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Figure 4 | Effect of sequence variants in non-coding regions in 
tumorigenesis. A | Overview of the non-coding elements that can be 
affected. Specific cases are shown in parts B–E. B | Mutations can lead to gain 
(part Ba) or loss (part Bb) of transcription factor (TF)-binding motifs. Other 
sequence variants, such as amplification or deletion of the motif, can have 
similar effects. The effects of a single nucleotide polymorphism that reduces 
nuclear receptor (NR) binding affinity to DNA are observed at lower NR levels 
as a result of reduced hormone levels (part Bc). C | Structural variants (SVs) 
juxtapose the oncogene (for example, the growth factor independent 1 

family oncogenes GFI1 and GFI1B) next to a regulatory element (such as a 
super enhancer). Deletions, tandem duplications, inversions, translocations 
or other complex SVs can juxtapose the gene next to an enhancer, leading 
to its transcription. Either the enhancer or gene can overlap SVs. 
D | Mutations in microRNA (miRNA)-binding sites prevent miRNA binding, 
leading to increased target gene expression. E | PTEN pseudogene (PGENE) 
loss. Pseudogene deletion leads to more mi RNAs binding to the parent gene, 
leading to mRNA silencing through its degradation or translational 
repression. CDS, coding sequence; ncRNA, non-coding RNA.
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normal cell growth or in primary tumors, it is the appear-
ance of driver mutations that provides the transformation
trigger. Distinguishing drivers from passengers can estab-
lish the driver-accommodating genes, the mechanism of

the mutation on the molecular level, and the blueprint for
therapy.

Driver and passenger mutations
A driver mutation confers growth advantage; a passenger
mutation does not. Passenger mutations populate cancer
genomes prior to the emergence of driver mutations [12].
Age-related statistics suggested 5–7 driver mutations in
epithelial cancers such as breast, colorectal and prostate
[19]; more recent analyses indicated that the number
could be much higher [20].

Driver mutations can affect recruitment or catalysis. In
recruitment, driver point mutations can be at the inter-
face [21] and destabilize (or overstabilize) an interac-
tion. Driver deletions of protein segments responsible
for interactions can similarly abolish an interaction.
Since an oncogenic protein typically has a number
of partners competing for the same binding surface
[22–24], as for example crystal structures indicate for
Ras interacting with Raf and PI3K via the same surface,
abrogating one interaction results in another taking over.
In cancer, this may imply a signaling pathway switch
between apoptosis and survival [25,26!!,27!,28]. Driver
mutations can substitute residues undergoing post-
translational modifications, also affecting recruitment.
In catalysis, drivers can abrogate a reaction, similarly
keeping a protein in an active state, as in the case of
G12, G13, and Q61 mutations in the Ras protein
(Figure 2).

Drivers can also act allosterically by redistributing the
conformational ensemble [29]. They can destabilize an
inactive state, stabilize an active state or both [6,27!]. The
EGFR mutations T790M that stabilizes the hydrophobic
R spine of the active state and L858R that disrupts the
hydrophobic core of the inactive state and stabilizes
the aC-helix-In without ligand-induced receptor dimer-
ization provide examples (Figure 3). A single mutation at
the asymmetric dimer interface (V948R) that shifts the
population in favor of the monomeric or the symmetric
dimer renders both driver mutations T790M and L858R
latent driver mutations as revealed in crystal structures of
the inactive kinase conformations [30–32]. The legend for
Figure 3 provides the basis for classifying L858R as a
monomeric ‘latent driver’, rather than a driver mutation
which depends on the formation of asymmetric dimer
[33]. Even mutations which are directly at functional
sites, such as Ras’ G12, G13 and Q61 are likely to have
additional allosteric effects.

The concept of ‘latent driver’ mutations
Currently, the classification is binary: a mutation is
designated as either a driver or a passenger. This
classification is important since it provides the genetic
basis for cancer treatment decisions [17!!]. Statistics is a
primary factor in this classification [3,4]. However, low
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Current Opinion in Structural Biology

Schematic diagram of the definition of driver mutation (DM), passenger
mutation (PM) and latent driver mutation (LM). Cellular signaling is a
complex network. A node in a particular signaling pathway is normally
regulated by an upstream activation (or inhibition) event. It then
transmits (or blocks) the signal to downstream effectors by switching the
population of its conformational ensemble in favor of the active (or
inactive) state. In the absence of an upstream regulatory activation
signal, passenger mutations can be simply defined as illustrated in
(A): the change of the relative populations of the active versus the
inactive states (DGWT " DGPM" DGPMs) causes no noticeable effect in
downstream signaling even if they combine with additional passenger
mutations (orange curve). In contrast, driver and latent driver mutations
cause various degrees of alteration of the relative populations between
the active and inactive states as depicted in (B). In principle, a simple
binary classification can define a driver mutation (red curve) as the
active state becoming the dominant state of the mutant node, a
mandatory condition for transmitting a signal. That is, the driver mutant
becomes a constitutively active species independent of upstream
signaling under physiological conditions. Latent mutation (blue curve) is
a mutant that increases the population of the active conformation; but
the increase is insufficient to transmit the activation signal down the
pathway via the latent mutation alone. The definitions of the three
mutation types can be summarized by their change of relative
conformational populations between the active and inactive states with
respect to that of the wild type: DGWT < DGLM# 0 # DGDM.
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Cancer genomes:
id_1

id_2

id_3

id_4

id_5

id_6

id_7

id_8

id_9

Mutation:

Functional 	
elements:

id_10

id_11

id_12

id_n

…

Enhancer / TFBS:

B

Functional	
impact:

High:
Low:

Mutations effect on expression


