
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Mercer, TR;Clark, MB;Andersen, SB;Brunck, ME;Haerty, W;Crawford, J;Taft, RJ;Nielsen,
LK;Dinger, ME;Mattick, JS

Title:
Genome-wide discovery of human splicing branchpoints

Date:
--

Citation:
Mercer, T. R., Clark, M. B., Andersen, S. B., Brunck, M. E., Haerty, W., Crawford, J., Taft, R.
J., Nielsen, L. K., Dinger, M. E. & Mattick, J. S. (). Genome-wide discovery of human
splicing branchpoints. Genome Research,  (), pp.-. https://doi.org/./
gr...

Persistent Link:
https://hdl.handle.net//

License:
CC BY-NC

CC%20BY-NC


Resource

Genome-wide discovery of human splicing
branchpoints
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During the splicing reaction, the 59 intron end is joined to the branchpoint nucleotide, selecting the next exon to in-
corporate into the mature RNA and forming an intron lariat, which is excised. Despite a critical role in gene splicing, the
locations and features of human splicing branchpoints are largely unknown. We use exoribonuclease digestion and tar-
geted RNA-sequencing to enrich for sequences that traverse the lariat junction and, by split and inverted alignment, reveal
the branchpoint. We identify 59,359 high-confidence human branchpoints in >10,000 genes, providing a first map of
splicing branchpoints in the human genome. Branchpoints are predominantly adenosine, highly conserved, and closely
distributed to the 39 splice site. Analysis of human branchpoints reveals numerous novel features, including distinct
features of branchpoints for alternatively spliced exons and a family of conserved sequence motifs overlapping branch-
points we term B-boxes, which exhibit maximal nucleotide diversity while maintaining interactions with the keto-rich U2
snRNA. Different B-boxmotifs exhibit divergent usage in vertebrate lineages and associate with other splicing elements and
distinct intron–exon architectures, suggesting integration within a broader regulatory splicing code. Lastly, although
branchpoints are refractory to common mutational processes and genetic variation, mutations occurring at branchpoint
nucleotides are enriched for disease associations.

[Supplemental material is available for this article.]

Themajorityofhumangenes are spliced, aprocesswhereby introns are

removed from the nascent RNA and the remaining exonic sequence

joined together into a mature RNA transcript. In addition, alternative

splicing generates complex networks of isoforms from human gene

loci andplays amajor role in shaping thediversityof the transcriptome

(Kapranov et al. 2005; Gerstein et al. 2007; Djebali et al. 2012).

Splicing occurs in the spliceosome, a large ribonucleoprotein

complex that recognizes at least three genetic elements within

each intron: the 59 splice site (59SS), the 39 splice site (39SS), and the

branchpoint (Will and L€uhrmann 2011). RNU2-1, the U2 spliceo-

somal RNA (snRNA) base pairs to the sequence surrounding the

unpaired branchpoint nucleotide, which then undergoes trans-

esterification with the 59 end of the intron to form a closed lariat

structure. The spliceosome then scans for the downstream 39 splice

site, which undergoes a second trans-esterification reaction to join

together the two exon ends and excise the intron lariat (Fig. 1;

Smith et al. 1989; Will and L€uhrmann 2011).

Branchpoint selection by the spliceosome is an early step in

the splicing reaction and one that subsequently defines the 39

splice site and leads to inclusion of the downstream exon in the

mature RNA (Hornig et al. 1986; Reed and Maniatis 1988; Smith

et al. 1993). Mutations that abolish the branchpoint nucleotide can

result in exon skipping and aberrant splicing and cause human

disease (Padgett 2012; Singh and Cooper 2012). Despite such im-

portance, only a few hundred human branchpoints have been

identified, thereby preventing a detailed analysis of this basal splic-

ing element (Gao et al. 2008; Taggart et al. 2012; Bitton et al. 2014).

Human branchpoints are difficult to predict by sequence

alone due to the reported high degeneracy of the sequence around

the branchpoint (Gao et al. 2008). Further complicating de novo

branchpoint predictions are reports that some introns have mul-

tiple branchpoints, branchpoints distal from the 39 splice site, or

without the canonical adenine base at the branchpoint nucleotide

(Gao et al. 2008; Taggart et al. 2012; Bitton et al. 2014). However,

during the preparation of cDNA, reverse transcriptase can traverse

the 59SS/branchpoint junction, thereby generating a cDNA with

the 59 intronic sequence juxtaposed to the sequence immediately

upstream of the branchpoint (Vogel et al. 1997). The split and

inverted alignment of the resultant cDNA identifies not only the 59

donor splice site but also the branchpoint nucleotide (Fig. 1;

Taggart et al. 2012; Bitton et al. 2014), yet such events are en-

countered so rarely as to have hitherto prevented efficient and

comprehensive genome scale annotation.
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To enrich for such rare cDNAs that traverse the branchpoint

junction, we have used two complementary approaches: purification

of lariats by exoribonuclease digestion of linear RNAs; and capture

of the branchpoint junction with oligonucleotide probes for tar-

geted RNA sequencing. The sequencing and alignment of these

approaches enables the first genome-wide discovery and analysis

of human splicing branchpoints.

Results

Intron lariat sequencing and alignment

We recently developed RNA Capture Sequencing (CaptureSeq),

a technique that focuses sequencing on targeted RNA transcripts

(Mercer et al. 2012, 2014). This approach is ideal for achievinghigh

sequencing coverage of transient intronic species to resolve branch-

point sites. We designed oligonucleotide probes targeting human

intronic sequences immediately upstreamof the 39 splice site as well

as 59 intronic sequences that, following the 29 trans-esterification

reaction, lie immediately downstream from the branchpoint junc-

tion. By targeting lariat sequences both upstream of and down-

stream from putative branchpoint locations, we thereby enrich for

cDNA transcripts that traverse the lariat junction (Fig. 1A; Supple-

mental Fig. 1A,B; Supplemental Data 1). We interrogated 238,576

introns (90.2% of annotated total) in this manner. We performed

CaptureSeq similarly to previously describedmethods (Mercer et al.

2012) with total RNA harvested from three biological replicates of

humanK562 cells (seeMethods).We achieved greater than 100-fold

enrichment of targeted RNA as determined by qPCR and analysis of

RNA spike-in controls, corresponding to ;10.6-fold more reads

(;133million reads) that align to introns relative to matched RNA-

seq controls (Supplemental Fig. 1C,D).

Figure 1. Identification of splicing branchpoints. Splicing joins the 59 splice site to the branchpoint (BP) nucleotide near the 39 end of the intron to form
a lariat. Reverse transcriptase can traverse the branched 29 to 59 junction to generate informative sequencing reads (blue/red reads) that indicate the
branchpoint location when aligned to the genome. We pursued two alternative strategies to enrich for sequenced reads containing branchpoints. (A)
CaptureSeq (left orange pathway) uses labeled oligonucleotide probes to capture informative reads for targeted sequencing. (B) RNase R (right green
pathway) digests linear mRNAs and selectively purifies circular RNAs including intron lariats. (C ) Following sequencing, informative reads are split and
inverted for alignment to the reference genome (black lower pathway), with 39 termini of split alignment indicating the branchpoint nucleotide. (D)
Example of informative alignments used to identify branchpoints (blue arrows) within the EEF2 gene.
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As an alternative strategy, we also used RNase R digestion to

selectively enrich for intron lariats. RNase R is a 39 to 59 exoribonu-

clease that digests linear RNAs but not circular lariats (Fig. 1B; Suzuki

et al. 2006). We performed RNase R digestion in duplicate on two

human cell-types (K562 and HeLa) along with matched mock-

digested controls (seeMethods; Supplemental Fig. 2A).We confirmed

circular RNA protection using PCR targeting linear and circular iso-

formsofMAN1A2andFBXW4genes (Supplemental Fig. 2B,C; Salzman

et al. 2012). Digested libraries were sequenced and aligned to the

genome, indicating a global 9.6-fold global enrichment for introns

lariats and commensurate depletion of exons (Supplemental Fig. 2D).

Informative sequenced reads that traverse the 59SS/branchpoint

junction require nonconventional alignment to the genome.

From reads that do not otherwise align to the genome, we first fil-

tered for reads containing 59 intronic sequence before trimming the

59 intronic sequence from the read and aligning the remaining se-

quence to introns at the same loci, using the 39 termini of the read to

indicate the branchpoint nucleotide (see Methods; Supplemental

Fig. 3A). We applied this alignment strategy to both RNase R and

CaptureSeq libraries, as well as to 234 publicly available conven-

tional RNA sequencing libraries derived fromawide rangeofhuman

cell types (Djebali et al. 2012). Using this approach, we aligned

532,405 informative sequenced reads that identified 88,748

branchpoints. The relative proportion of sense/antisense alignment

estimated a 0.2% false alignment rate (see Methods). For compari-

son, we returned one informative read for each 7473 sequenced

reads using CaptureSeq, one per 41,725 reads from RNase R di-

gestion and sequencing, andone informative readper 146,617 reads

sequenced with standard RNA-seq (Supplemental Fig. 3B). We also

determined the contribution of each technique to the identification

of high-confidence branchpoints (Supplemental Fig. 3E). Despite

the large number of conventional RNA sequencing libraries we ex-

amined, the majority of unique branchpoints were discovered by

CaptureSeq and RNase R, confirming their value for branchpoint

identification. Lastly, we detected two biases within our branch-

point annotations. Given that sequence coverage of branch junc-

tions does not reach saturation, highly expressed genes are better

represented within branchpoint annotations; and although we

identify branchpoints in introns larger than 100 kb, we observe an

overall bias for branchpoints in short introns.

Validation of branchpoint annotations

Nucleotide misprocessing often occurs when reverse transcriptase

traverses the noncanonical 29 to 59 linkage between the 59 splice

site nucleotide and branchpoint at the lariat junction, resulting in

a mismatch error, microinsertion or deletion in the generated

cDNA (Fig. 2A; Vogel et al. 1997; Gao et al. 2008). Sequenced reads

with small insertions or deletions are present at 8673 branchpoints

but are unable to precisely locate the branchpoint nucleotide

(Supplemental Fig. 3C). However, single mismatch errors in the

cDNA are diagnostic of the exact branchpoint nucleotide (Gao

et al. 2008). We found 70.4% of sequenced reads (375,178 total)

aligning to branchpoints contained mismatches at the branch-

point nucleotide, comprising an 392.1-fold higher error rate over

background and confirming the location of 74.1% (59,359) of

branchpoint nucleotides (Fig. 2B,C). Branchpoint annotations for

each level of supporting evidence are provided (Fig. 2D; Supple-

mental Table 1; Supplemental Data 2).

The majority of branchpoints (75.2%) are supported by mul-

tiple reads, with coverage encompassing a 103-fold dynamic range

(Supplemental Fig. 3D). This quantitativeprofile is closely correlated

between biological replicates (Pearson’s r2 = 0.92) and provides a

quantitative measure of branchpoint selection preference.

Detailed analysis of RNase R-digested alignment profiles also

revealed the selective digestion of lariat regions downstream from

the branchpoint, which corresponds to the exposed linear tail,

whereas the regions upstreamof the branchpoint corresponding to

the closed circular lariat remain protected (Fig. 3A,D).We observed

a global 3.7-fold depletion (P = 0.029, paired t-test) of intron lariats

immediately downstream from branchpoint annotations (corre-

sponding to the lariat tail) in RNase R-treated samples (with 26,758

branchpoints exhibiting greater than twofold downstream de-

pletion) (Fig. 3B,C), lending further support to branchpoint lo-

cations identified by RNase R digestion. Intron-specific RT-PCR

amplification followed by Sanger sequencing was also performed

to independently confirm the location of 10 branchpoint nucle-

otides (Supplemental Fig. 3F).

Branchpoint features

This first large-scale experimental annotation of branchpoints

afforded an opportunity for the global analysis of branchpoint

features. We restricted our analysis to the 59,359 high-confidence

branchpoints confirmed by mismatch sequencing errors that cor-

respond to ;17.4% of introns occurring within 10,773 genes

(24.8% of total).

Branchpoint annotations exhibited several previously described

features (Gao et al. 2008; Corvelo et al. 2010; Taggart et al. 2012),

including a restricted distribution upstreamof the 39 splice site, with

90% of branchpoints occurring within 19 to 37 (median 25) nu-

cleotides upstream (Fig. 4B). The majority of branchpoint nucleo-

tides correspond to adenine (78.4%),with lower frequency selection

of cytosine (8.4%), uracil (8.4%), and guanine (4.7%) nucleotides

that have been shown to function, albeit with lower efficiency, as

branchpoints (Fig. 4A; Reed and Maniatis 1988). Three non-

canonical branchpoints were selected and confirmed by RT-PCR/

Sanger sequencing (Supplemental Fig. 3F). The region downstream

from the branchpoint exhibits a strong depletion of AG di-

nucleotides (4.0-fold depletion, with 77% of intervening regions

containing no AG dinucleotides with the exception of the 39 splice

site), consistent with the spliceosomal scanning model of 39 splice

site recognition (Fig. 4D; Supplemental Fig. 4A; Smith et al. 1989).

Genome-widemaps also showed new branchpoint features. A

large proportion of exons (32.4%) were associated with more than

one branchpoint, indicating flexibility or redundancy in branch-

point selection (Supplemental Data 3). These multiple branch-

points are generally clustered in close proximity to each other and

conform to a similarly tight distribution in relation to the 39 splice

site as for individual branchpoints (Fig. 4E), although exceptional

distal branchpoints were identified (Supplemental Fig. 4B). Mul-

tiple branchpoints were not equally used, with themajority of exons

(52.9%) having one or a small number of dominant branchpoints.

Multiple branchpoints exhibit lower conservation and a lower

preference for adenine (Supplemental Fig. 4C). Dense multiple

branchpoint clusters are notably enriched for cytosine branchpoints

that are conserved relative to surrounding sequence (Supplemental

Fig. 4D). Cytosine branchpoints have been shown to be resistant to

debranching (Hornig et al. 1986) andmay comprise a distinct subset

recently associated with stable lariat and long noncoding RNA for-

mation (Zhang et al. 2013).

Alternative splicing can also be detected at the branchpoint

level. Using our split/inverted read alignments to pair branchpoints

with their partner 39 and 59 splice sites, we identify alternative splic-

Mercer et al.
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ing events within 12.6% of alignments, whereby multiple intron 59

termini are joined to a common branchpoint, or a common 59 ter-

mini is joined to multiple branchpoints (Fig. 4F). Examples of dif-

ferential branchpoint selection and usage during alternative splicing

were also observed at the branchpoint level, with alternative 59 splice

sites exhibiting different preferences for multiple branchpoints that

precede a single common exon (Supplemental Fig. 4E).

The vast majority of identified branchpoints are within pro-

tein-coding genes; however, we also identify 551 branchpoints

from 255 long noncoding RNA (lncRNA) loci, including well-

known lncRNAs such as HOTAIR, XIST, and a number of snoRNA-

host lncRNAs.

Branchpoint identification can also lend support to the in-

clusion of associated exons and exon variants presently absent

fromcomprehensive gene catalogs such asGENCODE (Harrow et al.

2012). Strict filtering identified a group of 16 exons, including a

conserved 21-nt micro-exon in theMAST2 gene (Supplemental Fig.

4F; Supplemental Table 2).

Branchpoint motifs

The nucleotides flanking branchpoints bind U2 snRNA and are

highly conserved, suggesting the proximity of regulatory sequence

elements (Fig. 4C). Extreme examples of such proximal conserva-

tion include branchpoints found within ultraconserved elements

that govern the unproductive splicing of the SR gene family (Sup-

plemental Fig. 5A; Lareau et al. 2007).

To identify cis-elements, we performed de novo motif iden-

tification around the branchpoint (Neph et al. 2012). This resolved

a set of 5- to 6-nt sequence motifs that overlap ;53% of all branch-

point annotations and can undergo base-pairing interactions with

the U2 snRNA (Fig. 5A; Supplemental Fig. 5B). We term these B-box

Figure 2. Validation of branchpoint annotations. (A) Schematic indicating incorporation of mismatch nucleotide (gray X) within cDNA (blue/orange
bar) by reverse transcriptase when traversing the 29 to 59 branch junction. (B) UCSCGenome Browser view of branchpoints within EZH2 gene (lower panel)
showing capture of sequences at intron ends (histogram) and sequenced read alignments that indicate branchpoints (red/blue bar). RT-PCR using outward
facing primers (blue) generates an amplicon that validates branchpoint annotations (blue/orange upper panel). Zoom of chromatograph (top left) shows
sequence mismatch error (T) at the branchpoint nucleotide (boxed). (C ) Histogram indicates rate of mismatch errors at the branchpoint nucleotide in
sequenced reads that align across the lariat junction (center). (D) Summary of branchpoint annotations with varying levels of support: split/inverted
alignment, exact match across lariat junction, match with mismatch, or insertion/deletion errors at branchpoints. At each level of support, the number of
identified branchpoints, nucleotide composition of the branchpoint, and fraction of GENCODE introns with an annotated branchpoint are indicated.

Branchpoint discovery
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elements since they are enriched for B-nucleotides (C, G, and U)

(Cornish-Bowden 1985) and depleted of adenosine nucleotides

(with the exception of the branchpoint itself). B-box nucleotides

base pairwith the high density of keto-residues (G andU)within the

U2 snRNA, and the abundance and conservation of different B-box

families correlates with predicted U2 binding strength (Fig. 5B;

Supplemental Fig. 5C). Due to RNA wobble-base pairing, the U2

snRNA keto-residues can interact with two possible nucleotides at

the opposing position in the B-box element. This enables B-boxes to

have greater informational diversity while maintaining their ability

to bind U2 snRNAs (Fig. 5A,C). This diversity underpins the ob-

served range of sequence families that when collectively analyzed

have been previously considered degenerate (Gao et al. 2008). Sim-

ilar enriched interactions between B- and keto-nucleotides have

been observed for microRNA seed sequences (Nelson and Green

1989; Wang 2013).

B-box elements can be further classified into distinct subset

families according to divergent uracil or cytosine nucleotide con-

tent (particularly at the �3 upstream nucleotide) (Fig. 5D; Sup-

plemental Fig. 5B) and divergent conservation profiles (see below).

Notably, the distinction between cytosine (CUNAN) and uracil

(UUNAN) B-box elements is not limited to the branchpoint motif;

rather, each motif family is preferentially associated with distinct

types of intron–exon architecture (Fig. 5E,F; Supplemental Fig. 5D–

F). Cytosine B-box motifs are associated with cytosine-rich poly-

pyrimidine tracts (PPTs) and high GC% introns and downstream

exons. Conversely uracil B-boxes associate with uracil-rich PPTs

and low GC% introns and exons. Al-

though uracil B-boxes are characterized

by the lowest exonic and intronic GC

content, they exhibit the greatest differ-

ence inGC content between the exons and

their 59 flanking introns (P < 0.001 in all

comparisons after Bonferroni correction).

In contrast the opposite results are found

for the cytosine motif (P < 0.001 in all

comparisons after Bonferroni correction)

(Fig. 5F; Supplemental Fig. 5E,F). These al-

ternate intron–exon architectures share

characteristics with those proposed by

Amit et al. (2012) to segregate exons

according to splicing by either intron- or

exon-definition mechanisms.

Competitionbetween splice elements

helps decide exon inclusion, with strong

splice sites associated with constitutive

splicing; whereas competition between

weaker splice sites results in alternative

splicing (Mullen et al. 1991). Using pre-

dictedU2 snRNAbase-pairing as ameasure

of branchpoint strength, we investigated

the relationship between branchpoint

strength and the splicing status of its as-

sociated downstream exon. We confirm

that B-box elements exhibiting strongest

U2 binding affinity are enriched at con-

stitutively spliced exons (1.26-fold, un-

paired t-test,P-value 1.323 10�9),whereas

weaker motifs are associated with alterna-

tively spliced exons (1.67-fold, unpaired

t-test, P-value 3 3 10�4). Focusing on spe-

cific types of alternative splicing events, we

find a global shift toward weaker B-box elements for skipped exons

(P < 0.001), but not within retained introns (one-way ANOVA-

Kruskal-Wallis test with Dunn’s post-test). B-boxes associated with

alternatively spliced exons are also more conserved (1.90-fold, P =

3.13 10�5, unpaired t-test) than counterparts at constitutive exons,

a trend similarly observed for other splicing elements (Sorek 2007).

A model in which B-box strength influences splicing outcome

further predicts that when multiple branchpoints can be utilized to

splice an exon, branchpoints with stronger U2 binding affinity

should out-compete thosewithweaker B-boxes. Consistentwith this

hypothesis, we find a positive correlation between B-box strength

and branchpoint selection frequency at exons with multiple

branchpoints (Spearman r = 0.1709, P < 0.0001). Closer examina-

tion further suggests that splicing outcome is only impacted once

B-box strength crosses a threshold of potential U2 hydrogen

bonds, and nonadenosine branchpoints are outcompeted by

adenosine branchpoints (one-way ANOVA with Tukey correction

for multiple testing) (Fig. 5G).

In addition, we also identified 102 branchpoint sites that

conform to the branchpoint sequence UCCUURAYand splice sites

of RNU12-dependent introns that are spliced by the minor spli-

ceosome (Supplemental Fig. 6A; Turunen et al. 2013).

Conservation of branchpoints and surrounding elements

To investigate branchpoint conservation, we analyzed syntenic

nucleotides across 100 vertebrate species (Blanchette et al. 2004).

Figure 3. RNase R digestion of intron lariats. (A) Schematic showing digestion of the lariat tail (green)
downstream from the branchpoint by RNase R, while the closed lariat protects sequences upstream of
the branchpoint (blue). (B) Heatmap indicates the relative enrichment of sequences upstream of in-
dividual branchpoints within RNase R digested libraries (x-axis) compared to untreated control (y-axis)
libraries. The majority of branchpoints show enrichment of upstream sequences after digestion (in-
dicated by positive horizontal spread), whereas the clustering at zero on the y-axis indicates that se-
quences around individual branchpoints show no enrichment inmock-digested libraries. (C ) Histogram
indicates significant depletion of intronic sequences downstream from branchpoints (to the 39SS) rel-
ative to the upstream region following RNase R digestion. Two human cell types, each with two bi-
ological replicates with matched untreated controls (paired t-test, n = 4, error bars SEM). (D) Genome
Browser view showing enrichment of DDX3X intron lariats following RNase R digestion. Close detail in-
dicates selective digestion of intronic sequence downstream from the identified branchpoint. In contrast,
equivalent pre-mRNA is observed both up- and downstream from branchpoints in untreated libraries.
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We found that 57.7% of branchpoints were conserved between

human and fish lineages, 66.1% within mammal lineages and

95.2% were conserved within primate lineages. B-box elements

also exhibit a distinct evolutionary signature, with enrichment for

nucleotide substitutions acrossmammalian lineages thatmaintain

the ability of the B-box to base pair with the U2 snRNA (Fig. 5C).

Among most B-box families, the �2 U nucleotide is the most

conserved followed by the branchpoint adenosine (Supplemental

Fig. 6B). These nucleotides were especially highly conserved in B-

box motifs matching the canonical yeast (S. cerevisiae) motif

(CUAAC). In contrast, B-boxes without a branchpoint adenosine

displayed little or no increase in conservation above the local

background. Comparison of the common CUNAN (cytosine) and

UUNAN (uracil) motifs revealed similar levels of conservation at

the�2 uracil and the branchpoint, but the predominance of uracil

nucleotides surrounding the UUNAN B-boxes was also associated

with the higher conservation of these nucleotides (Fig. 5E).

We also investigated the relationship between branchpoints

and the conservation of associated exons. Similar to the results for

exonic GC content, we find a significant difference in exonic

nucleotide conservation depending upon the nucleotide composi-

tion of the B-box. Exons flanked by CUNANmotifs are significantly

less conserved than exons flanked by a UUNAN motif (Mann-

WhitneyU-test,P < 2.23 10�16) (Fig. 5E; Supplemental Fig. 6C). The

opposite phenomenon is observed for the 39 splice site strength,

where exons flanked byCUNAN showa significantly stronger signal

(P = 8.343 10�11), suggesting a compensatory mechanism and the

interplay between different splicing elements for the accurate

splicing of exons (Supplemental Fig. 6D; Dewey et al. 2006).

Human genetic variation at branchpoints

Mutations that abolish branchpoints can result in exon skipping

and aberrant splicing with disease consequences (Li et al. 1998;

Khan et al. 2004; Padgett 2012). Although branchpoints are re-

fractory (;3.1-fold) to common single nucleotide polymorphisms

(SNPs) relative to surrounding sequences (Fig. 6A), we estimate an

average ;53 branchpoints are mutated within an individual’s ge-

nome (The 1000 Genomes Project Consortium 2010).

In contrast to the depletion of common SNPs at branchpoints,

we observe a strong enrichment (16.5-fold) for SNPs associated with

disease (Fig. 6B; Supplemental Fig. 7A; Forbes et al. 2011; Stenson

et al. 2012). In most cases, these disease-associated mutations result

in the abolition of conserved adenosine branchpoint nucleotides

(Supplemental Table 3). Mutation of the branchpoint can result in

exon skipping. For example, we identified a branchpoint nucleotide

within the RB1 gene that when mutated, results in the skipping of

the downstream exon in patients with retinoblastoma (Fig. 6C;

Houdayer et al. 2008; Zhang et al. 2008). Similarly, we identified

a branchpoint within the MET oncogene that when deleted, results

in skippingof exons encoding the juxtamembranedomain, resulting

in MET activation in lung adenocarcinoma (Onozato et al. 2009).

Common human genetic variation also exhibits selective

constraint in B-box elements, with enrichment for SNPs that

maintain base-pairing with the U2 snRNA (Fig. 6D). Notably, the

wobble-base pairing ability to pair with two possible nucleotides

also protects B-box elements from transition mutations (C-T and

A-G). Transitionmutations, which are the most commonmutation-

al process (65.6% of mutations) in the human genome, do not

Figure 4. Sequence context and usage of branchpoints. (A) Distinct nucleotide composition (upper panel) of branchpoints and downstream PPT. Fold
enrichment of nucleotide composition relative to local genome background (lower panel). (B) Frequency distribution of branchpoints relative to the 39
splice site (dashed lines indicate 10th, 50th, and 90th percentiles). (C ) Vertebrate conservation profile (100 species) across 100-nt window shows con-
servation peak around the branchpoint (boxed). Downstream elevated conservation is due to exon sequence. Detailed inset shows relative conservation of
the branchpoint and flanking �2 upstream nucleotide (red). (D) AG dinucleotide counts upstream of branchpoints (blue) and in the downstream in-
tervening region (red) show that the majority of AG dinucleotides in intervening regions correspond to the 39 splice site. (E) Frequency distribution of
singleton (black) and multiple (blue) branchpoints relative to the 39 splice site. (F) Alternative splicing of a cassette exon (green) in the MECR gene is
revealed by lariat reads which have a common 59 intron termini but utilize branchpoints associated with different 39SS (red and blue arrows). Blue lariat
reads include the cassette exon into the mRNA, while the red lariat reads exclude the cassette exon.
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compromise the ability of B-box elements to base pair with the

U2 snRNA (Fig. 5A; Zhao and Boerwinkle 2002).

In addition, there is a depletion of adenine and guanine

polymorphisms (1.2-fold) between the branchpoint and 39 splice

site. This is likely due to the selection against polymorphisms that

can form cryptic splice sites that compete with bona fide 39 splice

sites and cause aberrant splicing (Smith et al. 1993). In contrast,

40% (an ;10.4-fold enrichment over expected) of disease associ-

Figure 5. Branchpoint motifs and conservation. (A) Schematic illustrating base-pairing of consensus branchpoint flanking sequence to U2 snRNA IBP-
box. (B) Bubble plot indicating the overrepresentation and conservation of pentamer sequences overlapping branchpoints. Color indicates predicted U2
binding strength and circle radius is proportional to total motif count. Overrepresented motifs, such as CUGAC, exhibit both high conservation and
predicted U2 binding strength. (C ) Enrichment for substitutions that maintain U2:B-box binding. The upper schematic shows the predominance of G and
U bases within the U2 snRNA IBP box that can bind via complementary or wobble base-pairing to two different possible opposing nucleotides in the B-box.
The lower histogram indicates the fold enrichment for nucleotide substitutions at syntenic bases within the B-box between themouse and human genome.
Fold enrichment is normalized for background rates of nucleotide substitutions between mouse and human genomes. We observe enrichment for
nucleotide substitutions thatmaintain complementary or wobble base-pairing between the B-box and U2 snRNA. (D) Examplemotifs identified de novo in
sequences flanking the branchpoint (branchpoint at +4 nt). (E) Average nucleotide conservation score (phyloP 100 vertebrates) for 100 nucleotides
flanking the branchpoints. U motifs indicated in red; C-motif indicated in blue. Canonical CUAAC motif is not included in order to examine only derived
motifs. Shaded areas represent the 95% confidence intervals. (Inset) Twenty nucleotides around the branchpoint, error bars are 95% confidence intervals.
(F) Box-whisker plot (5%–95% range) of GC% differential between branchpoint introns and associated downstream exons for various families of B-box
elements: (Yeast) CUAAC; (others) motifs without a branchpoint adenosine. (G) Box-whisker plot (2.5–97.5% range) of relationship between U2 binding
energy and branchpoint selection frequency (per exon). (Non A) Nonadenosine branchpoints. Summary of significant differences shown. (****) P <
0.0001; one-way ANOVA with Tukey correction for multiple testing.
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ated SNPs occurring downstream from branchpoints result in the

formation of a new AG dinucleotide that can potentially act as

a cryptic 39 splice acceptor site (Supplemental Fig. 7B).

Branchpoint prediction and the evolution of branchpoint usage

The identificationof explicit B-boxmotifs allows for theprediction of

additional branchpoints in instances in which overrepresented mo-

tifs occur in intronic sequences (seeMethods).We identified a further

202,646 B-boxes that when combined with our experimentally de-

termined annotations, expands the branchpoint annotations to ac-

count for 52.3% of human exons. Predicted B-boxes exhibit sense

strand asymmetry and a similarly constrained 39 proximal peaked

distribution as observed for known branchpoints (Fig. 7A). Further-

more, predicted B-boxes exhibit a higher evolutionary conservation

(2.1-fold) than surrounding sequence, with only moderately less

conservation (;24% lower) than experimentally determinedmotifs

(Fig. 7A; Supplemental Fig. 7D). Similar to known branchpoints,

these predicted sites are also refractory to common SNPs and

enriched for disease-associated SNPs (Supplemental Fig. 7A,C;

Supplemental Table 3). This predictive approach may be necessary

to identify branchpoints for lowly expressed exons that are diffi-

cult to identify even after sequence capture (Supplemental Fig. 7D)

and provide a mechanistic hypothesis for ;1.6% of total disease-

associated intronic noncoding DNA variants (Stenson et al. 2012).

The predictive power of B-boxes also extends to other ge-

nomes, permitting us to consider usage and innovation of branch-

point motifs in multiple metazoan lineages. Instances of B-boxes

were identified in the introns of ninemodel organisms and assessed

according to sense-strand asymmetry and 39 splice site proximal

distribution to enable delineationof lineage-specific trends (Fig. 7B).

For example, the most common predicted human CUGAC B-box

exhibits an enriched peaked distribution and strand asymmetry

within vertebrate lineages, but it is poorly represented within other

lineages analyzed. In contrast, the B-box motif, CUAAU is enriched

in older human genes that are shared across the vertebrate lineage

(1.2-fold, P = 6 3 10�7) (Zhang et al. 2010). This ancient motif ex-

hibits a conserved distribution in all eukaryote lineages analyzed;

but while thismotif is associated with 26% ofD. melanogastor exons

for which motifs were predicted, its prevalence progressively de-

creases in the vertebrate lineage, being associated with only 9.1% of

human exons (Fig. 7C; Lim and Burge 2001).

The changing usage of branchpoints in different metazoan

lineages led us to investigate branchpoint usage in primate specific

exons, specifically those associatedwithAlu repeats. In the inverted

orientation, the A-rich region between the left and right arms

of an Alu element and its 39 polyA tail create cryptic polyT PPTs

(Supplemental Fig. 8A). Previous studies have demonstrated the

exonization of Alu elements requires minimal additional muta-

tions (Lev-Maor et al. 2003; Sorek et al. 2004).

Figure 6. Common and disease-associated genetic variation at branchpoints. (A) Frequency distribution of common SNPs across a 200-nt window
shows that branchpoints are refractory to common genetic variation (note that downstream exon enrichment is confounded by SNP ascertainment bias).
(B) Frequency distribution of disease-associated SNPs (with inset showing detail) indicates enrichment at branchpoint. (C ) UCSC Genome Browser view of
nucleotide identified as a branchpoint (A; green) in the Retinoblastoma gene (RB1). Mutations at this nucleotide have been associated with exon 24
skipping (dashed arrow) in retinoblastoma patients (Houdayer et al. 2008; Zhang et al. 2008). High conservation (Vertebrate 46way) of branchpoint
indicated by lower blue histogram. (D) Histogram indicates fold enrichment for nucleotide substitutions (SNPs) between individual human genomes. Fold
enrichment indicates the observed rate of SNPs relative to the expected genome background rate of nucleotide substitution. This demonstrates en-
richment for SNPs that maintain complementary or wobble binding between the B-box and U2 snRNA. U2 snRNA and B-box base-pairing nucleotide
possibilities are indicated in the lower schematic.
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Utilizing our experimentally determined branchpoints, we

identified 154 (90% of which were adenosine) associated with

exonized inverted Alus. Exonized right and left Alu arms utilized

different sets of B-boxes; 48% of left arm motifs were CUAAU

(Supplemental Fig. 8B,C) compared to 1% of right armB-boxes (P <

0.001, 1000 permutations). The CUAAUB-box is present in theAlu

inverted consensus sequence just 59 of the internal polyT tract.

CUAAU is an ancient B-box motif with very high U2 binding ca-

pability; its presence beside a PPT supports the hypothesis that Alu

elements are ‘‘pre-exons’’ well placed for inclusion intomature RNA

transcripts (Sorek et al. 2004). In contrast, no single position dom-

inatesAlu right arm exonization, themost common B-box UUUAU

(12% of motifs) reflecting instead the T-rich nature of the se-

quence, with branchpoints present both within the inverted Alu

polyA tail or close by (Supplemental Fig. 8C,D).

Left arm B-boxes show significantly stronger U2 binding

strength (P < 0.0001 unpaired t-test) (Supplemental Fig. 8E) in

contrast to other splicing elements, which have stronger right

arm signals (Gal-Mark et al. 2008). Given the impact of B-box

strength on splicing outcome (see above), the B-box may com-

pensate for the other left-arm splicing elements and allow

exonization.

Discussion
The 59 and 39 splice sites of more than;300,000 exons have been

identified within the human genome to date (Harrow et al. 2012).

In contrast, only a few hundred corresponding branchpoints have

been collectively described in literature (Taggart et al. 2012; Bitton

et al. 2014), and the identification and analysis of branchpoints

has been absent from ambitions for a full catalog of functional

genetic elements.

The extreme rarity of branchpoint-containing intron lariats

has made them almost intractable to genomic analysis. Previous

attempts to experimentally determine branchpoints has relied on

laborious, low-throughput RT-PCR or 2D-gel purification of lariats

(Gao et al. 2008; Awan et al. 2013) or identified several hundred

branchpoints from large-scale RNA-sequencing atlases (Taggart

et al. 2012; Bitton et al. 2014). In contrast, RNA CaptureSeq and

RNase R digestion significantly enrich for intron lariats, allowing

genome-wide branchpoint detection in wild-type cells without

blocking intron debranching (Bitton et al. 2014). Another advan-

tage of our approach, including the requirement for a diagnostic

mismatch at the branchpoint, is the identification of branchpoint

nucleotides with both greater accuracy and confidence, allowing

us to identify nonstandard branchpoints, including those without

an adenosine or distal from their 39 exon.

This genome-wide annotation provides a unique opportunity

to analyze branchpoint features, conservation, and distribution.

Although the branchpoint nucleotide itself is strictly constrained

in distance from the 39 splice site and exhibits a strong selection

preference for adenosine, the B-box sequences flanking the

branchpoint exhibit the full sequence diversity afforded the ex-

panded base-pairing possibilities provided by the keto-nucleotide

dense U2 snRNA. These distinct features of B-box elements were

previously observed for microRNA seed sequences and may reflect

common strategies for sequence specific RNA base pair interactions

(Nelson and Green 1989; Wang 2013).

Similar to microRNA selection, the observed heterogeneity of

B-box elements may enable the sequence-specific selection of al-

ternate branchpoints by the spliceosome, resulting in splicing reg-

ulation and exon inclusion. Although the U2 snRNA branchpoint

interacting sequence is strictly conserved throughout eukaryotic

lineages (Marz et al. 2008), the density of nucleotide modifications

within this branchpoint interacting sequence could further modu-

late base pair binding possibilities (Yu et al. 1998). Furthermore, it

was recently shown that different U2 snRNAs genes exhibit cell-

specific expressionwithmutations to a singleU2 snRNA resulting in

the disruption of a subset of alternative splicing events, including

small introns, in a tissue-specific manner (Jia et al. 2012).

Our results provide some insight into the importance of

branchpoint signals and how they are integrated into the wider

Figure 7. Branchpoint prediction and usage in different species. (A) Vertebrate conservation profile (100 species) of known (blue, left panel) and
predicted (red,middle panel) branchpoint sequence (BPS) motifs. Frequency distribution (right panel) of known (blue) and predicted (red) motifs relative
to the 39 splice site, with matched scrambled control (gray) indicated. (B) Frequency distribution of common branchpoint motifs across a 75-nt window
upstream of the 39 splice site from the range of model organism genomes reveals differential usage of branch motifs across different lineages. (C ) Bubble
plot/histogram indicates the proportion of exons from model organism genomes that are associated with selected motifs. Circle radius is proportional to
motif overrepresentation against the expected background in each organism.
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mechanisms that determine productive splicing. Branchpoints

with strong U2 binding (strong B-boxes) outcompete those with

weak B-boxes and thosewithout a branchpoint adenosine, to specify

exon inclusion (Fig. 5G). In addition, U2 binding strength positively

correlates with both B-box occurrence and conservation (Fig. 5B;

Supplemental Fig. 5C), supporting the importance of the B-box to

efficient splicing.Despite this, splicing is resistant to the impact of B-

box mutations. The flexible nature of U2 binding allows transition

mutations without a significant impact on B-box strength, whereas

our results demonstratemanyweaker B-boxmotifs can participate in

branchpoint selection, albeit with decreased efficiency. Furthermore,

many genes have multiple branchpoints that can be utilized, pro-

viding some redundancy to branchpoint selection.

Our results support previous suggestions that the common

�2 U and branchpoint A (UnA) are central to the branchpoint

motif (Gao et al. 2008), with these nucleotides showing thehighest

levels of conservation andmotif occurrences as well as depletion of

SNPs and overrepresentation in disease. One of the earliest steps in

spliceosomal assembly is the binding of SF1 to the branchpoint, a

process for which mammalian SF1 requires only the UnA motif,

providing amechanistic explanation for the importance of the�2U

nucleotide (Berglund et al. 1997).

B-box families preferentially associate with distinct classes of

intron–exon architecture that can be distinguished by PPT nucle-

otide content, GC content, and conservation (Fig. 5D–F; Supple-

mental Figs. 5d–f, 6b–d). It has been proposed these alternative

architectures correspond to intron- and exon-defined splicing

mechanisms (Amit et al. 2012). Therefore, B-boxmotifs contribute a

further distinction between these two alternative architectures. This

integration of multiple splicing features suggests the coevolution of

B-box motifs with the surrounding sequence and their integration

into the competitive and compensatory mechanisms that regulate

splicing.

Uracil-rich PPTs are ancestral with a shift to cytosine enrich-

ment appearing in birds and increasingly in mammals in associa-

tion with high GC content introns (Amit et al. 2012). U2AF, which

binds PPTs cooperatively with the branchpoint binding SF1, has

highest affinity for uracil-rich sequences (Coolidge et al. 1997),

suggesting that cytosine-rich PPTs, and hence cytosine B-boxes and

associated exons, may require additional splicing enhancer se-

quences to mediate efficient splicing.

Aberrant splicing is responsible for an estimated 15% of hu-

man diseases (Singh and Cooper 2012), with exon skipping result-

ing from the failure of a splicing element, such as mutation to a

branchpoint, being the most common cause. We observe disease-

associated genetic variation is enriched at both experimentally de-

termined and predicted branchpoints, where it may interfere with

splicing. However, branchpoint selection may also have a much

broader contribution toward cancer. A range of cancers, in particular

hematological malignancies, has been found to harbor mutations

to genes encoding the U2 spliceosome responsible for selecting

branchpoints (Yoshida et al. 2011). We expect this resource will

inform themechanistic interpretation of disease-associated intronic

noncoding variation and aid investigation into how deregulated

branchpoint selection constitutes a novel oncogenic pathway.

Methods

Capture array design
Oligonucleotide probeswere designed in conjunctionwithDr. Ryan
Bannen at Roche/NimbleGen using proprietary bioinformatics to

optimize array probe sequence and omit repetitive regions. All hu-
man genome (hg19) regions from the 100-nt 59 and 39 termini of
publicly annotated introns (GENCODE v12 comprehensive as-
sembly) were targeted (Harrow et al. 2012). Regions overlapping an
annotated exon or a region of high transcription (as determined
frompublicly available humanK562 RNA-seq alignments) (Djebali
et al. 2012) were excluded. This final design covered 36.8 Mb and
targets both 39 and 59 100-nt termini for 76.4% (206,747) publicly
annotated introns or a single terminus for 90.2% (244,125) in-
trons. Additional control probes, including probes targeting all
ERCC controls (Baker et al. 2005), were included within the design
to assess CaptureSeq performance. The final design was manufac-
tured on a Custom Sequence 2.1M Array (Roche/NimbleGen; Cat
#05329841001). Human genome coordinates (hg19) are provided
in Supplemental Data 1.

Capture experiment

Capture sequencingwas performed similarly to previouslydescribed
methods (Mercer et al. 2012, 2014) by combining and modifying
the NimbleGen SeqCap EZ Library SR User’s Guide V3.0 and the
NimbleGen Arrays User’s Guide: Sequence Capture Array Delivery
v3.2. RNA sequencing libraries of ribodepleted total RNA from
three K562 biological replicates were created using the TruSeq
StrandedmRNA Sample Preparation Kit (Illumina). Precapture and
post-capture LMPCRwere performed for an average of nine and 17
cycles, respectively. Precapture and post-capture samples (pools of
3 K562 biological replicates) were each sequenced on a single lane
of an Illumina HiSeq. See Supplemental Methods for full details.

RNase R treatment

RNase R (Epicentre) digestion was conducted on batches of 100-ng
ribodepleted RNA. The standard digestion procedure was 30 units
enzyme: 1 mg RNA for 30 min at 37°C. Mock digestion controls
lacking RNase Rwere also performed. See SupplementalMethods for
full details.

Validation of RNase R digestion

Digestion of linear RNAs in preference to circular RNAs was con-
firmed by RT-PCR on untreated Ribo-Zero RNA, RNase R-treated
RNA, and RNase R negative mock-treated RNA samples. PCR and
Sanger sequencing was used to validate the maintenance of cir-
cular multiexonic RNAs within FBXW4 and MAN1A2 identified
previously (Salzman et al. 2012), while linear RNAs from these same
genes were degraded. The fold depletion of linear RNAs was also
measured by quantitative real-time PCR (qPCR). Primer sequences
are listed in Supplemental Table 4. See Supplemental Methods for
full details.

RNase R RNA-seq library preparation

RNA sequencing libraries were made with the TruSeq RNA Sample
Preparation v2 Kit (Illumina). Samples were sequenced on an
Illumina HiSeq. See Supplemental Methods for full details.

Alignment to identify branchpoint nucleotides

The alignment approach to identify branchpoints is based on the
Bowtie 2 read aligner (Langmead and Salzberg 2012) and TopHat2
splice junctionmapper (Kim et al. 2013). This pipeline proceeds as
follows (illustrated in Supplemental Fig. 3):

Sequenced reads (.fastq file) was firstly aligned to the human
genome using TopHat2:
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$tophat2–xhg19.index–gGENCODEv12.comprehensive.
gtf \

-1 sequences.1.fastq -2 sequences.2.fastq
Reads aligning to the reference genome are omitted from

further analysis.
An index corresponding to unaligned reads is then assembled

(unaligned_reads.index). The 59 (23 nt) sequence of each
unique intron (23nt_59introns.fa, using GENCODE v12 com-
prehensive assembly) is then aligned to the unaligned read index:

$ bowtie2 -x unaligned_reads.index -U 23nt_59intron.
fa

Unaligned reads with no match to an intron 59 sequence are
omitted. For reads towhicha 59 intron sequence aligns, the sequence
downstream to the region aligning to the 59 intron sequence is
trimmed (trimmed_reads.fa). The sequence that remains fol-
lowing trimming is required to be longer than 20 nt and is then
aligned to the reference human genome:

$ bowtie2 -x introns.index -U trimmed_reads.fq
The .sam output is then analyzed for intronic alignments.

Read alignments are required to occur <250nt of the 39 splice site of
an intron, whose 59 termini is required to match the original 59
sequence that was trimmed from the read (i.e., both the splice 59
intron sequence and trimmed read alignment are required to de-
rive from a single intron). The 39 nucleotide of the final alignment
indicates the predicted branchpoint nucleotide.

As a secondary filter for spurious alignments, we then gen-
erated a lariat junction index centered on predicted branchpoints
(lariat.index). This lariat junction index comprises the 100 nt
upstream of the branchpoint nucleotide followed by the 100-nt
sequence from the matched intron 59 termini, together constitut-
ing the expected sequence that traverses the intron lariat junction
for each branchpoint. Lariat sequenceswere required to have <80%
homology with the human genome. We then realigned all reads
that do not align to the genome:

$ bowtie2 -x lariat.index -U unaligned_reads.fq
The .sam output was filtered for reads requiring a full-length

and uniquematch, with a requisite 20-nt minimumoverlap across
the branch junction. This provides the final annotation of branch-
points across which lariat reads align.

Identification of sequence errors at branchpoint nucleotides

Reverse transcription across the 29 to 59 linkage between the
branchpoint and 59 intron nucleotide is associatedwithmismatch,
insertion, and deletion errors (Vogel et al. 1997).

Mismatch errors were identified within sequenced reads
using samtools calmd (v1.18) and to determine the MD/NM
tags that indicate sequence mismatch (Li et al. 2009). Sequence
errors were required to correspond to the central branchpoint
nucleotide.

Insertion and deletions were identified using:
$ bowtie2 -x lariat.index -U unaligned_reads.fq

with standard output producing insertion and deletion coordi-
nate (insertion.bed, deletions.bed) files. Insertions or de-
letions were required to occur exactly at the branchpoint nucleotide
or, when stranded sequencingwas used, be no longer than 3nt and
initiate coincident with the 29 to 59 linkage.

Alternative splicing events

Sequenced reads may encompass alternative splicing events. In-
tron lariats that fully overlapped annotated exons indicate alter-
native splicing events.

Sequenced reads providing direct evidence for alternative
splicing events could be identified as follows: First, reads con-

taining a single unique 59 intron sequence, joined to multiple
unique alignments within 250 nt of the 39 splice site of the same
gene model (using GENCODE v12 transcript ID). Second, reads
containing a single match to a branchpoint joined to multiple
unique 59 intron sequences.

Lists of human skipped exons and exons containing retained
intronswere obtained fromhttp://miso.readthedocs.org/en/fastmiso/
annotation.html (Katz et al. 2010). See Supplemental Methods for
full details.

Quantification of branchpoint selection

Unique read alignments to the lariat junction index (see ‘‘Align-
ment to identify branchpoint nucleotides’’ above) provide a raw
count of sequence coverage across branchpoint junctions. Align-
ments were normalized according to combined library size. Anal-
ysis was focused on K562 and HeLa.

Branchpoint selection frequency was the read counts for a
branchpoint divided by the total number of counts for all branch-
points associated with that same exon. Exons were defined as hav-
ing dominant branchpoint(s) if the maximum minus the median
percentage counts was $30%. See Supplemental Methods for full
details.

Branchpoint validation by RT-PCR

Nested primer sets (Sigma-Aldrich) were designed to amplify the
branchpoint for each chosen candidate after reverse transcription.
Purified, amplified DNA was ligated into pGem-T Easy (Promega)
and transformed into E. coli (Bioline). Sanger sequencing con-
firmed branchpoints. See Supplemental Methods for full details.

Motif identification

We used the MEME SUITE (Bailey et al. 2009) for de novo motif
identification using the following parameters:

meme 20nt_sequence_flanking_BPs.fa –dna –minw
5 –o BP_motif

To identify genome-wide instances of identified motifs, we
used FIMO (Grant et al. 2011) with the default parameters:

fimo BP_motif.txt hg19.fa
We also identified the fold enrichment of core pentamer se-

quences flanking branchpoints compared to background (fre-
quency of matched pentamer sequence in a 20-nt window 10 nt
directly upstream of the branchpoint). See Supplemental Methods
for full details.

Motif strand asymmetry

Strand asymmetry was determined by the frequency of motifs on
the sense strand and within 100 nt of the 39 splice site, relative to
motif frequency on combined sense and antisense strand and
within 100 nt of the 39 splice site (i.e., 1 indicates 100% occurrence
on sense strand).

Motif intron distribution

To provide a measure of 39 biased intronic distribution for pre-
dicted motifs, the mean frequency of sense motifs within �20 to
�50 nt relative to the 39 splice site was compared to themean sense
motif frequency across the entire intron length.

Nucleotide substitution rate

The nucleotide substitution rate across vertebrate lineages and
human genetic variation was determined for sequences flanking
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branchpoints. The rate of change for each nucleotide flanking
branchpoints against reference human sequence was determined
using 100-species Vertebrate MULTIZ Alignment (.maf ) from
UCSC (Karolchik et al. 2014). Background nucleotide substitution
rate was determined from the sequence upstream (;25 nt) to each
branchpoint. Nucleotide substitution rate for human genetic var-
iation relative to reference was determined using dbSNP (build 37,
http://www.ncbi.nlm.nih.gov/SNP/), with total nucleotide sub-
stitution rate providing background.

Conservation of motifs and surrounding sequence

Human nucleotide conservation score for all branchpoints and
associated sequences was retrieved from UCSC Genome Browser
(PhyloP Basewise Conservation with 46- or 100-species Vertebrate
MULTIZ Alignment) (Blanchette et al. 2004; Pollard et al. 2010).
We computed the average nucleotide conservation for 100 nucle-
otides flanking the branchpoint. Additionally, for each exonwith a
characterized branchpoint, we computed the average phastCons
score across vertebrates (Siepel et al. 2005). Likewise we used
MaxEntScan (http://genes.mit.edu/burgelab/maxent/Xmaxentscan_
scoreseq_acc.html) (Yeo and Burge 2004) to compare the strength of
39 splice sites, depending upon B-box composition.

If multiple branch points were identified for an exon, we se-
lected the site with the strongest support.

The phastCons scores of exons as well as the 39 splice site
MaxEntScan scores classified according to the nucleotide compo-
sition of their associated B-box motif were compared using a
Mann-Whitney U test (with Bonferroni correction). See Supple-
mental Methods for full details.

Motif mapping

Instances of branchpoint pentamer motifs can be identified from
genome sequence and gene assemblies. We determined genome
coordinates corresponding to instances of motif sequences within
the human introns. Motifs coordinates were identified using
the findMotif from the Kent source utilities UCSC Tool kit
(Karolchik et al. 2014) (http://genomewiki.ucsc.edu/index.php/
Kent_source_utilities) that finds exact matches to motif sequence.
Identified motifs that overlapped known introns (GENCODE v12
comprehensive assembly) were retained for further analysis. Ge-
nome coordinates for motif sequence were also identified in
a range of model organism genomes as above. Genome sequences
and gene models were downloaded from the UCSC Genome
Browser (http://hgdownload.soe.ucsc.edu/downloads.html) as fol-
lows: C. elegans (ce10; WormBase), D. melanogastor (dm3; FlyBase),
D. rerio (danRer7; RefSeq), G. gallus (galGal4, RefSeq), and
M. musculus (mm10; RefSeq).

U2 binding energy

U2 binding energy measures the number of hydrogen bonds
modeled between the motif sequences to the canonical branch-
point binding sequence in theU2 snRNA.Weused theViennaRNA
(v2.07) package (Lorenz et al. 2011), RNA duplex script to de-
termine the optimal hybridization structure between U2 snRNA
sequence (GUGUAGUA) and the motif (with branchpoint nucle-
otide removed). Predicted binding energy is determined from the
sum of hydrogen bonds forming between complementary motif
and U2 snRNA nucleotides.

Gene evolutionary age

The evolutionary age of genes was retrieved from Zhang et al.
(2010). Gene names were paired to GENCODE attributes for

analysis. Fisher’s exact test with multiple hypothesis correction
was performed to ascribe significance to enrichments for genes at
each lineage.

Branchpoints for exonized Alu elements

We downloaded all RepeatMasker Alu elements from UCSC (June
17, 2014) and identified all GENCODE exons with an inverted Alu
element overlapping the 59 of the exon. We utilized our set of
branchpoint-closest 39 exon associations to identify Alu exons with
identified branchpoints. See Supplemental Methods for full details.

Branchpoint overlapping disease SNPs

We used the following data sets to determine the overlap between
branchpoints and human variation. Common SNPs (dbSNP 137)
that are found in >1% of the humans (Sherry et al. 2001), were
downloaded fromNCBI. Cancer associated SNPs were downloaded
from COSMIC (http://cancer.sanger.ac.uk/cancergenome/projects/
cosmic/) (Forbes et al. 2011). Mutations and SNPs associated with
disease were downloaded from HGMD (Stenson et al. 2012).

Bioinformatics

A number of bioinformatics tool suites were used during analysis.
These include BEDTools (Quinlan and Hall 2010), Kent Source
Tools, and internal perl/python scripts. Data was downloaded
through the UCSC Genome Browser (Karolchik et al. 2014). Sta-
tistical analysis and graphing was performed with GraphPad Prism
(http://www.graphpad.com/) and R (R Core Team 2013) (http://
www.r-project.org/).

Data access
Sequenced RNA-seq libraries have been submitted to the NCBI
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/
geo/) under accession number GSE53328. Capture probe regions
and a list of experimentally determined branchpoints are available
as Supplemental Data.
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