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Abstract

Basal-like breast cancers (BBC) exhibit subtype-specific phenotypic and transcriptional responses 

to stroma, but little research has addressed how stromal-epithelial interactions evolve during early 

BBC carcinogenesis. It is also unclear how common genetic defects, such as p53 mutations, 

modify these stromal-epithelial interactions. To address these knowledge gaps, we leveraged the 
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MCF10 progression series of breast cell lines (MCF10A, MCF10AT1, and MCF10DCIS) to 

develop a longitudinal, tissue-contextualized model of p53-deficient, pre-malignant breast. Acinus 

asphericity, a morphogenetic correlate of cell invasive potential, was quantified with optical 

coherence tomography imaging, and gene expression microarrays were performed to identify 

transcriptional changes associated with p53 depletion and stromal context. Co-culture with stromal 

fibroblasts significantly increased the asphericity of acini derived from all three p53-deficient, 

but not p53-sufficient, cell lines, and was associated with the upregulation of 38 genes. When 

considered as a multigene score, these genes were upregulated in co-culture models of invasive 

BBC with increasing stromal content, as well as in basal-like relative to luminal breast cancers 

in two large human datasets. Taken together, stromal-epithelial interactions during early BBC 

carcinogenesis are dependent upon epithelial p53 status, and may play important roles in the 

acquisition of an invasive morphologic phenotype.
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Introduction

Breast carcinogenesis occurs in a stepwise fashion, with flat epithelial atypia (FEA), atypical 

ductal hyperplasia (ADH), and ductal carcinoma in situ (DCIS) recognized as bona fide, 

non-obligate precursors to invasive and/or metastatic disease [1, 2]. Risk stratification of 

these early lesions has been challenging, with few studies identifying robust markers for 

high-risk FEA or ADH. A genomic assay (Oncotype DX DCIS score) is now clinically 

available for risk stratification of DCIS, and emphasizes genomic markers corresponding 

to cell proliferation. However, the role of the tumor microenvironment in early lesion 

progression is less commonly studied. Due to the paucity of tissue samples from women 

with early pre-invasive lesions, as well as limited follow-up data in previous cohort studies 

[3–7], there are many knowledge gaps pertaining to the evolution of stromal-epithelial 

interactions during breast carcinogenesis.

Previous research in our group has shown that pre-malignant basal-like breast cancer (BBC) 

cell lines exhibit unique morphologic responses in the context of stroma. Specifically, we 

employed three-dimensional (3D) culture models and optical coherence tomography (OCT), 

a quantitative imaging technique analogous to ultrasound that uses light instead of sound, 

to demonstrate that DCIS, but not benign, basal-like acini became more aspherical in the 

presence of fibroblasts [8]. Asphericity describes the extent to which acinus morphology 

deviates from that of a perfect sphere, and correlates with cell invasive potential [8, 9]. 

Basal-like cancers also have unique molecular features, including high rates of loss-of-

function (nonsense and frame shift) mutations in TP53 (p53) and other components of 

the p53 pathway [10–12]. However, very little is known about effects of specific BBC 

cell genetic defects on stromal-epithelial interactions, particularly in the setting of early 

pre-invasive disease.
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We hypothesized that epithelial p53 status modifies stromal-epithelial interactions during 

BBC carcinogenesis, with effects on multicellular morphology and gene expression. We 

depleted TP53 expression in the pre-malignant MCF10 progression series, an isogenic 

series of breast epithelial cell lines that, in xenograft models, recapitulates features of 

pre-invasive basal-like lesions including benign change (MCF10A), ADH (MCF10AT1), and 

comedogenic DCIS (MCF10DCIS.com, herein referred to as MCF10DCIS) [13–18]. Using 

3D culture models, OCT imaging, and whole-genome microarrays, we evaluated acinus 

asphericity and gene expression to identify stroma-mediated phenotypic and transcriptional 

patterns associated with progression of early pre-invasive BBC.

Materials and Methods

Cell Lines

The basal-like isogenic MCF10 progression series (MCF10A, MCF10AT1, and 

MCF10DCIS) was obtained from the Barbara Ann Karmanos Cancer Institute (Detroit, MI). 

Initially generated via transfection with activated HRAS and subsequent serial passaging 

in mice, these increasingly transformed cell lines express a mutant oncogene found at 

low prevalence among human BBC cases, but are nevertheless useful models for studying 

progression to invasive disease [14, 19]. Cells were found to be negative for mycoplasma 

contamination at the beginning of this study. Similar to previous studies [9, 20], we 

also utilized an hTERT-immortalized reduction mammoplasty fibroblast (RMF) cell line 

(a gift from Charlotte Kuperwasser, PhD; Tufts University Medical Center, Boston, MA) 

to circumvent the variability and phenotypic heterogeneity of primary human fibroblasts. 

Additional details are provided in the Electronic Supplementary Material file.

Generation of p53-knockdown MCF10 Series Cell Lines

shRNA plasmids generated by Masutomi and colleagues [21] were purchased from Addgene 

(pMKO.1-puro-p53 shRNA 2 [Addgene #10672] and pMKO.1-puro-GFP shRNA [Addgene 

#10675]). Plasmids were transfected into Phoenix-AMPHO packaging cells (ATCC, 

Manassas, VA) using Lipofectamine LTX (Invitrogen) according to the manufacturers’ 

instructions, and the virus-containing supernatants were directly applied to each of the 

parent MCF10 series cell lines. Stable populations were established by selection in 1 μg/mL 

puromycin for 14 days.

3D Culture Conditions and Microscopy

Cells were suspended in a biologically derived matrix comprised of 50% phenol red-free 

Matrigel (#356,237; Corning, Corning, NY) and 50% rat-tail collagen I (#354,236; Corning) 

diluted to a final concentration of 1 mg/mL as previously described [8, 9, 22, 23]. Suspended 

cells were then seeded into tissue culture plates pre-coated with the same matrix, and growth 

medium was dispensed to the apical side of each culture after 30–60 min. Cultures were 

constructed with the same total starting cell number (30,000 cells/mL for mono-cultures; 

15,000 breast cells/mL + 15,000 RMFs/mL for co-cultures), rather than the same starting 

number of breast cells, to reduce the potential for nutrient deprivation in co-cultures. 

RMF mono-cultures (30,000 cells/mL) were generated as normalization controls for gene 

expression microarray analyses (see below). Cultures were refreshed with MCF10 growth 
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medium every 2–3 days, and maintained for 14 days. Brightfield micrographs of 3D acini 

were acquired using a Nikon Eclipse TS100 microscope and Nikon NIS-Elements version 

4.30 software (Melville, NY). Acircularity index [24], defined as the ratio of the perimeter 

of a given acinus to the circumference of a perfect circle with the same cross-sectional area 

of the acinus, was computed with ImageJ.

OCT-based Morphology Assay and Image Analysis

Acinus asphericity, a morphologic correlate of cell invasive potential [8, 9], was quantified 

using OCT imaging. Asphericity is defined as the ratio of the volume of a perfect sphere 

with the same surface area as a given acinus to the volume of the acinus; a value of 1 

signifies a perfectly spherical structure, whereas values greater than 1 indicate morphologic 

divergence from a perfect sphere [8]. The imaging platform used in the present study was a 

spectral-domain OCT system that has been modified slightly from that described previously 

[8]. The system employed a Ti:Sapphire laser with a center wavelength and bandwidth of 

800 nm and 120 nm, respectively, to provide ~ 6 mW of light to the sample. Spectral 

interferograms (200 frames per sample) were captured with a line scan CCD camera (Basler 

Sprint) operated at 5 kHz, providing a signal-to-noise ratio of 108 dB, and a resolution of 

10.0 μm × 3.0 μm (lateral [x,y] by axial [z]) in aqueous medium. Each 3D culture was 

sampled over a volume of 3 mm × 1.5 mm × 1.55 mm into 1000 × 200 × 1024 pixels in 

x × y × z, and stored as a stack of 2D (x–z) image slices. Image stacks were subsequently 

examined in IrfanView to manually tabulate approximate (x,y,z) locations of the centers of 

acini. These positions were then input into a custom, semi-automated segmentation program 

and graphical user interface written in MATLAB to segment the shape of each acinus, 

as follows: First, volumetric regions of interest (ROIs) centered around each acinus were 

upsampled in x and y to achieve an isotropic pixel size of 1.5 μm, then mean-filtered in x 
and z with a window size of 15 μm. The user then selected an intensity threshold for each 

ROI based upon histogram analysis of pixel intensities to best segment the acinus from the 

surrounding matrix (background). The program subsequently filled in any holes enclosed 

by acinus boundaries. The segmented surface area, provided by the size of the output of 

“isosurface” in MATLAB, was multiplied by a factor of 2/3 to correct for pixel connectivity. 

Subsequently, the asphericity was computed. To avoid selection bias, acini that met all of the 

following criteria were analyzed: 1) did not overlap with adjacent structures; 2) were not in 

close proximity to the edge of an image frame or the apical surface of the culture matrix; and 

3) could be adequately distinguished from background. On average, approximately 15 acini 

per independent experiment were analyzed for each culture condition (n = 2–5 independent 

experiments). Acini generated for OCT imaging were not utilized in microarray experiments 

(see below) to circumvent the possible transient effects of the imaging process on gene 

expression.

Whole Genome Microarrays and Data Analysis

RNA sample quality was determined using the Agilent Tape Station (Santa Clara, CA). 

All samples had RNA integrity numbers of > 7. Samples were labeled and amplified using 

the Agilent Low Input Two-Color, QuickAmp Labeling kit (#5190–2306). Cy-5-labeled 

cDNAs were generated from all experimental samples, and reference RNA (Stratagene 

Universal Human Reference spiked 1:1000 with MCF-7 RNA and 1:1000 with ME16C 
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RNA to increase expression of breast cancer genes) was labeled with Cy-3. All samples 

were run in duplicate (2 independent experiments) on Agilent human 4 × 44 K v2 whole 

genome microarrays (#G4845A), with the exception of RMF mono-cultures: due to low 

sample concentrations, RNA from 4 wells from 2 independent experiments was pooled, 

concentrated, and applied to each of 4 microarrays. Microarray data have been deposited in 

the Gene Expression Omnibus under the accession number GSE162553.

Microarray data were Lowess-normalized, and probes with signal > 10 dpi in both channels 

and data present in at least 80% of samples were selected for further analysis. During data 

pre-processing, we: 1) eliminated probes without corresponding ENTREZ Gene IDs; 2) 

collapsed duplicate probes corresponding to the same ENTREZ Gene ID by averaging; and 

3) imputed missing data using the k-nearest neighbors’ imputation with k = 10. Unless 

otherwise specified, analyses of median-centered expression data were conducted with 

significance analysis of microarrays (SAM) procedures on the top ~ 20–30% most variable 

genes in each comparison; details pertaining to specific analyses are provided in the text. 

SAM analyses were carried out in R, version 3.5.2, and data visualization was performed 

using Cluster 3.0 and Java TreeView.

For co-cultures, we noted that the higher proliferation rate of breast epithelial cells relative 

to fibroblasts would likely alter relative cell proportions in these samples. Therefore, we 

utilized the method of Buess et al. [9, 20, 25] to estimate the proportion of fibroblasts in the 

final co-cultures. This expression deconvolution approach estimates the percentage of cancer 

cells and fibroblasts in each co-culture, normalizes the resulting data for additive effects in 

the mixed-composition co-culture sample, and calculates a coefficient of interaction (“I”) 

for each gene by determining the ratio of observed to expected co-culture gene expression. 

We used this approach to generate an I-matrix consisting of interaction coefficients for 

each gene in all co-cultures, which can be analyzed in an identical manner to non-co-

culture-normalized microarray data. This analysis revealed that RMF contributions to gene 

expression were extremely limited and not highly variable across experiments after two 

weeks in 3D culture. Therefore, given the stable levels and relative abundance of epithelium 

across co-cultures, further normalization of gene expression data to account for differences 

in relative cell proportions was not required.

Progression Gene Signature: Derivation and Sample Scoring

A 38-gene, cell-based “progression signature” was developed via a 2-class, unpaired 

SAM analysis comparing MCF10A-sh:p53, MCF10AT1-sh:p53, and MCF10DCIS-sh:p53 

co-cultures to the corresponding mono-cultures; this gene signature represents a common 

transcriptional response elicited in p53-knockdown co-cultures by the presence of 

fibroblasts. Samples from 3 independent datasets (see below) were then scored for the 

progression signature using the method of Creighton et al. [26], with modifications: Briefly, 

since each gene in the progression signature was upregulated in co-cultures compared 

to mono-cultures, the log2-transformed, median-centered expression levels of all genes in 

the signature were averaged to generate a “progression score”. Functional analysis was 

performed with Ingenuity Pathway Analysis (IPA; Redwood City, CA) with Benjamini–

Hochberg correction for multiple comparisons. The progression signature was evaluated in 
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The Cancer Genome Atlas (TCGA) [12] and METABRIC [27] breast cancer datasets (n 

= 1054 and 1689, respectively, excluding tumor samples classified as the “normal-like” 

subtype), as well as in a cell-based dataset of invasive breast cancer microenvironments 

reported by Camp and colleagues [20]. Datasets were cleaned and normalized as described 

above, except that probes were filtered to those with expression in > 70% of samples.

Statistics

Statistical analyses were performed with GraphPad Prism, version 8.0 (GraphPad Inc., La 

Jolla, CA). Details pertaining to specific tests are indicated in the text and figure legends. 

Error bars indicate the mean + standard error of the mean (SEM), and P < 0.05 was 

considered statistically significant.

Results

Phenotypic Characterization of p53-deficient MCF10 Series

To study effects of p53 deficiency on pre-malignant BBC cells, a p53-targeting shRNA 

(herein referred to as “sh:p53”) was stably expressed in MCF10A, MCF10AT1, and 

MCF10DCIS cells. Consistent with previous literature [28–31], we confirmed that the 3 

parent lines expressed wild-type TP53 (not shown). Stable lines expressing a control, GFP-

targeting shRNA (“sh:GFP”) were also generated. qRT-PCR indicated that TP53 expression 

was reduced by > 80% for each p53-deficient cell line (Fig. 1a). Additionally, analyses 

of cells grown on plastic demonstrated that cell proliferation did not significantly differ 

between members of each isogenic pair (Suppl. Figure 1).

Using our previously validated OCT imaging system [8,9],we studied asphericity as 

a correlate of cell invasive potential. Figure1b demonstrates that asphericity correlated 

with progression, with MCF10DCIS-sh:GFP acini being significantly more aspherical 

than both MCF10AT1-sh:GFP and MCF10A-sh:GFP acini. MCF10AT1-sh:GFP acini also 

tended (but not significantly) to be more aspherical than MCF10A-sh:GFP acini. We then 

characterized the morphogenetic responses of pre-invasive BBC cells to TP53 knockdown. 

The morphologic characteristics of MCF10AT1 and MCF10DCIS acini were not altered 

by p53 depletion. However, the asphericity of MCF10A acini, the most spherical cultures 

in the setting of p53-sufficiency, significantly increased upon TP53 knockdown (Fig. 1c). 

In support of this finding, 2D photomicrographs of MCF10-sh:GFP and MCF10-sh:p53 

3D culture also revealed that TP53-deficient acini displayed an elevated cross-sectional 

acircularity index relative to control acini (Fig. 1d).

Morphologic Responses of p53-deficient MCF10 Acini to Stroma

To assess acinus morphometry in the context of stromal signals, OCT-based morphogenesis 

analyses were performed on epithelial cell-RMF co-cultures (seeded at a 1:1 ratio). 

Consistent with previous results [8], among the p53-sufficient cell lines, the presence of 

fibroblasts significantly increased the asphericity of MCF10DCIS-sh:GFP acini (Suppl. 

Figure 2); neither MCF10A-sh:GFP nor MCF10AT1-sh:GFP acini showed this pattern. 

In contrast, morphologic responses to stroma were more pronounced among the p53-
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knockdown MCF10 lines, with fibroblast co-culture significantly increasing the asphericity 

of all three p53-deficient acini (MCF10A, MCF10AT1, and MCF10DCIS; Fig. 1e).

Transcriptional Changes Correlating with Morphologic Responses of p53-deficient Acini to 
Stroma

To identify transcriptional patterns associated with the observed morphologic effects, we 

performed gene expression microarray analyses on MCF10 acini 1) upon knockdown of 

TP53 and 2) in the context of both TP53 knockdown and stromal milieu. When we 

compared the gene expression profiles of p53-deficient and -sufficient acini (qPCR-based 

validation of TP53 expression in these 3D cultures is shown in Suppl. Figure 3a), minimal 

transcriptional changes were observed in response to TP53 knockdown: Two-class SAM 

analyses of the top ~ 10% most variable genes demonstrated that TP53 knockdown did not 

significantly alter gene expression within individual cell line pairs (e.g., MCF10A-sh:p53 vs. 

MCF10A-sh:GFP), or elicit a common transcriptional response across the 3 pre-malignant 

lines (i.e., all 3 sh:p53 samples vs. all 3 sh:GFP controls; not shown).

Conversely, in the context of RMFs, TP53 knockdown was associated with more striking 

transcriptional changes. To characterize the stromal reaction of pre-invasive, p53-deficient 

BBCs, we performed a 2-class unpaired SAM comparing MCF10A-sh:p53, MCF10AT1-

sh:p53, and MCF10DCIS-sh:p53 co-cultures to the corresponding TP53-knockdown 

epithelial mono-cultures. This analysis revealed that, in the setting of p53 deficiency, 38 

genes were significantly upregulated in response to stroma (false discovery rate [FDR] = 

4.37%; Fig. 2a, Suppl. Table 1); the expression level of each of these genes was highly 

correlated between biological replicates (r > 0.80 for each sample pair; Suppl. Figure 

3b). Importantly, none of these genes were significantly different between p53-sufficient 

co-cultures and the corresponding epithelial-monocultures (FDR = 0%), demonstrating 

that expression of the progression signature is dependent upon epithelial p53 status. IPA 

revealed that this gene set, herein referred to as the “progression signature”, was enriched 

for pathways such as hepatic fibrosis/hepatic stellate cell activation, interleukin-17A 

(IL-17A) signaling in fibroblasts, role of IL-17F in allergic inflammatory airway diseases, 

and regulation of the epithelial-mesenchymal transition pathway (Benjamini-Hochberg-

corrected p values of 2.71 × 10−9, 0.0176, 0.0247, and 0.0293, respectively). To confirm 

that RMFs were not a major contributor to progression signature gene expression, we 

performed a 2-class SAM comparing p53-deficient co-cultures to RMF mono-cultures; 

significant differential expression of 7093 genes was observed (FDR = 4.78%; Suppl. 

Figure 3c; Suppl. Table 2). As expected, fibroblast marker genes (S100A4, ACTA2); 

collagen and fibronectin genes (COL1A1, COL1A2, COL5A2, COL6A2, COL8A1, 

COL10A1, COL13A1, COL15A1, COL18A1, and FN1); and genes encoding extracellular 

matrix synthesis and modifying proteins (LOXL1, LOXL3, LOXL4, PCOLCE, PCOLCE2, 
PLOD2, and SERPINH1) were significantly upregulated in RMFs relative to p53-deficient 

co-cultures. We also observed that 35/38 progression signature genes (92.1%) were 

significantly differentially expressed between p53-deficient co-cultures and RMFs; only 

LCE2A, IL6, and RHCG were unchanged between these two groups. Taken together, these 

results confirm that the progression signature reflects the contribution of both stromal and 

epithelial cells, as well as heterotypic interactions between them.
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Evaluation of the Progression Signature in Invasive BBC Cell Lines and Human Tumor 
Tissue

Previous human tissue studies have demonstrated that the majority of transcriptional 

changes associated with breast cancer progression – in both the epithelial and stromal 

tissue compartments – are present in pre-invasive tissue [6, 7]. Therefore, having identified 

a gene signature associated with exposure of pre-invasive, p53-deficient BBC cell lines 

to fibroblasts, we hypothesized that these transcriptional patterns would be associated 

with tumor subtype in the setting of invasive breast cancer. Using the cell-based dataset 

reported by Camp and colleagues [20], we first tested whether the progression signature 

was upregulated in co-culture models of invasive basal-like vs. luminal cancers. The Camp 

et al. study [20] employed 2 distinct co-culture models, including “direct” co-cultures, 

wherein both cell types (cancer cells and RMFs) were grown in direct contact in the same 

culture well, and “indirect” co-cultures, wherein the two cell types were separated by a 

porous barrier that prevented physical contact but still enabled cell–cell communication 

via soluble signaling mediators. The breast cancer cell lines included in this analysis, 

as well as the TP53 statuses thereof, are presented in Table 1. Importantly, although 

SUM102-PT BBC cells express wild-type TP53, we included this cell line in our analysis 

because it exhibits other deleterious p53 pathway defects including p14ARF deletion and 

CHEK2 loss of function [32]. In addition, due to the relatively low number of luminal 

breast cancer co-culture models in this dataset, we classified HER2-amplified SKBR3 cells 

as “luminal” in this analysis because 1) this cell line was also classified as “luminal” 

by Neve and colleagues [33], and 2) previous cell-based research suggests that HER2-

enriched and luminal breast cancers may share similar microenvironmental characteristics 

[20]. Among the “direct” co-cultures, the progression signature tended to be more highly 

expressed in basal-like relative to luminal co-cultures under all conditions examined, but 

these relationships were not statistically significant (Fig. 2b). The magnitude of progression 

signature expression also increased with increasing ratio of RMFs to epithelial cells (Fig. 

2b). Moreover, the progression signature was significantly upregulated in “indirect” co-

culture models of basal-like vs. luminal breast cancers (Fig. 2b).

In human bulk tumor tissue, we also observed upregulation of the in vitro progression 

signature among BBCs. In both the TCGA (n = 1054; [12]) and METABRIC (n = 1689; 

[27]) breast cancer datasets, the progression signature was significantly enriched in basal-

like relative to luminal A and/or luminal B cancers (Fig. 2c–d). Interestingly, the signature 

was also more highly expressed in HER2-enriched relative to luminal B tumors (Fig. 

2c–d). Collectively, these data demonstrate that the stromal responses of pre-malignant, 

p53-deficient BBCs are active at later stages of progression, in invasive basal-like disease.

Discussion

Studies of heterotypic interactions during carcinogenesis are critical for understanding 

how pre-invasive cells overcome microenvironmental barriers to malignancy. Given the 

high prevalence of deleterious (nonsense and frameshift) TP53 mutations in basal-like 

breast tumors [12], it is also important to evaluate effects of p53 deficiency on BBC 

carcinogenesis, particularly in the context of stromal-epithelial interactions. Herein, we 
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used a quantitative, OCT-based morphology assay and genome-wide expression analyses 

to identify cancer cell-intrinsic and microenvironmental factors associated with BBC 

carcinogenesis. Phenotypic responses of pre-invasive BBCs to fibroblast co-culture were 

dependent upon genetic context, with TP53-knockdown acini exhibiting more dramatic 

stoma-induced increases in asphericity/cell invasive potential compared to p53-sufficient 

controls. We also identified a transcriptional signature upregulated in pre-malignant, TP53-

knockdown co-cultures, providing insight into stromal-epithelial communication patterns 

that may induce or sustain adaptive epithelial phenotypes during early stages of p53-

deficient BBC initiation.

The 38-gene progression signature identified in this study, which is associated with 

increased acinus asphericity, reflects transcriptional responses of p53-deficient benign 

(MCF10A), atypical hyperplastic (MCF10AT1), and DCIS (MCF10DCIS) acini to 

fibroblasts. That this signature is also upregulated in basal-like tumor tissue and cell-based 

models of invasive BBC corroborates previous data suggesting that stromal-epithelial 

communication patterns established during early stages of BBC carcinogenesis may also 

play important roles in the setting of malignancy [6, 7]. Interestingly, the progression 

signature was enriched for genes associated with IL-17 and hepatic fibrosis signaling, 

including COL1A2, COL10A1, IL6, IL11, LY96, MMP1, MMP2, MYL9, PDGFRA, and 

PDGFRB. IL-17 is a pro-inflammatory, pro-fibrotic cytokine, expression of which in breast 

cancers is associated with reduced disease-free survival and poor prognostic tumor features 

such as triple-negative subtype, estrogen receptor (ER) and/or progesterone receptor (PR) 

negativity, and high grade [34–44]. In addition, treatment of invasive BBC cell lines with 

IL-17 promotes cell proliferation, migration, invasion, and chemoresistance [35, 39, 40], 

whereas in vivo IL-17 blockade reduces ER-negative and triple-negative breast tumor burden 

and metastasis by suppressing protumorigenic immune responses [36, 37, 41]. Furthermore, 

inverse associations between serum IL-17 levels and tumor p53 expression have been 

reported in patients with colorectal cancer [42], whereas IL-17A-mediated suppression of 

p53 has recently been shown to promote therapeutic resistance in B cell lymphoma [43, 44]. 

Therefore, the potential implications of molecular crosstalk between IL-17 and p53 in the 

setting of pre-malignant and invasive BBC warrant further investigation.

In contrast to co-cultures, wherein all three p53-deficient breast cell lines became 

significantly more aspherical in the presence of RMFs, TP53 knockdown exerted minimal 

morphogenetic effects in mono-culture, significantly increasing the asphericity of benign 

MCF10A acini only. In addition, p53 deficiency alone was insufficient to significantly 

influence gene expression in any of the MCF10 cell lines studied. This result is in line with 

the well-established role of p53 as a regulator of cell stress responses, and corroborates 

our previous work demonstrating only modest transcriptional responses to p53 depletion in 

malignant breast cancer cells [11]. For example, in this study [11], the gene expression 

profiles of TP53-wild-type MCF7 cells were unchanged following TP53 knockdown. 

However, nearly 600 genes were differentially expressed in association with MCF7 p53 

status following treatment with the DNA-intercalating agent, doxorubicin [11]. Accordingly, 

considering the role of p53 as a master regulator of genome stability, together with the 

relatively small mutational burden of pre-invasive breast cancer cells, a broader range of 
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p53-dependent transcriptional alterations would be expected in MCF10 series acini exposed 

to cellular stressors such as DNA damage, nutrient deprivation, or hypoxia.

Our data should be interpreted in view of the characteristics of our model system. For 

instance, compared to a previous study of MCF10 series-fibroblast interactions in 2D 

cultures [9], the present study identified far fewer transcriptional alterations induced by 

the presence of stroma. The relatively limited gene expression changes identified in 3D 

cultures may have arisen due to the inhibitory effect of basement membrane proteins on 

cell signaling [45, 46], as a result of biomechanical considerations pertaining to cell growth 

within a semi-solid matrix vs. on plastic, differences in physical cell–cell contact, and/or 

variations in the diffusibility of soluble signaling mediators. We also note that the percentage 

of RMFs was substantially lower in our 3D cultures, as the fibroblasts proliferated much 

more slowly than the epithelium. In contrast, in 2D cultures, fibroblasts and MCF10 series 

cells exhibit similar population doubling times. Nonetheless, in our model, stroma-induced 

gene expression changes accumulated over a two-week period, including during early 

days of 3D culture when the proportions of each cell type were roughly equivalent. The 

transcriptional patterns at later time points, such as those analyzed here, are best interpreted 

as reflective of long-term, steady-state responses to co-culture and/or morphologic changes 

induced therein.

In conclusion, our study demonstrated that stromal-epithelial interactions during early stages 

of BBC carcinogenesis depend upon epithelial p53 status, and provided novel insights into 

patterns of molecular crosstalk that may induce or sustain adaptive epithelial phenotypes 

during the development of this tumor subtype. Although 3D cultures contain a limited 

number of cell types and thus do not reflect the full dynamic complexity of living tissues, 

our data and that of others [8, 9, 23, 47–49] strongly suggest that these models can 

successfully recapitulate known aspects of breast tissue biology. Future research integrating 

transcriptional analyses and quantitative phenotypic assays may lead to the identification of 

additional targetable microenvironment interactions in BBC.
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Fig. 1. 
Morphologic responses of MCF10 series acini to p53 deficiency and stromal context. a) 

TP53 gene expression in MCF10 series cells stably expressing a p53-targeting shRNA 

(sh:p53) or GFP-targeting control shRNA (sh:GFP). ****p < 0.0001. Number of t tests: 

3. n = 3 independent experiments. b) Asphericity and representative 3D renderings of 

sh:GFP MCF10 series acini. ****p < 0.0001 by one-way ANOVA with Tukey’s multiple 

comparisons test. n = 5 independent experiments. c) Asphericity of MCF10 series acini in 

response to TP53 knockdown. **p = 0.005805. Number of t tests: 3. n = 5 independent 

experiments. d) Left: Cross-sectional acircularity indices of MCF10A acini. *p = 0.0271 by 

two-tailed t-test. Right: Representative photomicrographs of MCF10A acini in cross-section. 

e) Asphericity of p53-deficient MCF10 series acini in the presence of fibroblasts. *p < 

0.05; **p < 0.01; ****p < 0.0001. Number of t tests: 6; data were analyzed together with 

that in Suppl. Figure 2, but were graphed separately for visualization purposes. n = 2–5 

independent experiments. For panels a, c, and e, statistical significance was determined 

using the Holm-Sidak method, with alpha = 0.05. Each row was analyzed individually, 

without assuming a consistent SD
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Fig. 2. 
Expression of an MCF10 series-based progression gene signature persists in the setting 

of invasive basal-like breast cancer. a) Heat map depicting genes that are significantly 

differentially expressed in p53-deficient co-cultures vs. epithelial mono-cultures (the 

“progression signature”). Fold change is relative to median expression. b) Invasive breast 

cancer cell-fibroblast (RMF) co-cultures from the Camp et al. dataset (ref. 20) were scored 

for the progression signature. Data from two types of co-culture models were analyzed, 

including cultures in which both RMFs and cancer cells were grown in physical contact in 

the same culture well (“direct” co-cultures, left), and cultures in which both cell types were 

physically separated but in contact via soluble mediators secreted into the culture medium 

(“indirect” co-cultures, right). ***p = 0.0009. Statistical significance was determined using 

the Holm-Sidak method, with alpha = 0.05. Each row was analyzed individually, without 

assuming a consistent SD. Number of t tests: 4. c) Expression of the progression signature in 

human breast tumor specimens from The Cancer Genome Atlas (TCGA; n = 1054). ****p 

< 0.0001 by one-way ANOVA with Tukey’s multiple comparisons test. d) Expression of 

the progression signature in human breast tumor specimens from the METABRIC dataset 
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(n = 1689). ***p = 0.0001; ****p < 0.0001 by one-way ANOVA with Tukey’s multiple 

comparisons test
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