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ABSTRACT

Translational readthrough of UGA stop codons by
selenocysteine-specific tRNA (tRNASe°) enables the
synthesis of selenoproteins. Seryl-tRNA synthetase
(SerRS) charges tRNAS®¢ 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, tRNASe°, and eEFSec) also increased transla-
tional readthrough of non-selenocysteine genes, in-
cluding VEGFA, to create C-terminally extended iso-
forms. SerRS recognizes target 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
readthrough genes. Moreover, SerRS overexpres-
sion was sufficient to reverse 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 honsense mutations using
endogenous factors.

GRAPHICAL ABSTRACT

Readthrough of UGA Stop Codons

SerRS-mediated transiational readthrough
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mRNA translation is a finely tuned process by which pro-
teins are generated. tRINAs 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. However,
in order for the ribosome to know where to begin and end,
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specific translation initiation, elongation, and termination
factors are needed to facilitate the recognition of signals
embedded in the mRNA (2,3). In fact, the same mRNA
can produce different protein isoforms with vastly differ-
ent functions (4). Regulation by the flanking untranslated
regions (UTRs), especially the 3'UTR, dictates the propor-
tions of different protein variants that are synthesized (5).
This allows for an additional level of gene product regula-
tion unrestricted by genetically encoded information.

Translational readthrough (TR) is one mode of trans-
lational regulation involving the 3'UTR. Suppression of a
stop codon leads to TR, upon which additional amino acids
are attached to the C-terminus of a nascent peptide chain
(6). Stop codon suppression is diversely utilized in cells —
apart from the generation of protein isoforms by functional
TR, it is also key to introducing the 21st amino acid of the
genetic code, selenocysteine (7).

The incorporation of selenocysteine via TR occurs in all
three domains of life. The first step, strictly conserved across
kingdoms, is the aminoacylation of tRNAS® by seryl-tRNA
synthetase (SerRS, gene name SARSI) with a serine (8,9).
The serine residue is further converted to selenocysteine
in the second step, where eukaryotes use a divergent sys-
tem from that of bacteria (10,11). In eukaryotes, this step
is catalyzed by two consecutive enzymes: O-phosphoseryl-
tRNASec kinase (PSTK) and O-phosphoseryl-tRNASec
selenium transferase (SepSecS). The resulting Sec-tRNAS¢
is delivered to the ribosome by a designated alternative
translational elongation factor, eEFSec, to decode the
UGA stop codon (12). In all cases, whether to synthesize
selenoproteins or to extend specific protein forms, TR must
be strictly regulated as random disregard of stop codons
would be highly detrimental. Thus, complex RNA struc-
tures, which dictate translational speed to allow for the re-
cruitment of nearby factors, regulate the readthrough of the
stop codon for selenocysteine incorporation (13).

Numerous diseases are caused by nonsense mutations
leading to in-frame premature termination codons (PTCs);
in fact, about 11% of all genetic lesions that cause human
disease can be traced to PTCs (14). Nonsense mutations
can lead to a breadth of symptoms, ranging from develop-
mental disorders early in life to increased susceptibility to-
wards cancer during adulthood (15,16). Methods to utilize
TR as a therapeutic paradigm in these diseases are currently
being evaluated (17), such as using aminoglycoside drugs
(18), nonsense suppressor tRNAs (19,20), and nonsense-
mediated mRNA decay (NMD) inhibitors.

A major concern with these techniques is side effects
resulting from possible readthrough of non-PTC genes
(21,22), necessitating the development of targeted therapeu-
tics. Deeper knowledge into the mechanisms of naturally
occurring readthrough would provide clues on how to res-
cue nonsense mutations without the need to introduce for-
eign components.

TR has been described for the master angiogenesis reg-
ulator VEGFA, a pivotal protein in cancer and develop-
ment (23,24). Attachment of 22 additional amino acids
(Figure 1A) leads to novel VEGFA functions: instead
of eliciting a pro-angiogenic response as found for the
prototypical VEGFA variant, the so-termed VEGF-Ax
readthrough product no longer strongly induces angiogen-
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esis, although its exact function is debated (25-27). VEGFA
TR is dependent on heterogeneous nuclear ribonucleopro-
tein HNRNPA2/B1 binding to a regulatory element follow-
ing the stop codon. However, this mechanism does not di-
rectly explain how the stop codon is suppressed nor why
serine is exclusively incorporated at the stop codon position
(25). We further investigated the mechanism of VEGFA TR
and found that it involved SerRS and select components
of the selenocysteine incorporation machinery. This func-
tion was dependent on the conserved catalytic function of
SerRS and a unique appended domain that appeared in ver-
tebrates. Moreover, we performed enhanced cross-linking
immunoprecipitation (eCLIP) in human cells and identi-
fied other candidate genes beyond VEGFA whose TR may
be regulated by SerRS. We further showed that overexpres-
sion of human SerRS alone was sufficient to alleviate pro-
tein truncation in a cell-based model of a familial nonsense
mutation in the tumor suppressor MSH?2 that causes high
risk for colorectal cancer.

MATERIALS AND METHODS
Cell culture and constructs

All cells were cultured in a humidified incubator at 37°C
with 5% CO,. Human HEK293 and MDA-MB-231 cell
lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and the human
293AD cell line was purchased from Agilent (Agilent, Santa
Clara, CA, USA). These were cultured in Dulbecco’s Mod-
ified Eagle Medium (ThermoFisher Scientific, Grand Is-
land, NY, USA) supplemented with heat-inactivated fetal
bovine serum (Omega Scientific, Tarzana, CA, USA) to a
final concentration of 10% and 1% Penicillin-Streptomycin
(ThermoFisher Scientific). Transient transfections were
performed using Lipofectamine 2000 (ThermoFisher Sci-
entific). Human SerRS variants, GlyRS, and TyrRS were
cloned into pCDNA6¢-V5/His6 vector (ThermoFisher Sci-
entific), and human full-length SerRS was cloned into
pBabe-puro vector (Addgene, pBABE-puro was a gift
from Hartmut Land & Jay Morgenstern & Bob Wein-
berg) (Addgene plasmid # 1764; http://n2t.net/addgene:
1764; RRID:Addgene_1764) (28). For mutations in SerRS,
we performed site-directed mutagenesis PCR to obtain the
SerRST#%A construct. We established MDA-MB-231 cell
lines stably expressing human SerRS mutants by using
pBabe-puro (28) vector-based retroviral infections. Stable
polyclonal cell lines with either SerRS overexpression or
the corresponding control were generated through selection
with puromycin.

Protein purification

For protein purification, human SerRS was subcloned into
pET-20b(+) plasmid (Novagen, Darmstadt, Germany) and
expressed in E. coli. The recombinant C-terminal His6-
tagged proteins were purified using Ni-NTA beads (Qiagen,
Valencia, CA, USA) followed by a heparin column and size
exclusion chromatography. The purities of the recombinant
proteins were assessed by Coomassie blue staining and elec-
trophoresis with 4-12% Bis-Tris Mini gels (ThermoFisher
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Figure 1. SerRS binds to the 3’ UTR of VEGFA to facilitate translational readthrough. (A) Scheme of VEGFA downstream 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
readthrough. SerRS overexpression increased VEGFA TR while expression of two other aminoacyl-tRNA synthetases, GlyRS 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 tRNASC" and tRNASe. 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 tRNAS® and tRNAS®" 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 competitive EMSA results showing how 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).



Scientific). Protein concentrations were determined by mea-
suring absorbance at 280 nm.

Cell fractionation analysis

Cell fractionation was performed according to a previ-
ously described protocol (29). Briefly, the cells were har-
vested with 0.25% Trypsin-EDTA, and cells were lysed with
swelling buffer (10 mM Tris—HCI pH 7.4, 2 mM EDTA,
proteinase inhibitor cocktail (Roche, Basel, Switzerland)).
The cytoplasmic fraction was separated by centrifugation
at 800 x g for 5 min (supernatant) and the pellet containing
nuclear proteins was washed. The nuclear fractions were ex-
tracted using nuclear extraction buffer (20 mM HEPES pH
7.6, 300 mM NaCl, 2 mM EDTA, 1 mM 1,4-dithiothreitol,
10% glycerol, 1% Triton X-100, protease inhibitor cocktail).
SerRS was detected with an anti-SerRS antibody (made
in-house by immunizing rabbits with recombinant human
SerRS protein). Lamin A/C and a-tubulin, nuclear and cy-
toplasmic markers, respectively, were detected by western
blot to test the purity of cellular fractions.

Western blot

Cells were washed with phosphate-buffered saline (PBS)
and lysed with cell lysis buffer (20 mM Tris—HCI pH 7.5,
150 mM NaCl, 1 mM of EDTA, 1 mM EGTA, 1% Tri-
ton X-100, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4 and protease inhibitor
cocktail). Protein concentration of each sample was quan-
tified with a BCA Protein Assay Kit (ThermoFisher Sci-
entific). Equal amounts of protein extract were mixed with
SDS loading buffer and boiled at 95°C for 5 minutes. Sam-
ples were loaded on 4-12% Tris-acrylamide gels, then trans-
ferred onto polyvinylidene difluoride membranes. Mem-
branes were first blocked with 5% milk, then incubated with
the indicated antibodies, followed by secondary antibody
conjugated to horseradish peroxidase. Blots were visualized
with an ECL chemiluminescence kit (ThermoFisher Scien-
tific, USA) in a FluorChem M (Proteinsimple). Custom-
made rabbit anti-human SerRS antibody was made by the
Scripps Research antibody core. Monoclonal anti-His6-
Tag antibody (#HRP-66005) was purchased from Protein-
tech. Monoclonal anti-V5 antibody (#R960CUS) and poly-
clonal anti-eEFSec antibody (#PA5-31764) were purchased
from ThermoFisher Scientific. The anti-MSH2 (#2017),
anti-Lamin A/C (#2032), anti-B-actin (#3700), and anti-a-
tubulin (#3873) antibodies were purchased from Cell Sig-
naling Technology. Monoclonal anti-SBP2 antibody (#sc-
130639) was purchased from Santa Cruz (Santa Cruz, CA,
USA).

Luciferase reporter system

Firefly luciferase (FLuc) reporters downstream of se-
quences of interest (VEGFA, MSH2, BAKI, TIMPI, CFLI)
were transfected (500 ng/well) into HEK 293 cells in 24-well
plates using Lipofectamine 2000. Renilla luciferase (R Luc)
(50 ng/well) was co-transfected as a control. After 48 h, cells
were lysed and FLuc and RLuc activity were measured us-
ing Dual-Luciferase Reporter Assay System (Promega) in a
Victor3 1420 Multilabel Plate Counter (PerkinElmer).
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Cross-linking immunoprecipitation (CLIP)

CLIP was performed as previously described (30). Briefly,
2 x 103 SerRS-overexpressing MDA-MB-231 cells were
crosslinked by exposure to short-wave UV light at 300 mJ
per cm?. Cells were harvested by scraping and solubilized
in RIPA buffer (50 mM Tris [pH 7.6], 150 mM NacCl,
1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) and
frozen at —80°C. Immediately preceding immunoprecipi-
tation, lysates were thawed on ice, vortexed until homoge-
neous, and clarified by centrifugation at 16 000 x g for 5
min in a 4°C refrigerated microcentrifuge. Clarified lysate
was transferred to a fresh microcentrifuge tube and pre-
depleted with protein G Sepharose beads for 30 min at 4°C.
The resin was removed from the clarified lysate by centrifu-
gation at 5000 x g for 5 min, and the depleted lysate was
transferred to a fresh microcentrifuge tube, followed by the
addition of rabbit polyclonal SerRS antibody or rabbit IgG
control. The extracts were incubated for 2 h at 4°C under
constant agitation. After antibody binding, the immuno-
complexes were captured from the lysate by the addition of
protein G Sepharose resin and incubated for 2 h at 4°C un-
der agitation. After binding, RNA-protein complexes were
released by proteinase K digestion at 37°C in the presence
of 1% SDS. RNA fragments were TRIzol extracted.

eCLIP-seq

eCLIP-seq was performed using the RBP-eCLIP Kit
(#ECKO001, Eclipse Bioinnovations, San Diego, CA).
2 x 10" MDA-MB-231 cells were used for each of the three
replicates at different cell passages. Cell culture medium
was replaced with ice-cold PBS and cross-linking was per-
formed at 254 nM UV with a setting of 400 mJ/cm?. Af-
ter cross-linking, cells were scraped, washed, counted, cen-
trifuged and snap-frozen. eCLIP was performed by follow-
ing the manufacturer’s instructions. Briefly, cells were lysed,
sonicated using a Bioruptor Pico (Diagenode, Denville,
NJ), and digested with DNase and Ambion RNase I, cloned
(#AM?2294, ThermoFisher Scientific). Immunoprecipita-
tion was performed with mouse monoclonal anti-SerRS an-
tibody (#sc-271032, Santa Cruz Biotechnology) bound to
goat anti-mouse [gG magnetic beads (#S1430, New Eng-
land Biolabs). Size-matched input (SMInput) samples were
taken before antibody enrichment. Samples were washed,
adapters were added, protein-RNA complexes were sepa-
rated by SDS-PAGE clectrophoresis and transferred to ni-
trocellulose membranes by wet transfer. The membrane sec-
tion containing the complexes was cut out and digested
with Proteinase mix supplied by the manufacturer. Result-
ing RNAs were purified and reverse transcribed. Result-
ing cDNA was purified and adapters were ligated on the
ends. cDNA was quantified by qRT-PCR, and libraries were
amplified by PCR. Libraries were gel-purified from a 3%
low-melting temperature agarose gel, pooled, analyzed by
Agilent TapeStation, and sequenced on a NextSeq 2000
(Illumina).

eCLIP-seq analysis

Reads were processed using the Skipper processing pipeline,
available at https://github.com/YeoLab/skipper (31). In
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short, reads were 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 approach, where the 5" read
ends (representing the crosslinking site) were counted across
evenly 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 background. Browser
tracks were created using IGV (35). Pathway analysis was
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
replicate, and three biological replicates were prepared 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 NacCl, 5 mM
MgClp, 1 mM DTT, 100 pg/ml CHX, 1% (v/v) TritonX-
100, 50 units/ml Turbo DNasel). 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 generation (first-strand 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 were treated with 5 pg/ml actinomycin D
for up to 4 h before isolating total RNA. One microgram
(pg) of total RNA from each CLIP experiment was reverse

transcribed to cDNA with M-MLV reverse transcriptase
(Promega, Madison, WI, USA) or SuperScript III (Invit-
rogen). All real-time PCR reactions were 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
I min.

RNAi

DNA oligos encoding short-hairpin RNAs (shRNA) de-
signed against human e¢EFSec (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 TTC-3') were 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 drive
the shRNA expression. For non-targeting control shRNA,
we used the sequence 5'-TAA GGC TAT GAA GAG ATA
C-3'. Cells were transfected with sShRNA 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 3UTR (5-UGA GCC
GGG CAG GAG GAA GGA GCC UCC CcucC AGG
GUU UCG GGA ACC AGA UCU CUC ACC AGG
AAA GAC UGA-3) and its variants were synthesized.
For MSH?2, 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 competitive EMSASs) in binding buffer [20 mM Tris—
HCI pH 8.0, 60 mM KCI, 5 mM MgCl,, 0.1 mg/mL BSA,
10 ng/pl poly(I:C), 1 mM DTT, 5% glycerol] for 1 h at
room temperature. The samples were loaded on a 5% na-
tive polyacrylamide gel and underwent electrophoresis at
250 V in running buffer (25 mM Tris, pH 8.3, 190 mM
glycine). Afterwards, the gel was dried and examined by
autoradiography.

Northern blot

Total RNAs of HEK293 cells transfected with shRNA-
encoding plasmids were extracted by using TRIzol
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Figure 2. SerRS-mediated translational readthrough is dependent on
SerRS catalytic activity and selenocysteine incorporation elements. (A)
Scheme of SerRS domain structure. (B) Domain mapping for SerRS-
mediated translational readthrough. SerRS contains a tRNA-binding do-
main (TBD), a catalytic domain (CD) and a domain unique to SerRS
(UNE-S) involved in nucleic acid binding. Expression of V5-tagged SerRS
domains was confirmed by western blot. (C) EMSA showing binding of
SerRSWT but not SerRSAUNES t6 the VEGFA mRNA. (D) EMSA show-
ing binding of the catalytic mutant SerRST429A to the VEGFA mRNA.
(E) A point mutation in the SerRS catalytic site (T429A), which renders
SerRS catalytically inactive, abolished SerRS translational readthrough
activity. (F) Mutation of the UGA stop codon to UAA or UAG abro-
gated increased translational readthrough upon SerRS overexpression in
a VEGFA-based luciferase reporter assay. (G) SerRS-mediated TR mea-
sured by a VEGFA reporter assay with SerRS overexpression. TR is depen-
dent on tRNAS® and eEFSec, as their knockdown abrogates the increase
in translational readthrough by SerRS overexpression. 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
minor modifications. RNAs were precipitated by adding 2.5
volumes of ethanol and incubating at —20°C overnight. The
RNA samples were subjected to electrophoresis on 10%
TBE-Urea gels (Invitrogen), followed by electroblotting
to Hybond-N + nylon membranes (GE Healthcare). The
membranes were blocked and incubated with [32P]-labeled
DNA probes at 50°C. The probes used for detecting human
tRNA3 and U6 snRNA are as follows: 5- GAA AGG
TGG AAT TGA ACC ACT CTG TCG CTA GAC AGC
TAC AGG TTT GAA GCC TGC ACC CCA GAC CAC
TGA GGA TCA TCC G -3’ and 5-GCA GGG GCC ATG
CTA ATC TTC TCT GTA TCG-3'.

Patient-derived B cell isolation and immortalization

Blood samples were collected from the mother (P) and
her three children (F1, M1, M2) (Figure 3A) at the Na-
tional Cheng Kung University Hospital following institu-
tional guidelines for research with human subjects (IRB
Protocol Number: B-ER-106-186). B cells were isolated by
positive selection using CD19 Dynabeads PanB magnetic
beads (Invitrogen). Purified primary B cells were immortal-
ized by incubation with supernatant from sodium butyrate
(3 mM) and TPA (tetradecanoyl phorbol acetate, 40 ng/ml)
treated B95.8 cell for 1.5 h at 37°C to infect them with EBV.
Aliquots of infected cells were collected at different time
points for analysis: day 16, week 3 and week 6 (to ensure
that EBV immortalization had occurred).

tRNA alignment
tRNA sequences were retrieved from GtRNAdD (42,43).

Statistical analyses

Statistical significance was tested with Student’s z-test us-
ing GraphPad Prism (Graphpad Software, Inc.). n.s., not
significant; * P < 0.05; ** P < 0.01; *** P < 0.001; ****
P < 0.0001.

RESULTS

SerRS overexpression promotes translational readthrough of
VEGFA in a reporter system

Eswarappa et al. reported that the amino acid serine was
incorporated in the position of the UGA stop codon to
generate VEGF-Ax (25) (Figure 1A). As SerRS charges
serine onto tRNAS®, which can suppress the UGA stop
codon, during the initial step of selenocysteine incorpo-
ration, we were interested in investigating whether these
processes are related. The efficiency of stop codon sup-
pression is increased if local concentrations of the charged
tRNA are high (44), so we tested whether increasing the
levels of SerRS would affect VEGFA TR. However, de-
tection of VEGF-Ax on the protein level is challenging
as the TR event likely makes up only a small percentage
of the total VEGFA protein produced and no commer-
cial antibodies are available against the appended amino
acid sequence to specifically detect the VEGF-Ax isoform.
To facilitate VEGF-Ax detection, we used a luciferase
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Figure 3. SerRS-mediated translational readthrough rescues protein levels reduced by a cancer-causing nonsense mutation found in a Taiwanese family.
(A) Pedigree of the Taiwanese family with a hereditary MSH2 nonsense mutation (p.S612X, annotated as S611X in a previous study (16)). Female carriers
are indicated by filled black circles, male carriers by filled black squares, and affected individuals (diagnosed with gastrointestinal cancers) by arrows. Open
circles and squares indicate family members carrying the WT MSH?2 gene. (B) Domain structure of MSH2. The monoallelic p.S612X nonsense mutation is
located in the domain that interacts with MSH3 and MSH6. (C) qRT-PCR of MSH2 mRNA levels in patient-derived B cells (n = 3) showed no difference
between mutant carriers and wild type individuals. (D) Western blot result of MSH2 protein levels in patient-derived B cells showed reduced full-length
MSH?2 protein in mutant carriers. (E) RNA structure prediction of the stem-loop motif following the p.S612X mutation on MSH?2 that is recognized by
SerRS. An EMSA showed SerRS binding to the stem-loop structure of MSH?2. (F) Luciferase assay to quantify MSH2-S612X translational readthrough.
Signal amplification was obtained from a reporter containing the N-terminal MSH2-S612X sequence including the 30 nucleotides downstream of the
premature stop codon, followed by the coding sequence for luciferase. SerRS overexpression increased MSH2-S612X translational readthrough while
expression of two other aminoacyl-tRNA synthetases, GlyRS and TyrRS, did not impact MSH2-S612X translational readthrough (n = 3). (G) Western
blot results showing SerR S-mediated rescue of full-length MSH2-S612X protein levels after overexpression of SerRS, GlyRS and TrpRS with MSH2-S612X
in HEK293 cells. (A-G) (n.s., not significant; ** P < 0.01).

reporter assay to allow sensitive detection and quantifi- SerRS recognizes stem—loop structures resembling its cog-
cation of TR events while controlling for other regula- nate tRNAs

tory effects that might affect general protein synthesis
(Figure 1B). Expression of VEGFA from a plasmid un-
der a CMYV 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). Overexpression of SerRS in
293AD cells increased TR by ~7-fold, while overexpres-
sion of other aaRSs (glycyl-tRNA synthetase, GIyRS,
GARSI, and tyrosyl-tRNA synthetase, TyrRS, YARS!) did
not alter TR significantly (Figure 1B, Supplementary Fig-
ure S1A), demonstrating that SerRS specifically induced
VEGFA TR.

As unregulated readthrough of genes caused by the expres-
sion of a constitutively expressed protein would be highly
undesirable, we investigated 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 tRNAS" and tRNAS® is recognized
by SerRS (9,46,47) (Figure 1C). Recognition of tRNAS«
by SerRS is mediated by contacts with a G-C base pair in
the middle of the variable loop (9) (Figure 1C). Conserved



G-C base pairs are also found in the tRNAS" variable loop
(43) (Figure 1C and D). We found a stem-loop structure
following the regular UGA stop codon in the 3'UTR of
VEGFA mRNA that shared similarities with the variable
loop in tRNAS" and tRNAS (Figure 1C and Supplemen-
tary Figure S1B). Specifically, two G—C base pairs are simi-
larly located in the stem-loop compared with the conserved
G-C pairs in the variable loops of tRNAS" and tRNAS«
(Figure 1C). To test the importance of the stem-loop struc-
ture and the G—C base pairs for TR, we introduced muta-
tions in the VEGFA mRNA stem-loop which substituted
these two G—C base pairs for A—U pairs or with mutations
that were predicted to disrupt stem-loop formation entirely
(Figure 1E and Supplementary Figure S1B). Substitution
of the two G-C base pairs with A-U or disruption of the
stem-loop structure both significantly reduced the SerRS-
mediated increase of VEGFA TR using our luciferase TR
assay (Figure 1E). Through competitive EMSA analysis, we
confirmed that SerRS binds to the VEGFA mRNA and that
the A-U and structural mutants displayed weaker ability to
compete off WT VEGFA mRNA from SerRS (Figure 1G
and Supplementary Figure S1C), demonstrating that bind-
ing by SerRS was dependent on stem-loop G—C base pairs
in its target mRINA. Additionally, we introduced either a 12
or 24 nucleotide spacer between the UGA stop codon and
the stem-loop, both of which also decreased the efficiency of
TR (Figure 1F). In contrast to the A-U and structural mu-
tants, extending the distance between stop codon and the
stem-loop either did not affect or improved WT VEGFA
mRNA binding to SerRS (Figure 1G and Supplementary
Figure S1C), despite the observed reduction of TR in cells
(Figure 1F). This strongly suggests that the close proximity
between the SerRS binding site and the stop codon is also
important for TR. To further rule out the possibility that
the observed TR increase was due to a mRNA stabilization
effect of SerR S binding, we performed qPCR of the VEGFA
reporter mRNA with and without SerRS overexpression
(Supplementary Figure S1D). No significant difference in
the levels and the stability of VEGFA reporter mRNA be-
tween the two conditions was observed, suggesting SerRS
does not increase TR by mRNA stabilization.

Translational readthrough relies on SerRS aminoacylation
function and a vertebrate-specific domain

Using the luciferase assay, we further mapped the involve-
ment of different domains of SerRS in TR. SerRS consists
of a N-terminal tRNA-binding domain (TBD) that binds
to the long variable loop of its cognate tRNAs, a catalytic
domain (CD) containing the active site, and a C-terminal
UNE-S domain (Figure 2A), which is an evolutionarily new
addition found in vertebrate SerRS from fish to humans
(45). We found both the tRNA-binding and UNE-S do-
mains are necessary for mediating TR, as expression of
truncated SerRS lacking either domain did not stimulate
TR (Figure 2B). Unlike the conserved tRNA-binding do-
main and catalytic domain, the UNE-S domain does not
contribute to tRNA binding and is dispensable for aminoa-
cylation but mediates binding to other nucleic acids, for
example genomic DNA (45). Through EMSA, we deter-
mined that the UNE-S domain is also necessary for SerRS
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to bind the VEGFA mRNA, which in turn mediates TR
(Figure 2C). Consistently, expression of the catalytic do-
main alone had no effect on TR (Figure 2B). To investi-
gate whether the catalytic activity of SerRS is required for
SerRS-mediated TR, we mutated threonine 429 to alanine
in full-length SerRS (SerRS™#?°A). The mutation is located
near the active site in the catalytic domain (Supplementary
Figure S2), which disrupts tRNA charging (45,48). Despite
the intact binding of SerRST*A to the VEGFA stem-loop
(Figure 2D), overexpression of SerRST#*A did not lead to
increased TR (Figure 2E), demonstrating that enzymatic
activity is essential for SerRS-mediated TR. These experi-
ments suggested that to stimulate TR, not only the catalytic
activity and tRNA-binding capacity of SerRS are required,
but also the vertebrate-specific UNE-S domain, possibly
through its capacity to bind nucleic acids other than tRNA.

SerRS-mediated translational readthrough utilizes tRNAS¢
and eEFSec for stop codon suppression

As we could establish that SerRS binding directly to mRNA
and its catalytic activity were required for TR, we next in-
vestigated the mechanism. VEGFA contains a UGA stop
codon, so we tested whether SerRS-dependent TR would
tolerate any of the three stop codons. Mutating UGA to
either of the other two stop codons, UAA or UAG, abro-
gated SerRS-induced TR in our system (Figure 2F). This
suggests that SerRS-mediated TR is highly specific to UGA
and likely dependent on stop codon suppression by specific
tRNAs recognizing the UGA stop codon.

SerRS initiates the first step in the incorporation of se-
lenocysteine by charging tRNAS®, which decodes UGA
stop codons. If the mechanism behind SerRS-dependent
TR is shared with selenocysteine incorporation, reduction
of tRNAS® should severely impair SerRS-dependent TR.
We used a shRNA directed against tRNAS® to reduce the
tRNA level (49) (Supplementary Figure S3A), which in-
deed strongly reduced SerRS-dependent TR (Figure 2G).
Selenocysteine incorporation is driven by a complex ma-
chinery of factors that enables stop codon suppression by
tRNAS®. A specific elongation factor, eEFSec, competes
with termination factors and employs a mechanism distinct
from other elongation factors (50). Knockdown of eEF-
Sec also significantly impaired TR, suggesting that SerRS-
dependent TR does rely on the same components as seleno-
cysteine incorporation (Figure 2G). Knockdown of either
tRNAS® or eEFSec also significantly reduced the level of
TR in the absence of SerRS overexpression (Supplementary
Figure S3B), further confirming that the mechanism also
occurs in cells with an endogenous level of SerRS.

During selenocysteine incorporation, the specific site of
stop codon suppression is determined by SBP2, which rec-
ognizes the SECIS, an in-cis RNA stem-loop motif in the
3’'UTR of selenoprotein mRNAs. SBP2 also interacts with
the ribosome stalled at the upstream UGA stop codon,
which brings the eEFSec/Sec-tRNAS® complex via its
binding to the SECIS to the proximity of the UGA codon
(51). However, knockdown of SECISBP2 (SBP2 gene) did
not reduce TR significantly as opposed to knockdown
of tRNAS®® or EEFSEC (eEFSec gene) (Figure 2G and
Supplementary 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 MSH?2

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 MSH?2
(16) (Figure 3A). The MSH?2 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
mutation independently by Sanger sequencing, while se-
quencing of the proband’s siblings (III-F1, ITI-M?2) revealed
no mutation (Supplementary Figure S4A). The nonsense
mutation falls within the MSH3/MSHG6 interaction domain
and truncation of the protein would likely result in loss-
of-function (Figure 3B). qRT-PCR analysis of the affected
proband and parent compared to the proband’s unaffected
siblings revealed no significant differences in MSH2 mRNA
levels (Figure 3C), suggesting that nonsense-mediated decay
is not engaged. However, western blotting of MSH2 from
immortalized patient-derived B cells showed reduced full-
length protein in the individuals with the mutation (Fig-
ure 3D). Truncated MSH2 could not be detected in patient
B cells, possibly due to degradation caused by instability.
RNA structure prediction of the nucleotides directly follow-
ing the aberrantly introduced stop codon revealed 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
3E). We developed a luciferase reporter system for MSH?2
readthrough, similar to the one described for VEGFA: the
N-terminal sequence of MSH? including the p.Ser612X
mutation and the 30 nucleotides downstream of mutation
were placed under a CMV promoter, followed by a lu-
ciferase reporter (Figure 3F). This was transfected into
293AD cells along with SerRS or other aaRSs as controls.
Overexpression of SerRS, but not of the other aaRSs, led
to increased translational readthrough of the MSH2 re-
porter (Figure 3F). This was confirmed through western
blot, where overexpression of SerRS increased full-length
MSH?2 expression and simultaneously reduced the trun-
cated form (Figure 3G). These experiments suggest that
SerRS overexpression could rescue full-length M SH?2 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
overexpression could lead to increased readthrough, we de-
veloped the luciferase reporter assay for one of the identi-
fied target genes with a UGA stop codon, BAKI. BAKI,
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 overexpres-
sion increased TR of BAK]I over 14-fold while overexpress-
ing other aaRSs did not affect TR (Supplementary Fig-
ure S5B). These findings reinforced 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
performed enhanced CLIP followed 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 (¢ < 0.2),
corresponding to 7102 unique RNAs (Figure 4A 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 5UTRs 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 ¢ < 0.05 led to the identification of 408 sites, cor-
responding to 365 unique mRNAs (Figure 4A and Supple-
mentary Table S5). Of note, VEGFA appeared in this list.
As further validation that SerRS mediates physiological TR
events we compared our gene set with previously reported
readthrough events. We saw a sizeable overlap with a previ-
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, PHPTI, TIMPI,SQSTMI) (Figure 4B and Supple-
mentary Table S6).

To test whether other mRNAs that appear in our eCLIP
list beside VEGFA are subject to TR, we selected CFLI
and TIMPI to perform the same luciferase readthrough
reporter assay that we did for VEGFA. Both CFLI and
TIMPI contain a stem-loop structure containing G-C base
pairs immediately after the UGA stop codon (Figure 4C).
We saw a similar increase in CFLI readthrough as we did
for VEGFA, and a smaller but significant increase in TR for
TIMPI (Figure 4C). 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 (¢ < 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 ez al. (6). (C) Luciferase reporter assays were performed for
the hits CFLI and TIMPI1, using VEGFA as a positive control. All three RNAs possess a G-C base pair-containing stem-loop after the canonical UGA
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in Figure 4C. (A-D) (n.s., not significant; *** P < 0.001).

gene ontology (GO) analysis to determine cellular pathways
that may be enriched by bound RNAs (¢ < 0.05, window
within 50 nucleotides of UGA). We found that Rho GTPase
effectors, metabolism of RNA, cell cycle, and VEGFA-
VEGFR?2 signaling pathways were enriched (Figure 4D and
Supplementary Table S7). We highlighted VEGFA, CFLI,
and the 5 readthrough genes from Dunn et al. (6) that over-
lapped with our set (Figure 4B) in each related GO pathway
(Figure 4D).

Collectively, our data indicate a role for SerRS in control-
ling translational readthrough for a subset of genes defined
by their mRNA structure and stop codon usage.

DISCUSSION

We showed that SerRS can bind and mediate TR of specific
mRNAs by recruiting certain components of the seleno-
cysteine incorporation machinery, including tRNAS and
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the corresponding elongation factor, eEFSec, for ribosomal
delivery. 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 tRNAS" and tRNAS«
(Figure 1) and that the catalytic activity and UNE-S do-
main of SerRS are necessary for mediating TR (Figures 2B
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 tRNAS with serine (53). For selenocys-
teine incorporation, this is followed by the conversion of
Ser-tRNAS to Sec-tRNAS® 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-tRNAS® to Sec-tRNAS®,
To avoid nonspecific extension of off-target proteins for
selenocysteine incorporation, mRNAs containing a SE-
CIS are recognized by SBP2, which allows recruitment of
Sec-tRNAS_bound eEFSec (55). While we showed that
eEFSec and tRNAS® 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 comparatively simple G—C-
containing stem-loop motif mimicking the variable loop of
tRNAS and tRNA>®, 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 active 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 tRNAS,
The resulting high local concentration of Ser-tRNAS® 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,,) is comparable between eEFSec and
Sec-tRNASe® versus Ser-tRNAS, the eEFSec-Ser-tRNASe
complex dissociates faster (k) than Sec-tRNAS, further
suggesting that high local concentrations of Ser-tRNAS®
might be crucial (57). Recently, it was shown by another
group that eEFSec can enable UGA readthrough using Ser-
tRNAS, 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 catalytically compe-
tent (Figure 2E) 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

1F). However, binding strength is still important as shown
by the GC > AU and structural mutations that reduce
SerRS binding and consequently TR efficiency (Figures 1E
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 prevent recruitment of eukaryotic trans-
lation termination factor 1 (¢eRF1) to the stop codon.
The consensus binding sequence for hnRNPA2/B1 (5'-
GCCAAGGAGCC-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 cooperative binding. In con-
trast to other RNA-binding proteins, only SerRS directly
generates the necessary aminoacylated suppressor tRNA,
thereby enabling translation to continue through the stop
codon.

The 3'UTR stem-loops in target mRNAs must compete
with high endogenous levels of tRNAS" for SerRS bind-
ing. In addition, tRNAS must be both locally available and
aminoacylated over tRNAS" despite a slight preference of
SerRS for tRNAS over tRNAS® (47). We speculate that
reducing the availability of tRNAS® could contribute to the
success of SerRS-mediated TR. As tRNA levels are regu-
lated during stress conditions by selective cleavage (58) and
retroactive 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 responsive 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 aaR Ss and their noncanonical roles
have expanded the involvement of aaRSs in regulatory pro-
cesses, with several 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
recognize tRNAs 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 2B and Supplementary Fig-
ure S2). This suggests that the regulation of TR by SerRS
is evolutionarily new, even though prototypes of the seleno-
cysteine machinery trace back to archaea. It is possible that
the pre-existing involvement of SerRS in the selenocysteine



biosynthesis machinery and the emergence of the UNE-S
domain enabled vertebrate SerRS to develop the function
in mediating TR as described herein. It is worth noting
that the appearance of the UNE-S domain has already been
linked to the emergence of a closed circulatory system (45)
and indeed SerRS is necessary for functional vascular de-
velopment (45,67). Previous findings linked SerRS to the
transcriptional regulation of VEGFA, the master regulator
of angiogenesis (45,67). We suggest that vertebrate SerRS
may further regulate angiogenesis via its ability to influence
VEGFA translational readthrough.

To obtain additional evidence for SerRS-mediated
readthrough in MDA-MB-231 cells, we performed ribo-
some profiling on control MDA-MB-231 cells and SerRS-
overexpressing MDA-MB-231 cells. However, no signifi-
cant difference in ribosome occupancy with SerRS over-
expression was detected for most genes, including VEGFA
(Supplementary Table S8), possibly due to insufficient read
depth.

To determine whether our eCLIP-seq hits overlapped
with previously published mechanisms of TR, we looked
at the overlap between our set and the set described in
Loughran et al. (68). This study identified UGA_CUAG as
a vertebrate-conserved motif that enabled TR of a set of
23 human genes. Some of the hits identified in Loughran
et al. appeared in our broader set of eCLIP hits (q < 0.2,
CDKN3, CGGBPI1, DCTN3, PHF19), but none of these
appeared in our more stringent list (¢ < 0.05, binding within
50 nucleotides of UGA). We also do not see an enrich-
ment of the UGA_CUAG motif in our dataset. Therefore,
it appears that the TR mediated by SerRS and components
of the selenocysteine incorporation machinery acts distinc-
tively from the phenomenon described in Loughran et al.

Taken together we here describe a novel mechanism for
the regulation of physiological translational readthrough
of specific mRNAs through direct provision of suppressor
tRNA by a tRNA synthetase. TR has powerful implica-
tions for therapeutics designed to counteract PTCs. Most
current approaches to promote TR of genes with nonsense
mutations rely on engineered RNAs or chemical modifiers,
potentially promoting TR of undesired mRNAs. While our
findings here might be more limited in their direct appli-
cability as a therapeutic option due to the need for natu-
rally occurring RNA motifs, the mechanism makes use of
endogenous components. The findings discussed here un-
cover another aspect of how cells developed complex trans-
lational control by coordinating mRNA and protein fea-
tures together to achieve functional readthrough. Insights
such as these may improve therapeutics by leveraging the
natural systems already in place to manage TR in cells,
making them more efficient and less prone to off-target
effects.
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