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Supplementary Table 1 
 

	  
	   HGMD	  ID	  

Gene	  
Symbol	  

Original	  
Base	  

New	  
Base	   Sequence 

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 
Fish	  eye	  disease	   CS961608	   LCAT	   T	   C	   GCTGCCCTGACCCCT 
Hypercholesterolaemia	   CS961611	   LDLR	   C	   T	   CTCCTGGCGCTGATG 
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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 

 
Supplementary Table 1 Human disease alleles that disrupt branchpoints. 
We selected the 66 HGMD disease-causing splicing mutations that fell 20 to 35 bases 
upstream of a 3’ss for examination (62 unique mutation positions). The table lists the disease, 
HGMD ID, gene alias, wildtype allele, mutant allele and 15nt sequence window around the 
mutation. 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 
Branchpoint predictions inferred from deep sequencing reads were compared to RT-PCR 
predictions and to a previous study of lariats in 20 human housekeeping genes1
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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 branchpoints.  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 debranching 2 and lariats 
that branch at C are debranched less efficiently 3, this result suggests that the initiations of turnover of 
small introns is more dependent on 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 A. 
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Supplementary Figure 4. Mutational profile of reverse transcriptase at branchpoints. 
Mutational matrix calculated from 2066 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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3) Supplementary Methods: 
 
A) Computational Methods 

I. Lariat Discovery 
Overview Lariats were identified by inverted gapped alignments that mapped at the 5’ss and 
within 500 nt of 3’ss that had been annotated or observed in EST or deep sequencing data.  
Lariats outside of annotated sites were determined by scoring the quality of match to the 5’ss 
at the region in the read immediately downstream of the point of inversion (Figure 1A). 
Scoring bona fide lariats for matches to the 5’ss motif we find 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 non-inverted gapped intronic alignments (0.22%) or random 
intronic windows sampled (0.29%). Reverse transcriptase mutation rate is forty fold higher 
reading through a 2-5’ (vs 3-5’) phosphodiester bond (Supplementary Figure 2). Demanding 
this mutation at potential lariats increases this two fold excess to thirteen fold.  From this high 
confidence set the proportion of each class of event is extrapolated to the whole data set.  
 
Illumina Dataset. 
To identify lariat branchpoints, we analyzed the Illumina Human Body Map 2.0 total RNA 
deep sequencing library.  Reads consist of RNA samples derived from 16 human tissues.  
Most reads are 100 bp in length and all linker sequences were removed prior to analysis. 
 
Hg19 Annotated. 
We discovered branch points by searching for reads with non-canonical arrangements of 
intronic sequences.  Reads that aligned to the hg19 genome with 3 or less mismatches were 
eliminated.  Each remaining read was split into all possible head and tail segments, in which 
all heads and tails were at least 15 nt long.  We mapped all head and tail segments to the hg19 
genome using bowtie 4.  Head and tail segments were required to map to only one place in the 
genome and without any errors.  Reads with segments that mapped in the expected order or 
did not map intronically were filtered from the dataset.  The remaining inverted reads were 
mapped to splice sites.  In cases where the read tail begins at the first nucleotide of the intron 
and the read 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 is alignment ambiguity, we allow up to two 
mutations and assume the alignment in which the tail maps to the first nucleotide of the 
intron.  The last nucleotide of the read head was determined to be the branchpoint.  2066 lariat 
reads were discovered through this screen (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 in BED track). 
 
Unannotated, but with Illumina transcript support. 
To discover lariats forming in transcripts that are unannotated in the hg19 assembly, 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 nucleotide window immediately upstream of the read tail.  We created an array of 200 
potential downstream exons by taking 85 nucleotide windows at a distance of 1 to 200 
nucleotides 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 
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spliced products using bowtie, requiring that the read contained at least 15 nucleotides on 
either side of the splice junction and did 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.  Forty-four 
additional lariat reads were discovered through this screen (lariat_2066 – lariat_2109 in BED 
track). 
 
Lariats forming deep within introns. 
The remaining out-of-order reads with intronic heads and tails, but without annotated or 
Illumina transcript support, were studied.  From these reads, 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 branchpoint5.  The 5’ss position 
specific weight matrix was created by inputting all hg19 annotated 5’ss sequences into the 
patser program.  From within this high confidence set of internal lariats, the mutational profile 
was similar to the mutational profile of the bona-fide lariats (mostly A-> T mutations).  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 an event deep within an intron (using no annotated splice sites).  We 
also counted the number of bona-fide lariats that passed the patser score, mutational, and 
intronic filters, and used that fraction to extrapolate how many true lariats without transcript 
support we expect exist in our data. 
 
As a control, in-order reads that were most likely caused from template switching were passed 
through these same filters.  There is a 3.3 fold increase of out-of-order reads that pass these 
filters compared to in-order reads, and the mutational profile of the in-order reads was 
different than bona-fide lariats, suggesting that these internal lariats are truly forming. 
 
Identifying hereditary disease mutations in branchpoint motifs. We selected the 66 
HGMD disease-causing splicing mutations that fell 20 to 35 bases upstream of a 3’ss for 
examination (62 unique mutation positions). These mutations plus seven nucleotides of 
flanking sequence on either side were used as input for a ClustalW multiple sequence 
alignment 6. 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 7. We counted the number of times a mutation occurred at each position within the sequence 
logo to create a histogram showing how often a particular position within the sequence was 
affected by a splicing mutation. 

 
 

II. Analysis 
Branch Point Characterization. 
Conservation. Introns with a minimum of 5 reads were separated into single branchpoint and 
multi-branchpoint categories. 51 introns were single branchpoint, 19 introns were multiclass 
containing a total of 71 branchpoints.  Conservation of branchpoint motifs were estimated 
from mammalian phastCon score averaged over a 7 nt window centered on branchpoint.  
Single branchpoint introns had a higher level of conservation 0.229 versus 0.013. T-test was 
used to estimate significance: P value = 10-22. 
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Distance. The branch point distance was measured as the distance between the last nucleotide 
of the read head to the first downstream annotated 3’ splice site. 
 
Mutational Profile: The mutational profile of reads that suggested a branch point at the last 
nucleotide of the intron (implying a circular intron) were compared to the mutational profile 
of all other reads with ‘G’ nucleotide branchpoint more distal from the 3’ss.  A chi-squared 
test was used to show that these mutational profiles were significantly different. 
 
Comparison of BP Distance in Alternative/ Constitutive Events: mRNA exon junction 
data was studied using tophat8.  We created a junction file consisting of all possible 
constitutive and exon skipping events within each annotated transcript.  We aligned the 
Illumina reads using the hg19 genome and this junction file to determine how many reads 
span each exon/exon junction.  We calculated overall rates of alternative splicing and 
intersected this data with our lariat branchpoints that mapped to transcripts with alternative 
3’ss or exon skipping alternative events.  In cases where the lariat formed over a skipped exon 
or immediately upstream of a skipped exon, the branchpoint distance was measured to the 
first downstream exon.  In cases where the lariat formed near an alternative 3’ss, the 
branchpoint distance was measured to the most upstream 3’ss.  For all three classes of 
alternative events, p values were determined by randomly sampling the entire dataset 1000 
times and counting how many times the average branchpoint distance was at least as extreme 
as the branchpoint distance in the alternative event. 
 
Building Decision Tree to model 3’ss selection. 
Overview: 
The number of ‘AG’ dinucleotides between the branchpoint and the 3’ss ‘AG’ were counted 
for the 2066 hg19 annotated lariats.  2066 introns were selected at random, and simulated 
branchpoints were selected by randomly distributing the branchpoint distance distribution that 
was observed in real lariats.  The number of ‘AG’ dinucleotides between these simulated 
branchpoints and the 3’ss ‘AG’ were counted.  This process was repeated 1000 times to 
generate a p-value.   
 
AG selection analysis was determined using the C5.0 software tool 9. Lariat introns with 
exactly one branchpoint and one used 3’ss were considered in this analysis.  The used AG, 
immediately upstream AG (if extant), and downstream AG were included in the dataset.  
First, the data was organized into a decision tree using classifiers from the literature, including 
distance to branchpoint, distance to upstream and downstream AGs, the nucleotide upstream 
of the AG, and presence of secondary structure (Gibbs free energy determined using 
RNAfold) 10.  In this initial run, the only informative classifiers were the presence or lack of 
an upstream AG, the distance between the AG and the branchpoint, and the distance to 
upstream and downstream AGs.  Next, a range of constraints for each of the distance 
classifiers were applied to the dataset, and C5.0 was run on each of combination of classifier 
constraints.  The classifier sets with error rates lower than the literature classifier sets were 
run again on the dataset, this time using half of the dataset as training data, and the other half 
as testing.  The highest predictive scoring classifier sets were subjected to 10-fold cross 
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validation trials.  These cross-validation trials were completed 1000 times.  The classifier set 
with the highest average predictive accuracy was used to create the decision tree. 
 
RNA-protein Interactions. 
 
Published CLIP data for FOX2 11, PTB 12, hnRNP C 13 and a panel of other hnRNP proteins14 
were mapped around our branchpoint coordinates.    The FOX2,PTB, hnRNP A1, hnRNP 
A2B1, hnRNP F, hnRNP M, and hnRNP U datasets were smoothed by using the center CLIP 
coordinate and adding 15 nucleotides 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 
study).  We smoothed the hnrRNP C data by adding 15 nucleotides to either side of the 
binding point.  Of this set of proteins, we included CLIP tag density plots for the proteins with 
at least 1000 CLIP tag/lariat intron overlaps. 
 
Lariat Recovery. 
Lariats are sampled from a steady state population that is determined by their rate of splicing 
and their rate of degradation. Influences that alter the stability and sequence of the observed 
lariats are described in Supplementary Figure 1. 
 
The number of reads spanning each annotated exon/exon junction was determined using 
tophat.  Lariats and exon/exon 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 exon/exon junction reads within each intron bin.  The error bars 
were calculated by resampling the lariat read data 1000 times and using the 95% confidence 
interval. 

 
III Statistical tests 

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 substitution at the transition site when this site occurred at position 0 
versus other locations. In Figure 1B, the average branchpoint-3’ss distance was measured for 
2066 reads. Resampling was used to compare the average distance of a series of 1000 samples 
from different subset of alternative exons from the listed categories to the measured value. To 
determine the significance of 80% of the 3’ss being the first “AG” downstream of the splice 
site, permutation trials simulated branchpoints (maintaining average 3’ss/branchpoint 
distance) in introns to scan for first “AG”. 
 

B) Experimental Methods 
Overview of Validation We performed nested RT-PCR to validate the branchpoint 
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 
 
Analysis of Branch Points by Nested RT-PCR 
We performed RT-PCR analysis to generate an amplified product spanning the branchpoint of 
lariat splicing intermediates.  HEK293 cells were grown to 80-90% confluence in 
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DMEM+10%FBS supplemented with 1000 U/ml of each penicillin and streptomycin (Gibco 
Cat#15140-122) at 37 OC in 5% CO2.  Total RNA was isolated using Trizol reagent 
(Invitrogen, Cat#15596-026) according to the manufacturer’s instructions with minor 
modifications.  Following the initial precipitation of RNA, samples were digested with Turbo 
DNase (Ambion, Cat#AM2239) for 10 min at 37OC to remove any DNA contamination.  
Samples were then extracted twice with 1:1 phenol:choloroform, pH 4.5 and twice with 
chloroform.  RNA was then washed according to the manufacturer’s instructions and re-
suspended in DEPC-treated H2O.  cDNA was synthesized using random 9-mer primers 
(Integrated DNA Technologies) and Superscript-III Reverse Transcriptase (Invitrogen, Cat# 
18080-093) according to the manufacturer’s instructions. PCR was then performed on 0.5µl 
of cDNA using the “outer” primer pair (sequences available at 
http://fairbrother.biomed.brown.edu/data/Lariat) with 0.5U Platinum Taq DNA Polymerase  
(Invitrogen, Cat#10966-018) in a total volume of 25µl according to the manufacturer’s 
instructions.  If necessary, 1µl 20mg/ml RNase A was added to the PCR reactions and 
samples were incubated at 37OC for 30min before running the PCR.  A second PCR using 
“nested” primers (sequences available at http://fairbrother.biomed.brown.edu/data/Lariat) was 
then performed with 0.5µl of the initial PCR product used as the template.  It was necessary to 
optimize conditions separately for each reaction.  Exact conditions are available upon request.  
The product of the second PCR was then separated on a 2% agarose gel and the appropriate 
bands were excised and purified using a Quiagen gel extraction kit (Quiagen, Cat#28704).  
PCR products were then cloned into pCR2.1 using a TOPO TA Cloning Kit (Invitrogen, 
Cat#45-0641) and transformed into TOP10 E. coli cells.  Individual colonies were then grown 
in LB+ampicillin and plasmid DNA was isolated using a Quiagen Miniprep Kit (Quiagen, 
Cat#27106) and was subsequently sequenced.   
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