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Abstract

Upstream open reading frames (UORFs) are present in the 5™-untranslated regions of many eukaryotic mRNAs,
and some peptides encoded in these regions play important regulatory roles in controlling main ORF (mORF)
translation. We previously developed a novel pipeline, ESUCA, to comprehensively identify plant uORFs
encoding functional peptides, based on genome-wide identification of uORFs with conserved peptide sequences
(CPuORFs). Here, we applied ESUCA to diverse animal genomes, because animal CPuORFs have been
identified only by comparing uORF sequences between a limited number of closely related species, and how
many previously identified CPuORFs encode regulatory peptides is unclear. By using ESUCA, 1,517 (1,425
novel and 92 known) CPuORFs were extracted from four evolutionarily divergent animal genomes. We
examined the effects of 17 human CPuORFs on mORF translation using transient expression assays. Through
these analyses, we identified seven novel regulatory CPuORFs that repressed mORF translation in a
sequence-dependent manner, including the one conserved only among Eutheria. We discovered a much higher
number of animal CPuORFs than previously identified. Since most human CPuORFs identified in this study are
conserved across a wide range of Eutheria or a wider taxonomic range, many CPuORFs encoding regulatory

peptides are expected to be found in the identified CPuORFs.
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Introduction

The human genome contains many regions encoding potential functional small peptides outside of the
well-annotated protein-coding regions '. Some upstream open reading frames (UORFs), which are located in the
S'-untranslated regions (5-UTRs) of mRNAs, have been shown to encode such functional small peptides. Most
uORF-encoded peptides play regulatory roles in controlling the translation of protein-coding main ORFs
(mORFs) *°. During the translation of these regulatory uORFs, nascent peptides interact inside the ribosomal exit
tunnel to cause ribosome stalling °. Ribosome stalling on a uORF results in translational repression of the
downstream mORF because stalled ribosomes block scanning of subsequent pre-initiation complexes and
prevent them from reaching the start codon of the mORF . In some genes, UORF peptides are involved in

translational regulation in response to metabolites (Ito and Chiba, 2013).

To comprehensively identify uORFs encoding functional peptides, genome-wide searches for uORFs
with conserved peptide sequences (CPuORFs) have been conducted using comparative genomic approaches in
plants *'3. To date, 157 CPuORF families have been identified by comparing 5-UTR sequences between plant
species. Of these, 101 families were identified in our previous studies by applying our original methods,
BAIUCAS " and ESUCA (an advanced version of BAIUCAS)  to genomes of Arabidopsis, rice, tomato,
poplar, and grape.

ESUCA has many unique functions ", such as efficient comparison of uORF sequences between an
unlimited number of species using BLAST, automatic determination of taxonomic ranges of CPuORF sequence
conservation, systematic calculation of K,/K; ratios of CPuORF sequences, and wide compatibility with any
eukaryotic genome whose sequence database is registered in ENSEMBL . More importantly, to distinguish
between ‘spurious’ CPuORFs conserved because they encode parts of mORF-encoded proteins and ‘true’
CPuORFs conserved because of the functions of their encoded small peptides, ESUCA assesses whether a
transcript containing a fusion of a uORF and an mORF is a major or minor form among homologous transcripts
1 By using these functions, ESUCA can efficiently identify CPuORFs likely to encode functional small peptides.

In fact, our recent study demonstrated that poplar CPuORFs encoding regulatory peptides were efficiently
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identified by selecting ones conserved across diverse eudicots using ESUCA ".

To date, only a few studies on genome-wide identification of animal CPuORFs have reported. In these
previous studies, UORF sequences were compared between a limited number of closely related species, such as
human and mouse or several species in dipteran, leading to identification of 204 and 198 CPuORFs in human
and mouse, respectively °, and 44 CPuORFs in fruit fly '. Additionally, the relationships between taxonomic
ranges of CPuORF conservation and the likelihood of having a regulatory function have not been studied in
animals.

Accordingly, in this study, we applied ESUCA to genomes of fiuit fly, zebrafish, chiken, and human to
exhaustively identify animal CPuORFs and to determine the taxonomic range of their sequence conservation.
Using ESUCA, we identified 1,517 animal (1,425 novel and 92 known) CPuORFs belonging to 1,430 CPuORF
families. We examined the effects of 17 CPuORFs conserved in various taxonomic ranges on mORF translation,
using transient expression assays. Through this analysis, we identified seven novel regulatory CPuORFs that

repress mORF translation in a sequence-dependent manner.

Results

Genome-wide search for animal CPuORFs using ESUCA

Prior to ESUCA application (Fig. 1a and 1b), we counted the number of protein-coding genes for four species,
i.e., fruit fly, zebrafish, chiken, and human. As shown in Supplementary Table S1, 13,938, 25,206, 14,697, and
19,956 genes were extracted for fruit fly, zebrafish, chiken, and human, respectively. After step 1 of ESUCA, we
calculated the numbers of uORFs and protein-coding genes with any uORF for each species. As shown in
Supplementary Table S1, 17,035 (7,066), 39,616 (14,453), 8,929 (3,535), and 44,085 (12,321) uORFs (genes)
were extracted from fruit fly, zebrafish, chicken, and human genomes, respectively. In this analysis, when
multiple uORFs from a gene shared the same stop or start codon, they were counted as one. Potential candidate
CPuORFs were narrowed down by selection at step 2 of ESUCA in a step-by-step manner, as shown in

Supplementary Table S1. The numbers of BLAST hits (expressed sequence tag [EST], transcriptome shotgun
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93  assembly [TSA], assembled EST/TSA, and RefSeq RNA sequences) extracted at step 3.2 are also shown in
94  Supplementary Table S1. After the final step of ESUCA, 49, 192, 261, and 1,495 candidate CPuORFs were
95  extracted from fruit fly, zebrafish, chiken, and human, respectively. We conducted manual validation for the
96  extracted candidate CPuORFs as described in our previous study . We selected CPuORFs conserved in at least
97  two orders other than the order to which the original species belongs; subsequently, we classified these selected
98  CPuORFs on the basis of animal taxonomic categories (Fig. 2) (see the Methods for details). In total, 1,517
99  animal CPuORFs (37 for fruit fly, 156 for zebrafish, 230 for chicken, and 1,094 for human) were identified (Fig.
100  3). Of'these, 1,425 CPuORFs were newly identified in the current study. All alignments and detailed information
101  on the identified CPuORFs are shown in Supplementary Figure S1 and Table S2, respectively. The identified
102  CPuORF-containing genes were classified into 1,363 ortholog groups on the basis of similarities of
103  mORF-encoded amino acid sequences, using OrthoFinder '”. CPuORFs with similar amino acid sequences from
104  the same ortholog groups were categorized as the same CPuORF families (homology groups [HGs]; see the
105  Methods for details). The identified 1,517 CPuORFs were classified into 1,430 HGs. We assigned HG numbers
106  to 1,430 HGs in an order based on numbers of orders in which any CPuORF belonging to each HG was
107  extracted, the taxonomic range of the sequence conservation of each HG, and gene ID numbers. When multiple
108  CPuORF families were identified in the same ortholog groups, the same HG number with a different subnumber

109  was assigned to each of the families (e.g., HG0004.1 and HG0004.2; Supplementary Table S2).
110

111 Sequence-dependent effects of CPuORFs on mOREF translation

112 To address the relationship between taxonomic ranges of CPuORF conservation and likelihood of having
113 regulatory function, we selected 17 human CPuORFs conserved in various taxonomic ranges, including a
114  previously identified sequence-dependent regulatory CPuORF, the PTP441 CPuORF ", as a positive control,
115  and examined their sequence-dependent effects on the expression of the downstream reporter gene using transient
116  expression assays (Fig. 4). Other uORFs overlapping any of the selected CPuORFs were eliminated by
117  introducing mutations that changed the ATG codons of the overlapping uORFs to other codons but did not alter

118  the amino acid sequences of the CPuORFs (Supplementary Figure S2). The resulting modified CPuORFs were
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119  used as CPuORFs bearing the wild-type amino acid sequences (WT-aa CPuORFs) (Fig. 4b). To assess the
120  importance of amino acid sequences for the effects of these CPuORFs on mORF translation, frameshift
121  mutations were introduced into the WT-aa CPuORFs such that the amino acid sequences of their conserved
122 regions could be altered (see Methods and Supplementary Figure S2 for details). In eight of the 17 CPuORFs, the
123  introduced frameshift mutations significantly upregulated the expression of the reporter gene, indicating that these
124  CPuORFs repressed mORF translation in a sequence-dependent manner (Fig. 4c). One of the eight
125  sequence-dependent regulatory CPuORFs, the TMEM184C CPuOReEF, is conserved only among Eutheria (Fig.
126 4a). This result suggests that CPuORFs conserved only among Eutheria can have seqence-dependent regulatory
127  effects.

128
129  Discussion

130  In the current study, by applying ESUCA to four animal genomes, we identified 1,517 CPuORFs belonging to
131 1,430 HGs. Taxonomic ranges of sequence conservation of these CPuORFs largely vary, demonstrating that
132 ESUCA can identify CPuORFs conserved in various taxonomic ranges (Supplementary Table S3). We examined
133 the effects of 17 human CPuORFs conserved beyond Euarchontoglires on mORF translation, and identified
134  seven novel sequence-dependent regulatory CPuORFs (in the MKKS, SLC6A48, FAM13B, MIEF1, KAT6A,
135  LRRCSB, and TMEM184C genes). Of these, the TMEM 184 CPuOREF is one of those conserved in the narrowest
136  taxonomic range among the tested CPuORFs. This suggests that human CPuORFs conserved beyond
137  Euarchontoglires are likely to be conserved because of functional constraints of their encoded peptides. Of the
138 1,094 CPuORFs extracted from the human genome, 1,082 are conserved beyond Euarchontoglires (Fig. 3 and
139  Supplementary Table S3). Therefore, many CPuORFs encoding regulatory peptides are expected to be found in
140  the human CPuORFs identified in this study.

141 Of the sequence-dependent regulatory CPuORFs identified here, the MKKS CPuORF has been
142 previously reported to be a translational regulator that represses the production of a protein involved in
143 McKusick-Kaufiman syndrome *; however, the amino acid sequence dependence of the CPuORF function was
144  not reported. Interestingly, the MIEFI CPuORF-encoded peptide is a functional peptide localized in the

145  mitochondria ». Thus, the MIEFI CPuORF may have dual functions.
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146 As shown in Fig. 1a and the Methods, we constructed a transcript sequence dataset with reduced
147  redundancy, according to our previous study'. Numbers of bases and sequences of EST/TSA and RefSeq and
148  their assembling results are shown in Supplementary Table S4. Although numbers of sequences were not reduced,
149  the numbers of bases were reduced to approximately half. The calculation time of BLAST was proportional to
150  the database size. Most of the calculation time for ESUCA was because of BLAST. Therefore, the calculation
151  time for ESUCA could be reduced by using assembled EST/TSA+RefSeq datasets (transcript sequence datasets
152 with reduced redundancy) instead of intact EST/TSA/RefSeq datasets. Although we could narrow down the
153  assembled EST/TSA+RefSeq dataset by using an EST clustering method, such as CD-HIT*', we did not conduct
154  such a reduction, because there was a risk of selecting a sequence without a 5-UTR as a representative sequence
155  from a mixed cluster of one with the 5“UTR and one without. Therefore, the assembled EST/TSA+RefSeq
156  database was used at step 3.1 of ESUCA.

157 Supplementary Table S1 shows that the numbers of uORFs and genes with uORFs were greatly
158  reduced at steps 1, 2, and 4.3 of ESUCA. Obviously, two steps, i.e., steps 1 and 4.3, were important because
159  conservation of uORFs was estimated during these steps. Step 2 was newly implemented in ESUCA to
160  distinguish between ‘spurious’ CPuORFs and ‘true’” CPuORFs". In the case of CPuORF estimation without this
161  step, we estimated the number of uORFs from which ‘spurious’ CPuORFs could be incorrectly identified as
162  ‘true’ CPuORFs. As shown in Supplementary Table S5, approximately 20% of potential ‘spurious’ CPuORFs
163  were found among uORFs that overlapped with mORFs of other splice variants according to the genomic
164  information of the original species. Such ‘spurious’ uORFs were likely to remain in the final result as ‘true’
165  CPuORFs. Although 35 candiate CPuORFs were extracted by BAIUCAS in our previous study', of these 35, 12
166  uORFs were judged as ‘spurious’ CPuORFs by our manual validation. These results suggested that CPuORF
167  determination based on sequence conservation of uORFs and mORFs, without filtering uORFs using the
168  uORF-mOREF fusion ratio, yielded approximately 30% ‘spurious’ CPuORFs. Therefore, step 2 of ESUCA is an
169  important function for identification of CPuORFs. That is, ESUCA is superior to other conventional methods
170  because it can exclude ‘spurious’ CPuORFs.

171 Chemical screening recently identified a compound that causes nascent peptide-mediated ribosome
172 stalling in the mORF of the human PCSK9 gene, resulting in specific translational inhibition of PCSK9 and a
173  reduction in total plasma cholesterol levels *. Nascent peptide-mediated ribosome stalling in some of the

.7.
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174  previously identified regulatory CPuORFs is promoted by metabolites, such as polyamine, arginine, and sucrose
175 *®. Therefore, compounds that promote nascent peptide-mediated ribosome stalling in CPuORFs could be
176  identified by chemical screening through a method similar to that used for the screening of the stall-inducing
177  compound for PCSKY. The data from the current study may be useful for selection of CPuORFs as potential
178  targets for pharmaceutical drugs and for identification of regulatory CPuORFs.

179

180 Methods

181  All procedures and protocols were approved by the Institutional Safety Committee for Recombinant DNA
182  Experiments at Chiba University. All methods were carried out in accordance with approved guidelines.

183

184  Extraction of CPuORFs using ESUCA

185  ESUCA was developed as an advanced version of BAIUCAS ' in our previous study *. ESUCA consists of six
186  steps, and some of these steps are divided into substeps, as shown in Fig, 1a and 1b. To identify animal CPuORFs
187  using ESUCA, the following eight-step procedures were conducted, including the six ESUCA steps: 0) data
188  preparation for ESUCA, 1) uORF extraction from the 5~UTR (Fig. 5), 2) calculation of uORF-mORF fusion
189  ratios (Fig. 6), 3) uORF-tBLASTn against transcript sequence databases (Fig. 7a), 4) mORF-tBLASTn against
190  downstream sequence datasets for each uORF (Fig. 7b and 7c), 5) calculation of K,/K; ratios (Fig. 8), 6)
191  determination of the taxonomic range of uORF sequence conservation, and 7) manual validation after ESUCA.
192  See the Materials and Methods in our previos study ' for details.

193

194  Transcript dataset construction based on genome information (step 0.1)

195  To identify plant CPuORFs, data preparation for ESUCA (step 0.1) was conducted as described in our previous
196  study . We conducted data preparation for ESUCA to identify animal CPuORFs as follows. We used a genome
197  sequence file in FASTA format and a genomic coordinate file in GFF3 format obtained from Ensemble Metazoa
198  Release 33 (https:/metazoa.ensembl.org/index html)** to extract fruit fly (Drosophila melanogaster) uORF
199  sequences. We used genome sequence files in FASTA format and genomic coordinate files in GFF3 format

200  obtained from Ensemble Release 86 (https:/metazoa.ensembl.org/index.html) ** for zebrafish (Danio rerio),


https://doi.org/10.1101/672840

bioRxiv preprint doi: https://doi.org/10.1101/672840; this version posted April 4, 2020. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

201  chicken (Gallus gallus), and human (Homo sapiens). We extracted exon sequences from genome sequences on
202  the basis of genomic coordinate information and constructed transcript sequence datasets by combining exon
203  sequences. On the basis of the transcription start site and the translation initiation codon of each transcript in the
204  genomic coordinate files, we extracted 5'-UTR and mORF RNA sequences from the transcript sequence datasets,
205  as shown in Fig. la (step 0.1). The 5-UTR sequences were used at step 1 of ESUCA. The mORF RNA
206  sequences were translated into amino acid sequences (mORF proteins) and used at step 4.1 of ESUCA.

207

208  Transcript base sequence dataset construction from EST/TSA/RefSeq RNA (step 0.2)

209  To identify plant CPuORFs, data preparation for ESUCA (step 0.2) was conducted as described in our previous
210  study ". We conducted data preparation for ESUCA to identify animal CPuORFs. As shown in Fig. 1b, Metazoa
211 RefSeq RNA sequences were used at steps 2 and 3.1 of ESUCA. Assembled EST/TSA sequences generaged by
212  using velvet  and Bowtie2 *°, were used at step 3.1 of ESUCA. Intact and merged EST/TSA/RefSeq sequences
213  were used at step 4.2 of ESUCA. Taxomomy datasets derived from EST/TSA/RefSeq databases were used at
214 steps 4.3 and 6 of ESUCA. See the Materials and Methods in our previos study " for details.

215

216  Determination of the taxonomic range of uORF sequence conservation for animal CPuORFs (step 6)

217  To automatically determine the taxonomic range of the sequence conservation of each CPuORF, we first defined
218 20 animal taxonomic categories (Fig. 2). The 20 taxonomic defined categories were Euarchontoglires, Eutheria
219  other than Euarchontoglires, Mammalia other than Eutheria, Aves, Sauropsida other than Aves, Amphibia
220  (Tetrapoda other than Sauropsida and Mammalia), Sarcopterygii other than Tetrapoda, Ostarioclupeomorpha,
221 Actinopterygii other than Ostarioclupeomorpha, Vertebrata other than Euteleostomi (Actinopterygii and
222 Sarcopterygii), Chordata other than Vertebrata, Deuterostomia other than Chordata, Insecta, Arthropoda other
223  than Insecta, Ecdysozoa other than Arthropoda, Lophotrochozoa (Protostomia other than Ecdysozoa), Bilateria
224 other than Protostomia and Deuterostomia, Cnidaria, Ctenophora (Eumetazoa other than Cnidaria and Bilateria),
225  and Metazoa other than Eumetazoa. Based on taxonomic lineage information of EST, TSA, and RefSeq RNA
226  sequences, which were provided by NCBI Taxonomy, the uORF-tBLASTn and mORF-tBLASTn hit sequences
227  selected for K/K; analysis were classified into the 19 taxonomic categories (Supplementary Table S3). The
228  category ‘Ctenophora’ was omitted from animal taxonomic categories because no sequences were classified to

.9.
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229  this category. For each CPuORF, the numbers of transcript sequences classified into each category were counted
230  and are shown in Supplementary Table S3. These numbers represent the number of orders in which the amino
231  acid sequence of each CPuOREF is conserved.

232

233 Classification of animal CPuORFs into HGs

234  Systemtic numbering of animal CPuORF families (HGs) has not been reported to date. Here, we defined
235  systematic HG numbers for the identified 1,517 animal CPuORFs. Among these identified CPuORFs, those with
236  both similar tORF and mORF amino acid sequences were classified into the same HGs. We first determined
237  ortholog groups of CPuORF-containing genes, referred to as mORF clusters, based on similalities of
238  mORF-encoded amino acid sequences, using OrthoFinder . The identified CPuORF-containing genes were
239  classified into 1,194 mORF clusters. CPuORFs contained in each ortholog group (mORF-cluster) were further
240  classified into uORF clusters, as follows. We conducted a pairwise comparison of uORF peptide similary using
241  BLASTYp with E-values less than 2000 in each mORF cluster. Binarized distance matrixes consisting of 0 (hit) or
242 1 (no-hit) were generated by this comparison. Hierarchical clustering with single linkage with the cutoff
243  parameter (k= 0.5) was applied to these matrixes for construction of uORF clusters. In total, 1,336 uORF-mORF
244 clusters were generated automatically. We determined 1,430 clusters by manually checking alignments of uORFs
245  and mORFs. We assigned HG numbers to the 1,430 clusters in an order based on the number of orders in which
246  any CPuOREF belonging to each HG was extracted, the taxonomic range of the sequence conservation of each
247  HG and gene ID numbers. The same HG number with a different sub-number was assigned to CPuORFs in
248  genes of the same ortholog group with dissimilar uORF sequences (e.g.,, HG0004.1 and HGO0004.2;
249  Supplementary Table S2).

250

251  Plasmid construction and transient reporter assays

252 pSV40:Fluc was generated by inserting the SV40 promoter (Bglll/HindIII fragment) from pRL-SV40 (Promega,
253  Madison, WI, USA) into the Kpnl site of pGLA4.10[luc2] (Promega, Madison, WI, USA) by blunt-end cloning.
254 The 5-UTR sequences containing the selected CPuORFs (Sacl/Xhol fragment) were fused to the Fluc coding
255  sequence by subcloning the CPuORFs into the Sacl/Xhol site of pSV40:luc2 to generate the WT-aa reporter
256  construct (pSV40:UTR(WT-aa):Fluc, Fig. 4b, Supplementary Figure S2). To assess the importance of the amino

-10.
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257  acid sequences with regard to the effects of these CPuORFs on mORF translation, frameshift mutations were
258  introduced into the CPuORFs so that the amino acid sequences of their conserved regions could be altered. A+ 1
259  or — 1 frameshift was introduced upstream or within the conserved region of each CPuORF, and another
260  frameshift was introduced before the stop codon to shift the reading frame back to the original frame
261  (pSV40:UTR(fs):Fluc, Fig. 4b, Supplementary Figure S2). DNA fragments containing the CPuORFs of either
262  WT-aa or fs mutants from the PTP4A41, MKKS, SLC6A48, FAM13B, MIEF 1, EIF5, MAPK6, MEIS2, KAT6A,
263  SLC35A44, LRRCSB, CDHII, PNRC2, BACH2, FGF9, PNISR, and TMEMI184C genes were synthesized
264  (GenScript , NJ, USA) and subcloned into the pSV40:Fluc, as shown in Fig. 4b and Supplementary Table S6.
265  These reporter constructs were each transfected into human HEK293T cells. HEK293T cells (16,000/well) were
266  cotransfected with 80 ng/well of a pSV40:UTR:Fluc reporter plasmid and 1.6 ng/well pGLA.74[hRluc/TK]
267  plasmid (Promega, Madison, WI, USA). After 24 h, Firefly luciferase and Renilla luciferase activities were
268  measured according to the Dual-Luciferase Reporter Assay protocol (Promega, Madison, WI, USA) using
269  GloMaxR-Multi Detection System(Promega, Madison, W1, USA).

270

271  Statistical and informatic analyses

272 All programs, except for existing stand-alone programs, such as NCBI-BLAST+ ver. 2.6.0 %/, Clustal Omega
273 (ClustalO) ver. 1.2.2 OrthoFinder ver. 1.1.4", velvet ver. 1.2.10°, Bowtie2 ver. 2.2.9%, and Jalview ver. 2.10.2
274 ¥, were written in R (www.r-project.org). We also used R libraries, GenomicRanges ver. 1.32.7 *,
275  exactRankTests ver. 0.8.30, Biostrings ver. 2.48.0, and seqinr ver. 3.4.5 31 Statistical differences between the
276  control (WT-aa) and fs constructs were determined by Student’s #tests in transient assays.
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409  Figure Legends

410  Figure 1. Identification of animal CPuORFs using ESUCA. (a) Data preparation. (b) Outline of the ESUCA
411  pipeline. Numbers with parenthesis indicate datasets labeled with the same numbers in A.

412

413  Figure 2. Defined animal taxonomic categories.

414

415  Figure 3. Numbers of CPuORFs extracted by ESUCA in each taxonomic ranges.

416

417  Figure 4. Taxonomic conservation and experimental validation of 17 selected human CPuORFs. (a) Taxonomic
418  ranges of conservation of CPuORFs examined in transient assays. Filled cells in each taxonomic category
419  indicate the presence of UORF-tBLASTn and mORF-tBLASTn hits for CPuORFs of the indicated genes. (b)
420  Reporter constructs used for transient assays. The hatched box in the frameshift (fs) mutant CPuORF indicates
421  the frame-shifted region. Dotted boxes represent the first five nucleotides of the mORFs associated with the 17
422 human CPuORFs. (¢) Relative luciferase activities of WT-aa (white) or frameshift (gray) CPuORF reporter
423  plasmids. Means + SDs of at least three biological replicates are shown. *p < 0.05.

424

425

426  Figure S. Extraction of the largest uORF sequences from the 5'-UTR. After data preparation for ESUCA (Fig.
427  1b), we conducted the extraction of uORF sequences by searching the 5'-UTR sequences for an ATG codon and
428  its nearest downstream in-frame stop codon at step 1 of ESUCA (Fig. 1b). Sequences starting with an ATG codon
429  and ending with the nearest in-frame stop codon were extracted as uORF sequences. When multiple uORFs
430  shared the same stop codon in a transcript, only the longest uORF sequence was used for further analyses.

431

432  Figure 6. Outline for "ORF-mORF fusion ratio calculations. For each original uORF-containing transcript
433  sequence, RefSeq RNAs containing both sequences similar to the uORF and the mORF of each
434  uORF-containing transcript were selected using UORF-tBLASTx and mORF-tBLASTx from the RefSeq RNA

435  database (database (2) in Fig.1a). For example, the selected RNA sequences are RNA1, 2, 3...10, as illustrated.
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436  Based on whether the uORF-BLASTx-hit region was included in the largest RefSeq RNA ORF, the selected
437  RefSeq RNAs were classified into two types, namely fusion (X) (RNA1 and 2) and separate types (Y)
438  (RNA3-10). For each original uORF-containing transcript, the "ORF-mORF fusion ratio was calculated as X/(X
439  +70).

440

441  Figure 7. Outline of homology searches for uORFs with amino acid sequences conserved between
442 homologous genes. (a) For each original uORF-containing transcript, sequences containing both similar regions
443  to the uORF and the mORF of uORF-containing transcripts were selected using uORF-tBLASTn (step 3.1 of
444  ESUCA) and mORF-tBLASTn (step 4.1 of ESUCA). A transcript sequence database consisting of RefSeq
445  RNAs (database (2) in Fig.1a) served as data source, while an assembled EST/TSA (database (3) in Fig.1a) was
446  generated at step 0.2 of data preparation for ESUCA. Asterisks represent stop codons. At step 3.2 of ESUCA, the
447  largest tBLASTn-hit region-overlapping uORF was extracted. (b) Detailed illustration of step 4.0 of ESUCA.
448  Putative uORF extraction and downstream sequence dataset construction were conducted systematically for each
449  uORF-BLASTn hit sequence. (¢) Detailed illustration of step 4.1 of ESUCA. After mORF-BLASTn, the
450  5-most in-frame ATG codon located downstream of the selected stop codon was identified as the initiation codon
451  of the putative partial or intact mORF. uORF-mORF overlaps were discarded as fusion types, according to the

452  positional relationship between them, when found in the hit-assembled EST/TSA+RefSeq sequences.
453

454  Figure 8. K/K; simulation. (a) Putative uORF sequences in the selected transcripts were used for the generation
455  of uORF amino acid sequence alignments and for K,/K; analysis. (b) ClustalO was used to generate multiple
456  alignments. (c) For each candidate CPuORF, the median K,/K ratios for all pairwise combinations of the original
457  uORF and homologous putative uUORFs were calculated using the LWL85 algorithm in the seqinR package. (d)
458  For the K/K; ratio statistical tests, we calculated mutation rate distributions between the original uORF and
459  homologous putative uORFs; subsequently, we artificially generated mutants using the observed mutation rate

460  distribution. Observed empirical K,/K; ratio distributions were then compared with null distributions (negative
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461  controls) using the Mann-Whitney U test to validate the statistical significance. The one-sided U test was used to
462  investigate whether the observed distributions were significantly lower than the null distributions.

463
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