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Triple Negative Breast Cancer has the worst prognosis out of the main breast cancer 

subtypes, and currently has no approved specific treatments. The miR-200 family has 

previously been characterized as inhibiting the initiation, progression, and metastasis of 

Triple Negative Breast Cancer. Previous work in our lab demonstrated a capacity to 

induce dormancy, and mediate changes to the epigenetic marker H3K27me3. This study 

used both TNBC cell lines and tumours which overexpressed the miR-200 family to 

investigate both immune-mediated and angiogenic-mediated mechanisms of tumour 

dormancy, along with the relationship between the miR-200 family and H3K27me3. 

Results indicated a significant positive relationship between the miR-200 family 

expression and H3K27me3 levels, implying that epigenetic modifications are a potential 

pathway for the exertion of the impacts brought on by miR-200 overexpression. 

Additionally, analysis of mechanisms of dormancy implicated both immune-mediated, and 

angiogenic-mediated dormancy as potential pathways for the miR-200 mediated 

dormancy effect demonstrated in vivo.   
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Introduction 

Triple Negative Breast Cancer (TNBC) is among the most aggressive and metastatic 

forms of breast cancer currently characterized (Morris et al., 2007). The unique lack of 

hormone receptor expression by this subtype necessitates the use of nonspecific 

therapeutics for treatment, which results in a significantly decreased survival rate in 

comparison to the other subtypes (Yin et al., 2020). Further, TNBC is enriched in markers 

indicating high levels of epithelial-mesenchymal transition (EMT), a well-known step in 

the metastatic cascade (Pomp et al., 2015).  

A family of five microRNAs, known as the miR-200 family have previously been implicated 

in playing a protective role within TNBC (Huang et al., 2019, Fontana et al., 2021). 

Additionally, relative to both healthy breast tissue, and less aggressive breast cancer 

subtypes, TNBC expresses significantly decreased levels of all members of the miR-200 

family. This family can be divided into two main clusters based on chromosomal location 

of transcription, Cluster I: miR-200b, miR-200a, and miR429, (miR-200b/a/429) and 

Cluster II: miR-200c and miR-141 (miR-200c/141) (Lim et al., 2013). The miR-200 family 

are known inhibitors of EMT, and this is considered to be the major mechanism for the 

inhibition of tumour progression demonstrated within TNBC. Previous work from our lab 

has shown that the overexpression of miR-200b/a/429 of the miR-200 family resulted in 

a change in murine TNBC cellular morphology in vitro, along with delayed tumour initiation 

and a growth pattern exhibiting dormancy in vivo (Watson et al., 2018).  
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Following these results, RNA sequencing was performed on cell lines and tumours 

overexpressing miR-200b/a/429 of the miR-200 family, and results were compared to 

control, unaltered TNBC cell lines and tumours respectively. The RNA sequencing data 

showed that the most significantly differentially regulated pathway between both the cell 

lines and tumours was that of SUZ12. SUZ12 is a member of the Polycomb Repressive 

Complex 2 (PRC2), which is responsible for mono, di, and trimethylating Lysine 27 on 

histone H3 (Haturyunyan et al., 2019). The trimethylation of Lysine 27 on histone H3 

(H3K27me3) results in significantly decreased transcription of the gene currently 

associated with that particular histone. Previously, Bachman et al., (2006) demonstrated 

that across many solid tumours increases in H3K27me3 levels were associated with an 

increase in tumorigenicity and invasiveness, however, the one study that looked at the 

marker within TNBC saw the reverse of that effect and demonstrated a reduction of 

H3K27me3 in the most aggressive tumours (Bachman et al., 2006; Hsieh et al., 2020).  

These findings led to the two main goals of this study. Firstly, to determine the extent of 

the relationship between the miR-200 family and H3K27me3, and by extension the PRC2. 

Secondly, to determine the mechanism through which miR-200b/a/429 of the miR-200 

family induces tumour dormancy. Previous research has demonstrated two potential 

pathways for primary tumour dormancy, 1) increased immune-mediated apoptosis to 

decrease the rate at which the tumour is able to grow, and 2) decreased angiogenic 

potential resulting in a decreased ability to transport components necessary for further 

growth (Endo & Inoue, 2019). This study was performed using cell lines, and tumours 

initiated with these cell lines, generated in Campbell et al., (2011), and includes cell lines 
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which represent both TNBC and luminal characteristics, along with TNBC cell lines which 

overexpress each cluster of the miR-200 family individually. 

To accomplish these objectives, in vitro analysis of the cellular characteristics of 

unmodified TNBC murine cell lines, along with cell lines overexpressing both clusters of 

the miR-200 family individually. This demonstrated that overexpression of both miR-

200b/a/429 and miR-200c/141 results in decreased proliferative rate, and decreased 

capacity for invasion within the murine TNBC cell lines. However, only miR-200b/a/429 

was able to significantly impact cellular morphology.  

Subsequently, analysis of both in vitro and in vivo levels of H3K27me3 was performed as 

a marker for PRC2 activity within the samples. Results from the in vitro investigation 

showed a significantly increased expression of H3K27me3 in the cell line overexpressing 

the miR-200b/a/429 cluster, however, the in vivo analysis showed that both the miR-

200b/a/429 and miR-200c/141 cluster increased H3K27me3 levels.  

Finally, analysis of both the level of immune cell infiltration, and changes in tumour-

associated angiogenesis was performed to determine potential mechanisms of miR-200 

mediated tumour dormancy. The results that came from this analysis varied and the 

definitive mechanism of tumour dormancy was not found, however, some results did 

indicate changes in both immune cell infiltration and angiogenic potential, and suggested 

further work be performed to find a conclusive mechanism.  
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Review of the Literature 

Breast Cancer 

Breast cancer is the most commonly diagnosed malignancy in Canadian women. It 

has been estimated that approximately 1 in 8 women will be diagnosed with the disease 

during their lifetime (Coughlin, 2019). In 2018, there were over 2 million breast cancer 

diagnoses worldwide, which constitutes 11.6% of the total global cancer diagnoses in that 

year. Currently, the 5-year survival rate following breast cancer diagnosis in Canada is 

88%, which represents a marginal increase in the overall survival rate in the period from 

1980 to 2019 (Coughlin, 2019). While the overall survival for breast cancer is higher than 

many other solid tumours, prognosis depends on the molecular subtype of the tumour 

itself. Breast cancer molecular subtypes are determined based on the expression of the 

estrogen receptor, progesterone receptor, and the presence of the Human Epidermal 

Growth Factor Receptor (HER2). The four main breast cancer molecular subtypes are: 

Luminal A, Luminal B, HER2+, and Triple Negative breast cancer (TNBC). Luminal A is 

estrogen receptor positive, progesterone receptor positive, and HER2- (Howlader et al., 

2018; Fallahpour et al., 2017; Acheampong et al., 2020). Additionally, luminal A is the 

most commonly diagnosed subtype representing approximately 73% of all breast cancer 

diagnoses and has the highest 5-year survival of the 4 main subtypes (Fallahpour et al., 

2017). The luminal B subtype expresses the estrogen receptor, progesterone receptor, 

and has variable HER2 expression (Li et al., 2016). Both luminal subtypes are comprised 

primarily of luminal epithelial cells and exhibit lower rates of metastasis than the HER2+ 

and triple negative subtypes (Gong et al., 2017). The HER2+ subtype (ER-/PR-) lacks 
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expression of the estrogen and progesterone receptors but does express the HER2 

receptor and is the least prevalent of the four subtypes (Fallahpour et al., 2017). Lastly, 

TNBC uniquely does not express the estrogen receptor, progesterone receptor, or HER2. 

Furthermore, patients diagnosed with triple negative tumours possess the lowest overall 

5-year survival with the highest recurrence and metastatic rate (van Maaren et al., 2018; 

Xiao et al., 2018).  

Positive expression of the estrogen and progesterone receptors allow for the 

application of targeted endocrine therapies, whereas HER2 positivity permits the 

utilization of targeted anti-HER2 therapeutics (Waks & Winer, 2019). These targeted 

therapies, such as selective estrogen receptor modulators in tumours which are ER+, 

essentially antagonize hormonal growth signalling within the primary tumour to decrease 

tumour volume and likelihood of metastasis (Medina et al. 2020). Conversely, due to the 

lack of receptor expression in TNBC, therapeutic options consist solely of non-specific 

traditional chemotherapy and radiation to decrease tumour volume and prevent 

metastasis (Waks & Winer, 2019; Medina et al., 2020). The lack of options for effective 

treatment of TNBC, and a propensity for more invasive and aggressive characteristics, is 

likely responsible for the disparity in prognosis when comparing treatment outcomes in 

TNBC and the other common subtypes.  
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Triple Negative Breast Cancer 

TNBC occurrence is most often observed in younger patients, specifically 

premenopausal women under 40 years of age, and is also seen more often in women of 

African descent in comparison to Caucasian populations (Morris et al., 2007). 

Additionally, in comparison to the other molecular subtypes, TNBC is more prone to 

possess characteristics such as increased invasiveness, enhanced metastatic potential, 

chemoresistance, elevated rate of relapse and worse overall prognosis (Yin et al., 2020; 

Kumar & Aggarwal, 2015). Furthermore, without the expression of ER, PR, or HER2, 

TNBC lacks an acceptable predictive marker, and lacks expression of potential targets 

for endocrine and anti-HER2 therapeutics (Medina et al., 2020).  

Recently, substantial research has been devoted to determining the mechanisms of 

adaptation and resistance to chemotherapeutics within TNBC (Nedeljikovic & 

Damjanovic, 2019). Within breast cancers, targeted endocrine or general 

chemotherapeutic options are generally utilized following surgery to remove the primary 

tumour (Moo et al., 2019; Yin et al., 2020). However, the development of chemoresistance 

within the TNBC subtype decreases the efficacy of the postoperative treatment, thereby 

increasing the likelihood of recurrence at a distant site (Nedeljikovic & Damjanovic, 2019).  

The proposed mechanisms for chemoresistance within TNBC depend on 

communication with other cells in the tumour microenvironment, the proportion of cancer 

stem cells present, and the heterogeneity of the original tumour (O’Reilly et al., 2015; Kim 

et al., 2018). TNBC has previously been characterized as highly heterogenous in gene 
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expression, therefore, certain cells are likely already chemoresistant, and this population 

is selected for following neoadjuvant chemotherapy (Kim et al., 2018).   

TNBC can be further subdivided based on hierarchical clustering of gene 

expression. One such subtype of TNBC is named claudin-low and represents 

approximately 15% of all TNBC tumours (Fougner et al., 2020). The claudin-low breast 

tumour subtype is largely characterized by low expression of cell-cell adhesion proteins 

claudin 3, claudin 4, and claudin 7, high levels of epithelial to mesenchymal transition 

markers, and increased immune infiltration in comparison to other TNBC subtypes (Prat 

et al., 2010). The claudin proteins, along with occludins, are the most prevalent proteins 

involved in tight junctions, which establish adhesion and channels for the flow of small 

molecules between epithelial cells (Krause et al., 2008). Low expression of these 

molecules coupled with a shift towards a mesenchymal phenotype, cause claudin-low 

tumour cells to exhibit significantly increased migratory and metastatic potential (Dias et 

al., 2017).  

 

MicroRNAs 

MicroRNAs (miRNAs) are short non-coding RNA transcripts of approximately 22 

nucleotides in length (Macfarlane & Murphy 2010). The first microRNA was discovered 

within C.Elegans in 1993 (Lee et al., 1993). miRNAs can be found within introns, or as 

independent genes with their own promoters (Ha & Kim, 2014). Following transcription by 

RNA polymerase II or III, the pri-miRNA, typically over 1 kb in length, forms a hairpin turn 
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when two self-complimentary regions bind together. The endonuclease Drosha then 

excises the two ends furthest from the hairpin forming a pre-miRNA (Ha & Kim 2014; 

MacFarlane & Murphy, 2010). Following Drosha excision, the pre-miRNA is exported from 

the nucleus to the cytoplasm by the Ran-GTP/exportin-5 complex. In the cytoplasm, Dicer 

removes the remaining hairpin region, leaving two bound self-complimentary regions of 

the mature miRNA (MacFarlane & Murphy, 2010). A helicase enzyme removes the 

hydrogen bonding between the two strands, one of which forms the RNA-Induced-

Silencing Complex (RISC), comprised of the argonaute protein family among others (Pratt 

& MacRae, 2009). Each step of microRNA synthesis has shown the ability to be regulated, 

allowing for considerable control over microRNA expression (Fukuda et al., 2007; 

Trabucchi et al., 2009; Davis et al., 2009). Traditionally, it was believed that the sole 

mechanism by which miRNAs impact protein expression is through a 6-8 nucleotide long 

seed sequence which was complimentary to regions on the 3’ UTR of the target mRNA. 

The binding of the miRNA to the 3’UTR is thought to target the mRNA for degradation 

and translational repression. However, recent evidence suggests that more than just the 

seed sequence determines miRNA-target mRNA pairing and that other regions of the 

miRNA may impact targets and binding efficiency (McGeary et al., 2019; Grimson et al., 

2007; Helwak et al. 2013). Additionally, recent research has shown that miRNAs may also 

promote the translation of certain genes, directly influence transcription, or show opposing 

effects on the same target gene depending on other cellular signals (Dragomir et al., 

2018). Since their discovery, microRNAs have been shown to impact cell and tissue 

development, differentiation, proliferation and growth, and pathogenesis (De Santa et al., 
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2013). The increasing complexity of roles that miRNAs and other non-coding RNAs seem 

to possess expands the potential mechanisms by which the dysregulation of non-coding 

RNAs can impact cell and tissue development, disease initiation, and disease 

progression.  

 

MicroRNAs in Cancer 

As microRNAs have proven to regulate the expression of thousands of genes, it’s 

not surprising that various microRNAs have been found to be dysregulated within tumour 

initiation, progression, and metastasis (Peng & Croce, 2016; Calin & Croce, 2006). The 

first evidence of miRNA dysregulation arose in 2002 when Calin et al., discovered the 

dysregulation of miR-15 and miR-16 within chronic leukocytic leukemia (Calin et al., 

2002). Since then, it has become clear that microRNA dysregulation is found in all types 

of cancers and that microRNAs can act as direct tumour suppressors and proto-

oncogenes (Peng & Croce, 2016).  

Within cancer one predominant mechanism for microRNA dysregulation is through 

alterations or mutations within microRNA biogenesis pathways (Peng & Croce, 2016; 

Fukuda et al., 2007). Previous investigations have suggested that Drosha-mediated 

conversion of pri-miRNA to pre-miRNA is an important step in the regulation of microRNA 

expression (Trabucchi et al., 2009; Fukuda et al., 2007). Additionally, Thomson et al., 

demonstrated that within solid tumours, Drosha is frequently down-regulated leading to a 

decrease in mature microRNAs being produced (Thomson et al., 2006). Therefore, this 
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suggests Drosha dysregulation as a potential mechanism for the widespread 

downregulation of microRNAs seen within some tumours (Thomson et al., 2006; 

Palanichamy & Rao, 2014).  

An additional mechanism for microRNA dysregulation is through alterations in 

microRNA gene copy number. Interestingly, using array-based comparative genomic 

hybridization, it was determined that microRNA genomic loci exhibit a higher rate of 

genomic instability than non-microRNA genes, including amplification and deletion of the 

gene itself, with an overall proportion of 72.8% of microRNAs exhibiting some level of 

DNA copy number alterations within breast cancer (Zhang et al., 2006). 

Another factor impacting microRNA dysregulation is changes in the transcriptional 

control of microRNA expression (Peng & Croce, 2016; O’Donnell et al., 2005). There are 

a variety of factors which regulate microRNA expression at the transcriptional level, 

however, none is as important to tumorigenicity as p53 (Levine et al., 2004; Mantovani et 

al., 2018). p53 is well characterized as playing a considerable role in the tumour 

suppression, and mutations within the p53 gene is the most common mutation site within 

malignancies (Hainaut & Pfeifer, 2016; Baugh et al., 2017). It has been suggested that 

part of the p53-mediated tumour suppression is through the direct transcriptional 

regulation of a variety of microRNAs, including the miR-200 family (Kim et al., 2011; 

Chang et al., 2011).   

The last significant pathway through which microRNA dysregulation within tumours 

occurs is through changes in the epigenetic regulation of microRNAs and microRNA-
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associated genes (Peng & Croce, 2016). Changes in DNA methylation and histone 

modification levels is a commonly found alteration within tumours and there is increasing 

evidence that microRNA genomic loci may be especially susceptible to epigenetic 

changes within tumourigenesis (Suzuki et al., 2013).  

There are also a variety of mechanisms through which dysregulated microRNAs 

are able to promote tumour initiation, progression, and metastasis. Dysregulated 

microRNAs have been previously shown to play distinct roles in each of the eight 

hallmarks of cancer: 1) self-sufficiency in growth signalling, 2) evading apoptosis, 3) 

insensitivity to anti-growth signals, 4) sustained angiogenesis, 5) tissue invasion and 

metastasis, 6) limitless replicative potential, 7) metabolic deregulation and 8) immune 

evasion (Hanahan & Weinberg, 2017; Peng & Croce, 2016). The diversity of mechanisms 

which cause dysregulation of microRNAs, and the various means by which this 

dysregulation can impact tumourigenicity demonstrates the significance of microRNAs 

within all stages of tumour progression.   

 

miR-200 Family 

The miR-200 family is made up of 5 microRNAs within 2 clusters which are 

grouped based on their genomic location. Cluster I consists of miRNAs: 200a, 200b, and 

429 and Cluster II consists of miRNAs: 200c and 141. Cluster I is found on chromosome 

1 in humans, and chromosome 4 in mice, and expression can be directly regulated 

through histone modification (Lim et al., 2013; Humphries & Yang, 2015). Conversely, 
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Cluster II is found on chromosome 12 in humans, and chromosome 6 in mice, and is 

largely regulated through promoter methylation (Batista et al., 2016; Humphries & Yang, 

2015). Within the miR-200 family there are two seed sequences, AAUACU, possessed 

by miR-200b, miR-200c, and miR-429, and AACACU possessed by miR-200a, and miR-

141. Importantly, both clusters of the miR-200 family contain miRNAs expressing both 

seed sequences, indicating that the mRNA targets predicted solely through seed 

sequence complementarity of both clusters should be identical (Humphires & Yang, 

2015). The two clusters, and the sequence of the miR-200 family members, is highly 

conserved within vertebrates. 

The miR-200 family is primarily known for inhibiting the Epithelial-Mesenchymal 

Transition (EMT), thereby maintaining and promoting an epithelial cellular phenotype (Liu 

et al., 2013; Korpal et al.,2008). Consequently, tumours which maintain a more epithelial 

identity, such as luminal A and B breast tumors, tend to exhibit decreased levels of EMT 

markers and express the miR-200s at a higher level compared to the triple negative 

subtype (Pomp et al., 2015; Fontana et al., 2021). 

The mechanism for the inverse relationship between the miR-200 family and EMT 

is primarily through the direct inhibition of a variety of pro-mesenchymal transcription 

factors families such as ZEB, SNAI, SLUG, and TWIST. Most importantly, is a 

demonstrated double negative feedback loop between the miR-200 family and ZEB1 and 

ZEB2 (Figure 1) (Hill et al., 2012). 
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Figure 1: The proposed mechanism for the double-negative feedback loop proposed between the 
miR-200 family and ZEB1/2. During EMT, the expression of the miR-200 family and epithelial 
marker E-cadherin decreases, while the expression of ZEB1/2 increases to promote a change to a 
mesenchymal phenotype (Senfter et al., 2016). Red boxes represent factors undergoing gene 
repression, with green boxes representing those being expressed at higher levels. Bold lines 
represent the relationship direction currently which is currently dominant, whereas nonbolded 
lines represent the relationship direction with decreased activity. 

 

This relationship has been shown to regulate both EMT and MET throughout 

various tissue differentiation and development processes within embryogenesis, 

however, within cancer this feedback loop can become dysregulated resulting in an 

increase in mesenchymal identity of the resulting tumour (Senfter et al., 2016). The miR-

200/ZEB feedback loop has been implicated in several solid tumours as playing a role in 

the level of EMT occurring (Senfter et al., 2016). Further complicating this relationship is 

the role of p53, a potent tumour suppressor which influences the expression of the miR-

200 family, ZEB1, and ZEB2 (Kim et al., 2011). One potential mechanism for the 

dysregulation seen within the miR-200-ZEB1/2 feedback loop is the frequent mutation of 

p53 seen within the tumour initiation process (Kim et al., 2011). P53 acts as a tumour 

suppressor by inhibiting the progression of the cell cycle, and by extension cellular 

division, when mutated or damaged DNA is detected (Zilfou & Lowe, 2009). Loss of this 
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function results in increased cellular division, and reduced DNA repair (Zilfou & Lowe, 

2009). Substantially, previous studies have suggested that different regions of solid 

tumours may express varying levels of the miR-200 family which appear to correlate with 

their invasiveness (Paterson et al., 2013; Hur et al., 2013). Multiple studies have 

demonstrated that within colon cancer, the region of the tumour which is actively invading 

the surrounding tissue exhibits decreased levels of both the miR-200 family and E-

cadherin when compared to the primary tumour (Paterson et al., 2013; Hur et al., 2013).   

Additionally, other research has indicated a subset of the miR-200 family, 

specifically miR-200b/200c/429, are able to decrease cell motility and migration (Peng et 

al,. 2013, Wong et al., 2015).  Potential mechanisms for this include inhibiting Rho/Rock 

signalling pathways within hepatocellular carcinoma, and inhibiting SUZ12/Rock2 

signalling within cholangiocarcinoma (Senfter et al., 2016; Wong et al., 2015; Peng et al., 

2013). 

 

EMT 

Epithelial cells are generally spherical, cuboidal or squamous, possess apical-

basolateral polarity, and exhibit high levels of adhesion to the surrounding cells (Kurn & 

Daly, 2020). Tissue consisting predominantly of epithelial cells tends to be tightly packed 

and organized, containing very little extracellular space. Due to the high level of adhesion, 

and low individual cell motility, tumours consisting mostly of epithelial cells generally 

exhibit decreased metastatic potential (Tsai & Yang, 2013).  In contrast, mesenchymal 
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cells have a characteristic spindle-like cell shape, possess front back polarity, and exhibit 

low levels of adhesion to surrounding cells which accompanies a greater migratory ability 

(Rastegar et al., 2010). Tumours consisting largely of mesenchymal cells generally exhibit 

increased metastatic potential through the increase in motility and decrease in cell-cell 

adhesion (Tsai & Yang, 2013). Each cell type is exhibited by certain patterns of gene 

transcription, and during certain biological processes it is necessary for a cell to undergo 

EMT (Jolly et al., 2017). EMT is initiated and controlled by both extracellular signals 

through pathways such as TGF-β, NOTCH, and NF-κB, and intracellularly through pro-

mesenchymal transcription factors (Roche, 2018; Piasecka et al., 2018). EMT is a 

biologically relevant process which occurs naturally during both embryonic development 

and would healing (Kalluri & Weinberg, 2009). However, when unregulated, EMT 

contributes to tumourigenicity through a variety of mechanisms. 

The upregulation of pro-mesenchymal transcription factors, results in down-

regulation of certain genes characteristic of epithelial cells, such as E-cadherin, a group 

of adhesion molecules commonly expressed by epithelial cells (Lamouille et al., 2014). 

This functionally limits the capacity of adherens junctions to maintain adhesion throughout 

the tissue and provides greater ability for the primary tumour to intravasate through the 

basement membrane, and release tumour cells into blood vessels or lymph nodes 

(Brabletz et al., 2001; Kalluri & Weinberg, 2009). This process is further complicated by 

the hypothesis that both EMT and the reverse process mesenchymal-to-epithelial 

transition (MET) are key steps along a significant metastatic pathway (Jolly et al., 2017). 

While EMT promotes tumour cells detaching from the primary tumour, invading the 



 

 

16 

 

extracellular matrix and intravasating into circulation to metastasize to distal organs, it is 

also proposed that MET then occurs to support the colonization of the metastatic site 

(Polyak & Weinberg, 2009; Thiery & Sleeman, 2006).  

Within breast cancer, the TNBC subtype, and specifically the claudin-low subgroup, 

has previously demonstrated the highest levels of EMT markers ZEB1/2, SNAI, and 

TWIST, and lowest levels of epithelial markers such as E-cadherin (Fedele et al., 2017). 

This correlates with TNBC being among the more invasive and metastatic of the major 

molecular subtypes (Shi et al., 2020).  

Additionally, evidence suggests that EMT occurring within solid tumours can 

contribute to chemoresistance, thereby contributing to enhance mortality in patients with 

these specific tumours. A relationship between EMT and chemoresistance was initially 

proposed in 1992, following a study demonstrating significant increases in vimentin 

expression, a mesenchymal marker, within an Adriamycin-resistant luminal breast cell 

line (Sommers et al., 1992). Subsequently, multiple studies have identified situations in 

which increased EMT confers chemoresistance, and a few mechanisms have been 

proposed (Fischer et al., 2015; Dudas et al., 2020, Elaskalani et al., 2017). Particularly, 

suggested mechanisms include EMT-mediated overexpression of the ATP-binding 

cassette, a drug efflux transporter on the cell membrane, and pro-mesenchymal 

transcription factor mediated inhibition of apoptosis conferring increased cell survival 

despite exposure to chemotherapeutics (Chang et al., 2010; Aller et al., 2009; Munoz et 

al., 2007; Saxena et al., 2011; Dudas et al., 2020, Shibue & Weinberg, 2017). 

Significantly, within ovarian cancer, the miR-200 family has shown to increase tumour 
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sensitivity to common chemotherapeutics such as paclitaxel, doxorubicin, and cisplatin 

through downstream effects of ZEB1/2 inhibition (Brozovic et al., 2015; Choi et al., 2020).  

 

miR-200 Family in Breast Cancer 

While the majority of current research focuses on the role of the miR-200 family as 

tumour and metastatic suppressors, their role in breast cancer is somewhat context 

dependent. Within the most aggressive breast tumours, TNBC and specifically claudin-

low, the miR-200s are significantly down-regulated in comparison to noncancerous breast 

tissue (Fontana et al., 2021; Piasecka et al., 2018). However, within less aggressive 

subtypes, such as luminal A/B, the miR-200 family expression is commonly found to be 

upregulated compared to normal mammary epithelial cells. (Fontana et al., 2021).  

As TNBC represents the subtype with the most mesenchymal identity, it is likely that 

the miR-200s suppressive effect on growth and metastasis within this subtype is largely 

due to the inhibition of EMT (Korpal et al., 2008). Multiple studies have demonstrated that 

in human and murine TNBC cell lines, overexpression of all or a subset of the miR-200 

family members sufficiently decreases overall motility and reverts the mesenchymal 

cellular phenotype to a more epithelial-like morphology (Greogy et al., 2008; Rhodes et 

al., 2015; Watson et al., 2018). Furthermore, likely in conjunction with the role EMT plays 

in chemoresistance, low levels of individual miR-200 family members have been 

associated with chemotherapeutic resistance, and resistance to radiative therapy in 

TNBC (Korpal et al., 2008; Cochrane et al., 2010; Jin et al., 2020).  
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Dormancy 

Tumour dormancy is seen often clinically. Generally, following resection of the 

primary tumour, metastatic lesions, or individual cancer cells, undergoing a period of 

dormancy within distant organs can eventually reinitiate growth, leading to recurrence of 

the disease years or even decades following the original diagnosis (Aguirre-Ghiso, 2008; 

Karrison et al., 1999). Subsequently, tumour dormancy plays a critical role in the 

progression of metastatic cancer, in the case where metastatic lesions remain dormant 

and undetectable, subsequently leading to relapse. Therefore, the mechanisms of tumour 

dormancy are of great clinical significance due to the majority of cancer patients who 

eventually experience a fatal relapse, or widespread metastatic disease. Given the 

importance of metastatic tumour dormancy clinically, the majority of the research into 

tumour dormancy has focused on control of metastatic lesions. However, while these two 

situations are different, some of the same mechanisms may apply to both. Dormancy can 

be split into two groups: 1) individual tumour cell dormancy, or cellular quiescence, and 

2) tumour mass dormancy (Endo & Inoue, 2018). In the case of cellular quiescence, cell 

growth is halted at the G0 phase of the cell cycle (Endo & Inoue, 2018; Campisi & di 

Fagagna, 2007). Generally, this is caused by a lack of growth signals within the distant 

tissue, or enhanced signals suppressing growth and division. Single tumour cells can lay 

dormant in tissue distant to the original for years, evading immune responses, until a 

change in growth signalling stimulates the restart of the cell cycle (Neophytou, et al., 

2019). Tumour mass dormancy occurs when the tumour proliferates at an equal rate at 

which a tumour cells undergo apoptosis. There are 2 primary factors which induce 
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apoptosis during tumour dormancy: 1) immune-mediated dormancy and 2) angiogenic-

mediated dormancy (Eyles et al., 2010). Within immune-mediated dormancy, immune 

cells such as natural killer cells, CD8+ T cells, Th1 CD4+ T cells, and cytotoxic 

macrophages induce apoptosis within the tumour mass, thereby limiting overall growth 

(Eyles et al., 2010; Gonzalez et al., 2018; Romero et al., 2014). Through changes in 

protein expression of tumour cells, different tumours are more or less susceptible to 

immune-mediated dormancy, as many primary tumours are able to escape 

immunosurveillance through various mutations (Romero et al., 2014). Significantly, in 

both triple negative and HER2 positive breast tumours, metastases can be detected 5 

years following surgical resection of the primary tumour, and up to 20 years for ER+ 

tumours (Hennecke et al., 2010; Smid et al., 2008).  

In contrast, angiogenic-mediated dormancy occurs through inadequate perfusion of 

the tumour, decreasing the availability of glucose, oxygen, and other nutrients and 

resulting in cell death (Senft & Ronai, 2015). Generally, tumours secrete pro-angiogenic 

factors such as VEGF, EGF, IL-8, and TNF- α, to increase perfusion of the tissue and fuel 

increased growth (Folkman, 1990). However, within angiogenic-mediated tumour 

dormancy, cells in the surrounding tumour microenvironment produce sufficient anti-

angiogenic factors to limit the production of novel blood vessels, and therefore inhibit the 

ability of the tumour to grow beyond a certain size (Fainaro et al., 2012).  
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miR-200-Mediated Tumour Dormancy 

The body of research investigating tumour dormancy initiated by dysregulation of 

microRNAs is still in its nascence, where published research has predominantly focused 

on the impact of changes in microRNA levels on individual cancer cell quiescence. 

Changes in the expression levels of a variety microRNAs have previously been implicated 

in permitting cancer cells to survive in the bloodstream, or within distant organs, and 

maintain the G0 phase of the cell cycle (Ruksha et al., 2019). One of the requirements of 

this phase is the ability of the quiescent cell to evade the immune system, often for years, 

before changes in signaling within the microenvironment cause the cell to regain an ability 

to proliferate and form a lesion (Jackson, 1989; Park & Nam, 2020). MicroRNAs such as 

miR-190, which is often found overexpressed within solid tumours and is linked with 

increased tumour proliferation and invasion, have been shown to provide immune evasion 

characteristics to circulating quiescent cancer cells (Ruksha, 2019).  

However, there is some preliminary evidence that microRNAs are able to interact 

and modulate the communication between cancer cells, and cells within the tumour 

microenvironment (Kogure et al., 2019). One important mechanism for this crosstalk is 

through the release of microRNAs within extracellular vesicles (EVs). EVs are lipid bilayer 

enclosed vesicles secreted from primary cells into the extracellular space that may 

recombine with other cells within its vicinity (van Neil et al., 2018). While originally thought 

to be mainly for disposal, recent evidence has demonstrated that communication 

signaling, including the sharing of oncogenic of antioncogenic factors, can occur via EVs 

(Peinado et al., 2011; Tominago et al., 2015). MicroRNAs present within EVs are able to 
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influence gene expression levels of the cell in which the EVs recombines with. This 

presents a method in which the dysregulation of microRNAs within an original cancer cell 

can influence the gene expression of other cells within the tissue (Valadi et al., 2007).  

Previous research has shown that upregulation of specific microRNAs within 

melanoma tumours are able to provide immune evasion to the primary tumour, thereby 

increasing its growth (Vignard et al., 2020). However, a variety of microRNAs, including 

the miR-200 family, have been previously implicated in increasing immune activation and 

infiltration, and therefore leading to a reduction or halting in overall tumour growth rate 

(Paladini et al., 2016).  

Mechanisms have been proposed which demonstrate a connection between the 

miR-200 family and increased tumoural immune cell infiltration. This includes a potential 

ZEB-mediated regulation of PD-L1 expression (Chen et al., 2014). PD-L1 is a suggested 

target for immunotherapy given its propensity to act as an immune evasion adaptation 

employed by tumours due to its ability to suppress CD8+ T-cell activation (Juneja et al., 

2017). Previously, Chen et al., demonstrated that ZEB1/2 can upregulate expression of 

PD-L1, thereby increasing tumoural immune evasion (Chen et al., 2014). Additionally, 

they revealed that increased miR-200 family levels are able to inhibit this mechanism 

within human lung tumours through ZEB1/2 inhibition (Chen et al., 2014).  

Through an array of mechanisms, each member of the miR-200 family has 

demonstrated involvement in inhibiting angiogenesis (Dong et al., 2018). Primarily, the 

miR-200 family directly suppresses proangiogenic cytokines IL-8 and CXCL1, which are 



 

 

22 

 

important factors in tumour-mediated angiogenesis (Pecot et al., 2014; Merritt et al., 

2008). Further, miR-200b, and miR-429 have been implicated in inhibiting hypoxia 

induced proangiogenic factors Ets-1, and HIF-1α, respectively (Chan et al., 2011; 

Bartoszewska et al., 2015). An alternative pathway through which the miR-200 family may 

impact angiogenesis, implicated an RNA-binding protein Quaking (QKI). It has been 

previously demonstrated that QKI is essential for the stability of endothelial cells, and by 

extension, vasculature (de Bruin et al., 2016). Within tumour endothelial cells, increased 

levels of the miR-200 family suppress QKI signalling, potentially resulting in an inability to 

form novel vasculature, thereby inhibiting further tumour growth (Gregory, 2019; Pillman 

et al., 2018; Kim et al., 2019).  The predicted impacts by the miR-200 family on both the 

tumoural immune response and angiogenesis, indicate that the miR-200 family may play 

a role in the induction of primary tumour dormancy.  

 

PRC2, Histone modifications, and Cancer 

Within eukaryotic cells, DNA is organized into chromatin which consists of the double 

stranded DNA wrapped around a cluster of 8 histone proteins. The modification of these 

histones through the addition of acetyl or methyl groups along the histone tail regions can 

alter the density with which the chromatin is coiled together and cause certain regions to 

open up and become more accessible to transcriptional machinery, thereby increasing 

gene transcription. Alternatively, certain modifications can cause chromatin to become 

more tightly wound, resulting in a decrease in gene transcription. Thus, histone 

modification is a key regulator in gene transcription and subsequent expression. 
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Additionally, these modifications are maintained through mitosis, and therefore represent 

a heritable change in gene expression unrelated to the DNA sequence itself (Allis & 

Jenuwein, 2016). Histone modifications represent a group of alterations to the genetic 

structure termed epigenetics, which encompass all heritable change in gene expression 

outside of the DNA sequence itself (Weinhold, 2006). While the ability to alter gene 

expression in response to a changing cellular environment is important in development 

and adaptation to stress, the mechanisms underlying these variations in histone 

modifications are frequently mutated and dysregulated within malignancies (Laugesen et 

al., 2016; Bödor et al., 2013).   

A set of proteins termed the polycomb group was originally discovered within 

Drosophila and found to regulate the temporal expression of a variety of transcription 

factors (Simon, 1995). It was later discovered that these polycomb proteins aggregate 

into protein complexes which impart modifications onto the histones of selected regions 

of DNA (Laugeson et al., 2014). One of these complexes, the polycomb repressive 

complex 2 (PRC2) has previously been associated with contribution to tumorigenicity 

within solid tumours (Haturyunyan et al., 2019). PRC2 is a methyltransferase, which 

mono, di, and tri, methylates lysine 27 of histone H3 (H3K27me). H3K27me is essential 

for proper embryological development within mammals, however, it can also be 

dysregulated thereby contributing to and initiating pathologies, such as developmental 

and cognitive disorders, type II diabetes, neurodegeneration, and certain malignancies 

(Muller et al., 2002; Stafford et al., 2018; Deevy & Bracken, 2019, Yu et al., 2019).  

Interestingly, while PRC2 is the primary complex responsible for all three methylation 
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states of H3K27me (H3K27me1, H3K27me2 H3k27me3), the downstream impacts of 

these three states can be in opposition. H3K27me1 has been characterized as promoting 

gene transcription, while H3K27me2, and H3k27me3 have repressive effects on 

transcription, with H3K27me3 having the most potent influence (Ferrari et al., 2014). 

While much about the mechanism for the targeting of PRC2 to specific regions of DNA is 

still unclear, it appears that HeK27me1, and H3K27me2 are widely dispersed throughout 

the genome and are not specific to certain DNA regions (Lynch et al., 2012). Contrarily, 

H3K27me3 is found most often on histones within CpG-rich regions (Lynch et al., 2012).  

Important proteins within the PRC2 are EZH2, and SUZ12, which facilitate the catalytic 

functions and DNA binding respectively. However, a variety of other regulatory proteins 

also participate in overall complex activity and recruitment of the complex to the target 

site (Cao et al., 2002; Kuzmichev et al., 2002; Pasini et al., 2004; Croce & Helin, 2013).  

Within several types of solid tumours, EZH2 has been shown to be upregulated, and 

significantly associated with an increase in proliferation and invasion, and associated with 

worse overall survival (Kleer et al., 2003; Varambally et al., 2002; Deb et al., 2014). 

Furthermore, an increase in EZH2 has been correlated with an increase in cellular 

stemness, and increased levels of cancer stem cells within tumours (Bracken et al., 

2003). However, the overall role of EZH2, and by extension PRC2, within tumorigenesis 

is complex, with other studies demonstrating that the various members of PRC2 can 

function as both tumour suppressors and oncogenes (Laugeson et al., 2016). 

Within breast cancer, overexpression of EZH2 has been linked to cancer cell 

proliferation, invasion, and metastasis, however, little is known regarding subtype specific 
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expression (Chien et al., 2018; Martin & Moorehead, 2020; Bachman et al., 2006). The 

research that has isolated the role played by the PRC2 within TNBC, and specifically 

claudin-low cell lines, is somewhat divided. Chien et al., demonstrated that within a 

human claudin-low cell line both migration and invasion where decreased following 

knockdown of EZH2, which the authors suggested was a result of differential regulation 

of the TIMP2-MMP2/9 pathway (Chien et al., 2018). This would indicate that increasing 

activity levels of the PRC2 causes an increase in cell aggressiveness. However, Hsieh et 

al., showed that within aggressive breast cancer cell lines, H3K27me3 was 

downregulated in comparison to normal breast epithelial tissue and luminal cell lines 

(Hsieh et al., 2020). These contrasting results indicate that further research is required to 

elucidate the roles in which EZH2, and by extension the PRC2, play in breast cancer. 

Interestingly, it appears that SUZ12 is a direct target of miR-200b, however, the miR-

200/b/a/429 cluster is also a target for H3K27me3 mediated repression (Peng et al., 2013; 

Ning et al., 2015; Iliopoulos et al., 2011). This suggests a potential negative feedback 

loop between miR-200b and SUZ12. Furthermore, the EZH2 mediated repression of the 

miR-200b/a/429 cluster has been directly linked to tumour progression within gastric 

cancer and glioma cell lines (Ning et al., 2015). Additionally, the application of histone 

deacetylase inhibitors to maintain acetylation of HeK27 of the miR-200 family’s genomic 

location has been proposed as a potential treatment strategy within TNBC (Mekala et al., 

2018). This evidence suggests that the PRC2 is potentially an important pathway through 

which the miR-200s impacts on TNBC are mediated.  
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Rationale 

 

The dysregulation of microRNAs plays an integral role in tumour initiation and 

progression. Consequently, numerous microRNAs have been investigated and are 

currently under investigation as potential biomarkers, or as targets for future 

therapeutics. The downregulation of the miR-200 family, in comparison to healthy breast 

tissue, seems to be an important contributor to TNBC initiation, progression, and 

metastasis. While the majority of molecular subtypes of breast cancer have targeted 

and efficacious treatment options, TNBC lacks the expression of the common target 

sites for treatment. Therefore, there are no targeted treatments currently, and prognosis 

remains substantially worse by comparison to the other subtypes. Understanding the 

mechanisms through which miR-200s regulate TNBC initiation, progression, and 

metastasis may lead to novel therapeutic strategies. 

Within the Moorehead lab, previous RNA sequencing data has frequently suggested the 

SUZ12 pathway, and by extension the PRC2, as being a significant point of differential 

regulation between unmodified TNBC cell lines, and miR-200 over expressed cell lines. 

Of note, this relationship was found in both murine and human cell lines following miR-

200 overexpression. Additionally, in vivo, the miR-200 family has demonstrated a 

capacity to inhibit TNBC tumour initiation, and significantly decrease overall tumour 

growth (Watson et al., 2018). Furthermore, we have previously observed a period of 

tumour dormancy within tumours initiated by murine triple negative cells overexpressing 
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the miR-200ba429 cluster (Watson et al., 2018). This period of dormancy was seen to 

last approximately 75 days. Following this period, 50% of followed tumours showed a 

slow re-initiation of growth, and the other 50% maintained their dormancy past day 85. 

The literature suggests interactions with the tumour microenvironment as a potential 

mechanism for the observed miR-200 mediated tumour dormancy (Eyles et al., 2010).  

The goal of this project was to elucidate the relationship between the miR-200 family 

and PRC2 activity and determine if miR-200 mediated changes in the tumour 

microenvironment mediate the suppressed tumour growth rate. 
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Hypothesis and Objectives 

 

Hypothesis  

Re-expression of the miR-200 family in murine TNBC cells will reduce proliferation and 

migration in vitro and tumor growth in vivo through increasing H3K27me3, activation of 

the host immune system, and inhibition of tumour-mediated angiogenesis. 

 

Objectives 

To test this hypothesis, the following objectives were completed: 

 

Objective 1: Characterize the influence of miR-200 upregulation on cell morphology, 

proliferation, and invasion of murine triple negative cell lines, in vitro. 

Objective 2: Evaluate the impact of miR-200 upregulation on H3K27me3 levels, in 

murine triple negative cell lines and tumours. 

Objective 3: Identify the impact of miR-200 upregulation on tumour associated immune 

infiltration and angiogenic potential in murine triple negative tumours. 
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Materials and Methods 

Cell Lines 

1) RJ345 cells were produced from murine tumours initiated through doxycycline 

inducible expression of the type I insulin-like growth factor (IGFIR) in MTB-IGFIR 

transgenic mice (Jones et al 2007) and have been partially characterized in 

(Campbell and Moorehead 2011, Campbell et al 2011). These cells have 

characteristics of luminal breast cancer cells, including higher levels of the miR-

200 family in comparison to the RJ423 cells. 

 

2) RJ423 cells were derived from a recurrent tumour following IGFIR induction and 

withdrawal in MTB-IGFIR transgenic mice (Jones et al., 2009, Franks et al 2012) 

and have been partially characterized (Campbell and Moorehead 2011). These 

cells contain characteristics which are similar to those of the human claudin-low 

subtype of TNBC. These cells express low levels of the miR-200 family.  

 

3) RJ423EV cells are RJ423 cells which have been transfected with an empty 

expression vector to be used as a control in comparison to the RJ423ba429, and 

RJ423c141 cell lines. 

 

4) RJ423ba429 cells are RJ423 cells which have been modified through 

transfection with an expression plasmid to overexpress the 200b/200a/429 

cluster of the miR-200 family. The stable levels of these microRNAs were 55%, 



 

 

30 

 

140%, and 85% that of the RJ345 cell line for miR-200b, miR-200a, and miR-

429, respectively.  

 

5) RJ423c141 cells are RJ423 cells which have been modified through transfection 

with an expression plasmid to overexpress the 200c/141 cluster of the miR-200 

family. The levels of miR-200c, and miR-141 were raised to 65% and 85% that of 

the RJ345 cell line respectively.  

 

Animal Models and Ethics 

Animals were housed and cared for in accordance with the guidelines enacted by the 

Central Animal Facility at the University of Guelph and the guidelines enacted by the 

Canadian Council of Animal Care. This study was approved by the Animal Care 

Committee at the University of Guelph (AUP #3994 and #3995). 

In a previous study, female FVB (Friend Virus B) mice were used for the intramammary 

injection of 1x106 RJ423EV, RJ423c141, and RJ423ba429 cells into both 4th mammary 

fat pads. Tumours collected from those injections were used in this study. 

During this study, female NCG (NOD-Prkdcem26Cd52Il2rg3m26Cd22/NjuCrl) mice (Charles 

River, Wilmington MA) were used for the intramammary injection of 1x106 RJ423EV, 

RJ423c141, RJ423ba429 cells into both 4th mammary fat pads. Following injection, 

mice were monitored twice per week by palpating the mammary glands. Once a 
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palpable tumour was identified, the size of the tumour was measured twice per week 

using digital calipers. When the tumours reached 10% of the mouse’s body weight 

(maximum size allowed by the Canadian Council of Animal Care) the mouse was 

euthanized and the tumours, lung, and liver tissue were collected. 

 

Tissue collection 

Mice were euthanized by means of carbon dioxide inhalation. The tumours, liver tissue, 

and lung tissue were collected for further investigation. Small sections of tumour tissue 

were flash frozen in liquid nitrogen for protein collection, other small sections were 

cryopreserved in OCT. The remaining tumour tissue, and all of the liver and lung tissue 

were fixed in 10% (w/v) neutral buffered formalin for preservation in paraffin blocks.  

 

Cell Culture 

All cell lines were grown in Dulbecco’s modified eagle medium (DMEM) which contained 

the following supplements: 10% fetal bovine serum (FBS), 1mM sodium pyruvate, 

10mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 4 mM glutamine, 2 

mM hydrocortisone, 5 µg/mL estrogen, 10 µg/mL epidermal growth factor EGF, and 10 

µg/mL insulin and 1% antibiotic-antimycotic (all supplements were purchased from 

ThermoFisher Scientific, Waltham, MA). Geneticin and puromycin were used for 

selection of cells expressing the proper expression plasmid. RJ423 & RJ345 cell lines 
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were cultured with no selection antibiotic. RJ423EV cells were cultured with 20 µL/mL of 

geneticin. RJ423-200ba429 cells were cultured in 30 µL/mL of geneticin. RJ423-

200c141 cells were cultured in 30 µL/mL of puromycin.  Cells were incubated at 37°C 

and 5% carbon dioxide. 

 

RNA extraction, and qRT-PCR for gene expression 

RNA was extracted using a mirVana RNA Isolation kit (ThermoFisher Scientific, 

Burlingon, ON). For the analysis of mRNA expression, the qScript Reverse 

Transcription Kit (Quanta Biosciences, Beverly, MA) was utilized with 1 μg of RNA was 

reverse transcribed using 4 μL of qScript cDNA supermix (Quanta Biosciences, Beverly, 

MA) per 20 μL reaction. The thermal cycler had the following conditions: 25°C for 5 

minutes, 42°C for 30 minutes, 85°C for 5 minutes and then held at 4°C for storage. For 

qPCR, 1 ng/μL of cDNA was mixed with 10 μL of SYBR Bioline (Frogga Bio, Concord, 

ON) and 9 μL of water. Gene expression was measured using a CFX96 real-time PCR 

machine (Bio-Rad Laboratories, Mississauga, ON) with the following conditions: 95°C 

for 2 minutes, and then 40 cycles of 95°C for 5 seconds, and 60°C for 30 seconds. All 

primers were obtained from Bio-Rad Laboratories (Mississauga, ON): Lrrc2 

(qMmuCID0022145), Asb11 (qMmuCID0046877), Asb14 (qMmuCID0013331), Mylk2 

(qMmuCID0019264), Nrap (qMmuCID0022146), Trim63 (qMmuCID0014591), Klhl40 

(qMmuCID0015681), Dusp13 (qMmuCID0012106), Smpx (qMmuCID0061284). Gene 

expression was measured using Bio-Rad CFX96 Real-Time System (Bio-Rad 
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Laboratories, Mississauga, ON). Hprt (qMmuCID00299381) was used as the 

housekeeping gene as done previously under the same treatments (Jones et al., 2017).  

 

Primer Pair Efficiency R2 Specificity 

Lrrc2 97% 0.9993 100% 

Asb11 99% 0.9992 100% 

Asb14 103% 0.9991 100% 

Mylk2 99% 0.999 100% 

Nrap 101% 0.9993 100% 

Trim63 100% 0.9989 100% 

Klhl40 99% 0.9995 100% 

Dusp13 95% 0.9993 100% 
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Smpx 96% 0.9969 100% 

Hprt 100% 0.9995 100% 

Table 1: Efficiency, R2, and specificity of Bio-rad primers used in this study. All data 

gathered from manufacturer. 

 

Flow Cytometry- BrDU 

A FITC BrdU flow kit (BD Biosceinces, San Jose, CA, ca #559,619) was used following 

the manufacturer’s protocol. 2 x 105 cells/mL were initially incubated with 1 mM BrdU in 

standard media for 45 minutes in a cell culture dish at room temperature. Cells were 

then trypsinized, and then washed by centrifugation at 300 x g for 5 minutes in excess 

media. Supernatant was removed and then cells were fixed and permeabilized with BD 

Cytofix/Cytoperm buffer for 30 minutes. Cells were washed in BD perm/wash buffer by 

centrifugation as previously described. Supernatant was removed and discarded. 

Following, cells were incubated with BD Cytoperm permeabilization buffer plus for 10 

minutes on ice. Cells were washed and centrifuged in excess PBS, this washing step 

was used throughout. Cells were resuspended in Cytofix/Cytoperm buffer for 5 minutes 

at room temperature. Cells were treated with DNAse for 1 hour at 37°C to expose 

incorporated BrdU. Cells were stained for BrdU with diluted fluorescent anti-BrdU 

antibody in the BD perm wash buffer for 20 minutes at room temperature. Lastly, cells 
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were stained for total DNA using 200 µL of the 7-AAD solution. In preparation for 

detection, cells were resuspended 1 mL of staining buffer and transferred to 5 mL 

polystyrene tubes. The cells were then run and analyzed on a BD Accuri C6 cytometer 

using a flow rate of 35 µL/min and 20,000 events were collected. Experiments were 

performed in triplicate (n=3).  

 

Flow cytometry- H3K27me3 

All cell lines were trypsinized as per passaging protocol and resuspended in their proper 

cell culture media. Cell number was counted using a hemocytometer, and each cell line 

was reduced to 1.5 x106 cells per tube. Tubes were spun in a centrifuge for 5 minutes at 

350 x g, and supernatant was removed. Cells were resuspended and fixed in 300 µL of 

4% paraformaldehyde in phosphate buffered saline (PBS) for 15 minutes. 1 mL of PBS 

was added to each tube, and cells were centrifuged in the same manner as previously 

described. Supernatant was removed and cells were resuspended and permeabilized in 

5 mL of 90% methanol for 10 minutes. Following this step, the cell suspension was 

divided equally into three tubes, each containing approximately 5 x 105 cells. These 

cells were centrifuged and washed in excess PBS, supernatant was removed. Of the 

three tubes per cell line: 1) received 100 µL of a 1:200 dilution of anti-H3K27me3 (Cell 

Signaling cat #9733S), 2) received 100 µL of a 1:200 dilution of IgG KP isotype control 

(Cell signaling cat #3900s), and 3) received 100 µL of the antibody diluting fluid only. 

This incubation was maintained for 1 hour. All tubes were then washed in excess PBS, 



 

 

36 

 

which was then removed. Tubes 1) and 2) from above were then incubated in 100 µL of 

a 1:500 dilution of Anti-Rabbit IgG Alexa Fluor 488 for 30 minutes. Tube 3) was 

resuspended in 100 µL of antibody diluting fluid for the same period. Cells were 

centrifuged and washed in excess PBS. Following this, tubes 1) and 2) were suspended 

in 5% 7-AAD solution for 5 minutes. All tubes were then increased in volume to 5 mL. 

The data was collected and analyzed on an Accuri C6 cytometer (BD Biosciences, San 

Jose, CA) using a flow rate of 35 µL/min and 20,000 events were collected. 

Experiments were performed on 5 biological replicates (n=5).  

 

Immunohistochemistry 

Sections were deparaffinized in xylene and then rehydrated in decreasing 

concentrations of alcohol, from 100% to 70%. Endogenous peroxidase activity was 

inhibited for 10 minutes by submersion in 1% H2O2 in PBS. Subsequently, antigen 

retrieval was performed with a trisodium citrate buffer (CD3 epsilon, CD31, CD11c, 

F4/80), or a tris-EDTA buffer (H3K27me3, CD19). Blocking occurred for 35 minutes in 

5% BSA. Slides were then incubated overnight with the appropriate dilution of the 

respective primary antibody in antibody diluting fluid (1:100 anti-histone H3K27me3; 

ab192985, 1:50 Anti-CD31 antibody; ab28364, 1:1000 anti-CD3 epsilon; ab237721, 

1:500 Anti-CD19; ab227019, 1:350 anti-F4/80; Cell Signalling #70076, 1:350 anti-

CD11c; Cell Signalling #97585). The slides were then incubated for 1 hour in a 1:200 

dilution of goat anti-rabbit mAb (Sigma-Aldrich, B7389) in antibody diluting fluid. Slides 
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were then exposed to a 1:50 concentration of Xtravidin (Sigma-Aldrich, 

MFCD00163600) for 1 hour. For the colour reaction, slides were exposed to 3,3’-

diaminobenzidine for 5 minutes, counterstained with hematoxylin, and dehydrated in 

increasing concentrations of alcohol and xylene. Slides were coverslipped and dried in 

the fume hood overnight. 

 

Crystal Violet Staining 

RJ345, RJ423, RJ423EV, RJ423ba429, RJ423c141 cells were plated in 6 well cell 

culture plates and allowed to proliferate and adhere overnight. At approximately 60% 

confluency, cells were washed twice with ice cold PBS, and then fixed for 10 minutes in 

ice cold 100% methanol. A stain of 0.5% crystal violet in 25% methanol/75% water was 

applied for 10 minutes. This was followed by rinsing the cells 6 times in deionized water. 

Plates were allowed to dry, and images were taken using a Nikon SMZ1500 

Stereomicroscope (Nikon Instruments Inc, Melville, NY) and captured using QCapture 

software (Qimaging, Surrey, BC).  

 

Hematoxylin and Eosin staining 

Tumour and organ tissues were fixed in 10% (w/v) neutral buffered formalin overnight at 

room temperature. The tissue was then processed, and paraffin embedded. Using a 

microtome, 5 µm tissue sections were placed upon microscope slides. These sections 
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were then deparaffinized in xylene and rehydrated in decreasing concentrations of 

ethanol, from 100% to 70%. Slides containing tissue sections were then immersed in 

hematoxylin for 10 minutes and differentiated in 1% ethanol. Sections were then 

immersed in 0.2% ammonia water and counterstained with eosin for 1 minute. The 

sections were then rehydrated with increasing concentrations of ethanol, from 50% to 

100%, and slides were coverslipped. The tissues were scanned using Motic Easyscan 

digital slide scanner (Motic Richmond, BC) and images were viewed and captured at 

10x magnification using Motic’s DSAssitant software. 

 

Transwell invasion chamber assay 

The invasion chamber inserts used were purchased from BioCoat Matrigel Invasion 

Chamber kit (Corning, NY, NY). The inserts were thawed to 37°C in a 24 well plate and 

rehydrated using FBS free cell culture media both within and around the insert for 2 

hours. RJ345, RJ423, RJ423EV, RJ423ba429, and RJ423c141 cell lines had cell 

counts done using a hemocytometer, and 3x105 cells from each cell line were isolated 

within FBS free cell culture media. 750 µL of cell culture media containing FBS was 

placed in the bottom of the well, and 500 µL of FBS free cell culture media containing 

3x105 cells was added to the insert. The insert was subsequently placed within the well 

with the media containing FBS. After a 24-hour incubation at 37°C and 5% carbon 

dioxide, media from within and below the insert was removed, and the inside of the 

insert was swabbed to remove any cells attached. Cells remaining on the outside of the 
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insert were fixed in 100% methanol for 2 minutes at room temperature, and then stained 

with toluidine blue for 2 minutes at room temperature. Cells were imaged using an 

Olympus IX71 microscope with QCapture software (QImaging, Surrey, BC). The 

proportion of cells able to migrate through the membrane was quantified using ImageJ 

software. All experiments were performed in biological triplicate (n=3). 

 

Statistics 

Statistical significance between 3 or more groups was determined using an analysis of 

variance (ANOVA) followed by a Dunnett’s test using GraphPad Prism 9 (San Diego, 

CA) to compare multiple treatments to a single control. For the RJ345 and RJ423 

variants, all comparisons were made using RJ423EV cells as the control. For 

comparison of 2 groups, a student’s T-test was performed. Differences were considered 

significant at p<0.05.  
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Results 

Proliferation Rate in vitro 

Previous literature suggested that overexpression of the miR-200 family could impact 

the cellular proliferation rate in vitro (Fontana et al., 2021). To examine the impact of 

miR-200 overexpression on proliferation rate within our murine triple negative cell lines, 

a BrdU flow cytometric analysis was performed. BrdU is an analog for the nucleotide 

thymidine and is incorporated into actively dividing DNA during the S phase of the cell 

cycle. Therefore, the overall proportion of cells which fluoresced positively for BrdU is 

the proportion of cells dividing at any given time point. The results of this analysis 

demonstrated that both RJ423ba429 and RJ423c141 cell lines showed significantly 

decreased proliferative rate in comparison to the triple negative RJ423EV and RJ423 

cell lines and the luminal RJ345 cell line (Figure 2). This protocol was performed in 

triplicate (n=3).  
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Figure 2: RJ423c141 and RJ423ba429 cell lines demonstrated significantly reduced proliferation 
rate in comparison to RJ423EV, RJ423, and RJ345 cells. Graph represents mean ± SEM with n=3. 

* Indicates values significantly different (p<0.05) from RJ423EV cells. 
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Capacity for Invasion in vitro 

Previous literature indicated a decrease in in vitro invasion capacity following 

overexpression of the miR-200 family (Peng et al., 2013). To test whether this occurs 

within our murine triple negative cell lines, a Transwell Invasion Assay was performed. 

Following the assay, imaging was used to determine the proportion of the insert surface 

area which had been coated in cells which had successfully invaded. The results 

demonstrated a significant decrease in the invasive abilities of the RJ423ba429 and 

RJ423c141 cells in comparison to the triple negative RJ423EV cell line (Figure 3). 

However, the invasive potential was not decreased to the same extent as the luminal 

RJ345 cell line, which showed the least invasive potential. This experiment was 

performed in triplicate (n=3).  
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Figure 3: Analysis of cellular invasion potential following a transwell invasion assay. Percent of 
the insert area covered by cells was determined by pictures taken on QCapture and analyzed 
through ImageJ. RJ423c141 and RJ423ba429 cell lines demonstrated decreased capacity for 
invasion in comparison to RJ423EV cells and increased in comparison to RJ345 cells. Graph 

represents mean ± SEM with n=3. * indicates values significantly different (p<0.05) from RJ423EV 

cells. *** indicates a p-value of p<0.001 between indicated group and RJ423EV. 
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Figure 4: Representative images of the Transwell Invasion Assay inserts following the protocol. 
Analysis showed significantly reduced invasion in the RJ423c141 and RJ423ba429 compared to 
RJ423EV and RJ423. Invasion capacity for RJ345 was lowest of all cell lines tested. 
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In vitro Cellular Morphology 

To determine if the overexpression of the miR-200 family resulted in a shift to a more 

epithelial morphology, a crystal violet assay was performed on the RJ423, RJ423EV, 

RJ423ba429, RJ423c141, and RJ345 cell lines. Crystal violet staining provides a means 

by which to visualize cellular morphology. The RJ423, and RJ423EV cell lines 

demonstrated characteristics of mesenchymal cells such as spindle-like cell body shape 

and few cell-to-cell contacts. Conversely, the RJ345 cells demonstrated characteristics 

of epithelial cells such as a cell body which is spherical in shape and many cell-to-cell 

contacts. The overexpression of cluster II of the miR-200 family within the RJ423c141 

cell line did not seem to implement changes to the cellular morphology. However, the 

overexpression of cluster I of the miR-200 family within the RJ423ba429 cell line led to 

an intermediary phenotype between the RJ423/RJ423EV cells, and the RJ345 cells. 

The phenotype observed was a cell body more spherical in shape than the RJ423EV 

cell line, but one which still possessed some spindle-like shapes. Furthermore, the 

RJ423ba429 cells demonstrated an increase in cell-to-cell contacts relative to the 

RJ423EV cell lines, however, these were not as structured or as numerous as the 

RJ345 cell line. 
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Figure 5: Crystal-violet assay to assess morphological differences in RJ345 (A), RJ423 (B), 
RJ423EV (C), RJ423c141 (D), and RJ423ba429 (E) cell lines. 
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H3K27me3 Levels in vitro 

Previous RNA sequencing indicated a potential impact on the SUZ12 regulated genes 

due to miR-200 overexpression (Simpson et al., 2021). The downstream impact of 

increased SUZ12 signaling, as part of the PRC2, is to increase H3K27me3 levels. This 

is due to the role of the PRC2 as a histone methyltransferase specifically for mono, di, 

and tri-methylating Lysine 27 of histone 3. The trimethylation marker represses 

transcription of the region of DNA which is associated with that histone modification. 

Therefore, higher levels of H3K27me3 represent increased PRC2-mediated gene 

repression. To evaluate this relationship in vitro, flow cytometry was used to analyze the 

levels of H3K27me3 in RJ423, RJ423EV, RJ423ba429, RJ423c141, and RJ345 cell 

lines. Following data analysis, it was determined that only the RJ423ba429 cell line had 

significantly (p<0.05) increased expression of H3K27me3 in comparison to the other cell 

lines.  
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Figure 6: Flow cytometry-based analysis of in vitro levels of H3K27me3. The RJ423ba429 
cell line demonstrated significantly increased levels of H3K27me3 in comparison to the 
other cell lines studied. Graph represents mean ± SEM with n=5. * indicates values 
significantly different (p<0.05) from RJ423EV cells. 
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H3K27me3 Levels in vivo 

 

To determine if the differential regulation of SUZ12, and by extension the PRC2, 

indicated by RNA sequencing also occurs in vivo, H3K27me3 immunohistochemical 

staining was performed on RJ423EV, RJ423ba429, and RJ423c141 tumours. Following 

analysis, it was determined that both RJ423ba429 and RJ423c141 tumours express 

significantly (p<0.05) increased levels of H3K27me3 in comparison to the RJ423EV 

tumours (Figure 7).  
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Figure 7: Total positive pixel counts following H3K27me3 immunohistochemistry. Representative 
10x fields were captured, and image was analyzed through the Positive Pixel Count v9 algorithim 
in Aperio Imagescope 12.1. RJ423c141 and RJ423ba429 had significantly increased levels positive 
staining. Graph represents mean ± SEM and * indicates values significantly different (p<0.05) from 
RJ423EV tumours. 
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Figure 8: Representative images of immunohistochemical staining for H3K27me3 in slides prepared from 
RJ423EV (A), RJ423c141 (B), and RJ423ba429 (C). Both RJ423ba429 and RJ423c141 had significantly 
increased levels of the modified histone. 
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Tumour Specific Growth Rate and Growth Curves in 

Immunocompromised Mice 

To examine potential impacts of the immune system on murine triple negative breast 

tumour initiation and growth, 1x106 cells of RJ423EV, RJ423ba429, or RJ423c141 were 

injected into both 4th mammary fat pads of NCG immunocompromised mice. The results 

demonstrated significantly increased growth in the RJ423ba429 tumours, which is in 

contrast to the significantly reduced growth found upon injection of the same cells in 

FVB immunocompetent mice (Figure 10). Further, while the original injections into the 

FVB mice showed differences in tumour morphology, with significantly more 

extracellular matrix in the RJ423ba429 injections, the set of injections into the NCG 

mice showed no difference in overall tumour morphology. To estimate tumour growth, 

two measurements of the tumour were taken using calipers, assuming tumour 

sphericity. Tumour mass was estimated by using (4/3)πr3 and multiply by a density 

factor of 1.1 to convert from spherical volume to mass. Upon removal of the tumours, it 

was observed that all of the RJ423ba429 tumours grew in a spherical shape and did not 

invade other structures. Conversely, all of the RJ423EV and RJ423c141 tumours 

invaded the peritoneum, and other subdermal areas of the abdomen, thorax, and back. 

Visual observations were recorded in writing. The tumour mass which was not a part of 

the sphere found at the mammary gland would not have been included in the tumour 

mass estimate, and therefore, the actual tumour growth rates and tumour final volumes 

for both RJ423 and RJ423c141 are likely greater than measured. 
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Figure 9: Tumour growth curves for tumours originating from RJ423EV, RJ423c141, and 
RJ423ba429 cell lines in FVB mice. 
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Figure 10: Tumour growth curves for tumours originating from RJ423ba429 (Red), RJ423c141 
(Green), and RJ423EV (Blue) cell lines in NCG mice. 

 

 

 

 

 

 



 

 

55 

 

 

 

Figure 11: Tumour specific growth rate (TSG) of RJ423EV, RJ423ba429, and RJ423c141 tumours 
grown in FVB mice. Individual tumour growth rates were calculated through the equation 

TSG=ln(Volumefinal/Duration of growth). Graph represents mean ± SEM and * Indicates values 

significantly different (p<0.05) from RJ423EV tumours. 
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Figure 12: Tumour specific growth rate (TSG) of RJ423EV, RJ423ba429, and RJ423c141 tumours grown in 
NCG mice. Individual tumour growth rates were calculated through the equation 

TSG=ln(Volumefinal/Duration of growth). Graph represents mean ± SEM and * Indicates values 

significantly different (p<0.05) from RJ423EV tumours. 
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Figure 13: Hematoxylin and Eosin staining of tumour morphology in RJ423ba429 (A), RJ423c141 (B), and 
RJ423EV (C) tumours from FVB mice. Images were collected using Aperio ImageScope and at 20x 
magnification. 
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Figure 14: Hematoxylin and Eosin staining of tumour morphology in RJ423ba429 (A), RJ423c141 (B), and 
RJ423EV (C) tumours from NCG mice. Images were collected using Aperio ImageScope and at 20x 
magnification. 
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Tumour Associated Immune Cell Infiltration 

 

To investigate whether tumour associated immune cell infiltration played a role in the 

miR-200 mediated induction of dormancy, immunohistochemical analysis was 

performed on RJ423ba429, RJ423c141, and RJ423EV tumours. The infiltration of four 

different types of immune cells was performed, however, only two of the four immune 

cell types showed quantifiable staining.  

Both RJ423c141 and RJ423ba429 tumours showed significantly increased tumour 

associated macrophage infiltration, through measuring macrophage marker F4/80 

expression, in comparison to the RJ423EV tumours (Figure 15). No significant changes 

in T-cell infiltration were found in any tumour groups as determined through 

measurement of CD3ε expression (Figure 17).  

Staining for both B-cells (CD19) and dendritic cells (CD11c) was too low to quantify for 

analysis.  
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Figure 15: F4/80+ macrophage infiltration within tumours initiated by RJ423EV, RJ423ba429, and 
RJ423c141 cell lines. Data was analyzed through the positive pixel count v9 algorithm on Aperio 
ImageScope. Graph represents mean ± SEM. * Indicates values significantly different (p<0.05) 
from RJ423EV tumours. Both RJ423ba429 and RJ423c141 tumours showed significantly increased 
tumour associated macrophage infiltration. 
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Figure 16: F4/80 expression in (A) RJ423ba429, (B) RJ423c141, and (C) RJ423EV tumours. Images were 
collected through Aperio ImageScope and captured at 20x magnification. 
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Figure 17: CD3ε+ T-cell infiltration within tumours initiated by RJ423EV, RJ423ba429, and 
RJ423c141 cell lines. Data was analyzed through the positive pixel count v9 algorithm on Aperio 
ImageScope. Graph represents mean ± SEM. No significant differences (p>0.05) were found 
relative to RJ423EV initiated tumours. 
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Figure 18: CD3ε expression in RJ423ba429 (A), RJ423c141 (B), and RJ423EV (C) tumours. Images were 
collected through Aperio ImageScope and captured at 20x magnification. 
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CD19 Expression 

 

 

 

Figure 19: CD19 expression in RJ423ba429 (A), RJ423c141 (B), RJ423EV (C) tumours, and a lymph node 
containing tumour as a positive control (D). Images were collected through Aperio ImageScope and captured at 
20x magnification. 
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CD11c Expression 

 

 

 

Figure 20: CD11c expression in RJ423ba429 (A), RJ423c141 (B), RJ423EV (C) tumours, and a lymph node 
containing tumour as a positive control (D). Images were collected through Aperio ImageScope and 
captured at 20x magnification. 
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Tumour Angiogenic Potential 

 

To investigate whether the miR-200 initiated induction of tumour dormancy was 

mediated in part through changes in angiogenic potential, an immunohistochemical 

analysis was performed for CD31. CD31 is an endothelial cell marker found on 

endothelial cells which make up tumoural vasculature. The tumours investigated were 

those of RJ423EV, RJ423c141, and RJ423ba429. The results of this analysis 

determined that RJ423c141 tumours had significantly (p<0.05) increased levels of CD31 

in comparison to RJ423EV and RJ423ba429 tumours (Figure 21).  
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Figure 21: CD31 expression within tumours initiated by RJ423EV, RJ423ba429, and RJ423c141 cell 
lines. Data was analyzed through the positive pixel count v9 algorithm on Aperio ImageScope. 
Graph represents mean ± SEM and * Indicates values significantly different (p<0.05) from RJ423EV 
tumours. RJ423c141 tumours showed significantly increased expression of CD31 in comparison 
to the RJ423EV and RJ423ba429 tumours. 
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Figure 22: CD31 expression in RJ423ba429 (A), RJ423c141 (B), and RJ423EV (C) tumours. Images were 
collected through Aperio ImageScope and captured at 20x magnification. 
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DISCUSSION 

 

The miR-200 family has been previously characterized as playing an important 

suppressive role in tumour initiation, growth, and metastasis (Humphries & Yang, 2015). 

The purpose of this study was to examine the impacts of the miR-200 overexpression in 

murine triple negative breast cancer cell lines and tumours.  

To investigate miR-200 impact, we used murine triple negative cell lines overexpressing 

the individual clusters of the miR-200 family, either Cluster I: miR-200b, miR-200a, and 

miR429, or Cluster II: miR-200c, and miR-141. These cell lines were then compared to 

a murine triple negative cell line with an empty expression vector as a control. 

First, the impact of miR-200 overexpression on in vitro cellular proliferation was 

analyzed. To accomplish this goal, a BrdU flow cytometry analysis was performed on 

RJ423, RJ423EV, RJ423ba429, and RJ423c141 cell lines. We found that in both the 

RJ423ba429, and RJ423c141 cell lines, proliferation was significantly reduced 

compared to the RJ423EV cell lines, from approximately 50% of cells actively 

proliferating in the RJ423EV line, to approximately 35% in the RJ423ba429 and 

RJ423c141 cell lines. While analysis of the individual clusters of the miR-200 family is 

not often done, these findings are consistent with other results found following 

overexpression of individual miR-200 family members in triple negative breast cancer 

models. Each of miR-200a, miR-200b, miR-200c, and miR-429 have individually 

demonstrated an ability to suppress cellular proliferation in vitro (Ren et al., 2014; 

Tsouko et al., 2015; Li et al., 2017). However, this finding is notable due to our previous 
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in vivo work showing that only the miR-200b/a/429 cluster inhibited tumour growth 

(Watson et al., 2018). These results suggest that the decrease in tumour growth rate, 

and the initiation of tumour dormancy, is through a process independent of decreased in 

vitro proliferation. To further evaluate this relationship, an in vivo measure of tumour 

proliferation, such as immunohistochemistry for Ki67 levels could be performed (Tan et 

al., 2005). 

Subsequently, the impact of the miR-200 overexpression on the capacity for invasion in 

vitro was examined. This was done through the use of a Transwell invasion assay, 

where FBS was used to chemoattract cells through an insert coated with extracellular 

matrix, to simulate the invasion through tissue which is a necessary part of metastasis. 

We found that overexpression of each individual cluster of the miR-200 family was 

sufficient to significantly reduce the capacity for invasion in comparison to the RJ423EV 

and RJ423 cells. However, notably, the overexpression of either individual cluster was 

not sufficient to decrease the capacity for invasion to the level of the luminal breast 

cancer cells line RJ345. This suggests that while some of the differences in capacity for 

invasion between TNBC and luminal cell lines may be accounted for by decreased miR-

200 expression within TNBC, there are likely other pathways and factors which are also 

different. Most of the current literature published on this topic focuses on the 

overexpression of the miR-200 within human TNBC cell lines, however, this observation 

does seem to correlate with most of the other research performed. For instance, 

overexpression of miR-200c, miR-200a, and miR-200b have all individually been shown 

to reduce invasion within human TNBC cell lines (Humphries et al., 2014; Chen et al., 
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2020; Tsouko et al., 2015). However, a study investigating the impact of the 

overexpression of both clusters of the miR-200 family individually found that only the 

miR-200c/miR-141 cluster augmented the capacity of a human TNBC cell line to invade 

through the extracellular matrix coated insert (Choi et al., 2016). The differences seen 

between our study, those looking at individual microRNA overexpression, and the study 

by Choi et al., may be due to differences in the extent to which the microRNAs were 

overexpressed. Further investigation into the impact of varying levels of both miR-200 

family clusters on invasion in vivo may be warranted. 

The impact of the overexpression of both miR-200 family clusters on cellular 

morphology in vitro was then investigated. To examine the differences, a crystal-violet 

stain was used. Interestingly, only the overexpression of the miR-200b/miR-200a/miR-

429 cluster seemed to elicit changes in the cellular morphology of the RJ423 cell line. 

This overexpression seemed to modulate the cell shape from a spindle-like 

mesenchymal structure to a more spherical epithelial structure. Further, there was a 

demonstrated increased in cell-cell contacts brought about by this overexpression. 

Neither of these changes were seen in the RJ423c141 cell line. Notably, while these 

changes did produce a more epithelial-like phenotype than the unmodified TNBC cells, 

the RJ423ba429 cell line was not as spherical or possess as many cell-cell contacts as 

the luminal RJ345 cell line. This further supports the role of the miR-200 in the inhibition 

of EMT but leaves questions as to whether a further increase in miR-200 family member 

expression could revert the cell morphology to a fully epithelial state. Further, other 

studies have demonstrated that the miR-200c/miR-141 cluster was sufficient to enact 
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some changes to cellular morphology in TNBC cell lines, indicating the levels to which 

we overexpressed this cluster may not have been sufficient to observe morphological 

differences (Jurmeister et al., 2012).  

Next, following the RNA sequencing data which indicated SUZ12 as an important point 

of regulation by the miR-200 family, in vitro H3K27me3 levels were measured using flow 

cytometry. Only the RJ423ba429 cell line exhibited increased levels of HeK27me3, with 

the other cell lines showing similar levels of the modified histone. The majority of the 

research surrounding the relationship between the miR-200 family and the PRC2, 

specifically SUZ12, suggests the presence of a negative feedback loop (Iliopoulos et al., 

2011; Ruiz et al., 2015). This is further supported by evidence indicating that the PRC2 

plays a role in silencing miR-200 family expression through H3K27me3 mediated 

repression of transcription (Ning et al., 2015). However, recent literature has suggested 

that H3K27me3 levels may be decreased within TNBC and coupled with the known 

downregulation of the miR-200 family within TNBC, the simultaneous decrease of both 

miR-200 and H3K27me3 may be a TNBC specific phenomenon (Hsieh et al., 2020). 

Further investigation is required to determine if the relationship between the miR-200 

family and H3K27me3 demonstrated from these results is restricted to TNBC, and to 

determine the intermediate pathway through which this relationship is mediated. One 

further consideration for the results was a potential impact by the miR-200 family on the 

expression or activity of a H3K27me3 demethylase. The primary H3K27 demethylase 

KDM6A has been implicated in EMT/MET and seems to have increased activity in 

tissues expressing epithelial markers (Taube et al., 2017). RNA sequencing data 
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comparing gene expression between RJ423EV and RJ423ba429 cells did not show a 

difference in KDM6A expression between the cell lines, however, there are various 

factors which can impact the activity of KDM6A (Simpson et al., 2021; Taube et al., 

2017). Further, Taube et al., demonstrated that KDM6A had constant gene expression 

but variable enzymatic activity between EMT and MET processes. This offers an 

alternative mechanism for increasing H3K27me3 levels which isn’t mediated directly 

through a miR-200-PRC2 axis.  

Interestingly, only the miR-200b/a/429 cluster demonstrated delayed tumour initiation 

and reduced growth in vivo, however, both miR-200 family clusters showed reduced 

proliferation rate and capacity for invasion in comparison to the RJ423EV cell lines. 

When these results are coupled with the differentially regulated SUZ12 pathway through 

RNA sequencing between the RJ423ba429 tumours and cell lines, and only the 

RJ423ba429 cells exhibiting increased H3K27me3 in vitro, this study potentially 

implicates the SUZ12 pathway as being central to the in vivo changes in tumour 

development mediated through the miR-200b/a/429 cluster. However, this relationship 

has not been previously demonstrated, and requires further investigation, potentially 

through the use of PRC2 inhibitors. 

To determine whether the increase in H3K27me3 levels found in vitro following miR-200 

overexpression was conserved in vivo, immunohistochemistry was performed on 

tumour slides from the FVB immunocompetent mouse injections. While the in vitro 

increase in H3K27me3 levels was restricted solely to the RJ423ba429 cell line, in vivo 

results indicated an increase in H3K27me3 in both RJ423ba429 and RJ423c141 
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tumours. The change in H3K27me3 expression in the RJ423c141 cell line between in 

vitro and in vivo requires further confirmation. As the RJ423ba429 cell line was the only 

cell line with significant increases in H3K27me3 levels in vitro, the RJ423c141 cell line 

had similar levels to RJ423EV in vitro but significantly increased in vivo. Due to these 

changes occurring following in vivo tumour growth, it is possible that it is mediated 

through interactions between these cells and cells in the tumoural microenvironment. 

The PRC2 has been implicated previously in impacting immune cell activation and 

activity within ovarian cancer thereby indicating that there is crosstalk between 

H3K27me3, and tumour associated immune cells, however, no research has currently 

indicated a mechanism by which cells in the tumour microenvironment could impact 

H3K27me3 levels within tumour cells (Peng et al., 2015). However, while levels of 

H3K27me3 in RJ423ba429 and RJ423c141 in vivo may not be different, the genes 

which are under H3K27me3 mediated repression may be different between the cell 

lines, resulting in differing impacts on tumour development. To further investigate this, 

CHiP sequencing could be performed to determine if any specific genes are 

differentially repressed both in vitro and in vivo between the two different overexpressed 

miR-200 family clusters. This may provide a better understanding of the differences 

seen in the RJ423c141 cells in comparison to the tumours and indicate if changes in 

PRC2 activity are a causal factor in miR-200 mediated dormancy. 

 

Following the observation that the RJ423ba429 cell line induced tumour dormancy upon 

intramammary injection, it was proposed that the mechanism of dormancy was likely 
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immune-mediated, or angiogenic mediated. As an initial step to determine if the immune 

system was a driver of dormancy, the RJ423EV, RJ423ba429, and RJ423c141 were 

injected into the mammary fat pads of NCG immunosuppressed mice. As mentioned 

previously, the protocol for estimating tumour mass was through external caliper 

measurements, and only captured the spherical mass surrounding the injection site. 

While 10/10 (100%) of the RJ423ba429 tumours had the vast majority of their mass 

contained within the primary spherical tumour, 7/8 and 6/7 of the RJ423EV and 

RJ423c141 tumours invaded into the peritoneum, and across the abdomen and thorax. 

This frequently resulted in the two tumours on either side joining in the middle, making it 

difficult to ascertain the extent to which each tumour had grown. Due to the amount of 

tumour mass which was outside of the primary injection site, the total tumour mass, and 

tumour specific growth rates of both the RJ423EV and RJ423c141 tumours was likely 

underestimated. However, notably, the RJ423ba429 tumours did not undergo a period 

of dormancy or demonstrate delayed tumour initiation within the NCG 

immunosuppressed mouse model which the RJ423ba429 tumours did exhibit within the 

FVB immunocompetent mouse model previously. Further, while the FVB injections 

demonstrated a difference in tumour morphology, primarily an increase in extracellular 

matrix in the RJ423ba429 tumours in comparison to the RJ423c141 and RJ423EV 

tumours, the NCG injections did not show this same difference in morphology. The lack 

of significant differences between the RJ423ba429, RJ423c141, and RJ423EV tumours 

in the NCG injections supports the potential for the miR-200 mediated tumour dormancy 

to be exerted through changes in immune system activity, infiltration, or both. However, 



 

 

76 

 

various immune cell types are involved in inhibiting tumour growth and effectuating 

immune-mediated dormancy. Importantly, NCG mice lack expression of mature T cells, 

B cells, NK cells, and have decreased expression of both dendritic cells and 

macrophages, implying the possibility of changes in activity or infiltration of any 

combination of those cells to be a potential driver of tumour dormancy.  

To investigate which, if any immune cells demonstrated differential infiltration into the 

RJ423ba429, RJ423c141, or RJ423EV tumours, immunohistochemical analysis of FVB 

mouse tumour sections was performed. Tests for the levels of four different classes 

were performed: 1) F4/80 for tumour-associated macrophage infiltration, 2) CD3ε for T-

cell and NK cell infiltration, 3) CD19 for B-cell infiltration, and 4) CD11c for dendritic cell 

infiltration.  

Notably, while only the RJ432ba429 tumours demonstrated delayed tumour initiation 

and slower tumour growth, both the RJ423ba429 and RJ423c141 tumours exhibited 

significantly increased levels of tumour-associated macrophages. Macrophages within 

the tumoural environment play a significant role in tumour development by secreting 

growth factors, cytokines, and activating tumour associated T-cells and NK cells (Lin et 

al., 2019). However, more recently, questions have arisen as to the impact that tumour 

associated macrophages have on tumour growth and initiation, suggesting that in some 

instances they can play a tumour promoting role (Zhou et al., 2020). The suggestion 

that the miR-200 family impacts the levels of tumour associated macrophage infiltration 

independent of the miR-200 family’s impact on tumour growth should be further 

investigated to determine a potential mechanism. MicroRNA dysregulation within 
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tumours can have significant impacts of tumour associated immune cell activity through 

extracellular vesicles originating from tumours cells which manipulate the levels of 

microRNAs in other cells of the tumour microenvironment (Valadi et al., 2007). While 

this study indicated a potential differential infiltration of tumour-associated macrophages 

following miR-200 family overexpression, further investigation is required to determine 

the impacts of this relationship on tumour growth. Macrophages can be separated into 

two groups, M1 and M2 macrophages, and the two groups have differing roles in 

regulating tumour growth. M1 macrophages are proinflammatory and increase the 

recruitment of other immune cells responsible for decreasing tumour growth, whereas 

M2 macrophages, which are considered to make up the bulk of tumour associated 

macrophages, are anti-inflammatory and tumour suppressive, resulting in tumour 

immune evasion and continued growth (Hao et al., 2012). To determine the impacts of 

increased macrophage infiltration on the tumour growth in the models discussed, 

analysis of the types of macrophages present is necessary. This could be done through 

immunohistochemistry or Western blotting using CD38 as an M1 marker, and Egr2 as 

an M2 Marker as done previously (Jablonski et al., 2015).  

Subsequently, the analysis of T-cell and NK cell infiltration yielded no significant 

difference between the tumour groups. The variability between tumour slides, especially 

in the RJ423ba429 tumours, caused largely through the relatively low level of staining, 

made it difficult to conclude anything regarding the effect of the overexpression on the 

infiltration of these cell types. Additionally, using CD3ε, which stains for CD4+ T-cells, 

CD8+ T-cells, and NK cells may have also decreased the likelihood of a significant 
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result, as changes in the level of infiltration of 1 or 2 of those cell types may not have 

been evident past statistical noise. Further investigation should be done to determine 

whether or not there are any changes in these immune cell populations. Western blots 

for CD4, CD8, granzyme B, and CD57 could better determine if these differences exist.  

The investigations for both CD19 and CD11c showed low levels of both B-cells and 

dendritic cells within the tumours, however, concurrent lymph node staining 

demonstrated the effectiveness of the protocol, suggesting very little infiltration of either 

cell type within any of the tumours. Further investigation, such as the use of western 

blots for CD19 and CD11c could be performed to determine if any differences in B-cell 

or dendritic cell infiltration exist (Lv et al., 2020, Lee et al., 2018).  

The second likely impetus behind the induction of dormancy could be due to a decrease 

in angiogenesis, resulting in tumour hypoxia and reduced growth. To determine if this 

was playing a role in the dormancy exhibited by the RJ423ba429 FVB tumours, 

immunohistochemical analysis of CD31 expression, a protein expressed by vascular 

endothelial cells, was performed. The results showed very little vasculature in the 

RJ423ba429 and RJ423EV tumours, with significantly increased blood vessel density 

shown in the RJ423c141 cells. The decrease in CD31 expression by the RJ432ba429 

tumours could indicate that an inhibition of angiogenesis is a partial driver of tumour 

dormancy, however, the lack of angiogenesis in the much faster growing RJ423EV 

tumours shows that these tumours are able to still maintain growth without significantly 

increasing angiogenesis. Previous work within our lab has also indicated the possibility 

of miR-200 overexpression impacting tumour growth. Jones et al., (2017) demonstrated 
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a reduction in both tumour growth and CD31 compared to RJ423EV tumours following 

overexpression of miR-200c. Additionally, that study found high levels of CD31 in 

RJ423EV tumours, whereas this study found much lower CD31 levels. That could 

indicate a problem with the fixation of the RJ423EV tumour blocks used in this study.  

Based on immunohistochemical analysis of potential factors mediating dormancy the 

exact mechanism remains unknown. While the dormant RJ423ba429 tumours did 

exhibit both increased tumour associated macrophage infiltration, and reduced markers 

of angiogenesis in comparison to one or the other of RJ423c141 and RJ423EV, no 

marker was found in which the RJ423ba429 tumours was statistically different from both 

the growing tumour types. It is possible that both immune and angiogenic factors 

combine to exert the effect of dormancy, however, further investigation will be needed to 

posit a definitive mechanism. Additionally, while H3K27me3 levels were increased in 

RJ423ba429 cells both in vitro and in vivo, the increased H3K27me3 expression in vivo 

for the RJ423c141 tumours which didn’t exhibit reduced tumour growth adds further 

questions to the relationship between the miR-200 family and the PRC2 and how this 

relationship impacts tumour initiation, growth, and dormancy.  

 

Limitations 

There are a variety of potential limitations to the results presented. Primarily, given that 

both TNBC and claudin-low breast cancer subtypes are inherently heterogenous, the 

generalizability of this study to all murine TNBC models is unknown. While some of 
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what has been demonstrated in this study has also been shown elsewhere in the 

literature, relationships which haven’t been as thoroughly investigated, such as those 

proposed between the miR-200 family and increased H3K27me3 levels, or the miR-200 

family and impacts on immune evasion and angiogenesis should be further investigated 

through the use of other murine and human models. Additionally, quantitative 

immunohistochemical analysis can be difficult as different regions of the tumour can 

possess varying characteristics, including varying levels of the miR-200 family itself. 

Lastly, there are some concerns as to the consistency of fixation within the FVB 

RJ423c141, RJ423ba429, and RJ423EV tumours which were used for the 

immunohistochemical analysis. While the RJ423ba429 tumours had variable levels of 

staining depending on what factor was being investigated, it seemed that the RJ423EV 

tumours often exhibited lower intensities of staining, even for factors which should be 

globally present. Conversely, the RJ423c141 tumours seemed to demonstrate higher 

intensities of staining than may have been expected. Different aspects of the fixation 

and embedding process can impact the efficiency and availability of antibody-epitope 

binding, and therefore, could have played a role in some of the intensity measurements 

gathered throughout this study.  

 

Summary of Conclusions 

This study further confirmed results shown previously that increased expression of the 

miR-200 family within TNBC is associated with decreased proliferation, invasion, and a 

transition from mesenchymal to epithelial cellular morphology. Further, this study 
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demonstrated that the miR-200 family can impact epigenetic regulators, specifically the 

PRC2, and that this relationship is potentially related to the reduced proliferation, 

invasion, and morphology changes. Additionally, these results suggest a relationship 

between increased miR-200 family expression and changes in communication between 

tumour cells, and other cells in the tumour microenvironment. These effects likely 

impact either immune cell activity, vascular endothelial cell activity, or both, and further 

work will be required to elucidate the definitive mechanistic relationship between these 

factors.  

 

Future Directions 

This study implies a variety of potential relationships and impacts of miR-200 

overexpression within TNBC. To further elucidate the mechanisms of these impacts, 

possible future directions of this line of research will be discussed.  

To determine if, and if so to what extent, increases in H3K27me3 levels impact the 

changes in cellular characteristics demonstrated in this study, PRC2 inhibitors such as 

UNC1999 or DZNep could be utilized. Following an investigation into appropriate doses 

of these drugs, and confirmation of reduced H3K27me3 levels through flow cytometry, 

BrdU flow cytometry, Transwell invasion assays, and crystal violet staining could be 

repeated at varying drug concentrations. These tests could be performed on 

RJ423ba429 and RJ423EV cells to determine which, if any, of the changes in 

proliferation, invasion, and cellular morphology are impacted by changes in H3K27me3 
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levels. This would assist in determining which of the in vitro impacts seen by miR-200 

overexpression are mediated through changes in PRC2 activity. Additionally, the PRC2 

inhibitor UNC1999 is orally bioavailable in mice, and can be added to the feed. This 

could be utilized to determine if the increase in H3K27me3 levels is a factor in the 

tumour dormancy demonstrated by RJ423ba429 tumour growth in FVB mice.  

Subsequently, further investigation into the mechanisms of dormancy is warranted. As 

mentioned previously, immunohistochemistry results demonstrated in this study should 

be confirmed and further investigated with western blots coupled with densitometry 

analysis to investigate differentially expressed immune related proteins such as CD4+, 

CD8+, Granzyme B, CD57, CD11c, and CD19. Additionally, western blots for other 

immune related protein expression which relates to tumour dormancy such as PD-L1, 

and IL-2 could be performed to determine if there are changes in T-cell activity levels, 

even if there is no change in tumoural infiltration. This may be able to provide a clearer 

understanding of the role that the immune system, and, by extension individual immune 

cell types, has in the miR-200 mediated tumour dormancy previously demonstrated. 

Additionally, partial immunocompromised mouse models which differentially express 

specific immune cell types could be used to further determine which specific cell types, 

if any, are a factor in tumour dormancy. 

Lastly, the role of inhibited angiogenesis in the RJ423ba429 tumours should be further 

investigated. Initially, confirmation of the decreased levels of CD31 through the use of 

western blots coupled with densitometry analysis could be performed. Following that, 

the use of intramammary injections into FVB mice with the addition of inhibitors of 
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angiogenesis such as AGM-1740, angiostatin, BB-94, or endostatin added could be 

added to the model in an attempt to induce dormancy in either the RJ423c141 or 

RJ423EV tumour types.  

In summary, further experiments are needed to confirm the conclusions of this study. 

This will allow for a more mechanistic and clearer understanding of the role the miR-200 

family plays in TNBC. 
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APPENDIX 1: CONFIRMATION OF RNA SEQUENCING 

 

RNA sequencing was performed on RJ423EV, RJ423ba429, RJ423c141 cell lines, and 

on tumours originating from RJ423EV, RJ423ba429, and RJ423c141 cells. Importantly, 

the tumours originating from RJ423ba429 cells were separated into two groups: 1) 

those which remained dormant until collection, and 2) those which had reinitiated 

growth prior to collection. These groups have been termed “dormant” and “growing”. 

Between the dormant and growing tumours, RJ423ba429 and RJ423 EV cell lines, and 

between the RJ423ba429 and RJ423EV tumours, Enrichr analysis indicated the most 

differentially regulated cellular pathway between the two groups was SUZ12 (Simpson 

et al., 2021). To confirm the accuracy of the RNA sequencing, RT-qPCR was performed 

on RNA isolated from tumour samples which originated from RJ423EV and 

RJ423ba429 (both dormant and growing). The genes chosen were 9 of the top 10 most 

differentially regulated genes, based off of log2FC. In all 9 of these genes, expression 

was predicted to be highest in the dormant RJ423ba429 tumours, and lowest in the 

RJ423EV tumours. Analysis was done relative to the housekeeping gene Hprt, and 

relative fold change was calculated by converting ΔΔCQ values into gene expression 

fold change. Data was then expressed relative to the gene expression found in the 

RJ423EV samples. The analysis confirmed the RNA sequencing data we received. 
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Figure 23: RT-qPCR analysis of A) LRRC2, B) ASB11, C) MYLK2, D) ASB14, E) NRAP, F) TRIM63, 
G) KLHL40, H) DUSP13, I) SMPX, gene expression within RJ423EV, RJ423ba429-dormant, and 
RJ423ba429-growing tumour samples. 
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APPENDIX 2: RECIPES 

20X PBS (1L) 

1L H2O in flask or cylinder 

While stirring add: 

NaCl 160 g 

KCl 4.0 g 

Na2HPO4.7 H2O 23.0 g 

KH2PO4 4.0 g 

 

Tris-EDTA buffer (1L) 

1L H2O in flask or cylinder 

While stirring add: 

Tris 1.21 g 

EDTA 0.37 g 

pH adjusted to 9.0 with NaOH. 

0.5 mL of Tween 20.  

 

Citrate Buffer (1L) 

1L H2O in flask or cylinder 

While stirring add: 

2.94 g Na3C6H5O7. 

pH adjusted to 6.0 with 5N HCl 

0.5 mL of Tween 20. 
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Antibody Diluting Fluid 

100 mL of H2O 

Bovine Serum Albumin 1 g 

Triton-x 100 100 μl 

 

Blocking Solution 

200 mL of H2O 

Bovine Serum Albumin 10 g 

Sodium Azide 0.02 g 

 

Carazzi’s Hematoxylin 

200 mL of H2O 

Hematoxylin 0.25 g 

Glycerol 50 mL 

Aluminum Phosphate Sulphate 12.5 g 

Potassium Iodate 0.05 g 
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