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ABSTRACT 

S100 proteins are intracellular calcium 

ion sensors that participate in a wide range of 

tumorigenic processes. In spite of several S100 

genes being overexpressed in breast cancer, 

their roles during disease development remain 

elusive. Human mammary epithelial cells 

(HMECs) can be exposed to fluid shear stresses 

which likely alter gene expression profiles. The 

implications of these interactions to normal 

tissue function and potential breast cancer 

development have not been previously studied. 

The goal of this study was to analyze 

expression profiles of S100 genes upon 

exposing HMECs to fluid flow, with significant 

findings examined in clinical datasets. S100 

genes were among the most upregulated genes 

with flow exposure. Overexpression of S100 

genes were also observed in tissue from 

patients with early stage breast cancer, and in 

most breast cancer patients suggesting roles 

during disease development. Survival analyses 

revealed reduced survival times for patients 

with elevated expression of S100P and S100A7.  

This study shows that exposing HMECs 

to fluid flow upregulates genes identified 

clinically to be overexpressed during breast 

cancer development and progression, including 

S100A7 and S100P. These findings show S100 

genes are flow-responsive and participate in a 

fundamental adaptation pathway in normal 

tissue that is also active in breast cancer. 

 

INTRODUCTION 

The S100 gene family in humans 

consists of 21 members that regulate cellular 

responses by acting both as intracellular 

calcium ion sensors and as extracellular 

factors1,2. Overexpression of S100 genes have 

been implicated in a wide range of tumorigenic 

processes, including cell proliferation, 

angiogenesis, metastasis and immune 

invasion1,3. Overexpression of S100 genes, 

particularly S100P and S100A7, has been 

observed in several types of cancers, including 

breast carcinomas4,5. However, their roles 

during breast cancer development and 

progression have not been well defined1.  

Human mammary epithelial cells 

(HMECs) can be exposed to fluid shear stresses 

resulting from blood flow and lymphatic 

drainage, which potentially alter gene 

expression patterns and phenotypic profiles. 

The objective of this study was to analyze 

changes in expression profiles of S100 genes 

upon exposing HMECs to fluid flow. 

Differentially expressed genes were mapped 

onto a human interactome on the Cytoscape 

software platform, and used to extract 

pronounced interactions between static and 

flow-exposed cells. Finally, the prognostic 

values of several overexpressed genes were 

evaluated in expression profiles from three 

independent breast cancer clinical datasets.  

MATERIALS AND METHODS 

Cell culture and flow experiments 

HMECs were obtained from Lonza 

(Walkersville MD, USA) and cultured as 

recommended. Cell monolayers were cultured 

on glass plates pre-coated with Rat Tail 

collagen I (Life Technologies Inc., ON, Canada) 

and grown to confluency. A bioreactor system 

consisting a parallel-plate flow chamber was 

used to expose triplicates of HMECs to an 

average shear stress of 1 Pa for 20 hours6, 
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simulating exposure of cells to blood flow 

breast ducts and lobules. Flow was provided by 

a Masterflex peristaltic pump and tubing (Cole 

Parmer, Montreal, QC, Canada). Some plates 

were grown as static controls and media was 

replaced at the same time as flow was set up. 

RNA extraction and gene expression analysis 

Total RNA from both flow exposed cells 

and cells grown as static controls was isolated 

using the EZNA Total RNA Kit (Omega Bio-tek, 

Inc., Norcross, GA. USA). RNA was assayed 

using the Quant-iTTM Ribogreen RNA Assay Kit 

(Life Technologies Inc., Burlington ON, Canada) 

and standard curves generated using a 

microplate reader. Differentially expressed 

genes were quantified using Affymetrix 

Primeview microarrays, and analyzed with 

Partek Genomics Suite Version 6.6 (Partek 

Incorporated, Missouri, USA). Differentially 

expressed genes were those with fold changes 

greater than or equal to 2.0 and p-values less 

than 0.01. Microarray data was validated by 

real time quantitative polymerase chain 

reaction (qPCR), with beta-2-microglobulin 

used as the reference gene. PCR was carried 

out on a ViiA 7 Real Time PCR System (Life 

Technologies, Foster City CA, USA), and 

relative expression calculated using the 

comparative cycle threshold method7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene patterns from microarray data 

were used to extract pronounced gene features 

by network analysis on the Cytoscape software 

platform8,9. Differentially expressed genes 

between flow-exposed and statically grown cells 

were mapped onto a human interactome 

obtained from integrated complex traits 

networks (iCTNet)9. 
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Clinical patient data analysis 

Gene expression profiles from 5 healthy 

breast tissues and 9 ductal carcinoma in situ 

(DCIS) patients were analyzed to evaluate 

expression of S100 genes during early stages of 

breast cancer16. Prognostic value of S100P and 

S100A7 were evaluated via a breast tumor 

microarray data set from 1,809 patients, using 

Kaplan – Meier survival curves9. Expression 

data from The Cancer Genome Atlas (TCGA) 

RNA – Seq database10 was also analyzed for 

differential expression of S100 genes. 

RESULTS 

Fluid flow affects gene expression in human 

mammary epithelial cells 

Microarray data showed unique clusters of 

differentially expressed genes in flow-

stimulated and unstimulated HMECs (Fig. 1), 

with more than 1200 genes being differentially 

expressed upon flow exposure. To identify key 

molecular functions and biological processes 

that were significantly affected by flow 

exposure, we performed Gene Ontology 

enrichment analysis using microarray data. 

Gene subsets involved in cellular processes 

involved in breast cancer development and 

progression, such as cellular response to TGF-β 

stimulus, regulation of EMT, cell adhesion, 

proliferation and motility were profoundly 

enriched upon flow exposure (data not shown). 

S100 genes are upregulated in flow-stimulated 

HMECs and during early stages of breast cancer 

S100 genes were among the most 

upregulated genes with flow stimulation; S100P 

and S100A7 were overexpressed more than 5 

fold (Fig. 2). Overexpression of S100 genes was 

Fig. 1: Heat map of differentially expressed genes between 
static and flow-exposed HMECs. Fold change ≥ 2.0 and p ≤ 
0.01. 

Flow Static 

Fig. 2: S100A7 and S100P were among the most upregulated 
genes upon flow exposure both in microarrays and quantitative 
PCR. p ≤ 0.01. 
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also observed in DCIS patient tissue compared 

to healthy breast (Fig. 3), suggesting potential 

roles during early stages of breast cancer.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Network analysis revealed interactions 

between S100 genes, including an interaction 

between S100A7 and S100P (data not shown). 

Interestingly, S100P was upregulated in several 

breast cancer cell lines upon flow stimulation, 

suggesting a potential role of fluid flow during 

breast cancer progression (Fig. 4).  

Expression profiles of S100P and S100A7 in 

clinical datasets 

To investigate the relevance of our findings 

to progression of breast cancer, we analyzed 

gene expression data from 517 patients 

obtained from TCGA database. We observed 

overexpression of S100P in patients with all 

subtypes of breast cancer and overexpression 

of S100A7 in patients with luminal B, HER2 

positive and basal breast cancer (Fig. 5). 

 

 

 

 

Finally, the prognostic value of S100P and 

S100A7 was evaluated in a microarray data set 

of breast tumors from 1,809 patients11. Kaplan 

– Meier curves of relapse-free survival times of 

breast cancer patients with lymph node positive 

status (n=936), stratified by S100P and 

S100A7 expression levels, demonstrate that 

elevated expression correlates with reduced 

survival times (Fig. 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

DISCUSSION AND CONCLUSION 

Breast cancer is caused by genetic 

mutations that bestow cells lining breast ducts 

or lobules with the ability to grow abnormally. 

These cancerous cells can eventually spread to 

nearby lymph nodes or other parts of the body 

in a process called metastasis10,12. Development 

and progression of this complex disease 

involves mechanical interactions between 

epithelial cells lining ducts or lobules and 

associated microenvironments, including 

exposure to fluid flow from either blood supply 

or lymphatic drainage13,14,15. The potential 

implications of this interaction in the context of 

breast cancer development have not been 

previously investigated. In this study, we used 

a bioreactor system to model exposure of 

HMECs to fluid flow and quantified changes in 

gene expression. Our findings suggest fluid flow 

has a role in breast cancer development by 

upregulating genes in the S100 family. 

Two S100 genes, S100P and S100A7 

were among the most upregulated genes in 

flow-stimulated cells. S100P and S100A7 have 

previously been implicated in tumor 

development due to their roles in cell adhesion, 

motility and proliferation3,4. Overexpression of 

S100A7 in pre-invasive early stage cancer has 

also been reported1. Compared to expression in 

healthy breast, tissue from patients presenting 

with early stage breast cancer showed elevated 

expression of S100 genes, supporting our 

position for these genes to be involved during 

Healthy breast                DCIS Patients 

Fig. 3: S100 genes are involved during early stages of  
breast cancer development. Several S100 genes were 
upregulated in ductal carcinoma in situ (DCIS) patient 
tissue compared to healthy breast. p ≤ 0.01. 

Fig. 4: S100P is also overexpressed when breast cancer cells 
are exposed to fluid flow in our bioreactor system.  p ≤ 
0.01. 

Fig. 5: Relative expression of S100P and S100A7 between 
healthy volunteers and patients with different 
stratifications of breast cancer. Expression data was 
obtained from TCGA and consisted of 104 healthy 
volunteers, 317 luminal A, 93 luminal B, 26 HER2 and 81 
basal patients. **p ≤ 0.01; ***p ≤ 0.001. 

S100A7 S100P 
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breast cancer development.  Interestingly, 

S100P was also upregulated in three breast 

cancer cell lines upon flow stimulation, implying 

potential roles of fluid flow exposure during 

disease progression. Further evidence for this 

stance was obtained through overexpression of 

S100P and S100A7 in patients with most 

subtypes of breast cancer. Survival plot 

analysis revealed reduced survival times for 

patients with elevated expression levels of 

S100P and S100A7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Network analysis revealed key 

interactions through which overexpressed S100 

genes potentially contribute to tumorigenesis. 

This suggests that flow-induced upregulation of 

S100 genes in HMECs is possibly a fundamental 

adaptation pathway in normal tissue that is also 

active in breast cancer. However, the activated 

signaling cascades and underlying mechanisms 

through which fluid flow exposure potentially 

enhances breast cancer progression remain 

elusive. The knowledge gained from such 

investigations could lead to new diagnostic and 

therapeutic approaches for early stage breast 

cancer. 

This study shows that exposing HMECs 

to fluid flow upregulates genes clinically 

identified to be overexpressed in breast cancer 

patient profiles, including S100P and S100A7. 

This suggests that our bioreactor platform is a 

useful tool for identifying how mammary 

epithelial cell exposure to blood flow affects 

early stages of breast cancer progression. 
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Fig. 6: Relapse-free survival analysis of breast cancer 
patients with lymph node positive status (n=936), stratified 
by S100P and S100A7 expression respectively. Data was 
obtained from http//kmplot.com/analysis. Statistical 
significance was determined by the log-rank test. 


