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PROBLEM:

U12-dependent introns are very rare ( 0.3% of introns)
and not very extensively studied. They come in two
flavors: AT-AC and GT-AG and are characterized
by highly conserved 5’ donor splice [G/A]TATCCT
and branch point TCCTT[G/A]AC signals. They
are frequently missed by gene prediction programs,
and annotation pipelines often assign splice junctions
incorrectly.

STRATEGY:

• Compile a set of transcript-confirmed U12-dependent
intron sequences

• Compute position weight matrices and compute log-
likelihood matrices using intergenic false splice sites
as background.

• Incorporate the new profiles into the GeneID gene
prediction algorithm.

• With the new version of GeneID:

– Score annotated introns for likelihood of being
U12 versus U12-dependent

– Correctly predict gene structures of genes that
possess U12 introns

DATA SETS:

• 404 transcript-confirmed human U12 introns (GT-AG
and AT-AC) from Levine and Durbin, 2001

• 27 introns from Burge et al., 1998

Pre-mRNA introns of most higher eukaryotic organisms can be classified into
two main classes, U2 and U12, according to the spliceosomal complex that
excises them during RNA processing. More than 99% of eukaryotic introns
are spliced by the U2-dependent spliceosome, while a minor class is spliced
by the U12-dependent spliceosome. Differences between the two classes in
the composition and degree of conservation at the splice sites and branch point
reflect differences in base-pairing with snRNAs during spliceosome assembly.

Despite the strong consensus sequences characteristic of U12 introns, they have
been consistently ignored by gene prediction programs to date. We have found
that the hierarchical nature of the GeneID program architecture (splice site
prediction ⇒ exon prediction ⇒ gene prediction) is amenable to the incorpo-
ration of multiple intron subtype profiles and, in addition, enables the explicit
annotation of U12 introns in anonymous genomic sequences. We present statis-
tics on the performance of the U12-enhanced GeneID on a test set of known
U12-intron-possessing genes as well as results for scans of both the ENCODE
regions and the entire human genome.

The kind of U12 splice signal profiles constructed for GeneID are called Position Weight
Arrays. The matrix is addressed by nucleotide and position, where every cell contains a
loglikelihood ratio between a Markov model (order k) recognizing true sites and another
one, matching false ones. Thus, for every nucleotide in a candidate region, a score is
computed that reflects the probability of finding the oligonucleotide (length k) ending in
that nucleotide.

PWA Construction:

• Donors and Acceptors: for each class of U12 intron (GT-AG and AT-AC)

– Construct frequency matrices for true splice sites and for false splice sites (intergenic
GTs, ATs, AGs, or ACs)

– Calculate log-likelihood matrices

• Branch points: for the combined set of GT-AG and AT-AC U12 introns

– Construct 1st order Markov chains for U12 branch points and for random intronic
and exonic 13-mers in the window -50 to +50 with respect to true 3’ splice sites

– Calculate the log-likelihood matrix

Information Content of U12 (GT-AG) Splice Signals
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3. Modifying GeneID 4. Optimizing GeneID-U12

The logic of GeneID:

• Optional profiles (U12gtag Donor, U12gtag Acceptor, U12atac
Donor, U12atac Acceptor, and U12 Branch) are read from the
GeneID parameter file in addition to the standard U2 profiles.

• Splice Site Prediction

– Donor sites are predicted using different profiles for each sub-
type.

– Acceptor sites for each subtype are predicted. The U12 branch
profile is used to find the best branch point sequence in the
40 bp upstream of each candidate U12 acceptor. The branch
scores are weighted according to how close they come to the
optimum branch to acceptor distance ( 12-13bp). The best
branch site score is then added to the acceptor site score to
arrive at a global acceptor score.

• Exon Prediction

– Each combination of start, stop, donor and acceptor types is
used to construct a set of all possible exons that meet a mini-
mum coding potential score.

• Gene Prediction

– The Genamic algorithm is used to find the highest scoring
chain of compatible exons. Exon chaining rules are obtained
from the gene model provided in the parameter file (the donor
of the upstream exon must pair with a downstream acceptor of
the same subtype.) Additional constraints on U12 exon-pair
construction can be imposed by setting threshold splice signal
and exon scores, as well as exon weighting.

Position-dependent scoring of branch site
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PARAMETER OPTIMIZATION:

The goal of this phase of GeneID-U12 development was to evaluate the
performance of different U12 profiles (0 order versus 1st order matrices),
different branch site scoring methods, and different splice site and exon
scoring parameters on a test set of genes known to possess U12 introns.

DATA SET:

Twenty genes were selected from the literature and extracted from Ensembl
with 100 bp of flanking sequence upstream and downstream.

• 18 Ensembl genes with single U12 introns

• 2 Ensembl genes with two U12 introns

PROCEDURE:

• GeneID-U12 was run on the set of 20 genes, varying a single parameter
each time. Parameters were assumed to be independent.

• Two tests were performed on each set of predictions.

– U12 splice sites: All predicted U12 splice sites were output and com-
pared to the annotations. For each gene, the absolute and relative rank
as well as the score of the true site with respect to the set of all pre-
dicted U12 sites was calculated.

– U12 introns: All predicted U12 introns (in the context of full gene
predictions) were compared to the annotations. The number of true
positives, false negatives, and false positives were calculated.

RESULTS:
The results for the final version of GeneID-U12 used in subsequent analyses
are shown below. In general, the rankings of the true sites were high and the
intron sensitivity and specificity were also very high. One caveat of these
results is that the program was not run on intergenic sequence.

Performance at the splice site level:

Donor Acceptor
Sequence Rank Sites Percentile Score Rank Sites Percentile Score
Chr10:93673616..93780158 1 40 100% 9.94 2 506 99.8% 9.73
Chr10:99185894..99195839 2 2 50.0% 7.58 1 44 100% 6.64
Chr11:118460703..118469567 1 2 100% 9.60 1 36 100% 8.77
Chr11:45887697..45896282 1 2 100% 7.62 2 21 95.2% 6.38
Chr17:51183313..51209833 1 10 100% 9.85 6 116 95.7% 6.11
Chr1:227189765..227244584 2 7 85.7% 8.86 7 212 97.2% 7.06
Chr1:238337476..238379188 1 7 100% 9.46 1 187 100% 10.81
Chr1:32357005..32366397 1 5 100% 7.62 3 30 93.3% 8.44
Chr2:216797596..216896609 1 27 100% 10.04 26 493 95.0% 6.40
Chr3:157741147..157755737 1 4 100% 9.26 7 89 93.3% 6.79
Chr3:180763310..180788990 1 7 100% 7.88 1 94 100% 10.43
Chr3:198150489..198157810 1 4 100% 7.70 1 41 100% 10.39
Chr5:140051102..140064590 1 2 100% 10.04 2 63 98.4% 7.14
Chr5:41765825..41906460 6 63 92.1% 7.72 1 698 100% 11.44
Chr6:88356462..88433985 1 20 100% 9.50 3 382 99.5% 9.74
Chr8:120812096..120914085 1 30 100% 9.12 1 461 100% 10.75
Chr8:30133255..30160701 1 3 100% 9.46 30 111 73.9% 4.82
Chr9:4782769..4851164 1 11 100% 9.73 3 305 99.3% 9.40

Performance at the intron level:

23 predicted U12 introns

• 22 true positives

• 1 false positive

• 0 false negatives

• 100% sensitivity, 96% specificity

5. Predicting Genes in ENCODE and the Entire Human Genome

ENCODE:
44 regions of the human genome were selected for analysis by the ENCODE consortium.
The HAVANA team has completed a thorough human-labor intensive annotation of these 44
regions using a battery of evidence, including RT-PCR validation of intron-exon junctions.
GeneID-U12was run in ab initio mode or with the additional input of HSPs resulting from
tblastx on syntenic mouse sequence (SGP2-U12 mode).

Example: the SFI1 gene

Base Position

ENm004_3

ENm004_3

ENm004(167426..170414):AB011114.ENm004.+1

ENm004(167426..170414):transcript_id

RP5-858B16.1-001
RP5-858B16.1-002
RP5-858B16.1-003
RP5-858B16.1-008

Chromosome Band

Twinscan

SGP Genes

chr22_364.1

Conservation

chimp
dog

mouse
rat

chicken
fugu

zebrafish

ENm004

30294000 30295000 30296000 30297000 30298000 30299000 30300000 30301000
GeneID U12

GeneID U12 exon pairs

SGP U12

SGP U12 exon pairs

Hi-scoring U12 introns in known genes

Levine U12 introns
HAVANA U12 introns

HAVANA 44 regions

Chromosome Bands Localized by FISH Mapping Clones

Known Genes (Nov 22, 04) Based on SWISS-PROT, TrEMBL, mRNA, and RefSeq

RefSeq Genes

Twinscan Gene Predictions Using Mouse/Human Homology

SGP Gene Predictions Using Mouse/Human Homology

Geneid Gene Predictions

Genscan Gene Predictions

Human mRNAs from GenBank

Hu/Chimp/Mouse/Rat/Dog/Chick/Fugu/Zfish Multiz Alignments & Conservation

Encyclopedia of DNA Elements (ENCODE) Regions

ENm004_4

ENm004_4

22q12.2

SFI1

SFI1
SFI1

NT_011520.366

AB011114
BC041101

AK055147

U12 Introns in ENCODE

HAVANA  

2

SGP-U12

7

 

3

GeneID-U12

5

14

0

 Levine & 

Durbin ’01

6

0

FALSE NEGATIVES:
HAVANA annotations include several U12 introns not predicted
by GeneID-U12 or SGP2-U12 gene prediction

• 3 genes with low-coding potential and low similarity across
species: CTAG1A/B and CTAG2

• 1 intron in the UTR of RefSeq mRNA BC066967 (but within
CDS of VEGA_Novel_transcript: AC018512.2-002, intron is
RT-positive)

• 3 additional alternative acceptor sites for a U12 intron in
CRYZL1 - the major isoform of which is predicted correctly
by GeneID-U12 and SGP2-U12

• 1 U12 intron in a minor transcript of c21orf66 - the major
isoform of which is predicted correctly by GeneID-U12 and
SGP2-U12

TRUE vs. FALSE POSITIVES:
Conservation of intron positions in several divergent species is used to determine whether or
not a predicted intron is "true" or "false." Predicted introns not annotated by HAVANA do
not seem to be conserved across species.

DONSON: conserved

ENm005(1207441..1207890):ENm005 45 ENm005 geneid v1.2 u12 U12gtag-intron 1207441 1207890 51.89 - 1

ENm005 45

April 15, 2005

D intron A
armadillo.ENm005(1091572..1092012) CTCTATCAAGCT GTATCCTTTCAGTGGCTATTAATTAGAATT...ATTTACAGTTTCCTTAATTGTTATCCTCAGGCGGAAAGAGAA
baboon.ENm005(1151412..1151862) TTCTATCAAGCT GTATCCTTTCAGTTGCTGTTAATTAGAATT...TTTTGCAATTTCCTTGATTGTCATCTTCAGTCGTAAAGAGAA
chimp.ENm005(1225056..1225505) TTCTATCAAGCT GTATCCTTTCAGTTGTTGTTAACTAGAATT...TTTTGCAATTTCCTTGATTGTCATCTTCAGGCGTAAAGAGAA
cow.ENm005(3060..3905) TTCTATCAAGCT GTATCCTTTCAGTTACTGTTTAACTCAAAT...ATTTGTAATTTCCTTGATTGTCATGTTCAGGCGTAAAGAGAT
dog.ENm005(1060617..1061072) CTCTATCAAGCT GTATCCTTTCCGTTGTGCTAACTAGAATTG...ATTTGCAAGTTCCTTGATTGTCATCTTCAGACGAAAAGAGAA
galago.ENm005(1295181..1295645) CTCTATCAAGCT GTATCCTTTCATTTACTATTAAATAGAATT...TTTTGCACTTTCCTTGATTGTCATCTTCAGACGGAAAGAGAA
human.ENm005(1207441..1207890) TTCTATCAAGCT GTATCCTTTCAGTTGTTGTTAACTAGAATT...TTTTGCAATTTCCTTGATTGTCATCTTCAGGCGTAAAGAGAA
marmoset.ENm005(1088131..1088584) TTCTATCAAGCT GTATCCTTTCAGTTGCTGTTAACTAGAATT...TTTTGCAATTTCCTTGACTGTTATCTTCAGTCGTAAAGAGAA
monodelphis.ENm005(1608866..1613324) CACTCTCAAACT GTATCCTTTTAATTTTGGCTATTCATATTA...AACAATTTCCTTGACTGGGTGACAATTAAGTCGAAAAGAGAA
mouse.ENm005(915690..915911) CTCTATCAAGCT GTATCCTTTGTGTTAAGAACTTCCACTGGG...ACTTTTGCTTTCCTTGACTGTTGTCTTCAGACGTAAAGAAAA
rat.ENm005(913788..914126) CTCTGTCAAGCT GTATCCTTTCTGTTAAGAGCGTCCACGTCC...TTTTGCTCTTTCCTTGATTGTGATCTTCAGGCGTAAAGAAAA
tetraodon.ENm005(8906..9009) CACCGCACAACT GTATCCACCATGACAGCTCCCTGGTAGCCA...CACTAAAACGTCCTTAACCAGTTGGTGCAGTCGTAAAGAAGG
consensus **!*****!*!!!!!!!!******** * **** * **** *********!********** ******!! !!*!!!!!***

1

CRYZL1: conserved with subtype switching

ENm005(1217148..1221670):ENm005 46 ENm005 geneid v1.2 u12 U12atac-intron 1217148 1221670 35.87 - 0

ENm005 46

April 15, 2005

D intron A
armadillo.ENm005(1101300..1103488) GGAAATATCTTT ATATCCTTTTTTGAGTGACTTGAGTTTCTA...ACATTGCTTCCTTAACTATCCTTCCAGAACGTATCTTAAAGG
baboon.ENm005(1161402..1165565) GAAAATATCTTT ATATCCTTTTGATCGACTGATTTGAGTTTC...CATTGCCACCTTAACAATCCTTCCAGCTACGTATCTTAAAGG
chicken.ENm005(479244..480850) GGAAGTATCTCT ATATCCTTTTGATAATTTTGAGTACTGACT...TGCTGTTACCTTGACAGAGCTCGTAGATACGCATCTTAGAAG
chimp.ENm005(1235049..1239606) GAAAATATCTTT ATATCCTTTTTATCGACTGATTGAGTTTCT...CATTGCCACCTTAACAATCCTTCCAGCTACGTATCTTAAAGG
dog.ENm005(1069429..1072058) GAAAATATCTTT ATATCCTTTTTTATCTACTGACTTGAGTTT...GACTGCCACCTTAACAATCTTTCCAGCTACGTATCCTAAAAG
galago.ENm005(1304208..1309613) GAAAATATCTTT ATATCCTTTATCTACTTCAGTTTCTGCCTT...CATTGGCACCTTAACAATCCTTCCAGCTACGTATCTTAAAAG
human.ENm005(1217148..1221670) GAAAATATCTTT ATATCCTTTTTATCGACTGATTGAGTTTCT...CATTGCCACCTTAACAATCCTTCCAGCTACGTATCTTAAAGG
marmoset.ENm005(1097452..1101687) GAAAATATCTTT ATATCCTTTTTATTGACTGAGTTTCTGGCT...CGTTGCCACCTTAACAATCCTGCCAGCTACGTATCTTAAAGG
monodelphis.ENm005(1623572..1628770) GAAAGTATCTTT ATATCCTTTCTCTAAGTGAACTGACTCTTG...TATTGTTAACTTAACAGACCTTTCAAGTACGCATCTTAAAAG
mouse.ENm005(924146..925994) GAAAATATCTTT ATATCCTTTTTTTGTACTGACTTGAATTTG...AAGTTGAACCTTAACAATCCTTCCATTTACGTATCTTAAAAG
rat.ENm005(922503..923966) GAAAATATCTTT ATATCCTTTTTTCTACTGATTCAAATTGCT...ACGGTGAACCTTAACAGTTCTTCCATTTACGCATCTTAAAAG
tetraodon.ENm005(32637..32717) GACGATATCTCC GTATCCTCAGCTTGTAGTGCACAATTCCAA...CAAACATCTTACTTAACACACTTGTGTCAGACATTCTGAAAG
zebrafish.ENm005(98338..101035) GCCGATATCTTC GTATCTTTTCCTATAAAGTTCATTAAAATC...GTTATGAGCCCTTAATCTGCTTTCTCTCAGATATCTTGAAGG
consensus !****!!!!!***!!!!*!**** * * * ** ********* ********* *!***!!**!**! !

1

FOXP2: possible unannotated U12 intron

ENm012(369137..369883):ENm012 28 ENm012 geneid v1.2 u12 U12gtag-intron 369137 369883 34.22 + 1

ENm012 28

April 15, 2005

D intron A
armadillo.ENm012(460052..460775) TTTTGTAATCCT GTTTCCTACATTTGCCAGAAAAAGTGAATA...CTCTTGGCCCTTGAGTTTTGATTTCTGTAGTCAAGTATGTGC
baboon.ENm012(519256..520002) TTTTGTAATCCT GTATCCTACATTCACCAGGAAAAGTGAATA...CTATTGGCCCTTGAGTTTTGATTTCTGTAGTCAAGTATGTGC
chimp.ENm012(369321..370066) TTTTGTAATCCT GTATCCTGCATCCACCAGGAAAAGTAAATA...CTATTGGCCCTTGACTTTTGATTTCTATAGTCAAGTATGTGC
dog.ENm012(353599..354377) TTTGGGATGCTT CTGGGATCCCTGCATTCCCCAGAAAAAGTG...ATTTTACCTACTATGGGTCCTTCACTTTTGATTTCTGTAGTC
galago.ENm012(443814..444555) TTTTGTAATCCT GTATCTCACAGCCACCAGAAAAAGTGAATG...CTGTTGGCCCTTGAGTTTTGATTTCTGTAGTCAAGTATGTGC
human.ENm012(369137..369883) TTTTGTAATCCT GTATCCTGCATCCACCAGGAAAAGTAAATA...CTATTGGCCCTTGACTTTTGATTTCTATAGTCAAGTATGTGC
marmoset.ENm012(387197..387934) TTTTGTGATCCT GTATCCTACATTCATTAGAAAAAGTGAATA...CTATTGGCCCTTGAGTTTTAATTTCTATAGTCAAGTGTGTGC
monodelphis.ENm012(862548..863421) GGGTATGTTGTG GTAGTTTTGTTCAGATGAGTTACTCGGTAA...TTCCGTATTATATAAGGCACCTGAACAGAAGAATTTTATATT
mouse.ENm012(326074..326743) TTTTGTAATCCT GTATCCTGCATCCACTGGAAGAGTGAGTGC...CTCCTGGCCCTTGAGCTCTGCTTTCTATAGTCAAGTATTTGC
rat.ENm012(328204..328877) TTTTGTAATCCT GTATCCCGCACCCACTGGAAAAGTGAATGC...CTCCTGGCCCTTGAGTTCTGCTTTCTATAGTGAAGTCTTTGC
consensus *************!***** ******* ********* **** *! ******************!*************!******

1

ENr311_5: not conserved

ENr311(130540..131421):ENr311 5 ENr311 geneid v1.2 u12 U12gtag-intron 130540 131421 11.96 - 0 ENr311 5

April 15, 2005

D intron A
armadillo.ENr311(152710..154076) TGCCAAACAAAA GTATCCTTTATAATGTTCATTCATACAAAA...ATTATTTTAATTATTGATTAGAACCACCACCAGAAGAATGTA
baboon.ENr311(194773..195650) TGCCAAACAAAA GTATCCTTTATAATTTTCATTCATTCAACT...TTTTCTTAACATGATAGTTTTAATCATTAGAATCAGCACTAG
chimp.ENr311(130648..131529) TGCCAAACAAAA GTATCCTTTATAATTTTCATTCATTCAACA...TTTTCTTAACATTATAGTTTTAATCATTAGAATCAGCACTAG
dog.ENr311(111698..112576) CGCTCCACAAAG ATTCATTTTAAGTCCTACCACGTGCTTTGT...AACACTAGAAGACTGTATTATATGATTAAGAACTTGACTTGC
galago.ENr311(36246..37605) CGCCAAAGAAAA GTATCCTTTATAATTTTCATTCACTTGACG...TCTATTTTTTCTGAACTTTCTAAATATTAGAATTAGCACTAG
human.ENr311(130540..131421) TGCCAAACAAAA GTATCCTTTATAATTTTCATTCATTCAACA...TTTTCTTAACATTATAGTTTTAATCTTTAGAATCAGCACTAG
marmoset.ENr311(254912..255782) ATTTTCATTCAT TCAACAAAGATTCATTGAACTCCCACCAAA...GATCAGCACTAGAAGAATGTATTGTATTATTAAGAATCTTAA
rfbat.ENr311(32357..188907) CATTCAACAAAG ATTCCTTGAAGTCCTACCAAATGCTTTGTA...GTGAGATAGACACGCTCCCTGTGGCTCTTGGAGAACATGTAC
consensus *****!***!**********!************* ** * * ** **** * * ****** *******! ** * **

1

U12 Intron Scores for Known Genes in hg17
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THE HUMAN GENOME:
Predictions of genes on the human genome were made with GeneID-U12
and SGP2-U12. GeneID-U12 was also used to score the splice sites of
all non-redundant introns in the CDS of known genes (UCSC known gene
track.) A sum of donor and acceptor splice site scores greater than 9.0
was used as a stringent threshold for classifying known introns as U12-
dependent. 1819 and 809 U12 introns were found by GeneID-U12 and
SGP2-U12, respectively. The number of predicted introns overlapping an-
notated introns and those of each other are listed below ("2ss" = both splice
sites are identical, "1ss" = one splice site in common):

Intersections between predictions
Known GeneID-U12 SGP2-U12

2ss 1ss 2ss 1ss 2ss 1ss
Known 568 -
GeneID-U12 458 28 1819 -
SGP2-U12 475 15 544 38 809 -
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1. The distinct consensus sequences and high information content of U12 splice signals are sufficient for discrim-
ination of U12 and U2 introns.

2. The modular architecture of GeneID is amenable to the incorporation of multiple splice signal profiles, al-
though in its current implementation, exon types are predetermined (i.e. hard-coded).

3. It is possible to increase gene prediction sensitivity to minor intron subtypes without affecting specificity sig-
nificantly.

4. While no clear novel U12 introns were found in the ENCODE regions, our method was useful for classifying
annotated introns as U12 or U2. 0.3% of introns were classified as U12. Moreover, at the gene level, we found
that 3.3% of the 487 known and novel genes annotated by HAVANA possess U12 introns. This significant
percentage underscores the importance of our effort to accurately predict and annotate these minor intron
subtypes.

5. When taking the intersection of the GeneID-U12 and SGP2-U12 predictions on the ENCODE regions, the
specificity increases dramatically with little decrease in sensitivity. When an additional filter for cross-species
conservation of intron junctions is applied, the results become even more conclusive. We plan to apply these
same criteria to our analysis of the entire human genome in order to identify novel U12 introns not necessarily
supported by transcript evidence.

6. Our method does not currently predict U12 introns in UTRs, nor does it predict more than one isoform per
locus. Future work will address these limitations.
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