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 tremendous volumes of data that can be produced by mass spectrom-
etry and other functional genomic assays, now more than ever there 
exist major analytical advantages to designing studies combining 
transcriptomic and proteomic data22.

Importantly, those studies that have attempted deliberate coanalysis 
of RNA and protein have consistently observed a limited correla-
tion (between 0.5 and 0.7) in abundance. As such, measurements of 
mRNA abundance alone are insufficient to be considered predictive 
of protein abundance54–56, reinforcing the requirement for cellular 
analysis at the proteome level. The cause for this poor correlation is 
probably a combination of biological and technical factors57, where 
such biological factors include cellular heterogeneity, alternative splic-
ing, post-transcriptional regulation, post-translational modifications, 
protein turnover and protein localization. It is therefore essential for 
our deeper understanding of cellular mechanics, especially in highly 
heterogeneous tissues such as those of the CNS, to minimize technical 

variability so that samples subjected to multi-omic analysis are of high 
quality, inherently comparable and processed with consistency.

A promising recent innovation allows direct profiling of the 
translatome, or the set of actively translating RNAs engaged by the 
polyribosome, thus enabling analysis of RNA at a point closest to the 
production of protein58 (we discuss so-called RiboTag or TRAP meth-
ods and their utility in the CNS below). A more detailed assessment of 
translational control59 can be obtained by sequencing the very short 
fragments of RNA contained within the ribosome itself17. So-called 
ribosome profiling allows, for the first time, a transcriptome-wide 
survey of the positions of ribosomes on the RNA transcript, includ-
ing precise identification of open reading frames. When compared 
to the relative abundance of those same transcripts, the approach 
has formalized the concept of translational efficiency, a mechanism 
through which cells may have the ability to modify protein output 
while maintaining stable RNA abundance simply by increasing the 
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Figure 1 Integrated genomic, transcriptomic and proteomic analyses and the central dogma. (a–c) Illustrated are the three canonical processes of the 
central dogma, the common methods by which genome-wide data are obtained and the information provided by these data. (a) Whole-genome or exome 
sequencing provides genomic variant information. An example multi-exon gene is annotated with two isoforms, differentiated by a skipped penultimate 
exon, and contains several nonsynonymous mutations identified by whole-genome sequencing, exome sequencing or genotyping microarray (SNPchip). Each 
homozygous or heterozygous missense mutation causes a change in the codon at its respective position, and a nonsense mutation leads to a premature stop 
codon in the penultimate exon of the first isoform. (b) These mutations are reflected in the maternal (m) and paternal (p) transcripts produced for each 
isoform and are detected in the reads obtained from RNA-seq, which also detects an RNA-edit site in all transcripts. RNA-seq quantification reveals that the 
second isoform is predominantly expressed based on the subset of reads (red) that are able to distinguish the first from the second isoform. Also evident from 
the quantification is that the maternal transcript of isoform 2 is primarily expressed (ASE) based on a different subset of reads that span the heterozygous 
variant. (c) Whole-proteome analysis by mass spectrometry produces spectra that can be matched against a database derived from the maternal and paternal 
transcripts and also produces peptides that span the positions of the homozygous and heterozygous variants. The abundances of these peptides support the 
RDD and allelic bias observed in RNA-seq. The spectra also suggest the presence of a post-translational modification, and the absence of peptides toward the 
C terminus of the first isoform lead, for example, to the inference that no protein is produced for this isoform. UTR, untranslated region; CNV, copy-number 
variants; AS, alternative splicing; LC-MS/MS, liquid chromatography–tandem mass spectrometry; NMD, nonsense-mediated decay.
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the quantification is that the maternal transcript of isoform 2 is primarily expressed (ASE) based on a different subset of reads that span the heterozygous 
variant. (c) Whole-proteome analysis by mass spectrometry produces spectra that can be matched against a database derived from the maternal and paternal 
transcripts and also produces peptides that span the positions of the homozygous and heterozygous variants. The abundances of these peptides support the 
RDD and allelic bias observed in RNA-seq. The spectra also suggest the presence of a post-translational modification, and the absence of peptides toward the 
C terminus of the first isoform lead, for example, to the inference that no protein is produced for this isoform. UTR, untranslated region; CNV, copy-number 
variants; AS, alternative splicing; LC-MS/MS, liquid chromatography–tandem mass spectrometry; NMD, nonsense-mediated decay.

structural variants / SNPs 
promoter usage / splicing 
epigenetics / imprinting

rates of 
translation

protein turnover 
PTMs

RNA turnover

RNA abundance 
RNA editing 

miRNA repression 
NMD

protein abundance

rates of 
transcription

Protein abundance is the final output of the central dogma



Protein and mRNA may correlate poorly

6 Schwanhausser et al., Nature, 2011

In both turnover rates… … and abundance



Human brain - mRNA abundance

• The vast majority of mRNA variation 
between regions comes during 
development 

• Fewer genes differ in abundance 
between cortical regions in the adult 

• Given the wider range in protein half 
lives and abundance, there may be 
differences in protein between these 
regions that are not reflected in mRNA

7 Kang et al., Nature, 2011
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BrainSpan/psychENCODE project samples

9

Same subjects used in BrainSpan for RNA-seq 

~6 subjects spanning postnatal development 

5 adult subjects, 7 brain regions
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Simple proteomic workflow
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Proteins solubilised !
in 8M Urea!

Proteins reduced !
& denatured!

Proteins digested !
to peptides!

+ DTT, IAN! + trypsin!

salts removed!

peptides loaded !
to LC column!

peptides loaded !
into mass spectrometer!

and ionised!

MS1

Precursor intensity!
QUANTIFICATION

MS2

MS1 selected for !
further fragmentation!

Fragmentation spectra !
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through database matching !
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Human brain 
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Downstream 
analysis

MBRMS1 not selected - may 
be feature matched



Match between runs feature

12 Tyanova et al., Nature Protocols, 2016
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Fractionated regions

14

Total protein numbers are comparable to other studies showing ~11,000 proteins (in 
relatively simpler mixtures) 

Most proteins are common to all regions 

The cerebellum is a clear outlier



Fractionated regions - Comparison with RNA-seq

15

Unsurprisingly, coverage improves the more abundant a gene is



Single shot samples

16

On average, without matching between runs, we detect 3612 proteins per sample  

Using match between runs significantly increases the number of protein IDs in the 
single shot samples by up to 50% 

undetected 
identified using MBR 
directly identified by MS/MS 



Single shot data: DEX genes - regions

17

5151 proteins were reliably quantified 

Samples were clustered on the basis of 
DEX genes 

Cerebellum and striatum are clearly 
defined by their proteome in both 

development and adulthood 

These two regions are markedly more 
homogenous with regards to cell type 

than the other 5 regions 

3 % 35 %

CBC    STR  V1C    MD   DFC      HIP    AMY  

8 
9 

10 
11 
12 
13

infancy

adult



Single shot data: DEX - genes
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Single shot data: DEX - genes
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DEX genes - clustering
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Proteins from striatal enriched clusters are 
functionally related, and enriched for 

appropriate KEGG pathways

KEGG pathway pAdj proteins

Cocaine addiction 2.55E-06 ADCY5, DDC, RGS9, SLC18A2, 
SLC6A3, TH

Amphetamine 
addiction 0.0006 ADCY5, DDC, SLC18A2, SLC6A3, 

TH

Dopaminergic 
synapse 0.001 ADCY5, DDC, GNAL, SLC18A2, 

SLC6A3, TH

Parkinson’s 
disease 0.0147 ADCY5, GNAL, SLC18A2, 

SLC6A3, TH



Comparison to RNA-seq

21

Cerebellum is more clearly separated from the other regions by protein 

The other regions are easier to define by protein



Comparison to RNA-seq
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Cerebellum is more clearly separated from the other regions by protein 

The other regions are easier to define by protein



RNA - protein comparison
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KS pValue < 10-16

Region DEX genes significantly 
more correlated between RNA 

and protein 

Trend towards period expression 
(too few genes) log 2 FC proteomics
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RNA - protein comparison
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log 2 FC proteomics
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Ontological analysis
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Do these groups of genes relate to ontology in any way?

nucleoplasm 8.58E-29 2.19
nuclear part 8.58E-29 1.93
nuclear lumen 8.58E-29 2.01
nucleus 8.58E-29 1.57

only
 p

ro
te

in

Term pAdj Enrichment
RNA processing 3.31E-28 3.23
mRNA processing 3.31E-28 3.58
RNA splicing 3.31E-28 3.57
RNA splicing, via transesterification 3.31E-28 3.7
mRNA splicing, via spliceosome 3.31E-28 3.69
RNA metabolic process 3.31E-28 1.95
nucleic acid metabolic process 3.31E-28 1.88
gene expression 3.31E-28 1.78
nucleobase-containing compound 
metabolic...

3.31E-28 1.65



Protein only changes

• Overall enrichment for nuclear 
proteins driven by cell body density 

• RNA processing terms more 
significant than other nuclear terms 

• may be a reflection of relative 
stability 

• Other interesting proteins appear in 
region comparisons with more similar 
cytoarchitecture

26 Schwanhausser et al., Nature, 2011

mRNA 
processing



RNA only changes
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only
 R

NA
Term pAdj Enrichment

signaling 0.00071 1.39

cell communication 0.0008 1.38

metal ion transport 0.0016 2.33

ion transmembrane transport 0.0017 2.09

ion transport 0.0027 1.84

neurological system process 0.0027 2.23

transmembrane transporter complex 0.039 2.29

plasma membrane region 0.04 1.73

transporter complex 0.041 2.24

ion channel complex 0.042 2.36

dense core granule 0.05 6.78



RNA only changes

• Tend to be membrane based, signalling proteins 

• These proteins may be synthesized in one region, but transported to another 

• Could have important implications for targeting knockdowns, for example

28



Comparison of areas with similar cytoarchitecture

29

Proteins enriched in 
DFC vs V1C are 

functionally related



Comparison of areas with similar cytoarchitecture

30

Proteins enriched in 
DFC compared to  

V1C are functionally 
related
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Conclusions

• Proteomic level data can reveal differences between regions not seen at the RNA level 

• This approach is most powerful in comparing regions with similar cytoarchitecture 

• Proteomic data is still biased towards abundant proteins.  Future work should consider 
how best to simplify mixtures to increase the sensitivity of the technique:  

• multiplexing samples for fractionation by liquid chromatography 

• sub cellular fractionation  

• tissue specific references to increase identification rates/identify isoforms 

• cell-type specific proteomics

32



How can you use this data?

• Increase the number of IDs in your label free experiments through matching between 
our fractionated libraries 

• Use these spectra to select peptides for targeted proteomics 

• For assessing protein stoichiometry  

• Useful tool for looking at RNA/protein agreement for a new gene of interest 

• We also have mouse vs human comparison data - is protein expression similar between 
humans and your animal model? 

• We are hoping to extend this work to isoform level coverage soon

33

Data can be found in the supplementary tables here: 
https://www.nature.com/articles/s41593-017-0011-2 

https://www.nature.com/articles/s41593-017-0011-2


Thanks!
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