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We have developed a DNA tag sequencing and mapping strategy

called gene identification signature (GIS) analysis, in which

5¢ and 3¢ signatures of full-length cDNAs are accurately

extracted into paired-end ditags (PETs) that are concatenated

for efficient sequencing and mapped to genome sequences to

demarcate the transcription boundaries of every gene. GIS

analysis is potentially 30-fold more efficient than standard cDNA

sequencing approaches for transcriptome characterization. We

demonstrated this approach with 116,252 PET sequences derived

from mouse embryonic stem cells. Initial analysis of this dataset

identified hundreds of previously uncharacterized transcripts,

including alternative transcripts of known genes. We also

uncovered several intergenically spliced and unusual fusion

transcripts, one of which was confirmed as a trans-splicing event

and was differentially expressed. The concept of paired-end

ditagging described here for transcriptome analysis can also be

applied to whole-genome analysis of cis-regulatory and other

DNA elements and represents an important technological

advance for genome annotation.

With the completion of sequencing of the human1–3 and other
mammalian genomes4,5, scientists have turned their attention to
the annotation of genomes for functional content, including gene-
coding transcription units and cis-acting regulatory and epigenetic
elements that modulate gene expression6. Current approaches to
genome annotation include the use of cDNA7 and microarray
data8,9 as well as ab initio computer predictions10,11 and compar-
ison of different vertebrate genomes to identify evolutionarily
conserved regions12,13.

Despite considerable success, there are limitations to the current
transcript-targeted approaches. Fundamentally, there is no method
that can rapidly, efficiently and accurately characterize entire
transcriptomes across a large number of cell samples and biological
conditions (reviewed in ref. 14). The full-length cDNA (flcDNA)
sequencing approach15,16 provides substantial information, but it is
labor-intensive and too costly for the in-depth analysis of multiple
transcriptomes. cDNA short-tag strategies, such as serial analysis of
gene expression (SAGE)17,18 and massively parallel signature
sequencing (MPSS)19, can be used to efficiently quantify known

transcripts but provide only limited information about transcript
structure. To address these problems, we developed an approach
that combines the efficiency of short-tag methods with the accuracy
provided by flcDNA characterization, to exploit the information
contained in assembled genome sequences. The core concept is to
obtain only linked 5¢ and 3¢ short tag sequences for each transcript,
map these terminal ‘signatures’ to the genome and thereby infer the
complete transcription units by the genome sequence encompassed
between these 5¢ and 3¢ signatures.

RESULTS
Construction of GIS paired-end ditags
As an interim procedure we developed the 5¢ LongSAGE and 3¢
LongSAGE protocols that extracted 20 base pair (bp) 5¢ and
3¢ terminal tags separately20. With this new capability, we pro-
ceeded to design a cloning strategy that would covalently link the 5¢
and 3¢ signatures of each full-length transcript into a ditag structure
(Fig. 1). Such PETs representing individual transcripts would then
be concatenated for cloning and high-throughput sequencing. A
quality single-pass sequencing read (B700 bp) would, on average,
enable the analysis of about 15 such PET sequences. The PET
sequences were then mapped directly to the genome to define the
transcription start sites and polyadenylation sites of individual
transcripts. To demonstrate this strategy, we generated 116,252
PETs that represented 63,467 nonredundant PET sequences from
the E14 mouse embryonic stem cell line.

Quality and mapping specificity of ditags
A typical PET structure should contain an 18-nucleotide
(nt) 5¢ signature (positions 1–18) and an 18-nt 3¢ signature
(position 19–36) including a residual AA dinucleotide derived
from the mRNA poly(A) tail that indicates ditag orientation
(Supplementary Fig. 1 online). The PET sequences were mapped
to the mouse genome assembly (mm3; http://hgdownload.cse.ucsc.
edu/goldenPath/mmFeb2003/chromosomes) by a suffix tree–
derived alignment algorithm (W.-K.S. et al., unpublished data).
When mapped correctly to the genome sequences, nucleotides 1–18
in a ditag sequence should be aligned with the 5¢ boundary and
nucleotides 19–34 with the 3¢ boundary of the corresponding
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transcript on a chromosomal locus. Of the 63,467 unique PETs
obtained, 73.6% (46,714) were mapped to the genome through our
automated pipeline, based on the criteria that the paired 5¢ and 3¢
signatures must be on the same chromosome, in the correct order
and orientation (5¢-3¢) and within 1 million base pairs. In
addition, based on our previous observations that both reverse
transcriptase–derived nontemplated nucleotide incorporation and
type II–restriction enzyme slippage could lead to ambiguities at the
PET signature boundaries20, we mandated a minimum 16-nt
contiguous match for the 5¢ signature and a 14-nt contiguous
match for the 3¢ signature. Further analysis showed that 34,815
(74.5%) of the 46,714 PETs mapped to a unique locus in the
genome (Supplementary Table 1 online). Based on their mapping
coordinates, PETs with differing sequences but derived from
transcripts of the same genes were grouped as PET clusters and
assigned to the corresponding known genes in those particular loci.
Using this approach, the complete ditag set of 63,467 PETs was
grouped into 13,658 PET clusters representing the genes potentially
expressed in E14 cells. The 34,815 single-locus PETs were them-
selves grouped into 7,035 clusters. Our subsequent analyses in this
study were mainly focused on this set of single-locus PETs.

To assess overall PET quality and mapping specificity, we first
examined the top ten most abundant PET clusters representing
well-characterized housekeeping genes. Of the 1,173 unique
PET sequences in this group, 98.9% represented full-length tran-
scripts (Supplementary Table 2 online), and the majority fell
within 10 bp of the known 5¢ and 3¢ boundaries of these trans-
cripts (Supplementary Fig. 2 online). These results attest to the
quality of the full-length cDNA clones and indicate that the
PETs generated in GIS analysis were extracted accurately from
intact transcripts and mapped correctly to their corresponding loci
in the genome.

We then expanded the analysis and examined the entire dataset
of 34,815 single-locus PETs and found that 95.2% of these single-
locus PETs could be mapped to known transcripts based on the
UCSC genome browser (http://genome.ucsc.edu/) annotation,
which tracks the RefSeq database, genes defined as ‘Known genes’
(see Supplementary Methods), mammalian gene collection
(MGC) and mouse mRNA from GenBank (Table 1). The remain-
ing ditags mapped to genomic regions in which either only
expressed sequence tags (ESTs; 1.0%) or gene predictions (0.6%)
were sited, or no clear transcript information was available (3.1%).
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Figure 1 | Schematic view of the GIS analysis method. Starting from poly(A) RNA, single MmeI and BamHI sites are introduced to both termini of flcDNA

fragments. These are then cloned to create the GIS-flcDNA library. Plasmid DNA from this library is subjected to MmeI digestion, resulting in the retention

of only a 5¢ signature and a 3¢ signature from the original cDNA clone. After end-polishing with T4 DNA polymerase, the 5¢ and 3¢ signatures (now 18 bp each)

attached to the vector are self-ligated to form the GIS-PET structure, and this becomes the GIS–single PET library. Plasmid DNA from this intermediate library is

digested with BamHI to excise the ditags, which are then concatenated and cloned in pZErO-1 to form the ‘GIS-PET library’ for sequencing analysis. The PET

sequences are subsequently mapped to the genome assembly to define the boundaries of transcription units.
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Of the PETs that mapped to known transcripts, the majority
(90.7% for 5¢ signatures and 86.9% for 3¢ signatures) matched or
were in close proximity to (within 7100 bp of the transcription
start site or the polyadenylation site) the first and last exons of these
known transcripts (Table 2). This again suggests that the
PET sequences were of high quality, and that the tag-to-genome
mapping algorithm was effective.

To examine whether GIS analysis reflects the quantitative nature
of transcripts in cDNA libraries, a comparison of 32,540 PETs
with EST data obtained from 5,671 random clones (mapping onto
the same loci) from another E14 cDNA library was performed.
This comparison revealed a correlation coefficient of 0.75
(Supplementary Fig. 3 online). As a sampling control, an internal
comparison between two pools of 10,000 PETs each from the same
GIS library gave a correlation of 0.85. This indicated that although
some sampling bias was present, the PET counts were quantitatively
informative and provided an acceptable measure of relative
gene expression.

We further verified the PET mapping by confirming the
existence of physical cDNA clones represented by the ditags.
We designed PCR primers based on the PET sequences, amplified

the corresponding cDNA inserts from the parental GIS flcDNA
library and then attempted to reamplify the primary amplicons
with nested PCR primers that were designed based on
genomic DNA encompassed by the tags. A set of 86 arbitrarily
selected PETs representing a wide range of annotation categories,
including known genes (38 PETs), predicted genes (2 PETs) and
previously unidentified transcripts (46 PETs), was examined by
nested PCR. Of these 86 PCRs, 84 (97.7%) generated specific
nested PCR products, tentatively confirming the existence of
bona fide transcript clones in the original GIS flcDNA library.
Specific examples of these validated transcripts are shown
(Fig. 2). To confirm this, we obtained quality bidirectional,
single-pass sequences for 54 individual PCR products obtained
above and verified that 51 (94.4%) of the 54 PCR-amplified
sequences mapped to the expected genomic segments. This
high PCR-verification success rate demonstrates an important
additional benefit of GIS analysis, namely that the original
flcDNA clones represented by the ditags can be efficiently
retrieved from the parental GIS flcDNA libraries for further
analysis by a simple PCR based on information provided by
the ditags.

Table 1 | Mapping characteristics of all PETs obtained by GIS analysis

Ditag mapping categories Ditag counts % total ditag counts Unique ditags % total unique ditags Ditag clusters % total ditag clusters

Total ditags generated 116,252 100.0 63,467 100.0

Ditags mapped 92,213 79.4 46,714 73.6 13,658

Ditags not mapped 24,039 20.7 16,753 26.4

Total single-locus ditags 61,687 100.0 34,815 100.0 7,035 100.0

Ditags to transcripts

Known transcripts 59,046 95.7 33,157 95.2 5,912 84.0

ESTs only 565 0.96 355 1.02 186 2.64

Gene prediction only: 523 0.89 224 0.64 139 1.98

Genscan 132 0.22 85 0.24 59 0.84

SGPGene 55 0.09 36 0.10 30 0.43

Twinscan 43 0.07 30 0.09 18 0.26

Ensembl 293 0.49 73 0.21 32 0.45

Novel 1 402 0.68 258 0.74 208 2.96

Novel 2 (ambiguous) 1,151 1.94 821 2.36 929 13.2

PETs mapped to the genome were assigned to various categories of transcripts if the PETs were located within 710 kb of the transcript’s boundaries. Known transcripts, PETs assigned to either
known genes, genes in RefSeq, MGC sequences or mouse mRNAs from GenBank; Novel 1, PETs mapped to genome regions where no known transcripts, ESTs or predictions were found; Novel 2
(ambiguous), PETs that overlapped existing transcript sequences but were located 410 kb from recorded transcription start site or polyadenylation site. ‘Gene prediction only’ indicates the sum
of all ditags mapped to genes predicted by Genscan, SGPGene, Twinscan and Ensembl.

Table 2 | Mapping specificity of PETs matching Known genes, ESTs and gene predictions

Known genes ESTs Predicted genes

Ditag distance to transcript (bp) 5¢ % 3¢ % 5¢ % 3¢ % 5¢ % 3¢ %

410,000 102 0.31 140 0.42 14 3.94 14 3.94 33 14.7 20 8.93

10,000 to 1,000 336 1.01 783 2.36 29 8.17 93 26.2 23 10.3 27 12.1

1,000 to 100 1,935 5.84 2,054 6.19 105 29.6 116 32.7 40 17.9 76 33.9

100 to �100 30,082 90.7 28,804 86.9 177 49.9 106 29.9 83 37.1 47 20.9

�100 to �1,000 560 1.69 996 3.00 20 5.63 8 2.25 4 1.79 6 2.68

�1,000 to �10,000 114 0.34 325 0.98 8 2.25 16 4.51 25 11.2 36 16.1

o�10,000 28 0.08 55 0.17 2 0.56 2 0.56 16 7.14 12 5.36

Total 33,157 100.0 33,157 100.0 355 100.0 355 100.0 224 100.0 224 100.0

The number of ditags representing Known genes, ESTs and gene predictions is shown in relation to the distance between the ditag and the recorded 5’ or 3’ termini of the corresponding annotation
category. Positive distances indicate PET-identified transcripts that are longer than their corresponding matches, whereas negative distances indicate PET-identified transcripts that are shorter than
their corresponding matches.
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Unmapped PETs
Approximately 26% (16,753 of 63,467) of the PET sequences could
not be mapped automatically to the mouse genome based on the
predefined criteria. Possible reasons for this could include nucleo-
tide mismatches including polymorphisms between the transcript
sequences derived from the E14 cells (which originated from the
129/Ola strain) and the mouse genome assembly mm3 (which
is derived from strain C57BL/6J), sequencing errors present in
the ditags and the genome sequences, possible misassembly in the
reference genome and potential genome rearrangements in the
E14 cells.

To investigate in silico the possibility that the unmapped PETs
resulted from polymorphisms between the tag sequences and the

reference genome, we first aligned the
16,753 unmapped PETs against the mouse
mRNA database in GenBank, applying the
same parameters as for the genomic align-
ment and specifying that the 5¢ and 3¢
signatures of each ditag must match the
same mRNA sequences. This resulted in
1,407 mRNA hits out of the 16,753 PETs.
By subsequently allowing a single-nucleo-
tide mismatch anywhere within the 5¢ and
3¢ signatures, we matched an additional 516
PETs to mRNA targets. In sum, we were
able to map 1,923 of the originally unmap-
pable PETs to mouse mRNA and subse-
quently to the mouse genome. In view of
our estimated sequencing error rate of
o0.01% (less than one error per 1,000 nt)
in this study, it suggests that polymorph-
isms account for the majority of the mis-
matches. However, as the mRNA data in the
public databases are still incomplete, not
all PETs can be assigned to the genome by
this indirect approach. Therefore, the per-
centage of PETs affected by polymorphism-
dependent mismapping is inevitably
underestimated by this analysis.

In an attempt to map the remaining
14,830 PETs that could not be mapped to
the mRNA database, we again allowed a
single-nucleotide mismatch in the prede-
fined minimal 16-bp 5¢ and 14-bp 3¢ signa-
tures and aligned the ditags, this time to the
mm3 genome assembly. This resulted in
specific hits to the genome for 2,479 of the
14,830 PETs. Collectively, mapping to both
mRNA and genome sequence databases
using relaxed criteria resulted in mapping
of an additional 4,402 ditags, bringing the
total number of mappable ditags from
46,714 to 51,116 (80.5% of the total 63,467
ditags, an increase of 6.9%). This process is
outlined in Supplementary Fig. 4 online.

To experimentally determine the under-
lying causes of the initial mapping failures,
we randomly selected 99 originally
unmapped PET sequences (each of which

occurred at least twice, to increase confidence in their authenticity)
for further testing. We designed PCR primers based on the PET
sequences, amplified the corresponding cDNA inserts from the
parental GIS flcDNA library and sequenced the PCR products
bidirectionally. Using this approach, we succeeded in extending
94 PET sequences and aligned these longer sequences to the
genome. The majority (91 pairs of extended PET sequences)
could be mapped to the genomic loci of known transcripts,
and individual examination of these sequences revealed that
sequence differences were indeed responsible for mapping failures
in 53 cases, with these differences ranging from single-base
(17 PETs) to multiple-base (36 PETs) mismatches; in extreme
cases, substantial stretches of one or both signatures could not be

a

b

Figure 2 | Examples of previously uncharacterized transcripts identified by GIS analysis and verified

by PCR and sequencing. The 5¢ and 3¢ signatures of ditag sequences were mapped to the mouse genome,

and are shown as vertical bars linked by an arrowed line in teal indicating the ditag orientation from

5¢-3¢. Similarly, cDNA sequences of the amplification products derived from the ditags as PCR primers

were also mapped to the genome. (a) A previously uncharacterized, intergenically spliced transcript

represented by two ditag sequences (PET34418, two counts and PET56721, one count) was mapped

to chromosome 3 (chr. 3: 90,267,377–90,285,454) and overlapped two adjacent known genes, Clk2

and Scamp3. (b) A previously uncharacterized transcript identified by PET31403 (two counts) was

mapped to chromosome 19 (chr. 19: 15,305,079–15,291,739). Insets: Agarose gels of PCRs. F, flcDNA

fragment of the transcripts amplified by PCR using the ditag sequences as flanking primers; N, PCR

with the same fragment, performed using nested primers. M, 1 kb DNA ladder; arrows indicate

DNA sizes in kbp.
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seen on the reference genome. In four such instances, tag sequences
that could not be found in the genome assembly were readily
matched to mRNA sequences in GenBank. Some examples of these
are given in the Supplementary Data online (Further GIS analysis).
An additional 38 PETs were originally unmapped for reasons
including lack of sufficient sequence information within the ditags
(21 PETs), ambiguity caused by DNA repeats (12 PETs) and
genome assembly errors (5 PETs). Three remaining PETs seemed
to represent unusual fusion transcripts and are discussed later.

Our observation that 91 out of the original random selection of
99 (92%) previously unmapped PETs could in fact be successfully
validated by PCR and sequencing once again strongly indicated the
high quality of the PET sequences themselves. By extrapolation of
these results, we might expect that most of the unmappable PETs
(15, 413, that is, 92% of 16,753) actually represent authentic
transcripts and should be verifiable by this experimental route
and directly mappable if derived from the same genetic background
as the genome sequences. This would imply that a combined total
of 62,127 (46,714 + 15,413), or up to 98% of all PETs, should map
to their corresponding transcription units in the mouse genome.

Novel transcripts identified by GIS analysis
The main feature of GIS analysis, simultaneous identification of the
5¢ and 3¢ ends of transcripts, coupled with enhanced sequencing
efficiency, is uniquely useful for elucidating transcriptome complex-
ity by studying individual transcripts. The definition of ‘novel’ in
this context was taken to mean that there was no overlap of the PET-
encompassed genomic segments with either ab initio gene predic-
tions or previously published mRNA or EST data. In this survey of
4100,000 transcripts (equivalent to sequencing 100,000 cDNA
clones) expressed in E14 cells, we were able to identify four major
categories of novel transcripts: (i) 154 transcripts with novel alter-

native transcription start site and 221 tran-
scripts with novel alternative polyadenyla-
tion site of known genes; (ii) 114 transcripts
representing putative novel uncategorized
transcription units; (iii) 14 putative inter-
genically spliced transcripts, and (iv) 3
unconventional fusion transcripts. These
are described in the Supplementary Data
online (Further GIS analysis) and in
Supplementary Table 3 online. Several
examples of these previously uncharacter-
ized transcripts are also illustrated in
Figure 2 and in Supplementary Fig. 5
online, and these transcripts were validated
by PCR and sequencing analysis. Most of
these previously uncharacterized transcripts
had distinct exon-intron structures, suggest-
ing that they encode proteins, and a few of
them were nonspliced, indicating that they
might be noncoding RNA species.

The three unconventional fusion tran-
scripts were particularly interesting. These
transcripts were identified by three PETs
(PET29043, four counts; PET24191, three
counts; and PET14161, two counts), which
were among the 99 initially unmapped PETs
subjected to experimental verification by

extended sequencing analysis. These three PET-extended cDNA
sequences were unusual in that their 5¢ and 3¢ portions definitively
mapped to different transcripts that were located either on different
chromosomes or, if on the same chromosome, in the incorrect
order (3¢-5¢) and at remote distances from each other. This raised
the unusual possibilities of either chromosomal rearrangements or
trans-splicing of primary transcripts.

The cDNA sequence derived from PET29043 was 1,475 bp long.
Nucleotides 1–281 of this transcript mapped to the 5¢ of first exon
of the Ppp2r4 gene on chromosome 2 (chr. 2: 30,690,513–
30,690,792), whereas the remaining nucleotides (282–1,475)
mapped to a region from the second-to-last exon of the Set gene
(chr. 2: 30,342,725–30,345,831), also located on chromosome 2
but 344,682 kbp upstream (that is, in the wrong order).
Sequence analysis showed that this PET-identified transcript
was, in fact, a fusion between Ppp2r4 and Set, in which the first
exon of Ppp2r4 was linked to the second exon of Set (Fig. 3;
sequence details are shown in Supplementary Fig. 6 online).
We were subsequently able to RT-PCR–amplify the Ppp2r4-Set
transcript directly from two preparations of E14 mRNA, which
ruled out the possibility of chimeric clones arising as artifacts of
the cDNA cloning procedure. Furthermore, the fusion transcript
Ppp2r4-Set seemed to be preferentially expressed in embryonic
cells (Fig. 3, lanes labeled ‘F’), whereas the parental transcripts,
Ppp2r4 and Set, were expressed constitutively across all samples
tested (Fig. 3, lanes labeled ‘P’ and ‘S’). Therefore, these data
also excluded the possibility of the fusion transcript arising as a
genomic translocation event during cell culture adaptation. More
intriguingly, the presence of a single continuous open reading
frame (ORF) of 263 amino acids, including components of
both Ppp2r4 and Set, suggests that a new functional protein is
produced, which may play a role in early development, given the
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Figure 3 | Schematic view of the Ppp2r4-Set fusion transcript identified by GIS analysis in E14 cells and

RT-PCR verification of its existence in various tissues. Exon arrangement of the Ppp2r4-Set fusion

transcript identified by PET29043, which comprises the first exon of Ppp2r4 and exons 2–8 of Set. The

fusion point is a canonical (GT-AG) splice junction. The small labeled arrows indicate the positions of PCR

primers used for validation. The existence of this fusion transcript in the E14 cells and various tissues was

tested by semiquantitative RT-PCR. The fusion transcript PCR product (F) of 445 bp was generated by

primers 18-P8 and 18-P9. The parental Set transcript RT-PCR product (S) of 1,146 bp was generated by

primers 18-P6 and 18-P7, and the Ppp2r4 transcript PCR product (P) of 1,299 bp was generated by 18-P1

and 18-P5. M, 1 kb DNA ladder. The source of templates for PCR and RT-PCR, products of which are shown

in agarose gels at the bottom of the figure, were GIS, plasmid DNA of GIS-flcDNA library of E14 cells;

E1, E14 cell RNA preparation 1; E2, E14 RNA preparation 2; EB, embryoid body; LE, late epiblast; EM,

embryo; TH, thymus; SP, spleen; KD, kidney; TS, testes; OV, ovary; BR, brain; LV, liver; HT, heart; LN, lung.
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preferential expression of Ppp2r4-Set in embryonic as compared to
adult tissues. More details of the putative trans-spliced fusion
transcripts are in the Supplementary Data online (Trans-spliced
transcripts) and in Supplementary Figure 7 online.

The phenomenon of trans-splicing has been observed in lower
organisms including parasites and the fruit fly, but appears to be
very rare in mammals (reviewed in ref. 21.) Our identification of
fusion transcripts potentially generated by trans-splicing events
suggests that trans-splicing may be an active, albeit not common,
mechanism in mammalian systems for creating new proteins. To
this end, the GIS analysis technology is uniquely suited to serve as a
platform for the high-throughput and systematic identification of
such recombinational events.

DISCUSSION
The GIS analysis described in this study is highly accurate for
transcript demarcation. Over 80% of the PETs could be reliably
mapped to genome sequences, and, as we estimated, up to 98.9%
of the mapped PETs retain authentic terminal signatures of their
corresponding transcripts. It is this level of accuracy that enabled us
to identify, with a high degree of confidence, authentic alternative
transcripts containing previously unidentified transcription start
sites and polyadenylation sites, previously uncharacterized
genes and transcripts derived from unconventional recombination
events such as trans- or intergenic splicing. The paired-end nature
of GIS analysis is demonstrably superior to the mono-tag
based approaches, such as SAGE and MPSS, for elucidating
transcriptome complexity.

An obvious advantage of GIS analysis is its unprecedented
efficiency in delineating transcripts within the entire transcriptome.
That two sequencing reads are required to define both ends of each
standard flcDNA clone by conventional cDNA sequencing, whereas
a single sequencing read of a GIS ditag clone reveals 15 PETs
(corresponding to 15 individual transcripts), suggests that the GIS
analysis is potentially 15-fold more efficient in clone and template
preparation and 30-fold more efficient in sequencing for the
demarcation of transcription boundaries than conventional
cDNA sequencing approaches. To carry out a complete analysis
of an entire transcriptome by surveying 1,000,000 cDNA clones,
one has to generate at least 2,000,000 single-pass cDNA sequencing
reads, which is impractical for most laboratories. However, it
would require fewer than 100,000 sequencing reads of ditags to
enumerate all cloned transcripts in a transcriptome. Nevertheless,
one should keep in mind that because GIS analysis provides
no information about the internal structure of transcripts, the
PETs are unable to distinguish splicing variants formed by internal
exon rearrangements.

The recent development of high-density microarrays that tile
entire genomic regions demonstrated the possibility of using a
whole-genome array approach to identify all possible exon units
contributing to the transcriptome22–24. This approach, once vali-
dated and proven economical for whole-transcriptome analysis,
would represent a substantial advance. However, constructing
whole-genome arrays for large mammalian genomes currently
remains impractical for reasons of cost and complexity. In addition,
as a hybridization-based approach, it can only enable one to infer
the existence of exons from signals that are averaged over all
alternative transcripts, with no clear delineation of individual
genes. In contrast, the PET sequencing approach we described can

clearly demarcate individual transcript boundaries. A combined
whole-genome and PETanalysis would conceivably be fruitful, with
PET data defining transcript boundaries and whole-genome ana-
lysis data helping to identify the internal exons of transcripts.

Like all technologies, GIS analysis has its limitations. First, the
accuracy of PET sequences in mapping transcripts is dependent on
the effective cloning of flcDNA, a process that is still technically
challenging and is indeed the most demanding part of the GIS
analysis procedure. Although we adopted the cap-trapper25

approach, other established protocols for flcDNA selection (such
as oligo-capping26 or SMART cDNA synthesis27) may readily be
substituted. Second, whereas a comparison of PET versus EST
counts of separate E14 cDNA libraries showed a good correlation
(r ¼ 0.75), it is possible that the flcDNA cloning procedure may
result in under-representation of certain transcripts, particularly
long transcripts that are difficult to clone. One solution may be to
complement the results of GIS analysis with a terminal-tag proce-
dure, in which only short DNA fragments are cloned and
sequenced. Such procedures have recently been developed by
ourselves20 and others28,29.

Offsetting the limitations associated with flcDNA cloning, there
are benefits to having flcDNA libraries that are constructed as part
of the GIS analysis process. These serve as a sustainable source of
cDNA templates and allow the assembly of an efficient pipeline
for targeted full-length clone retrieval by simple PCR using
information provided in PET sequences, thereby complementing
large-scale full-length gene collection efforts such as MGC15 that
are now underway.

In conclusion, we believe that the combined advance in efficiency
and accuracy conferred by GIS analysis makes this an ideal
technology for comprehensive and systematic characterization of
transcriptomes across large numbers of cell samples and biological
conditions. In addition to helping define transcripts, the concept of
paired-end ditagging for DNA analysis can also be applied, in
conjunction with other methodologies, to whole-genome scans for
the identification of cis-regulatory elements, epigenetic elements
and chromosomal rearrangements. We are now starting pilot trials
on these applications.

METHODS
Cell culture condition and RNA purification. The feeder-free E14
mouse embryonic stem cells30 were cultured in the presence
of leukemia inhibitory factor in DMEM. After about 15 passages,
the cells were harvested for total RNA extraction using Trizol
(Invitrogen). High-quality poly(A) RNA was purified from total
RNA using the mMACS mRNA Isolation Kit (Miltenyi Biotec) for
GIS library construction.

GIS analysis. The complete GIS analysis procedure (Fig. 1) com-
prises the construction of a GIS flcDNA library followed by the
ditagging process that converts the GIS flcDNA library to a GIS
PET library, which is subjected to computational analysis including
PET sequence extraction and genome mapping. During flcDNA
synthesis, MmeI sites are incorporated at each terminus of the
cDNA insert via 5¢ and 3¢ adapters. These allow the subsequent
excision of all cDNA other than the terminal tags, in the context of
the unique vector pGIS1 (modified from pGEM3z (Promega)).
Intramolecular recircularization results in the formation of a
transient single-PET library, from which PETs are excised by
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BamHI digestion. Concatenated PETs are then cloned in pZErO-1
to form the GIS PET library. A detailed description of the GIS
analysis process together with a step-by-step GIS library construc-
tion protocol is included in Supplementary Protocols online.

Validations of PET-identified transcripts. Experimental valida-
tions of PET-identified transcripts by PCR and sequencing were
performed using standard molecular biology procedures. Detailed
conditions are provided in the Supplementary Methods online,
and the sequences of primers and adapters used are listed in
Supplementary Table 4 online.

Note: Supplementary information is available on the Nature Methods website.
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