7298-7317 Nucleic Acids Research, 2021, Vol. 49, No. 13
https:Ildoi.orgl10.1093narlgkab549

Published online 6 July 2021

Combinatorial analysis of translation dynamics
reveals elF2 dependence of translation initiation at

near-coghate codons

Kazuya Ichihara “'-f, Akinobu Matsumoto'-"f, Hiroshi Nishida?, Yuki Kito’,
Hideyuki Shimizu', Yuichi Shichino?, Shintaro Iwasaki “*#°, Koshi Imami “2,

Yasushi Ishihama? and Keiichi I. Nakayama “''~*

'Department of Molecular and Cellular Biology, Medical Institute of Bioregulation, Kyushu University, 3-1-1 Maidashi,
Higashi-ku, Fukuoka, Fukuoka 812-8582, Japan, 2Department of Molecular and Cellular Bioanalysis, Graduate
School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan, 3RNA Systems
Biochemistry Laboratory, RIKEN Cluster for Pioneering Research, Wako, Saitama 351-0198, Japan, “Department of
Computational Biology and Medical Sciences, Graduate School of Frontier Sciences, The University of Tokyo,
Kashiwa, Chiba 277-8561, Japan and SAMED-CREST, Japan Agency for Medical Research and Development, Wako,

Saitama 351-0198, Japan

Received April 08, 2021; Revised June 08, 2021; Editorial Decision June 09, 2021; Accepted June 11, 2021

ABSTRACT

Although ribosome-profiling and translation initia-
tion sequencing (Tl-seq) analyses have identified
many noncanonical initiation codons, the precise de-
tection of translation initiation sites (TISs) remains a
challenge, mainly because of experimental artifacts
of such analyses. Here, we describe a new method,
TISCA (TIS detection by translation Complex Anal-
ysis), for the accurate identification of TISs. TISCA
proved to be more reliable for TIS detection com-
pared with existing tools, and it identified a sub-
stantial number of near-cognate codons in Kozak-
like sequence contexts. Analysis of proteomics data
revealed the presence of methionine at the NH,-
terminus of most proteins derived from near-cognate
initiation codons. Although eukaryotic initiation fac-
tor 2 (elF2), elF2A and elF2D have previously been
shown to contribute to translation initiation at near-
cognate codons, we found that most noncanonical
initiation events are most probably dependent on
elF2, consistent with the initial amino acid being
methionine. Comprehensive identification of TISs by
TISCA should facilitate characterization of the mech-
anism of noncanonical initiation.
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INTRODUCTION

The translation reaction of protein synthesis in eukaryotes
consists of three stages: initiation, elongation and termina-
tion (1-5). The initiation stage includes binding of the ini-
tiator methionyl-tRNA (Met-tRNA;) to the 40S ribosome
small subunit [formation of the 43S preinitiation complex
(PIC)], binding of the 43S PIC to the 5’ end of the mRNA
(formation of the 48S PIC), scanning and recognition of the
initiation codon, and binding of the 60S ribosome large sub-
unit (formation of the 80S ribosome). Eukaryotic initiation
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factor 2 (eIF2) consists of a heterotrimer of «, B and y sub-
units and binds to Met-tRNA; in a GTP-dependent man-
ner to form a ternary complex, which then combines with
the 40S subunit, elF1, eIF1A, eIF5 and the elF3 complex
(which comprises 12 subunits: elF3A to elF3I and elF3K
to eIF3M), resulting in formation of the 43S PIC. Binding
of the eIF4F complex (which consists of the cap binding
protein elF4E, the DEAD-box RNA helicase elF4A, and
the scaffolding protein eIF4G) to the cap structure at the
5" end of the mRNA is followed by recruitment of the 43S
PIC to the mRNA to form the 48S PIC. The 48S PIC then
scans the start codon in an ATP-dependent manner, and
the formation of base pairs between Met-tRNA; and the
start codon results in the hydrolysis of GTP bound to elF2.
Subsequently, elF1, eIF1A and elF2-GDP dissociate from
the 48S PIC, whereas eIF5B promotes recruitment of the
60S ribosome subunit to form the 80S ribosome. Even after
binding of the 60S subunit, eIF3 remains associated with
the complex and moves with the ribosome during the early
stage of elongation (6-8).

Ribosome profiling (also known as Ribo-seq) is a tech-
nique that allows measurement of translation efficiency and
the identification of novel open reading frames (ORFs) (9-
11). For this approach, treatment of cells with cyclohex-
imide (CHX) halts translation at all ribosomes, whereas
that with harringtonine or lactimidomycin (LTM) induces
selective stalling of initiating ribosomes and thereby en-
riches ribosomes at translation initiation sites (TISs). Ribo-
seq combined with treatment of cells with either harringto-
nine or LTM is referred to as translation initiation sequenc-
ing (TI-seq), with the combination of Ribo-seq with LTM
in particular also being known as global TI-seq (GTI-seq)
(11,12). Application of these methods has resulted in the
identification of a larger number of near-cognate initiation
codons than anticipated. However, the results are likely to
include a substantial number of experimental artifacts (13),
and it has remained a challenge to estimate how many of
the identified codons represent actual translation initiation
events.

Translation from near-cognate initiation codons, which
have a sequence that differs from the AUG codon by one
nucleotide (for example, CUG, GUG, ACG and AUU),
has also been detected by analysis of individual genes in-
cluding those that encode elF4G2 (GUG codon), TEF-1
(AUU codon) and c-Myc (CUG codon) (14-16). Phylo-
genetic analysis has identified potential NH,-terminal ex-
tensions with near-cognate initiation codons in 42 human
genes (17). Proteomics approaches have revealed that me-
thionine is still incorporated at the NH;-terminus of pro-
teins translated from near-cognate codons, suggesting that
the elF2-Met-tRNA; complex engages in wobble base-
pairing with the near-cognate codons (18,19).

Whereas elF2 binds specifically to Met-tRNA;, elF2A
and elF2D, which bind to tRNAs in a GTP-independent
manner and also contribute to translation initiation, were
shown to bind to and deliver other tRNAs such as Leu-
tRNACYS and Val-tRNASYC in addition to Met-tRNA;
for recognition of the initiation codon (20-23). Of note,
loss of elF2A reduces the efficiency of CUG-dependent
translation but does not affect AUG-dependent transla-
tion (22). Furthermore, elF2A-dependent translation of
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upstream ORFs (uORFs) promotes development of squa-
mous cell carcinoma, and loss of eIF2A suppresses tumor
formation (24). However, in addition to its role in transla-
tion initiation, eIF2D has been shown to facilitate recycling
of the 40S subunit at the stop codon (25), and the function
of eIF2A and elF2D in near-cognate translation initiation
has remained largely unknown.

Whereas Ribo-seq reveals the dynamics of 80S ribo-
somes, translation complex profile sequencing (TCP-seq)
allows the monitoring of both 40S and 80S ribosomes (26).
(Hereafter, all variants of the small ribosomal subunit in-
cluding 408, 43S and 48S will be referred to simply as 40S.)
In TCP-seq, all translation complexes are fixed by treatment
with formaldehyde instead of CHX, which is followed by
partial digestion of RNA with RNase I and separation of
40S and 80S ribosomes by density gradient ultracentrifuga-
tion for sequencing analysis. Selective TCP-seq (Sel-TCP-
seq), a combination of TCP-seq and immunopurification of
ribosomes associated with a factor of interest, has recently
been developed to reveal the dynamics of each translational
factor (27,28).

Here, we combined aspects of Sel-TCP-seq, GTI-seq and
Ribo-seq to establish a more accurate method for TIS
identification termed TISCA (TIS detection by translation
Complex Analysis), and we verified its superiority over ex-
isting methods by analysis of proteomics data. TISCA also
revealed that translation initiation at near-cognate codons
of most ORFs is likely to be dependent on the eIF2-Met-
tRNA; complex. The comprehensive identification of near-
cognate initiation codons should provide further insight
into the molecular mechanism of noncanonical translation
initiation.

MATERIALS AND METHODS

Cell lines and antibodies

HEK?293T cells were obtained from American Type Cul-
ture Collection and were checked for mycoplasma con-
tamination with the use of MycoAlert (Lonza). The cells
were cultured under an atmosphere of 5% CO, at 37°C
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (Life Technologies) and antibi-
otics. Primary antibodies included the following: elF2A
(Bethyl Laboratories, A301-949A), elF2D (Proteintech,
12840-1-AP), elF2a (Cell Signaling Technology, 5324S),
Ser’!-phosphorylated elF2a (Cell Signaling Technology,
3398S), elF3B (Thermo Fisher Scientific, PA5-23278),
elF3D (Bethyl Laboratories, A301-758A), RPS3 (Cell Sig-
naling Technology, 9538), RPL5 (Cell Signaling Tech-
nology, 14568), ATF4 (Proteintech, 10835-1-AP), V5 tag
(Thermo Fisher Scientific, R960CUS), FLAG tag (Merck,
F1804), HSP90 (BD Biosciences, #610419), and normal
rabbit immunoglobulin G (IgG) (SouthernBiotech, 0111-
01).

Cloning of elF3 subunits

Complementary DNAs for human elF3 subunits contain-
ing the V5 tag were amplified by the polymerase chain reac-
tion (PCR) and subcloned into the EcoRYV site of pcDNA3
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(Invitrogen) with the use of a NEBuilder HiFi DNA Assem-
bly Master Mix kit (New England Biolabs).

RNA interference

HEK293T cells were transfected with 10 nM small in-
terfering RNAs (siRNAs) with the use of Lipofectamine
RNAIMAX (Invitrogen). Silencer Select Pre-Designed siR-
NAs (Thermo Fisher Scientific)—including negative con-
trol no. 1 (4390843), siEIF2a no. 1 (s4555) and siEIF2a no.
2 (s4556)—were used.

Generation of elF2A- and elF2D-deficient cell lines

Sense and antisense oligonucleotides (Supplementary Ta-
ble S1) encoding single guide RNAs (sgRNAs) for hu-
man elF2A or elF2D were cloned into pX330 (Addgene).
HEK?293T cells were transfected for 24 h with the result-
ing plasmids as well as pPUR (Clontech) with the use of
the X-tremeGENE 9 DNA Transfection Reagent (Sigma-
Aldrich). The cells were then subjected to selection in
puromycin-containing medium for 2 days before culture for
an additional week in puromycin-free medium. Clonal cell
lines were established by limiting dilution.

Generation of eIF3D tag-KI cell lines

Sense and antisense oligonucleotides (Supplementary Table
S1) encoding sgRNAs were cloned into pX330. Targeting
constructs containing selection markers for homologous re-
combination were cloned in pBluescript II SK (Stratagene)
with the use of a NEBuilder HiFi DNA Assembly Master
Mix kit. HEK293T cells were transfected for 24 h with tar-
geting vectors and pX330 encoding sgRNAs and were then
subjected to selection in medium containing puromycin or
blasticidin S for 2 weeks before establishment of clonal
cell lines by limiting dilution. The cells also had an inser-
tion of the 3x FLAG tag sequence at the NH,-terminus
of eIF4E in addition to the V5 tag at the COOH-terminus
of elF3D. For generation of eIF3D-V5/3xFLAG-eIF4E
double—knock-in (KI) cells, the eIF3D-V5 KI clonal cell
line was established before introduction of the 3x FLAG se-
quence at the eIF4E gene locus.

Immunoblot analysis

Protein samples were subjected to SDS-polyacrylamide gel
electrophoresis on 5-20% ExtraPAGE One Precast Gels
(Nacalai Tesque). Membranes were incubated consecu-
tively with primary antibodies and horseradish peroxidase—
conjugated secondary antibodies (Promega), and signals
were visualized with SuperSignal West Pico PLUS or Dura
(Thermo Fisher Scientific) reagents and with a ChemiDoc
imaging system (Bio-Rad).

Immunoprecipitation of overexpressed elF3 subunits

HEK?293T cells were transfected for 48 h with plasmids en-
coding V5-tagged subunits of the elF3 complex with the
use of the X-tremeGENE 9 DNA Transfection Reagent.
Cells were lysed in ice-cold lysis buffer [5S0 mM Tris—HCI

(pH 7.5), 150 mM NaCl, 5 mM MgCl,, 1 mM dithiothre-
itol (DTT), 1% Triton X-100, and EDTA-free protease in-
hibitor (Roche)], and the RNA concentration of the lysates
was determined with the use of a Qubit RNA BR assay kit
(Thermo Fisher Scientific). Dynabeads Protein G (Thermo
Fisher Scientific) were conjugated with antibodies to V5 by
incubation overnight at 4°C in lysis buffer supplemented
with 0.5% bovine serum albumin, and they were washed
with lysis buffer three times before use. The cell lysates were
incubated with the antibody-coated beads for 90 min at 4°C,
and the resulting immunoprecipitates were washed three
times with wash buffer [S0 mM Tris—HCI (pH 7.5), 300 mM
NaCl, 1| mM DTT, 0.1% Triton X-100]. RNA was purified
from the immunoprecipitates with the use of a Direct-zol
RNA Kit (Zymo Research) and the addition of ISOGEN
(Nippon Gene) directly to the beads. The amount of puri-
fied RNA was measured with the use of a Qubit RNA HS
assay kit (Thermo Fisher Scientific).

Sucrose density gradient analysis

Cells were seeded at a density of 1.2 x 107 per 15-cm dish,
with two dishes for fixed samples and four dishes for unfixed
samples per assay, and they were cultured overnight to en-
sure subconfluence. For fixed samples, the cells were treated
for 10 min at room temperature with phosphate-buffered
saline (PBS) containing 0.25% formalin, after which glycine
was added to a final concentration of 125 mM and the
cells were collected. Fixed or unfixed cells were lysed in
lysis buffer [SO mM Tris—-HCI (pH 7.5), 150 mM NacCl, 5
mM MgCl,, | mM DTT, 1% Triton X-100, EDTA-free pro-
tease inhibitor] supplemented with CHX (100 pg/ml) and
SUPERaseeIn RNase inhibitor (10 U/ml, Invitrogen), and
the lysates were incubated for 10 min on ice and then cen-
trifuged at 20 380 x g for 10 min at 4°C. The resulting su-
pernatants were loaded on a 10-50% sucrose gradient buffer
[20 mM Tris—HCI (pH 7.5), 150 mM NaCl, 5 mM MgCl,,
1 mM DTT, CHX (100 wg/ml), SUPERaseeln (10 U/ml)]
and centrifuged at 36 000 rpm (160 000 x g) for 3h at4°Cin
a Beckman SW41 rotor. The gradient was fractionated with
the use of a TRIAX gradient-profiling system (BioComp)
and AC-5700P microcollector (ATTO). Polysome profiles
were determined by measurement of absorbance at 260 nm.

Ribo-seq and GTI-seq

Libraries were prepared according to a method described
previously (12,29), with slight modifications. For elF2«
knockdown experiments, cells were seeded at a density of
2.0 x 10° per 10-cm dish and the following analyses were
performed 48 h after siRNA transfection. For other exper-
iments, cells were seeded at a density of 2.5 x 10° per 10-
cm dish and cultured overnight to ensure subconfluence.
For arsenite treatment and GTI-seq, 40 uM sodium arsen-
ite or 50 wuM LTM was added to the medium either 60 or
30 min, respectively, before cell lysis. The medium was aspi-
rated, and the cells were immediately placed on ice, washed
once with ice-cold PBS, and lysed with lysis buffer [SO mM
Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 1 mM
DTT, 1% Triton X-100 and EDTA-free protease inhibitor]
supplemented with either CHX (100 wg/ml) for Ribo-seq



or 50 uM LTM for GTI-seq. The lysates were then incu-
bated with TURBO DNase (Thermo Fisher Scientific) on
ice for 10 min and centrifuged at 20 380 x g for 10 min
at 4°C, and the resulting supernatants were collected care-
fully, assayed for RNA concentration with a Qubit RNA
BR assay kit, incubated with RNase I (20 U per 10 g of
RNA, Epicentre) for 45 min at 25°C, and placed on ice be-
fore the addition of 200 U SUPERaseeIn RNase inhibitor.
The samples were then loaded on a 1 M sucrose cushion
buffer [20 mM Tris—HCI (pH 7.5), 150 mM NaCl, 5 mM
MgCl,, SUPERaseeln (10 U/ml), 1 mM DTT and either
CHX (100 pg/ml) for Ribo-seq or 50 M LTM for GTI-
seq], and the gradients were centrifuged at 100 000 rpm
(417 200 x g) for 1 h at 4°C in a Beckman TLA110 rotor.
The resulting pellets were suspended in ribosome splitting
buffer [20 mM Tris—HCI (pH 7.5), 300 mM NaCl, 5 mM
EDTA, SUPERaseeln (20 U/ml), 1 mM DTT, 1% Triton
X-100] and subjected to purification with the use of an Am-
icon Ultra filtration device (100-kDa cutoff, Millipore) to
deplete rRNAs. The purified RNA was subjected to selec-
tion on the basis of a size range of 17-34 nucleotides (nt)
by electrophoresis through a 15% polyacrylamide and Tris-
borate-EDTA (TBE)—urea gel (SuperSep RNA, Fujifilm).
The footprint fragments were treated with T4 PNK (New
England Biolabs) to repair the 2’-3' cyclic phosphates, a
DNA linker including barcode sequences (NI-810 to NI-
817) was ligated with the use of T4 RNA Ligase 2, truncated
K227Q (New England Biolabs), and the resulting products
were purified on a 15% polyacrylamide and TBE—urea gel.
Ribosomal RNAs were further depleted with the use of
RiboZero Gold (Illumina). Reverse transcription was per-
formed with the NI-802 primer, and the resulting products
were purified on a 15% polyacrylamide and TBE—urea gel.
The purified cDNAs were circularized with circLigase 11
(Lucigen), and index sequences were then added by amplifi-
cation in a PCR reaction with the common primer (NI-798)
and primers including index sequences (NI-799 and NI-822
to NI-826). Products of the desired size were purified on
a 15% polyacrylamide nondenaturing gel (SuperSep DNA,
Fujifilm), and the libraries were sequenced with a NovaSeq
6000 system (Illumina).

Sel-TCP-seq

Cells were seeded at a density of 1.2 x 107 per 15-cm
dish, with 8 to 12 dishes per assay, and they were cultured
overnight to ensure subconfluence before fixation for 10 min
at room temperature with PBS containing 0.25% forma-
lin followed by quenching by the addition of glycine (final
concentration of 125 mM) and collection. The cells were
washed three times with ice-cold PBS, lysed in lysis buffer
[50 mM Tris—HCI (pH 7.5), 150 mM NaCl, 5 mM MgCl,, 1
mM DTT, 1% Triton X-100, EDTA-free protease inhibitor]
supplemented with CHX (100 pg/ml), and incubated for
10 min on ice. The lysates were centrifuged at 20 380 x
g for 10 min at 4°C, and the resulting supernatants were
collected carefully, assayed for RNA concentration with a
Qubit RNA BR assay kit, incubated with RNase I (20 U per
10 pg of RNA) at 25°C for 45 min, and then placed on ice
before the addition of SUPERaseeIn R Nase inhibitor. The
samples were loaded on a 5% to 30% sucrose gradient buffer
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[20 mM Tris—HCI (pH 7.5), 150 mM NaCl, 5 mM MgCl,,
I mM DTT, CHX (100 pg/ml), SUPERaseeln (10 U/ml)]
and centrifuged at 38 000 rpm (180 000 x g) for 4 h at 4°C
in a Beckman SW41 rotor. The gradient was fractionated
with the use of a TRIAX gradient-profiling system and AC-
5700P microcollector. Polysome profiles were determined
by measurement of absorbance at 260 nm. Dynabeads Pro-
tein G were conjugated with antibodies to V5 or to elF3B,
or with control rabbit IgG, by incubation overnight at 4°C
in lysis buffer supplemented with 0.5% bovine serum albu-
min, and they were washed three times with lysis buffer be-
fore use. The 40S or 80S fractions were incubated with the
beads for 90 min at 4°C, and the resulting immunoprecipi-
tates were washed four times with wash buffer [SO mM Tris—
HCI (pH 7.5), 300 mM NaCl, I mM DTT, 0.1% Triton X-
100] before the addition of 150 wl of decrosslinking buffer
[1% SDS, 10 mM EDTA, 10 mM Tris—HCI (pH 7.5), 10 mM
glycine], 750 wl of ISOGEN LS, and 200 pl of chloroform
followed by incubation for 45 min at 65°C. RNA was then
purified by precipitation with isopropanol, selected accord-
ing to size in the range of 17 to 100 nt by electrophoresis
in a 15% polyacrylamide and TBElurea gel, and subjected
to dephosphorylation, DNA linker ligation, and rRNA de-
pletion with RiboZero Gold as described for the Ribo-seq
protocol. Reverse transcription was performed with the use
of the SI-019 primer, and the resulting products were puri-
fied on a 15% polyacrylamide and TBE—urea gel. The sec-
ond linker (SI-018) was ligated by incubation overnight at
25°C with T4 RNA Ligase 1 (ssSRNA Ligase), High Con-
centration (New England Biolabs). The products were then
amplified in a PCR reaction with the same primers as used
for the Ribo-seq protocol, and those of the desired size were
purified by electrophoresis through a 15% polyacrylamide
nondenaturing gel. The libraries were sequenced with a No-
vaSeq 6000 system.

RNA-seq

Total RNA was extracted from cell lysates with the use of
a PureLink RNA Mini kit (Thermo Fisher Scientific). The
quality of the purified RNA was assessed with a 2100 Bio-
analyzer (Agilent). After mRNA selection with the use of
a NEBNext Poly(A) mRNA Magnetic Isolation Module
(New England Biolabs), libraries were prepared with the
use of a NEBNext Ultra Directional RNA Library Prep Kit
for Illumina (New England Biolabs). The cDNAs were se-
quenced with a NovaSeq 6000 system.

Read processing and analysis

Adaptor sequences were trimmed from raw reads with the
use of cutadapt. Reads of low quality were discarded with
the use of fastq_quality_trimmer and fastq_quality_filter of
the FASTX-Toolkit. Ribosomal RNA reads were removed
by alignment with human rRNA sequences with the use
of STAR, and the remaining reads were aligned with the
human transcriptome (GRCh38.p13) and human genome
(hg38) also with the use of STAR. Multiple mappings were
allowed. Metagene analyses were performed with custom
Python script and with the use of Numpy (v1.17.3) and
Pysam (v0.15.3). The coverage of Sel-TCP-seq reads was
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calculated across the 5" untranslated region (5-UTR), cod-
ing sequence (CDS), and 3’-UTR of transcripts. Counts
for the 5’ end or 3’ end of Sel-TCP-seq reads per fragment
length were calculated around annotated start codon sites.
The heat maps of counts per fragment length were col-
ored according to the sum of counts from all transcripts
at a given position for a given fragment length. For tRNA
content analysis, reads mapped to hg38 tRNA sequences
downloaded from GtRNAdb were counted with the use
of ShortRead (R package). Read counts were summed per
tRNA anticodon type. Reads of Sel-TCP-seq and RNA-seq
mapped to the 5-UTR of human coding transcripts were
counted with the use of featureCounts and transcripts per
kilobase million (TPM) values were calculated. Scanning
efficiency (SE) was calculated for each transcript accord-
ing to the formula: SE = TPM of the 5-UTR in Sel-TCP-
seq/TPM of the 5-UTR in RNA-seq. Sequence logo analy-
sis was performed with WebLogo (30). TI-seq data sets were
retrieved from GEO and SRA [SRA056377 (12), GSE94460
(31), SRA160745 (32), GSE41605 (33), GSE139391 (28),
GSE131650 (34)].

Identification of TIS positions

Pickup of ORFs and transcripts. Ribo-seq data were ana-
lyzed with RibORF in order to obtain a list of all provable
ORF sequences and to calculate their pred.pvalues, which
reflect the homogeneity of reads on the ORF and the 3-
nt periodicity (35). In RibORF analysis, AUG and near-
cognate codons (CUG, GUG, UUG, ACG, AGG, AAG,
AUC, AUU and AUA) were used as start codons. Among
all ORF candidates, those with a pred.pvalue of >0.7 were
selected, and only transcripts containing these ORFs were
subjected to the subsequent analysis.

Detection of GTI-seq peaks. With the use of GTI-seq re-
sults, the mapped read data were converted into read aggre-
gation plots by Numpy (v1.17.3) and Pysam (v0.15.3). Af-
ter normalization by the total number of reads, the points at
which the derivative of GTI-seq normalized footprint den-
sity exceeded the threshold (u + 4o, where w and o rep-
resented the mean and standard deviation of the derivative
of GTI-seq normalized footprint density on the transcript,
respectively) were defined as GTI-seq peaks for each tran-
script.

40S decreasing point identification. With the use of the
Sel-TCP-seq data for eIF3 subunits, the mapped read data
were converted into two types of read aggregation plots by
Numpy (v1.17.3) and Pysam (v0.15.3): full length of reads
(eIF3_full) and 3’ end of reads (eIF3_3"). The local maxi-
mum points of e[F3_3" were extracted with the use of Scipy
(v1.4.0rcl). The ratio of the area of eIF3_full on the 5" and 3’
sides of these local maximum points was defined as the 40S
decreasing score ( = area of 5’ side/area of 3’ side, sce also
schematic representation in Supplementary Figure S3D).
When calculating the area, we left a gap of 10 bases before
and after the local maximum points and calculated the area
from that position to 15 bases farther on (£10 to 25 nt from
each point). Only points with a 40S decreasing score of >1
were retained for the following analysis.

TIS detection and frame-fitting. TIS candidates were iden-
tified at positions +11 to 13 nt from GTI-seq peaks, and
they were adopted only if 40S decreasing points existed at
positions +22 to 26 nt from the candidate sites. For frame-
fitting, we predicted all ORFs that could arise from the TIS
candidates. The ORFs that perfectly matched those identi-
fied by RibORF were then identified as true ORFs, and the
TISs derived from these ORFs were defined as true TISs in
our analysis.

Immunoaffinity purification-MS analysis for elF3 subunit
detection

The 40S fraction of cell lysates was subjected to immuno-
precipitation with antibodies to V5 as described for Sel-
TCP-seq analysis, and precipitated proteins were eluted by
incubation of the beads for 10 min at room temperature
with 20 wl of V5 peptide (Sigma-Aldrich) at 0.5 mg/ml.
The purified proteins were subjected to removal of cross-
links by incubation for 45 min at 95°C in SDS sample buffer
and were then fractionated by SDS-polyacrylamide gel elec-
trophoresis on a 10% gel and stained with silver. Protein
bands were excised from the gel and subjected to in-gel di-
gestion, and the resulting peptides were dissolved in a solu-
tion comprising 0.1% trifluoroacetic acid and 2% acetoni-
trile for analysis with an LTQ Orbitrap Velos Pro mass spec-
trometer (Thermo Fisher Scientific) coupled with a nanoLLC
instrument (Advance, Michrom BioResources) and HTC-
PAL autosampler (CTC Analytics). Acquired mass spec-
trometry (MS) data were analyzed with MaxQuant and the
human UniProt KB database.

MS data analysis for identification of NH,-termini

The three proteomics data sets for protein NH,-terminal
analysis with HEK293T cells were retrieved from Pro-
teomeXchange Consortium via PRIDE and JPOST. These
data sets consisted of 54 raw files obtained with the Nrich
method with artificial acetylation (PXD0055831) (36), 48
raw files obtained with the TAILS method (PXD006633)
(19), and 9 raw files obtained with Lysarginase and strong
cation exchange chromatography (PXD010551) (37). The
raw files were processed with MaxQuant v.1.6.14.0 and
searched against the database concatenated with the pro-
tein sequence generated by TISCA and the human Swiss-
Prot database including all isoforms (version 2020_5, 42 363
sequences). Peptide tolerance for the first search and main
search allowed 20 and 4.5 ppm, respectively. The MS/MS
match tolerance allowed 20 ppm. For the Nrich data set,
the COOH-terminal side of arginine was selected as the
cleavage site. Oxidation of methionine as well as light and
heavy acetylation of peptide NH,-termini were set as vari-
able modifications. Methylthiolation of cysteine and heavy
acetylation of lysine were set as fixed modifications. For the
TAILS data set, the COOH-terminal side of arginine was
selected as the cleavage site. Dimethylation of peptide NH;-
termini, acetylation of protein NH,-termini, and oxida-
tion of methionine were set as variable modifications. Car-
bamidomethylation of cysteine and dimethylation of lysine
were set as fixed modifications. For the data set obtained by
the method of Chang et al., the NH,-terminal sides of ly-



sine and arginine were selected as the cleavage sites. Oxida-
tion of methionine and acetylation of protein NH,-termini
were set as variable modifications. Carbamidomethylation
of cysteine was set as a fixed modification. A maximum of
two missed cleavages was allowed, and the minimum pep-
tide length was set to seven amino acids for all the data
sets. The cutoff for the false discovery rate (FDR) was set
to 0.01 at the peptide spectrum match (PSM) and protein
level for analysis of TISs. Three experts manually inspected
hundreds of MS/MS spectra, and the acceptance criterion
was set at a posterior error probability (PEP) of <0.005,
which corresponds to an FDR of <0.13%. For comparison
of TISCA with previous TIS prediction methods, the three
data sets were searched against databases consisting of the
human Swiss-Prot database and the protein sequences pre-
dicted by TISCA or by the other methods. A cutoff for FDR
was not set so as to obtain all peptides matched to target and
decoy sequences.

Quantification and statistical analysis

We used DESeq?2 to analyze differential expression from
RNA-seq reads (38), and the generalized linear model in
RiboDiff to analyze differential translation efficiency (39).
Gene set enrichment analysis (GSEA) was performed with
the use of GSEApy (v0.9.9) (40). Pearson’s correlation was
calculated in Python 3.6.8 with the use of Pandas (v0.25.3).
Student’s t test was performed in Python 3.6.8 with the use
of Scipy (v1.2.1). For extraction of differentially expressed
genes, we used an adjusted P value (¢ value, FDR of <0.05).
A P value of <0.05 was considered statistically significant.

RESULTS
elF3 footprint analysis

The 12 subunits of the eIF3 complex are categorized struc-
turally into PCI (proteasome, COPY, elF3)-MPN (Mprl-
Padl N-terminal) core subunits and peripheral subunits
(41-43). The PCI-MPN core consists of an octamer of
elF3A, -C, -E, -F, -H, -K, -L and -M in mammals, whereas
the peripheral subunits include eIF3D and the yeast-like
core (YLC) module consisting of elF3B, elF3G, elF3I
and the COOH-terminus of eIF3A. In particular, eIF3D
is located at the periphery of elF3 and is attached to the
PCI-MPN core via elF3E (44), and it promotes elF4E-
independent but cap-dependent translation of several spe-
cific mRNAs through direct interaction with the 5" cap in
chronic glucose-deprived conditions (45,46).

Sel-TCP-seq analysis of the elF3 complex has been per-
formed with antibodies to eIF3B in human cells (27,28).
To observe the dynamics of the other elF3 subunits, we
attempted to insert into each subunit a tag sequence that
does not interfere with the structure and function of the
elF3 complex and which is insensitive to the formalin fix-
ation adopted in Sel-TCP-seq. To this end, we transfected
HEK293T cells with cDNAs encoding each elF3 subunit
fused to a V5 epitope tag at its NH,- or COOH-terminus
and then subjected lysates of the transfected cells to im-
munoprecipitation with antibodies to V5. Determination of
the amount of RNA co-immunoprecipitated with each elF3
subunit revealed that eIF3D tagged with the V5 epitope at
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its COOH-terminus showed the greatest efficiency for RNA
recovery (Supplementary Figure S1A). We therefore manip-
ulated HEK293T cells with the use of the CRISPR—Cas9
system to insert the V5 tag sequence at the COOH-terminus
of endogenous el F3D (Supplementary Figure S1B), and we
confirmed that the V5 tag sequence was inserted into at least
one allele of the eIF3D gene, with the other allele remaining
intact (Supplementary Figure S1C). Sucrose density gradi-
ent analysis followed by immunoblot analysis revealed that
the distribution of eIF3D-V5 in elF3D-V5 knock-in (KI)
cells was similar to that of eIF3D in wild-type (WT) cells
(Supplementary Figure S1D and S1E). Furthermore, liquid
chromatography (LC) and MS/MS analysis of immuno-
precipitates prepared from the 40S fraction of elF3D-V5
KI cells with antibodies to V5 detected all subunits of the
elF3 complex (Supplementary Figure S1F). These results
thus suggested that insertion of the V5 tag sequence at the
COOH-terminus of endogenous elF3D does not interfere
with the structure and function of the eIF3 complex.

We next performed Sel-TCP-seq analysis of eI[F3D-V5
and elF3B. The cells were fixed with 0.25% formalin, lysed,
treated with RNase I, and separated into 40S and 80S
fractions by sucrose gradient centrifugation. The 40S frac-
tion was subjected to immunoprecipitation with antibod-
ies to V5 or to elF3B, and the footprints were sequenced
(Figure 1A, Supplementary Figure S2A and S2B). Meta-
gene analysis of the footprints revealed that e[F3D-V5 and
elF3B localized predominantly to the 5" untranslated region
(5-UTR) of mRNAs, whereas the 40S input for elF3D-
V5 showed some degree of 80S contamination (Figure 1B,
Supplementary Figure S2C). The scanning efficiency ra-
tio (footprint reads normalized by RNA-seq reads) for
elF3D-V5 was substantially correlated with that for e[F3B
(Figure 1C), suggesting that most eIF3D-V5 and e¢IF3B
molecules function in the same complex. The tRNAs co-
immunoprecipitated with elF3D-V5 or elF3B were com-
prised mostly of Met-tRNA; (~70% of the total), validating
the high purity of scanning ribosomes (Figure 1D). Of note,
elF3D-V5 showed a lower percentage of reads that mapped
to coding sequence (CDS), indicating that the RNA foot-
prints of elF3D-V5 were more enriched for the 5-UTR
compared with those of elF3B (Figure 1E). There was no
significant difference in 3-UTR read occupancy between
elF3D-VS5 and elF3B, likely as a result of the smaller num-
bers of reads for the 3'-UTR (Supplementary Figure S2D).

This tag KI approach allowed us to perform Sel-TCP-seq
analysis not only for eIF3B but also for eI[F3D with a re-
duced level of background noise. As mentioned above, the
elF3D subunit of the el F3 complex is unique in that it binds
to the 5 cap of mRNA and controls elF4E-independent
translation in chronic glucose-deprived conditions (45,46).
Application of our KI strategy to in vivo studies by genera-
tion of mice harboring the epitope tag sequence inserted at
the eIF3D gene locus should provide insight into the trans-
lational dynamics of the elF3 complex.

Identification of TISs by combined analyses of translational
dynamics

The length of footprints and the positions of their 5" and
3’ ends reflect the properties of translation. Most footprints
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Figure 1. Sel-TCP-seq analysis of elF3 subunits in HEK293T cells. (A) Schematic representation of the Sel-TCP-seq protocol for analysis of eIF3D-
V5 and elF3B. IP, immunoprecipitation. (B) Metagene plots for eI[F3D-V5 and elF3B footprints. All reads were mapped to all human protein-coding
transcripts with a 5-UTR and 3'-UTR of >100 nt (n = 37 916). (C) Correlation of scanning efficiency (SE) for e[F3D-V5 with that for e[F3B. All human
protein-coding transcripts with a coefficient of variation of >0.5 in two technical replicates were plotted (n = 34 574). Pearson’s correlation coefficient (r)
is indicated. (D) Percentage of Met-tRNA; reads for tRNAs bound to eI[F3D-V5 or eIF3B complexes. NS, not significant (Student’s 7 test). (E) Percentage
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obtained by Ribo-seq are 21 and 29 nt, reflecting the size
of the 80S complex at the different stages of translation
(47,48). The 5’ end of the footprints accumulates at —12 nt
relative to the start codon, and their 3-nt periodicity indi-
cates codon sliding. In contrast, the size of 40S-derived foot-
prints in TCP-seq shows a wide distribution, ranging from
~24 to ~70 nt, and their 3’ end accumulates at around +24
nt relative to the start codon (27,28,49).

We performed GTI-seq with HEK293T cells treated with
50 wM LTM for 30 min as well as Ribo-seq with HEK293T
cells. Consistent with the previous GTI-seq results, analysis
of our GTI-seq data showed that the 5’ end of the footprints
accumulated predominantly at —12 nt relative to the start
codon but was also detected to a lesser extent at positions —
13 and —11 (Figure 2A). Furthermore, a robust background
of GTI-seq peaks in coding regions was observed (Supple-
mentary Figure S3A). We therefore analyzed previously re-
ported TI-seq data obtained with LTM or harringtonine,
and found that most data showed a substantial proportion
of reads in the coding region, with the enrichment ratio
at the initiation codon varying among experiments (Sup-
plementary Figure 3A). This noisy characteristic of TI-seq
might result in false positives and a low reproducibility of
TIS identification by GTI-seq alone. On the other hand,
consistent with the previous results, we found that the 3’
end of the footprints derived from eIF3D-V5 and elF3B
accumulated as peaks located +23 or +24 nt downstream
of the start codon (Figure 2B, Supplementary Figure S3B
and S3C), indicating that the 40S footprints decrease at +23
or +24 nt. However, the decrease in the 40S footprints was
not as sharp as the GTI-seq peak (Figure 2A, B), making it
difficult to predict TISs precisely on the basis of Sel-TCP-
seq data alone. We therefore surmised that combinatorial
analysis by GTI-seq and Sel-TCP-seq might greatly reduce
the noise of GTI-seq analysis. Identified GT1-seq peaks that
were not associated with a decrease in the 40S footprints, or
without a sufficient amount of 40S footprints, would be con-
sidered false positives. In addition, frame-fitting with the
use of Ribo-seq data might further improve identification
of TISs (Figure 2C).

We first listed all ORFs and their corresponding tran-
scripts with the use of RibORF, an algorithm for ORF pre-
diction on the basis of Ribo-seq data taking into account
frame preference and signal uniformity (50). We adopted
all AUG codons and near-cognate codons (CUG, GUG,
UUG, ACG, AGG, AAG, AUC, AUU and AUA) as can-
didates for TISs, resulting in the generation of several ORF
candidates with different TISs from a single frame. We next
identified the positions of the 5 end of GTI-seq peaks as
well as the elF3-bound 40S read decreasing point (40S de-
creasing point), where the 3’ end of the 40S footprints ac-
cumulates and the number of sequencing reads decreases
(Supplementary Figure S3D). We then defined a TIS candi-
date as a site that met both of the following location crite-
ria: (i) +11 to +13 nt from the 5" end of the GTl-seq peak
and (ii) —22 to —26 nt from the 40S decreasing point (Fig-
ure 2C). Furthermore, to apply frame-fitting to the ORFs
corresponding to the TIS candidates, we listed all ORFs
starting at the TIS candidates and selected only those that
were a perfect match with the ORFs predicted by RibORF
analysis (Figure 2C, Supplementary Table S2). We termed
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this method TISCA (TIS detection by translation Complex
Analysis), and its application indeed allowed us to identify
the TISs of three uORFs (WORFO, uORF1 and uORF2) of
ATF4, consistent with previous results (51) (Figure 2D).

The most common initiation codon identified by TISCA
was AUG (62.1%), as expected (Figure 2E). Of the various
near-cognate codons also identified, CUG initiation codons
(12.0%) were the most common, again consistent with pre-
vious studies (12,34). ORFs corresponding to noncoding
RNAs were found to constitute 17.0% of the total ORFs
(Figure 2F). Furthermore, a substantial number of tran-
scripts contained more than one TIS (Figure 2G), likely re-
flecting atypical ORFs such as those derived from extension
or truncation of known ORFs as well as uORFs (Figure
2F).

Elimination of noise peaks in GTI-seq by TISCA

The canonical ORF for elF2 alpha kinase 1 (EIF2AK1)
with an AUG initiation codon was detected by TISCA, and
we further identified a novel extended ORF with a GUG
initiation codon at +12 nt relative to the GTI-seq peak and
—23 nt relative to the 40S decreasing point (Figure 3A). The
novel GUG initiation codon is located 54 nt (18 amino
acids) upstream of the canonical AUG initiation codon.
Furthermore, in addition to the canonical ORF for lamin
B2 (LMNB2) with an AUG initiation codon, we identi-
fied a noncanonical truncated ORF with an AUG initiation
codon, which was also identified previously (52), located at
+12 nt from the GTI-seq peak and —22 nt from the 40S de-
creasing point (Figure 3B). The noncanonical AUG initia-
tion codon is located 60 nt (20 amino acids) downstream of
the canonical AUG initiation codon. These results thus re-
vealed that TISCA is able to reliably identify TISs located
either upstream or downstream of the canonical TIS.

TISCA was also able to remove artifacts of GTI-seq anal-
ysis through application of the data for 40S subunit dy-
namics. For example, in the case of the mRNA for scaf-
fold attachment factor B (SAFB), GTI-seq peaks that were
either not associated with a 40S decreasing point or with-
out reads were apparent in addition to the TIS identified by
TISCA (Figure 3C), suggesting that these peaks were arti-
facts of GTI-seq analysis. TISCA thus eliminated two GTI-
seq peaks for SAFB mRNA (Figure 3C). These results indi-
cated that TISCA is able to reduce misidentification of TISs
by GTI-seq alone through additional consideration of an-
other key feature of translation—the presence and decline
of the 40S complex.

Identification of AUG-initiated truncated ORFs that result
from leaky scanning

A consensus sequence flanking the AUG initiation codon,
known as the Kozak motif, is required for efficient initia-
tion of translation (53,54). In the case of genes with an ini-
tial AUG codon in a weak Kozak context, the 40S complex
continues to scan beyond this point in a process known as
leaky scanning, and translation is initiated at the next down-
stream AUG codon (55). Reporter construct analysis has re-
cently validated that 10 human genes are translated from an
AUG initiation codon downstream of the canonical AUG
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initiation codon (56), and TISCA identified 4 of the 10 trun-
cated ORFs (Supplementary Figure S4A). Both canonical
and truncation AUG initiation codons were identified for
the AASDHPPT gene, whereas only the truncation AUG
initiation codon was identified for the other three genes
(CMPKI, ISL2 and LIMK]), suggesting that the transla-
tion initiation efficiency of the canonical AUG initiation
codon for these genes is low (Supplementary Figure S4A).

In the case of the six truncated ORFs not identified by
TISCA, five of these (for PABPC4L, ASPHDI, RELB,
FRMD3 and Clorf94) were not identified as a result of
their low expression levels (TPM of <1) in HEK293T cells
(Supplementary Figure S4B). Despite the high expression
level of ZBTB8OS mRNA, however, it was not identified by
TISCA. The TIS of the truncated ORF of ZBTB8OS is lo-
cated at +12 nt from a GTI-seq peak and —22 nt from a 40S
decreasing point, but it did not meet the criteria for frame-
fitting based on Ribo-seq results (pred.P-value of >0.7)
(Supplementary Figure S4C and D), whereas the canoni-
cal ORF did not satisfy all the criteria, suggesting that the
truncated ORF of ZBTB8OS may be translated.

Kozak-like sequence contexts of near-cognate codons

Kozak-like motifs also have been found to be pivotal
for efficient translation initiation at near-cognate codons
(57). We therefore next performed motif analysis for the
near-cognate codons identified by TISCA. The sequences
surrounding AUG initiation codons identified by TISCA
showed the same pattern as the typical Kozak motif, and the
CUG, GUG, UUG and ACG initiation codons also man-
ifested Kozak-like motifs (Figure 3D). Guanine was most
frequently found at position +4, a purine base (adenine or
guanine) at position —3, and guanine at position —6. In ad-
dition, cytosine was observed at positions —1, -2, -4 and -5
with relatively high frequency. These results suggested that
near-cognate codons also require Kozak-like motifs for ef-
ficient translation initiation.

Proteomics analysis of NH,-termini identified by TISCA

We next attempted to validate the accuracy of TISCA
by shotgun proteomics targeting of the NHj-termini of
proteins encoded by the identified ORFs. We referred to
published data sets for shotgun NH;-terminal proteomics,
in which protein NH;-terminal peptides were enriched
by three different methods as applied to HEK293T cells
(19,36,37). For the actual NH,-terminal amino acid residue
of proteins encoded by ORFs with near-cognate codons,
there are two possible scenarios: (i) the amino acid corre-
sponding to the initiation codon is directly incorporated
(it is therefore not methionine), or (ii) methionine is incor-
porated regardless of the initiation codon, probably as a
result of wobble base-pairing of Met-tRNA; with the ini-
tiation codon. We therefore prepared two lists of amino
acid sequences on the basis of our TISCA data, one in
which the first amino acid residue is the amino acid en-
coded by the corresponding codon, and the other in which
the encoded amino acid is replaced with methionine (Fig-
ure 4A). A peptide sequence database was generated from

these TISCA-based lists (TISCAdb) and from the Swiss-
Prot human protein sequence database (SPdb), and the
MS/MS data obtained from HEK293T cells by the three
different NH,-terminal proteomics analyses were compared
with this database to identify protein NH,-terminal pep-
tides. Among the identified peptides, only acetylated NH,-
terminal peptides with a posterior error probability (PEP)
of <0.005 were accepted to ensure identification confidence
(58). Given that ~90% of human proteins are acetylated
at the NH;-terminus (59), we only accepted peptides with
NH;-acetylation as a signature modification indicative of
a TIS. With this approach, we identified a total of 4285
TISs (Figure 4B, Supplementary Table S3), of which 1027
TISs were identified specifically by the SPdb search, 2919
by both the SPdb and TISCAdb searches, and 339 specifi-
cally by the TISCAdb search (Figure 4C). The percentage of
translated near-cognate codons was 3.0% for all TISs iden-
tified by the TISCAdb search and 28.0% for those identi-
fied by the TISCAdb search alone (Figure 4D). We also
identified three translated near-cognate codons (GUG for
elF4G2 and CUG for R3HCC1 and RNF187) among TISs
identified commonly by the SPdb and TISCAdb searches.

The novel ORFs identified only by the TISCAdb search
were assigned to three categories on the basis of the type
of NH,-terminal amino acid: non-methionine, methionine,
and cleaved (Figure 4E). Most peptides were included in
the methionine or cleaved categories, with some derived
from the same ORF being included in both of these cat-
egories. Methionine aminopeptidase (MetAP) cleaves the
NH;-terminal methionine and has a preference for sub-
strates that contain alanine, cysteine, glycine, proline, ser-
ine, threonine, or valine at the position adjacent to the
NH;-terminal methionine (60). Almost all proteins with
near-cognate initiation codons in the cleaved category con-
tained such amino acids recognizable by MetAP at the
NH;-terminal penultimate position, suggesting that the first
amino acid is methionine (Figure 4F). In contrast, most
such proteins in the methionine category had penultimate
amino acids that were unlikely to be recognized by MetAP.
Both the EIF2AK1 extended ORF with a GUG initiation
codon and the LMNB2 truncated ORF with an AUG ini-
tiation codon shown in Figure 3A and B, respectively, were
identified and classified in the cleaved category.

We detected only three ORFs in which amino acids
(leucine, valine, and threonine) other than methionine were
incorporated at the corresponding first codon (CUG, GUG
and ACG, respectively). Two types of NH,-terminal pep-
tide containing methionine or threonine at the first codon
(ACQG) detected by TISCA were identified by proteomics
analysis for the CDC-like kinase 2 (CLK2) gene (Supple-
mentary Figure SSA and B), consistent with a previous
study (19). Only one peptide with threonine, as opposed
to many peptides with methionine, was identified by pro-
teomics analysis, suggesting that the protein with an initial
methionine is the dominant form. Of interest, the TIS cor-
responding to the AUG codon for the canonical ORF of
CLK?2 deposited in the Swiss-Prot database was not iden-
tified by either TISCA or proteomics analysis (Supplemen-
tary Figure SS5A). For the seryl-tRNA synthetase (SARS)
gene, a peptide with leucine as the first amino acid was de-
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tected by TISCA as well as by proteomics analysis (Sup-
plementary Figure S5A and C). In addition, a canonical
AUG initiation codon that was also identified by TISCA
was present two amino acids upstream of the CUG initia-
tion codon, and the peptide initiating at this AUG codon
was indeed identified by two of the independent proteomics
analyses (Supplementary Figure S5A and C). Furthermore,
one peptide with valine (GUG) as the initial amino acid
for the exocyst complex component 7 (EXOC7) gene was
identified by both TISCA and proteomics analysis (Supple-
mentary Figure S5A and D). Given that the PEP was only
slightly below the threshold (= 0.0040) and that the signals
for GTI-seq and Sel-TCP-seq were noisy (Supplementary
Figure S5D), however, this peptide was likely the result of a
false identification.

Near-cognate codons accounted for 37.9% of TISs in the
TISCA-based prediction (Figure 2E) but only 3.0% in the
proteomics analyses (Figure 4D). Consistent with previous
findings that the translation initiation activity of ORFs ini-
tiated at non-AUG codons is lower than that of ORFs initi-
ated at AUG (61-63), our Ribo-seq results revealed that the
translation efficiency of ORFs with near-cognate initiation
codons was lower than that of those with the AUG codon
(Figure 4G), suggesting that peptides corresponding to the
former ORFs may not have been detected by proteomics
analysis as a result of their low abundance. It is also pos-
sible that TISCA detected ‘noisy or abortive initiation’ that
may occur infrequently as misinitiation, given that it is more
sensitive than proteomics analysis.

Translation initiation with AAG as an initiation codon

Proteomics analysis identified several ORFs apparently
translated from AAG or AGG codons, but, as far as we are
aware, translation initiation at such codons has not previ-
ously been described other than in high-throughput stud-
ies such as those based on GTI-seq (64). An ORF with an
AGG initiation codon was identified by TISCA in the pu-
tative WAS protein family homolog 3 (WASH3P) gene. A
novel truncation AUG initiation codon was located imme-
diately after the novel AGG initiation codon (Supplemen-
tary Figure S6A), and the sequence of the identified peptide
was identical to the product predicted to be derived from
the truncation AUG initiation codon (Supplementary Fig-
ure S6B). This peptide sequence would be classified in the
Met category if translated from the truncation AUG initi-
ation codon, and in the cleaved category if translated from
the AGG initiation codon. Given that the putative prod-
uct translated from the AGG initiation codon does not con-
tain an amino acid sequence recognizable by MetAP (Fig-
ure 4F), the identified peptide is likely a product of the trun-
cation AUG initiation codon.

ORFs with an AAG initiation codon were identified for
three genes (SNRPG, ERI2 and HISTIH2BH) by pro-
teomics analysis. In the case of SNRPG and ERI2, the
signals of GTI-seq and Sel-TCP-seq were noisy, and the
identified peptides appeared to be misidentified given that
their spectra showed many unannotated peaks and the re-
gion covered by the b- and y-ions was limited to two or
three residues at the COOH-terminus, although their PEP
values met the criterion (Supplementary Figure S6C and

D). On the other hand, in the case of HISTIH2BH, the
canonical AUG initiation codon was located at the 5" end
of the mRNA, and the signals of GTI-seq and Sel-TCP-
seq showed reliable patterns only for the AAG initiation
codon, suggesting that this gene is translated only from
the AAG initiation codon (Supplementary Figure SO6E). Al-
though the spectrum of the peptide showed many unan-
notated peaks, the y-ions covered almost the entire pep-
tide. Furthermore, an additional two spectra with different
charge states were found. Although these spectra did not
meet the PEP criterion as a result of the large number of
unannotated peaks, the observed y-ion profiles were similar
in all the three spectra, suggesting that they were not ran-
domly matched (Supplementary Figure S6E). These results
thus suggest that at least the HIST1H2BH gene is indeed
translated from an AAG initiation codon.

Improved accuracy of TIS prediction by TISCA

To evaluate the performance of TISCA in prediction of
TISs, we compared it with that of existing methods. Ribo-
TISH, RiboCode and RiboTaper all adopt an unsupervised
approach to predict ORFs de novo from Ribo-seq data,
whereas ORF-RATER and riboHMM both rely on a super-
vised approach that requires training with annotated ORFs
(13). Among these existing methods, Ribo-TISH and ORF-
RATER use not only Ribo-seq data but also TI-seq data,
which allows more accurate TIS identification (13,31).
Ribo-TISH analysis identified 12 059 TISs, including
35.6% with near-cognate codons, using the same data set
as that used for TISCA (Figure 5A). The number of TISs
commonly predicted by both Ribo-TISH and TISCA was
6747, and the numbers of those predicted by only Ribo-
TISH or only TISCA were 5312 and 10 170, respectively
(Figure 5B). The three NH;-terminal proteome data sets
were then searched against the Ribo-TISH-based database
(Ribo-TISHdb) and TISCAdDb sequences to identify acety-
lated NH;-terminal peptides. Again, only acetylated NH,-
terminal peptides with a PEP of <0.005 were accepted to
ensure identification confidence. A total of 2063 TISs was
commonly identified by both TISCAdb and Ribo-TISHdb
searches, with an additional 1198 and 289 TISs being iden-
tified specifically by the TISCAdb search and the Ribo-
TISHdb search, respectively (Figure 5C, Supplementary
Table S4). The number of peptides identified only by the
Ribo-TISHdb search was thus much smaller than that iden-
tified only by the TISCAdDb search (Figure 5D).
ORF-RATER analysis identified 11 141 TISs, includ-
ing 19.6% with near-cognate codons, again with the same
data set as that used for TISCA (Figure 5E and F). ORF-
RATER thus identified more AUG codons, probably as a
result of the use of ORFs with AUG codons as training
data. The three NH,-terminal proteome data sets were then
searched against the ORF-RATER-based database (ORF-
RATERdb) and TISCAdD sequences to identify acetylated
NH;-terminal peptides. We found that the number of TISs
and peptides identified specifically by TISCAdb was greater
than that identified by ORF-RATERdb alone (Figure 5G
and H, Supplementary Table S5). Collectively, these results
suggested that TISCA is able to identify more TISs with
higher reliability compared with the existing methods.
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Translation at near-cognate initiation codons is largely de-
pendent on elF2

Both elF2A and elF2D have been shown to facilitate
incorporation of amino acids other than methionine at
TISs by recruiting tRNAs other than Met-tRNA;, such
as Leu-tRNACYS (22-24). However, our analysis of pro-
teomics data revealed that methionine was incorporated
at the NH,-terminal position of most proteins translated
from near-cognate initiation codons. To examine the pos-
sible contribution of eI[F2A and elF2D to noncanonical
translation initiation, we generated HEK293T cells lacking
elF2A, elF2D, or both of these proteins with the use of
the CRISPR-Cas9 system (Figure 6A, Supplementary Fig-
ure S7A) and then subjected these cells to Ribo-seq anal-
ysis. We also performed Ribo-seq analysis with HEK293T
cells transfected with siRNAs targeting elF2«. Such trans-
fection for 48 h reduced the abundance of elF2a mRNA by
>90%, whereas it reduced that of the eIF2a protein by only
~50% (Figure 6B and C). Given that longer siRNA trans-
fection times (>72 h) elicited apoptosis, it was technically
difficult to efficiently deplete elF2a at the protein level. We
therefore also performed Ribo-seq analysis with HEK293T
cells treated with arsenite for 60 min in order to suppress
elF2-dependent translation by promoting the phosphoryla-
tion of elF2« (65). We confirmed that arsenite treatment of
HEK?293T cells induced el F2a phosphorylation and the ex-
pression of ATF4, which reflects suppression of elF2 func-
tion (Figure 6D).

For ORFs initiated from near-cognate codons that over-
lap with AUG-dependent ORFs, we quantified the spe-
cific changes in translation efficiency by excluding the over-
lapping region (Supplementary Figure S7B). We therefore
omitted evaluation of translation efficiency for ORFs that
completely overlap with canonical AUG-dependent ORFs,
such as those corresponding to truncated versions of the lat-
ter. ORFs that do not overlap with AUG-dependent ORFs
(for example, uORFs) were quantified without any process-
ing. The knockout (KO) of eIF2A, elF2D or both proteins
as well as knockdown (KD) of eIF2a had only a small ef-
fect on translation efficiency, whereas arsenite treatment af-
fected the translation efficiency of ORFs to a much greater
extent (Figure 6E, Supplementary Figure S7B, Supplemen-
tary Table S6).

The marked effect of arsenite treatment on translation ef-
ficiency may have been due to induction of cellular stress
rather than to inhibition of eIF2. Although siRNA trans-
fection did not efficiently deplete eIF2a protein, if the ef-
fect of arsenite treatment on non-AUG initiation is in-
deed dependent of elF2, the effect should also be repro-
duced, at least to a lesser extent, by elF2a depletion. To
test this notion, we performed GSEA with a gene set con-
sisting of non-AUG-initiated ORFs whose translational
efficiency was significantly reduced by arsenite treatment.
The translational efficiency of the arsenite-sensitive ORFs
was markedly down-regulated by elF2a KD (Figure 6F),
whereas it was not significantly affected by KO of elF2A,
elF2D, or both proteins, with the exception of a weakly sig-
nificant inhibition apparent in eIF2D KO #1 cells (Supple-
mentary Figure S8). These results suggested that the atten-
uation of non-AUG translation initiation by arsenite treat-
ment is dependent, at least in large part, on elF2.

This trend can be exemplified by representative genes.
The main ORF of the nucleophosmin 1 (NPM1) gene is
translated from an AUG initiation codon, but we also iden-
tified a novel extended ORF with a CUG initiation codon
by TISCA (Figure 6G). The translational efficiency of the
extended ORF with the CUG initiation codon was signif-
icantly reduced by arsenite treatment and by transfection
with two different elF2a siRNAs (Figure 6H and I). The
translation efficiency of the main ORF with the AUG initi-
ation codon was significantly reduced by arsenite treatment
and by transfection only with siRNA #2 (Figure 61). We
also identified a novel extended ORF with an ACG initi-
ation codon for the heterogeneous nuclear ribonucleopro-
tein A2/B1 (HNRNPA2BI1) gene by TISCA (Figure 6J).
The translation efficiency for the extended ORF was sig-
nificantly reduced both by arsenite treatment and by eIF2«
KD, whereas that for the AUG-dependent main ORF was
not affected (Figure 6K and L). These results thus suggested
that translation from these near-cognate codons is mediated
by authentic elF2 rather than by eIF2A or eIF2D.

Enhancement of eIF2A and elF2D dependence by elF2 sup-
pression at a limited number of ORFs with near-cognate ini-
tiation codons

Suppression of elF2 function by arsenite treatment was
previously shown to increase the dependence of transla-
tion on elF2A (24). We therefore examined the changes
in translation efficiency for ORFs initiated at near-cognate
codons in cells deficient in eIF2A, eIF2D, or both proteins
in the presence of arsenite (Figure 7A, Supplementary Fig-
ure S9A, Supplementary Table S7). However, the loss of
elF2A, eIF2D or both factors had a limited effect on such
translation efficiency even in arsenite-treated cells, although
the fold changes in translation efficiency were greater than
those apparent under the arsenite-free condition (Fig-
ures 6E, and 7A), indicative of a weak but increased de-
pendence on elF2A and elF2D in the setting of elF2
suppression.

As a representative example, a novel uORF and its ex-
tended uORF were identified in the 60S ribosomal pro-
tein L38 (RPL38) mRNA by TISCA (Figure 7B). In both
elF2A- and elF2D-deficient cells, the translation efficiency
of the tORF and its extended form was reduced only with
arsenite treatment, remaining unaltered in the absence of
arsenite (Figure 7C and D). Although changes in the trans-
lation of uORFs have previously been shown to affect the
translation efficiency of downstream ORFs in the opposite
direction (66), our results showed that a decrease in trans-
lation efficiency of a uORF did not result in up-regulation
of the translation efficiency of the main ORF for RPL3S8
(Figure 7D).

We also analyzed the HNRNPA2B1 gene in WT and
elF2A/elF2D KO cells under the arsenite-treated condi-
tion. The translation efficiency of the extended ORF with
an ACG initiation codon, as well as that of the main ORF,
did not differ significantly between WT and the double-
knockout (DKO) cells even under the arsenite-treated con-
dition (Supplementary Figure SOB and S9C). These results
further support the conclusion that translation of the ex-
tended ORF of HNRNPA2BI is dependent on elF2. The
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Figure 6. ¢IF2 dependency of translation initiation at near-cognate codons. (A) Immunoblot analysis of eIF2A and eIF2D in HEK293T cells deficient in
elF2A (elF2A KO), elF2D (elF2D KO), or both elF2A and elF2D (DKO) as well as in WT cells. Two independent clones of each type were examined,
and HSP90 was analyzed as a loading control. (B) Fold change in RNA abundance for e/F2e mRNA in HEK293T cells transfected with siRNAs specific
for elF2a (elF2a KD #1 or #2) relative to HEK293T cells transfected with a control siRNA. p,gj, adjusted P value. (C) Immunoblot analysis of elF2a
in HEK293T cells transfected with siRNAs as in (B). Lanes 1 and 2 correspond to biological replicates. (D) Immunoblot analysis of ATF4 as well as of
phosphorylated (p-) and total forms of elF2a in WT HEK293T cells treated with 40 wM arsenite for the indicated times. (E) Numbers of ORFs showing
a significant change (adjusted P value of <0.05) in translation efficiency (TE) in eIF2A KO, elF2D KO, and DKO cells, in elF2a KD cells, as well as in
arsenite-treated WT HEK293T cells compared with control cells. For eIF2A KO, eIF2D KO, DKO and elF2a KD cells, ORFs not commonly up-regulated
or down-regulated in two clones or with two different siRNAs were removed. (F) GSEA plots for ORFs initiated at near-cognate codons whose translation
efficiency was down-regulated by arsenite treatment. Translation of these ORFs is compared between elF2a KD cells and control HEK293T cells. NES,
normalized enrichment score. (G, J) Read aggregation plots for GTI-seq and Sel-TCP-seq of eIF3D-V5 for NPM1 (G) and HNRNPA2BI (J) mRNAs.
Red and blue circles show GTI-seq peaks and 40S decreasing points, respectively; black inverted triangles indicate TISs identified by TISCA; and red and
black vertical lines denote novel TISs identified by TISCA and canonical TISs, respectively. (H, K) Read aggregation plots of Ribo-seq for NPMI (H)
and HNRNPA2BI (K) mRNAs in HEK293T cells transfected with control or eIF2a siRNAs. The average of two replicates is shown. (I, L) Fold change
in translation efficiency for mORF and the extended ORF of NPM1 (I) and HNRNPA2BI (L) as analyzed by RiboDiff in eIF2A KO, eIF2D KO, DKO
and elF2a KD cells as well as in arsenite-treated WT cells compared with control cells.
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Figure 7. Contribution of eIF2A and elF2D to translation initiation at near-cognate codons in the setting of eIF2 inhibition. (A) Numbers of ORFs
showing a significant change (adjusted P value of <0.05) in translation efficiency in eIF2A KO, eIF2D KO and DKO cells compared with control cells
under the arsenite-treated condition. ORFs not commonly up-regulated or down-regulated in two clones were removed. (B) Read aggregation plots for
GTlI-seq and Sel-TCP-seq of eIF3D-V5 for RPL38 mRNA. Red and blue circles show GTI-seq peaks and 40S decreasing points, respectively; black inverted
triangles indicate TIS positions identified by TISCA; and red and black vertical lines denote novel TIS positions identified by TISCA and canonical TIS
positions, respectively. etORF, extended upstream ORF. (C) Read aggregation plots of Ribo-seq for RPL38 mRNA in WT and DKO cells treated with
arsenite. The average of two replicates is shown. (D) Fold change in translation efficiency for ORFs of RPL38 as analyzed by RiboDiff in eIF2A KO,
elF2D KO, and DKO cells with or without arsenite treatment compared with control cells not treated with arsenite.

lack of an effect of suppression of eIF2, eIF2A and eIF2D
on translation efficiency of the main ORF might reflect
a contribution of other tRNA binding proteins such as
DENR/MCTSI (21), although this issue requires further
investigation.

Collectively, these findings suggest that, although trans-
lation initiation at most near-cognate codons is dependent
largely on elF2 and Met-tRNA,;, its dependence on elF2A
and elF2D in a limited number of cases is increased in the
setting of el F2 suppression.

DISCUSSION

We have here described the development of a novel analytic
framework for identification of TISs based on the combi-
nation of data sets for translational dynamics such as Sel-
TCP-seq, GTI-seq and Ribo-seq. This novel approach, des-
ignated TISCA, allows a comprehensive characterization
of AUG- and non-AUG-dependent translation initiation.
With this new method, we have shown that translation initi-
ation at near-cognate codons is most likely to be dependent
on ¢lF2 and Met-tRNA;, although this issue warrants fur-



ther investigation to verify the contribution of eIF2 to the
translation initiation at near-cognate codons.

It has remained unclear whether all the footprints re-
vealed by Ribo-seq represent natural translation. To ad-
dress this issue, various computational approaches that take
certain features such as fragment size, signal uniformity,
and 3-nt periodicity into account have been developed (13).
Methods that rely only on Ribo-seq data such as RibORF
and RiboCode identify multiple candidate ORFs with the
same stop codon and different start codons (35,67). In this
case, the ORFs with the most upstream in-frame ATG are
retained, and the possibility of ORFs starting from near-
cognate codons is ignored, rendering accurate identifica-
tion of TISs difficult. Ribo-TISH and ORF-RATER are
also able to exploit TI-seq data, which allows more ac-
curate TIS identification compared with the methods that
rely on Ribo-seq data alone. However, although TI-seq al-
lows enrichment for the 80S ribosome at the start codon, it
does not completely eliminate ribosomes engaged in trans-
lation elongation, which hinders precise TIS identification.
Integration of (G)TI-seq data with data for Sel-TCP-seq in
TISCA supports the efficient removal of noise associated
with (G)TI-seq and thereby allows a more accurate iden-
tification of TISs and consequent correct identification of
ORFs.

Comprehensive analysis by FACS-seq has shown that
a Kozak-like sequence is required for efficient translation
initiation at near-cognate codons (57). Although previous
studies with Ribo-seq found weak enrichment for a Kozak-
like motif at near-cognate codons (68,69), our analysis re-
vealed a Kozak-like sequence context around the near-
cognate codons identified by TISCA. A purine base at posi-
tion -3 and a guanine at position +4 were previously shown
to greatly increase translational activity of near-cognate
codons (57), and these same sequence contexts were ap-
parent for the near-cognate codons identified by TISCA.
Translation efficiency was previously found to be more sen-
sitive to the surrounding sequence context for near-cognate
codons than for AUG (57). The mismatch between near-
cognate initiation codons and the anticodon reduces the
binding energy, with the result that the nucleotide context
around these initiation codons affects the translation ef-
ficiency of ORFs with such mismatched sequences to a
greater extent.

In a preliminary study, we applied TISCA to several
fully noncognate codons as candidate initiation codons, and
identified some fully noncognate TISs that met the TISCA
identification criteria (data not shown). However, none of
these TISs was confirmed by proteomics analysis, suggest-
ing that the corresponding expression levels may be very low
or that they are false positives. This issue warrants exami-
nation in more detail by future studies. In addition, inclu-
sion of all noncognate codons is impractical, given that it
requires a huge amount of computational time. We there-
fore focused only on near-cognate initiation codons in this
study.

Despite previous studies (20-23), the role of eIF2A and
elF2D in initiating translation from near-cognate codons
remains unclear. Mice deficient in eIF2A are viable and do
not manifest any obvious phenotypes, suggesting that this
factor may not play a major role in translation (70). The In-
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ternational Mouse Phenotyping Consortium (IMPC) anal-
ysis revealed that mice deficient in eIF2D are also viable
and have no apparent developmental defects. In addition,
we generated HEK293T cells lacking eIF2A, e¢IF2D, or
both proteins, and these mutant cells were viable. Ribo-seq
analysis indicated that translation initiation at near-cognate
codons was dependent largely on elF2, with inhibition of
elF2 affecting the dependence on elF2A and elF2D only
slightly. These results suggest that eIF2A and eIlF2D might
contribute to the regulation of specific physiological func-
tions by fine-tuning translation initiation at specific ORFs.

Although TISCA substantially reduced the noise of GTI-
seq analysis as a result of application of the 40S decreas-
ing point as well as identified more TISs with higher reli-
ability compared with existing tools, it still gives rise to a
certain number of misidentifications, such as the apparent
ORF with the GUG initiation codon identified for EXOC7
(Supplementary Figure SSD). It will therefore be important
in the future to further improve the accuracy of this method
with the use of different computational approaches and
other experimental data sets. In addition, the LTM treat-
ment adopted in GTI-seq analysis may induce some experi-
mental artifacts, with the adoption of a more physiological
alternative method being preferable.

The comprehensive identification of near-cognate codons
is important to provide insight into the molecular mecha-
nism of noncanonical translation initiation. In the present
study, we have identified a large number of TISs with high
reliability by combining analyses of translation dynamics
and we have clarified their pivotal features. However, TIS
usage varies in a manner dependent on cellular stress in-
duction and among tissue types (32), with the result that
development of improved methods to identify TISs in vivo
will be needed for a more comprehensive understanding of
such variation. The development of such methods will also
allow characterization of changes in TIS usage associated
with diseases such as cancer and diabetes, which should lead
to a better understanding of disease pathogenesis and may
inform the development of new treatments.
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