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      CRISPR/Cas9 Approaches to Investigate 
the Noncoding Genome                     

     Davide     Seruggia     and     Lluis     Montoliu    

    Abstract     Studies of gene function in mice have been supported during the past 
decade by a nearly exhaustive collection of mutants, systematically obtained by 
homologous recombination in murine ES cells. Unfortunately, the study of the 
noncoding fraction of the genome did not benefi t from the same valuable 
resources. Nevertheless, increasing evidence of the relevance of this fraction of 
the vertebrate genome has been accumulated in the past years. Comprehensive 
maps of histone modifi cations, methylation patterns, and DNA-binding protein 
occupancies have been made available to predict key regulatory elements through 
the work of various international collaborative consortia, such as ENCODE. 
Comparing these maps with data from genome-wide association studies (GWAS) 
suggested that variants in noncoding sequence elements might be involved in sev-
eral traits and disease conditions. Therefore, there is an urgent need for accurate 
functional tests and genetic modelling of noncoding elements. In this chapter, we 
propose a number of strategies to test hypothesis regarding noncoding DNA ele-
ments, by taking advantage of the most recent genome editing techniques, namely, 
CRISPR/Cas9 approaches.  
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      Introduction 

  Protein-coding genes   account for just a small fraction of the vertebrate 
genomes, estimated to be about 2 %. The remainder, 98 % of the genome, is 
composed of repetitive DNA elements and, most importantly, of a large variety 
of noncoding sequences that share a considerable degree of conservation across 
species [ 1 ]. Such conserved, noncoding elements are required for accurate reg-
ulation of gene expression and are involved in determining cell type identity 
and function.  Active and inactive regulatory sequences   are associated with spe-
cific biochemical marks.  DNA methylation  , histone modifications, and protein 
occupancy are predictive for the function and the state of a given element [ 2 ]. 
Active enhancer sequences are typically marked by mono-methylation of 
lysine 4 of histone H3 (H3K4me1), by acetylation of lysine 27 (H3K27ac), and 
localize in open  chromatin   regions that show hypersensitivity to DNase I diges-
tion (Fig.  1 ). In addition, the distribution of two enhancer-binding proteins, 
CHD7 and P300 [ 3 ], can be used with confidence to identify enhancers. Binding 
profiles of transcription factors in gene neighbourhoods allow inferring the 
underlying networks of gene regulation [ 4 ]. Interestingly, the distribution of 
 chromatin    marks   and transcription factors that decorates the noncoding frac-
tion of the genome varies between different cell types and changes dynamically 
during development and differentiation [ 5 ]. A direct correlation between tran-
scription profile and  chromatin   signatures has been described in many cell 
types or tissues, including embryonic stem (ES) cells [ 6 ], further triggering the 
interest for noncoding, regulatory elements in the fields of development and 
stem cell biology. Several sequence variants in noncoding elements have 
already been found associated with human traits as well as with disease condi-
tions [ 7 – 11 ]. For example,  genome-wide association studies (GWAS  ) high-
lighted that a common trait such as eye colour is strongly associated with a 
DNA polymorphism lying 21 kb upstream of the pigmentation-related  OCA2 
gene  . Molecular analyses indicated that a particular  single-nucleotide poly-
morphism (SNP  ) is located within a OCA2 enhancer and, interestingly, the 
rs12913832 C-allele is associated with decreased OCA2 expression, reduced 
transcription factor recruitment, and  chromatin   looping [ 11 ]. Hair colour also 
results, in part, from variants at noncoding sequences [ 12 ]. Thus, increasing 
evidence denotes the functional role of noncoding variants in both human traits 
and disease. Therefore, there is a pressing need of adequate modelling of non-
coding variants and mutations. This chapter aims to provide an overview of the 
experimental approaches that can be used to study the role of noncoding DNA 
elements and to obtain their inactivation in model systems using the CRISPR/
Cas9 system.
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       Genetic Manipulations of Noncoding  Sequences   
in the Prenuclease Era 

 Loss-of-function alleles of nearly all protein-coding genes have been obtained by 
homologous recombination in mouse ES cells [ 13 ]. On paper, the same experimen-
tal approach could be applied to inactivate noncoding elements. However, only a 
handful of noncoding elements have been inactivated using this strategy in ES cells 
[ 14 – 16 ]. In fact, the noncoding fraction of the genome is particularly enriched in 
repetitive elements, a characteristic that poses diffi culties and challenges the design 
of optimal targeting vectors, because the presence of non-unique DNA sequences 

  Fig. 1     Chromatin marks guide   the identifi cation of active regulatory elements. ENCODE and 
Roadmap Epigenomics datasets can be browsed to identify putative regulatory elements. DNaseI- 
seq tracks highlight open chromatin regions. RNA-seq tracks can be used to identify actively 
transcribing genes. Similarly, RNA polymerase II (PolII) ChIP-seq tracks marks transcription. 
H3K27ac is a typical mark of active enhancers, whereas H3K4me1 can be used to identify active 
promoters. In contrast, H3K27me3 marks repressed chromatin. CTCF protein is associated with 
chromatin boundaries and marks the transition between open and closed chromatin       
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within the homology arms is obviously detrimental for targeting effi ciency. Hence, 
most targeting events would be expected to occur elsewhere, outside the desired 
noncoding DNA element, but at genomic locations rich in similar repetitive 
sequences. 

 Furthermore, a recent study highlighted a bias associated with gene targeting in 
ES cells. In fact, by comparing the genome of 129/Sv and C57BL/6J, the mouse 
strains that are most commonly used as source of ES cells and as recipient embryos, 
respectively, more than 1000 passenger mutations in the vicinity of coding genes 
have been identifi ed, which can confound the interpretation of the associated mutant 
phenotypes [ 17 ]. 

 An alternative strategy that has been largely explored in previous years involves 
the use of large,  genomic-type  , transgenes [ 18 ]. Instead of targeting regulatory ele-
ments at their endogenous locus, several laboratories reproduced inactivating muta-
tions within large genomic constructs, such as those included with artifi cial 
chromosome type of transgenes (i.e., bacterial artifi cial chromosomes, BACs; or 
yeast artifi cial chromosomes, YACs). There, the desired mutation is built in the 
context of a large genomic-type transgene. Using bacteria or yeast, the effi ciency of 
homologous recombination is much higher and the handling of large numbers of 
clones is easier and also less expensive [ 19 ]. In addition, the recombined constructs 
are delivered to cells or model organisms, and the effect of the mutation in noncod-
ing DNA elements is often read through the activity of a reporter gene included in 
the transgene [ 20 ]. Alternatively, the modifi ed BAC or YAC can be introduced in 
mice where the endogenous gene was previously inactivated [ 21 ]. Nevertheless, this 
approach suffers from a number of drawbacks. First, large constructs are not easy to 
manipulate and not all laboratories succeeded in establishing the required protocols. 
Second, modelling a mutation in a large transgene would in turn introduce several 
other non-isogenic variants into the model. Finally, copy number, site of integration, 
and transgene integrity may severely affect the phenotype, leading to complex phe-
notypes resulting from a mixture of variables, where variegated expression of the 
transgenes can be also a confounding factor [ 22 ,  23 ]. 

 The CRISPR/Cas9 system, with its high effi ciency and fl exibility, seems to be 
the ideal candidate to fi ll the existing gap in the genetic modelling and functional 
assessment of noncoding  sequences   in vitro and in nearly all model organisms 
[ 24 ,  25 ]. By using this system, the limitations that we described associated with 
gene targeting in ES cells and large transgenes can be easily overcome. In par-
ticular, with the use of CRISPR/Cas9 approaches the requirement for sequence 
homology can be reduced to just 20 base pairs, relatively easy to fi nd even within 
stretches of repetitive DNA sequences. And, most importantly, the modifi cation 
occurs precisely at the endogenous locus, hence avoiding any chromosomal posi-
tion effect [ 23 ]. 

 In this chapter we illustrate three distinct strategies for the genetic perturbation 
of noncoding elements using CRISPR/Cas9 approaches. First, we introduce the 
inactivation by chromosomal deletion (Fig.  2a ). Next, we discuss a novel technique 
known as  epigenome editing  (Fig.  2b ). Finally, we discuss strategies to target 
 particular non-protein-coding genes, such as miRNA and lincRNAs.
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       Editing by  Chromosomal Deletion      

  Noncoding regulatory elements   are contained within arrays of transcription factor- 
binding sites. Their mechanism of action often relies on the cooperative occupancy 
of multiple DNA-binding proteins. Binding of a specifi c transcription factor to a 
DNA sequence can be anticipated by the presence of a particular motif or consensus 
sequence. However, DNA-binding motifs are not always completely predictive 
because many consensus-binding sequences are poorly defi ned.  Position weight 
matrices (PWM  )-based prediction of DNA-binding consensus highlighted that the 
majority of transcription factors tolerate multiple point mutations at their target 
sequence [ 26 ]. Hence, different from protein-coding genes that can be disrupted 
introducing frameshift mutations at their sequence, point mutations might be insuf-
fi cient to fully inactivate complex regulatory elements. One thoughtful approach 
would be to remove the noncoding DNA element from the genome, within a larger 
DNA sequence, including multiple predicted DNA-binding sites, that is hypotheti-
cally linked with a function (typically, a 1- to 2-kb large sequence). Next, in a sec-
ond round of experiments, smaller overlapping deletions can be produced to 
fi ne-map core elements or to dissect the differential relevance associated with each 
of the individual DNA sequences. The  nonhomologous end-joining DNA repair 
route (NHEJ),   triggered by the CRISPR/Cas9 approach, can be exploited to obtain 
such alleles, promoting religation of two distal DNA ends generated by adjacent and 

  Fig. 2    Different CRISPR/Cas9 approaches. ( a ) Inactivation by deletion: two single guide (sg)RNAs 
are designed to fl ank a chromatin region of interest. When simultaneous double-stranded breaks are 
produced, the intervening DNA is deleted. ( b ) Epigenetic editing: sgRNAs are designed across the 
target sequence and delivered with a dCas9 protein fused with the desired chromatin remodelling 
catalytic domain. For example, the Lsd1 catalytic domain is able to inactivate active enhancers. ( c ) 
Motif disruption. When the DNA-binding specifi cities of a transcription factor are well characterized 
and defi ned, a single sgRNA can be devised to target specifi cally the nucleotides that constitute a 
specifi c DNA-binding site. Upon NHEJ DNA repair,  indel  mutations will be introduced at the DNA-
binding motif, potentially abolishing the binding of the cognate transcription factor       
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simultaneous double-strand breaks (DSB); this would in turn lead to the loss of the 
intervening DNA sequences existing between the two DSBs (Fig.  2a ). This method 
represents a simple and effective approach to obtain the targeted inactivation of 
noncoding elements, in their endogenous genomic context, by designing two tar-
geted nucleases (i.e., in a CRISPR/Cas9 approach: two single guide RNAs, sgRNA, 
to drive the DSB caused by Cas9). Through surgical removal of the putative regula-
tory element, alteration in gene expression level of nearby and distal genes can be 
measured [ 27 ], as well as alterations in  chromatin   marks at the surrounding 
sequences. 

 In our laboratory, we have used a CRISPR/Cas9 deletion approach to test the 
in vivo relevance of a regulatory element found upstream from the mouse  Tyr  gene 
(encoding tyrosinase, the fi rst and fundamental enzyme in the  biosynthetic pathway   
of melanin) that we had previously investigated using YAC-based and standard 
transgenes [ 21 ,  28 ,  29 ]. The  Tyr  5′-upstream region contains multiple DNA-binding 
motifs and it is marked by EP300, a DNA-binding protein that often decorates 
active enhancers, and by H3K4me1 [ 23 ]. Through delivery of two sgRNAs fl anking 
this element and the Cas9 mRNA to mouse fertilized eggs, we have generated sev-
eral deletion alleles with high frequency [ 23 ]. When homozygous deletions are pro-
duced, a similar loss of coat-colour pigmentation is observed in several independent 
lines, indicating that such an element is indeed required to achieve wild-type  Tyr  
expression. As stated before, double-CRISPR/Cas9 deletions are generated through 
the error-prone NHEJ DNA repair route. Thus, each allele we obtained carries a 
typical and unique scar at the DNA sealing point. Another consequence of error- 
prone DNA repair is the production of partial and larger deletions, and even inver-
sions, probably the result of rearrangements during DNA repair, favoured by the 
number of repetitive DNA elements that fl ank the target sequences. Such additional 
alleles can be used for genetic mapping. In fact, by comparing the  phenotype   of 
distinct alleles, we have assembled a genetic map of this mouse  Tyr  5′-enhancer/
boundary element [ 23 ]. 

 A previous study in cultured cells highlighted that the effi ciency of induced chro-
mosomal deletions decreases with the size of the desired deletion [ 30 ]. Nevertheless, 
deletions in the megabase order are indeed possible [ 31 ], opening the possibility of 
precise modelling large chromosomal deletions, structural variants, or  copy number 
variation (CNV  ) that are often found in families associated with genetic conditions 
or diseases. 

 One striking example has been reported by Lupiáñez and colleagues upon mod-
elling mutations at genomic boundaries.  Genomic boundaries  , or insulators, are 
regulatory elements involved in the regulation of multiple genes domains. Typically, 
boundaries are located in between two different but adjacent topological expression 
domains [ 32 – 34 ]. Genomic boundaries physically separate chromatin territories 
containing genes with distinct expression patterns and restrict the activity of 
enhancer clusters to the cognate gene set [ 34 ]. Studying such sequences in an ecto-
pic manner, using DNA constructs linked to reporter genes that mimic the natural 
conformation, might reveal the insulating activity of these boundary elements but 
does not reveal the true function of such elements in the endogenous context [ 35 ]. 
In contrast, this can be achieved by inactivating them at the endogenous site by 
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CRISPR/Cas9 deletion [ 23 ]. Interestingly, imposing such genomic alterations in 
mice reproduced the phenotype observed in humans carrying similar chromosomal 
aberrations [ 36 ]. 

 The CRISPR/Cas9-deletion approach can also be applied to the genetic dissec-
tion of super- or stretch-enhancers [ 37 ]. In fact,  sgRNAs   can be easily designed to 
fl ank the full super-enhancer as well as individual regions associated with discrete 
chromatin immunoprecipitation resolved by DNA sequencing ( ChIP-seq  ) peaks. 
With this approach, the contribution of each module of the super-enhancer can be 
elucidated [ 38 ]. For some specifi c cases, inactivation of noncoding elements can 
also be achieved using one sgRNA, by disrupting a previously characterized DNA- 
binding motif (Fig.  2c ); this is the case of well-characterized transcription factor- 
binding motifs, such as GATA-2. Recently, Bresnick and colleagues described the 
relevance of a number of GATA-2-binding sites in hematopoiesis [ 39 ]. By targeting 
a CRISPR/Cas9 approach to the consensus DNA sequence,  indels  associated with 
the DNA repair scar will mutate some of the nucleotides constituting such a motif. 
As a caveat, one must always take into account that several transcription factor- 
binding sites can still be recognized by the corresponding nuclear factors, even 
though their sequences might differ signifi cantly from the observed consensus. 
Because the frequency of CRISPR/Cas9 target sites in the mammalian genome 
approaches one every eight nucleotides, tiled sgRNAs can also be generated to 
interrogate a regulatory element under saturating conditions. Using this approach, 
Canver and colleagues identifi ed vulnerabilities within an erythroid-specifi c 
BCL11A enhancer that can be used for therapeutical fetal globin re-induction in the 
context of sickle cell disease and β-thalassemias [ 40 ]. 

 Recently, the  mutational signatures   of several types of malignancies have been 
described. Interestingly, mutations at noncoding sequences have been identifi ed in a 
signifi cant number of cancer patients [ 41 – 43 ]. In contrast to mutations at protein- 
coding genes, whose impact can be predicted by taking advantage of already exist-
ing animal and cellular models, the effect of a mutation outside the coding sequence 
can be diffi cult to anticipate. Hence, CRISPR/Cas9 mutagenesis represents a valid 
experimental approach to rapidly identify the effect of those noncoding mutations. 
For example, mutations at a noncoding sequence were found accumulated in a num-
ber of  chronic lymphocytic leukemia (CLL  ) patients. In fact, a hypermutated region 
was found to display enhancer-like features such as H3K4 and H3K27ac enrich-
ment. By CRISPR/Cas9-mediated chromosomal deletion of this putative enhancer, 
Puente and colleagues proved that loss of that enhancer resulted in a 40 % decrease 
in  Pax5 , a gene located 330 kb upstream [ 44 ].  

     Epigenome Editing   

 Epigenetic modifi cations are defi ned as chemical modifi cations of either DNA or 
histone proteins that affect chromatin structure and accessibility to DNA-binding 
proteins. These modifi cations are dynamically remodelled during development, dif-
ferentiation, and aging. In fact, specifi c classes of enzymes exist that edit back and 
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forth such biochemical marks, including DNA and histone methylases, demethyl-
ases, histone acetyl transferases (HAT), and deacetylases (HDAC) [ 45 ]. Each of 
these enzymes can be targeted by specifi c drugs to inhibit their activities. In the past 
years, these inhibitors were used to interfere with chromatin-remodelling enzymes. 
Furthermore, the use of these molecules was also proposed and has already been 
explored as potential chemotherapy agents [ 46 – 48 ]. Unfortunately, these inhibitors 
act globally, nonspecifi cally. Advances in genome editing and synthetic biology led 
to the ability of building designer DNA-binding proteins over distinct targeting 
nuclease platforms. Artifi cial DNA-binding scaffolds can be coupled with a variety 
of catalytic domains, including those from the chromatin remodelling proteins listed 
here. This method allows imposing locally, and in a targeted manner, specifi c chro-
matin marks in the absence of any genetic, irreversible manipulation (Fig.  2b ). For 
example, a TALE (transcription activators-like effectors) DNA-binding array was 
coupled with Tet1, an enzyme that promotes DNA demethylation. Targeting such 
TALE-Tet1 fusion to methylated DNA targets resulted in the loss of local DNA 
methylation. For example, by targeting the  RHOXF2  promoter in Hela and HEK 
293 cells, this resulted in a 50- to 1000-fold gene activation [ 49 ]. Recently, the 
CRISPR/Cas9 system has been also adapted for applications in epigenome editing, 
by using a nuclease-dead Cas9 variant (dCas9). By fusing dCas9 with a catalytic 
domain of LSD1, a lysine-specifi c demethylase produced a tool to target active 
enhancers. By programming dCas9-LSD1 with enhancer-specifi c gRNAs, Kearns 
and colleagues could induce downregulation of target genes [ 50 ]. By targeting 
enhancers relevant for the expression of pluripotency factors, these authors induced 
morphological changes in murine ES cells. Interestingly, these changes depend on 
the depletion of H3K27ac from key enhancers. 

 It is also possible to turn the switch in the opposite direction. By coupling dCas9 
with EP300, a histone acetyltransferase, a strong activation of target genes can be 
achieved by using enhancer- and promoter-specifi c guide RNAs [ 51 ]. 

 This approach is not associated with irreversible DNA sequence alteration, a 
feature that is highly desirable for the study of chromatin dynamics. In fact, only the 
epigenetic features, and not the DNA sequences themselves, are altered. This factor 
allows performing a sequence-based assay, such as chromosome conformation cap-
ture, in the epigenetic-edited cells, a possibility that is obviously lost if a deletion 
occurs at the targeted sequence in the genome. In addition, reversibility and nonin-
heritability traits are highly desirable features for therapeutical applications. 
Therefore, epigenome editing is one of the most promising applications derived 
from the use of the CRISPR/Cas9 tools [ 52 ].  

     Targeting Noncoding RNAs   

 Recent evidence supported the role of noncoding RNAs, including micro-RNAs 
(miRNAs) and long intergenic noncoding RNAs (lincRNAs) in regulating gene 
expression at multiple levels [ 53 ]. Catalogues of these transcripts account for more 
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than 56,000 human lncRNAs [ 54 ] and a similar number of small miRNAs. Thus, 
appropriate genetic models are required to defi ne the role of this emerging class of 
regulatory RNA molecules. Dissimilar to protein-coding genes, these transcripts can-
not be inactivated by triggering frameshift mutations at their corresponding exons, as 
point mutations are not likely to fully inactivate their regulatory potential. Rather, they 
need to be removed from the genome by a deletion strategy, similarly to what was 
previously described in this chapter for noncoding DNA elements such as enhancers 
and insulators. For example, Han and colleagues generated a large deletion in mice, 
encompassing the 23 kb of the imprinted lncRNA  Rian  [ 55 ]. Interestingly, the authors 
detected an increase in the expression of genes adjacent to the lncRNA  Rian , provid-
ing evidence of the fact that lncRNA can regulate transcription of nearby genes. 

 In a study aimed to characterize the function of the lncRNA  Haunt , Yin and col-
leagues deployed a number of distinct CRISPR/Cas9-based strategies. To dissect 
the effect of the  Haunt  transcript from that of the  Haunt  locus, the authors produced 
a series of deletions of different sizes and directed to functional elements within the 
element. By deleting small sequences constituting the  Haunt  promoter, resulting in 
the loss of  Haunt  lncRNA expression, the authors detected an increase in the expres-
sion of  Haunt  target genes, suggesting that this transcript has a suppressive role. In 
contrast, by producing larger deletions, the authors observed a decrease in the 
expression of the same set of target genes, indicating that the  Haunt  locus acts as a 
HOXA enhancer. To confi rm these data, the authors induced  Haunt  overexpression 
by knocking in the sequence of a strong constitutive promoter, CAG, just upstream 
the  Haunt  TSS, using CRISPR/Cas9 to trigger homologous recombination [ 56 ]. 
With this strategy, overexpression of lncRNA could be obtained at the endogenous 
locus. As miRNAs are often organized into large gene clusters, we could consider 
that removal of the full cluster could be interesting. In this regard, by injecting two 
adjacent sgRNA in zebrafi sh embryos, Xiao and colleagues achieved a very large 
deletion encompassing a miRNA cluster on zebrafi sh chromosome 9 [ 57 ].  

    Conclusion 

 The effi ciency, fl exibility, and reproducibility of CRISPR/Cas9 approaches trig-
gered many researchers to engage in challenging experiments that were technically 
very diffi cult to achieve, or nearly impossible to undertake, just a few years ago. 
CRISPR/Cas9-mediated genome mutagenesis has provided an outstandingly simple 
solution to functionally assess both coding and noncoding DNA sequences at their 
endogenous locations. Currently, with all these target nuclease experimental 
approaches, the entire mammalian genome can be investigated, in vivo, to decipher 
the role of coding and noncoding DNA elements in physiology and pathology.     
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