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Large-scale mapping of 
branchpoints in human  
pre-mRNA transcripts in vivo
Allison J Taggart1,2,5, Alec M DeSimone1,5, Janice S Shih3, 
Madeleine E Filloux1 & William G Fairbrother1–4

We present the first large-scale identification of lariats—the 
transient branched introns that are released as a byproduct of 
pre-mRNA splicing. The locations of the branchpoints in these 
introns provide insight into the early steps of splicing. From  
this data set, we have developed a comprehensive model of  
3′ splice-site selection, identified new mechanisms of 
alternative splicing and mapped the distribution of splicing 
factors around branchpoints.

Pre-mRNA contains short sequences coding for proteins (exons) inter-
rupted by long, noncoding sequences (introns). The process called 
splicing connects two exons and releases the intron as a branched 
RNA (Fig. 1a, lariat). The lariats are produced in an equal quantity 
to the exon junctions in mRNA, but they degrade rapidly. Almost 
all we know about splicing in vivo comes from mRNA: hundreds of 
thousands of splice sites have been mapped from mRNA and genomic 
alignments, but fewer than 100 lariats have been characterized  
in vivo. Consequently, the mechanism of 3′ splice site (3′ss) selection 
is poorly understood. Here, we report what is, to our knowledge, the 
first large-scale detection of the transcript branchpoints from deep-
sequencing data.

Reverse transcriptase approaching the branchpoint by reading 
through the 5′ splice site (5′ss) occasionally traverses the branched 
nucleotide to copy the region of intronic RNA immediately upstream 
of the branchpoint1. This read contains two juxtaposed intronic 
segments that align in an inverted order, defining the 5′ss and the 
branchpoint (Fig. 1a). Reasoning that this same read-through phe-
nomenon occurs during the construction of deep-sequencing librar-
ies, we screened 1.2 billion total RNA reads for these unconventional, 
inverted alignments2. We found 2,118 reads that corresponded to 
861 lariats from 759 U2-dependent introns and a single read from a 
U12-dependent intron (Fig. 1a). An additional 3% (70 lariats) cor-
responded to events with no transcript support. Although nine of 
these reads suggested splicing events that occurred deep within an 
intron, the lariat more often appeared to have arisen from a known 
site splicing to a nearby cryptic site (61 lariats). Overall, the data 

suggest that splicing occurs with high fidelity. None of the recovered 
lariats corresponded to recursive splicing or trans-splicing events that 
could be corroborated by transcript data or, in the case of recursive 
splicing, by nearby composite splice sites.

There appear to be differences between introns in terms of lariat 
abundance and the number of branchpoints used. It is known that 
branchpoints are functional elements whose disruption can result 
in a loss of splicing activity. (For example, numerous hereditary dis-
ease alleles in branch-point motifs result in splicing defects3; see 
Supplementary Fig. 1 and Supplementary Table 1). Whereas many 
introns appeared to splice via a single, presumably nonredundant 
branchpoint, other introns splice via multiple, presumably redundant 
sites (for example, the most extreme case listed in Supplementary 
Table 2, MCM7, utilizes 11 sites; Supplementary Fig. 1 shows the 
distribution of site multiplicity across introns). Analysis of sequence 
conservation supports this notion of two classes of introns. If an 
intron splices via a single branchpoint, we found its branchpoint 
region to be 17 times more conserved than those in introns that use 
alternate branchpoints (P value = 10−22 by t-test; see Online Methods).  
Short introns were sampled at a higher rate than long introns, 
even after correction for transcript abundance (Supplementary 
Fig. 2). For pre-mRNAs that undergo exon skipping, we detected 
expected levels of ‘branch-site skipping’ (lariats that encompass the 
skipped exon) consistent with an early-commitment model in which 
splice sites pair together before the first catalytic step of splicing 
(Supplementary Fig. 2)4.

Within annotated introns, 80% of the branchpoints mapped 
between 18 and 35 nucleotides (nt) upstream of the 3′ss (Fig. 1a). Of 
the 15 lariats validated in a nested RT-PCR-and-sequencing strategy,  
11 mapped to within 2 nt of the predicted branchpoints (Fig. 1a,  
Supplementary Table 2). About 3% of all branchpoints appeared 
to map to the last intronic position (that is, the 3′ss), suggesting 
circularization. Some of these circles could be validated by RT-PCR 
in human cell lines, and, in both cases that we tested, circulariza-
tion also occurred in the orthologous intron in mouse, as deter-
mined using brain RNA samples (Supplementary Fig. 3). However, 
these products did not seem to arise directly through splicing. The 
RNA appeared to have been spliced via a conventional lariat and 
then been circularized through a 3′-to-5′ linkage, possibly through 
a third nucleophilic attack or a debranching-and-ligation event. 
Unlike in branched RNA, the nucleotide in the circle correspond-
ing to the last intronic position was not associated with the elevated 
substitution rate (40-fold) typical of reverse transcription through 
a 2′-to-5′ linkage (Supplementary Fig. 4, P < 10−12) and of some 
examples of circles spliced via conventionally located branchpoints 
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during validation (for example, Fig. 1a, lane 23). Overall, these data  
suggest that there is an optimal branch-point location relative 
to the 3′ss. Branchpoints that map to the class of skipped exons,  

whose recognition is conditional, are located on average 15 nt 
upstream of this optimal distance (Fig. 1b). Alternative 3′ss exons 
have a bimodal distribution of branchpoints. Almost half (44%) of 
these branchpoints appear to enforce the usage of the distal 3′ss 
by mapping downstream of, on or within a few nucleotides of the 
proximal site. This analysis suggests that branchpoint location can 
determine splice site selection.

The existence of this data set of branchpoints provides an oppor-
tunity to test existing models of splice site recognition. For example, 
the widely accepted model of AG selection proposes a downstream 
scanning mechanism that starts from the branchpoint and selects the 
first AG for the 3′ss5. For 80% of the branchpoints, the first down-
stream AG is indeed the annotated 3′ss (P < 0.001, by permutation 
test). This phenomenon has been used to predict branchpoints by the 
‘AG exclusion zone’ that often exists between the branchpoint and the 
3′ss6. Other criteria have been proposed to modify this scan (such as 
secondary structure, context around the AG, distance to neighboring 
AGs and an optimal distance between the branchpoint and AG)7–10. 
To determine the relative importance of these influences, we used the 
branchpoint data to fit the process of AG selection to a decision tree. 
A decision tree optimized by the ID3 algorithm finds the most concise 
and effective hierarchy of decisions to explain the process of branch-
point selection11. Because this framework is hierarchical, like the 
underlying scanning process, an optimal decision tree could provide 
insight about the dominance of these mechanisms and the order in 
which they are applied in vivo. For example, certain criteria previously  

Figure 1 Identifying pre-mRNA lariats in human 
transcripts. (a) Each splicing event creates a lariat 
and spliced exon junction. Reverse transcriptase 
can extend through branched RNA. Inverted and 
conventional gapped alignments to the genome 
define branchpoint (red dot) and splice sites. 
The histogram represents the distribution of 
branchpoints mapped by distance in nucleotides 
to the 3′ splice site (3′ss). Predicted branchpoint 
validation gels are shown below. Black circles 
preceding the gene names indicate circularized 
introns. Red arrows represent lariat product 
sizes predicted from deep sequencing. The RNA 
dependence of the amplification was verified 
by the omission of reverse transcriptase (RT) or 
pretreatment with ribonuclease A (RNase A).  
(b) The mean locations and distribution of 
branchpoints for exons separated into three 
functional classes: all, skipped and alternative 
3′ss exons. P values comparing mean branchpoint 
distances for alternative events to all events 
were calculated by resampling. (c) A decision 
tree describing AG selection to an accuracy of 
95.6% using features identified in the literature. 
Upstream and downstream AGs (black font) are 
negative cases, while the observed 3′ss (in red) are positives. The most concise decision tree reveals four scenarios of AG selection (diagrammed to the right). 
Distances between the branchpoint and the upstream AG, used AG and downstream AG are represented as d1, d2 and d3, respectively.

Spliced RNA

66,485,640 reads2,119 reads

+
Lariata

Alignments

pre-mRNA c

P value

Branch point distances to 3′ss
(in nt;    denotes mean)

orExon
skipping

All events

Alternative
3′ss

<–100 0–50 >0

0.42

<0.001

<0.001

–
b

Distance to 3′ss (nt)
–200 –150 –100 –50 0 50

0

100

R
ea

ds

BP AG AG AG

d1
d2

d3

Optimal range
(16–25 nt from BP)

Yes AG not
used

No

d2-d1<14

d1>7

d2>7

d3-d2<14

No
BP AG AG
<8 nt >13 nt

Yes

BP AG AG
<8 nt <14 nt

No

Yes

Yes

BP AG>7 nt

No

No

Yes
BP AG AG
<8 nt <14 nt3′ AG in

optimal
range

No

Yes

AG
optimal
range

AG Site under
consideration

AG is
first ?

AG not
used

AG not
used

AG not
used

Yes

AG

No

EP300
+ –

WDR74
+ –

FUNDC2
+ –RT

CAD
+ –
– –+

VEZF1
+ – –
– –+

–
PSMC3
+ –

KIAA0913
+ –

RNase A – –– – – – – – – –

EEF1A1
+ –

EIF4G3
+ –

HSPG2
+ –

RAB9A
+ –

FTCD
+ ––

ACTB
+ ––

KIAA0441
+ –RT

RNase A

SEZ6L2
+ –
– –

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

MCM7
+ ––

19 20 21 22 23 24 25 26 27 28 29 30 31 35 36 3732 33 34

– –+ – –+– ––– – – – – – – – – +

0.002

0.001

0

–200 –150 –100 –50 0 50 100

Distance to nearest branchpoint (nt)

F
raction of total C

LIP
 tags

hnRNP C

FOX2

PTB 0.002

0.001

0

0.002

0.001

0

n = 1,461  tags

n = 1,446 tags

n = 3,543 tags

0.003

hnRNP A2/B1, F, and U

0.002

0.001

a

b

c

d

0

n > 1,000 tags

0.003

Figure 2 CLIP-tag density of splicing factors relative to the closest 
branchpoint. (a–d) Published alignments of cross-linking and 
immunoprecipitation (CLIP) tags were overlapped with lariat introns 
from four separate studies of human splicing factors: FOX2 in human 
embryonic stem cells14 (a); PTB13 (b) and hnRNP C12 in HeLa cells (c);  
and hnRNP A2/B1, hnRNP F and hnRNP U in 293 cells15 (d). The 
genomic coordinates of tag alignments were converted to distance from 
branchpoints. Tag density (y axis) is plotted along this branchpoint 
coordinate system (x axis) for three regulators of splicing. The branchpoint 
is located at x-axis position zero.
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reported to affect AG selection (such as secondary structure and AG 
context) did not contribute to the accuracy of our implementation 
of this classifier. Instead, almost all 3′ss decisions made after lariat 
formation could be explained by distances of the AGs to the branch-
point and to each other. Optimizing the decision tree by testing a 
range of constraints returned four scenarios of 3′ss recognition that 
used the following types of spatial information: a preference for the 
first AG, a minimal distance (8 nt) and an optimal distance (16–25 nt) 
from the branchpoint (Fig. 1c). Separating the data into a testing set 
and training set using these optimized parameters returned a correct 
prediction rate of 95.6% for AG dinucleotides located downstream of 
identified branchpoints. This approach organized the conclusions of 
numerous biochemical case studies into a general unifying mecha-
nism that is, in general, simpler and more complete than the models 
proposed in the separate studies.

Finally, the availability of a large set of branchpoints allowed for the 
description of the architecture of RNA-protein interactions around 
the 3′ termini of introns. Overlaying genome-wide maps of splicing- 
factor binding reveals nonuniform distributions around the database 
of branchpoints12–15 (Fig. 2). In general, hnRNP proteins avoid the 
branchpoint (Fig. 2b,c: PTB and hnRNP C in HeLa cells; Fig. 2d: 
hnRNP A2/B1, hnRNP F and hnRNP U in 293 cells). HnRNP C has 
been shown to bind pre-mRNA with a periodicity of 165 nt (ref. 12).  
Overlaying these data suggests that the binding is phased in two  
registers around the branchpoint (that is, hnRNP C appears to con-
tact the RNA either immediately upstream or downstream of the 
branchpoint). RNA maps illustrate the importance of position to 
splicing-factor function. To date, this type of analysis has classi-
fied binding-site function relative to splice sites; however, this is an  
incomplete division. With the availability of branchpoints, pre-mRNAs  
can be fully resolved into regions delimited by the main functional 
landmarks of splicing: the splice sites and the branchpoints.

MeThods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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oNLINe MeThods
Lariat discovery. Data set. Lariat reads were identified in the Illumina Human 
Body Map 2.0 total RNA deep-sequencing library (GEO series accession 
number GSE30611). Reads consist of RNA samples derived from 16 tissues  
(GEO accession numbers GSM759522–GSM759537).

Hg19 annotated. We discovered branchpoints by searching for reads with inverted 
alignments. Reads with conventional alignments with fewer than four mismatches 
were eliminated. Each remaining read was split into all possible head and tail seg-
ments, in which each segment was at least 15 nt long. We mapped all head and tail 
segments to the genome using the Bowtie aligner16. Head and tail segments were 
required to have exactly one valid alignment and zero mismatches. Reads with 
segments that mapped in the expected order or did not map intronically were 
filtered. The remaining inverted reads were mapped to splice sites. In cases where 
the tail began at the first nucleotide of the intron and the head mapped within  
500 nt upstream of a 3′ss, we determined that the read spans the lariat  
2′–5′ linkage. In cases where there was alignment ambiguity, we allowed up 
to two mutations and assumed the alignment in which the tail mapped to the 
first nucleotide of the intron. The last nucleotide of the head was determined to  
be the branchpoint. Through this screen, 2,066 lariat reads were discovered  
(lariat_0–lariat_2065 in BED track). Reads that suggested branchpoints  
supported by spliced EST evidence were also reported. Nine lariat reads were 
discovered through this screen (lariat_2110–lariat_2118).

Unannotated transcripts with Illumina transcript support. To discover lariats form-
ing in unannotated transcripts, we built a library of potential spliced products 
inferred from the inverted reads. For each inverted read that did not map to an 
annotated 5′ss, we constructed a potential upstream exon by taking an 85-nt win-
dow upstream of the read tail. We created an array of 200 potential downstream 
exons by taking 85-nt windows at a distance of 1–200 nt from the end of the read 
head. These windows were artificially spliced together to create a set of potential 
spliced products. We aligned the Illumina reads against these spliced products, 
requiring that each read contain at least 15 nt on either side of the splice junction 
and not have any mismatches. In cases where a splice product was found and 
the implied intron contained a 5′ GT and 3′ AG sequence, the inverted read was 
determined to be a true lariat forming in an unannotated transcript. Through this 
screen, 44 lariat reads were discovered (lariat_2066–lariat_2109).

Lariats forming deep within introns. From intronic out-of-order reads without 
transcript support, we filtered a high-confidence set of lariats by requiring that 
both the heads and tails were never annotated as exons (alternative events), the 
beginning of the tail had a patser score of at least 6.0 against a 5′ss position–
 specific weight matrix, and the read had a mutation at the branchpoint17.

Scoring bona fide lariats for matches to the 5′ss position–specific weight 
matrix, we found that 83% score greater than 6.0. Of inverted gapped intronic 
alignments that lack transcript support, 0.5% score greater than 6.0—a two-fold 
excess relative to noninverted gapped intronic alignments (0.22%) or random 
intronic windows sampled (0.29%). The mutation rate of reverse transcriptase 
is 40-fold higher when reading through a 2′–5′ (as opposed to 3′–5′) phospho-
diester bond (Supplementary Fig. 2). Demanding this mutation at potential 
lariats increases this 2-fold excess to 13-fold.

We counted the number of splicing events that used an annotated 5′ss without 
a 3′ss, an annotated 3′ss without a 5′ss or, lastly, an event deep within an intron 
that used no annotated splice sites. We also counted the number of bona fide 
lariats that passed the patser score and mutational and intronic filters, and we 
used that fraction to extrapolate how many true lariats without transcript support 
we expected to exist in our data.

Identifying hereditary disease mutations in branch-point motifs. We selected 
the 66 Human Gene Mutation Database (HGMD) disease-causing splic-
ing mutations located 20–35 bases upstream of a 3′ss (62 unique mutation 
positions) for examination. These mutations plus 7 nt of flanking sequence 
on either side were used as input for a ClustalW multiple-sequence align-
ment18. We used a maximal gap-open penalty in order to align the sequences 
without gaps. The ClustalW output was used to create a sequence logo with 
the application WebLogo 3 (ref. 19). We counted the number of times a  

mutation occurred at each position within the sequence logo to create a histo-
gram showing how often a particular position within the sequence was affected 
by a splicing mutation.

Branchpoint characterization. Conservation. Introns with a minimum of five 
reads were separated into single- and multiple-branchpoint categories. Fifty-one 
introns had single branchpoints. Nineteen introns were multiclass, for a total of 
71 branchpoints. Conservation of branchpoint motifs was estimated from mam-
malian phastCon score averaged over a 7-nt window centered on each branch-
point. Single-branchpoint introns had significantly greater conservation (0.229, 
as compared to 0.013 for multiclass introns; P = 10−22 by t-test).

Distance. The branchpoint distance was measured as the distance between the last 
nucleotide of the read head to the first downstream annotated 3′ss.

Mutational profile. Circular introns have a significantly different mutational 
profile than conventionally located branchpoints in lariat introns. The χ2 test 
was used to compare the proportion of reads with an unambiguous base sub-
stitution at the transition site when this site occurred at position 0 as opposed 
to other locations.

Comparison of branchpoint distance between alternative and constitutive splicing 
events. mRNA exon-junction data were studied using the TopHat program20. We 
created a junction file consisting of all possible constitutive and exon skipping 
events within each annotated transcript. We aligned the Illumina reads using 
this junction file to determine how many reads spanned each splice junction. 
We calculated overall rates of alternative splicing and intersected these data with 
our lariat branchpoints. In Figure 1b, the average branchpoint-3′ss distance was 
measured for 2,066 reads. Resampling was used to compare the average distance 
of a series of 1,000 samples from different subsets of alternative events from the 
listed categories to the measured value.

Building a decision tree to model 3′ss selection. The number of AG dinucleotides 
between the branchpoint and the AG of the 3′ss was counted for the 2,066 anno-
tated lariats. To determine the significance of our finding that 80% of the 3′ss 
were the first AG downstream of the splice site, 1,000 permutation trials simu-
lated branchpoints (maintaining average 3′ss–branch-point distance) in introns 
to scan for the first AG.

AG-selection analysis was determined using the C5.0 software tool11. Introns 
with exactly one discovered branchpoint and one used 3′ss were considered in 
this analysis. The used AG, upstream AG (if extant), and downstream AG were 
included in the data set. First, the data were organized into a decision tree using 
classifiers from the literature, including the branchpoint-AG distance, the dis-
tance to surrounding AGs, the nucleotide upstream of the AG and the presence 
of secondary structure (as indicated by the Gibbs free energy, determined using 
RNAfold)21. In this initial run, the only informative classifiers were the presence 
or lack of an upstream AG, the branchpoint-AG distance and the distance to sur-
rounding AGs. Next, a range of constraints for each of the distance classifiers was 
applied to the data set, and C5.0 was run on each of combination of constraints. 
The classifier sets with error rates lower than those of the literature classifier sets 
were run again on the data set, this time using half of the data set as training data 
and the other half as testing data. The highest-predictive-scoring classifier sets 
were subjected to ten-fold cross-validation trials. These trials were completed 
1,000 times. The classifier set with the highest average predictive accuracy was 
used to create the decision tree.

RNA-protein interactions. Published cross-linking and immunoprecipitation  
(CLIP) data for FOX214, PTB13, hnRNP C12 and a panel of other hnRNP  
proteins15 were mapped around the branchpoints. The FOX2, PTB, and hnRNP 
A1, hnRNP A2/B1, hnRNP F, hnRNP M and hnRNP U data sets were smoothed 
using the center coordinate and adding 15 nt to either side. The raw hnRNP 
C CLIP reads were aligned using Bowtie, and the last nucleotide was used as 
the binding point (as described in this study). We smoothed the hnRNP C 
data by adding 15 nt to either side of the binding point. Of this set of proteins, 
we included CLIP-tag density plots for proteins with at least 1,000 CLIP-tag– 
lariat-intron overlaps.
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Lariat recovery. The number of reads spanning each annotated splice junc-
tion was determined using TopHat. Lariats and splice junctions were both 
binned by intron size. The recovery rate of a lariat read was calculated by 
counting the number of detected lariat reads and dividing it by the number of 
detected splice-junction reads within each intron size bin. The error bars were 
calculated by resampling the lariat read data 1,000 times and using the 95%  
confidence interval.

Experimental methods. We performed nested RT-PCR to validate the branch-
point predictions of lariats in total RNA from HEK293 cells. All sequences 

(primer, PCR), experimental or computational protocols and statistical tests are 
available at http://fairbrother.biomed.brown.edu/data/Lariat/.

16. Langmead, B., Trapnell, C., Pop, M. & Salzberg, S.L. Genome Biol. 10, R25 (2009).
17. Hertz, G.Z. & Stormo, G.D. Bioinformatics 15, 563–577 (1999).
18. Chenna, R. et al. Nucleic Acids Res. 31, 3497–3500 (2003).
19. Crooks, G.E., Hon, G., Chandonia, J.M. & Brenner, S.E. Genome Res. 14, 1188–1190 

(2004).
20. Trapnell, C., Pachter, L. & Salzberg, S.L. Bioinformatics 25, 1105–1111 (2009).
21. Ding, Y., Chan, C.Y. & Lawrence, C.E. Nucleic Acids Res. 32, W135–W141 

(2004).

np
g

©
 2

01
2 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.

http://fairbrother.biomed.brown.edu/data/Lariat/


“Large-scale mapping of branchpoints in human pre-mRNA transcripts in vivo.” Taggart et al. 
 
 
 
 
 
Supplementary Material  
 

 
 
1) Supplementary Figure 1 (Evidence for redundant and for non-   

redundant branchpoints in human pre-mRNA.) 
 
 
2) Supplementary Figure 2 (Recovery rate of lariats by intron length.) 
 
 
3) Supplementary Figure 3 (Conservation of intron circularization in 

mouse.) 
 
 
4) Supplementary Figure 4 (Mutational profile of RT at branchpoints.) 
 
 
5) Supplementary Table 1 (66 disease causing mutations in branchpoints.) 
 
 
6) Supplementary Table 2 (Sequencing results of lariat validation.) 
 
 

 
Further resources can be found at http://fairbrother.biomed.brown.edu/data/Lariat/ 

    or fairbrother@brown.edu 
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Supplementary Figure 1 Evidence for redundant and for non-redundant branchpoints 
in human pre-mRNA.  A) Evidence for non-redundant branchpoints. The Human Gene 
Mutation Database was used to isolate splicing mutants that fall 20 – 35 nucleotides from the 
3’ss, representing genetically defined non-redundant branchpoints1.  Alignment of sequences 
reveals branchpoint TRAY motif. The numbers of mutations at each position in the aligned 
motif are represented below.  B) Evidence for redundant branchpoints: the distribution of 
branchpoints multiplicity per intron is represented by histogram covering 862 branchpoints in 
760 introns. 9% of all introns sampled map to multiple lariat isoforms that utilize alternate 
branchpoints.   
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Supplementary Figure 2. Detection rate of lariats by intron length. Only a fraction of the lariats 
created by splicing events were recovered (i.e. sampled by the Illumina deep sequencing data).  
Introns are binned by size and splicing events counted in the lariat and exon junction data. Exon 
junction data was used to estimate the expected lariat counts. The ratio demonstrates small introns are 
recovered as much as 10 times higher frequency than large introns. Branchpoint motifs from introns 
< 250 nucleotides contain a C rather than A. Intron turnover is initiated by debranching followed by 
rapid exonuclease digestion.  As the rate limiting step in lariat turnover is debranching2 and lariats 
that branch at C are debranched less efficiently2,3, this result suggests that the initiations of turnover 
of small introns is more dependent on debranching enzyme DBR1 than large introns. 
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Supplementary Figure 3. Conservation of intron circularization in mouse. Orthologous intron in 
mouse were assayed by lariat RT-PCR. . Red arrows represent lariat product sizes predicted from 
deep sequencing or human ortholog. PCR products were verified by sequencing. The RNA 
dependence of the amplification was verified by the omission of RT or pretreatment with RNAse A4. 
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Supplementary Figure 4. Mutational profile of reverse transcriptase at branchpoints. 
Mutational matrix calculated from 2,066 lariat/pre-mRNA alignments. A contingency table describes 
the correspondence between the sequence in the read and the sequence in the pre-mRNA as inferred 
from the reference genome. As branchpoint A is particularly mutable and often creates a transversion, 
distinct from the background mutational bias towards transitions, this mismatch represents a strong 
signal that can be used in future identification of lariat reads.  
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Supplementary Table 1.  Human disease alleles that disrupt branchpoints. 
 

	  
Disease	   HGMDa	  ID	  

Gene	  
Symbol	  

Original	  
Base	  

New	  
Base	   Sequenceb 

Hypoglycaemia,	  persistent	  
hyperinsulinaemic	   CS961698	   ABCC8	   A	   G	   TGGCCTCACTTGTGC 
Hypoglycaemia,	  persistent	  
hyperinsulinaemic	   CS050778	   ABCC8	   G	   A	   CCTGGGCGGTGGGAC 
Adenosine	  deaminase	  deficiency	   CS930753	   ADA	   G	   A	   GTTCTCTGGTTCCAT 
Spherocytosis	   CS961473	   ANK1	   C	   T	   CTCTCCCCGGCCGGC 
Hypertriglyceridaemia	   CS075066	   APOC2	   G	   A	   GCCCCACGGGCTCTC 
Primary	  microcephaly	   CS091963	   ASPM	   A	   G	   GAATATAATATCTGG 
Bardet-‐Biedl	  syndrome	  ?	   CS032059	   BBS2	   A	   G	   ACTTTTAAATTTGTG 
Breast	  cancer	  ?	   CS045210	   BRCA1	   T	   C	   TAACTAGTGTTTCTT 
Breast	  cancer	   CS982093	   BRCA2	   A	   G	   AATTTATAAAGCAGC 
Agammaglobulinaemia	   CS961496	   BTK	   A	   G	   GAGTCTCACTGGTCT 
Muscular	  dystrophy,	  limb	  girdle	   CS053449	   CAPN3	   C	   G	   GCTCTCTCTCTTCTT 
Cystic	  fibrosis	   CS001829	   CFTR	   T	   C	   ACCAACATGTTTTCT 
Cystic	  fibrosis	   CS086376	   CFTR	   G	   A	   TTGCAATGTTTTCTA 
Alport	  syndrome	   CS982128	   COL4A4	   A	   G	   GCCTTCAATTTTTTT 
Ehlers-‐Danlos	  syndrome	  II	   CS982129	   COL5A1	   T	   G	   GAGTGACTGACCAGC 
Epidermolysis	  bullosa	  dystrophica	   CS094363	   COL7A1	   A	   G	   TGCTCTGATTTCTTC 
Cystinosis,	  nephropathic	   CS102107	   CTNS	   T	   C	   TCAGCAGTAATTAGA 
Iron	  overload	   CS042809	   CYBRD1	   G	   C	   TCATCCTGTTTGTAA 
D-‐2-‐hydroxyglutaric	  aciduria	   CS050424	   D2HGDH	   A	   G	   AAACATGAAATTACC 
Muscular	  dystrophy,	  limb	  girdle	  2B	   CS061275	   DYSF	   A	   G	   GCCACTCACTCTGGC 
Cockayne	  syndrome	   CS099993	   ERCC6	   A	   G	   CTTTGCAAACTCCTA 
Multiple	  exostoses	  ?	   CS068396	   EXT1	   C	   A	   CCCTCCCCACTGCCT 
Hypoprothrombinaemia	   CS984089	   F2	   C	   G	   CCGTAGCCTCACTCC 
Haemophilia	  A	   CS076620	   F8	   A	   G	   CTGTCAGACAACCAA 
Haemophilia	  B	   CS982186	   F9	   A	   G/T	   ACCGTTAATTTGTCT 
Haemophilia	  B	  ?	   CS045815	   F9	   C	   G	   GCTGTTACTGTCTAT 
Fanconi	  anaemia	   CS032696	   FANCA	   A	   G	   TGTTCTCATTCTGTG 
Contractural	  arachnodactyly	   CS072199	   FBN2	   A	   C	   CATACTAAGATATTG 
Contractural	  arachnodactyly	   CS971736	   FBN2	   T	   G	   CACATACTAAGATAT 
Protoporphyria,	  erythropoietic	   CS920753	   FECH	   C	   T	   TTTCATGCGAGCACT 
Glycogen	  storage	  disease	  2	   CS971738	   GAA	   T	   G	   TCCCTCATGAAGTCG 
Thalassaemia	  beta	   CS810003	   HBB	   G	   A	   GCCTATTGGTCTATT 
Thalassaemia	  beta	   CS001426	   HBB	   T	   C	   CTGCCTATTGGTCTA 
Sandhoff	  disease	   CS890126	   HEXB	   G	   A	   TGCTTGCGGGGGGAT 
Diabetes,	  MODY	   CS083240	   HNF4A	   A	   G	   CCATCCAACCATCCA 
Glanzmann	  thrombasthenia	   CS061294	   ITGA2B	   A	   C	   CCCTCTCACCCTCAG 
Long	  QT	  syndrome	   CS094892	   KCNH2	   A	   G	   GGGGCTGAGCTCCCT 
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Fish	  eye	  disease	   CS961608	   LCAT	   T	   C	   GCTGCCCTGACCCCT 
Hypercholesterolaemia	   CS961611	   LDLR	   C	   T	   CTCCTGGCGCTGATG 
Mediterranean	  fever,	  familial	   CS055595	   MEFV	   A	   G	   AAATTCAAGCTTTTC 
Multiple	  endocrine	  neoplasia	  1	   CS067834	   MEN1	   C	   A	   GACCCTCCCTCCCCC 
Cardiomyopathy,	  hypertrophic	  ?	   CS041890	   MYBPC3	   C	   A	   AGCCTCACTGGGGGT 
Usher	  syndrome	  1b	   CS991465	   MYO7A	   G	   A	   GGCCTCTGACATGCG 
Neurofibromatosis	  2	  ?	   CS942129	   NF2	   T	   A	   ACTTAGCTCCAATGA 
Niemann-‐Pick	  disease	  C	   CS043367	   NPC1	   A	   G	   TCCACTAATGCTATT 
Congenital	  disorder	  of	  glycosylation	  1a	   CS061318	   PMM2	   A	   G	   CATTCTAAGTGTTTT 
Congenital	  disorder	  of	  glycosylation	  1a	   CS061319	   PMM2	   A	   G	   AGCCTTCATCTGTAC 
Protein	  C	  deficiency	   CS952206	   PROC	   T	   G	   TGGCCGCTGACCCCC 
Pancreatitis,	  chronic	  ?	   CS066647	   PRSS1	   C	   T	   CTCCATACAACTTGT 
Retinoblastoma	  ?	   CS063381	   RB1	   A	   G	   ATCCTCGACATTGAT 
Retinoblastoma	   CS083264	   RB1	   A	   C/G/T	   ATTACTAATTGGTAT 
Brugada	  syndrome	   CS994154	   SCN5A	   C	   T	   ACAAGGGCCTAATGC 
Paraganglioma	   CS013318	   SDHD	   T	   C	   GGTTTTTTATTGATG 
Cystinuria	   CS050111	   SLC3A1	   C	   G	   AGGGTAACCATGTCG 
Pancreatitis,	  chronic	  ?	   CS032084	   SPINK1	   A	   T	   GGAAATGATTCTGTT 
Extrapyramidal	  movement	  disorder	   CS003079	   TH	   T	   A	   TCTGGGCTGATGCTG 
Tuberous	  sclerosis	   CS992717	   TSC1	   T	   C	   GTTGGTGTTCCTCAA 
Porphyria,	  erythropoietic	   CS100777	   UROS	   T	   G	   GGTGTGCTGAAGCCC 
X-‐linked	  myopathy	  with	  excessive	  
autophagy	   CS092160	   VMA21	   A	   C/T	   GGTTCTGATTTTCTC 
Von	  Willebrand	  disease	  1	   CS070412	   VWF	   A	   T	   GCAAGTGACCTCCTT 
Thrombocytopaenia	  ?	   CS102394	   WAS	   A	   C	   AGGATTCACTGGAGT 
Xeroderma	  pigmentosum	  (C)	   CS040564	   XPC	   A	   G	   AGTGGAGATAGAGAT 

 
a.) Human Gene Mutation Database (HGMD) disease-causing splicing mutations that fall 

20–35 bases upstream of an annotated 3’ss  
b.) Mutation sequence consists of the mutation position plus seven nucleotides of flanking 

sequence on either side. These sequences were aligned to create the branchpoint motif in 
Supplementary Figure 1. 
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Supplementary Table 2.  RT-PCR Validation of Illumina predicted branchpoints 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A 
 
 

 
a.) Branchpoint predictions inferred from Illumina deep sequencing reads 
b.) Branchpoint predictions from a previous study of lariats in 20 human housekeeping genes5 
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