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The completion of the Human Genome Project in 2003 
led to the launch of several major projects, including 
the international HapMap Project to identify genetic 
variants and haplotypes in the human genome (1), the  
1000 Genomes Project to characterize the frequency of 
genetic variants in human populations (2), the ENCODE 
project to identify functional elements in the human 
genome (3,4), and the ROADMAP project to assess 
epigenetic alternation of DNA sequences (5). All these 
projects have yielded unprecedented information on the 
human genome: for instance, exon regions of genes are seen 
to make up less than 2% of the human genome. Most of 
the human genome (98%) is thus non-coding but contains 
many regulatory elements, including enhancers, silencers, 
insulators, or locus control regions (LCR). 

The non-coding regulatory regions of the human 
genome have been found to be enriched for DNase I 
hypersensitive sites (DHS), histone modification regions, 
DNA methylation regions, and transcription factor binding 
sites (6,7). In recent years, up to 75% of the human genome 
was also observed to be transcribed, generating thousands 
of non-coding RNAs (8), of which long non-coding RNAs 
(lncRNAs) represent the largest group (9). Increasing 
evidence shows that lncRNAs may regulate gene expression 
via diverse biological mechanisms, such as epigenetic 
regulation, chromatin remodeling, and gene transcription, 
but they may also play a role in cellular transport, metabolic 
processes, and chromosome dynamics (10). Many lncRNAs 

have been linked to disease phenotypes, for example, a liver-
specific lncRNA LIVAR was reported to affect hepatocyte 
viability and its expression level was associated with non-
alcoholic fatty liver disease (NAFLD), suggesting it has a 
protective effect in NAFLD (11).

 The importance of non-coding regions in health and 
disease has been demonstrated by genome-wide association 
studies (GWAS) and the vast majority (about 93%) of the 
reported genetic variants lie in non-coding regions and are 
enriched for regulatory regions, like enhancers and DHS 
regions. These non-coding variants are also enriched for 
eQTL effects and affect the expression of both protein-
coding genes and non-coding RNAs (12). Linking non-
coding variants to functional consequences can yield 
mechanistic insights into disease mechanisms. Two examples 
are: (I) a candidate causal SNP was predicted to alter 
RNUX transcription factor binding in regulatory regions 
relevant to breast cancer, thereby affecting expression of 
its downstream genes (13) and (II) GWAS variants linked 
to atherosclerosis-related phenotypes were associated with 
a lower expression of lncRNA ANRIL, the knock-down of 
which leads to reduced cell growth, possibly via CDKN2A/B 
regulation (14).

In addition to large numbers of non-coding germ line 
variants, the vast majority of somatic mutations in cancer 
genomes occur in non-coding regions (15), although 
previous cancer genomics studies have focused on coding 
regions. For instance, The Cancer Genome Atlas (TCGA) 
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reported somatic mutations in 3,281 tumors across  
12 major cancer types using whole exon sequencing (16), 
while more recently, the Memorial Sloan Kettering (MSK) 
Cancer Center identified genetic mutations in more than 
10,000 cancer patients using hybridization captured-
based NGS panel (MSK-IMPACT), which captures only 
a small number of non-coding sites (17). However, there 
is increasing interest in the role of non-coding variants 
in cancer (15,18). The somatic mutations in non-coding 
regions are believed to promote tumorigenesis, together 
with mutations in coding regions. However, very few 
non-coding drivers have been identified so far and cancer 
mutations in non-coding regions are poorly characterized.

Li et al. recently reported on ‘Whole-genome analysis of 
papillary kidney cancer finds significant non-coding alterations’ 
(PLoS Genet 2017) investigating the impact of non-coding 
alterations in one of the most common kidney cancer 
(19). Li et al.’s work adds to the many new gene mutations 
that have been linked to papillary renal cell carcinoma 
(pRCC), although the driver genes and pathways are 
still unknown in many cases. They aimed to explore the 
potential non-coding drivers and heterogeneity of the 
cancer by performing the first whole-genome sequencing 
analysis on tumor samples from 35 pRCC patients. First, 
they focused on MET (tyrosine kinase), a known driver 
gene in pRCC. In the non-coding regions of MET, they 
found that a cryptic promoter in the second intron initiates 
expression of a pRCC-associated alternative transcript. 
Using a methylation array probe, a significantly lower 
methylation level was seen in samples expressing the 
alternative transcript, suggesting that methylation changes 
may drive pRCC development via MET. Moreover, Li 
et al. reported mutations in the MET promoter and in 
the first two introns where the alternative splicing starts. 
However, they did not find any correlation between the 
alternative splicing events and intronic mutations, so this 
needs further investigation. Next they evaluated other non-
coding regions throughout the genome. A mutation hotspot 
on chromosome 1 was detected in 6 out of 35 samples. This 
hotspot overlapped the predicted regulatory region at the 
5’ end of ERRFI1 (ERBB receptor feedback inhibitor 1), a 
negative regulator of the cancer-associated genes EGFR, 
HER2 and HER3. Hence ERRFI1 may serve as potential 

tumor suppressor. However, no changes in mRNA, 
protein or phosphorylation levels of these proteins were 
observed, but this might be due to the limited sample size. 
Another hotspot was observed in a putative promoter and 
flanking region of NEAT1, a cancer-associated lncRNA. 
These mutations were associated with higher mRNA 
levels of NEAT1 and with a worse prognosis for the 
patient. Mutations in NEAT1 have also been reported in 
other cancer studies (20,21). NEAT1 mRNA expression 
was highly correlated with expression levels of the 
downstream gene MALAT1, another lncRNA associated 
with cancer (22). These two lncRNAs may use a similar 
mechanism to regulate cancer progression. Furthermore, 
from their whole genome sequencing analysis of 35 pRCC 
samples, Li et al. identified some interesting characteristics 
of somatic mutation spectra. The mutations in pRCC 
patients were enriched for C-to-T transmission at CpG 
sites, which was associated with a lower methylation 
level. However, these mutations were enriched for coding 
regions and were non-synonymous. Interestingly, the 
mutations in DHS sites are likely driven by defects in 
chromatin remodeling as the authors showed that defects 
in chromatin remodeling genes could result in a 60% 
increase in the number of mutations in DHS regions. The 
potential mechanism of how DHS mutations could affect 
gene transcription is presented in Figure 1. Over 95% of 
DHS sites are positioned distally from exons regions, with 
half in intronic regions and half in intergenic regions (23). 
This implies that mutations in coding regions can result in 
somatic mutations in non-coding regions. 

Li et al. have shown that non-coding alteration is common 
in pRCC patients and they have characterized mutation 
spectra at the whole genome level and DHS sites. However, 
it remains unclear whether these non-coding variants are only 
errors due to defects in DNA repairs, as shown by the defects 
in chromatin remodeling genes. It would be interesting to 
investigate how probable somatic non-coding mutations can 
contribute to tumorigenesis. And it is certainly important to 
further investigate the functional effects of the somatic non-
coding mutations and relate them to the results from various 
omics profiling, next-generation sequencing technologies 
like ChIP-seq and RNA-Seq, and state-of-the-art molecular 
techniques such as CRISPR-Cas genome editing.
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Figure 1 The potential mechanisms of gene transcription defects caused by mutations in non-coding DNase I hypersensitive sites (DHS). 
(A) Mutations in the cis-regulatory elements, e.g., the core promoter and its proximal regulatory regions, may cause defects in the binding 
efficiency of the transcription factor (TF) and other proteins, resulting in disruption or a decrease of gene transcription; (B) mutations 
in the intronic region of a gene may result in transcriptional activation of an alternative transcript and disruption or a decrease of wild-
type transcript expression; (C) mutations in distal regulatory regions, e.g., enhancer, silencer, insulator or locus control region (LCR), may 
influence the binding efficiency of the TF, transcriptional cofactors (CoF) and mediatory proteins resulting in disruption, a decrease or an 
increase in gene expression. Mutations in DHS are shown as yellow stars. These mutations might be a result of mutations in chromatin 
remodeling genes (ChR). RNAPII, RNA polymerase II; P, promoter. 
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