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Abstract

Background
Ductal carcinoma in situ (DCIS) is a cancerous growth of breast duct cells that may remain indolent or
progress to invasive ductal carcinoma (IDC). As screening rates increase, the prevalence of DCIS
diagnosis has risen with many women undergoing aggressive treatment with surgery, radiation, and
endocrine therapy when diagnosed with DCIS. It is critical to identify factors that predict progression to
invasive disease for improved outcomes. Studies involving the breast tumor microenvironment (TME)
provide potential understanding of crosstalk between tumor epithelium and stroma to identify factors
that influence progression of DCIS lesions.

Methods
To identify such biomarkers of breast cancer progression, we examined the TME using breast tissue
microarrays (TMAs) representing matched benign (normal adjacent), DCIS, and IDC samples. We
examined 139 cores which provided data from 47 unique patients. We characterized the expression and
spatial distribution patterns of regulatory RNAs (mRNAs and long-noncoding RNAs) including Runt-
related transcription factor 1 (RUNX1), Runt-related transcription factor 2 (RUNX2), Mitotically activated
long non-coding RNA (MANCR), Cluster of Differentiation 90 (CD90), C-X-C motif chemokine 12
(CXCL12), C-X-C chemokine receptor type 6 (CXCR6), and tumor protein 63 (TP63), using RNAScope
fluorescence in situ hybridization (RNA-FISH) and a panel of stromal marker proteins (i.e., Cluster of
Differentiation 3 (CD3), Cluster of Differentiation 68 (CD68), Cluster of Differentiation 34 (CD34), Alpha
Smooth Muscle Actin (aSMA) and TP63) using multiplex immunofluorescence (IF).

Results
We identified several temporal and spatial expression signatures of RNAs and/or proteins throughout
breast cancer progression, both in the epithelial and stromal compartment of benign, DCIS or IDC
lesions. Spatial proximity analysis to assess location of markers away from epithelial boundary or within
the myoepithelial layer of these lesions identified significant association with clinical parameters
including tumor recurrence status.

Conclusions
The finding that decreased myoepithelial continuity maybe protective against recurrence could help
better patient stratification for immunotherapy. This work emphasizes the importance of spatial
localization of markers in the breast cancer tumor microenvironment and their importance for clinical
outcome.
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Background
Female breast cancer is the leading cause of cancer death among women younger than 50 years as of
2025 and incidence rates continue to increase at an estimated rate of 1.6% yearly [1]. Additionally, about
59,080 new cases of ductal carcinoma in situ (DCIS), which is a precursor lesion to invasive breast
cancer, are expected in the United States this year [2]. The increased incidence is at least in part due to
improved breast cancer screening which allows DCIS to be diagnosed earlier. Less than half of DCIS
cases managed with excisional biopsy (12–50%) progress to invasive ductal carcinoma (IDC) [3–6]. This
indicates that many DCIS cases will not progress to IDC and therefore may not require aggressive
treatment. The lack of reliable predictive markers that distinguish between indolence and progression
means that many DCIS cases will unnecessarily be treated aggressively with surgery (i.e. complete or
partial mastectomy), radiation therapy, and endocrine therapy. This causes morbidity for patients
undergoing these treatments when many DCIS lesions may never progress to malignant disease. One
study found that aggressive treatments for DCIS were found to be associated with a lower quality of life
score for breast cancer and DCIS patients [7]. An example of excessive patient harm is the increased
rate of contralateral prophylactic mastectomy (CPM) from 3.9% in 2002 to 12.7% in 2012 [8] despite the
absence of a guidelines recommending the surgery in the majority of women diagnosed with unilateral
breast cancer. While some institutions have recently shown a decrease in CPM rates with increased
physician education and patient counseling [9] there remains a requirement for identification of markers
that predict progression to reduce surgical morbidity.

Conversely, aggressive treatment of DCIS can be justified in cases with elevated risk of recurrence of
DCIS or IDC after breast conserving surgery. Several methods of predicting breast tumor progression and
recurrence risk have been suggested. One of the more successful methods is stratification of DCIS into
molecular subtypes based on expression of estrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor 2 (HER2), and Antigen Kiel 67 (Ki67). These breast tumor categories
are defined as luminal A (ER/PR+, HER2-, low Ki67), luminal B (ER+, PR+/-, high Ki67), HER2+, triple
negative (ER-/PR-/HER2-), and basal-like (triple negative with high expression of basal epithelial
markers). These epithelial tumor molecular subtypes correlate with some recurrence risk; however, these
predictors alone are insufficient to adequately satisfy risk of DCIS progression [10, 11]. In addition to
epithelial based tumor cells, many other cells (e.g. T cells, myeloid cells, B cells, plasma blasts,
endothelial cells and mesenchymal cells (fibroblasts and perivascular-like cells)) are major components
of the tumor microenvironment (TME) and provide extensive variability in individual tumors or lesions.
The abundance and molecular composition of these diverse cells have been linked to roles in tumor
progression and recurrence [12–14]. Adding further complication to this environment, each distinct cell
type found in the TME has unique transcriptome and proteome that may convey specialized functions to
small populations or individual cells [15] and may be further influenced by spatial relationship (proximity)
to malignant or transformed epithelial cells.

Several studies have identified microenvironmental signatures associated with DCIS progression and
recurrence of breast cancer that involve specific immune cell population signatures [16] based on cell
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populations such as hematopoietic-derived immune cells (e.g. T-cells, B-cells) or myeloid-derived
immune cells (e.g. mast cells, neutrophils and macrophages) [17]. In general, T-cells can be identified by
the expression of CD3, however, the level of expression can vary depending on the T-cell subset and its
activation state [18]. Similarly, markers such as CD68 identify myeloid-derived cells that include
monocytes and macrophages although evidence suggests that CD68 RNA may be detected in some
fibroblasts, endothelial and tumor cells [19]. Although these cells are minimally represented in the TME,
mesenchymal or mesenchymal-derived cells have been implicated in supporting many facets of tumor
progression including tumor cell growth, dormancy, migration, invasion, metastasis, and drug resistance
[20]. Mesenchymal stromal cells (MSCs) express a wide range of context dependent cell surface
antigens; however, CD90 (Thy-1) is a reliable marker to identify MSCs or MSC-derived fibroblasts [21]. As
MSCs are multipotent stem-like cells, they have many diverse roles. Perhaps due to the complexity of
these functions there are many distinct populations of tumor-resident MSCs that are characterized
mainly by unique cell surface markers or RNA expression patterns [22, 23]. Within tumor-resident MSC or
MSC-derived cells, the expression levels of specific transcriptional regulators related to epithelial to
mesenchymal transition (EMT) (e.g. RUNX1) or metastatic potential (e.g. RUNX2), cytokine signaling
mediators (e.g. CXCL12, CXCR6) or specific long non-coding RNAs (lncRNAs) (e.g. HHLA3, TP53TG1,
MIR22HG) have been proposed to be potential prognostic biomarkers or associated with functions
promoting oncogenic progression in a variety of human tumors. [24–28].

In this study we addressed the compelling requirement to identify how the spatial distribution of both
phenotypic protein and RNA transcripts within the tumor microenvironment relate to DCIS and IDC
progression, and recurrence. Our study aimed to identify the importance of spatial distribution of cells
and their association with clinical parameters within tumor microenvironment. We identified cells
expressing CXC-cytokine signaling, cancer associated fibroblasts (aSMA), myoepithelial cells (TP63 and
aSMA), immune infiltrates (CD68, CD3, CD34), stromal cells expressing RUNX1/RUNX2, and MANCR
expressing cells. The lncRNA MANCR is upregulated in metastatic breast cancer cells and found to have
a role in stabilizing the genome of cancer cells [29]. In gastric cancer, upregulation of MANCR is
associated with poor survival [30]. Additionally, higher expression of MANCR is associated with
aggressive clinical parameters in breast cancer [31]. The RUNX family of transcription factors are known
to play an important role in breast cancer development. RUNX1 is typically downregulated in breast
cancer compared to normal mammary tissue, and RUNX1 mutations were identified as driver mutations
in breast cancer, which suggests loss of RUNX1 promotes breast cancer progression [32–34]. RUNX2
has the opposite effect, functioning as an oncogene while RUNX1 functions as a tumor suppressor [35].
RUNX2 was also found to be upregulated in a mouse xenograft model of tumor progression and played a
role in promoting the development and metastasis of breast cancer by regulating the proportion of
breast cancer stem cells (BCSCs) [36]. In mantle cell lymphoma (MCL), MANCR and RUNX2 were both
upregulated and MANCR overexpression was found to promote RUNX2 expression in MCL cells [37]. The
potential interaction between MANCR and the RUNX family of transcription factors is not well
understood in breast cancer. We assessed expression and spatial distribution of MANCR, RUNX1 and
RUNX2 expressing cells with clinical outcome to evaluate role of these genes as biomarkers.
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We developed three specific RNA in situ hybridization panels to identify key components of the TME and
defined spatial relationship between these features in breast cancer patient samples. The three RNA
panels consisted of probes for transcripts associated with CXC-cytokine signaling pathways and
mesenchymal markers (e.g. CD90, CXCL12, and CXCR6); lncRNA and basal-like myoepithelial cells (e.g.
MANCR, TP63); and transcriptional regulation (e.g. RUNX1 and RUNX2). RNA expression was evaluated
in conjunction with multiplex IF staining for cell surface markers (e.g. CD3, CD68, CD34, aSMA, TP63).
This multi-modal strategy was used to evaluate benign (normal adjacent) ducts, DCIS, invasive ductal
carcinoma (IDC) and associated stroma areas from 47 individual patients using a custom generated
tissue microarray (TMA) containing multiple cores per individual sample. In total 139 individual cores
were evaluated for marker expression and spatial interactions, and we identified several significantly
associated expression patterns and spatial relationship signatures that correspond to DCIS subtypes,
tumor progression, recurrence and other clinical parameters.

Methods
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Table 1
Clinical parameters of breast cancer cases (N = 47 patients)

Clinical Parameter Number of Patients % of patients

Grade

Low 2 4.26%

Intermediate 28 59.57%

High 12 25.53%

Data Not Available 5 10.64%

HER2 Status

Positive 19 40.43%

Negative 25 53.19%

Data Not Available 3 6.38%

Hormone Receptor Status

Positive 40 85.11%

Negative 4 8.51%

Data Not Available 3 6.38%

Differentiation Status

Well 16 34.04%

Moderate 18 38.30%

Poor 12 25.53%

Data Not Available 1 2.13%

Lymphovascular Invasion (LVI)

Present 14 29.79%

Absent 32 68.09%

Data Not Available 1 2.13%

Invasive Tumor Classification

Invasive Ductal 35 74.47%

Invasive Ductal with Tubular 1 2.13%

Invasive Ductal with Lobular 5 10.64%

Other 5 10.64%
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Clinical Parameter Number of Patients % of patients

Grade

Data Not Available 1 2.13%

DCIS Type

Cribriform Only 5 10.64%

Solid Only 11 23.40%

Mixed 30 63.83%

Breast tissue Microarray Generation

To enhance the efficiency of histopathological simultaneous analysis of multiple patient-derived tissue
specimens under uniform experimental conditions, five tissue microarrays (TMAs) were created using
breast cancer cases available through the Vermont Breast Cancer Surveillance System (VBCSS)[38].
Patients were selected as described by Evans et. al. [39] and included cases with DCIS and invasive
breast cancer diagnosed. Histological sections from selected patient cases were subjected to pathology
assessment and regions of benign (normal adjacent), DCIS, and IDC were identified and 1.5 mm
(circumference) cores were punched from paraffin-embedded (formalin-fixed) tissue samples. The
extracted cores were embedded into a single paraffin block in a 10 x 3 grid arrangement. The generated
TMA represented ten patients, with three core punches with pathologist-assessed regions (i.e.
normal/benign, DCIS, IDC/IBC) from each patient. 5µm serial sections of the TMAs were mounted on
glass slides, deparaffinized via graded ethanol series, and first section in each of the series was stained
with hematoxylin and eosin (H&E) (Supplementary Fig. 1). H&E stained slides were imaged on the Leica-
Aperio Versa whole slide imager, digital scans were then annotated in Aperio ImageScope (Leica
Biosystems) and reassessed by pathologist (DLW or AB) to identify and distinguish benign, DCIS, and
invasive areas for each core. This study was approved by the University of Vermont Committee on
Human Research in the Medical Sciences (IRB protocol 15–629), with a waiver of consent for the use of
existing clinical specimens and data in this study. Clinical parameters are summarized in Table 1.

RNAScope Assay: RNA FISH was performed on serially sectioned TMA slides using ACDbio’s RNAScope
Multiplex Fluorescent Assay kit (Cat. 322800, ACDBio, Biotechne, Newark, CA, USA) on the Leica
Biosystems’ BOND RXm Research Advanced Staining System as per manufacturer’s protocols. Briefly,
pre-baked slides were dewaxed on the BOND system and pretreated with ER2 for 15 minutes at 95°C.
They were then treated with RNAscope® 2.5 LS Protease III from ACD for 15 minutes and RNAscope®
2.5 LS Hydrogen Peroxide for 10 minutes, both at 44°C. TMAs were hybridized with the RNAscope® 2.5
LS Multiplex Positive Control Probe- Hs, RNAscope® 2.5 LS Multiplex Negative Control Probe (Cat.
321838) or a target probe cocktail for 2 hours at 42°C. RNAscope® 2.5 LS Multiplex Positive Control
Probe- Hs (Cat. 321808) targets POLR2A (C1 channel), PPIB (C2 channel), UBC (C3 channel), and HPRT-1
(C4 channel). The RNAscope® 2.5 LS Multiplex Negative Control Probe (Cat. 321838) targets DapB
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(Bacillus subtilis strain) in all four channels. There were three probe cocktails, the first consisted of C1-
MANCR (Cat. 411088-C1), C2-RUNX2 (Cat. 440078-C2), and C3-RUNX1 (Cat. 419908-C3). The second
consisted of C1-MANCR (Cat. 411088-C1), C2 – TP63 (Cat. 601898-C2), and C3 – CXCL12 (Cat. 422998-
C3). The third pool consisted of C1- CD90 (Cat. 430618), C3 – CXCL12 (Cat. 422998-C3), and C4-CXCR6
(Cat. 468468-C4). After the 2-hour probe hybridization, target signal was amplified through three 30-
minute incubations at 42°C with RNAscope® LS Multiplex AMP 1, RNAscope® LS Multiplex AMP 2, and
RNAscope® LS Multiplex AMP 3. Fluorescent signal was developed for each channel using RNAscope®
LS Multiplex HRP and Opal™ fluorophores from PerkinElmer diluted 1:1000 in TSA Buffer. Finally, DAPI
was used to stain the nuclei. The probe-opal dye combinations are described in Supplementary Table 1.

Multiplex Immunohistochemistry (IHC) Staining

The tissue microarrays were additionally stained with a custom antibody panel (Supplementary Table 2)
using an Akoya Opal 7-Color Automation IHC kit (NEL821001KT; Akoya Biosciences, Marlborough MA)
on a Leica BOND RXm autostaining system (Leica Biosystems, Buffalo Grove, IL) software version 6.
Immunostaining protocol steps were established and developed according to the Perkin Elmer user
manual titled, “OPAL 4-Color and 7-Color Automation IHC Kits for Leica Biosystems BOND RX System
Software version 4.0”.

Image Capture

Stained TMAs were imaged on a Nikon A1R-ER point scanning confocal microscope. A JOB was written
using Nikon Elements software to take an overview scan of the whole slide upon which regions of
interest could be drawn to be imaged at higher magnification. An overview scan was acquired using the
4x Plan Apo λ (NA 0.20) objective at 256 x 256-pixel resolution with 405 nm (DAPI) excitation. Regions of
interest were defined on the low-resolution scan to be imaged at 40x (CFI Plan Apochromat Lambda 40x;
NA 0.95). The final images were captured using the high-resolution galvanometer scanner and spectral
detector equipped with 405 nm, 445 nm, 488 nm, 514 nm, 561 nm, and 640 nm laser lines and acquired
in 10nm bandwidth passes [40].

Spectral Unmixing

A spectral library for the Opal™ fluorophores was created by performing Single Plex RNAscope® with the
RNAscope® 2.5 LS Multiplex Positive Control Probe-Hs on formalin fixed paraffin embedded (FFPE) cells
pellets made of MDA-MB-231 cells [41]. C2-PPIB was developed with each Opal™ fluorophore (520, 540,
570, 620, 650, and 690). A DAPI library slide and a background autofluorescence library slide were also
created. The spectral images from the TMA JOB were then unmixed using the Nikon Elements Spectral
Unmixing module. A similar spectral library was also created for protein marker panel using aSMA
stained breast sections with each opal dye as described by Taatjes et al [31].

Image Analysis
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The unmixed spectral images were imported into HALO (v3.5.3577.140) (Indica Labs, Albuquerque, New
Mexico USA) and annotated according to the pathologist’s annotations from the H&E sections. The
annotations made on the fluorescent images reflected either benign, DCIS, or invasive breast cancer
regions and their respective stroma types as well as adipose tissue and blood vessels. Any folded or out
of focus regions were annotated and excluded from final analysis. The FISH module (v3.1.3) from Indica
Labs HALO was used to segment and analyze cells for the RNAScope panels and cells were classified as
low expressors if they had less than 9 detectable copies of a given RNA per cell, and high expressors if
they had more than 9 detectable copies of a given RNA per cell. The Highplex FL module (v3.2.1) was
used to segment and analyze cells for the multiplex antibody panel. The number of cells positive for
each type of RNA or protein was measured both on a whole core basis, and within each distinct
annotation type. The area in which the number of positive cells was measured was referred to as an
“analysis region”. The area of each “analysis region” was also measured. Expression data was compared
between analysis regions for each marker to determine how the epithelial tissue and the surrounding
microenvironment changed in progression from benign, to DCIS, to IDC. The infiltration analysis
algorithm from the spatial analysis module (v3.5) was used to generate spatial plots and measure
stromal infiltration of the RNA or protein marker signals Away from epithelial boundary. The nearest
neighbor algorithm from the spatial analysis module that measures the average distance and number of
unique neighbors between any two cells or objects was used to measure the average distance between
adjacent TP63 RNA positive cells or TP63/aSMA protein co-positive cells to measure myoepithelial
continuity within different epithelial regions.

Statistical Analysis

The object data generated by the FISH analysis, Highplex FL analysis and spatial analysis in HALO
(Indica Labs.) was exported and statistical analysis was performed using R (version 4.3.0). First, cell size
outliers were removed, then single positive and co-expression phenotypes were calculated on a cell-by-
cell basis. The percent of positive cells for each marker or combination were calculated by dividing the
number of cells expressing a given marker or combo by the total number of cells. The spatial analysis
data was also tidied using custom R scripts and the distance measurements were averaged by patient
and type of epithelium (Invasive or DCIS or Benign/Normal). Both the percentage of positive cells and
spatial data were tested for association with clinical parameters using the Kruskal-Wallis test. The
clinical parameters tested included the type of DCIS, differentiation status, ER status, PR status, HER2
status, nuclear grade, invasive tumor type, and presence of lymphovascular invasion (LVI) (Table 1). The
resulting associations were plotted as dot matrices using the ggplot2 package. Associations identified
as significant using the Kruskal-Wallis test were also graphed as boxplots using the ggpubr package and
further tested for significance using the Wilcoxcon rank sum test. Significant p values were
automatically assigned using the stat_compare_means function from ggpubr, with p </= 0.05 being
considered significant. All p values reported in the text and figures are adjusted p values. The
myoepithelial continuity score was calculated according to the methods described by Borowsky et al
[42]. The overall experimental schematic is shown in Fig. 1.
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RESULTS
Breast tumors are comprised of epithelial-derived tumor cells, together with a diverse and complex
network of cells including immune cells, fibroblasts, and an extracellular matrix residing in the TME. Each
cell has a distinct transcriptome (i.e. RNA), proteome and spatially integrated relationship to other cells.
To define relational marker signatures between cells, we created a combination of three RNAScope®
panels and a multiplex IHC panel to examine serial sections of breast cancer progression TMAs that
included areas of DCIS and IDC. Representative individual channel signal images for each of the RNAs or
proteins analyzed within benign, DCIS or invasive cores that include the three RNAscope panels
(MANCR/RUNX1/RUNX2, CD90/CXCL12/CXCR6, and MANCR/TP63/CXCL12) as well as multiplex IHC
protein panel are shown in Supplementary Figs. 2–5. The mean positive percent and standard deviations
for each RNA marker in each analysis region is reported in Supplementary Table 3. The mean positive
percentage and standard deviations for each protein marker are reported in Supplementary Table 4.

RUNX transcripts exhibit differential expression across breast tumor
progression and stroma
RUNX1 and RUNX2 both showed differential expression patterns across both the epithelium and stromal
compartments of patient samples. In addition, as lesion type progressed from benign to DCIS to invasive
cancer there was loss of RUNX1/RUNX2 expression in the epithelium of invasive lesions (Fig. 2A-H).
Conversely there was a measurable increase in RUNX1/RUNX2 abundance in stroma of invasive lesions.
The average percentage of RUNX1 positive cells in benign lesions was 60.4% +/-27.6%, compared to
57.3 +/- 29.2% in DCIS (p = 0.68) and 51.6+/-24.9% in invasive lesions (p = 0.1) compared to benign
epithelium). In stroma, the percentage of RUNX1 positive cells was lowest in benign stroma with an
average of 18.0+/-14.6% and increased to an average of 24.3+/- 20.2% in DCIS stroma (p = 0.29), with the
highest average of 35.3 +/- 16.7% in invasive stroma (p < 0.0001 compared to benign stroma). Although
overall expression levels of RUNX2 were lower compared to RUNX1, RUNX2 showed similar patterns by
lesion type, with an average of 15.3 +/- 15.0% in benign epithelium, an average of 13.9 +/- 13.3% in DCIS
epithelium (p = 0.09), and an average of 12.1+/- 10.6% in invasive epithelium (p = 0.8 from benign).
RUNX2 was lowest overall in benign stroma with an average of 9.3 +/- 8.7% cells, increasing to 14.5 +/-
11.2% in DCIS stroma (p = 0.44) and further increasing to 17.2 +/- 11.2% in invasive stroma (p = 0.01 as
compared to benign stroma).

As the lesion type progressed towards IDC, they lost TP63 RNA expression, going from a high of 36.2 +/-
22.0% in benign epithelium to an average of 14.2+/-11.1% in DCIS (p < 0.0001) to 4.9 +/- 3.7% in invasive
lesions (p < 0.0001 as compared to benign). TP63 protein expression showed similar loss of expression
from benign to invasive epithelium (Fig. 2I-P). The long-noncoding RNA, MANCR, showed no significant
changes in expression pattern during breast tumor progression, with similar expression levels across
both the epithelium and stroma of all lesion types (Fig. 2Q-T). There was no significant difference in
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staining pattern between the MANCR RNAScope stains performed on serial sections (Supplementary
Fig. 6).

Mesenchymal stromal cell marker CD90 is elevated in IDC stroma
MSCs and MSC-derived fibroblast express a variety of cell surface markers however, CD90 (Thy-1) is a
reliable marker of mesenchymal cells normally found in adipose tissue such as breast [43]. We
measured CD90 RNA transcript levels in patient samples. The number of CD90 positive cells were
significantly increased across IDC stroma regions (24.9 +/- 16.6%) compared to benign (12.6+/- 10.1%)
(p = 0.002) and DCIS stromal regions (14.4 +/- 15.4%) (p = 0.01) (Fig. 3A-D). This overall 10.4% net
increase observed in the number of CD90 positive cells in stroma regions adjacent to IDC (versus DCIS)
strongly suggests that MSC or MSC-derived populations are elevated in response to progression from
DCIS to IDC. In single cell studies of tumor-derived CD90 + MSCs, several genes associated with CXC
chemokine signaling pathway were found to be upregulated in specific, rare populations of patient-
derived mesenchymal stromal cells [23]. To evaluate if these rare MSC were observable by FISH/IHC in
patient samples, TMA sections were labelled with CXCR6 and CXCL12 probes. Although the overall level
of CXCR6 signal was low across all samples, there was a consistently detectable number of CXCR6
positive in stroma regions. Stroma regions adjacent to IDC had the highest number of CXCR6 positive
cells (2.0 +/- 2.6%) compared to DCIS stroma (1.1+/- 1.5%) (p = 0.2) or benign stroma (1.7 +/- 2.3%) (p = 
0.4) (Fig. 3E-H). In contrast to CXCR6 which encodes a membrane bound G-protein receptor, the CXCL12
gene encodes a secreted chemokine: stromal cell-derived factor 1 (SDF-1) that binds to the CXCR4
receptor to promote cell migration and immune response. Although our previous studies identified the
concomitant upregulation of CXCR6 and CXCL12 in patient-derived MSCs [23], we observed that the
number of CXCL12 positive cells were significantly decreased (p < 0.0001 for both staining iterations) in
stroma associated with IDC (36.6 +/- 17.2%) compared to benign stroma (62.9 +/- 18.1%) (Fig. 3I-L).
Reproducibility and robustness of the CXCL12 staining patterns were assessed by staining serial
sections and showed no significantly different staining across samples (Supplementary Fig. 7). This
finding suggests that although CXCL12 expression is present in all – benign-, DCIS- or IDC-associated
stroma, it is reduced as a function of tumor progression and may be independent of the gain of CXCR6-
mediated expression and/or signaling within MSCs.

T-lymphocyte-related CD3 expression in DCIS. Several studies have demonstrated a link between
intratumoral and stroma lymphocyte infiltration as a prognostic delineator of indolent DCIS, DCIS
associated with IBC/IDC and invasive carcinoma [44]. To identify T-lymphocytes, TMAs were subjected to
IHC with the pan T-cell marker: CD3. Although not significantly different, stroma associated with DCIS
had an average increase in CD3 positive cells (9.0 +/- 5.6%) compared to benign stroma (5.1 +/- 4.2%
cells) (p = 0.2) or IDC-associated stroma (p = 0.2) (6.3+/- 5.6%) (Fig. 4A-D). Interestingly, only in DCIS
stroma, significantly higher CD3 positive cells were present compared to epithelial regions (Fig. 4A). To
gauge potential macrophage involvement/infiltration TMAs were labelled with CD68, a cell surface
glycoprotein normally associated with macrophages. Although there was detectable CD68 signal in all
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matched tissue (benign lesion/stroma, DCIS lesion/stroma, IDC lesion/stroma), there was no significant
variation in CD68 positive macrophages in patient samples (Fig. 4E-H). Immune invasion in tumors is
frequently correlated with an increase in the number of cancer-associated fibroblasts (CAFs) in the
tumor stroma. Studies have shown that invasive lobular carcinoma (ILC) progression is accompanied by
CD34 positive cells surrounding the normal breast tissue differentiating or transforming to aSMA
positive CAFs as the lesions become more malignant [45] and may potentially occur in DCIS to IDC
progression. To identify CAFs in our patient cohort, aSMA and CD34 were labelled by IHC (Fig. 4I-P). In
all samples there was a large number of aSMA positive cells which included benign lesion (50.8 +/-
20.5%), DCIS lesion (65.9+/- 26.1%) and IDC lesion (71.6 +/- 25.1%) areas due to aSMA being expressed
in myoepithelial cells (Fig. 4M). Our pathological assessment of stroma regions excludes epithelium and
therefore aSMA signal in stomal regions was not contributed from myoepithelial, epithelial or cells
related to blood vessels (e.g. endothelial, smooth muscle, pericyte cells) as these were masked from the
analysis. In stroma there was a significant difference (p = 0.04) in the number of aSMA positive cells in
benign stroma (32.9+/- 20.5%) compared to IDC stroma (64.3+/-22.8%). It was also not significantly (p = 
0.1) increased in DCIS stroma (54.2+/- 26.1%). In contrast to aSMA, CD34 average positive cell percents
were highest in benign stroma (23.7 +/- 16.6%) compared to DCIS (15.3 +/- 14.3%) stroma (p = 0.6) or
IDC stroma (6.7 +/- 13.7%)(p = 0.04). This represented a significant (p = 0.04) decrease in CD34
expression in benign stroma compared to IDC stroma.

Integrative spatial analysis of marker expression and clinical parameters

Using our panel of RNA and protein markers we observed clear differences in the cellular makeup of
stroma of benign, DCIS and IDC lesions. However, when comparing these features to identified clinical
pathological grading and demographic information (Table 1) from each individual patient there was no
significant correlation between the percent positive cell values for individual markers and clinical
parameters. Spatial proximity analysis was performed for cells expressing individual RNA or protein
markers within 20um or 40um of each type of epithelium using infiltration analysis. There was very little
difference between clinical associations observed between 20um or 40um findings (data not shown).
We chose to assess 20um distance for further analysis as it represented approximately one cell height.
The associations are summarized in a dot matrix plot indicating positive association (red) or negative
association (blue) with pathological or clinical features (Fig. 5). Spatial proximity patterns showed
several associations with clinical parameters that include hormone status, DCIS type and disease
aggressiveness, as well as presence of recurrence. Clinical associations were found with all types of
lesions (benign, DCIS and invasive) and it was observed that the location of cellular RNA expression,
defined by the number of copies of RNA present within 20um of the epithelium, played a role in
association with clinical factors.

CXCR6 or MANCR spatial proximity to epithelium is significantly
associated with DCIS subtypes
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DCIS architectural subtypes have been associated with disease recurrence, although it is still not
completely evident as most DCIS lesions exhibit mixed architectural patterns. However, there is data to
suggest the solid and micropapillary DCIS subtypes are more often associated with recurrence than the
cribriform subtype [46]. In this study, we tested spatial expression patterns of the protein and RNA
markers within the different subtypes (Table 1) to determine if correlation between spatial proximity to
types of epithelium and DCIS subtypes contributes to more aggressive forms of breast cancer.

Patients with a mixed DCIS subtype had a significantly lower percentage of CXCR6 expressing cells
within 20um of benign lesions with an average percent of 24.2 +/- 22.0% compared to averages of 75.0
+/- 35.4% in cribriform lesions and 82.1 +/- 16.9% (p = 0.01) in solid lesions (Fig. 6A). Although non-
significantly associated, an opposite trend was observed near invasive lesions with mixed lesion having
an average of 47.5 +/- 13.6% CXCR6 positive cells, cribriform lesions having an average 21.9 +/- 20.4%
CXCR6 positive cells, and solid lesions having an average of 40.0 +/- 6.3% CXCR6 positive cells (data not
shown). Although the patterns of CXCR6 near benign or invasive regions varied in patients with mixed
DCIS lesions, they were consistently higher in patients with solid lesions compared to cribriform lesions.
Other studies have shown increased CXCR6 expression in both invasive breast cancer cell lines [47] and
breast cancer tissues [48] suggesting a role for CXCR6 in increasing cell migration, invasion, and
metastasis. Our findings reveal presence of CXCR6 expressing cells residing closer to more aggressive
DCIS lesions, potentially suggesting a role in promoting invasion.

We observed that spatial proximity of MANCR positive cells from the DCIS epithelial boundary is
significantly associated with solid vs mixed DCIS subtypes. MANCR expression was highest near solid
DCIS lesions at an average of 87.9 +/- 18.5% MANCR positive cells within 20um of DCIS lesions.
Expression near cribriform lesions was lower at an average of 75.0+/- 35.4% and lowest near mixed
lesions at an average of 41.3 +/- 16.3% (p = 0.01) (Fig. 6B). The association between MANCR and solid
DCIS lesions suggests that MANCR expressing cells may play a direct role in recurrence or be involved in
re-sculpting the microenvironment to promote recurrence. MANCR has been reported to be involved in
more aggressive breast cancers. We (and others) have reported that MANCR is upregulated in triple
negative breast cancer cells and contributes to stabilizing the cancer cell genome [29].

Spatial proximity of cells expressing CD90 or CXCL12 is associated
with hormone receptor status
Spatial proximity of CD90 high positive cells (9 + RNA copies per cell) to invasive epithelium was
significantly associated with positive hormone receptor (HR) status (p = 0.02). HR negative specimens
had an average of 27.0 +/- 19.0% CD90 high positive cells within 20um of invasive epithelium as
compared to HR positive specimens which had an average of 58.0 +/- 19.0% (Fig. 7A-E). CD90 is
commonly expressed on mesenchymal stromal cells (MSCs) and is upregulated in invasive breast
cancer cell lines [49]. Studies in equine and murine endometrium have found that sex hormones may
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play a role in regulating MSC populations, with increased estradiol and progesterone increasing MSC
proliferation [50, 51] supporting our observed correlation of CD90 + cells and HR status.

A similar spatial expression pattern was observed with CXCL12 high positive cells and HR status
showing significantly higher spatial proximity to benign epithelium in HR positive specimens (p = 0.039).
HR negative specimens had an average of 25.5 +/- 11.0% CXCL12 high positive cells within 20um of
benign lesions compared to an average of 60.1 +/- 19.1% in HR positive specimens (Fig. 7F-J). CXCL12
overexpression is similarly associated with metastasis and tumor growth and has been shown to be
induced by estradiol in lung cancer[52] [53]. Our results suggest that sex hormone induced
overexpression of CXCL12 near benign epithelium may be an early indicator of breast cancer invasion.

Figure 7. CD90 or CXCL12 spatial distribution associate with hormone receptor status(A-J). Boxplot
showing association between hormone receptor status and percent of CD90 high positive cells in
stroma of invasive lesions (A). Example images of CD90 RNA expression in HR negative case (B, C) vs
HR positive case (D, E). Boxplot showing association between hormone receptor and percent of CXCL12
RNA high positive cells in stroma of benign lesions (F). Example images of CXCL12 RNA expression in
HR negative case (G, H) vs HR positive case (I, J). Adjusted P < 0.05 is labelled as significant. *: p < = 
0.05, **: p < = 0.01, ***: p < = 0.001, ****: p < = 0.0001.

Spatial proximity of MANCR or RUNX1 expressing cells is
associated with recurrence status
Presence of higher spatial proximity of MANCR expressing cells to invasive epithelial boundary, with an
average of 50.7 +/- 21.2%, was associated with no recurrence, whereas a lower percentage of MANCR
expressing cells proximal to invasive lesion with an average of 37.7 +/- 7.4% was significantly associated
with recurrence (P value = 0.04) (Fig. 8A-E). In addition, non-recurring cases had higher percentage of
MANCR expressing cells closer to DCIS epithelium with an average of 48.2 +/- 19.2% positive cells than
recurring cases with an average of 30.0 +/- 16.6% positive cells (P value = 0.04) (Fig. 8F-J). We have
observed in our other studies that MANCR is expressed in MSCs (data not shown). It would be important
to identify and phenotype these MANCR or RUNX1 expressing cells present in the tumor stroma near
specific types of lesions in future studies. TGFb regulated Runx1 expression has been shown to be
necessary for MSC proliferation and myofibroblast differentiation in prostate cancer [54].

Spatial localization of RUNX1/RUNX2 co-expressing cells in stroma
is associated with recurrence
Previous studies show a reciprocal relationship between RUNX1 and RUNX2 in breast cancer cell lines,
with RUNX1 functioning to repress the breast cancer stem cell phenotype and suppressing tumor growth
in vivo [55] and RUNX2 functioning to promote metastasis [56, 57]. These studies were primarily carried
out in epithelial breast tumor cell lines; in our sample set we observed that there is a measurable number
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of RUNX1/RUNX2 co-expressing cells in the TME surrounding the epithelia that are significantly different
between benign, DCIS and invasive epithelium (Supplementary Fig. 8). We tested spatial proximity of
cells that co-expressed either high RUNX1/low RUNX2 or low RUNX1/high RUNX2 near each type of
epithelium within TME. The clinical association analysis identified several spatial proximity relationships
from various epithelia boundaries that correlated with clinical metrics that include differentiation status,
grade, and recurrence status (Fig. 5). As recurrence was highly relevant to this study, these metrics were
examined further. We observed a higher percentage high RUNX1/low RUNX2 co-positive cells in stroma
of DCIS lesions was associated with non-recurrence (Fig. 9A-E). Non-recurrent tumors had an average of
0.4 +/- 0.3% high RUNX1/low RUNX2 cells near DCIS epithelium whereas recurrent tumors had an
average of 0.1 +/- 0.02% high RUNX1/low RUNX2 cells (P value = 0.02). A higher percentage of low
RUNX1/high RUNX2 positive cells near benign lesions was associated with non-recurrence (Fig. 9F-J).
Non-recurrent samples had an average of 0.5 +/- 0.4% low RUNX1/high RUNX2 positive cells near benign
regions whereas recurrent samples had an average of 0.03 +/- 0.05% low RUNX1/high RUNX2 cells (P
value = 0.02).

Higher myoepithelial layer continuity is associated with recurrence
status
Previous studies have shown that myoepithelial layer continuity in DCIS epithelium could be predictive of
progression, with a more continuous myoepithelial layer associated with progressive disease state [58,
59]. All the cases examined in this study were progressors. The myoepithelial continuity of all types of
lesions for each patient was measured and tested as a potential predictor of recurrence. Cells co-
expressing aSMA and TP63 within individual epithelial regions were designated as myoepithelial cells
and the distance between adjacent myoepithelial cells was measured by nearest neighbor analysis. The
continuity score was calculated by determining the maximum distance between myoepithelial cells,
adding one and subtracting the other measured values from the maximum. The myoepithelial continuity
score was compared across benign, DCIS and invasive epithelium. The myoepithelium of benign lesions
was most continuous with a score of 145.5 +/- 13.5 and there was progressive loss of continuity in DCIS,
101.6 +/- 44.1, and invasive lesions, 94.2 +/- 43.7 (P values < 0.0001) (Fig. 10A). The continuity scores
per patient were then tested against the recurrence status. Recurring cases were found to have a more
continuous myoepithelial layer with an average score of 135.8+/- 21.9 than non-recurring cases with an
average score of 113.9 +/- 45.1 (P value = 0.05) (Fig. 10B-D).

Discussion
In this study, we aimed to identify RNA and protein signatures within the breast tumor microenvironment
that are associated with progression and recurrence of breast cancer by examining breast tumors
representing regions with benign (normal adjacent) ducts, DCIS, and IDC areas from individual patients.
We focused on protein and RNA markers reflecting several cell types and regulatory processes of
interest, including cytokine signaling (CXCL12, CXCR6), MSCs (CD90), myoepithelial cells (TP63, aSMA),
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T cells (CD3), macrophages (CD68), and CAFs (aSMA, CD34). We selected RNAs that exhibit cancer-
associated expression patterns in breast cancer cell lines (MANCR, RUNX1, RUNX2).

We compared the expression patterns of each marker in breast tumor and in breast TME across the
different types of epithelia and stroma to identify changes in expression as breast cancer lesion
progresses from benign to DCIS to IDC. We found increased expression of RUNX1, RUNX2, CD90, CXCR6,
and aSMA in the stroma of invasive lesions compared to normal adjacent ducts while CXCL12 and CD34
expression levels decreased. Together, these results indicate increase in mesenchymal stromal cells,
CAFs, and perhaps chemokine signaling.

TP63, RUNX1, and RUNX2 RNA levels decreased in epithelium as lesion types progressed. The loss of
TP63 RNA may represent a decrease in myoepithelial cells, which was further investigated using
TP63/aSMA protein co-expressing cells to reinforce the observation with TP63 RNA expression. Other
studies have reported similar finding with a loss of myoepithelial cells during breast cancer progression
[58]. RUNX1 is known to play a tumor suppressive role by stabilizing the mammary epithelial cell
phenotype and preventing an epithelial to mesenchymal transition. There is decreased RUNX1
expression in tumorigenic and metastatic breast cancer cells [55]. Our finding that the RUNX1
expression levels in epithelium were lower in areas of IDC is consistent with its tumor suppressor
activity. Increase expression of RUNX2 in metastatic or triple negative breast cancer (TNBC) epithelium
is correlated with increased invasion, metastasis and poor outcomes [60]. In our cohort of mostly HR-
positive breast tumor specimens we did not observe significant difference in expression of RUNX2
between benign, DCIS or IDC epithelium. Interestingly we did observe significant difference for
expression of RUNX2 between benign and invasive stroma. RUNX2 overexpression has been shown to
enhance proliferation of specific subtypes of T-cells [61], suggesting a dual role for RUNX2 in a context
dependent manner that needs to be explored further.

The increased levels of CD3 in DCIS stroma specifically suggest an increased immune response with
heightened T cell activity in DCIS. This is consistent with reports that T cells are upregulated during the
transition from DCIS to IDC [62]. As these cases all included IDC, increased CD3 expression near DCIS
would be expected. Tumor infiltrating lymphocytes (TILs) are prognostic in IDC, and in DCIS their spatial
arrangement has been shown to correlate with Oncotype DX (ODX) Breast DCIS Score which measures
local recurrence risk [63]. TILs touching the ducts were associated with a higher score and worse
prognosis. In our spatial analysis, we did not observe correlation with spatial proximity of CD3
expression near and recurrence status. The predictive prognostic value of TILs is specific to breast
cancer subtypes with higher correlation associated with HER + or TNBC tumors. Higher TILs can predict
improved treatment response and survival outcomes in early TNBC tumors. Presence of TILs in HR
positive breast tumors has lower mean counts and can be heterogenous and is not prognostic for
disease free survival[64].

Although the expression patterns of RNAs and proteins studies exhibited differential expression between
specific types of epithelia and stroma, the average expression patterns were not found to associate
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significantly with any clinical parameters. Therefore, we performed spatial proximity analysis to explore
whether the spatial location of cells expressing these RNAs and proteins would influence the disease
phenotype or clinical outcomes of breast cancer. We anticipated that spatial distribution would provide
further insights into how the tumor microenvironment affects tumor progression and recurrence
because the identity of cells in proximity to the epithelial boundary could indicate how the local
environment is influencing the tumors. We chose a tumor stroma boundary of 20um away from the
epithelium which is approximately one-two cell heights to evaluate the edge effect [65]. The spatial
analysis provided several correlations with clinical parameters that can be further examined.

Increased MANCR expression near DCIS epithelium significantly correlated with presence of solid DCIS
lesions compared to cribriform and mixed lesion, suggesting that focal MANCR expression may be
related to tumor progression. Cell line studies have shown increased expression of MANCR in aggressive
breast cancer cell lines[29] and the association of MANCR with progressive, solid DCIS lesions observed
in this study, indicates that MANCR may be an indicator if progression towards invasive cancer through
metastasis.

Hormone receptor status is an important prognostic marker for identifying various breast cancer
phenotypes and their potential for progression to aggressive cancer [11]. Our spatial analysis of the
stromal compartment revealed a higher percentage CD90/ Thy1 expressing cells were associated with
positive HR status when expressed near IDC epithelium and a higher percentage of CXCL12 expressing
cells were present near the benign ducts of HR positive tumors. Studies in other cancer models have
shown a link between estradiol and progesterone increasing MSC proliferation [50, 51] and another study
showed a link between CXCL12 overexpression and estradiol [52, 53]. These studies and our
observations suggest a link between sex hormones, chemokine signaling, and MSC proliferation which
can be an important avenue for further exploration. It is critical to identify ways MSCs are regulated in
breast cancer because the presence of MSCs in the microenvironment increase the metastatic potential
of breast cancer cells [66]. MSCs are regulated through chemokine signaling, which is the basis for
focusing on CXCL12 and CXCR6 to examine the MSC role in the tumor microenvironment along with
CD90 [67]. We observed that expression of CD90 RNA investigated, using RNA in situ hybridization, was
relatively stable compared to CD90 protein detected using antibody-based methods. We tested several
commercially available CD90 antibodies and found they lacked reliability. Especially in FFPE samples,
CD90 protein expression was unreliable and not well preserved in comparison to RNA expression. The
correlation between MSCs, chemokine signaling and changing dynamics based on HR status could be
important to identify novel treatment targets.

Larger populations of RUNX1 expressing cells and cells expressing high RUNX1/low RUNX2 near the
DCIS epithelial boundary were found to be associated with non-recurrence. RUNX transcription factors
play a context dependent role in many cancers, including breast cancer, where they can act as both
tumor promoters and tumor suppressors. [68, 69]. RUNX factors are also known to play a role in
proliferation and maintenance of immune cells (e.g., CD4 + T cells, CD8 + T cells) as well as proliferation
of CAFs and MSCs [61, 68, 70, 71]. Our findings of predictive spatial relationship between RUNX1 /
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RUNX2 expressing cells in the stromal cell population near DCIS or benign epithelium could be further
assessed in an expanded cohort of stratified samples that include aggressive and non-aggressive
tumors.

MANCR positive cells were elevated near non-recurring invasive lesions. This is an unexpected result as
MANCR is generally elevated in more aggressive breast cancer cell lines, particularly in TNBC epithelial
cells. In our analysis of tumor stroma, we observed that MANCR was consistently expressed at low
levels in the stomal cell population surrounding the epithelium.

Another factor associated with recurrence status by spatial proximity analysis was a higher
myoepithelial layer continuity, as measured by the distance between aSMA/TP63 co-expressing cells
within ductal epithelium. Our data corroborated a reported finding that reduced myoepithelial continuity
observed as breast tumors progressed from benign to DCIS to IDC can predict the progression of DCIS
to invasive cancer [42, 58]. Although counterintuitive, the observation that fewer cells bordering an
epithelial lesion could be protective against recurrence, it has been reported that low myoepithelial
continuity corresponds with adaptive immune response, leukocyte proliferation, tumor necrosis factor
(TNF) superfamily cytokine production, and major histocompatibility (MHC) Class II antigen assembly,
processing, and presentation[42]. A lack of myoepithelial continuity may allow immune cells to penetrate
a lesion and facilitate an immune response.

Potential future directions include studying the mechanism by which the myoepithelial layer becomes
discontinuous to identify potential drug targets for preventing recurrence as well as to perform an
expanded analysis with markers for several different types of immune cells to determine which types of
immune cells are present near a discontinuous myoepithelial layer versus a continuous myoepithelial
layer. A larger panel of markers would be particularly useful in phenotyping cells that are expressing
MANCR, CXCR6, and RUNX1 in tumor stroma. Highplex imaging-based proteomics or spatial
transcriptomics studies to better identify and phenotype cells expressing the markers used in this study
can further define the importance of spatial distribution of some of the markers within TMEs.

Conclusions
Overall, our study highlights the importance of studying the spatial localization of cells within the tumor
epithelium, tumor microenvironment, and tumor stroma boundary. Global expression levels of RNAs and
proteins in the entire lesion may not identify localized stromal dynamics acting on the tumor cells
whereas a dedicated spatial analysis can. This work suggests several parameters that may broaden
understanding by further mechanistic studies with potential implications for drug development. The
finding that decreased myoepithelial continuity is protective against recurrence could help to identify
patients who are better candidates for immunotherapy. This work emphasizes the importance of spatial
analysis in imaging data and a basis for further exploration of the breast cancer tumor
microenvironment.
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Overview of tissue selection and staining panels. 5 tissue microarrays with invasive, DCIS, and benign
lesions from 47 patients were serially stained with the multiplex immunofluorescence panel and 3 RNA
FISH panels. Stained slides were imaged on the Nikon A1RHD laser scanning confocal microscope. All
images were analyzed in HALO by Indica Labs. Created with BioRender.com

Figure 2
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Distribution of tumor markers in breast cancer progression lesions (A-T). Boxplots showing distribution
of individual RNAs/protein across epithelium and stroma. Representative micrographs show expression
of individual RNAs within either benign, DCIS or invasive regions. RUNX1 RNA (A-D). RUNX2 RNA (E-H).
TP63 RNA (I-L). TP63 protein (M-P). MANCR RNA (Q-T). Adjusted P<0.05 is labelled as significant. *: p<=
0.05, **: p<= 0.01, ***: p<= 0.001, ****: p<= 0.0001

Figure 3

Distribution of stromal markers in breast cancer progression lesions (A-L). Boxplots showing distribution
of individual RNAs across epithelium and stroma. Representative micrographs show expression of
individual RNAs within either benign, DCIS or invasive regions. CD90 RNA (A-D). CXCR6 RNA (E-H).
CXCL12 RNA (I-L). Adjusted P<0.05 is labelled as significant. *: p<= 0.05, **: p<= 0.01, ***: p<= 0.001,
****: p<= 0.0001.
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Figure 4

Distribution of TME marker protein in breast cancer progression lesions (A-P). Boxplots showing
distribution of individual proteins across epithelium and stroma. Representative micrographs show
expression of individual proteins within either benign, DCIS or invasive regions. CD3 protein (A-D). CD68
protein (E-H). CD34 protein (I-L). aSMA protein (M-P). Adjusted P<0.05 is labelled as significant. *: p<=
0.05, **: p<= 0.01, ***: p<= 0.001, ****: p<= 0.0001.
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Figure 5

Integrative spatial analysis of marker expression and clinical parameters. Dot matrix of average positive
cell percent within 20um from benign, DCIS, and invasive lesions showing association with clinical
parameters using Kruskal-Wallis test. Color of dot indicates direction of association (red – positive
association; blue – negative). Size of dot is proportional to significance (larger dot → smaller p-value).
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Figure 6

CXCR6 and MANCR spatial distribution associate with DCIS subtypes(A-B). Boxplot showing spatial
proximity of CXCR6 positive cells from benign epithelial boundary is significantly associated with solid
vs mixed DCIS subtype (A). Boxplot showing spatial proximity of MANCR positive cells from DCIS
epithelial boundary is significantly associated with solid vs mixed DCIS subtype. (B). Adjusted P<0.05 is
labelled as significant. *: p<= 0.05, **: p<= 0.01, ***: p<= 0.001, ****: p<= 0.0001.
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Figure 7

CD90 or CXCL12 spatial distribution associate with hormone receptor status(A-J). Boxplot showing
association between hormone receptor status and percent of CD90 high positive cells in stroma of
invasive lesions (A). Example images of CD90 RNA expression in HR negative case (B,C) vs HR positive
case (D,E). Boxplot showing association between hormone receptor and percent of CXCL12 RNA high
positive cells in stroma of benign lesions (F). Example images of CXCL12 RNA expression in HR negative
case (G,H) vs HR positive case (I,J). Adjusted P<0.05 is labelled as significant. *: p<= 0.05, **: p<= 0.01,
***: p<= 0.001, ****: p<= 0.0001.
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Figure 8

RNAs associated with recurrence of breast cancer (A-J). Boxplot showing association between
recurrence risk and percent of MANCR positive cells in stroma of invasive lesion(A). Example images of
MANCR RNA expression in non-recurring case (B,C) vs recurring case (D,E). Boxplot showing association
between recurrence risk and percent of RUNX1 RNA positive cells in stroma of DCIS lesions (F). Example
images of RUNX1 RNA expression in non-recurring case (G,H) vs recurring case (I,J). Adjusted P<0.05 is
labelled as significant. *: p<= 0.05, **: p<= 0.01, ***: p<= 0.001, ****: p<= 0.0001.
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Figure 9

Spatial distribution of RUNX1/RUNX2 co-expressing cells is associated with recurrence status

(A-J) Boxplot showing association between recurrence risk and percent of high RUNX1 positive/low
RUNX2 positive cells in stroma of DCIS lesions (A). Example images of high RUNX1 positive/low RUNX2
positive cells in non-recurring case (B,C) vs recurring case (D,E). Boxplot showing association between
recurrence risk and percent of low RUNX1 positive/high RUNX2 positive cells in stroma of benign lesions
(F). Example images of high RUNX1 positive/low RUNX2 positive cells in non-recurring case (G,H) vs
recurring case (I,J). Adjusted P<0.05 is labelled as significant. *: p<= 0.05, **: p<= 0.01, ***: p<= 0.001,
****: p<= 0.0001.
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Figure 10

Higher myoepithelial continuity is associated with higher risk of recurrence (A-D). Boxplot showing
association between myoepithelial continuity and lesion type(A). Boxplot of myoepithelial continuity
association with recurrence risk (B). Example image of myoepithelial continuity in a DCIS region (red
annotation) of a non-recurring case (C) vs a DCIS region in a recurring case (red annotation) (D).
Myoepithelial cells marked using aSMA (cyan) and TP63 (yellow). Adjusted P<0.05 is labelled as
significant. *: p<= 0.05, **: p<= 0.01, ***: p<= 0.001, ****: p<= 0.0001.
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