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Summary

Transcription of the mammalian genome is pervasive but productive transcription outside protein-
coding genes is limited by unknown mechanisms!. In particular, although RNA polymerase 11
(RNAPII) initiates divergently from most active gene promoters, productive elongation occurs
primarily in the sense coding direction?. Here we show that asymmetric sequence determinants
flanking gene transcription start sites (TSS) control promoter directionality by regulating
promoter-proximal cleavage and polyadenylation. We find that upstream antisense RNAs
(uaRNASs) are cleaved and polyadenylated at poly (A) sites (PAS) shortly after their initiation. De
novo motif analysis reveals PAS signals and U1 snRNP (U1) recognition sites as the most
depleted and enriched sequences, respectively, in the sense direction relative to the upstream
antisense direction. These U1 and PAS sites are progressively gained and lost, respectively, at the
5" end of coding genes during vertebrate evolution. Functional disruption of U1 snRNP activity
results in a significant increase in promoter-proximal cleavage events in the sense direction with
slight increases in the antisense direction. These data suggests that a U1-PAS axis characterized by
low U1 recognition and high density of PAS in the upstream antisense region reinforces promoter
directionality by promoting early termination in upstream antisense regions whereas proximal
sense PAS signals are suppressed by U1 snRNP. We propose that the U1-PAS axis limits
pervasive transcription throughout the genome.

Two potential mechanisms for suppressing transcription elongation in the upstream
antisense region of gene TSS include inefficient release of paused RNAPII and/or early
termination of transcription. RNAPII pauses shortly after initiation downstream of the gene
TSS and the paused state is released by the recruitment and activity of p-TEFb®. A detailed
characterization of several uaRNAs in mouse embryonic stem cells (MESCs) suggested that
p-TEFb is recruited similarly in both sense and antisense directions8, and in human cells,
elongating RNAPII (phosphorylated at serine 2 in the C-terminal domain) occupies the
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proximal upstream transcribed region’. These data argue that the upstream antisense
RNAPII complex undergoes the initial phase of elongation but likely terminates early due to
an unknown mechanism.

To globally test whether upstream antisense transcripts undergo early termination (compared
to coding mRNA) by a canonical PAS-dependent cleavage mechanism, we mapped by deep
sequencing the 3”-ends of polyadenylated RNAs in mESCs8. For most protein-coding genes,
transcription termination is triggered by cleavage of the nascent RNA upon recognition of a
PAS whose most essential feature is an AAUAAA sequence or a close variant located about
10-30 nucleotides upstream of the cleavage site®. We sequenced two cDNA libraries and
obtained over 230 million reads, of which 114 million mapped uniquely to the genome with
at most two mismatches. We developed a computational pipeline to identify 835,942 unique
3’-ends (cleavage sites) whose poly (A) tails are likely to be added post-transcriptionally
and are also associated with the canonical PAS hexamer or its common variants
(Supplementary Fig. 1, see Methods).

To investigate whether uaRNAS are terminated by PAS-dependent mechanisms, we focused
our analysis on cleavage sites proximal to gene TSS and at least 5 kilobases (kb) away from
known gene transcription end sites (TES). Interestingly, in the upstream antisense region we
observed a 2-fold higher number of cleavage sites compared to the downstream sense sites
flanking protein-coding gene TSS (Fig. 1a). The peak of the upstream antisense cleavage
sites is about 700 bases from the coding gene TSS. This observation suggests that upstream
antisense transcripts are frequently terminated by PAS-directed cleavage shortly after
initiation, a trend we also observe in various tissues of mouse and humanl® (Supplementary
Fig. 2). Inspection of gene tracks at the P/GT locus reveals upstream antisense cleavage
shortly after a PAS (AATAAA) less than 400 bases from the P/GT TSS, whereas in the
sense direction cleavage is confined to the TES (Fig. 1b). Similar patterns were observed for
subsets of promoters (promoters without nearby genes, Global Run-On Sequencing (GRO-
seq) defined divergent promoters, and Chromatin immunoprecipitation sequencing (ChIP-
seq) defined RNAPII-occupied promoters), or for high confidence cleavage sites, cleavage
reads, and cleavage clusters (Supplementary Fig. 3). Of all divergent promoters, nearly half
(48%) produce PAS-dependent upstream antisense cleavage events within 5 kb of coding
gene TSS, compared to 33% downstream of the TSS. We validated several of these
promoter proximal sense and antisense cleavage sites using Rapid Amplification of 3’
cDNA ends (3"-RACE) (Supplementary Fig. 4).

Similar to annotated cleavage sites at TES of genes, these upstream antisense cleavage sites
are associated with the PAS located at the expected position, about 22 nucleotides upstream
the cleavage site (Supplementary Fig. 5a-b)13.14. Moreover, the nucleotide sequence
composition flanking the cleavage sites resembles that of TES of genes (Supplementary Fig.
5c-e) including a downstream U-rich region®16. To determine whether members of the
canonical cleavage and polyadenylation machinery bind specifically to uaRNA cleavage
sites, we analyzed available cross-linking immunoprecipitation (CLIP) sequencing datasets
for 10 canonical 3" end processing factors, including CPSF-160, CPSF-100, CPSF-73,
CPSF-30, Fip1, CstF-64, CstF-64t, CF 1,25, CF 1,59, and CF 1,68 along with poly (A) 3’-
end sequencing data generated in HEK293 cellsl’. We detect specific binding of all 10
factors at uaRNA cleavage sites with positional profiles identical or very similar to that of
MRNA cleavage sites (Supplementary Fig. 6). These results indicate the poly (A) tails that
we analyzed are products of PAS-dependent cleavage and polyadenylation, rather than
either a priming artifact or PAS-independent polyadenylation representing a transient signal
for RNA degradation18-20,
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As a first step to understand the molecular mechanism underlying the cleavage bias, we
examined the frequency of PAS in a 6 kb region on the four strands flanking the coding gene
TSS. We observed an approximately 33% depletion of the canonical AATAAA PAS
hexamer specifically downstream of the TSS on the coding strand of genes as compared to
the other regions (Fig. 2a). Since this 33% depletion is unlikely to explain the 2-fold
cleavage bias observed (see simulation results in Supplementary Fig. 8a), we searched for
additional discriminative 6-mer sequence signals in an unbiased manner. All 4096 hexamers
were ranked by enrichment in the first 1 kb of the sense strand of genes relative to the
corresponding upstream antisense region (Fig. 2b). Interestingly, we identified the PAS as
the most depleted sequence in sense genes relative to the upstream antisense region of gene
TSS. In addition, we identified 5" splice site related sequences (or sequences recognized by
U1 referred to as U1 sites) as the most enriched hexamers in sense genes (Fig. 2b) relative to
antisense regions. This includes the consensus GGUAAG (first) that is perfectly
complementary to the 5" end of the U1 snRNA, as well as GGUGAG (third) and GUGAGU
(fifth), which represent common 5 splice site sequences (with the first GU in each motif
located at the intron start). Consistent with the hexamer enrichment analysis, a metagene
plot displaying an unbiased prediction of strong, medium, and weak U1 sites (see Methods)
revealed strong enrichment of U1 signals in the first 500 bps downstream of the TSS, with
essentially only background levels observed in all other regions and a small depletion in the
upstream antisense direction (Fig. 2c).

The asymmetric distribution of U1 sites and PAS sites flanking the TSS could potentially
explain the biased cleavage pattern shown in Fig. 1a if the U1 complex suppresses cleavage
and polyadenylation near a U1 site, as has been observed in various species including human
and mouse?1-23, Consistent with this model, we observed a depletion of cleavage sites,
especially frequent cleavage sites, downstream of strong U1 sites (Supplementary Fig. 7a).
Focusing on the upstream antisense direction, the presence of proximal PAS sites (within 1
kb of coding gene TSS) is significantly associated with shorter uaRNAS (p < 1e-15),
whereas the presence of proximal U1 sites is significantly associated with longer uaRNAs
but only in the presence of proximal PAS sites (p < 0.0006), consistent with a model where
U1 promotes RNA lengthening by suppressing proximal PAS (Supplementary Fig. 7b). To
test whether the encoded bias in U1 and PAS signal distribution explains the cleavage bias
observed from our 3’-end sequencing analysis, we performed a cleavage site simulation
using predicted strong U1 sites and canonical PAS (AATAAA) sequences. Specifically, we
defined a protection zone of 1 kb downstream of a strong U1 site and used the first
unprotected PAS as the cleavage site. The metagene plot of simulated cleavage events (Fig.
2d) recapitulate the major features of the observed distribution (Fig. 1a), including an
antisense peak around 700 bases upstream and a ~2-fold difference between sense and
antisense strands. Similar patterns were robustly observed when varying the size of the
protection zone (Supplementary Fig. 8). Thus, we identified a U1-PAS axis flanking gene
promoters that may explain why uaRNAs undergo early termination.

To validate the U1-PAS axis model, we functionally inhibited U1 in mESCs. Specifically,
we transfected mESCs with either an antisense morpholino oligonucleotide (AMO)
complementary to the 5" end of U1 snRNA to block its binding to 5” splice sites (or similar
sequences) or a control AMO with scrambled sequences followed by 3"-end RNA
sequencing?122, Interestingly, we observe in two biological replicates a dramatic increase in
promoter-proximal cleavage events in coding genes but only a slight increase in upstream
antisense regions, which eliminates the asymmetric bias in promoter-proximal cleavage we
observed in either the wild-type cells or cells treated with scrambled control AMOs (Fig. 3).
These observations confirm that U1 protects sense RNA in protein-coding genes from
premature cleavage and polyadenylation in promoter proximal regions, thus, reinforcing
transcriptional directionality of genes. However, in the antisense direction, the activity of Ul
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is much less and there is little enhancement in cleavage sites upon inhibition of Ul
recognition.

The conservation of the asymmetric cleavage pattern across human and mouse
(Supplementary Fig. 2) led us to examine if there is evolutionary selection on the U1-PAS
axis. Previously, mouse protein-coding genes have been assigned to 12 evolutionary
branches and dated by analyzing the presence or absence of orthologs in the vertebrate
phylogeny24. We find strong trends of progressive gain of U1 sites depending on the age of
a gene (Fig. 4a) and loss of PAS sites (Fig. 4b) over time at the 5" end (the first 1 kb) of
protein-coding genes, suggesting that suppression of promoter-proximal transcription
termination is important for maintaining gene function. Interestingly, the same trends,
although weaker, are observed in upstream antisense regions, suggesting at least a subset of
uaRNAs may be functionally important in that over time they gain U1 sites and lose PAS
sites to become more extensively transcribed. In addition to the coding strand of genes
(downstream sense region), PAS sites were also progressively lost on the other three strands
flanking TSS (Fig. 4b). This observation probably reflects on the increases in CpG-rich
sequences within 1 kb of gene TSS and suggests that coding genes acquire CpG islands as
they age (Fig. 4c). However, the bias of low PAS site density in the sense direction extends
across the total transcription unit (Supplementary Fig. 9) and is distinct from the CpG
density near the promoter.

We also propose that some long noncoding RNAs (IncRNAs) generated from bidirectional
promoters might represent an evolutionary intermediate between uaRNAs and protein-
coding genes. Consistent with this, annotated head-to-head mRNA-IncRNA pairs as a whole
showed a bias (in terms of promoter-proximal cleavage site, U1 site, and PAS site
distributions flanking coding gene TSS) weaker than head-to-head mRNA-uaRNA pairs but
stronger than mMRNA-mRNA pairs (Supplementary Fig. 10). This is also consistent with
recent results suggesting that de novo protein-coding genes originate from IncRNAs at
bidirectional promoters2>,

The U1-PAS axis likely has a broader role in limiting pervasive transcription throughout the
genome. The enrichment of U1 sites and depletion of PAS sites are confined to the sense
strand within the gene body, whereas intergenic and antisense regions show relatively high
PAS but low U1 density (Supplementary Fig. 9), indicating the U1-PAS axis may serve as a
mechanism for terminating transcription in both antisense and intergenic regions.

Together, we propose that a U1-PAS axis is important in defining the directionality for
transcription elongation at divergent promoters (Supplementary Fig. 11). Although the U1-
PAS axis may explain the observed cleavage bias at promoters surprisingly well, it seems
likely that additional cis-elements may influence PAS usage?8 and will need to be integrated
into this model. There may also be other PAS-independent mechanisms that contribute to
termination of transcription in upstream antisense regions and across the genome?2’-29,
However, evidence for the U1-PAS axis is found in several different tissues of mouse and
human, indicating its wide utilization as a general mechanism to regulate transcription
elongation in mammals. Like protein-coding transcripts, IncRNAs must also contend with
the U1-PAS axis. These RNAs and short non-coding RNAs from divergent transcription of
gene promoters may be considered part of a continuum that varies in the degree of the
activity of the U1-PAS axis.
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Methods (Full length)

Cell Cuture

V6.5 (C57BL/6-129) mouse embryonic stem cells (MESCs) (Koch Institute Transgenic
Facility) were grown under standard ES cell culture conditions?.

Poly(A) 3'-End sequencing

Total RNA was extracted from V6.5 mESCs using Ambion’s Ribopure kit (AM1924M).
Poly (A) selected RNA was fragmented using RNase T1 (AM2283). Reverse transcription
was performed with an RT oligo (Table S1) at 0.25 uM final concentration using
Invitrogen’s Superscript 111 Reverse Transcriptase (18080-44) according to the
manufacturer’s protocol. The resulting cDNA was run on a 6% TBE-Urea polyacrylamide
gel (National Diagnostics) and the 100300 size range of products were gel extracted and
eluted overnight. The gel-purified cDNA products were circularized using CircLigase Il
(CL9025K) according to the manufacturer’s protocol. Circularized cDNA was PCR-
amplified using the Phusion High-Fidelity DNA Polymerase (MO530L) for 15-18 cycles
using the primers described in Table S1. Amplified products were run on a 1.5 % agarose
gel and the 200-400 size range was extracted using Qiagen’s MinElute Gel Extraction Kit
(28604). The 3”-end library was then submitted for Illumina sequencing on the HI-Seq 2000
platform.

Ul inhibition with antisense morpholino oligonucleotides (AMO)

3"-RACE

V6.5 mESCs were transfected using the Amaxa Nucleofector Il with program A-23 (mESC-
specific) according to the manufacturers protocol. Specifically, 2.5 million V6.5 mESCs
were transfected with 7.5 uM of U1-targeting or a scrambled AMO for 8 hrs,21:22 prior to
RNA sequencing analysis.

Total RNA was extracted using Ambion’s Ribopure kit and DNase-treated using Ambion’s
DNA Free-Turbo. 3"-RACE was performed using Ambion’s Gene Racer Kit according to
the manufacturer’s instructions. 3"-end PCR products were run on a 1.5% agarose gel, gel
extracted using Qiagen’s gel extraction kit, and Sanger sequenced. All primers are described
in Table S1.

Reads mapping

Raw reads were processed with the program cutadapt 30 to trim the adaptor sequence
(TGGAATTCTCGGGTGCCAAGGAACTCCAGTCACATCAC) from the 3" end. Reads
longer than 15 nts after adaptor trimming were mapped to the mouse genome (mm?9) with
bowtie3! requiring unique mapping with at most two mismatches (options: -n 2 -m 1 --best
--strata). Mapped reads were collapsed by unique 3" end positions.

Internal priming filter

To remove reads whose A-tail is encoded in the genome rather than added post-
transcriptionally, we filtered reads that have 1) more than 10 As in the first 20 nt window or
2) more than 6 As in the first 10 nt window downstream from the detected cleavage site of
the 3"-end. The threshold used is based on the bimodal distribution of the number of As
downstream of annotated TES.
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In addition to a set of 12 hexamers identified previously in mouse and human EST
analysis®14, we analyzed the annotated TES in the mouse genome to identify additional
potential PAS variants. All hexamers with at most two mismatches to the canonical
AATAAA motif were used to search in the sequence up to 100 nts upstream of annotated
TES. The distribution of the position of each hexamer relative to the TES (a histogram) is
compared to that of AATAAA. Hexamers with a position profile similar to AATAAA will
have a peak around position 20-24. We quantified the similarity by Pearson correlation
coefficient and used a cut-off of 0.5 after manual inspection. In total, 24 new hexamers were
identified as potential PAS and a hierarchy was assigned for the 36 hexamers (PAS36): first,
the 12 known variants are ranked by their frequency of usage in the mouse genome, and then
the newly identified PAS ranked by their correlation with AATAAA in terms of the
positional profile defined above. To define a window where most PAS or variants are
located, we searched for each of the 36 PAS variants within 100 nts of annotated gene 3”
ends and chose the best one according to the designated hierarchy. We summarized the
distance of the best PAS to the annotated TES and defined a window of (0—-41) around the
position 22 peak such that 80% of the annotated TES have their best-matched PAS within
that window. Using these criteria, we searched for PAS36 variants within the 0-41 window
upstream of our experimentally sequenced 3”-ends. If there were multiple PAS hexamers
identified within this window for a given 3”-end, we chose the best one defined by the
hierarchy described above. Reads without any of the 36 PAS variants within the 0-41
window were discarded.

Remove potential false positive cleavage sites

Due to sequencing error, abundant transcripts such as ribosomal gene mMRNAs can produce
error-containing 3’ end reads that mapped to other locations in the genome, leading to false
positive cleavage sites. To remove such potential false positive sites, we defined a set of
71674 (7.5%) abundant cleavage sites that are supported with more than 100 reads from the
pooled library. A bowtie reference index was built using sequences within 50 nts upstream
of those abundant sites. Non-abundant sites within these 50 nts reference regions were not
used to search for false positives. Reads initially mapped to sites outside these reference
regions were re-mapped against the new index allowing up to two mismatches. Reads
mapped to any of the reference regions in this analysis were treated as potential false
positive reads. Cleavage sites containing only potential false positive reads are defined as
potential false positive sites and were removed from subsequent analysis. In total, 7.2%
(389185) of initially mapped reads are outside the reference regions. 0.34% of all mapped
reads were classified as potential false positive reads and 9.1% (86425) of all cleavage sites
were identified as potential false positive sites.

Remove B2 SINE RNA associated cleavage sites

We further removed cleavage sites associated with B2_Mm1a and B2_Mm1t SINE RNAs.
These B2 SINE RNAs are transcribed by RNA Pol I11 but contain AAUAAA sequences
near the 3" end. In total, 3.5% (33696) of all cleavage sites passing the internal priming filter
and the PAS filter were mapped within B2 regions or within 100 nts downstream of B2 3
end. These sites were removed.

Prediction of Ul sites/putative 5" splice sites

A nucleotide frequency matrix of 5” splice sites (3 nt in exon and 6 nt in intron) was
compiled using all annotated constitutive 5” splice sites in the mouse genome. The motif
was then used by FIMO32 to search significant matches (p<0.05) on both strands of the
genome. Matches were then scored by a Maximum Entropy model33. Maximum entropy
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scores for all annotated 5 splice sites were also calculated to define thresholds used to
classify the predicted sites into strong, medium and weak. Sites with scores larger than the
median of annotated 5 splice sites (8.77) were classified as ‘strong’. Sites with scores lower
than 8.77 but higher than the threshold dividing the first and second quarter of annotated 5’
splice sites (7.39) were classified as ‘medium’, and the rest of the predicted sites with scores
higher than 4 were classified as ‘weak’. Sites with scores lower than 4 were discarded.

Define a set of divergent promoters

GRO-seq data from mESCs!! were used to define a set of active and divergent promoters.
Active promoters were defined as promoters with GRO-seq signal detected within the first 1
kb downstream sense strand. A promoter was considered divergent if it contained GRO-Seq
signal in the first 1 kb downstream the sense strand and within the first 2 kb of the upstream
antisense strand. A minimum number of two reads within the defined window (downstream
1 kb or upstream 2 kb) were used as a cut-off for background signals.

Define RNAPII Ser5P bound TSS

ChiIP-seq data for ser5p RNA Pol Il and corresponding input was downloaded from GEO
database (accession number GSE2053034) and peaks called using MACS3® with default
settings. TSS less than 500bps away from a peak summit are defined as bound.

Discriminative hexamer analysis

An unbiased exhaustive enumeration of all 4096 hexamers was performed to find hexamers
that are discriminative of downstream sense and upstream antisense strands of protein-
coding gene promoters. Specifically, the first 2000 nucleotides downstream sense and
upstream antisense of all protein-coding gene TSS were extracted from repeat masked
genome (from UCSC genome browser, non-masked genome sequence gave similar results).
For each hexamer, the total number of occurrences on each side was counted and then the
log2 ratio of the occurrences on sense versus antisense strand was calculated as a measure of
enrichment on the sense but depletion on the antisense strand.

Cleavage site simulation

Protein-coding genes and 10 kb upstream antisense regions were scanned for strong U1 sites
and PAS sites (AATAAA). Starting from protein coding gene TSS, the first unprotected
PAS was predicted to be the cleavage site. A PAS is protected only if it is within a
designated protection window (in nucleotides) downstream (+) of a strong U1 site.

Binding of 3" end processing factors in uaRNA regions

RNA 3’ end cleavage and polyadenylation sites and CLIP-seq read density of ten 3" end
processing factors in wild type HEK293 cells were downloaded from Gene Expression
Omnibus (GEO) dataset GSE37401. A cleavage site is defined as a uaRNA cleavage site if
it is outside any protein-coding gene but locates within 5 kb upstream antisense of a protein-
coding gene. MRNA cleavage sites are defined as cleavage sites within 100 bases of
annotated protein-coding gene ends. For each 3" end-processing factor, CLIP read density
within 200 bases of all cleavage sites are added up every 5bp bin and then normalized such
that the max value is 1.

Evolutionary analysis of Ul sites, PAS sites, and CpG islands

Mouse protein-coding gene branch/age assignment was obtained from a previous analysis??.
The number of strong U1 sites, PAS (AATAAA) sites, and CpG islands (UCSC mm9
annotations) in the first 1 kb region flanking TSS on each strand were calculated, and the
average number of sites in each branch/age group was plotted against gene age. Pearson
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correlation coefficient and linear regression fitting were done using R. Significance of the
correlation was assessed by comparing to a null distribution of correlation coefficients
calculated by shuffling gene branch/age assignments 1000 times.

Bidirectional promoter analysis

For each annotated TSS the closest upstream antisense TSS was identified and those TSS
pairs within 1 kb were defined as head-to-head pairs. LncRNAs were defined as noncoding
RNAs longer than 200 bps. UCSC mm9 gene annotations were used in this analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Promoter-proximal PAS-dependent termination of uaRNA. a, Metagene plot of sense (red)
or antisense (green) unique cleavage sites flanking coding gene TSS. The number of unique
cleavage sites per gene per base in each 25 bp bin across 5 kb upstream and downstream of
the TSS is plotted. Mean cleavage density of first 2 kb: sense/antisense = 1.45/3.10. b,
Genome browser view from the P/GT locus (shown in black on the + strand) displaying the
following tracks with + strand (top) and — strand (bottom) represented: GRO-Seq (purple)l,
Poly (A)+ RNA-Seq (blue)12, 3’end RNA-Seq (orange), and PAS (AAUAAA, black). For
each gene track, the x-axis represents the linear sequence of genomic DNA. The numbers on
the top left corner represent the maximum read density on each track.
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Figure2.

Asymmetric distribution of PAS and U1 signals flanking coding gene TSS. a. Number of
AATAAA sites per gene per base in each 25 bp bin within a 3 kb region flanking gene TSS
on the downstream sense (red), downstream antisense (light blue), upstream antisense
(green), and upstream sense (dark blue) strands. b, Rank of all 4096 hexamers by
enrichment (log2 ratio) in the first 1 kb of all coding genes in the sense direction relative to
1 kb in the upstream antisense direction of the TSS. ¢, Density of predicted 5" splice sites
within a 1 kb region flanking gene TSS. Strong, medium, and weak 5” splice sites are
defined in Methods. d, Metagene plot of simulated cleavage sites around gene TSS. The first
unprotected PAS (AAUAAA) that is not within 1 kb downstream of a strong U1 site for all
coding genes is plotted. Mean cleavage density of first 2 kb: sense/antisense = 2.08/4.99.
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Figure 3.

Promoter-proximal cleavage sites are altered upon functional U1 inhibition. Y-axis is the
number of cleavage sites per gene per base divided by the total number of cleavage sites
identified in each 3" end-sequencing library in a 5 kb region flanking coding gene TSS.
Signal for the antisense strand is set as negative. U1 inhibition 1 (purple) and U1 inhibition 2
(blue) represent 3"-end sequencing libraries generated from mESCs treated with a U1-
targeting AMO. Control 1 (red) and Control 2 (orange) represent 3’-end sequencing libraries
generated from mESCs treated with a scrambled control AMO. Mean cleavage density of
first 2 kb: sense/antisense = 2.5/4.4 (Control 1), 2.4/4.3 (Control 2), 7.0/5.8 (U1 inhibition
1), 5.9/5.5 (U1 inhibition 2).
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Evolutionary gain and loss of U1 and PAS sites. a, Average number of strong U1 sites in the
first 1 kb of protein-coding genes and upstream regions. b, Average number of PAS sites in

the first 1 kb downstream and upstream of coding gene TSS, respectively. c, Average
number of CpG islands overlapping the first 1 kb of protein-coding genes and upstream
regions. Genes are divided into 12 ordered groups by gene age. X-axis indicates the age
(myr, million years) of gene groups. The number of genes in each group (from old to
young): 11934, 1239, 914, 597, 876, 1195, 279, 175, 198, 315, 926, and 1143. Solid red dots
and blue circles indicate sites on the sense and antisense strands, respectively.
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