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The assumption, based on studies of the lac operon in E. coli, 
has been that genes are synonymous with proteins and that 
most genetic information, including regulatory information, is 
transacted by proteins.  

 Surprise #1:   Genes in humans and other complex eukaryotes are mosaics of 
protein-coding and noncoding sequences.	


 Interpretation:  Intervening sequences, despite the fact that they are transcribed, 
are ‘junk’.

This protein-centric view reflects the mechanical and reductionist zeitgeist of the age 
and led to several subsidiary assumptions, despite a number of subsequent surprises 
that should have given pause for thought.

Surprise #2:   Eukaryote genomes are full of transposon-derived sequences.	

Interpretation:  These sequences are mainly non-functional ‘selfish’ DNA (!).

Surprise #3:   Gene number does not scale with developmental complexity. 	

Interpretation:  Combinatorial control of transcription, splicing etc. can explain ….?



• The biggest surprise of the genome projects was the discovery that the 
number of orthodox (protein-coding) genes does not scale strongly or 
consistently with complexity:

The genetic basis of human development

• Where is the information that programs our developmental and cognitive 
complexity? 

• Most of the proteins are orthologous and have similar functions in all 
animals, and many are common with yeast. 

• Humans (and other vertebrates) have approximately the same number 
of protein-coding genes (~20,000) as C. elegans.



J.S. Mattick Nature Reviews Genetics 5, 316-323 (2004). 
R.J. Taft, M. Pheasant and J.S. Mattick, Bioessays 29, 288-299 (2007)
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The proportion of noncoding DNA broadly increases with developmental complexity

Irrespective of the extent of non-coding sequences, it is now evident that the 
vast majority of the genomes of all organisms is transcribed in a dynamic 
manner in different cells and tissues at different developmental stages.



Identified > 30,000 transcripts with little or no protein-coding potential6Identified > 30,000 transcripts with little or no protein-coding potential



~70% of mouse genes exhibit overlapping antisense transcripts



~44% of human transcripts are not polyadenylated!
and comprise a largely distinct set of sequences





The amazing complexity of the mammalian transcriptome

JS Mattick and IV Makunin (2006) Non-coding RNA. Human Molecular Genetics 15: R17-R29

Graphical representation of the complexity of the transcriptional landscape in mammals. White 
boxes represent non-coding exonic sequences and blue boxes protein-coding exonic sequences. 
Green diamonds represent snoRNAs and orange triangles represent miRNAs. Indicated are (A) 
antisense transcripts with overlapping exons, (B) nested transcripts on both strands, (C) antisense 
transcripts with interlacing exons, and (D) retained introns. j



RNA capture-sequencing: focussed 
transcriptomics a là exome sequencing

• Capture arrays contain probes that hybridize 
to RNAs expressed from genomic regions of 
interest

• Transcripts of interest are captured by 
incubating a RNA sequencing library with the 
array. Non-target RNAs are washed away.

• Captured transcripts are eluted and 
enrichment of targeted RNAs confirmed

• Captured transcripts are sequenced



RNA Capture-Seq exposes the deep complexity of the human transcriptome

We used RNA Capture-Seq to 
examine transcription in intergenic 
loci that are “gene deserts” as 
identified by conventional RNA-Seq

Capture-Seq tranforms regions 
of sparse-mapping RNA-seq 
reads into long, complex 
alternatively spliced RNAs 	

(95% of transcripts in intergenic 
regions completely novel)

Protein-coding loci are similarly 
transformed, revealing many 
previously undetected spliced 
isoforms

Tim Mercer, Daniel Gerhardt, Marcel Dinger, Cole Trapnell, Jeff Jeddeloh, John Mattick and John Rinn	

Nature Biotechnology (2012) 30: 99-104.



Discovery of 4 new isoforms of p53 by RNA CaptureSeq



Transcriptional and splicing complexity of a noncoding RNA locus 
revealed by RNA CaptureSeq



Mattick JS (2009) The genetic signatures of noncoding RNAs. PLoS Genetics, e1000459

The vast majority of catalogued noncoding RNAs show no evidence of translation



16

Non-coding RNA expression in mouse brain

Cortex

1,328 ncRNAs examined:	

849 found to be expressed in brain	


60 ubiquitous	

623 highly cell- or region-specific	

[Mercer al. (2008) PNAS 105: 716-721]

Hippocampus

Cerebellum



Subcellular localization of long ncRNAs

Mercer, Dinger et al., PNAS 2008



Text

Also called Neat1







Genome Research 2009

Journal of Immunology 2009

RNA 2011

Genome Research 2008Embryonic stem cell differentiation

T-cell activation

Myoblast differentiation

Cancer Research 2011

Breast cancer and mammary development

Melanoma

Distinct suites of lncRNAs are expressed at different stages of development

Neuronal stem cell differentiation BMC Neuroscience 2009



Differentially expressed noncoding transcripts	

during embryonic stem cell differentiation
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Dinger et al. (2008) Long noncoding RNAs in mouse embryonic stem cell 
pluripotency and differentiation. Genome Research 18: 1433–1445 (2008).

Evx1as

Many lncRNAs have expression profiles that 
correlate with markers of stem cell differentiation



Dinger et al. (2008)  
Long noncoding RNAs in 

mouse embryonic stem cell 
pluripotency and 
differentiation. 	


Genome Research 
18: 1433–1445 (2008)

Differentiation-induced 
transcripts antisense to 

developmental genes 
associate with chromatin 
modifying complexes and 

modified histones



Epigenetic memory is embedded in the methylation and hydroxy-
methylation of cytosines in DNA and in a wide range of modifications of the 

histones that package DNA into nucleosomes. 

What determines the site selectivity of these enzymes?

What determines the positioning of nucleosomes?

What is the molecular basis of epigenome-environmental interactions?

These are catalyzed by a suite of ~100 generic enzymes / chromatin 
modifying complexes that impose a myriad of different chemical marks at 
hundreds of thousands, if not millions, of genomic locations in different 

cells at different stages of differentiation.

Epigenetic processes are central to differentiation and development, long-
term responses to environmental variables, and brain function. 







A. Various small RNAs direct chromatin modifications. PIWI proteins and piRNAs interact with HMT/HP1a to induce 
heterochromatin formation in Drosophila. RNA duplexes may be processed in a DICER dependent manner into siRNAs that 
may subsequently direct chromatin modifications, possibly by targeting nascent transcripts or DNA directly. siRNAs may 
direct histone methylation (Me) via RITS (RNA-induced transcriptional silencing complex) in centromere heterochromatin in 
fission yeast.  

B. siRNAs originating from RNA Polymerase 4 transcripts can direct DNA methylation in plants.  

C. Transcription of SINE B2 elements can establish boundaries between euchromatin and heterochromatin domains in mouse.  

D. Long ncRNAs can recruit chromatin repressor complexes (CRC) or chromatin activating complexes (CAC) to target loci in 
cis or trans, thereby regulating the chromatin context of local genes.

Mattick et al. (2009) RNA regulation of epigenetic processes. Bioessays 31: 51-59.



Mercer & Mattick (2013) Nature Structural & Molecular Biology 20: 300-307



Nucleosomes are preferentially positioned at exons  
in somatic and germ cells in vertebrates

Satu Nahkuri, Ryan Taft and John Mattick (2009) Cell Cycle 8: 3420-3424.



Nature Structural and Molecular Biology 17, 1030-1034 (2010).





RNA editing

Two types, both involve base deamination:

A > I - catalyzed by ADARs (“Adenosine Deaminases that Act on RNA” 

C / 5meC > U / T - catalyzed by APOBECs (“ApoB Editing Complex”)

ADAR1 and ADAR2 occur in most animals, are expressed in most tissues 
but highly expressed in brain / nervous system. Developmentally lethal.

ADAR 3 is vertebrate-specific and brain-specific. Function unknown. 

5 families of APOBECs, 3 vertebrate-specific, 2 mammal-specific.

The APOBEC3 family expands from one ortholog in mouse to 8 in human 
(APOBEC3A-H), with very strong signatures of positive selection.





Editing is not restricted to a neuroreceptor mRNAs but occurs in thousands of transcripts.

Editing occurs mainly in noncoding sequences, implying that editing is altering regulatory 
circuits and networks, potentially influencing RNA-directed epigenetic memory.

There is a massive increase in the amount and intensity of A>I editing of human RNAs 
compared to mouse (35x increase).

The vast majority of this increase occurs in Alu sequences, primate-specific SINEs that 
invaded in three waves during primate evolution and occupy 10.5% of the human genome 
(~1.2 million largely sequence-unique copies).



The extent and intensity of A>I editing also increases during primate evolution



Involved in somatic rearrangement and hypermutation of immunoglobulin domains in B-cells 
and T-cells

APOBEC3F and 3G appear to control exogenous and endogenous retroviral and LINE-1 
retrotransposition. 

APOBEC3G is expressed in post-mitotic neurons.
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