
The human genome contains only about 
20,000 protein-encoding genes1, yet gene 
expression is controlled by around one mil-
lion regulatory DNA elements called enhanc-
ers2,3. Thus, each gene is regulated by multiple 
enhancers that collectively dictate the specific 
conditions — such as the cell types and devel-
opmental stages — in which it is expressed. 
Enhancers can be located a long distance 
away on the chromosome from the gene that 
they control (more than one million base pairs 
away). DNA looping brings the enhancers 
into close spatial proximity with a promoter 
sequence that lies immediately next to, and 
ultimately drives the expression of, their  
target genes. At present, how enhancers that 
are linked to the same gene cooperate is poorly 
understood. But, writing in Science, Lin et al.4 
markedly advance our understanding of the 
architecture of such enhancer networks.

Over the past decade, considerable efforts 
have been made to discover the genetic vari-
ants that affect our risk of developing common 
diseases, such as cancer and heart conditions5. 
Notably, more than 90% of the risk variants 
that have been identified to date are located 
in non-coding parts of the genome and often 
occur in enhancer regions6. However, our abil-
ity to interpret the functional consequences 
of such variants is rather low — in fact, this task 
is regarded by some scientists as one of the  
greatest challenges in human genetics7.

Previous studies8,9 used a genome-editing 
technique called CRISPR to interfere with the 
activity of individual enhancers and to per-
form large-scale screens of enhancer function. 
Lin et al. took this approach one step further, 
performing a CRISPR-based screen in which 
they inactivated either a single enhancer or 
two enhancers simultaneously in each cell. As 
a model system, they studied enhancers of the 
MYC gene in human cells in vitro. The authors 
chose MYC because its enhancers have already 
been characterized,  the protein it encodes 
has a key role in cell proliferation and it is a 
common driver of cancer. MYC is regulated 
by seven enhancers, which are located in two 

clusters. Cluster 1 lies closest to the MYC pro-
moter and contains four enhancers, whereas 
cluster 2 is more distant and contains three. 
Notably, these two clusters are separated from 
each other by more than one million base pairs.

The authors found that, when pairs of 
enhancers from the same cluster were per-
turbed, the effect on MYC expression (and, 
therefore, on cell proliferation) was relatively 
mild. By contrast, when the perturbed pair 
contained one enhancer from each cluster, the 
reduction in MYC expression and cell prolifer-
ation was much more drastic. In these cases, 
the effect of inactivating the two enhancers 
was substantially stronger than the sum of the 
effects elicited by mutating each individually. 
The authors named the pairs of enhancers 
that had such effects synergistic regulatory 
enhancers (SREs). Next, they developed a 

machine-learning model that predicted SREs 
for numerous other genes, and confirmed 
some of these predictions experimentally.

The physical determinants of synergism 
between pairs of enhancers are unclear and 
require further research. However, the study 
provides some initial hints. The two major 
properties for predicting SREs using the 
machine-learning model were few spatial  
interactions between the pairs, and con-
trasting levels of transcriptional co-activator 
proteins such as BRD4 — high levels around 
one cluster and low around the other. Previ-
ous work10,11 showed that extremely strong 
enhancers induce the formation of localized 
condensates (high-density assemblies) of 
co-activators  near their target genes. These 
condensates concentrate the molecular 
apparatus needed for transcription, driv-
ing high levels of gene expression. Lin and  
colleagues found that inhibiting individual 
MYC enhancers only slightly reduced the  
density of BRD4 condensates, but perturbing 
SRE pairs led to a very strong synergistic reduc-
tion. Notably, chemical inhibition of BRD4 
abolished the synergistic effect between SREs, 
indicating the importance of co-activator  
condensates in enhancer synergy.

Taking their results together, Lin and 
colleagues suggest a two-layer architecture 
for enhancer networks. In the first layer are 
enhancers situated close to each other within 
a cluster, which act additively to increase the 
promoter’s activity and ensure that gene 
expression reaches high levels. In the second 
layer are enhancers located in distinct clusters 
at long distances from one another, which act 
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Gene expression is regulated by clusters of regulatory DNA 
sequences called enhancers. Basic design principles that 
protect enhancer networks against the harmful effects of 
genetic mutations have now been elucidated.
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Figure 1 | A proposed design principle for enhancer networks. a, Genes are regulated by clusters of DNA 
elements called enhancers. Enhancers within each cluster lie close to one another on the chromosome, 
whereas different clusters can be located more than one million base pairs apart. The enhancers make contact 
with a DNA sequence called the promoter and drive the formation of dense assemblies called condensates, 
which contain high concentrations of transcriptional co-activator proteins, leading the promoter to drive 
high levels of gene expression. This schematic depicts a model proposed by us in which, at any given time, the 
promoter associates with one of the clusters, switching between the two. b, c, Lin et al.4 reveal that enhancers 
from different clusters act synergistically — mutating an enhancer in one cluster or the other (b; only one 
example shown) reduces the density of co-activator condensates and lowers gene expression much less than 
the combined effect of mutating enhancers in both clusters (c). This is because the promoter preferentially 
associates with unmutated clusters.
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synergistically to make the network robust, 
providing it with redundancy as a protective 
measure against mutations such that a change 
in one of the pairs has only modest effects.

Mechanistically, this model implies that, in 
wild-type cells, two clusters simultaneously 
associate with the promoter to synergize. 
We suggest a slightly refined model that also 
accounts for the inversely correlated BRD4 
occupancy that is a defining property of SREs. 
In our model, the promoter switches between 
two states, establishing a co-activator assem-
bly with one of the enhancer clusters at a time 
(Fig. 1). Synergism is achieved by the back-up 
activity of one cluster when the other is  
suppressed. Analyses at the level of a single cell 
will be required to test this proposed model.

Finally, the authors demonstrated that — 
for selected cases — the synergistic effects on 
gene expression are associated with similar 
effects on disease risk in people. For example, 
examination of large-scale genetic and gene- 
expression databases revealed that a pair of 
variants located in an SRE for MYC synergis-
tically affected both the gene’s expression 
and the risk of developing Crohn’s disease or 
having a relapse of leukaemia.

Lin and co-workers’ study reveals a basic 
design principle that endows enhancer  
networks with robustness against mutations. A 
key open question is how common SREs are in 

the human genome. If they turn out to be preva-
lent, their comprehensive identification could 
greatly improve our ability to predict the effect 
of non-coding mutations on traits of interest. A 
person’s genetic disposition for common dis-
eases is assessed using ‘polygenic risk scores’, 
which take into account the cumulative effect 
of all risk variants associated with a disease12. 
However, these calculations currently assume 
an additive effect and ignore any synergistic 
relationships between risk variants. Lin and  

colleagues’ results imply that including 
genome-wide SRE scores could markedly 
improve our ability to predict clinical risk 
from genetic profiles. Their methodology and 
results also pinpoint genomic regions where 
such SREs are likely to occur, providing the first 
crucial step towards their clinical use.
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“For selected cases,  
the synergistic effects 
on gene expression are 
associated with similar 
effects on disease risk.”
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