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domain–phosphoprotein interactions in all 
allowable configurations. This formulation, 
known as the Hamiltonian, is used to deter-
mine the probability that the system may 
exist in a specific state, as modeled by the 
Boltzmann distribution. The authors simplify 
the Hamiltonian, expressing it as the first- 
order expansion of the residue-residue inter-
actions occurring within the contact interface. 
Although this modified formulation ignores 
higher-order residue interactions and steric 
constraints within the same domain, among 
other simplifications, it successfully learns an 
approximation of residue-residue energet-
ics from a large collection of experimentally 
assessed SH2 domain–phosphopeptide inter-
actions. Plugging in the empirically fitted ener-
getics for an SH2 domain–phosphopeptide  
interaction that has not previously been 
assessed allows them to compute a rough 
approximation of the Hamiltonian (thus 
termed a pseudo-Hamiltonian). This is then 
used to predict the probability of observing any 
of the possible interactions. The final step is to 
normalize the Boltzmann distribution, com-
puted for a specific state, by the partition func-
tion computed across all the possible states of a 
system. For example, receptor tyrosine kinase 
signals are mediated by adaptor proteins, such 
as CRK, which contain multiple SH2 domains 
and interact with multiple phosphoproteins. 
Evaluating the probability of any specific 
interaction state must therefore account for 
the energetics of all possible states.

Despite applying significantly simplifying 
assumptions, the approach works remark-
ably well, as shown both by cross-validation 

analyses and by validation of novel predicted 
interactions. More importantly, this is the first 
approach that allows determining changes in 
binding affinity induced by single-nucleotide 
mutation, across multiple disease-relevant 
interactions. This approach supports the 
functional evaluation of many mutations 
represented in large-scale databases, such as 
The Cancer Genome Atlas (TCGA). Overall, 
the authors evaluate the functional con-
sequences of 807 nonsynonymous single- 
nucleotide mutations affecting SH2 domains 
and of 4,648 in sequences encoding phospho-
peptides, across 24 tumor types and 2,207 
tumor samples. Specifically, they ask whether 
each mutation may result in gain or loss of 
one or more interactions. In addition, they 
consider whether these changes are specific, 
disrupting only an individual SH2 domain–
phosphopeptide interaction, or more global, 
abrogating the interactions for an entire SH2 
domain interaction hub (Fig. 1). Perhaps 
not surprisingly, they report that mutations 
affecting SH2 domains are far more likely to 
induce global loss of function for the entire 
phosphoprotein hub, whereas mutations 
mapping to phosphoproteins result in highly 
specific gain or loss of function, mediated 
by individual interactions. Although such 
‘edgetic’ effects were previously reported as a 
function of disease-related polymorphysms6, 
this methodology allows for their de novo 
inference from sequence data.

Going beyond association
An intriguing observation is that the  
number of independent mutations predicted  

to dysregulate cancer-relevant interactions 
is very large, suggesting that the number of 
cancer driver mutations may be higher than 
previously thought. The study predicts that 
the vast majority of functionally consequential 
mutations may map to phosphoproteins rather 
than SH2 domains. Conversely, mutations 
affecting SH2 domains may be far less likely to 
be functionally relevant. When they are, how-
ever, they are likely to result in broad loss of  
function. Critically, private mutations are at 
least as likely to be functional as the recurrent 
mutations in a cancer cohort.

Taken together, the data presented by 
AlQuraishi et al. suggest that our current  
focus on identifying common genetic 
events in a disease population, on the basis 
of sequencing data alone, may reduce our  
ability to elucidate a comprehensive rep-
ertoire of functionally relevant mutations. 
This observation highlights the need for 
novel algorithms and methodologies such 
as the one presented in this study and the 
ones highlighted above4,5, among several 
others, that are directly aimed at uncovering  
the functional relevance of both somatic 
mutations and germline variants.
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Transcriptional regulation determines the 
composition of genes expressed in different 
cell types from a single genome. The two 
major cis-regulatory components involved 
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in this process are promoters and enhanc-
ers, which together orchestrate transcrip-
tional output in response to various stimuli. 
Promoters are located immediately upstream 
of genes and serve to bind the preinitiation 
complex, whereas enhancers provide cell type 
specificity in gene expression and can act to 
enhance recruitment of the preinitiation 
complex to promoters through interactions 
with specific transcription factors. Because 
of their distinct functions, it is thought that 

promoters and enhancers are organized dif-
ferently. In a new study, Adam Siepel, John 
Lis and colleagues1 identify hundreds of 
thousands of transcription initiation sites in 
the human genome using GRO-cap (global 
run-on sequencing coupled with enrichment 
for nascent RNAs with 5′ caps), which detects 
unstable nascent transcripts with high sensi-
tivity2.  Many of these initiation sites reside 
within annotated promoters and enhancers; 
surprisingly, detailed analysis showed that 

np
g

©
 2

01
4 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



news  and  v iews

1254 volume 46 | number 12 | december 2014 | nature genetics

initiation site as ‘stable’ or ‘unstable’. It was this 
classification that showed that, although pro-
moters and enhancers have similar architec-
tures at their initiation sites, they differ in the 
stability of the transcribed RNAs.

Transcription in enhancers is regulated
A growing body of evidence suggests that 
intergenic regions, including enhancers, are 
extensively transcribed. Initially, there were 
anecdotal observations for several enhanc-
ers, and recent high-throughput studies have 
now shown that RNA transcription takes 
place in thousands of enhancers across the 
human genome4. The lack of a clear biologi-
cal function for this widespread transcription 
in enhancers implied that these transcripts 
represent non-specific transcription by  
Pol II, a phenomenon that contributes to 
transcriptional noise5. However, the finding 
of Core et al. that enhancer initiation sites 
have a defined architecture that is very simi-
lar to the architecture of promoters suggests 
that transcription from enhancers is a tightly 
regulated process rather than the result of  
serendipitous Pol II interactions with acces-
sible DNA. Although the function of eRNA  
transcripts remains mostly unclear, the regu-
lated recruitment of the transcription com-
plex to enhancers and the positive correlation 
of transcript levels with enhancer activity  
suggest that transcription initiation has a 
significant role in enhancer-mediated effects 
on gene expression. If this is indeed true, the 
next step will be to understand the underlying 

mechanism by which enhancers employ eRNA 
transcription to regulate promoters. It will  
be interesting to determine whether this 
mechanism depends on the identity of the 
transcribed eRNA molecule. Because eRNAs 
are rapidly degraded, one can speculate that 
enhancer activity is facilitated by transcription- 
associated events, such as changes in chroma-
tin and the local concentration of initiation 
factors, rather than by the resulting transcript 
itself. By providing a precise map of transcrip-
tion initiation sites and transcribed regions, 
the study by Core et al. lays the foundations for 
systematic computational and experimental 
research that can broaden the understanding 
of eRNA functionality6.

Predicting regulatory regions
Another interesting aspect of this work is  
the use of GRO-cap output as a molecular  
signature that predicts enhancers and pro-
moters. These predictions have high agree-
ment with chromatin-based annotations of 
enhancers and promoters in cell type–specific 
comparisons7. There are two major advantages 
to profiling regulatory regions with GRO-cap. 
First, GRO-cap may have higher resolution 
as it covers a smaller fraction of the genome  
than chromatin-based classification. Second, 
GRO-cap requires fewer experiments than 
chromatin-based methods, which require  
the analysis of many histone modification 
profiles in each studied cell type. With the 
growing interest in identifying the regulatory 
regions in many human cell types, accurate 
predictions that require a single assay may  
be appealing.

Taking the findings together, this study pro-
vides new insights into the basic organization 
of promoters and enhancers that can be used 
to accurately predict the regulatory landscape 
of the genome. A major remaining challenge 
is to decipher the biological function for  
regulated transcription of short-lived RNA 
molecules in both enhancers and promoters.  
Such insights will illuminate the as yet 
unknown regulatory mechanisms by which 
transcriptional events affect gene expression.
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the basic organization of these sites is quite 
similar in promoters and enhancers (Fig. 1a). 
Both produce pairs of transcripts in a diver-
gent manner with relatively tight spacing of  
~110 bp and distinct transcriptional com-
plexes at each member of a pair. Both have 
similar frequencies of canonical core promoter 
elements and similar binding profiles of RNA 
polymerase II (Pol II), TBP and TFIIB. Both 
are bound by specific transcription factors in 
the center of each pair and in proximity to the 
transcription start sites (TSSs). Finally, both 
are flanked by well-positioned nucleosomes. 
The authors report that post-transcriptional 
mechanisms rather than transcriptional  
initiation steps distinguish promoters from 
enhancers: whereas promoters give rise to 
a stable transcript in one direction and an 
unstable transcript (uaRNA) in the antisense 
direction, enhancers give rise to unstable  
transcripts (eRNAs) in both directions  
(Fig. 1b). These differences are attributed to 
the presence of early polyadenylation signals 
and the absence of splice sites in the enhancer 
transcripts, which lead to rapid degradation  
of the elongating transcript.

Defining a measure of stability
Core et al. compared transcription initiation 
patterns from GRO-cap, which identifies both 
stable and unstable transcripts, with those from 
CAGE (cap analysis of gene expression), which 
mostly identifies stable RNAs3. Through this 
comparison, the authors defined a new mea-
sure of transcript stability and classified each 

Figure 1  The architecture of initiation sites and transcript stability in promoters and enhancers.  
(a) The transcription initiation regions of promoters and enhancers share common features: divergent 
TSSs with an average spacing of 110 bp, well-positioned nucleosomes and transcription factor (TF) 
binding in the center and in proximity to the TSSs. (b) Stability of the transcribed RNA. Promoters give 
rise to stable transcript in the sense direction, while upstream antisense RNA (uaRNA) and enhancer 
RNA (eRNA) are rapidly degraded.
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