
Pervasive transcription 
Several studies, including recent analyses performed during the ENCODE 
project, indicate that eukaryotic transcription is pervasive, with almost  
the full length of non-repeat regions of the genome being transcribed1. 
Although the extent of transcription of repeat regions is less well 
understood, recent data suggest it is developmentally regulated and 
functional2. Polyadenylated RNAs transcribed by RNA polymerase II are the 
most intensely studied transcriptional product, but non-polyadenylated 
RNAs are also made by all three major eukaryotic RNA polymerases. 

Non-coding RNAs
Although the majority of the most abundantly expressed RNAs contain 
protein coding information, most of the newly identified transcription is 
composed of RNAs with reduced protein coding potential. However, many 
functional roles for non-coding RNAs (ncRNAs) have now been documented 
— roles that extend well beyond acting as an information intermediary 
between a genome and the translational machinery. Several characteristics 
that underscore their expected biological functionality can be identified for 
many members of this increasing repertoire of previously unannotated 
ncRNAs. These features include: the evolutionary conservation of their 
promoters, splice junction sequences and secondary structures; the 
regulated patterns of expression during development and perturbation of 
these patterns in disease states; and localization and association with 
proteins that are specific to particular subcellular compartments3.

Complexity and organization
Recent deep RNA sequence characterizations also point to a greater 
complexity in the organization of information contained within genic and 
intergenic segments of the genome. The structure of a gene first described 
by Jacob and Monod has now given way to a genome with multiple 
transcripts covering each genic region. The ENCODE project has reported 
5.4 transcripts per gene locus in the 1% of the human genome analysed by 
this project1. The sequences of these transcripts indicate that more than 
half of the transcripts at each gene locus seem to be ncRNAs. In addition 
to there being multiple transcripts in each genic region, the organization 
of these transcripts in a locus seems to entail a substantial amount of 
overlap between some RNAs. Other transcripts in the same locus can have 
transcription start sites (TSSs) that are distinct and distal from one 
another. Interestingly, the fate of many of the transcripts originating from 
within genic regions or from intergenic regions is to be processed into 
shorter RNAs. Many of the most important regulatory short RNAs — 
including microRNAs (miRNAs), small interfering RNAs (siRNAs), small 
nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), small Cajal-body 
specific RNAs (scaRNAs) and piwi-interacting RNAs (piRNAs) —  
are derived from long coding and non-coding RNAs4,5. 

At the opposite end of the genome scale to the detailed analyses of 
genic regions, long chimaeric RNAs have been discovered. The 
observation that these RNAs are sometimes composed of portions of 
genomic sequences separated by long genomic distances or even on 
different chromosomes suggests that the information encoded in 
genomes can be used in a non-colinear fashion6. Although the mechanism 
of formation and the biological importance of chimaeric RNAs remains 
unclear, their characteristics and prevalence throughout the evolution  
of eukaryotic cells make them an attractive target for future studies. 

The diversity of types and functions of RNAs that transcriptomic 
studies has now uncovered points to a more elegant, complex and richer 
reservoir of genetic information being stored and processed from 
eukaryotic genomes than could previously have been imagined.

Enabling technologies
RNA deep sequencing (RNA–seq): This technology provides unique 
insights into the composition and characteristics of transcriptomes.  
The complexity of information encoded by eukaryotic genomes  
— for example, the products of each strand and non-colinear RNAs —  
can be captured by specialized application of RNA–seq. 
Tiling arrays: Unbiased RNA mapping using high resolution tiling  
arrays allows the easy and inexpensive surveying of entire genomes. 
However, as arrays cannot provide some detailed information concerning 
RNA structure (for example, exon–exon junctions), they are most useful 
as a complementary technology to RNA–seq for experiments with 
specific goals.
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Bidirectional transcription: Intergenic regions often contain 
unspliced or spliced nc transcripts. Such intergenic RNAs are often 
missing or have a foreshortened 3′ polyadenylation modification. 
Coding and/or non-coding genes in close 5′ end proximity can 
share a bidirectional promoter (G2 and G7). Bidirectionally 
transcribed regions are common in the human genome10.
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Convergent transcription: Spliced transcripts can be convergently transcribed, with their 3′ termini overlapping in their 
respective UTRs (G2 and G8; UTRs are half-width). Overlapping transcription — from overlapping UTRs or other regions 
— can generate double-stranded transcripts that can produce small interfering RNAs (siRNAs; see bottom panel)9.

Alternative splicing: Primary transcripts from the majority of genes can be alternatively spliced to yield different transcript 
isoforms. Although the transcription start site (TSS) of the depicted transcripts is common for both G1 isofoms, this is 
often not the case; different promoters, TSSs or polyadenylation sites can be used to generate different isoforms.

Genome organization: Annotated genes can occur in clusters (G1–3, G6–9 and G4,5,10,11). In some cases genes 
within the same cluster are coordinately regulated. Clusters are often separated by intergenic regions containing 
long or short intergenic spliced and unspliced non-coding (nc) transcripts, with or without polyadenylation.

Short RNAs at the TSS: Many short RNAs map to specific loci within 
genic regions. The TSS regions of genes (G2 and G8) are sites at which 
three families of short RNAs have been identified. The families are 
distinguished by the size of the region around the TSS and promoter 
that is covered by the short RNAs and the lengths of the short RNAs.
• Promoter-associated short RNAs
  (PASRs) map to both strands, have
  lengths of 20–200 nucleotides (nt)
  and are distributed 500 nt either 
  side of the TSS12.
• Transcription start site RNAs
  (TSS-RNAs) are reported to have
  lengths of 20–90 nt and are
  distributed 250 nt upstream and
  50 nt downstream from the TSS13.
• Transcription initiation RNAs
  (tiRNAs) have lengths of 18 nt
  and have been observed to map
  on both strands around the TSS14.

MicroRNAS:  MicroRNAs (miRNAs) are an 
important class of regulatory RNAs. 
Approximately 50% of miRNAs have their origin 
in the introns of annotated genic regions15.

Other short RNAs: Many other types of short RNA can be transcribed from other genic or 
intergenic regions. For example: termini-associated short RNAs (TASRs) seem to be distributed 
500 nt upstream and downstream from transcription termination sequences; regions of 
overlapping transcription can give rise to siRNAs; and most small nucleolar RNAs (snoRNAs) and small 
Cajal body-specific RNAs (scaRNAs), which have described functions, are processed from introns.

Transcription factories: 
A proportion of transcription and 
RNA processing seems to occur 
within compartments inside nuclei 
called transcription factories7. 
Transcription factories have been 
implicated in the coordinated 
transcription of genomically close 
or distal coregulated genes. 
Interestingly, distal gene regions can 
contribute to chimaeric RNA, which 
forms a small fraction of the 
transcriptome6. These distal 
sequences might be brought into close 
proximity by their colocalization in 
transcription factories. 

Long intergenic transcripts: Long intergenic 
ncRNAs (lincs) are one class on the 
intergenic transcript that might be functional8.

Intronic transcripts: An unspliced or spliced coding or 
non-coding transcript product of one gene can map within an 
intron of another gene, either on the same or opposite strand 
(G3 and G9). The TSS of one gene (G9) might lie within 
the intron of the other, or the 5′ of the other (G3) could be the 
result of post-transcriptional processing of a longer transcript11.

Overlapping transcripts: A gene cluster composed of genes encoded on both strands 
(G1–3 and G6–9) contains a large variety of long transcripts. Very long transcripts (many 
hundreds of kb in length) can be observed.  Protein coding RNAs can be expressed in sense 
and antisense to each other (G1 and G6). The overlapping regions can include sequences 
that occur in the exons of both genes and also in the intron of one gene (G1) and the exon 
of the other (G6); the extent of the overlap of exons on complementary strands is variable.

The pervasive and interleaved transcriptome
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Our image of the eukaryotic transcriptome has been transformed in recent years: it is now 
known that — from yeast to humans — almost the entire non-repetitive content of the genome 
can be transcribed. Not only is the extent of transcription greater than expected but evidence of 
the complexity and heterogeneity of the transcriptome — in terms of the types of RNA and their 
regulation — has increased. This new understanding is in large part thanks to technological 
developments, particularly deep sequencing and tiling arrays, that allow the products of the 
genome to be characterized at high resolution and without reliance on genome annotation. 

However, this complexity is organized. Viewing the composition and organization of the 
eukaryotic transcriptome at multiple levels of resolution highlights the range of types and 
sizes of RNAs that are produced and how transcription relates to genome structure. These 
scales can range from the full genome, which reveals that RNAs can be produced that contain 
sequences from different chromosomes, to the scale at which long RNAs that cover hundreds 
of thousands of nucleotides can be seen, down to the level of transcripts made within 
individual gene regions, including RNAs that are only a few nucleotides in length.
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