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ABSTRACT 

Breast cancer is the most common cancer among women, with effective treatments if the 

disease stays local. However, if the tumor metastasizes, patient outcomes are significantly reduced. 

Mesenchymal stem cells (MSC) have been shown to enhance metastasis by facilitating invasion 

and tumor outgrowth. MCF10A Ca1h cells, a mesenchymal-like cell line, have been shown to 

promote metastasis in a murine model and enhance the survival and proliferation of their epithelial 

counterpart (Ca1a) in coculture. We have established the presence of the classic MSC markers, 

CD90, CD105, and CD73, on the Ca1h cells and observe a decrease in the CD90+ population in 

the Ca1a and fibronectin knockdown Ca1h cells. To examine the effects of this decreased 

expression, a CD90 knockdown of Ca1h cells was created using lenti-viral transduction. A 

decrease in fibronectin levels was seen in the CD90 knockdowns, along with a change in 

morphological characteristics of the cells. To investigate the influence of a 3D microenvironment 

on cell phenotype, they were also cultured on fibronectin coated scaffolds and evaluated for 

CD44/CD24 expression. Lastly, the knockdowns were cocultured with the Ca1a cells in a 3D 

hydrogel to assess the impact of coculture on survival and proliferation. We found that the CD90 

knockdowns take on epithelial-like characteristics and decrease survival of Ca1a cells in coculture. 

These findings suggest that CD90 is necessary to maintain a mesenchymal phenotype and could 

be used as a target for therapies to prevent metastasis.  
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 INTRODUCTION 

Breast cancer is the most common cancer among women, accounting for 30% of female 

cancers [1]. If caught early, most patients will survive. However, as the disease progresses survival 

decreases, with about 90% of cancer associated deaths being caused by metastasis [2]. Metastasis 

is the multistage process by which disseminated cancer cells form secondary tumors [3], [4].  The 

metastatic process is aided by tumor heterogeneity which results in varying cell types that differ 

in proliferative and invasive properties [5]. As a consequence of the cellular heterogeneity, unique 

paracrine signaling dynamics can develop within the tumor microenvironment and dictate cell fate 

[6]. One potential source of heterogeneity within the tumor microenvironment is a differential 

response to cell-cell and cell-environment stimuli that can induce varying degrees of an epithelial 

to mesenchymal transition (EMT) within the population of tumor cells [7].  

During EMT, epithelial cells lose their cell-to-cell connections and apical-basal polarity to 

assume a more spread out phenotype and acquire more mesenchymal-like characteristics with 

greater migratory ability (Figure 1) [5], [8], [9]. An epithelial state can be identified using the 

marker E-cadherin, whose expression is lost as the cell becomes more mesenchymal-like, gaining 

expression of markers like fibronectin [10]. This process of EMT results in tumor cells that range 

across a spectrum of epithelial to mesenchymal phenotypes promoting tumor growth and 

metastasis [7], [10]. A recent study suggests that some cells that have lost their epithelial 

characteristics and have increased expression of genes relating to the mesenchymal phenotype, 

have reduced ability to form tumors [11]. Stably mesenchymal tumor cells proliferate slowly 

allowing them to readily invade tissues, but do not have the capacity to form secondary tumors 

and complete the metastatic cascade. Instead, they contribute to metastatic progression by taking 

a more supportive role in the tumor microenvironment [12]. A recent study utilizing in vitro 3D 

collagen cultures found that alone, epithelial tumor cells could not survive for more than four days. 

However, when in a co-culture with the fibronectin producing mesenchymal tumor cells the 

epithelial population had greater survival, constant proliferation, and could migrate farther with 

greater velocity [13]. These studies suggest that cells that have undergone EMT may facilitate 

survival and are necessary to prepare the tumor microenvironment for tumor outgrowth.  
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Figure 1. Visual representation of epithelial to mesenchymal transition. Cells lose their 

apical-basal polarity and tight cell junctions and begin to spread out with anterior-posterior 

polarity. 

 

EMT is not only associated with cancer progression but is also seen as a normal program for 

wound repair. Keratinocytes, the epithelial cells that reside in the skin, transition to a 

dedifferentiated, more mesenchymal-like state. In this state, these cells gain the ability to migrate 

across the wound and facilitate the formation of a new epithelial layer [14]. Mesenchymal stem 

cells (MSC) also play an important role throughout the wound healing process, from regulating 

inflammation to promoting tissue growth and remodeling [14]–[16]. These properties are 

translated to cancer, as it is believed that mesenchymal stem cells migrate to tumors as they would 

during wound healing [17]. In breast cancer, it has been hypothesized that mesenchymal stem cells 

are involved in development of the tumor niche, and have also been shown to promote metastasis 

[18]–[20]. Their immunosuppressive abilities support and stabilize the tumor microenvironment, 

and through paracrine signaling, MSCs can facilitate tumor growth and invasion [21], [22]. A 

defining aspect of MSCs is their expression of CD90, CD105, and CD73 [23], [24].  

These markers seem to play a role in survival of breast cancer patients. Using cBioPortal, the 

Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) database, patient 

survival for those with an alteration, whether it be a mutation, amplification, or deletion in the 

genes for CD90 (THY1), CD73 (NT5E), and CD105 (ENG), was evaluated [25]–[27]. Overall 

survival between each gene was compared (Figure 2). This data shows that CD105 (ENG), a 

marker for angiogenesis and neovascularization, has the lowest mean survival, but it has already 

been identified as a marker for metastasis in breast cancer [28], [29]. CD73 (NT5E), shows the 

highest mean survival, and seems to play a role in immune suppression in the tumor 

microenvironment [30]. The role of CD90 is less understood, but it does play a role in matrix 

adhesion, and can communicate with the local microenvironment through its integrin and heparin 
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binding domains [31]. Recent studies have indicated that the CD90 positive population increases 

in response to fibronectin rich environments in AT-3 mouse mammary carcinoma cells [33]. 

Furthermore, it has been shown that MSCs cultured with MDA-MB-231 cells significantly 

increased proliferation of the MDA-MB-231 population and induce expression of CD90 [34]. 

 

Figure 2. An alteration in MSC markers decreases patient survival. Analysis of the 

METABRIC dataset for overall survival in months for patients with alterations to the genes for 

CD90 (THY1), CD105 (ENG), and CD73 (NT5E). Patients with an alteration in more than one 

of the genes are not displayed. Analysis was done using cBioPortal [25]–[27]. 

 

CD90 is a membrane bound, lipid anchored protein that is encoded for by the gene THY1. It 

is involved in cell-cell and cell-matrix interactions. In humans, CD90 can be found in neurons, T 

cells, endothelial cells, mesenchymal stem cells, hematopoietic stem cells, and fibroblasts [31], 

[32]. In fibroblasts, THY1 is known to regulate focal adhesions, cytoskeleton arrangement, and 

migratory ability through Src-mediated Rho GTPase activation [35]. CD90 also plays a role in 

cancer, though this varies with cancer type. In some cancers, it may act as a tumor suppressor, 

while in other it can assist with tumor growth and sometimes promote invasion and metastasis [32]. 

In breast cancer, CD90 expression has been correlated to worse prognosis [36]. CD90 positive 

cells have been identified in the invasive front of tumors and possess a migratory ability that may 

be attributed to epithelial to mesenchymal transition [37], [38]. It is believed that CD90 positive 
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cells lay on the outside of the tumor, and give rise to cells that lack CD90 which migrate toward 

the center of the tumor and proliferate [37]. 

We investigated the role of CD90 in breast cancer using the MCF10-Ca1a (Ca1a) epithelial-

like cells and the MCF10-Ca1h (Ca1h) mesenchymal-like cells. We also utilized Ca1hFN30 

fibronectin knockdown Ca1h cells, which have an epithelial-like phenotype. We hypothesize that 

the Ca1h cells will be positive for CD90, CD73, and CD105, and that by knocking down CD90, 

these cells will lose their mesenchymal-like characteristics. Previous studies have shown that these 

Ca1h cells promote metastasis in a murine model and promote survival and proliferation in 

coculture as seen in studies with the MSCs [12], [13], [34]. These cells also do not directly 

participate in new tumor development, and instead seem to take a more supportive role in the tumor 

microenvironment, much like MSCs [21]. By knocking down CD90 in these cells, we believed 

that they would lose their invasive, mesenchymal characteristics, and would instead become more 

epithelial-like and contribute to tumor outgrowth.  

To investigate this hypothesis, we first established that the Ca1h cells have the same marker 

profile as mesenchymal stem cells and explored the expression of these markers on epithelial-like 

cells using flow cytometry and immunofluorescent staining.  Interestingly, we found that the Ca1a 

cells and the Ca1hFN30 cells which both have an epithelial-like phenotype have decreased 

expression of these markers. Using lentiviral transduction, a CD90 knockdown in the 

mesenchymal-like Ca1h cells was created and characterized. We specifically examined their 

expression of E-cadherin and fibronectin, an epithelial and mesenchymal marker respectively. 

Lastly, we evaluated the microenvironmental influence on the CD90 knockdowns using a 

fibronectin-coated scaffold system and 3D cocultures. Overall, these studies suggest that CD90 is 

necessary to retain a mesenchymal phenotype and future therapies developed against CD90 may 

impede metastasis.  
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 METHODS 

2.1 Culturing Methods 

Ca1a and Ca1h cell lines were provided by Dr. Fred Miller (Wayne State Univeristy, Detroit, 

MI). Adiposed derived mesenchymal stem cells, ASCs, were purchased from Zenbio. Depletion 

of fibronectin in the Ca1h cell line was achieved through lentiviral transduction of 

TRCN0000064830, and selected using puromycin [12]. These cell lines were cultured in 

DMEM/High Glucose media with 10% fetal bovine serum and 1% penicillin- streptomycin at 37°C 

in 5% CO2. Lentiviral transduction was used to stably express dtomato (Ca1a) to allow for cell 

tracking in coculture through fluorescence.  

K562 cells, used as a negative control for flow cytometry studies, were purchased from 

ATCC and cultured in RPMI media with 10% fetal bovine serum and 1% penicillin- streptomycin 

at 37°C in 5% CO2. 

2.2 Generation of Ca1h CD90 Knockdown Cell Line 

Ca1h cells were used and cultured in the media stated above. Depletion of CD90/THY-1 

was achieved through lentiviral-mediated transduction of shRNA V3SVHSHC_5684606 (TH02), 

V3SVHSHC_7646522 (TH03) (Horizon Discovery/Dharmacon) or a nontargeting scrambled 

control shRNA. Expression was selected for using puromycin. Further sorting of the depleted 

population was done using MACS sorting (Miltenyi Biotec, QuadroMACS Seperator) with the LD 

columns (Miltenyi Biotec, Cat:130-042-901) and CD90 MicroBeads (Miltenyi Biotec, Cat: 130-

096-253). Cells were labeled with the CD90 magnetic microbeads and passed through the LD 

columns. Cells that were CD90+ magnetically adhered to the column, while those that were CD90- 

were passed through the column and were collected. Knockdown efficiency and MACS sorting 

effectiveness was confirmed using flow cytometry. 

2.3 Flow Cytometry 

Cells were stained at a concentration of 100,000 cells per 100 ul of 3% FBS in PBS. Two panels 

were created, with staining volumes determined through titration. In panel one, cells were stained 

with 2 ul of CD90 APC (BD, Cat: 559869), CD105 PE (BD, Cat: 560839), and CD73 PeCy7 (BD, 
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Cat: 561258). In panel two, cells were stained with 5 ul CD24 PeCy7 (Biolegend, Cat: 311120) 

and 2 ul CD44 APC (BD, Cat: 559942). Zombie violet (ThermoFisher) was used as a live dead 

stain with 1 ul per 1x106 cells. Isotype controls were used for all conditions. Cells were fixed in 

2% PFA in 3% FBS in PBS. The surface marker expression was analyzed using flow cytometry 

(BD Fortessa) with an average of 10,000 events collected for each group.  

2.4 Immunofluorescence 

Cells were seeded on chamber slides (Lab-Tek 4 well Chamber Slide) with 1.1x104 cells/cm2 

and cultured until confluence. Once confluent, cells were fixed in 4% paraformaldehyde for 30 

minutes, permeabilized in 0.1% triton-X 100 for 5 minutes and blocked with 1% BSA in PBS for 

30 minutes. The cells were then labeled with fibronectin (primary antibody: secondary antibody: 

Invitrogen, Ref: A11008) or phalloidin (ThermoFisher, Cat: A12380) and Ecadherin (primary 

antibody: BD, Cat: 610182, secondary antibody: Invitrogen, Ref: A11001). The nucleus of the 

cells were then stained with Hoescht. Fluorescence intensity analysis was performed on 

immunofluorescent images staining for fibronectin using ImageJ. The mean intensity over all 

pixels in the green channel was taken. 

2.5 Evaluation of Fibronectin Production 

To produce the conditioned media, cells were seeded at a density of 1x103 cells/cm2 in a 6-

well plate (Corning Cell Culture plate). After 24 hours, the cells were cultured in serum free media 

(DMEM/High Glucose) with 1% penicillin/streptomycin. After 36 hours, the media was collected, 

passed through a 0.2um filter, and stored at -80°C. After the media was collected, the cells were 

washed with PBS, detached using trypsin, and counted. The cells were spun down at 180g for 5 

minutes at 24°C, and the pellet was resuspended in Pierce RIPA buffer (Thermoscientific) at a 

concentration of 5x106 cells/mL. The suspensions were then placed on a shaker in ice for 30 

minutes. The lysed samples were then store at -20°C until they were analyzed.  

To assess the amount of fibronectin produced, an ELISA assay was performed (Human 

ELISA Fibronectin kit; Abcam). An aliquot of conditioned media was thawed and evaluated for 

each cell type. A cell lysate sample for each cell type was also thawed and spun down at 14,000g 

for 10 minutes before use. Each sample was evaluated along with the appropriate standard curve 
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following the protocol provided by the manufacturer. Endpoint reading was taken using a Cytation 

5 spectrophotometer (Biotek). Analysis of the standard curve and data was done by fitting a 4-

parameter logistic regression using Prism. 

2.6 Fibronectin Coated Scaffold System 

Scaffolds were produced and coated as described by Shinde et al [12]. Cells were seeded 

onto fibronectin coated scaffolds at a density of 200,000 cells per scaffold. They were cultured for 

two days and then removed using trypsin. Cells were then stained with CD24, CD44 and CD90 

according to the protocol above. 

2.7 Cell Proliferation 3D Coculture Assay 

Fluorescently labeled Ca1a cells were used to track growth and migration within collagen 

hydrogels. The collagen gels were created by mixing 8 mg/ml rat tail type I collagen (Corning), 

with 10X PBS, sodium hydroxide, and a concentrated cell solution consisting of 3x106 cells in 

100ul of DMEM. The final concentration of collagen was 2.0 mg/ml with a pH of 7.4 and a final 

cell concentration of 3x106 cells/ml. This mixture was then loaded into iBidi u-slide chemotaxis 

chambers according to the protocol provided by the manufacturer. To polymerize the collagen, 

loaded slides were placed in an incubator at 37°C for 30 minutes. 5% FBS in DMEM was loaded 

into both sides after polymerization. Cells were imaged on a Leica DMI6000 for 5 days, imaging 

every hour and a half.  

A generalized multi-parametric particle tracking algorithm was used to quantify the number 

of Ca1a cells per image frame and the trajectory of individual cells across a time series. Detailed 

steps of the cell segmentation, including fluorescent image-preprocessing, cell identification, 

boundary segmentation, parameterization, and tracking can be found in the referenced literature 

[13], [39]–[42]. 

2.8 Statistical Analysis 

Statistical analysis was performed with Prism software. A one-way ANOVA was used to 

determine statistical significance between groups. A Tukey test was used to determine significant 
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differences between means with a p-value of 0.05. Statistical significance is denoted in figures 

with an asterisk (p < 0.05).   
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 RESULTS 

3.1 Expression of MSC markers in epithelial and mesenchymal-like cells  

We used flow cytometry to identify whether the classic mesenchymal stem cell markers, 

CD90, CD105, and CD73 were present on the MCF10CA1a (Ca1a), MCF10CA1h (Ca1h), and 

fibronectin knockdown Ca1hFN30. Adipose derived mesenchymal stem cells (ASC) were used as 

a positive control, and K562 cells, a myeloid leukemia cell line, as the negative control (Figure 3). 

The gating for each marker was based off the ASCs. On average, 98.90%±0.45 of the ASCs were 

CD90+, 97.8%±0.6 were CD105+, and 99%±0.26 were CD73+.  

The Ca1h cells were positive for all three markers, with a mean of 99.5%±0.32 for CD90+, 

90%±0.45 for CD105+, and 93.6%±10.48 for CD73+ (Figure 4). There was no significant 

difference between the percentage of populations displaying each of the markers on Ca1h and 

ASCs. However, there was a significant difference between the Ca1a cells and the Ca1h cells. 

These cells on average had a population of 0.76%±0.51 for CD90+, and 0.37%±0.25 for CD105+, 

while the CD73+ population was on average 4.86% ± 3.78. The Ca1h fibronectin knockdowns 

(Ca1hFN30) also showed a significant decrease in the positive population for each of the markers 

compared to the Ca1h cells. These cells had a mean population of 2.14%±3.12 of CD90+ cells, 

1.66%±1.15 of CD105+ cells, and 23.28%±18.38 of CD73+ cells.  

Immunofluorescence staining was used to verify the results from flow cytometry (Figure 

5). CD90 and CD105 are present in the ASC and Ca1h cells but are not found in the Ca1a and 

Ca1hFN30 cells. Interestingly, CD73 was observed in all cell types, appearing much brighter than 

expected.  
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Figure 3. Positive and negative controls for MSC marker analysis. A.) ASCs as a positive 

control and their isotype stained for CD90, CD105, and CD73. B.) K562s as a negative control 

and their isotype stained for CD90, CD105, and CD73. 
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Figure 4. Mesenchymal-like cells express MSC markers, while epithelial-like cells do not. 

A.) Flow cytometry graphs showing gating of markers. B.) Percent expression of markers in 

ASC, Ca1h, Ca1a, Ca1hFN30 (n=3). An ANOVA followed by a Tukey test was performed for 

statistical analysis. Asterisk denotes statistically significant differences in the populations (p < 

0.05). 



 

 

20 

 

Figure 5. Immunofluorescence images of MSC markers confirm flow cytometry analysis.  

CD90 in red, CD105 in yellow, CD73 in magenta on ASC, Ca1h, Ca1a, and Ca1hFN30. All 

scale bars indicate 50µm. 
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3.2 Characterization of CD90 Knockdowns 

A CD90 knockdown in the Ca1h cells was created using lenti-viral transduction. Two 

different shRNA were used, TH02 and TH03, as well as a scramble control. The population of 

CD90+ cells was assessed using flow cytometry (Figure 6A, 6B). The TH03 cells showed more 

efficiency in knockdown, with an average population of 8.17%±1.45 CD90+ cells. The TH02 cells 

had a lower knockdown efficiency with an average population of 17.67% ± 9.29 expressing CD90. 

There was no significant difference in CD90+ populations for each knockdown. However, a 

statistically significant difference was seen between the scram CD90+ population and the 

knockdowns. The Ca1h scram continued to express a mean of 97.46%± 1.41. The TH03 cells were 

used for future studies as they showed a greater reduction and less variability in the CD90+ 

population of cells.  

Phenotypic changes were observed in the CD90 knockdowns (Figure 7). In the TH03 cells, 

which has a lower average population of CD90+ cells relative to the TH02 cells, the overall shape 

of the cells had shifted to more of an epithelial-like phenotype. The TH02 cells, which had a 

slightly larger CD90+ population of cells relative to the TH03 cells, appeared to have a more 

mesenchymal-like phenotype. They appear unorganized and lack the tight cell-cell junctions seen 

in epithelial cells [34]. The expression of the EMT marker E-cadherin (E-cad) was also evaluated 

in each knockdown cell line (Figure 8). This protein is present in more epithelial-like cells as it 

maintains tight junctions [10]. E-cad expression was seen in both knockdowns. In the TH02 cells, 

E-cad expression was brighter, but not junctional and more punctate, found mainly around the 

nucleus of the cell. In the TH03 cells, the expression was lightly distributed throughout the cells. 

The CD90 knockdowns were also evaluated for the presence of the CD44/CD24 population 

of cells (Figure 6C, 6D). It has been shown that breast cancers with CD44+/CD24-/low have 

increased invasion and metastasis, making these a marker for EMT [43]. Though 97.5%±1 Ca1h 

scram cells were found to be CD44+/CD24-, the knockdowns had a significantly lower population 

of CD44+/CD24-. The TH02 cells had an average of 61.1%±17.4 of cells that are CD44+/CD24- , 

while the TH03 cells had 68.8%±5.9. There was no statistical difference between the TH02 and 

TH03 CD44+/CD24- populations. 

This E-cad expression change in the CD44+/CD24- population distribution, and the change 

in phenotype suggests that CD90 may be necessary to maintain a mesenchymal phenotype. 
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Figure 6. Characterization of CD90 knockdowns using flow cytometry. A.) Flow cytometry 

graphs showing gating of CD90. B.) Percent expression of CD90 in wild type Ca1h, and 

knockdowns TH02 and TH03 (n=3). C.) Flow cytometry graphs showing gating of CD24 and 

CD44. D.) Percent expression of CD44+/CD24- in wild type Ca1h, and knockdowns TH02 and 

TH03 (n=3). An ANOVA followed by a Tukey test was performed for statistical analysis. 

Asterisk denotes statistically significant differences in the populations (p < 0.05). 
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Figure 7. CD90 knockdown shows transition to epithelial-like phenotype. Phase contrast 

images of scram Ca1h and CD90 knockdowns.  

 

 

 

Figure 8. CD90 knockdowns shows expression of E-cadherin. 
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3.3 Fibronectin Expression 

Using an ELISA, it was found that cells that are CD90 positive produce more fibronectin, a 

mesenchymal marker, in both the conditioned media and whole cell lysate (Figure 8A). The Ca1a 

cells contained 0.004 µg/ml fibronectin in the conditioned media, and 0.002 µg/ml in cell lysate. 

Similarly, the Ca1hFn30 showed low levels of fibronectin with 0.019 µg/ml in conditioned media, 

and 0.01 µg/ml in cell lysate. As expected, elevated levels of fibronectin were found in both the 

conditioned media and cell lysate of the Ca1h cells with 1.076 µg/ml in conditioned media, and 

1.736 µg/ml in cell lysate. The ASCs also produced high levels of fibronectin with 0.508 µg/ml 

found in conditioned media and 2.224 µg/ml in cell lysate. By knocking down CD90 in the Ca1h 

cells, fibronectin expression in both the conditioned media and cell lysate decreased. The TH02 

cells had 0.281 µg/ml in conditioned media and 0.250 µg/ml in cell lysate, while the TH03 cells 

had 0.514 µg/ml in conditioned media, and 0.228 µg/ml in cell lysate. Confocal microscopy 

confirmed the presence of fibronectin, the most of which was present in the ASCs (Figure 8B). 

The fluorescence intensity analysis of these images using ImageJ showed that the ASCs had a 

mean fluorescence of 34.6, and the Ca1a cells had a mean fluorescence of 0.46. The Ca1h cells 

had a mean of 7.33 while the TH02 had a mean of 8.13. The TH03 had a lower fluorescence 

intensity with an average of 1.825. Though the ELISA showed that the knockdown cell lines 

express less fibronectin than the Ca1h cells, this was not seen in the image analysis.  
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Figure 9. CD90 knockdowns still express fibronectin. A.) Human fibronectin ELISA results in 

ug/ml. B.) Immunofluorescence staining for fibronectin. Fluorescence intensity analysis was 

done using ImageJ. Scale bar indicates 100 µm. 

3.4 Early Metastatic Niche Model 

Cells were cultured on a fibronectin coated scaffold to better understand how the metastatic 

niche may alter the cancer cell phenotype. Previous studies have shown that the CD90+ population  

of AT-3 cells and the CD44+/CD24- population of MDA-MB-468 cells increases when cells are 

cultured a fibronectin rich environment [33]. After culturing cells for two days on fibronectin 

coated scaffolds, we demonstrated an increase in the CD44+/CD24- for the TH03, and Ca1a cells 

(Figure 10). The Ca1a cells saw an increase CD44+/CD24- population from 20.7% to 85.5%. The 

TH03 cells also saw an increase from 63.5% to 90.4%. The Ca1h cells maintained their 

CD44+/CD24- population at 96% on scaffolds. A shift in CD90+ population was not observed 

(Figure 11). The Ca1h cells retained their CD90+ population with 97.9% CD90+ cells. The TH03 

knockdowns had a population of 3.14% of CD90+ which was lower than the established baseline. 

The Ca1a CD90+ population was 0.11%. 
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Figure 10. CD44+/CD24- populations increased after culturing on fibronectin coated 

scaffolds. A.) Flow cytometry graphs showing gating of CD44+/CD24- population. B.) Percent 

of population that is CD44+/CD24- on scaffolds in comparison to 2D (n=1). 
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Figure 11. CD90+ population does not shift after culturing on fibronectin coated scaffolds. 

Flow cytometry analysis for Ca1h, TH03, and Ca1a cultured on scaffolds (n=1). 

3.5 Effect of Coculture on Cell Proliferation 

To assess the effect of CD90 on cell survival, we performed a cell proliferation assay by 

placing Ca1a cells alone or in a coculture in a collagen gel (Figure 12). The coculture of the ASCs 

and Ca1as showed the most growth over 3 days, with a normalized final cell count of 3.6±0.86 

fold of the initial seeding. The Ca1a growth was limited when cultured with TH03 cells, with a 

final normalized count of 1.7±0.21 fold of the initial seeding, while the monoculture of Ca1a had 

a normalized cell count of 2.25±0.33 fold of the initial seeding. A significant difference between 

the proliferation of the Ca1a cells in coculture with the ASCs and of the Ca1a cells in coculture 

with the TH03 (Figure 12B) was observed.  

The distance traveled by the Ca1a cells was also calculated. The Euclidean distance was 

similar between all conditions, with no statistical differences observed. Alone, the Ca1a average 

Euclidean distance was 7.81±0.07µm, while in a coculture with ASC the mean was 9.02±0.16 µm, 

and in coculture with the TH03 the mean Euclidean distance was 8.13±0.24 µm. When cultured 
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alone, the accumulated distance the Ca1a cells was 22.75±2.22 µm. This was significantly greater 

than the migration of Ca1a cells in a coculture with ASCs. The accumulated distance traveled for 

the Ca1a cells was 16.5±0.74µm. There was also a significant difference in migration between the 

Ca1a cells with the ASCs and the Ca1a cells with the TH03 cells. With the TH03 cells, the 

accumulated distance was 26.63±1.03µm.  

 

 

Figure 12. Coculture analysis shows increase proliferation and migration of Ca1a when 

cocultured with ASCs compared to TH03. A.) Normalized proliferation of Ca1a cells alone 

and in coculture over 3.25 days. B.) Final normalized cell count on day 3.25 of coculture. C.) 

Distanced traveled by Ca1a cells in µm. An ANOVA followed by a Tukey test was performed 

for statistical analysis. Asterisk denotes statistically significant differences in the populations (p 

< 0.05). 
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 DISCUSSION 

Previously, we have demonstrated that heterogenous mosaic tumors have different metastatic 

potential than a homogenous tumor. Ca1h cells have been shown to enhance metastasis of the Ca1a 

epithelial cells in vivo, however Ca1a cells alone do not have the ability to metastasize [12]. We 

believe that the Ca1h cells behave like mesenchymal stem cells, which have been shown to 

promote tumor outgrowth in breast cancer [34]. We evaluated the Ca1h cells for the classic MSC 

markers CD90, CD105, and CD73. We found that these same stem markers are present on Ca1h 

mesenchymal-like cells and are not expressed on the Ca1a epithelial-like cells. Interestingly, 

fibronectin expression also alters the expression levels of these markers. By knocking down 

fibronectin, the expression of CD90 and CD105 in the mesenchymal-like cells is lost, with some 

change to CD73 expression. This suggests that fibronectin may be a key protein in maintaining a 

stem cell niche.  

Patient data presented suggests that expression of CD90 influences patient survival. CD90 is 

expressed on the invasive front of tumors and surrounding the tumor itself, indicating more 

mesenchymal-like properties [37], [38]. Genetic depletion of CD90 in mesenchymal-like cells led 

to a more epithelial-like cell line. CD90 has been shown to regulate cellular adhesion, cytoskeletal 

organization, and can create distinct morphologies in fibroblasts [44], [45]. Similarly, in the CD90 

knockdowns we noticed a change in morphology where they seemed to be more tightly packed 

with a less spread out phenotype. These cells also showed a reduction in fibronectin production 

and showed signs of changing phenotype, while expressing low levels of E-cadherin. However, 

more studies should be done to confirm this transition to an epithelial-like state. 

Previous studies have shown that Ca1a cells rely on Ca1h cells in vivo and in vitro [12], [13]. 

Ca1h cells assist the Ca1a cells and cause increased migration and proliferation of these cells in a 

coculture [13]. Here, we demonstrate the ASC cells behave similarly, furthering the idea that Ca1h 

cells play a role in the tumor microenvironment comparable to that of MSCs. We also show that 

knocking down CD90 results in a loss of this supportive capability, reducing proliferation and 

migration of the Ca1a cells. These findings suggest that CD90 may play an important role in tumor 

outgrowth.  

Breast cancer stem cell marker expression was also assessed after culturing on fibronectin 

coated scaffolds. CD44+/CD24- populations have been identified as a tumor initiating population, 
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and have increased metastatic properties [46], [47].  All cell types, Ca1a, Ca1h, and CD90 

knockdown showed an increase in CD44+/CD24- population suggesting that fibronectin rich 

environments increase tumorigenicity. However, a shift in the CD90+ population is not seen while 

culturing in this environment, unlike what was observed in previous studies [33].  

Here we show that CD90 may play an important role in tumor progression, however more 

studies need to be completed. First, an animal study using a murine model will be performed with 

the CD90 knockdowns to assess the effects in vivo. Though the TH03 cells have begun to look and 

behave like epithelial cells, a complete knockout of the THY1 gene should confirm these results. 

It would also be interesting to assess the influence of a CD90 knock in on the epithelial like Ca1a 

to evaluate whether the changes we are seeing can be reversed.  

In conclusion, we believe CD90 plays an important role in breast cancer tumor progression 

by perpetuating a mesenchymal-like phenotype, allowing cells to take a supportive role in the 

tumor microenvironment. The change in morphology, increase expression of epithelial markers, 

and the decrease in fibronectin expression show a switch to an epithelial phenotype. The CD90 

knockdown behavior in coculture with the epithelial cells also supports this, as they reduce 

proliferation and migration. These findings suggest that CD90 could be a potential target for 

therapies to prevent the metastasis of breast cancer.  
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