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Chapter 1
General Introduction: WNT signaling
in the mouse mammary gland

Chapter 1

The mammary gland is a defining characteristic of mammals. Its primary function is to produce
and secrete milk for the neonatal offspring1. In addition to satisfying these nutritional needs, the
mammary gland also secretes immunoglobins to provide the newborn with immune protection2.
Breast cancer finds its origin in the epithelial cells of this tissue, affecting 1 out of every 8 women
in their lifetime3. Given the complex heterogeneous landscape of breast cancer subtypes, both in
terms of histopathological features, molecular lesions and response to treatment, an important
step towards understanding the origin of breast malignancies is learning how development
and homeostasis is controlled in the healthy breast4. An excellent model system to study these
properties, is the mouse mammary gland5.
The mouse has five pairs of mammary glands on contralateral sides of the body (Figure 1A)6.
Each gland consists of a fat pad into which a network of epithelial ducts has grown out, starting
at the nipple (Figure 1B). These two-layered ducts are composed of an inner luminal layer
and an outer basal layer of epithelial cells and are surrounded by a collagen-rich extra-cellular
matrix. Adipocytes are the main component of the mammary gland stroma, which also contains
collagen-producing fibroblasts. Other components of the stroma are vascular and immune cells
(Figure 1C)5.
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Figure 1: Schematic representation of the mouse mammary gland. A) Location of the five mammary gland
pairs in the mouse (frontal view)6. B) Representation of the network of epithelial ducts that runs through the
mammary fat pad5. C) Illustration of the different cell types that are present in the mammary gland. Epithelial
ducts consisting of luminal and basal cells are surrounded by adipocytes and other stromal cells5.

Mammary gland development
Development of the mouse mammary gland starts at embryonic day 10 (E10)7. At this stage,
two milk lines are formed on the ventral side, between the fore- and hindlimbs. Five pairs of
multilayered ectodermal structures, called placodes, are detectable on the milk lines at day E11.5.
At E12.5, these placodes develop into mammary buds, which are morphologically distinct bulbs
of epithelial cells. These buds sink into the underlying dermal mesenchyme at E13.5, and by E14.5
they can no longer be detected externally8. At E15.5, the mammary buds start forming a ductular
structure, called the mammary sprout. This sprout invades the underlying fat pad precursor and
11
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by E16.5 starts forming a lumen. The lumen starts to open on the skin side, where the nipple
is formed. At E18.5, just before birth, the mammary sprouts have formed a small rudimentary
ductal tree, which occupies only a small portion of the fat pad close to the nipple9.
From birth to puberty, the mammary gland epithelium stays relatively quiet and grows at
a rate that is isometric with body weight gain10. Before puberty, the ductal network continues
to occupy only a small part of the mammary fat pad (Figure 2A). At the onset of puberty, the
mammary gland epithelium starts to undergo extensive branching under the influence of estrogen,
in a process called branching morphogenesis11. This is characterized by the appearance of terminal
end buds (TEBs) that are located at the tips of invading ducts. The expansion of the epithelial ducts
is caused by proliferation in the TEBs, which happens most rapidly between 4 to 7 weeks of age12.
When the distal end of the fat pad is reached, the TEBs regress13. By the time the mouse reaches the
end of puberty, the tree of epithelial ducts has fully invaded the mammary fat pad.
Maintenance of the adult mammary gland
During the reproductive life of a female mouse, the morphology of the mammary gland changes
regularly. Subtle morphological changes can occur during the estrous cycle, which is repeated
every 4 to 5 days. The estrous cycle consists of four stages: proestrus, estrus, metestrus, and diestrus.
It has been reported that during the estrous cycle outgrowth and regression of lobuloalveolar
epithelium can occur due to fluctuations of steroid hormone levels14–20 (Figure 2B). However, it is
not completely clear when the outgrowth takes place; some studies report that this happens during
late proestrus/estrus15,17,18, while other studies show that the proliferative phase occurs during
diestrus14,16,20. However, there is consensus about the timing of apoptosis; this happens mainly in
the diestrus stage14–16,19. It is also important to note that this heightened proliferative state of the
mammary epithelium does not occur during every estrous cycle21. In summary, the morphology
of the mammary gland can change during the estrous cycle, but there is no clear consensus about
the timing of the outgrowth and these proliferative changes are not well understood.
More dramatic morphological changes occur during pregnancy, when the mammary gland
is preparing for the lactation stage. Throughout pregnancy, progesterone causes extensive sidebranching of epithelial ducts and initial growth of alveolar buds (Figure 2C)22. Together with
prolactin, these hormones induce growth of alveolar buds into large lobuloalveolar structures23.
These structures produce milk for the offspring during lactation, which is squeezed from the
alveolar cells by surrounding myoepithelial cells7. At the end of lactation, when weaning has
caused a lack in milk demand, the process of involution is started5. There are two phases of
involution24. The first, reversible, phase is induced by accumulation of milk in the lumen of the
ducts and is characterized by initial apoptosis of epithelial cells. After approximately 72 hours,
the irreversible phase starts, accompanied by widespread apoptosis and active tissue remodeling.
At the end of involution, after 10 to 15 days, the mammary gland has been restored to its prepregnancy state25. The cycle of alveolar differentiation, lactation, and involution is repeated with
every pregnancy.
12
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Figure 2: The mouse mammary gland is a dynamic tissue with high regenerative capacity. A) Illustration of
mammary gland morphology during puberty. At the start of puberty, the epithelial ducts form a rudimentary
tree11. Under the influence of hormones, this rudimentary tree grows out into the fat pad during puberty. This
phase is characterized by terminal end buds (TEBs)13. At the end of puberty, the epithelial network has reached
the distal end of the mammary fat pad. B) Representation of the morphological changes that can occur during
the estrous cycle. Outgrowth and regression of lobuloalveolar epithelium during the estrous cycle has been
reported, although there is no consensus about the timing of the proliferative phase14–20. Regression occurs mainly
in diestrus14–16,19. This heightened proliferative state does not have to occur every cycle21. C) Representation of
the morphological changes in the mammary gland during pregnancy. Lobuloalveolar structures, which contain
milk producing cells, grow out during pregnancy22. See text for details. This cycle of lobuloalveolar outgrowth,
lactation, and involution, is repeated with every pregnancy.

Mammary stem cells
The high regenerative potential of the mammary gland, shown by the many cycles of growth
and regression during the estrous cycle and pregnancy, suggests that stem cells are present in the
epithelium. Stem cells are defined by their capacity to self-renew and generate daughter cells that
can differentiate into more specialized cell types26.
Stem cell like behavior of mammary epithelial cells was first demonstrated by transplantation
assays in the late 1950’s and early 1960’s27,28. In these assays, fragments of normal donor epithelium
were transplanted into a cleared (i.e. de-epithelialized) fat pad of the recipient mouse. The trans
planted fragments were capable of reconstituting an epithelial ductal tree that filled the entire
13
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fat pad. In the 1990’s it was suggested that one single cell had the capacity to grow an entire
functional ductal network after transplantation into a fat pad29. Evidence for this was presented
in 2006, when cell populations enriched for mammary stem cells (MaSCs) could be isolated using
Fluorescence-Activated Cell Sorting (FACS)30,31. Both luminal and basal cells were derived from
one single transplanted, multipotent cell. Serial transplantations of the epithelial outgrowth
demonstrated the self-renewing capacity of these MaSCs. Although transplantation assays have
been the gold standard assay for evaluating MaSCs32,33, they do not show evidence that these cells
also act as stem cells during physiological processes, such as tissue development and maintenance.
Therefore, cells that are able to reconstitute an epithelial ductal network after transplantation, are
currently referred to as mammary repopulating units (MRUs), rather than MaSCs. In addition to
the question whether MRUs are important for the physiological growth and maintenance of the
epithelial ducts, there are other concerns regarding the transplantation assay. The conditions in
which these assays are carried out can dramatically influence the efficiency of the outgrowth. For
example, epithelial cells from a donor in the diestrus stage, showed a 14-fold increase in absolute
number of MRUs compared to cells from a donor in estrus, showing that the estrus cycle can
change the reconstitution efficiency14. Furthermore, the use of Matrigel has shown to greatly
increase the transplantation efficiency34. It is also possible that environmental cues influence the
behavior of the injected donor cells, as for transplantation assays surgical resection is needed,
which might induce a “wound healing” response35. Moreover, transplantation assays can stimulate
a higher level of plasticity, which is not observed under physiological conditions36,37. Overall, even
though it is important to keep in mind these disadvantages, the transplantation assay has been
instrumental in demonstrating the regenerative capacity of the mammary gland.
Another method to investigate stem cell populations in the mammary gland, is in situ lineage
tracing. Using lineage tracing, stem cells can be tracked and their contribution to the development
of a tissue can be investigated38. Like the transplantation assay, lineage tracing of MaSCs has
also not been free of confusion, especially regarding the potency of MaSCs. Single color lineage
tracing showed that during puberty, unipotent stem cells give rise to either the basal lineage or
the luminal lineage36. In contrast, another study that used multicolor lineage tracing, suggested
that during puberty stem cells are present that contribute to both lineages39. Bipotent stem cells
that were identified in this study were labeled for either Krt5 and Krt14 (both basal cell markers),
and Lgr5 (putative stem cell marker). In addition, also a unipotent luminal stem cell population
was identified in the pubertal mammary gland, marked by Elf5 expression39. During pregnancy,
the lobuloalveolar structures that are formed are thought to arise from luminal progenitors36,39.
Another lineage tracing study however, which labeled Axin2+ cells, showed that both basal and
luminal alveolar cells are labeled during pregnancy, while Axin2 is only expressed in basal cells
in the adult virgin mammary gland40. This suggests that alveolar cells do not (only) arise from
unipotent luminal progenitors, but from bipotent stem cells.
The discrepancies between the different lineage tracing studies can in part be explained by
the different gene labeling techniques and mouse models that were used. In addition, different
14
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concentrations of the labeling-inducing agent can result in different labeling efficiency. Further
more, in the inducible CreER(T2)-loxP system, tamoxifen is used as labeling-inducing agent,
which may influence MaSC behavior4. Moreover, when tracing a lineage, it can be difficult to
distinguish patches that are located close to each other. This is less difficult when using multicolor lineage tracing, but it is still possible that cells in one patch were not derived from the same
labeled cell41.
To conclude, the mammary gland is a dynamic tissue with high regenerative potential, as de
monstrated by transplantation assays. Lineage tracing assays have given us unprecedented insights
into MaSC biology, but further research in this area is needed to unravel the potency of different
stem cell populations and their contribution to mammary gland development and maintenance.
The WNT/CTNNB1 pathway
The behavior of stem cells is controlled by signals that come from their microenvironment, which
is called the stem cell niche. WNT ligands have been identified as niche factors in several tissues42.
The highly conserved Wnt gene family comprises 19 members in mammalian genomes43,44. For
the WNT/CTNNB1 pathway to be active, WNT ligands need to be correctly modified and secreted
from the stem cell niche (Figure 3). In the endoplasmic reticulum (ER), Porcupine (PORCN)
modifies the newly translated WNT proteins by attaching a palmitoleic acid group45. Generally,
this is considered to be essential for the secretion and functionality of WNT proteins, although
PORCN independent WNT secretion has also been described46,47. After their palmitoylation, WNT
proteins bind to Wntless (WLS), which is required for trafficking to the plasma membrane and
the secretion of WNT ligands into extracellular space48,49. In the WNT/CTNNB1 pathway, WNT
proteins bind to a heterodimer complex between Frizzled (FZD) and co-receptor Low density
lipoprotein receptor-related protein 5 or 6 (LRP5/6) on the surface of neighboring stem cells50–52.
This leads to the recruitment of the CTNNB1 destruction complex (DC) to FZD and LRP5/6 in the
cytoplasm. The DC consists of several components, including Dishevelled (DVL), AXIN, Casein
Kinase-1 (CK1), Glycogen synthase kinase 3b (GSK3b), and Adenomatous polyposis coli (APC)53.
CTNNB1 is targeted for destruction by the DC. Phosphorylation of CTNNB1 by GSK3b and CK1
is followed by ubiquitination and degradation by the proteasome54. When the DC is recruited
to the FZD-LRP5/6 complex however, the DC is inactivated. This results in an accumulation of
CTNNB1 in the cytoplasm. CTNNB1 then enters the nucleus, where it binds to T-cell factor/
lymphoid enhancer factor (TCF/LEF), which leads to the transcription of target genes55. Through
the years, multiple target genes of the WNT/CTNNB1 pathway have been identified56. In the
mammary gland they include, amongst others, Axin2, Ccnd1, c-Myc, and Tgif157–59.
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Figure 3: The WNT/CTNNB1 pathway. WNT proteins are palmitoylated by PORCN in the ER, after which they bind
to WLS45. WLS controls trafficking to the plasma membrane and secretion into the extracellular space48,49. WNT
proteins bind to the receptor complex FZD-LRP5/6, which leads to the recruitment and subsequent inactivation of
the CTNNB1 destruction complex50–52. This results in accumulation of CTNNB1 in the cytoplasm and translocation
to the nucleus54,55. In the nucleus, CTNNB1 binds to TCF/LEF, which causes transcription of WNT target genes56.
It has to be noted that in this example we used the concept of an external niche to visualize the WNT/CTNNB1
pathway, while it is known that stem cells can sometimes act as their own niche60.

Wnt expression in the mammary gland
Several members of the Wnt gene family are expressed during various phases of mammary gland
development56. Already during embryonic development, Wnt genes are expressed in structures
that will later develop into the mammary gland (Table 1). In the milk line Wnt5a, Wnt6, and
Wnt10b expression has been detected61,62. These Wnt genes are also expressed during placode for
mation, together with Wnt1, Wnt2, Wnt3, Wnt7b, Wnt10a, and Wnt1161,62. During mammary bud
formation, Wnt1, Wnt2, Wnt3, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7b, Wnt10a, Wnt10b, and Wnt11 are
expressed62.
Stage

Expressed Wnt genes

Milk link formation

Wnt5a62, Wnt661, Wnt10b61

Placode formation

Wnt162, Wnt262, Wnt362, Wnt5a62, Wnt661,62, Wnt7b62, Wnt10a61,62, Wnt10b62,
Wnt1162

Mammary bud formation

Wnt162, Wnt262, Wnt362, Wnt462, Wnt5a62, Wnt5b62, Wnt7b62, Wnt10b62, Wnt1162

Table 1: Wnt gene expression during embryonic mammary gland development. Adapted from Yu et al.56.

In the pubertal mammary gland, Wnt2 is expressed in the TEB epithelium and the stroma
around the TEBs (Table 2)63–65. Wnt4, Wnt5b, and Wnt6 are detected in both TEB and ductal
epithelium59. Wnt5a and Wnt7b are only expressed in the epithelium of the TEBs59. Wnt5a has also
been detected in the stromal compartment during puberty63. In the adult mammary gland, Wnt4
16
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and Wnt7b are exclusively expressed in luminal cells66–68. Wnt5a is expressed in luminal, basal, and
stromal cells, while Wnt5b is only expressed in the epithelial cell compartment62. Wnt10a expression
is detected in basal cells, and Wnt11 expression in both basal and stromal cells62. Expression of Wnt4,
Wnt5a, Wnt5b, Wnt6, Wnt7b, Wnt10a, Wnt10b, and Wnt11 was also detected in the adult mammary
gland in studies where different (epithelial) cell types were not separated64,69,70. In the mammary
glands of pregnant mice, expression of Wnt2, Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7b and Wnt10b has
been detected63,64,66,69,70. Wnt5b and Wnt6 are expressed at low levels during the lactation phase63,64,69.

1

During involution, Wnt2, Wnt5a, Wnt5b, and Wnt7b are expressed63.
Stage

Puberty

Adult

Pregnancy

Lactation
Involution

Cell type

Expressed Wnt genes

TEB epithelium

Wnt264,65, Wnt465, Wnt5a65, Wnt5b65, Wnt665, Wnt7b65

Ductal epithelium

Wnt465, Wnt5b65, Wnt665

Stroma

Wnt263,64, Wnt5a63

Whole mammary gland

Wnt263, Wnt5a63,64, Wnt7b63

Luminal cells

Wnt466–68, Wnt5a68, Wnt5b68, Wnt7b68

Basal cells

Wnt5a68, Wnt5b68, Wnt10a68, Wnt1168

Stroma

Wnt268, Wnt5a68, Wnt1168

Epithelial cells

Wnt469, Wnt5a69, Wnt5b69, Wnt669, Wnt7b69

Whole mammary gland

Wnt5a64, Wnt5b64, Wnt10b70

Luminal cells

Wnt466

Epithelial cells

Wnt469, Wnt5a69, Wnt5b69, Wnt669, Wnt7b69

Whole mammary gland

Wnt258, Wnt458, Wnt5a63,64, Wnt5b63,64, Wnt658, Wnt7b58, Wnt10b70,

Epithelial cells

Wnt5b69, Wnt669

Whole mammary gland

Wnt5b64, Wnt663

Whole mammary gland

Wnt263, Wnt5a63, Wnt5b63, Wnt7b63

Table 2: Wnt gene expression during postnatal mammary gland development. This table shows the expression
of individual Wnt genes in different cell types of the mammary gland. The rows of “whole mammary gland” and
“epithelial cells” in the “cell type” column indicate that in these studies the mammary gland (epithelial) cell types
were not separated (It does not mean that these Wnt genes are expressed in all (epithelial) cell types). Techniques
that were used for the detection of Wnt gene expression that are mentioned in this table include qRT-PCR, RNA
in situ hybridization, northern blot, and microarray-based gene expression profiling. Adapted from Yu et al.56.

WNT signaling in the mammary gland
The WNT/CTNNB1 pathway is involved in proper embryonic development of the mammary
gland, as is shown by studies that use genetically modified mouse models in which the WNT/
CTNNB1 pathway is perturbed. For example, embryos that lacked WNT co-receptors LRP5
or LRP6, or transcription factor LEF1, had smaller or fewer mammary placodes at E12.5 and
underdeveloped mammary glands at birth71–73. Also ectopic overexpression of WNT/CTNNB1
pathway antagonist Dickkopf1 (DKK1) resulted in impaired mammary gland development
before the mammary bud stage74.
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Evidence is emerging that in the postnatal mammary gland, WNT ligands have a role as
niche factors that control MaSC behavior56. For example, the mammary cell population that
expresses Axin2 (i.e. cells that are WNT reporter positive), is enriched for MaSCs, which were
capable of mammary outgrowth after transplantation in cleared fat pads58. Furthermore, in the
presence of WNT3A, MaSCs could be expanded in vitro for many generations and kept their
regenerative capacity in transplantation assays. The importance of the WNT/CTNNB1 pathway
for the regenerative capacity of MaSCs was also demonstrated by the loss of stem cell activity of
LRP5-/- mammary gland cells in transplantation assays73. Furthermore, the same study showed that
mammary glands of pubertal LRP5-/- mice showed fewer TEBs. Lineage tracing with an Axin2CreERT2
reporter mouse has shown the presence of WNT-responsive stem cells in the mammary gland40. It
was also suggested that lineage tracing using Lgr5CreERT2 reporter mice demonstrated active WNT/
CTNNB1 signaling in the mammary gland38,75. It is not clear however, whether Lgr5, which is a
bona-fide WNT target and stem cell marker in the intestine, marks WNT/CTNNB1 responsive
stem cells in the mammary gland4,76. Procr on the other hand, was identified as a WNT target gene
that specifically marks MaSCs77. Procr expression marks a unique MaSC population, that shows
high regenerative capacity in transplantation assays. Furthermore, lineage tracing showed that
Procr positive cells can differentiate into both mammary epithelial lineages. To conclude, several
studies have shown evidence that WNT responsive stem cells exist in the mammary gland, which
contribute to different lineages at different stages of mammary gland development.
Although evidence suggest that the WNT/CTNNB1 pathway plays a role in mammary
gland homeostasis by controlling MaSC behavior, the specific function of most individual WNT
ligands remains far from clear. One exception is Wnt4, which has shown to be required for proper
outgrowth of the mammary epithelium. Wnt4 has been linked to stem cell maintenance in
various tissues, including the mammary gland19,65,66,76–83. The role of Wnt4 in mammary gland
development has been investigated using Wnt4 deficient mammary epithelium. Due to kidney
failure, Wnt4-/- mice die within 24 hours of birth, but the epithelium from mammary buds can
be isolated84. Transplantation of Wnt4-/- and wildtype (WT) epithelium in a WT host, revealed
that during pregnancy, Wnt4-/- implants showed considerably less branching and outgrowth
of lobuloalveolar epithelium compared to the WT implants66. A different study tested the
regenerative capacity of Wnt4-/-, Wnt4+/-, and Wnt4+/+ epithelium in serial transplantations67. They
showed substantial impairment of reconstitution capacity in Wnt4-/- epithelium compared to
Wnt4-/-+ and Wnt4+/+ epithelium, which indicates that Wnt4 plays a role in maintaining stem cell
function in the mammary gland. Another study has shown that WNT4 cooperates with RSPO1,
which is a WNT/CTNNB1 pathway agonist86, to promote MaSC self renewal68. Taken together,
different studies have shown that Wnt4 can regulate MaSC activity in the mammary gland.
In conclusion, the WNT/CTNNB1 pathway is important for mammary gland development
and adult tissue homeostasis. Wnt genes are expressed throughout mammary gland development
in various mammary cell types, and as such, responsible for all the WNT dependent processes.
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Aim
The aim of my PhD research was to gain a better understanding on how the expression of indi
vidual Wnt genes is regulated in the mammary gland. As WNT ligands are critical regulators of
stem cell behavior, it is imperative that the expression of Wnt genes is tightly controlled in both
time and place. Surprisingly, despite many years of WNT research87, very little is known about
how expression of these genes is regulated. In this thesis we dive into this knowledge gap and
investigate the molecular mechanism behind cell type specific Wnt expression at the chromatin

1

level.
Outline of this thesis
Above (chapter 1) the development and maintenance of the mammary gland, and the role
of WNT/CTNNB1 signaling in these processes are introduced. In chapter 2, we performed a
transcriptomic analysis on different time points and cell populations of the mammary gland.
We present a comprehensive overview of Wnt gene expression, which showed specific expression
patterns of Wnt genes in different cell populations. Generally speaking, specific gene expression
patterns are thought to be established by regulatory elements that are scattered throughout the
genome. Chapter 3 starts with an introduction of these genomic elements and describes the
challenges regarding their identification. We present a three-step plan on the identification of
enhancers, which constitute a subcategory of regulatory elements that have the capacity to in
duce transcription of one or more genes. In chapter 4 we use our workflow to find enhancers
that control Wnt4 expression in the mammary gland. This resulted in the identification of an
active enhancer hub, located upstream of the Wnt4 gene, and a model of how Wnt4 expression
is regulated in the mammary gland. The goal of chapter 5 was to find enhancers that induce
Wnt2 expression in the mammary gland stroma. This resulted in the identification of a specific
enhancer element that is located 15.4 kb upstream of the Wnt2 promoter. Chapter 6 provides a
summary of the described research in this thesis and a discussion of the findings in the context
of gene regulation.

19

Chapter 1

References
1.

Capuco, A. V & Akers, R. M. The origin and evolution of lactation. J. Biol. 8, 37 (2009).

2.

Newby, T. J., Stokes, C. R. & Bourne, F. J. Immunological activities of milk. Vet. Immunol. lmmunopathology
3, 67–94 (1982).

3.

American Cancer Society. Breast Cancer Facts & Figures 2017-2018. American Cancer Society (2017).

4.

Visvader, J. E. & Stingl, J. Mammary stem cells and the differentiation hierarchy: Current status and
perspectives. Genes Dev. 28, 1143–1158 (2014).

5.

Inman, J. L., Robertson, C., Mott, J. D. & Bissell, M. J. Mammary gland development : cell fate specification,
stem cells and the microenvironment. Co. Biol. 142, 1028–1042 (2015).

6.

Veltmaat, J. M., Ramsdell, A. F. & Sterneck, E. Positional variations in mammary gland development and
cancer. J. Mammary Gland Biol. Neoplasia 18, 179–188 (2013).

7.

Macias, H. & Hinck, L. Mammary Gland Development. Wiley Interdiscip. Rev. Dev. Biol. 1, 533–557 (2012).

8.

Veltmaat, J. M., Mailleux, A. A., Thiery, J. P. & Bellusci, S. Mouse embryonic mammogenesis as a model
for the molecular regulation of pattern formation. Differentiation 71, 1–17 (2003).

9.

Cowin, P. & Wysolmerski, J. Molecular Mechanisms Guiding Embryonic Mammary Gland Development.
Cold Spring Harb. Perspect. Biol. 2, (2010).

10. FLUX, D. S. Growth of the mammary duct system in intact and ovariectomized mice of the CHI strain. J.
Endocrinol. 11, 223–237 (1954).
11. Rillema, J. A. Development of the mammary gland and lactation. Trends Endocrinol. Metab. 5, 149–154
(1994).
12. Williams, J. M. & Daniel, C. W. Mammary ductal elongation: Differentiation of myoepithelium and basal
lamina during branching morphogenesis. Dev. Biol. 97, 274–290 (1983).
13. Paine, I. S. & Lewis, M. T. The Terminal End Bud: the Little Engine that Could. J. Mammary Gland Biol.
Neoplasia 22, 93–108 (2017).
14. Joshi, P. A. et al. Progesterone induces adult mammary stem cell expansion. Nature 465, 803–807 (2010).
15. Andres, A. C. & Strange, R. Apoptosis in the Estrous and Menstrual Cycles. J. Mammary Gland Biol.
Neoplasia 4, 221–228 (1999).
16. Fata, J. E., Chaudhary, V. & Khokha, R. Cellular Turnover in the Mammary Gland Is Correlated with
Systemic Levels of Progesterone and Not 17β-Estradiol During the Estrous Cycle1. Biol. Reprod. 65, 680–
688 (2001).
17. McGuire, W. L. Breast Cancer: Cellular and Molecular Biology. Journal of Chemical Information and Modeling
53, (1981).
18. Cole, H. A. The Mammary Gland of the Mouse, during the Oestrus Cycle, Pregnancy and Lactation. 114,
136–161 (1933).
19. Andres, A., Zuercher, G., Djonov, V., Flueck, M. & Ziemiecki, A. Protein tyrosine kinase expression during
the estrous cycle and carcinogenesis of the mammary gland. Int. J. Cancer 63, 288–296 (1995).
20. Chua, A. C. L., Hodson, L. J., Moldenhauer, L. M., Robertson, S. A. & Ingman, W. V. Dual roles for
macrophages in ovarian cycle-associated development and remodelling of the mammary gland
epithelium. Development 137, 4229–4238 (2010).
21. Shehata, M. et al. Proliferative heterogeneity of murine epithelial cells in the adult mammary gland.
Commun. Biol. 1, 1–10 (2018).
22. Brisken, C. et al. A paracrine role for the epithelial progesterone receptor in mammary gland development.
Proc. Natl. Acad. Sci. U. S. A. 95, 5076–5081 (1998).
23. Brisken, C. et al. Prolactin controls mammary gland development via direct and indirect mechanisms.
Dev. Biol. 210, 96–106 (1999).
24. Lund, L. R. et al. Two distinct phases of apoptosis in mammary gland involution: Proteinase-independent
and -dependent pathways. Development 122, 181–193 (1996).
25. Stein, T., Salomonis, N. & Gusterson, B. A. Mammary gland involution as a multi-step process. J. Mammary
Gland Biol. Neoplasia 12, 25–35 (2007).

20

General Introduction

26. Reya, T., Morrison, S. J., Clarke, M. F. & Weissman, I. L. Stem cells, cancer, and cancer stem cells. Nature 414,
(2001).
27. Deome, K. B., Faulkin, L. J., Bern, H. A. & Blair, P. B. Development of Mammary Tumors from Hyperplastic
Alveolar Nodules Transplanted into Gland-free Mammary Fat Pads of Female C3H Mice. Cancer Res. 19,
515 (1959).
28. Faulkin, L. J. & Deome, K. B. Regulation of growth and spacing of gland elements in the mammary fat
pad of the c3h mouse. J. Natl. Cancer Inst. 24, 953–969 (1960).
29. Kordon, E. C. & Smith, G. H. An entire functional mammary gland may comprise the progeny from a
single cell. Development 125, 1921–30 (1998).
30. Stingl, J. et al. Purification and unique properties of mammary epithelial stem cells. Nature 439, 993–997
(2006).
31. Shackleton, M. et al. Generation of a functional mammary gland from a single stem cell. Nature 439,
84–88 (2006).
32. Zhou, J., Chen, Q., Zou, Y., Zheng, S. & Chen, Y. Stem cells and cellular origins of mammary gland:
Updates in rationale, controversies, and cancer relevance. Stem Cells Int. 2019, (2019).
33. Chen, X., Liu, Q. & Song, E. Mammary stem cells: Angels or demons in mammary gland? Signal Transduct.
Target. Ther. 2, 1–8 (2017).
34. Spike, B. T. et al. A mammary stem cell population identified and characterized in late embryogenesis
reveals similarities to human breast cancer. Cell Stem Cell 10, 183–197 (2012).
35. Anstine, L. J. & Keri, R. A new view of the mammary epithelial hierarchy and its implications for breast
cancer initiation and metastasis. J. Cancer Metastasis Treat. 2019, (2019).
36. Van Keymeulen, A. et al. Distinct stem cells contribute to mammary gland development and maintenance.
Nature 479, 189–193 (2011).
37. Centonze, A. et al. Heterotypic cell–cell communication regulates glandular stem cell multipotency.
Nature 584, 608–613 (2020).
38. Barker, N. et al. Identification of stem cells in small intestine and colon by marker gene Lgr5. Nature 449,
1003–1007 (2007).
39. Rios, A. C., Fu, N. Y., Lindeman, G. J. & Visvader, J. E. In situ identification of bipotent stem cells in the
mammary gland. Nature 506, 322–327 (2014).
40. Amerongen, R. van, Bowman, A. N. & Nusse, R. Developmental Stage and Time Dictate the Fate of Wnt /
b -Catenin-Responsive Stem Cells in the Mammary Gland. Cell Stem Cell 11, 387–400 (2012).
41. Wuidart, A. et al. Quantitative lineage tracing strategies to resolve multipotency in tissue-specific stem
cells. Genes Dev. 30, 1261–1277 (2016).
42. Steinhart, Z. & Angers, S. Wnt signaling in development and tissue homeostasis. Co. Biol. 145, 1–8 (2018).
43. Clevers, H. & Nusse, R. Wnt/β-catenin signaling and disease. Cell 149, 1192–1205 (2012).
44. Nusse, R. Wnt signaling in disease and in development. Cell Res. 15, 28–32 (2005).
45. Willert, K. et al. Wnt proteins are lipid-modified and can act as stem cell growth factors. Nature 423,
448–452 (2003).
46. Richards, M. H., Seaton, M. S., Wallace, J. & Al-Harthi, L. Porcupine is not required for the production of
the majority of wnts from primary human astrocytes and CD8+ T cells. PLoS One 9, (2014).
47. Rao, D. M. et al. Wnt family member 4 (WNT4) and WNT3A activate cell-autonomous Wnt signaling
independent of porcupine O-acyltransferase or Wnt secretion. J. Biol. Chem. 294, 19950–19966 (2019).
48. Bartscherer, K., Pelte, N., Ingelfinger, D. & Boutros, M. Secretion of Wnt Ligands Requires Evi, a Conserved
Transmembrane Protein. Cell 125, 523–533 (2006).
49. Yu, J. et al. WLS Retrograde transport to the endoplasmic reticulum during Wnt secretion. Dev. Cell 29,
277–291 (2014).
50. Bryan T. MacDonald and Xi He. Frizzled and LRP5 / 6 Receptors for Wnt / b -Catenin Signaling. 1–24
(2015).
51. Bhanot, P. et al. A new member of the frizzled family from Drosophila functions as a Wingless receptor
identified . We show here that cultured Drosophila cells transfected with a novel member of the. Nature
382, 225–230 (1996).

21

1

Chapter 1

52. Yang-Snyder, J., Miller, J. R., Brown, J. D., Lai, C. J. & Moon, R. T. A frizzled homolog functions in a
vertebrate Wnt signaling pathway. Curr. Biol. 6, 1302–1306 (1996).
53. Stamos, J. L. & Weis, W. I. The β-catenin destruction complex. Cold Spring Harb. Perspect. Biol. 5, 1–16
(2013).
54. Liu, C. et al. Control of Beta-Catenin Phosphorylation/Degradation by a Dual-Kinase Mechanism. Cell
108, 837–847 (2002).
55. Cadigan, K. M. & Waterman, M. L. TCF/LEFs and Wnt Signaling in the Nucleus Ken. Cold Spring Harb.
Perspect. Biol. (2012). doi:10.1101/cshperspect.a007906
56. Yu, Q. C., Verheyen, E. M. & Zeng, Y. A. Mammary development and breast cancer: A Wnt perspective.
Cancers (Basel). 8, 1–26 (2016).
57. Zhang, M. Z. et al. TGIF governs a feed-forward network that empowers wnt signaling to drive mammary
tumorigenesis. Cancer Cell 27, 547–560 (2015).
58. Zeng, Y. A. & Nusse, R. Wnt Proteins Are Self-Renewal Factors for Mammary Stem Cells and Promote
Their Long-Term Expansion in Culture. Stem Cell 6, 568–577 (2010).
59. Zhang, J., Li, Y., Liu, Q., Lu, W. & Bu, G. Wnt signaling activation and mammary gland hyperplasia in
MMTV-LRP6 transgenic mice: Implication for breast cancer tumorigenesis. Oncogene 29, 539–549 (2010).
60. Clevers, H., Loh, K. M. & Nusse, R. An integral program for tissue renewal and regeneration: Wnt signaling
and stem cell control. Science (80-. ). 346, (2014).
61. Veltmaat, J. M., Van Veelen, W., Thiery, J. P. & Bellusci, S. Identification of the Mammary Line in Mouse
by Wnt10b Expression. Dev. Dyn. 229, 349–356 (2004).
62. Chu, E. Y. et al. Canonical WNT signaling promotes mammary placode development and is essential for
initiation of mammary gland morphogenesis. Development 131, 4819–4829 (2004).
63. Weber-Hall, S. J., Phippard, D. J., Niemeyer, C. C. & Dale, T. C. Developmental and hormonal regulation
of Wnt gene expression in the mouse mammary gland. Differentiation 57, 205–214 (1994).
64. Bühler, T. A., Dale, T. C., Kieback, C., Humphreys, R. C. & Rosen, J. M. Localization and Quantification of
Wnt-2 Gene Expression in Mouse Mammary Development. Dev. Biol. 155, 87–96 (1993).
65. Kouros-Mehr, H. & Werb, Z. Candidate regulators of mammary branching morphogenesis identified by
genome-wide transcript analysis. Dev. Dyn. 235, 3404–3412 (2006).
66. Brisken, C. et al. Essential function of Wnt-4 in mammary gland development downstream of progesterone
signaling. Genes Dev. 14, 650–654 (2000).
67. Rajaram, R. D. et al. Progesterone and Wnt4 control mammary stem cells via myoepithelial crosstalk.
EMBO J. 34, 641–652 (2015).
68. Cai, C. et al. R-spondin1 is a novel hormone mediator for mammary stem cell self-renewal. Genes Dev. 28,
2205–2218 (2014).
69. Gavin, B. J. & McMahon, A. P. Differential regulation of the Wnt gene family during pregnancy and
lactation suggests a role in postnatal development of the mammary gland. Mol. Cell. Biol. 12, 2418–2423
(1992).
70. Lane, T. F. & Leder, P. Wnt-1Ob directs hypermorphic development and transformation in mammary
glands of male and female mice. Oncogene 15, 2133–2144 (1997).
71. Lindvall, C. et al. The Wnt co-receptor Lrp6 is required for normal mouse mammary gland development.
PLoS One 4, (2009).
72. Van Genderen, C. et al. Development of several organs that require inductive epithelial- mesenchymal
interactions is impaired in LEF-1-deficient mice. Genes Dev. 8, 2691–2703 (1994).
73. Lindvall, C. et al. The Wnt signaling receptor Lrp5 is required for mammary ductal stem cell activity and
Wnt1-induced tumorigenesis. J. Biol. Chem. 281, 35081–35087 (2006).
74. Andl, T., Reddy, S. T., Gaddapara, T. & Millar, S. E. WNT signals are required for the initiation of hair
follicle development. Dev. Cell 2, 643–653 (2002).
75. De Visser, K. E. et al. Developmental stage-specific contribution of LGR5+ cells to basal and luminal
epithelial lineages in the postnatal mammary gland. J. Pathol. 228, 300–309 (2012).
76. Plaks, V. et al. Lgr5-Expressing Cells Are Sufficient And Necessary for Postnatal Mammary Gland
Organogenesis. Cell Rep. 3, 70–78 (2013).

22

General Introduction

77. Wang, D. et al. Identification of multipotent mammary stemcells by protein C receptor expression. Nature
517, 81–84 (2015).
78. Boyer, A. et al. CTNNB1 signaling in sertoli cells downregulates spermatogonial stem cell activity via
WNT4. PLoS One 7, 15–16 (2012).
79. Zhang, B. et al. HucMSc-exosome mediated-Wnt4 signaling is required for cutaneous wound healing. Stem
Cells 33, 2158–2168 (2015).
80. Eliazer, S. et al. Wnt4 from the Niche Controls the Mechano-Properties and Quiescent State of Muscle
Stem Cells. Cell Stem Cell 25, 654-665.e4 (2019).
81. Zhong, T. Y. et al. Loss of Wnt4 expression inhibits the odontogenic potential of dental pulp stem cells
through JNK signaling in pulpitis. Am. J. Transl. Res. 11, 1819–1826 (2019).
82. Heinonen, K. M. et al. Wnt4 regulates thymic cellularity through the expansion of thymic epithelial cells
and early thymic progenitors. Blood 118, 5163–5173 (2011).
83. Heinonen, K. M., Vanegas, J. R., Lew, D., Krosl, J. & Perreault, C. Wnt4 enhances murine hematopoietic
progenitor cell expansion through a planar cell polarity-like pathway. PLoS One 6, 2–13 (2011).
84. Stark, K., Vainio, S., Vassileva, G. & McMahon, A. P. Epithelial transformation of metanephric mesenchyme
in the developing kidney regulated by Wnt-4. Nature 372, 679–683 (1994).
85. Chang, J. et al. Noncanonical Wnt-4 signaling enhances bone regeneration of mesenchymal stem cells in
craniofacial defects through activation of p38 MAPK. J. Biol. Chem. 282, 30938–30948 (2007).
86. De Lau, W. et al. Lgr5 homologues associate with Wnt receptors and mediate R-spondin signalling. Nature
476, 293–297 (2011).
87. Wiese, K. E., Nusse, R. & van Amerongen, R. Wnt signalling: conquering complexity. Development 145,
dev165902 (2018).

23

1

Chapter 2
Transcriptomic analysis reveals spatiotemporal
changes in gene expression in the postnatal
mammary gland

Nika Heijmans*, Katrin E. Wiese*, Renée van Amerongen

Section of Molecular Cytology and Van Leeuwenhoek Centre for Advanced Microscopy,
Swammerdam Institute for Life Sciences, University of Amsterdam,
Science Park 904, 1098 XH Amsterdam, The Netherlands.

*contributed equally

Chapter 2

Abstract
Although we know there is a link between the reproductive cycle and breast cancer development,
the molecular basis of this risk is not well understood. To unravel the effect of hormone
fluctuations on homeostasis of the breast, we investigated the morphological changes of the mouse
mammary epithelium and performed a transcriptomic analysis of different mammary gland cell
types during puberty and different stages of the adult virgin estrous cycle. Our data show that
proliferative changes that have been reported to occur during the estrous cycle, don’t occur in
every mouse during every cycle. We show that the main changes in gene expression in different
stages occur in adipocytes and stromal cell populations. Lastly, we present a comprehensive
overview of the complex expression patterns of individual Wnt genes in different mammary gland
cell types in pubertal and adult mice. This transcriptomic analysis provides a useful resource that
will help contribute to our understanding of the subtle and dynamic changes in gene expression
in different cell types of the mammary gland due to fluctuating hormone levels.
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Introduction
One of the risk factors for breast cancer is an increased number of years of menstrual cycling,
especially for every year younger at menarche1. The foundation of this increased risk remains
unknown. The mouse mammary gland provides a unique model to study breast development
and physiology. Under the influence of steroid hormones, the mammary gland of mice undergoes
morphological changes during puberty and during the adult reproductive cycle2. A better
comprehension of the molecular mechanisms underlying these dynamic changes in the mouse
mammary gland could lead to an improvement of prevention and personalized treatment of
breast cancer in premenopausal women3.
Unlike most organs, the mouse mammary gland develops mostly postnatally. The rudimentary
tree of ductal epithelial cells present in the mammary fat pad at birth, remains predominantly
quiescent until the onset of puberty. Throughout puberty, the epithelial ducts expand into the
mammary fat pad in a process called ductal morphogenesis, which is stimulated by estrogen4,5.
During the reproductive life of female mice, the mammary gland can undergo many rounds
of expansion and regression2. The remarkable regenerative potential of the mammary gland is
most evident during pregnancy, when the mammary gland is preparing for lactation. Throughout
pregnancy, extensive side-branching occurs in response to progesterone6. In combination with
prolactin, progesterone is also responsible for the formation of lobuloalveolar structures. These
secretory alveoli establish the milk supply for the newborn offspring during the lactation stage7.
At weaning, a reduction in demand for milk will induce involution: an apoptotic process in which
the secretory epithelium is removed and the mammary gland is restored to a pre-pregnancy state8.
It has been reported that more subtle morphological changes of the epithelial ducts can occur
during the estrous cycle, which repeats itself every 4 to 5 days9–15. This short cycle length makes
the mouse mammary gland an ideal model to investigate changes that occur due to hormonal
fluctuations during the reproductive cycle. The mouse estrous cycle is divided into four stages:
proestrus, estrus, metestrus and diestrus. The proestrus/estrous stages and metestrus/diestrus
stages correspond to the follicular and luteal phases of the human menstrual cycle, respectively16.
During the proestrus stage there is an increase of circulating estrogen and these levels decline
during the estrus stage (Figure 1). A small surge of estrogen levels occurs in metestrus and during
the diestrus stage the estrogen levels are relatively low, until they increase again towards proestrus.
Progesterone levels show a small increase during the proestrus/estrus phase, rise during metestrus
and reach their maximal peak in diestrus16.
Fluctuations in hormone levels are thought to cause cycles of growth and regression of
lobuloalveolar structures in the mammary epithelium9–15. However, the molecular basis of the
morphological changes that occur during the estrous cycle is poorly understood and discrepancies
exist between the results of studies investigating these proliferative changes. Some studies observe
an increase of epithelial cells mainly during late proestrus/estrus and apoptosis at late metestrus/
diestrus9–11. Other studies have reported that outgrowth of lobuloalveolar structures mainly
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occurs in diestrus compared to other stages12–14. These studies also show that apoptosis takes place
in the diestrus stage12,13. In addition, a more recent study shows that proliferative expansion of
the epithelial ducts does not occur in every cycle in every mouse, highlighting the complexity
of proliferative heterogeneity during the estrous cycle15. In conclusion, proliferative changes
may not occur every cycle, and when they occur, the timing of lobuloalveolar outgrowth is not

Plasmsa
concentration (A.U.)

completely clear.

proestrus

estrus

metestrus

diestrus

progesterone
estradiol

Figure 1: Hormonal fluctuations during the mouse estrous cycle. Relative hormone plasma concentrations
during the four stages of the mouse estrous cycle. Estradiol is an estrogen steroid hormone. Modified from
McLean et al.16.

The outgrowth and regression of epithelial ducts that has been reported, is presumably
controlled by steroid hormones via mammary stem cell (MaSC) regulation13,17–19. One of the
candidate genes for controlling mammary stem cell behavior downstream of steroid hormones
is Wnt413,20,21. Wnt4 is a member of the Wnt gene family, which is highly conserved and encodes
for ligands that play a pivotal role in stem cell self-renewal and tissue homeostasis in several
types of tissue22. Multiple studies have indicated the importance of the WNT signaling pathway
in mammary gland homeostasis13,17,21,23–30. However, the mechanism and role of hormone induced
WNT signaling during the estrous cycle is not well understood.
Studies investigating the link between steroid hormones and Wnt genes or MaSC activity are
often performed using ovariectomized mice receiving treatment with progesterone and/or estrogen
pellets or injections13,17,20,31. Therefore, there is a need for studies conducted under physiological
conditions to examine the direct molecular consequences of hormonal fluctuations in the mammary
gland. Furthermore, as most studies that try to elucidate the underlying transcriptional changes
either focus on epithelial cells or do not clearly separate different mammary gland cell types20,31,32,
the contribution of adipocytes and other stromal cells has been largely overlooked so far.
To investigate the hormone-driven transcriptional response during the estrous cycle, we
established a comprehensive overview of gene expression in mammary glands of wild-type mice
during different developmental time points. In addition to pubertal mammary glands, we focused
on the different stages of the estrous cycle of adult mice, to study whether estrous cycle stages
are correlated with specific changes in mRNA levels. To be able to examine cell type specific
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gene expression, we isolated different cell types of the mammary gland during each of the
different developmental stages. In this study we especially focused on Wnt genes and investigated
which members of the Wnt gene family are differentially expressed during the estrous cycle.
Finally, we show a comprehensive overview of the expression patterns of individual Wnt genes
in the mammary gland. This work contributes to understanding the effects of physiological
hormone fluctuations on gene expression and the molecular mechanisms underlying dynamic
morphological changes in the breast during the reproductive cycle.

Results
Isolation of pubertal and adult estrous-staged mammary glands
To investigate gene expression in cell populations of pubertal and adult estrous-staged mammary
glands, tissues needed to be isolated from mice at specific time points. For the isolation of
mammary glands of pubertal mice, we selected female FVB/N mice of 34-36 days old, since at this
time point the mammary epithelium is actively undergoing branching morphogenesis33. For each
day, the 3rd and 4th glands of 4 individual mice from 3 different litters were isolated, pooled per
mouse and processed to single cells for further analysis (Table 1).
To isolate mammary glands from female adult FVB/N mice at different stages of the estrous
cycle, we monitored progression through the estrous cycle in individual mice over time. The
stage of the estrous cycle can be determined by collecting vaginal swabs and scoring the relative
proportion of nucleated epithelial cells, cornified epithelial cells and leukocytes in the sample
(Figure 2A)16,34–36. In proestrus, mostly nucleated epithelial cells are present, together with
cornified epithelial cells. A small number of leukocytes may be detected in early proestrus stage.
When the female mouse is in estrus, mostly cornified epithelial cells will be present, together
with a small number of nucleated cells (in early estrus) or some leukocytes (in late estrus). In
metestrus, a mixture of cornified epithelial cells, nucleated epithelial cells and leukocytes is
present. Swabs containing mostly leukocytes indicate that the mouse is in diestrus (see Figure 2B
for representative images).
We tracked the estrous cycle of 32 adult (14-16 weeks old) female FVB/N mice every day for
at least 10 days to make sure that the selected mice were stably cycling (examples in Figure 2C).
Based on the ratio of cell types present in the samples, we determined the stage of the estrous
cycle. When a smear did not allow us to assign a clear stage, it was scored as a transition smear (e.g.
proestrus to estrus), also taking into account the smear of the preceding day for that particular
mouse. Mice that were undergoing regular estrous cycles were sacrificed at a defined stage. The
3rd and 4th mammary glands were isolated, pooled per mouse and processed to single cells. Out of
the 32 tracked FVB/N mice, 7 showed an irregular cycle and were therefore excluded from further
analysis (for examples, see Figure 2D). In total, we isolated mammary glands from 5 mice that
were in proestrus, 5 in estrus, 4 in metestrus and 4 in diestrus (Table 1).
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To confirm the interpretation of the estrous cycle stage at which the mammary glands were
isolated, we additionally performed histological evaluations on H&E stained sections of paraffin
embedded vaginal tissue taken at the time of sacrifice (Figure 3). During the estrous cycle the
vaginal epithelium shows different characteristics for each of the four stages37,38. The proestrus
stage can be recognized by a relatively thick epithelial layer and an outer layer consisting of
nucleated cells. In estrus the epithelial layer is at its thickest and the outer later is now comprised
of cornified cells. The metestrus stage is characterized by thinner epithelium, the loss of the
cornified cell layers and the transepithelial migration of leukocytes. Diestrus samples show the
thinnest layer of epithelium, solely containing non-cornified epithelial cells. Our analysis of the
estrous cycle stage by assessing the vaginal epithelium in tissue sections corresponded with our
staging based on vaginal smears. Supplementary Figure 1 depicts an overview of cytology and
histology images of every mouse that showed a regular estrous cycle.

Figure 2: Determining the mouse estrous cycle stage by vaginal cytology. A) Illustration depicting the ratio of
cell types present at each stage of the estrous cycle. X-axis represents a rough estimate of the duration of each
stage. Total cycle takes 4-5 days. Dashed lines represent transition into the next stage. Relative proportions of
each cell type are based on descriptions from the literature34,35. B) Brightfield microscopy images of vaginal swabs
after staining with Giemsa. Images in this figure are from the day of mammary gland isolation. Per stage one
example is depicted. Scale bar = 100 µm. C) Monitoring of the estrous cycle. Per stage one example is depicted,
corresponding to the same mice in B). D) Graphs depicting two examples of irregular estrous cycles. These mice
were excluded from further analysis.
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Figure 3: Vaginal histology validates estrous cycle stage determination. Vaginal epithelium in 5 µm paraffin
tissue sections after staining with H&E. Per stage of the estrous cycle one example is shown. Images in this figure
are from the same mice as shown in figure 2B and 2C.

Cell numbers and relative proportions are similar throughout estrous cycles
To investigate gene expression in different mammary gland cell types we isolated luminal cells,
basal cells, adipocytes and other stromal mammary cells. We collected the adipose tissue fraction
of the fat pad, referred to as adipocytes, by separating it from other fractions by centrifuga
tion. Using Fluorescence-Activated Cell Sorting (FACS) we isolated luminal (lin-/EpCAMhigh/
CD49fmed), basal (lin-/EpCAMmed/CD49f high) and stromal (lin-/EpCAM-/CD49f-) cells (Figure 4A)39.
Supplementary Figure 2 shows the complete gating strategy for sorting the different mammary
gland cell populations.
We did not measure consistent differences in epithelial cell numbers between different
estrous cycle stages (Figure 4B). Furthermore, the percentages of basal, luminal and stromal cells
were comparable across different estrous cycle stages (Figure 4C). These data fit with the idea that
expansion of the epithelial network does not occur during every estrous cycle in every mouse15.
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Figure 4: Isolation of different mammary gland cell populations. A) FACS plot that shows gating for luminal,
basal and stromal cells. This example is from an adult mouse in proestrus. To separate the mammary gland cell
types, an EpCAM-PE/CD49f-FITC staining was used. B) Cell numbers of sorted populations. For every replicate for
the pubertal samples 4 mice were pooled. For the adult samples every replicate is 1 mouse (all adult mammary
glands were sorted separately). Error bars represent mean with SD. Lin- cells = lineage negative cells. C) Same
samples as B), but here the percentages of cell types per sort are plotted.

33

Chapter 2

To further investigate the hypothesis that epithelial side branching does not occur during
every cycle, we visualized the morphology of epithelial ducts in mammary glands of stably cycling
mice by carmine staining. As we used all of the available mammary gland tissue from previously
monitored mice for FACS, we checked the estrous cycle of a second cohort of FVB/N mice using
vaginal cytology (Supplementary Figure 3). A total of 6 mice were used for this histological
analysis, of which 3 were sacrificed in estrus and 3 in diestrus. No clear difference was visible in
epithelial morphology between estrus and diestrus, which is in agreement with the idea that
outgrowth and regression do not occur every cycle15 (Figure 5A). From these same mice, we used
another gland for RNA isolation and qRT-PCR. Expression levels of the progesterone receptor
(Pgr) were increased in diestrus compared to estrus (Figure 5B). This fits with earlier studies
that showed expression of Pgr to be induced by progesterone treatment and the higher levels
of progesterone that are known to be present in diestrus13,16,40. Wnt4 expression levels between
estrus and diestrus were similar. This does not fit with studies stating that Wnt4 expression is
progesterone responsive13,20,21,41. The results of Figure 5 are in agreement with the cell numbers
we measured in Figure 4, as we also don’t observe clear differences in epithelial cell numbers
between estrus and diestrus after sorting. To conclude, after careful monitoring of the estrous
cycle stages, our results show that a heightened proliferative state of epithelial cells does not
have to occur every estrous cycle, which has been previously reported15. However, our results
are not in agreement with studies that show that Wnt4 expression is progesterone responsive,
as progesterone levels differ between estrus and diestrus. We hypothesize that this discrepancy
may be caused by the use of ovariectomized mice receiving treatment with progesterone and/or
estrogen13,20 versus physiological conditions.
RNA-sequencing confirms accurate isolation of cell types
To obtain an unbiased overview of changes in gene expression across different developmental
time points, estrous cycle stages, and cell types, we performed genome wide expression analyses.
Samples from pubertal and adult mice that were sorted by FACS were pooled for RNA-seq
analysis according to Table 1. Per stage, we pooled the adult mice into two groups: early and late
stage. This division was based on our combined interpretation of vaginal cytology and histology
sections (Supplementary Figure 1). In case we did not observe a clear difference between early
or late stages we used the cell numbers of the different cell populations as a second criterium. For
RNA-seq analysis we ultimately ended up with 2 replicates per estrous cycle stage, each containing
cells from 2 or 3 mice. For the puberty samples we also selected 2 replicates, based on RNA quality
(see methods).
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Figure 5: Mammary glands in estrus and diestrus show similar epithelial morphology and Wnt4 expression
levels. A) Images of carmine stained whole mounts of staged 3rd mammary glands from 6 different mice (3 in estrus
and 3 in diestrus). Every image is from a different mouse. Scale bar = 1 mm. Data from monitoring the estrous cycle
of these 6 mice can be found in supplementary figure 3. Numbers 1, 2, and 3 from this figure correspond to the
same numbers in supplementary figure 3. B) Graph showing Wnt4 and Pgr mRNA expression levels. These results
were obtained by qRT-PCR from whole mammary gland samples (3 in estrus and 3 in diestrus). Samples belong
to the same mice as in A. Ct values of Wnt4 and Pgr were normalized to Krt8 expression, which is a marker for
luminal cells. Line represents the mean.

Two independent RNA sequencing experiments were performed, one for puberty and one
for adult samples. To measure the level of similarity between samples we conducted a multi
dimensional scaling (MDS) analysis (Figure 6A). As expected, the different samples cluster by cell
type and epithelial and non-epithelial cells are separated in the first dimension. With the exception
of pubertal basal cells, the two replicates from corresponding time points do not consistently
cluster together within each cell type. To conclude, MDS analysis reveals major differences in gene
expression between mammary gland cell types, but not between the selected developmental or
estrous cycle stages.
Puberty
Time point
# of mice

Adult

P34

P35

P36

P1

P2

E1

E2

M1

M2

D1

D2

4

4

4

2

3

2

3

2

2

2

2

Table 1: Mammary glands of different mice were pooled per stage. P34, P35 and P36 in the pubertal samples
represent different days of mammary gland isolation. P, E, M and D are different estrous cycle stages. For the
adult samples, “1” and “2” indicate early and late estrous cycle stage, respectively.
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To validate correct isolation of luminal, basal, adipocytes and stromal cells, we verified cell
type specific marker expression in the different replicates (Figure 6B). The keratins Krt18 and
Krt14 are epithelial cell markers for luminal and basal cells, respectively42. Adipoq is an adipocyte
cell marker and expression of Col1a1 marks fibroblasts43,44. Together, these data confirm that we
correctly isolated defined populations of luminal cells, basal cells, adipocytes and stromal cells of
the mammary gland.
Basal

1
−4 −3 −2 −1 0

BCV distance 2

Legend Figure 5

Stromal

2

3

A

Adipocytes

Luminal

−3 −2 −1

Luminal

Puberty

Basal

Proestrus

Adipocytes

Estrus

Stromal

Metestrus
Diestrus

0

1

2

3

BCV distance 1
B

Marker expression in different cell types

8000

RPKM

6000
4000
2000
0

Krt18

Krt14

Adipoq

Col1a1

cell type specific markers
Figure 6: Clustering of different mammary gland cell populations. A) MDS plot of all RNA-sequencing samples
(4 cell types each from 2 pools of puberty mice and 2 pools of mice for each of the 4 adult estrous cycle stages).
Colors represent different cell types and shapes represent different time points. Distances on the plot correspond
to the biological coefficient of variation (BCV) between samples. B) Expression of the cell type specific marker
genes in every sample in Reads Per Kilobase per Million mapped reads (RPKM). Different cell types can be
distinguished by color and different time points by shape (same as A)). Genes are markers for the following cell
types: Krt18-luminal, Krt14-basal, Adipoq-adipocytes, Col1a1-fibroblasts42–44. Error bars represent mean with SD.

Differential gene expression during the estrous cycle mainly occurs
in non-epithelial cells
To compare the different stages of the estrous cycle, we performed a differentially expressed gene
analysis (Figure 7A). Contrary to our expectations, gene expression changes in epithelial cell types
were limited. Although hormone receptor positive cells are located in the luminal cell layer45, this
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cell type contains the smallest number of differentially expressed genes in pairwise comparisons
of two different estrous cycle stages. In adipocytes and stromal cells however, some comparisons
show more than 1000 differentially expressed genes. In adipocytes, all pairwise comparisons
involving diestrus show >1000 upregulated genes. In stromal cells, the estrus stage stands out the
most, with most differentially expressed genes being downregulated. These results suggest that the
non-epithelial cell populations are also hormone responsive, either directly or indirectly.
Functional gene ontology (GO) classification of differentially expressed genes show diverse
cellular components (CC) and biological processes (BP) GO terms for which the differentially
expressed gene list of each cell type is enriched (Figure 7B)46,47. Whereas differentially expressed
genes in adipocytes are mostly linked to cell membrane and cell adhesion, the differentially expressed
gene list in stromal cells is enriched for genes associated with nucleus and regulation of transcription.
The most prominent enrichment for certain GO terms is observed in basal cells, namely genes
related to chromosome, cell cycle, cell division and mitotic nuclear division. To highlight some of these
differentially expressed genes, we selected the ones with the highest fold change (logFC of >|5|)
in basal cells, that have a logCPM of >1 (Table 2). These genes are all downregulated in diestrus
compared to estrus. Amongst the differentially expressed genes with the highest fold change in
expression between different stages in basal cells, are genes that are directly linked to the cell cycle
and mitosis, which validates our GO term analysis. However, considering that these genes are
positive regulators of cell division, their downregulation in diestrus versus estrus is not intuitive,
since we did not observe more basal cells in estrus than in diestrus (Figure 4), unless the basal
cells are in mitotic arrest in estrus, which would explain the expression of mitotic markers.
To conclude, the highest number of differentially expressed genes between different stages in
the estrous cycle were found in adipocytes and stromal cells, but functional enrichment analysis
showed most prominent enrichment for genes linked to the cell cycle in basal cells, which does
not translate to the number of cells after sorting different cell types of different estrous cycle
stages.
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Figure 7: Most differentially expressed genes during estrous cycle in adipocytes and stromal cells. A)
Graph depicting the number of differentially expressed genes for each pairwise comparison between different
stages of the estrous cycle (FDR <0.05). Yellow bars represent upregulated genes and dark blue bars represent
downregulated genes. On the X-axis are different pairwise comparisons of different estrous cycle stages. P =
proestrus, E = estrus, M = metestrus, D = diestrus. B) Graphs depicting functional enrichment analysis of all
differentially expressed genes (DE genes) in basal cells, adipocytes and stromal cells (FDR <0.01) in DAVID
(version 6.8)48,49. Per cell type the top 10 most enriched GO terms are shown. Color intensity indicates Benjamini
corrected p-value. CC = cellular component, BP = biological process, MF = molecular function.
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Cell type

Basal

Comparison

Gene

LogFC

LogCPM

FDR

Function

Ref
50

Iqgap3

-6.874

2.144

1.13E-03

Regulates cell proliferation
through Ras/ERK pathway

Kif18b

-6.234

1.285

1.43E-03

Mediator of mitotic spindle
stability

51

Ncapg

-6.183

1.453

3.25E-03

Subunit of condensing I complex,
which regulates chromosome
condensation and segregation
during mitosis

52

Pbk

-6.084

1.828

1.43E-03

Mitotic regulator, promotes
cytokinesis, active during mitosis

53

Knl1

-5.102

1.099

5.24E-03

Plays a crucial role in spindle
assembly checkpoint activation

54

-5.234

2.486

9.00E-03

PCNA-associated protein, essential
for DNA replication and cell cycle
progression

55

D vs E

Pclaf

Table 2: Differentially expressed genes with highest logFC in basal cells are directly linked to the cell cycle.
Genes with a LogFC of >|5| and LogCPM of >1 were selected from the list of differentially expressed genes in basal
cells. These six genes (from the total list of differentially expressed genes in basal cells, from all comparisons)
fulfill these criteria. All six genes are downregulated genes in diestrus compared to estrus. LogFC (= log2 fold
change) is the log-ratio of gene expression between diestrus and estrus. LogCPM (= log2 count per million) is
the average expression taken over all samples within basal cells. FDR (= false discovery rate) is the expected
proportion of false positive errors.

Six Wnt genes are differentially expressed during the estrous cycle
Next, we focused on the expression of individual Wnt genes in the mammary gland. Besides the
earlier mentioned progesterone-induced Wnt4 expression in the mammary gland13,20,21, there are
other studies that link Wnt gene expression to steroid hormones in different tissues. Wnt4, Wnt5a
and Wnt7a were shown to be differentially expressed in the mouse uterus during the estrous cycle56.
Another study reported that these same Wnt genes were downregulated in the rat reproductive
tract after administration of a potent estrogen receptor agonist57. Also in the pituitary gland,
expression of Wnt4 and Wnt5a was modulated in estrogen-treated ovariectomized female rats58. In
the Ishikawa cell line, which is established from a human endometrial adenocarcinoma, WNT7A
mRNA levels decreased after treatment with 17b-estradiol59. Overall, several studies have shown
that steroid hormones can modulate the expression of various Wnt genes in different tissues.
We investigated whether Wnt genes are differentially expressed in different mammary gland
cell types in different stages of the estrous cycle. To our surprise, the epithelial cell types did not
show differential expression of any Wnt gene (FDR <0.05) (Table 3). We also did not observe
differential expression of Wnt4 in luminal cells, even though Wnt4 expression has been reported
to occur downstream of progesterone in this cell population13,20,21. We also did not observe
differential expression of Wnt7a, despite its previously described link to steroid hormones56,57,59.
We did, however, observe differential expression of 6 Wnt genes in adipocytes or stromal cells.
In adipocytes, Wnt7b and Wnt5b are upregulated in diestrus compared to other stages. Wnt4 and
Wnt10a are also upregulated in adipocytes in both diestrus compared to proestrus and diestrus
compared to metestrus. In stromal cells, Wnt6 and Wnt5a are downregulated in diestrus compared
to estrus and metestrus, respectively.
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Cell type

Wnt gene

logFC

logCPM

FDR

Wnt7b

3.724

5.529

4.90E-04

Wnt5b

2.362

6.136

9.42E-04

Wnt4

2.016

4.145

8.10E-03

Wnt10a

3.490

3.167

1.20E-02

Wnt5b

2.268

6.136

1.39E-03

Wnt7b

2.800

5.529

3.55E-03

Wnt7b

3.475

5.529

1.28E-03

Wnt4

2.395

4.145

4.10E-03

Wnt10a

3.486

3.167

1.78E-02

Wnt5b

1.458

6.136

2.60E-02

D vs E

Wnt6

-1.630

1.450

4.42E-02

D vs M

Wnt5a

-1.504

5.603

4.11E-02

Comparison

D vs P

Adipocytes

D vs E

D vs M

Stromal

Table 3: Differentially expressed Wnt genes during estrous cycle. Only in comparisons of adipocytes and
stromal cells differentially expressed (FDR <0.05) Wnt genes were present. Column “Comparison” shows the
different pairwise stage comparisons which showed differentially expressed Wnt genes. P = proestrus, E = estrus,
M = metestrus, D = diestrus. LogFC (= log2 fold change) is the log-ratio of Wnt expression between two different
stages. LogCPM (= log2 count per million) is the average expression taken over all samples within a cell type. FDR
(= false discovery rate) is the expected proportion of false positive errors.

It should be noted, however, that we have to be careful when interpreting these fold changes.
The cell types in which the Wnt genes are differentially expressed show low absolute expression
levels of those Wnt genes (Figure 8). In adipocytes, for example, expression of individual diffe
rentially expressed Wnt genes does not exceed 4 RPKM, except Wnt5b in diestrus. Also in stromal
cells, Wnt6 and Wnt5a expression are <4 RPKM, which is close to background levels. Wnt expression
is not inherently low; Wnt4, Wnt5a, Wnt5b and Wnt7b are all decently expressed (between 8.0
and 106.4 RPKM) in luminal cells, but in these cells no Wnt genes were differentially expressed
in pairwise stage comparisons. Similarly, basal cells express decent levels (between 3.7 and 29.2
RPKM) of Wnt5a and Wnt5b, but also in this cell type no Wnt genes met our cut off (FDR <0.05).
Future research is needed to investigate whether the observed changes in Wnt gene expression
across different stages of the estrous cycle in adipocytes and stromal cells are biologically relevant.
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Figure 8: Expression levels of differentially expressed Wnt genes in different mammary gland cell types
during the estrous cycle. RNA-sequencing results from samples from different mammary gland cell types and
different stages of the estrous cycle. This figure shows the expression of Wnt genes that were found to be
differentially expressed (FDR <0.05) in pairwise comparisons of different estrous cycle stages (Table 3). RPKM
= Reads Per Kilobase per Million mapped reads. Colors represent different cell types and symbols represent
different stages of the estrous cycle.
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Wnt genes show an intricate expression pattern in the mammary gland
Although we did not observe differential expression for most Wnt genes across different stages
of the estrous cycle (Table 3), there was a clear difference in Wnt expression between different
cell types (Figure 8). To further analyze cell type specific Wnt expression, we checked the relative
mRNA levels of all Wnt genes in the different cell types of the mammary gland, for all pubertal
and estrous cycle staged samples (Figure 9).
Samples from the same cell types clustered together according to expression of different Wnt
genes. In luminal, basal and stromal cells, also the puberty samples cluster together. In pubertal
mammary glands, mostly Wnt4, Wnt5a, Wnt5b, Wnt6, Wnt7b, and Wnt10a are expressed in epithelial
cells. Wnt5a and Wnt5b are expressed in both basal and luminal cells, while Wnt4 and Wnt7b
expression is restricted to luminal cells, and Wnt6 and Wnt10a are only expressed in the basal
cells. This corresponds to an earlier study that showed expression of Wnt4, Wnt5a, Wnt5b, Wnt6
and Wnt7b in the epithelium of pubertal mammary glands using microarray gene expression
analysis60. In this study, mature epithelial ducts were separated from terminal end buds (TEBs),
which are epithelial structures, characteristic for pubertal mammary glands. The authors showed
that Wnt2 is expressed in TEBs, while we did not observe Wnt2 expression in epithelial cells in
our dataset. RNA in situ hybridization experiments have shown that Wnt2 is also expressed in
the stroma surrounding epithelial ducts in pubertal glands60,61. This fits with our data, which
shows that Wnt2 is mainly expressed in the pubertal stromal population. In addition to Wnt2,
we also observed expression of Wnt2b, Wnt6, Wnt9a, Wnt9b, and Wnt16 in the pubertal stroma. In
adipocytes of pubertal mammary glands Wnt expression was relatively low, although replicates
showed some expression of Wnt2, Wnt9b, Wnt10b, and Wnt16.
In Figure 9, we distinguished the different estrous cycle stages of the adult samples. With
the exception of some replicates from adipocytes, replicates from the same stage generally did
not cluster together within the different cell type clusters. This was not unexpected, given the
overall lack in differential Wnt gene expression described above (Figure 8). Similar to pubertal
mammary glands, in adult glands mainly Wnt4, Wnt5a, Wnt5b and Wnt7b are expressed in the
luminal population. This fits with published microarray and scRNA data of adult mammary
epithelium that show expression of these Wnt genes in luminal cells62,63. Other studies using RNA
in situ hybridization or qRT-PCR experiments have also previously reported Wnt4, Wnt5a, Wnt5b
and/or Wnt7b expression in the luminal epithelium of adult mammary glands20,21,27,64,65. In the
epithelium, expression of Wnt6 and Wnt10a was restricted to the basal layer. This corresponds to
previous studies that have also shown high expression of Wnt6 and Wnt10a in basal cells compared
to luminal cells62,63. Besides Wnt6 and Wnt10a, also Wnt5a, Wnt5b, Wnt9a, Wnt10a and Wnt11 show
expression in basal cells. Expression of these Wnt genes was also observed in the basal cluster from
published scRNA data59. Adipocytes are distinguished by expression of Wnt2, Wnt10b and Wnt16.
Adipocytes share the expression of these Wnt genes with stromal cells, which in addition also
express Wnt2b, Wnt4, Wnt6, Wnt9a, Wnt9b, and Wnt11. Most genome wide expression analyses so
far have focused on mammary epithelial cells, frequently omitting adipocytes and stromal cells.
42

Transcriptomic analysis of the postnatal mammary gland

However, expression of Wnt2 and Wnt6 in stromal cells has been reported before65,66. In conclusion,
Wnt7b and Wnt10a are exclusively expressed in luminal and basal cells, respectively. Other Wnt
genes are expressed in multiple cell types. Summarizing, expression patterns of individual Wnt
genes in mammary epithelial cells vary between cell types rather than developmental time
points and our results confirm observations from earlier published datasets of adult mammary
epithelium.
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Figure 9: RNA-sequencing reveals complex spatiotemporal expression patterns of individual Wnt genes.
Hierarchical clustering of Wnt gene expression in different mammary gland cell types and different time points.
Labels for different samples: * = puberty samples, P = proestrus, E = estrus, M = metestrus, D = diestrus. Numbers
“1” and “2” in the names of adult samples refer to early and late estrous cycle stage, respectively. RPKM = Reads
Per Kilobase per Million mapped reads and these values were normalized for each gene across all samples using
Z-scores.
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Discussion
In this study we analyzed gene expression in luminal cells, basal cells, adipocytes and stromal cells
of pubertal and estrous cycle stage specific adult mammary glands. We extensively monitored
the estrous cycle of adult FVB/N mice to be able to isolate mammary glands at defined stages
of the estrous cycle. Using enzymatic digestion and FACS we isolated different cell types and we
measured mRNA levels by performing RNA-sequencing.
One specific aim of this study was to obtain a comprehensive overview of mRNA level fluc
tuations in different estrous cycle stages, to better understand the transcriptional response of
changing hormone levels in the mammary gland. Given its role in tissue maintenance and pre
viously reported link to MaSC maintenance and steroid hormone responsiveness13,17,21,23–30, we
mapped Wnt gene expression in different cell types of the mammary gland.
Determining estrous cycle stage by vaginal cytology
Different methods exist for assessing the stage of the estrous cycle of a female adult mouse. For
example, it can be done by assessing the overall appearance of the vaginal opening67. However, it
is difficult to distinguish the metestrus and diestrus stages using this method. The recommended
way of determining the stage, is to take vaginal cytology samples and check the ratio of different
cell types in these smears68. This non-invasive method has also proven to be accurate in our
project, as our estrous cycle stage determination by vaginal cytology was confirmed by histological
analysis of the vaginal epithelium (Supplementary Figure 1). We also observed that 7 out of 32
mice were not cycling reliably (for examples, see Figure 2D). This points out the importance
of monitoring the cycle for multiple days: only collecting swabs on the day of mammary gland
isolation or collecting samples only once or twice a week will not be sufficient to determine the
precise stage and progression of the estrous cycle32. As shown in previous studies, to properly
follow the estrous cycle, samples should be collected every day, at the same time, for at least one
week12–14,69. By monitoring the estrous cycle every day for at least 8 days, we were able to identify
irregular estrous cycles and exclude these mice from further analysis.
Epithelial outgrowth does not occur in every mouse in every cycle
Studies investigating morphological changes of the mammary epithelium during the estrous cycle
have shown variability9–15. Although results concerning the timing of apoptosis are consistent
(diestrus9–13), it remains unclear whether outgrowth of side branches occurs during proestrus/
estrus9–11 or diestrus12–14. Importantly, another study shows that outgrowth and regression of the
mammary epithelium does not occur during every cycle15. Our results are in agreement with
this latter study, as we did not observe consistent differences in cell numbers between different
stages after careful monitoring of the estrous cycle (Figure 4B). Moreover, when visualizing
the epithelial ducts of whole mount mammary glands, we did not observe a clear difference
in morphology between the different stages either (Figure 5A). The origin of the discrepancies
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between the different studies is unknown. Apparently, proliferation of epithelial cells during the
estrous cycle displays heterogeneous patterns across different mice and this phenomenon is not as
black and white as reported in some cases.
It remains challenging to unravel the complex and heterogeneous proliferative phenotypes
when it comes to specific time points in the estrous cycle. Most available techniques to compare
cell numbers between different stages of the estrous cycle (e.g. FACS), visualize the morphology
of the epithelial ducts (e.g. carmine staining), or determine the expression of certain markers (e.g.
Ki67 immunostaining) have in common that they require tissue sampling, thus resulting in an
irreversible end point of the estrous cycle. A method that could shed more light on the dynamics
of the mammary epithelium during the estrous cycle in real-time is intravital imaging of the
mammary gland70. Combining this with endogenous, fluorescently labeled, cell-type specific
markers would show us the morphology changes throughout the estrous cycle in the same mouse.
Gene expression fluctuations between different estrous cycle stages
In our RNA-seq analysis, different cell types cluster together, indicating major differences in gene
expression between these cells (Figure 6A). However, we had expected to find more differentially
expressed genes between different estrous cycle stages within cell types (Figure 7). There are
several possible explanations for this result.
First of all, we may have missed subtle differences in gene expression between cell types due
to our experimental setup. The effect of fluctuations in steroid hormone levels on gene expression
might be masked, since the estrogen and progesterone receptor (ER and PR) are only expressed in
approximately 55% and 60% of the luminal cells of mammary glands of adult mice, respectively45.
A way to avoid this, is to isolate the hormone receptor positive cells separately. Unfortunately,
because of the intracellular location of ER and PR, there is no straightforward staining protocol for
specifically sorting non-fixed cells using FACS. However, strategies exist to increase the proportion
of ER and PR positive cells in sorted populations71–73. Furthermore, single-cell sequencing would
facilitate gene expression analysis of individual cells, allowing one to easily distinguish and
analyze mRNA levels of hormone receptor expressing cells specifically63.
It is also possible that the rapid changes in morphology that have previously been observed
during the estrous cycle12–14 are not caused by major changes in gene expression. In fact, processes
other than transcription of certain genes might enable a faster and more dynamic way of trans
ferring signals that induce these morphological changes. One of these mechanisms is alternative
splicing of mRNA transcripts, resulting in functionally distinct splice variants. Several studies
have shown the importance of alternative splicing in tissue development and homeostasis in
vertebrates74,75. Changes to the poly(A) tail of mRNA can also play a regulatory role by, for exam
ple, changing translation efficiency, mRNA stability and degradation76. In addition to the diver
sity of the transcriptome, modifications of the proteome can add another level of regulation of
cellular homeostasis. Post translational modifications such as phosphorylation, acetylation or
ubiquitination can change protein functionality and can be analyzed using mass spectrometry77.
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This could yield valuable information about changes in cell behavior, which are not primarily
controlled by fluctuations in gene expression.
Lastly, the fact that we did not observe a change in cell numbers or morphology throughout
the different stages can also be an explanation for the small number of differentially expressed
genes in epithelial cells (Figure 5 and Figure 7). We cannot expect major fluctuations in gene
expression that hypothetically would cause expansion of the epithelial ducts, when we did not
observe such changes morphologically.
Non-epithelial cells should be included in studies of mammary gland biology
Differential expression analysis between different estrous cycle stages revealed that, interestingly,
most differentially expressed genes were found in the adipocytes and stromal cells and not in
the epithelial cell populations (Figure 7A). The fact that these cells show differentially expressed
genes during the estrous cycle is not surprising, since hormone receptor positive cells are also
located in cell types surrounding the mammary epithelium78. However, the difference in absolute
numbers of differentially expressed genes between the epithelial and non-epithelial mammary
cell types that we observed, is remarkable. This adds to the evidence that molecular cues that
control epithelial cell behavior during the estrous cycle are not only coming from the epithelial
cells itself, but also from adipocytes and stromal cells79.
At the same time, some caution is warranted when interpreting these results. The adipocytes
were isolated using differential centrifugation, possibly resulting in less pure samples than the
cell types isolated using FACS. We took great care of properly digesting the mammary glands
according to established protocols in the field, but we have to consider possible contaminations
in the adipocyte samples. We also have to keep in mind that the sorted stromal population is not
well defined. Setting up the sorting gates of the FACS, we made sure to exclude doublets, dead
cells, haematopoietic cells and endothelial cells (Supplementary Figure 2). However, sorting
the stromal cells of the mammary gland is not based on the presence of specific stromal markers,
but the absence of epithelial markers (Figure 4A). As fibroblasts are the main component of
the mammary stroma and we did not exclude them in any step of the preparation for FACS, we
expect them to also be the main component of the stromal cells we sorted. This is supported by
the specific expression of Col1a1 in the sorted stromal population (Figure 6B).
Wnt genes show defined spatial gene expression patterns in different mammary
cell populations
We did not find a link between hormone status and Wnt4 gene expression in epithelial cells. In
our data, Wnt4 is not significantly differentially expressed throughout the estrous cycle in luminal
cells. This was surprising, as previous studies suggest that Wnt4 expression in the mammary gland
is regulated by progesterone13,20,21,41. However, in some of these studies, Wnt4 mRNA was measured
after treating ovariectomized mice with 17b-estradiol and progesterone. As we measure Wnt4 levels
under physiological steroid hormone conditions, this might be an explanation for the observed
46

Transcriptomic analysis of the postnatal mammary gland

differences, since physiological changes are likely to be much smaller13,20. Another explanation
is that changes in Wnt4 levels, like the proliferative phenotype of the mammary epithelium, are
heterogenous amongst different mice. Our observation that Wnt4 levels are not higher in diestrus
compared to other estrous cycle stages could thus be directly linked to the fact that we did not
measure an increase in basal or luminal cells in the diestrus stage either.
As far as we know, Wnt gene expression across luminal cells, basal cells, adipocytes and
stromal cells during puberty and the four stages of the estrous cycle has not been examined
before in such well-defined specific spatiotemporal groups. However, transcriptomic analyses
have been performed in which a distinction was made based on the hormone receptor status of
luminal cells62,63. Data from these analyses show that Wnt4, Wnt5a and Wnt7b are mainly (but not
only) expressed in hormone receptor positive cells of the luminal population. This information is
valuable when studying gene expression during the estrous cycle. However, practical limitations
(including the amount of RNA that can be isolated from freshly sorted mammary gland cells)
prevented us from performing more detailed analyses in the present study. For further research
it will be informative to make a distinction between hormone positive and negative cells, also for
non-epithelial cell types in the mammary gland.
General conclusion
This dataset provides a useful resource for future studies investigating gene expression patterns
in different cell types of the mammary gland across different developmental timepoints. Also
for studies concerning reproductive cycle-related breast cancer risks our data can provide a solid
foundation for checking fluctuations in expression for genes of interest. Evidently, as correlation
does not imply causality, further research is needed to analyze the role of differentially expressed
genes in the estrous cycle.
Lastly, we would like to highlight the differences in Wnt gene expression between different
cell types of the mammary gland. The question remains how the expression of Wnt genes, which
in our study could not be linked to steroid hormone fluctuations, is regulated in the mammary
gland. In the next chapters of this thesis our research is described in which we aim to unravel the
mechanisms behind the cell-type specific Wnt expression by exploring the Wnt enhancer landscape
in the mammary gland.

Materials and methods
Mice
Wildtype, inbred FVB/NHan®Hsd mice (referred to as FVB/N in the main text) used in this study
were purchased from Envigo. Breeding and estrous cycle monitoring was performed in-house.
All mice were maintained under standard housing conditions in open cages, with 12 hour light/
dark cycle and ad libitum access to food and water. Experiments were performed according to
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institutional and national guidelines and regulations. Experiments were approved by the Animal
Welfare Committee of the University of Amsterdam. Pubertal mice of 34-36 days old were used
and for each day 4 mice from 3 different litters were pooled to obtain sufficient cells for RNAsequencing. Adult mice of 14-16 weeks old were sacrificed at the appropriate time point in the
estrous cycle.
Vaginal cytology and histology
Vaginal swabs were collected using plastic Pasteur pipettes and PBS. From the tip of the vaginal
opening, the vagina was flushed 2-3 times with a few drops of PBS. The sample was transferred
to a glass slide, air-dried at 37°C, stained with Giemsa (Sigma-Aldrich cat. #48900) for 30 seconds
and rinsed with PBS. For histology, vaginal tissue samples were fixed in 4% PFA for 24 hours,
dehydrated through ascending grades of ethanol, cleared in Histo-Clear II (National Diagnostics
cat. #HS-200) and embedded in paraffin. Five µm thick tissue sections were cut and mounted on
glass slides. Slides were baked at 60°C for 45 minutes, deparaffinized in Histo-Clear II, rehydrated
through descending grades of ethanol, stained with 50% Mayer’s Hematoxylin (Sigma-Aldrich)
for 30 seconds, rinsed for 5 minutes in tap water, washed in PBS for 3 minutes and 70% ethanol
for 5 minutes, stained with Eosin Y (Sigma-Aldrich, cat. #HT110132) for 2 minutes, dehydrated
(through 70% ethanol, 100% ethanol and 100% isopropanol), cleared in Histo-Clear II (National
Diagnostics cat. #HS-200) and mounted with a coverslip. Under bright field illumination, images
of the cytology and histology samples were taken at 20x magnification using a Zeiss Axio Vert.
A1 microscope.
Mammary gland digestion
The 3rd and 4th mammary glands of FVB/N mice were isolated, minced and enzymatically digested
in an orbital shaker for 2 hours at 37°C in the following digestion mix: 9.2 ml DMEM/F12, 5% FCS,
1% Penicillin/Streptomycin, 25 mM HEPES (Gibco, cat. #15630056) and 300 U/ml Collagenase IV
(Gibco, cat. #17104019) (10 ml per mouse with 4 glands per mouse). The fat fraction, referred
to as adipocytes, was obtained from the top layer after centrifugation, transferred to TRIzol LS
(Invitrogen, cat. #10296028) and stored at -80°C. Cell pellets were resuspended in HBSS (Gibco,
cat. #11540476 supplemented with 2% FBS (Gibco, cat. #11573397) and ACK solution (Gibco, cat.
#A1049201) (1:3) and incubated at room temperature (RT) for 5 minutes to lyse red blood cells.
To dilute and inactivate the ACK buffer, 13 ml of HBSS was added and cells were spun down for
5 minutes, 1000 rpm, 4°C, and brake set to 1. Cell pellets were resuspended in 2 ml pre-warmed
0.05% Trypsin-EDTA (Gibco, cat. #11590626) and incubated for 5 minutes at 37°C, after which
3 ml of pre-warmed serum-free DMEM and 1 µg/ml DNAseI was added to the solution. After
mixing well, 8 ml of DMEM with 10% FCS was added to stop trypsinization. Cells were filtered
through a 40 µm mesh into a fresh tube.
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Antibody staining and FACS
Cells were resuspended in 200 µl HBSS supplemented with 10% FBS and a cocktail of the
following antibodies: EpCAM-PE (1:100, eBioscience, 12-5791-82, clone G8.8), CD49f-FITC (1:100,
eBioscience, 11-0495-82, clone GoH3), CD45-Bio (1:100, eBioscience, 13-0451-82, clone 30-F11),
CD31-Bio (1:100, eBioscience, 13-0311-81, clone 390), Ter119-Bio (1:100, eBioscience, 13-5921-81,
clone TER-119). After incubating in the dark on ice for 20 minutes, cells were washed twice with
HBSS supplemented with 2% FBS and incubated in 200 µl HBSS supplemented with 10% FBS
containing Streptavidin-APC (1:200, eBioscience, 17-4317-82). After antibody staining, cells were
stained with DAPI (1:5000 (Invitrogen cat. #D1306) and filtered through a 50 mm mesh. Cells
were sorted using a BD FACS Aria III. FITC was excited with a 488 nm laser and emission was
filtered using a 530/30 nm bandpass filter. PE was measured using a 561 nm laser and 582/15 nm
bandpass filter. DAPI was excited with a 407 nm laser and emission was filtered using a 450/50 nm
bandpass filter. APC was measured using a 633 nm laser and 660/20 nm bandpass filter. Cells were
sorted with a plate voltage of 2500 V using the 4-Way Purity precision mode. Sorted cells were
collected in TRIzol LS (Invitrogen, cat. #10296028). Post-sort purity checks were performed after
every sort and were always >90%. Samples were stored in TRIzol LS at -80°C.
Carmine staining
Freshly isolated 3rd mammary glands of estrous cycle monitored mice were flattened between two
glass slides, incubated on a nutator at RT for 4 hours in a 50 ml tube containing 12.5 ml 100%
EtOH and 12.5 ml acetic acid. Glands were removed from the glass slides, incubated in 70% EtOH
for 1 hour on a nutator at RT and rinsed in demi-water and stained O/N in a carmine solution
(1 g carmine (Sigma, cat. #C1022), 2.5 g aluminum potassium sulphate (Merck, cat. #101047), 500
ml water, boiled for 20 minutes and filtered). After staining, glands were washed with 100% EtOH
for 4 hours. Glands were cleared and stored in Histo-Clear II at RT. Images were taken on a Leica
stereomicroscope at 5x magnification.
qRT-PCR
RNA from the 4th mammary glands was isolated from TRIzol LS (Invitrogen, cat. #10296028)
according to manufacturer’s guidelines. RNA was isolated according to the manufacturer’s
protocol. After DNAse treatment, cDNA synthesis was performed from 4 µg RNA using
SuperScript IV Reverse Transcriptase (Invitrogen, cat. #18090200) and Random Hexamers
(Invitrogen, cat. #N8080127) according to manufacturer’s guidelines. During the reverse
transcriptase reaction, RiboLock RNase Inhibitor (Thermo Scientific, cat. #EO0328) was added.
After completion of cDNA synthesis, samples were diluted 10x for further steps. qRT-PCR reactions
were performed using a QuantStudio 3 Real-Time PCR System (Applied Biosystems). For each
reaction, 5 µl of diluted cDNA was added to a mix of 4 µl 5X HOT FIREPol EvaGreen qPCR Mix
Plus (ROX) (Solis Biodyne, cat. #08-24-00008), 1 µl primers (0.5 µl forward and 0.5 µl reverse,
from a 10 µM stock) and 10 µl nuclease-free water. Reactions were performed in triplicate in a
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96x0.2 ml plate (BIOplastics, cat. #AB17500). Thermal cycling reactions included the following
stages: 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. The following primers were used:
Wnt4 forward: ACTGGACTCCCTCCCTGTCT, Wnt4 reverse: TGCCCTTGTCACTGCAAA, Pgr
forward: TGCACCTGATCTAATCCTAAATGA, Pgr reverse: GGTAAGGCACAGCGAGTAGAA,
Krt8 forward: AGTTCGCCTCCTTCATTGAC, Krt8 reverse: GCTGCAACAGGCTCCACT, Ctbp1
forward: GTGCCCTGATGTACCATACCA, Ctbp1 reverse: GCCAATTCGGACGATGATTCTA.
RNA-sequencing
RNA extraction, purification and sequencing was done at the NKI Genomics Core facility, as well
as data processing until read count calculation. For the puberty samples, the following samples
were used based on quality control: Replicate 1: Basal P34, Luminal P34, Stromal P34, Fat P34;
Replicate 2: Basal P35, Luminal P35, Stromal P35, Fat P36. Adult samples were pooled according
to Table 1. RNA was extracted from TRIzol LS and purified using the Qiagen RNeasy column
purification kit. RNA quality was checked with a Bioanalyer (Agilent), after which polyA+ stranded
RNA library preparation was performed using the Illumina TruSeq stranded RNA prep kit. RNAsequencing was performed on a HiSeq 2500 (Illumina) System at the NKI Genomics Core Facility.
Single-end reads (65 bp) were aligned to reference sequence GRCm38/Mm10 with Tophat version
2.1 and Bowtie version 1.1.080. Expression values were determined by HTSeq-count81. Raw genelevel count tables were processed further using edgeR (version 3.28.0)82,83 and limma (version
3.42.1)84 packages with R (version 3.6.2)85. A cutoff of CPM > 1 in at least 2 libraries was applied
to filter out genes with low counts prior to trimmed mean of M-values (TMM) normalization.
To visualize distances between gene expression profiles based on the biological coefficient of
variation, the plotMDS function was used with method set to “bcv”. RPKM values were generated
with the RPKM function after calculating exonic region lengths from non-overlapping exons per
transcript ID (genome version Mm10). The edgeR glmQLFit function was used to estimate the
dispersion trend before testing for differential expression between different estrous cycle stages.
Unless otherwise noted, a false discovery rate (FDR) of 5% was considered as a threshold for
significance. The heatmap of Wnt gene expression in different mammary gland cell types was
created with the heatmap.2 function (gplots) with Z-score scaling along rows and dendrograms
computed using default settings.
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Supplementary Figure 1: Estrous cycle monitoring of adult FVB/N mice. All mice that showed a stable estrous
cycle and were selected for RNA-sequencing are shown in this figure. The left column shows estrous cycle
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monitoring over several days. The middle column and right column depict vaginal cytology and histology samples
respectively, from the day of mammary gland isolation. Scale bar = 100 µm.
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Supplementary Figure 2: Gating strategy for sorting luminal, basal and stromal mammary cell populations.
SSC-A/FSC-A, FSC-W/FSC-H and SSC-W/SSC-H plots show gating for living single cells and to exclude dead cells,
debris and doublets. DAPI plotted against FSC-A was also used to exclude dead cells. In the APC/FSC-A plot we
gate for Lin- cells that are negative for CD45, CD31 and Ter119. CD45 and Ter119 markers were used to exclude
haematopoietic cells and CD31 to exclude endothelial cells. EpCAM-PE and CD49f-FITC staining allowed us to gate
for mammary luminal, basal and stromal cells before sorting.
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Supplementary Figure 3: Estrous cycle monitoring of adult FVB/N mice for whole mount carmine staining. Six
stably cycling mice were selected for carmine stainings; 3 in estrus and 3 in diestrus. This figure shows the graphs
of monitoring the estrous cycle for at least one week using vaginal cytology. The shown image is the cytology
sample on the day of mammary gland isolation. Scale bar = 100 µm. Samples 1, 2, and 3 correspond to the same
numbers in Figure 5.
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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.
A

B

E

G

E

C

G

E

G

G

D

G

E

G

E

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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Open chromatin

Histone modifications
me
ac

TF

TF

Enhancer
Closed chromatin

Pol II
Promoter

Active

H3K4me1
H3K4me2
H3K27ac
H3K64ac
H3K122ac
ATAC-seq

DHS

Tn5 transposase

Repressive

H3K9me2
H3K9me3
H3K27me3
H3K4me1
H3K122ac

ChIP-seq

DNase
H3K27ac antibody
with magnetic bead

H3K27ac
sequencing of DNA fragments
+ alignment to reference genome

Reference genome
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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46,450,000
non-mammals
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Tetraodon
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Zebrafish
Chicken
Opossum
Rat
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Chimpanzee
Rhesus macaque
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7b.1
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7b.6

7b.7

7b.nc

Mm9, chr15:85,312,251-85,512,251
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H3K27ac
H3K27ac
H3K27ac
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85,350 kb
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AU022754
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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
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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.

A

p65 Rta
VP64
dCas9

qRT-PCR

Wnt6

candidate enhancer

B

Mm9, chr1

6.10a4
74,800

C

Relative mRNA expression

1000

qRT-PCR

Wnt10a

Wnt6

6.10a5
74,820

Wnt10a

6.10a8
74,840

3

Refseq genes
candidate
enhancers

6.10a7
74,860

dCas9-VPR to candidate enhancers
in BC44 cells

74,880

kb

dCas9-VPR to candidate enhancers
in HC11 cells

1000

100

100

10

10

1

1

0.1

EV

6/10a.4 6/10a.5 6/10a.8 6/10a.7

Wnt6 expression

EV

6/10a.4 6/10a.5 6/10a.8 6/10a.7

0.1

Wnt10a expression

Figure 6: Transcriptional information can be transferred from candidate enhancer to Wnt6 and Wnt10a
promoters. A) Graphical representation of studying the link between an enhancer candidate and Wnt6 and
Wnt10a. By using gRNAs that are specific for the candidate enhancer sequence, dCas9-VPR is guided to this
location. Using qRT-PCR, we tested whether this influenced the expression of Wnt6 and/or Wnt10a. B) Graphical
representation of the locations of tested candidate enhancers in the Wnt6/Wnt10a locus. C) Graphs showing
the results of dCas9-VPR assay. Using qRT-PCR we tested the expression of Wnt6 or Wnt10a in BC44 (left panel)
and HC11 (right panel) cells after guiding dCas9-VPR to the candidate enhancer sequences. Ctbp1 was used as
housekeeping gene. Every data point represents a biological experiment, which include technical triplicates. The
bars are depicted for visual guidance and show the mean of the individual data points. The error bars show the
SD. The order of candidate enhancers on the x-axis is based on their genomic location (see B).
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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.

83

3

Chapter 3

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 Figures
6/10a.4

6/10a.5

6/10a.8

6/10a.7
H3K27ac
H3K27ac
H3K27ac
H3K4me
ATAC-seq
DHS

Wnt6
74,810 kb

74,820 kb

Wnt10a
74,830 kb

74,840 kb

74,850 kb
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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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Abstract
WNT4 is a signaling molecule that is critical for the development and maintenance of epithelial
branches of the mouse mammary gland. Despite its essential function, the exact mechanisms
by which Wnt4 expression is regulated at the chromatin level, remain unknown. The aim of this
study was to identify regulatory elements that control Wnt4 expression in the mammary gland.
By functionally dissecting the topologically associating domain of Wnt4, we identified an active
enhancer hub that is linked to the Wnt4 gene. In addition, we focused on Gm13003, a lncRNA
in the Wnt4 TAD, as a potential regulator of Wnt4 expression. Together, we provide a detailed
overview of regulatory elements that are located in the vicinity of Wnt4, which brings us one step
closer to resolving the mechanism that controls expression of this important gene.
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Introduction
Wingless-type mouse mammary tumor virus (MMTV) integration site family, member 4 (WNT4)
is a highly conserved, locally acting signaling molecule that is important for stem cell regulation
in various tissues1–8. In the mouse mammary gland, WNT4 is known for its role in branching
morphogenesis, at least partially by maintaining the mammary stem cell (MaSC) population
and controlling its behaviour9–12. Expression of Wnt4 in the mammary gland is mainly reported
to be downstream of progesterone9–12, but there is evidence that Wnt4 can also be expressed
independently of progesterone: perinatal expression of Wnt4 in the mammary gland has been
reported to be independent of estrogen receptor a (ERa) and progesterone receptor (PR)
signaling10. Furthermore, the more significant impairment of outgrowth of Wnt4-/- compared to PR-/epithelial tissue after transplantation, also indicates that WNT4 can function as a MaSC regulator
independent of progesterone10. This suggests that Wnt4 expression in the mammary gland can be
regulated dependent or independent of steroid hormones. However, for both mechanisms it is
unknown how specific spatiotemporal expression is regulated at the chromatin level.
Tissue-specific gene expression can be controlled by regulatory sequences such as enhancers
or repressors, which are mostly located in the non-coding genome. Currently, no regulatory
sequences have been described in the literature that control expression of Wnt4. The goal of this
study is to identify genomic elements that regulate Wnt4 expression in the mammary gland.
Finding regulatory sequences in the genome is challenging, since they don’t have a fixed location
or consensus sequence13. Besides, there are still many questions in the field about how enhancers
carry out their function exactly.
Recent studies have taught us that the genome is divided into topologically associating
domains (TADs) (Figure 1). The boundaries of TADs are called insulators and contain binding
sites for insulator proteins, such as CCCTC-binding factor (CTCF)14,15. Evidence suggests that in
the process of organizing the 3D structure of chromatin, the cohesin protein complex actively
forms large DNA loops in a process called loop extrusion16. When cohesin encounters a boundary
protein such as CTCF, CTCF acts as an extrusion barrier and loop extrusion is stalled17. The
orientation of CTCF binding sites at TAD boundaries is relevant, as loops are mostly formed
between converging CTCF binding sites15,18.
Chromatin interactions between enhancers and promoters occur predominantly within a
TAD19–21. Interestingly, genes located in the same TAD can share expression profiles across cell
types and tissues20,22,23. Besides organizing the co-regulation of gene expression in the same TAD,
another important function of TAD formation is to avoid inappropriate DNA interactions
between promoters and regulatory sequences. A well-known example in which this function
is demonstrated, is the rearrangement of TAD boundaries in the WNT6/IHH/EPHA4/PAX3
locus, resulting in misexpression of developmental genes. Disruption of the TADs in this locus
is associated with malformation syndromes in mice and humans24. Thus, although the effect of
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3D genome organization on gene expression differs between loci25, it is clear that it can play an
important role in facilitating interactions between promoters and regulatory sequences24,26,27.

CTCF
TAD

TAD

CTCF motif orientation
cohesin
insulator
enhancer
gene

Figure 1: The genome is divided into topologically associating domains (TADs). Graphical representation of
two different TADs, separated by insulator regions. Arrows within the TADs indicate communication between
enhancers and promoters.

Given that DNA regions within a TAD interact more frequently with regions in the same
TAD19–21, we decided to start our search for Wnt4 regulatory sequences in the Wnt4 TAD by per
forming a functional dissection of this region. Based on publicly available datasets containing
information about active enhancer marks or chromatin accessibility, we selected candidate
regulatory sequences (CRSs) that are located in this TAD. We identified an active enhancer hub
located in the Wnt4 TAD that is linked to the Wnt4 gene. Furthermore, our results indicate a link
between Wnt4 and Gm13003, a lncRNA located in the Wnt4 TAD, >100 kb upstream from the Wnt4
gene itself. This study does not only provide the first detailed description of regulatory sequences
that are linked to the Wnt4 gene, but is also one of the few to dissect an entire TAD in such detail.
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Results
Identification of the Wnt4 TAD
A functional dissection of the Wnt4 TAD requires first of all the identification of the TAD in which
the Wnt4 gene is located. We used the 3D Genome Browser to visualize genome interactions and
TAD predictions of the Wnt4 locus from publicly available Hi-C datasets (Figure 2)28. Figure
2A shows an example of one of those Hi-C datasets in which Wnt4 is the only annotated gene
in the predicted TAD15. The TAD predictions that are visualized in the 3D Genome Browser are
calculated according to the so-called directionality index, which is a method that looks at the
degree of up- and downstream interaction bias for DNA regions19, since it was noted that DNA
regions at the periphery of TADs are highly biased in direction of interaction. Upstream regions
in a TAD are highly biased towards interacting with downstream regions and vice versa. Using this
directional bias, the boundaries of TADs can be predicted. In the depicted triangle, the physical
interaction frequency of DNA regions is represented by the color intensity (Figure 2A). A dark
blue spot at the top of the triangle connects the TAD boundaries of the predicted Wnt4 TAD,
indicating that these genomic regions were found to frequently interact in this particular Hi-C
dataset. By aligning a CTCF ChIP-seq track from mammary gland cells29, we observed CTCF peaks
at the predicted boundaries of the Wnt4 TAD. These double peaks and the orientation of the
binding motifs are in line with earlier evidence that suggests that chromatin loops preferentially
form between convergently oriented CTCF sites15,18.
We downloaded all 95 TAD coordinate lists from the 3D Genome Browser and aligned
the predicted TADs in which the Wnt4 gene is located (Figure 2B)15,19,30–38. As no specific mouse
mammary gland Hi-C dataset was available and TADs have been reported to be conserved across
cell types and species15,19, we included mouse and human data from different tissues and cell types.
Despite varying lengths, there was an overlapping region of 250 kb that contains boundaries
marked by CTCF. This region was selected for a thorough analysis to find genomic elements that
regulate Wnt4 expression in the mammary gland.
Selection of candidate regulatory sequences
Before focusing on the regulatory elements of Wnt4, we looked into the expression of Wnt4
in different mammary cell types. RNA in situ hybridization on paraffin sections of the mouse
mammary gland showed that Wnt4 is mostly expressed in the luminal layer of the epithelial ducts.
Lower Wnt4 levels are detectable in the stroma (Figure 3A). This observation was validated by
RNA-sequencing of sorted primary mammary cells (Figure 3B). These results are in accordance
with the literature9–12, and confirm that we should focus our search especially on the luminal cell
population.
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Figure 2: Identification of the topologically associating domain of the Wnt4 locus. A) Hi-C data from CH12
cells, dataset by Rao et al. visualized in the 3D Genome Browser15,28. Coordinates of the total depicted region:
chr4:136200000-137250000 (Mm9). Coordinates of the Wnt4 TAD: chr4:136625000-136875000. CTCF ChIPseq on whole mammary gland tissue is from Shin et al.29. TADs are predicted by the 3D Genome Browser, using
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their in-house pipeline from Dixon et al.19. The orientation of CTCF sites at the boundaries of the Wnt4 TAD was
determined manually using TRANSFAC39. B) All Hi-C coordinates available in the 3D Genome Browser for mouse
and human genomes (as on 15/02/2019). Called Wnt4 TAD coordinates are predictions made by the 3D Genome
Browser. Coordinates of the selected region (red shading): chr4:136625000-136875000 (Mm9). Only a selection
of annotated genes is depicted, because of space restrictions. Note that the orientation of this particular region
is inverted in human versus mouse.
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Figure 3: Wnt4 expression in primary mammary cells and cell lines. A) RNA in situ hybridization showing Wnt4
(red) expression in the mammary glands of two different adult FVB/N mice. Numbers 1 and 2 refer to the different
mice and correspond to the numbers in the negative control images in Supplementary Figure 1. Krt14 (blue) probes
were used to mark the basal cell layer of the epithelial ducts. Nuclei were counterstained with hematoxylin. Scale
bars are 20 mm. B) Graph showing expression of Wnt4 in RPKM (reads per kilobase per million mapped reads) in
different mammary gland cell types, measured using RNA-sequencing. L = luminal, B = basal, A = adipocytes, S =
stroma. Eight adult replicates and two pubertal replicates were sequenced per cell type. For details of this RNAsequencing experiment see chapter 2 of this thesis.

To select candidate sequences in the Wnt4 TAD that could potentially regulate Wnt4 ex
pression in the mammary gland, we focused on chromatin regions that are accessible for TFs,
as open regions have been associated with regulatory elements40,41. We examined publicly
available datasets including ATAC-seq and H3K27ac ChIP-seq data from mature luminal, luminal
progenitor and basal cells from adult mammary glands (Figure 4A)42. In addition, we generated
our own ATAC-seq dataset of luminal and basal cells from pubertal mouse mammary glands.
Since Wnt4 is mainly expressed in luminal cells, we selected most candidate sequences (candidates
1-6, 8-13, 15, 17) based on the ATAC-seq dataset and the provided called peaks of mature luminal
cells by Dravis et al.42. Additionally, we selected candidate sequences showing specific ATAC-seq
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peaks in basal cells (candidates 7,14 and 16), to investigate the difference between luminal and
basal specific peaks. Three sequences that showed no peaks in the ATAC-seq or H3K27ac ChIPseq tracks were chosen as negative control regions (n1-n3). Seven of the candidate sequences are
located in introns of either Zbtb40 (candidates 1 and 2), which is a neighboring gene, or Wnt4
itself (candidates 12 to 16). Part of candidate 6 overlaps with lncRNA Gm13003. In conclusion,
based on datasets for chromatin accessibility or the presence of a known active enhancer mark, we
selected 20 regions for further experiments, of which 3 are negative controls and 17 are candidate
regulatory sequences (CRSs) (Figure 4B).
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Figure 4: Selection of CRSs. A) Visualization of ATAC-seq and ChIP-seq datasets in the IGV Browser43. CRSs =
candidate regulatory sequences. The coordinates of the depicted region are chr4:136525000-136925000 (Mm9).
Pink arrows indicate position of CRSs, black arrows are negative controls. L = luminal, B = basal, ML = mature
luminal, LP = luminal progenitor, MG = mammary gland. We generated the puberty ATAC-seq dataset; adult
ATAC-seq and H3K27ac ChIP-seq data are from Dravis et al.42; Shin et al.29 published the CTCF ChIP-seq data.
B) Zoom into selected peaks in the IGV Browser. Selected candidate sequences are numbered according to
genomic location, n1-n3 are negative controls. Seven candidates are located intronic in Zbtb40 or Wnt4 and one
candidate (CRS-6) is partially overlapping with lncRNA Gm13003.

Dual luciferase reporter assays reveal transcriptional enhancer activity of CRSs
The first property of the CRSs we investigated was their functional enhancer activity. The gold
standard assay for determining enhancer activity is the reporter assay, where the expression of a
reporter gene is in direct relation to the strength of the enhancer44. For our reporter assays we
selected the BC44 and HC11 cell lines, which are both mammary epithelial cell lines45,46. Wnt4
is expressed in both cell lines (Supplementary Figure 2). However, there is a clear difference
in expression levels (BC44: 69.2-77.6 RPKM, hereafter Wnt4high; HC11: 2.8-3.2 RPKM, hereafter
Wnt4low). Both BC44 (Wnt4high) and HC11 (Wnt4low) were selected for further experiments, as this
would give us the opportunity to find out whether the enhancer activity of CRS is different in
Wnt4high or Wnt4low cells.
To test the transcriptional enhancer activity of the CRSs, these sequences needed to be cloned
into the vector containing the reporter gene. To reduce size variability, we adjusted the lengths
of the sequences (362-2596 base pairs (bp) originally, 664-1217 bp adjusted, Table 1). We added
sequences (max. 200 bp, according to reference genome Mm10) to both the 5’ and 3’ ends of the
core sequence that was originally called as a peak in the ATAC-seq datasets from Figure 442. The
modification of the core sequence differed per CRS and was based on its original length, sequence
complexity (repetitive stretches were avoided), the proximity to a transcriptional start site (TSS)
(CRS-12), or proximity to other CRSs (CRS-14).
The CRSs were cloned into a pGL4-minP plasmid, which contains a minimal promoter
and a firefly luciferase reporter gene (luc2) (Figure 5A). BC44 and HC11 cells were transiently
transfected with a pGL4-minP plasmid containing a CRS and a CMV-Renilla plasmid for
normalization. The amount of firefly luciferase in the cell lysate revealed whether a CRS was
able to induce transcription of this gene compared to the empty vector (EV), for which a pGL4minP plasmid without a CRS was used. Figure 5B shows the log2 fold change of firefly luciferase
activity compared to the EV. Despite the difference in baseline expression levels of Wnt4, no clear
difference was observed in transcriptional enhancer activity of the CRSs between BC44 and HC11
cells. Out of 17 candidates, 7 sequences (CRS-1, -6, -7, -8, -10, -11, -17) showed an average log2 fold
change of >1 in firefly luminescence signal compared to the EV in BC44 cells. In HC11 cells, this
was the case for 8 sequences (CRS-1, -6, -7, -8, -10, -11, -15, -17). CRS-7 showed the highest activity
(average log2 fold changes of 3.2 and 2.6 in BC44 and HC11, respectively). No transcriptional
enhancer activity was observed for CRS-2, -3, -4, -5, -9, -12, -13, -14 and -16. Negative controls n1
and n2 also showed no increase in average luciferase luminescence signal compared to the EV. In
contrast, negative control n3 did show enhancer activity in both cell lines. This indicates that the
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n3 sequences contains binding sites for transcriptional regulators that can induce transcription
of the firefly luciferase gene in mouse mammary epithelial cell lines, even though no ATAC-seq
or H3K27ac peaks were observed in this region (Figure 4B). Interestingly, as the CRSs in Figure
5B are ordered according to their genomic location, a hub of active enhancers can be observed
ranging from CRS-6 to CRS-11. With the exception of CRS-9, these CRSs all showed an average
log2 fold change of >1 in firefly luminescence signal compared to the EV in both cell lines. To
conclude, dual luciferase assays showed for each individual CRS whether it has transcriptional
enhancer activity and revealed a possible enhancer hub, located upstream of the Wnt4 gene.
Candidate #

Length peak (bp)

Adjusted length (bp)

Coordinates cloned sequences (Mm10)

1

785

1185

chr4:136980770-136981954

2

1013

1217

chr4:136997198-136998414

3

362

762

chr4:137077015-137077776

4

1014

1014

chr4:137097326-137098339

5

686

726

chr4:137121443-137122168

6

1084

1216

chr4:137164242-137165457

7

1552

1217

chr4:137200440-137201656

8

833

1217

chr4:137209519-137210735

9

743

1143

chr4:137231229-137232371

10

408

664

chr4:137255464-137256127

11

305

705

chr4:137263755-137264459

12

800

740

chr4:137279224-137279963

13

764

1164

chr4:137281350-137282513

14

2596

941

chr4:137283024-137283964

15

686

786

chr4:137287060-137287845

16

900

1140

chr4:137289790-137290929

17

564

964

chr4:137307093-137308056

n1

X

1201

chr4:137070585-137071785

n2

X

1191

chr4:137138885-137140075

n3

X

1201

chr4:137243585-137244785

Table 1: Coordinates of candidate regulator sequences. This table contains the coordinates of the selected
CRSs (Mm10), based on the information in figure 4 (column: Length peak). Since the sizes of the selected peaks
in figure 4 were variable, we adjusted the length of the CRSs (column: Adjusted length). The Mm10 coordinates
of these sequences are shown in the last column and these regions were cloned individually into pGL4-minP.
Note that the coordinates of 4 CRSs partially overlap with candidate Wnt4 enhancers that were investigated in
chapter 3 (4.5/CRS-15; 4.6/CRS-9; 4.7/CRS-14; 4.8/CRS-7).
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Figure 5: Enhancer activity of CRSs in BC44 and HC11 cells measured in transient dual luciferase reporter
assays. A) Schematic representation of plasmids used in the dual luciferase assay. Cells were transfected with
pGL4-minP, which contains the CRS, a minimal promoter and a firefly luciferase gene (luc2), and CMV-Renilla as
a transfection control. B) Graph showing the log2 fold change in firefly luminescence signal for each candidate
enhancer compared to the EV in BC44 (blue) and HC11 (red) cells. EV is a pGL4-minP plasmid without a CRS. CRSs
are on the X-axis, ordered according to their genomic location. Every dot represents one biological replicate
(n=4/5, measured in technical triplicates, not depicted). Bars show the mean of replicates and are depicted as
visual guidance for the individual data points. Error bars represent the SD of biological replicates.

Functionally linking CRSs to the Wnt4 gene
By performing luciferase reporter assays, we learned which CRSs have the ability to increase
transcription. Although this gives us important information regarding the potential enhancer
activity of these CRSs, these experiments cannot show us a whether these enhancers are in fact
Wnt4 enhancers in situ. To functionally link the CRSs to the Wnt4 promoter, we used a CRISPRbased transcriptional activator called dCas9-VPR (Figure 6A). dCas9-VPR is a fusion of a nuclease
dead Cas9 with VPR, which consists of a transcriptional activator (Vp64) and two transcription
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factors (TFs) (p65 and Rta)47. The possibility of guiding dCas9-VPR to specific target sequences
gave us the opportunity to investigate the link of individual CRSs to the Wnt4 gene, without
removing them from their endogenous genomic context (Figure 6B).
For each individual CRS we designed guideRNAs (gRNAs) that would allow us to direct
dCas9-VPR to that particular CRS. The number of gRNAs we cloned per CRS was dependent on
their length (approximately 1 gRNA per 150 bp, distributed over the CRS (Supplementary Table
1)). We also cloned gRNAs for negative controls n1-n3 (Figure 6B, black arrows) and for a region
200 bp upstream of the Wnt4 TSS (Figure 6B, blue arrow).
HC11 and BC44 cells were transfected with a plasmid containing dCas9-VPR and pSpgRNA
plasmids containing the gRNAs, which were pooled per CRS. To determine whether guiding a
transcriptional activator to a CRS had a transcriptional effect on Wnt4, we measured Wnt4 mRNA
levels 48 hours after transfection by qRT-PCR. Empty vector (EV) controls were transfected with
dCas9-VPR and an empty pSpgRNA (i.e. not containing a gRNA). Figure 6C shows the fold change
in Wnt4 expression compared to the EV control in HC11 cells. Eleven CRSs (CRS-3, -6, -7, -8, -9, -10,
-11, -12, -13, -15, 17) showed a fold change of >2 compared to the control. CRS-6, -7 and -11 show
the highest average fold changes (8.1, 9.7, and 8.0, respectively). Interestingly, whereas guiding
dCas9-VPR to most CRSs in the Wnt4 TAD induced some upregulation of Wnt4 expression, Wnt4
mRNA levels were not affected when dCas9-VPR was guided to CRS-1 and CRS-2, which are
located outside the predicted Wnt4 TAD. Negative controls n2 and n3 also show an average fold
change of >2 compared to the control (2.1 and 3.0, respectively). Contrary to our expectations,
Wnt4 expression was decreased when dCas9-VPR was guided to the promoter region (P).
In BC44 cells, the effect of dCas9-VPR guided to CRSs on Wnt4 expression was much lower
compared to HC11 (Figure 6D). In multiple prior experiments, we had already observed a
negative correlation between endogenous gene expression and the effect of dCas9-VPR on
gene expression (Chapter 3, Figure 5C; Chapter 5, Supplementary Figure 3), which has also
been reported in the literature47,48. As Wnt4 expression is much higher in BC44 than in HC11
(Supplementary Figure 2), this adds to the evidence that endogenous expression of a gene affects
the possible range of inducing gene expression by dCas9-VPR. Similar to what we observed in
HC11 cells, Wnt4 expression was reduced in BC44 cells when dCas9-VPR was guided to the Wnt4
promoter (P). Although the fold changes in Wnt4 expression in BC44 cells were lower in general,
we observed that a similar group of CRSs showed a higher induction of Wnt4 expression, namely
CRS-6 to CRS-11. Interestingly, this is the same hub of CRSs that showed the highest fold changes
in luminescence signal in the luciferase assays (Figure 5B). The fact that CRSs in this hub are not
only showing the most enhancer activity, but also the highest increase in Wnt4 expression in the
dCas9-VPR experiments, suggests a role of this specific region in regulating Wnt4 expression.
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Figure 6: Upregulation of Wnt4 upon guiding of dCas9-VPR to CRSs. A) Illustration of dCas9-VPR being
guided to a CRS using gRNAs specific for that CRS. The dashed grey arrow represents the transcriptional signal
that is transferred from the CRS to the Wnt4 promoter. B) Illustration of the Wnt4 locus and the location of the
CRSs. Zbtb40 and Cdc42 are the neighboring genes of Wnt4, located outside the selected TAD. Gm13003 is
an annotated long non-coding RNA (lncRNA). Pink arrows show the location of the CRSs, black arrows are the
negative controls and blue arrow represents the location of the Wnt4 promoter gRNAs. C) Graph depicting Wnt4
expression upon guiding of dCas9-VPR to each individual CRS in HC11 (Wnt4low) cells. CRSs are ordered according
to their genomic location. Ctr = control without gRNAs, set to 1 (grey line). N1-3 are negative control regions. P =
Wnt4 promoter. Wnt4 RNA levels were measured by qRT-PCR. Ctpb1 was used as housekeeping gene49. Biological
replicates (n=4) are depicted as yellow dots, bars show the mean of these replicates. Error bars represent the SD.
D) Graph depicting Wnt4 expression upon guiding of dCas9-VPR to each individual CRS in BC44 (Wnt4high) cells
(n=3 biological replicates each). Experimental details are similar to C).
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Neighboring genes of Wnt4 are not influenced by dCas9-VPR being guided to CRSs
To determine whether the increase in gene expression observed after guiding dCas9-VPR to the
CRSs was specific for Wnt4, we checked the expression of its two neighboring genes in the same
samples as figure 6 using qRT-PCR. Located just outside the selected TAD, up- and downstream
of Wnt4 respectively, are genes Zbtb40 and Cdc42 (Figure 7A). Importantly, expression of these
neighboring genes was not affected when dCas9-VPR was guided to the individual CRSs (Figure
7B and 7C) – even when the CRS in question was closer to the TSS of Zbtb40 or Cdc42 than the TSS
of Wnt4. Accordingly, the links between CRSs and the Wnt4 gene that we observed using dCas9VPR seem to be specific and exclusive.
Because we had previously observed a negative correlation between endogenous Wnt4
expression and the dynamic range of dCas9-VPR (Figure 6C and 6D), we compared gene
expression levels of Zbtb40 and Cdc42 in HC11 and BC44 cells (Figure 7D). Cdc42 shows higher
expression values than Wnt4 in both BC44 (143.0-153.1 RPKM) and HC11 (151.0-152.3 RPKM).
As discussed before, this may have affected the ability of dCas9-VPR to increase expression of this
gene. For Zbtb40 however, this is not the case, since this gene shows similarly low RPKM values as
Wnt4 in HC11 cells (Zbtb40: 1.8-2.2 RPKM in BC44; 1.8-2.6 RPKM in HC11).
To summarize, the functional link we observed between CRSs in this locus and Wnt4 in
dCas9-VPR assays is specific for Wnt4. Although potential effects on Cdc42 may have been ob
scured as a result of its higher endogenous expression levels, we can confidently link a subset of
our CRSs to Wnt4 and conclude that they do not regulate Zbtb40.

Figure 7: Upregulation of Wnt4 upon guiding of dCas9-VPR to CRSs is Wnt4-specific in this locus. A) Illustration
of the Wnt4 locus and the location of the CRSs. This focuses on the expression of Zbtb40 and Cdc42, so these
genes are highlighted in green and purple, respectively. The locations of CRSs are indicated by pink arrows
and negative controls are indicated by black arrows. The blue arrow represents the Wnt4 promoter. B) Graph
depicting Zbtb40 and Cdc42 expression upon guiding of dCas9-VPR to each individual CRS in HC11 (Wnt4low)
cells. Before transfection, gRNAs for each CRS were pooled. Cells were transfected with dCas9-VPR and pSpgRNA,
which contain gRNAs. Samples were harvested 48h after transfection. Ctr = control without gRNAs, which is set
to 1 (grey line). P = Wnt4 promoter. The average fold change of Wnt4 expression (yellow crosses) compared to EV
is shown for comparison. Individual data points of Wnt4 expression are shown in figure 6. C) Same as B), but now
for BC44 (Wnt4high) cells. D) Using RNA-sequencing, gene expression of Zbtb40, Cdc42 and Wnt4 was determined
in BC44 and HC11 cell lines. This table shows the RPKM (= Read Per Kilobase per Million mapped reads) values
from two different replicates from each cell line. Wnt4 expression values the same as in supplementary figure 2,
shown again here for comparison.
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CRS-6 is in close physical proximity to the Wnt4 promoter
So far, we have established a link between an active enhancer hub, which is located between
Gm13003 and the Wnt4 promoter, and the Wnt4 gene. However, we don’t know how these
sequences communicate with each other. In fact, how transcriptional information is transferred
from regulatory sequences to promoters, remains a big question in the field of gene regulation50.
One of the mechanisms that has been proposed is called “looping”, which is the formation of
chromatin loops that bring the regulatory sequence and promoter in close physical proximity51,52.
How the genome is organized in 3D, can be investigated using Chromosome Conformation
Capture (3C), which enables quantification of interactions between two different genomic loci.
This technique was introduced in 2002 and over the years several new variants have been deve
loped53,54. One of these variants is 4C, which allows for the detection of genome wide physical
interactions with any given locus of interest, the so-called viewpoint55–57. Since we are interested
in the interactions of the Wnt4 promoter, we selected a sequence close to the Wnt4 TSS (660
bp upstream) as the viewpoint to investigate which DNA regions are in close spatial proximity.
Figure 8A and 8B show the quantification of interactions of genomic regions with this viewpoint
in HC11 and BC44 cells, respectively. In these figures, the height of the peaks represents the
frequency of interactions of that genomic region with the viewpoint (blue triangle). We found
that DNA regions within the selected TAD show a higher interaction frequency overall than the
DNA outside this TAD, especially in BC44 cells. The red peaks represent statistically significant
interactions between the viewpoint and that particular DNA region. In both BC44 and HC11
cells, two regions show statistically significant interactions with the Wnt4 viewpoint. One of those,
containing part of the genomic sequence of Gm13003, is detected in both cell lines. Importantly,
this region overlaps with CRS-6, which also showed enhancer activity in the luciferase assays and
was linked to the Wnt4 gene in dCas9-VPR assays (Figure 5 and 6). In conclusion, our 4C results
show that in both HC11 and BC44 cell lines the Wnt4 promoter is in close physical proximity to
Gm13003, which overlaps with CRS-6.
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Figure 8: Physical interaction between the Wnt4 promoter and CRS-6. Representation of physical interactions
between the viewpoint and other regions in the Wnt4 locus in HC11 (A) or BC44 (B) cells using 4C. The blue
triangle represents the viewpoint, which is close (660 bp) to the Wnt4 TSS (coordinates transcript Wnt4 in Mm9:
chr4:136833550-136852694). The pink arrows show the location of the CRSs and the black arrows are the negative
controls. The light pink bar represented the selected TAD of approximately 250 kb. Statistically significant
interactions are indicated by red bars. For each cell line, cumulative analysis of biological triplicates are shown.
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Expression of Wnt4 and Gm13003 is correlated in cell lines and primary mammary
cell types.
Gm13003 is a long non-coding RNA (lncRNA), located between Zbtb40 and Wnt4 in the mouse
genome. This lncRNA is not well studied, however it is upregulated >2-fold in organoids derived
from mammary carcinomas compared to normal mammary organoids58. In the past decades, a
growing body of evidence has shown that lncRNAs play an important role in gene regulation
and help to achieve transcriptional specificity. Not only can they recruit chromatin modifying
proteins59–63, they are also key regulators in 3D genome organization64–67.
To look further into the link between Wnt4 and lncRNA Gm13003, we analyzed the
expression of Gm13003 in BC44 and HC11 cells (Figure 9A). Similar to the expression of Wnt4
in these cell lines (Supplementary Figure 2), Gm13003 is also higher expressed in BC44 than in
HC11 cells. We also isolated primary cells from different mammary gland cell types, to confirm
that Wnt4 and Gm13003 expression also correlate in vivo. Freshly isolated mouse mammary
glands were enzymatically digested and the different populations were separated using FACS
(Supplementary Figure 3). Like Wnt4, we find Gm13003 to be mainly expressed in luminal cells
(Figure 9B). To conclude, the expression levels of Wnt4 and Gm13003 correlate in different mouse
mammary cell lines and primary cell types.
Since Wnt4 and Gm13003 are in close physical proximity in the nucleus (Figure 8) and
their expression patterns are correlated across mammary cell lines and cell types (Figure 9), we
wondered whether guiding dCas9-VPR to the different CRSs would also increase transcription of
Gm13003, similar to Wnt4 expression. To this end, we measured the RNA levels of Gm13003 by
qRT-PCR (Figure 10A) in the samples that were previously used in the dCas9-VPR assays (Figure
6 and 7).
CRS-6 overlaps with the Gm13003 TSS and gRNAs for CRS-6 are surrounding this TSS: 4
gRNAs are located up- and 4 gRNAs are located downstream. Guiding dCas9-VPR to CRS-6
resulted in an increase in Gm13003 expression in both HC11 and BC44 cells (Figure 10A and
10B). Thus, unlike Wnt4, Gm13003 could be upregulated when dCas9-VPR was guided to its own
promoter. Interestingly, the previously identified hub of active enhancers between Gm13003 and
the Wnt4 promoter (CRS-6 to -11) are amongst the CRSs that show the highest fold increase in
Gm13003 expression in both HC11 and BC44 cells. In the dCas9-VPR assays measuring Wnt4 or
Gm13003 expression, there is a clear overlap of CRSs that show the highest fold change in gene
induction, with CRS-6, -7 and -10 in the top 5 for regulating both Wnt4 and Gm13003 expression in
both HC11 and BC44 cells. This overlap in regulatory sequences in combination with our earlier
observations that the promoters of Wnt4 and Gm13003 are in close physical proximity (Figure 8),
and that their expression is correlated in different mammary cell types and cell lines (Figure 9),
indicate that Gm13003 might play a regulatory role in Wnt4 expression in the mouse mammary
gland.
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Figure 9: Expression of Wnt4 and lncRNA Gm13003 is correlated in BC44 and HC11 cell lines and primary
mammary cells. A) Graph depicting qRT-PCR results from BC44 and HC11 cells. Ctbp1 was used as housekeeping
gene and the highest expression was set to 1 (n = 3 or 4 biological replicates). B) Graph showing results of qRTPCR experiments of different mammary gland cell populations from 6 different adult C57BL/6J mice. Luminal (L),
basal (B) and stromal (S) cells were isolated using FACS. Ctbp1 was used as housekeeping gene in the qRT-PCR
experiments. Values were normalized to the expression values of the cell type that showed highest expression. For
visualization purposes, only Wnt4, Gm13003 and Krt18 are shown in this figure. For expression of other markers
see supplementary figure 3.
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between Gm13003 and Wnt4. A) Illustration depicting the location of lncRNA Gm13003 in the Wnt4 locus. Pink
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the location of the gRNAs for the Wnt4 promoter. B) Expression of Gm13003 in HC11 cells (Wnt4low), upon guiding
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of gRNAs, specific for each CRS, and dCas9-VPR, which is a transcriptional activator. Samples were harvested 48
hours after transfection and Gm13003 expression was measured using qRT-PCR. Every symbol represents one
biological experiment (HC11 n=4; BC44 n=3). The yellow crosses represent the mean of Wnt4 expression, of which
the individual data points can be found in Figure 6. For comparison, the mean of Wnt4 expression is shown again
in this figure. CRSs are ordered according to their genomic location on the x-axis. Ctr = control without gRNAs,
set to 1 (grey line). N1-3 are negative control regions. P = Wnt4 promoter. C) Expression of Gm13003 in BC44 cells
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CRSs are partially conserved between mouse and human
Similar to the mouse mammary gland, the human breast is also characterized by a branched
network of ductal epithelial cells68. Multiple genes and pathways are conserved between the
mouse and human tissue69. In human breast tissue, WNT4 is also mainly expressed in the luminal
epithelial cells69,70. To investigate the potential functional relevance of the CRSs for regulating
WNT4 expression in human cells, we checked their enhancer activity in luciferase assays in HMLE
cells, which is a human mammary gland epithelial cell line (Figure 11A). Similar to the luciferase
assays in mouse epithelial cells, we observed that the CRSs located between Gm13003 and Wnt4
(CRS-6 to CRS-11) are amongst the CRSs with the highest enhancer activity. The results of CRS9 and n3 in HMLE cells also match the results in BC44 and HC11 cells. The main difference we
observed is that in mouse epithelial cells CRS-7 shows the highest enhancer activity, while in
HMLE cells CRS-8 shows the highest transcriptional enhancer, with an average log2 fold change
of 3.9 in luminescence signal compared to the EV control.
The fact that the CRSs also show functional enhancer activity in HMLE cells, suggests that
these sequences contain conserved binding sites for TFs that are also expressed in HMLE cells. To
check the conservation of the CRSs between mouse and human, we aligned the mouse sequences
to the human genome using BLAST71. In Figure 11B the hits for CRS-6 to -11, the CRSs located
in the active enhancer hub, are visualized. The query sequence is the CRS sequence that was used
in our experiments (Table 1) and the first hit is, as expected, a perfect match with the mouse
genome. The other hits shown in Figure 11B are from the human genome. Multiple hits are
depicted, representing matches with different deposited sequences, including BAC clones and
reference sequences. An overview of the alignments that were found between the query sequence
(of all CRSs) and hits in the human genome can be found in Supplementary Table 2 with
further details in Supplementary Table 3. Out of the sequences checked, CRS-10 is the only CRS
in which no region is conserved between mouse and human. All other analyzed CRSs contain
larger or smaller blocks that could be aligned to the human genome, with different alignment
scores.
Conserved CTCF binding motif between mouse and human in CRS-6
Last, we want to highlight the binding of CTCF at Gm13003. In Figure 2A, we only focused on
CTCF motif orientation for the CTCF peaks flanking of our region of interest, i.e. those most
likely to correspond with the predicted TAD boundaries. However, CTCF ChIP-seq data from
whole mammary gland shows two other interesting peaks, one in Gm13003 and one in Wnt4
(Figure 12A)29. The convergent orientation of these two motifs indicates possible loop formation
between those sites15,18. The CTCF ChIP-seq peak located in Gm13003, is contained within CRS6 (Figure 12B). In addition, and perhaps more interestingly, it also overlaps with conservation
hit 2a. The sequence of 2a was aligned to clone RP1-163O16, which contains the sequence of
human chromosome 1, location 1p35.1-36.13 (Supplementary Table 2 and 3). This area contains
the location of the human WNT4 gene (1p36.12). TRANSFAC analysis of this region revealed a
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potential binding site for CTCF (Figure 12C)39,72,73. Thus, although Gm13003 itself is not conserved
or annotated in the human genome, the CTCF binding site at CRS-6 is conserved.
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Figure 11: Conservation of CRSs. A) Graph depicting the relative enhancer activity of individual CRSs in HMLE
cells. The firefly luciferase signal was normalized by the Renilla luciferase signal. This graph shows the log2 fold
change increase compared to the negative (EV) control. The EV is a pGL4-minP plasmid without a CRS sequence.
Every dot represents one biological replicate, which contains three technical replicates. Bars represent the mean
and error bars show the SD of the biological replicates. B) Graphical representation of alignments between
mouse (taxid:10088) and human (taxid:9606) in BLAST71 of conserved regions in the CRSs. For every CRS, hit 1
is a validation from the mouse genome. Other hits are from the human genome. Alignment scores represent the
overall quality of an alignment and are provided by BLAST. Higher scores represent a higher degree of similarity.
In this figure, only hits with an E-value of <0.05 are shown. For more details on the hits, see supplementary table
2 and 3.
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A) CTCF ChIP-seq data from whole mammary gland tissue showing binding of CTCF in our region of interest29. The
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Discussion
The goal of this study was to identify regulatory sequences that control Wnt4 expression in
the mammary gland. Previously published HiC15 and CTCF ChIP-seq data29, combined with
the location and orientation of putative CTCF binding sites in the Wnt4 locus, indicate that a
TAD is formed, in which Wnt4 is the only coding gene (Figure 2). Based on the peak in the
CTCF ChIP-seq data29 in the Wnt4 gene and the orientation of the putative CTCF binding site,
combined with the results from our 4C experiments (Figure 8), we hypothesize that a smaller
regulatory loop is formed within this TAD, that brings CRS-6 and the Wnt4 promoter in close
physical proximity. Regulatory loops have been described before as structures that are formed
within TADs to facilitate communication between enhancers and promoters74. The formation
of the regulatory loop in the Wnt4 TAD might contribute to tissue-specific Wnt4 expression, as it
has been suggested that these regulatory loops depend on the binding of tissue-specific TFs75. The
tissue-specific transcripts of Gm13003 could also play a role in stabilizing the regulatory loop, as
recent studies have shown that CTCF-RNA interactions are required for genome organization88,89.
Within the Wnt4 TAD, we selected CRSs, based on datasets about active enhancers marks
(Figure 4). In our dCas9-VPR assays, we discovered that transcriptional information can be
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transferred from CRSs to the Wnt4 promoter (Figure 6). Furthermore, the sequences of CRS-6, -7,
-8, -10 and -11 show functional enhancer activity on their own (Figure 5 and 11).
Based on the results presented in this chapter, we propose a model in which tissue-specific
Wnt4 expression is regulated by functionally active enhancers that are located in a regulatory loop
that is formed between Gm13003 and Wnt4 (Figure 13).
Yet, there are remaining questions related to this model. For example, does the binding of
CTCF in the Wnt4 gene block transcription? If the formation of the regulatory loop relies on
tissue-specific TFs, which TFs are involved in the formation of this specific loop? Why is there
a clear difference in the dCas9-VPR assay between CRS-5 and CRS-7, while their distance to the
Wnt4 TSS is not substantially different when Gm13003 is “pulled” to the Wnt4 promoter? Do
the CTCF proteins that form the regulatory loop form a roadblock for chromatin-scanning TFs?
Answers to these questions are needed to further develop the proposed model of regulation of
Wnt4 expression.
Aligning the mouse CRSs to the human genome, revealed that small stretches of CRSs are
conserved (Figure 11). One CRS that is partially conserved, but did not show transcriptional
enhancer activity in the luciferase reporter assay, is CRS-9. This CRS has a high peak in the ATACseq datasets (which is associated with open chromatin), as well as in H3K27ac datasets (which
is associated with active enhancers), especially in mature luminal cells (Figure 3). CRS-9 is also
linked to Wnt4 in the dCas9-VPR assays (Figure 6). These results indicate that CRS-9 does have a
regulatory role, and could possibly act as a repressor, similar to CRS-16.
Future experiments have to reveal how essential these regulatory sequences are for Wnt4
expression. By using other methods from the CRISPR toolbox, including regular CRISPR-Cas9
gene editing, the CRSs can be cut from the genome individually and subsequently Wnt4 expression
can be measured. Different combinations of enhancer sequences should be removed, as enhancer
redundancy could act as a safeguard to prevent aberrant gene expression after deletion of
individual enhancers80. It also has to be taken into account that removing large sections of DNA
using CRISPR-Cas9 might alter the 3D genome structure, which can influence gene expression
in and by itself.
Our results suggest that the annotated lncRNA Gm13003 might play a regulatory role in Wnt4
expression. However, the question remains which part of Gm13003 is involved in Wnt4 expression:
the genomic sequence of Gm13003, the actual lncRNA (i.e, the Gm13003 transcript) or both. Our
luciferase (Figure 5 and 11) and dCas9 assays (Figure 6) show that CRS-6, which extends upstream
of the Gm13003 TSS and comprises only part of the Gm13003 transcript region, has functional
enhancer activity and can be linked to Wnt4. Furthermore, our 4C experiments show that CRS-6
is in close physical proximity to the Wnt4 promoter (Figure 8). The CTCF binding motifs in CRS6 and the Wnt4 gene are conserved between mouse and human (Figure 12), which lends further
support to the formation of a CTCF-dependent chromatin loop in human cells.
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Figure 13: Proposed model of regulation of Wnt4 expression in mammary gland cells. The insulator sequences
of the Wnt4 TAD are located between Zbtb40 and Cdc42. Both TAD boundaries contain two CTCF binding sites.
Within the Wnt4 TAD, a regulatory loop is formed by CTCF that can bind to Gm13003 and Wnt4. Formation of this
loop causes physical interaction between the upstream region of Gm13003, which contains CRS-6, and the Wnt4
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a role in the formation of these specific loops, but based on its role described in literature76–79, the cohesin complex
is included in our model.
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The lncRNA itself could be regulating Wnt4 expression as well. Various studies have pointed
out the role of lncRNAs in gene regulation and organization of the 3D genome81–87. One indication
that Gm13003 could play a role in Wnt4 expression is that the expression of Gm13003 and Wnt4
correlates in mammary cell lines and primary mammary cell types (Figure 9). Furthermore, CRSs
in the identified enhancer hub were not only linked to Wnt4 expression, but also to Gm13003
(Figure 10). Recently, studies have shown that CTCF requires RNA binding to function88,89. As
mentioned above, this might be part of the mechanism behind cell type specific Wnt4 expression
in the mammary gland, as in the mammary gland Gm13003 is only expressed in luminal cells
(Figure 9). One way to determine whether the transcript of Gm13003 is involved in Wnt4
expression, is to knock-down Gm13003. This can be achieved by using methods such as siRNA or
CRISPR-Cas13, which specifically targets RNA90,91, including lncRNAs92. Furthermore, to unravel
the role of the 3D genome in Wnt4 expression in more detail, it will be interesting to manipulate
the CTCF binding sites at this locus, especially the conserved CTCF site at CRS-6/Gm13003
(Figure 12). Using CRISPR-Cas9, CTCF sites can be removed or inverted. These experiments will
tell us more about the importance of the genomic structure on Wnt4 expression.
In conclusion, we performed a dissection of the Wnt4 TAD, spanning ~250 kb, searching for
regulatory elements that control Wnt4 expression. This resulted in the identification of several
active enhancers that are located upstream of Wnt4. Based on our combined experimental
findings, we propose a model in which Wnt4 expression in the mammary gland is controlled by
the formation of a smaller regulatory loop within the larger Wnt4 TAD. Although the Wnt4 TAD
is exceptional in this respect because it harbors only a single coding gene, our workflow can be
used for other loci to investigate cell type specific gene regulation.

Materials and methods
Cell culture
Mammary epithelial BC44 cells (a kind gift of Marie-Anne Deugnier, Institute Curie, Paris,
France) were cultured in RPMI1640 + L-Glut (Gibco, cat. #), supplemented with 10% FBS (Gibco,
cat# 10270-106) and 5 mg/ml insulin (Sigma-Aldrich, cat. #I9278). HC11 mammary epithelial cells
were also cultured in RPMI1640 + L-Glut with 10% FBS and 5 mg/ml insulin, with the addition of
10 ng/ml EGF (Peprotech, cat. #AF-100-15-B). The human mammary epithelial cell line HMLE (a
kind gift of Christina Scheel, Helmholtz Center Munich, Germany) was cultured in DMEM/F12
(Gibco), supplemented with 20 ng/ml EGF, 0.5 mg/ml Hydrocortisone (VWR, cat. #SAFSH4001)
and 10 mg/ml insulin.
RNA-seq cell lines
Total RNA was isolated from BC44 and HC11 cells using a combination of TRIzol reagent (Fisher
Scientific, #15608948) and RNeasy mini kit (Qiagen, #74104), including on-column DNAse
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digestion (Qiagen, RNase-free DNase set #79254). Briefly, cells were lysed by directly adding 1 ml
TRIzol to 10 cm culture dishes. The homogenate was transferred to Phasemaker tubes and mixed
with chloroform. After separation, the aqueous RNA layer was mixed with 1 volume of 70%
ethanol and transferred to RNeasy spin columns. RNA purification and DNase digestion were
performed according to manufacturer’s instructions.
All library preparation and sequencing steps were performed by MAD: Dutch Genomics
Service & Support Provider, Swammerdam Institute for Life Sciences, University of Amsterdam.
RNA integrity was analyzed with an Agilent RNA ScreenTape system (RIN >= 9.6). ERCC
RNA Spike-In Mix 1 (ThermoFisher Scientific #4456740) was added to samples prior to polyA
enrichment (NEBNext Poly(A) mRNA Magnetic Isolation Module (New England BioLabs) and
stranded- library preparation (NEBNext Ultra II Directional RNA Library Prep Kit for Illumina
and NEBNext Multiplex Oligos for Illumina (New England BioLabs). Assessment of the size
distribution of the libraries with indexed adapters was performed using a 2200 TapeStation System
with Agilent D1000 ScreenTapes (Agilent Technologies). The NEBNext Library Quant Kit for
Illumina (New England BioLabs) was used according to manufacturer’s instructions to quantify
the libraries on a QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific). Libraries were
clustered and sequenced on a Illumina NextSeq 550 Sequencing System (NextSeq 500/550 Mid
Output Kit (300 Cycles), 2 x 150 bp). The snakemake workflow VIPER (Visualization Pipeline for
RNA-seq analysis)93 was used to map and align raw sequencing data to the mouse genome (mm9,
STAR94 version 2.7.1a). Raw transcript counts were further processed using edgeR95,96 (version
3.28.0) and limma97 (version 3.42.1) packages with R version 3.6.298. A cutoff of CPM > 0.5 in at
least 2 libraries was applied to filter out genes with low counts prior to trimmed mean of M-values
(TMM) normalization.
RNA in situ
The RNAscope 2.5 HD Duplex Assay was used for RNA in situ. Freshly isolated mammary
glands were dissected and fixed for 24 hours in 4% PFA. Samples were dehydrated through
ascending grades of ethanol, cleared in Histo-Clear II (National Diagnostics cat. #HS-200) and
embedded in paraffin. Sections of 5 µm were cut using a microtome, after which the FormalinFixed Paraffin-Embedded (FFPE) Sample Preparation and Pretreatment protocol was followed
(Document Number 322452). One adjustment of the pretreatment was the 30x dilution of
Protease Plus with PBS. We optimized this protocol for mammary gland sections and did the
Target Retrieval Treatment for 15 minutes and Protease Plus Treatment for 30 minutes. Second
part of the RNAscope experiments was done according to RNAscope. 2.5 HD Duplex Detection
Kit (Chromogenic) User Manual (Document Number 322500-USM). Probes that were used are:
Channel 1: Krt14 (Cat No. 422521) and Channel 2: Wnt4 (Cat No. 401101-C2). Bright field images
were taken on a Zeiss LSM 510 META microscope using a 20x objective in combination with the
Axiocam HRc.
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ATAC-seq
The 3rd and 4th mammary gland fat pads from 6 puberty (P35) FVB/N mice were dissected,
chopped to small pieces and incubated for 2 hours at 37°C in an orbital shaker in a digestion mix
composed of DMEM/F12, 5% FBS, 1% Penicillin / Streptomycin, 25 mM HEPES and 300 U/ml
Collagenase IV. Red blood cells were lysed with ACK Lysing Buffer and single cell suspensions were
generated by consecutive digestion steps with Trypsin-EDTA and DNAseI. Cells were stained in
HBSS containing 10% FBS with the following antibodies (eBioscience): anti-Mouse CD45-Biotin
(clone 30-F11), anti-Mouse CD31-Biotin (clone 390), anti-Mouse TER-119-Biotin (clone Ter-119),
anti-Mouse CD326-PE (clone G8.8), anti-Mouse CD49f-FITC (clone GoH3) and Streptavidin-APC.
DAPI was used for live/dead cell discrimination. 55.000 luminal, basal and stromal cells were
sorted into ice-cold 10 mM HEPES containing 10% FBS using a BD FACSAria III equipped with a
100 mm nozzle at 20 psi. FITC was excited with a 488 nm laser and emission was filtered using a
530/30 nm bandpass filter. PE was measured using a 561 nm laser and 582/15 nm bandpass filter.
DAPI was excited with a 407 nm laser and emission was filtered using a 450/50 nm bandpass filter.
APC was measured using a 633 nm laser and 660/20 nm bandpass filter. Cells were sorted with a
plate voltage of 2500 V using the 4-Way Purity precision mode. ATAC-seq samples were prepared
according to the protocol from Buenrostro et al.99,100. Briefly, freshly sorted cells were washed once
in 50 ml ice-cold PBS and gently resuspended in 50 ml cold lysis buffer (10mM Tris-HCl, pH 7,4;
10mM NaCl; 3mM MgCl2 and 0.1% NP-40) to isolate nuclei. The transposase reaction (Illumina
Nextera DNA Library Preparation Kit, FC-121-1030) was performed for 30 minutes at 30°C and
DNA was purified using MinElute PCR purification columns (Qiagen, #28004). DNA fragments
were amplified using NEBNext Ultra II Q5 Master Mix (#M05445) and custom primers:
Luminal forward: AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGT*G
Luminal reverse: CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAG
ATG*T
Basal forward: AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGT*G
Basal reverse: CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGAT
G*T.
The following PCR conditions were used: 72°C for 5 minutes; 98°C for 30 seconds, 8 cycles
of 98°C for 10 seconds, 63°C for 30 seconds and 72°C for 1 minute. Libraries were purified with
the MinElute PCR purification kit. An additional, single left-sided purification with AMPure
XP beads (Beckman Coulter #A63880) was performed to remove primer dimers. Libraries were
quantified with qRT-PCR before paired-end sequencing on an Illumina NextSeq 550 system (2 x
75 bp, performed by MAD: Dutch Genomics Service & Support Provider, Swammerdam Institute
for Life Sciences, University of Amsterdam). Sequencing data were processed using the ATAC-Seq
pipeline of the Kundaje lab (https://github.com/kundajelab/atac_dnase_pipelines) with default
parameters and mouse genome version Mm9.
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FACS primary mammary cells
Freshly isolated mammary glands from FVB/N mice were minced and enzymatically digested for
2 hours in 9.2 ml DMEM/F12, 5% FCS, 1%P/S, 25 mM HEPES (Gibco, cat. #15630056) and 300
U/ml Collagenase IV (Gibco, cat. #17104019) (10 ml per mouse and 4 glands). Adipocytes were
transferred to TRIzol LS (Invitrogen, cat. #10296028) and stored at -80°C. After resuspension in
a mix (1:3) of HBSS (Gibco) with 2% FBS (Gibco, cat# 10270-106) and ACK solution (Gibco, cat.
#A1049201), cells were incubated at RT for 5 min. HBSS (13 ml) was added and cells were spun
down for 5 min, 1000 rpm, 4°C. Pellets were resuspended in 2 ml pre-warmed 0.05% TrypsinEDTA (Gibco) and incubated for 5 minutes at 37°C. Serum-free DMEM (3 ml, pre-warmed) and
1mg/ml DNAseI was added and after mixing well, 8 ml of DMEM with 10% FCS was added to stop
trypsinization. Before antibody staining, cells were filtered through a 40 mm mesh. The following
antibodies were used: EpCAM-PE (1:100, eBioscience, 12-5791-82, clone G8.8), CD49f-FITC (1:100,
eBioscience, 11-0495-82, clone GoH3), CD45-Bio (1:100, eBioscience, 13-0451-82, clone 30-F11),
CD31-Bio (1:100, eBioscience, 13-0311-81, clone 390), Ter119-Bio (1:100, eBioscience, 13-5921-81,
clone TER-119) and Streptavidin-APC (1:200, eBioscience, 17-4317-82). During antibody staining,
cells were in 200 ml HBSS supplemented with 10% HF and kept in the dark on ice for 20 minutes.
Before sorting, cells were stained with DAPI and with DAPI (1:5000) and filtered through a 50
mm mesh. Cell sorting was performed using a BD FACS Aria III. FITC was excited with a 488 nm
laser and emission was filtered using a 530/30 nm bandpass filter. PE was measured using a 561
nm laser and 582/15 nm bandpass filter. DAPI was excited with a 407 nm laser and emission was
filtered using a 450/50 nm bandpass filter. APC was measured using a 633 nm laser and 660/20 nm
bandpass filter. Cells were sorted with a plate voltage of 2500 V using the 4-Way Purity precision
mode. Cells were collected in TRIzol LS and stored at -80°C.
Cloning pGL4-minP constructs
We cloned a minimal promoter (identical to the minimal promoter of pGL4.23 (Promega):
TAGAGGGTATATAATGGAAGCTCGACTTCCAG) at the HindIII site of pGL4.20, which contains
a firefly luciferase gene (luc2) and a puromycin resistance gene. This pGL4.20 plasmid with
the minimal promoter is referred to as pGL4-minP. The pGL4-minP vector was digested with
XhoI and BglII and 1X Tango buffer (Thermo Scientific). Sequences of CRSs (that belong to the
coordinates shown in Table 1) were ordered as double stranded gBlocks from IDT. Restriction
sites were added to the CRSs (5’: XhoI or SalI, 3’: BglII or BamHI). The default combination was
XhoI/BglII, but when the CRS contained one of those restriction sites, SalI and/or BamHI were
chosen. Tubes from IDT were spun down to ensure that the DNA was at the bottom of the tube.
DNA was diluted with 0.2 mm filtered water to get a concentration of 10 ng/ml, after which the
tubes were incubated at 50°C for 20 minutes. gBlocks were digested with the XhoI/BglII, Xho/
BamHI, SalI/BglII, or SalI/BamHI with the appropriate buffer (Thermo Scientific). After digestion,
gBlocks were purified using the GeneJET PCR Purification kit (Thermo Scientific, cat. #K0701).
pGL4-minP vector and CRS inserts were ligated using T4 ligase (Thermo Fisher Scientific, cat.
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#EL0016) and T4 DNA ligase buffer in a ratio of 1:3 (vector:insert) O/N at 16°C. Transformation
was done using DH5α bacteria and a 1 minute heat shock in a 42°C water bath. Mixtures were
incubated in a shaker at 37°C for 30 minutes at 500 rpm after adding 250 ml LB medium,
and plated on LB agar plates with ampicillin. Minipreps were performed using the GeneJET
Plasmid Miniprep Kit (Thermo Fisher Scientific, #K0502) and the correct inserts were checked
with digestion checks. In addition, plasmids were sequence verified using the following primers:
forward (CTAGCAAAATAGGCTGTCCC), reverse (CTTCTTAATGTTTTTGGCATCTTCC).
Cloning pSpgRNA constructs
For the dCas9 assays, gRNAs were cloned into pSpgRNA (Addgene, #47108) at the BbsI site. For
designed gRNAs, CRISPOR (http://crispor.tefor.net) was used. Cloning was done according to the
Zhang lab protocol101–104 and minipreps were done using the the GeneJET Plasmid Miniprep Kit.
Correct inserts sequence verified using the following primer: GAGGGCCTATTTCCCATGATT. All
gRNAs that were used in dCas9 assays can be found in Supplementary Table 1.
Dual luciferase assays
BC44, HC11 (both 20.000 cells per well) or HMLE cells (80.000 cells per well) were plated in a 24
well plate 24 hours prior to transfection. X-tremeGENE HP DNA Transfection Reagent (SigmaAldrich, cat. #6366236001) was used for transfection according to manufacturer’s protocol (1:1
ratio for BC44 and HC11, 1:3 ratio for HMLE). Transfections were done in triplo, using 300 ng
pGL4_minP (EV or containing the CRS sequence), 100 ng CMV-Renilla (transfection control), and
100 ng eGFP (to check transfection efficiency) in each well. Cells were harvested 48 hours after
transfection and plates were stored in -80°C. For the luciferase assay, cells were lysed in 1X Passive
Lysis Buffer (50 ml per well (Promega, cat# E1941)) according to manufacturer’s instructions. For
the reactions, non-commercial firefly and Renilla luciferase reagents (LAR) were used105. Firefly
LAR is composed of 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 mM D-Luciferin pH 6.0-7.0 (Biosynth cat. L-8200) with a final pH of 8.0. The buffer
of Renilla LAR 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. The following components were freshly
added to the Renilla LAR buffer before every assay: 50 mM phenylbenzothiazole (Santa Cruz
Biotechnology cat. sc-391075) and 4 mM benzyl-coelenterazine (Nanolight cat. 301-500). Firefly
and Renilla luciferase activity was measured in a GloMax Navigator (Promega, cat# GM2000).
The following protocol was used in the GloMax: Injection of 50 ml non-commercial firefly LAR, 2
seconds pre-measurement delay, 10 seconds measurement firefly reporter, injection of 50 ml noncommercial Renilla LAR, 2 seconds pre-measurement delay, 10 seconds measurement Renilla
reporter. Firefly luciferase values were normalized to their own Renilla luciferase values.
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dCas9 assays
BC44 and HC11 cells were plated with a density of 100.000 cells per well in a 6 well plate. After
24 hours, cells were transfected with prepared pools of pSpgRNA (500 ng per well, containing the
gRNAs, pools were made per promoter/CRS) and dCas9-VPR (1500 ng, Addgene #63798) using
X-tremeGENE HP DNA Transfection Reagent in a 1:1 ratio. Cells were harvested after 48 hours
and stored in -80°C until further analysis.
qRT-PCR
For BC44 and HC11 WT cell lines, dCas9 samples, and FACS sorted primary mammary cells,
RNA was isolated from Trizol according to the manufacturer’s protocol. cDNA synthesis was
performed from 200 ng - 4 mg of RNA using SuperScript IV Reverse Transcriptase (Invitrogen,
cat. #18090200) and Random Hexamers (Invitrogen, cat. #N8080127) according to manufacturer’s
guidelines with the addition of RiboLock RNase Inhibitor (Thermo Scientific, cat. #EO0328). After
cDNA synthesis was completed, samples were diluted 10x. qRTPCR reactions were performed
using a QuantStudio 3 Real-Time PCR System. For the reactions, 5 ml of diluted cDNA was added
to a mix of 4 ml 5X HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis Biodyne, cat. #0824-00008), 2 ml primers (from a 10 mM stock) and 10 ml nuclease-free water. Reactions were
performed in triplicates in a 96x0.2 ml plate (BIOplastics, cat. #AB17500). The following stages
were included in the reaction: 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. See Table 3 for
used primers.
Gene

Forward / Reverse

Primer sequence

Ctbp1

Forward

GTGCCCTGATGTACCATACCA

Ctbp1

Reverse

GCCAATTCGGACGATGATTCTA

Wnt4

Forward

ACTGGACTCCCTCCCTGTCT

Wnt4

Reverse

TGCCCTTGTCACTGCAAA

Zbtb40

Forward

GTGATCTCACGGATGCAAAG

Zbtb40

Reverse

CCCTGTTTCACGAGGGTCT

Cdc42

Forward

ACAACAAACAAATTCCCATCG

Cdc42

Reverse

TTGCCCTGCAGTATCAAAAA

Gm13003

Forward

CCAGGACACAGCTGCAAA

Gm13003

Reverse

CGGGCTCAGATCTTCGTCT

Krt18

Forward

AGATGACACCAACATCACAAGG

Krt18

Reverse

CTTCCAGACCTTGGACTTCCT

Krt14

Forward

ATCGAGGACCTGAAGAGCAA

Krt14

Reverse

TCGATCTGCAGGAGGACATT

Vimentin

Forward

CGGCTGCGAGAGAAATTGC

Vimentin

Reverse

CCACTTTCCGTTCAAGGTCAAG

Cfd

Forward

CATGCTCGGCCCTACATGG

Cfd

Reverse

CACAGAGTCGTCATCCGTCAC

Table 3: Primers used for qRT-PCR reactions.
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4C
4C-seq was performed as previously described106, with some modifications. Briefly, 1x106 BC44 or
HC11 cells were crosslinked with 2% (v/v) formaldehyde in PBS/10% FBS for 10 minutes at RT
in 15 cm cell culture dishes while shaking. Cells were isolated by using a cell scraper, lysed for 10
minutes in lysis buffer and homogenized with a dounce-homogenizer. Nuclei were digested with
200 U DpnII (NEB) in DpnII buffer (NEB) complemented with 0.3% SDS and 2% Triton X-100 for
4 hours, an additional 200 U DpnII O/N and another 200 U DpnII for 4 hours the following day at
37°C while shaking. The first ligation was performed with 100 U T4 DNA ligase O/N at 16°C in a
total volume of 15 ml. Following decrosslinking and phenol/chloroform extraction, the DNA was
digested NlaIII in Cutsmart buffer (NEB) O/N at 37°C while shaking. After the digestion a second
ligation was carried out with T4 DNA ligase (Thermo Scientific) in a total volume of 15 ml O/N
at 16°C. The DNA was extracted with a phenol/chloroform extraction and purified with the ChIP
DNA Clean & Concentrator Kit (Zymo Research). 50-100 ng template per reaction and 1mg in
total was used to amplify PCR-specific libraries for the viewpoint using primers listed in Table 4
and the Expand Long Template PCR system (Sigma). Successful reactions were pooled and
purified with the High-pure PCR Product Purification Kit (Sigma). Equal amounts of libraries
were combined and all library preparation and sequencing steps were performed by MAD: Dutch
Genomics Service & Support Provider, Swammerdam Institute for Life Sciences, University of
Amsterdam. For processing raw 4C-seq data, the publicly available 4C mapping pipeline for
mapping (Mm9) and filtering 4C data was used (https://github.com/deWitLab/4C_mapping) using
default settings. The R package PeakC107 was used to analyze processed triplicates of 4C-seq data
and identify significantly interacting regions within a window size of 400kb.
Primer

Sequence

Viewpoint reading primer

CCAGAACTCAGGGCGATC

Viewpoint non-reading primer

TGGGTTTCTGTTCGATTCTT

Sequencing primer BC44 Wnt4 1

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTGTAGCCCCAGAACTCAGGGCGATC

Sequencing primer BC44 Wnt4 2

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTTACAAGCCAGAACTCAGGGCGATC

Sequencing primer HC11 Wnt4 1

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTACATAGCCAGAACTCAGGGCGATC

Sequencing primer HC11 Wnt4 2

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTGTGCGACCAGAACTCAGGGCGATC

Table 4: Primers used in 4C experiments.
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Supplementary Figures
1

2

1

2

Supplementary Figure 1: RNA in situ negative control images. Numbers 1 and 2 refer to the different mice and
correspond to the same numbers in Figure 3A. For the negative controls, RNAscope 2-plex Negative Control
Probe Mix was used, which contains premix probes for DapB in both channels. Nuclei were counterstained with
hematoxylin. Scale bars are 20 mm.
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Supplementary Figure 2: Wnt4 expression in BC44 and HC11 cell lines. Graph showing RNA-sequencing results
of BC44 and HC11 WT samples. RPKM = reads per kilobase per million mapped reads. Two replicates per cell line
were sequenced.
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Supplementary Figure 3: Gene expression in sorted primary mammary cell types. Graph showing expression
of cell type specific markers of different mammary gland cell types. Mammary gland cells from 6 adult C57BL/6J
mice were sorted using FACS. In qRT-PCR experiments, Ctbp1 was used as housekeeping gene and values were
normalized to the sample with the highest expression per gene. Krt18 is a marker for luminal cells, Krt14 for basal
cells, Vimentin for fibroblasts and Cfd (Adipsin) for adipoctyes108,109.
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CRS/P/NC

P

1

2

3

4

5

6
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Size (bp)

600

1185

1217

762

1014

726

1216

#

Strand

Forward oligo

Reverse oligo

1

-

caccgGGCCGAGGATGGGGTTACCT

aaacAGGTAACCCCATCCTCGGCCc

2

+

caccgACCGCCGCATCCCGGCTCTG

aaacCAGAGCCGGGATGCGGCGGTc

3

+

caccgGCGCTGACAGTCGGGTCCGC

aaacGCGGACCCGACTGTCAGCGCc

4

-

caccgGGGCTCAGCCTCCGAGCAGC

aaacGCTGCTCGGAGGCTGAGCCCc

5

-

caccgAGCGGCCGCAAGGCTCCCGT

aaacACGGGAGCCTTGCGGCCGCTc

6

-

caccgGGGACCGCAGGCACGAACGG

aaacCCGTTCGTGCCTGCGGTCCCc

7

+

caccgTCTCGGCCGCCGCGAGCAAT

aaacATTGCTCGCGGCGGCCGAGAc

8

-

caccgACCGGCGGGAGCGCGATCCT

aaacAGGATCGCGCTCCCGCCGGTc

1

+

caccgCTAGGCAGGTAGTATTCATG

aaacCATGAATACTACCTGCCTAGc

2

+

caccgCACCAGCACAGAGCTCATTG

aaacCAATGAGCTCTGTGCTGGTGc

3

+

caccgTTCTGCAGCCAACTACGGTC

aaacGACCGTAGTTGGCTGCAGAAc

4

-

caccgGGTTCCTCAGTCCATCGTCC

aaacGGACGATGGACTGAGGAACCc

5

+

caccgCGAGAGCTCCCCTGGTCGGC

aaacGCCGACCAGGGGAGCTCTCGc

6

+

caccgGATTTGCATATGCAATGAGG

aaacCCTCATTGCATATGCAAATCc

7

-

caccgGCATCGCCACCATGCCTTGG

aaacCCAAGGCATGGTGGCGATGCc

8

+

caccgTGTAGGTAACCAGCCACACC

aaacGGTGTGGCTGGTTACCTACAc

1

-

caccgTAAATCCTGTCACGTACATC

aaacGATGTACGTGACAGGATTTAc

2

+

caccgGCACTATTTGCTGCCCCATA

aaacTATGGGGCAGCAAATAGTGCc

3

+

caccgCCATTCTAAGATGTGCCCTC

aaacGAGGGCACATCTTAGAATGGc

4

-

caccgGAGTTGTGTAGAACTTTGCA

aaacTGCAAAGTTCTACACAACTCc

5

+

caccgGCTCACACCCCGCTGTCTGC

aaacGCAGACAGCGGGGTGTGAGCc

6

+

caccgCTGGACACTCAGTCAAACCA

aaacTGGTTTGACTGAGTGTCCAGc

7

-

caccgGGCACAGCACCCACGTGCGT

aaacACGCACGTGGGTGCTGTGCCc

8

+

caccgCTACGGTCAACCCACTGTGA

aaacTCACAGTGGGTTGACCGTAGc

1

+

caccgCACCATCCGTCCAGAGTGAC

aaacGTCACTCTGGACGGATGGTGc

2

+

caccgCCCCAACCTGGGGATCCTTT

aaacAAAGGATCCCCAGGTTGGGGc

3

+

caccgTAGGTCAGAAGACTTTACCG

aaacCGGTAAAGTCTTCTGACCTAc

4

-

caccgTTGCCCAGGGCTGACGTCAG

aaacCTGACGTCAGCCCTGGGCAAc

5

+

caccgAGGGTCTCATTGAAGGTGAT

aaacATCACCTTCAATGAGACCCTc

1

-

caccgCTTGTCACCCCTGCCGTGTG

aaacCACACGGCAGGGGTGACAAGc

2

-

caccgAATCAAAAATGGCTCGAGCG

aaacCGCTCGAGCCATTTTTGATTc

3

+

caccgCAATGCAACACCGATCTTTA

aaacTAAAGATCGGTGTTGCATTGc

4

-

caccgATCATAGCATGTGCCCTCGA

aaacTCGAGGGCACATGCTATGATc

5

-

caccgCTGAACTCCGGAGTACGGAG

aaacCTCCGTACTCCGGAGTTCAGc

6

+

caccgCTCGCCGACAGCCTACAGAG

aaacCTCTGTAGGCTGTCGGCGAGc

7

+

caccgGAAAGGACTTAGCTGTCATC

aaacGATGACAGCTAAGTCCTTTCc

1

+

caccgCTATGTATGAACAACGCTTG

aaacCAAGCGTTGTTCATACATAGc

2

+

caccgATACATCAGGGTTGTCGCTT

aaacAAGCGACAACCCTGATGTATc

3

-

caccgCAGAGATTGCAGACGTGTTA

aaacTAACACGTCTGCAATCTCTGc

4

+

caccgAAACACGGCCGCTGACTCAT

aaacATGAGTCAGCGGCCGTGTTTc

5

-

caccgGAGCTCTCCATGCCGTGCGA

aaacTCGCACGGCATGGAGAGCTCc

1

-

caccgAAGTGTGCACAGCGCCACCT

aaacAGGTGGCGCTGTGCACACTTc

2

-

caccgCATCAGAGTCCACACCGCGG

aaacCCGCGGTGTGGACTCTGATGc

3

-

caccgCCTCCCTCCGGTGCCGAATC

aaacGATTCGGCACCGGAGGGAGGc

4

-

caccgAGACCCCAGCTTGCTTTGTA

aaacTACAAAGCAAGCTGGGGTCTc

5

-

caccgAGCAGCCCCGACCTGACACG

aaacCGTGTCAGGTCGGGGCTGCTc

6

-

caccgTTATTACTACATCGGGTAAC

aaacGTTACCCGATGTAGTAATAAc

7

-

caccgGGCATCCCCCTAGGTATAAC

aaacGTTATACCTAGGGGGATGCCc

8

+

caccgGGGTGCCTAGAGTATAGGTC

aaacGACCTATACTCTAGGCACCCc
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CRS/P/NC

7

8

9

10

11

12

13

Size (bp)

1217

1217

1143

664

705

740

1164

#

Strand

Forward oligo

Reverse oligo

1

+

caccgGTCCAGAGCTGACGCATCTG

aaacCAGATGCGTCAGCTCTGGACc

2

-

caccgCGGCTGGATGCCGCTGTAAC

aaacGTTACAGCGGCATCCAGCCGc

3

+

caccgCTAGGGGAACCTAGGCGACC

aaacGGTCGCCTAGGTTCCCCTAGc

4

-

caccgTTCCACCCCTCACATCTGGG

aaacCCCAGATGTGAGGGGTGGAAc

5

-

caccgTTAGGTGGGCCTCTAGGGCC

aaacGGCCCTAGAGGCCCACCTAAc

6

-

caccgCTCTTGTCATACCGTACCCT

aaacAGGGTACGGTATGACAAGAGc

7

-

caccgTTTCACAGGCTGGCCAACAC

aaacGTGTTGGCCAGCCTGTGAAAc

8

-

caccgGTAGAAGTGGCTGGTCCGCT

aaacAGCGGACCAGCCACTTCTACc

1

+

caccgGCACTGAGGGCTACTTTAGT

aaacACTAAAGTAGCCCTCAGTGCc

2

-

caccgCTCGAATGCCCGTCAACAGT

aaacACTGTTGACGGGCATTCGAGc

3

+

caccgAATATTTGTCACCGTCTCCC

aaacGGGAGACGGTGACAAATATTc

4

+

caccgGACTGTCCGAGTAACCCAAC

aaacGTTGGGTTACTCGGACAGTCc

5

+

caccgGTGTACTAAGTTCGATGTAC

aaacGTACATCGAACTTAGTACACc

6

+

caccgGCAGCTGCTACAACCGACAC

aaacGTGTCGGTTGTAGCAGCTGCc

7

-

caccgCACTCTAAGGGACCCGGGAG

aaacCTCCCGGGTCCCTTAGAGTGc

8

-

caccgGCATTCCACAAGGGGAATCT

aaacAGATTCCCCTTGTGGAATGCc

1

+

caccgATCCGCTGGATTGTTCCAAC

aaacGTTGGAACAATCCAGCGGATc

2

-

caccgTAGTGCCGTCCTCGGGTGTG

aaacCACACCCGAGGACGGCACTAc

3

+

caccgCCGACCTGAGTAGACACTAG

aaacCTAGTGTCTACTCAGGTCGGc

4

+

caccgCCTCAGGAATAAACTCGTTG

aaacCAACGAGTTTATTCCTGAGGc

5

+

caccgTTAGCTTGGGACCCGGACAG

aaacCTGTCCGGGTCCCAAGCTAAc

6

+

caccgGCTCCGAGAGACACTCGGCC

aaacGGCCGAGTGTCTCTCGGAGCc

7

-

caccgCTGTTGCTGGTCTAGTTGTG

aaacCACAACTAGACCAGCAACAGc

8

-

caccgACCTGTTCTCTAACAGCGCC

aaacGGCGCTGTTAGAGAACAGGTc

1

+

caccgGGAACTACGCCAACTTCTGT

aaacACAGAAGTTGGCGTAGTTCCc

2

+

caccgGTCACTCCAGCTAACCCGGC

aaacGCCGGGTTAGCTGGAGTGACc

3

-

caccgGTGAATCTCTGAGCACCCGT

aaacACGGGTGCTCAGAGATTCACc

4

-

caccgGTATAACTTCGGTGCCAACC

aaacGGTTGGCACCGAAGTTATACc

1

-

caccgTGATGACACTGGATTAGAAC

aaacGTTCTAATCCAGTGTCATCAc

2

+

caccgCTGTGATAGGACAAGAAGAC

aaacGTCTTCTTGTCCTATCACAGc

3

-

caccgGCAAAGTTGCAGCTGACCGC

aaacGCGGTCAGCTGCAACTTTGCc

4

+

caccgAACTTCAAGCTTCACCCGGG

aaacCCCGGGTGAAGCTTGAAGTTc

5

+

caccgGCTTAGTCTAGCGTATGGCC

aaacGGCCATACGCTAGACTAAGCc

1

+

caccgGAAAGGCCCTCCGACGCTCC

aaacGGAGCGTCGGAGGGCCTTTCc

2

-

caccgAGGCGGGTGGCAATTCTACC

aaacGGTAGAATTGCCACCCGCCTc

3

+

caccgCCTTGTGCCTGCACCGTGGG

aaacCCCACGGTGCAGGCACAAGGc

4

-

caccgGCCTGGGGTCTCTTCCCGTT

aaacAACGGGAAGAGACCCCAGGCc

5

+

caccgTGAAACTGGACCAGCCCCTA

aaacTAGGGGCTGGTCCAGTTTCAc

1

+

caccgAGTAAGCCCATGCATGAGAC

aaacGTCTCATGCATGGGCTTACTc

2

-

caccgCTGGTAGACTACTGAAGAAC

aaacGTTCTTCAGTAGTCTACCAGc

3

+

caccgAACACACTTCGGTGTCACTA

aaacTAGTGACACCGAAGTGTGTTc

4

+

caccgATGGGTAGGGCTAGCCCCAT

aaacATGGGGCTAGCCCTACCCATc

5

+

caccgTGGAGCCTCTCCCACGATGC

aaacGCATCGTGGGAGAGGCTCCAc

6

+

caccgAACACCCGGGAGTATTTAAC

aaacGTTAAATACTCCCGGGTGTTc

7

+

caccgACCTGGTGGACCGGTGCTCC

aaacGGAGCACCGGTCCACCAGGTc

8

+

caccgTCTAATGCTTGCGAGGTTGG

aaacCCAACCTCGCAAGCATTAGAc
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14

15

16

17

n1

n2

n3

136

Size (bp)

941

786

1140

964

1201

1191

1201

#

Strand

Forward oligo

Reverse oligo

1

-

caccgTGGGAAGCAACTGTAGGTCG

aaacCGACCTACAGTTGCTTCCCAc

2

+

caccgTCAGTGATTCAGCCAGCCCG

aaacCGGGCTGGCTGAATCACTGAc

3

-

caccgGCCTGTGAGCTGTCCGGGGT

aaacACCCCGGACAGCTCACAGGCc

4

-

caccgAACTCCTGGGATTCGCATTC

aaacGAATGCGAATCCCAGGAGTTc

5

-

caccgAAGCCCACTACTCCCTTGTA

aaacTACAAGGGAGTAGTGGGCTTc

6

-

caccgCTTTCCGTTCATCAGCCACG

aaacCGTGGCTGATGAACGGAAAGc

1

+

caccgGAACAGGCTACGGCCACTGA

aaacTCAGTGGCCGTAGCCTGTTCc

2

+

caccgGCAGCTGCTGCGTCCAGTAA

aaacTTACTGGACGCAGCAGCTGCc

3

-

caccgGAGATCGGCCGGAACGACGG

aaacCCGTCGTTCCGGCCGATCTCc

4

+

caccgAGAATTTGAACTCTGATAGT

aaacACTATCAGAGTTCAAATTCTc

5

-

caccgTTCCTCCTTGTAAGCTAAGC

aaacGCTTAGCTTACAAGGAGGAAc

1

+

caccgACACCTGCAGCATTGACTGT

aaacACAGTCAATGCTGCAGGTGTc

2

+

caccgGATCTGAATGTGCGCCCGGC

aaacGCCGGGCGCACATTCAGATCc

3

-

caccgAACCTCGGCTCACCTGCATT

aaacAATGCAGGTGAGCCGAGGTTc

4

-

caccgGTCAGAGAGCCCCGTCAACT

aaacAGTTGACGGGGCTCTCTGACc

5

+

caccgGTAGACCATTTGGATGCTGT

aaacACAGCATCCAAATGGTCTACc

6

+

caccgATATTCAACGAGCAGCCCGG

aaacCCGGGCTGCTCGTTGAATATc

7

-

caccgCCCTACTCTAGAGGATACGT

aaacACGTATCCTCTAGAGTAGGGc

8

+

caccgCCCACGTATCCTCTAGAGTA

aaacTACTCTAGAGGATACGTGGGc

1

-

caccgAAGTCACTCGCCCTCGTGAC

aaacGTCACGAGGGCGAGTGACTTc

2

+

caccgAGGGCGAGTGACTTCGTGAA

aaacTTCACGAAGTCACTCGCCCTc

3

+

caccgACCTGTCCCACCGGCTGTAC

aaacGTACAGCCGGTGGGACAGGTc

4

+

caccgCTCAACCTGCACAAAAAACC

aaacGGTTTTTTGTGCAGGTTGAGc

5

+

caccgAGACCTGCTACGGCACAAAA

aaacTTTTGTGCCGTAGCAGGTCTc

6

-

caccgTTGCAGAGGCCTATAGATAG

aaacCTATCTATAGGCCTCTGCAAc

1

-

caccgGTCTTTAAAAGTTGGGCATG

aaacCATGCCCAACTTTTAAAGACc

2

-

caccgCCTTAGAGACAAGGAGTGGC

aaacGCCACTCCTTGTCTCTAAGGc

3

-

caccgACTCAGAGACACTAGCGTTT

aaacAAACGCTAGTGTCTCTGAGTc

4

+

caccgCCCGGGTACCTAACTCCACG

aaacCGTGGAGTTAGGTACCCGGGc

5

+

caccgCCACCAGGGTAGTACACATC

aaacGATGTGTACTACCCTGGTGGc

6

-

caccgTTGTAGGGCCGTGTACAGTA

aaacTACTGTACACGGCCCTACAAc

7

-

caccgCTGTGCGTGATGGCTCATAG

aaacCTATGAGCCATCACGCACAGc

8

-

caccgCCATTTGAGACGTTAGCAAT

aaacATTGCTAACGTCTCAAATGGc

1

+

caccgATGGGCAAGAATCTATACGC

aaacGCGTATAGATTCTTGCCCATc

2

-

caccgAAGCACGTATGATCTAATGA

aaacTCATTAGATCATACGTGCTTc

3

-

caccgCTTTGATGTACTGCGGCCTT

aaacAAGGCCGCAGTACATCAAAGc

4

+

caccgCAAGTTGAAAAGCCGGGGTC

aaacGACCCCGGCTTTTCAACTTGc

5

-

caccgATCCTCCGAATCCCCCGCCC

aaacGGGCGGGGGATTCGGAGGATc

6

-

caccgAGATGGGGCGGCAATCGTGA

aaacTCACGATTGCCGCCCCATCTc

7

-

caccgCTACAGTGGGCATCCCAAGT

aaacACTTGGGATGCCCACTGTAGc

8

+

caccgGTTTAGCAGTCCATGCACAA

aaacTTGTGCATGGACTGCTAAACc

1

+

caccgGGGGTCCTCAGAACGGTCAG

aaacCTGACCGTTCTGAGGACCCCc

2

+

caccgGTCCTTGGCTGTAACCTAGG

aaacCCTAGGTTACAGCCAAGGACc

3

-

caccgCCAAACATCTGCTCTTAGCC

aaacGGCTAAGAGCAGATGTTTGGc

4

-

caccgGATGGCAAGAACATACCTTA

aaacTAAGGTATGTTCTTGCCATCc

5

+

caccgGGCATGTAAGGGTGTCACTC

aaacGAGTGACACCCTTACATGCCc

6

-

caccgTCCGAGTACCTGGCTGTGAT

aaacATCACAGCCAGGTACTCGGAc

7

-

caccgCCCTGTGGTCTCTTACGGGA

aaacTCCCGTAAGAGACCACAGGGc

8

+

caccgTGTTTATAGCGGACAAAGAA

aaacTTCTTTGTCCGCTATAAACAc
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Supplementary Table 1: Oligos used for cloning gRNAs. The CRS/P/NC column indicates the CRS, promoter,
or negative control. In the next column, the length of the CRS/P/NC is shown. For every 150 bp, approximately 1
gRNA was designed. The gRNAs are dispersed over the sequence of interest and can be located on the plus or
minus strand.
CRS

Hit

Cover

E-value

Ident.

Accession

Description

1

100%

0.0

100.00%

NM_198248.1

Mus musculus zinc finger and BTB domain
containing 40 (Zbtb40), mRNA

2

11%

2,00E-12

76.76%

NM_014870.4

Homo sapiens zinc finger and BTB domain con
taining 40 (ZBTB40), transcript variant 2, mRNA

3

11%

2,00E-12

76.76%

NM_001330398.1

Homo sapiens zinc finger and BTB domain con
taining 40 (ZBTB40), transcript variant 3, mRNA

4

11%

2,00E-12

76.76%

NM_001083621.1

Homo sapiens zinc finger and BTB domain con
taining 40 (ZBTB40), transcript variant 1, mRNA

5

11%

2,00E-12

76.76%

AL035703.21

Human DNA sequence from clone RP1-61A9 on
chromosome 1p35.2-36.13, complete sequence

6

11%

2,00E-12

76.76%

AB007947.2

Homo sapiens KIAA0478 mRNA for KIAA0478
protein

1

100%

0.0

100.00%

AL671011.9

Mouse DNA sequence from clone RP23-95O23
on chromosome 4, complete sequence

2a-c

40%

3,00E-36

73.77%

AL035703.21

Human DNA sequence from clone RP1-61A9 on
chromosome 1p35.2-36.13, complete sequence

3

11%

4,00E-09 71.92%

BC114607.1

Homo sapiens zinc finger and BTB domain
containing 40, mRNA (cDNA clone MGC:133098
IMAGE:40027

4

11%

4,00E-09 71.92%

AK095273.1

Homo sapiens cDNA FLJ37954 fis, clone
CTONG2009270, weakly similar to Mus musculus
transcriptional repressor RP58 (rp58) mRNA

5

11%

4,00E-09 71.92%

AB007947.2

Homo sapiens KIAA0478 mRNA for KIAA0478
protein

6

11%

5,00E-08

71.23%

NM_014870.4

Homo sapiens zinc finger and BTB domain con
taining 40 (ZBTB40), transcript variant 2, mRNA

7

11%

5,00E-08

71.23%

NM_001330398.1

Homo sapiens zinc finger and BTB domain con
taining 40 (ZBTB40), transcript variant 3, mRNA

8

11%

5,00E-08

71.23%

NM_001083621.1

Homo sapiens zinc finger and BTB domain con
taining 40 (ZBTB40), transcript variant 1, mRNA

1

100%

0.0

100.00%

AL671011.9

Mouse DNA sequence from clone RP23-95O23
on chromosome 4, complete sequence

2

34%

2,00E-49

78.65%

AL358788.17

Human DNA sequence from clone RP11-466J21
on chromosome 1, complete sequence

1a-b

100%

0.0

100.00%

AL671011.9

Mouse DNA sequence from clone RP23-95O23
on chromosome 4, complete sequence

2a-b

19%

2,00E-07

79.52%

AL591122.20

Human DNA sequence from clone RP11-415K20
on chromosome 1, complete sequence

3

3%

0.041

88.89%

NG_042164.1

Homo sapiens oxysterol binding protein like 2
(OSBPL2), RefSeqGene on chromosome 20

4

3%

0.041

88.89%

AL354836.13

Human DNA sequence from clone RP11-157P1 on
chromosome 20, complete sequence

1

100%

0.0

100.00%

AL671011.9

Mouse DNA sequence from clone RP23-95O23
on chromosome 4, complete sequence

2

34%

7,00E-48

77.34%

AL591122.20

Human DNA sequence from clone RP11-415K20
on chromosome 1, complete sequence

3

6%

0.008

84.78%

AC277883.1

Homo sapiens chromosome 15 clone CH17-21B9,
complete sequence

4

6%

0.008

84.78%

AC024375.13

Homo sapiens chromosome 15, clone RP11572A8, complete sequence

5

6%

0.008

84.78%

AC135628.8

Homo sapiens chromosome 15, clone RP11883G10, complete sequence

1

2

3

4

5
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CRS

Hit

Cover

E-value

Ident.

Accession

Description

1

100%

0.0

100.00%

AL671011.9

Mouse DNA sequence from clone RP23-95O23
on chromosome 4, complete sequence

2a-b

17%

3,00E-24

76.88%

AL031279.1

Human DNA sequence from clone RP1-163O16 on
chromosome 1p35.1-36.13, complete sequence

3

3%

0.049

87.18%

NG_021394.1

Homo sapiens LDL receptor related protein 4
(LRP4), RefSeqGene on chromosome 11

4

3%

0.049

87.18%

AC021573.10

Homo sapiens chromosome 11, clone RP11411D10, complete sequence

1

100%

0.0

100.00%

AL671011.9

Mouse DNA sequence from clone RP23-95O23
on chromosome 4, complete sequence

2

22%

3,00E-24

71.32%

AL031279.1

Human DNA sequence from clone RP1-163O16 on
chromosome 1p35.1-36.13, complete sequence

3

2%

0.049

93.55%

BN000001.1

TPA: Homo sapiens TIM17A gene, RNPEP gene,
ELF3 gene and L10 gene (partial)

4

2%

0.049

93.55%

AC099676.2

Homo sapiens chromosome 1 clone RP11-465N4,
complete sequence

1

100%

0.0

100.00%

AL671011.9

Mouse DNA sequence from clone RP23-95O23
on chromosome 4, complete sequence

2

5%

0.014

78.12%

AC092500.2

Homo sapiens chromosome 3 clone RP11-111P21,
complete sequence

3

5%

0.014

78.12%

AC006515.7

Homo sapiens 3p22-7 PAC RPCI5-1053D16
(Roswell Park Cancer Institute Human PAC
Library) complete

4

2%

0.049

88.89%

AC097649.3

Homo sapiens BAC clone RP11-92D1 from 4,
complete sequence

5

2%

0.049

88.89%

DQ304649.1

Homo sapiens anaphase promoting complex
subunit 10 (ANAPC10) gene, complete cds

1

100%

0.0

100.00%

AL808114.11

Mouse DNA sequence from clone RP23-146A17
on chromosome 4, complete sequence

2a-b

25%

2,00E-51

82.63%

AL031279.1

Human DNA sequence from clone RP1-163O16 on
chromosome 1p35.1-36.13, complete sequence

3

3%

0.046

85.71%

AL445624.3

Homo sapiens chromosome 9 BAC RP11-512L9,
complete sequence

1

100%

0.0

100.00%

AL645468.11

Mouse DNA sequence from clone RP23-246F18
on chromosome 4, complete sequence

1

100%

0.0

100.00%

AL645468.11

Mouse DNA sequence from clone RP23-246F18
on chromosome 4, complete sequence

2

33%

8,00E-28

73.75%

AL031279.1

Human DNA sequence from clone RP1-163O16 on
chromosome 1p35.1-36.13, complete sequence

3

7%

0.008

82.00%

AC092265.3

Homo sapiens chromosome 1 clone RP4-656G21,
complete sequence

4

6%

0.008

82.98%

AL137076.6

Human DNA sequence from clone RP5-893G23
on chromosome 1p34.2-36.11, complete
sequence

1

100%

0.0

100.00%

AL645468.11

Mouse DNA sequence from clone RP23-246F18
on chromosome 4, complete sequence

2

64%

1,00E-45

69.76%

AH010731.2

Homo sapiens secreted glycoprotein Wnt4
(WNT4) gene, partial cds

3

64%

1,00E-45

69.76%

NG_008974.1

Homo sapiens Wnt family member 4 (WNT4),
RefSeqGene on chromosome 1

4

64%

1,00E-45

69.76%

AL445253.13

Human DNA sequence from clone RP4-660K3 on
chromosome 1, complete sequence

5

64%

1,00E-45

69.76%

AL031281.6

Human DNA sequence from clone RP1-224A6 on
chromosome 1p35.1-36.23, complete sequence

6

5%

0.008

88.10%

AC084871.4

Homo sapiens BAC clone RP11-701P16 from 4,
complete sequence

6

7

8

9

10

11

12
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CRS

12

13

14

15

16

17

Hit

Cover

E-value

Ident.

Accession

Description

7

4%

0.029

91.67%

NG_007366.2

Homo sapiens interleukin 12 receptor subunit
beta 1 (IL12RB1), RefSeqGene (LRG_72) on
chromosome 1

8

4%

0.029

91.67%

AY771996.1

Homo sapiens interleukin 12 receptor, beta 1
(IL12RB1) gene, complete cds

9

4%

0.029

91.67%

AC020904.7

Homo sapiens chromosome 19 clone CTB-52I2,
complete sequence

10

4%

0.029

91.67%

AC008569.7

Homo sapiens chromosome 19 clone CTC548K16, complete sequence

11

5%

0.029

86.05%

AC008732.9

Homo sapiens chromosome 16 clone CTD2519M14, complete sequence

1

100%

0.0

100.00%

AL645468.11

Mouse DNA sequence from clone RP23-246F18
on chromosome 4, complete sequence

2

14%

0.001

66.85%

NG_008974.1

Homo sapiens Wnt family member 4 (WNT4),
RefSeqGene on chromosome 1

3

14%

0.001

66.85%

AL031281.6

Human DNA sequence from clone RP1-224A6 on
chromosome 1p35.1-36.23, complete sequence

1

100%

0.0

100.00%

AL645468.11

Mouse DNA sequence from clone RP23-246F18
on chromosome 4, complete sequence

2a-c

49%

4,00E-27

68.45%

NG_008974.1

Homo sapiens Wnt family member 4 (WNT4),
RefSeqGene on chromosome 1

3a-c

49%

4,00E-27

68.45%

AL031281.6

Human DNA sequence from clone RP1-224A6 on
chromosome 1p35.1-36.23, complete sequence

1

100%

0.0

100.00%

AL645468.11

Mouse DNA sequence from clone RP23-246F18
on chromosome 4, complete sequence

2

25%

6,00E-05

67.76%

NG_008974.1

Homo sapiens Wnt family member 4 (WNT4),
RefSeqGene on chromosome 1

3

25%

6,00E-05

67.76%

AL031281.6

Human DNA sequence from clone RP1-224A6 on
chromosome 1p35.1-36.23, complete sequence

1a-g

100%

0.0

100.00%

AL645468.11

Mouse DNA sequence from clone RP23-246F18
on chromosome 4, complete sequence

2

27%

6,00E-58

77.00%

NG_008974.1

Homo sapiens Wnt family member 4 (WNT4),
RefSeqGene on chromosome 1

3

27%

6,00E-58

77.00%

AL031281.6

Human DNA sequence from clone RP1-224A6 on
chromosome 1p35.1-36.23, complete sequence

1

100%

0.0

100.00%

AL645468.11

Mouse DNA sequence from clone RP23-246F18
on chromosome 4, complete sequence

2a-b

38%

9,00E-23

71.15%

AL031281.6

Human DNA sequence from clone RP1-224A6 on
chromosome 1p35.1-36.23, complete sequence

3

5%

0.47

78.33%

AC067735.36

Homo sapiens 12 BAC RP11-396F22 (Roswell
Park Cancer Institute Human BAC Library)
complete sequence

Supplementary Table 2: BLAST hits from the human genome. This table contains information about the align
ments that were found between the mouse CRSs and the human genome using BLAST71. The first column shows
the number of the CRS and the second column shows the alignment number (these numbers correspond to the
numbers in Supplementary Table 3). The query sequence in the BLAST alignment was the mouse CRS, and the first
hit of every CRS is a validation of that sequence. Multiple blocks per CRS could be aligned to the human genome,
therefore multiple hits are depicted per CRS. The “Cover” column shows the percentage of the sequence that is
identical to the query sequence and the E-value is a statistical value for this alignment. The column “Ident.” shows
the percentage that is identical between the mouse and human genome for every hit. The last two columns show
the accession number of the data and a description of the project/clone.
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CRS

1

2

3

4

5

6

7

8

9

10

140

Hit

Alignments

Length

Score

Expect

Identities

Gaps

Strand

1

1-1185

1185

2138

0.0

1185/1185(100%)

0/1185(0%)

Plus/Minus

2

690-825

136

82.4

2,00E-12

109/142(77%)

11/142(7%)

Plus/Minus

3

690-825

136

82.4

2,00E-12

109/142(77%)

11/142(7%)

Plus/Minus

4

690-825

136

82.4

2,00E-12

109/142(77%)

11/142(7%)

Plus/Minus

5

690-825

136

82.4

2,00E-12

109/142(77%)

11/142(7%)

Plus/Plus

6

690-825

136

82.4

2,00E-12

109/142(77%)

11/142(7%)

Plus/Minus

1

1-1217

1217

2195

0.0

1217/1217(100%)

0/1217(0%)

Plus/Plus

2a

33-319

287

161

3,00E-36

225/305(74%)

23/305(7%)

Plus/Plus

2b

618-770

153

82.4

2,00E-12

112/154(73%)

2/154(1%)

Plus/Plus

2c

450-503

54

45.5

0.60

44/56(79%)

2/56(3%)

Plus/Plus

3

624-768

145

72.5

4,00E-09

105/146(72%)

2/146(1%)

Plus/Minus

4

624-768

145

72.5

4,00E-09

105/146(72%)

2/146(1%)

Plus/Minus

5

624-768

145

72.5

4,00E-09

105/146(72%)

2/146(1%)

Plus/Minus

6

624-768

145

68.0

5,00E-08

104/146(71%)

2/146(1%)

Plus/Minus

7

624-768

145

68.0

5,00E-08

104/146(71%)

2/146(1%)

Plus/Minus

8

624-768

145

68.0

5,00E-08

104/146(71%)

2/146(1%)

Plus/Minus

1

1-762

762

1375

0.0

762/762(100%)

0/762(0%)

Plus/Plus

2

319-581

263

205

2,00E-49

210/267(79%)

7/267(2%)

Plus/Minus

1a

1-1014

1014

1829

0.0

1014/1014(100%)

0/1014(0%)

Plus/Plus

1b

8-103

96

47.3

0.14

74/107(69%)

12/107(11%)

Plus/Minus

2a

368-449

82

67.1

2,00E-07

66/83(80%)

2/83(2%)

Plus/Minus

2b

497-609

113

52.7

0.003

82/114(72%)

4/114(3%)

Plus/Minus

3

770-805

36

48.2

0.041

32/36(89%)

0/36(0%)

Plus/Minus

4

770-805

36

48.2

0.041

32/36(89%)

0/36(0%)

Plus/Minus

1

1-726

726

1310

0.0

726/726(100%)

0/726(0%)

Plus/Plus

2

272-524

253

199

7,00E-48

198/256(77%)

3/256(1%)

Plus/Minus

3

400-445

46

50.0

0.008

39/46(85%)

2/46(4%)

Plus/Minus

4

400-445

46

50.0

0.008

39/46(85%)

2/46(4%)

Plus/Plus

5

400-445

46

50.0

0.008

39/46(85%)

2/46(4%)

Plus/Plus

1

1-1216

1216

2194

0.0

1216/1216(100%)

0/1216(0%)

Plus/Plus

2a

398-436

39

58.1

9,00E-05

36/39(92%)

0/39(0%)

Plus/Minus

2b

887-1056

170

122

3,00E-24

133/173(77%)

3/173(1%)

Plus/Minus

3

516-554

39

49.1

0.049

34/39(87%)

0/39(0%)

Plus/Minus

4

516-554

39

49.1

0.049

34/39(87%)

0/39(0%)

Plus/Plus

1

1-1217

1217

2195

0.0

1217/1217(100%)

0/1217(0%)

Plus/Plus

2

494-761

268

123

3,00E-24

194/272(71%)

11/272(4%)

Plus/Minus

3

989-1019

31

48.2

0.049

29/31(94%)

0/31(0%)

Plus/Minus

4

989-1019

31

48.2

0.049

29/31(94%)

0/31(0%)

Plus/Minus

1

1-1217

1217

2195

0.0

1217/1217(100%)

0/1217(0%)

Plus/Plus

2

408-470

63

50.0

0.014

50/64(78%)

1/64(1%)

Plus/Minus

3

408-470

63

50.0

0.014

50/64(78%)

1/64(1%)

Plus/Plus

4

162-197

36

48.2

0.049

32/36(89%)

0/36(0%)

Plus/Minus

5

162-197

36

48.2

0.049

32/36(89%)

0/36(0%)

Plus/Plus

1

1-1143

1143

2062

0.0

1143/1143(100%)

0/1143(0%)

Plus/Plus

2a

456-665

210

213

2,00E-51

176/213(83%)

4/213(1%)

Plus/Minus

2b

884-959

76

47.3

0.16

59/78(76%)

5/78(6%)

Plus/Minus

3

1020-1058

39

48.2

0.046

36/42(86%)

3/42(7%)

Plus/Plus

1

1-664

664

1198

0.0

664/664(100%)

0/664(0%)

Plus/Plus
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CRS

11

12

13

14

15

16

17

Hit

Alignments

Length

Score

Expect

Identities

Gaps

Strand

1

1-705

705

1272

0.0

705/705(100%)

0/705(0%)

Plus/Plus

2

357-591

235

132

8,00E-28

177/240(74%)

11/240(4%)

Plus/Minus

3

210-259

50

50.9

0.008

41/50(82%)

0/50(0%)

Plus/Minus

4

213-259

47

50.0

0.008

39/47(83%)

0/47(0%)

Plus/Minus

1

1-740

740

1335

0.0

740/740(100%)

0/740(0%)

Plus/Plus

2

105-578

474

192

1,00E-45

353/506(70%)

45/506(8%)

Plus/Plus

3

105-578

474

192

1,00E-45

353/506(70%)

45/506(8%)

Plus/Plus

4

105-578

474

192

1,00E-45

353/506(70%)

45/506(8%)

Plus/Minus

5

105-578

474

192

1,00E-45

353/506(70%)

45/506(8%)

Plus/Plus

6

95-136

42

50.9

0.008

37/42(88%)

1/42(2%)

Plus/Minus

7

100-135

36

49.1

0.029

33/36(92%)

1/36(2%)

Plus/Plus

8

100-135

36

49.1

0.029

33/36(92%)

1/36(2%)

Plus/Plus

9

100-135

36

49.1

0.029

33/36(92%)

1/36(2%)

Plus/Minus

10

100-135

36

49.1

0.029

33/36(92%)

1/36(2%)

Plus/Minus

11

91-132

42

48.2

0.029

37/43(86%)

1/43(2%)

Plus/Plus

1

1-1164

1164

2100

0.0

1164/1164(100%)

0/1164(0%)

Plus/Plus

2

13-186

174

54.5

0.001

119/178(67%)

8/178(4%)

Plus/Plus

3

13-186

174

54.5

0.001

119/178(67%)

8/178(4%)

Plus/Plus

1

1-941

941

1698

0.0

941/941(100%)

0/941(0%)

Plus/Plus

2a

101-462

362

131

4,00E-27

256/374(68%)

56/374(14%)

Plus/Plus

2b

580-651

72

44.6

0.46

55/73(75%)

2/73(2%)

Plus/Plus

2c

902-936

35

44.6

0.46

32/36(89%)

1/36(2%)

Plus/Plus

3a

101-462

362

131

4,00E-27

256/374(68%)

56/374(14%)

Plus/Plus

3b

580-651

72

44.6

0.46

55/73(75%)

2/73(2%)

Plus/Plus

3c

902-936

35

44.6

0.46

32/36(89%)

1/36(2%)

Plus/Plus

1

1-786

786

1418

0.0

786/786(100%)

0/786(0%)

Plus/Plus

2

197-398

202

57.2

6,00E-05

145/214(68%)

14/214(6%)

Plus/Plus

3

197-398

202

57.2

6,00E-05

145/214(68%)

14/214(6%)

Plus/Plus

1a

1-1140

1140

2057

0.0

1140/1140(100%)

0/1140(0%)

Plus/Plus

1b

959-1101

143

132

1,00E-27

121/149(81%)

8/149(5%)

Plus/Plus

1c

932-1080

149

129

2,00E-26

121/153(79%)

6/153(3%)

Plus/Minus

1d

989-1097

109

84.2

6,00E-13

88/113(78%)

6/113(5%)

Plus/Minus

1e

989-1097

109

79.7

3,00E-11

87/113(77%)

6/113(5%)

Plus/Minus

1f

958-1048

91

48.2

0.046

73/100(73%)

12/100(12%)

Plus/Plus

1g

958-1040

83

43.7

1.9

67/91(74%)

10/91(10%)

Plus/Minus

2

500-809

310

234

6,00E-58

241/313(77%)

3/313(0%)

Plus/Plus

3

500-809

310

234

6,00E-58

241/313(77%)

3/313(0%)

Plus/Plus

1

1-964

964

1739

0.0

964/964(100%)

0/964(0%)

Plus/Plus

2a

289-539

251

116

9,00E-23

180/253(71%)

7/253(2%)

Plus/Plus

2b

55-178

124

42.8

1.6

84/125(67%)

11/125(8%)

Plus/Plus

3

467-523

57

45.5

0.47

47/60(78%)

4/60(6%)

Plus/Minus

4

Supplementary Table 3: Details alignments mouse CRS sequences with hits from the human genome. This
table provides detailed information about the different alignments of CRSs that were found between the mouse
and human genome using BLAST71. The first column represents the number of CRS and the second column the
alignment that was found (these numbers are linked to the numbers found in Supplementary Table 2). The
third column shows the area of the original CRS that was aligned to the human genome and the fourth column
shows the length of that area. The columns “Score” and “Expect” show the alignment score and statistical value,
respectively. The column “Identities” shows the percentage of the sequence that was aligned and the “Gap”
column shows the percentage of the hit that was not aligned. The last column indicates the strand on which the
sequence is located.
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Abstract
The mammary gland consists of a network of epithelial ducts surrounded by stromal cells. Proper
communication between the epithelial cells and the stroma is important for tissue development
and homeostasis. One of the candidate genes that has been linked to stromal-epithelial crosstalk,
both in the mammary gland and in other tissues, is Wnt2. Although we know when and where
Wnt2 is expressed in the mammary gland stroma, the molecular mechanisms that control Wnt2
expression are unknown. In this chapter we tested non-coding regulatory DNA sequences for
their enhancer activity and link to Wnt2. We report the identification of a Wnt2 enhancer, located
15.4 kb upstream of Wnt2. Although follow up is still required, these results will help solve the
puzzle of how spatiotemporal expression of Wnt2 is controlled in the mammary gland.
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Introduction
Mammary gland development and homeostasis are maintained by stem cells that reside in the
mammary epithelium1–6. Signals that control proliferation and differentiation of these stem cells
come from their microenvironment, called the stem cell niche. These signals don’t necessarily
have to come from the epithelium itself; the mammary gland stroma also provides signals that
control tissue homeostasis7. A candidate niche factor in the mammary gland stroma is Wnt2, a
member of the highly conserved Wnt gene family8. In situ hybridization experiments have shown
that stromal Wnt2 is mainly expressed at the boundary between stromal cells and epithelial cells9,
which is consistent with the fact that WNT proteins act as short range signals10. Although Wnt2
is a candidate niche factor, exactly how expression of Wnt2 is regulated, remains unknown. In
this project, we aim to identify regulatory DNA elements that control Wnt2 expression in the
mammary gland.
As introduced in chapter 4, metazoan genomes are organized in topologically associating
domains (TADs), which bring promoters and regulatory elements such as enhancers in closer
proximity11. Although there is still debate about the precise regulatory role of TADs, there is
evidence that the boundaries of TADs prevent inappropriate enhancer-promoter interactions12.
We also know that enhancers within a TAD are more likely to interact with a promoter in the
same TAD, than a promoter in a neighboring TAD, and that TADs are conserved between cell
types and species13–15. Because of these insights, we decided to analyze the TAD in which the Wnt2
gene is located in order to select candidate regulatory sequences (CRSs). In parallel, we generated
ATAC-seq datasets from primary mouse mammary gland luminal, basal, and stromal cells. These
datasets show the regions of the chromatin that are accessible for transcription factors (TFs). Using
a combination of the TAD analysis and ATAC-seq results, we selected stromal specific accessible
regions close to the Wnt2 gene as candidate regulatory sequences (CRSs). We tested the enhancer
function of these genomic elements in dual luciferase assays. Furthermore, we tested whether
guiding transcriptional activators to the CRSs using dCas9 would increase transcription of Wnt2.
In addition, we performed 4C to investigate physical interactions of the Wnt2 promoter with CRSs.
Together, our results provide a detailed description of Wnt2 CRSs, which helps us in understanding
the mechanisms of stromal specific Wnt2 expression in the mouse mammary gland.

Results
To identify our region of interest for the selection of Wnt2 CRSs, we analyzed the possible 3D
genome conformation at the Wnt2 locus. We used the 3D Genome Browser to visualize HiC
data, which show the interactions between DNA regions and predict TAD formation15,16. As TAD
coordinates are usually conserved between different cell types and species, we identified the
Wnt2 TAD boundaries in HiC datasets from different cell types and tissues from mouse (Table 1
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and Figure 1A and 1B) and human genomes (Supplementary Table 1 and Supplementary
Figure 1)14,15. However, in multiple datasets, Wnt2 was located in a region between two predicted
TADs. This was the case for both mouse and human datasets. As the HiC datasets did not give
a clear indication about the boundaries of the Wnt2 TAD, we decided to check CTCF binding
sites, as CTCF is known to facilitate loop formation (Figure 1C)17. We used a published CTCF
ChIP-seq dataset from whole mammary gland tissue and analyzed the orientation of the CTCF
binding sites that show a peak in this dataset using TRANSFAC18–20. As chromatin loops are
preferably formed between convergent CTCF sites, this locus shows multiple possibilities for loop
formation21. Whereas convergent CTCF sites are usually located within TADs, divergent CTCF
sites are signatures for conserved TAD boundaries22. Upstream of the Wnt2 transcriptional start
site (TSS), located in Asz1, two CTCF sites lie in close proximity in a divergent orientation, which
indicates that this site is likely to be a boundary for two adjacent TADs. We did not identify
these double CTCF peaks with convergent binding sites close to the predicted TAD boundary
downstream of Wnt2. Considering the TAD predictions and CTCF binding sites, we selected a
region of interest that overlaps with the smallest identified TAD (400 kb, CH12 HiC dataset14).
Genome HiC dataset

Wnt2 in predicted TAD Coordinates Wnt2 TAD

Coordinates neighboring TADs

Mm10

14

Neuron

No

xx

chr6:17640000-17840000,
chr6:18080000-18880000

Mm10

Neuron14

No

xx

chr6:17640000-17880000,
chr6:18080000-18880000

Mm10

Myoblast23

Yes

chr6:14680000-19080000 x

Mm10

Erythroblast24 Yes

chr6:17000000-18800000 x

Mm10

Cortical_
Neuron25

Yes

chr6:17640000-18880000 x

Mm10

NPC

Yes

chr6:17640000-18880000 x

Mm10

mESC25

Yes

chr6:17880000-18840000 x

Mm9

CH1226

Yes

chr6:17600000-18000000 x

Mm9

Cortex

No

xx

chr6:16960000-17800000,
chr6:18040000-18840000

Mm9

mESC15

No

xx

chr6:16960000-17800000,
chr6:18000000-18800000

25

15

Table 1: Coordinates of TAD predictions in mouse (Mm10 and Mm9) datasets14,15,23–26 This table shows all
available mouse HiC datasets in the 3D Genome Browser (on 30/06/2020). In 4 datasets, the Wnt2 gene is not
located in a predicted TAD. If so, this is indicated by “xx” and the coordinates of the neighboring TADs are shown.
If Wnt2 is located in a predicted TAD, only the coordinates of that particular TAD is shown and not the coordinates
of the neighboring TADs. Datasets from this table are visualized in figure 1A.

Regulatory DNA elements should be located in a region permissive for TF binding. Therefore,
we focused on genomic regions that are accessible for these factors to select CRSs28,29. Accessible
regions in the genome can be mapped using ATAC-seq30. We used this method to generate a
profile of accessible chromatin regions in primary luminal, basal, and stromal mammary cells
(Figure 2A). Since Wnt2 is not expressed in luminal or basal cells, we mainly focused on chroma
tin regions that were uniquely accessible in stromal cells, but not in the epithelial cell types
(Supplementary Figure 2A; Chapter 2, Figure 9). Based on specific stromal peaks that were
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less prominent in the epithelial cells, we selected 13 CRSs, ranging in size from 398 bp to 799 bp
(Table 2). Four of these CRSs are located in intergenic regions (CRS-1, -2, -12, and -13) (Figure 2B).
The other CRSs are located in the St7 gene. We also included a negative control (NC), which does
not show peaks in any of the ATAC-seq datasets. Selecting the CRSs, we specifically looked for
accessible chromatin regions in our region of interest (Figure 1), but we also included a stromal
ATAC-seq peak that is located outside the presumed TAD (CRS-13), because of its specificity and
signal intensity. To conclude, based on the chromatin accessibility landscape in our region of
interest, we selected 13 CRSs for further investigation.
A

115,000,000

116,000,000

117,000,000 118,000,000

Mm10, chromosome 6

Foxp2

location Wnt2
Tfec

Mdfic

Cav1 St7
Wnt2
Met
Asz1

TADs including Wnt2

TADs surrounding Wnt2

Cttnbp2

annotated genes

Mm9, chromosome 6
115,000,000

116,000,000

117,000,000 118,000,000

interaction
frequency

B

5
17,600 kb

17,700 kb

17,800 kb

17,900 kb

18,000 kb

18,100 kb
TAD predictions

C

CTCF ChIP-seq
CTCF orientation
selected region
Capza2
17,600 kb

St7
17,700 kb

Wnt2
17,800 kb

17,900 kb

Asz1

18,000 kb

annotated genes
18,100 kb

Figure 1: TAD formation and CTCF binding at the Wnt2 locus. A) Visualization of TAD predictions from all available
mouse datasets1415,23–27 (Mm9 and Mm10) in the 3D Genome Browser16 (available on 30/06/2020). The blue and grey
bars indicate the predicted TAD size. Wnt2 was not located in a predicted TAD in all datasets (grey bars). Blue bars
indicate predicted TADs of which the boundaries surround the Wnt2 gene. B) HiC data (CH1214) from the 3D Genome
Browser. The coordinates from this region are chr6:17560000-18120000 (Mm9). The 3D Genome Browser provides
TAD predictions15 for the available datasets. Color intensity in the triangle indicates the frequency of the interactions
between two DNA regions. C) Analysis of CTCF ChIP-seq data from whole mammary gland tissue18. The arrows indicate the orientation of the CTCF binding site (which overlapped with a CTCF ChIP-seq peak), which were identified
using TRANSFAC19,20. In pink, the selected region of interest for identification of Wnt2 enhancers is indicated.
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Figure 2: Selection of candidate regulatory elements based on chromatin accessibility. A) Location of all
selected CRSs at the Wnt2 locus, visualized in the IGV browser31. We generated the ATAC-seq datasets from
mammary glands of pubertal FVB/N mice, CTCF ChIP-seq is from Shin et al.18. Pink arrows indicate the location
of the CRSs, the black arrow shows the location of the negative control (NC). A’’ zooms into the selected region
including the Wnt2 gene, where most of the CRSs are located. B) Individual peaks of the CRSs and NC in the ATACseq datasets. Note that the luminal and basal ATAC-seq datasets in this figure were also used in chapter 4 of this
thesis, in which we focused on Wnt4 regulatory elements.
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CRS

Coordinates

Length (bp)

1

chr6:17619718-17620356

639

2

chr6:17638345-17639020

676

NC

chr6:17659607-17660247

641

3

chr6:17714051-17714849

799

4

chr6:17722487-17722921

435

5

chr6:17735136-17735797

662

6

chr6:17740174-17740890

717

7

chr6:17743363-17743990

628

8

chr6:17766808-17767457

650

9

chr6:17825650-17826047

398

10

chr6:17837708-17838440

733

11

chr6:17881032-17881674

643

12

chr6:17995224-17995845

622

13

chr6:19987571-19988276

706

Table 2: Coordinates of CRSs. These sequences were selected as Wnt2 candidate enhancers (Mm9). The
coordinates of Wnt2 in Mm9 are chr6:17938940-17980445.

To check the functional enhancer activity of each CRS, we performed luciferase reporter
assays. Reporter assays are the gold standard for investigating transcriptional enhancer activity of
DNA sequences, as the expression level of the reporter is in direct relation to the activity of the
enhancer32. We cloned the CRSs in a pGL4-minP plasmid, upstream of a minimal promoter and
the firefly luciferase gene (Figure 3A). Renilla luciferase under the control of a CMV promoter
was used as a transfection control. For these dual luciferase assays, we used BC44 and MAF cell
lines, which are both mouse mammary gland cell lines. BC44 is a mammary epithelial cell
line38,39, and the MAF (MAmmary Fibroblasts) cell line was specifically generated for this project
by immortalizing primary mammary fibroblasts in vitro to identify stromal-specific sequences.
Similar to primary mammary epithelial cells, BC44 cells do not express Wnt2 (Supplementary
Figure 2B). MAF cells on the other hand, like primary stromal cells, do express Wnt2. BC44 and
MAF cells were transfected with the pGL4-minP and CMV-Renilla plasmids (Figure 3A). The
EV control was the pGL4-minP without a CRS sequence. CRS-12 shows the highest functional
enhancer activity with a mean log2 fold change of 4.3 in BC44 and 4.7 in MAF cells (Figure 3B).
CRS-3, -4, and -5 also show enhancer activity in both cell lines. In fact, for most CRSs, there are
no clear differences in enhancer activity when tested in BC44 or MAF cells, despite the difference
in baseline Wnt2 expression levels. However, CRS-2, -5, -10, and -11 show a higher fold change in
firefly luciferase signal in every biological replicate in MAF cells, compared to the BC44 replicates.
An explanation for this, is that these sequences contain binding sites for TFs that are expressed
in MAF, but not in BC44 cells. To conclude, the dual luciferase assays revealed the functional
enhancer activity for each CRS, with CRS-12 being the most interesting candidate, even though
this cannot be directly translated to the height of the peaks in the stromal ATAC-seq dataset.
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A
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Figure 3: A selection of candidate enhancers shows functional enhancer activity in transient luciferase
assays. A) Illustration of plasmids used in the dual luciferase assay. CRSs were cloned in pGL4-minP, before a
minimal promoter and a firefly luciferase gene (luc2). CMV-Renilla, which contains a Renilla luciferase gene under
the control of a CMV promoter, was used as a transfection control. B) Graph showing the log2 fold change in
firefly luminescence signal for each CRS compared to the EV. On the x-axis the different CRSs and the negative
control are shown. The order in which they are depicted is based on their genomic location. Every data point
represents a biological replicate. The mean of individual data points per sample is represented by the bar and
error bars show the SD.

After investigating the functional enhancer activity of each CRS, we checked whether each
individual enhancer was capable of transferring transcriptional information from these sequences
to the Wnt2 promoter, as this would indicate a direct link between the CRS and Wnt2. We used a
nuclease dead Cas9 (dCas9) fused to a transcriptional activator (Vp64) and two TFs (p65 and Rta)
and guided this complex (dCas9-VPR) to each individual CRS using specific gRNAs (Figure 4A
and 4B)40. If a signal could be transferred from the CRS to the Wnt2 promoter, this would result
in an increase in Wnt2 transcription, which we measured using qRT-PCR.
As a positive control, we first checked whether Wnt2 expression would increase when dCas9VPR was guided to the Wnt2 promoter. We designed 6 gRNAs in a region 200 bp upstream of the
Wnt2 TSS (Supplementary Table 4). BC44 and MAF cells were transfected with pools of these
gRNAs and the dCas9-VPR plasmid. In both BC44 and MAF cells Wnt2 expression was increased
in the samples in which gRNAs against the Wnt2 promoter were used compared to the EV control
(without gRNAs) (Supplementary Figure 3). In BC44 cells, this increase was substantially higher
than in MAF cells. Similar to earlier observations (Chapter 3, Figure 5C; Chapter 4, Figure 6),
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the range of increase in expression seems to negatively correlate to the endogenous expression
levels of that gene, as also reported in the literature40,41.
Next, we guided the dCas9-VPR complex to the CRSs. We cloned approximately 1 gRNA per
150 bp of CRS/NC, which were distributed over the entire length of the element (Supplementary
Table 4). BC44 or MAF cells were transfected with pools of gRNAs against individual CRSs and
the dCas9-VPR vector. Of all the CRSs, CRS-12 shows the highest increase in Wnt2 expression
when dCas9-VPR is guided to this sequence in both BC44 and MAF cells (Figure 4C). In MAF
cells, guiding dCas9-VPR to CRS-9, -10, and -11 also results in upregulation of Wnt2 expression.
Furthermore, our results indicate that no transfer of transcriptional information occurs between
CRS-1 to -8, (downstream of Wnt2) and CRS-13 (upstream of Wnt2) in both cell lines. Interestingly,
when we guided dCas9-VPR to the CRSs, we did not observe a negative correlation between the
potential to increase Wnt2 expression and its endogenous expression, as in BC44 cells the increase
in Wnt2 expression was generally lower than in MAF cells. This indicates that in MAF cells it is
easier to transfer a transcriptional signal from some of the CRSs to the Wnt2 promoter than in
BC44 cells. One of the causes for a better or easier transfer of transcriptional information can be
the 3D structure of the chromatin at the Wnt2 locus, which might be different between BC44 and
MAF cells. To conclude, our results of the dCas9-VPR assay show a link between the Wnt2 promoter
and CRS-12, which is located 15.4 kb upstream of the Wnt2, in both BC44 and MAF cells.
So far, our results indicate that CRS-12 is the most promising candidate for regulating Wnt2
expression, since the sequence itself shows high transcriptional enhancer activity (Figure 3)
and the dCas9-VPR assays show that transcriptional information can be transferred from this
sequence to the Wnt2 promoter (Figure 4). An explanation for the link between CRS-12 and
the Wnt2 promoter is that these DNA regions are in close physical proximity in the nucleus,
and therefore this enhancer can influence the expression of Wnt2. To check whether physical
interactions indeed occur between CRS-12 and the Wnt2 promoter, we performed 4C experiments
on BC44 and MAF cells. Using 4C, interactions between one chosen DNA region, the “viewpoint”,
and other regions are captured. For unbiased detection of interacting regions, we selected a
region close to the Wnt2 promoter as the viewpoint (Figure 5). For both BC44 and MAF cells,
three biological 4C experiments were carried out. The 4C signal indicates the contact frequencies
between DNA regions and the viewpoint, and statistically significant interactions from the three
biological experiments are shown in red. In MAF cells, three regions significantly interacted with
the viewpoint. The left region is located in the Wnt2 gene and the right region is located just
upstream of the double convergent putative CTCF binding sites, which might indicate a TAD
boundary. Interestingly, the middle red region in MAF cells (chr6: 17996878-18005873, Mm9), is
close to the location of CRS-12 (chr6: 17995224-17995845, Mm9). These results show that CRS12 is in close physical proximity to the Wnt2 promoter in MAF cells. In BC44 cells on the other
hand, no DNA regions significantly interacted with the viewpoint. The difference in 4C signal in
these cell lines indicates that the 3D genome is organized in a different way at this locus, which
might be linked to the fact that in BC44 cells Wnt2 is not expressed (Supplementary Figure 2B).
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Overall, these results indicate that the link that was found between Wnt2 and CRS-12 in dCas9VPR assays (Figure 4), is the result of the natural 3D structure of the chromatin, as the Wnt2
promoter and CRS-12 are in close physical proximity according to our 4C results in primary
immortalized mammary fibroblasts.
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Figure 4: Guiding dCas9-VPR to CRS-12 results in upregulation of Wnt2 expression. A) Illustration of the dCas9VPR complex being guided to a CRS at the Wnt2 locus. The dashed grey arrow represents the transcriptional
signal that is transferred from the CRS to the Wnt2 promoter. B) Illustration of the Wnt2 locus and the location
of the CRSs. The upper track shows all CRS, while the lower track zooms into the Wnt2 locus where most CRS are
located. Pink arrows represent the CRSs and the black arrow represents the negative control. C) Graph depicting
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Wnt2 expression (relative to EV control) expression upon guiding of dCas9-VPR to each individual CRS in BC44 or
MAF cells. Individual CRSs are depicted on the x-axis, ordered according to their genomic location. EV = empty
vector control without gRNAs, which is set to 1, and NC is the negative control region. Per sample, gRNAs for each
CRS were pooled before transfection. Samples were harvested 48 hours after transfection and Wnt2 levels were
measured using qRT-PCR. Ctbp1 was used as housekeeping gene. Every data point represents one biological
replicate (n=3). Bars are depicted for visual guidance and show the mean of individual data points, while the error
bars represent the standard deviation.
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Figure 5: CRS-12 and the Wnt2 promoter are in close physical proximity in MAF cells. 4C results show the
physical interactions between the viewpoint (blue triangle) and other regions in the Wnt2 locus in MAF (A) or
BC44 (B) cells. The pink arrows represent the locations of the CRSs and the black arrow is the negative control.
DNA regions that show significant interactions with the viewpoint are indicated by red bars. The coordinates
on chromosome 6 of these regions in MAF cells are: 17963546-17996875 (left), 17996878-18005873 (middle),
18021443-18031022 (right). Both A and B are the result of biological triplicates.
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To explore the mechanism by which CRS-12 could potentially regulate Wnt2 expression, we
analyzed the sequence of CRS-12 for putative TF binding sites using TRANSFAC19,20 (Table 3 and
Supplementary Figure 4). It was previously reported that GLI2 is an important candidate for
regulating Wnt2 expression in the mammary gland stroma8. However, we did not identify putative
GLI2 binding sites in CRS-12. Therefore, we most likely identified an enhancer that functions
independent of GLI2. It is also possible that GLI2 does not directly regulate Wnt2 expression by
binding Wnt2 specific enhancers, but by regulating another TF that binds to CRS-12 and possibly
other Wnt2 enhancers. Further research will reveal the role of the TFs that are presented in
Table 3 in Wnt2 expression. Together with earlier presented data in this study, this first selection
of candidate regulatory factors provides a solid basis for identifying novel regulators of Wnt2
expression.
Factor name

Position (strand)

Core score

Matrix score

FAC1

96 (+)

1.000

0.934

ZNF333

109 (+)

1.000

1.000

ZNF592

115 (+)

0.960

0.954

PARP

143 (-)

1.000

1.000

Sox-4

144 (-)

1.000

0.978

beta-catenin

146 (-)

1.000

0.986

HFH2

146 (+)

1.000

1.000

Sox-2

147 (-)

1.000

1.000

SNF2L

159 (+)

1.000

0.956

PARP

164 (-)

1.000

1.000

HOXA3

175 (-)

0.840

0.843

ZNF333

179 (+)

1.000

1.000

ATF-4

206 (+)

1.000

0.979

ZNF333

219 (-)

1.000

1.000

PARP

266 (+)

1.000

1.000

MAZ

280 (-)

0.952

0.851

ZGPAT

282 (-)

1.000

0.968

DATF1

283 (-)

1.000

0.945

MAZ

285 (-)

0.952

0.822

GCMa:Erg

285 (-)

0.902

0.850

ZNF511

285 (-)

1.000

0.968

MAZ

288 (-)

0.989

0.854

Kid3

290 (+)

1.000

1.000

CACD

290 (+)

0.960

0.973

ETF

294 (+)

0.965

0.954

LKLF

294 (+)

1.000

1.000

SALL2

295 (-)

1.000

1.000

Kid3

296 (+)

1.000

1.000

Kid3

301 (+)

1.000

1.000

CHD2

304 (+)

0.811

0.803

CHD2

305 (-)

0.811

0.803

FAC1

326 (-)

0.978

0.935

Lmo2 complex

346 (+)

0.994

0.994
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Factor name

Position (strand)

Core score

Matrix score

TEF-1

361 (+)

1.000

0.945

Six-3

400 (-)

1.000

0.989

Lmx1

404 (-)

1.000

1.000

ZNF777

438 (+)

0.778

0.731

HIF1A:ARNT

494 (+)

1.000

1.000

HIF2A

494 (+)

1.000

0.990

HIF-1alpha

494 (+)

1.000

1.000

PARP

506 (-)

1.000

1.000

RelB:p50

507 (+)

1.000

0.952

SALL2

515 (-)

1.000

1.000

Kid3

516 (+)

1.000

1.000

AP-3

522 (-)

1.000

0.995

ZNF684

522 (-)

1.000

0.754

NFATc1

524 (+)

1.000

1.000

CACD

527 (+)

0.960

0.973

Kid3

527 (+)

1.000

1.000

HOXA3

539 (+)

1.000

0.843

Msx-2

539 (+)

1.000

0.924

ZNF333

547 (-)

1.000

1.000

ZNF333

550 (-)

1.000

1.000

FAC1

583 (+)

1.000

0.932

Table 3: Putative TF binding sites in CRS-12, identified using TRANSFAC19,20. The “Position” column shows the
position of the putative binding site in CRS-12. The scores for the quality of the mix between the sequence and
the matrix are represented by the Core Score and the Matrix Score. These scores range from 0.0 to 1.0, with
1.0 being an exact match20. The selected profile in the MATCH Tool was “vertebrate_recommended_specific”, in
combination with default parameters.

Discussion

5

In this study, we aimed to identify regulatory sequences that control Wnt2 expression in the
mammary gland stroma. First, we analyzed TAD formation at the Wnt2 locus across different
tissues and cell types from mouse and human HiC datasets, since enhancers are more likely to
communicate with promoters within the same TAD13,42. Unfortunately, these results did not give
conclusive evidence about the coordinates of a Wnt2 TAD, because of the lack of overlap between
different TADs from different datasets. We also looked at the CTCF binding sites at the Wnt2
locus, since CTCF plays a prominent role in the formation of chromatin loops and convergent
CTCF binding sites are typically associated with TAD boundaries17,21. In this way, we could map
a putative TAD boundary upstream of Wnt2 to a region located downstream of the Wnt2 gene.
However, the downstream TAD boundary remains to be determined. Taken together the results
of the HiC datasets, mammary gland CTCF ChIP-seq data18, and the orientation of the CTCF
binding sites, we nevertheless selected a region of interest in which to select CRSs.
For the characterization of the CRSs, we applied different experimental approaches using
both MAF (spontaneously immortalized fibroblasts) and BC44 (mammary epithelial cell line)
cells. The functional enhancer activity of the CRSs was checked in dual luciferase reporter assays.
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CRS-12 clearly showed the highest enhancer activity, but there were multiple other interesting
candidates. For example, CRS-3, -4, and-5 also showed enhancer activity in both cell lines. There
were also candidates that clearly have more enhancer activity in MAF cells than in BC44 cell, e.g.
CRS-2, -5, -10, and -11. As these sequences were tested outside of their native genomic context,
the in situ chromatin signature of these sequences did not play a role in this plasmid-based assay.
Therefore, we hypothesize that the difference in luciferase signal is caused by a difference in
availability of TFs that can bind to these CRSs.
We also checked whether there is a link between the CRSs and the Wnt2 promoter, by guiding
transcriptional activators to the CRS location and subsequently measuring whether this had an
effect on Wnt2 expression. Because of the negative correlation between the range of the effect of
dCas9-VPR on gene expression and the endogenous expression of the gene of interest that has
been observed by us (Supplementary Figure 3; Chapter 3, Figure 5C; Chapter 4, Figure 6) and
others40,41, it would be expected that guiding dCas9-VPR to CRSs would give a higher increase in
Wnt2 expression in BC44 than in MAFs. However, for most CRSs (CRS-1 to CRS-8 and CRS-13)
there was no clear difference between the two cell lines in the dCas9-VPR assay. In some cases
(CRS-9 to CRS-13), the increase in Wnt2 expression was even higher in MAFs than in BC44 cells.
One explanation is that in BC44 cells, strong repressors are expressed that inhibit Wnt2 expression
in such a way that sending even a strong transcriptional activator like dCas9-VPR to the CRSs
will not be able to override this repression to increase Wnt2 expression. Another explanation
is that the 3D chromatin structure can differ between BC44 cells and MAF cells in such a way
that it negatively affects the influence of dCas9-VPR on Wnt2 expression. This fits with our 4C
results, which revealed clear differences in Wnt2 promoter interactions between MAF and BC44
cells. This raises the question whether the chromatin structure coordinates gene expression at
the Wnt2 locus. Loop formation at the ß-globin locus for example, which brings the locus control
region and the ß-globin promoter in close proximity, can be sufficient to start transcription44,45.
On the other hand, active transcription of Wnt2 in MAFs might play a role in 3D organization.
In Drosophila embryos, transcription has been shown to affect the 3D chromatin topology and
was associated with further compaction of the 3D genomic structure46. It is also possible that
differentially expressed TFs between MAF and BC44 cells are recruited to the Wnt2 locus and play
a role in shaping the 3D genome47,48. Overall, we don’t know exactly how active transcription,
TFs, and 3D topology influence each other, but evidence suggest an interplay between these
components to control gene regulation42.
To conclude, we identified a Wnt2 enhancer, located 15.4 kb upstream of the Wnt2 gene.
This study sheds new light on how Wnt2 expression is regulated in the mammary gland stroma.
Recently, multiple studies have shown that the subepithelial stroma plays an important role in
maintaining the stem cell population in different organs, including pancreas, bladder, intestine,
and prostate49–56. Also in the mammary gland, the importance of the stromal compartment in
tissue development and homeostasis has been highlighted8,9,57,58. By focusing on the regulation of
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stromal niche factor Wnt2, this study will bring us closer in unraveling how stromal specific niche
signals can control stem cell maintenance in the mammary gland.

Materials and Methods
Cell culture
Mammary epithelial BC44 cells (a kind gift of Marie-Anne Deugnier, Institute Curie, Paris,
France) were cultured in RPMI1640 + L-Glut (Gibco), supplemented with 10% FBS (Gibco,
cat# 10270-106) and 5 mg/ml insulin (Sigma-Aldrich, cat. #I9278). MAmmary gland Fibroblasts
with 10% FBS and 100 µM β-MEtOH (VWR). The MAF cell line is a spontaneously immortalized
(MAF) cells were cultured in DMEM/F-12 (1:1) +GlutaMAX (Gibco, 31331-028) supplemented

fibroblast cell line, generated in our lab, which originates from freshly isolated mammary gland
fibroblasts. The 3rd and 4th mammary glands from 3 adult FVB/N mice were isolated, chopped and

incubated for 2 hours in a shaker at 37°C in the following digestion mix: DMEM/F12, 5% FBS,
1% Penicillin / Streptomycin, 25 mM HEPES and 300 U/ml Collagenase IV. Using ACK Lysing
Buffer (Gibco, cat. #A1049201), red blood cells were lysed and using Trypsin-EDTA and DNAseI
a single cell suspension was acquired. Cells were filtered through a 40 µm mesh and washed in
MAF medium. Cells were plated on cell culture dishes and after two hours, when fibroblasts were
attached to the plastic, the dishes were washed with MAF medium to remove non-fibroblasts.
In order to immortalize MAF cells, we transfected the cells with a Cas9 vector (PX459, Addgene
#62988) and gRNAs against exon 2 of Cdkn2a (gRNA1: CGGAACGCAAATATCGCAC, gRNA2:
AGTCGAGCGGCAGGCGACC). It has been shown before that loss of p16INK4a and p19ARF, which
are both encoded by the Cdkn2a locus, can result in immortalization of fibroblasts59. Cells acquired
a stable growth rate and were split 1:3 every 3 days. However, sequencing of the Cdkn2a locus
revealed that no mutations were induced by Cas9. Therefore, we refer to them as spontaneously
immortalized MAF cells, despite our attempt at CRISPR/Cas9 targeting. Expression of cell type
specific markers was performed to validate the MAF cell line as fibroblasts (Supplementary
Figure 2).
ATAC-seq
Freshly isolated mammary glands (3rd and 4th) from 6 puberty (P35) FVB/N mice were chopped
and digested for 2 hours at 37°C in a shaker in the following digestion mix: DMEM/F12, 5%
FBS, 1% Penicillin / Streptomycin, 25 mM HEPES and 300 U/ml Collagenase IV. Using ACK
Lysing Buffer, red blood cells were lysed and single cell suspensions were generated using TrypsinEDTA and DNAseI. The following antibodies were used for staining: (eBioscience): anti-Mouse
CD45-Biotin (clone 30-F11), anti-Mouse CD31-Biotin (clone 390), anti-Mouse TER-119-Biotin
(clone Ter-119), anti-Mouse CD326-PE (clone G8.8), anti-Mouse CD49f-FITC (clone GoH3) and
Streptavidin-APC (cells were stained in HBSS supplemented with 10% FBS). DAPI was used to
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discriminate between live and dead cells. FITC was excited with a 488 nm laser and emission was
filtered using a 530/30 nm bandpass filter. PE was measured using a 561 nm laser and 582/15 nm
bandpass filter. DAPI was excited with a 407 nm laser and emission was filtered using a 450/50
nm bandpass filter. APC was measured using a 633 nm laser and 660/20 nm bandpass filter. Cells
were sorted with a plate voltage of 2500 V using the 4-Way Purity precision mode. Luminal, basal,
and stromal cells (55.000 cells per cell type), were sorted into 10 mM HEPES supplemented with
10% FBS using a BD FACSAria III with a 100 mm nozzle at 20 psi. The protocol from Buenrostro
et al.30,60 was used to prepare the ATAC-seq samples. Sorted cells were was in 50 ml ice-cold PBS
and gently resuspended in 50 ml cold lysis buffer (10mM Tris-HCl, pH 7,4; 10mM NaCl; 3mM
MgCl2; 0.1% NP-40) to isolate nuclei. Transposase reaction was performed for 30 minutes at 30°C
(Illumina Nextera DNA Library Preparation Kit, FC-121-1030). DNA purification was done using
the MinElute PCR purification columns (Qiagen, #28004) and DNA fragments were amplified
using NEBNext Ultra II Q5 Master Mix (#M05445) and the following primers:
Luminal forward: AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGT*G
Luminal reverse: CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAG
ATG*T
Basal forward: AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGT*G
Basal reverse: CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGAT
G*T.
Stromal forward: AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGT*G
Stromal reverse: CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGA
TG*T
The following PCR program was used: 72°C for 5 minutes; 98°C for 30 seconds, 8 cycles of
98°C for 10 seconds, 63°C for 30 seconds and 72°C for 1 minute. The MinElute PCR purification
kit was used to purify the libraries. To remove primer dimers, an additional, single left-sided
purification with AMPure XP beads (Beckman Coulter #A63880) was performed. qRT-PCR was
performed to quantify the libraries and paired-end sequencing was done on an Illumina NextSeq
550 system (2 x 75 bp), by MAD: Dutch Genomics Service & Support Provider, Swammerdam
Institute for Life Sciences, University of Amsterdam. The Kundaje lab ATAC-Seq pipeline was used
to process the sequencing data with default parameters and genome version Mm9 (https://github.
com/kundajelab/atac_dnase_pipelines).
Cloning pGL4-minP constructs
A minimal promoter (TAGAGGGTATATAATGGAAGCTCGACTTCCAG) was cloned at the HindII
site of pGL4.20 (Promega), referred to as pGL4-minP. The pGL4-minP plasmid was digested with
XhoI and BglII (Thermo Scientific). CRSs were amplified from BAC DNA (Supplementary Table 2,
kindly provided by the NKI), using Phusion polymerase (Thermo Scientific) and CRS specific
primers. Primers were designed using Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0) and contained
overhangs for XhoI and BglII/BamHI (Supplementary Table 3). The following PCR program was
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used: Initial denaturation: 98°C for 30 seconds, followed by 25 cycles of 1) denaturation: 98°C for
5 seconds, 2) annealing: 52°C-72°C for 20 seconds, 3) extension: 72°C; for 20 seconds and a final
extension at 72°C for 10 minutes. PCR products were run on an agarose gel and purified using
the GeneJET Gel Extraction kit (Thermo Scientific, cat. #K0691). Subsequently, products were
digested with XhoI+BglII or XhoI+BamHI and the appropriate buffer (Thermo Scientific), and
purified using the GeneJET PCR Purification kit (Thermo Scientific, cat. #K0701). The rest of the
protocol is identical to the pGL4-minP cloning protocol described in chapter 4.
Dual luciferase assays
BC44 and MAF cells were plated in a 24 well plate at a density of 20.000 cells per well. The rest of
the protocol is identical to the dual luciferase assay protocol described in chapter 4.
dCas9 assays
Cloning of the gRNAs into the pSpgRNA construct was done according to the protocol described
in chapter 4. All gRNAs that were designed and used can be found in supplementary table 4.
Minipreps were performed according to the protocol of the PureLink HiPure Plasmid DNA
Purification Kit (Invitrogen).
BC44 and MAF cells were plated in a 6 well plate with a density of 100.000 and 150.000
cells per well, respectively. Cells were transfected 24 hours after plating, with prepared pools of
pSpgRNA (each pool containing gRNAs for the same CRS or promoter, 500 ng per well) and
dCas9-VPR (1500 ng, Addgene #63798) using X-tremeGENE HP DNA Transfection Reagent in a
1:1 ratio. Cells were harvested 48 hours after transfection and stored in -80°C.

5

qRT-PCR
From dCas9 assay samples, WT BC44 and WT MAF cells, RNA was isolated using Trizol
(Invitrogen, cat. # 15596026) according to manufacturer’s protocol. From 2 – 4 mg of RNA,
cDNA synthesis was performed using SuperScript IV Reverse Transcriptase (Invitrogen, cat.
#18090200) and Random Hexamers (Invitrogen, cat. #N8080127) with the addition of RiboLock
RNase Inhibitor (Thermo Scientific, cat. #EO0328). The rest of the protocol is identical to the
qRT-PCR protocol described in chapter 4. Supplementary table 5 shows the used primers for
the qRT-PCR reactions.
4C
4C experiments were performed according to the protocol of the De Laat lab66. 1x106 BC44 and
MAF cells were crosslinked for 10 minutes at RT (while shaking) using 2% (v/v) formaldehyde in
PBS/10% FBS. The protocol used in this chapter is identical to the 4C protocol that is described
in chapter 4. Specific primers for the Wnt2 viewpoint are listed in supplementary table 6.
Sequencing was done by MAD: Dutch Genomics Service & Support Provider, Swammerdam
Institute for Life Sciences, University of Amsterdam. Raw 4C-seq data was processed using the
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publicly available 4C mapping pipeline for mapping (Mm9) and filtering 4C data (https://github.
com/deWitLab/4C_mapping) (default settings were used). To analyze processed triplicates of 4C
experiments, the R package PeakC67 was used, which allowed for identification of significantly
interacting regions within a window size of 400kb.
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Supplementary Figures
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Supplementary Figure 1: TAD predictions in human HiC datasets. The upper half of the figure shows the
predicted TADs in Hg38 datasets14,24,26,68–72, while the lower figure shows the location of predicted TADs in Hg19
datasets24,26,68,69,71. In most datasets, WNT2 was located within a predicted TAD (blue bars). In other HiC datasets,
the coordinates of the predicted TADs showed a gap at the WNT2 gene (grey bars).
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Supplementary Figure 2: Wnt2 is mainly expressed in the stromal cell population of the mammary gland.
A) Graph depicting RNA-sequencing results in Reads per Kilobase per Million mapped reads (RPKM). Primary
mammary gland cells were sorted from freshly isolated and digested mammary gland using FACS. L = luminal, B =
basal, A = adipocytes, S = stromal. Note that these data correspond to those depicted in the heatmap of figure 9
in chapter 2. Details about the materials and methods of this experiment can be found in that chapter. B) Graph
showing Krt14, Krt18, Vimentin (Vim), and Wnt2 expression in BC44 and MAF cells, measured by qRT-PCR. Krt14
and Krt18 are markers of mammary epithelial cells, while Vimentin is fibroblast marker73,74. Rpl13a was used as
housekeeping gene. The highest value for each gene was set to 1, to show the relative expression.
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to the Wnt2 promoter in BC44 and MAF cells
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Supplementary Figure 3: Wnt2 expression shows a higher increase when dCas9-VPR is guided to the
Wnt2 promoter in BC44 cells compared to MAF cells. We designed gRNAs for the promoter region of Wnt2
(Supplementary Table 4) and cloned these gRNAs into pSpgRNA. BC44 and MAF cells were transfected with
pSpgRNA and a plasmid containing dCas9-VPR. The EV control was transfected with pSpgRNA without a gRNA.
After 48 hours, cells were harvested and Wnt2 levels were determined using qRT-PCR. In the qRT-PCR reactions,
Ctbp1 was used as housekeeping gene. “EV” on the x-axis represents the EV control, “P” are the samples in which
gRNAs against the Wnt2 promoter were used. Values were normalized to the EV control, which is set to 1.
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Supplementary Figure 4: Putative TF binding sites in CRS-12. Overview of putative binding sites of TFs in CRS12. This figure shows the location of these binding motifs that were identified using TRANSFAC19,20. Input in the
TRANSFAC analysis was the entire sequence of CRS-12.
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Genome

HiC dataset

Wnt2 in
predicted TAD

Coordinates Wnt2
TAD

Coordinates
neighboring TADs

Hg19

Thymus_STL001_Leung2015-raw_TADs

Yes

chr7:115800000119840000

x

Hg19

SJCRH30_raw-rep1_TADs

Yes

chr7:115920000117880000

x
x

Hg19

H1-NPC_Dixon2015-raw_TADs

Yes

chr7:116520000117880000

Hg19

LNCaP_raw-rep1_TADs

Yes

chr7:116520000117880000

x

Hg19

SKNDZ_raw-rep1_TADs

Yes

chr7:116520000117800000

x

Hg19

IMR90_Lieberman-raw_TADs

Yes

chr7:116550000117025000

x
x

Hg19

K562_Lieberman-raw_TADs

Yes

chr7:116550000117000000

Hg19

Caki2_raw-rep1_TADs

Yes

chr7:116600000117880000

x

Hg19

T470_raw-rep1_TADs

Yes

chr7:116800000117840000

x
x

Hg19

GM12878_Lieberman-raw_TADs

Yes

chr7:116825000117025000

Hg19

HMEC_Lieberman-raw_TADs

Yes

chr7:116825000117875000

x

Hg19

NHEK_Lieberman-raw_TADs

Yes

chr7:116825000117350000

x

Hg19

H1-TRO_Dixon2015-raw_TADs

Yes

chr7:116840000117880000

x
x

Hg19

Liver_STL011_Leung2015-raw_TADs

Yes

chr7:116840000117880000

Hg19

SKMEL5_raw-rep1_TADs

Yes

chr7:116840000117880000

x

Hg19

VentricleRight_Donor-RV3-raw_TADs

Yes

chr7:116880000117880000

x
x

Hg19

NCIH460_raw-rep1_TADs

Yes

chr7:116880000117840000

Hg19

PANC1_raw-rep1_TADs

Yes

chr7:116880000117840000

x

Hg19

Spleen_Donor-PX1-raw_TADs

Yes

chr7:116920000118760000

x

Hg19

Muscle_Psoas_Donor-PO1-raw_TADs

Yes

chr7:116920000117880000

x

Hg19

VentricleLeft_STL003_Leung2015raw_TADs

Yes

chr7:116960000117880000

x

Hg19

Bowel_Small_Donor-SB2-raw_TADs

No

xx

chr7:115800000116800000,
chr7:117000000117880000

Hg19

Pancreas_Donor-PA2-raw_TADs

No

xx

chr7:115800000116520000,
chr7:117000000117920000

Hg19

KBM7_Lieberman-raw_TADs

No

xx

chr7:115775000116800000,
chr7:117025000118850000
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Genome

HiC dataset

Wnt2 in
predicted TAD

Coordinates Wnt2
TAD

Coordinates
neighboring TADs

Hg19

H1-MES_Dixon2015-raw_TADs

No

xx

chr7:116560000116800000,
chr7:117040000117840000

Hg19

Cortex_DLPFC_Donor-CO-raw_TADs

No

xx

chr7:116560000116800000,
chr7:117040000117880000

Hg19

H1-ESC_Dixon2015-raw_TADs

No

xx

chr7:116480000116840000,
chr7:117040000117840000

Hg19

H1-MSC_Dixon2015-raw_TADs

No

xx

chr7:116520000116800000,
chr7:117040000117840000

Hg19

A549_raw-rep1_TADs

No

xx

chr7:115760000116800000,
chr7:117040000117880000

Hg19

AdrenalGland_Donor-AD2-raw_TADs

No

xx

chr7:115800000116840000,
chr7:117040000117880000

Hg19

Aorta_STL002_Leung2015-raw_TADs

No

xx

chr7:115760000116800000,
chr7:117040000117840000

Hg19

Bladder_Donor-BL1-raw_TADs

No

xx

chr7:115800000116840000,
chr7:117040000117880000

Hg19

Lung_Donor-LG1-raw_TADs

No

xx

chr7:115800000116840000,
chr7:117040000117880000

Hg19

SKNMC_raw-rep1_TADs

No

xx

chr7:115800000116520000,
chr7:117040000117920000

Hg19

RPMI7951_raw-rep1_TADs

No

xx

chr7:115760000116840000,
chr7:117040000118880000

Hg19

G401_raw-rep1_TADs

No

xx

chr7:115760000116840000,
chr7:117040000118880000

Hg19

HUVEC_Lieberman-raw_TADs

No

xx

chr7:115775000116825000,
chr7:117050000117875000

Hg38

SJCRH30_raw-merged_TADs

Yes

chr7:116200000118200000

x

Hg38

K562_Rao_2014-raw_TADs

Yes

chr7:116840000117400000

x

Hg38

H1-NPC_Dixon_2015-raw_TADs

Yes

chr7:116880000118240000

x
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Genome

HiC dataset

Wnt2 in
predicted TAD

Coordinates Wnt2
TAD

Coordinates
neighboring TADs

Hg38

LNCAP_raw-merged_TADs

Yes

chr7:116880000118240000

x

Hg38

SKNDZ_raw-merged_TADs

Yes

chr7:116880000118160000

x
x

Hg38

SKNMC_raw-merged_TADs

Yes

chr7:116880000118280000

Hg38

Cortex_DLPFC_Schmitt2016-raw_TADs

Yes

chr7:116920000118240000

x

Hg38

Hippocampus_Schmitt2016-raw_TADs

Yes

chr7:116920000118240000

x

Hg38

IMR90_Flavopiridol.Jin_2013-raw.
domains

Yes

chr7:116920000117400000

x

Hg38

IMR90_Rao_2014-raw_TADs

Yes

chr7:116920000117400000

x

Hg38

IMR90.Jin_2013-raw.domains

Yes

chr7:116920000117400000

x

Hg38

H1-TRO_Dixon_2015-raw_TADs

Yes

chr7:117160000118240000

x
x

Hg38

HMEC_Rao_2014-raw_TADs

Yes

chr7:117160000118240000

Hg38

NHEK_Rao_2014-raw_TADs

Yes

chr7:117160000117720000

x

Hg38

SKMEL5_raw-merged_TADs

Yes

chr7:117160000118240000

x
x

Hg38

T470_raw-merged_TADs

Yes

chr7:117160000117720000

Hg38

Aorta_STL002_Leung_2015-raw_TADs

Yes

chr7:117200000119280000

x

Hg38

Bladder_Schmitt2016-raw_TADs

Yes

chr7:117200000118240000

x

Hg38

Caki2_raw-merged_TADs

Yes

chr7:117200000118280000

x

Hg38

Epidermal_Keratinocyte_day0.
Rubin_2017-raw.domains

Yes

chr7:117200000117720000

x

Hg38

Epidermal_Keratinocyte_day3.
Rubin_2017-raw.domains

Yes

chr7:117200000117720000

x

Hg38

Epidermal_Keratinocyte_day6.
Rubin_2017-raw.domains

Yes

chr7:117200000117720000

x

Hg38

GM12878_Rao_2014-raw_TADs

Yes

chr7:117200000117400000

x

Hg38

HCT-116_RAD21-mAC_no_auxin.
Rao_2017-raw.domains

Yes

chr7:117200000118240000

x

Hg38

PANC1_raw-merged_TADs

Yes

chr7:117200000118200000

x

Hg38

Thymus_STL001.Leung_2015-raw.
domains

Yes

chr7:117200000118320000

x
x

Hg38

Liver_STL011_Leung_2015-raw_TADs

Yes

chr7:117240000118200000

Hg38

NCIH460_raw-merged_TADs

Yes

chr7:117240000118240000

x

Hg38

Ovary_Schmitt2016-raw_TADs

Yes

chr7:117240000120800000

x

Hg38

Spleen_Schmitt2016-raw_TADs

Yes

chr7:117240000119200000

x
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Coordinates Wnt2
TAD

Coordinates
neighboring TADs

Ventricle_Right_Schmitt2016-raw_TADs Yes

chr7:117240000118240000

x

Hg38

Liver_STL011.Leung_2015-raw.domains

Yes

chr7:117280000118240000

x

Hg38

Bowel_Small_Schmitt2016-raw_TADs

No

xx

chr7:116160000117160000,
chr7:117360000118240000

Hg38

GM12878_Lieberman_2009-raw_TADs

No

xx

chr7:116120000117160000,
chr7:117360000118160000

Hg38

Lung_Schmitt2016-raw_TADs

No

xx

chr7:116120000117160000,
chr7:117360000118280000

Hg38

Psoas_Schmitt2016-raw_TADs

No

xx

chr7:116120000117200000,
chr7:117360000119200000

Hg38

VentricleLeft_STL003_Leung_2015raw_TADs

No

xx

chr7:116120000117160000,
chr7:117360000118240000

Hg38

VentricleLeft_STL003.Leung_2015-raw.
domains

No

xx

chr7:116120000117160000,
chr7:117360000118240000

Hg38

Adrenal_Schmitt2016-raw_TADs

No

xx

chr7:116120000117160000,
chr7:117400000118200000

Hg38

HUVEC_Rao_2014-raw_TADs

No

xx

chr7:116160000117200000,
chr7:117400000118240000

Hg38

K562_Lieberman_2009-raw_TADs

No

xx

chr7:116120000117200000,
chr7:117400000118280000

Hg38

Pancreas_Schmitt2016-raw_TADs

No

xx

chr7:116120000116920000,
chr7:117360000118280000

Hg38

HepG2.ENCODE3-raw.domains

No

xx

chr7:116640000117200000,
chr7:117400000118200000

Hg38

G401_raw-merged_TADs

No

xx

chr7:116840000117200000,
chr7:117400000119200000

Hg38

H1-ESC_Dixon_2015-raw_TADs

No

xx

chr7:116840000117160000,
chr7:117400000118200000

Hg38

H1-ESC.Jin_2013-raw.domains

No

xx

chr7:116840000117160000,
chr7:117400000118200000

Genome

HiC dataset

Hg38

Wnt2 in
predicted TAD
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Genome

HiC dataset

Wnt2 in
predicted TAD

Coordinates Wnt2
TAD

Coordinates
neighboring TADs

Hg38

H1-MSC_Dixon_2015-raw_TADs

No

xx

chr7:116880000117160000,
chr7:117400000118200000

Hg38

H1-MES_Dixon_2015-raw_TADs

No

xx

chr7:116920000117160000,
chr7:117400000118200000

Hg38

IMR90_TNF-a.Jin_2013-raw.domains

No

xx

chr7:116920000117160000,
chr7:117400000118240000

Hg38

A549_raw-merged_TADs

No

xx

chr7:116920000117160000,
chr7:117400000118240000

Hg38

KBM7_Rao_2014-raw_TADs

No

xx

chr7:116120000117160000,
chr7:117400000119240000

Hg38

RPMI7951_raw-merged_TADs

No

xx

chr7:116120000117200000,
chr7:117400000119200000

Hg38

HCT-116_RAD21-mAC_auxin_6hr.
Rao_2017-raw.domains

No

xx

chr7:108640000116720000,
chr7:118440000121560000

Supplementary Table 1: Coordinates of TAD predictions at the WNT2 locus in human HiC datasets. TAD
coordinates were provided by the 3D Genome Browser and downloaded on 30/06/202014,24,26,68–72.

BAC

Coverage (Mm10)

RP23-182B8

chr6:17632107-17850823

RP23-438F5

chr6:17815279-18008560

RP23-438H5

chr6:17815295-18008559

RP23-39F14

chr6:17925943-18135741

RP23-279D3

chr6:19877294-20071489

RP23-381E20

chr6:20122175-20319628

Supplementary Table 2: BAC clones from which the CRSs were amplified.
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CRS

Forward

Reverse

1

ACTGCTCGAGAGTGGCTCCCTCACAAACAC

ACTGAGATCTCATAGGGACACTTCTCAGTGGA

2

ACTGCTCGAGTGAGGTCCCCAACACATACA

ACTGAGATCTTACTGCCAATTCTGGGTGGT

NC

ACTGCTCGAGAGACAAGGCGTTAGCCTTCA

ACTGAGATCTAGTTTTCCTGCAGGTGCCTA

3

ACTGCTCGAGTGGGGGTGGTCATGTTACTT

ACTGGGATCCGCTGCCTCACAAAACACGTA

4

ACTGCTCGAGCACATCTCCTTTCCCATGCT

ACTGAGATCTTGAAACAAAGTCCCACTCCTG

5

ACTGCTCGAGTCAGCGAGAAACACACATCA

ACTGAGATCTACATCAAGCCCTGCTGAGAC

6

ACTGCTCGAGGGCCATAAGGTCAGACTCCA

ACTGAGATCTCCCAACTTAGCTCCACCAAA

7

ACTGCTCGAGGAAATGCTGGGTTCTTCCAA

ACTGAGATCTGAAGCAGGTGACTGCAATGA

8

ACTGCTCGAGCCACCATCTGAGACCCTGTT

ACTGAGATCTTGGCAGCTTAGGAGATGCTT

9

ACTGCTCGAGTGTATCTTAGAGCACATTTTTCCA

ACTGAGATCTGAAGAAAATTTAAAACCCAAAAGG

10

ACTGCTCGAGGCCTCCATTCCTCAACAATC

ACTGGGATCCTCCTGTTGTTTTGGGTGTGA

11

ACTGCTCGAGATTGATCCGAGGGAAAGACC

ACTGAGATCTGGGAGAGCCAAAAGAGGATT

12

ACTGCTCGAGTCACTCTCTCGCACAACAGG

ACTGAGATCTTTTAAGAACCCGGATCACCA

13

ACTGCTCGAGGGGTCAAATTGATGTCTGTCTC

ACTGAGATCTCCTGACTCATTTGAAGCAAGAA

Supplementary Table 3: Primers that were used to clone the CRS sequences into pGL4-minP. These primers
contain restriction sites for XhoI/BglII/BamHI.

CRS/P/NC

Forward

Reverse

P

CACCGGGCTGCCCTTTATCGCTCGC

AAACGCGAGCGATAAAGGGCAGCCC

P

CACCGTCCCCAAGCACTGCGAGCGC

AAACGCGCTCGCAGTGCTTGGGGAC

P

CACCGGCCTGCGCTCGCAGTGCTTG

AAACCAAGCACTGCGAGCGCAGGCC

P

CACCGACGGAAAGGACAGGGTGCGC

AAACGCGCACCCTGTCCTTTCCGTC

P

CACCGAAGAAGGGGGCGCCTACGCC

AAACGGCGTAGGCGCCCCCTTCTTC

P

CACCGCTACGCCGGGCGGGGGCGTA

AAACTACGCCCCCGCCCGGCGTAGC

1

CACCGATGGTAATTAAGGGCTCACC

AAACGGTGAGCCCTTAATTACCATC

1

CACCGTTGAAAAACCATTTCTGTCG

AAACCGACAGAAATGGTTTTTCAAC

1

CACCGCTAGCTAGCTTAGCCAACTA

AAACTAGTTGGCTAAGCTAGCTAGC

1

CACCGAAATACTATCCATCAGCCTC

AAACGAGGCTGATGGATAGTATTTC

1

CACCGATGTCATGAGTAAAACGCCC

AAACGGGCGTTTTACTCATGACATC

2

CACCGACGGTTGGAGGGTGGACGGT

AAACACCGTCCACCCTCCAACCGTC

2

CACCGGACCATATTCTTCACGTGTT

AAACAACACGTGAAGAATATGGTCC

2

CACCGAGATTAACCCTCTGACATTC

AAACGAATGTCAGAGGGTTAATCTC

2

CACCGCTATTACTGCCAATTCTGGG

AAACCCCAGAATTGGCAGTAATAGC

3

CACCGGCATCATGAGCCTGAGTTAC

AAACGTAACTCAGGCTCATGATGCC

3

CACCGTCTAGAAATGTTACGGTTCC

AAACGGAACCGTAACATTTCTAGAC

3

CACCGCCCCACAGCAGCTCAACTGT

AAACACAGTTGAGCTGCTGTGGGGC

3

CACCGCATGATGTACTCGCTAGCAA

AAACTTGCTAGCGAGTACATCATGC

3

CACCGAACCCTGTTTGGTAGTATAC

AAACGTATACTACCAAACAGGGTTC

3

CACCGCCCATTTAGTGCGTTTAAGT

AAACACTTAAACGCACTAAATGGGC

3

CACCGCCGAGAGCTATGAGTCGGTG

AAACCACCGACTCATAGCTCTCGGC

3

CACCGCACAAAACACGTAACTGCCC

AAACGGGCAGTTACGTGTTTTGTGC

4

CACCGTAGGGTGCTTTAACTCATAG

AAACCTATGAGTTAAAGCACCCTAC

4

CACCGGCCAGCCTGCTCCACTGGAT

AAACATCCAGTGGAGCAGGCTGGCC

4

CACCGAGTCATGGGCACTTTCGCTG

AAACCAGCGAAAGTGCCCATGACTC

4

CACCGTGTGCTATAGTGAATTCTCC

AAACGGAGAATTCACTATAGCACAC

4

CACCGACACTACGGAGCTCTTCATC

AAACGATGAAGAGCTCCGTAGTGTC

5

CACCGAATCCCTGATAAAAGCCAAT

AAACATTGGCTTTTATCAGGGATTC

5

CACCGTTAACTGGAGAAAGGTCTCG

AAACCGAGACCTTTCTCCAGTTAAC

5

CACCGTTCTTACCAGATTCCACCCG

AAACCGGGTGGAATCTGGTAAGAAC

5

CACCGGAGACAACTTTGCTATACAA

AAACTTGTATAGCAAAGTTGTCTCC
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CRS/P/NC

Forward

Reverse

5

CACCGGTGTTCCAACAGGTCTCAGC

AAACGCTGAGACCTGTTGGAACACC

6

CACCGTATGTGGGCTTATGGCCATA

AAACTATGGCCATAAGCCCACATAC

6

CACCGTAACACTGCTGGGCAAGTTA

AAACTAACTTGCCCAGCAGTGTTAC

6

CACCGAAACAGTTGAGTTGATGTAG

AAACCTACATCAACTCAACTGTTTC

6

CACCGGTGTGAGGTTCTTGCTAATG

AAACCATTAGCAAGAACCTCACACC

6

CACCGTAGCTTCAGATATCTCGGCA

AAACTGCCGAGATATCTGAAGCTAC

7

CACCGAGATGATGACTAATTTAGCT

AAACAGCTAAATTAGTCATCATCTC

7

CACCGCCAAGTACAAAACATGACTT

AAACAAGTCATGTTTTGTACTTGGC

7

CACCGTCACTTCTTGGGATCGCTCC

AAACGGAGCGATCCCAAGAAGTGAC

7

CACCGCTCATGCTGGCAAACTAGTT

AAACAACTAGTTTGCCAGCATGAGC

7

CACCGTGCAGTTTCTGCAAAGACGT

AAACACGTCTTTGCAGAAACTGCAC

8

CACCGTGTGAAGACCAGCATCCCGA

AAACTCGGGATGCTGGTCTTCACAC

8

CACCGTTTCTTTCTCAGCTGCGGTC

AAACGACCGCAGCTGAGAAAGAAAC

8

CACCGGTAGACAGGATGATTTATGA

AAACTCATAAATCATCCTGTCTACC

8

CACCGGTTAGGATTGAAAGCACAAA

AAACTTTGTGCTTTCAATCCTAACC

8

CACCGGTCTCGAAAATCTGCTAAAA

AAACTTTTAGCAGATTTTCGAGACC

9

CACCGCTACTGAAAATTAGCCCTTC

AAACGAAGGGCTAATTTTCAGTAGC

9

CACCGAAACAGAAGTCAGGCCGTTT

AAACAAACGGCCTGACTTCTGTTTC

9

CACCGGGGCTAAACCCTGTTCGACG

AAACCGTCGAACAGGGTTTAGCCCC

9

CACCGTGATTTAGCAGACTGCCGTA

AAACTACGGCAGTCTGCTAAATCAC

9

CACCGTTCAAGACATACGGTCTCTA

AAACTAGAGACCGTATGTCTTGAAC

10

CACCGGAGGAATGGAGGCTGTGCAA

AAACTTGCACAGCCTCCATTCCTCC

10

CACCGGCTCAACATGGGCCTTGATA

AAACTATCAAGGCCCATGTTGAGCC

10

CACCGCGCAGAGCTCAGTGGGCGTT

AAACAACGCCCACTGAGCTCTGCGC

10

CACCGGGCCGAAGTTACTGTTCTTG

AAACCAAGAACAGTAACTTCGGCCC

10

CACCGCCTGGAGTAGATAGCTTACG

AAACCGTAAGCTATCTACTCCAGGC

11

CACCGGTCTTTCCACATTGATCCGA

AAACTCGGATCAATGTGGAAAGACC

11

CACCGGTCTACTTGGGCTCTCGTGC

AAACGCACGAGAGCCCAAGTAGACC

11

CACCGATGAGTTGCACGCACTCAGT

AAACACTGAGTGCGTGCAACTCATC

11

CACCGTGGATAATAGCTATTTAGCC

AAACGGCTAAATAGCTATTATCCAC

11

CACCGGCAAAGTTACACTATTCTTG

AAACCAAGAATAGTGTAACTTTGCC

12

CACCGGGTTCACTCTCTCGCACAAC

AAACGTTGTGCGAGAGAGTGAACCC

12

CACCGAGAGCGAGCAGCACAATCTC

AAACGAGATTGTGCTGCTCGCTCTC

12

CACCGAGGAATGCAGATTGCCTTAT

AAACATAAGGCAATCTGCATTCCTC

12

CACCGTGCCAACAAAAATGTTCGAC

AAACGTCGAACATTTTTGTTGGCAC

12

CACCGAGAGGATTGGAGTGCACAAC

AAACGTTGTGCACTCCAATCCTCTC

13

CACCGTCTTGGAGGCCTTATCAAAG

AAACCTTTGATAAGGCCTCCAAGAC

13

CACCGATTCAACTCTAAGATGAAGT

AAACACTTCATCTTAGAGTTGAATC

13

CACCGAAACTAGGAAATCGAAGTGA

AAACTCACTTCGATTTCCTAGTTTC

13

CACCGGCATTCAAACAACTTTAGCT

AAACAGCTAAAGTTGTTTGAATGCC

13

CACCGGTTCTTGCTTCAAATGAGTC

AAACGACTCATTTGAAGCAAGAACC

NC

CACCGATTCAGTCGTTTGGATACGT

AAACACGTATCCAAACGACTGAATC

NC

CACCGGTGTCCAAATGAAAACCGAC

AAACGTCGGTTTTCATTTGGACACC

NC

CACCGACAAGGCGTTAGCCTTCATC

AAACGATGAAGGCTAACGCCTTGTC

NC

CACCGCTCATATCCCTTAATGTTGC

AAACGCAACATTAAGGGATATGAGC

NC

CACCGTGACAAGTATATCTGTAATA

AAACTATTACAGATATACTTGTCAC

NC

CACCGGATTAGGGGCTCCTGGTTAG

AAACCTAACCAGGAGCCCCTAATCC

NC

CACCGCTCCTTAAGTCAAAACTTCT

AAACAGAAGTTTTGACTTAAGGAGC

Supplementary Table 4: Primers that were used to clone gRNAs in the pSpgRNA vector. The first column indicates
the number of the CRS, or whether these gRNAs were for the Wnt2 promoter region (P) or negative control (NC).
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Gene

Forward primer sequence

Reverse primer sequence

Ctbp1

GTGCCCTGATGTACCATACCA

GCCAATTCGGACGATGATTCTA

Rpl13a

CCCTCCACCCTATGACAAGA

GCCCCAGGTAAGCAAACTT

Vimentin

CGGCTGCGAGAGAAATTGC

CCACTTTCCGTTCAAGGTCAAG

Krt14

ATCGAGGACCTGAAGAGCAA

TCGATCTGCAGGAGGACATT

Krt18

AGATGACACCAACATCACAAGG

CTTCCAGACCTTGGACTTCCT

Wnt2

CAGAGATCACAGCCTCTTTGG

GCGTAAACAAAGGCCGATT

Supplementary Table 5: Primers used for qRT-PCR reactions.

Primers

Sequence

Viewpoint Wnt2 reading primer

CCAGAACTCAGGGCGATC

Viewpoint Wnt2 non-reading primer

TGGGTTTCTGTTCGATTCTT

Sequencing primer BC44 Wnt2 1

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCTAGCGCTGAAACTGTTGCTTGAGATC

Sequencing primer BC44 Wnt2 2

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCTGATATCGAAACTGTTGCTTGAGATC

Sequencing primer BC44 Wnt2 3

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCTCGCAGAGAAACTGTTGCTTGAGATC

Sequencing primer MAF Wnt2 1

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCTCTCCTAGAAACTGTTGCTTGAGATC

Sequencing primer MAF Wnt2 2

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCTGTGCCAGAAACTGTTGCTTGAGATC

Sequencing primer MAF Wnt2 3

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
GACGCTCTTCCGATCTGGTGATGAAACTGTTGCTTGAGATC

Supplementary Table 6: Primers used for 4C-sequencing.
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As introduced in chapter 1, the mouse mammary gland is a complex and dynamic tissue. Its
development and homeostasis require extensive and controlled communication between different
cells and cell types. To regulate cell behavior, signaling molecules have to facilitate communication
between cells at exactly the right time and place. WNT ligands are an example of such signaling
molecules, and part of a conserved intercellular signaling pathway. Despite our knowledge of the
WNT/CTNNB1 pathway downstream of the translated WNT protein, surprisingly little is known
about how spatiotemporal expression of Wnt genes themselves is regulated. To understand the
basis of spatiotemporal specific cell-cell communication, we need to investigate how cell type
specific Wnt expression is regulated.
In this thesis we have focused on this knowledge gap by exploring the enhancer landscape
of different Wnt genes in the mammary gland. This has resulted in the generation of an extensive
transcriptomic analysis of the postnatal mammary gland and the setup of a workflow for enhancer
identification. Subsequently, we used this workflow to get new insights into the regulation of Wnt4
and Wnt2 in the mammary gland. This is the first comprehensive study that explores Wnt gene
regulation in detail.
Transcriptomic analysis of the postnatal mammary gland
The goal of chapter 2 was to obtain a comprehensive overview of gene expression in the mouse
mammary gland at different time points and in different cell types. The selected time points were
puberty and different stages of the estrous cycle of adult mice: proestrus, estrus, metestrus, and
diestrus. During the estrous cycle, estrogen and progesterone levels fluctuate1. Previous studies
have shown that this can result in morphological changes during the estrous cycle2–8, although
there is no clear consensus in literature about this event. Outgrowth of mammary epithelium
has been reported to occur in late proestrus/estrus3,5,6, but also in diestrus2,4,8. However, these
studies do agree on the timing of regression of the epithelium, which occurs during diestrus2–4,7.
More recently, another paper highlighted the proliferative heterogeneity in the mammary gland
during the estrous cycle, and showed that the morphological changes do not have to occur during
every cycle9. Our results also indicate that the heightened proliferative state that was previously
linked to the estrous cycle, does not occur during every cycle, as we did not observe epithelial
outgrowth in carmine stainings. Furthermore, our FACS analysis did not show clear differences
in cell numbers between the different stages.
The proliferative changes in the mammary gland during the estrous cycle are complex and
not well understood. The estrous cycle repeats itself every 4 to 5 days10 and the question arises
why the morphology would change so frequently. This seems like a waste of energy, since the
mammary gland has time to change its morphology and prepare for lactation during pregnancy.
Furthermore, proliferative estrous cycles can result in more replication-related mutations in
the genome than non-proliferative cycles. As the number of menstrual cycles in a woman’s
lifetime has been associated with breast cancer11,12, it would be interesting to investigate whether
proliferative estrous cycles might pose a higher breast cancer risk9. As this study was performed
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on mouse mammary glands, it remains to be seen whether this phenomenon of proliferative and
non-proliferative cycles is conserved in humans.
In our genome-wide expression analysis, we specifically focused on the expression of Wnt
genes. These genes encode for WNT ligands, which are important for the development and
homeostasis of various tissues, including the mammary gland13–16. In previous studies, expression
of Wnt4, Wnt5a, and Wnt7a has been linked to steroid hormone activity in different tissues2,13,14,17–20.
As the luminal cell layer contains estrogen receptor (ER) and progesterone receptor (PR) positive
cells21, and as Wnt4 has been explicitly been implicated as a PR-responsive gene2,13,14, we expected
these Wnt genes to be differentially expressed in luminal cells throughout the estrous cycle. Our
RNA-seq analysis however, showed that no Wnt genes are differentially expressed in luminal or
basal cells when comparing different stages of the estrous cycle. Even Wnt4 was not differentially
expressed in luminal cells. As mentioned in chapter 2, one explanation for this discrepancy is that
the changes under physiological conditions could be too subtle and might not have been robust
enough to pick up in our bulk RNA-seq. It is also possible that Wnt4 expression in the mammary
gland is more heterogenous than previously thought, similar to the heightened proliferative state
that has previously been reported9. Our results indicate however, that Wnt4 expression is not only
regulated by steroid hormones. The question remains: If not solely regulated by hormones, how
is Wnt4 expression regulated in the mammary gland?
The overview of Wnt expression in different mammary gland cell types revealed a complex
expression pattern of individual Wnt genes across different cell types, with far less variation in a
temporal sense (comparing puberty to adulthood). At the moment, for none of these Wnt genes
it is known how these defined spatiotemporal expression patterns are regulated in the mammary
gland. In chapter 3, 4, and 5 we focused on this topic, and aimed to unravel mechanisms of Wnt
gene regulation at the chromatin level.
Strategies for enhancer identification
Specific spatiotemporal expression patterns can be established by genomic regulatory elements,
such as enhancers22–24. In chapter 3, we set up a workflow to identify enhancers that can induce
Wnt expression. In recent years, new technologies have emerged that can be used for discovering
and validating enhancers (Table 1). As these methods are clearly useful for investigating these
regulatory sequences, all of them have distinct advantages and disadvantages.
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Strategy

Methods

Advantages

Disadvantages

Conservation

ECR Browser25, PhyloP26,
PhastCons27

Genome-wide, associated
with functional relevance

No direct information about
transcriptional enhancer activity,
not cell type specific, not linked
to a target gene

Chromatin
accessibility

DNAse-seq28, ATACseq29, MNAse-seq30,
NOMe-seq31

Genome-wide, cell type
specific, potentially
associated with functional
relevance

No direct information about
transcriptional enhancer activity,
not linked to a target gene

Histone
modifications

ChIP-seq32

Genome-wide, cell type
specific, associated with
functional relevance

No direct information about
transcriptional enhancer activity,
not linked to a target gene

Protein binding

ChIP-seq33, CUT&RUN34

Genome-wide, cell type
specific

No direct information about
transcriptional enhancer activity,
not linked to a target gene

Enhancer activity

Reporter assays35

Provides crucial information
about transcriptional
enhancer activity, relatively
easy to implement, can be
high-throughput

Enhancer activity is not tested in
genomic context, not linked to a
target gene

3D structure

Chromosome
Conformation Capture
techniques (3C/4C/5C/
HiC)36

Cell type specific, can show
link between enhancer and
target gene

No direct information about
transcriptional enhancer activity,
specificity

Deleting
sequence

CRISPR-Cas937

Can show correlative link
between enhancer and
target gene expression,
genomic context, shows
functional relevance

Off-target double strand breaks,
enhancer redundancy

Modulate
transcription
using CRISPRinterference or
CRISPR-activation

dCas9-P30038, dCas9KRAB39, dCas9-VPR40

Can show link between
enhancer and target gene,
genomic context

No direct information about
transcriptional enhancer activity

Whole genome
CRISPR screen

Mosaic-seq41

High throughput, single cell
resolution, genomic context,
can show link between
enhancer and target gene

No direct information about
transcriptional enhancer activity,
specificity, at the moment
only used in combination with
epigenetic modifiers

In vivo transgenic
reporter

Transgenic reporter42

Shows functionality in vivo,
vivo,
reveals cell type specific
activity

Low throughput, enhancer is
not studied in native genomic
location

In vivo CRISPR
knock-out

Deletion of enhancer
using CRISPR-Cas943

Shows relevance in vivo in
native location

Low throughput, enhancer
redundancy

Table 1: Strategies to identify enhancers and their (dis)advantages. Table partially inspired by Rickels et al.44
and Gasperini et al.45.

Currently, there is no single method that can unequivocally identify enhancers on its own.
Therefore, it is important to combine complimentary techniques for the discovery, characterization
and validation of enhancers. This ensures that enhancer identification is supported at multiple
levels. Strong support of enhancer identification should include the following criteria45:
1.

The presence of enhancer-associated chromatin marks at the endogenous genomic location
of the candidate enhancer, such as histone modifications or chromatin accessibility.
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2.

Evidence of functional enhancer activity in plasmid-based reporter assays, such as the dual
luciferase assay.

3.

Demonstration of a link between the candidate enhancer and target gene, which can be
achieved by CRISPRinterference (CRISPRi) or CRISPRactivation (CRISPRa).
We started setting up our workflow for enhancer identification in chapter 3 by selecting

candidate enhancers based on sequence conservation or specific chromatin signatures. Luciferase
reporter assays in which we tested the functional enhancer activity of these candidate enhancers,
revealed that it is more effective to select candidates based on enhancer-associated chromatin
marks than based on sequence conservation. We think, however, that analyzing sequence
conservation of specific candidate enhancers (e.g. using BLAST46) can be useful to further dissect
the molecular sequence architecture. So rather than using conservation at the start of a project to
select candidate enhancers, this tool might be more useful after the validation of enhancers (as
done in chapter 4).
The datasets for chromatin accessibility or histone modifications that were publicly available
when starting the project of chapter 3, were not optimal. First, the epithelial cell types were
usually not separated, which is inconvenient when searching for enhancers that regulate cell type
specific expression47–49. Second, not all datasets were from virgin mice; in some cases pregnant or
lactating mice were used47,49. None of them were derived from pubertal animals. We still decided
to use and visualize these datasets, because of the lack of cell-type specific mammary gland
datasets at the time.
Functional enhancer activity is another important characteristic that should be tested when
identifying new enhancers. We chose to clone the candidate enhancers individually in the pGL4minP plasmid, rather than performing massively parallel reporter assays (MPRAs). The main reason
is that there currently is a limit on the length of the oligos that are synthesized for MPRAs50,51. These
experiments allow for checking enhancer activity of <200 bp DNA sequences. Since our candidate
enhancers were >200 bp (and enhancers are described to be 50-1500 bp52), we decided to clone these
sequences individually, although this method is low-throughput. We must be aware of the main
disadvantage of testing enhancer activity using reporter constructs, namely that enhancers are tested
outside of their native genomic context. Epigenetic modifications or specific 3D structures of the
chromatin at the endogenous genomic location of the enhancer will have no effect on the enhancer
activity of the enhancer when it is tested in a plasmid based reporter assay. On the other hand, it
allows for testing sequences that would otherwise reside in closed (i.e. non-accessible) chromatin
regions. Taken together, reporter assays remain an essential tool for enhancer identification, as the
enhancer activity of the candidate enhancers can be tested directly.
To link the candidate enhancers to the target genes, several methods are available from the
CRISPR toolbox. CRISPR-interference (CRISPRi) and CRISPR-activation (CRISPRa) are used to
study promoters and enhancers in their native genomic context by enforcing enhancer repression
or activation, respectively. The first CRISPRi experiments showed that a nuclease dead Cas9
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(dCas9) can be used for repressing transcription initiation or elongation, as it can block binding of
transcription factors (TFs) or form an obstruction for RNA Pol II53–56. The first time CRISPRi was
used to target enhancers, dCas9 was fused to the Krüppel-associated box (KRAB) repressor. The
dCas9-KRAB fusion was guided to the HS2 enhancer in the globin locus control region, which
resulted in the silencing of multiple globin genes57. In contrast, CRISPRa uses fusions of dCas9
with transcriptional activators, such as Vp64, p65AD, or a combination of multiple activators
(Vp64, p65, Rta (VPR))39,40,58,59. Another way of achieving transcriptional activation using CRISPRa,
is by targeting the epigenome. The fusion of dCas9 to the histone acetyltransferase p300 can
acetylate H3K27 at specific genomic locations, which can result in gene activation38. Both dCas9VPR and dCas9-p300 have been used to link genomic regulatory elements to target genes38,60,61.
In our workflow for enhancer identification, we used dCas9-VPR to link our candidate enhancer
to the target gene. We selected this approach after testing multiple dCas9 fusions (dCas9-KRAB,
dCas9-p300, dCas9-VPR) (data not shown), which showed the most robust results for dCas9-VPR.
We hypothesize that the acetylation of our candidate enhancers by dCas9-p300 was not sufficient
to increase gene transcription. This can be linked to the fact that some of our candidate enhancers
were selected based on histone marks such as H3K27ac, which would imply that they were already
open and activated and cannot be further activated by dCas9-p300. In fact, guiding dCas9-p300 to
an already acetylated region might actually form an obstruction for the TFs that would bind to the
DNA. dCas9-VPR on the other hand, includes a transcriptional activator (Vp64) and two TFs (p65
and Rta), which artificially “switch on” the enhancer. Most likely, different dCas9 modifiers are
suitable for different genomic loci, depending on their epigenetic state. We have to keep in mind
that the exact mechanism of CRISPRi and CRISPRa are not known. These dCas9 tools however,
are still useful tools to investigate possible links between regulatory sequences and target genes.
Regulation of Wnt2 and Wnt4 expression in the mammary gland
Although the workflow presented in chapter 3 can provide a framework for enhancer
identification, there are additional methods that can further help understand how expression
of specific genes is regulated. We implemented some of these methods in chapter 4 and 5, in
which we focused on the expression of Wnt4 and Wnt2, respectively. In these chapters, we refer
to our candidate enhancer sequences as CRSs (candidate regulatory sequences). The reasoning
behind this, is that the only method in our workflow that provides information about functional
enhancer activity, is the luciferase reporter assay. The other methods that we used for enhancer
identification, can also be used to identify regulatory sequences that have other functions, such as
repressors. In chapter 4, CRS-9 and CRS-16 are examples of such candidate repressors. Both CRS-9
and CRS-16 were linked to the Wnt4 gene in dCas9-VPR assays, but did not show any enhancer
activity in the luciferase reporter assays. CRS-9 showed clear peaks in multiple ATAC-seq datasets,
especially in luminal cells. Interestingly, CRS-16 had a specific peak in the basal ATAC-seq dataset.
Since Wnt4 is not expressed at basal cells, CRS-16 might play a role in repressing Wnt4 expression
in this cell type, although additional experiments are needed to prove this.
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Another development in chapter 4 and 5 compared to chapter 3, was the use of cell type
specific datasets for enhancer associated marks. In 2018, ATAC-seq and H3K27ac datasets were
published from mature luminal, luminal progenitor, and basal mammary cells from WT mice62.
In addition, we generated our own ATAC-seq datasets of luminal, basal, and stromal cell types
from pubertal animals. This was especially valuable for selecting Wnt2 CRSs, since Wnt2 is not
expressed in epithelial cells (chapter 2) and to our knowledge, no stromal specific ATAC-seq (or
H3K27ac ChIP-seq) dataset has been published before.
Another addition in chapter 4 and 5, was the topologically associating domain (TAD)
analysis at the Wnt4 and Wnt2 loci. As enhancers are more likely to communicate with promoters
in the same TAD63–65, we decided to focus specifically on the TAD of our genes of interest when
selecting CRSs. We analyzed the TADs of Wnt4 and Wnt2 by downloading the TAD coordinates
of various datasets from the 3D Genome Browser66. At the Wnt4 locus, there was an overlapping
region in all datasets that coincided with the CTCF binding motifs and their orientation. We
selected this as our region of interest to select Wnt4 CRSs. For the Wnt2 locus, we performed a
similar TAD analysis, but those results were less conclusive. Interestingly, our TAD analyses of
the Wnt4 and Wnt2 loci were supported by 4C experiments, which showed a higher interaction
frequency of the Wnt4 or Wnt2 promoter with regions within the selected TAD than with regions
outside the selected TAD. 4C is another experiment that we added to our protocol in chapter 4
and 5 compared to chapter 3, mainly to identify regions that showed a physical interaction with
the Wnt4 or Wnt2 promoter in the native chromatin context. Indeed, by integrating our findings
from the luciferase reporter assays, dCas9-VPR experiments and 4C analysis, we were able to
identify elements that were recognized in each of these assays as being of interest, resulting in
the identification of a regulatory hub between Gm13003 and Wnt4 in the mammary epithelium
(chapter 4) and CRS-12 as a stromal specific Wnt2 mammary gland enhancer (chapter 5).
Currently, there is a debate in the field of gene regulation regarding the role of TADs67.
Although multiple studies have indicated that TAD formation is important for gene regulation
by bringing enhancers and promoters in closer proximity68–71, other reports suggest that this role
is more nuanced. Loss of TAD boundaries caused by depletion of critical factors such as CTCF
or subunits of the cohesin complex, quite surprisingly resulted only in modest gene expression
changes in some cases 72–74. Also more specific experimental rearrangements of TADs at the Sox9Kcnj2 locus did not result in major gene expression changes75. On the other hand, disruption of
TADs in the WNT6/IHH/EPHA4/PAX3 locus leads to de novo enhancer-promoter interactions,
which causes misexpression of developmental genes71. The basis of this inconsistency has been
unclear. Recently, a study that focused directly on the impact of chromosome topology on
enhancer-promoter interactions in Drosophila embryos, showed that interactions of elements that
are in the same TAD, occur independently of TAD formation (Figure 1)76. Inter-TAD interactions
however, were lost after disruption of TADs. This suggests that the role of TADs is different for
intra- and inter-TAD interactions. Future research is needed to unravel the mechanisms and
specificity of gene regulation by TAD formation.
189

6

Chapter 6

TAD1
e

TAD1

e

g

i

i

g

e

insulator

e enhancer
interaction
e

TAD3

i

i

g gene
TAD2

TAD formation

TAD disruption

e

lost interaction

e

g
TAD2

i

g
TAD3

Figure 1: Different role for TAD formation between intra- and inter-TAD enhancer-promoter interactions.
Illustration showing that TAD formation can cause interactions between enhancers and promoters that are in
different TADs (TAD1 and TAD3). TAD disruption will lead to loss of interactions between these elements, while
intra-TAD interactions (in TAD2) stay intact76.

To summarize, we have supported our findings about regulation of Wnt4 and Wnt2 expression
in the mammary gland on multiple levels:
1.

TAD analysis of the locus of interest, by downloading publicly available HiC datasets from
the 3D Genome Browser66.

2.

Analysis of different enhancer-associated chromatin features, such as chromatin accessibility
or histone modifications, using generated or published62 ATAC-seq or H3K27ac ChIP-seq
datasets, respectively.

3.

Testing the functional enhancer activity of candidate sequences by performing luciferase
reporter assays.

4.

Showing evidence of a link between candidate sequences and Wnt4 or Wnt2 by CRISPRa.

5.

Investigating physical interactions between the Wnt4 or Wnt2 promoter and candidate
sequences by performing 4C experiments.
The next step in investigating the regulation of Wnt4 and Wnt2 expression in the mammary

gland, is to validate the functional relevance of the identified enhancers by mutating or deleting
their genomic sequences using CRISPR-Cas9. Also candidate repressors (e.g. CRS-9 and -16 for
Wnt4) can be deleted to investigate their possible repressive role in Wnt4 expression. When
measuring Wnt4 or Wnt2 expression after mutating identified enhancers, it has to be taken into
account that the transcriptional effect of these mutations can be buffered by so-called shadow
enhancers. Some regulatory networks are known to contain enhancers that have similar tasks,
to guarantee robustness of gene expression77–79. These shadow or redundant enhancers ensure
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that gene expression is maintained in case of mutations, which can lead to false negatives when
deleting functional enhancers using CRISPR-Cas9. In addition to mutating genomic enhancer
sequences, it would be interesting to investigate the effect of mutating the putative CTCF binding
sites at the TAD boundaries, since the importance of these boundaries is highly locus specific (as
mentioned above). The identified putative CTCF binding sites can be removed or their orientation
can be reversed. Subsequent 4C or Hi-C experiments can show the effect of TAD disruption on
the physical interactions of the Wnt promoters.
Although Wnt4 expression in the mammary gland has been linked to steroid hormones in
previous studies2,13,14, our research has so far focused on hormone-independent regulation of this
gene. There are multiple options to expand our workflow to also investigate genomic elements
that regulate Wnt4 via binding of nuclear receptors, such as PR or ER. First, PR/ER ChIP-seq
datasets can be included in the phase of CRS selection80. Regions that have a peak in PR/ER
binding and are located in the region of interest (e.g. the TAD), can be added to the list of CRSs.
At this stage it would be useful to search for putative PR/ER binding sites in these sequences
using TRANSFAC81,82. Second, plasmid based reporter assays that are used to check the enhancer
activity of the candidate enhancers, can be performed with and without progesterone or estrogen
treatment. It is important that in this case cell lines are used that stably express PR or ER, which
is not the case for BC44 or HC11. Reporter assays can also be performed using mutated versions
of the candidate enhancer, in which for example one or multiple PR/ER binding sites have been
removed. Third, the genomic sequences of these putative binding sites in the candidate enhancer
can be mutated using CRISPR-Cas9, to check their biological relevance in Wnt4 expression. Adding
these methods to our workflow will allow us to definitively discriminate between enhancers that
act downstream of steroid hormones and those that do not.
Future perspectives in enhancer biology
To further unravel the mechanisms of enhancer function, identified and validated enhancers can
be dissected at the nucleotide level. We know that TFs bind to enhancers, which contain clusters
of sequence-specific binding motifs83. A study using Ciona intestinalis embryos showed that the
order, orientation, and spacing (referred to as “syntax”) of TF binding sites in enhancers play an
important role in their function84. They showed that enhancers with low affinity TF binding sites
can still establish robust tissue specific gene expression patterns, because of compensation by an
optimal syntax. The observation that enhancer syntax is important for gene regulation, suggests a
more complex mechanism for enhancer function than just TF binding to high affinity consensus
binding motifs. Therefore, it is important that we not only focus on high affinity consensus
motifs, but also on low sequence specificity and syntax, to better understand the rules of enhancer
function.
To understand the molecular mechanism of gene regulation, it is important to find out which
TFs are involved in activating gene expression. There are several methods available to identify
these proteins. First, one could analyze single-cell RNA sequencing (scRNA-seq) datasets to
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uncover co-expression of TFs and the gene of interest. This can yield a list of candidate regulators,
which can be further validated by knock-out or knock-down experiments, to analyze a possible
link with the gene of interest. Another method that can identify relevant TFs, is unbiased genomic
locus proteomics (GLoPro), which uses a dCas9 fused to the peroxidase enzyme APEX2 (CASPEX)
(Figure 2A)85. Using gRNAs, specific genomic locations such as promoters and enhancers can
be targeted. At these DNA regions, APEX2 can label proteins with biotin derivates that are in
close proximity, which can be identified using quantitative mass spectrometry analysis. Proximity
labeling can also be used to identify proteins that interact with long non-coding RNAs (lncRNAs).
We made a start with the preparations for such an analysis by generating BC44 and HC11 cell
lines that stably express and doxycycline inducible CASPEX (data not shown). Recently, CRISPRassisted RNA-protein interaction detection (CARPID) was introduced, which uses dCasRx-based
RNA targeting (Figure 2B)86. dCasRx can be guided to RNA transcripts, but, similar to dCas9,
does not cleave the target. The biotin ligase BASU is fused to dCasRx and will biotinylate proteins
that are close proximity, such as RNA binding proteins (RBPs). In chapter 4 we discussed a
possible role of lncRNA Gm13003 in Wnt4 regulation. Using a technique such as CARPID, possible
regulators can be identified that are involved in Wnt4 expression via Gm13003 binding.

A

B

GLoPro

TF

TF

CARPID
RPID

TF TF TF
RBP

APEX2

RBP

dCas9

BASU
dCasRx
RBP

enhancer
gene

biotin
RBP
TF

RNA binding protein
transcription factor

Figure 2: Proximity labeling techniques to identify TFs and RBPs. A) Genomic locus proteomics (GLoPro)85:
Illustration of a genomic locus, containing one gene and two enhancers. dCas9-APEX2 (CASPEX) is guided to the
promoter region using specific gRNAs, where APEX2 biotinylates proteins that are in close proximity. B) CRISPRassisted RNA-protein interaction detection (CARPID)86: Illustration of a lncRNA with RNA binding proteins (RBP).
Using specific gRNAs, dCasRx-BASU is guided to the lncRNA of interest. dCasRx can target RNA transcripts, but
does have nuclease activity. BASU biotinylates proteins that are in close proximity, such as RBPs. Proteins that
are biotinylated in the GLoPro or CARPID workflow can be identified using Western blot or mass spectrometry
analysis.
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Another element of enhancer function, which we did not study in this thesis, is the role of
enhancer RNAs (eRNAs). eRNAs are transcripts from genomic enhancer sequences and have been
implicated in gene regulation87–92. Multiple studies have shown evidence that eRNAs can interact
with epigenetic modifying enzymes or can stabilize chromatin loops that promote enhancerpromoter interactions88,93–95. Their exact mechanism of action however, remains unknown. It
has been suggested that enhancer transcription itself also plays a role in methylation of H3K4,
independent of eRNA transcripts96. The idea that enhancer transcription, in addition to the
resulting eRNAs, can play a role in gene regulation, was also indicated by a study that showed
interference of gene transcription by transcription of intragenic enhancers97. In chapter 2, we
showed a transcriptomic analysis from different mammary gland cell populations, but this
experiment was not sensitive enough to detect eRNAs98. For eRNA detection, global run-on
sequencing (GRO-seq)99,100, precision run-on nuclear sequencing (PRO-seq)101, or cap analysis
gene expression (CAGE)102–104 can be used. To understand the role of eRNAs in gene regulation, it
is imperative that we invest in cataloging eRNA transcripts and their spatio-temporal expression
patterns.
Concluding remarks
In this thesis we have shown for the first time a detailed functional dissection of Wnt loci in
mammary gland cells. This has given us new insights into how cell type specific expression
patterns of Wnt genes are established in the mammary gland. Ultimately, this will help us better
understand how Wnt ligands can regulate cell behavior in an organized spatio-temporal manner,
thereby controlling tissue development and homeostasis of the mammary gland.
These are exciting times in the field of enhancer biology, in which these new technologies
enable us to further advance our understanding of gene regulation. Despite this progress, many
questions remain unanswered45,105–108: What is the role of TADs in gene regulation? Does the
3D structure of the chromatin regulate gene expression or is it, at least in some cases, merely
the result of enhancer-promoter communication? What is the exact mechanism of action of
enhancers? What is the minimum distance in 3D between enhancers and promoters to trigger
transcription? How does an enhancer know which promoter to act on? How is enhancer
redundancy coordinated? What is the exact role of enhancer syntax and how specific is this? What
is the role of eRNAs, or of the total interaction between DNA, RNA and proteins in enhancer
hubs for that matter? Performing functional dissections of individual genomic loci, enhancers,
their syntax, their transcripts, and chromatin context using advanced technologies will help us
unravel the fascinating mechanisms of gene regulation in the coming years.
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Summary
Exploring the Wnt enhancer landscape
in the mammary gland
For proper organization of complex tissues, it is imperative that individual cells communicate
with each other in a controlled manner. Exchange of information between cells can be established
by paracrine signaling molecules. A well-known example of such signaling molecules is the
family of WNT ligands, which plays a main role in embryonic development, but also adult tissue
homeostasis. Given the importance of WNT signaling, it is critical that the expression of Wnt genes
occurs at the right time and place. However, despite almost 40 years of research on WNT signaling,
we don’t know how the expression of these genes is regulated. The aim of the research presented
in this thesis was to obtain a better understanding on how the expression of Wnt genes is regulated
in a complex and dynamic tissue: the mouse mammary gland.
The mammary gland is a milk-producing gland that is characteristic for mammals. It consists
of a fat pad, which contains a network of epithelial ducts. These epithelial ducts contain an
inner luminal layer and an outer basal, myoepithelial cell layer. The ducts are surrounded by a
collagen-rich extra-cellular matrix, with adipocytes as main component. Chapter 1 provides an
introduction to mammary gland development and maintenance, and the role of WNT signaling
in these processes.
Throughout the adult reproductive life of a female mouse, the morphology of the mammary
gland changes regularly. Previous studies have shown that hormonal changes during the estrous
cycle and pregnancy can cause the epithelial ducts to branch out and retract. The aim of chapter 2
was to investigate which genes are involved in these hormone-induced morphological changes.
Therefore, a transcriptomic analysis was performed on different mammary gland cell populations
during puberty and different stages of the adult estrous cycle. Results indicated that proliferative
changes do not naturally occur every cycle. Surprisingly, most differentially expressed genes were
found in the cell types that surround the epithelial ducts: stromal cells and adipocytes. Throughout
the estrous cycle, no Wnt genes were differentially expressed in the epithelial cells, even though
Wnt4 expression has been proposed to be regulated by progesterone in previous studies. At the
end of chapter 2, a comprehensive overview of Wnt expression in the mammary gland is shown.
Each cell type expresses a unique group of Wnt genes. This raised the question: How is this cell
type-specific Wnt gene expression regulated in the mammary gland?
Spatiotemporal gene expression patterns can be established by regulatory elements in the
genome. These elements do not have a general consensus sequence or fixed location, which makes
it a challenge to identify them. In chapter 3, the aim was to set up a workflow to identify Wnt
enhancers. Enhancers constitute a subset of regulatory elements that can increase transcription
of a target gene. Published datasets on chromatin signatures (chromatin accessibility and histone
202
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modifications) and a web-based tool on sequence conservation were used to select candidate
enhancers that are located near Wnt genes. The transcriptional activity of these enhancers was
measured in luciferase reporter assays. Furthermore, the possible link between the candidate
enhancers and the putative target Wnt gene was analyzed using CRISPRa. This resulted in the
identification of a set of Wnt6 and Wnt10a enhancers that show activity in mammary gland cells.
The workflow that was presented in this chapter formed the basis of the search for Wnt enhancers
in the following chapters.
The goal of chapter 4 was to understand how Wnt4 expression is regulated in the mammary
gland. WNT4 plays an important role in side branching of epithelial ducts, especially during
pregnancy. The Wnt4 topologically associating domain (TAD) was identified and candidate
regulatory sequences in this region were selected. The results of luciferase reporter and CRISPRa
assays revealed an active enhancer hub located between Wnt4 and the genomic sequence of
lncRNA Gm13003. Furthermore, by performing 4C experiments, it was shown that the Wnt4
promoter is in close physical proximity to Gm13003. Additionally, a potential role of lncRNA
Gm13003 in the regulation of Wnt4 expression was investigated. At the end of chapter 4, a model
of regulation of Wnt4 expression in mammary gland cells is presented.
The focus of chapter 5 was on a Wnt gene that is mainly expressed in the stromal compartment
of the mammary gland: Wnt2. Wnt2 is a candidate gene that has been linked to crosstalk between
stromal and epithelial cells. The goal of this chapter was to identify genomic elements that
regulate Wnt2 expression. Using a combination of luciferase reporter assays, CRISPRa assays, and
4C experiments, a Wnt2 enhancer that is located 15.4 kb upstream of the Wnt2 transcriptional
start site was identified. Furthermore, a TRANSFAC analysis was performed to identify putative
transcription factor binding sites in this enhancer.
The research presented in this thesis is summarized and discussed in chapter 6. Different
strategies for enhancer identification are critically evaluated and the need for combining different
methods to provide strong support for enhancer functionality is highlighted. Together, the results
in this thesis provide new insights into how the expression of Wnt genes is regulated in the
mammary gland at the chromatin level.
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Samenvatting
Het verkennen van het Wnt enhancer landschap
in borstweefsel
Om de organisatie van complexe weefsels correct te laten verlopen, is het van groot belang dat
individuele cellen op een gecontroleerde manier met elkaar communiceren. Uitwisseling van
informatie tussen cellen kan tot stand worden gebracht door signaalmoleculen. Een bekend voor
beeld van signaalmoleculen is de familie van WNT eiwitten. Deze WNT eiwitten zijn essentieel
voor embryonale ontwikkeling, maar ook voor het onderhouden van weefsels. Deze belangrijke
rol van WNT eiwitten vereist dat de expressie van Wnt genen op precies de goede plek en tijd
gebeurt. Ondanks bijna 40 jaar onderzoek op het gebied van WNT signalering, weten we nog
niet hoe de expressie van Wnt genen wordt gecontroleerd. Het doel van het onderzoek dat in
deze thesis wordt gepresenteerd, was om te begrijpen hoe genexpressie van Wnt genen wordt
gereguleerd in een complex en dynamisch weefsel: het borstweefsel van de muis.
Het borstweefsel is een melk-producerende klier en is een van de kenmerken van zoogdieren.
In de muis bestaat het borstweefsel uit vetweefsel met daarin een netwerk van melkgangen. Deze
melkgangen bestaan uit twee lagen epitheelcellen: de binnenste luminale cellen en de buitenste
basale cellen. De melkgangen zijn omringd door fibroblasten en vetcellen. Als een muis vol
wassen is, verandert de morfologie van het borstweefsel geregeld. Studies hebben laten zien dat
hormonale veranderingen tijdens de reproductieve (of oestrische) cyclus en zwangerschap ervoor
zorgen dat de melkgangen uitgroeien en zich weer terugtrekken.
Het doel van hoofdstuk 2 was om te onderzoeken welke genen betrokken zijn bij deze
morfologische veranderingen die ontstaan door hormonen. Gekeken is naar welke genen tot
expressie komen in verschillende celtypes van het borstweefsel tijdens de puberteit en verschillende
fases van de reproductieve cyclus. De resultaten laten zien dat die morfologische veranderingen
niet in elke cyclus en in elke muis voorkomen. Ook werd gezien dat de meeste differentieel tot
expressie gebrachte genen voorkwamen in de celtypes rondom de melkgangen: in de fibroblasten
en vetcellen. Tijdens de reproductieve cyclus waren geen Wnt genen tot differentiële expressie
gebracht. Ook Wnt4 niet, terwijl dit gen in andere studies wel in verband wordt gebracht met
steroïde hormonen. Aan het einde van hoofdstuk 2 wordt een uitgebreid overzicht gepresenteerd
van Wnt expressie in het borstweefsel. Elk celtype brengt een unieke set Wnt genen tot expressie.
Hierdoor rijst de vraag: Hoe komen die specifieke expressiepatronen van Wnt genen tot stand in
het borstweefsel?
Specifieke genexpressiepatronen kunnen tot stand worden gebracht door regulerende ele
menten in het genoom. Deze elementen hebben geen vaste DNA sequentie en ook geen vaste
locatie, wat het moeilijk maakt om ze te identificeren. Het doel van hoofdstuk 3 was om een
workflow op te zetten om Wnt enhancers te identificeren. Enhancers zijn een subgroep van
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regulerende elementen, die de transcriptie van genen kunnen induceren. Gepubliceerde datasets
over de beschikbaarheid van chromatine, histon-modificaties en DNA conservatie zijn gebruikt
om een selectie te maken van kandidaat-enhancers die zich vlak bij Wnt genen bevinden. De
activiteit van enhancers is gemeten in luciferase reporter assays. Ook is het verband tussen de
enhancers en de Wnt genen onderzocht met behulp van CRISPRa. Dit heeft geresulteerd in de
identificatie van een set Wnt6 en Wnt10a enhancers die actief zijn in cellen van het borstweefsel.
De workflow die gepresenteerd is in hoofdstuk 3 vormt de basis voor de zoektocht naar Wnt
enhancers in de volgende hoofdstukken.
Het doel van hoofdstuk 4 was om te begrijpen hoe Wnt4 expressie wordt gereguleerd in
het borstweefsel. Het WNT4 eiwit spelt een belangrijke rol in het uitgroeien van de melkgangen
tijdens de zwangerschap. De resultaten van de luciferase reporter assays en CRISPRa assays lieten
zien dat er zich een actieve enhancer hub bevindt tussen het Wnt4 gen en lncRNA Gm13003.
Door 4C experimenten uit te voeren, is ook gekeken naar de 3D conformatie van het Wnt4 locus
en het bleek dat de promoter van Wnt4 contact maakt met de sequentie van Gm13003. Ook is
een eventuele rol onderzocht van het transcript van lncRNA Gm13003 in de regulatie van Wnt4
expressie. Aan het einde van hoofdstuk 4 wordt een model gepresenteerd over de regulatie van
Wnt4 expressie in het borstweefsel.
In hoofdstuk 5 is gefocust op Wnt2, een gen dat vooral tot expressie komt in het stroma
van het borstweefsel. Wnt2 is een kandidaat-gen voor de communicatie tussen het stroma en de
epitheelcellen. Het doel van dit hoofdstuk was om regulerende elementen te identificeren die de
expressie van Wnt2 controleren, door een combinatie te gebruiken van luciferase reporter assays,
CRISPRa assays en 4C experimenten. Dit heeft geresulteerd in de identificatie van een Wnt2 en
hancer, op 15.4 kb van het Wnt2 gen. Tevens is een TRANSFAC analyse gedaan om eventuele
bindingsdomeinen in deze enhancer te identificeren, waar transcriptiefactoren aan kunnen binden.
Het onderzoek dat in deze thesis is gepresenteerd, is samengevat en bediscussieerd in
hoofdstuk 6. Verschillende strategieën voor het identificeren van enhancers worden behandeld en
het belang van het gebruik van een combinatie van verschillende experimenten met verschillende
uitlezingen is benadrukt. Samen vormen de resultaten uit deze thesis nieuwe inzichten in hoe de
expressie van Wnt genen wordt gereguleerd in het borstweefsel.
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