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Abstract

Recent advances in genome-wide sequencing technologies have provided researchers with unprecedented opportunities
to discover the genomic structures of gene regulatory units in living organisms. In particular, the integration of ChIP-
seq, RNA-seq, and DNase-seq techniques has facilitated the mapping of a new class of regulatory elements. These
elements, called super-enhancers, can regulate cell-type-specific gene sets and even fine-tune gene expression regula-
tion in response to external stimuli, and have become a hot topic in genome biology. However, there is scant genetic
evidence demonstrating their unique biological relevance and the mechanisms underlying these biological functions. In
this review, we describe a robust genome-wide strategy for mapping cell-type-specific enhancers or super-enhancers in
the mammary genome. In this strategy, genome-wide screening of active enhancer clusters that are co-occupied by
mammary-enriched transcription factors, co-factors, and active enhancer marks is used to identify bona fide mammary
tissue-specific super-enhancers. The in vivo function of these super-enhancers and their associated regulatory elements
may then be investigated in various ways using the advanced CRISPR/Cas9 genome-editing technology. Based on our
experience targeting various mammary genomic sites using CRISPR/Cas9 in mice, we comprehensively discuss the
molecular consequences of the different targeting methods, such as the number of gRNAs and the dependence on their
simultaneous or sequential injections. We also mention the considerations that are essential for obtaining accurate
results and shed light on recent progress that has been made in developing modified CRISPR/Cas9 genome-editing
techniques. In the future, the coupling of advanced genome-wide sequencing and genome-editing technologies could
provide new insights into the complex genetic regulatory networks involved in mammary-gland development.

Keywords Super-enhancer - Genome-wide analysis - CRISPR/Cas9 - Cell type-specific gene regulation - Mammary gland
development

Abbreviations Introduction

SE  Super-enhancer

During animal development, different gene sets are precisely
activated in distinct organs at specific stages. This tightly reg-
ulated developmental process is mainly controlled by regula-
tory units in genomic DNA. Although extensive studies have
examined the roles of these regulatory elements (e.g., pro-
moters and enhancers), recent progress in next-generation-
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chromatin region serves as a platform for the transcriptional
machinery responsible for gene activation, which includes
transcription factors, co-factors, and RNA polymerase II.
Genome-wide transcription factor binding patterns and histone
modifications can be detected by chromatin immunoprecipita-
tion followed by sequencing (ChIP-seq) [3, 4]. ChIP-seq pro-
filing has revealed that active promoters are post-translationally
modified by the tri-methylation of lysine 4 at histone 3
(H3K4me3), whereas active enhancers are enriched for the
acetylation of H3K27. In addition to histone modifications,
the co-occupancy of lineage-specific transcription factors and
co-factors is often found in cell-type-specific enhancers [5, 6].
The extent of the gene activation controlled by the nearest reg-
ulatory elements can be further examined by RNA sequencing
(RNA-seq) [7, 8]. When integrated together, these next-
generation-sequencing technologies can enable researchers to
predict putative regulatory elements throughout the genome
and facilitate the characterization of their unique chromatin
structures across a wide range of living organisms.

Although next-generation-sequencing techniques are useful
for examining the genomic structures of regulatory elements,
they do not reflect biological functions. The recent emergence
of nuclease-mediated genome-editing technologies opened a
new era in functional mutagenesis studies and has enabled re-
searchers to determine the in vivo biological functions of putative
regulatory elements. The first endonuclease utilized for genome
engineering was the zinc-finger nuclease (ZFN) [9, 10], which
was introduced for this purpose in 2005. The zinc finger DNA-
binding domains of ZFN recognize specific target sequences,
whereupon the associated endonuclease, FoKI, cleaves target
DNA sequences. Subsequently, a synthetic nuclease, called tran-
scription activator-like effector nuclease (TAELN), was devel-
oped to provide an alternative platform for genome engineering.
Similar to ZFN, TALEN consists of a TALE effector DNA-
binding domain and a DNA-cleavage domain [11-14].
Although both ZFN and TALEN have the capacity to alter spe-
cific DNA sequences, it remains technically challenging and
time-consuming to engineer DNA-binding modules. More re-
cently, researchers developed a clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9 system that has been
widely used for genome engineering in various organisms.
CRISPR/Cas9 was originally adapted from the bacterial immune
system [15-17]. Prokaryotes use CRISPR/Cas9 to degrade in-
vading nucleic acids (e.g., viral and plasmid DNAs) for adaptive
immunity. In 2012 and 2013, three different research groups
simultaneously succeeded in applying a CRISPR/Cas9-based
system for genome engineering in eukaryotic cells [18-23].
CRISPR/Cas9-based genome engineering is simpler, faster, and
more cost effective than the previous strategies and has been
extensively used to establish mouse models.

In this review, we first describe a strategy that may be used to
obtain a reliable set of cell-type-specific enhancers or super-
enhancers, and how their biological functions may be examined
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using the CRISPR/Cas9 system. We then comprehensively il-
lustrate the preferential deletion patterns that may be obtained
from different CRISPR/Cas9 targeting methods and address
recent updates in genome-engineering technologies. We further
provide practical guidance and new insights on the application
of genome-wide analyses and genome-editing technologies to
study mammary gland biology.

Identification of Super-Enhancers Using
Genome-Wide Analyses

Although enhancers have been widely studied for more than
several decades, their importance was recently re-emphasized
by the discovery that they play a unique role in cell-type-
specific gene control. Richard Young and his colleagues were
the first to identify enhancers essential for lineage-specific gene
regulation and designate them as “super-enhancers” [24, 25].
Unlike typical enhancers, super-enhancers are comprised of
multiple enhancers and cover long regions of genomic DNA,
generally over 12.5 kb. The constituent enhancers of a super-
enhancer are densely occupied by lineage-specific or master
transcription factors, the mediator complex subunit MED1
[26], and the active enhancer mark H3K27ac. Importantly,
super-enhancers are highly associated with genes involved in
cell identity. Further studies demonstrated that super-enhancers
have unique chromatin features in various cell types of mouse
and human tissues [27-29]. Super-enhancers are commonly
identified by the Rank Ordering of Super-Enhancers (ROSE)
algorithm, using the ChIP-seq profiles of lineage-specific tran-
scription factors, MED1, or H3K27ac [24]. This program iden-
tifies stitched enhancer regions and ranks them by their ChIP-
seq signal intensity. However, most studies have applied only
one or two ChIP-seq profiles to the ROSE algorithm. For ex-
ample, MED1 ChIP-seq profiles were used to identify super-
enhancers in embryonic stem cells, B cells [24] and adipocytes
[28], and H3K27ac ChIP-seq signals were used to identify
super-enhancers in hair follicle stem cells [29] and erythrocytes
[30]. Therefore, there is some question as to whether this is
sufficient to obtain genuine cell-type-specific enhancers.
Hennighausen and co-workers used a more robust strategy
to identify super-enhancers in mammary tissue [31]. ChIP-seq
experiments were performed initially to examine the genome-
wide binding patterns of the transcription factor, STATS,
which is a master regulator of mammary gland development
(Fig. 1). These experiments identified regions in which
STATS binding and H3K27ac coincided, followed by the
use of non-promoter regions to identify super-enhancers.
Additional ChIP-seq experiments were performed with
mammary-enriched transcription factors, such as the gluco-
corticoid receptor (GR) [32] and MED1, on day 1 of lactation
(L1), when mammary-specific genes are highly expressed.
GR has been found to synergize with STATS to induce
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Fig. 1 Identification of mammary-specific super-enhancers. ChIP-seq
experiments conducted with the master transcription factor, STATS, in
mammary tissue identified genomic regions coinciding with the active
enhancer mark, H3K27ac. Non-promoter regions were excluded, and the
individual ChIP-seq profiles of STATS, the mammary-enriched

expression of genes encoding milk proteins. Subsequently, the
individual ChIP-seq profiles were subjected to the ROSE al-
gorithm, and overlapping super-enhancers were isolated.
After removing the STAT5-driven super-enhancers found in
both mammary and non-mammary tissues (e.g., liver and T
cells), 440 mammary-specific super-enhancers were obtained.
DNase-seq data confirmed that these super-enhancer regions
were located in open chromatin regions, and additional ChIP-
seq profiles revealed the co-localization of mammary-
enriched transcription factors, such as nuclear factor 1-B type
(NFIB) [33] and E74-like factor 5 (ELF5) [34], at constituent
enhancers. NFIB functions as a co-activator of STATS in
mammary gland development, whereas ELFS5 is essential for
mammary gland development and differentiation.

The high-confidence mammary-specific super-enhancers
were further annotated to the nearest genes, and their expression
levels were examined by RNA-seq in mammary tissue. RNA-
seq data revealed that the genes associated with STATS-driven
super-enhancers were more highly expressed than genes asso-
ciated with STAT5-driven lone enhancers. Moreover, genes
associated with mammary-specific super-enhancers were high-
ly expressed in mammary tissue, but were not expressed or
expressed only at basal levels in non-mammary tissues, includ-
ing liver and T cells. Further gene-set-enrichment analysis

transcription factor, GR, the mediator, MED1, and H3K27ac were sub-
jected to the ROSE algorithm for identification of putative super-en-
hancers. Overlapping super-enhancers were isolated, and those common
to mammary tissue, liver or T cells were further removed to obtain a high-
confidence set of mammary-specific super-enhancers

(GSEA) showed that the levels of expression of super-
enhancer-associated genes were highly dependent on the ex-
pression level of STATS and that more than half of these genes
were significantly induced during lactation. For example, the
mammary-specific super-enhancer, Wap, comprises three indi-
vidual enhancers that are densely occupied by H3K27ac,
MED1 and mammary enriched transcription factors such as
STATS, GR, NFIB, and ELF5 [31]. More complex
mammary-specific gene loci comprised of four Csn genes
and also contain four super-enhancers, two between Csn2 and
Csnls2a, one upstream of Odam, and one in front of Csn3, and
that these super-enhancers are densely occupied by mammary-
enriched transcription factors and H3K27ac marks [35].
However, STAT5-driven lone enhancers did not bind to
mammary-enriched transcription factors. Additional ChIP-seq
experiments revealed that both Wap and Csn super-enhancers
are demarcated by the zinc finger protein, CTCF, which is in-
volved in insulating neighboring genes [35, 36]. Chromosome
conformation capture-on-ChIP (4C) experiments also showed
interactions among CTCF sites within Csn super-enhancers.
Subsequently, RNA-seq data demonstrated that both Wap and
Csn, which are major milk protein genes in mice, are highly
induced up to 10,000-fold during lactation [31], whereas genes-
associated with STAT5-driven lone enhancers were only
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expressed at basal levels in mammary tissue. These findings
clearly demonstrate that the sequential and comprehensive anal-
ysis of results generated by complementary next-generation-
sequencing tools can allow researchers to identify bona fide
super-enhancers specific to mammary tissue.

Recently, super-enhancers have also been identified in hu-
man breast cancers. In addition to the association between
super-enhancers and cell identity genes, aberrant forms of
super-enhancers have been frequently found in various diseases
including leukemia [37, 38], solid tumors [25, 39], diabetes [25,
40], auto-immune diseases [25, 27] and neurodegenerative dis-
eases such as Alzheimer’s disease [25] and Parkinson’s disease
[41, 42]. Several features of disease-associated super-enhancers
have been characterized. Single nucleotide polymorphisms
(SNPs), small insertions, DNA translocation, focal amplifica-
tion and overexpression of transcription factors such as
bromodomain-containing protein-4 (BRD4) or oncogenes have
often been found within super-enhancers [43]. BRD4 is a mem-
ber of the BET family that binds to mediator complexes and
participates in transcriptional elongation [44]. To identify super-
enhancers in breast cancer, Zuber and colleagues used
H3K27ac and BRD4 ChIP-seq profiles for the MCF-7 breast
cancer cell line [45] and Glodzik and co-workers used
H3K27ac ChIP-seq profiles for human breast cancer tissues
[46]. Although these studies identified super-enhancers in
breast tissue, they only used an active enhancer marker or a
marker preferentially found in disease-associated super-en-
hancers (e.g., BRD4) that is not specific to mammary tissue.

In Vitro Approaches to Investigate
the Functional Role of Super-Enhancers

Although cell-type-specific chromatin features of super-
enhancers have been well characterized, their biological rele-
vance has not been fully determined. Initial attempts to investi-
gate the functional activities of super-enhancers involved the
linking of super-enhancer fragments to the reporter gene and
assessing enhancement by in vitro reporter assays [40, 47—49].
Whyte et al. induced the overexpression of super-enhancer frag-
ments, which were linked to the luciferase gene in embryonic
stem cells, finding that super-enhancers have higher activity
than lone enhancers [24]. Adam et al. also showed that ectopic
expression of the super-enhancer specific to hair follicle stem
cells linked to the GFP reporter gene restricts enhancer activity
in hair follicle stem cells, but not other cell types [29].
Additional studies examined the functional roles of super-
enhancers by inhibiting key transcription factors within super-
enhancers using siRNA [50, 51], shRNA [24, 28], miRNA [52]
or small molecule inhibitors [47, 53—61]. shRNA inhibition of
the key transcription factor Oct4 within super-enhancers specif-
ic to embryonic stem cells significantly reduced the expression
of genes associated with super-enhancers, but not lone
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enhancers [24]. Treatment with BRD4 inhibitors such as JQ1
has also been used to test the activity of super-enhancers found
in various cell types, specifically in diseases [47, 53-58, 60,
61]. JQ1 preferentially reduced expression levels of disease-
associated genes by selectively preventing BRD4 binding at
super-enhancers. Following the development of various ge-
nome engineering tools, many research groups have tried to
delete entire super-enhancers or induce mutations in individual
enhancers at transcription factor binding sites in various cell
lines [30, 62—68]. However, the in vivo biological function of
super-enhancers was not demonstrated in animals until 2016.

Using CRISPR/Cas9 Genome Editing
to Investigate the In Vivo Functional Role of
Cell-Type-Specific Regulatory Elements

The first demonstration of the in vivo biological function of
super-enhancers was reported by Shin et al. in mammary tissue
[31]. CRISPR/Cas9 genome editing was used to target STATS
binding sites at three constituent Wap super-enhancers, E1, E2
and E3, both individually and in various combinations.
Experiments with mice having individual enhancer mutations,
AEIl, AE2 or AE3, revealed that the most distal E3 enhancer
plays a critical role in mammary-specific Wap gene expression
during lactation and was largely dependent on STATS.
Experiments with mice having combined mutations, AE1/2,
AE2/3, or AE1/2/3, showed that all three individual enhancers
are necessary for full induction of mammary-specific Wap gene
during lactation. These results indicate that the mammary-
specific Wap super-enhancer, identified by complementary
genome-wide analysis tools, activates a mammary-specific
gene. Moreover, these findings demonstrate that CRISPR/
Cas9 genome editing is a useful tool to examine in vivo bio-
logical functions of super-enhancers. In a study investigating
the role of CTCF as an insulator, five CTCF binding sites with-
in the Wap super-enhancer were also mutated by CRISPR/Cas9
[36]. Although no CTCF binding site mutation was found to
affect Wap gene expression, the deletion of specific CTCF sites
significantly induced the expression of the neighboring gene,
Ramp3, and established de novo chromatin interactions be-
tween two distinct regulatory regions. These results indicate
that CTCF may not completely block the super-enhancer unit;
instead, it may silence neighboring gene activation.

Although CRISPR/Cas9 has been used successfully to mu-
tate specific DNA sequences in genes or regulatory elements
of eukaryotic cells [31, 35, 36, 69—71], only limited studies
have described strategies to introduce mutations in the mouse
germline, and the subsequent molecular consequences had not
been systemically explored prior to a study in 2017 [72]. To
investigate the global molecular consequences driven by
CRISPR/Cas9 editing of the mouse genome, 17 genomic sites
within mammary-specific enhancers were systematically
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targeted, and individual mutations in 630 founder mice were
analyzed. Specifically, the sequences of the STATS- and
CTCF-binding sites within mammary-specific super-en-
hancers were mutated, either individually or in combination,
followed by a comprehensive investigation of the preferential
deletion patterns and consequences of the different targeting
strategies obtained by CRISPR/Cas9 genome editing.

The CRISPR/Cas9 system consists of two essential com-
ponents: a single guide RNA (gRNA) that recognizes target
DNA sequences and a Cas9 nuclease that originated from the
bacterium, Streptococcus pyogenes [19]. When a gRNA binds
to target sequences, Cas9 induces a double strand break
(DSB), which is repaired by either non-homologous end join-
ing (NHEJ) or homology-direct repair (HDR). NHEJ domi-
nates when the CRISPR/Cas9 system is used, and it efficiently
generates deletions at target sites. When the donor DNA tem-
plate is introduced into cells along with a gRNA and Cas9,
HDR alternatively occurs and the donor sequence is inserted
into the target region. Thus, NHEJ is widely used to generate
knockout mice, whereas HDR is commonly used to establish
knockin mouse models. These unique features allow re-
searchers to directly examine the in vivo function of putative
regulatory elements in the mouse genome, especially in mam-
mary organs that may not be represented by an in vitro system.

Preferential Deletion Patterns Associated
with CRISPR/Cas9 Genome Editing

Cas9 recognizes a protospacer-adjacent motif (PAM), typically
an NGG sequence adjacent to a gRNA within the target region,
and cleaves double-stranded DNA between the third and fourth
nucleotides from the PAM. To investigate whether there is any
preferential orientation of the deletions generated by CRISPR/
Cas9, mutational analyses were performed at nine different ge-
nomic sites in 139 founder mice [72]. Notably, the deletions were
prevalently generated toward the 5'- or 3’-ends from the Cas9
cutting site (Fig. 2a); more than 70% of the deletions extended to
1.5-fold of either end, and over 80% exceeded a 2-fold differ-
ence. Prevalent asymmetric deletions were also found in data
obtained from the study of Kim et al. [73]. Thus, although there
does not appear to be any distinct preference for a deletion to be
oriented toward the 5'- or 3"-end (Fig. 2b), it is clear that asym-
metric deletions prevail at the Cas9 cutting site.

Deletions with repeat sequences are also frequently seen
with the CRISPR/Cas9 system [72]. Analysis of seven differ-
ent target regions in 122 founder mice showed that a single or
duplicate unit of a repeat sequence was often preferentially
retained at a deletion site (Fig. 2c). Although Kim et al. re-
ported that microhomology-mediated deletion can produce a
single unit of a repeat sequence at a deletion site [74], the
frequency of this deletion pattern had not been systemically
investigated in such a large cohort, and no previous report had

described deletions in which repeat sequences align at both
ends. We found that in specific mutant lines, more than 65% of
mice carried deletions with a single copy of a repeat sequence,
while 35% carried duplicate copies [72]. Although future
studies are needed to unravel the mechanisms underlying the
preferential asymmetric deletions and deletions with repeat
sequences obtained using CRISPR/Cas9, recognition of these
unique deletion patterns may help researchers predict preva-
lent deletion sites and/or design an efficient deletion strategy.

Molecular Consequences of Different
CRISPR/Cas9 Targeting Methods

Zhou et al. reported that the co-injection of multiple gRNAs at a
single site frequently generates large deletions [75]. We further
assessed whether large deletions are generated by a single
gRNA injection at a single genomic site [72]. Analysis of de-
letion sizes in 122 founder mice disclosed that the median
deletion size generated by a single gRNA injection (9 bp)
was obviously smaller than that gained with multiple gRNAs
(84 bp). In a specific mutant line generated by injection of
multiple gRNAs, more than 40% of mice carried deletions of
over 200 bp in size. However, surprisingly, large deletions of
up to 600 bp were also created with a single gRNA (Fig. 3a).

Several studies have reported that the simultaneous injection
of more than one gRNA at multiple sites often induces large
deletions that can reach mega bases in size [22, 76-78]. With a
view to developing a more efficient targeting method for juxta-
posed genomic sites, we compared the deletion patterns obtain-
ed by simultaneous or sequential injection of more than one
gRNA at multiple genomic sites [72]. While the smaller dele-
tions obtained by the two targeting methods were not signifi-
cantly different (8 bp vs. 34 bp on average), large deletions of
400 bp to 24 kb were generated only by the simultaneous
targeting method. Remarkably, more than half of the simulta-
neously targeted mutant lines carried these large deletions.
These results suggest that different targeting methods should
be chosen for certain purposes: the sequential targeting method
is more appropriate for generating specific short deletions at
individual sites, whereas simultaneous targeting is more effi-
cient at creating large deletions that span adjacent sites.

Misleading Genotypes Caused by Large
Deletions

We further demonstrated that large deletions generated using
the CRISPR/Cas9 system often yield misleading results when
genotyped [72]. In the typical genotyping method, target site
fragments of approximately 400 bp are amplified by polymer-
ase chain reaction (PCR), and their sequences are analyzed by
Sanger sequencing (Fig. 3b, top panel). The PCR primers will
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deletions. There is no distinct preference for the specific orientation of the

fail to attach to the site of a larger (over 400 bp) deletion,
which will not be visualized by the typical PCR-based
genotyping method. Therefore, if a large deletion is created
at one allele to yield a heterozygous mutant, the genotyping
result would exhibit only the wild-type (WT) allele (Fig. 3b,
middle panel). Similarly, if deletions of different sizes are
generated at the two alleles, and one is large, the genotyping
results may only reflect the smaller of the two. Finally, if large
deletions exist at both alleles, the PCR may fail.

When biallelic deletions of different sizes are present at multi-
ple sites, the true genotype is even harder to decode. Compound
heterozygous mutations are frequently generated by the use of
simultaneous targeting in founder mice [72]. If one allele contains
a continuous or stitched large deletion, the conventional genotyp-
ing method may not be able to distinguish two alleles (Fig. 3b,
bottom panel). If a large deletion contains a combination of con-
tinuous and stitched deletions, the true genotype may not be
revealed unless whole-genome sequencing is conducted. If a large
deletion is generated at the intervening region between two target
sites, it may be overlooked if only the target sites are sequenced
[72]. Moreover, mosaic mutations can occur in founder mice,
further complicating efforts to distinguish individual genotypes.
Evidence of complex large deletions generated by CRISPR/Cas9
was further supported by two recent studies [79, 80].

Thus, researchers should thoroughly analyze their founder
genotyping results to avoid unexpected genotyping pitfalls
and only trust genotyping results of F1 heterozygotes. When
generating F1 mice, we suggest mating pure WT mice with
founder mutants. In the absence of a determination that homo-
zygous or heterozygous mutants have large hidden deletions
prior to their breeding with each other, PCR genotyping often
failed in some F2 mice due to large biallelic deletions. This
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quences. Approximately 65% of the deletions retain a single copy of
the repeat sequence, while 33% retain duplicate copies of the repeat
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can result in an inability to identify true genotypes, further
delaying the establishment of homozygous mutant lines. We
also suggest screening more than ten founder mice, maintain-
ing at least three different mutant lines, and keeping track of
their genotyping results until F2 homozygous mice are obtain-
ed. Along with these mating strategies, various genotyping
methods can be used to further screen out unwanted large
deletions. Once the genotype of founder mutants has been
identified by PCR-based genotyping methods, the presence
of large deletions within target regions can be assessed by
quantitative PCR genotyping. If the mutant has a large dele-
tion on one allele, only one-half levels of WT DNA will be
amplified. Further PCR genotyping with serial primers span-
ning extended target sites can investigate whether there is any
off-target deletion near or between target regions. If necessary,
whole genome sequencing (WGS) should be performed to
obtain accurate genotypes. Although WGS has been used to
screen off-target mutations in single cell-derived clones and
animals, it is very exhaustive and not sufficiently sensitive to
detect indels in bulk heterogeneous populations of cells. To
solve these issues, various methods have been developed that
enable detection of regions of unrepaired DSBs or of DSBs
repaired by erroneous NHEJ [81, 82]. The regions of
unrepaired DSBs can be directly screened by in vitro
nuclease-digested sequencing (Digenome-seq) [83] or in situ
break labeling, enrichments on streptavidin and next-
generation sequencing (BLESS) [23, 84]. However, because
BLESS only labels DSBs present at the time of cell fixation, it
shows limited sensitivity. Methods of detecting regions of
erroneous NHEJ-mediated DSB repair include integrase-
deficient lentivirus (IDLV)-capture [85, 86], high-throughput
genomic translocation sequencing (HTGTS) [87], and
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genome-wide, unbiased identification of DSBs enabled by
sequencing (GUIDE-seq) [88]. The IDLV-capture method,
which utilizes IDLV DNA to tag DSBs followed by PCR
amplification coupled with deep sequencing, shows poor sen-
sitivity. GUIDE-seq, which utilizes phosphorothioate-
protected double-stranded oligonucleotides to label DSB re-
gions, shows higher sensitivity than IDLV-capture and its
identification of off-target sites correlates well with that of
HTGTS. HTGTS detects improper genomic rearrangements
by employing a target site as ‘bait’ to capture off-target ‘prey’
sequences. Although GUIDE-seq seems to be generally more
advantageous than other methods, it is less sensitive when
used with Cas9 variants such as Cas9-nickase. HTGTS can
be applied to Cas9 variants but requires two concurrent DSBs
in a single cell. Whereas Digenome-seq is a cell-free in vitro
system, GUIDE-seq and HTGTS are cell-based systems that
are more advantageous in detecting cell-type specific oftf-
target mutations. Therefore, selection of the most suitable
method is dependent on each case.

Recent Progress in Genome-Engineering
Technologies and Applications to Studies
of Mammary Gland Biology

Although the introduction of the CRISPR/Cas9 system revo-
lutionized the field of genome engineering, several concerns
still exist, including the low efficiency by which its generates
knockins, the inefficient cellular delivery of the relatively
large Cas9, and the potential for off-target activity. To over-
come these issues, many attempts have been made to improve
CRISPR/Cas9 system (Fig. 4). Streptococcus pyogenes-de-
rived Cas9 (SpCas9) is fairly large (4.1 kb), and is thus diffi-
cult to pack into certain viral delivery vectors (e.g., adeno-
associated virus; AAV) for in vivo genome engineering. To
improve the cellular delivery of the utilized endonuclease,
researchers have used smaller nuclease variants, including
Cpfl [89], SaCas9 [23], and CjCas9 [90]. Cpfl, which was
derived from Francisella novicida, is slightly smaller (3.9 kb)
than SpCas9, and CRISPR/Cpfl offers several advantages
over CRISPR/Cas9. For example, Cpfl recognizes different
PAMSs, which allows new targeting possibilities. It also creates
sticky ends rather than the blunt ends generated by Cas9,
which enhances target specificity. Cpfl cleaves target DNA
18-23 nucleotides downstream of the PAM, which is farther
away than the Cas9 cleavage site (3 nt) and enables multiple
rounds of DNA cleavage. SaCas9, which is derived from
Staphylococcus aureus, is even smaller (3.16 kb), but still
resists being packed with some reporter genes in the AAV
vector. CjCas, which is derived from Campylobacter jejuni,
is the smallest Cas9 ortholog that has been reported to date
(2.95 kb) and has been shown to drive highly specific muta-
genesis in human and mouse genomes.
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Beyond the genomic deletions that may be engineered by
Cas9, its modification has enabled the system to be used for
the transcriptional activation or repression of specific genes.
One such example, CRISPRY, is the fusion protein of catalyt-
ically inactive “dead” Cas9 (dCas9) linked to transcriptional
repressors, such as KRAB or SID [91-93]. dCas9 does not
induce DNA double-strand breaks but retains the DNA-
binding feature, and thus facilitates the action of various ef-
fectors linked to dCas9. CRISPRa, in contrast, is the fusion
protein of dCas9 and transcriptional activators such as VP64
or p300 [94-97]. These modified fusion proteins enable re-
searchers to reversibly control the transcriptional regulation of
targeted genes.

Although the efficiency of CRISPR/Cas9-directed gene
knockout is very high (> 80%), given the dominance of
NHEJ, knockin occurs with an efficiency of only ~0.5~5%
due to the low frequency of HDR. The recent development
of a CRISPR/Cas9-derived base-editing technology has pro-
vided researchers with a powerful tool to introduce specific
point mutations at desired genomic sites. The fusion of dCas9
with an APOBECI] cytidine deaminase generated a base editor
(BE1) that can introduce specific C to T or G to A nucleotide
changes without requiring any DNA double-strand break or
donor DNA template [98]. Further optimization of targeting
efficiency led to the establishment of various base-editing
platforms, including BE2, BE3, and BE4, which are based
on the use of Cas9 nickase (Cas9 D10A) instead of dCas9
[98-100]. Cytidine deaminase strictly converts C to T or G
to A, but the recently discovered adenine base editors (ABEs)
can also covert A to G or T to C [101]. Moreover, the recent
development of Cpfl coupled with APOBECI cytidine deam-
inase has broadened the targeting range by adding the ability
to use different PAMs [102]. Thus, the base editors have been
successfully used to switch a single nucleotide and have been
found to induce less off-target genome modification.
However, they are still large fusion proteins that cannot be
easily packed within viral vectors for in vivo delivery.
Further improvements might be necessary to reduce the mo-
lecular sizes of base editors and enable their efficient viral
gene delivery, or to explore the use of an alternative gene
delivery method, such as nanotechnology.

Mammary glands are unique organs specialized for milk
secretion. Although mammary-like organoids have been suc-
cessfully established, these methods are technically challeng-
ing and the resulting organoids do not fully recapitulate the
secretory function of mammary glands, their major and fore-
most activity [103—-106]. Thus, mammalian models, such as
mouse models, would be the most reliable experimental
models to study mammary gland biology. Although conven-
tional knockout mouse models have been extensively used to
study normal mammary development and to investigate the
molecular mechanisms underlying breast cancer formation,
these methods are time-consuming and laborious [107—-109].
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Fig. 4 Molecular consequences of distinct RNA-guided endonucleases.
While Cas9 generates permanent deletions, insertions, and point muta-
tions in the genomic DNA, the use of CRISPRi or CRISPRa induces the
reversible transcriptional repression or activation, respectively, of specific

In addition, because super-enhancers, including those specific
to mammary glands, are large (over 12.5 kb) genomic frag-
ments, it is quite exhaustive and technically challenging to
delete entire super-enhancer regions or mutate specific con-
stituent enhancers in mice by conventional knockout or
knock-in methods. In contrast, use of advanced CRISPR/
Cas9 genome editing techniques can easily create germline
mutant mice or conditional mutant mice having the desired
mutations within a short period of time at relatively low cost.
Although improvements in targeting accuracy are required,
CRISPR/Cas9 is more advantageous in studying the detailed
underlying mechanisms of mammary-specific super-en-
hancers. It remains unclear whether a super-enhancer unit is
sufficient to convert cell type specificity in vivo. It would be
intriguing to examine whether translocation of a mammary-
specific super-enhancer into the universal genomic region
confers mammary-specific gene controls. This genomic rear-
rangement can be achieved by the CRISPR/Cas9 system.
Although STATS5 has been found essential for the activity of
mammary-specific super-enhancers, the sequential process of
super-enhancer establishment is largely unknown. Using ad-
vanced base-editing techniques, the DNA binding sites of key
transcription factors, other than STATS, can be specifically
mutated within constituent super-enhancers and their

genes. Base editing specifically introduces permanent point mutations
without inducing DNA double-strand breaks. Representative examples
of nuclease variants are presented

sequential occupancy can be thoroughly investigated.
Moreover, the detailed molecular mechanisms underlying
the establishment of mammary-specific super-enhancers can
be examined using Cas9 fusion proteins linked to activators or
repressors by specifically controlling the transcriptional activ-
ity of individual enhancers without disrupting any enhancer
sequences. Indeed, mammary tissue contains a heterogeneous
population of cells, including basal and luminal cells with
different functions. Therefore, single cell sequencing
may be required to investigate the distinct features of
super-enhancers specific to each cell subtype. However,
because transcription factors easily dissociate from chro-
matin during isolation of single cells, it is hard to ob-
tain reliable ChIP-seq results. Further studies are re-
quired to improve these technical issues.

Closing Remarks

Recent advances in next-generation-sequencing and genome-
engineering technologies have provided researchers with un-
precedented opportunities to understand the genomic features
of the regulatory units that are responsible for controlling
mammalian development, including the differentiation of the
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mammary epithelium. Compared to the use of genome-wide
analysis with a single tool or single dataset, the integration of
results obtained from several relevant genome-wide analysis
tools, such as DNase-seq, ChIP-seq, and RNase-seq, may
yield more robust research conclusions. The recently intro-
duced CRISPR/Cas9 genome-editing technique has enabled
researchers to determine the biological relevance of putative
regulatory elements by directly mutating any given sequence,
including specific transcription factor binding sites. Although
CRISPR/Cas9 shows great promise for editing specific DNA
sequences, several issues remain unresolved. In addition to the
generation of unexpectedly large deletions, inversion of large
fragments or duplications are observed when two adjacent
sites are co-cut [110]. Unwanted random insertions are also
frequent, and off-target effects (i.e., mutations at non-target
sites) are a serious concern for the clinical use of CRISPR/
Cas9 in genome engineering. Finally, recent reports have sug-
gested that the CRISPR/Cas9 may increase the cancer risk by
inactivating p53 [111, 112]. Further improvements in the tech-
niques for genome-wide analysis and genome engineering are
needed if we hope to improve our fundamental understanding
of the complex genomic circuits essential for mammalian de-
velopment and move toward the clinical application of
genome-editing tools for disease treatment.
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