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INTRODUCTION

As one of the most commonly diagnosed cancers, breast cancer is a major cause 

of cancer-related mortality in females worldwide. Advances in early diagnostic 

screening and progresses in therapeutic treatment approaches have led to the 

decrease of breast cancer death rate over the past decades in western countries 

[1, 2]. However, its highly heterogeneous nature and the complex pathogenesis 

still complicate breast cancer diagnosis and challenge breast cancer treatment [3, 

4]. Breast cancer mostly originates in the mammary gland. The developmental 

processes taking place within the mammary gland are highly dynamic and provide 

a unique framework to illuminate dysregulation processes observed in breast 

cancer [5, 6]. For instance, loss of function studies of specific transcription factors in 

controlling mammary epithelium phenotypes not only uncover how transcriptional 

network governs lineage commitment, but also reveal the arising of different breast 

cancer subtypes from these normal mammary epitheliums [7, 8]. As an example, 

nuclear receptors (NRs) mediated transcriptional networks are demonstrated to 

be significant in regulating both mammary gland development and breast cancer 

progression. Mammary gland morphogenesis in different stages is orchestrated 

by the interaction between female hormones such as estrogen and progesterone 

and their corresponding NRs [9, 10]. In addition, the NR expression profile-based 

categorizing of breast cancer subtypes provides important information for the 

selection of the therapeutic approach for breast cancer patients [11-13].

Due to the significance of NRs in breast morphogenesis and tumorigenesis, studies 

also have focused on characterizing co-regulators that are involved in orchestrating 

the complex regulatory network of NRs [14]. One of these factors is the transcription 

regulator DC-SCRIPT (DC-Specific transcript), also known as Zinc Finger Protein 

366 (ZNF366). DC-SCRIPT is special as it is one of the few co-regulators with dual 

functions in the NR network [14]. DC-SCRIPT was firstly identified and characterized 

in dendritic cells (DCs) where it was shown to repress glucocorticoid receptor (GR) 

mediated transcription [15, 16]. Studies in breast cancer have shown the ability of 

DC-SCRIPT in promoting transcription by the mostly anti-proliferative type II NRs 

(PPAR-Peroxisome Proliferator Activated Receptor, RAR-Retinoic Acid Receptor) 

while suppressing the mainly pro-proliferative type I NRs (ER-Estrogen Receptor, 

PR-Progesterone Receptor) mediated transcription [17]. DC-SCRIPT expression is 

rapidly lost upon the malignant transformation of mammary gland epithelial cells 

towards ductal epithelial cell cancer [17]. Unfortunately, no DC-SCRIPT expressing 

breast cancer cell lines have been found so far, making it difficult to study DC-SCRIPT 

in epithelial cells endogenously expressing DC-SCRIPT. Elucidating the function of 

DC-SCRIPT in mammary gland development can possibly help to reveal its function 

in breast tumorigenesis.

1. The multifunctional transcriptional regulator DC-SCRIPT

DC-SCRIPT
DC-SCRIPT is a protein encoded by the ZNF366 gene in humans. DC-SCRIPT was firstly 

identified and described as a novel marker uniquely expressed by dendritic cells 

(DCs) in the human immune system [15, 18]. It is located on chromosome 5q13.2 

and encodes an 8kb long mRNA sequence containing 5 exons [19]. A single large 

Open Reading Frame (ORF) of 2232 nucleotides is present in this mRNA sequence. 

The first ATG translational initiation codon is at position 448 in exon 2 and the 

translational stop codon TGA is located in exon 5 at position 2680. Translation 

results in a protein with 744 amino acids (aa) comprised of a proline-rich domain 

(aa 111–219), 11 C2H2 (Cys-Cys: His-His) zinc finger motifs (aa 255–556) and an acidic 

region (aa 586–690). Additionally, various potential binding and modifying sites are 

described in different regions, including two possible N-glycosylation sites in the 

zinc fingers (394–397 NCSE and 547–550 NLTR), one putative nuclear localization 

sequence (NLS) at position 77–80, as well as a CtBP1 (C-terminal Binding Protein 

1) interaction motif and the NR interaction motif LXXLL can be recognized in the 

acidic-region (Figure 1) [15, 20].

DC-SCRIPT was presumed to function as a transcription factor based on the 11 

C2H2 zinc fingers domains which resemble those present in the transcription factor 

family of proteins. Zinc fingers are involved in interactions between protein-DNA, 

protein-RNA or protein-protein [21-23]. Indeed, both human and murine DC-SCRIPT 

can bind directly to a specific DNA sequence [15, 20, 24, 25]. Besides, there are two 

potential CtBP1 interaction motifs (position 590–594, PFDLS and position 645–649, 

PEDLS) identified in the acidic region of human DC-SCRIPT, of which only the first 

motif is responsible for CtBP1 binding [15, 24]. CtBP1 is a well-known transcriptional 

corepressor with the capability to bind to its interactors via PXDLS (X can be any 

amino acid residue) motif [26, 27]. They normally form CtBP complexes containing 

histone deacetylases and histone lysine methyltransferases, leading to chromatin 
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condensation and locus silencing [28, 29]. DC-SCRIPT also contains a typical NLS 

(RKRK) in the proline-rich domain [15]. However, the NLS seems not to be essential 

for the translocation of DC-SCRIPT into the nucleus [15]. Interestingly, nuclear 

localization appears to be mediated by the zinc finger domain as the zinc finger 

domain alone can facilitate nuclear import of the whole molecule of DC-SCRIPT 

[15]. Moreover, the LXXLL motif within the acidic region equips DC-SCRIPT with the 

capability to interact with potential NRs and to function as NR regulator [15, 17] 

The LXXLL motif is frequently found in coregulators of NR and is defined with the 

capability to bind to the ligand binding domain of NR through forming a two-turn 

amphipathic α-helix [30, 31].

DC-SCRIPT is well conserved and widely exists in multiple species. The human DC-

SCRIPT gene locus was firstly described by Gilligan et al. in 2002 [19]. Based on the 

homology with the Fugu fZF1 gene, subsequent homology searches predicted the 

existence of DC-SCRIPT gene in various species including mouse, rat, dog, chicken, 

pufferfish, and xenopus [15, 19, 20]. Homologues of DC-SCRIPT have also been 

identified and characterized in both rainbow trout (Oncorhynchus mykiss) and 

Barramundi (Lates calcarifer) [32, 33]. They also exhibit a highly similar structure 

including well-conserved zinc finger domains (97 %) as present in human and 

murine DC-SCRIPT [32, 33]. All these studies have indicated that the identified 

genes represent orthologues of human DC-SCRIPT based on the high sequence 

conservation. Particularly, the amino acid sequence of the 11-zinc finger region 

shows at least 85% identity between the different species [19, 20]. The overall DC-

SCRIPT protein homology between human and mouse is 80%, with 92.2% identity 

in the proline-rich domain and zinc fingers region [15, 20]. The acidic domain is 

the least homologous region (56.8% identity) between the two species [20]. The 

similarity between the two orthologs extends to their intron-exon arrangement, 

and chromosomal location [20]. Finally, the putative promoter regions of both the 

human and murine DC-SCRIPT loci bare strong similarities of transcription factor 

binding consensus sequences [20].

Figure 1. Schematic representation of DC-SCRIPT gene and protein in murine and human. Human 
DC-SCRIPT gene encodes a single open reading frame (ORF) of 2232 nucleotides in length, starting with 
the first ATG codon at nucleotide 448 in exon 2, encoding the protein with 744 amino acids (aa) including 
a proline rich domain (aa 111-219), 11 C2H2 zinc finger motifs (aa 255-556) and an acidic region (aa 586-
690). Murine DC-SCRIPT gene gives rise to a 2238-nucleotides long ORF, encoding a 746 aa length protein, 
which also consists of a proline rich region (aa 106-216), 11 zinc fingers (aa 242-553) and an acidic region 
(aa 583-700) close to the C-terminus.

DC-SCRIPT in the immune system
DC-SCRIPT was firstly identified and described as a novel marker uniquely expressed 

by dendritic cells (DCs) in the human immune system [15]. DCs are the most efficient 

antigen presenting cells in the immune system. Through initiating and directing 

immune responses, they play a central role in balancing immunity and tolerance 

[34]. Previous studies have shown that DC-SCRIPT can be detected in all DC subsets 

tested to date in vivo, including myeloid DC, plasmacytoid DC, and Langerhans cells 

[15]. Additionally, DC-SCRIPT is also expressed upon differentiation of monocytes 

into monocyte-derived DC in vitro after stimulation with GM-CSF and IL-4 [15, 

18]. Interestingly, during the DC maturation process DC-SCRIPT expression level 

remains relatively stable [15, 35]. This also holds for murine bone marrow (BM) 

derived DCs [20]. Functional studies have shown that DC-SCRIPT affects a complex 

collection of DC functions [15, 18, 25, 36]. Most strikingly, DC-SCRIPT regulates 

the expression of the anti-inflammatory cytokine interleukin-10 (IL-10) [15, 18, 25, 

36]. At pro-inflammatory conditions, DC-SCRIPT knockdown DCs show a massive 

increase in IL-10 production [18, 25, 36], leading to a decreased capability to induce T 

lymphocyte proliferation and IFN-γ production [15, 18]. In addition to these functions 

in human DCs, DC-SCRIPT also has been characterized as a marker of DCs in the 

immune system of fish [32, 33]. Through using a fish specific organ derived DC-like 
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cell model, these studies have shown that type II but not type I interferon gamma 

is able to suppress DC-SCRIPT expression [32, 33]. Interestingly, once these cells are 

exposed to bacterial derived peptidoglycan, DC-SCRIPT expression is increased [32, 

33]. These reports indicate a role for DC-SCRIPT in the immune system of multiple 

species.

As a multi-functional molecule in DCs, other studies have further investigated the 

role of DC-SCRIPT in regulating the function of DCs [16]. DC-SCRIPT was shown to act 

as an NR co-regulator repressing glucocorticoid receptor (GR) mediated transcription 

in DCs [16]. Co-localization of DC-SCRIPT and GR is present in the nucleus of human 

monocyte-derived DCs [16]. DC-SCRIPT silencing in DCs promotes the expression 

of glucocorticoid-inducible leucine zipper (GILZ) in a GR-dependent way [16]. GILZ 

is well-known to induce tolerogenic DC when triggered by glucocorticoids (GCs) 

stimulation [37, 38]. Neither GILZ nor GR, however, are demonstrated to participate 

in regulating DC-SCRIPT-mediated IL-10 production in DCs [16, 36], even though 

GILZ is known to promote IL-10 production in other scenarios [37, 38]. Follow up 

studies have demonstrated that DC-SCRIPT has the capability to affect the activity 

of NF𝛋B pathway, another well-known route involved in inducing IL-10 production 

after DC activation [36]. Briefly, a higher level of NF𝛋B subunit p65 phosphorylation, 

acetylation and increased binding to IL10 enhancer are observed in DC-SCRIPT 

knockdown DCs [36]. Additionally, inhibition of NF𝛋B compromises the effectiveness 

of DC-SCRIPT knockdown triggering TLR-mediated IL-10 production [36]. Recently, 

Søndergaard, et al. have delineated a new perspective for understanding how 

DC-SCRIPT limits IL-10 production under inflammatory conditions [25]. In human 

monocyte-derived DCs, DC-SCRIPT binds to a GA-rich motif in enhancers for dual-

specificity phosphatases 4 (DUSP4). Increased DUSP4 expression represses ERK 

(extracellular signal-regulated kinases) signaling under the inflammatory condition 

and subsequently limiting IL-10 production [25]. Consequently, once DC-SCRIPT is 

absent in DCs, low expression level of DUSP4 lead to higher ERK signaling thereby 

increasing IL-10 production [25]. In addition to these regulatory networks of DC-

SCRIPT, DC-SCRIPT has been shown to be a direct target gene of the Ets-family 

transcription factor PU.1 in controlling murine DC identity [39]. The combination of 

genome-wide mapping of PU.1 binding and gene expression analyses revealed a 

key role for PU.1 in maintaining DC identity through inducing DC-SCRIPT expression 

[39]. Specifically, the expression level of DC-SCRIPT affects the differentiation of 

BM progenitors into conventional (cDC) and plasmacytoid (pDC) subsets [39]. Loss 

of DC-SCRIPT significantly increases the ratio of pDCs to cDCs, by which DC-SCRIPT 

promotes cDC formation at the expense of the pDC pathway [39]. Consequently, 

the capability of PU.1 in activating DC-SCRIPT expression in turn promotes cDC 

formation and represses pDC development from BM progenitors [39]. Thus, DC-

SCRIPT has been shown to be involved in a complex regulatory network including 

different signaling pathways and via transcriptional regulation, further emphasizing 

the important role of DC-SCRIPT in DCs and in the immune system (Figure 2).

DC-SCRIPT functions in cancer biology
DC-SCRIPT has been shown to affect NR mediated transcriptional regulation 

in DCs [16]. Because multiple members of NRs have also been reported to be 

involved in cancer development in particular breast cancer and prostate cancer 

[40-43], the expression of DC-SCRIPT in cancer patients has been investigated. 

Interestingly, DC-SCRIPT expression has been demonstrated in several types of 

cancer, including breast cancer and prostate cancer [17, 44-47]. Specifically, DC-

SCRIPT expression was detected in primary breast epithelium and malignant breast 

ductal epithelial cells [17]. Most strikingly, it has been identified as a prognostic 

marker in estrogen receptor (ER) positive breast cancer patients, in which higher 

expression of DC-SCRIPT is connected with the longer disease-free interval [17, 

44]. Further investigations have shown that DC-SCRIPT also functions as a key 

co-regulator of balancing NR activity in breast cancer cells (Figure 2) [17, 44]. 

Through a ligand-dependent fashion, DC-SCRIPT suppresses type I NRs (ER, PR) 

mediated transcription, while enhances the transcription activity mediated by type 

II NRs (PPAR, RAR) [17]. The multiple binding domains present in the protein of 

DC-SCRIPT contribute to establishing these complex regulatory networks of DC-

SCRIPT [15, 24]. For instance, DC-SCRIPT acts as a corepressor of ER by interacting 

with the corepressors RIP140 and CtBP to form a multi-protein complex via the 

zinc finger region of DC-SCRIPT, whereas the interaction between DC-SCRIPT 

and RAR is speculated to be mediated via the LXXLL motif located near the 

C-terminus of DC-SCRIPT [17, 24]. In line with DC-SCRIPT acting as a breast cancer 

suppressor through regulating NR-mediated networks, DC-SCRIPT functioning as 

an NR co-regulator also has been identified in prostate cancer [45]. DC-SCRIPT is 

able to repress transcription mediated by androgen receptor (AR) but enhances 

vitamin D3 receptor (VDR) mediated transcription [45]. Moreover, the growth 

of prostate carcinoma cells is strongly repressed by the presence of DC-SCRIPT 

and its expression is lost in malignant prostate carcinoma epithelial cells [45].
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Additionally, the function of DC-SCRIPT in cancer biology goes beyond acting as 

co-regulator for balancing the transcriptional activity of NRs (Figure 2). A recent 

study carried out in ER-positive breast cancer cells has indicated that DC-SCRIPT is 

a novel regulator of the tumor suppressor gene CDKN2B [46]. In a cohort of breast 

cancer patients with 1,132 primary ER-positive breast tumors, DC-SCRIPT expression 

was shown to be correlated with CDKN2B expression [46]. In line with this finding, 

this study also shows that the expression of DC-SCRIPT, via a doxycycline-induced 

system in the ER-positive breast cancer cell line MCF7, remarkably induces cell cycle 

arrest and promotes CDKN2B expression [46]. Strikingly, an MCF7-derived tumor 

xenograft model also exhibits inhibition of tumor growth in vivo after the induction 

of DC-SCRIPT expression [46].

Figure 2. Regulatory network of DC-SCRIPT. DC-SCRIPT as a multifunctional transcription factor has 
been characterized in modulating distinct regulatory processes in dendritic cells or epithelial cells. These 
regulatory networks include nuclear receptor (NR) mediated transcriptional activity, cell cycle regulation, 
and signaling pathway activity (e.g. MAPK and NF𝛋B pathway).

2. Mouse mammary gland biology

The successful application of genetically engineered mouse models in breast cancer 

research is fundamentally supported by the findings from research of mouse 

mammary biology [6, 48]. Over the past decades, numerous studies performed in 

mouse models have enabled us to gain the knowledge of normal mammary gland 

development as wells as spontaneous breast cancer development and progression 

in mice. These studies also have provided further insight into the biology of the 

human breast. For instance, molecular circuits controlling dynamic morphogenesis 

of mammary gland during the different developmental stages lays the foundation for 

learning about the mechanism behind tumorigenesis [7, 48]. Moreover, benefiting 

from well-characterized specific epithelium markers and lineage tracing assay, 

dissection of the mammary epithelium differentiation hierarchy contributes to 

our understanding of breast cancer heterogeneity and complexity [5, 49]. Through 

defining and using the promoter of genes of these specific epithelium markers, 

incorporating specific oncogenes into mouse mammary gland is permitted [50]. 

The similarity between murine mammary glands and the human breast allows 

for translating the basic knowledge of cancer biology from mice models to clinical 

applications, such as identifying new diagnostic and prognostic markers for human 

breast cancer [51].

Mammary gland development
As a remarkably adaptive organ, murine mammary gland morphogenesis occurs 

dramatically during different developmental stages including puberty, pregnancy, 

lactation, and involution (Figure 3) [52-54]. Briefly, murine mammary gland 

development is initiated immediately after the mid-gestation stage in embryos 

with the formation of bilateral stripes which subsequently resolves into five pairs 

of placodes [55, 56]. These placodes are finally transferred into primary mammary 

rudiments and are present at birth. Following with normal body growth pace 

after birth, the rudimentary gland network expands relatively quiescent. During 

the puberty stage, they immediately enter into robust branching morphogenesis 

processes and generate the mature ductal network [9, 54]. The mature mammary 

epithelium ducts are specialized into milk-producing alveoli in response to steroid 

hormones stimulation once mouse is pregnant [9, 54]. The subsequent suckling-to-

weaning transition process of the mammary gland into the involution stage leads to 
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regression of the alveoli. And then the mammary epithelium ducts are reorganized 

and will be prepared for the next pregnancy.

Figure 3. Schematic overview of postnatal murine mammary gland development. Postnatal develop-
mental dynamics of mouse mammary gland consist of 4 different stages, including puberty, adulthood, 
pregnancy, and lactation. Different specialized structures like terminal end buds (TEBs), lobuloalveolar, 
and lobuloalveoli are formed and disappeared during the corresponding developmental stages.

Epithelial differentiation hierarchy
Existing adult stem cells and strict epithelial differentiation hierarchy orchestrate 

mammary gland morphogenesis during the different developmental processes, but 

also equip mammary glands with their remarkable regenerative capacity during 

successive pregnancy-involution cycles [57]. In murine mammary glands, epithelium 

ducts and surrounded stroma contribute to the whole architecture. The two-layer 

structure of mammary ducts is the major tissue compartment of the gland and 

consists of an outside basal epithelium layer and an inside luminal epithelium layer 

with an inner lumen structure.

Previous pioneering studies through serial transplantation of epithelium into 

cleared mammary fat pad have demonstrated that the epithelial cell population 

is responsible for reconstituting the entire mammary epithelial architecture and 

indicated the existence of multipotent mammary stem cells (MaSCs) [58]. Follow up 

studies used the detection of the cell surface markers CD24 (heat stable integrin) 

and either CD29 (β1-integrin) or CD49f (α6-integrin) to purify the basal epithelium 

from mammary epithelium through fluorescent activated cell sorting (FACS) [59]. 

It demonstrated that this specific cell population had the capability to regenerate 

whole mammary ducts [59]. Subsequently, benefiting from newly identified stem cell 

markers, highly pure MaSCs subsets have been further acquired and characterized 

within the basal population, and are defined with complexity and heterogeneity [59-

61]. Progenitor cell subsets committed to single luminal populations have also been 

identified and are based on the expression of CD61 (β3 integrin) and either CD133 

(prominin-1) or Sca-1 (stem cell antigen-1) [62, 63]. Later studies have demonstrated 

that luminal-restricted progenitor cells can be defined on the basis of CD49b (α2-

integrin) and Sca-1 expression [64, 65]. Combined with lineage tracing assays, the 

differentiation hierarchy of mammary gland epithelium has been visualized [66-68]. 

Generally, bipotent stem cells, which mainly reside in the basal cell population, can 

give rise to both the luminal and myoepithelial cells, while unipotent progenitor cells 

with the capability to only generate luminal and alveolar cells reside in the luminal 

epithelium [66, 67].

FGF signaling pathway and mammary gland development
Mammary gland development is orchestrated by a complex regulatory network. 

Over the past decades, numerous gain or loss of function studies of signal molecules 

have identified and established a comprehensive molecular network in controlling 

mammary gland development. As one crucial part of the whole regulatory network, 

fibroblast growth factors receptors (FGFRs) family and their corresponding ligands 

fibroblast growth factors (FGFs) comprise a fundamental regulatory network 

in controlling multiple events of mammary gland development [69, 70]. These 

events range from early embryo development to physiological processes in the 

adult mammary gland. In the early embryonic stage, FGFR1 mediated signaling is 

crucial for mammary gland initiation [71-73]. Here FGFR1 cooperates with the Wnt 

pathway to induce and maintain Tbx3 expression which deficiency is known to 

cause Ulnar-Mammary Syndrome (UMS) [72, 74]. During postnatal development, 

FGF2 and FGF10 (as a major ligand for FGFR1 and FGFR2 respectively) are involved 

in regulating branch initiation and ductal elongation respectively [75]. In addition, 

it has been shown that FGFR2 is important for lobuloalveolar development during 

pregnancy and a proper lactational response [76]. Altogether, the FGF signaling 

pathway displays significant effects on regulating different biological processes 

of mammary gland development in different stages, which includes cell growth, 

proliferation, and migration.
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3. Breast cancer biology

Breast cancer biology
As a malignant pathological change of breast, breast cancer is one of the most 

common cancers in females worldwide. As one of the most leading causes of cancer 

death, breast cancer alone accounts for 14% of all estimated numbers of cancer 

mortality in women in 2018 in the US [77]. Breast cancer represents a heterogeneous 

collection of tumors with distinct features including diverse histopathological 

characteristics and genomic alterations [11, 78]. Specifically, molecular expression 

profiling of various breast cancers enables them to be subdivided into several 

subtypes. These are luminal A, luminal B, HER2 enriched, claudin-low, and basal-like, 

which mostly reflects different clinical prognoses [79-81]. Diagnostic classification 

of breast cancer also can be based on distinct histopathological parameters. For 

instance, based on the receptor expression status, breast cancer can be classified 

into ER+ (estrogen-receptor), PR+ (progesterone-receptor), HER2+ (human 

epidermal growth factor receptor 2) and triple negative breast cancers [82, 83]. 

Due to the advances in the early diagnostic and therapeutic approaches, progress 

has been made in the treatment of some but not all breast cancer subtypes. In-

depth characterization of the biology of breast cancer will be crucial to define 

novel prognostic and predictive biomarkers and designing advanced therapeutic 

strategies.

Preclinical Research model of breast cancer
Experimental models have paved the way for us to learn about breast cancer 

biology and the translational application of therapeutic options to patients [84-

86]. Traditionally preclinical models include breast cancer cell lines, patient-derived 

primary cells, tumor xenografts mice, and genetically modified mice that recapitulate 

breast cancer in different dimensions. Cancer cell lines are the most commonly 

used model as they are considered to be highly relevant to human disease with the 

same genetic background and molecular portrait [80, 87, 88]. However, a major 

drawback of cell lines in breast cancer research is the oversimplified culture context 

and their biological characteristics [89, 90]. The development of primary patient-

derived tumor xenografts (PDTXs) in immune-deficient mice better represents the 

physiological conditions of the growth of tumor cells. It simultaneously exhibits 

inter-tumor and intra-tumor heterogeneity [89, 90]. However, because of the 

absence of an intact immune system, it fails to faithfully mimic the interaction 

between immune cells and cancer cells in the PDTXs, which could profoundly affect 

breast cancer progression [91]. Genetically modified mouse (GEM) models offer the 

next step for further defining the development and progression of breast cancer. 

Through knockdown or overexpression of specific oncogenes and tumor suppressor 

genes, GEM models have provided us with invaluable insights into the genetics and 

pathogenesis of breast cancer [92, 93].

4. 3D organoids model

The emergence of in vitro 3D cultures provide a new method to generate near-

physiological and organ-resembling 3D structure, termed organoids [94, 95]. 

These organoids are grown from stem cells and rely on a 3D microenvironment 

supported by artificial extracellular matrices (ECM). They have been shown to have 

the capability to mimic the complex self-organization during organogenesis and can 

represent a model of pathological alterations like tumorigenesis [96].

Stem cells for generating 3D organoids
Organoids can be derived from pluripotent stem cells, including embryonic stem 

cells (ESCs) and induced pluripotent stem cells (iPSCs), but also from multipotent 

adult stem cells (ASCs) that reside in specific tissues and organs (Figure 4). 

Pluripotent stem cells (PSCs) are able to generate almost all cell types. For instance, 

2D culture systems drive PSCs to differentiate into different germ layers in vitro and 

subsequent 3D culture technology further allows developing organoids of various 

tissues originated from endoderm, mesoderm, and ectoderm respectively [97-99]. 

ASCs were originally described with limited proliferation potential in 2D culture 

condition [100]. Since the first ASC-derived intestinal organoids were established in 

2009, there has been significant progress in the generation of various 3D organoids 

[94]. Through adapting the original culture conditions from intestinal organoids, 

various mouse and human tissues are successfully utilized in the 3D organoid 

culture systems, such as stomach, liver, prostate, and pancreas. [101-104].

Extracellular matrices for supporting 3D organoids
3D organoid cultures are supported by the 3D microenvironment provided by the 

ECM. Most established organoid models including mammary gland, intestines, 

stomach, pancreas, colon, and liver are based on Matrigel, which is a solubilized 

basement membrane extracted from Engelbreth-Holm-Swarm (EHS) mouse sarcoma 
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[101, 103-107]. The complex and variable composition, however, makes Matrigel not 

suitable for controlled modifications [108, 109]. Moreover, since Matrigel is derived 

from a murine tumor it poses the risk of immunogen and pathogen transmission 

[108, 110]. Newly emerging synthetic matrices provide an alternative strategy to 

meet the demand for using well-defined ECM in 3D organoid culture [111, 112]. For 

instance, Ricardo, et al. have reported the use of a synthetic hydrogel for culturing 

intestinal organoids, which they have successfully applied in colonic wound repair 

in the mouse model [111]. As a promising alternative to native matrices, engineered 

matrices will allow the systematic and independent design of specific biochemical 

and biophysical properties of the ECM [112-114]. The greatest challenge will be to 

exactly mimic all signals that are present in the natural microenvironment and 

are capable to support the spectrum of cell behaviors during the formation of 3D 

organoids [109, 113].

Signaling pathways to induce the formation of 3D organoids
3D organoid cultures based on natural ECM or synthetic matrices all require 

supplementing with extra factors to support the formation of an organ-specific 

phenotype. In mammary gland organoids, FGF2 has been identified as branching-

stimulating factors [103, 115]. It plays an important role in enhancing the formation 

of organoid-like structures by triggering branching morphogenesis [103, 115]. Due 

to the significance of FGF signaling in organogenesis, FGF ligands have widely been 

applied in 3D organoid culture systems. They, together with other growth factors, 

provide a proper physiological environment to trigger the self-organization process 

during organoid culture. Besides FGF2, FGF10 and FGF9 also have been used to 

establish different types of organoids like prostate and kidney [102, 116, 117]. These 

studies further emphasize the significance of FGF signaling in inducing 3D organoid 

formation.

Applications of organoid technology
3D organoid models provide a unique opportunity to model organogenesis and are 

able to recapitulate structural organization events. With these models, it is possible 

to visualize cell communication during organ development [118, 119]. Through 

inducing Barx1 expression and concomitantly manipulating the sonic hedgehog 

(SHH) and Wnt signaling pathways, murine ESCs were stimulated to form definitive 

endoderm which eventually could differentiate into the foregut and establish near-

physiological gastric organoids [120]. This whole process recapitulates different 

developmental stages of gastric morphogenesis and obtains detailed snapshots 

of the long timescale of mammalian organ development in vivo from single ESC 

to a whole functional stomach [120]. Interestingly, the establishment of a novel 

co-culture system of intraepithelial lymphocytes (IELs) and intestinal epithelial 

organoids is applied to visualize the interaction between different cell types [121]. 

The culture system serves as a unique tool to investigate the motility dynamics of 

IELs and their temporal and spatial interaction with intestinal epithelial cells in vitro 

[121]. These studies altogether highlight the promising application of 3D organoid 

models in developmental biology (Figure 4).

Various patient-derived organoid models are used to develop more physiological 

human disease models [122, 123]. Through utilizing freshly isolated primary 

and metastatic tumor tissues, various types of tumor organoids have been 

established and are verified for their genomic and functional resemblances of the 

original specimen [124, 125]. These organoids are used in studies to mimic the 

interaction between host and pathogen, to develop personalized and regenerative 

medicine, and to model hereditary disease [126, 127]. For example, iPSC-derived 

brain organoids are used to model Zika virus (ZIKV)-induced microcephaly and to 

investigate the underlying mechanism of pathogenesis affecting brain development 

[128-130]. These types of experimental studies enhance our mechanistic knowledge 

about the crosstalk between host and pathogen and facilitate the discovery of new 

therapeutic compounds [131]. In addition, tumor patient-derived organoids allow 

for the development of personalized tumor models and may improve patient-

specific treatment strategies [100, 132]. Likely, these tumor organoids generated 

from patient-derived material will make preclinical drug screening and accurate 

prediction of drug response achievable (Figure 4).

Challenges of current organoid models
Organoid technology as an integrated system enables complex organogenesis 

and disease progression to be manipulated. Identifying specific culture condition 

is the key process to successfully establish different organoid models for stem 

cell research [133-135]. Simultaneous study of stem cell biology will facilitate the 

applications of current organoid culture system [119]. Additionally, limited insight 

into the underlying mechanism behind the self-organization process occurring 

in current organoid models is an obstacle to further establish more complex 

and controllable organoid models [136, 137]. Moreover, the necessity of animal-
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originated matrices in current 3D organoids culture system not only complicates 

organoids culture by introducing various undefined factors, but also restricts their 

clinical application [138]. Thus, developing artificial matrices to replace animal-

originated matrices in organoid cultures could potentially break down current 

barriers that limit translational applications of organoid models [139].

Figure 4. 3D Organoid model and potential applications. Different sources of cells and tissues can be 
used to generate corresponding organoid models in 3D culture condition, which are the promising model 
not only in fundamental and preclinical research but also in therapeutic and pharmaceutical applications.

5. Scope of the thesis

The intrinsic relationship between breast tumorigenesis and organogenesis has 

been proven by numerous studies. As a multi-functional transcriptional regulator, 

DC-SCRIPT is important for breast cancer progression. Therefore, further study 

of the potential link between DC-SCRIPT, breast cancer, and mammary gland 

development is desired. Characterizing and defining the regulatory network of 

DC-SCRIPT in mammary gland development could provide significant insights 

into its role in breast cancer progression. In this thesis, we investigated the role 

of DC-SCRIPT in mouse mammary gland morphogenesis. Due to the lack of breast 

epithelial cell lines expressing DC-SCRIPT to study its function, we established a 

knockout mouse model and a 3D organoid model to investigate the role of DC-

SCRIPT in mammary gland morphogenesis.

Chapter 1 generally introduces the background and scope of this thesis. It provides 

the general overview of the current knowledge of DC-SCRIPT, including its role breast 

cancer and in dendritic cell biology. Additionally, it highlights the background of the 

mammary gland and cancer biology. Through summarizing different experimental 

models, this chapter emphasizes the significance of genetically modified mouse 

models and organoid technology in developmental biology research.

In Chapter 2 we studied the effect of DC-SCRIPT deficiency in mouse mammary 

gland development. To study this, we established a DC-SCRIPT knockout mouse 

model. In addition to investigating the effect of DC-SCRIPT deficiency on mouse 

mammary gland biology, we also characterized the breeding and growth of DC-

SCRIPT knockout mice. Furthermore, we established a 3D mammary organoid model 

to study the role of DC-SCRIPT in mammary gland biology.

Chapter 3 further elucidates the regulatory mechanism of DC-SCRIPT in modulating 

mammary gland morphogenesis based on in vitro 3D organoid model. In this 

chapter, we categorized the heterogeneous mammary epithelium into different 

subsets and characterized the expression of DC-SCRIPT and the related members 

of the FGF2 signaling pathway. Subsequent analysis was carried out to investigate 

the regulatory effect of DC-SCRIPT on FGF2 signaling pathway in modulating the 

branching morphogenesis of mammary organoids.

Chapter 4 describes an innovative 3D system for mammary gland organoid culture 

in vitro through applying a defined hydrogel-based 3D matrix. The established 3D 

organoid in synthetic biomimetic matrix provides a controllable and clean system 

for further applications of the organoid model. This system potentially could provide 

a new model to further investigate the role of DC-SCRIPT in breast cancer biology.

Finally, Chapter 5 summarizes and discusses the results of the studies described in 

this thesis. The importance of our findings is also highlighted and the future plans 

are described in this chapter.
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ABSTRACT

Mammary glands are unique organs in which major adaptive changes occur in 

morphogenesis and development after birth. Breast cancer is the most common 

cancer and a major cause of mortality in females worldwide. We have previously 

identified the loss of expression of the transcription regulator DC-SCRIPT (Zfp366) as 

a prominent prognostic event in estrogen receptor positive breast cancer patients. 

DC-SCRIPT affects multiple transcriptional events in breast cancer cells, including 

estrogen and progesterone receptor-mediated transcription, and promotes 

CDKN2B-related cell cycle arrest. As loss of DC-SCRIPT expression appears an early 

event in breast cancer development, we here investigated the role of DC-SCRIPT 

in mammary gland development using wild-type and DC-SCRIPT knockout mice. 

Mice lacking DC-SCRIPT exhibited severe breeding problems and showed significant 

growth delay relative to littermate wild-type mice. Subsequent analysis revealed 

that DC-SCRIPT was expressed in mouse mammary epithelium and that DC-SCRIPT 

deficiency delayed mammary gland morphogenesis in vivo. Finally, analysis of 3D 

mammary gland organoid cultures confirmed that loss of DC-SCRIPT dramatically 

delayed mammary organoid branching in vitro. The study shows for the first time 

that DC-SCRIPT deficiency delays mammary gland morphogenesis in vivo and 

in vitro. These data define DC-SCRIPT as a novel modulator of mammary gland 

development.

Key words:
DC-SCRIPT/Zfp366, Mammary gland morphogenesis, Organoids, 3D culture

INTRODUCTION

The transcription factor dendritic cell specific transcript (DC-SCRIPT or Zfp366) 

was originally identified in dendritic cells (DCs) and shown to be also present in 

ductal epithelial cells [1-3]. Subsequent studies in epithelial cancers identified loss 

of DC-SCRIPT expression as a significant prognostic marker in estrogen receptor 

(ER) positive breast cancer patients [2, 4]. In breast tumor cells, DC-SCRIPT acts 

as a coregulator of multiple type I and type II nuclear receptors (NRs) governing 

breast cancer cell fate decisions during breast cancer progression [2, 4]. Strikingly, 

DC-SCRIPT displays repressive activity on type I NR-mediated transcription (ER, 

Progesterone Receptor), while at the same time stimulating the anti-proliferative 

type II NRs (Peroxisome Proliferator Activated Receptor, Retinoic Acid Receptor) [2, 5, 

6]. In line with DC-SCRIPT acting as a breast cancer suppressor, we recently reported 

that DC-SCRIPT induces cell cycle arrest through promoting CDKN2B expression in 

ER positive breast cancer cells [7]. The presence of DC-SCRIPT in MCF7 breast cancer 

cell line via a doxycycline-induced system not only reduces cell viability in vitro but 

also inhibits tumor growth in an in vivo MCF7 cell line derived tumor xenografts 

model [7]. In DCs, DC-SCRIPT was shown to regulate IL-10 expression via modulating 

DUSP4 (Dual Specificity Phosphatase 4) activity, MAPK (Mitogen-activated protein 

kinases) signaling and activation and binding of NF-𝛋Bp65 to the IL10 enhancer 

[1, 8, 9]. In addition, DC-SCRIPT also functions as a corepressor of glucocorticoid 

receptor-mediated transcription in human monocyte–derived DCs [10]. These data 

show that DC-SCRIPT can affect both NR-mediated transcriptional processes as well 

as the MAPK signaling pathway.

The NR-mediated regulatory networks driven by reproductive hormones that 

are regulated by DC-SCRIPT are also known to be crucial for mammary gland 

development [11, 12]. Mammary glands are specialized organs responsible for 

nourishing newborn via producing and secretion of milk. Different from most other 

organs that are patterned during embryonic development, the mammary gland 

undergoes dramatic morphogenetic changes after birth [13, 14]. Postnatal mammary 

gland development is tightly regulated during each developmental stage including 

puberty, pregnancy, lactation, and regression [12, 15]. Branching morphogenesis is a 

defined feature during pubertal development and is characterized by the formation 

of terminal end buds (TEBs) at the distal tip of epithelial ducts. These structures drive 

extensive mammary ductal tree outgrowth and bifurcation [16, 17]. Once the ductal 
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tree reaches the limit of the fat pad by the end of puberty stage, TEBs are totally 

regressed and the mammary gland is ready for the next stage [14, 16]. Throughout 

the female reproductive lifetime, mammary gland adaptations are under continuous 

control of systemic hormones (e.g. estrogen, progesterone) and other factors [12, 

18, 19]. However, the role of DC-SCRIPT during mammary gland development and 

tissue homeostasis has not been investigated. This study could contribute to our 

understanding of the role of DC-SCRIPT in breast cancer tumorigenesis.

We have previously shown that DC-SCRIPT is expressed by ductal epithelial cells 

in the mammary gland [2]. The ductal tree of a mammary gland is composed of 

an outer layer of myoepithelium and an inner layer of luminal epithelium. The 

basal epithelium layer consists mainly of mature contractile myoepithelial cells, 

but also contains mammary stem cells (MaSCs) [20]. These multi-potent cells 

have the capacity to generate both basal and luminal layers [21, 22]. Recently 

studies have reported a striking heterogeneity within MaSCs and precise details 

of cell fate decision need further studies [23-25]. Within the luminal compartment, 

populations of progenitors and functionally differentiated cells can be distinguished 

by established cell surface markers [26, 27]. Differentiated or mature luminal cell 

subsets, including hormone-sensing ER positive cells, are defined as Sca1+CD49b- 

cells, while the precursor populations have a Sca1-CD49b+ and Sca1+CD49b+ 

phenotype [26, 27].

In this study, the expression of DC-SCRIPT in mouse mammary gland epithelial 

cells was evaluated as well as its impact on mammary gland morphogenesis. Our 

results show that DC-SCRIPT is expressed in both basal and luminal epithelium. 

Studies using littermate wild-type mice and DC-SCRIPT deficient mice revealed 

that mammary gland morphogenesis was dramatically impaired in the absence of 

DC-SCRIPT during puberty and early adult stage. Furthermore, DC-SCRIPT deletion 

delayed mammary gland organoid branching in vitro in 3D organoid cultures. 

Collectively, these findings demonstrate for the first time that DC-SCRIPT plays an 

important role in controlling mammary gland development.

MATERIALS AND METHODS

Antibodies and reagents
The following primary antibodies were used: CD31-PE (1:80 dilution, Antibodychain, 

Cat. #1112040), CD31-PE/Cy7 (1:80 dilution, eBioscience, Cat. #25-0311-82), TER119-

PE (1:80 dilution, eBioscience, Cat. #12-5921-81), TER119-PerCP (1:80 dilution, 

Antibodychain, Cat. #1181130), CD45.2-BV510 (1:100 dilution, Antibodychain, Cat. 

#1149185), CD45.2-PerCP (1:200 dilution, BD, Cat. #552950), CD24-BV510 (1:100 

dilution, Biolegend, Cat. #101831), EpCAM-FITC (1:400 dilution, eBioscience, Cat. #11-

5791-82), CD49f-APC (1:400 dilution, eBioscience, Cat. #17-0495-80), Sca1-APC/Cy7 

(1:100 dilution, Biolegend, Cat. #108125), CD49b-PE/Cy7 (1:50 dilution, eBioscience, 

Cat. #25-5971-82), Rabbit monoclonal anti-Keratin 8 antibody (1:200 dilution, 

Abcam, Cat. #ab53280), Rabbit Polyclonal anti-Keratin 14 antibody (1:200 dilution, 

Biolegend, Cat. #905301). Mouse monoclonal anti-DC-SCRIPT antibody (891μg/ml, 

1:90 dilution) were produced in-house. The following isotypes were used: purified 

Mouse IgG isotype (Biolegend, Cat. #400102), purified Rabbit IgG isotype (Cell 

Signaling Technology, Cat. #3900S). The following secondary antibodies were used: 

Alexa fluor 488 conjugated donkey anti-Rabbit IgG (1:400 dilution, Molecular Probes, 

Cat. #A21206), Cy3 conjugated donkey anti-Mouse IgG (1:100 dilution, Jackson 

ImmunoResearch, Cat. #715-166-151). The following reagents were purchased and 

used: Growth Factor Reduced Matrigel (Corning, Cat. #354230), DNAse I (Roche, 

Cat. #11284932001), TrypLE (Gibco, Cat. #12605-010), DMEM/F12 (Gibco, Cat. 

#11330057), FGF2 (Sigma, Cat. #F0291-25UG), Collagenase A (Sigma, Cat. #C5138-

1F), Insulin-transferrin-selenium-X, (Gibco, Cat. #51500), Antibiotic-Antimycotic 

(100X) (Gibco, Cat. #15240062), TRIzol reagent (Invitrogen, Cat. #15596026), SYBR 

Green Master (Roche, Cat. #4673492001), Carmine (Sigma, Cat. #C1022), Aluminum 

potassium sulfate (Sigma, Cat. #A7167), Histosafe (Adamas Instrumenten B.V.), 

DNase I (amplification grade, Invitrogen, Cat. #18068015), Hexamers (Invitrogen, 

Cat. #N8080127), Moloney Murine Leukemia Virus (M-MLV) Reverse Transcriptase 

(Invitrogen, Cat. #28025013).

Mice
All mice used were 3 to 18 weeks old female mice on a C57BL/6 background. DC-

SCRIPT knockout mice (DC-SCRIPT-/-) and control littermate wild-type mice (DC-

SCRIPT+/+) were bred and housed at the Animal Research Facility of the Radboud 

University Medical Center. All animal experiments were documented and approved 

2



44 45

by the Animal Experimental Committee of the Radboud University Medical Center 

and were performed in accordance with regulatory standards of the Animal 

Experimental Committee.

Generation of DC-SCRIPT knockout mice
DC-SCRIPT (Zfp366) knockout mice were generated at Washington University by 

deletion of a 2306bp fragment containing the ATG translation initiation codon 

and all of exon 2 (Fig. S1A). Briefly, the targeting construct was linearized and 

electroporated into a B6-albino (B6(Cg)-Tyrc-2J/J) embryonic stem cell line. One clone 

carrying the correctly modified Zfp366 locus was identified by Southern blot analysis 

and PCR, expanded and injected into C57BL/6 blastocysts to produce chimeric mice 

as previously described [28]. Chimeras were initially bred to B6-albino mice to 

easily assess germline transmission; the presence of the targeted Zfp366 allele was 

confirmed by PCR analysis. Targeted mice were further intercrossed or bred with 

transgenic mice expressing the Cre recombinase under control of the CMV promoter 

(B6.C-Tg(CMV-cre)1Cgn) to generate DC-SCRIPT total knockout mice [29]. For 

continued maintenance of the line, DC-SCRIPT knockout mice were backcrossed onto 

a C57BL/6J background and offspring were identified by PCR genotyping (Fig. S1B). 

All protocols were carried out in accordance with and approved by the Institutional 

Animal Care and Use Committee at Washington University in St. Louis, MO.

Mendelian ratio and growth curve analysis
For Mendelian ratio calculation, heterozygous female DC-SCRIPT mice aged 7-9 

weeks were mated with heterozygous male DC-SCRIPT mice. 312 live pups in total 

were obtained from 25 different parent pairs during one whole year breeding. The 

genotype of all pups was determined and the percentage of pups with different 

genotype was calculated. For growth-curve analysis, in total 456 mice with different 

ages were obtained and body weight was recorded from DC-SCRIPT-/- mice and their 

littermate controls.

Mammary whole mount carmine staining and morphological analysis
The right inguinal mammary gland (#4) was excised and whole-mounted on a 

glass slide. After fixing in Carnoy’s solution (75% ethanol, 25% glacial acetic acid) 

overnight at 4°C, the mammary gland was rehydrated in ethanol with decreasing 

concentrations (70%, 50% and 0%) and stained with carmine red overnight 

at 4°C. Then the mammary gland was dehydrated progressively in increasing 

concentrations of ethanol (70%, 95%, and 100%) and cleared in Histosafe for lipid 

removal. Stained mammary glands were imaged in a tile scan pattern of Leica 

DMI6000 epi-fluorescence microscope fitted with a 10x objective. Images were 

analyzed and quantified with Image J software. Briefly, mammary epithelium surface 

area was quantified as the region occupied by mammary epithelial ducts from the 

primary stalk to all terminal ends of the branching network. For ductal distance 

measurement, the ductal length of mammary gland in 7 weeks and 18 weeks old 

mice was determined by measuring the distance between the center of the lymph 

node and the end of the longest duct. In 3 weeks old mouse, the ductal length of 

mammary gland was not measured as the ducts did not yet reach the lymph node. 

Total branch point number was quantified as the total number of primary, secondary 

and tertiary branches from the primary stalk of each ductal network. Furthermore, 

the total number of TEBs was counted in 7 and 18 weeks old mice.

Immunofluorescence microscopy
Mammary glands sections were prepared for immunofluorescence staining 

after being dissected from mice. Briefly, mammary glands were fixed in 4% 

paraformaldehyde overnight at 4°C and thereafter embedded in paraffin and 

sectioned (4 µm). For immunofluorescence staining, sections were deparaffinized 

and rehydrated. After boiling in retrieval solution for 30 minutes for antigen retrieval, 

sections were treated with blocking buffer for 30 minutes at room temperature and 

were subsequently incubated in primary antibodies overnight at 4°C, followed by 

incubation in secondary antibodies for 45 minutes at 37°C. Nuclei were stained 

and visualized using DAPI (4’6-diamidino-2-phenylindole) with incubation at room 

temperature for 15 minutes. Images were captured with a Leica DM 6000 microscope 

using IP-lab imaging software (Scanalytics Inc., Fairfax, VA, USA).

Mammary gland organoids isolation
Mammary glands (#3, #4 and #5) were freshly dissected from female mice for 

isolating mammary gland fragments after removing the lymph node as described 

previously [30, 31]. Briefly, mammary glands were minced and digested in 2 µg/ml 

collagenase A solution (10 ml DMEM/F12, 5 µg/ml insulin, 5% fetal bovine serum, 

1% Antibiotic-Antimycotic) for 35 minutes at 37°C with shaking at 150 rpm. After 

digestion, samples were washed with DMEM/F12 and enriched by centrifugation. 

Then samples were subjected to DNase I (40 U/ml) treatment and followed by 

differential centrifugation to enrich mammary glands fragments.
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Single cell preparation, flow cytometry analysis and cell sorting
Single-cell suspensions of mammary epithelium were generated from mammary 

gland fragments by digesting them in TrypLE for 15 minutes at 37°C. Single cells were 

treated with blocking buffer for 10 minutes at 4°C and were stained with antibodies 

as listed above with incubation at 4°C for 30 minutes. Subsequent flow cytometry 

analysis was conducted on a FACS Verse (BD Biosciences) and Fluorescence-

activated cell sorting (FACS) was performed on a FACS ARIA III (BD Biosciences). 

Fixable Viability Dyes (FVD) eFluorTM 450 was added to distinguish dead and live 

cells. Data were analyzed using FlowJo V10 software (Tree Star).

3D mammary gland organoid culture and branching assay
3D mammary gland organoid cultures and branching quantifications were described 

previously [30, 31]. Briefly, mammary gland organoids (50-100) from 18 weeks old 

female mouse were embedded in 50µl Growth Factor Reduced Phenol-Red Free 

Matrigel in 24 wells plates and grown in organoid medium (DMEM/F12, 1% Antibiotic-

Antimycotic, 1% Insulin-transferrin-selenium-X and 50 ng/ml FGF2). Medium was 

refreshed every two days. Branching was quantified on day 4, day 5 and day 6. 

Briefly, organoids were divided into 4 grades based on branching status: Grade 0, 

no branches; Grade 1, 1-3 branches; Grade 2, 4-6 branches; Grade 3, more than 6 

branches. The percentage of each grade organoid was calculated by dividing the 

total number of corresponding grade organoids to the total amount of organoids in 

each well. Organoids from three wells per mouse were quantified per experiment, 

in total data were collected from 4 mice of each genotype.

RNA preparation and quantitative RT-PCR
Sorted mammary epithelium or organoids samples were directly lysed in TRIzol 

Reagent for total RNA extraction. RNA quantity and purity were determined on 

a NanoDrop 2000/2000c spectrophotometer (Thermo Scientific). After treatment 

with DNase I, RNA was reverse transcribed into cDNA by using random hexamers 

and M-MLV reverse transcriptase according to the manufacturer’s instructions. 

Quantitative RT-PCR was performed in a CFX96 sequence detection system (Bio-

Rad) with SYBR Green as the fluorophore and gene-specific oligonucleotide primers 

to determine the mRNA levels for the genes of interest. Reaction mixtures and 

program conditions were used as recommended by the manufacturer (Bio-Rad). 

Quantitative PCR data were analyzed with the CFX Manager software (Bio-Rad) 

as described before [10], and mRNA levels were calculated according to the cycle 

threshold method [32]. The primers (from forward to reverse) for mouse genes 

were listed below:

DC-SCRIPT (Zfp366): ACCAGTGTCATCTCTGCTAC, CATTCTGTTGAATTCCTTCC;

Hmbs: CCTACCATACTACCTCCTGGCTTTAC, TTTGGGTGAAAGACAACAGCAT;

Keratin 14 (Krt14): CCTCTGGCTCTCAGTCATCC, TGAGCAGCATGTAGCAGCTT;

Keratin 8 (Krt8): ATCGAGATCACCACCTACCG, CTGAAGCCAGGGCTAGTGAG;

CD11c: CTGGATAGCCTTTCTTCTGCTG, GCACACTGTGTCCGAACTCA.

Statistical analysis
All statistical analyses were conducted on Graphpad Prism 5 software using 

Student’s t-test; P values of less than 0.05 were considered significant.

RESULTS

DC-SCRIPT-/- mice breed and grow abnormally
To understand the physiological functions of DC-SCRIPT, we successfully generated 

DC-SCRIPT-/- mice. Strikingly, DC-SCRIPT-/- mice could only be obtained by breeding 

female DC-SCRIPT+/- mice, not using DC-SCRIPT-/- female mice. Breeding of female 

DC-SCRIPT+/- mice with male DC-SCRIPT+/- mice (25 couples in total) for a one-year 

period yielded an offspring of 312 mice. Genotyping of the offspring revealed that 

the ratio of DC-SCRIPT+/- (N=196) to DC-SCRIPT+/+ (N= 97) pups was approximately 2 

to 1 in accordance with the theoretical Mendelian Ratio. In contrast, only 6% of the 

total offspring was DC-SCRIPT-/- (N=19) representing only 8% (N=13) of total female 

pups (N=162) and 4% (N=6) of total male pups (N=150), respectively (Fig.1A). An 

alternative breeding strategy using DC-SCRIPT-/- male mice and DC-SCRIPT+/- female 

mice yielded only one alive DC-SCRIPT-/- pup (data not shown). Analysis of the gender 

ratio amongst the entire 312 pups further showed that the ratio between females 

and males was around 1 to 1 in both DC-SCRIPT+/+ (56 females and 41 males) and 

DC-SCRIPT+/- (93 females and 103 males) pups, while the ratio value exceeded 2 in DC-

SCRIPT-/- offspring with 68% females (N=13) and only 32% males (N=6), respectively 

(Fig.1B). Finally, we noted that DC-SCRIPT-/- offspring was smaller in size than age-

matched wild-type littermates (DC-SCRIPT+/+). Analysis of the body weight of mice 

revealed that DC-SCRIPT-/- mice were significantly lighter than their DC-SCRIPT+/+ 

littermates, independent of age or gender (Fig.1C, D).
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Figure 1. DC-SCRIPT-/- mice breed and grow abnormally. A) Percentage of DC-SCRIPT+/+, DC-SCRIPT+/- and 
DC-SCRIPT-/- offspring of a heterozygous breeding strategy (312 pups in total). B) The percentage of male 
and female pups in DC-SCRIPT+/+, DC-SCRIPT+/- and DC-SCRIPT-/- mice (312 mice in total). C) Representative 
image showing of a DC-SCRIPT+/+ and DC-SCRIPT-/- female mouse. D) Growth curve of male and female mice 
from DC-SCRIPT+/+ and DC-SCRIPT-/- mice respectively (456 mice in total, Student’s t-test, p<0.05).

DC-SCRIPT deficient mice show a delay in mammary morphogenesis in vivo
To better understand the role of DC-SCRIPT in mammary gland development, 

we focused on its role in mammary gland morphogenesis in DC-SCRIPT-/- mice 

and their littermate controls. Hereto, the architecture of mammary glands was 

investigated using whole-mount mammary glands (Fig. 2A). Compared to control 

3 weeks old DC-SCRIPT+/+ mice, rudimentary mammary epithelial ducts occupied 

smaller area and exhibited fewer amount of total branch points in DC-SCRIPT-/- 

mice (Fig. 2A, C). Of note: ductal length was not measured in these 3 weeks old 

mice since the rudimentary mammary epithelial ducts did not reach the lymph 

node and TEBs were not yet formed. Direct ductal tree visualization of 7 weeks old 

mice at puberty uncovered that mammary gland ductal elongation and bifurcation 

were significantly impaired in DC-SCRIPT-/- mice compared to wild-type littermates, 

which was confirmed by statistical analysis of ductal invasion area and distance 

(Fig. 2A, C). Consistently, mammary ducts from 7 weeks old DC-SCRIPT-/- mice had 

fewer TEBs and total number of branch points (Fig. 2B, C). Examination of ductal 

morphogenesis in virgin adult mice revealed the presence of tertiary branches and 

ductal elongation in both 18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice, whereas 

ductal branching morphogenesis was still repressed in DC-SCRIPT-/- mice (Fig. 2A, C). 

Interestingly, TEBs regressed completely in adult wild-type mice, leaving behind 

blunt-ended ductal termini, while in adult littermate DC-SCRIPT-/- mice TEBs were 

still detectable (Fig. 2B), indicative of delayed TEB regression.

Figure 2. Deletion of DC-SCRIPT delays mammary morphogenesis. A) Representative whole-mount 
staining of mammary glands from 3 weeks, 7 weeks and 18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice 
respectively, scale bar 3mm. B) Representative whole-mount staining showing terminal morphology of 
mammary gland ducts from 7 and 18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice respectively, scale bar 
1mm. C) Quantification of ductal area, ductal length, total branch points and TEB number of mammary 
gland from DC-SCRIPT+/+ and DC-SCRIPT-/- mice, Error bars represent mean ± S.E.M. (Data are collected 
from 3 mice of each group, Student’s t-test, *p < 0.05, **p < 0.01, n.s, not significant).
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DC-SCRIPT is expressed in basal and luminal mammary epithelium
Mammary gland ducts are known as bilayered structures composed of an inner 

luminal cell layer and an outside basal myoepithelial cell layer. Previously, DC-SCRIPT 

was shown to be expressed by cells of epithelial origin [2]. To characterize the DC-

SCRIPT expressing cells in mouse mammary epithelium more precisely, different 

mammary epithelial subpopulations were sorted based on CD49f and EpCAM 

expression by FACS (Fig. S2). Subsequent quantitative PCR analysis was performed 

on FACS-sorted basal and luminal epithelial cells of the mammary gland at puberty 

(7 weeks old) and virgin adult mice (18 weeks old). Interestingly, DC-SCRIPT mRNA 

expression was detected in both basal and luminal epithelium of the mammary gland 

in both developmental stages (Fig. 3A). RNA expression analysis of the basal and 

luminal specific epithelium marker keratin 14 and keratin 8, respectively, confirmed 

the purity of sorted mammary epithelial fractions. Importantly, expression of the DC 

marker CD11c was not detected in either of the sorted mammary epithelial samples, 

demonstrating that the epithelium was not contaminated with DCs that are known 

to express DC-SCRIPT mRNA (Fig. 3A). In concordance with the quantitative PCR 

data, double immunofluorescence staining for epithelial markers and DC-SCRIPT 

confirmed the presence of DC-SCRIPT protein in both keratin 14+ basal epithelium 

and keratin 8+ luminal epithelium located within the epithelial bilayer, which was 

detected in DC-SCRIPT+/+ mice but not in DC-SCRIPT-/- littermate mice (Fig. 3B). 

Detectable nuclei staining of DC-SCRIPT protein was exhibited in a small number 

of mammary epithelial cells in DC-SCRIPT+/+ mice (Fig. 3B).

Figure 3. DC-SCRIPT is expressed in mammary epithelium. A) mRNA expression level of DC-SCRIPT, Krt14, 
Krt8 and CD11c in basal and luminal epithelium is determined by quantitative RT-PCR on FACS sorted single 
cells from mammary gland of 7 and 18 weeks old C57BL/6 mice. Error bars represent mean ± S.E.M. (Data 
are collected from 6 mice of each group). B) Protein expression of DC-SCRIPT, KRT14 and KRT8 is detected 
by immunofluorescence staining in mammary gland paraffin section from 7 weeks old DC-SCRIPT+/+ and 
DC-SCRIPT-/- mice respectively, scale bar 15µm.

DC-SCRIPT deficiency changes mammary tissue stoichiometry in adult mice
Mammary gland morphogenesis depends on homeostasis between the different 

mammary epithelial subsets [22, 33]. To determine the effect of DC-SCRIPT deficiency 

on epithelial homeostasis within the mammary gland, epithelial subpopulations 

were enumerated in mature virgin adult glands (18 weeks) by flow cytometry 

using the markers EpCAM and CD49f (Fig. S2, Fig. 4A and Fig. S3). Our data show 

large variation in the luminal (EpCAMhighCD49flow) to basal cells (EpCAMlowCD49fhigh) 

ratio (L/B) between different mice of similar age within the same group. We did, 

however, observe a mean L/B ratio of 0.67 in DC-SCRIPT+/+ mice, while littermate 

DC-SCRIPT-/- mice show a mean L/B ratio of 0.98 (Fig. 4A). Although this difference 

did not reach significance, these data may suggest that loss of DC-SCRIPT tends 

to change epithelium homeostasis. Of note: characterizing the basal and luminal 

population based on the epithelial cell markers EpCAM and CD49f was highly 

comparable to using the markers CD24 and CD49f (Fig. S3). Subsequently, precursor 

and mature cell subsets within the heterogeneous luminal subpopulation were 

examined using the previously reported cell markers Sca1 and CD49b [26]. The 

ratio of luminal precursor cells (EpCAMhighCD49flowSca1+/-CD49b+) to mature luminal 

(EpCAMhighCD49flowSca1+CD49b-) cells was dramatically decreased in DC-SCRIPT-/- 

mice compared to DC-SCRIPT+/+ mice (Fig.4B). These data thus confirm that DC-

SCRIPT has a significant impact on mammary epithelium homeostasis, in particular 

on the luminal subpopulation within the mammary gland.
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Figure 4. Deficiency of DC-SCRIPT changes mammary tissue stoichiometry in adult mice. A) Represen-
tative FACS analysis of luminal (EpCAMhighCD49flow) and basal (EpCAMlowCD49fhigh) subpopulations from the 
mammary gland of 18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice. Bar graph shows the quantification 
of the ratio of luminal subpopulations to basal subpopulations. Error bars represent mean ± S.E.M. (Data 
are collected from at least 5 mice per group, Student’s t-test). B) Representative FACS analysis of mature 
luminal subset (Sca1+CD49b-) and luminal precursor subset (Sca1+CD49b+ and Sca1-CD49b+) in mammary 
luminal subpopulations from 18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice. Bar graph shows the quan-
tification of the ratio of luminal precursor subset to mature luminal subset. Error bars represent mean ± 
S.E.M. (Data are collected from 4 mice per group, Student’s t-test, *p < 0.05).

DC-SCRIPT deletion delays mammary gland organoid branching in vitro
To study the impact of DC-SCRIPT on the kinetics of mammary branching 

morphogenesis in more detail, we made use of a 3D mammary gland organoid 

model. Ex vivo 3D organoid cultures showed that mammary organoids developed and 

were able to branch using cells derived from both DC-SCRIPT+/+ and DC-SCRIPT-/- mice 

(Fig. 5A). Interestingly, the phenotype of organoids was more cystic-like with limited 

branching in DC-SCRIPT-/- as compared to the more compact branched phenotype in 

DC-SCRIPT+/+ on day 4 (Fig. 5A). However, these differences gradually reduced as both 

groups developed towards a more fully branched compact phenotype on day 6 (Fig. S4). 

To further quantify the status of mammary gland branching morphogenesis, 

organoids were categorized into different grades according to their branching status 

(Fig. 5B). Strikingly, compared to organoids from DC-SCRIPT+/+, organoids derived 

from DC-SCRIPT-/- mice showed a remarkably higher percentage of non-branched 

and partially branched organoids (Grade 0, 1 and 2) and a lower percentage of fully 

branched organoids (Grade 3) on days 4 and 5 (Fig. 5C). These data confirmed that 

branching morphogenesis in mammary gland organoids at early time points was 

significantly delayed in the absence of DC-SCRIPT. Subsequent quantification of 

branching status at day 6 showed that both DC-SCRIPT+/+ and DC-SCRIPT-/- organoids 

continued to branch, thereby dramatically increasing the percentage of fully 

branched organoids (Fig. S4). Altogether, our ex vivo findings demonstrate that DC-

SCRIPT deficiency delayed mammary organoid branching morphogenesis thereby 

reproducing the findings in DC-SCRIPT deficient mice.

Figure 5. DC-SCRIPT deletion delays mammary gland organoids branching in vitro. A) Representative 
image of in vitro cultured mammary gland organoids on day 4 derived from 18 weeks old DC-SCRIPT+/+ 
and DC-SCRIPT-/- mice, scale bar 300µm. B) Representative images for grading of branching in organoid. 
Grade 0, no branches; Grade 1, 1-3 branches; Grade 2, 4-6 branches; Grade 3, more than 6 branches. C) 
Quantification of mammary gland organoid branching in vitro from DC-SCRIPT+/+ and DC-SCRIPT-/- mice on 
day 4 and 5, respectively. Error bars represent mean ± S.E.M. (Data are collected from 4 mice per group, 
Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001, n.s, not significant).
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DISCUSSION

The early loss of DC-SCRIPT expression during malignant transformation of ductal 

mammary epithelial cells led us to investigate the role of DC-SCRIPT in normal 

mammary gland development. Our data show that DC-SCRIPT is expressed in both 

basal and luminal epithelium and can affect epithelial cell homeostasis within the 

mammary gland. Moreover, our data in DC-SCRIPT deficient mice show that DC-

SCRIPT plays an important role in controlling mammary gland morphogenesis, 

affecting mammary gland elongation and bifurcation. Using a 3D mammary gland 

organoid culture system, we demonstrate that DC-SCRIPT deletion delays but does 

not prevent branching of mammary gland organoids in vitro.

Our previous studies have shown that DC-SCRIPT is a multifunctional transcription 

factor playing a significant role in breast cancer cell proliferation as well as cell 

cycle progression [2, 7]. Indeed, the presence of the transcription factor DC-SCRIPT 

is a favorable prognostic factor for ER positive breast cancer patients [2, 4]. The 

murine ortholog of DC-SCRIPT is highly conserved and contains > 80% homology 

to the human DC-SCRIPT protein [3]. To elucidate the physiological function of DC-

SCRIPT, analysis of DC-SCRIPT deficient mice could be rewarding. In our current 

study we have for the first time used DC-SCRIPT-/- mice to evaluate the function of 

DC-SCRIPT. These studies were hampered by the observation that deletion of DC-

SCRIPT not only impaired the growth of the mice, but simultaneously affected the 

reproductive capacity of female mice. The impact of DC-SCRIPT on the reproductive 

capacity of mice is in line with DC-SCRIPT being a multi-functional factor involved 

in various regulatory processes, including the regulation of the estrogen and 

progesterone hormone NRs [6]. Unfortunately, our preliminary data on selected 

hormones (progesterone, testosterone) tested in the circulation on a limited number 

of available mice revealed huge mouse-mouse variations in hormone levels and 

did not reveal significant differences in hormone levels between adult mice of 

different genotypes. In addition, currently unknown additional functions of DC-

SCRIPT beyond our previous studies may be involved as well, and are the topic for 

our further investigations. Furthermore, in the very limited number of DC-SCRIPT-/- 

mice analyzed so far, we did not discern an increase in tumorigenesis although this 

may require aging of the mice.

Given the relationship between breast tumorigenesis and mammary gland 

development [34, 35], we first investigated the role of DC-SCRIPT in mammary gland 

development. During postnatal mammary gland development remarkable structural 

alterations occur that are controlled by numerous regulators [15, 36, 37]. Histological 

examination of whole-mounted mammary glands uncovered that DC-SCRIPT-/- mice 

exhibit impaired ductal morphogenesis, implicating DC-SCRIPT as a novel regulator 

in mammary gland development. Most strikingly, in the early developmental stage, 

underdevelopment of the embryonically established rudimentary mammary tree 

was already detected in DC-SCRIPT-/- mice. These data are in line with the major 

effects on the branching morphogenesis during puberty in DC-SCRIPT-/- mice. The 

difference in mammary morphogenesis between DC-SCRIPT-/- and littermate wild-

type mice is gradually disappearing with increasing age. These data imply that DC-

SCRIPT deficiency delays but does not block mammary gland development. TEBs 

are unique structures present in puberty and crucial for driving mammary duct 

elongation and bifurcation [38]. DC-SCRIPT deficiency leads to fewer TEBs and total 

number of branch points in 7 weeks old mice. The importance of DC-SCRIPT in TEBs 

is further supported by the finding that also in adult DC-SCRIPT-/- mice the regression 

of TEBs is postponed. Due to the impaired reproductive capability of female DC-

SCRIPT-/- mice, its role in mammary gland morphogenesis during pregnancy could 

not be evaluated in the current study. Conditional or cell type-specific DC-SCRIPT-/- 

mouse models may be required to study the effect of DC-SCRIPT in mammary gland 

morphogenesis during different developmental stages.

A 3D culture model of organoids is a powerful tool to study mammary gland 

morphogenesis in vitro as it mimics the mammary gland structurally and functionally 

[39, 40]. In addition, 3D mammary gland organoid culture enables evaluation of the 

impact of specific factors in mammary gland morphogenesis in a defined culture 

environment [30, 41]. Mammary gland organoids cultured from DC-SCRIPT-/- mice 

and littermate wild-type mice both successfully grew and branched in the 3D 

organoid culture system, demonstrating that mammary gland morphogenesis in 

vitro can occur independent of DC-SCRIPT. However, during early stage of organoid 

branching morphogenesis, loss of DC-SCRIPT dramatically delayed branching of 

organoids. These data imply that DC-SCRIPT expression is important for organoid 

branching at the early stages and are consistent with our in vivo data showing that 

DC-SCRIPT deficiency significantly delays but does not terminally diminish mammary 

gland development. Besides affecting organoids branching, we cannot yet exclude 
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that DC-SCRIPT deletion has some additional, more subtle effects on organoid 

morphogenesis. In this context we have noted a slight difference in cystic-like and 

compact branched phenotypes of organoids derived from DC-SCRIPT+/+ and DC-

SCRIPT-/- mice in vitro that requires further studies.

The epithelium of mammary ductal tree is organized as a bilayer composed of 

inner luminal epithelium and outer basal epithelium [13]. We therefore investigated 

the expression of DC-SCRIPT mRNA in these two major epithelial populations. 

Interestingly, DC-SCRIPT mRNA is detected in both the basal and the luminal 

epithelial subpopulation. In line with relatively low DC-SCRIPT mRNA expression level 

detected in both epithelial cell populations, we noted that only few cells express 

detectable DC-SCRIPT protein levels. This heterogeneity of protein expression is 

known to exist within the luminal and basal subpopulation [35, 42]. Previously, in 

wild type mice different L/B ratios have been reported [27, 43] and they even seem to 

dynamically change during growth [44]. Interestingly, we also found a large variation 

in L/B ratio between mice and our data pointed toward an increased L/B ratio in the 

absence of DC-SCRIPT. This observation is consistent with delayed mammary gland 

development in DC-SCRIPT-/- mice, as a decrease in the ratio between luminal and 

basal mammary epithelium subpopulations has previously been related to aging of 

mice [44]. Together with the finding that DC-SCRIPT deletion decreases the ratio of 

precursor to mature cells within luminal population, our data suggest that DC-SCRIPT 

expression is necessary to maintain a proper hierarchical relationship between the 

distinct subpopulations within the mammary epithelium. Characterizing the impact 

of DC-SCRIPT expression on mature and progenitor basal subpopulations will also 

be interesting, but is much more complex as markers for these subpopulations still 

need to be defined. In future follow-up studies it will be important to define which 

specific cell subsets express DC-SCRIPT within the basal and luminal epithelium. The 

3D in vitro organoid model system, in combination with the DC-SCRIPT deficient mice 

should allow to elucidate this and the molecular mechanism by which DC-SCRIPT 

regulates mammary gland (organoids) morphogenesis.

CONCLUSION

In conclusion, the data presented in this study indicate that DC-SCRIPT represents a 

novel regulator of mammary gland branching and development. Studying the role of 

DC-SCRIPT in mammary gland morphogenesis will be important for understanding 

its role in breast cancer tumorigenesis.
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SUPPLEMENTARY DATA

Figure S1. Targeted disruption of DC-SCRIPT for generating DC-SCRIPT-/- mice. A) Overview of the DC-SCRIPT 
targeting strategy. Upper, schematic map of genomic locus of murine DC-SCRIPT gene and indication of 
targeted deletion region in DC-SCRIPT-/- mice. Middle, partial map of targeting construct used for homol-
ogous recombination for replacing 2306bp fragment of original region. Bottom, the DC-SCRIPT locus after 
correct integration and subsequent cre-mediated deletion of exon 2. B) PCR genotyping of the DC-SCRIPT 
allele. The 232-bp wild-type band (+/+) and the 363-bp targeted band (-/-) are shown. Both bands are 
exhibited in heterozygote genotype (+/-). M is the DNA marker.
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Figure S3. Representative FACS analysis of EpCAM-CD49f versus CD24-CD49f to gate the luminal and the 
basal subpopulation from the same mammary gland of an 18 weeks old DC-SCRIPT+/+and DC-SCRIPT-/-mice.

Figure S4. Representative image of in vitro cultured mammary gland organoids on day 6 derived from 
18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice, scale bar 300μm. Bar graph shows the quantification of 
mammary gland organoid branching in vitro from 18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- female mice 
on day 6, respectively. Error bars represent mean ± S.E.M. (Data are collected from 4 mice per group, 
Student’s t-test, n.s, not significant).
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ABSTRACT

Loss of expression of the transcription regulator DC-SCRIPT (Zfp366) is a prominent 

prognostic event in estrogen receptor-positive breast cancer patients. Studying 

the inherent link between breast morphogenesis and tumorigenesis, we recently 

reported that DC-SCRIPT affects normal mammary branching morphogenesis and 

mammary epithelium homeostasis. Here we investigated the molecular mechanism 

involved in DC-SCRIPT mediated regulation of FGF2 induced mammary branching 

morphogenesis in a 3D organoid culture system. Our data show that the delayed 

mammary organoid branching observed in DC-SCRIPT-/- organoids cannot be 

compensated for by increasing FGF2 levels. Interestingly, FGFR1, the dominant FGF2 

receptor, was expressed at a significantly lower level in basal epithelial cells of DC-

SCRIPT deficient organoids relative to wildtype organoids. A potential link between 

DC-SCRIPT and FGFR1 was further supported by the predicted locations of the DC-

SCRIPT DNA binding motif at the Fgfr1 gene. Moreover, ERK1/2 phosphorylation 

downstream of the FGFR1 pathway was decreased in basal epithelial cells of DC-

SCRIPT deficient organoids. Altogether, this study shows a relationship between 

DC-SCRIPT and FGFR1 related pERK signaling in modulating the branching 

morphogenesis of mammary organoids in vitro.

Key words:
DC-SCRIPT/Zfp366, Mammary organoid, FGFR1, FGF2, MAPK signaling, pERK

INTRODUCTION

Mammary gland development is controlled by numerous regulators [1, 2]. Using 

an in vitro three-dimensional (3D) organoid model and an in vivo murine model, 

we previously showed that the transcriptional regulator DC-SCRIPT (dendritic cell 

specific transcript) affects murine mammary branching morphogenesis [3]. DC-

SCRIPT (also known as Zfp366) was originally cloned as a transcriptional regulator 

with a versatile role in dendritic cells (DCs) [4]. In human DCs, glucocorticoid 

receptor-mediated transcription, the activity of NF-κB signaling and the dual-

specificity phosphatases (DUSPs)-mediated MAPK (Mitogen-activated protein 

kinases) pathway all are regulated by DC-SCRIPT, thereby modulating the immune 

balance [4-7]. In breast epithelium, DC-SCRIPT has been identified as an important 

regulator of the nuclear receptor (NR) family of transcription factors [8-10]. 

Moreover, DC-SCRIPT is a favorable prognostic marker for estrogen receptor (ER) 

positive breast cancer patients [8, 10]. Specifically, DC-SCRIPT exhibits repressive 

activity on type I NR-mediated transcription (ER, Progesterone Receptor), while 

simultaneously enhancing the anti-proliferative type II NRs (Peroxisome Proliferator 

Activated Receptor, Retinoic Acid Receptor) in breast cancer cells [8]. In line with its 

role as a suppressor of breast cancer, inducing DC-SCRIPT expression in the breast 

carcinoma cell line MCF7, via a doxycycline-induced system, triggers cell cycle arrest 

through promoting the expression of the tumor suppressor CDKN2B, leading to 

reduced cell viability in vitro and delayed tumor growth in vivo [11].

In a recent study , we further exploited the physiological functions of DC-SCRIPT 

in breast epithelium of DC-SCRIPT knockout female mice [3]. Loss of DC-SCRIPT 

does not trigger breast tumorigenesis in female mice, mammary branching 

morphogenesis however, is delayed in the absence of DC-SCRIPT [3]. Subsequent 

analyses revealed that DC-SCRIPT is expressed by both basal and luminal epithelium 

cell populations and that deletion of DC-SCRIPT impairs the epithelium homeostasis 

within mammary glands [3]. We additionally set up, an in vitro mammary organoid 

model that faithfully recapitulates the effect of DC-SCRIPT deficiency on delaying 

mammary branching morphogenesis [3]. However, how DC-SCRIPT affects the 

branching process is still elusive.

The mammary gland is a highly dynamic organ showing a defined branching 

morphogenesis process during development [12, 13]. The two major epithelial 
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components of the mammary gland are the heterogenous luminal and basal 

epithelium [14]. Based on specific epithelium markers, both populations can 

be subdivided into different subsets including CD49fhighCD24medium basal cells, 

CD49fhighCD24low basal cells, CD49flowCD24high luminal cells and CD49flowCD24medium 

luminal cells [15, 16]. The CD49fhighCD24medium basal cells are enriched for cells 

with the highest proliferation capacity [15]. Recently reported innovative 3D 

mammary organoid models provide investigators with a powerful system to study 

the genetic circuits controlling mammary gland morphogenesis [17-19]. Such 3D 

growing mammary organoids recapitulate many features of mammary glands both 

structurally and functionally [18-22]. They contain an inner luminal epithelium layer 

and an outer basal epithelium layer, and have self-organizing capabilities mimicking 

branching morphogenesis in vivo [18-20]. These branching processes of organoids 

can be manipulated in the 3D culture system in vitro [20, 22]. For instance, in line with 

the importance of fibroblast growth factors/receptors (FGFs/FGFRs) in regulating 

mammary morphogenesis in vivo [23-26], their ligand, FGF2, has been verified as 

a branching-stimulating factor essential for organoid branching morphogenesis in 

vitro [19-21]. Further analysis of the underlying mechanism has demonstrated that 

activation of MAPK signaling triggered by binding of FGF2 to the corresponding FGF 

receptors is essential for maintaining FGF2-dependent branching morphogenesis in 

mammary organoids [27, 28]. Inhibition of ERK1/2 phosphorylation is sufficient to 

repress branching morphogenesis of mammary organoid under FGF2 stimulation 

[27, 28].

In this study, we have further exploited the in vitro mammary organoid model to 

dissect the molecular mechanism of DC-SCRIPT in mammary organoid branching 

morphogenesis. Our data demonstrate that in the absence of DC-SCRIPT, basal 

epithelial cells express lower levels of FGFR1 and show less downstream pERK 

signaling activity compared to wildtype control. Collectively, these findings indicate 

that DC-SCRIPT regulates branching morphogenesis of mammary organoids via the 

FGFR1-pERK signaling axis.

MATERIALS AND METHODS

Mice
12 to 18 weeks old virgin adult female mice on the C57BL/6 background were used 

throughout the experiments. DC-SCRIPT knockout mice (DC-SCRIPT-/- mice) and 

control littermate wild-type mice (DC-SCRIPT+/+ mice) were produced as previously 

described [3]. Mice were bred and housed at the Animal Research Facility (ARF) of 

the Radboud University Medical Center. According to regulatory standards of the 

Animal Experimental Committee of Radboud University Medical Center, all animal 

experiments were documented, approved and carried out under the committee 

guidelines for animal safety.

Antibodies and reagents
The following antibodies were used: CD31-PE (1:80 dilution, Antibodychain, Cat. 

#1112040), CD31-PE/Cy7 (1:80 dilution, eBioscience, Cat. #25-0311-82), TER119-

PE (1:80 dilution, eBioscience, Cat. #12-5921-81), TER119-PerCP (1:80 dilution, 

Antibodychain, Cat. #1181130), CD45.2-BV510 (1:100 dilution, Antibodychain, Cat. 

#1149185), CD45.2-PerCP (1:200 dilution, BD, Cat. #552950), EpCAM-FITC (1:400 

dilution, eBioscience, Cat. #11-5791-82), CD49f-APC (1:400 dilution, eBioscience, 

Cat. #17-0495-80), Rabbit anti-FGF Receptor 1 antibody (1:200 dilution, Cell 

Signaling Technology, Cat. #9740, specifically binging to the carboxy terminus 

of FGFR1 protein), Rabbit anti-pERK1/2 (Phospho-p44/42 MAPK, Thr202/Tyr204) 

antibody (1:200 dilution, Cell Signaling Technology, Cat. #4370), Purified Rabbit IgG 

isotype (Cell Signaling Technology, Cat. #3900S). Biotin Goat Anti-Rabbit IgG (H+L) 

(1:100 dilution, Jackson ImmunoResearch, Cat. #111-065-003), BV510 Streptavidin 

(1:200 dilution, BD Bioscience Cat. #.563261). The following reagents were used: 

Growth Factor Reduced Matrigel (Corning, Cat. #354230), DNAse I (Roche, Cat. 

#11284932001), TrypLE (Gibco, Cat. #12605-010), DMEM/F12 medium (Gibco, Cat. 

#11330057), FGF2 (Sigma, Cat. #F0291-25UG), Insulin (Sigma, Cat. #I1882-100MG), 

Collagenase A (Sigma, Cat. #C5138-1F), Insulin-Transferrin-Selenium-X, (Gibco, Cat. 

#51500), Antibiotic-Antimitotic (100X) (Gibco, Cat. #15240062), Cultrex Organoid 

Harvesting Solution (Trevigen, Cat. #3700-100-01), BD Cytofix/Cytoperm™ Fixation/

Permeabilization Kit (BD Bioscience Cat. #554714), Fixable Viability Dyes (FVD) 

eFluorTM 450 (eBioscience, Cat. #65-0863-14), TRIzol reagent (Invitrogen, Cat. 

#15596026), SYBR Green Master (Roche, Cat. #4673492001), DNase I (amplification 
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grade, Invitrogen, Cat. #18068015), Hexamers (Invitrogen, Cat. #N8080127), Moloney 

murine leukemia virus reverse transcriptase (Invitrogen, Cat. #28025013).

Mammary organoids isolation, culture, and harvesting
Mammary organoids isolation and culture were described as previously [3]. Briefly, 

freshly dissected mammary glands (#3, #4, and #5) with removing lymph node from 

adult female mice were used from mammary fragments isolation. After digesting in 

2 µg/mL collagenase A solution (10 mL DMEM/F12, 5 µg/mL insulin, 5% fetal bovine 

serum, 1% Antibiotic-Antimycotic) for 35 minutes at 37°C with shaking at 150 rpm, 

mammary fragments were washed with DMEM/F12 and enriched by centrifuge. 

Samples were subsequently treated with DNase I (40 U/mL) and mammary 

fragments were purified and enriched through differential centrifugations (pulse 

to 1500 rpm in 10 mL DMEM/F12). The final pellet was resuspended in the desired 

amount of Growth Factor Reduced Matrigel (50-100 organoids/50 μL Matrigel). 50 

μL organoids/Matrigel mixture were seeded per well in 24-well plate and sustained 

in organoid culture medium (DMEM/F12, 1% Antibiotic-Antimycotic, 1% Insulin-

transferrin-selenium-X and 50 ng/mL FGF2). The medium was refreshed every 

two days during organoids culture. Harvesting organoids for further assay were 

performed by using Organoid Harvesting Solution according to the manufacturer’s 

protocol.

Mammary organoids branching assay
Branching status of mammary organoids was quantified as described previously 

during 3D culture on day 5 [3, 18]. Briefly, organoids were cultured in organoid 

medium with indicated levels of FGF2. After 5 days, organoids were categorized 

into four grades based on their branching status: Grade 0, no branch; Grade 1, 1-3 

branches (partially branched); Grade 2, 4-6 branches (partially branched); Grade 3, 

more than 6 branches (fully branched). To quantify the percentage of each grade 

organoid, the total number of corresponding grade organoids was divided by the 

total number of organoids in each Matrigel drop. Organoids from three wells per 

culture condition were quantified per experiment.

Single cell preparation, flow cytometry analysis and cell sorting
Mammary organoids were harvested from 3D culture and subjected to TrypLE 

treatment by digesting at 37 °C for 15 minutes to generate single mammary 

epithelium suspensions. Candidate antibodies listed above were used for flow 

cytometry staining of cell surface as well as intracellular markers in mammary 

epithelium. Briefly, cells were treated with blocking buffer at 4°C for 10 minutes 

and were stained with primary antibodies for extracellular staining by incubating 

at 4°C for 30 minutes. Subsequent intracellular staining was performed by using 

Cytofix/Cytoperm™ Fixation/Permeabilization Kit according to the manufacturer’s 

protocol. Fixable Viability Dyes (FVD) eFluorTM 450 was added to distinguish dead 

and live cells. Flow cytometry analysis was carried out on the BD FACS Verse (BD 

Biosciences) and fluorescence-activated cell sorting (FACS) experiments were on BD 

FACS ARIA III (BD Biosciences) instrument. Subsequent flow cytometry data were 

analyzed in FlowJo V10 software (Tree Star).

Phosphorylation-specific flow cytometry analysis of pERK
Single mammary epithelial cell suspensions were prepared from mammary 

organoids after 3 days culture. After resting in pure DMEM/F12 medium at 37 °C for 

40 minutes, epithelial cells were treated with 15 ng/mL FGF2 at the same condition 

for 10 minutes. Subsequent flow cytometry staining of extracellular markers and 

following intracellular staining of pERK were carried out under the condition of 4 

°C according to the above description. Flow cytometry analysis was performed on 

the BD FACS Verse (BD Biosciences) and FlowJo V10 software (Tree Star) was used 

for data analysis.

RNA isolation, reverse transcription, and quantitative PCR
Total RNA was isolated from mammary epithelium or organoid samples by 

using Trizol reagent according to the manufacturer’s instructions, followed 

by the determination of RNA quantity and purity on NanoDrop 2000/2000c 

spectrophotometer (Thermo Scientific). cDNA synthesized by reverse transcribing 

of RNA was conducted by using random hexamers and Moloney murine leukemia 

virus reverse transcriptase according to the manufacturer’s protocol. CFX96 

sequence detection system (Bio-Rad) with SYBR Green as the fluorophore was used 

for Quantitative RT-PCR, combination with gene-specific oligonucleotide primers 

to determine the mRNA levels for candidate genes of interest. Reaction mixtures 

and program conditions were recommended by the manufacturer (Bio-Rad). CFX 

Manager software (Bio-Rad) was used for Quantitative PCR data analysis and cycle 

threshold method was used for mRNA levels calculation [6, 29]. The used primers 

were listed as followed (from forward to reverse). Specifically, the qPCR primers of 
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FGFR2/3/4 target common regions of the corresponding FGFRs, but FGFR1 primers 

target FGFR1b isoform.

DC-SCRIPT (Zfp366): ACCAGTGTCATCTCTGCTAC; CATTCTGTTGAATTCCTTCC;

Hmbs: CCTACCATACTACCTCCTGGCTTTAC, TTTGGGTGAAAGACAACAGCAT;

Keratin 14 (Krt14): CCTCTGGCTCTCAGTCATCC, TGAGCAGCATGTAGCAGCTT;

Keratin 8 (Krt8): ATCGAGATCACCACCTACCG, CTGAAGCCAGGGCTAGTGAG;

CD11c: CTGGATAGCCTTTCTTCTGCTG, GCACACTGTGTCCGAACTCA;

Fgfr1: GGTGAACGGGAGTAAGATCGG, CCCCGCATCCTCAAAGGAG;

Fgfr2: AGACAAAGGCAACTACACCT, TGTAAACCTTGCAGACAAAC;

Fgfr3: CCTCTATGAACTCCAACACA, CCTTCTCCAAGAGGCTTAC;

Fgfr4: TTGGCCCTGTTGAGCATCTTT, GCCCTCTTTGTACCAGTGACG.

Cyclic amplification and selection of targets (CAST)
CAST was performed as described previously [7]. Murine DC-SCRIPT was 

cloned in the pCATCH vector as BamHI-EcoRI inserts. TNT T7 Quick Coupled 

Transcription/Translation System (Promega) was used for in vitro transcription/

translation by using 1 µg of DNA as input according to the manufacturer’s protocol. 

Transcription/translation took place at 30°C for 90 min. Following western blot 

analysis was performed to verify protein production by using 10% of the reaction 

and 20% was used in each CAST round. Following oligo-nucleotides were used 

during CAST: oligo-nucleotides carrying defined ends and a 21-nt region of 

degeneracy (5’-GCCTCCATGGACGAATTCTGT-(N)21-AGCGGATCCCGCATATGACCG-3’) 

and PCR primers (forward: 5’- GCCTCCATGGACGAATTCTGT-3’; reverse: 

5’-CGGTCATATGCGGGATCCGCT-3’). Briefly, double-stranded oligo-nucleotides were 

prepared firstly. Hybridized oligo-nucleotides was produced by mixing degenerative 

nucleotides with reverse primer, which were used together with the Klenow 

fragment of DNA polymerase I (37°C for 1 h) to create dsDNA. Subsequent each 

round CAST was carried out in binding buffer (30 mM HEPES pH 7.4, 100 mM NaCl, 

0.01% NP40, 0.01 mg/mL BSA, 0.05 mM ZnSO4, 2 mM MgCl2, 0.6 mM PMSF, and 10% 

glycerol). Specifically, the binding buffer was mixed with 20% in vitro transcribed/

translated proteins and DNA. After incubation at 4°C for 30 min, Protein G beads and 

mouse M2 anti-FLAG mAb were added and incubated overnight. Precipitated dsDNA 

was used for the first round of CAST, or 80% of the PCR reaction was used for the 

subsequent rounds. Protein G beads were subsequently washed and re-suspended 

(in 5 mM EDTA, pH 8.0) for 10 min at 90°C. Following PCR reactions (100 ng forward 

and reverse primer, 0.5 mM dNTPs, 5 mM MgCl2, and 2.5 U Taq polymerase with an 

annealing temperature of 58°C) were performed to amplify specific oligonucleotides 

by using the supernatant after beads were pelleted. 20% of the PCR reaction was 

tested on the gel to verify DNA precipitation and amplification by CAST. Sequences 

from 4 rounds of CAST were used as input for MEME to generate a consensus 

sequence for DC-SCRIPT [7, 30].

Motif search
To find locations in the genome of the mouse DC-SCRIPT motif, we used a combined 

motif search between FIMO (v. 5.1.0) [30], and GimmeMotifs (v. 0.13.1) [31]. The 

mouse mm10 genome was used for both searches. FIMO was run at p-value < 1E-4, 

and output motif locations (+/- 1kb) were used as input for gimme scan. Significant 

motif locations (FDR<0.05) were used as input for rGREAT (v. 1.16.1, running under 

R v. 3.6.1) [32] in order to find which motif locations were associated with fgfr1. A 

bed file of the motif locations was loaded into the UCSC genome browser and the 

session was loaded into the Hi-C data browser from the Yue-lab at Penn State (http://

promoter.bx.psu.edu/hi-c) containing data from mouse embryonic stem cells [33]. 

Generation of the visualization of the Hi-C results was done with Inkscape (v.1.0 

beta1). All output lists are available in Appendix table 1, and all codes are available 

on Github (https://github.com/jonasns/mm10_DCSCRIPT_motif_search.git).

Statistical analysis
All statistical analysis was conducted on the software GraphPad Prism 7 (GraphPad 

Software, CA, USA). Statistical significance was determined by the statistical tests 

specified in the experiments. P values of statistical significance are represented as 

∗ P<0.05, ∗∗ P<0.01, ∗∗∗P<0.001.
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RESULTS

Increasing FGF2 levels does not compensate for the delayed branching in 
DC-SCRIPT deficient organoids
In vitro branching morphogenesis of mammary organoids essentially depends 

on FGF2 stimulation [21, 27]. Previously DC-SCRIPT deletion was shown to delay 

mammary organoids branching in an early stage during culture [3]. To determine 

whether the delayed branching in DC-SCRIPT-/- mice could be compensated for by 

increasing the FGF2 dose, mammary organoids from DC-SCRIPT-/- mice and their 

littermate controls were cultured in different doses of recombinant FGF2. As 

expected, branching morphogenesis of organoids derived from both DC-SCRIPT+/+ 

and DC-SCRIPT-/- mice was dependent on FGF2 in the culture medium, as in the 

absence of FGF2 no branching was observed (Fig. 1A). In the presence of FGF2, 

DC-SCRIPT-/- organoids showed a higher percentage of non-branched organoids 

(Grade 0) and a lower percentage of fully branched organoids (Grade 3) relative to 

DC-SCRIPT+/+ organoids (Fig. 1B). Increasing concentrations of FGF2, did not change 

the branching status in either DC-SCRIPT-/- or DC-SCRIPT+/+ mammary organoids. 
Even a high FGF2 concentrations of 100 ng/mL was not able to compensate for the 

diminished branching efficiency in DC-SCRIPT-/- organoids (Fig. 1B and Fig. S1). Thus, 

increasing FGF2 levels could not rescue the delayed mammary organoid branching 

caused by DC-SCRIPT deficiency.
Figure 1. Increasing FGF2 levels does not compensate for the delayed branching in DC-SCRIPT de-
ficient organoids. (A) Representative image of mammary organoids in vitro under different FGF2 con-
centration (0 ng/mL, 10 ng/mL, 100 ng/mL) conditions on day 5 derived from 18 weeks old DC-SCRIPT+/+ 
mice and DC-SCRIPT-/- littermates, scale bar 200 mm. Red arrow head indicates Grade 0 (non-branched) 
organoid and red arrow indicates Grade 3 (fully branched) organoid (B) Quantification of Grade 0 and 
Grade 3 mammary organoid in vitro under different FGF2 concentration conditions from 18 weeks old 
DC-SCRIPT+/+ and DC-SCRIPT-/- mice on day 5. Error bars represent mean + S.E.M and data are collected 
from 3 mice of each genotype. Statistical significance between DC-SCRIPT+/+ and DC-SCRIPT-/- mice group 
is determined by Two-way ANOVA followed by Sidak’s post test. (∗ P<0.05, ∗∗ P<0.01, n.s, not significant).

DC-SCRIPT and FGFRs are expressed in mammary epithelium
FGF2 is known to bind to the FGF receptors FGFR1 and FGFR2 whose expression 

and function are important for proper mammary branching morphogenesis in vivo 

[24, 34]. To profile DC-SCRIPT and FGFR expression within mammary epithelium 

subsets, we used wildtype mice and subdivided the heterogeneous luminal and 

basal epithelium cell populations into specific cell subsets. Based on previously 

reported CD49f and EpCAM expression profiles and cell gating strategies [3, 15, 

16], 4 different epithelium subsets were sorted by FACS from the mouse mammary 
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gland: Basal 1 (CD49fhighEpCAMmediumLineage-), Basal 2 (CD49fhighEpCAMlowLineage-), 

Luminal 1 (CD49flowEpCAMhighLineage-), and Luminal 2 (CD49flowEpCAMmediumLineage-) 

(Fig. 2A). Subsequent quantitative PCR analysis for the known subset specific 

epithelial cell markers Krt14 (basal cell marker), Krt8 (luminal cell marker), and the 

immune marker CD11c, confirmed the purity of the sorted mammary epithelium 

fractions and the absence of contaminating CD11c+ DCs, which are known to express 

DC-SCRIPT (Fig. 2B). Interestingly, DC-SCRIPT mRNA expression was detected in all 

4 epithelium subsets of the mammary gland, albeit with a relatively lower level in 

Lu-1 subset (Fig. 2B). We next determined the mRNA expression level of the FGFRs 

and uncovered that the mRNAs encoding FGFR1-3 were expressed in all 4 epithelium 

subsets, with FGR1-2 being most prominent. In contrast, only a low level of FGFR4 

mRNA was detected in the two basal epithelium subsets (Fig. 2C). Most strikingly, 

the basal subsets expressed higher FGFR1 mRNA levels but lower FGFR2 mRNA 

levels as compared to the corresponding luminal subsets (Fig. 2C). These data show 

that FGFRs and DC-SCRIPT mRNAs are co-expressed in the sorted cell fractions.

Figure 2. DC-SCRIPT and FGFRs are expressed in mammary epithelium. (A) Representative FACS gating 
of Basal 1 (Ba-1, CD49fhighEpCAMmediumLineage-), Basal 2 (Ba-2, CD49fhighEpCAMlowLineage-), Luminal 1 (Lu-1, 
CD49flowEpCAMhighLineage-), and Luminal 2 (Lu-2, CD49flowEpCAMmediumLineage-) mammary epithelium sub-
populations from the mammary glands of wildtype adult C57BL/6 black female mice, Lineage- (Live+CD31-

Ter119-CD45-). (B) and (C) The mRNA expression level of DC-SCRIPT, FGFRs and related cell specific markers 
in different epithelium subsets is determined by quantitative RT-PCR after FACS sorting of the mammary 
epithelial cells of wildtype adult C57BL/6 black mice. Error bars represent mean + S.E.M. and data are 
collected from 8 mice.

DC-SCRIPT is predicted to bind within the topologically associating domain 
of the Fgfr1 gene
Next, we analyzed genomic DC-SCRIPT binding sites identified by ChIP-seq for 

association with FGFRs in human cells (Gene Expression Omnibus, Accession 

number GSE78923) [7]. Interestingly, a DC-SCRIPT binding site was identified in 

proximity of the FGFR1 gene (site: hg19, chr8: 38545365-38545859) but not in 

the FGFR2 gene. To validate these findings in mice we performed in vitro cyclic 

amplification and selection of targets (CAST) to generate an in vitro DNA binding 

motif of murine DC-SCRIPT (Fig. 3A). The murine motif showed 70% similarity to 

our previously published human motif generated with the same approach (Fig. 3B), 

indicating that DC-SCRIPT may bind similar targets in humans and mice. To search 

for potential binding sites in the murine genome, we performed a motif search using 

the identified murine motif. By combining results from FIMO [30], gimme scan [31], 

and the Genomic Regions Enrichment of Annotations Tool [32], we identified four 

DC-SCRIPT binding motif locations in association with the Fgfr1 gene (Fig. 3C and 

Appendix table 1). All four binding sites were located within the same topologically 

associating domain (TAD) of the Fgfr1 gene, three of which were located inside a 

more intense local TAD. These data thus imply a regulatory link between DC-SCRIPT 

and the Fgfr1 gene.
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Figure 3. DC-SCRIPT is predicted to bind within the topologically associating domain of the Fgfr1 
gene. (A) In vitro motif matrixes of murine DC-SCRIPT are identified by cyclic amplification and selection 
of targets (CAST), showing the consensus sequence with probability of presence of the four nucleotides 
in each position. (B) The similarity between human motif (bottom row) and murine motif (upper row) of 
DC-SCRIPT is analyzed by MAST in the MEME suite v. 5.1.0. (C) The four locations of DC-SCRIPT binding 
motif (mm10, chr8: 25335623-25335637; 25381166-25381180; 25486155-25486169; 25595708-25595708) 
associated with the Fgfr1 gene are predicted within a local topologically associating domain (TAD). The 
example shown is from Hi-C data of murine embryonic stem cells (GSE96107).

DC-SCRIPT-deficient basal epithelium exhibits decreased FGFR1-pERK signaling
To further study the link between DC-SCRIPT and FGFR1, we determined the FGFR1 

protein expression in mammary epithelium of organoids derived from DC-SCRIPT-/- 

mice and control DC-SCRIPT+/+ littermates. DC-SCRIPT affects organoid branching 

morphogenesis at the early stage and mammary organoids start branching on day 

3 in vitro [3, 21]. We therefore investigated FGFR1 protein expression in epithelial 

cells of day 3 organoids by flow cytometry (Fig. 4A and Fig. S2). In both DC-SCRIPT-/- 

and DC-SCRIPT+/+ organoids, FGFR1 protein was expressed differently in the 4 cell 

subsets with relatively high FGFR1 expression in Ba-1 and Lu-1 epithelial cells (Fig. 
4A). Strikingly, FGFR1 expression in DC-SCRIPT-/- organoids was significantly lower 

in Ba-1 and Ba-2 epithelial subsets but not in the luminal subpopulations compared 

to DC-SCRIPT+/+ organoids (Fig. 4A). As FGF2-dependent branching morphogenesis 

depends on pERK activity [27, 28], we next determined pERK levels in the mammary 

epithelium of DC-SCRIPT-/- and control DC-SCRIPT+/+ organoids on day 3 by flow 

cytometry (Fig. 4B). Distinct pERK protein expression levels were detected in the 

4 cell subsets with Ba-1 and Lu-1 cells having relatively high pERK levels in both 

DC-SCRIPT-/- and DC-SCRIPT+/+ organoids (Fig. 4B). In line with the decreased FGFR1 

expression in DC-SCRIPT-/- basal epithelium, a significantly lower pERK activity was 

observed in both DC-SCRIPT-/- Ba-1 and Ba-2 subsets compared to corresponding 

DC-SCRIPT+/+ basal epithelium (Fig. 4B). In contrast, no significant difference in pERK 

expression was detected between any of the luminal epithelium subsets irrespective 

of the presence of DC-SCRIPT (Fig. 4B). Thus, the expression of DC-SCRIPT influences 

the FGFR1-pERK signaling axis specifically in basal epithelium cells.

Figure 4. DC-SCRIPT-deficient basal epithelium exhibits decreased FGFR1-pERK signaling. (A) The 
expression level of FGFR1 in different epithelium subsets of mammary organoids (day 3) derived from 
18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice. FGFR1 expression is shown as relative Mean Intensity 
Fluorescence (MFI) determined by FACS analysis, Error bars represent mean + S.E.M. and data are col-
lected from 3 mice per group, Student’s unpaired t-test. (∗ P<0.05, ∗∗ P<0.01, n.s, not significant). (B) The 
expression level of pERK in different epithelium subsets of mammary organoids (day 3) derived from 18 
weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice. pERK expression is shown as relative MFI determined by 
FACS analysis. Data are collected from 5 pairs of mice and shown by matching DC-SCRIPT+/+ mice with DC-
SCRIPT-/- littermate, using a paired t-test. (∗ P<0.05, ∗∗ P<0.01, n.s, not significant).
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DISCUSSION

DC-SCRIPT deficiency has been shown to delay mammary branching morphogenesis 

in virgin female mice in vivo and in a 3D mammary organoid model in vitro [3]. 

Here, we investigated the underlying regulatory mechanism. Our data show that 

DC-SCRIPT deficient mice demonstrate a decreased FGFR1 and pERK expression level 

specifically in the basal epithelium subsets of mammary organoids. In addition to 

the link between DC-SCRIPT and the Fgfr1 gene at murine genomic level, our data 

collectively suggest a regulatory role of DC-SCRIPT on the FGFR1-pERK signaling axis 

important in mammary organoids branching morphogenesis.

Mammary gland branching is a fundamental, but complex facet of mammary 

gland development [35-37].The exact mechanisms that drive this, remain elusive. 

In vitro branching of mammary organoids depends on FGF2 stimulation [21]. We 

have previously shown that also DC-SCRIPT expression is important for proper 

branching of mammary organoids [3]. We here speculated that increasing the FGF2 

concentration may rescue the delayed branching of DC-SCRIPT deficient mammary 

organoids. Increasing the FGF2 concentration up to 100 ng/mL however, did not 

improve branching in DC-SCRIPT deficient organoids. With increasing days of culture, 

the level of organoid branching become more similar between DC-SCRIPT-/- and 

DC-SCRIPT+/+ organoids and both were almost fully branched at day 6. As FGFR1 is 

an important binding receptor of FGF2 [24, 34], we hypothesized that DC-SCRIPT 

affects FGFR signaling and thereby delays the capacity to branch. Our results now 

show that DC-SCRIPT deficient organoids indeed have reduced FGFR1 expression 

and pERK expression levels in the basal epithelium of mammary organoids.

DC-SCRIPT has been shown to regulate target gene expression by binding to 

relevant genomic loci [5-8]. Based on our previously published DC-SCRIPT ChIP-

seq dataset in DC where DC-SCRIPT is highly and homogeneously expressed [7], 

we found a regulatory link between DC-SCRIPT and the FGFR1 gene at the genomic 

level in human cells. Previous studies have shown that the mouse Fgfr1 gene bears 

sequence homology to the human FGFR1 gene and both genes are located in the 

syntenic region of chromosome 8 of the corresponding species [38-40]. As DNA 

sequences within a TAD are likely to interact with each other and are conserved 

between different cell types (Fig. S3) [41], we investigated the presence of the 

murine DC-SCRIPT binding motif identified by CAST in the TAD region containing 

murine Fgfr1. Strikingly, DC-SCRIPT binding motifs were present in the TAD of Fgfr1 

in analysis of multiple different cell types (Fig. S3), further supporting a regulatory 

link between them. Within the highly heterogeneous mammary epithelium, DC-

SCRIPT is expressed by only a limited number of cells [3]. Performing ChIP-PCR to 

prove the direct binding of DC-SCRIPT to its target sequence in the Fgfr1 locus in 

mammary epithelium cells is extremely challenging. Therefore, we can not exclude 

the possibility that DC-SCRIPT affects FGFR expression indirectly, f.e. via modulating 

the NR network which is known to regulate mammary gland development. Strikingly, 

in contrast to lower pERK expression in DC-SCRIPT deficient murine mammary 

organoids, in human DCs, DC-SCRIPT deficiency enhances pERK activity [7]. This 

is however mediated via impairing DUSP4 expression [7]. These opposing effects 

of DC-SCRIPT deficiency on pERK activity in distinct contexts demonstrate the cell 

and context specific regulatory mechanisms of DC-SCRIPT in murine mammary 

epithelium and human DCs.

DC-SCRIPT is expressed in both luminal and basal epithelial populations within the 

mammary gland, albeit at low levels [3]. During mammary organoids culture, DC-

SCRIPT mRNA expression is maintained at a low level in DC-SCRIPT+/+ mammary 

organoids (Fig. S4), a similar level as found in vivo. Previous studies have reported 

the heterogeneity within the basal and luminal population and both populations 

can be subdivided into small subsets respectively [15, 16]. The different FGFR1 and 

pERK protein expression levels in the distinct subsets supports this heterogeneity. 

In both DC-SCRIPT+/+ and DC-SCRIPT-/- organoids, relatively high expression levels of 

FGFR1 and pERK were found in Lu-1 and Ba-1 subsets. Both these subsets have been 

shown to be enriched for cells with a high proliferation capacity [15, 16]. Because 

the pERK signal is important in triggering branching morphogenesis of mammary 

organoids [27, 28], it is speculated that especially the Lu-1 and Ba-1 subsets play 

a crucial role during branching. Interestingly, only in the basal cell subsets of DC-

SCRIPT-/- organoids a decreased FGFR1 expression and pERK activity was found. Of 

note, different FGFR1 isoforms (epithelial and mesenchymal) exist [42]. In our study 

we have used primers specific for the epithelial FGFR1 mRNA isoform while the 

antibody used recognize both FGFR1 protein isoforms. The effect of DC-SCRIPT on 

FGFR1 and pERK is thus confined to the basal epithelium and may reflect the various 

functions of DC-SCRIPT within the different epithelium subsets. This suggest that 

particularly the expression of DC-SCRIPT within the Ba-1 subsets may contribute to 

the branching of organoids.
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3D mammary organoid models are an effective tool to study mammary gland 

morphogenesis in vitro [20, 21]. Given the mRNA expression of DC-SCRIPT and FGFR1 

in mouse mammary epithelium, the identified effect of DC-SCRIPT on the FGFR1-

pERK signaling axis in the organoid model provides new clues on how DC-SCRIPT 

regulates mammary morphogenesis in vivo. Compared to in vitro organoid models 

however, in vivo mammary gland development is orchestrated by more complicated 

regulatory networks [43, 44]. Particularly, female hormones and their associated 

NR network is one crucial player [44-46]. As DC-SCRIPT previously has been shown 

to regulate several NR-mediated transcriptional activities in breast cancer [8, 10], it 

would be interesting to determine whether DC-SCRIPT also modulates NR function 

during mammary gland development in vivo and the organoid model in vitro. 

Furthermore, given the inherent link between breast cancer and mammary gland 

[47, 48], characterizing the effect of DC-SCRIPT on the FGFR1-pERK signaling axis in 

breast cancer would be an interesting topic for future study.

CONCLUSION

In conclusion, our study indicates a regulatory link between DC-SCRIPT and the 

FGFR1-pERK signaling axis in regulating branching morphogenesis of mammary 

organoids. Further studying the function of DC-SCRIPT in FGF related regulatory 

networks should yield further insights into the gene regulation by DC-SCRIPT in 

breast biology.
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SUPPLEMENTARY DATA

Figure S1. Quantification of mammary organoid branching in vitro under different FGF2 concentration 
conditions from 18 weeks old DC-SCRIPT+/+ and DC-SCRIPT-/- mice on day 5. Error bars represent mean + 
S.E.M and data are collected from 3 mice of each genotype.

Figure S2. Representative FACS analysis of FGFR1 expression in different mammary epithelium subsets 
from mammary organoids of wildtype adult C57BL/6 black female mice on day 3 during culture.
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Figure S4. The mRNA expression level of DC-SCRIPT, CD11c, Krt 14 and Krt 8 in DC-SCRIPT+/+ and DC-SCRIPT-/- 
organoids are determined by quantitative RT-PCR on day 3 and day 6 during mammary organoids culture. 
Error bars represent mean + S.E.M. and data are collected from 3 mice of each genotype.

APPENDIX 
Table 1. Output list of mouse DC-SCRIPT motif analysis (https://doi.org/10.1016/j.ydbio.2020.05.001)
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ABSTRACT

In the last decade, organoid technology has developed as a primary research tool in 

basic biological and clinical research. The reliance on poorly defined animal-derived 

extracellular matrix, however, severely limits its application in regenerative and 

translational medicine. Here, we present a well-defined, synthetic biomimetic matrix 

based on polyisocyanide (PIC) hydrogels that support efficient and reproducible 

formation of mammary gland organoids (MGOs) in vitro. Only decorated with 

the adhesive peptide RGD for cell binding, PIC hydrogels allow MGO formation 

from mammary fragments or from purified single mammary epithelial cells. The 

cystic organoids maintain their capacity to branch for over two months, which is a 

fundamental and complex feature during mammary gland development. We find 

that small variations in the 3D matrix give rise to large changes in the MGO: the ratio 

of the main cell types in the MGO is controlled by the cell-gel interactions via the cell 

binding peptides density, whereas gel stiffness controls colony formation efficiency, 

which is indicative of the progenitor density. Simple hydrogel modifications will 

allow for future introduction and customization of new biophysical and biochemical 

parameters, making the PIC platform an ideal matrix for in depth studies into organ 

development and for application in disease models.

Keywords:
Synthetic hydrogels, organoids, polyisocyanides; mammary gland; synthetic matrices

INTRODUCTION

The female mammary gland consists of a highly elaborate, tree-like network of 

branched ducts and lobular alveolar structures, which are composed of an inner 

layer of luminal cells that surround a central lumen and of an outer layer of 

basal cells residing on the basement membrane. Over time, the mammary gland 

undergoes dramatic changes in structure and function during puberty, pregnancy, 

lactation and involution [1-3]. The proliferative and differentiation potential retained 

by the adult mammary epithelium makes the mammary gland a unique model for 

biologists to study organ development [4-7] and disease generation [8-10]. However, 

due to limitations in starting material, experimental accessibility and prolonged 

times during which development occurs, the mammary gland remains challenging 

to study in vivo.

The advent of stem cell-derived 3D culture systems fills the gap between the 

complex organ in vivo and easily accessible but over simplified cell culture systems 

in vitro. They provide the scientific community with in vitro models that more closely 

represent in vivo physiology [11-13]. The 3D structures derived from such stem 

cell-derived 3D culture systems have been defined as organoids. During organoid 

formation, cells organize into structures that resemble the function and architecture 

of the corresponding native organ [14]. As such, organoid technology promises 

exciting new insights into the fields of basic biology [15, 16], disease modeling [17-

19] and regenerative medicine [20-22].

For mammary gland studies, robust culture conditions that use matrices based on 

basement membrane extracts like Matrigel, supplemented with growth factors have 

been established to generate mammary gland organoids (MGOs) from mammary 

gland fragments or from single sorted mammary epithelial cells (MECs) [23, 24]. 

Studies on MGOs have offered unique insights into the mechanisms regulating cell 

fate [24], branching morphogenesis [25, 26] and the critical role of the extracellular 

matrix (ECM) in mammary gland development [27, 28]. Although animal-derived 

matrices, such as Matrigel, support MGO formation and branching morphogenesis, 

their poorly defined composition and lot-to-lot variation hampers systematic 

investigation of the large role of ECM and biomechanics in organoid development. 

Moreover, the murine tumor-derived matrices are incompatible with clinical 

transplantation. Only recently, the first synthetic extracellular matrices (ECMs), 

4
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based on enzymatically crosslinked PEG gels equipped with essential biological cues 

have been reported to replicate the natural ECM [29, 30]. Such well-defined ECMs 

constitute a powerful platform to identify biochemical and biophysical effects on 

stem cell-derived organoid formation, branching morphogenesis and proliferation 

[31, 32].

Here, we introduce a simple, yet highly versatile 3D culture system for murine MGOs 

based on synthetic hydrogels of oligo(ethylene glycol)-grafted polyisocyanides 

(PICs) [33]. PIC gels are a relatively new class of synthetic hydrogels that closely 

mimic the fibrous and porous architecture and mechanical properties of structural 

ECM proteins, such as collagen and fibrin. Gelation is thermally induced (heating 

a polymer solution beyond the gelation temperature Tgel ~ 18 °C), very fast (within 

seconds) and fully reversible, which facilitates cell and organoid extraction [33]. The 

gels are physically crosslinked but stable over the course of cell culture experiments 

(weeks). Typically, the hydrogels that are formed at low polymer concentrations 

(0.1–1 wt-%) are soft (shear modulus G′ = 0.1–4 kPa), which overlaps with the stiffness 

of mammary adipose tissue (NB: For Matrigel, G′ = 0.05 kPa). As a fully synthetic 

material, one can readily manipulate the network structure and mechanical 

properties by changing the polymer concentration, polymer molecular weight and 

external factors [33-36]. Recent work showed that PIC gels are biocompatible [37-39] 

and show no signs of toxicity during in vivo experiments [40]. In these applications, 

PIC polymer are frequently functionalized with the well-known cell adhesion 

peptide Gly-Arg-Gly-Asp-Ser (abbreviated to RGD), a motif that is found in many 

ECM proteins, including collagen, fibronectin, tenascin and vitronectin [41, 42].

In this manuscript, we demonstrate that PIC gels only functionalized with the cell-

adhesive RGD peptide can support the generation of cystic MGOs from dissected 

mouse mammary gland fragments or from purified mouse mammary epithelial cells 

in vitro. The MGOs can be maintained for prolonged periods while retaining their 

capacity to branch. Moreover, we show that by independently tuning biomechanical 

and biochemical parameters (bulk stiffness and the peptide density), we are able 

to affect mammary gland progenitor enrichment and the cellular composition of 

the MGOs, respectively.

MATERIALS AND METHODS

Synthesis of PIC-azide and PIC-RGD
The synthetic hydrogels are based on oligo (ethylene glycol)-grafted polyisocyanides. 

The preparation of azide-functionalized PICs and RGD-functionalized PICs as 

summarized in Fig. S1, follows previous reported procedures [33, 37, 38]. In short, 

the co-polymerization of tri(ethylene glycol)-grafted isocyano-(D)-alanyl-(L)-alanine 

monomer 1 and the azide-appended monomer 2 (molar ratio of 1:2 = 99:1) was 

catalyzed by nickel perchlorate (total monomer:catalyst ratio 3,000:1 (3K, P1-azide) or 

with different ratios for the preliminary experiments: 1,000:1 (1K) and 5,000:1 (5K)). 

Viscometry analysis [34] yielded viscosity averaged molecular weights Mv = 502 kg 

mol–1 (3K), 322 kg mol–1 (1K), and 530 kg mol–1 (5K). Raw experimental data is given 

in Fig. S9. The azide groups on the polymers were reacted with acetylene-equipped 

cell-binding peptides (RGD) through the highly efficient strain-promoted azide-

alkyne cycloaddition reaction following literature procedures [37]. To form a gel, the 

desired amount of sterile HBSS (Sigma Aldrich, Cat. #H4891, prepared by dissolving 

Hank’s Balanced Salts, 1 g in 1 L sterile H2O) was added to the solid, sterilized (UV, 5 

min) polymer. After overnight soaking at 4 °C, the mixture was shaken vigorously for 

a few seconds and a transparent solution was formed. When the cold transparent 

solution is heated above its gelation temperature, it immediately forms a soft, (visco)

elastic gel. During the whole study, a large batch of PIC hydrogels in HBSS was 

prepared, aliquoted and frozen at –20 °C until use. Before each experiment, the 

frozen gels were firstly placed on ice to thaw.

Rheology measurements
Rheological measurements were performed on a stress-controlled rheometer 

(Discovery HR-2, TA Instruments) using a steel parallel plate geometry with a 

diameter of 40 mm and a gap of 500 μm. All samples were loaded on the rheometer 

plate as cold solutions (5 °C). To determine the storage modulus G′, the sample 

was subjected to an oscillatory deformation of amplitude γ = 0.04 at a frequency 

ω = 1.0 Hz. The gelation temperature (determined from a heating ramp with rate 1.0 

°C min–1) was taken as the onset of the increase in storage modulus G′. Viscometry 

was used to measure the viscosity average molecular weight Mv and to estimate the 

polymer length (L) as previously described [36].
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Mice
All mice used here were C57BL/6 (8-12 weeks old) and housed at the Animal 

Research Facility (ARF) of the Radboud University Medical Center (Charles River). 

All animal experiments were documented and approved by the Animal Experimental 

Committee of the Radboud University Medical Center and were performed in 

accordance with regulatory standards of the Animal Experimental Committee.

Mammary gland fragments isolation
Mouse mammary gland fragments were isolated according to previous protocol [23]. 

After the mammary glands (#3, #4 and #5) were detached from the mouse, they 

were chopped into small pieces with scalpels. The minced glands were incubated 

in 2 μg mL–1 collagenase A (Sigma-Aldrich, Cat. # C5138) in DMEM/F12 medium 

(DMEM/F12 (Gibco, Cat. #11330057) with 5 ug mL–1 Insulin (Sigma, Cat. #I1882), 1% 

Antibiotic-Antimycotic (Gibco, Cat. #15240062), and 5% fetal bovine serum (Merck, 

Cat. #F7524)) for 30-40 min at 37 °C with 150 rpm shaking. After removal of the 

collagenase A solution, the fragments were washed with DMEM/F12 medium. The 

supernatant was discarded and the sediment was treated with 40 U mL–1 DNase I 

(Roche, Cat. #11284932001) in DMEM/F12 medium for 3-5 min at room temperature 

by gently inverting by hand to break up the clusters and detach the fragments from 

adhered single cells. The supernatant was removed and the pellet was resuspended 

in DMEM/F12 medium and centrifuged at 1500 rpm to remove single cells and tissue 

debris. The final pellet was subsequently dissociated into single cells or directly 

embedded in PIC hydrogels or Matrigel (Corning, Cat. #354230). When required, a 

single-cell suspension was obtained by sequential dissociation of the fragments by 

incubating in TrypLE (Gibco, Cat. #12605-010) for 15-20 min at 37 °C.

Mammary gland organoids culture
Freshly isolated mouse mammary gland fragments (50–100 pieces per 50 μL gel) or 

dissociated single mammary epithelial cells (10,000-30,000 cells per 50 μL gel) were 

mixed with 50 μL Matrigel or PIC hydrogels and seeded at the bottom of 24-well 

plates. After gels had gelated in the incubator at 37 °C (30 min for Matrigel, 1 h for 

PIC hydrogels), 700 μL culture medium (Table S1) was added per well and organoids 

were cultured in a 37 °C humidified atmosphere under 5% CO2. In general, culture 

medium was refreshed every three days.

Mammary gland organoids branching ability assay
After formation in Matrigel or PIC hydrogels, MGOs were collected by simply cooling 

to 10 °C for 10 min and washing with cold PBS twice. Then, the MGOs were mixed 

with fresh Matrigel and seeded in 24-well plates. After gelation, 3D organoid culture 

medium for fragments was added. MGO changes in morphology were recorded on 

day three by a Zeiss Vert. A1 microscope.

Mammary gland organoids maintenance in vitro
MGOs were maintained in PIC hydrogels for two months by passaging them every 

week. Briefly, every seven days, organoids were removed from the PIC hydrogels 

by simply cooling at 10 °C for 10 min and washed with cold PBS twice, and treated 

with TrypLE for 15-20 min at 37 °C before transferred to fresh PIC hydrogels. After 

seeding in 24-well plates, cells were overlaid with 3D organoid culture medium 

(Table S1).

Prostate organoid culture
Prostate organoid culture was performed as described previously [43]. Briefly, 

minced prostate tissue from 8 to 12 weeks old male mice was digested in 5 mg 

mL-1 collagenase type II solution (Life Technologies, cat. no. 17101-015) with 10 μM 

Y-27632 dihydrochloride (Abmole Bioscience, cat. no. M1817) on a shaking platform 

at 37 °C for 1–1.5 hour. After aspirating collagenase type II solution, single prostate 

epithelium suspension was generated by incubating samples in TrypLE with 10 μM 

Y-27632 dihydrochloride at 37 °C for 15 min. 20,000 prostate epithelial cells were 

embedded in a 40 μL Matrigel or PIC hydrogel drop and seeded in the middle of one 

well of a 24-well tissue culture plate. After gelation of the Matrigel or PIC hydrogel, 

500 μL prewarmed 3D prostate organoid culture medium (Table S1) was added and 

organoids were cultured in a CO2 incubator (5% CO2, 37 °C). Culture medium was 

refreshed every 2-3 days.

Flow cytometry and fluorescence-activated cell sorting (FACS)
After freshly isolated mouse mammary gland fragments were cultured in PIC 

hydrogels or Matrigel for seven days, the generated MGOs were collected as 

described above. After washing with cold PBS twice, MGOs were digested in TrypLE 

for 15-20 min at 37 °C to obtain single-cell suspensions of mammary epithelium. For 

flow cytometry and sorting, cells were stained with CD31-PE/cy7 (Antibodychain, Cat. 

#1112040), CD45.2-BV510 (Antibodychain, Cat. #1149185), TER119-PE (eBioscience, 
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Cat. #12-5921-81), CD45.2-PerCP (BD, Cat. #552950), EpCAM-FITC (eBioscience, 

Cat. #11-5791-82) and CD49f-APC (eBioscience, Cat. #17-0495-80). Flow cytometry 

analysis was conducted on BD FACS Verse and FACS was performed on FACS ARIA 

III. Fixable Viability Dyes (FVD) eFluorTM 450 was added to distinguish dead and live 

cells. Data were analyzed using FlowJo V10 software and FACS data are presented 

in dot plots with equal number of events. The gating strategy for the mammary 

epithelium is shown in Fig. S10.

3D colony formation assay
MGOs generated from fresh mammary gland fragments within Matrigel or PIC 

hydrogels were collected and digested into single-cell suspension. After the single-

cell suspension was sorted based on the description above, freshly sorted basal or 

luminal cells were resuspended at a density of 30,000 cells mL–1 in cold 100% Matrigel 

(Corning, Cat. #354230) and overlaid with 3D colony formation medium (Table S1) 

following 30 min polymerization at 37 °C. The culture medium was refreshed every 

48 h. To quantify the colony numbers, phase contrast z-stacks spanning the entire 

thickness of the gel were collected at two different positions within each gel on day 

three after seeding. Different layers were aligned and blended into one layer with 

Photoshop software to quantify all the colonies. The results are representative of 

two independent experiments performed with three gel samples per experimental 

group. In each independent experiment, five to six mice were pooled.

Immunofluorescence analysis
For immunofluorescence analysis, MGOs generated within Matrigel or PIC-RGD 

hydrogels were fixed with 4% paraformaldehyde (PFA) in PBS at room temperature 

for 1 h. After removal of the supernatant, the pellet was incubated in 1.5% eosin 

at room temperature for 5 min. Following further washing with PBS, the pellet 

was resuspended in 2.25% agar solution of 80-90 °C. The hot agar solution with 

organoids were centrifuged (7200 rpm, 2 min). The solidified agar solution with 

organoids was embedded in paraffin. Sections of 2 μm thickness were cut using 

a microtome. Individual sections were mounted onto superfrost slides and dried 

overnight at 37 °C. After deparaffination with Histochoice (VWR, Cat. #H103-4L) 

twice for 10 min each, samples were rehydrated with 100% (2 x 1 min), 96% (2 

x 1 min), and 70% (1 x 1 min) ethanol, followed by washes with tap water (2 x 1 

min). The slides were then heated for 15 min in citrate buffer (pH 6.0) (Dako, Cat. 

#S1699) in a microwave oven for antigen retrieval. After 1 h of cooling down, the 

samples were then blocked in 2% BSA/PBS at room temperature for 1 h. Primary 

antibody incubation was performed in 1% BSA/PBS at room temperature for 2 h. 

The following primary antibodies were used: rabbit anti-cytokeratin 8 (K8, Abcam, 

Cat. #Ab53280, 1:200) and mouse anti-cytokeratin 14 (K14, Abcam, Cat. #Ab7800, 

1:200). Secondary antibody incubation was in 1% BSA/PBS at room temperature for 1 

h, followed by three PBS washes. Alexa 488 (Invitrogen, Cat. #A21206, 1:400) or 568 

(Invitrogen, Cat. #A11031, 1:400) conjugated secondary antibodies were used. The 

following primary antibodies were used for prostate organoids: mouse p63 (Abcam, 

Cat. #Ab735, 1:200), mouse High Molecular Weight (HMW, clone 34BE12, Abeomics, 

Cat. #34BE12) and K8 (Abcam, Cat. #Ab53280, 1:200). Secondary antibody incubation 

was in 1% BSA/PBS at room temperature for 1 h, followed by three PBS washes. 

Alexa 488 (Invitrogen, Cat. #A21202, 1:400) or 594 (Invitrogen, Cat. #A21207, 1:400) 

conjugated secondary antibodies were used. All immunofluorescence experiments 

were performed with negative controls where relevant isotype was added (Mouse 

isotype: Biolegend, Cat. #400102, 1:500; rabbit isotype: Cell Signaling Technology, 

Cat. #3900, 1:15000). The samples were then incubated with DAPI (5 μg mL–1) at 

room temperature for 10 min, followed by three PBS washes. The slides were 

mounted in anti-fade medium (Fluoromount W for microscopy, Serva), and images 

were acquired using a Leica DM6000 microscope (Leica). Acquired images were 

processed by Fiji.

Statistical analysis
Statistically significant differences were assessed by using one-way ANOVA followed 

by Tukey’s multiple comparisons test in the GraphPad Prism 5.0 software. P values 

of statistical significance are represented as * P<0.05, ** P<0.01, *** P<0.001, NS, 

not significant.
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RESULTS

Materials
To prepare our matrix, we started from PICs functionalized with azide (N3) 

groups (Fig. 1a and S1) [33], which can be reacted with acetylene-equipped cell-

binding peptides (RGD) through the highly efficient strain-promoted azide-alkyne 

cycloaddition reaction [37, 38, 40]. The matrix properties are tuned by independently 

modifying the polymer concentration, molecular weight and the RGD density; details 

are given in the experimental section. We first assessed the capacity of PIC gels to 

support MGO formation in gels from polymers of Mv = 502 kg mol–1 (3K) at a polymer 

concentration of 0.2 wt-% (or 2 mg mL−1) and with an RGD peptide concentration of 

63 μM. Rheology experiments in HBSS give a gelation temperature Tgel = 18 °C and 

a storage modulus G′ = 0.3 kPa at 37 °C, corresponding to a Young’s modulus E′ ~ 1 

kPa, which is in line with mammary adipose tissue. Note that Matrigel is much softer 

than PIC gels and mammary tissue: G′ ~ 0.05 kPa. In a typical cell culture experiment, 

isolated cells or tissue fragments were mixed with cold PIC solutions (or Matrigel), 

pipetted in 24-well plates and placed in an incubator at 37 °C to allow gel formation 

(0.5–1 hr) and culture medium was placed on top (Fig. 1b).

PIC gels support organoid formation from mammary gland fragments
First, we assessed MGO formation in 3D PIC hydrogels from mammary gland 

fragments. To this end, freshly isolated murine mammary glands were minced into 

small fragments and seeded in PIC hydrogels or in Matrigel as a control (Fig. 1b). To 

ensure homogeneous distribution in the gel matrix, the fragments were dispersed 

in a cold PIC solution (2 mg mL–1), warmed to 37 °C to induce gelation and overlaid 

with medium. Over seven days in culture, the mammary gland fragments in the 

PIC hydrogels changed shape, underwent self-organization and expansion, and 

formed into bilayered structures with a central lumen which we will define here as 

cystic MGOs (Fig. 1c). The fragments in the Matrigel control developed into bi- or 

multilayered branching structures with lumens, which we define here as branching 

MGOs (Fig. 1d). Viability in both the PIC hydrogels and in Matrigel is high (>98 %, 

Fig. S2). The epithelial cell types present in the MGOs were characterized through 

immunostaining of the luminal epithelial cell marker keratin 8 (K8) and the basal/

myoepithelial cell marker keratin 14 (K14) [6]. Co-staining of K8 and K14 after seven 

days in culture revealed that MGOs generated in PIC hydrogels and in Matrigel 

both displayed the correct polarization with a K14-positive basal outer cell layer 

and a K8-positive luminal inner layer (Fig. 1c, d). Previous work showed that the 

polarized organization of luminal epithelial cells around a central lumen critically 

depends on the interaction of its β1-integrins with a basement membrane secreted 

by basal myoepithelial cells in vivo [44] or provided by Matrigel in vitro [45]. The 

positioning of luminal and basal cells around a central lumen of the cystic MGOs in 

the PIC-RGD hydrogels strongly indicates that this gel promotes a proper assembly 

of a native basement membrane by basal/myoepithelial cells. The cystic MGOs 

derived from PIC hydrogels did not form branches as observed in Matrigel. To assess 

whether the cystic MGOs retained branching capacity, they were harvested from 

the PIC solution (simply by cooling to 10 °C and washing) and then re-embedded 

in Matrigel. After another five days in culture, the cystic MGOs showed extensive 

branching, similar as to MGOs solely cultured in Matrigel (Fig. 1e, f). Immuno-

fluorescence staining showed that these branching MGOs also consisted of an outer 

K14-positive basal cell layer and an inner K8-positive luminal cell layer. Moreover, 

both cystic MGOs generated in PIC hydrogels and branching MGOs derived from 

Matrigel could be maintained for at least 14 days without obvious deformation or 

loss in their branching capacity. To demonstrate the versatility of this platform, 

prostate epithelial cells were seeded in PIC hydrogels and we observed that the 

PIC gel similarly supports the formation of cystic prostate organoids that are 

composed of luminal and basal cells that closely resemble the structures observed 

in Matrigel (Fig. S3). The (mechanical) properties of PIC hydrogel are readily tuned 

by varying the polymer concentration and molecular weight [34]; the latter has 

the advantage that this approach is easily synthetically accessible. We studied the 

effects of both parameters by culturing mammary gland fragments in different 

conditions and found MGO formation in all gels (Fig. S4). Visual inspection suggests 

little differences between cultures of different molecular weight. Gels prepared at 

polymer concentrations c = 0.1% proofed too soft: part of the organoids sank to 

the bottom of the well and experience different culture conditions (Fig. S5). Note 

that the cells remaining in suspension have the same morphology as those seeded 

in higher PIC concentrations. Based on these results, we focused our study on PIC 

gels with concentrations of 2–8 mg mL−1 (0.8 wt-% approaches the solubility limit of 

PIC polymers) and with 0–250 μM RGD.
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Figure 1. PIC gels for mammary gland organoid formation. a) Aqueous PIC polymer solutions revers-
ibly gel into a fibrous network by heating beyond ~18 °C. b) Schematic description of the isolation and 3D 
culture of mammary gland fragments in PIC hydrogels or Matrigel. c, d) Representative bright-field and 
immunofluorescence microscopy images of mammary gland fragments cultured in PIC hydrogels (0.2 
wt-%, 63 μM RGD, G′ = 0.32 kPa, panel c) or Matrigel (d) over time. Scale bars: 50 μm. e, f) Representative 
bright-field and immunofluorescence microscopy images of PIC hydrogels (e) or Matrigel (f)-derived MGOs 
after reseeding in Matrigel. Staining: luminal marker: rabbit anti-cytokeratin 8 (K8, red); basal marker: 
mouse anti-cytokeratin 14 (K14, green); and DAPI for nuclei (blue). Scale bars: 50 μm.

Figure 1. e, f.

PIC hydrogels as a matrix for long-term organoid cultures
Next, we assessed the potential of PIC hydrogels for long-term MGO maintenance 

with retention of branching capacity (Fig. 2a). Again, freshly isolated mammary 

gland fragments were embedded in PIC hydrogels at the same conditions (2 mg 

mL−1 with 63 μM RGD). After seven days, the gels were cooled below the gelation 

temperature to harvest and isolate the MGOs, which were then enzymatically 

dissociated into single cells and/or very small cell clusters. Repeated passaging in 

PIC [46] consistently yielded cystic MGOs (Fig. 2b). When these cystic MGOs were re-

embedded in Matrigel, many branched extensively, but not all (Fig. 2c). We observe 

that the cystic MGOs display K8-positive cells only, while branching MGOs contain 

both K14-positive basal and K8-positive luminal cells (Fig. 2d), which is a result of the 

dissociation into single cells as will be discussed below (We summarize that PIC gels 

are well suited for long-term cell cultures, where MGOs are formed consistently from 

single epithelial cells and where the organoids maintain their branching capacity.
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Figure 2. PIC hydrogels support MGOs long-term maintenance. a) Schematic description of MGOs 
long-term culture in PIC hydrogels (0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa): after freshly isolated mammary 
gland fragments were cultured in PIC hydrogels for seven days, cystic MGOs were isolated from gels. A 
portion of MGOs was reseeded in Matrigel to study branching ability; another portion was enzymatically 
dissociated and reseeded in PIC hydrogels for long-term passaging. Repeated passaging was carried out 
every week. b) Representative bright-field images of MGOs generated in PIC hydrogels for ten passages. 
Scale bars: 50 μm. c, d) Representative bright-field (c) and immunofluorescence (d) images of PIC hydro-
gels-derived MGOs, reseeded in Matrigel. Scale bars: left panel 200 μm; right panels 50 μm. Staining: 
luminal marker: rabbit anti-cytokeratin 8 (K8, red); basal marker: mouse anti-cytokeratin 14 (K14, green); 
and DAPI for nuclei (blue).

MGO formation from purified basal and luminal epithelial cells
Freshly isolated mammary gland fragments contain native ECM, stromal cells and 

undefined additional components that can influence MGO development. To remove 

such confounding factors, we purified single mammary epithelial cells (MECs) and 

find that also purified MECs seeded in PIC hydrogels (2 mg mL−1 with 63 μM RGD) 

develop into cystic MGOs (Fig. 3a). Analogously to what we observed in the long-

term cultures, around half of these MGOs have K14-positive basal cells on the 

outer layer and K8-positive luminal cells on the inner layer, while in the remaining 

MGOs contained K8-positive luminal cells only (Fig. 3b). Basal cells are known to 

be bi-potent and can generate either basal or luminal cells in a normal mammary 

gland [24]. As such, K8 and K14-positive MGOs are expected to originate from the 

basal population. In contrast, luminal cells commonly do not differentiate into basal 

cells, which gives rise to only K8 positive organoids [24], which explains our earlier 

observation that some organoids generated from single cells are both K14 and K8 

positive while others are only K8 positive. To confirm our hypothesis, we separated 

the purified MECs into basal or luminal populations by FACS sorting [47] (Fig. 3a). 

Indeed, the purified basal cell population developed into MGOs, which contained 

K14-positive basal cells outside and K8-positive luminal cells when cultured in PIC 

hydrogels or in Matrigel (Fig. 3b, c). In contrast, the purified luminal cell population 

cultured in either gel shows cystic MGOs that are K8-positive and are smaller in size. 

Interestingly, MGOs derived from the unsorted cells as well as the purified basal 

population, but not from the purified luminal cells, fully retained the capacity to 

branch when reseeded in Matrigel (Fig. 3d, e). In short, also purified MECs cultured 

in PIC hydrogels are able to form into MGOs.
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Figure 3. MGO formation in PIC hydrogels (0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa) from mammary epi-
thelial cells (MECs) and purified basal and luminal cells. a) Schematic description: fragments were di-
gested to single MECs, FACS sorted into basal and luminal epithelial cells and then seeded in PIC hydrogels 
or Matrigel. b, c) Representative bright-field and immunofluorescence images of MGOs generated from 
unsorted MECs (left), purified basal cells (middle) and luminal cells (right) in PIC hydrogels (b) or Matrigel 
(c) on day seven. Scale bars: 50 μm. d, e) Representative bright-field images of MGOs generated from 
unsorted MECs (left), purified basal cells (middle) and luminal cells (right) in PIC hydrogels (d) or Matrigel 
(e) after reseeding in Matrigel. Staining: basal marker K14 (green), luminal marker K8 (red), and DAPI for 
nuclei (blue). Scale bars: 50 μm

PIC hydrogels as tunable organoid culture matrix
The ECM has a crucial instructive role in mammary gland development and 

differentiation. Important parameters that determine how the ECM affects cell 

behavior include its stiffness and the relative abundance of different ECM proteins 

[48, 49]. Cells sense and respond to these differences through integrins, which bind 

peptide motifs such as the RGD motif found in many ECM proteins [42]. One of the 

key advantages of using synthetic polymers as matrix for cell culture application is 

that such parameters (stiffness, stress relaxation, critical stress, peptide density, 

etc.) can be readily modified, sometimes independently [30, 31]. To investigate how 

the PIC hydrogel stiffness and the RGD ligand density affect the basal and luminal 

cell populations during MGO formation, we seeded mammary gland fragments in 

four different PIC hydrogels. The 0.2-wt% PIC hydrogel that we described in the 

earlier sections (labeled PIC-1) contains 63 μM RGD and has a stiffness of 0.32 kPa. 

In PIC-2, PIC-3 and PIC-4, we varied the RGD density and stiffness independently 

(Table 1 and Fig. S6). Embedding fresh mammary gland fragments in these different 

hydrogels yielded cystic MGOs in all samples besides PIC-2 that does not contain 

RGD (Fig. S7a), which then was left out of further analyses. These data thus show 

that the presence of RGD in PIC gels is indispensable for proliferation and polarized 

organization of MGOs. Viability of the cells embedded in the RGD-functionalized 

PIC hydrogels was measured by FACS and was similar to PIC-1 and to the Matrigel 

cultures (Fig. S7b). After seven days, the cystic MGOs were harvested and the basal 

and luminal cell populations were quantified by FACS (Fig. 4a). We observed no 

significant differences in the basal to luminal cell ratio between softer G′ = 0.3 kPa 

(PIC-1) and stiffer G′ = 2.3 kPa (PIC-3) hydrogels (Fig. 4b). Interestingly, a significantly 

higher fraction of basal cells was detected in PIC gels containing an increased RGD 

density (63 μM in PIC-3 to 252 μM in PIC-4) (Fig. 4b). These results suggest that 

an increased engagement of RGD-interacting integrins leads to signaling that 

biases differentiation towards a basal cell lineage and that integrin activation 

by RGD-functionalized PIC hydrogels in the concentration range used here is a 

limiting factor of basal cell development in cystic MGOs. The mammary epithelium 

contains terminally differentiated cells, but is also rich in progenitors. The latter 

are of particular interest in the context of breast cancer as they are likely targets of 

malignant transformation in the mammary gland. We quantified the presence of 

progenitor cells using a traditional 3D colony formation assay where the number 

of discrete 3D colonies is a good measure for the original progenitor concentration. 

Mammary gland fragments were embedded in PIC-1, PIC-3, PIC-4 and in Matrigel as 
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a control. After seven days, the basal and luminal cell population were FACS sorted 

and reseeded in Matrigel for the 3D colony formation assay (Fig. 4c). After three days 

in culture, the basal cells that were grown in the softer hydrogels (PIC-1, G′ = 0.3 kPa) 

formed significantly more colonies than basal cells in the stiffer hydrogels (PIC-3, 

G′ = 2.3 kPa); an effect that was also seen with luminal cells albeit less pronounced 

(Fig. 4d, e). In contrast, a change in the RGD density (63 μM for PIC-3 to 252 μM for 

PIC-4) did not change the progenitor concentrations in the basal and luminal cell 

populations (Fig. 4d, e). Strikingly, basal cells seeded in any of the PIC hydrogels 

showed a higher progenitor density when compared to those in Matrigel, whilst 

luminal cells had the highest density in Matrigel. Altogether, our data shows that in 

PIC hydrogels, the RGD density affects the MGO cell composition (basal vs luminal 

cell density) and not their colony formation efficiency, whereas the stiffness does 

not affect the composition, but does change the colony formation efficiency.

Hydrogel Polymer Concentration c  
(mg mL−1)

Concentration RGD 
(μm)

G′T=37°C (kPa)

PIC-1
PIC-2
PIC-3
PIC-4

P1
P1-azide
P1 + P1-azide (1:3)
P1

2
8
8
8

63
0
63
252

0.32
2.4
2.3
2.3

Table 1. PIC hydrogels and physical properties of the gels. Note that P1 was prepared by post-modification 
of P1-azide (viscosity average molecular weight Mv = 502 kg mol-1), and that both have nearly the same 
polymer characteristics.

Figure 4. PIC hydrogels provide a tunable system to investigate specific MGO characteristics. a) Rep-
resentative FACS plots of CD49f (basal) and EpCAM (luminal) stained cystic MGOs generated in different 
PIC hydrogels. One set of representative FACS plots out of three independent experiments is shown. b) 
Quantification of basal to luminal population ratio of cystic MGOs generated in different PIC hydrogels 
from FACS analysis. c) Schematic description of the 3D colony formation assay of mammary epithelium of 
cystic MGOs generated in different PIC hydrogels. d) Representative bright-field image of 3D colonies gen-
erated from PIC hydrogels or Matrigel-derived basal or luminal population. Two independent experiments 
were performed and data was presented for one of the experiments. The results of the other experiment 
is shown in Fig. S8. Scale bar, 250 μm. e) Quantification of basal/luminal population-derived 3D colony 
numbers in PIC hydrogels or Matrigel. Only colonies with a diameter above 20 μm were counted. NS, not 
significant. ** P<0.01, *** P<0.001, using one-way ANOVA followed by Turkey’s multiple comparisons test.
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DISCUSSION

The mouse mammary gland in vivo is surrounded by a basement membrane 

containing laminin, collagen IV, nidogen and heparin sulfate proteoglycans. These 

different matrix compounds induce different morphologies and functionalities of 

the resulting organoids [50]. For example, MGOs embedded in Matrigel containing 

collagen IV and laminin-1 express a higher level of genes encoding milk proteins, but 

a collagen I-rich ECM favors tubular growth under the right hormonal stimulation 

[51]. One of the major challenges is to understand how the ECM environment 

controls organoid formation and morphogenesis. We here describe the first well-

defined synthetic hydrogel with minimal components that supports (cystic) MGO 

formation.

Previously, a poly(ethylene glycol)-glycosaminoglycan (PEG-GAG)-based synthetic 

hydrogel was successfully used for acinar growth and apical-basal polarization of 

breast epithelial cells [52]. This study used the MCF10A cell line, that shows no signs 

of terminal differentiation and displays characteristics of luminal, but not basal cells, 

and has not been shown to be capable of branching in either natural or artificial 

matrices [53]. In our work, we use primary murine mammary epithelium to establish 

mammary organoids. Mammary gland fragments as well as purified single basal 

cells self-organize into bi-layered MGOs that encompass an inner luminal layer and 

an outer basal cell layer. Our PIC gels thus allow to closely mimic the in vivo self-

organizing process that involves different cell populations (e.g. basal and luminal 

cells). MGOs embedded in PIC hydrogels can be cultured for a prolonged period of 

time without losing their branching capacity. We show that variations in the hydrogel 

induce changes in MGO composition: the RGD concentration determines the basal/

luminal cell ratio and the gel stiffness regulates the progenitor density, which is 

always higher than in the Matrigel control.

MGO formation. Regulation of cell polarization and lumen formation has been 

extensively studied in 3D cell models and in vivo, and depends on the interaction of 

mammary epithelial cells with a basement membrane, and downstream β1-integrin 

dependent cell-ECM signaling [54]. Indeed, we found that organoid formation is 

broadly supported by PIC gels as long as they are decorated with the RGD peptide, 

which is known to bind several β1-containing integrins [42]. The requirement of 

cell-binding interactions for organoid growth is in line with earlier work on murine 

intestinal organoids cultured in fibrin-based [55] and in synthetic PEG hydrogels [31]. 

Additionally, we experimentally find that the concentration of RGD is an important 

factor that determines the basal/luminal cell ratio; a higher RGD concentration 

enhances the proliferation of the basal cell population. The data is consistent with 

earlier work that found that increased fibronectin –also containing the RGD motif– 

levels resulted in higher proliferation of mammary epithelial cells [7].

Branching morphogenesis. Branching is a fundamental and complex aspect of 

mammary gland development. In vivo, branching is relatively slow (weeks), much 

slower than in many in vitro cultures (days) [25]. The exact physical and chemical 

mechanisms that drive branching remain unclear and, so far, no single factor has 

been defined for mammary gland branching [25, 56]. In fact, many different factors 

contribute, including the ECM, hormones, growth factors and cells present in the 

extracellular environment [25, 57]. For instance, recent work showed that organoid 

branching in Matrigel is stimulated by FGF2 [58] but when we added FGF2 to the 

PIC MGO cultures, it did not induce branching (not shown). As for the matrix, local 

degradation by matrix metalloproteases stimulates outward budding of intestinal 

organoids in PEG gels [31], whereas local densification of ECM can inhibit this process 

[53]. The fibrous network of PIC gels is not biodegradable, although proliferation and 

morphogenesis seem unhindered by the presence of the network, which is physically 

remodeled [59]. Earlier, Zimoch and co-workers [39] used PIC hydrogels to elegantly 

show that endothelial cells can form into their native structures as branching 

tubes in a system that involves a single cell type in short-term experiments. MGO 

formation, however, is a more complex developmental process involving different 

primary cell types that all need to be spatially reorganized in order to be able to 

form polarized organoids. PIC hydrogels support this complex process and maintain 

the branching capacity of MGOs over a prolonged period of culturing, although we 

do not observe branching in the PIC gels themselves. Nowak and co-workers found 

that in PEG-GAG-based hydrogels, matrix metalloproteinase-cleavable crosslinkers 

and heparin could promote invasion of epithelial cells into the matrix, but did not 

allow for branching of polarized tubular structures, as is observed for MGOs in 

Matrigel [52]. Likely, the addition of MMPs may act directly on the spherical colonies, 

described by the authors, and thus introduces extra variables. In contrast, the PIC 

hydrogels we describe are physically crosslinked and form a matrix with RGD as 

sole cell adhesion ligand. Therefore, the PIC hydrogels provide a more controllable 

and predictable model system. Capturing the organoids in an early developmental 
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state makes the RGD-functionalized synthetic materials particularly attractive as 

minimal models to decipher which factors or combination of factors are required to 

induce and control MGO branching, a task that is very difficult to realize in a signal-

rich matrix such as Matrigel [53].

Physical cues from the matrix. Artificial matrices are well-suited to maintain stem 

cells in their undifferentiated state [60-62]. While the contribution of the mechanical 

properties of these matrices is widely recognized, the effects still are ambiguous. 

For instance, Gilbert and co-workers [63] reported that muscle stem cells (MuSCs) 

cultured on soft hydrogels (12 kPa, mimicking the elasticity of muscle tissue) self-

renew in vitro and contribute extensively to muscle regeneration, in contrast to 

MuSCs cultured on rigid tissue culture plastic. Oppositely, Musah and co-workers 

[64] found that only stiff substrates are able to maintain human embryonic stem 

cell proliferation and pluripotency. We find that MGOs cultured in softer gels contain 

more progenitors, which contrasts the results of the intestinal stem cells in PEG 

gels [31], which showed low expansion in soft gels (0.3 kPa, 1 mM RGD) compared 

to stiffer gels (1.3 kPa, 1 mM RGD). Recent developments, however show that the 

mechanical properties are much more than just the elasticity (storage modulus) of 

the hydrogels; stress relaxation [65, 66], stiffening induced by contractile cells [37, 

38] and matrix degradation (rates) [31] all affect the cell response. Clearly further 

studies are necessary to delineate the effects of the matrix mechanics on the 

expansion capacity of mammary progenitor cells, and whether additional factors, 

including biomolecules such as RGD or others, play a role. On a more general level, 

synthetic matrices are well suited for these studies, because they lack the high 

and poorly controlled signal density of natural basement membrane matrices, 

and because minimal changes in the matrix properties can be used to drive cell 

behavior.

PERSPECTIVE

In this work, we studied minimal PICs hydrogels decorated with the well-known 

RGD peptide. Compared to Matrigel that has a shear modulus of G′ ~ 0.05 kPa, PIC 

hydrogels have a tunable shear modulus (G′ ~ 0.1–4 kPa) that better overlaps with 

the stiffness of mammary adipose tissue (G′ ~ 1 kPa). The PIC conjugation strategy 

allows for the introduction of a large number of peptides or larger biomolecules and 

its thermosensitivity makes subsequent analyses relatively facile: by simply cooling 

the gel and centrifugation, the MGOs can be harvested. In absence of abundant 

signaling factors, relatively small variations in the PIC hydrogels give rise to large 

changes on the cellular composition and organization of the MGOs. This minimal 

nature of the matrix makes PIC hydrogels ideal platforms to study parameters 

affecting key processes such as polarization and branching in organoid systems and 

tissue development. In addition, the combination of a biomimetic synthetic matrix 

and excellent biocompatibility offers an ultimate prospect of in vivo applications.
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Table S1. Overview composition of culture media used in the study.
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Figure S2. Bar graph shows the percentage of dead cells within MGOs formed in PIC hydrogel (0.2 wt-%, 
63 μM RGD, G′ = 0.32 kPa,) on day 7 and day 14 respectively during culture. Dead cells were quantified by 
counting the amount of cell with defected nuclear.

Figure S3. Representative bright-field and immunofluorescence images of mouse prostate organoids 
formed in PIC hydrogel (0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa) hydrogels and Matrigel on day 7, respective-
ly. Scale bars: 250 μm (bright-field images), 20 μm (immunofluorescence images). Basal cells are labeled 
with p63 (green) or HMW (34BE12) (green), Luminal cells are labeled with K8 (red), and nuclei are stained 
with DAPI (blue).

Figure S4. Representative images of MGOs formed in PIC hydrogels with different concentrations and 
molecular weight on day 7 during culture. Mv = 322 kg mol–1 (1K), Mv = 502 kg mol–1 (3K), Mv = 530 kg mol–1 
(5K), Scale bar: 100 μm.

Figure S5. Representative image of MGOs formed in PIC hydrogel with low stiffness (0.1 wt-%, 63 μM RGD, 
G′ = 20.5 Pa) on day 7 during culture. Arrows indicate mammary organoids are attached to the bottom 
of the plate.
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Figure S6. Rheology data of PIC-1(0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa), PIC-2 (0.8 wt-%, 0 μM RGD, G′ = 2.4 
kPa), PIC-3 (0.8 wt-%, 63 μM RGD, G′ = 2.3 kPa) and PIC-4 (0.8 wt-%, 252 μM RGD, G′ = 2.3 kPa) (HBSS buffer, 
37 °C). We define the final point at 37°C as the stiffness of hydrogels.

Figure S7. PIC hydrogels stiffness and RGD effect on MGOs formation and viability. PIC-1(0.2 wt-%, 63 μM 
RGD, G′ = 0.32 kPa), PIC-2 (0.8 wt-%, 0 μM RGD, G′ = 2.4 kPa), PIC-3 (0.8 wt-%, 63 μM RGD, G′ = 2.3 kPa) and 
PIC-4 (0.8 wt-%, 252 μM RGD, G′ = 2.3 kPa). a Representative bright-field and fluorescence microscopy 
images of MGOs cultured in PIC hydrogels with different stiffnesses and RGD densities or Matrigel on day 
7. Scale bar: 50 μM. b Percentage of live cells from MGOs derived from PIC-RGD hydrogels of different 
stiffnesses and RGD densities or Matrigel, which was quantified from FACS after mammary gland frag-
ments being encapsulated in gels for 7 days in five independent experiments. Fixable Viability Dyes (FVD) 
eFluorTM 450 were utilized to stain dead cells. NS = not significant, one-way ANOVA followed by Tukey’s 
multiple comparisons test.
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Figure S8. 3D colony formation assay. a Representative bright-field image of 3D colonies generated from 
PIC hydrogels or Matrigel-derived basal or luminal population. Two independent experiments were per-
formed and data was presented for one of the experiments. Every experiment was performed with three 
gel samples per experimental group (PIC-1, 0.2 wt-%, 63 μM RGD, G′ = 0.32 kPa; PIC-3, 0.8 wt-%, 63 μM RGD, 
G′ = 2.3 kPa; PIC-4, 0.8 wt-%, 252 μM RGD, G′ = 2.3 kPa; and Matrigel). Scale bar, 250 μm. b Quantification 
of basal/luminal population-derived 3D colony numbers in PIC hydrogels or Matrigel. Only colony with 
diameter above 20 μm was counted. Statistics: NS, not significant. ** P<0.01, *** P<0.001, one-way ANOVA 
followed by Tukey’s multiple comparisons test.

Figure S9. Viscometry of PIC polymer solutions: 1k (a), 3k (b) and 5k (c). The related molecular weight 
Mv = 322 kg mol–1 (1K), 502 kg mol–1 (3K), and 530 kg mol–1 (5K) were calculated based on polymer concen-
tration and its viscosity data on PIC-azide in acetonitrile solutions.
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1. Introduction

Breast cancer is the most aggressive pathological alteration of the mammary 

gland and is a threat to females’ health. Since dysregulation and perturbation 

of fundamental processes essential for normal mammary gland development 

contribute to neoplastic conversion of mammary tissue [1-3], better understanding 

of mammary gland organogenesis is essential to gain more knowledge about 

tumorigenesis. Previous studies have demonstrated that distinct cellular processes 

within the mammary hierarchical structure, in different developmental phases of 

the mammary gland, are controlled by a complex molecular network [2, 3]. For 

instance, different steroid hormone transcription factors exhibit distinct effects 

on modulating morphogenesis [4, 5]. Ductal elongation is critically affected by the 

estrogen receptor but lobuloalveolar development is controlled by the progesterone 

receptor [6]. These modulators also have been correlated with the progression of 

different type breast cancers [6, 7]. Thus, identifying key modulators and illustrating 

their regulatory network that controls mammary organogenesis will get more insight 

into breast tumorigenesis.

Mouse models have significantly contributed to our understanding of developmental 

and cancer biology [8, 9]. The postnatal mammary gland development of a 

female mouse is a dynamic process with remarkable structural and functional 

alterations. The murine mammary gland provides a unique research framework 

of organogenesis, but also tumorigenesis of breast cancer. Nowadays emerging 

organoid models also offer an innovative experimental system for exploiting these 

research topics. Organoid models have the advantage of faithfully recapitulating 

organogenesis as well as tumorigenesis [10, 11]. They are widely applied in detecting 

self-organization of various cell types for constructing tissue architecture, as well as 

monitoring malignant transformation of normal epithelium [10-13] . In this thesis, 

through applying both mouse and 3D organoid models, we have explored and 

demonstrated the significance of the transcription factor DC-SCRIPT in regulating 

mammary gland morphogenesis.

2. DC-SCRIPT and mammary gland morphogenesis

2.1 Morphological changes of mammary gland
As a unique organ, the mammary gland is characterized with a remarkable plasticity. 

Initiating with a rudimentary ductal system after birth, the mammary ducts undergo 

extensive elongation and branching during puberty. Elongating epithelium ducts 

penetrate into empty fat pad and form bulbous-like terminal end buds (TEBs) at the 

tips. These TEBs are crucial for driving duct elongation as well as side branching via 

cell proliferation and bifurcation, respectively [14, 15]. Following transformation of 

the TEBs into blunt-tipped structures and then regression, puberty ends, and the 

mammary gland enters into the adult stage. In virgin mice, short tertiary branches 

with leave-shape lobuloalveolar structures at the end are present. Previous 

studies have identified numerous key regulators involved in the different phases 

of mammary gland development [3, 16, 17]. However, the exact regulatory network 

necessary for mammary gland development is not fully illustrated.

In Chapter 2 we described DC-SCRIPT as a novel modulator participating in 

postnatal mammary gland development. By using DC-SCRIPT global knockout mice, 

we show that DC-SCRIPT significantly affects mammary gland morphogenesis in 

virgin female mice. Whole-mount staining of murine mammary glands implies 

that deletion of DC-SCRIPT delays mammary gland branching morphogenesis. 

The effect of DC-SCRIPT deficiency mainly occurs in younger female mice. With 

increasing of age, the influence of DC-SCRIPT becomes weaker. This indicates 

that DC-SCRIPT mainly functions in an early developmental event or in a specific 

status of the mammary gland during the organogenesis. Previous studies have 

demonstrated that different key regulators orchestrate mammary morphogenesis 

in specific stage [2, 3]. For instance, transcription factor STAT5A functions critically 

in establishing luminal alveolar progenitor cells and dominantly facilitates alveolar 

differentiation during pregnancy [18, 19].Thus, further investigations of DC-SCRIPT’s 

functions in the different developmental stages, including the early embryonic 

stage and later pregnancy, lactation, and involution, would elucidate whether 

a stage-restricted effect of DC-SCRIPT exists or not. As a unique structure only 

present in the pubertal stage, TEBs function to drive duct elongation as well as 

side branching [14, 15]. The postponed regression of TEB in DC-SCRIPT knockout 

adult mice support the hypothesis that DC-SCRIPT only affects the development 

of particular structures, since this mainly occurs during puberty and in younger 
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adult mice. Further investigations need to determine whether DC-SCRIPT has 

additional structure-restricted effects in the mammary gland. Complete DC-SCRIPT 

knockout mice exhibit not only impaired growth, but simultaneously defected 

reproductive capacity in female mice. Particularly, limited amount offspring with 

DC-SCRIPT full knockout genotype were born and they were only generated from 

heterozygous female DC-SCRIPT mice. As a result, studying the role of DC-SCRIPT 

during pregnant stage of mice is impossible in current DC-SCRIPT full knockout mice 

model. Therefore, conditional deletion of DC-SCRIPT in the mammary epithelium 

would enable the investigation of DC-SCRIPT on alveologenesis in pregnant mice. 

Additionally, the temporary impact of DC-SCRIPT deficiency on mammary gland 

branching morphogenesis probably is influenced by the dynamics of DC-SCRIPT 

expression level at different stages or in different structures during mammary 

gland development. As described in Chapter 2, DC-SCRIPT is expressed in the 

mammary epithelium of both puberty and adult mice, albeit at a low level. Further 

probing the precise DC-SCRIPT expression kinetics spatially during mammary gland 

morphogenesis will contribute to establish the link between its expression level and 

its function during the different stages.

2.2 Homeostasis of mammary epithelium
The highly dynamic mammary ductal structures during different developmental 

stages significantly depend on the plasticity and homeostasis of mammary 

epithelium [ref]. The mammary gland is only simply composed of a double layer 

epithelium with basal cells on the outside and luminal cells on the inside. However, 

heterogeneous cell subsets including stem cell, precursor cell as well as mature 

epithelium are broadly distributed within the basal and luminal populations [1, 20]. 

Most important, maintaining the homeostasis of distinct cell lineages is crucial for 

mammary gland to undergo complex remodeling processes throughout puberty, 

pregnancy, lactation, and weaning [21, 22].

In Chapter 2, we also elucidated the importance of DC-SCRIPT in maintaining 

mammary epithelium homeostasis. We only found rare cells expressing DC-SCRIPT 

in both the luminal and basal epithelium. These DC-SCRIPT expressing luminal and 

basal cells are randomly distributed within the mammary ducts. We also found 

that the ratio of luminal precursor to mature luminal cells is altered within the 

luminal subpopulation after DC-SCRIPT deletion. Previous studies have identified 

various subsets of progenitor/precursor cells within the mammary gland, which are 

normally also characterized with low number of cells but with remarkable impact 

on cellular integrity of mammary gland [23-25]. For instance, protein C receptor 

(Procr) marks a unique population of multipotent MaSCs in mouse mammary 

gland, which have a high regenerative capacity and are able to differentiate into all 

lineages of the mammary epithelium [26]. These multipotent Procr-expressing cells, 

however, only are around 3% of basal epithelium and are not detected in luminal 

cells [26].Therefore, it is tempting to speculate that the DC-SCRIPT expressing cells 

are progenitor/precursor-like cells. In addition, progenitor/precursor epithelium is 

generally highly active during puberty when mammary ducts are flourishing [21, 27], 

once puberty ends, it gradually becomes quiescent or gradually differentiates into 

mature subsets and will flourish again when entering the pregnant stage[21, 27]. The 

gradually decreasing effect of DC-SCRIPT on mammary gland morphogenesis after 

puberty further supports the hypothesis that DC-SCRIPT is expressed in progenitor/

precursor-like cells.

When we further explored DC-SCRIPT positive epithelium in Chapter 3, we found a 

link between FGFR1 and DC-SCRIPT in vitro. FGFR1 is a member of fibroblast growth 

factor receptors family, whose expression and function are important for proper 

mammary branching morphogenesis in vivo [28]. In line with the published DC-

SCRIPT ChIP-seq dataset in dendritic cell where a DC-SCRIPT binding site is identified 

in proximity of the FGFR1 gene [29], the murine DC-SCRIPT binding motifs are present 

in the interaction region of murine Fgfr1. Like DC-SCRIPT, we also found FGFR1 is 

expressed within the 4 different subpopulations of the mammary gland epithelium 

Basal 1 (CD49fhighEpCAMmediumLineage-), Basal 2 (CD49fhighEpCAMlowLineage-), Luminal 

1 (CD49flowEpCAMhighLineage-), and Luminal 2 (CD49flowEpCAMmediumLineage-). Both 

genes were however higher expressed within the basal subpopulations than in 

the luminal subpopulation. Interestingly, we found that only the basal epithelium 

of DC-SCRIPT knockout organoids expresses lower levels of FGFR1 compared to 

corresponding wildtype control. In line with our data on DC-SCRIPT knockout 

basal cell population, conditional deletion of FGFR1 in the basal epithelium, using 

a keratin 14 promoter-driven Cre-recombinase, leads to an early yet transient 

delay of mammary gland development [30]. Since DC-SCRIPT mainly affects FGFR1 

and subsequently regulates downstream ERK signaling in basal epithelial cells 

we speculate it to be the major subset in which DC-SCRIPT functions to modulate 

mammary gland branching morphogenesis. DC-SCRIPT expression, however, also 

has been identified in luminal cells. Previous studies have shown that mammary 
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stem cell subsets are mainly enriched in the basal epithelium, which are not only 

responsible for producing progenitor and mature basal cells, but also for progenitor 

and mature luminal cells [20, 21]. Considering this hierarchal relationship between 

the basal and luminal epithelium, the identified DC-SCRIPT expressing luminal cells 

may be generated from a DC-SCRIPT expressing basal cell subset which has the 

similar features of mammary stem cell. This speculation is also in line with the 

observation that only few amounts of DC-SCRIPT expressing cells can have such 

a major influence on the homeostasis of mammary epithelium within the luminal 

population.

Collectively, it would be highly interesting to track the DC-SCRIPT-expressing cells and 

elucidate their differentiation hierarchy during the mammary gland developmental 

processes. Particularly probing how the DC-SCRIPT positive epithelium behaves in 

the TEBs during their elongation, bifurcation and regression is interesting. Other 

outstanding questions that need to be answered are, how DC-SCRIPT-expressing 

epithelium contributes to maintain the homeostasis of mammary epithelium, 

what decides their function in the different developmental stage, and do they also 

function during pregnancy.

2.3 Molecular network of mammary morphogenesis
The coordinated molecular network is crucial for maintaining mammary epithelium 

homeostasis and establishing the well-organized morphogenesis processes of 

mammary gland. The role of various key regulators, such as FOXA1, Sox family 

proteins, and Snail family proteins, during adaptive mammary morphogenesis 

has been mostly elucidated [31-33]. These key regulators form the regulatory 

mechanism behind establishing a functional mammary gland and orchestrating 

the cyclic morphological remodeling process.

In Chapter 2, we showed that DC-SCRIPT deficiency delays branching morphogenesis 

of the mammary gland in vivo, and in a mammary organoids model in vitro. In 
Chapter 3, based on a 3D organoid culture system, we show that DC-SCRIPT 

deficiency leads to altered pERK signaling in basal epithelium within growing 

mammary organoids in vitro. Previous studies have demonstrated that mammary 

organoids essentially depend on FGF2 stimulation induced MAPK signaling to 

trigger branching morphogenesis during culture [34-36]. Strikingly, under FGF2 

stimulating condition, increasing FGF2 level didn’t influence mammary organoid 

branching delayed by DC-SCRIPT deficiency. However, subsequent analyzing the 

protein expression of pERK revealed distinct expression levels in the heterogeneous 

mammary epithelium. DC-SCRIPT deficient organoids decrease pERK1/2 expression 

in basal epithelium subset specifically, when mammary organoids start branching. 

This is consistent with the delayed branching by DC-SCRIPT deficiency at the early 

growing stage. These pieces of evidence suggest that DC-SCRIPT deletion delays 

branching morphogenesis via regulating pERK activity. Actually, DC-SCRIPT has 

already been shown to modulate Mitogen-Activated Protein kinase (MAPK) signaling 

pathway in human dendritic cells [29]. Dual specificity phosphatases (DUSP) family 

proteins mainly function to dephosphorylate MAPK, which lead to the inhibition of 

MAPK signaling [37]. DC-SCRIPT is able to repress pERK activity by facilitating the 

expression of DUSP4 through binding to the enhancer locus of DUSP4 [29]. These 

opposite effects of DC-SCRIPT on manipulating pERK activity in different contexts 

shows the complexity of the regulatory mechanisms of DC-SCRIPT. As a transcription 

factor of the zinc finger protein family, DC-SCRIPT is characterized with 11 zinc fingers 

and multiple DNA-protein interaction domains [38, 39]. This enables DC-SCRIPT to 

bind to different regulatory loci on the genomic level for transcriptional regulation 

of target genes [40-42]. In addition to the regulatory link between DC-SCRIPT and 

FGFR1 on the genomic level, DC-SCRIPT deficiency led to reduced FGFR1 expression 

in the basal epithelium of mammary organoids. Because activation of pERK signaling 

can be triggered by the binding of FGF2 to FGFR1, DC-SCRIPT is speculated to 

modulate pERK via regulating FGFR1 expression in mammary epithelium. ChIP-

PCR would further confirm the link between DC-SCRIPT and FGFR1 expression.

Dynamic mammary morphogenesis also highly depends on environmental 

stimuli, such as female hormones and various growth factors. The interaction 

between external stimulations and intercellular regulators coordinates 

mammary morphogenesis during different developmental stages [4, 5, 17]. For 

instance, cell proliferation driven by the interaction between estrogen and the 

corresponding estrogen receptor (ER) is critical for ductal elongation in virgin 

mice [4, 43]. Lobuloalveolar development occurring during pregnancy requires 

progesterone receptor mediated differentiation of mammary epithelium triggered 

by corresponding ligands [5, 44]. Previously DC-SCRIPT has been shown to regulate 

several NR-mediated transcriptional activities in breast cancer cells. Thus, it would 

be interesting to determine whether DC-SCRIPT also displays a similar function in 

DC-SCRIPT expressing mammary epithelium. Mammary morphogenesis can also 
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be affected by immune cells. For example, CD11c+ immune cells have been shown 

to negatively regulate branching morphogenesis in an ex vivo mammary organoid 

model [45]. Previously studies have highlighted the role of DC-SCRIPT in dendritic 

cells and show that stimulation by IL-4 triggers the expression of DC-SCRIPT upon 

differentiation of monocytes into dendritic cells [39]. DC-SCRIPT may thus also affect 

mammary morphogenesis through modulating the function of immune cells where 

DC-SCRIPT also functions importantly. Some transcription factors determine their 

function in the mammary epithelium depending on their localization which can be 

shuttled between the cytoplasm and nucleus upon the presence of external signals 

[46]. For instance, high matrix stiffness triggers TWIST1(a basic helix–loop–helix 

transcription factor) to be released from its cytoplasmic binding partner G3BP2 

protein, which promotes the nuclear translocation of TWIST1 [46]. As a result, 

the mammary epithelium goes into epithelial–mesenchymal transition (EMT) in 

response to increasing matrix stiffness [46]. The zinc finger domain within DC-SCRIPT 

has been shown to determine the localization of DC-SCRIPT in nucleus [39]. However, 

the exact localization of DC-SCRIPT in mammary epithelial cells during different 

developmental stages is still unclear. In future studies, it is crucial to uncover the 

regulatory mechanism of driving DC-SCRIPT expression and function, but also to 

illuminate the kinetics of DC-SCRIPT expression and localization in the mammary 

epithelium during different developmental stages. Taken together, a clear picture of 

the DC-SCRIPT mediated molecular network in mammary epithelium will facilitate 

our understanding of how the dynamic interaction between external stimuli and 

internal regulators shapes mammary organogenesis.

3. DC-SCRIPT mediated link between breast morphogene-
sis and tumorigenesis

The link between mammary gland development and breast tumorigenesis is widely 

substantiated at both the cellular and the molecular level. Mammary gland epithelial 

cells are target cells where oncogenic events can initialize tumorigenesis of different 

types of breast cancer. And key regulators with critical roles in controlling mammary 

morphogenesis are also shown to have an important impact on breast cancer 

progression. Therefore, studying the fundamental organogenesis of the mammary 

gland is one way to explore breast cancer progression.

3.1 Heterogeneous breast cancer cell and mammary epithelium
Cellular heterogeneity is the common theme between breast cancer and normal 

mammary epithelium. Previous studies have shown the comparable molecular 

signature between mammary epithelial subpopulations and breast cancer subtypes 

[1, 47]. For instance, quiescent Lgr5+Tspan8high MaSC subset within the mammary 

gland exhibits striking similarity to claudin-low breast cancer on the transcriptome 

level [25]. The Gene expression profile of the basal-like breast cancer subtype 

correlates most with the luminal progenitor epithelium [48]. Luminal A and B 

breast cancer subtypes are proven with an immensely similar molecular expression 

signatures as mature luminal epithelium [49, 50]. Therefore, the relationship between 

different types of breast cancer and heterogeneous mammary epithelium provides 

insight into the malignant transformation process of target epithelium [1, 20].

Previous studies have identified DC-SCRIPT as a favorable prognostic marker 

in estrogen receptor positive breast cancer patients [40, 51]. In Chapter 2, we 

established a DC-SCRIPT knockout mouse model to learn about the physiological 

effect of DC-SCRIPT on mammary gland morphogenesis. Notably, mammary 

branching morphogenesis is delayed in DC-SCRIPT knockout mice but obvious 

malignant pathological changes has not yet been detected in mammary gland. 

Due to abnormal breeding effects caused by loss of DC-SCRIPT, a limited number 

of female DC-SCRIPT knockout mice are born. This challenges the detection of 

an emerging malignant phenotype of the mammary gland in mice if loss of DC-

SCRIPT only has limited impact on promoting tumorigenesis. Previous studies have 

shown that the expression of DC-SCRIPT is significantly lower or even undetectable 

in malignant breast tissue compared to corresponding normal breast epithelium 

[40, 51]. In line with these findings, loss of DC-SCRIPT expression is speculated to be 

an early event during breast tumorigenesis instead of acting as a potent driver to 

initialize malignant transformation of normal mammary epithelium. Presumably, loss 

of DC-SCRIPT expression may only fuel breast cancer progression after malignant 

transformation of normal epithelium has been triggered by oncogenic events.

Based on these possibilities, the rare DC-SCRIPT positive mammary epithelial cells 

as described in Chapter 2 are the potential targets to explore the role of DC-SCRIPT 

in breast tumorigenesis. For instance, estrogen receptor positive breast cancer type 

is proposed to be originated from the luminal lineage within mammary epithelium 

[1, 20]. Previous studies have demonstrated that DC-SCRIPT dominantly functions 
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in estrogen receptor positive breast cancer cell with the capability to regulate NR-

mediated network [40]. Interestingly, the luminal population is the major subset 

expressing the estrogen receptor within the mammary gland. Thus, we speculate 

that the DC-SCRIPT expressing luminal epithelial cells are potential targets where 

DC-SCRIPT and oncogenic events interact with each other during tumorigenesis. 

Moreover, loss of DC-SCRIPT disturbing the precursor/mature cell ratio within 

luminal epithelium population highlights the significance of DC-SCRIPT in luminal 

cells, which also supports this speculation. However, the expression of DC-SCRIPT in 

both basal and luminal population may support a potential link between different 

DC-SCRIPT expressing subsets, since rare basal cell subsets with the features of stem 

cell are able to generate luminal cells [20]. Thus, the disturbing homeostasis within 

luminal population may result from defected function of DC-SCRIPT expressing basal 

cell subsets after DC-SCRIPT deletion. The role of DC-SCRIPT in basal and luminal 

epithelium also has been illuminated in Chapter 3 regarding its effect on FGFR1-

pERK signaling axis. Notably, lower expression of FGFR1 and downstream pERK are 

specifically detected in the basal epithelium population with DC-SCRIPT deletion. 

Previous studies have shown aberrant activation of the FGFRs related signaling 

pathway has been implicated in many of the breast cancer subtypes, including 

luminal, basal-like and HER2-enriched breast cancer [52-55]. For instance, FGFR1 

amplification occurs in approximately 15% of estrogen receptor-positive (ER+) human 

breast cancer [52]. FGFR1 confers anti-estrogen resistance to these ER+ breast 

cancer subtype and leads to poor patient outcome during drug-induced estrogen 

deprivation therapy [52]. In triple-negative breast cancer (TNBCs), expression level 

of FGFR1 is an independent prognostic factor for overall survival, and its deletion 

in TNBCs’ cell line MDA-MB-231 significantly reduces cell migration [56, 57]. Thus, 

whether DC-SCRIPT expressing basal and luminal epithelium could be transformed 

into breast cancer cells by oncogenic events is worthy of investigation in future.

It is therefore important to characterize the molecular profile of DC-SCRIPT positive 

mammary epithelium comprehensively and clarify their relationship during 

mammary gland development. Probing the behaviors of DC-SCRIPT expressing 

epithelium during tumorigenesis will enable us to uncover the link between breast 

tumorigenesis and morphogenesis. Combining conditional deletion of DC-SCRIPT 

with activating of oncogenic events for initializing breast cancer in DC-SCRIPT 

expressing epithelium could be a strategy to explore the malignant transformation 

process of candidate epithelium.

3.2 Regulatory molecular link between breast cancer and mammary gland
The signaling pathways regulating mammary gland development are often also 

deregulated during tumorigenesis of mammary cells [48, 58]. For example, Zinc-

finger protein GATA-3 has been ascribed the role of governing differentiation of 

luminal lineages and its mutation has been reported commonly in breast cancer [59, 

60]. Elf5 (E74-like factor 5) regulates alveolar cell fate specification during pregnancy 

but increasing expression level of Elf5 frequently speeds up metastasis in breast 

cancer cell [61-63].

Given the importance of DC-SCRIPT in both breast cancer and the mammary 

epithelium, the DC-SCRIPT mediated molecular network is a new potential target 

to determine the link between mammary morphogenesis and breast tumorigenesis. 

DC-SCRIPT has been demonstrated to function in estrogen receptor positive breast 

cancer cells through modulating different types of nuclear receptor mediated 

transcriptional activity [40, 64]. DC-SCRIPT on one hand represses the pro-

proliferative effect of type I NR related regulatory pathway, on other hand enhances 

anti-proliferative effect of type II NR mediated transcriptional network in estrogen 

receptor positive breast cancer cells [40, 64]. Importantly, some of these NR-related 

signaling also functions in postnatal mammary gland development [4, 44]. For 

instance, the interaction between female hormones and their corresponding nuclear 

receptors in mammary epithelium is crucial to trigger stage-specific signaling during 

mammary morphogenesis [4, 5]. Paracrine estrogens are able to orchestrate ductal 

outgrowth and proliferation during the pubertal stage through interacting with its 

receptor expressed in the mammary epithelium [43, 65]. In Chapter 2, DC-SCRIPT 

deficiency has been shown to delay mammary branching morphogenesis in female 

mice. The follow-up study of possible molecular mechanism, however, we identified 

a regulatory link between DC-SCRIPT and FGFR1 related pERK signaling in mammary 

epithelium by using 3D mammary organoid model in Chapter 3. This link mainly 

occurs in basal epithelium subset. Since the heterogeneity of mammary epithelium 

and DC-SCRIPT is expressed by both luminal and basal epithelium, the impact of 

DC-SCRIPT in basal cell population may be only representative of part of DC-SCRIPT’s 

function. For instance, the luminal population is the major subset expressing the 

estrogen receptor within mammary gland but DC-SCRIPT mediated regulation of 

FGFR1 related signaling is not detected in luminal cells. These thus indicate that 

the possibility of DC-SCRIPT in regulating estrogen receptor related pathway still 

exists in luminal epithelium. In addition, current 3D organoid culture systems 
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depend on FGF signaling to trigger branching morphogenesis in vitro. However, 

female hormone-nuclear receptor related regulatory axis plays the dominant role 

in regulating mammary branching in vivo [66, 67]. These differences between in vitro 

model and in vivo situation imply that it is worthwhile to answer whether mammary 

branching modulated by DC-SCRIPT in vivo holds a different scenario or not by future 

study.

Moreover, emerging genetic mutations and epigenetic alterations happen and 

are accumulated after initial oncogenic events during neoplastic progression of 

breast cancer, which will ultimately shape original molecular networks present in 

mammary epithelium [68, 69]. Thus, the different molecular network regulated 

by DC-SCRIPT in breast cancer cells as well as the mammary epithelium probably 

represent the various functions of DC-SCRIPT in distinct genetic contexts. For 

instance, amplification of FGFR1 is generally detected in various types of breast 

cancer which is frequently associated with bad prognostic outcome [52, 53, 57]. 

DC-SCRIPT as a favorable prognostic marker in breast cancer, the expression of 

DC-SCRIPT is lost upon malignant transformation of breast epithelium, however, 

FGFR1 is in a lower expression level in the basal epithelium with the absence of DC-

SCRIPT. Apparently, FGFR1 amplification is probably an independent event in breast 

cancer, which is different with the regulatory link between DC-SCRIPT and FGFR1 as 

detected in the basal epithelium of mammary gland. Altogether, combining studies 

in breast cancer and mammary epithelium, DC-SCRIPT has shown versatile functions 

in different contexts. Further uncovering the complexity of the DC-SCRIPT regulatory 

network in breast epithelium is worth for investigation. Future studies could focus 

to determine whether DC-SCRIPT is also capable to regulate FGFR1 related signaling 

in breast cancer cells and clarify whether there is also a link between DC-SCRIPT 

and the nuclear receptor mediated pathway in mammary gland development.

DC-SCRIPT is also involved in cell cycle regulation by acting as a novel regulator of 

CDKN2B in ER positive breast cancer cells [70]. Previous studies have shown that 

the cell cycle status of mammary epithelium correlates with their dormant or active 

situation [24, 71]. The existence of the different cell cycle stages of mammary stem 

cells are necessary for long-term maintenance of mammary morphogenesis [24, 

25]. Cell-cycle regulator Bcl11b has been shown to be essential for maintaining 

mammary gland development and regeneration capacity. It is able to keep the 

mammary epithelium in a quiescent status by promoting cell to enter into the G0 

phase [24]. Bcl11b deficiency leads to CDKN2A-dependent exhaustion of ductal 

epithelium and impairs epithelial cell regenerative capacity [24]. The transient effect 

of DC-SCRIPT on mammary morphogenesis may reflect the different cell cycle stages 

of DC-SCRIPT expressing epithelium in different developmental stages. DC-SCRIPT 

may have the potential ability to decide the dormant or active status of DC-SCRIPT 

expressing epithelium by controlling their cell cycle. Therefore, evaluating the 

capability of DC-SCRIPT in regulating CDKN2B in DC-SCRIPT expressing epithelium is 

deserved for future study. These studies will further clarify the DC-SCRIPT mediated 

regulatory link between breast tumorigenesis and mammary organogenesis and 

may reveal the importance of DC-SCRIPT in malignant transformation of mammary 

epithelial cells.

4. Studying DC-SCRIPT in 3D organoid

4.1 Application of organoid model in fundamental research
Proper experimental mammary gland models are essential to increase 

understanding of the link between mammary organogenesis and tumorigenesis. 

3D organoid models offer this opportunity [72, 73]. 3D mammary organoid models 

are demonstrated to have similar cellular components as in vivo, and are also shown 

to faithfully recapitulate structural construction events during development [67, 

74]. Importantly, this model can be used to reveal the dynamic self-organization 

processes and related molecular mechanism during mammary organogenesis, but 

also to visualize how breast tumorigenesis is initialized[13, 75].

In Chapter 2 and 3, the 3D mammary organoid model we have used has significantly 

contributed to determining the role of DC-SCRIPT in mammary morphogenesis. By 

using this model, we demonstrated that DC-SCRIPT deficiency delays mammary 

branching morphogenesis, but also identified the FGFR1 signaling pathway as 

a potential regulatory target of DC-SCRIPT. In addition, this 3D organoid model 

could be combined with other techniques to further illuminating the role of DC-

SCRIPT in mammary morphogenesis and breast tumorigenesis. For instance, 

advancing in current genomic editing tool provides the possibility to uniquely 

label DC-SCRIPT with a tag or to induce specific oncogenic alteration in DC-SCRIPT 

expressing epithelium at genomic level. These labeling DC-SCRIPT expressing 

epithelium can be traced in real-time during mammary organoid morphogenesis 

through combining organoid model with advanced 3D imaging technique. It will 
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contribute to visualizing the dynamic kinetics of DC-SCRIPT expression in mammary 

epithelium and clarifying the potential hierarchical relationship between different 

DC-SCRIPT positive subsets during the self-organization process. At the meanwhile, 

in 3D mammary organoids where DC-SCRIPT expressing epithelium is induced 

with specific oncogenic modification, we will be able to investigate how DC-SCRIPT 

cooperates with oncogenic event to initialize tumorigenesis in a new dimension. The 

research will ultimately provide definitive vision into the malignant transformation 

process of mammary epithelium associated DC-SCRIPT

Most current 3D culture conditions highly depend on a few particular stimuli to 

setup the organoid model. This does obviously not precisely mimic the complex 

environmental factors present in vivo. For instance, 3D mammary organoid models 

depend on FGF2 to trigger branching in vitro, but in vivo branching processes are 

orchestrated by various factors including FGF2, but also female hormones [66, 67, 

76]. The signaling network stimulated by female hormones plays an instrumental 

role in controlling postnatal mammary gland development in vivo [4, 5]. In addition, 

previous studies in breast epithelium have reported the interaction between 

estrogen receptor mediated signaling with FGFR1 related downstream pathway [52, 

77]. These evidences collectively emphasize the complexity of regulatory network 

in modulating mammary gland development in vivo. Thus, a more controllable 

organoid model system with the capability to better mimic original organogenesis 

and the in vivo complex microenvironment will facilitate the application of 3D 

organoid model in fundamental research.

4.2 Establishing controllable organoid model
Current 3D organoid models are mainly based on animal originated extracellular 

matrices. Although these natural matrixes are able to support organoid growing 

in vitro, the ill-defined and uncontrollable composition of them limits a broader 

horizon of applications. Matrigel is a widely used animal matrix in 3D organoid 

models, but lot-to-lot variability frequently occurs during manufacturing and its 

composition is poorly characterized [78, 79]. As a result, it is difficult to exactly 

determine the minimal extracellular signals that are necessary to induce the self-

organization process. Moreover, the use of animal-derived extracellular matrices 

is the major obstacle that hampers the clinical in vivo application of organoids. 

Therefore, optimizing current organoid models with increased ability to mimic in 

vivo organogenesis requires using well-defined 3D platform to support organoid 

cultures.

In Chapter 4, we described a novel 3D mammary organoid culture system by using 

synthetic polymer- polyisocyanopeptides (PIC) as a 3D culture matrix. Previous 

studies have demonstrated the application of PICs in various culture system after 

functionalizing with RGD (Arg-Gly-Asp). Fully synthetic PIC-based 3D matrices are 

able to mimic the stiffness of adult stem cell niches and show biopolymer-like stress 

stiffening [80]. The commitment and differentiation of human mesenchymal stem 

cells encapsulated in physiologically soft can be readily switched from adipogenesis 

to osteogenesis through changing only the onset of the stress stiffening [80]. As a 

bio-mimetic material with defined composition and controllable characteristics, PIC-

RGD hydrogel is the first time used as an extracellular matrix for 3D organoid culture. 

The PIC-RGD hydrogel-based 3D system is not only a cell-friendly microenvironment 

but we showed that it also supports the complex self-organization process of 

mammary organoids. In the PIC-RGD hydrogel, the self-organizing mammary 

epithelium forms cystic structure organoids. These cystic mammary organoids 

maintain their capacity to branch in PIC-RGD hydrogel since they exhibit branching 

phenotype after reseeded into Matrigel. Both cystic mammary organoids formed 

in PIC-RGD hydrogel and branching mammary organoids after reseeded in Matrigel 

are characterized with an outside keratin 14 basal cell layer and an inside keratin 

8 luminal cell layer.

In vitro mammary organoids cultured from Matrigel also initiate with cystic structure 

but gradually become more compact branched phenotype with the increasing 

days of culture [74]. The formation of only cystic organoids suggests that the PIC-

RGD hydrogel maintains the early stage morphogenesis of mammary epithelium. 

Strikingly, the presence of RGD in the PIC hydrogel is essential for the formation of 

the cystic structure organoids in PIC-RGD hydrogel. The RGD motif is an integrin-

binding sequence and is widely present in ECM proteins such as collagens and 

fibronectin [81, 82]. The attachment of cells to the ECM and the subsequent cellular 

signal transduction is accelerated by the interaction between RGD and integrins 

and intracellular binding proteins expressed by epithelium [83]. These indicate the 

extracellular signals from PIC-RGD hydrogel-based 3D matrices are able to affect 

the behaviors mammary epithelium in establishing the 3D cystic structure. Our 

system allows the biochemical and biomechanical property of 3D matrices to be 
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manipulated through adapting relevant parameters of PIC-RGD hydrogel enabling to 

investigating the role different extracellular signals in regulating the self-organizing 

process of organoids. By changing the RGD concentration, we observed a different 

basal to luminal cell ratio within cystic organoids, whereas altering stiffness did 

not affect this ratio. In contrast, altering stiffness did affect the colony formation 

efficiency of basal and luminal cells derived from mammary organoids by colony 

formation assay whereas changing RGD concentration did not exhibit the similar 

impact. Given the significance of the presence of different microenvironment signals 

in shaping mammary morphogenesis in vivo, our PIC-RGD hydrogel-based culture 

system provides a new platform to illustrate the role of different extracellular signals 

in organogenesis.

Taken together, our PIC-RGD hydrogel-based 3D organoid culture system displays 

potent potential in both fundamental research and clinical applications. PIC-

RGD hydrogels provide a well-defined system to use to investigate the role of 

factors, including DC-SCRIPT, important in mammary gland organogenesis and 

tumorigenesis. The editable parameters of the PIC-RGD hydrogel enable the 

design of specific 3D microenvironments which can better mimic specific external 

signals of different developmental stages during mammary morphogenesis. 

Additionally, PIC-RGD hydrogel-based platforms can be designed with tissue-specific 

microenvironments which allows culturing of different types of organoids derived 

from various type of tissue fragments and stem cells. These organoid models could 

form a robust tool to study organogenesis and related pathological alterations of 

different tissues in corresponding microenvironment as present in vivo. Moreover, 

different types of human-derived or even patient-derived organoids established 

in PIC-RGD hydrogel-based 3D system could have great advantages in clinical 

transitions, such as developing personalized therapy and regenerative medicine.

5. Conclusion

In this thesis, we describe the significance of DC-SCRIPT in mouse mammary gland 

development. DC-SCRIPT is characterized as a novel modulator in maintaining 

mammary epithelium homeostasis and regulating branching morphogenesis. 

Additionally, we demonstrate a regulatory link between DC-SCRIPT, FGFR1 

expression and downstream MAPK signaling pathway in mammary epithelium. 

This study provides new insight into the complex molecular network of controlling 

mammary gland development. Moreover, these newly identified features of DC-

SCRIPT demonstrate that the versatile role of DC-SCRIPT extends beyond cancer and 

immune cells. Given the role of DC-SCRIPT in breast cancer, uncovering the function 

of DC-SCRIPT in mammary epithelium may lead to understanding the potential 

malignant transformation process of mammary epithelium associated with DC-

SCRIPT during tumorigenesis. Particularly, FGFR1 and related MAPK signaling could 

also be regulatory targets of DC-SCRIPT in breast cancer cells. Future studies aimed 

at further uncovering the underlying mechanism behind DC-SCRIPT in regulating 

FGFR1 related signaling pathway and exploring their potential relationship in 

breast cancer will help us to reveal the molecular mechanism behind breast cancer 

progression. Ultimately, it could benefit breast cancer patients in a physiological 

and a therapeutic perspective by providing the rationale for monitoring potential 

molecule targets to boost breast cancer diagnostic and therapy in the future.

Finally, the development of innovative 3D organoid model opens the new venue 

for both fundamental research and preclinical/clinical applications. Benefiting 

from current organoid technique, we have obtained valuable knowledge about 

the molecular mechanism of DC-SCRIPT in regulating mammary branching 

morphogenesis. In this thesis we have also developed a synthetic PIC-RGD 

hydrogel matrix that can maintain 3D mammary organoid cultures. This PIC-RGD 

hydrogel-based culture system offers a minimal condition that can support growing 

mammary organoids from single epithelium and tissue fragments. In addition, PIC-

RGD hydrogels allows adapting several parameters including stiffness and RGD 

concentration to inspect the biochemical and biomechanical role of extracellular 

matrix in regulating mammary gland development. Optimizing synthetic material 

with the capability to faithfully mimic microenvironment signaling as present in vivo 

will contribute to establishing more controllable 3D organoid model and ultimately 

promote the application of 3D organoid model.
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Summary 

Breast cancer is one of the leading causes of cancer mortality in females around 

the world. As a malignant disease of the breast, studying the inherent link between 

mammary organogenesis and breast tumorigenesis is beneficial for revealing the 

underlying mechanism behind malignant transformation of mammary epithelium. 

DC-SCRIPT was initially characterized as a unique marker in the immune system 

solely expressed by dendritic cells. Later our group established that DC-SCRIPT is 

also expressed in breast epithelial cells. DC-SCRIPT has strong prognostic value in 

estrogen receptor-positive breast cancer patients. DC-SCRIPT is a multifunctional 

transcriptional regulator involved in distinct regulatory network. Its functions 

include modulating nuclear receptor-mediated transcriptional activity and 

modifying several signaling pathways, such as the MAPK and NF𝛋B pathway. So 

far, the lack of breast epithelial cell lines expressing DC-SCRIPT, prevented in-depth 

analyses of DC-SCRIPT function in breast epithelial cells. In this thesis we describe 

the generation and phenotype of DC-SCRIPT knockout mice which proofed to be an 

invaluable tool to explore the role of DC-SCRIPT in mammary gland development. In 

addition, we developed novel mammary gland 3D organoid models that recapitulate 

organogenesis in vitro. In this thesis, we aimed at investigating the role of DC-

SCRIPT in mammary morphogenesis based on the knockout mouse model and 3D 

mammary organoid models.

Chapter 1 provides a general overview of the regulatory network modulated by DC-

SCRIPT in different biological systems including immune cells and breast epithelium. 

Particularly, the molecular pathways regulated by DC-SCRIPT in breast cancer cell 

such as nuclear receptor-mediated transcription is also important in mammary 

gland development. We hypothesized that DC-SCRIPT may play a role mammary 

epithelium cell biology. We highlighted the FGF-related pathway as a potential 

target for exploring DC-SCRIPT’s function in breast epithelium. We also discussed 

the available experimental models and indicated the mouse model and 3D organoid 

model as suitable experimental systems for studying DC-SCRIPT.

In Chapter 2, we studied the role of DC-SCRIPT in mammary gland morphogenesis 

by utilizing a DC-SCRIPT knockout mouse model and a 3D mammary organoid 

model. Interestingly, DC-SCRIPT deletion impaired the growth of mice and affected 

the reproductive capacity of female mice. We also showed that DC-SCRIPT deficiency 

severely delays mammary gland morphogenesis in virgin female mice. Compared 

to wild-type mouse, mammary glands in DC-SCRIPT knockout mouse displayed 

shorter branching distance, less branching points, smaller occupation area as 

well as slower TEB degeneration speed. Additionally, we showed that DC-SCRIPT is 

expressed by both luminal and basal epithelial cells, and loss of DC-SCRIPT resulted 

in an altered precursor/mature cell ratio within the luminal epithelium. The effect 

of DC-SCRIPT deletion on delaying mammary branching was recapitulated in a 3D 

mammary organoid model, confirming the significance of DC-SCRIPT in regulating 

the branching process as detected in vivo. Collectively, we here demonstrated that 

DC-SCRIPT is a key regulator in mammary gland branching morphogenesis.

In Chapter 3, we further investigated the molecular mechanism of DC-SCRIPT 

involved in modulating mammary gland branching morphogenesis. Through using 

a 3D mammary organoid model, we investigated the regulatory link between 

DC-SCRIPT and FGFR1 related pERK signaling in regulating mammary branching 

morphogenesis. We found that increasing FGF2 levels does not compensate for the 

delayed branching of mammary gland organoids caused by DC-SCRIPT deficiency. 

Interestingly, we did observe a potential DC-SCRIPT binding motif in the Fgfr1 gene. 

We then further investigated the potential link between DC-SCRIPT and FGFR1 in 

several cell subsets of the heterogeneous mammary epithelium. We found that 

DC-SCRIPT deficient organoids showed decreased FGFR1 and pERK1/2 expression 

specifically in basal epithelium subsets. Our study thus indicates a regulatory link 

between DC-SCRIPT and the FGFR1-pERK signaling axis in regulating branching 

morphogenesis of mammary gland organoids.

In Chapter 4, through applying a thermo-responsive and fully synthetic 

polyisocyanopeptides (PICs) hydrogel as 3D matrix, we established a novel 3D 

mammary organoid culture system. We demonstrated that PIC hydrogels, only 

functionalized with the basic cell-adhesive Arg-Gly-Asp (RGD) peptide, support the 

formation of cystic mammary organoids from fresh mammary fragments and single 

mammary epithelium. Particularly, these cystic organoids maintain their branching 

capacity and can still undergo the branching process once embedded in Matrigel. 

Moreover, cystic mammary organoids can be maintained for prolonged periods 

of time without losing the capacity to branch. Moreover, by independently tuning 

different parameters we are able to modulate mammary epithelial cells behaviour 

during organoid formation. We demonstrated that the presence of RGD is crucial 
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for the formation of cystic mammary organoids in PIC-RGD hydrogels. By altering 

the RGD concentration but not the stiffness of PIC-RGD hydrogels the ratio between 

basal and luminal epithelial cells within cystic mammary organoids is changed. 

In contrast, changing the stiffness but not RGD concentration of PIC-RGD affects 

colony formation of mammary epithelial cells. This 3D mammary gland organoid 

model in synthetic PIC-RGD hydrogels thus provides a novel controllable platform 

to investigate polarization and branching in organoid and tissue development.

Chapter 5 discusses the results and indicated the future perspectives of this 

thesis. In summary, our study revealed a new aspect of DC-SCRIPT in modulating 

mammary branching. Future investigations should aim at further elucidating the 

link between mammary organogenesis and breast tumorigenesis mediated by 

DC-SCRIPT. These will ultimately contribute to improving early diagnosis of breast 

cancer and developing therapeutic strategies for breast cancer treatment in the 

future. The 3D mammary gland organoid model was shown to be an important 

tool to study the function of DC-SCRIPT. Due to several disadvantages of commonly 

used animal-derived matrices for organoid culture, we established a novel synthetic 

3D mammary organoid culture system based on PIC-RGD hydrogels. Importantly, 

this platform consists of defined components and controllable properties. This will 

therefore facilitate the application of organoid models in fundamental research and 

make preclinical/clinical transitions of organoid technique feasible.

Samenvatting

Borstkanker is een van de belangrijkste doodsoorzaken bij vrouwen over de 

gehele wereld. Als kwaadaardige aandoening van de borst, is het waardevol om de 

link tussen organogenese van de borst en borsttumorgenese te bestuderen om 

onderliggende mechanismen van kwaadaardige transformatie van borstepitheel te 

onthullen. DC-SCRIPT is tientallen jaren geleden geïdentificeerd als unieke marker 

die tot expressie wordt gebracht door dendritische cellen. Onze onderzoeksgroep 

heeft later vastgesteld dat DC-SCRIPT ook aanwezig is in borstepitheelcellen. 

Studies in epitheliale tumoren hebben expressie van DC-SCRIPT geïdentificeerd 

als een prominente prognostische marker bij oestrogeenreceptor-positieve 

borstkankerpatiënten. DC-SCRIPT is een multifunctionele transcriptie-regulator 

betrokken bij verschillende regulerende netwerken. Functies van DC-SCRIPT 

omvatten het moduleren van nucleaire receptor gemedieerde transcriptionele 

activiteit en het modificeren van verschillende signaalroutes, zoals MAPK en 

NF𝛋B. Het ontbreken van borstepitheel cellijnen die DC-SCRIPT tot expressie 

brengen, verhinderde tot dusver onderzoek naar de functie van de DC-SCRIPT in 

borstepitheelcellen. In dit proefschrift wordt de generatie en het fenotype van 

DC-SCRIPT knock-out muizen beschreven, wat een belangrijk hulpmiddel bleek te 

zijn om de rol van DC-SCRIPT in borstklierontwikkeling te onderzoeken. Daarnaast 

zijn nieuwe driedimensionale (3D) borstorganoïde modellen ontwikkeld die de 

organogenese van borstklieren in vitro recapituleren. In dit proefschrift wordt de 

rol van DC-SCRIPT in borstmorfogenese onderzocht met behulp van het DC-SCRIPT 

knock-out muismodel en het 3D borstorganoïde model.

In hoofdstuk 1 wordt een algemeen overzicht gegeven van het regelgevende 

netwerk dat DC-SCRIPT moduleert in verschillende biologische systemen, waaronder 

immuun cellen en borstepitheel. De moleculaire routes die worden gereguleerd door 

DC-SCRIPT in borstkankercellen, zoals nucleaire receptor gemedieerde transcriptie, 

zijn ook belangrijk in de ontwikkeling van borstklieren. We veronderstelden daarom 

dat DC-SCRIPT ook in het borstepitheel functioneert. De FGF-gerelateerde route 

werd specifiek benadrukt als een potentieel doelwit voor het onderzoeken van 

de functie van DC-SCRIPT in borstepitheel. Daarnaast werden de beschikbare 

experimentele modellen besproken. Hierbij werden het DC-SCRIPT knock-out 

muismodel en het 3D borstorganoïde model aangeduid als geschikte experimentele 

systemen voor het bestuderen van DC-SCRIPT.

In hoofdstuk 2 hebben we de rol van DC-SCRIPT in borstmorfogenese bestudeerd, 

waarbij gebruik is gemaakt van het DC-SCRIPT knock-out muismodel en het 3D 

borstorganoïde model. Interessant is dat DC-SCRIPT-deletie de groei van muizen 

verminderde en het reproductievermogen van vrouwelijke muizen beïnvloedde. 

Daarnaast hebben we aangetoond dat DC-SCRIPT-deletie de morfogenese van 

de borstklier bij maagdelijke vrouwelijke muizen ernstig vertraagt. Vergeleken 

met wildtype muizen vertoonden de borstklieren in DC-SCRIPT knock-out 

muizen een kortere vertakkingsafstand, minder vertakkingspunten, een kleiner 

bezettingsgebied en een lagere eindknop degeneratiesnelheid. Vervolgonderzoek 

liet zien dat DC-SCRIPT tot expressie wordt gebracht door zowel luminale als basale 

epitheelcellen. DC-SCRIPT-deletie resulteerde in een gewijzigde verhouding tussen 

voorloper en gedifferentieerde cellen binnen het luminale epitheel. Deze aspecten 

werden verder onderzocht in 3D borstorganoïden gekweekt uit de borstklier 

6



168 169

van DC-SCRIPT knock-out muizen. Hieruit bleek dat DC-SCRIPT-deletie ook in 3D 

borstorganoïden vertraagde vertakkingscapaciteit liet zien. Dit bevestigde de rol van 

DC-SCRIPT in het reguleren van de ontwikkeling van de borstklier, zoals gedetecteerd 

in de muis. Samenvattend toonde onze studie aan dat DC-SCRIPT een belangrijke 

regulator is in borstklier morfogenese.

Hoofdstuk 3 beschrijft het onderzoek naar onderliggende moleculaire 

mechanismen van DC-SCRIPT in borstklier morfogenese. Door gebruik te maken 

van het 3D borstorganoïde model, is de regulerende link tussen DC-SCRIPT en FGFR1 

gerelateerde pERK signalering in borstmorfogenese bestudeerd. We ontdekten dat 

het verhogen van FGF2 levels de vertraagde morfogenese in DC-SCRIPT deficiënte 

organoïden niet herstelt. Interessant is dat een potentieel DC-SCRIPT-bindend 

motief in het Fgfr1-gen is waargenomen. Vervolgens werd de potentiële link 

tussen DC-SCRIPT en FGFR1 verder onderzocht in verschillende celsubsets van het 

heterogene borstepitheel. Hieruit bleek dat DC-SCRIPT-deficiënte borstorganoïden 

een verlaagde FGFR1 en pERK1/2 expressie vertoonden, specifiek in basale epitheel-

subsets. Samenvattend, duidt deze studie op een regulerende link tussen DC-

SCRIPT en de FGFR1-pERK-signaleringsas bij het reguleren van morfogenese van 

borstorganoïden.

In hoofdstuk 4 hebben we, door het toepassen van een temperatuur-gevoelige 

en volledig synthetische polyisocyanopeptide (PIC) hydrogel als 3D-matrix, 

een nieuw 3D borstorganoïde kweeksysteem opgezet. We hebben aangetoond 

dat PIC hydrogels, alleen gefunctionaliseerd met het cel-adherende Arg-Gly-

Asp (RGD) peptide, de vorming van cystische borstorganoïden uit borstklier 

fragmenten en enkele borstepitheelcellen ondersteunen. Deze cystische 

organoïden behouden hun vertakkingscapaciteit en kunnen nog steeds het 

vertakkingsproces ondergaan wanneer ze in Matrigel ingebed worden. Bovendien 

kunnen cystische borstorganoïden gedurende langere tijd worden behouden zonder 

de vertakkingscapaciteit te verliezen. Daarnaast zijn verschillende parameters in 

de PIC hydrogels aanpasbaar om het gedrag van borstepitheelcellen tijdens de 

vorming van organoïden te moduleren. We hebben aangetoond dat de aanwezigheid 

van RGD peptides cruciaal is voor de vorming van cystische borstorganoïden in 

PIC-RGD hydrogels. Door de RGD-concentratie te veranderen, maar niet de 

stijfheid van PIC-RGD hydrogels, wordt de verhouding tussen basale en luminale 

epitheelcellen binnen cystische borstorganoïden gewijzigd. Daarentegen beïnvloedt 

het veranderen van de stijfheid, maar niet de RGD-concentratie, van PIC-RGD 

hydrogel de kolonievorming van borstepitheelcellen. Dit 3D borstorganoïde model 

in synthetische PIC-RGD hydrogels biedt dus een nieuw aanpasbaar platform 

om polarisatie en vertakkingcapaciteit in organoïden- en weefselontwikkeling te 

onderzoeken.

Hoofdstuk 5 bespreekt de resultaten en beschrijft de toekomstperspectieven 

van dit proefschrift. Samenvattend onthulde onze studie een nieuw aspect van 

DC-SCRIPT bij het moduleren van borstvertakkingen. Toekomstig onderzoek zal 

gericht zijn op het verder verhelderen van de link tussen organogenese van de 

borst en borsttumorgenese, gemedieerd door DC-SCRIPT. Deze zullen uiteindelijk 

bijdragen aan het verbeteren van de vroege diagnose van borstkanker en het 

ontwikkelen van therapeutische strategieën voor de behandeling van borstkanker. 

Het 3D borstorganoïde model bleek een belangrijk hulpmiddel te zijn om de functie 

van DC-SCRIPT te bestuderen. Vanwege verschillende nadelen van veelgebruikte, 

van dieren afgeleide, matrices voor organoïde kweek hebben we een nieuw 

synthetisch 3D borstorganoïde kweeksysteem opgezet op basis van PIC-RGD 

hydrogels. Belangrijk is dat dit platform bestaat uit gedefinieerde componenten 

en aanpasbare eigenschappen. Dit zal de toepassing van organoïde modellen in 

fundamenteel onderzoek vergemakkelijken en preklinische / klinische overgangen 

van de organoïde techniek mogelijk maken.
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