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Chapter 3

Abstract
It is becoming more clear that countless functional elements involved in gene regulation are
scattered throughout the non-coding genome. These elements are difficult to identify, because
they do not have a fixed location or general consensus sequence. Also for highly conserved genes,
such as the Wnt gene family, we don’t know which genomic elements control their expression.
In this chapter, the aim was to set up a workflow that identifies a subclass of regulatory genomic
elements, called enhancers, that increase transcription of Wnt genes in the mouse mammary
gland. Using a combination of chromatin signature analysis, luciferase assays, and CRISPRa, we
have identified a set of Wnt6 and Wnt10a regulatory sequences that show activity in mammary
gland cells. Our findings highlight the importance of combining different enhancer identification
assays to unravel the mechanisms of gene regulation.
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Introduction
Protein coding exons constitute less than 2% of our genome1. The other non-coding >98% of DNA
was once deemed considerably less relevant. When scientists were first discussing the possibility
of sequencing the human genome in the 1980’s, it was even debated whether sequencing this
“junk DNA”2 would be worth the effort and money – should we not only focus on the protein
coding sequences instead of investing the resources in sequences believed to be non-functional3,4?
Luckily, due to the extensive and still ongoing international collaboration of research groups
under the name of The Encyclopedia of DNA Elements (ENCODE) Consortium we know now
that, despite being non-coding, 80% of the human genome is functional, eliminating the idea that
the majority of our DNA is useless5,6. Various classes of non-coding regulatory elements that can
control gene expression have been described, such as enhancers, silencers, insulators and locus
control regions6–8.
Not only are we finding answers about fundamental rules of gene regulation in the noncoding part of the genome, it is also clinically relevant to investigate these DNA regions9.
Genome-wide association studies (GWAS) have shown that the vast majority of disease-associated
single nucleotide polymorphisms (SNPs) has an intronic or intergenic location

. Furthermore,

10,11

multiple studies have examined specific disruptions of regulatory elements in the non-coding
genome that are linked to congenital anomalies and cancer (Table 1). Despite the clear relevance
of non-coding regulatory elements in both development and disease, there is still a lot to learn
about these sequences, including their location, abundance, the gene(s) they affect, and how they
operate at the chromatin level.
Genetic disease

Regulatory elements

Reference

Preaxial polydactyly 2 (PPD2)

SHH enhancer ZRS

12–17

Pancreatic agenesis

PTF1A enhancer

18

Pierre-Robin Sequence

SOX9 enhancer

19–21

Hirschsprung disease

RET enhancers

22,23

Isolated congenital heart defect

TBX5 enhancer

24

F-syndrome, Polydactyly, Brachydactyly

TAD boundaries near WNT6, IHH, EPHA4, and PAX3

25

Holoprosencephaly

α/β-globin regulatory elements
SHH enhancer SBE7

28

Various cancer types

MYC enhancers

29

T-cell acute lymphoblastic leukemia

TAL1 enhancer

30

Burkitt lymphoma

IGH enhancer (MYC)

31–33

Vascular diseases

EDN1 regulatory element

34

a/b-Thalassaemia

26,27

Table 1: Examples of genetic diseases, also referred to as “enhanceropathies”35, that are caused by disruption
of regulatory elements. Table partially inspired by Krijger et al.36 and Karnuta et al.37.

Enhancers constitute a subclass of regulatory DNA elements, generally described to be 501500 base pairs (bp) in length, which can increase transcription and enable cell type specific gene
expression38. Even though not much was known about transcriptional regulation in the 1980’s,
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the first enhancer was described in 1981. A 72 bp tandem repeat of SV40 polyomavirus DNA
could increase expression of the rabbit ß-globin gene in HeLa cells when the enhancer and gene
were linked in cis39. A parallel study with the same 72 bp repeat showed that it was functional with
multiple known promoters40. In addition, the enhancer could induce gene expression regardless
of whether it was positioned up- or downstream and at various distances from the promoter39,40.
These studies have set the foundation for enhancer research, as these characteristics were included
in the standard definition of enhancers: short DNA sequences that can increase gene transcription
in cis, irrespective of their orientation or distance to the transcription start site (Figure 1)35,41.
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Figure 1: Graphical representation of enhancer function. Enhancers (E) are sequences that can increase
transcription of a gene (G) (A)39,40. One gene can be regulated by multiple enhancers (B) and one enhancer can
influence the expression of multiple genes (C)37,41–43. Enhancers do not necessarily act on the nearest promoter,
they can bypass genes to act on more distal genes (D)44.

For an enhancer to function, regulatory information needs to be transferred from this
element to the promoter of the gene that will be transcribed. How this exactly works at the
molecular level, remains unknown, despite the many advances recently made it this field45.
Multiple models of enhancer-promoter communication have been proposed. First, the tracking
model (also called the scanning/sliding/entry site model) is based on the high-affinity binding of
RNA Pol II to the enhancer and scanning of the DNA from the enhancer until it encounters a
promoter40,46–49. This was supported by so-called roadblock experiments, where an insulator is
placed between the enhancer and the target gene, which restricts access to the promoter47,50,51.
Second, the frequency model postulates another form of enhancer-promoter interaction. In this
stochastic model, interaction between enhancer and promoters is based on random contact of
these DNA regions, enabled by the movements of DNA in the nucleus52,53. Third, linking is another
mechanism that enables enhancer-promoter communication. This model proposes that protein
oligomers bridge the distance between an enhancer and promoter54–56. Most accepted in the field,
however, is the looping model45,57. This fourth model is based on the formation of DNA loops
that bring enhancers and promoters in close physical proximity. Especially the development of
chromosome conformation capture (3C) techniques have enabled us to get more insight into the
3D structure of chromatin58. Using these methods, the spatial organization of the chromatin can
be analyzed, which has revealed the significance of 3D genome organization for transcriptional
regulation59.
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Finding genomic enhancers for any given gene is a challenge. Since they do not have a fixed
location with respect to the promoter and do not necessarily act on the nearest promoter, we do
not exactly know where to look for them. We do know that they generally act in cis, but evidence is
emerging that they can also act in trans60–62. Furthermore, as far as we know now, enhancers don’t
have a general consensus sequence. Although they are enriched in TF binding sites, it is difficult
to predict enhancers solely based on DNA sequence. Finally, as enhancers regulate spatiotemporal
specific gene expression, they might only be active at a certain time in a specific cell type, which
adds another layer of complexity63.
Before investing in long-term and expensive wet-lab or in vivo experiments, enhancers can
be predicted by in silico methods. One of those methods is the comparison of DNA between
different species. If genes are conserved between species, the regulatory genomic elements that
are relevant for their expression are likely to be conserved as well. Sequence conservation has
indeed been used as a predictive marker for enhancer identification64–66. Depending on the
gene or locus that is investigated, different species can be selected for most effective comparison
and prediction67. Follow-up experiments need to be performed to investigate the functionality
of these conserved sequences, but sequence comparisons between species can be useful to help
narrow down candidate regions.
Different chromatin features can also be used to select candidate enhancers. One of those
signatures is the accessibility of chromatin for transcription factors (Figure 2, upper left panel)68.
Chromatin can exist in different states: a highly condensed and transcriptionally silent state,
also referred to as heterochromatin, and a less condensed, transcriptionally active state, called
euchromatin69. DNA regions that are accessible for transcription factors are associated with active
enhancers68. Therefore, assays that analyze chromatin accessibility are another useful way to
identify putative enhancers. Examples of these methods are DNase-seq70 and ATAC-seq71,72, which
indicate DNase hypersensitivity sites (DHS) and transposase-accessible chromatin, respectively
(Figure 2, lower panel). Furthermore, the analysis of histone modifications has also proven to be
an effective way of predicting tissue specific regulatory elements73–76 (Figure 2, upper right panel).
Different histone modifications are associated with either active (e.g. H3K27ac) or repressive (e.g.
H3K9me2) chromatin states77. By using chromatin-immunoprecipitation (ChIP) in combination
with next-generation sequencing (NGS), these chromatin marks can be profiled and the locations
of possible regulatory elements can be identified (Figure 2, lower panel). However, we must be
careful when making assumptions based on these methods. First, despite the link between histone
modifications and active enhancers, there is no clear consensus about the combination of histone
modifications that is optimal for enhancer identification78. Second, these modifications do not
reveal information about the activity of a certain candidate enhancer. Therefore, additional
methods must be used to validate the enhancer functionally.
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H3K4me1
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H3K64ac
H3K122ac
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DHS

Tn5 transposase
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sequencing of DNA fragments
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Figure 2: Methods to detect active enhancer marks. Upper left panel: Graphical representation of chromatin.
Accessibility of the chromatin is an important enhancer mark. Open, transcriptionally active chromatin is also called
euchromatin, whereas closed and transcriptionally silent regions are referred to as heterochromatin69. Note that
in this figure the DNA-histone complexes, called nucleosomes, are presented as “beads on a string”, and that in
the nucleus these complexes are further folded into a 30 nm fiber of chromatin79. Upper right panel: Graphical
representation of the nucleosome with histone tail modifications80–85. Lower panel: Illustration of different methods
to analyze chromatin signatures. ATAC-seq and DHS are techniques that can be used to detect open regions in
the DNA. In ATAC-seq, a Tn5 transposase is used that cuts and inserts sequencing adapters into open chromatin
regions72. DHS identifies DNA regions that are hypersensitive to DNAseI70. To detect specific histone modifications,
ChIP-seq can be used. After fragmentation of the DNA, a specific antibody (e.g. against H3K27ac) recognizes this
modification and with magnetic beads these fragments can be isolated. The DNA fragments that are obtained
using the depicted techniques can be sequenced in high throughput and aligned to a reference genome. Thereby
the open chromatin regions and regions with certain histone modification can be visualized.
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The gold standard for investigating transcriptional enhancer activity of a DNA sequence
is through testing its ability to increase expression of reporter genes86. A candidate enhancer
sequence can be introduced into a vector containing a minimal promoter and a reporter gene.
The level of expression of these reporter genes is directly related to the transcriptional enhancer
activity of the tested sequence86,87. To make this method high-throughput, massively parallel
reporter assays (MPRAs) have been developed88. Based on traditional reporter assays, MPRAs
use libraries of hundreds of thousands of candidate enhancers that can be tested in parallel89–92.
These reporter assays are instrumental in establishing the enhancer activity of a certain sequence.
However, reporter assays are typically plasmid-based assays, in which the enhancer is tested
outside of its genomic context. To test the candidate enhancer in its endogenous locus, CRISPRbased methods can be used. These tools allow us to perturb and screen candidate enhancers
in situ. Multiple studies have identified regulatory sequences by Cas9-mediated mutagenesis of
candidate enhancers93–97. In addition to editing (i.e. deleting or mutating) the genomic sequences
of candidate enhancers, the epigenome can also be targeted to analyze regulatory elements.
For these experiments, a nuclease dead Cas9 (dCas9) fused to epigenome-modifying proteins is
used98–100. By guiding these modifiers to the candidate enhancer, the enhancer function can be
perturbed while leaving its actual sequence intact.
CRISPR-activation (CRISPRa) assays can also play an important role in enhancer identification.
In these assays, dCas9 is fused to transcriptional activators such as VP64-p65-Rta (VPR), which has
been proposed to artificially “switch on” the candidate enhancer101–107. By subsequently checking
expression of a potential target gene, the possible link between the candidate enhancer and target
gene can be investigated. Taken together, in recent years multiple assays have been developed to
identify enhancers. However, as none of these methods give conclusive evidence about enhancer
identification and function, it is important that different enhancer assays are combined in the
discovery and validation process.
In this chapter, we set up a workflow for the identification of enhancers that regulate mem
bers of the highly conserved Wnt gene family. Secreted WNT proteins are key mediators of cell-cell
communication and important for development of multicellular animals108,109. By maintaining stem
cell populations, WNT proteins also play an important role in adult tissue homeostasis110. One of
those tissues is the mammary gland, in which WNT signaling is pivotal for proper development and
maintenance111–114. Different Wnt genes show diverse expression patterns across different mammary
gland cell types (Chapter 2, Figure 9). However, the direct mechanisms by which spatiotemporal
expression of Wnt genes is regulated in the mammary gland, still need to be unraveled.
So far, few genetic elements have been linked to Wnt gene expression in vertebrates. In 1994, a
5.5 kb enhancer element was identified in the Wnt1 3’ UTR that was linked to Wnt1 expression in the
central nervous system115. More recently, Wnt5a enhancers were identified that are active in the mammalian frontonasal region116. Another study has shown a difference in histone modification profiles
between control groups and mouse fetuses with neural tube defects at the Wnt2b and Wnt7b loci,
although no defined Wnt-regulating enhancer sequences were identified117. For WNT3A, an enhancer
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region has been identified in injured cortical neurons118. As far as we know, until now no enhancer
sequences have been identified that directly regulate Wnt expression in the mammary gland.
In this study we combined different methods to identify Wnt enhancers in the mammary
gland. First, we predicted the location of putative Wnt enhancers by checking sequence conservation
and analyzing published datasets showing active enhancer marks such as chromatin accessibility
and histone modifications in mammary gland cells. These candidate enhancer sequences were
tested for functional enhancer activity in luciferase reporter assays. Finally, we linked a subset of
candidate enhancers to Wnt genes, by artificially switching on these enhancers using dCas9-VPR.
Combining these different methods has led to the identification of functionally active enhancers
that are linked to Wnt6 and Wnt10a. This workflow will provide new insights into the mechanisms
behind spatiotemporal gene expression and can be used for other genomic loci.

Results
In silico selection of candidate enhancer sequences
The first step in our approach to identify enhancers that regulate Wnt expression in the mammary
gland, was to select candidate enhancer sequences in silico based on sequence conservation or
specific chromatin signatures. In previous studies, highly conserved sequences have been associated
with developmental and transcriptional regulators65,66,119–123. Given the fundamental role of WNT
signaling not only in vertebrate development108,109, but also specifically in mammary gland
development and maintenance111–114, we decided to initially focus on conserved sequences for the
selection of candidate Wnt enhancers. Since we were interested in enhancers that are active in the
mammary gland, we specifically chose sequences that are conserved between mammals rather
than sequences that are evolutionary conserved between all vertebrates. To identify conserved
regions in the vicinity of Wnt genes, we used the evolutionary conserved region (ECR) browser124.
This web-based tool (http://ecrbrowser.dcode.org) enables access to pairwise alignments for the
genomes of 13 vertebrate species (of which 8 mammalian and 5 non-mammalian) and visualizes
ECRs in a graphical interface (Figure 3A). We selected candidates from a list of regions sharing at
least 85% sequence identity over a stretch of >200 bp between a given mammal and the human
genome (indicated by colored peaks in Figure 3A).
Candidate enhancers were selected in a region of 100 kb up- and downstream of a Wnt
transcriptional start site (TSS) (Table 2). The window of 100 kb up- and downstream was chosen
for practical purposes, because of our aim and low-throughput method. In total, 20 candidate
enhancers were chosen for further experimental validation based on sequence conservation.
These sequences were identified in the vicinity of 7 different Wnt genes, distributed over 5 different
chromosomes, and varied between 209 and 544 bp in length.
In a parallel approach, we also used chromatin signatures to select candidate enhancers. We
analyzed published datasets of mammary gland cells or whole mammary gland tissue that show
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the genomic distribution of active enhancer marks such as H3K27ac and H3K4me1125–127. Further
more, we scanned published DHS and ATAC-seq datasets for chromatin accessibility sites125,126.
We checked enrichment of these active enhancer marks near Wnt genes in the Integrative
Genomics Viewer (IGV) (see example in Figure 3B)128. Regions with prominent peaks in one
or multiple DNase-seq, ATAC-seq, H3K4me or H3K27ac ChIP-seq datasets were selected as
candidate enhancers for further testing (Table 3). Based on active enhancer marks, 15 sequences
with lengths between 357 and 1622 bp were chosen for further experiments. These candidates are
located on 4 different chromosomes near 5 different Wnt genes. None of the regions chosen based
on chromatin signatures overlapped with regions chosen based on conservation. We also selected
a negative control region near the Wnt7b gene, from here on referred to as 7b.nc, based on the
absence of any active enhancer marks (Figure 3B). To conclude, we selected in total 35 candidate
enhancers for 7 different Wnt genes based on sequence conservation or chromatin signature. In
the next steps of our workflow, we went on to analyze different characteristics of these sequences,
to test their enhancer activity and a possible link to the closest Wnt gene.
#

Chr

Start

Stop

Size

Ident.

Query cov.

E value

2.1

6

17978985

17979304

320

83.70%

98%

1.00E-90

2.2

6

17985424

17985705

282

81.30%

92%

1.00E-64

4.1

4

137254100

137254439

340

85.62%

95%

9.00E-87

4.2

4

137212084

137212362

279

88.52%

74%

3.00E-67

4.3

4

137182709

137182997

289

85.87%

93%

5.00E-83

4.4

4

137286182

137286492

311

82.95%

94%

8.00E-81

5a.1

14

28571509

28571950

442

85.61%

95%

3.00E-132

5a.2

14

28501260

28501803

544

87.29%

97%

3.00E-178

5a.3

14

28494446

28494659

214

85.51%

100%

1.00E-62

5a.4

14

28494659

28487972

294

86.81%

92%

6.00E-88

5b.1

6

119492227

119492508

282

87.27%

93%

5.00E-83

5b.2

6

119492240

119492542

303

84.98%

94%

5.00E-83

6/10a.1

1

74770773

74771166

394

82.12%

90%

4.00E-92

6/10a.2

1

74858382

74858732

351

80.64%

96%

9.00E-87

6/10a.3

1

74775657

74775956

300

84.23%

98%

2.00E-82

7b.1

15

85500190

85500389

200

84.24%

100%

8.00E-53

7b.2

15

85507650

85507959

310

85.21%

98%

3.00E-85

7b.3

15

85664279

85664487

209

82.94%

99%

4.00E-51

7b.4

15

85668360

85668680

321

84.75%

87%

4.00E-78

7b.5

15

85669509

85669812

304

86.64%

89%

1.00E-83

3

Table 2: Candidate enhancers selected based on sequence conservation. The first column shows the name of
the candidate enhancer. The first number indicates for which Wnt gene this conserved sequence is a candidate
enhancer based on proximity (e.g. #2.1 is a candidate enhancer for Wnt2). Note that Wnt6 and Wnt10a are
located in close proximity in the same chromosomal region and therefore all candidate enhancers are attributed
to both genes. The column “Chr” shows the chromosome on which the candidate enhancer is located. The “Start”
and “Stop” columns show the coordinates of the candidate enhancer in the Mm10 genome. The length of the
conserved peak is shown in the column “Size” in bp. The coordinates of the conserved sequence are based on the
ECR browser analysis (Figure 3A). Conservation of the sequence between mouse and human was validated using
BLAST130 and is shown in the column “Ident.”. Query coverage and E value (both obtained in the BLAST alignment)
are shown in the last two columns and indicate the percentage of the mouse (Mm10) sequence that was aligned
to a human sequence and the statistical significance, respectively.
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A

Hg19, chr22:46,273,008-46,473,008
WNT7B
46,300,000

46,350,000

LINC00899 PRR34-AS1
PRR34

LOC730668
46,400,000

46,450,000
non-mammals
mammals

Tetraodon
Frog
Fugu
Zebrafish
Chicken
Opossum
Rat
Mouse
Cow
Dog
Chimpanzee
Rhesus macaque

non-mammals

Tetraodon
Frog

Fugu

Zebrafish
Chicken

Opossum
mammals

Rat
Mouse
Cow
Dog

Chimpanzee

Rhesus macaque
7b.1

B

7b.2

7b.6

7b.7

7b.nc

Mm9, chr15:85,312,251-85,512,251
7b.1 7b.2

7b.3

7b.6

7b.4

7b.7
7b.nc

7b.5

7b.4
7b.3 7b.5

Wnt7b-#
H3K27ac
H3K27ac
H3K27ac
H3K4me
ATAC-seq
DHS

7530416G11Rik
85,350 kb

Wnt7b
85,400 kb

AU022754
85,450 kb

85,500 kb

Figure 3: Selection of candidate enhancers. A) Identification of candidate enhancers based on sequence
conservation. The Wnt7b locus is shown as an example in this figure. Upper panel: 200 kb region of the human
Hg19 genome assembly, 100 kb up- and downstream of Wnt7b TSS. In each track, the sequence conservation
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between Hg19 and one of 12 vertebrate species is shown. Genome assemblies used in the ECR browser: human:
Hg19, Tetraodon: tetNig1, frog: xenTro3, fugu: fr3, zebrafish: danRer7, chicken: galGal3, opossum: monDom5, rat:
rn4, mouse: Mm10, cow: bosTau6, dog: canFam2, chimpanzee: panTro3, rhesus macaque: rheMac2. Sequences
and annotation data used in the ECR browser are taken form the UCSC Genome Browser (http://genome.ucsc.
edu/)129. Parameters chosen in the ECR browser for upper panel: minimal length: 200 bp, minimal sequence identity:
85%. Sequences that are conserved with these set parameters are represented as colored peaks. Different colors
indicate the following: Red = intergenic, salmon = intragenic, yellow = UTRs, blue = coding sequences, green =
transposons and simple repeats. Locations of candidate Wnt7b enhancers are indicated by red arrows. Lower
panels show zoomed in regions of 1000 bp where the candidate enhancers are located. Red shading behind
the tracks represents the chosen candidate enhancer region. In this example, regions 7b.1, 7b.2, 7b.3, 7b.4, and
7b.5 were chosen based on sequence conservation. 7b.6 and 7b.7 are also depicted, but they were chosen
based on chromatin signatures (see B). B) Identification of candidate Wnt7b enhancers based on chromatin
signatures. Mm9, 100 kb up- and downstream of Wnt7b TSS. Candidate Wnt7b enhancers are indicated by red
arrows. The following datasets are depicted (from upper to lower track): H3K27ac ChIP-seq, mouse mammary
gland epithelium, pregnancy day 13125; H3K27ac ChIP-seq, mouse mammary gland epithelium, lactation day
1125; H3K27ac ChIP-seq, mouse mammary gland, sorted (FACS) myoepithelial cells126; H3K4me ChIP-seq, mouse
mammary gland epithelium, pregnancy day 13127; ATAC-seq, mouse mammary gland, sorted (FACS) basal cells126;
DHS, mouse mammary gland epithelium, lactation day 1125. In this example, regions 7b.6 and 7b.7 were chosen for
the ATAC-seq peak and H3K27ac peak, respectively. 7b.1, 7b.2, 7b.3, 7b.4, and 7b.5 are also shown, but they were
chosen based on sequence conservation (see A).

#

Chr

Start

Stop

Size

Peaks in datasets:

2.3

6

18021266

18021779

514

1,2

2.4

6

17978518

17980139

1622

1,2,3,4,5

2.5

6

17964411

17965950

1540

2,4

2.6

6

17994475

17995422

948

1,2,3,4

4.5

4

137286923

137287760

838

5,6

4.6

4

137231013

137232390

1378

6,7

4.7

4

137282625

137283509

885

5,6

4.8

4

137200783

137201263

481

5,6,7

6/10a.4

1

74763262

74763846

585

5,6,7,8

6/10a.5

1

74780346

74781274

929

5,6,7,8

6/10a.6

1

74787790

74788341

552

5,6,7

6/10a.7

1

74816370

74817821

1452

5,6,7,8,9,10

6/10a.8

1

74794197

74795296

1100

5,6,7,8,9

7b.6

15

85622148

85622504

357

5,6

7b.7

15

85634176

85635173

998

5,6,7,8,9,10

7b.nc

15

85636351

85637356

1006

-

3

Table 3: Candidate enhancers selected based on peaks in publicly available datasets. A set of published
datasets was visualized in IGV to scan for peaks (Example of datasets in Mm9 in Figure 3B). All enhancer
coordinates in this table are from the Mm10 genome and were obtained from the IGV browser (and converted
from Hg19 or Mm9 to Mm10 if necessary). Candidate numbering is consecutive from Table 2 and the first 5
columns are similar. In the last column the datasets that show a peak at the region of the candidate enhancer are
mentioned. These numbers refer to the following published studies: (1) H3K4me ChIP-seq, primary sorted (FACS)
human stromal cells131; (2) H3K27ac ChIP-seq, primary sorted (FACS) human stromal cells131; (3) H3K27ac ChIP-seq,
primary breast fibroblast132; (4) H3K4me ChIP-seq, primary breast fibroblast132; (5) ATAC-seq, mouse mammary
gland, sorted (FACS) basal cells126; (6) H3K4me ChIP-seq, mouse mammary gland epithelium, pregnancy day
13127; (7) H3K27ac ChIP-seq, mouse mammary gland epithelium, lactation day 1125; (8) H3K27ac ChIP-seq, mouse
mammary gland epithelium, pregnancy day 13125; (9) H3K27ac ChIP-seq, mouse mammary gland, sorted (FACS)
myoepithelial cells126; (10) DHS, mouse mammary gland epithelium, lactation day 1125. Note that the coordinates
of Wnt4 enhancers that were selected based on chromatin signatures partially overlap with CRSs that were
investigated in chapter 4 (4.5/CRS-15; 4.6/CRS-9; 4.7/CRS-14; 4.8/CRS-7).
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Testing enhancer activity of candidate sequences
After selecting candidate enhancers, we tested the functional enhancer activity of these sequences.
In a transient, plasmid-based luciferase reporter assay, we tested whether our candidate sequences
were capable of increasing the transcription of a downstream located firefly luciferase gene
(luc2). For this experiment, we cloned sequences containing our candidate enhancers in a pGL4minP plasmid, which contains a minimal promoter (minP) and luc2 (Figure 4A). To reduce the
variability in sequence length of the chosen candidate enhancers (see Table 2 and 3), we also
included the flanking sequences of peaks that were more narrow. The precise length of these
flanking sequences was chosen based on the original size of the candidate enhancer region,
sequence complexity and the feasibility of amplifying this region from genomic DNA using PCR.
The genomic coordinates of the individual sequences that were ultimately cloned in pGL4-minP
is shown in Supplementary Table 1.
We transfected BC44 mouse mammary epithelial cells with the pGL4-minP plasmid
containing the candidate enhancer and a plasmid containing Renilla luciferase under the control
of a CMV promoter as a transfection control (Figure 4A). The measurement of light emitted by
the samples after adding the substrates for firefly and Renilla luciferase allowed for a quantitative
read out, in which expression of Renilla luciferase was stable and expression of firefly luciferase
was dependent on the enhancer activity of the candidate enhancer. A pGL4-minP plasmid
without a candidate enhancer sequence was used as empty vector (EV) control. As predicted,
the negative control region that was selected did not show any enhancer activity (Figure 4B). In
total, 13 out of 35 candidate enhancer sequences showed a log2 fold change of >1 in luciferase
signal compared to the EV control. Of those, 5 had initially been chosen based on conservation
and 8 had been selected based on chromatin signatures. Interestingly, the 4 candidates with the
strongest enhancer activity (4.8, 6/10a.5, 6/10a.7, 7b.7) were all chosen based on active chromatin
marks. Overall, the dual luciferase assays revealed which candidate enhancer showed functional
enhancer activity. Moreover, with the criteria we used, even though the numbers are small, these
results indicate that selecting candidate enhancers based on active enhancers marks may be more
effective than selecting based on sequence conservation: 25% (5/20) of the conservation based
enhancer candidates showed a log2 fold change of >1 in luciferase signal compared to the EV
control in a transient reporter assay, compared to 53% (8/15) of enhancer mark based candidates.
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Figure 4: Dual luciferase reporter assays show that chromatin signatures can predict enhancer activity. (A)
Cartoon of plasmids used in the dual luciferase assays. Candidate enhancer sequences were cloned into the
pGL4-minP plasmid, which contains a minimal promoter (minP) and firefly luciferase gene (luc2). CMV-Renilla
was used as a transfection control. (B) Graph showing the log2 fold change in firefly luminescence signal for
each candidate enhancer compared to the EV. On the y-axis the different candidate enhancers are shown. The
different colors refer to the method by which the enhancers were chosen as candidates: based on sequence
conservation or chromatin signature. The x-axis shows the relative firefly luminescence signal (log2). The firefly
signal was normalized to the Renilla signal from the same well and all samples were normalized to the EV control
(pGL4-minP without candidate enhancer sequence). Every data point represents one biological experiment, which
in turn consisted of technical triplicates. Error bars show the standard deviation (SD) of the mean.
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Linking candidate enhancers to target genes using dCas9-VPR
Testing the candidate enhancers in transient luciferase reporter assays allowed us to check the
functional activity of these sequences. However, this method does not show which genes are
influenced by these enhancers when they are active in situ. The primary function of an enhancer
is to enhance transcription of a target gene by transferring transcriptional information to its
promoter133. We therefore wanted to test whether the transfer of transcriptional information from
our candidate enhancer to the nearest Wnt gene(s) was possible by sending strong transcriptional
activators to their endogenous genomic location. To this end, we used a catalytically inactive Cas9
(dCas9) fused to transcriptional activators VP64-p65-Rta (VPR)101, and guided it to the candidate
enhancer sequence using specific gRNAs.
To explore the dCas9-VPR assay, we first tested whether we were able to increase endogenous
Wnt gene expression by guiding dCas9-VPR to the Wnt6 or Wnt10a promoter (Figure 5A). These
genes are located in close proximity on chromosome 1 (Figure 5B). We designed 6 gRNAs for
regions 200 bp upstream of the Wnt6 transcriptional start site (TSS) and the Wnt10a TSS. We
transfected two different mammary gland epithelial cell lines, BC44 and HC11, with a pool of 6
plasmids per promoter (each plasmid containing an individual gRNA) and a plasmid containing
dCas9-VPR. Next, we measured Wnt6 and Wnt10a expression by qRT-PCR after 48 hours.
In BC44 cells, guiding dCas9-VPR to the Wnt6 promoter resulted in a mean fold increase of
>400 in Wnt6 expression compared to the EV control (Figure 5C, left panel). Guiding dCas9-VPR
to the Wnt10a promoter had a similar effect on Wnt10a expression. Of note, Wnt10a expression
was also induced when gRNAs were used for the Wnt6 promoter, and vice versa, albeit to a smaller
extent (<10-fold). Presumably, this is the result of these two genes being located relatively close to
each other on the same chromosome (TSSs of Wnt6 and Wnt10a are 20kb apart).
In HC11 cells, Wnt6 and Wnt10a expression were also upregulated when dCas9-VPR was
guided to their respective promoters (Figure 5C, right panel). However, the increase was less
than observed in BC44 cells, especially for Wnt10a expression. One explanation for this can be
the availability of transcription factors; the factors that are needed for Wnt6 or Wnt10a expression
can have different expression levels between BC44 and HC11. Another explanation, which has
been reported before101,134, is that the endogenous expression levels of target genes could influence
the effect of dCas9-VPR: if a gene is already expressed, there might be a limit to the additional
increase of gene expression that can be induced experimentally by dCas9-VPR. Using qRT-PCR,
we compared the relative expression of Wnt6 and Wnt10a between BC44 and HC11 cells (Figure
5D). These results show that the level of Wnt6 expression is similar in both cell lines, but Wnt10a
is indeed clearly expressed at higher levels in HC11 cells. Thus, our results confirm an inverse
correlation between endogenous expression levels of the presumed target gene and increase of
expression by dCas9-VPR. Put differently: a gene that is already expressed at higher levels, may be
less amenable to a further increase in expression by dCas9-VPR.
To conclude, using the CRISPR-based transcriptional activator dCas9-VPR, we were able to
induce Wnt6 and Wnt10a expression, when guiding this complex to their promoters using gRNAs.
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Having confirmed that dCas9-VPR could be used to activate gene expression when targeted
directly to the promoter, the next step was to investigate whether we could increase Wnt6 or
Wnt10a expression by artificially switching on the candidate enhancers by targeting dCas9-VPR
to these sequences. The looping model would predict that loop formation brings an enhancer and
its target promoter in close proximity. We hypothesized that this would allow us to activate the
target gene by targeting the VPR to the distal enhancer. Therefore, we designed gRNAs for each of
the candidate enhancers of Wnt6 and/or Wnt10a that showed a log2 fold change of >1 in enhancer
activity compared to the EV control in dual luciferase assays (6/10a.4, 6/10a.5, 6/10a.7, 6/10a.8, see
Figure 4) (Figure 6A). Figure 6B shows their location on chromosome 1, together with Wnt6
and Wnt10a. Their chromatin signatures can be found in Supplementary Figure 1. Candidate
enhancer 6/10a.4 is located upstream of Wnt6, 6/10a.5 is located in an intron of Wnt6, 6/10a.8
is located in an intron of Wnt10a and 6/10a.7 is located downstream of Wnt10a. The number of
gRNAs we designed per candidate enhancer was based on their length (approximately 1 gRNA
per 80 bp). BC44 and HC11 cells were transfected dCas9-VPR and a pool of up to 16 gRNAs for
one candidate enhancer.
In BC44 cells, guiding dCas9-VPR to 6/10a.4, 6/10a.5, 6/10a.7, or 6/10a.8 resulted in increased
expression of both Wnt6 and Wnt10a compared to the EV control (Figure 6C). Guiding dCas9VPR to 6/10a.5 even resulted in >100-fold change in Wnt6 expression (compared to a mean fold
change of <20 for Wnt10a expression). Although both Wnt6 and Wnt10a expression were affected
by all candidate enhancers in BC44 cells, the increase of Wnt10a expression was overall lower than
the increase of Wnt6 expression. This was also the case in HC11 cells, where the effect of dCas9VPR on Wnt6 and Wnt10a was generally lower than in BC44 cells to begin with (Figure 5C). We
hypothesize that this is caused by the endogenous expression of Wnt6 and Wnt10a, the levels of
which are higher in HC11 cells compared to BC44 cells for both genes (Figure 5D). To conclude,
using the dCas9-VPR assay we could artificially activate the candidate enhancers and Wnt6 and
Wnt10a expression. While this confirmed a link between the candidate enhancers and these two
genes, it was not sufficient to confidently link sequences to either one or the other.
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Figure 5: Increasing transcription by guiding dCas9-VPR to the promoter. A) Cartoon depicting dCas9-VPR
being guided to a Wnt promoter. The effect on Wnt mRNA expression is subsequently measured by qRT-PCR. B)
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Illustration of the location of Wnt6 and Wnt10a on chromosome 1 (Mm9). C) Graphs showing Wnt6 and Wnt10a
expression in BC44 (left) and HC11 (right) cells upon guiding dCas9-VPR to the Wnt6 or Wnt10a promoter. For
each promoter, 6 gRNAs were designed and pooled per gene per experiment. Cells were transfected with pool of
gRNAs and dCas9-VPR. Samples were harvested 48 hours after transfection and gene expression was measured
by qRT-PCR. Ctbp1 was used as housekeeping gene and samples were normalized to the EV control. The empty
vector control was transfected with dCas9-VPR and empty pSpgRNA (the plasmid that contains a gRNA in other
samples). Every data point represents one biological experiment. Bars are shown for visual guidance and show
the mean of the data points. Error bars represent the SD. D) Graph depicting the relative expression of Wnt6 and
Wnt10a in WT BC44 and WT HC11 cells measured in qRT-PCR experiments. Every data point is one biological
replicate and error bars represent the SD of the mean. Rpl13a was used as housekeeping gene. To compare gene
expression between BC44 and HC11 cells, the highest value per gene was set to 1.
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Discussion
The goal of this project was to set up a workflow to identify mammary gland specific Wnt
enhancers. We combined in silico and wet-lab methods, that together form our three-step plan for
enhancer identification:
1.

In silico selection of candidate enhancers based on sequence conservation, histone
modifications, and chromatin accessibility.

2.

Testing the functional enhancer activity of the candidate enhancers in plasmid based dual
luciferase reporter assays.

3.

Investigate whether transfer of transcriptional information is possible from the endogenous
enhancer location to the promoter of interest using dCas9-VPR.
These methods all have distinctive advantages and disadvantages. The in silico prediction of

enhancer sequences is a useful starting point to compile a list of candidate enhancers, but these
predictions do not show whether a given sequence can indeed function as an enhancer. Our second
step, testing the transcriptional enhancer activity of individual sequences, is of great importance
for the identification of enhancers, since it will directly tell something about their functional
activity. Instead of using MPRAs, we decided to clone the enhancers individually in pGL4-minP.
Although in MPRAs many candidate enhancers can be tested in parallel, a downside of this
method is that there is a limitation on the length of synthesized oligos that are used135,136. Cloning
the candidate enhancers individually, allowed us to test sequences of >200 bp in luciferase assays.
A potential downside of plasmid-based luciferase assays in general, is that the enhancer sequence
is tested outside of its genomic context. However, this also allows for testing candidate sequences
that are not available for transcription factors in their endogenous genomic location in some
cell types or cell lines. Another downside of this method is that it does not show whether there
is a link between the candidate enhancer and the promoter of a specific target gene of interest.
Therefore, we decided to use dCas9-VPR in addition to the aforementioned methods, because this
assay enabled us to investigate the endogenous candidate enhancer in situ. Specifically, it will show
whether transcriptional information can be transferred from the genomic site of the candidate
enhancer to the promoter of interest across large distances of intervening sequence. At the
moment, there is no enhancer assay that gives conclusive evidence about enhancer identification
when used on its own. Therefore, we think that combining different methods provides a clearer
picture about the candidate enhancers and their presumptive targets.
In this project, we specifically focused on enhancers that regulate expression of Wnt genes in
the mammary gland. Our results from the luciferase assays showed that selecting candidate en
hancers based on chromatin signatures, is more effective than choosing them based on sequence
conservation. However, we think that analyzing sequence conservation can be useful for dissecting
a functionally validated enhancer. This could narrow down the most important parts of enhancer
sequences that contain important binding sites that have been evolutionarily conserved.
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When testing the effect of guiding dCas9-VPR to the promoters of Wnt6 and Wnt10a, we
observed a negative correlation between the endogenous expression of these genes and the fold
change in expression induced by dCas9-VPR. Therefore, it seems important to check the expression
of the target gene in the cell lines that will be used and preferably select a cell line with low
endogenous expression to allow for maximal responsiveness. Of note, when guiding dCas9-VPR to
the candidate enhancers, we detected upregulation of both Wnt6 and Wnt10a. This could indicate
that these two genes share regulatory elements. As they have a matching expression pattern across
different cell types (Chapter 2, Figure 9)137, it is very well possible that in the mammary gland
expression of these genes is regulated in a similar manner. It has been reported earlier that genes
located in the same region can share expression patterns across cell types and tissues, because
they share regulatory elements138–140. This could be caused by the 3D structure of the chromatin,
which establishes physical interactions between certain DNA regions. This could be investigated
by using one of the chromatin conformation capture (3C) techniques, which shows the physical
interactions between DNA regions58,59.
Besides investigating the 3D chromatin structure by using one of the 3C techniques, other
techniques can be used in addition to our workflow. First, the publicly available datasets we used
are not ideal for mammary gland research, as the epithelial cell compartment was not always
separated into luminal and basal cells. When searching for genomic elements that regulate tissue
specific gene expression, it would be optimal to select candidate sequences from datasets from
specific cell types. Furthermore, in some of the available mammary glands datasets, pregnant
or lactating mice were used. An investment can be made to obtain mammary gland cell type
specific datasets from WT mice for chromatin signatures, such as H3K27ac ChIP-seq or ATACseq. Unfortunately, mammary gland specific datasets are not as common as datasets from other
tissues in projects such as ENCODE, especially for the stromal cell population of the mammary
gland. For selecting candidate enhancers for stromal specific Wnt genes, such as Wnt2, it would
thus be beneficial to obtain chromatin signature datasets from stromal mammary gland cells (see
chapter 5). Second, for this proof-of-principle study, we only investigated a region of 100 kb upand downstream of the Wnt TSS. Therefore, we were not able to identify or test distal enhancers
located further away. Evidently, one could choose a larger region to select candidate enhancers
when scanning ChIP-seq or ATAC-seq datasets. However, depending on the gene density of the
region this could result in a massive list of sequences. Another way of investigating long-range
promoter-enhancer interactions, is high resolution HiC, which can detect long-range physical
interactions between DNA regions 141–143. Therefore, HiC data can also provide useful information
for selecting candidate enhancers, but again, this would require mammary specific datasets that
are currently lacking. Transgenic assays are also a useful approach to investigate the activity of the
candidate enhancer in vivo123144. This method enables in vivo validation of spatiotemporal specific
enhancer activity in different tissues and cell types. However, this method is particularly low
throughput and requires animal experiments. It would therefore be best suited for the functional
and final validation stages. Another disadvantage of transgenic mouse assays, is that it will not test
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the enhancer in its native genomic location. Luckily, technological advancements are still made in
the field of gene regulation and several options are available to study enhancer sequences.
As it becomes more and more clear that many answers to gene regulation related questions
can be found in the non-coding genome, it is important to keep dissecting loci to search for
regulatory elements, especially for genes in key developmental pathways, such as Wnt genes. We
have demonstrated that our workflow can help with the identification of Wnt gene enhancers,
which is a critical step in unravelling the mechanism that establish the specific spatiotemporal
expression patterns of Wnt genes in the mammary gland.

Materials and methods
Cell lines
Mammary epithelial BC44 cells (a kind gift of Marie-Anne Deugnier, Institute Curie, Paris,
France) were cultured in RPMI1640 + L-Glutamine (Gibco, cat. #21875-034), supplemented with
10% FBS (Gibco, cat. #10270-106) and 5 mg/ml insulin (Sigma-Aldrich, cat. #I9278) at 37°C in 5%
CO2. HC11 mammary epithelial cells were cultured as BC44 cells with the addition of 10 ng/ml
EGF (PreproTech, cat. #AF-100-15-B) at 37°C in 5% CO2.
Cloning pGL4
In the pGL4.20 plasmid (Promega), which contains a firefly luciferase gene (luc2) and a puromycin
resistance gene, a minimal promoter (minP, identical to the minimal promoter of pGL4.23
(Promega): TAGAGGGTATATAATGGAAGCTCGACTTCCAG) was cloned at the HindIII
restriction site of pGL4.20. This plasmid is referred to as pGL4-minP. Candidate enhancers were
cloned from genomic BC44 DNA using primers with an overhang for XhoI or SalI (forward) and
BglII or BamHI (reverse) (default combination was XhoI and BglII, if the candidate enhancer
contained one of those restriction sites, SalI and/or BamHI were selected). Primers were designed
using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) and are shown in Supplementary Table 2.
For the PCR reaction Phusion polymerase was used (1U per 50 ml reaction), with HF buffer (1X),
dNTPs (200 mM), primers (0.5 mM), and BC44 genomic DNA (100 ng). Gradient PCRs (30 cycles)
were performed to find the optimal annealing temperature: Initial denaturation: 30 seconds,
98°C; denaturation: 10 seconds, 98°C; annealing: 30 seconds, 50°C-72°C; extension: 1 minute,
72°C; final extension: 10 minutes, 72°C. PCR products were digested using restriction enzymes
and the recommended buffer (Thermo Fisher Scientific, 4 hours at 37°C). Digested products were
loaded on an agarose gel and extracted using a Thermo Scientific GeneJET gel extraction kit (cat.
#K0962). Amount of DNA was measured using a nanodrop (Isogen Life Science). Ligation was
performed in a 20 ml reaction using 1 ml T4 DNA ligase (Thermo Fisher Scientific, cat. #EL0016)
and 2 ml T4 DNA ligase buffer in a vector:insert ratio of 1:3. Ligation reactions were incubated
O/N at RT. Ligation products were transformed using DH5α bacteria using the following protocol:
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5 ml ligation mix was added to 50 ml of bacteria and incubated on ice for 15 minutes. The mix
was transferred to a 42°C water bath for a 1-minute heat shock. LB medium (250 ml) was added
and the mixtures were incubated in a shaker at 37°C for 30 minutes at 500 rpm, plated on LB
agar plates (containing ampicillin) and incubated at 37°C O/N. After performing colony PCR
to identify colonies that contained the correct insert, minipreps were performed using the
GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, cat. #K0502). Miniprep was performed
according to manufacturer’s instructions, except 20 ml MQ was used instead of elution buffer to
elute the DNA. DNA was sequenced with a forward (CTAGCAAAATAGGCTGTCCC) and reverse
(CTTCTTAATGTTTTTGGCATCTTCC) primer to analyze the sequence. Some point mutations
were identified after sequencing, however >99.7% of the enhancer sequences was identical to the
Mm10 reference genome.
Dual luciferase assay
BC44 or HC11 cells were plated at a density of 20.000 cells per well in 24 well plates 24 hours prior
to transfection. For transfection X-tremeGENE HP DNA Transfection Reagent (Sigma-Aldrich,
cat. #6366236001) was used according to manufacturers’ instructions in a 1:1 ratio of microliters
X-tremeGENE HP DNA Transfection Reagent to microgram DNA. Transfections were done in
triplicates, using 500 ng plasmid DNA per well, consisting of 300 ng pGL4-minP (containing
candidate enhancer sequence), 100 ng CMV-Renilla (Promega) as transfection control and 100
ng eGFP to check transfection efficiency. Cells were harvested 48 hours after transfection and
plates were stored in -80°C until further analysis. Cells were lysed in 1X Passive Lysis Buffer
(Promega, cat. #E1941, diluted in MQ) in a volume of 50 ml per well for 15 minutes at RT.
Lysates were transferred to tubes and kept on ice. Non-commercial firefly and Renilla luciferase
reagents (LAR) were used to perform the luciferase assay. The composition of these reagents is
based on an earlier published report145. Briefly, Firefly LAR contains 200 mM Tris-HCl (pH 8.0),
15 mM MgSO4, 0.1 mM EDTA (pH 8.0), 25 mM DTT (Fisher cat. #10792782), 1 mM ATP pH
7.0 (Sigma cat. #A2383), 0.2 mM Coenzyme A (Sigma cat. #C3144), 200 uM D-Luciferin pH 6.07.0 (Biosynth cat. #L-8200) with a final pH of 8.0. Renilla LAR buffer contains 25 mM Na4P2O7
((Carl Roth cat. #T883.1), 10 mM NaAc, 15 mM EDTA, 500 mM Na2SO4, 500 mM NaCl with a
final pH of 5.0. Before every assay, the following components were freshly added to the Renilla
LAR buffer: 50 mM phenylbenzothiazole (Santa Cruz Biotechnology cat. #sc-391075) and 4 mM
benzyl-coelenterazine (Nanolight cat. #301-500) to complete the Renilla LAR. Firefly and Renilla
luciferase activity were measured in a GloMax Navigator (Promega, cat. #GM2000), following this
protocol: Injection of 50 ml non-commercial firefly LAR, 2 seconds pre-measurement delay, 10
seconds measurement firefly reporter, injection of 50 ml non-commercial Renilla LAR, 2 seconds
pre-measurement delay, 10 seconds measurement Renilla reporter. Firefly luciferase values were
normalized by Renilla luciferase values from the same well. Data is presented as fold change
firefly luciferase activity and the values from the empty pGL4 values are set to 1.
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Cloning pSPgRNA
For the dCas9-VPR assays, gRNA (designed using CRISPOR (http://crispor.tefor.net)) were cloned
into pSpgRNA at the BbsI restriction site (Addgene, #47108). Cloning was performed according
to the pSpgRNA cloning protocol from the Zhang lab146–149. Minipreps were performed using the
GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, cat. #K0502) and the ligated products
were sequence-verified using the following primer: GAGGGCCTATTTCCCATGATT. All gRNAs
can be found in Supplementary Table 3.
dCas9 assays
For dCas9-VPR assays, BC44 and HC11 cells were plated in a 6 well plate (100.000 cells per well).
Pools of pSpgRNA plasmids were prepared (pooled per candidate enhancer or promoter) and
diluted with filtered MQ. Cells were transfected 24 hours after plating with pSpgRNA pools (500
ng per well) and dCas9-VPR (1500 ng, SP-dCas9-VPR, Addgene #63798) using X-tremeGENE
HP DNA Transfection Reagent (Sigma-Aldrich, cat. #6366236001) according to manufacturer’s
instructions. After 48 hours, cells were harvested and stored in -80°C until further analysis. RNA
was isolated from the harvested cells according to manufacturer’s instructions using Trizol.
Using the protocol of SuperScript IV Reverse Transcriptase (Invitrogen, cat. #18090200), cDNA
synthesis was performed from 2 mg RNA (in combination with Random Hexamers (Invitrogen,
cat. #N8080127) and RiboLock RNase Inhibitor (Thermo Scientific, cat. #EO0328)). Samples were
diluted 10x with nuclease free water and 5 ml of each sample was used in a 20 ml qRT-PCR
reaction in a QuantStudio 3 Real-Time PCR System. In addition to 5 ml sample, in each reaction
4 ml 5X HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis Biodyne, cat. #08-24-00008), 2 ml
primers (from a 10 mM stock) and 10 ml nuclease-free water was used. Reactions were performed
in triplicates and the following stages were included in the protocol: 2 minutes at 50.0°C and 15
minutes at 95.0°C, then 40 cycles of 15 seconds at 95.0°C and 1 minute at 60.0°C, followed by the
melting curve stage. Primers used for qRT-PCR can be found in Supplementary Table 4.
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Supplementary Figure 1: Chromatin signatures of candidate Wnt6/10a enhancers that showed a log2 fold
change of >1 in enhancer activity compared to the EV control in dual luciferase assays (6/10a.4, 6/10a.5, 6/10a.7,
6/10a.8). Coordinates in this figure are from the Mm9 genome. The following datasets are depicted (from upper
to lower track): H3K27ac ChIP-seq, mouse mammary gland epithelium, pregnancy day 13125; H3K27ac ChIP-seq,
mouse mammary gland epithelium, lactation day 1125; H3K27ac ChIP-seq, mouse mammary gland, sorted (FACS)
myoepithelial cells126; H3K4me ChIP-seq, mouse mammary gland epithelium, pregnancy day 13127; ATAC-seq,
mouse mammary gland, sorted (FACS) basal cells126; DHS, mouse mammary gland epithelium, lactation day 1125.
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#

Chr

Start:

Stop:

Size

2.1

6

17978601

17979865

1265

2.2

6

17984956

17985985

1030

2.3

6

18020721

18022039

1319

2.4

6

17978409

17980389

1981

2.5

6

17964182

17966018

1837

2.6

6

17994051

17995642

1592

4.1

4

137253791

137254743

953

4.2

4

137211564

137212860

1297

4.3

4

137182376

137183101

726

4.4

4

137285638

137286922

1285

4.5

4

137286657

137287788

1132

4.6

4

137230998

137232312

1315

4.7

4

137282483

137283630

1148

4.8

4

137200440

137201676

1237

5a.1

14

28571437

28572414

978

5a.2

14

28500911

28502172

1262

5a.3

14

28494002

28495114

1113

5a.4

14

28487603

28488107

505

5b.1

6

119492129

119492892

764

5b.2

6

119492129

119492993

865

6/10a.1

1

74770266

74771559

1294

6/10a.2

1

74858041

74859306

1266

6/10a.3

1

74775109

74776398

1290

6/10a.4

1

74763049

74764338

1290

6/10a.5

1

74780171

74781393

1223

6/10a.6

1

74787488

74788696

1209

6/10a.7

1

74816434

74817702

1269

6/10a.8

1

74794247

74795273

1027

7b.1

15

85499756

85500613

858

7b.2

15

85507056

85508348

1293

7b.3

15

85664063

85664569

507

7b.4

15

85668191

85669059

869

7b.5

15

85669124

85670289

1166

7b.6

15

85621913

85622621

709

7b.7

15

85634109

85635244

1136

7b.nc

15

85636350

85637356

1007

Supplementary Table 1: Coordinates of the sequences that were amplified using PCR for cloning into pGL4minP. The first number represents the Wnt gene for which this sequence is a candidate enhancer (e.g. 5a.1 is a
candidate enhancer for Wnt5a). All coordinates are from the Mm10 genome. Size is shown in bp.
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#

Forward

Reverse

2.1

ACTGACTCGAGGGATGCTCAATGCAGACTCA

ACTGTAGATCTGCAGGGAGGTACACTGGAAG

2.2

ACTGACTCGAGCTAGGGGAGAGTTTGTGCCC

ACTGTAGATCTTCCAGTGGATCAGAATCCTCCT

2.3

ACTGACTCGAGAGAGTAGCCTGGGGAAGCTC

ACTGAGGATCCTATCGTGACCACTGCCAAGA

2.4

ACTGACTCGAGTCTGAGCACGGCTATGTCTG

ACTGAAGATCTTCCTTGGTCTGAGGTGCTCT

2.5

ACTGACTCGAGCGCATATACATGTGGGCAAG

ACTGAAGATCTACTTCTCCACTCCAGGCTGA

2.6

ACTGACTCGAGGTCCAGAGGGGATTTCAGGT

ACTGAAGATCTATGGACCAAGCAGGAGTGAG

4.1

ACTGAGTCGACAAGAACCCTTGCTACGCTCA

ACTGTGGATCCCATGAACCCAGGCTCTTGTT

4.2

ACTGACTCGAGCATACCAGACGCATGTGGAG

ACTGTGGATCCATCATTCAGACGCACCCTTC

4.3

ACTGACTCGAGCTCAGCCTCCCACAAGTAGC

ACTGTGGATCCCTGATGGCCTCTGGTAGCTC

4.4

ACTGACTCGAGAGCACATTGAGGCCAAGTTT

ACTGTAGATCTGATGGTGCAGAGGTCCTGAT

4.5

ACTGAGTCGACAAGGATGGTCAGCCTCAGAC

ACTGAAGATCTCTCTGTCAGCCTCCATTGAA

4.6

ACTGACTCGAGGGGACACATGAGACCCTGTT

ACTGAAGATCTCCAGTGCCCAGATAACCACT

4.7

ACTGACTCGAGGCACATTCCTGTCCCAGTTT

ACTGAGGATCCTCAGGAGGGAGTGTTCTGCT

4.8

ACTGACTCGAGTTGGTCCATGCCACAGAATA

ACTGAAGATCTGGGACACACACACACAGAGG

5a.1

ACTGACTCGAGTGGTTCCATGCATATCCTGAC

ACTGTAGATCTTCTCCTGCCTGCTACTTTCC

5a.2

ACTGACTCGAGCTGGCTGGGCACATAGAGAT

ACTGTGGATCCAAGCGTATCTGGTCCCAGTG

5a.3

ATGCGCTCGAGCTAACGCAACGAAGGGATGG

GTCGAAGATCTTGCACTTCTTGACCTCACCA

5a.4

ATGCTCTCGAGGCCGATCCTTTAGGAAAACC

ATCGTGGATCCGTTGCACCAACAAACACACC

5b.1

AGTCGCTCGAGCACTCACCCCACTTCCTCAT

AGTCGGGATCCTGAGGGATGGTCGGTATGTG

5b.2

ATCGTCTCGAGCACTCACCCCACTTCCTCAT

AGTCGGGATCCTGCTCTCAAAGACTGCCGTA

6/10a.1

ACTGACTCGAGGTGCAGTGCATGAGAAAGGA

ACTGAGGATCCCTGGGAGACGTTTGACAGGT

6/10a.2

ACTGACTCGAGTTGGCTCCAAATCTCTGCTT

ACTGTGGATCCGCATTTATCCCCAGGTTCAA

6/10a.3

ACTGACTCGAGGCCCTCTTGAGGTCATCTTG

ACTGTAGATCTCACCTGTCTGATGGAGAGCA

6/10a.4

ACTGACTCGAGTGGGGTCTGATCCCTGTTAG

ACTGAGGATCCGGATTTGTCAGGCAAGCAGT

6/10a.5

ACTGACTCGAGGGAAGCCACTCAAATCCAAA

ACTGAGGATCCGTTGGCAAATAGGTGGTGCT

6/10a.6

ACTGACTCGAGGAATCGAGGAAGGGAACCTC

ACTGAAGATCTAAAGAGGAACAGGCTCGTGA

6/10a.7

ACTGACTCGAGGAAGCCAAGAGGTGGAGAGA

ACTGTGGATCCCGTGGGGAGTTATGGAACTG

6/10a.8

ACTGACTCGAGCTTTGCCTCAACTCCGACTC

ACTGAAGATCTCCCAGGTCTTTCACCAGGTA

7b.1

ACTGACTCGAGCATAGCAGCCCTCACTGTCA

ACTGTAGATCTCCTGAAGACTGTGCCTCTCC

7b.2

ACTGACTCGAGAGACTCAGCCTGCAGTGGTT

ACTGTGGATCCTGATTGTACACAGGCCCAAA

7b.3

ACTGACTCGAGTGGCTGAGGGCTATCCAATA

ACTGTAGATCTGGAAACTTGTCCTGGGTTGA

7b.4

ACTGACTCGAGAAACCCTTGCCAAGTACAGG

ACTGTGGATCCTGTGCTAGGCAGTCTCCTGA

7b.5

ACTGACTCGAGGGACCATACAGTGCCAGAAAA

ACTGTAGATCTGCACAGAACTGAGCATGCAA

7b.6

ACTGAGTCGACGGGTCTGCAAAGAAGCAAAC

ACTGTGGATCCACCTTCGCTATAAGCCAGCA

7b.7

ACTGAGTCGACAATGGAAGCCAAGGTCTCCT

ACTGTAGATCTCGACAGCACATCAGAAGCAT

7b.nc

ACTGACTCGAGTGGACAGAGGCACACTTCAG

ACTGTAGATCTGGGATGGAGAGATGGTTCAG

3

Supplementary Table 2: Primers used to PCR candidate enhancers from genomic DNA from BC44 cells. These
primers contain restriction sites for XhoI or SalI (forward) and BglII or BamHI (reverse), which allowed for ligation
in the pGL4-minP plasmid, which was restricted with XhoI and BglII.
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Target

Forward

Reverse

Wnt6 promoter

CACCGGGCCGCGCGCTCACGGGTGC

AAACGCACCCGTGAGCGCGCGGCCC

Wnt6 promoter

CACCGTGTCGCAACTGCCACCCCCG

AAACCGGGGGTGGCAGTTGCGACAC

Wnt6 promoter

CACCGGGAGGGAGCCGTGCGCCCCG

AAACCGGGGCGCACGGCTCCCTCCC

Wnt6 promoter

CACCGAGTCAGGCGGCGGGACTCTT

AAACAAGAGTCCCGCCGCCTGACTC

Wnt6 promoter

CACCGGGGGAGCGGGGCCGAAGCGT

AAACACGCTTCGGCCCCGCTCCCCC

Wnt6 promoter

CACCGCGGGCGCAGAGCGCAGCGGA

AAACTCCGCTGCGCTCTGCGCCCGC

Wnt10a promoter

CACCGAGGCACCAGGAGTTGTCGCA

AAACTGCGACAACTCCTGGTGCCTC

Wnt10a promoter

CACCGCCCCCGAGGGCGGTGCCCGG

AAACCCGGGCACCGCCCTCGGGGGC

Wnt10a promoter

CACCGCTCCATGGGGCAGCGCCCCC

AAACGGGGGCGCTGCCCCATGGAGC

Wnt10a promoter

CACCGTGCACCTCCTTACCCTCTAG

AAACCTAGAGGGTAAGGAGGTGCAC

Wnt10a promoter

CACCGGGGGCCCTTGGGAAATTCCC

AAACGGGAATTTCCCAAGGGCCCCC

Wnt10a promoter

CACCGGGATGGGGAGCGGGCGAACC

AAACGGTTCGCCCGCTCCCCATCCC

6/10.4

CACCGCTATAGTCCCGTGAATTCCC

AAACGGGAATTCACGGGACTATAGC

6/10.4

CACCGTGGCGCTATGGCGCTGTTCT

AAACAGAACAGCGCCATAGCGCCAC

6/10.4

CACCGTGGTATATCCTCACCCAACC

AAACGGTTGGGTGAGGATATACCAC

6/10.4

CACCGGCAGACTAGCGTCTCTTCTT

AAACAAGAAGAGACGCTAGTCTGCC

6/10.4

CACCGACTCTCTGTACTTAACTTAT

AAACATAAGTTAAGTACAGAGAGTC

6/10.4

CACCGTGGAACCAAGAGCTACTTAC

AAACGTAAGTAGCTCTTGGTTCCAC

6/10.4

CACCGCAGATAACAGATTCCTAGGC

AAACGCCTAGGAATCTGTTATCTGC

6/10.4

CACCGGAAAATACAGCATCTAGACT

AAACAGTCTAGATGCTGTATTTTCC

6/10a.5

CACCGTGATTCAGGCGGTTCCCCCC

AAACGGGGGGAACCGCCTGAATCAC

6/10a.5

CACCGGACAGTGGGGCGGATATGCG

AAACCGCATATCCGCCCCACTGTCC

6/10a.5

CACCGTCAGCAGAACTGTACGGCAG

AAACCTGCCGTACAGTTCTGCTGAC

6/10a.5

CACCGTTTGGTGAGTAAAGACCCGA

AAACTCGGGTCTTTACTCACCAAAC

6/10a.5

CACCGGCCCACTTTCATTCCACCTG

AAACCAGGTGGAATGAAAGTGGGCC

6/10a.5

CACCGAACTACTTAAGTAGGGATAA

AAACTTATCCCTACTTAAGTAGTTC

6/10a.5

CACCGGACCATTCAAACCCCTTCTG

AAACCAGAAGGGGTTTGAATGGTCC

6/10a.5

CACCGCAAGAGGAATTTAGGTCTTA

AAACTAAGACCTAAATTCCTCTTGC

6/10a.5

CACCGGCCACTGGGCAGTTTGGGCC

AAACGGCCCAAACTGCCCAGTGGCC

6/10a.5

CACCGAGAGAGACCGAGCAGTTCCT

AAACAGGAACTGCTCGGTCTCTCTC

6/10a.5

CACCGAGGCATGTCCTGAGATGCAA

AAACTTGCATCTCAGGACATGCCTC

6/10a.5

CACCGTGAAGATGGTGTGTTCAAGG

AAACCCTTGAACACACCATCTTCAC

6/10a.7

CACCGACCGTTTAAGAGCGCGGCTA

AAACTAGCCGCGCTCTTAAACGGTC

6/10a.7

CACCGTAACTGTTGTCAGCGATCGA

AAACTCGATCGCTGACAACAGTTAC

6/10a.7

CACCGCAGCGCTAAAGATTCGGACC

AAACGGTCCGAATCTTTAGCGCTGC

6/10a.7

CACCGCTAGCGTTCTAGCCCCGGCG

AAACCGCCGGGGCTAGAACGCTAGC

6/10a.7

CACCGTTCGCTGGTCCGCGGAAGTC

AAACGACTTCCGCGGACCAGCGAAC

6/10a.7

CACCGGCTTACGGGCATTTCGAAGA

AAACTCTTCGAAATGCCCGTAAGCC

6/10a.7

CACCGCATGCTGTAGCTAGTCGCAT

AAACATGCGACTAGCTACAGCATGC

6/10a.7

CACCGTGCTAATGCAAACCGGTCCT

AAACAGGACCGGTTTGCATTAGCAC

6/10a.7

CACCGCTTAAAAGGCACCGACTCCG

AAACCGGAGTCGGTGCCTTTTAAGC

6/10a.7

CACCGTTCAGTGCAGCGTGGATGCG

AAACCGCATCCACGCTGCACTGAAC

6/10a.7

CACCGGCGGAGGTCCTTTGTACCTA

AAACTAGGTACAAAGGACCTCCGCC

6/10a.7

CACCGGTATTGCAACCGCAGAGTTT

AAACAAACTCTGCGGTTGCAATACC

6/10a.7

CACCGGTCTGCCTACGGAGCTCCCG

AAACCGGGAGCTCCGTAGGCAGACC

6/10a.7

CACCGATCTTTGATCTATGACGTCA

AAACTGACGTCATAGATCAAAGATC

6/10a.7

CACCGGCAGAACAGTTGTTAATGTG

AAACCACATTAACAACTGTTCTGCC

6/10a.7

CACCGAAGTAAGCAATGCATTGGCC

AAACGGCCAATGCATTGCTTACTTC

6/10a.8

CACCGAAACAGCGCCCGAGGCGCGC

AAACGCGCGCCTCGGGCGCTGTTTC
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Target

Forward

Reverse

6/10a.8

CACCGTAGGTGACCTAGCAACCCGA

AAACTCGGGTTGCTAGGTCACCTAC

6/10a.8

CACCGGGCTGTGGCAAATGGCCCGC

AAACGCGGGCCATTTGCCACAGCCC

6/10a.8

CACCGTCCTGATGGGGTCCCCAATC

AAACGATTGGGGACCCCATCAGGAC

6/10a.8

CACCGGCGGGAGGGACGCTAGAGCG

AAACCGCTCTAGCGTCCCTCCCGCC

6/10a.8

CACCGAACTCCGACTCACCTAGCTG

AAACCAGCTAGGTGAGTCGGAGTTC

6/10a.8

CACCGGATCAGCAGGATTCGTGGTG

AAACCACCACGAATCCTGCTGATCC

6/10a.8

CACCGACTTCAGAAAGAACGTAGTC

AAACGACTACGTTCTTTCTGAAGTC

6/10a.8

CACCGAGACCCGTGCTTGAACCCCT

AAACAGGGGTTCAAGCACGGGTCTC

6/10a.8

CACCGTCTTCTCTCATCTGCTCGTC

AAACGACGAGCAGATGAGAGAAGAC

6/10a.8

CACCGCAGAGCAGCGCGGCTGGTAA

AAACTTACCAGCCGCGCTGCTCTGC

6/10a.8

CACCGTATCACCCCCTCTTGTCAGC

AAACGCTGACAAGAGGGGGTGATAC

Supplementary Table 3: Oligos used for cloning gRNAs in pSpgRNA. The target column shows for which target
the gRNA was designed: Wnt6/Wnt10a promoter or a candidate enhancer. These gRNAs were cloned in the
pSpgRNA plasmid.

Gene

Forward

Reverse

Rpl13a

CCCTCCACCCTATGACAAGA

GCCCCAGGTAAGCAAACTT

Ctbp1

GTGCCCTGATGTACCATACCA

GCCAATTCGGACGATGATTCTA

Wnt6

TCGAGAATGTCAGTTCCAGTTC

GCAAACACGAAAGCTGTCTC

Wnt10a

GGCGCTCCTGTTCTTCCTA

GTCGTTGGGTGCTGACCT

3

Supplementary Table 4: Primers used for qRT-PCR reactions in dCas9-VPR assays.
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