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Abstract 27 

Background 28 

Breast cancer arises within specific regions in the human breast referred to as the terminal duct 29 

lobular units (TDLUs). These are relatively dynamic structures characterized by sex hormone 30 

driven cyclic epithelial turnover. TDLUs consist of unique parenchymal entities embedded within a 31 

fibroblast-rich lobular stroma. Here, we establish and characterize a new human breast lobular 32 

fibroblast cell line against its interlobular counterpart with a view to assessing the role of region-33 

specific stromal cues in the control of TDLU dynamics.  34 

Methods 35 

Primary lobular- and interlobular fibroblasts are transduced to express human telomerase reverse 36 

transcriptase (hTERT). Differentiation of the established cell lines along lobular- and interlobular 37 

pathways is determined by immunocytochemical staining and genome-wide RNA sequencing. 38 

Their functional properties are further characterized by analysis of mesenchymal stem cell (MSC) 39 

differentiation repertoire in culture and in vivo. The cells´ physiological relevance for parenchymal 40 

differentiation is examined in heterotypic co-culture with fluorescence-activated cell sorting 41 

(FACS)-purified normal breast primary luminal- or myoepithelial progenitors. The co-cultures are 42 

immunostained for quantitative assessment of epithelial branching morphogenesis, polarization, 43 

growth and luminal epithelial maturation. In extension, myoepithelial progenitors are tested for 44 

luminal differentiation capacity in culture and in mouse xenografts. To unravel the significance of 45 

transforming growth factor-beta (TGF--mediated crosstalk in TDLU-like morphogenesis and 46 

differentiation, fibroblasts are incubated with the TGF- inhibitor, SB431542, prior to heterotypic 47 

co-culture with luminal cells. 48 
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Results 49 

hTERT immortalized fibroblast cell lines retain critical phenotypic traits in culture and links to 50 

primary fibroblasts. Cell culture assays and transplantation to mice show that the origin of 51 

fibroblasts determines TDLU-like and ductal-like differentiation of epithelial progenitors. Whereas 52 

lobular fibroblasts support a high level of branching morphogenesis by luminal cells, interlobular 53 

fibroblasts support ductal-like myoepithelial characteristics. TDLU-like morphogenesis, at least in 54 

part, relies on intact TGF- signaling.  55 

Conclusions 56 

The significance of the most prominent cell type in normal breast stroma, the fibroblast, in 57 

directing epithelial differentiation is largely unknown. Through establishment of lobular and 58 

interlobular fibroblast cell lines we here demonstrate that epithelial progenitors are submitted to 59 

stromal cues for site-specific differentiation. Our findings lend credence to considering stromal 60 

subtleties of crucial importance in the development of normal breast and, in turn, breast cancer. 61 

 62 

Background 63 

There is an increasing appreciation that the generic term “fibroblast” is not simply synonymous 64 

with any spindle shaped stromal cell type manufacturing an acellular interstitial collagenous 65 

tissue. In mice, for example, separate fibroblast lineages govern the papillary and the reticular 66 

layers of the dermis [1]. Functionally, these fibroblasts also carry out important different functions 67 

related to epidermal- and subcutaneous homeostasis, respectively [1]. In human tissue, fibroblasts 68 

have attracted most attention in relation to tumor formation. Here they are referred to as 69 

myofibroblasts or cancer associated fibroblasts (CAFs) and at different times have been considered 70 
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as either facilitating or inhibiting tumor progression and thus, offering potential new avenues of 71 

therapeutic intervention [2]. Indeed, mesenchymal cues are considered sufficient to induce 72 

malignant transformation [3]. In the human breast initial transformation is thought to take place in 73 

epithelial progenitors residing in so-called terminal duct lobular units (TDLUs; [4]). The TDLU is the 74 

functional unit of the human breast and consists of a branching terminal duct ending in varying 75 

numbers of acinus-like ductules, all of which are embedded in loose connective tissue (reviewed in 76 

[5, 6]). The loose connective tissue is unique for the TDLUs, which drain into the interlobular ducts, 77 

which in turn are embedded in a more dense connective tissue (reviewed in [5]). For this reason 78 

several efforts have been made to characterize lobular fibroblasts as a separate lineage with 79 

functional properties [7-9]. Recently, we provided unequivocal evidence for the existence of a 80 

CD105high TDLU-resident  lobular fibroblast with properties different from interlobular fibroblasts 81 

[10]. While the CD105high lobular fibroblasts resemble mesenchymal stem cells (MSCs) both by 82 

phenotype and function, CD26high interlobular cells remain fibroblast restricted [10].  83 

The epithelial compartments of lobules and ducts also differ. Thus, in addition to the obvious 84 

morphological difference between the compartments, epithelial progenitors, which differ by 85 

cytokeratin expression [11],  have been identified in both ducts and TDLUs [12, 13]. Apparently, 86 

this difference is pre-programmed in myoepithelial progenitors at the apex of the hierarchy and 87 

maintained upon differentiation after several generations in culture and in vivo [11]. In light of the 88 

existence of functionally distinct fibroblasts in human skin [14], it is tempting to speculate that 89 

myoepithelial differentiation programs, at least in part, are governed by neighboring stromal cells. 90 

In order to conduct experiments along this avenue we resolved that having established fibroblast 91 

cell lines would be necessary not least for the sake of reproducibility.  92 
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We here embark with hTERT immortalization of prospectively isolated lobular CD105high - and 93 

interlobular CD26high human breast fibroblasts. We establish two different fibroblast cell lines and 94 

show that they specifically direct the differentiation of primary epithelial cell progenitors.  95 

Methods 96 

Tissue 97 

Normal breast tissue was obtained from women undergoing reduction mammoplasty for cosmetic 98 

reasons.  The tissue was donated with written consent by donors who received information before 99 

surgery. The Regional Scientific Ethical Committees (Region Hovedstaden, H-2-2011-052) and the 100 

Danish Data Protection Agency (2011-41-6722) reviewed and approved the use and storage of 101 

human material. Some of the donated tissue has been included in other studies. Procedures for 102 

orthotopic injection of human cells into the mouse mammary fat pad or under the skin was 103 

reviewed and approved by the Danish National Animal Experiment Inspectorate (2017-15-0201-104 

01315 and 2017-15-0201-01210). 105 

Cell isolation and cell culture  106 

An established protocol for preparation and isolation of stromal cells and epithelial organoids was 107 

applied and can be found elsewhere [15].  We used four sets of primary CD105high/CD26low lobular- 108 

and CD105low/CD26high interlobular human breast fibroblastic cells from four different biopsies, 109 

which had been isolated previously [10]. These cell strains as well as the hTERT immortalized 110 

fibroblast cell lines were maintained in DMEM/F-12 (DMEM:Ham’s F12 Nutrient Mixture (F12), 1:1 111 

v/v, Life Technologies) supplemented with 5% fetal bovine serum (FBS, Sigma), 2 mM glutamine  112 
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and penicillin-streptomycin antibiotics (DMEM/F12-5%). The cultures were plated at a density of 113 

5,600 cells/cm2 in collagen coated flasks (Nunc, 8 μg collagen/cm2, PureColl, Cell Systems).   114 

An hTERT immortalized MSC line, hMSC-TERT4 [16] referred to here as hMSC-TERT was cultured 115 

on plastic (Nunc) in Minimum Essential Medium (MEM, containing Earle´s salts and L-Glutamine, 116 

Gibco) supplemented with 10% FBS (South American Origin, Gibco) and 1 % penicillin-117 

streptomycin (Gibco) (MEM-10%) and split 1:4 at ~80% confluence. All cell cultures were 118 

maintained at 37 °C in a humidified atmosphere with 5 % CO2 with medium change three times a 119 

week. 120 

Population doubling level (PDL) was calculated as: PDL = 3.32 (log I – log Y) +X, where I is the cell 121 

number of the inoculum, Y is the cell yield and X is the population doubling of the inoculum. The 122 

hTERT immortalized breast fibroblasts have currently been propagated for more than 80 passages 123 

(available through Ximbio, UK, IAHF, cat. no. 153783 and IEHF, cat. no. 153784).   124 

Viral transduction 125 

Viral constructs used included human telomerase (pBabe-neo-hTERT, Addgene #1774, a gift from 126 

Robert Weinberg [17]), empty vector (pBabe-neo, addgene # 1767, a gift from Hartmut Land & Jay 127 

Morgenstern & Robert Weinberg [18]), and viral packaging construct pCL-Ampho (a gift from Dr. 128 

Hung Nguyen, Center for Cancer Research, National Cancer Institute, Bethesda, Maryland, USA, 129 

[19]).  130 

Retroviral particles +/- the hTERT construct were generated by transient co-transfection of pBabe-131 

neo-hTERT or pBabe-neo (5 μg) and pCL-Ampho (2.5 μg) constructs into HEK293T cells grown in 132 

collagen coated flasks using the calcium-phosphate method. The following day, the DMEM/F12-5% 133 

medium was replaced. Medium containing viral particles was collected 96 hours post transfection, 134 
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passed through a 0.45 μm filter. Subconfluent fibroblast cultures in passage eight were transduced 135 

with the viral supernatant supplemented with 8 μg/mL polybrene at serial dilution over-night 136 

upon when the medium was replaced. At 90% confluency, the transduced cells underwent 137 

antibiotic selection with medium containing 300 μg/mL G418 (Life Technologies) for nine days 138 

until non-transduced control cells showed no signs of cell survival. The concentration of antibiotic 139 

used was determined prior to transduction by testing different concentrations of G418 and 140 

choosing the dose of 300 μg/mL G418, which eliminated all cells within one week. The 141 

transduction efficiency was not more than 15%, in which the majority of cells were transduced by 142 

one copy of retroviral particle [20].   143 

RNA extraction, RT-qPCR, and Next generation sequencing 144 

To measure hTERT expression, total RNA was extracted from iHBFCs and evHBFCs in passage 11 145 

according to the manufacturer’s instructions (Sigma, GenElute, RTN70) and the RNA was reverse 146 

transcribed to cDNA using the High Capacity RNA-to-cDNA Kit (Applied Biosystems). Real-time 147 

quantitative polymerase chain reaction (RT-qPCR) was performed as described  [11] using TaqMan 148 

Gene Expression Assays (Applied Biosystems) and the TaqMan primers: human telomerase reverse 149 

transcriptase (hTERT, Hs00972656_m1), Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH, 150 

Hs02758991_g1), hypoxanthine phosphoribosyltransferase 1 (HPRT1, Hs99999909_m1) and 151 

phosphoglycerate kinase 1 (PGK1, Hs00943178_g1). Gene expression was determined using the 152 

formula 1/2ΔCT, in which ΔCT represents the difference between the target and the geometric 153 

mean of reference genes.  GAPDH, HPRT1 and PGK1 served as reference genes for normalization.  154 

   For next generation sequencing, total RNA was extracted using Trizol (Thermo Fischer) and a spin 155 

column method according to the manufacturer’s instructions (Zymo Research) from subconfluent 156 
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duplicate cultures of HBFCCD105 and HBFCCD26 in passage 9, and from duplicate cultures of passage 157 

24 HBFCCD105 and passage 25 HBFCCD26. RNA sequencing and bioinformatics analysis was performed 158 

by the Beijing Genomics Institute (BGI), Hong Kong as previously described [11]. In brief, 159 

sequencing was performed using BGISeq 500 and 13.7 M clean reads were generated for each 160 

sample. Mapped clean reads to reference using Bowtie 2 tool [21] were then used to calculate 161 

gene expression with the RSEM package [22]. To identify differentially expressed genes (DEGs) 162 

between groups, the DESeq2 method was used [23].  A Venn diagram 163 

(https://bioinfogp.cnb.csic.es/tools/venny/index.html) was used to depict the overlap of DEGs 164 

with a 2 fold difference between fibroblast populations.  165 

   For analysis of cluster of differentiation (CD) molecular signature, a comprehensive list of 453 166 

unique CD molecules and their gene names was retrieved from the Uniprot database 167 

(https://www.uniprot.org/docs/cdlist) and applied to filter DEGs with a 2 fold difference and FPKM 168 

larger than 5. The R software (v3.2.2) was used to plot gene expression values in a heatmap.  169 

Fluorescence activated cell sorting and co-cultures 170 

Primary MUC1high luminal epithelial cells (CD271low/MUC1high) and CD271high myoepithelial cells 171 

(CD271high/MUC1low or CD271high/EpCAMlow) were isolated from breast tissue biopsies as described 172 

[10, 11]. Freshly isolated myoepithelial cells were plated (2,500 – 5,000 cells/cm2) onto confluent 173 

fibroblasts feeder layers of iHBFCCD105 and iHBFCCD26, respectively. Myoepithelial/fibroblast co-174 

cultures were maintained in DMEM/F12-5% or in a specialized culture medium, Myo medium [11], 175 

supplemented with 5% FBS (Myo 5%). Primary myoepithelial cells were also plated on collagen 176 

coated plastic in Myo medium and expanded to passage 2 before use in co-cultures with 177 

fibroblasts in passage 3 using Myo 5% medium.  178 

https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://www.uniprot.org/docs/cdlist
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To isolate myoepithelial cells from co-cultures, the cell cultures were trypsinized (0.25% trypsin/1 179 

mM EDTA), counted using a Burker-Türk chamber and stained for CD271-APC at 4°C for 30 180 

minutes followed by two washes in HEPES/BSA/EDTA buffer. Fixable Viability Stain 780 (1:1000, 181 

BD Biosciences) live-dead discriminator was added prior to analysis and sorting on FACS ARIA-II or 182 

FACS Fusion (BD Biosciences). FACS data analysis was performed with FACS DIVA and FlowJo 183 

software.  184 

In the cross-over test, myoepithelial cells in primary culture were isolated from co-cultures with 185 

iHBFCCD105 and iHBFCCD26, respectively, and from each, 1,600 myoepithelial cells/cm2 were re-186 

plated onto confluent fibroblast feeders of both iHBFCCD105 and iHBFCCD26.   187 

For assessment of epithelial morphogenesis, FACS sorted primary MUC1high luminal cells (6,000 188 

cells/ cm2) were seeded in Myo medium onto confluent feeder layers of iHBFCs and observed for 189 

up to three weeks using a phase contrast microscope and imaged (Leica DM IL).  190 

In 15 tests using TGF-β signaling inhibition by SB431542 (Axon 1661, Axon Medchem), HBFCs 191 

representing four biopsies were allowed to grow to confluence over 7 days and were then treated 192 

with 10 μM SB431542 for 3 days before plating of MUC1high luminal cells at day 10 from five 193 

biopsies.   194 

In two tests, MUC1high luminal cells from two biopsies were plated onto confluent HBFCs from two 195 

biopsies in Myo medium. From day 2-9 the co-cultures were exposed to 10 μM SB431542 or 196 

vehicle (DMSO).  197 
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Luminal differentiation 198 

To assess the ability of fibroblasts to direct luminal differentiation capacity of myoepithelial 199 

progenitors, fourteen myoepithelial/fibroblast co-cultures (7 pairs of iHBFCCD105 and iHBFCCD26) 200 

representing six different biopsies were used. Specifically, from a pair of co-cultures in 201 

DMEM/F12-5% (passage 1) and three co-culture pairs in Myo 5% medium (passages 1, 2 and 3), 202 

representing three different biopsies, CD271high myoepithelial cells were isolated by FACS and 203 

plated at 1,600 cells/cm2 for analysis of luminal differentiation. In three other experiments, 204 

representing three additional biopsies, primary co-cultures from Myo 5% medium were 205 

trypsinized and cells plated without prior FACS sorting into luminal differentiation conditions. For 206 

luminal differentiation, conditions were used as described [11], or in some experiments, with 207 

similar results, the culture medium was replaced with DMEM/F12 supplemented with 2 mM 208 

glutamine, 50 μg/mL gentamycin (Biological Industries), 0.5 μg/mL hydrocortisone (Sigma, H0888), 209 

5 μg/mL insulin (Sigma, I6634), 30 ng/ml epidermal growth factor (recombinant human) 210 

(Peprotech), 0.4% (approx. 50 μg/mL) bovine pituitary extract (Gibco, 13-028-014), 20 ng/mL basic 211 

fibroblast growth factor (Peprotech), 25 μM Repsox (Sigma, R0158), 4 μg/mL heparin (Sigma) and 212 

20 μL/mL B27 ( Life Technologies).    213 

Immunohistochemistry and immunocytochemistry  214 

Cryostat sections of normal breast tissue biopsies, xenografts as well as cultured cells and cell 215 

smears were stained essentially as previously described after fixation in either methanol (M in 216 

Table 1) or formaldehyde (F1 in Table 1) or formaldehyde followed by methanol:acetone (F2 in 217 

Table 1) and included controls without primary antibody [12, 24, 25]. Blocking was performed for 218 

5 minutes in 10% goat serum in PBS or Ultra V Block (Lab Vision Corporation TA125-UB). Cells were 219 

incubated with primary and secondary antibodies for 60 and 30 minutes respectively (Table 1). For 220 
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immunoperoxidase staining, the secondary antibody was UltraVision ONE HRP Polymer (Thermo 221 

Fisher, TL-125-PHJ) and for fluorescence, isotype-specific goat anti-mouse IgG AlexaFluor (AF, Life 222 

Technologies) secondary antibodies were used. Nuclei of immunoperoxidase- or fluorescence 223 

stained sections and cells were counterstained with hematoxylin or ProLong Gold Antifade reagent 224 

with 4, 6-diamino-2-phenylindole (DAPI, Life Technologies), respectively.  225 

Table 1. List of antibodies and protocols.  226 

Antibody Clone/isotype Company/Catalogue no Peroxidase Fluorescence FACS Fixation 

α-SMA 1A4 Sigma/A2547  1:5000  F1 

CD105 SN6 Abcam/Ab11414 1:200   F2/M 

CD26 202-36 Abcam/Ab3154 1:50   F2/M 

CD140b PR7212 R&D Systems/MAB1263 1:1000-1:2000   F1 

CD248 EPR17081 Abcam/ab204914 1:1000-1:2500   F1 

K17 E3 DAKO/M7046  1:50  F1/F2/M 

K14 LL002 Monosan/MONX10687  1:25-1:50  F1/F2/M 

K19 Ba16 GenWay/GWB22664E  1:200   F2/M 

K19 Ba16 Abcam/ab20210 1:200 1:50  F2/M 

K19 A53-B/A2 Abcam/ab7754  1:100  F/M 

CD271 ME20.4 BioLegend/345102  1:25  F1 

CD271-APC ME20.4 Cedarlane/CL10013APC   1:50  

CD326-488 9C4 BioLegend/324210   1:50  

CD326 9C4 BioLegend/324202  1:25  F1 

MUC1 115D8 Biogenesis/1510-5025  1:10-1:20 1:50 F2 

Vimentin SP20 Thermo Fisher 

Scientific/RM-9120 

1:200   F1 

AF488 IgG1 Life Technologies/A21121  1:500   

AF488 IgG2b Life Technologies/A21141  1:500 1:500  

AF488 IgG3 Life Technologies/A21151  1:500   
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AF568 IgG1 Life Technologies/A21124  1:500   

AF568 IgG2b Life Technologies/A21144  1:500   

AF647 IgG2a Life Technologies/A21241  1:500   

 227 

11 pairs of iHBFCCD105 and iHBFCCD26 spanning passages 11-50 were stained by immunoperoxidase 228 

for CD105 (Abcam, SN6) and CD26 (Abcam, 202-36). Photographs were acquired with Leica 229 

DM5500B.  230 

6-8 m cryostat sections of three different biopsies were triple-stained by fluorescence for CD271 231 

(BioLegend, ME20.4), α-SMA (Sigma, 1A4), and EpCAM (BioLegend, 9C4) followed by AF488 (IgG1), 232 

AF568 (IgG2b) and AF647 (IgG2a). The triple-stainings were evaluated and imaged using confocal 233 

microscopy (Zeiss LSM 700).   234 

6-8 m cryostat sections of 10 different biopsies were immunoperoxidase-stained for CD140b 235 

(PDGFR; R&D Systems, PR7212) and CD248 (Abcam, EPR17081), evaluated and imaged 236 

(DM5500B).   237 

Xenografts were sectioned (6-8 μm) and co-stained by fluorescence for K19 (Abcam, A53-B/A2) 238 

and K14 (Monosan, LL002), followed by incubation with AF568 (IgG2a) and AF488 (IgG3).  239 

MUC1high-luminal/fibroblast co-cultures were immunoperoxidase-stained on day 9-12 for Keratin 240 

19 (GenWay or abcam, BA16) and images acquired on Leica Z6 AP0 at 1.25 magnification. The 241 

images were analyzed with ImageJ software (v1.52a) in batch mode using a macro previously 242 

established [10] counting the number of epithelial structures larger than 0.0026 mm2.  243 

For observation of epithelial polarization, 10 pairs of iHBFCCD105 and iHBFCCD26 in co-culture with 244 

luminal epithelial cells from five different biopsies were co-stained on day 9-23 by fluorescence for 245 
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K19 (Abcam, BA16) and MUC1 (Biogenesis, 115D8) followed by AF488 (IgG2b) and AF568 (IgG1). 246 

The co-stainings were evaluated by epi-fluorescence microscopy (Leica DM5500B) and imaged 247 

using confocal microscopy (Zeiss LSM 700).   248 

Myoepithelial/fibroblast co-cultures were co-stained for K14 (Monosan, LL002), K17 (Dako, E3) 249 

and K19 (Abcam, BA16), followed by AF488 (IgG3), AF568 (IgG2b) and AF568 (IgG1). Images of 250 

three co-cultures representing three different biopsies were acquired with Leica DM5500B and 251 

K17 intensity measured with image analysis software, ImageJ (1.52a). For this, segmentation was 252 

first performed on K14 using the ImageJ functions Multiply, Median and Make Binary providing 253 

the outline of the myoepithelial cells. This segmentation was then applied to corresponding 254 

images of K17 in which fluorescence intensity was measured.    255 

Cultures subjected to luminal differentiation conditions were stained for K19 (Abcam, BA16) by 256 

immunoperoxidase on day 8-12, evaluated and imaged using Leica DM5500B.  257 

For a quantitative assessment of CD271 as a marker for ductal myoepithelium, cellular smears 258 

were prepared from FACS-isolated CD271high versus CD271low myoepithelial cells from four 259 

different biopsies. The smeared cells were fixed at room temperature for 10 minutes in 3.7% 260 

paraformaldehyde, washed three times in PBS and permeabilized in 0.01% Triton X-100 for 10 min 261 

followed by three washes in PBS. The fixed smears were blocked by 5 minutes incubation in Ultra 262 

V Block followed by 5 minutes in 10% goat serum before staining with K17 (Dako, E3) antibody, 263 

followed by AF488 (IgG2b) and DAPI. Images of stained smears were acquired with Leica DM5500B 264 

and a minimum 100 cells per cell preparation was counted using ImageJ (v1.52a) Cell Counter 265 

plugin.   266 



14 
 

Xenografts were sectioned (6-8 μm) and co-stained by fluorescence for K19 (Abcam, A53-B/A2) 267 

and K14 (Monosan, LL002), followed by incubation with AF568 (IgG2a) and AF488 (IgG3) prior to 268 

confocal imaging (Zeiss LSM 700). 269 

Adipocyte and osteoblast differentiation 270 

To assess adipogenic differentiation, in seven independent tests, fibroblasts in passages 27, 28, 40, 271 

49 and 50, were plated at 40,000 cells/cm2 in DMEM/F12-5%. 1-2 days after plating, the medium 272 

was changed to adipogenic inducing medium (MEM-10% with 2.5% horse serum (Sigma Aldrich), 273 

100 nM dexamethasone (Sigma-Aldrich), 500 M 1-methyl-3-isobutylxanthine (IBMX, Sigma-274 

Aldrich), 1 M Rosiglitazone (BRL49653, Cayman Chemical) and 5 g/mL insulin (Sigma-Aldrich)) 275 

[26]. Controls received MEM-10 % medium. The medium was replaced three times per week over 276 

13-25 days on which the cultures were evaluated by Oil Red O staining [27]. Nuclei were 277 

counterstained by hematoxylin and photographs were acquired on Leica DM5500B.  For 278 

osteogenic differentiation, in 5 independent tests, fibroblasts in passage 22, 28, 35, 49, and 50 279 

were plated over-night at 20,000 cells/cm2, and were then exposed to osteogenic inducing 280 

medium (MEM-10% supplemented with 10 mM β-glycerophosphate (Calbiochem), 50 µg/mL L-281 

ascorbic acid (Sigma), 10 nM Dexamethasone (Sigma), and 10 nM 1,25-dihydroxy vitamin D3 (LEO 282 

Pharma) [28] for 28-32 days with medium change three times a week. Controls received MEM-283 

10% medium. Mineralization was assessed by alizarin red staining [26] and photographs were 284 

acquired with Leica Z6 AP0.   285 
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In vivo bone formation assay  286 

One million hMSC-TERT (2 implants, 1 mouse), iHBFCCD105 (4 implants, 3 mice) were mixed with 40 287 

mg hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic powder (Zimmer Scandinavia, 288 

Albertslund, Denmark), incubated at 37 °C at 5 % CO2 atmosphere over-night and then implanted 289 

subcutaneously in the dorsal side of NOD.CB17-PrkdcScid/J mice (Charles River, France) [29]. 290 

Implants were removed after eight weeks, transferred to 4% neutral buffered formalin for 24 291 

hours followed by incubation in formic acid for three days.  The processed implants were paraffin-292 

embedded, sectioned and stained as described [30] with human-specific vimentin (Thermo Fisher 293 

Scientific, clone SP20) antibody or by hematoxylin-eosin [31].   294 

In vivo morphogenesis 295 

From primary co-culture with iHBFCCD105 or iHBFCCD26, approximately 500,000 myoepithelial cells, 296 

with or without removal of co-cultured CD271low fibroblasts by FACS, representing two biopsies, 297 

were admixed with 125,000 or 500,000 irradiated (~20Gy) iHBFCCD105 or iHBFCCD26 cells and 298 

suspended in cold 1:1 collagen gel: growth factor reduced Matrigel (BD Biosciences) for 299 

transplantation. Cells were orthotopically injected into the 4th left and right mammary fat pad of 7-300 

10 week old female NOD.Cg-PrkdcSCID Il2rgtm1sug mice (NOG mice, Taconic)  (iHBFCCD105: 10 301 

transplants, 5 mice; iHBFCCD26: 8 transplants, 4 mice). Mice were supplemented with 0.67 μg/mL 302 

17β-estradiol (Sigma-Aldrich) in the drinking water throughout the experimental period. After 303 

eight weeks the mice were sacrificed and the mammary glands excised and snap frozen in -80°C n-304 

Hexane (Sigma) before mounting for cryostat sectioning.   305 
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Statistics 306 

Statistical analyses were performed with a statistical programing language R (version 3.6.3) and its 307 

integrated development environment, R studio (version 1.2.5033).  Estimated p values were based 308 

on Shapiro-Wilk test for normality, one-way analysis of variance (ANOVA) with Tukey’s test, 309 

Kruskal-Wallis rank-sum test or Wilcoxon signed-rank test, as indicated.   310 
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Results 311 

Immortalization of human breast fibroblastic cells (HBFCs)  312 

We previously purified fibroblasts from reduction mammoplasty specimens and sorted them into 313 

lobular CD105high/CD26low and interlobular CD105low/CD26high lineages which could be propagated 314 

in culture  [10]. Under these conditions, HBFCs senesce after more than 80 days and 315 

approximately 16 passages [10]. To generate lines of HBFCs, we here tested whether ectopic 316 

expression of the hTERT gene is sufficient for immortalizing HBFCs. HBFCs in passage eight were 317 

infected with retrovirus encoding hTERT together with a neomycin drug resistance marker or an 318 

empty vector. Whereas the empty vector cells did not exhibit extended lifespan over what is 319 

expected for HBFCs, the hTERT transduced cells generated populations of infected HBFCs with no 320 

significant growth arrest and an apparent infinite life span (Fig. 1a and Additional file Fig. 1). 321 

Interestingly, the CD105high- and CD26high-derived cell lines given identical growth conditions, 322 

stably exhibited different growth properties (Fig. 1a), and have currently been grown for more 323 

than 80 passages. Thus, immortalization was successful, and in the following, we refer to the 324 

hTERT transduced breast fibroblasts as iHBFCCD105 and iHBFCCD26, respectively.  325 

Differentiation state of iHBFCs 326 

To characterize the hTERT immortalized lines, we first examined their staining pattern with CD105 327 

and CD26. As seen in figure 1b, iHBFCCD105 and iHBFCCD26 maintain high expression of CD105 and 328 

CD26, respectively (Fig. 1b). In order to further investigate the differences between the two cell 329 

lines and in parallel the finite lifespan HBFCs, we next examined the mRNA expression profiles of 330 

the iHBFCCD105 and iHBFCCD26. We found that there were approximately 850-900 transcripts in each 331 

population that were >2 fold differentially expressed compared to the other population, and that 332 

in general, the iHBFCs remained well differentiated along lobular- and interlobular- fibroblastic 333 
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pathways, respectively (Fig. 2a).  Thus, in contrast to previous attempts to culture and maintain 334 

lobular and interlobular breast fibroblast [8, 9] and dermal fibroblast subpopulations [14], the 335 

lineages in the present study remain phenotypically distinct in extended culture and upon 336 

immortalization.  337 

   Since multiple fibroblast subpopulations have been characterized in human dermis based on 338 

expression of different combinations of cluster of differentiation (CD) genes [14] we next 339 

specifically extracted this information from the mRNA arrays of the iHBFCs (Fig. 2b). The list of 34 340 

genes contained several well-known fibroblast markers, including CD248 (endosialin/TEM1, [32]), 341 

CD36 (scavenger receptor class B member 3, SCARB3, [33]), CD34 [34], CD140b (platelet-derived 342 

growth factor receptor-beta, PDGFR; [35]), CD138 (syndecan-1, [36]), CD90 (Thy-1, reviewed in 343 

[37]), and CD13 (aminopeptidase N, ANPEP, [8, 38]). Among these, CD90 and CD140b have been 344 

defined as pan-fibroblast markers, that is genes expressed at a high level in both papillary and 345 

reticular dermal fibroblasts and all cultured fibroblast lines [14]. In the present study, however, 346 

the expression levels of these markers appear to distinguish lobular and interlobular iHBFCs, since 347 

CD140b is expressed at a higher level in the former, and CD90 is expressed at a higher level in the 348 

latter (Fig. 2b). Upon further comparison with human dermis the most obvious equivalent 349 

expressing CD26 is the papillary fibroblast, while CD105 expression concurs with CD36, which is 350 

expressed in both lobular breast fibroblasts and lower reticular dermis [39]. That indeed the 351 

iHBFCs serve as a sensible model with relevance to the in vivo setting is further illustrated in a 352 

series of 10 specimens, where, in addition to CD26 and CD105, two of the identified markers of 353 

iHBFCs, CD140b and CD248, recognize the cells in situ which they are supposed to represent (Fig. 354 

2c). This pattern was observed in 8/10 cases. In 2/10 cases no difference in staining was observed 355 

between lobular and interlobular stroma.   356 



19 
 

Next, we analyzed whether the two cell lineages had also retained critical functional properties in 357 

spite of immortality. We have previously shown that CD105high as opposed to CD26high HBFCs in 358 

several respects behave like MSCs [10]. Here, we conducted a series of experiments between 359 

passage 22 and passage 50 to reveal the potential of the iHBFCs with respect to functional 360 

differentiation towards adipocyte and osteoblast lineages. Indeed, the iHBFCs remained 361 

discernably stable for the entire culture period with respect to their differentiation potential as 362 

demonstrated by accumulation of lipid droplets in adipogenic cultures and formation of 363 

mineralized matrix in osteoblastic cultures of iHBFCCD105 only (Additional file Fig. 2a and b). Also in 364 

this respect, iHBFCCD105 show similarity to reticular fibroblasts, which readily undergo adipogenic 365 

differentiation [39]. iHBFCCD105 do not, however, exhibit the entire differentiation repertoire of 366 

MSCs,  since they differ from bone marrow-derived MSCs by lack of ability to form bone in vivo ( 367 

Additional file Fig. 2c). Hence, the iHBFCCD105 and iHBFCCD26 retain critical properties of primary 368 

cells and of their putative cells of origin and share lineage relationships with fibroblasts from other 369 

tissues. 370 

Fibroblast cell type and impact on breast epithelial progenitors 371 

With a reproducible source of lobular- and interlobular-like HBFCs in hand, we assessed their 372 

impact on the neighboring breast epithelium. Firstly, we looked at the luminal epithelial 373 

compartment characterized by a high cellular turnover in vivo [12]. Here we took advantage of a 374 

heterotypic co-culture assay designed for measuring branching morphogenesis [10, 40]. As seen in 375 

Fig. 3a-c, the readout from this assay was an unequivocal high level of branching morphogenesis 376 

supported by iHBFCCD105. Again, this property of the immortalized lobular-like breast fibroblasts 377 

was robust throughout the entire culture period from passage 14 to 47 (Fig. 3d). Secondly, we 378 

looked at the myoepithelial compartment believed to contain the apical-most progenitors in the 379 
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human breast hierarchy [41-43]. Here, we took advantage of the fact that ductal and lobular 380 

myoepithelial cells in situ differ in both their marker expression and their differentiation potential 381 

[11]. The question remains as to whether these properties to some extent rely on topographical 382 

conditions such as those determined by the adjacent fibroblasts. To address this, we isolated the 383 

entire complement of myoepithelial cells from three different biopsies by a CD271 FACS protocol. 384 

These myoepithelial cells were plated directly on either iHBFCCD26 or iHBFCCD105 and cultured for 385 

one week followed by staining for keratin K17 (Fig. 4a) and CD271 (Fig. 4b). Notably, the readout 386 

for ductal-like myoepithelial differentiation was based on both high CD271 and high keratin K17 387 

since these co-segregated in FACS and stainings (Additional file Fig. 3).  Interestingly, ductal-like, 388 

high expression of both CD271 and K17 entirely relied on co-culture with iHBFCCD26.  That 389 

fibroblasts indeed influence epithelial differentiation was further substantiated by passaging the 390 

cells to a second passage with switching of the feeders. Now, those myoepithelial cells that were 391 

initially ductal-like in phenotype with high CD271 expression became lobular-like with reduced 392 

CD271 expression and vice versa (Fig. 4c). This indicates that the myoepithelial phenotype is 393 

regulated by surrounding fibroblasts.  394 

   Whether this also applies to the next level of differentiation potential of myoepithelial cells, i. e. 395 

generation of luminal cells, was examined by measuring the pattern of induced luminal keratin 396 

K19 in myoepithelial progenitors under differentiating conditions. Whereas lobular-like luminal 397 

differentiation is characterized by emergence of scattered heterogeneous islets of K19-positive 398 

luminal cells, ductal-like luminal differentiation entails homogeneous islets reminiscent of their 399 

differentiation in vivo [11].   Accordingly, myoepithelial cells primed by co-culture with either 400 

iHBFCCD105 or iHBFCCD26 were plated at clonal density under identical luminal differentiation 401 

conditions without fibroblast feeders [11]. Based on experiments with 6 different biopsies we 402 
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found that priming with either iHBFCCD105 or iHBFCCD26 impacted on the following luminal 403 

differentiation potential corresponding to preferentially scattered or homogeneous keratin K19 404 

staining, respectively (Fig. 5a). This observation was further validated in vivo. Myoepithelial cells 405 

primed in co-culture with either iHBFCCD105 or iHBFCCD26 orthotopically injected into NOG mice 406 

resulted in bilayered epithelial structures from both origins in 6/10 and 5/8 transplants, 407 

respectively.  However, while iHBFCCD105 co-culture- derived myoepithelial cells gave rise to K14-408 

/low/K19+ cells, iHBFCCD26  co-culture-derived myoepithelial cells gave rise to K14+/K19+ luminal cells 409 

(Fig. 5b).  Taken together, these results imply that fibroblasts influence epithelial progenitors and 410 

that lobular fibroblasts support the development of a more mature luminal phenotype 411 

characteristic of TDLU.  412 

Interruption of a TGF- signaling cascade in HBFCCD105 and control of epithelial progenitors  413 

Since lobular fibroblasts exhibit a TGF- signaling signature [10] and CD105 is a co-receptor for 414 

TGF- (reviewed in [44]), we speculated whether the TGF- signaling pathway plays a role in the 415 

crosstalk between fibroblasts and epithelial progenitors. To explore this, we used the quantitative 416 

morphogenesis assay described above and initially incubated luminal epithelial-fibroblast co-417 

cultures directly with the small molecule TGF- signaling inhibitor, SB431542, previously shown by 418 

others to impinge on CD105 signaling [45]. Indeed, in 2 out of 2 tests, the number of epithelial 419 

structures in HBFCCD105, but not in HBFCCD26 co-cultures,  was reduced by treatment with SB431542 420 

(Additional file Fig. 4). To exclusively target the fibroblasts, we then incubated confluent fibroblast 421 

feeders with SB431542 for three days prior to plating of the luminal cells on top. Disruption of 422 

TGF- signaling significantly reduced epithelial structure formation in HBFCCD105 co-cultures, but 423 
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not in HBFCCD26 co-cultures (Fig. 6). This result suggests that intact TGF- signaling in lobular 424 

fibroblasts is instrumental in modulating parenchymal cells.  425 

Discussion 426 

A number of contextual signals have been implicated in the maintenance of tissue homeostasis in 427 

the human breast some of which originating from neighboring fibroblasts and impacting on stem 428 

cell behavior (reviewed in [46]). Also, it has long been suspected that fibroblasts exhibit functional 429 

specialization according to their anatomical location [9, 47, 48], but it nevertheless still remains an 430 

open question which cells that identify the stromal microenvironment and how they are specified 431 

for the production of proliferation and differentiation cues [46]. Our research in adult breast tissue 432 

has revealed the existence of two distinct lineages – a lobular and an interlobular which remain 433 

inherently functionally distinct [10]. Here, using hTERT expression vectors we have been able to 434 

generate two populations of cells that reside stably in the lobular-like and interlobular-like states, 435 

respectively, as defined by a number of properties including the CD105 and CD26 expression. The 436 

resulting fibroblast cell lines are faithful to their identity corresponding to their anatomical site of 437 

origin, and specifically, lobular-like fibroblasts, relying on a TGF- signaling pathway, govern 438 

epithelial morphogenesis and differentiation typical of the TDLU.  439 

The above observations leave several questions unanswered about the role of fibroblasts in the 440 

human breast. We have previously shown that lobular-derived and ductal-derived epithelial cells 441 

maintain their distinct properties either in the absence of fibroblasts, that is in three-dimensional 442 

culture within a reconstituted basement membrane, or in co-culture on mouse-derived fibroblasts 443 

(3T3-cells) suggesting that epithelial cells are not submitted to modulation by microenvironmental 444 

cues [11, 12]. In the present study, however, we show that early myoepithelial progenitors are 445 



23 
 

susceptible to cues from lobular- and interlobular-like fibroblasts in terms of luminal 446 

differentiation repertoire. Thus, if primed on lobular-like fibroblasts luminal differentiation is more 447 

elaborate, that is reminiscent of the luminal lineage in TDLUs in situ. On the other hand, if 448 

myoepithelial progenitors are primed with interlobular-like fibroblasts, the luminal differentiation 449 

is limited to K14 and K19 double positive progenitors both in culture and in vivo.  It is possible that 450 

human breast epithelial progenitors for appropriate interaction with the surrounding stroma rely 451 

on species-specific crosstalk. This notion is supported by an experimental paradigm described 452 

more than a decade ago, when it was shown that normal morphogenesis and differentiation of 453 

human breast epithelial cells transplanted into mice required co-implantation with human 454 

fibroblasts [49]. Our present findings extend this observation to include plasticity of prospectively 455 

isolated human breast progenitors as determined by positional information from resident 456 

fibroblasts.  457 

   Lobular-like human breast fibroblasts generated either by prospective FACS isolation from 458 

primary tissue or through hTERT immortalization exhibit a strong expression of CD105. A number 459 

of studies have indicated that CD105 modulates TGF-signaling through ALK5 and responds to 460 

bone morphogenic proteins (BMPs ) (reviewed in [50]). BMPs also play an important role in 461 

maintenance and specification of human breast stem cells [51]. Consistent with this, we found 462 

that inhibition of the TGF- signaling cascade by pre-incubation with SB431542 specifically in the 463 

lobular-like fibroblasts led to attenuated interaction with epithelial progenitors in the subsequent 464 

co-culture experiment.  465 

We show here that while lobular-like fibroblasts in many respects are similar to human bone 466 

marrow-derived MSCs, they fail in an ultimate in vivo test gauging for bone formation. Thus, as far 467 
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as the human breast is concerned we can now distinguish resident fibroblasts from bona fide 468 

MSCs. This is important because the latter has been implicated in reactive stroma formation such 469 

as that occurring in cancer. Thus, it has been speculated that MSCs are recruited to the breast as a 470 

source of myofibroblasts or CAFs responsible for important aspects of tumor cell-stroma 471 

interaction including  promotion of metastasis ([52-54], reviewed in  [55]). With the in vivo bone 472 

formation assay employed here, the question of a “third” immigrant mesenchymal lineage in 473 

breast pathology can be addressed also in a human context. Such investigations are ongoing in our 474 

laboratory. 475 

The fibroblast heterogeneity described herein is likely to be in operation in a wider variety of 476 

tissues and organs. In the present study, we demonstrate by genome wide gene expression 477 

profiling that lobular-like and interlobular-like fibroblasts differ by entire lineage programs with 478 

characteristics and functions in common with previously reported papillary and reticular 479 

fibroblasts, respectively, in mice and humans [1, 14, 39]. In this regard, it is interesting that CD26- 480 

fibroblasts in mice segregate into mature CD26+ papillary fibroblasts [1] and that in both mice and 481 

humans such fibroblasts are responsible for ECM production and in turn fibrosis [56-58]. We 482 

propose that the CD26+ interlobular-like fibroblasts are responsible for the dense fibrous tissue of 483 

the breast and further responsible for the differences in breast density between individuals – a 484 

known risk factor for development of breast cancer. This would concur with the observation that 485 

another marker, CD36, expressed by lobular fibroblasts, is repressed in high density breast stroma 486 

[33]. CD105+ lobular-like fibroblasts on the other hand have properties in common with bone 487 

marrow-derived MSCs and reticular fibroblast progenitors, which participate in wound healing and 488 

myofibroblast generation [1]. Previous results from our laboratory have shown that lobular 489 

fibroblasts readily generate -smooth muscle actin-positive myofibroblasts [10]. For these 490 
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reasons, it is likely that both lobular and interlobular-like fibroblasts play important albeit different 491 

roles in the development of breast cancer. Currently, it remains unresolved whether CAFs 492 

represent yet another fibroblast lineage in its own right and how it is related to the lineages of the 493 

normal breast.  494 

Conclusions 495 

Collectively, our study shows that we have established two physiologically relevant, phenotypically 496 

distinct human breast fibroblast cell lines, which exhibit specialized functions in maintenance of 497 

region-specific characteristics and regulation of neighboring epithelial cells.  In the longer 498 

perspective, the present developments may provide a basis for the experimentation in cell-based 499 

assays to elucidate the earliest events in human breast cancer evolution.  500 

  501 
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Figure legends 502 

Fig. 1. Lineage specific markers are maintained in hTERT immortalized HBFCs. (a) Diagram 503 

depicting the cumulative population doublings of CD105+ and CD26+ HBFCs transduced with empty 504 

vector (evHBFCCD105; open squares and evHBFCCD26; open triangles) or hTERT (iHBFCCD105; closed 505 

squares and iHBFCCD26; closed triangles) and recorded between passages 10 (day zero) and 57 (day 506 

412). Whereas iHBFCCD105 and iHBFCCD26 continued to proliferate, empty vector controls ceased to 507 

expand after around 18 and 24 population doublings, respectively. Also, note that iHBFCCD26 have 508 

an intrinsic growth advantage irrespective of immortalization. (b) iHBFCs were examined 509 

repeatedly for the expression of lineage markers CD105 and CD26 by immunoperoxidase staining 510 

(brown), here illustrated for cells in passage 50. Like their primary ancestors, iHBFCCD105 are 511 

CD105high/CD26low (left) and iHBFCCD26 are CD105low/CD26high (right).  Nuclei are counterstained 512 

with hematoxylin (blue), (bar = 50 μm).  513 

Fig. 2. iHBFCs resemble HBFCs by gene expression profiles and CD140b and CD248 are lobular 514 

markers in situ.  (a) Venn diagram showing the number of differentially expressed genes (DEGs; p 515 

< 0.05 and fold change >2) based on genome wide RNA-sequencing of CD105+ and CD26+ HBFCs 516 

and iHBFCs, respectively. Bar diagram shows the percent overlap of DEGs between the cells 517 

indicated. (b) Heatmap of expression values of DEGs annotated with a cluster of differentiation 518 

(CD) name represented in a for iHBFCCD105and iHBFCCD26. (c) Cryostat sections of normal breast 519 

biopsies stained with peroxidase (brown) for CD140b and CD248 selected based on the CD gene 520 

expression profile of iHBFCs. Note the relatively intense staining in TDLUs (left) versus ducts 521 

(right). Nuclei are counterstained with hematoxylin (blue), (bar = 100 μm). 522 

Fig. 3. iHBFCCD105 support luminal epithelial growth and TDLU-like branching morphogenesis. 523 
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Comparison of the capacity of iHBFCCD105 and iHBFCCD26 to induce human breast epithelial 524 

morphogenesis. (a) Phase contrast micrographs of luminal breast epithelial cells co-cultured for 16 525 

days on passage 40 iHBFCCD105 (left) or iHBFCCD26 (right), (bar = 100 μm). Only iHBFCCD105 facilitate 526 

elaborate TDLU-like branching morphogenesis. (b) Double immunofluorescence staining of luminal 527 

epithelial/iHBFC co-cultures with K19 (red) and MUC1 (green; bar = 100 μm). Note the staining of 528 

correctly polarized MUC1 in K19+ structures in both co-cultures. (c) Quantification by low 529 

magnification imaging and segmentation in ImageJ of branching morphogenesis in luminal 530 

epithelial/iHBFC co-cultures stained by peroxidase for K19 (brown). Segmented images show 531 

epithelial structures projected in black pixels, (bar = 1000 μm). (d) Histogram depicting the 532 

inductive capacity of different passage number iHBFCs measured as the number of luminal 533 

epithelial structures per square unit area using luminal epithelial cells from five different biopsies. 534 

Consistently, iHBFCCD105 retain its higher inductive capacity independent of passage number and 535 

origin of luminal cells. 536 

Fig. 4. iHBFCCD26 convey a ductal-like differentiation of myoepithelial cells. (a) Images showing 537 

FACS sorted CD271high/MUC1low breast primary myoepithelial cells in co-culture with iHBFCCD105 538 

(left) and iHBFCCD26 (right), fluorescently labeled for K17 (white) and K14 (not shown) by 539 

immunocytochemistry. K14 staining was used as a guide in image analysis to identify K14+ 540 

myoepithelial cells prior to measuring myoepithelial K17 staining intensity. Histogram represents 541 

K17 mean fluorescence intensity in arbitrary units (AU) of three biopsies (error bars indicate SD, 542 

asterisk indicates significance at p<0.05 by Kruskal-Wallis rank-sum test). (b) Primary 543 

myoepithelial/fibroblast co-cultures (iHBFCCD105 (red), iHBFCCD26 (grey)),    were single cell 544 

suspended and stained for CD271 before analysis by FACS, and histograms show cell count 545 

normalized to mode versus myoepithelial CD271 staining intensity in arbitrary units (AU) of a 546 
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single biopsy (left) and the mean fluorescence in arbitrary units of three biopsies (right; error bars 547 

indicate SD, asterisk indicates significance at p<0.05 by Kruskal-Wallis rank-sum test).  (c) 548 

Schematic showing the experimental outline: Primary CD271+ myoepithelial cells are plated onto 549 

confluent fibroblast feeders (passage 1 co-culture, Ps1), from which myoepithelial cells are 550 

isolated and then re-plated onto new fibroblast feeders (passage 2 co-culture, Ps2, left).  551 

Histogram shows myoepithelial CD271 mean fluorescence in arbitrary units (AU) by FACS of 552 

passage 2 co-cultures grouped according to passage 1 co-culture (iHBFCCD105 or iHBFCCD26). Note 553 

that the myoepithelial phenotype shifts as a consequence of a switch between fibroblasts.  554 

Fig. 5. The luminal differentiation repertoire of myoepithelial progenitors is directed by 555 

interaction with specialized fibroblasts. (a) Comparison of capacity of fibroblasts to direct 556 

epithelial progenitor capacity. Myoepithelial cells co-cultured with iHBFCCD105 or iHBFCCD26 were 557 

passaged and subjected to luminal differentiation conditions at clonal density and peroxidase 558 

stained for K19. While the induced K19 appeared mainly scattered when derived from iHBFCCD105 559 

co-culture (left), additional rather homogenous islets presented from iHBFCCD26 co-cultures (right). 560 

The distinct phenotypes were observed in five out of seven tests with absence of homogeneous 561 

islets from iHBFCCD26 in two tests, (bar = 500 μm). (b) Representative multicolor confocal images 562 

(K19, red; K14, green; Nuclei, blue) of cryostat sections of xenografted NOG mice 8 weeks after 563 

orthotopic injection of myoepithelial cells from primary co-culture with iHBFCCD105 or iHBFCCD26. 564 

Bilayered epithelial structures were obtained in 6/10 and 5/8 injections from iHBFCCD105 and 565 

iHBFCCD26, respectively, although at limited numbers, down to a few per transplant. Whereas 566 

iHBFCCD105 co-culture derived myoepithelial cells readily differentiated into luminal K14-/low/K19+ 567 

cells, co-culture with iHBFCCD26 resulted mainly in K14+/K19+ luminal cells. (bar = 50 μm).    568 

 569 
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Fig. 6. HBFCCD105 TGF-β signaling supports parenchymal morphogenesis. (a) Overview of 570 

experimental design in which HBFCs are plated and exposed to 10 μM SB431542 or vehicle 571 

(DMSO) from day 7 to day 10 at which SB431542 or vehicle are removed and primary 572 

CD271low/MUC1high luminal breast epithelial cells are added and co-cultured for 10 days prior to 573 

assessment of epithelial structure formation. (b) 15 tests representing recombinations of four 574 

fibroblast biopsies and five epithelial biopsies are presented in a paired dot-plot, showing a 575 

significant reduction in epithelial structure formation per square unit area in response to 576 

SB431542 versus vehicle in HBFCCD105 co-cultures only. (Wilcoxon signed-rank test at 0.01 577 

significance level, ns = not significant).  578 

Declarations 579 

Ethics approval and consent to participate 580 

The Regional Scientific Ethical Committees (Region Hovedstaden, H-2-2011-052) and the Danish 581 

Data Protection Agency (2011-41-6722) reviewed and approved the use and storage of human 582 

material. The procedures for transplantation of human cells to mice were approved by the Danish 583 

National Animal Experiment Inspectorate (2017-15-0201-01315 and 2017-15-0201-01210). 584 

Consent for publication 585 

Not applicable. 586 

Availability of data and materials 587 

The RNA sequencing dataset comparing lobular and interlobular fibroblasts generated and 588 

analysed during the current study is available in the Gene Expression Omnibus (GEO) repository, 589 

[GEO accession number XXXX. Pending submission, PERSISTENT WEB LINK TO DATASETS]. 590 



30 
 

Competing interests 591 

The authors declare that they have no competing interests. 592 

Funding 593 

This work was supported by Novo Nordisk Fonden (NNF17CC0027852) and Danish Research 594 

Council grant 10-092798 (to DanStem), Toyota-Fonden Denmark and Anita og Tage Therkelsens 595 

Fond (to R.V.), Familien Erichsens Mindefond and Vera og Carl Johan Michaelsens Legat (to J.K.), 596 

Harboefonden, Else og Mogens Wedell-wedellborgs Fond, Danish Cancer Society Grant R146-597 

A9257 and Dagmar Marshalls Fond (to L.R.-J.), Novo Nordisk Fonden (NNF18CC0033666 (to N.G.), 598 

the Kirsten and Freddy Johansens Fond (to O.W.P). 599 

Author contributions  600 

M. M., O. W. P. and L. R.-J. designed research, M. M., J. K., R. V., N. G., and A. J. performed 601 

research, M. K., O. W. P. and L. R.-J. supervised the study, M. M., J. K., R. V., O. W. P., and L. R.-J. 602 

contributed new reagents/analytic tools, M. M., J. K., R. V., N. G., A. J., M. K., O. W. P., and L. R.-J. 603 

analyzed data, M. M., O. W. P. and L. R.-J. wrote the paper, M. M., J. K., R. V., N. G., A. J., M. K., O. 604 

W. P., and L. R.-J. reviewed and edited the paper. 605 

Acknowledgements 606 

We thank Lena Kristensen, Tove Marianne Lund, Anita Sharma Friismose and Lone Christensen for 607 

expert technical assistance, and Nicholas Ditzel for help with in vivo bone formation. The donors, 608 

Benedikte Thuesen and Trine Foged Henriksen, Capio CFR Hospitaler, are acknowledged for 609 

providing breast biopsy material. The Core Facility for Integrated Microscopy (University of 610 

Copenhagen) is acknowledged for confocal microscope accessibility.  611 



31 
 

Abbreviations 612 

CAF – Carcinoma associated fibroblast  613 

CD – Cluster of differentiation 614 

FACS – Fluorescence activated cell sorting 615 

hTERT – Human telomerase reverse transcriptase 616 
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TDLU – Terminal duct lobular unit 620 

TGF-β - Transforming growth factor-beta 621 
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 777 

Supporting information 778 

Additional file Fig. 1. iHBFCs express hTERT 779 

Bar graph depicting the relative hTERT expression in arbitrary units (AU) assessed by RT-qPCR in 780 

triplicate of hTERT expression normalized to the geometric mean of reference genes GAPDH, 781 

HPRT1 and PGK1. hTERT expression was detected in cells transduced with hTERT (iHBFCCD105 and 782 
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iHBFCCD26) but not in cells transduced with the empty vector (evHBFCCD105 and evHBFCCD26). Error 783 

bars represent mean + SD.    784 

 785 

Additional file Fig. 2. iHBFCCD105 are MSC-like but lack in vivo osteogenic differentiation 786 

potential. (a,b) Comparison of the potential of iHBFCCD105 and iHBFCCD26 cells to undergo 787 

adipogenic and osteogenic differentiation. (a) Micrographs of cells exposed to adipogenic inducing 788 

conditions followed by staining with Oil Red O and hematoxylin. Prominent perinuclear 789 

accumulation of lipid droplets is seen in iHBFCCD105 cells only (left). The stainings are 790 

representative of five independent experiments with cells in up to passage 50, (bar = 50 μm). (b) 791 

Quantification of matrix mineralization upon exposure to standard medium (-) or osteogenic 792 

inducing medium (OIM; +) followed by staining with alizarin red. Significant matrix mineralization 793 

is restricted to iHBFCCD105 (left; asterisk indicates p<0.05 tested by one-way Anova with Tukey’s 794 

honest significance test). Matrix mineralization was repeatedly tested positive in iHBFCCD105 in up 795 

to passage 50. Bars represent the mean of three independent experiments + SD. AU: arbitrary 796 

units. (c) iHBFCCD105 and hMSC-TERT cells were mixed with hydroxyapatite/tricalcium and 797 

implanted subcutaneously into immunodeficient mice. Implants were removed after eight weeks, 798 

processed for staining by human specific vimentin (top row, brown) and hematoxylin/eosin (H&E, 799 

bottom row). Positive human-specific vimentin staining indicates presence of the implanted cells. 800 

White dotted outlines indicate normal lamellar bone formed by hMSC-TERT, which is absent in 801 

iHBFCCD105 transplants, (bar = 50 μm). 802 

 803 
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Additional file Fig. 3. Myoepithelial CD271 expression is higher in ducts than in TDLUs. (a) 804 

Representative images of normal breast cryostat sections stained by immunofluorescence for α-805 

smooth muscle actin (α-SMA, green, top panel) and CD271 (green, bottom panel) and nuclei 806 

counterstained with DAPI (blue) (n=3 biopsies). Positive staining for α-SMA reveals myoepithelial 807 

cells in both TDLUs (left) and ducts (right). In three out of three biopsies, the myoepithelium in 808 

ducts exhibited more intense staining for CD271 relative to the myoepithelium in TDLUs. (b) 809 

Representative FACS diagram of a trypsinized breast organoid preparation stained by CD271 and 810 

CD326 from which CD271high and CD271low myoepithelial cells were isolated (gates indicated by 811 

circles), smeared and stained by immunofluorescence for K17 (green) and nuclei (blue). (c) 812 

Histogram showing enrichment in percent of K17+ cells among CD271high versus CD271low 813 

myoepithelial cells in four out of four biopsies, (bar = 50 μm). 814 

Additional file Fig. 4. Disruption of TGF-signaling decreases epithelial morphogenesis in 815 

HBFCCD105 co-cultures. Primary CD271low/MUC1high luminal epithelial cells from two different 816 

biopsies were plated onto confluent fibroblasts feeders and the resulting co-cultures were 817 

exposed to 10 μM SB431542 or vehicle (DMSO) from day 2 after epithelial plating.  At day 9 the 818 

number of structures per square unit area was assessed as illustrated in Figure 3. While the 819 

number of epithelial structures on HBFCCD105 is reduced by SB431542, the capacity of HBFCCD26 to 820 

influence epithelial morphogenesis apparently is not affected by the TGF-β signaling inhibitor. 821 

 822 


