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RESOURCE/METHODOLOGY

Most human introns are recognized via
multiple and tissue-specitic branchpoints
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Although branchpoint recognition is an essential component of intron excision during the RNA splicing process, the
branchpoint itself is frequently assumed to be a basal, rather than regulatory, sequence feature. However, this as-
sumption has not been systematically tested due to the technical difficulty of identifying branchpoints and quan-
tifying their usage. Here, we analyzed ~1.31 trillion reads from 17,164 RNA sequencing data sets to demonstrate that
almost all human introns contain multiple branchpoints. This complexity holds even for constitutive introns, 95%
of which contain multiple branchpoints, with an estimated five to six branchpoints per intron. Introns upstream of
the highly regulated ultraconserved poison exons of SR genes contain twice as many branchpoints as the genomic
average. Approximately three-quarters of constitutive introns exhibit tissue-specific branchpoint usage. In an ex-
treme example, we observed a complete switch in branchpoint usage in the well-studied first intron of HBB (-
globin) in normal bone marrow versus metastatic prostate cancer samples. Our results indicate that the recognition
of most introns is unexpectedly complex and tissue-specific and suggest that alternative splicing catalysis typifies

the majority of introns even in the absence of differences in the mature mRNA.
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RNA splicing proceeds via a two-step process defined by
sequential transesterification reactions between three nu-
cleotides: the first nucleotide of the 5 splice site, the
branch nucleotide (branchpoint) upstream of the 3’ splice
site, and the last nucleotide of the 3’ splice site. In the first
step of splicing, the 2 OH group of the branchpoint engag-
es in a nucleophilic attack on the phosphate between the
upstream exon and the 5’ splice site, forming a 2'-5’ phos-
phodiester linkage (the “branch”) characteristic of the lar-
iat RNA intermediate and releasing the upstream exon.
The 3’ OH group of the now-free upstream exon then en-
gages in a nucleophilic attack on the phosphate between
the 3’ splice site and the downstream exon, resulting in re-
lease of the intronic lariat and exon ligation (for review,
see Wahl et al. 2009). The intronic lariat is then linearized
via debranching and subsequently degraded.

The branchpoint therefore plays a critical role in RNA
splicing catalysis, similar in importance to the splice sites
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themselves. The branchpoint’s biochemical role in the
splicing of specific substrate RNAs has been thoroughly
studied accordingly. Nonetheless, the identification, se-
lection, and potential regulation of branchpoints remains
poorly understood, even relative to other intronic ele-
ments such as the polypyrimidine tract or intronic splic-
ing silencers and enhancers that, like the branchpoint,
do not appear in the final mRNA product (for review,
see Fu and Ares 2014; Scotti and Swanson 2016).

The study of branchpoints has lagged behind the study
of other sequence features that define introns and exons
for several reasons. Experimentally identifying branch-
points is technically difficult, since lariats exist only as
transient low-abundance RNAs. Computationally pre-
dicting branchpoints is similarly difficult due to the low
information content of the human branchpoint consensus
(Zhuang et al. 1989; Kol et al. 2005; Gao et al. 2008; Cor-
velo et al. 2010). Finally, perhaps because branchpoints
are an essential sequence feature required for splicing
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catalysis (in contrast to other intronic sequence elements
that influence splice site recognition but are not univer-
sally required for splicing), branchpoints have frequently
been assumed to play basal, rather than regulatory, roles.

Nonetheless, several lines of evidence suggest that
branchpoint selection may frequently contribute to regu-
lated splice site recognition in human cells. Detailed
studies of specific introns revealed that both alternative
and constitutive introns may have multiple branchpoints
associated with a single 3’ splice site. This branchpoint
degeneracy was initially observed in SV40 early pre-
mRNA, which is alternatively spliced into the large T
and small t mRNASs via an alternative 5’ splice site. This
intron contains multiple branchpoints associated with a
single 3’ splice site, six of which are used to generate large
T mRNAs and one of which is used to generate small t
mRNAs (Noble et al. 1987). Multiple branchpoints were
subsequently found to be associated with single 3’ splice
sites of the adenovirus Ela (Gattoni et al. 1988), rat
Tpm1 (Helfman and Ricci 1989), and human GHI and
HTR4 (Hartmuth and Barta 1988; Hallegger et al. 2010)
genes as well as within a majority of 52 introns of 20 hu-
man housekeeping genes (Gao et al. 2008).

Introns with multiple branchpoints can be subject to
branchpoint competition during both constitutive and al-
ternative splicing. Studies of a variant of the first intron of
B-globin, which was engineered to contain a duplicated
branchpoint sequence, revealed that branchpoint compe-
tition can occur even within constitutive introns (Zhuang
et al. 1989). Branchpoint competition similarly contrib-
utes to alternative splicing. The contexts and positions
of competing branchpoints can influence the recognition
of competing 3’ splice sites (Reed and Maniatis 1988;
Smith et al. 1993; Bradley et al. 2012), competing 5’ splice
sites (Noble et al. 1988), cassette exons (Kol et al. 2005;
Corvelo et al. 2010), and mutually exclusive exons (Mul-
len et al. 1991; Southby et al. 1999). These previous stud-
ies of specific introns suggest that redundant branchpoints
may be common, potentially permitting regulated or cell
type-specific recognition of many splice sites and introns.
However, systematically identifying roles for branchpoint
selection in splicing regulation has been hindered by the
lack of a genome-wide branchpoint annotation as well
as the difficulty in quantifying branchpoint usage.

Recent studies have made significant progress toward
generating partial genome-wide branchpoint annotations.
Even though lariats are transient RNAs with unusual
chemical linkages, they can nonetheless be reverse-tran-
scribed and incorporated into cDNA libraries. The branch-
point associated with a given lariat can then be identified
by sequencing the junction between the 5’ splice site and
the lariat. Because reverse transcriptase frequently incor-
porates a mismatch, insertion, or deletion when traversing
the 2'-5' phosphodiester linkage at the branch, the precise
branchpoint location can be mapped by identifying puta-
tive 5 splice site-branchpoint junctions where the se-
quenced ¢cDNA has a mismatch specifically at the
inferred branchpoint location (Vogel et al. 1997; Gao
et al. 2008). Taggart et al. (2012) exploited the occasional
incorporation of lariats into ¢cDNA libraries to perform
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the first de novo branchpoint identification using RNA se-
quencing (RNA-seq), identifying 862 branchpoints in the
human genome. Mercer et al. (2015) later created lariat-en-
riched cDNA libraries with RNase R digestion and target-
ed RNA recovery to identify 59,359 branchpoints, the
largest annotation to date. These genome-wide studies
identified a minority of introns with multiple branch-
points (9% in Taggart et al. [2012] and 32% in Mercer
et al. [2015]). However, most of those branchpoints were
annotated based on just one or a few sequenced lariats.
Therefore, it is possible that undersampling of lariats re-
sulted in underestimates of branchpoint multiplicity in
those previous studies. Furthermore, because only one or
afew lariats were observed for most branchpoints (an inev-
itable consequence of the very low abundance of lariat
RNA species), quantitative estimates of branchpoint usage
remain elusive.

Here, we sought to determine whether branchpoints are
typically just basal sequence features of introns or whether
branchpoint recognition is frequently complex or regulat-
ed. We performed a very large-scale analysis to systemati-
cally identify branchpoints and quantify their usage across
diverse human tissues in both normal and diseased states.
Our results indicate that almost all human introns have
multiple branchpoints, which are frequently used in a tis-
sue-specific manner. Branchpoint abundance correlates
with alternative splicing. Our data demonstrate that
branchpoint recognition is unexpectedly complex, giving
rise to cell type-specific splice site recognition during
both constitutive and alternative splicing.

Results

A large-scale analysis of RNA-seq data enables global
branchpoint annotation

We sought to create a genome-wide branchpoint annota-
tion by taking advantage of the occasional reverse tran-
scription of lariats and their subsequent incorporation
into cDNA libraries. The transient nature of lariat
RNA as well as the specific selection of polyadenylated
RNA in many RNA-seq library construction protocols
render lariat incorporation rare. Informative reads from
lariats—those that span the junction between the 5’
splice site and a branchpoint rather than simply lying
within the intron—are even rarer. To address this statis-
tical challenge, we performed an extremely large-scale
analysis of ~1.31 trillion reads from 17,164 RNA-seq
data sets (Supplemental Table S1). These data sets were
generated from healthy as well as diseased tissues, in-
cluding ~550 billion reads from the Genotype-Tissue Ex-
pression (GTEx) project’s survey of healthy tissues (Melé
et al. 2015) and ~490 billion reads from The Cancer Ge-
nome Atlas’s survey of primary and peritumoral tissues
from diverse cancers. Together, these 17,164 data sets
represent a comprehensive survey of cell types and phys-
iological states.

For each RN A-seq data set, we identified lariat-derived
reads that spanned 5’ splice site-branchpoint junctions
by sequentially aligning reads to the transcriptome,
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genome, 5 splice sites, and 3’ splice sites (Fig. 1A; Supple-
mental Fig. S1). This alignment strategy was modeled af-
ter the “split-read” approach used by Mercer et al.
(2015). In brief, we first prefiltered each RNA-seq data
set by removing all reads that aligned to the transcriptome
or genome. We then aligned the remaining reads to a data-
base of all annotated 5’ splice sites, requiring a minimum
of 20 nucleotides (nt) of aligned sequence. We trimmed
each read alignment to remove the 5 splice site sequence
and then aligned each trimmed read to a database of all an-
notated 3’ splice sites, requiring complete alignment of
the trimmed read with a minimum of 20 nt of aligned se-
quence within 250 nt of the 3’ splice site itself. We then
restricted to reads that aligned to 5’ and 3’ splice sites
within a single gene in the “inverted” pattern (e.g., where
the end of the read maps upstream of the start of the read)
expected of reads arising from lariats rather than linear in-
trons. The inferred branchpoint location is then the last
nucleotide of the alignment of the trimmed read to the
3’ splice site. Finally, in order to obtain nucleotide-level
resolution of branchpoint locations, we restricted to reads
with a mismatch at the inferred branchpoint location.
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Branchpoint multiplicity and tissue specificity

Such mismatches are strongly associated with correctly
inferred branchpoints, as reverse transcriptase frequently
incorporates an incorrect nucleotide when traversing the
2/-5" phosphodiester linkage at the branch (Vogel et al.
1997; Gao et al. 2008).

Manual inspection of the resulting data set revealed
that we comprehensively annotated 5’ splice site-branch-
point pairs for many genes. For example, we identified
branchpoints within all but one intron of the gene encod-
ing the splicing factor SRSF5. Our 5’ splice site-branch-
point pairs revealed complex splicing patterns for
SRSF5, including alternative 5’ splice site usage, skipping
of multiple cassette as well as constitutive coding exons,
and usage of branchpoints that were proximal as well as
distal to 3’ splice sites (Fig. 1B).

Comparison with published branchpoint annotations

As the split-read alignment procedure can be confounded
by gene duplications or the presence of other repetitive ge-
nomic DNA, we assigned a confidence level to each in-
ferred 5’ splice site-branchpoint pair. For a 5’ splice site—

Figure 1. Genome-wide branchpoint anno-
tation from RNA-seq data. (A) Overview of
our branchpoint detection algorithm (see
also Supplemental Figure S1). (B) Branchpoint
annotation of SRSF5. For simplicity, only the
intron-distal splice site of a competing 5
splice site event within the first intron is il-
lustrated in the exon—intron structure. (Verti-
cal red bars) Branchpoints; (horizontal black
lines) 5 splice site-branchpoint pairs. The
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detection rate as a function of the number of
sequenced lariats. We randomly sampled
from all sequenced lariats analyzed in our
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branchpoint pair to meet the highest confidence level, we
required (1) that >5% of supporting reads have mismatch-
es at the branchpoint but no other mismatches or indels
(insertions/deletions) in the 3’ splice site alignment and
(2) that the 25 nt downstream from the 5 splice site, 25
nt upstream of the inferred branchpoint, and 25 nt of the
lariat centered on the inferred branchpoint all be unique
(not present in the transcriptome or genome). We succes-
sively relaxed these criteria for the moderate and low con-
fidence levels. We removed the sequence uniqueness
criteria for moderate-confidence branchpoints and al-
lowed additional mismatches and indels in the 3’ splice
site alignment for low-confidence branchpoints. We iden-
tified a total of 136,998, 9182, and 48,935 5’ splice site—
branchpoint pairs at high, moderate, and low confidence
levels. Our branchpoint annotations were robust with
respect to the specific details of the thresholds used. For
example, requiring that >25% of supporting reads have
mismatches at the branchpoint but not other mismatches
or indels in the 3’ splice site alignment (a fivefold increase
in stringency) resulted in only a 2.9% decrease in the
number of high-confidence 5' splice site-branchpoint
pairs that we identified.

We next assessed the likely accuracy of our branchpoint
inference procedure for each confidence level. Biochemi-
cal studies and lariat sequencing have revealed that aden-
osine is the most effective and frequent branchpoint
ribonucleotide (Gao et al. 2008), suggesting that global
branchpoint adenine frequency correlates with inference
accuracy. Branchpoints that we identified at high, moder-
ate, and low confidence levels had adenine frequencies
of ~77%, 50%, and 32%, indicating that our confidence
levels correlate with likely inference accuracy. Therefore,
we restricted all subsequent global analyses to 5’ splice
site-branchpoint pairs detected at the highest confidence
level.

We next compared our branchpoint annotations with
previously published branchpoint data sets (Table 1). We
identified 70,935 and 94,216 more branchpoints than
were reported in Mercer et al. (2015) and Taggart et al.
(2017), the largest sets of branchpoint annotations pub-
lished to date. (For comparison with Taggart et al. [2017],
we used their “high-confidence” set of branchpoints.)
Our annotation exhibited a branchpoint adenine frequen-
cy of ~77% versus 78% and 55% for Mercer et al. (2015)

Table 1. Comparison of published branchpoint annotations

and Taggart et al. (2017). The lower adenine frequency
for the annotation of Taggart et al. (2017) may be due to dif-
ferences in the methods that each study used to call
branchpoints. Like Mercer et al. (2015), we restricted to
reads with a mismatch at the inferred branchpoint, which
is diagnostic of reverse transcriptase incorporating an in-
correct nucleotide when traversing the 2/-5' phospho-
diester linkage at the branch (Vogel et al. 1997; Gao et al.
2008). In contrast, Taggart et al. (2017) did not require a
mismatch at the inferred branchpoint. Instead, they
aligned putative branchpoint sequence contexts to the
U2 small nuclear RNA (snRNA) sequence and called
branchpoints at the inferred bulged nucleotide (Taggart
etal. 2017).

Parent gene expression and intron length determine
branchpoint detection rate

Despite the extremely large-scale nature of our analysis,
we did not approach saturation. We estimated the branch-
point detection rate as a function of the number of
sequenced lariats by randomly sampling from all branch-
point-spanning reads. Even though we detected many
more branchpoints than did previous studies, branchpoint
detection continued to increase rapidly as a function of the
number of sequenced lariats throughout the dynamic
range of our study (Fig. 1C).

We detected one or more branchpoints within ~37%
and 42% of U2- and U12-type constitutive introns present
in the RefSeq annotation (O’Leary et al. 2016), where we
defined constitutive introns as those that were present
in all child transcripts of a given RefSeq gene (Fig. 1D). Fif-
ty percent of detected branchpoints fell within RefSeq
constitutive introns, while 35% fell within nonconstitu-
tive introns present in the RefSeq, University of California
at Santa Cruz (UCSC), Ensembl, or Mixture of Isoforms
(MISO) isoform databases (Fig. 1E; Katz et al. 2010; Flicek
et al. 2013; Meyer et al. 2013). An unexpectedly large per-
centage (14%) of 5 splice site-branchpoint pairs corre-
sponded to introns that were not annotated in any of
those isoform databases, resulting from skipping of one
or more ostensibly constitutive exons. While some such
cases may correspond to stable isoforms with potential
cellular functions, many may simply represent by-prod-
ucts of splicing mistakes.

RNA-seq reads

5" splice site- A frequency at

Study analyzed Branchpoints branchpoint pairs branchpoint
Gao et al. 2008 NA 60 60 85%
Taggart et al. 2012 ~1.2 billion 862 Not reported 39%
Mercer et al. 2015 ~3 billion 59,359 Not reported 78%
Taggart et al. 2017 ~11.3 billion 36,078 Not reported 55%
This study: high confidence ~1.31 trillion 130,294 136,998 77%
This study: moderate confidence ~1.31 trillion 8220 9182 50%
This study: low confidence ~1.31 trillion 47,894 48,935 32%

The high-, moderate-, and low-confidence categories used in our study are mutually exclusive. The numbers for Taggart et al. (2017)

correspond to their “high-confidence” set of branchpoints.

4 GENES & DEVELOPMENT


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on April 17, 2018 - Published by Cold Spring Harbor Laboratory Press

The numbers of branchpoints that we detected per in-
tron or gene were highly variable. We obtained seemingly
near-complete annotations for some genes (e.g., SRSF5 in
Fig. 1B) and few or no branchpoints for any introns of other
genes. This high level of variability in branchpoint detec-
tion could arise from many factors, including differences
in parent gene expression, intron length, and lariat stabil-
ity. We tested whether each of these factors contributed to
differences in branchpoint detection rate. We restricted
these power analyses to constitutive introns in order to
avoid additional complexities arising from alternative
splicing. The branchpoint detection rate was strongly
positively and negatively correlated with parent gene ex-
pression and intron length, as expected from random sam-
pling of lariats (Supplemental Fig. S2A-C). Branchpoints
from very short (<200-base-pair [bp]) introns were un-
derrepresented, presumably because most RNA-seq pro-
tocols intentionally deplete such short RNAs during
library preparation.

We tested whether some lariats had unusually short or
long half-lives by comparing the observed abundance of
each lariat with its expected abundance, defined as the ra-
tio of its parent gene expression to intron length. The dis-
tribution of observed to expected abundances followed a
normal distribution across all sequenced lariats, consis-
tent with a model in which lariats are degraded randomly.
Lariats with a guanine branchpoint exhibited a 1.6-fold
greater abundance than expected, suggesting that they
are frequently more stable than lariats with adenine, cyto-
sine, or thymine/uracil branchpoints (Supplemental Fig.
S2D). These findings are consistent with a previous report
that lariats formed from nonadenine mutants of the rabbit
HBB gene were resistant to debranching relative to lariats
formed via the wild-type adenine branchpoint (Hornig
et al. 1986).

Branchpoint multiplicity and tissue specificity

Distal branchpoints contribute to alternative exon
and intron recognition

We used our genome-wide branchpoint annotation to
identify sequence features contributing to branchpoint
recognition and usage. Branchpoints within constitutive
introns were most frequently adenine (82.5%), followed
by guanine (8.7%), thymine/uracil (4.7%), and cytosine
(4.1%). We observed a modest preference for thymine/ura-
cil at the —2 position relative to the branchpoint, as report-
ed previously (Gao et al. 2008). However, this preference
was restricted to adenine branchpoints, with no site-spe-
cific sequence preferences at any other nucleotides for
nonadenine branchpoints (Fig. 2A).

Branchpoints exhibited a tightly constrained spatial dis-
tribution, as reported by previous studies (Taggart et al.
2012, 2017; Mercer et al. 2015). Branchpoints within U2-
type constitutive introns were positioned at a median of
28 nt upstream of the 3’ splice site, with 80% of such
branchpoints found within the positions —49 and —20
nt. Branchpoints within Ul2-type introns exhibited a
bimodal distribution (Fig. 2B). Approximately half of
such U12-type branchpoints were found in close proxim-
ity (within 20 nt) of the 3’ splice site, as observed previous-
ly (Dietrich et al. 2001; Taggart et al. 2017). In contrast,
approximately half of Ul2-type introns were located
only modestly closer to the 3’ splice site than we observed
for U2-type branchpoints. We classified introns as U2- or
U12-type by finding the best match between each 5’ splice
site sequence to the U2- and U12-type consensus sequenc-
es. The U2- and Ul2-type 5 splice site consensus se-
quences are distinct (Sheth et al. 2006), making frequent
misclassification unlikely. However, we cannot rule out
the possibility that classification error contributes to the
unexpected bimodal spatial distribution for Ul2-type
branchpoint positions.

Figure 2. Branchpoint position, but not se-
quence context, is constrained. (A) Sequence
logos of branchpoint contexts. The plot is re-
stricted to branchpoints within RefSeq consti-

tutive introns. (B) Histogram of branchpoint
positions relative to the 3’ splice site, where
position —1 nt corresponds to the last intronic
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nucleotide. Vertical dashed lines at —20, —238,
and —49 nt illustrate the 10th, 50th, and 90th
percentiles of positions for U2-type introns.
The plot is restricted to branchpoints within
RefSeq constitutive introns. (C) As in B but
for U2-type introns classified as constitutive
or retained. To ensure that the analyzed sets
of introns were disjoint, we restricted to con-
stitutive introns that did not overlap introns
annotated as potentially retained in the
MISO version 2.0 annotation even if those in-
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branchpoint position relative
to 3' splice site (nt)
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branchpoint position relative
to 3' splice site (nt)
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branchpoint position relative
to 3' splice site (nt)

trons did not exhibit retention in our data.
The vertical dashed line at —28 nt illustrates
the median position for constitutive introns.
(D) As in B but for U2-type introns classified

-40 -20 0

as constitutive or upstream of a cassette exon. To ensure that the analyzed sets of introns were disjoint, we restricted to constitutive in-
trons that did not overlap introns associated with cassette exons even if those cassette exons did not exhibit alternative splicing in our
data. The vertical dashed line at —28 nt illustrates the median position for constitutive introns.
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While most branchpoints were positioned proximal
to the 3’ splice site, a subset was located further upstream.
Distal branchpoints, located >50 nt upstream, constituted
only 9.5% of branchpoints in U2-type constitutive introns
(Fig. 2B). In contrast, distal branchpoints frequently
occurred in introns associated with alternative splicing
events, consistent with previous reports (Corvelo et al.
2010; Taggart et al. 2012, 2017). We quantified alternative
splicing across 16 human tissues and restricted to “switch-
like” events that exhibited changes in isoform ratio
(“switch scores”) of >25% between tissues. This restric-
tion focused our analysis on regulated tissue-specific splic-
ing rather than low-abundance isoforms that might result
from stochastic splicing. Distal branchpoints occurred at
frequencies of 39.5% and 28.7% within U2-type introns
that were frequently retained or positioned upstream of
cassette exons (Fig. 2C,D). Far-distal branchpoints, located
>100 nt upstream, occurred at frequencies of 4.6%, 22.0%,
and 13.9% in U2-type constitutive introns, retained in-
trons, and introns upstream of cassette exons. This unex-
pectedly strong enrichment for distal and far-distal
branchpoints in switch-like retained introns strongly sug-
gests that branchpoint position contributes to regulated
intron recognition.

Almost all constitutive introns have multiple
branchpoints

We anecdotally noticed that many introns contained mul-
tiple annotated branchpoints. This branchpoint multiplic-
ity was common even in constitutive introns, which are
not subject to alternative splice site usage yet frequently
contain an unexpectedly large number of branchpoints.
Given this surprising degree of branchpoint multiplicity,
we sought to confirm the results of our high-throughput
branchpoint inference procedure with direct lariat se-
quencing. We selected four constitutive introns within
MBNL1, POLR3A, SNX9, and VASP, each of which exhib-
ited high branchpoint multiplicity, with six or seven
branchpoints discovered within RNA-seq libraries from
the K562 erythroleukemic cell line alone. We generated
cDNA libraries from K562 cell lysate, used nested PCR
to specifically amplify lariats from each of those four in-
trons, performed Sanger sequencing on single amplicons
with colony sequencing, and inferred branchpoints from
each sequenced amplicon (Supplemental Fig. S3A,B). For
each intron, we validated the majority of computationally
inferred branchpoints and furthermore discovered new
branchpoints (Fig. 3A,B). In addition to experimentally
confirming the striking branchpoint multiplicity that we
inferred for many introns, these results demonstrated
that many or most introns are still undersampled despite
our very large-scale RNA-seq analysis.

We next tested whether branchpoint multiplicity was
an unusual feature of specific introns or was instead a
common characteristic of many introns. Accurately esti-
mating branchpoint abundance is challenging for two rea-
sons. First, as revealed by our power analysis and targeted
lariat sequencing experiments, our study has not ap-
proached saturation of lariat sequencing even for introns
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with many annotated branchpoints (Figs. 1C, 3A,B). Sec-
ond, our lariat sequencing depth varied by orders of mag-
nitude for different introns.

We simultaneously controlled for both of those effects
by stratifying all analyses by per-intron lariat sequencing
depth. Simply binning each intron according to the num-
ber of sequenced lariats revealed that the vast majority of
constitutive introns contained multiple lariats. Ninety-
five percent of constitutive introns with the greatest se-
quencing depth (>250 sequenced lariats) contained two
or more distinct branchpoints, with a mean of 6.75 branch-
points detected per intron (Fig. 3C,D). Sequencing just five
to 10 lariats per intron was sufficient to detect multiple
branchpoints in the majority of introns. Ninety-five
percent is probably an accurate estimate of the fraction
of constitutive introns with multiple branchpoints, as an
asymptote is clearly evident in our power analysis (Fig.
3C). In contrast, additional lariat sequencing will probably
reveal novel branchpoints for the 95% of introns exhibit-
ing branchpoint multiplicity (no asymptote is visible in
the relevant power analysis) (Fig. 3D), consistent with
our discovery of novel branchpoints via direct lariat se-
quencing of MBNL1, POLR3A, SNX9, and VASP introns.

Our estimates of branchpoint multiplicity could poten-
tially be confounded by small nontemplated insertions or
deletions generated by reverse transcriptase when travers-
ing the 2'-5" phosphodiester linkage at the branch (Vogel
et al. 1997; Gao et al. 2008). Deletions do not confound
our analysis, as they do not result in a mismatch at the
branchpoint. However, insertion of a single nucleotide
could result in incorrect inference of a branchpoint at
the +1 position with respect to the actual branchpoint. (In-
sertion of two or more nucleotides, which is relatively in-
frequent, would result in multiple mismatches. Such
reads would not satisfy our criteria for high-confidence
branchpoints, except for the unlikely case where the ran-
domly inserted nucleotides matched the genomic se-
quence.) To test whether our branchpoint multiplicity
estimates were biased by this potential source of error,
we took the conservative approach of collapsing all adja-
cent branchpoints into a single branchpoint. Even after ap-
plying this merge procedure, we estimated that ~94% of
constitutive introns contained multiple branchpoints,
with a mean of five branchpoints per intron for introns
with the most lariat sequencing coverage (Supplemental
Fig. S4A,B). We conclude that high branchpoint multiplic-
ity typifies the vast majority of human introns.

Branchpoint position strongly influences
branchpoint usage

We next attempted to identify sequence features that con-
tribute to basal branchpoint recognition and selection in
the face of high branchpoint multiplicity. We took advan-
tage of the large-scale nature of our study to quantitatively
estimate branchpoint usage across 54 healthy human tis-
sues. We removed transcriptome- or genome-aligning
reads from the ~550 billion reads sequenced by the
GTEx project (Melé et al. 2015) and aligned the remaining
reads to all lariat sequences (5 splice site-branchpoint
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Figure 3. Most constitutively spliced introns contain multiple branchpoints. (A,B) Branchpoint annotations of introns within POLR3A
(A) and MBNL1, SNX9, and VASP (B) based on RNA-seq analysis as well as direct lariat sequencing. Colors indicate the evidence support-
ing each branchpoint. Examples of sequenced lariats are shown for POLR3A. (C) The fraction of constitutive introns with multiple
branchpoints as a function of the number of sequenced lariats with a mismatch at the branchpoint. Error bars indicate 95% confidence
interval estimated with a proportion test. (D) As in C but illustrating the mean number of branchpoints per intron. Error bars indicate
standard deviation of the mean, estimated by bootstrapping. (E) Branchpoint usage as a function of the relative branchpoint position.
Branchpoint usage is defined as the number of sequenced lariats supporting a given 5’ splice site-branchpoint pair divided by the total
number of sequenced lariats mapped to that 5 splice site. Each point corresponds to a single branchpoint. The plot is restricted to con-
stitutive introns with two or more branchpoints. The two most commonly used branchpoints per intron are illustrated. (F) As in E but
illustrating estimated binding energy to the U2 snRNA sequence AUGAUGUG for each branchpoint context.

pairs). We restricted to reads with a lesion (mismatch or
small indel) specifically at the branchpoint in order to
help ensure that the reads originated from reverse tran-
scription of branched RNA. For each tissue, we collated
reads sampled from different individuals in order to in-
crease our lariat sequencing depth. We then estimated
branchpoint usage by computing the frequency with
which a particular 5 splice site-branchpoint pair was
used relative to all branchpoints associated with that 5’
splice site. As we sought to identify sequence features
that influenced basal branchpoint recognition indepen-
dent of potential cis- or transacting regulation, we esti-
mated basal branchpoint usage by averaging branchpoint
usage across all 54 tissues.

We focused on the two key features that define a
branchpoint: its location relative to the 3’ splice site and
its complementarity to the U2 snRNA sequence. We re-
stricted to U2-type introns and focused our analysis on
the two most frequently used branchpoints within each
intron. Plotting quantitative branchpoint usage as a func-
tion of branchpoint position revealed that the majority of
most frequently used branchpoints resided within a nar-
row window, consistent with the restricted genome-
wide distribution of all branchpoint positions (Fig. 3E).
While a few far-distal branchpoints were predominantly
used, such examples were relatively uncommon.

In contrast to branchpoint position, complementarity
to the U2 snRNA was not strongly correlated with
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branchpoint usage. We computed the binding energy of
each branchpoint sequence context to the U2 snRNA se-
quence AUGAUGUG, with the exception of the branch-
point itself, which appears as a bulge in the structure.
While previous studies have shown that U2 snRNA
complementarity is associated with branchpoint recogni-
tion, this association is very weak (Mercer et al. 2015).
Consistent with previous results, we observed little asso-
ciation between U2 snRNA complementarity and quanti-
tative branchpoint usage (Fig. 3F). Many branchpoints
were very poor matches to the U2 snRNA yet were pre-
dominantly used. In contrast, most branchpoints within
Ul12-type constitutive introns were comparatively better
matches to the Ul2 snRNA sequence AGGAAUG (Sup-
plemental Fig. S4C).

Highly regulated ultraconserved introns have
an unusually high number of branchpoints

Since constitutive introns exhibited such a surprising de-
gree of branchpoint multiplicity, we hypothesized that in-
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trons that were associated with alternative splicing might
exhibit even more. Manual inspection of specific introns
flanking highly regulated cassette exons, such as the “poi-
son” exons of SRSF5 and SRSF3, supported this hypothe-
sis (Figs. 1B, 4A). SRSF5 and SRSF3 are members of the SR
gene family, each of which contains a highly regulated
“poison” splicing event that introduces an in-frame pre-
mature termination codon into the mature transcript. Poi-
son exons contribute to SR splicing factor homeostasis
and overlap with ultraconserved or highly conserved ge-
nomic sequence (Lareau et al. 2007; Ni et al. 2007).

We first confirmed that the large branchpoint cluster
upstream of the SRSF3 poison exon was correctly annotat-
ed with direct lariat sequencing. As with our studies
of constitutive introns, direct lariat sequencing of the
SRSF3 intron both confirmed the computationally
inferred branchpoint cluster and revealed novel branch-
points (Fig. 4B). These branchpoints were spread through-
out the highly conserved intronic region upstream of the
poison exon, suggesting that they likely contribute to the
purifying selection acting on this genomic sequence.

Figure 4. Regulated alternative splicing is
associated with high branchpoint multiplici-
ty. (A) Branchpoint annotation for SRSF3. Se-
quence conservation was performed with
phastCons 100-vertebrate conservation track
(Siepel et al. 2005). The plot was based on an
image from the UCSC Genome Browser
(Meyer et al. 2013). (B) Branchpoint annota-
tion for the intron upstream of the SRSF3 poi-
son exon, based on RNA-seq analysis as well
as direct lariat sequencing. Colors indicate
the evidence supporting each branchpoint.
(C) The mean number of branchpoints de-
SRSF3 o tected in each of the illustrated classes of in-
trons. Alternative splicing annotations were
based on the MISO version 2.0 isoform data-
base (Katzetal.2010). The plot is restricted to
introns with >25 sequenced lariats to help
control for intron-specific variability in lariat
sequencing depth. Error bars indicate stan-
dard deviation of the mean, estimated by
bootstrapping. (D) As in C but illustrating
the frequencies with which each branchpoint
nucleotide occurs. (E) As in C but illustrating
the mean estimated U2 snRNA-binding en-
ergy. Error bars indicate standard deviation
of the mean, estimated by bootstrapping.
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We next tested whether branchpoint abundance was as-
sociated with alternatively spliced sequences at a ge-
nome-wide level. We classified introns as constitutive,
retained, upstream of or downstream from cassette exons,
containing a cassette exon, or containing competing 5’ or
3’ splice sites. We considered introns that were associated
with poison exons of SR genes as a distinct class. All in-
trons associated with the inclusion of alternatively
spliced sequence were enriched for branchpoints relative
to constitutive introns, with retained introns displaying
the greatest enrichment (~43%) (Fig. 4C). While introns
upstream of as well as downstream from cassette exons
were enriched for branchpoints, introns corresponding to
cassette exon exclusion exhibited a modest depletion rel-
ative to constitutive introns, suggesting that some
branchpoints downstream from cassette exons are used
only in the context of exon inclusion. (This comparison
was made possible by our enumeration of 5’ splice site—
branchpoint pairs rather than branchpoints alone.) We ob-
served the same trend, although with much greater
branchpoint multiplicity, for introns associated with poi-
son exons of SR genes.

In addition to exaggerated multiplicity, branchpoints
within introns that were associated with alternative splic-
ing exhibited other unusual characteristics. Adenine is
found at ~83% of branchpoints within constitutive in-
trons but only ~58% of branchpoints within retained in-
trons (Fig. 4D). Adenine frequencies are highest for 5
splice site-branchpoint pairs corresponding to cassette
exon exclusion (~88%), mirroring our observation that
cassette exon exclusion is associated with reduced branch-
point multiplicity even relative to constitutive intron
splicing. Introns flanking the poison exons of SR genes
contained branchpoints within sequence contexts that
were unusually poor matches to the U2 snRNA consensus,
with an average of —0.4 kcal/mol for introns upstream of
SR poison exons versus —1.1 kcal/mol for constitutive in-
trons (Fig. 4E). Together, our data indicate that an abun-
dance of branchpoints, many of which are suboptimal,
likely contributes to regulated alternative splicing.

Branchpoint usage is frequently tissue-specific

The branchpoint multiplicity that characterizes most in-
trons theoretically permits tissue-specific branchpoint se-
lection and intron recognition even for constitutive
introns. We anecdotally noticed a striking example of
this within the first intron of HBB (encoding p-globin), a
well-studied splicing substrate. Early biochemical studies
demonstrated that HBB'’s first intron forms a lariat RNA
via an adenine branchpoint at position —37 nt relative to
the 3’ splice site (Ruskin et al. 1984). Mutating this
branchpoint to a guanine did not abolish in vitro splicing
of its parent intron. Instead, branchpoint usage shifted to a
3’ splice site-proximal adenine located at position —24 nt
(Ruskin et al. 1985). While the dominant branchpoint at
position —37 nt is an excellent match to the U2 snRNA,
with a binding energy of —5.2 kcal/mcol, the cryptic
branchpoint at position —24 nt has a binding energy of
just —0.5 kcal/mol. This difference may explain why the

Branchpoint multiplicity and tissue specificity

downstream branchpoint was used in vitro only when
the dominant branchpoint was mutated.

Given these biochemical studies, we expected to ob-
serve exclusive usage of the —37-nt branchpoint in our
own data for HBB. Unexpectedly, we found that branch-
point usage was instead highly tissue-specific, with non-
overlapping sets of branchpoints used in blood versus
metastatic prostate cancer (Fig. 5A). The —37-nt branch-
point was present in 79% of lariats sequenced from nor-
mal or leukemic peripheral blood or bone marrow, with
infrequent usage of other branchpoints at positions —78,
—41, and —24 nt. In contrast, in metastatic prostate cancer
samples, branchpoints at positions —30 nt and —26 nt con-
stituted 31% and 58% of branchpoint usage. The —37-nt
branchpoint was virtually unused.

Since we observed such striking variation in branch-
point usage even within the well-studied first intron of
HBB, we hypothesized that tissue-specific branchpoint
usage might be more common than is currently recog-
nized. We therefore sought to use direct lariat sequencing
to identify differentially used branchpoints within the
VASP and SRSF3 introns studied above as exemplars of
constitutive and alternative splicing. We first confirmed
that our direct lariat sequencing protocol was sufficiently
reproducible to quantify differential branchpoint usage.
We amplified, cloned, and sequenced lariats from the
VASP and SRSF3 introns in technical duplicates from
five tissues obtained from healthy donors (peripheral
blood, cerebellum, spleen, fetal spleen, and testis). We es-
timated false discovery rates (FDRs) for each intron by
measuring the frequencies of differential branchpoint us-
age between the technical replicates for each of the [[num-
ber of branchpoints) x (number of tissues)] trials, where we
defined differential branchpoint usage as differences in us-
age of >10% with a P-value of <0.01. We estimated FDRs
0f 2.5% and 2.4% for VASP and SRSF3, indicating that our
assay is robust with respect to experimental variability.

We therefore used our lariat sequencing assay to quanti-
fy branchpoint usage for all branchpoints within the VASP
and SRSF3 introns. We observed frequent differential
branchpoint usage for both introns, including differences
between tissues as well as between fetal and adult sam-
ples from the same tissue (Fig. 5B,C). Both the VASP and
SRSF3 introns contained “switch-like” branchpoints,
which were never used in some tissues but were used fre-
quently in others. The four and five differentially used
branchpoints that we detected in VASP and SRSF3 far ex-
ceeded the number expected from experimental variabili-
ty alone, with associated P-values of 5.6x 1072 and 1.9 x
107° (Fig. 5D).

We next extended our targeted experimental analysis of
VASP and SRSF3 to a genome-wide RNA-seq-based mea-
surement of differential branchpoint usage. We estimated
branchpoint usage across healthy human tissues in the
GTEx data set and performed a power analysis similar to
our approach for estimating genome-wide branchpoint
multiplicity (Fig. 3C,D). We focused our analysis on con-
stitutive introns, since branchpoint multiplicity and dif-
ferential branchpoint usage in the context of constitutive
splicing was so unexpected. We restricted to constitutive
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introns with two or more branchpoints, binned each intron
according to the total number of sequenced lariats across
all tissues, and tested whether each intron exhibited tis-
sue-specific differences in branchpoint usage.

Our power analyses suggested that most branchpoints
within constitutive introns are used relatively frequently
within one or more tissues and that a majority of constitu-
tive introns undergoes tissue-specific branchpoint usage
(Fig. 5E). After binning introns by the total number of se-
quenced lariats, we found that ~87% of branchpoints
within the highest-coverage bin (total of >250 sequenced
lariats over all tissues) were used at rates of >10% in one
or more tissues. Fifty-eight percent of constitutive introns
within this highest-coverage bin exhibited tissue-specific
branchpoint usage. We obtained even more striking re-
sults after binning introns by the mean number of se-
quenced lariats per tissue. This method more accurately
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controlled for how variable sequencing depth affected
our power to quantify branchpoint usage. Approximately
96% of branchpoints within the highest-coverage bin
(mean of >10 sequenced lariats per tissue) were used at
rates of >10% in one or more tissues, and 81% of consti-
tutive introns in this coverage bin exhibited tissue-specif-
ic branchpoint usage. We conclude that even constitutive
introns commonly undergo tissue-specific branchpoint
usage.

Discussion

In addition to providing a comprehensive genome-wide
branchpoint annotation, our study has several important
implications for future studies of splicing mechanisms
and regulation. First, our finding that most introns have
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multiple branchpoints suggests that any perturbation of
branchpoint recognition may have unexpectedly profound
consequences for global splicing. Branchpoint multiplici-
ty may be particularly important in the context of cancer-
associated mutations that alter normal splicing mecha-
nisms and regulation (Dvinge et al. 2016). Second, our
study demonstrates that branchpoint selection is unex-
pectedly complex in healthy tissues, even for constitutive
introns. The striking tissue-specific variability in branch-
point usage that we observed suggests that introns are
recognized in mechanistically distinct ways in different
cell types.

The discovery of recurrent cancer-associated mutations
affecting the splicing factor SF3B1 created intense interest
in understanding how these mutations might alter normal
splicing (Papaemmanuil et al. 2011; Quesada et al. 2011;
Wangetal. 2011; Yoshida etal. 2011). SF3B1 is a core com-
ponent of U2 snRNP that binds pre-mRNA near the
branchpoint. While the mechanistic consequences of
SF3B1 mutations have not been fully elucidated, several
studies have demonstrated that these lesions are associat-
ed with abnormal 3’ splice site recognition, including us-
age of cryptic 3’ splice sites and alternate branchpoints
(Darman et al. 2015; DeBoever et al. 2015; Alsafadi et al.
2016). However, relatively few splicing changes have
been identified to date in SF3B1 mutant cells (Obeng
et al. 2016). Given the unexpected branchpoint multiplic-
ity and tissue-specific regulation revealed by our study, we
speculate that SF3B1 mutations might have more pro-
found and pervasive consequences for global splicing
than is currently recognized.

While our study highlights the complexity of recogniz-
ing even constitutive introns, the mechanistic origins of
tissue-specific branchpoint usage remain mysterious. For
example, it is unclear why different sets of branchpoints
underlie HBB splicing in blood versus metastatic prostate
cancer samples. This tissue specificity is not readily ex-
plained by somatic mutations, as the analyzed metastatic
prostate cancer samples were not enriched for recurrent
splicing factor mutations (Robinson et al. 2015). Interest-
ingly, within each of the two distinct sets of branchpoints,
the branchpoint with the best match to the U2 snRNA was
dominant (Fig. 5A). Binding of trans-acting factors to the
HBB intron might prevent branchpoint recognition by
physical occlusion, and competition between nonoc-
cluded branchpoints might govern subsequent patterns
of branchpoint selection in a given tissue. Even a single
splicing factor can occlude multiple branchpoints; for ex-
ample, CELF2 can bind sites flanking a branchpoint clus-
ter to simultaneously prevent usage of any branchpoint
in the cluster (Dembowski and Grabowski 2009). Further
studies are required to test whether this or other mecha-
nisms enforce the tissue specificity of branchpoint usage
within HBB, VASP, SRSF3, and other genes.

What are the functional consequences of branchpoint
multiplicity? We speculate that having multiple branch-
points might confer both fitness advantages and expanded
regulatory potential to introns. First, branchpoint multi-
plicity may confer mechanistic robustness. Having multi-
ple branchpoints may render introns resilient to otherwise

Branchpoint multiplicity and tissue specificity

deleterious transcriptional errors, somatic mutations, or
genetic variation. Second, branchpoint multiplicity may
facilitate splicing regulation by rendering splice site recog-
nition more plastic. For example, an intron with multiple
branchpoints could be regulated by the intronic binding of
tissue-specific splicing factors that promote or repress in-
dividual branchpoints. Such an intron might have more
inherent regulatory potential than would an intron with
a single branchpoint. This hypothesis is supported by
our finding that introns associated with the highly regu-
lated SR poison exons are rich with branchpoints. Third,
branchpoint multiplicity may enable regulated retention
of introns, including ostensibly constitutive introns. A
majority of human introns, most of which are not associ-
ated with alternative splice site or exon usage, exhibits
detectable intron retention in specific healthy and/or can-
cerous cell types (Braunschweig et al. 2014; Dvinge and
Bradley 2015). With rare exceptions, the mechanistic ori-
gins of intron retention are not understood. However,
our observation that the most frequently retained introns
have more branchpoints than do other introns, including
nonadenine and 3’ splice site-distal branchpoints, strongly
suggests that branchpoint selection is an important con-
tributor to regulated intron retention. While our under-
standing of branchpoint selection remains incomplete, it
is clear that the branchpoint plays a more important regu-
latory role in both constitutive and alternative splicing
than is generally recognized.

Materials and methods

Genome annotations

We generated a genome annotation by merging the UCSC
knownGene (Meyer et al. 2013), Ensembl 71 (Flicek et al. 2013),
and MISO version 2.0 (Katz et al. 2010) annotations for the
UCSC hgl9 (GRCh37) genome assembly. We created an expand-
ed intron annotation for subsequent branchpoint mapping by
enumerating all possible combinations of annotated 5 and 3
splice sites within each gene.

Gene expression and alternative splicing analysis

We estimated gene expression and alternative splicing across the
16 tissues in the Body Map 2.0 database as described previously
(Dvinge et al. 2014). Briefly, we first mapped all reads to the tran-
scriptome with RSEM (RNA-seq by expectation maximization)
version 1.2.4 (Li and Dewey 2011), which produces gene-level ex-
pression estimates. We modified RSEM to invoke Bowtie (Lang-
mead et al. 2009) with the option “-v 2.” We then mapped
remaining unaligned reads to the genome and the splice junction
database described above (equivalent to the expanded intron an-
notation) with TopHat version 2.0.8b (Trapnell et al. 2009). We
merged the read alignments produced by RSEM and TopHat
and used those as input to MISO with its version 2.0 annotation
(Katz et al. 2010) to quantify isoform expression.

Branchpoint detection algorithm

Our branchpoint detection algorithm was based on the split-read
alignment strategy used in Mercer et al. (2015).
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Prefilter reads  First, filter out reads with >5% Ns or other ambig-
uous characters. Next, sequentially invoke Bowtie2 as follows for
the transcriptome and genome: bowtie2 -x <index file for tran-
scriptome or genome> --end-to-end --sensitive --score-min L,0,-
0.24 -k 1 --n-ceil L,0,0.05 -U <FASTQ file of reads>. Finally,
discard the aligned reads and use the unaligned reads as input
for the next step.

Map 5' splice site sequences toreads First, build a Bowtie index for a
FASTA file of prefiltered reads. Next, 