspecific extension of off-target proteins for
selenocysteine incorporation, mRNAs containing a SE-
CIS ar e r eco gnized by SBP2, w hich allows recruitment of
Sec-tRNA 

Sec -bound eEFSec ( 55 ). While we showed that
eEFSec and tRNA 

Sec are important for SerRS to medi-
ate TR, SBP2 is not, suggesting that SerRS and SBP2,
with their corresponding mRNA binding motifs, dictate
mRNA selectivity and allow the separation of the two TR
mechanisms. 

The SECIS is quite complex in humans, consisting of a
lower stem, central core, upper stem, and apical loop ( 55 ).
In contrast, SerRS recognizes a comparati v ely simple G–C-
containing stem-loop motif mimicking the variable loop of
tRN A 

Ser and tRN A 

Sec , suggesting the need for further safe-
guard mechanisms. The RNA sequence surrounding the
stop codon impacts the efficiency of TR, partly due to inter-
actions between the translational machinery and structural
features of the mRNAs ( 56 ). mRNAs with a stem-loop must
be accessible to SerRS, so we speculate that SerRS competes
with other RNA binding proteins for these structures or
that exposure of these stem-loops during translation only
occurs under specific conditions. SerRS is acti v e as a ho-
modimer (Supplementary Figure S2), so tethering one sub-
unit to the mRNA close to the UGA stop codon would still
allow the other subunit to recognize and charge tRNA 

Sec .
The resulting high local concentration of Ser-tRNA 

Sec may
enable suppression of the UGA stop codon and TR of spe-
cific mRNAs. Having high local concentrations of an aaRS
for the charging of suppressor tRNAs has been shown to be
favorable for efficient stop codon suppression ( 44 ). In addi-
tion, while binding ( k on ) is comparable between eEFSec and
Sec-tRN A 

Sec versus Ser-tRN A 

Sec , the eEFSec-Ser-tRN A 

Sec

complex dissociates faster ( k off ) than Sec-tRNA 

Sec , further
suggesting that high local concentrations of Ser-tRNA 

Sec 

might be crucial ( 57 ). Recently, it was shown by another
group that eEFSec can enable UGA readthrough using Ser-
tRNA 

Sec , supporting our mechanism ( 51 ). 
Based on our data, readthrough efficiency is determined

by more factors than just the strength of SerRS binding to
target mRNA. SerRS also needs to be catal yticall y compe-
tent (Figure 2 E) and the binding of SerRS needs to occur
close to the stop codon, as demonstrated by reduced TR ef-
ficiency when spacers are introduced between the UGA stop
codon and the SerRS-binding stem-loop structure (Figure
1 F). Howe v er, binding strength is still important as shown
by the GC > AU and structural muta tions tha t reduce
SerRS binding and consequently TR efficiency (Figures 1 E
and G). SerRS binds to many distinct RNA species, and
having TR efficiency be modified by binding strength, bind-
ing location, and catalytic activity allows greater regulation
of SerRS-mediated TR. 

Other RNA binding factors have been identified as
regulators of VEGFA TR, such as HNRNPA2 / B1 ( 25 ).
Eswarappa et al. discovered that HNRNPA2 / B1 is criti-
cal for VEGFA TR through interactions with translating
ribosomes that pre v ent recruitment of eukaryotic trans-
la tion termina tion factor 1 (eRF1) to the stop codon.
The consensus binding sequence for hnRNPA2 / B1 (5 

′ -
GCCAA GGA GCC-3 

′ ) falls within the stem-loop structure
of VEGFA that we also identified as critical for binding by
SerRS. Mutations in the hnRNPA2 / B1 region which abro-
gated TR could also affect stem-loop formation for SerRS
binding. It is possible that hnRNPA2 / B1 and SerRS bind
to VEGFA mRNA at different stages of TR (blocking
recruitment of the termination factor versus increasing
local tRNA concentrations) or that hnRNPA2 / B1 and
SerRS promote TR through cooperati v e binding. In con-
trast to other RN A-binding proteins, onl y SerRS directl y
generates the necessary aminoacylated suppressor tRNA,
thereby enabling translation to continue through the stop
codon. 

The 3 

′ UTR stem-loops in target mRN As m ust compete
with high endogenous le v els of tRNA 

Ser for SerRS bind-
ing. In addition, tRN A 

Sec m ust be both locall y available and
aminoacylated over tRNA 

Ser despite a slight pr efer ence of
SerRS for tRNA 

Ser over tRNA 

Sec ( 47 ). We specula te tha t
reducing the availability of tRNA 

Ser could contribute to the
success of SerRS-mediated TR. As tRNA le v els ar e r egu-
lated during stress conditions by selecti v e cleavage ( 58 ) and
retroacti v e nuclear import ( 59 ), SerRS-mediated TR might
offer an additional pathway for cells to adapt to stress by
altering protein variant production. Strict regulation is nec-
essary to allow SerRS-regulated TR to be both gene-specific
and potentially responsi v e to the present state of the cell de-
spite the ubiquitous expression of SerRS as an integral part
of the translation machinery. 

Recently, studies into aaRSs and their noncanonical roles
hav e e xpanded the involv ement of aaRSs in regulatory pro-
cesses, with se v eral of these new functions being mecha-
nistically involved in the regulation of translation ( 60–63 ).
SerRS is especially suitable to enable stop codon suppres-
sion as it does not use the anticodon of its cognate tRNA
as an identity element ( 64 , 65 ), thus it can be repurposed to
reco gnize tRN As with different anticodons with more ease
than other aaRSs. In addition, aaRSs acquired additional
domains during evolution which allow for new interactions
and functionalities ( 66 ). SerRS contains a unique domain at
its C-terminus (UNE-S), which arose in vertebrates ( 45 ) and
is necessary for TR, presumably by enabling SerRS to inter-
act with target mRNAs (Figure 2 B and Supplementary Fig-
ure S2). This suggests that the regulation of TR by SerRS
is e volutionarily ne w, e v en though prototypes of the seleno-
cysteine machinery trace back to archaea. It is possible that
the pre-e xisting involv ement of SerRS in the selenocysteine
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iosynthesis machinery and the emergence of the UNE-S 

omain enab led v ertebrate SerRS to de v elop the function 

n mediating TR as described herein. It is worth noting 

hat the appearance of the UNE-S domain has already been 

inked to the emergence of a closed circulatory system ( 45 ) 
nd indeed SerRS is necessary for functional vascular de- 
 elopment ( 45 , 67 ). Pre vious findings linked SerRS to the
ranscriptional regulation of VEGFA , the master regulator 
f angiogenesis ( 45 , 67 ). We suggest that vertebrate SerRS 

ay further regulate angiogenesis via its ability to influence 
EGFA translational readthrough. 
To obtain additional evidence for SerRS-mediated 

eadthrough in MDA-MB-231 cells, we performed ribo- 
ome profiling on control MDA-MB-231 cells and SerRS- 
v ere xpressing MDA-MB-231 cells. Howe v er, no signifi- 
ant difference in ribosome occupancy with SerRS over- 
xpression was detected for most genes, including VEGFA 

Supplementary Tab le S8), possib ly due to insufficient read 

epth. 
To determine whether our eCLIP-seq hits overlapped 

ith pre viously pub lished mechanisms of TR, we looked 

t the overlap between our set and the set described in 

oughran et al. ( 68 ). This study identified UGA CUAG as 
 v ertebrate-conserv ed motif that enab led TR of a set of 
3 human genes. Some of the hits identified in Loughran 

t al. appeared in our broader set of eCLIP hits (q < 0.2, 
DKN3, CGGBP1, DCTN3, PHF19), but none of these 
ppeared in our more stringent list ( q < 0.05, binding within 

0 nucleotides of UGA). We also do not see an enrich- 
ent of the UGA CUAG motif in our dataset. Ther efor e, 

t appears that the TR mediated by SerRS and components 
f the selenocysteine incorporation machinery acts distinc- 
i v ely from the phenomenon described in Loughran et al. 

Taken together we here describe a novel mechanism for 
he regulation of physiological translational readthrough 

f specific mRNAs through direct provision of suppressor 
RNA by a tRNA synthetase. TR has powerful implica- 
ions for therapeutics designed to counteract PTCs. Most 
urrent approaches to promote TR of genes with nonsense 
 utations rel y on engineered RN As or chemical modifiers, 

otentially promoting TR of undesired mRNAs. While our 
ndings here might be more limited in their direct appli- 
ability as a therapeutic option due to the need for natu- 
ally occurring RNA motifs, the mechanism makes use of 
ndogenous components. The findings discussed here un- 
over another aspect of how cells de v eloped comple x trans- 
ational control by coordinating mRNA and protein fea- 
ures together to achie v e functional readthrough. Insights 
uch as these may improve therapeutics by leveraging the 
atural systems already in place to manage TR in cells, 
aking them more efficient and less prone to off-target 

ffects. 
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