
 

 

 

 

 
 

 

 

Regulation of HC11 Mouse Mammary Epithelial Cell 

Differentiation by the Rac/Stat3 axis 

 
by 

Maximilian Niit 

 

 

A thesis submitted to the Department of Pathology and Molecular Medicine 

In conformity with the requirements for the degree of  

Master of Science 

 

Queen’s University 

Kingston, Ontario, Canada 

(December 2016) 

 

Copyright © Maximilian Niit, 2016 



 

 

ii 

Abstract 

Studying cellular differentiation can reveal valuable information underlying the 

mechanisms that mediate cell fate. The HC11 mouse mammary epithelial cell line has long been 

used as a model to study lactogenic differentiation in vitro. Differentiation of HC11 cells requires 

the addition of hydrocortisone, insulin, and prolactin, added at confluence. Recently, our lab 

demonstrated that engagement of E-cadherin in HC11 cells, which is favoured under conditions 

of confluence, triggers a dramatic increase in the activity of the cRac1, small GTPase, which, in 

turn, activates Stat3 (Signal Transducer and Activator of Transcription-3). Therefore, we 

hypothesized that the E-cadherin/Rac/Stat3 axis may play a role in HC11 cell differentiation. 

My results demonstrate that this pathway positively regulates HC11 mammary epithelial 

cell differentiation and that it is a key mediator of cell fate. Particularly, the strength of the Rac 

signal is key for the outcome of the differentiation process; cRac is critically required for 

differentiation, and at low levels, mutationally activated RacV12 is able to increase differentiation, 

presumably by reinforcing the E-cadherin/Rac differentiative signal.  However, high RacV12 

expression blocked differentiation while inducing neoplastic transformation. On the other hand, 

despite the fact that Stat3 was also required for differentiation, constitutively active Stat3 

expression was found to block differentiation at all levels.  

In conclusion, hyperactive RacV12 may have opposing functions, depending upon its level 

of expression.  As a result, a complete Rac inhibition may not be necessary in order to reverse a 

Rac-driven, neoplastic phenotype in a clinical setting, since the residual, low levels of Rac may 

be actually promoting cellular differentiation, a finding which could have important therapeutic 

implications. 
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Chapter 1  

Introduction and Literature Review 

Researchers studying carcinogenesis have long been aware of a relationship that exists 

between the regulation of terminal differentiation and cell proliferation (1)(2). Differentiation in 

vivo is a tightly regulated cellular program that is dependent on the coordinate action of many 

intra- and extracellular signaling proteins, and alterations within these signaling pathways can 

have detrimental effects on cell fate. In general, uncontrolled expression of oncogenes block 

cellular differentiation, thus establishing the concept that differentiation and transformation are 

opposing mechanisms (3). In fact, many types of cells regulate their growth rate in vivo by 

regulating their state of differentiation (1)(2). Therefore, investigation into the functional 

relationship between neoplasia and differentiation may provide more physiologically relevant 

data than the study of each one in isolation. 

In our lab, we use HC11 mouse mammary epithelial cells to study differentiation in vitro. 

Cells within tissues in vivo have extensive opportunities to adhere to their neighbours. Cultured 

cells grown to high densities in vitro in part simulate the mechanical and physiological conditions 

experienced by cells in a three-dimensional space, in vivo. Previous results from our lab have 

indicated that confluence, through engagement of cadherins, leads to a dramatic increase in Stat3-

pTyr705 (4)(5). As confluence is a requirement for HC11 cell differentiation, we suspected that 

the E-cadherin/Stat3 axis may be contributing to differentiation in this system. Further, because 

Stat3 controls a number of oncogenic process underlying malignant transformation (6), we 

suspected that this pathway would greatly influence cell fate.   
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Development of the Mammary Gland 

The mammary gland is composed of two main tissue compartments: the stroma (also 

known as the fat pad) and the epithelium (7). The mammary epithelium, which makes up the 

ducts and secretory structures, develops in three stages: during embryogenesis, puberty and 

pregnancy (7). During embryogenesis, the rudimentary mammary gland forms by invagination of 

the ectoderm overlying the fat pad, a process primarily dependent on EGF and FGF receptor 

signaling (8). At this point, development is suspended until puberty, where an extensive series of 

branching ducts form in response to a surge in estrogen and progesterone (see Fig 1.1) (9)(8). In 

response to hormonal cues during pregnancy (estrogen, progesterone, glucocorticoids, and 

prolactin), the mammary gland undergoes further branching and morphological changes to form 

structures that synthesize and release milk, called the alveoli (7)(8). Following pregnancy and the 

termination of lactation, the mammary glands return to the pre-pregnancy state. This process is 

termed involution and involves extensive tissue restructuring and programmed cell death (10).  

Several different types of mammary epithelial cells, in various stages of development, 

constitute the epithelium-derived structures of the mammary gland. They all arise from two main 

cell types: luminal cells, which line the lumen of the ducts; and elongated myoepithelial (basal) 

cells, which surround the luminal cells and are in contact with the basement membrane (See Fig 

1.2A)(11). While these cells arise in a hierarchal manner from two main progenitor cell types, 

maturation of an individual cell does not occur linearly, and cell fate can be altered even in the 

later stages of differentiation (Fig 1.2B) (9)(11).  
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Figure 1.1 Development of the Mammary Gland 
Mammary gland development begins during embryogenesis, where the rudimentary mammary 
gland forms. Development is then suspended until puberty, at which point the terminal end buds 
migrate deep into the fat pad to form a series of branching ducts (9). During pregnancy, extensive 
side branching occurs, followed by the formation of alveoli; the structures that synthesize and 
release milk during lactation (7)  

 
 
.  
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Figure 1.2 Organization of the Mammary Epithelium 

A: Organization of the mammary epithelium: The mammary epithelium is composed of two 
main lineages: ductal / alveolar luminal cells (pink / blue respectively) which sourround the 
lumen of the ducts, and elongated myoepithelial (basal) cells (red), which surround the luminal 
cells and are in contact with the basement membrane. Mammary stem cells (yellow) are 
interspersed within the epithelium and give rise to these two lineages.  
 
B: Hierarchy of the mammary epithelium: Multipotent mammary stem cells (MaSCs) give rise 
to the different lineages that exist in the mammary epithelium. Each subsequent step leads to 
further differentiation and reduces multipotent capacity. However, maturation of each cell does 
not necessarily occur linearly, and cell fate can be altered even in the later stages of 
differentiation (9)(11).  
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Breast Cancer Subtypes and “Cell of Origin” 

Breast cancer, like many cancers, is a heterogenous disease. There are 6 main breast 

cancer subtypes defined by hormone status (the presence or absence of the estrogen and 

progesterone receptors (ER/PR respectively)), the presence of HER2, as well as other 

characteristic molecular markers. (12)(13). However, within a given subtype, patient outcome and 

response to treatment can vary greatly. This can be attributed to differences that exist between 

each patient’s molecular profile. The molecular profile, which describes the genetic abnormalities 

and oncogenic signals that contribute to cancer progression, can be markedly variable from 

patient to patient within the same subtype (14)(15). The widespread use of high throughput gene 

expression profiling tools has made it possible to define intrinsic subtypes in order to further 

characterize an individual’s cancer case on a molecular level (14). However, while researchers 

are getting closer to understanding the complexities of cancer biology at the molecular level, 

there remain many unanswered questions.  

Breast cancer subtypes with a positive ER/PR status (luminal A and luminal B subtypes) 

are generally associated with a better prognosis than the other subtypes, with luminal A patients 

fairing better than those diagnosed with luminal B (15). HER2 overexpressing, and triple-

negative subtypes (basal-like, normal-like, and metaplastic) have a poor prognosis, as they are 

more difficult to treat and show higher relapse rates than the luminal subtypes (14). Interestingly, 

breast cancer subtypes with poorer prognoses tend to arise from less differentiated cells within the 

hierarchy of the mammary epithelium (11). Further, studies have indicated that tumor cells retain 

gene signatures reminiscent of their “cell of origin” (11). For example, luminal A subtype cancer 

cells possess a gene signature most similar to that of a mature luminal epithelial cell, whereas 

basal-like subtype cancer cells are most similar to a luminal progenitor (See Fig. 1.3) (11). 

Groups are delineating the mammary epithelial hierarchy by characterizing cell surface marker 
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expression using fluorescence-activated cell sorting (FACS) to link breast cancer subtypes to cells 

native to the mammary epithelium (9). The observation that subtypes arise from a particular “cell 

of origin” contributes to understanding the complexities of tumor heterogeneity and mammary 

tumorigenesis, which is valuable information for prognosis and potential treatment options 

(9)(11). Overall, the molecular signaling pathways that contribute to mammary epithelial cell 

stemness, as well as progressive differentiation, are worth studying for their predictive value of 

mammary carcinogenesis.    

 

STAT Proteins 

Signal transducer and activator of transcription (STAT) proteins are a family of seven 

intracellular signaling molecules (Stat1, Stat2,Stat3, Stat4, Stat5a, Stat5b, and Stat6) (16). While 

normally found latent in the cytoplasm, when activated by tyrosine phosphorylation, they 

translocate to the nucleus and directly bind DNA to mediate transcription of a wide profile of 

target genes (6). STAT proteins relay signals from the extracellular region into the cytoplasm by 

interaction with activated cytokine and growth factor receptors (17). The manner of STAT protein 

activation is similar across all family members: phosphorylation on a tyrosine residue located 

near the transactivation domain (~ residue 700) promotes STAT protein dimerization through 

reciprocal interaction of the phosphorylated residue and an adjacent Src homology-2 (SH2) 

domain. STAT dimers can then enter the nucleus where they bind to specific target sequences. 

Homodimers between STAT proteins are the most commonly studied, however, heterodimers are 

just as prevalent (18). While not as frequently investigated or widely understood, the formation of 

STAT protein heterodimers are thought to be a manner of signal modification that occurs 
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Figure 1.3: Breast Cancer Subtypes and the Mammary Epithelial Hierarchy 

Breast cancer subtypes with poorer prognoses are thought to arise from less differentiated cells 
within the hierarchy of the mammary epithelium. This model portrays the relationship that exists 
between breast cancer subtypes and their most similar counterpart within the hierarchy of the 
mammary epithelium, based on analysis of gene signatures and cell-surface markers (9)(11).  
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downstream of the extracellular signal/receptor (18). It is not currently clear just how many 

heterodimer combinations exist. 

 

STATs and Oncogenesis 

The study of STAT proteins in the context of oncogenic signaling is of great interest in 

cancer research. The two STAT proteins most widely studied in human cancer are Stat3 and 

Stat5, mainly for their positive control of cell cycle progression and cell survival (16); however, 

the activity of all STAT family members has been implicated, either positively or negatively, in 

human cancer, and many groups are studying their role in tumorigenesis. Further, because STAT 

proteins are druggable with small molecules (19), they have provoked strong interest as potential 

anti-cancer targets. Therefore, the study of Stat proteins in human cancer is valuable in both the 

basic science and clinical fronts.  

 

Signal transducer and activator of transcription-3 (Stat3) 

Stat3 is the most widely studied Stat family member. In quiescent cells, it is found 

inactive in the cytoplasm (16). It is activated by cytokine receptors of the IL6 family, as well as 

receptor and non-receptor tyrosine kinases (e.g. the EGFR receptor or Src kinase respectively) (6) 

(Fig 1.4A). Receptor tyrosine kinases and cytokine receptors activate Stat3 through the associated 

JAK kinases, where activation through non-receptor tyrosine kinases (Src) happens directly (6). 

Activation of Stat3 occurs through phosphorylation of a critical tyrosine residue (Tyr-705) and 

the product (Stat3 pTyr-705) forms a homodimer which then translocates to the nucleus (20). 

Here, the Stat3 dimer recognizes a 9 base pair DNA sequence (TTCNNNGAA) and activates 

transcription of target genes (20). Additionally, Stat3 may be activated by Ser-727 

phosphorylation, which localizes phosphorylated dimers to the mitochondria (21). 



 

 

9 

A 
 
 
 
 
 
 
 
 
 
B 

Figure 1.4: Signal transducer and activator of transcription-3 

A: Classical Stat3 signaling: Stat3 binds to activated growth factor receptors and is activated by 
the receptor phosphorylating Stat3 at tyrosine residue 705. Additionally, cytokine receptors 
activate Stat3 in a Jak dependent manner. Lastly, non-recepetor tyrosine kinases (e.g. Src) can 
phosphorylate and activate Stat3 directly. Phosphorylated Stat3 then dimerizes, translocates to the 
nucleus, and binds DNA to control transcription of target genes.  
 
B: Stat3 regulates a wide profile of cellular processes by regulating transcription  
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The profile of genes (and the resulting cellular processes) regulated by Stat3 is what 

makes it an important molecule to study (Fig 1.4B). Many of these genes play a role in 

stimulating cell division (e.g. myc, cyclin D), angiogenesis (e.g. VEGF)(6), immune evasion (6) 

and, most importantly, promoting cell survival (22)(23). Stat3 is a potent survival factor that can 

promote survival through transcriptional regulation of genes such as bcl-xL or survivin, as well as 

down-regulating pro-apoptotic factors such as the tumor suppressor p53 (24). Additionally, Stat3 

promotes survival by acting on components of mitochondrial function. For example, Stat3 

mediates expression of the HIF-1 alpha gene (25). In this way, Stat3 expression assists in 

apoptosis supression by increasing cellular resistance to hypoxia (26). In addition to promoting 

aerobic glycolysis, Stat3 has been shown to concurrently down-regulate genes involved in the 

electron transport chain (ETC) and thereby decrease mitochondrial activity (26). Reducing 

mitochondrial activity shifts the cell away from energy production and towards cell cycle 

progression; reducing the amount of reactive oxygen species produced during the ETC, and 

therefore reducing cellular stress that could induce apoptosis (27). Overall, Stat3 is among the 

most powerful cellular survival signals and its activity has been implicated in normal tissues and 

oncogenic processes alike.  

 

Stat3 and Differentiation 

Stat3 activity positively regulates differentiation of many different cell types across the 

human body. Models that enable to study of astrocyte differentiation both in vitro and in vivo 

demonstrate that Stat3 activity is critical for the production of glial fibrillary acidic protein 

(GFAP); a protein marker used to distinguish mature astrocytes from their precursors (28)(29). 

Additionally, it has been suggested that Stat3 promotes astrocyte differentiation through 

chromatin modification by  
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regulation of its gene target, Cyclin D1 (30). However, its exact role in this process is still 

unclear. Stat3 activity also plays a role in the production of mature immune system components. 

In B cells, Stat3 appears to mediate the expression of genes required for the early stages of B-cell 

differentiation in vivo; as reduced Stat3 expression in the bone marrow leads to an increased 

number of immature B cell precursors (31). Additionally, Stat3 activity has been implicated in the 

maturation of T-cells and macrophages, however this has not been extensively studied (32). In 

kidney epithelial cells, one group found that confluence mediated Stat3 activation was critical for 

proper differentiation in vitro (33). The study reported that a unique gene target of Stat3, the 

sodium/hydrogen exchange channel- NHE3, facilitates differentiation in this model by promoting 

apicobasal polarity (33). As apicobasal polarity is a critical attribute possessed by mature 

epithelial cells regardless of the tissue type (34), this model may have implications for proper 

differentiation of the mammary epithelium as well. Overall, while Stat3 activity has been 

implicated in positively regulating differentiation in many different cell types, its upstream 

regulators and gene targets vary greatly, making it an intricate area of study.  

 

Stat3 and Mammary Gland Development 

Many signaling pathways are activated in response to the mix of hormones and growth 

factors that contribute to the development of the mammary gland, one of which is Stat3. The best-

characterized role for Stat3 signaling in mammary gland development is during involution, where 

it initiates cell death by up-regulating lysosomal proteases in transgenic mice (35). However, in 

the majority of human breast cancers, Stat3 promotes cell survival, which seemingly contradicts 

its role in mammary gland involution (10). The discrepancy between Stat3’s paradoxical roles is 

an area of intensive research focus, and indicates that Stat3 activity is broad, dynamic, cell 

context dependent, and temporally regulated. Groups (including our own) are starting to 
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recognize a broader role for Stat3 in mammary epithelial cell morphogenesis. For example, 

Staniszewska et al (36) have expanded on Stat3’s wide profile of cellular processes by indicating 

a novel role in maintaining the functionality of mammary stem cells (36).  

 

Stat3 and Oncogenesis 

 Evidence for the contributions of Stat3 to oncogenesis were originally recognized during 

studies that indicated there was constitutive Stat3 activation in cell lines transformed by the Src 

oncogene (37), and that blocking Stat3 signaling in Src transformed cell lines supressed 

transformation (38). Today, we recognize that Stat3 activity is required for transformation by 

many different oncogenes and is overactive in many different types of human cancer (39)(6). In 

fact, constitutively active Stat3 is sufficient to drive neoplastic transformation in some models 

(17). Somatic mutations resulting in the constitutive activation of Stat3 have been reported in 

many types of cancer including granular lymphocytic leukemia (40) and inflammatory 

hepatocellular adenomas (41). However, these types of mutations are infrequent compared to 

Stat3 over-activation as a result of persistent upstream tyrosine kinase signaling, which is seen in 

the majority of cases (21). Overactivity of Stat3 has been reported in many solid cancers, such as 

head & neck, prostate, breast, lung, colorectal, and ovarian cancers; as well as leukemias and 

lymphomas (42)(6). Further, Stat3 has been explored in the context of clinical parameters across a 

variety of human cancers types. In general, Stat3 expression is seen in greater amounts within 

tumor samples compared to the surrounding stroma, and its expression has been positively 

correlated to clinical grade, tumor size, and lymph node metastasis; and, conversely, negatively 

correlated to overall and disease-free survival (43)(44)(45).  

The complete profile of genes regulated by Stat3 is still being studied. However, many 

pro-oncogenic targets have been identified such as cyclin D1/2, myc, MCL-1, BCL-xL, VEGF, 
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HIF1α, survivin, and MMP2/9 (17),(21)(23)(6). Upregulation of these genes, along with the 

downregulation of p53 (6)(24), collectively contribute to pro-oncogenic cellular processes such as 

cell proliferation, invasion, cell survival, and angiogenesis. Additionally, Stat3 transcriptionally 

represses inflammatory chemokines and cytokines and, in this way, aids in tumor immune 

evasion (46). Overall, Stat3 plays a fundamental role in cancer initiation and progression, and this 

is why it is the most widely studied Stat family member in the context of neoplastic 

transformation 

 

Rho GTPases 

The Rho family of small GTPases are a well conserved subclass of the Ras superfamily 

of intracellular signal effectors (47). The subclass is comprised of 20 small (21-23 kDa) G 

proteins: molecular switches that cycle between their active GTP bound state and their inactive 

GDP bound state (48). Activation is promoted by guanine exchange factors (GEFs), which 

remove bound GDP to assist in the binding of GTP, while inactivation is promoted by GTPase 

activating proteins (GAPs), which promote the intrinsic GTPase activity of G proteins, leading to 

hydrolysis of bound GTP into GDP to inhibit signal transduction (48) (Fig. 1.5). The Rho family 

of GTPases are distinguished from other subclasses by the presence of an “additional insert” 

within the GTPase domain that likely assists with the recognition of downstream targets (49).  

 Rho GTPase family members interact with more than 70 downstream effectors to 

regulate a wide range of cellular effects (50). While they are best known for their regulation of 

cytoskeletal dynamics, Rho GTPase activity has been implied in many cellular processes across  
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Figure 1.5: Activation of Rho GTPases 

Activation of Rho GTPases is promoted by guanine exchange factors (GEFs), which remove 
bound GDP to facilitate the binding of GTP. GTP bound Rho GTPases activate downstream 
effectors to elicit a wide range of cellular effects. Inactivation of Rho GTPases is promoted by 
guanine activating factors (GAPs), which promote the intrinsic GTPase activity of G proteins, 
leading to hydrolysis of bound GTP into GDP. GDP bound Rho GTPases are in an inactive form 
and cannot activate signal transduction pathways. Additionally, GDP bound Rho-GTPases 
become associated with Rho-protein dissociation inhibitor (Rho GDI), which keeps the protein 
membrane bound.  
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many different cell types including migration, morphogenesis, differentiation, cell proliferation, 

cell adhesion, and vesicular transport (51)(47). Rac1, Cdc42 and RhoA are the most 

evolutionarily conserved Rho GTPases (47). Of these, Rac1 is one of the most widely studied Ras 

superfamily member among researchers across many disciplines. Rac1 is well known for its role 

in the formation of lamellipodia (48); foot-like projections of the actin cytoskeleton that occur at 

the leading edge of a migrating cell. However, the ubiquitous expression, subcellular localization, 

and extensive profile of downstream effectors of Rac1 places it at a critical point in many 

intracellular signaling cascades (47). In fact, Rac1 deficient mice are embryonic lethal and 

display a multitude of defects early in germ-layer formation (47). In lactogenic differentiation, 

Rac1 activity has been reported as a key mediator of prolactin signaling, as well as adhesion-

mediated signals (52). Overall, Rac1 is known as a master regulator of cytoskeletal dynamics but 

contributes greatly to the integrity and homeostasis of biological systems both on the cellular and 

tissue level. 

 

Rac1 and Cancer 

 Rac1 contributes to a number of cellular processes that underlie malignant transformation 

(53). Overexpression of Rac1 leads to increased cytoskeletal rearrangement and therefore 

contributes to increased cell migration, metastasis, and invasion (50). Specifically, Rac1 controls 

the extension of lamellipodia, a characteristic of mesenchymal movement (53). However, studies 

show that Rac1 contributes to cancer progression in ways beyond the control of cytoskeletal 

dynamics; Rac1 activity can contribute to angiogenesis by activation of VEGF through mTOR 

and HIF-1 alpha, and cell division by activation of p38 (53). Additionally, Rac1 activity has been 

shown to contribute to cell survival through PAK/ NF- κB (54).  

 



 

 

16 

E-cadherin 

 Cell-cell adhesion is important for maintaining cell polarity, as well as tissue integrity 

and homeostasis (55). There are three types of cell-cell junctions: tight junctions, which maintain 

functional contact between adjacent epithelial cells; gap junctions, which are comprised of 

intercellular channels; and anchoring junctions (made up of adherens junctions and desmosomes), 

which connect the intracellular cytoskeletons of adjacent cells (56). A key component of adherens 

junctions is a family of proteins called cadherins: transmembrane glycoproteins that mediate 

calcium-dependent cell-cell adhesion (57). Classical cadherins, which are the best-characterized 

class of the cadherin superfamily, differ in sequence but are generally similar in overall function 

and structure. Each member has 5 extracellular repeat domains (EC1-EC5), which bind calcium 

in order to form a rigid structure; a single transmembrane domain; and a conserved intracellular 

domain, which associates with the actin cytoskeleton through cytoplasmic adaptors (such as the 

catenin family) (55)(56). Cadherin adhesion occurs by homophilic interactions of the extracellular 

domain between cadherin molecules on adjacent cells (58). Members of the classical cadherin 

subgroup are named according to the tissue or cell type in which they were first discovered (e.g. 

Epithelial “E”- cadherin, Neuronal “N”-cadherin etc.), and cadherins are frequently used as cell 

surface markers to indicate cell identity in both normal and oncogenic processes (58). 

Additionally, cadherins display adhesion specificity, which contributes to the integrity of tissues 

in the adult organism and has implications for cell sorting during morphogenesis (59). 

 The first discovered and best-characterized classical cadherin is epithelial “E”-cadherin, 

which is involved in both the formation and maintenance of epithelial structures (60). However, 

many groups recognize a role for E-cadherin in intracellular signaling and gene expression. E-

cadherin activity has been implicated in Wnt signaling, MAPK and PI3K/Akt signaling through 

association with RTK’s (such as the EGF and FGF receptors as well as ERBB4), and NF-κB 
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signaling among others; and controls a wide variety of cellular processes via these pathways 

including cell survival, proliferation, migration, differentiation, and morphogenesis (57). 

However, the mechanism of E-cadherin’s action on these pathways is broad, and not well 

characterized in many cases.  

 

β-catenin 

 Perhaps the best understood role of E-cadherin in intracellular signaling is its role in β-

catenin/Wnt signaling. The catenin family (which includes p120-, α-, β-, and γ- catenins), were 

identified as cadherin binding partners by immunoprecipitation (61). It is now recognized that 

catenin proteins tether cadherins to the actin cytoskeleton, and are therefore vital in the formation 

of adherens junctions (56). β-catenin can be found sequestered to the membrane, in the 

cytoplasm, or in the nucleus depending on the expression/localization of E-cadherin, as well as 

the status of Wnt signals (56). In normal epithelial cells, β-catenin associates with the 

cytoplasmic region of E-cadherin and is sequestered to the membrane (57). However, β-catenin 

can dissociate from adherens junctions in the absence of E-cadherin or in the presence of Wnt 

signals. Normally, cytosolic β-catenin is degraded by the proteasome; a process mediated by the 

axin/APC/GSK-3β destruction complex, in coordination with CK1, which phosphorylate 

cytosolic β-catenin to promote its ubiquitination and subsequent proteasomal degradation (62). In 

the presence of Wnt signals, the Wnt ligand activates its receptor (Frizzled) to activate 

downstream effectors, which displace GSK-3β from the destruction complex (62). GSK3-β 

displacement compromises the functionality of the destruction complex, and therefore β-catenin 

is no longer targeted for degradation through this pathway (62). Extensive β-catenin 

accumulation in the cytoplasm can lead to nuclear translocation (56). Once in the nucleus, β-
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catenin acts as a transcription factor for T-cell factor (TCF) and lymphoid enhancer factor (LEF) 

transcription, which together control targets genes involved in morphogenesis, cell fate 

specification, cell proliferation, and others (63)(57)(62) 

 

E-cadherin and Human Cancer 

 Malignant cells display aberrant cytoskeletal characteristics, and abberent adhesion 

mediated intracellular signals, which lead to decreased cell-cell and cell-matrix adhesion 

(64)(62). The majority of human carcinomas arise from cells of epithelial origin; however, most 

epithelial-derived tumors show reduced expression of epithelial markers over time, including E-

cadherin (64). In fact, the loss of E-cadherin is recognized as a major initiating event in 

tumorigenesis (65). This down-regulation can occur in a number of ways. One of which is loss of 

heterozygosity at 16q, which is reported in approximately 50% of breast ductal carcinomas (64), 

but also frequently reported in human gastric, esophageal, and hepatocellular carcinomas (64). 

Mutations within the CDH1 gene (which encodes E-cadherin), or the CDH1 promoter, as well as 

hypermethylation of the CDH1 gene promoter, are other ways E-cadherin expression can be 

reduced in human carcinomas (65)(64)(62). 

 

Epithelial-Mesenchymal Transition (EMT) 

Epithelial-mesenchymal transition (EMT) is a fundamental biological process during 

embryogenesis and wound healing (66). Additionally, EMT plays a major role in malignant 

progression and is a characteristic of metastatic (higher grade) disease (34). In general, EMT 

events lead to a breakdown of the basement membrane and down-regulation of epithelial markers 

(such as E-cadherin, ZO-1, laminin, claudins and others), while mesenchymal markers (vimentin, 

N-cadherin, snail, MMP’s) are expressed instead (34)(66)(67). EMT events have a massive effect 
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on cell morphology and behaviour; stationary epithelial structures can disseminate into individual 

cells that have an increased capacity for migration and invasion. While there are a number of 

biological changes that contribute to EMT, loss of cell-cell contact is a critical step in facilitating 

this process (56). In fact, some studies indicate that reintroduction of E-cadherin into tumor cells 

of epithelial origin reduces invasive and migratory capacities, and therefore exerts a tumor 

suppressive effect (68)(65)(62). In general, when tumor cells reportedly lose expression of their 

native cadherin, they begin to express another. This phenomenon, called “the cadherin switch,” is 

hypothesized to promote migration by motivating cells to locate cells expressing the same 

cadherin (65). Typically, N-cadherin or cadherin-11 replace E-cadherin in many human tumors of 

epithelial origin, and both have intrinsic abilities to promote metastasis by stabilizing FGF 

receptor signaling (65)(69)(70). Overall, cadherins are important mediators of malignant 

progression and disruption of cell-cell adhesion is generally linked to higher grade, more 

aggressive tumors.       

 

The HC11 Mouse Mammary Epithelial Cell Line 

 The HC11 mouse mammary epithelial cell line is derived from the breast duct of a mid-

gestation Balb/c mouse (71). It has retained many characteristics of a mammary luminal epithelial 

cell progenitor, and is widely used as a model to study signal transduction, proliferation, and 

lactogenic differentiation of the mammary epithelium in vitro (72). In fact, HC11 cells 

transplanted into the cleared fat pad of syngenic mice are capable of reconstituting the ductal 

epithelium (73), which parallels other studies that indicated similar results with multipotent 

mammary epithelial cells (74). HC11 cells are capable of differentiating in culture when treated 

with a differentiation cocktail containing hydrocortisone, insulin, and prolactin (HIP) added at 

confluence. The milk protein, β-casein, is the biochemical readout for terminal differentiation in 
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this model, appearing by day 6 subsequent to differentiation induction (71). In addition, 

rudimentary epithelial structures, termed “domes,” begin to appear in culture by day 4; these 

structures signify morphological changes that occur during epithelial cell differentiation and are 

microscopically visible in differentiated cultured cells (75) (Fig. 1.6). 

 

Cadherin mediated activation of Stat3 

Besides growth factors and oncogenes, cell-cell contact (engagement of cadherins), as 

occurs in dense cultures, has been found to cause a dramatic surge in Stat3 activity (60). The 

engagement of E-cadherin prevents proteasomal degradation of the small Rho GTPase family 

members, Rac1 and Cdc42, which increases the total levels of these proteins (4)(5). This leads to 

an increase in release of IL6 cytokines, as Rac1/Cdc42 activate the transcription factor NF- κB (a 

regulator of the IL6 gene). IL6 cytokines bind to the common IL6 family cytokine receptor 

subunit, gp130, which then leads to Stat3 phosphorylation in a JAK dependent manner (Fig. 1.7). 

So far, this finding has been extended to two other cadherins, cadherin-11 and N-cadherin, in a 

similar mechanism as described above via E-cadherin (20)(60). 
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Figure 1.6: HC11 differentiation in vitro vs. in vivo 

HC11 mammary epithelial cell differentiation in vitro possesses characteristics of mammary 
epithelial cell differentiation in vivo. In vivo, the mammary epithelium will form milk-secreting 
alveoli in response to hormonal cues during pregnanacy. When mature, luminal (milk secreting) 
epithelial cells are highly polarized with their apical end facing in towards the lumen of the 
alveoli. In vitro, HC11 cells form dome structures in response to treatment with HIP 
(differentiation) medium, which contains hormones that stimulate milk production during 
pregnancy (See materials and methods). As HC11 cells differentiate, they form more organized 
structures in vitro. The area undeneath the dome structures can be thought of as the lumen, as the 
apical side of the cell faces down towards the plate.  
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Figure 1.7: Cadherin mediated activation of Stat3 

In sparse cell cultures, Rac1 is readily degraded via the proteasome. As cells in culture become 
dense and form cell-cell contacts through engagement of cadherins, Rac1 is stabilized as 
cadherins elicit an inhibitory effect on E3 ligases that regulate Rac1 degradation. Rac1 activation 
leads to upregulation of IL-6 through action of its downstream effector, NK-κB. IL-6 activates 
gp130 containing cytokine receptors in an autocrine manner to activate Stat3, a process that 
requires JAK1. Upon Stat3 activation by phosphorylation of tyrosine 705, Stat3 forms a stable 
dimer and translocates to the nucleus. Stat3 dimers bind to DNA to regulate transcription of target 
genes (4)(5).  
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Project Rationale 

Confluence is required for the differentiation of HC11 cells. Since confluence engages 

cadherins, and engagement of cadherins leads to a surge in Stat3 activity, we hypothesized that 

the E-cadherin/Rac/Stat3 axis may be regulating differentiation in this system. Stat3 reportedly 

regulates differentiation in a wide variety of cell types, but its role in mammary epithelial cell 

differentiation has not been examined.  

Studying mammary epithelial cell differentiation reveals valuable information about the 

signal transduction pathways that are active at various stages of tissue morphogenesis. Since Rac 

and Stat3 have been implicated in both differentiation and transformation, this pathway offers the 

ability to examine the relationship between these two fundamentally opposing processes. 

Additionally, because cell signaling cascades that regulate differentiation are often disturbed 

during oncogenesis, we believe preclinical studies of this kind will contribute to a clearer picture 

of the intracellular pathways underlying breast cancers of epithelial origin.  

 

Objectives: 

1. Assess the role of the E-cadherin/Rac/Stat3 axis in HC11 mammary epithelial cell 

differentiation 

2. Examine the effect of mutationally activated Stat3C and RacV12 on HC11 mammary 

epithelial cell differentiation vs. transformation  
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Chapter 2 

Materials and Methods 

Cell lines and Culture Techniques 

The HC11 mouse mammary epithelial cell line is derived from the breast duct of a mid-

gestation Balb/c mouse (71). The cells were selected for their responsiveness to prolactin, and 

produce the milk protein, β-casein, when stimulated. HC11 cells were grown in RPMI-1640 

medium with 10% fetal bovine serum (FBS, PAA, Cat. #A15-751), 5 µg/mL insulin and 10ng/mL 

EGF (Sigma Cat. #E9644).  

A series of shRNA’s for E-cadherin had been cloned into the lentviral GIPZ vector (GIPZ 

Cdh1 shRNA – Dharmacon)(Fig. 5.1) to stably knock-down E-cadherin. The retroviral MSCV-

Stat3C vector (Fig. 2.2), which contains an internal ribosome entry site (IRES) linked to GFP, 

was a gift from Daniel Link (76), and the EF.Stat3C.Ubc.GFP lentiviral vector  was a gift from 

Linzhao Chang (Addgene Cat. #24983)(Fig. 2.3)(77). Stat3C is a constitutively active form of 

Stat3 with A661C and N663C substitutions, which permits spontaneous dimerization by 

intermolecular disulphide formation. An activated Rac mutant with a glycine to valine 

substitution at position 12 (RacV12) cloned into either the pBabe-puro retroviral vector (a gift from 

John Collard (78))(Fig 2.4) or the pMX retroviral vector where RacV12 is fused to GFP (a gift 

from Joan Brugge (79))(Fig 2.5). To produce retrovirus capable of infecting mouse cells, the 

plasmids were transiently transfected into the phoenix-ecotropic packaging line. The culture 

supernatant containing the viral stock was used to infect the target HC11 cells. Lentiviral vectors 

were transiently transfected into HEK293T cells together with lentivirus envelope (pMD2G) and 

packaging (psPAX) plasmids following the PolyJet in vitro DNA transfection protocol 

(SigmaGen Cat. # SL100688). The viral stock, containing virus expressing the gene of interest, 
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was used to infect the HC11 target line. For puromycin resistance selection, cells were treated 

with 3µg/mL puromycin when they reached ~70% confluence. Resistant clones were then 

isolated using cloning rings, expanded into lines, and screened for expression of the target gene 

by western blotting. For cells expressing GFP, positive clones were identified using the 

fluorescent microscope, selected using cloning rings, expanded into lines, and screened for 

expression of the target gene by western blotting. 

 

Differentiation of HC11 Cells 

At 100% confluence, cells were grown for 24 hrs in medium without EGF 

supplementation (day 0), followed by growth in HIP medium (1 µg/mL Hydrocortisone-Sigma 

Cat. #H0888, 5 µg/mL insulin- Sigma Cat. # I6634, and 5 µg/mL prolactin-Sigma Cat. #L6520, 

no EGF) for up to 10 days, as indicated (Fig. 2.6A). Differentiation was assessed by blotting for 

the milk protein, β-casein, as a readout; which starts to be expressed by day 5. Rudimentary 

mammary gland structures termed “domes” begin to appear on the plate by ~day 4 (Fig. 2.6B). 

These structures appear more frequently in HIP stimulated cells and can used as a morphological 

readout of differentiation (75). 

 

Stat3 Inhibition 

Cells were treated with 1µM CPA7, a platinum-based Stat3 inhibitor that disrupts the 

ability of Stat3 to bind to DNA (80), or SH-4-54, a potent Stat3 inhibitor that binds to Stat3 

monomers to prevent its phosphorylation (81), diluted into the cell culture medium during the 

EGF-starvation phase for 24 hours prior to differentiation, OR on day 5 of differentiation as 

indicated (see Fig 2.6A). The differentiation conditions were maintained as described above.	  
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A 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
	  
	  
	  
Figure 2.1: Differentiation of HC11 cells  
	  
A: Schematic of the HC11 differentiation protocol: At confluence, HC11 cells are starved of 
EGF for 24hrs (day 0). HC11 cells are then induced to differentiate for 10 days by addition of 
HIP medium supplemented with Hydrocortisone, Insulin, and Prolactin. As differentiation 
progress, “dome” structures begin to form in culture (visible by microscopic observation), and the 
cells produce β-casein (measured by western blotting). 
 
B: Dome structures (phase contrast - red circle) form in differentiating HC11 cells: Induced 
HC11 cells grown on coverslips were fixed and stained for β-casein (red), phalloidin (green), and 
DAPI (blue). Note the cytoplasmic expression of β-casein (red)  
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Rac Inhibition 

 For Rac inhibition, HC11 cells were treated with Rac inhibitors (50µM of NSC23766 or 

10µM of EHop-016), during the 24 hour EGF-starvation prior to HIP treatment (see Fig. 2.6A). 

NSC23766 (Selleckchem Cat. #S8031) fits into a groove on the Rac1 protein necessary for Rac1 

specific GEF activation, without disrupting closely related Cdc42 or RhoA GTPases (82). Rac 

inhibitor EHop-016 (Selleckchem Cat. #S7319) mainly targets Rac1, as well as Rac1 effectors, 

such as PAK1, to inhibit Rac1 activity. The differentiation conditions were maintained as 

described above. 

 

Cell Lysis 

10 µg/mL aprotinin (BioShop Cat. # APR600.10), 10 µg/mL leupeptin (BioShop Cat. 

#Leu001.1), 0.5 mM PMSF (BioShop Cat. #PMS123), 100mM NaF (BioShop Cat. #SFL001), 

and 2 mM Na3VO4 (BioShop Cat. # SOV850) were added to stock buffer (50 mM HEPES pH 7.4, 

150 mM NaCl, 10 mM EDTA, 10 mM Na4P2O7, 1% Triton X-100) immediately before use. 

Plates were kept on ice and medium was aspirated off. Cells were scraped into cold PBS and 

collected into 1.5 mL Eppendorf tubes. Cells were then spun down at 4°C at 15,000 RPM for 1 

minute to remove PBS. Lysis buffer was added to the cells, and the pellet was resuspended in the 

buffer by vortexing. The preparation was then left on ice for 10 minutes. Extracts were then spun 

down at 4°C at 15,000 RPM for 10 minutes and the supernatant (lysate) was transferred to a new 

tube and stored at -80°C.  

 

Western Blotting 

Protein concentrations of lysates were determined using the Sigma BCA-1 Protein assay 

kit (Sigma Cat. #B9643). Equal amounts (5-20µg) of cell extract were solubilized in 3x SDS 
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PAGE loading buffer (150mM TRIS-HCl pH 6.8, 300mM β-mercaptoethanol, 6% SDS, 30% 

glycerol, 0.3% bromophenol blue and distilled water), and loaded on a 12% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. The gel was run at 18V overnight 

until the dye front ran off the gel. Gels were then transferred to a nitrocellulose (Bio-Rad) 

membrane using the Bio-Rad Trans Blot SD semi-dry transfer cell at 250 mA for 1.5 hours. 

Following the transfer, membranes were stained with Ponceau S solution to visualize the bands, 

and the membrane was cut into strips according to the molecular weights of the proteins of 

interest, which were identified through the use of a prestained protein marker ladder (Frogga 

Bio,Cat.# PM007-0500). 

 The membranes were then blocked with 5% nonfat milk in 1xTBST (50mM TRIS-Cl pH 

7.6, 150mM NaCl, 0.05% Tween-20) or 5% BSA (BioShop Cat. # ALB001) in 1xTBST for at 

least two hours at room temperature, followed by an overnight incubation with the primary 

antibody at 4°C. Membranes were washed 3 times for 5 minutes with 1xTBST, and incubated in 

secondary antibody for 1 hour, followed by three, 10 minute washes with 1xTBST. Secondary 

antibodies were HRP-conjugated and the Bio-Rad Clarity Western ECL substrate kit (BioRad 

Cat. # 170-5061) was used for immunodetection. See Table 2.1 for information regarding primary 

and secondary antibodies used. 

 

Fluorescence Analysis 

To quantitate RacV12-GFP, fluorescence level of cell lysates was measured using the 

Fluorolog-Tau3 fluorimeter by Jobin Yvon Hariba Inc. For the scans, a “4 nm bypass” for the 

excitation/emission slits was used. The excitation / emission pair was set at 488/509 respectively.  
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Soft Agar Growth Assay 

2x104 cells were trypsinised and suspended in 0.3% low melting point agarose (BioShop 

Cat. # AGA101.50) in medium containing insulin, FBS and EGF, on a feeder layer containing the 

same medium and 0.7% agarose in 3cm dishes. The medium, without agarose, was added on top, 

and was changed every 3 days as the cells were allowed to grow for up to 20 days. Colonies were 

then stained with 0.05% crystal violet (Sigma Cat. #C3886) dissolved in 20% methanol and 

imaged at the end of the 20 day growth period. Images were analyzed using ImageJ's "analyze 

particles" function, and scores for the average size and total number of colonies were recorded. 

The average size of the particles (in µm2) from each clone were compared using one-way 

ANOVA with Tukey's multiple comparison post test to determine significantly different means. 

 

Immunofluorescent Staining 

Cells were grown on coverslips, fixed and permebilized with 0.02% Triton-X, rinsed with 

PBS three times, then blocked with 3% BSA in PBS supplemented with 0.1mM CaCl2 + 0.1 mM 

MgCl2 (PBS*) for 20 minutes. Primary antibodies were diluted in 3% BSA in PBS* and added to 

the coverslips for one hour. Coverslips were then washed with wash reagent (PBS* + 0.01% 

Triton X + 0.3% BSA). Secondary antibodies and stains were diluted in wash reagent, and 

coverslips incubated in the dark in secondary antibody for one hour. Coverslips were then washed 

three times for five minutes each in wash reagent in the dark, then mounted on slides using 

Mowiol and sealed with nail polish. Images were collected with a Hamamatsu EM-CCD camera 

model 09100-13 through a Yokogawa field corrected CSU-X1 spinning disk confocal 

microscope, and images were compiled using ImageJ. See Table 2.1 for information regarding 

primary and secondary antibodies used, as well as information on stains. 
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Table 2.1: Antibody / Stain Concentrations 

Antibody / stain concentrations and their sources for western blotting (WB) or 

immunofluorescent (IF) visualization 

 

 

 
 

 

 

  

Secondary 
Antibody 

Dilution (WB) Dilution (IF) Company Catalogue 
number 

Species of 
Origin 

Mouse IgG HRP 
 

1: 20 000 - Cell-signaling 
technology 

7076 Mouse 

Rabbit IgG HRP 
 

1: 10 000 - Cell-signaling 
technology 

7074 Rabbit 

Goat IgG HRP 
 

1: 10 000 - Santa Cruz 
Biotech 

sc-2020 Donkey 

Alexa 546 IgG 
Red 

- 1: 200 Invitrogen A11056 Goat 

Alexa 568 IgG 
Red 

- 1: 200 Invitrogen A11004 Mouse 

Primary 
Antibody 

Dilution (WB) Dilution (IF) Company Catalogue 
number 

Species of Origin 

β-casein 
 

1: 5000 1: 200 Santa Cruz 
Biotech 

sc-17971 Goat polyclonal 

E-cadherin 
 

1: 5000 1: 100 Invitrogen 33-400 Mouse monoclonal 

Phospho Stat3 
(Tyr 705) 

1: 5000 - Cell-signaling 
technology 

9131 Rabbit polyclonal 

Stat3 (total) 1: 5000 - Cell-signaling 
technology 

12640 Rabbit polyclonal 

cRac1 
 

1: 1000 - EMD Millipore 05-389 Mouse monoclonal 

anti-GFP 1: 5000 - Cell-signaling 
technology 

2956 Rabbit polyclonal 

β-actin 1: 10 000 - Cell-signaling 
technology 

3700 Mouse monoclonal 

β-catenin 
 

1: 5000 1: 100 BD 
transductions 

610154 Mouse monoclonal 

Stain Dilution Company Catalogue 
number 

Phalloidin 488 
(green) 

1: 200 Invitrogen A12379 

Phalloidin 647 
(red) 

1: 200 Molecular 
probes 

A22287 

DAPI 
 

1: 3000 Sigma Aldrich 32670 
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Chapter 3  

Results  

3.1 Differentiation of HC11 cells requires calcium and E-cadherin engagement 

 It has been previously established that differentiation of HC11 cells requires confluence 

(83). Since confluence promotes engagement of E-cadherin (a cell to cell adhesion molecule 

which requires calcium ions) we examined the effect of Ca2+ starvation upon differentiation. 

HC11 cells were grown to 100% confluence, at that time, cells were placed in medium lacking 

Ca2+ for 24 hrs during EGF starvation (see materials and methods). Cells were then induced to 

differentiate with the addition of HIP (differentiation) medium that contained Ca2+ for 10 days. 

As shown in Fig. 3.1A, Ca2+ starvation for 24 hrs immediately before differentiation induction 

delayed differentiation, most notably on day 4 (lane 3 vs 9), as assessed by western blotting for 

the differentiation marker, β-casein. By day 6 and beyond, however, the β-casein became 

detectable in Ca2+-starved cells, although to lower levels than the controls (lanes 10-12 vs 4-6). 

This was likely due to engagement of E-cadherin following reintroduction of Ca2+ during 

inducing differentiation. No differentiation was observed upon Ca2+ starvation for 48 hrs or 

longer, and cell death ensued (not shown).  As expected, no β-casein was detected in the absence 

of HIP addition (lanes 1,2 and 7,8). Taken together, these results point to the importance of 

calcium for HC11 cell differentiation.  

 The calcium-dependence of differentiation prompted us to examine the involvement of E-

cadherin in this process. E-cadherin was downregulated in HC11 cells through shRNA expression 

with a lentiviral vector, and the cells’ ability to differentiate examined. As shown in Fig. 3.1B, E-

cadherin downregulation resulted in a reduction in β-casein levels, which was especially evident 
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on day 4 following induction (lane 1 vs 5).  Taken together, these data indicate E-cadherin 

engagement greatly influences the differentiation of the HC11 breast epithelial cells.  
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Figure 3.1: HC11 differentiation requires Ca2+ and E-cadherin 
 
A: HC11 differentiation requires Ca2+: At confluence, HC11 cells were starved from EGF 
(lanes 1-6) or from EGF and Ca2+ (lanes 7-12) for 24 hrs then induced to differentiate by HIP 
addition in complete medium for the indicated number of days (lanes 3-6 and 9-12). Treatment 
with medium lacking EGF (NE) served as a control for cells induced to differentiate (lanes 1-2 
and 7-8). Detergent cell extracts were probed for β-casein, or β-actin as a loading control, as 
indicated. Representative of 3 experiments. 
 
B: E-cadherin knockdown reduces differentiation: E-cadherin was downregulated through 
shRNA expression (lanes 5-8) or not (lanes 1-4). Cells were EGF-starved for 24 hrs then induced 
to differentiate through HIP addition. Detergent cell extracts were probed for β-casein or β-actin 
as a loading control, as indicated. Representative of 4 experiments. 
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3.2 Differentiation increases Stat3-pTyr705 levels 

 We and others previously demonstrated that cadherin engagement triggers a dramatic 

increase in Stat3 phosphorylation and activity, which constitutes a potent signal for cellular 

survival, proliferation and migration (5). After determining that engagement of E-cadherin 

positively regulates HC11 cell differentiation, we examined the effect of differentiation upon 

Stat3-pTyr705 levels.  HC11 cells were grown to 100% confluence then starved from EGF for 24 

hrs before being treated with HIP (differentiation) medium for 10 days. Cells not treated with HIP 

served as negative controls. 

 As expected, HIP treatment stimulated production of the differentiation marker, β-casein, 

while it was undetectable in controls (Fig 3.2 lanes 1-4 vs 5-8). Interestingly, HIP addition caused 

an approximately 2-fold increase in Stat3-pTyr705 compared to EGF-starved (un-induced 

control) cells (assessed by band intensity), most notably on day 4 (Fig 3.2 lane 5 vs. lane 1). This 

indicates that differentiation per se may cause an increase in Stat3-pTyr705.  
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Figure 3.2: Differentiation of HC11 cells increases Stat3-pTyr705 levels 
 
HC11 cells were grown in the absence of EGF for 24 hrs then induced to differentiate with HIP 
addition for the indicated number of days (lanes 5-8). Treatment with medium lacking EGF (NE) 
served as a control for cells induced to differentiate (lanes 1-4). Cell extracts were probed for 
Stat3-pTyr705, β-casein or β-actin as a loading control, as indicated. Representative of 4 
experiments. 
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3.3 Stat3 is required for HC11 cell differentiation 

 Since Stat3-pTyr705 levels increase with HC11 cell differentiation, we examined 

whether Stat3 activity is, in fact, required for differentiation. Cells were treated with low levels of 

the Stat3 inhibitor CPA7 [1 µM, which inhibits Stat3 activity by only 15% (84)] for 24 hours, 

added at the time of EGF starvation (day 0), then induced to differentiate by HIP medium 

addition for 10 days. As shown in Fig. 3.3A, treatment with 1 µM CPA7 concentrations 

eliminated expression of the differentiation marker, β-casein, suggesting Stat3 inhibition blocks 

differentiation. To further examine the importance of timing of Stat3 inhibition upon the outcome 

of differentiation, CPA7 was added on day 5 following differentiation induction. As shown in 

Fig. 3.3B, CPA7 addition on day 5 reduced, but did not eliminate, β-casein expression, while 

addition at day 7 and beyond had no effect (not shown). These results suggest that Stat3 activity 

is needed for the early stages of lactogenic differentiation, but may be dispensable once the 

process is underway. 
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Figure 3.3: Stat3 is required for HC11 cell differentiation  
	  
A: Stat3 inhibition on day 0 prior to differentiation induction eliminates differentiation: 
HC11 cells were grown in the absence of EGF for 24 hrs, then induced to differentiate with HIP 
addition for the indicated number of days (lanes 6-9 and 15-19). Treatment with medium lacking 
EGF (NE) served as a control for cells induced to differentiate (lanes 1-5 and 10-14). As 
indicated, cells were treated with 1 µM CPA7 (lanes 10-19) or the DMSO carrier control (1-9) for 
24 hrs prior to HIP addition during EGF starvation. Detergent cell extracts were probed for β-
casein or β-actin as a loading control, as indicated. Representative of 4 experiments. 
 
 
B: Stat3 inhibition on day 5 of differentiation induction merely reduces β-casein levels: 
HC11 cells were grown in the absence of EGF for 24 hrs, then induced to differentiate with HIP 
addition for the indicated number of days (lanes 6-9 and 15-19). Treatment with medium lacking 
EGF (NE) served as a control for cells induced to differentiate (lanes 1-5 and 10-14). As 
indicated, cells were treated with 1 µM CPA7, Stat3 inhibitor (9-17) or the DMSO carrier control 
(lanes 1-8) for 24 hrs on day 5 following HIP addition (lanes 10-19).  Detergent cell extracts were 
probed for β-casein or β-actin as a loading control. Representative of 4 experiments. 
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3.4 Constitutively active, Stat3C reduces HC11 cell differentiation  

 To assess whether Stat3 activity is sufficient to drive differentiation in this system, we 

examined the effect of a constitutively active Stat3C mutant upon differentiation. Stat3C was 

stably expressed through infection of HC11 cells with the MSCV retroviral vector, which 

expresses GFP through an IRES (76). As shown in Fig. 3.4A, not only was Stat3C expression 

unable to drive differentiation in EGF starved, uninduced clones (Fig 3.4A, lanes 7,8; 13,14 vs. 

lanes 3-6); but HC11-Stat3C clones, expressing ~3x greater amounts of total Stat3 than the 

parental cells (measured by densitometry), failed to express the differentiation marker at any of 

the assessed time points when treated with HIP (differentiation) medium (Fig 3.4A, lanes 9-

12;15-18 vs. lanes 3-6).  

To further assess if the reduction in β-casein expression was due to Stat3 activity, we 

used the EF.Stat3C.Ubc.GFP lentiviral vector (Lenti-Stat3C)(77). As seen in Fig 3.4B, both 

representative Stat3C clones express ~2x greater amounts of total Stat3 (measured by 

densitometry) and express less of the differentiation marker, β-casein, compared to the parental 

HC11 when treated with HIP (differentiation) medium (lanes 5-8; 9-12 vs 1-4). Taken together, 

these data suggest that constitutive Stat3C activity has an inhibitory effect on HC11 mammary 

epithelial cell differentiation. 
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Figure 3.4: Constitutively active, Stat3C reduces HC11 cell differentiation  
 
A: Constitutively active, MSCV-Stat3C eliminates HC11 cell differentiation: HC11 clones 
expressing Stat3C (Stat3C a , Stat3C b), as well as parental HC11 cells, were grown in the 
absence of EGF for 24 hrs, then induced to differentiate with HIP addition for the indicated 
number of days (lanes 3-6, 9-12 and 15-18). Treatment with medium lacking EGF (NE) served as 
a control for cells induced to differentiate (lanes 1-2, 7-8, and 13-14). Detergent cell extracts were 
probed for β-casein, total-Stat3, or β-actin as a loading control, as indicated. Representative of 3 
experiments. 
 
B: Expression of EF.Stat3C.Ubc.GFP reduces HC11 cell differentiation: HC11 clones 
expressing Stat3C (Stat3C c, Stat3C d), as well as parental HC11 cells, were grown in the 
absence of EGF for 24 hrs, then induced to differentiate with HIP addition for the indicated 
number of days. Detergent cell extracts were probed for β-casein or β-actin as a loading control, 
as indicated. Representative of 2 experiments. 
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3.5 Differentiation of HC11 cells increases cRac1 levels  

The requirement of Ca2+/E-cadherin in HC11 cell differentiation prompted us to examine 

the potential role of effectors downstream of E-cadherin upon differentiation. We and others 

previously demonstrated that engagement of E-cadherin leads to an increase in cRac1 protein 

levels and activity, through inhibition of proteasomal degradation (4)(5)(85). HC11 cells were 

grown to 100% confluence in medium containing EGF, then starved from EGF for 24 hrs and 

induced to differentiate with the addition of HIP medium for 10 days. EGF-starved, non-induced 

cells served as negative controls. 

 As shown in Fig. 3.5A, HIP addition caused a ~3 fold increase in cRac1 protein levels 

(assessed by band intensity), compared to EGF-starved, non-HIP-treated cells at all timepoints 

examined (lanes 1-4 vs 5-9). As expected, probing for β-casein showed high levels in HIP-treated 

cells, while it was absent in the control cells. These results indicate that differentiation conditions 

cause an increase in cRac1 protein levels. 

 

3.6 cRac1 is required for HC11 cell differentiation 

 Since Rac1 mediates Stat3 activation following cadherin ligation, we next examined 

whether cRac1 activity is required for differentiation. To determine this, we used the NSC 23766 

Rac1 inhibitor, which inhibits Rac activity without inhibiting closely related members, Cdc42 and 

RhoA (82). Cells were treated with the inhibitor at the time of EGF starvation for 24 hours, then 

treated with HIP (differentiation) medium for 10 days without the drug. As shown in Fig. 3.5B, 

cRac1 inhibition caused a reduction in differentiation by day 6, compared to untreated controls, as 

shown by β-casein levels (lanes 3 vs 8). By day 8 and beyond however, differentiation was re-

instated, although to lower levels than the untreated controls (lanes 4-5 vs 9-10). Similar results 
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were obtained with the EHop-016 inhibitor (Fig. 3.5C). Taken together these data indicate that 

cRac1 function is, in fact, required for HC11 cell differentiation.  

We next examined the importance of cRac1 inhibition timing upon the outcome of 

differentiation.  EHop-016 Rac inhibitor was added at day 4 following differentiation induction 

and the results compared to addition at day 0. As shown in Fig. 3.5C, although EHop-016 was 

effective at inhibiting β-casein expression when added at day 0 (lanes 8-10), its addition on day 4 

had a markedly reduced effect (lanes 4-7), while addition at day 7 and beyond had no effect (not 

shown). These results suggest that cRac1 activity is needed for a narrow window at the early 

stages of the differentiation process, while it may be dispensable once differentiation is 

underway. 
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Figure 3.5 cRac1 is required for HC11 cell differentiation  
	  
A: HC11 differentiation increases cRac1 levels: At confluence, HC11 cells were starved from 
EGF for 24 hrs, then induced to differentiate with HIP addition in EGF-free medium for the 
indicated number of days (lanes 1-4). Treatment with medium lacking EGF (NE) served as a 
control for cells induced to differentiate (lanes 5-9). Detergent cell extracts were probed for 
cRac1, β-casein or β-actin as a loading control, as indicated. Representative of 2 experiments. 
 
B: Rac inhibition with NSC23766 reduces differentiation: At confluence, HC11 cells were 
starved from EGF for 24 hrs, then induced to differentiate with HIP addition for the indicated 
number of days. As indicated, cells were treated with 50µM NSC23766 Rac inhibitor (lanes 6-
10), or not (lanes 1-5).  Detergent cell extracts were probed for Rac, β-casein or β-actin as a 
loading control. Representative of 4 experiments. 
 
C: Rac inhibition with EHop-016 reduces differentiation: At confluence, HC11 cells were 
starved from EGF for 24 hrs, then induced to differentiate with HIP addition for the indicated 
number of days.  Cells were treated with 10µM EHop-016 Rac inhibitor for 24 hrs at day 0 (lanes 
8-10), or day 4 (lanes 4-7) or not (lanes 1-3), then induced to differentiate for the indicated 
number of days through HIP treatment. Detergent cell extracts were probed for β-casein or β-
actin as a loading control, as indicated. Representative of 2 experiments.                   



 

 

43 

3.7 Effect of RacV12 upon HC11 cell differentiation  

To further examine the role of Rac as an integral component of the cadherin signal in 

HC11 mammary epithelial cell differentiation, we assessed whether Rac activity is sufficient to 

drive differentiation in this system. To achieve this, we expressed constitutively active RacV12 in 

HC11 cells. HC11 cell differentiation is a stochastic event, with discrete areas of the cell 

monolayer forming dome structures.  To be able to distinguish RacV12 from the endogenous 

cRac1, we made use of a RacV12-GFP fusion construct. Past studies from our group and others 

suggested that the level of RacV12 activity may have an effect on differentiation (86)(87); 

therefore, the effect of different RacV12 levels was examined. RacV12-GFP was expressed with a 

retroviral vector under control of the constitutive MoMLV promoter (5). Individual colonies were 

picked, expanded into clones and tested for RacV12-GFP expression by Western blotting or 

fluorimeter analysis (see Materials and Methods). A number of clones expressing varying levels 

of RacV12 (designated RacGFP-high, RacGFP-medium or RacGFP-low expressers) were chosen 

for further experimentation.  

 Interestingly, as shown in Fig. 3.6A, HC11 cells expressing low RacV12-GFP levels (22% 

of the highest GFP expressors, clone RacGFP-low Fig. 3.6B) differentiated substantially more 

(~4 fold measured by densitometry) than the parental HC11 as revealed by the amount of the 

differentiation marker, β-casein (lanes 21-24 vs 3-6). However, expression of progressively 

higher RacV12-GFP levels (40% of the highest, RacGFP-medium Fig. 3.6B) caused a reduction in 

differentiation, compared to the parental cells (lanes 15-18 vs 3-6), while expression of the 

highest RacV12-GFP levels eliminated differentiation entirely (lanes 9-12 vs 3-6). 3 independent 

clones of each category were examined, with similar results (not shown). To analyze this result 

further, we performed Immunofluorescence staining to examine the subcellular localization of β-

casein following differentiation induction.  Cells were stained for β-casein and observed under 
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fluorescence illumination.  As shown in Fig. 3.7 (arrow), low RacV12GFP cells do express β-

casein and mostly in the cytoplasm, while β-casein expression in high RacV12GFP cells is 

undetectable (panel b vs f). 

 To further explore the relationship between RacV12 activity and β-casein expression, we 

super-expressed RacV12 in a RacGFP-low clone that displayed high β-casein levels. RacGFP-low 

cells were re-infected once, twice or three times with the RacV12-GFP retroviral vector and then 

induced to differentiate. As shown in Fig. 3.8, progressively increasing RacV12-GFP levels led to a 

reduction in β-casein expression, indicating that high RacV12 is indeed able to block HC11 cell 

differentiation at high levels. Finally, to eliminate the possibility that the GFP moeity might affect 

RacV12 function, high levels of RacV12 were expressed with the pBabe-puro retroviral vector and 

puromycin resistance co-selection (5). The results showed an elimination of β-casein levels (Fig. 

3.9), further confirming the negative effect of high levels of RacV12 upon HC11 differentiation. 
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Figure 3.6: Level of RacV12 expression affects HC11 cell differentiation 
	  
A: Low RacV12 levels increase differentiation, but high RacV12 levels eliminate HC11 
differentiation: Low (lanes 19-24), intermediate (lanes 13-18) or high (lanes 7-12) levels of a 
RacV12-GFP fusion construct were expressed in HC11 cells. Cells were grown in the absence of 
EGF for 24 hours and induced to differentiate with HIP addition for the indicated number of days 
(lanes 3-6, 9-12, 15-18 and 21-24). Treatment with medium lacking EGF (NE) served as a control 
for cells induced to differentiate (lanes 1-2, 7-8, 13-14 and 19-20). Detergent cell extracts were 
probed for β-casein or β-actin as a loading control. Representative of 3 experiments. 
 
B:  Quantitation of RacV12-GFP expression: RacV12-GFP expression was quantitated in lysates 
of cells grown to low density (50% confluence) by fluorimeter analysis. The highest level 
(258,000 counts) was taken as 100%. Average of 3 experiments.  
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Figure 3.7: Visualization of β-casein in HC11 cells with low and high levels of RacV12 
expression 
 
RacGFP-low (a-d) or RacGFP-high (e-h) cells were grown on coverslips and treated with either 
HIP (differentiation) or NE (control) medium for 10 days. Cells were stained for β-casein and 
with DAPI to visualize nuclei (See materials and methods). Images were taken at 600x 
Magnification. 
 
a and e: RacV12-GFP, b and f: casein, c and g: DAPI, d and h: Merge 
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Figure 3.8: Progressively higher RacV12 levels cause a proportional reduction in β-
casein levels 
 
Progressively increasing RacV12 levels in RacGFP-low cells, through super infection, caused a 
proportional reduction in levels of β-casein. HC11 cells expressing low RacV12 (RacGFP-low) 
were superinfected with the RacV12-GFP retroviral vector, once (lanes 13-18), twice (lanes 19-24) 
or three times (lanes 25-30). Re-infected clones, along with the parental RacGFP-low and 
parental HC11 cells, were grown in the absence of EGF for 24 hours, then treated with HIP 
(differentiation medium) for 10 days (lanes 3-6, 9-12, 15-18, 21-24 and 27-30). Treatment with 
medium lacking EGF (NE) served as a control for cells induced to differentiate (lanes 1-2, 7-8, 
13-14, 19-20 and 25-26). Detergent cell extracts were probed for GFP, β-casein or β-actin as a 
loading control, as indicated. Representative of 2 experiments. 
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Figure 3.9: High RacV12 levels inhibit HC11 differentiation  
 
RacV12 was expressed in HC11 cells with a pBabe-puro retroviral vector. Cells expressing high 
amounts of RacV12 (lanes 1-10) were induced to differentiate against parental HC11 cells (lanes 
11-20). Cells were grown in the absence of EGF for 24 hrs and induced to differentiate through 
HIP addition for the indicated number of days (lanes 1-5 and 11-15). Treatment with medium 
lacking EGF (NE) served as a control for cells induced to differentiate (lanes 6-10 and 16-20). 
Detergent cell extracts were probed for Rac, β-casein or β-actin as a loading control, as indicated. 
Representative of 2 experiments. 
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3.8 Stat3 mediates the differentiative signal emanating from RacV12 

Our group has previously showed that an increase in Rac1 activity from cadherin 

engagement subsequently results in an increase in Stat3-pTyr705 phosphorylation and activity. 

Having already demonstrated that Stat3 activity is required for HC11 differentiation, we 

examined whether the RacV12 differentiative signal requires Stat3 function. RacGFP-low cells 

(which report high β-casein expression) were treated with the Stat3 inhibitor, CPA7, at low 

concentrations [1µM, which inhibits Stat3 activity by only 15% (84)], and the Stat3 inhibitor, SH-

4-54 at 5 µM, for 24 hrs at the time of the EGF starvation, and then treated with HIP 

(differentiation) medium for 10 days without the inhibitor. As shown in Fig. 3.10A, CPA7 

treatment eliminated β-casein expression, compared to the untreated controls (lanes 13-18 vs. 3-

6). To further examine the importance of timing, RacGFP-low cells were treated on day 5 during 

differentiation induction for 24 hrs with 1µM CPA7. As shown in Fig. 3.10A, CPA7 treatment on 

day 5 merely reduced β-casein levels compared to untreated controls (lanes 9-12 vs. 3-6). Similar 

results were obtained with SH-4-54 (Fig. 3.10B) Taken together, these data indicate that Stat3 is 

required for the transmission of the differentiative signal emanating from RacV12 in RacGFP-low 

cells, while its role is most important at the earlier stages of differentiation induction.  
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Figure 3.10: Stat3 inhibition reduces differentiation in RacV12-low cells  
 
A: CPA7 reduces differentiation in RacV12-low cells: RacGFP-low cells were EGF-starved for 
24 hrs, then treated with HIP (differentiation) medium for 10 days (lanes 3-6, 9-12 and 15-18), 
Treatment with no EGF (NE) medium served as a control for cells induced to differentiate (lanes 
1-2, 7-8 and 13-14). As indicated, cells were treated with 1 µM CPA7 (Stat3 inhibitor) during 
EGF starvation (Day 0-lanes 13-18) or on day 5 (lanes 7-12).  Detergent cell extracts were probed 
for β-casein or β-actin as a loading control. Representative of 3 experiments. 
 
B: SH-4-54 reduces differentiation in RacV12-low cells: RacGFP-low cells were EGF-starved 
for 24 hrs, then treated with HIP (differentiation) medium for 10 days. As indicated, cells were 
treated with 5µM SH-4-54 (Stat3 inhibitor) during EGF starvation (Day 0-lanes 5-8) or on day 5 
(lanes 9-12). Detergent cell extracts were probed for β-casein or β-actin as a loading control.  
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3.9 Anchorage-independent proliferation requires maximal levels of RacV12 

Mutationally activated RacV12 has been shown to display transforming properties (51,88). 

Therefore, to determine if RacGFP-high HC11 cells fail to differentiate due to being transformed, 

we examined transformation-related parameters. RacGFP-low, RacGFP-medium and RacGFP-

high cells, along with the parental HC11, were suspended in soft agarose to examine their colony 

forming ability. As shown in Fig. 3.11A, RacGFP-high cells formed significantly larger colonies 

in soft agarose compared to parental HC11 cells, suggesting that RacV12 is able to transform 

HC11 cells to anchorage-independence. As seen in Fig 3.11B, HC11 cell lines with intermediate 

RacV12 levels (RacGFP-medium and RacGFP-low cells) failed to form colonies significantly 

larger than the parental HC11s, or HC11 cells expressing GFP alone. However, the average size 

of the colonies for each clone is roughly proportional to the level of RacV12 (Fig 3.11B). 
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Figure 3.11: Anchorage-independent proliferation requires maximal levels of RacV12 

 

A: HC11 cells expressing high (b, f), medium (c, g) or low (d, h) GFP-RacV12 levels were 
suspended in soft agarose with the parental HC11 (a, e) as a control. Following growth for 20 
days, colonies were stained with crystal violet and photographed under brightfield illumination. 
Bar: 0.5mm. Representative of 3 experiments. 
 
B: Quantitation of agar growth colonies: Colony size was measured using the "analyze 
particles" function on ImageJ, and the average size of the particles from each clone were 
compared using one way ANOVA with Tukey's multiple comparison post test to determine 
significantly different means (***P < 0.001 ; **P < 0.01). Comparison from 3 experiments.  
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3.10 High RacV12 reduces E-cadherin levels and promotes cytoplasmic β-catenin 

localization 

A change in cell-cell adhesion status is a characteristic feature of neoplastically 

transformed or differentiating cells (89). To further assess the effect of RacV12 levels upon 

differentiation vs transformation phenotypes, we examined the expression and intracellular 

localization of E-cadherin and β-catenin in HC11 cells with varying levels of RacV12 expression. 

 As shown in Fig. 3.12 and Table 3.1, indirect immunofluorescence revealed that E-

cadherin levels were depleted in RacGFP-high and -medium level expressing cells, compared to 

the strong membranous localization at cell-cell contacts in the parental HC11 cells. Interestingly, 

RacGFP-low cells displayed strong membranous localization of E-cadherin similar to the parental 

HC11, concomitant with β-casein expression (Fig. 3.6A). However, western blotting analysis 

revealed that E-cadherin levels in RacGFP-low cells were reduced (albeit still detectable) 

compared to the parental HC11, while in RacGFP-high and RacGFP-medium cells E-cadherin 

was greatly reduced or undetectable (Fig. 3.14). Therefore, mutationally activated RacV12 

downregulates E-cadherin.  

Analysis of β-catenin localization by indirect immunofluorescence revealed significant 

differences in subcellular localization between the three clones tested. As expected, HC11 cells 

exhibited strong membranous expression of β-catenin concomitant with membranous localization 

of E-cadherin, however, a significant proportion of RacGFP-high and Rac-GFP-medium cells 

displayed cytoplasmic translocation of β-catenin (Fig. 3.13 and Table 3.2). RacGFP-low 

expressing cells revealed membranous localization of β-catenin most similar to the parental HC11 

cells. Examination of β-catenin levels by western blotting revealed only marginal changes in all 

three cell lines tested (Fig. 3.14).   
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Figure 3.12: High levels of RacV12-
GFP suppress E-cadherin 
expression at the plasma 
membrane 

 
Sub-cellular localization of E-cadherin 
(yellow) in high, medium and low 
RacV12-GFP expressing clones was 
compared to parental HC11 cells using 
indirect immunofluorescence (as 
described in Materials and Methods). 
Cells were counterstained for nuclei with 
DAPI (blue) and f-actin with phalloidin 
(red). Images were taken at 600x 
magnification. 

 

 

 

 

 
 

 

 
Table 3.1: % of E-cadherin positive 
cells  
20 cells for each clone were counted and 
designated as “positive” or “negative” for 
expression of E-cadherin. Data are 
expressed as a percentage of positive cells 
for each cell line. Significance was 
determined using the Fisher exact 
probability test to compare percentages 
between each clone and the HC11 
parental control (p < 0.0005).  
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Figure 3.13: HC11 cells with high 
RacV12-GFP expression reveal 
cytoplasmic translocation of β-
catenin 

 
Sub-cellular localization of β-catenin 
(orange) in high, medium and low RacV12-
GFP expressing clones was compared to 
parental HC11 cells using indirect 
immunofluorescence (as described in 
Materials and Methods). Blue arrows 
point to membranous localization of β-
catenin at cell-cell contacts, red arrows 
point to cytoplasmic localization of β-
catenin. Cells were counterstained for 
nuclei with DAPI (blue) and f-actin with 
phalloidin (red). Images were taken at 
600x magnification. 

 

  
 

 

 

 

Table 3.2: % of cells with cytoplasmic 
β-catenin expression  

20 cells for each clone were counted and 
designated as “cytoplasmic” or “not-
cytoplasmic” for localization of β-
catenin. Data are expressed as a 
percentage of cells with cytoplasmic 
localization for each cell line. 
Significance was determined using the 
Fisher exact probability test to compare 
percentages between each clone and the 
HC11 parental control (p < 0.0005). 
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Figure 3.14: Increasing levels of RacV12-GFP in HC11 cells suppresses E-cadherin 
protein levels 
 
High, medium and low RacV12-GFP expressing clones, as well as the parental HC11 
cells, were plated at ~30% confluence and lysed at the densities indicated. Expression 
of E-cadherin and β-catenin was assessed by western blotting with β-actin as a loading 
control. Representative of 4 experiments. 
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Chapter 4  

Discussion 

Breast cancer subtypes with poorer prognoses tend to arise from less differentiated cells 

within the mammary epithelial differentiation hierarchy and, further, these cells tend to retain 

molecular signatures reminiscent of their “cell of origin” (11). The study of mammary epithelial 

cell differentiation reveals valuable information about the signal transduction pathways that are 

active at various stages of tissue morphogenesis, which will contribute to assisting in the ability to 

identify the tumor cell of origin. This will help more accurately define breast cancer subtypes, 

reveal more detailed information regarding prognosis, and assist in identifying more valuable 

treatments options. 

For several decades, the HC11 mouse mammary epithelial cell line has been used as a 

model to study lactogenic differentiation of the mammary epithelium in vitro (72). While 

confluence has long been recognized as a prerequisite for inducing HC11 differentiation (83), we 

now provide evidence that E-cadherin engagement may be underlying this requirement. Cultured 

cells grown to high densities in vitro in part simulate the mechanical and physiological conditions 

experienced by cells in a three-dimensional space, in vivo. While indisputable differences exist 

between in vivo and in vitro conditions, the importance of cell-cell contact as a mediator of cell 

communication, and the maintenance of tissue integrity, is applicable to both. In our model, we 

show that E-cadherin signaling greatly influences cell phenotype and cell fate. Our report 

emphasizes the validity of prior communications that highlight the importance of cell-specific 

cadherin expression on influencing cellular identity (reviewed in (58))   
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E-cadherin is an important determinant of HC11 mammary epithelial cell 

differentiation 

            Disruption of E-cadherin, through either brief calcium starvation or downregulation with 

shRNA, caused a reduction in the production of the differentiation marker, β-casein. Therefore, 

E-cadherin engagement may be underlying the requirement for cell confluence in HC11 cell 

differentiation (83). Cell-cell contact is vital during differentiation as it is a key mediator of 

communication between cells (55). Our results demonstrate the validity of this statement, as 

expression of E-cadherin is critical to differentiation in this system. This result is transferrable to 

the in vivo setting; communication between adjacent cells and the surrounding stroma is vital for 

maintaining tissue integrity and mediating the morphogenesis of developing tissues (90). Cells 

that fail to undergo proper differentiation can become vulnerable to transforming mutations that 

may lead to the formation of tumors. E-cadherin is not only regarded as a tumor suppressor, but 

the loss of its expression is seen as a major initiating event in tumorigenesis (65).  

 

Stat3 activity is required for HC11 mammary epithelial cell differentiation  

Since E-cadherin engagement (which increases levels of Stat3-pTyr705(4)) greatly 

affects HC11 breast epithelial cell differentiation, we explored whether Stat3 activity was 

required for HC11 differentiation. Blotting for Stat3-pTyr705 in induced vs. un-induced HC11 

cells revealed a modest, but reproducible increase in Stat3 activity in cells treated with the HIP 

(differentiation) medium compared to the un-induced control (Fig. 3.2). The increase in Stat3-

pTyr705 suggested that components of the differentiation cocktail (See materials and methods) 

are increasing Stat3-pTyr705. Indeed, Stat3 has been identified as an effector of the prolactin 

receptor (91), and it is therefore probable that prolactin is the element responsible for the 

observed Stat3 increase in HIP treated cells. 
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 The increase in Stat3-pTyr705 levels in differentiation-induced HC11 cells prompted us 

to assess whether Stat3 activity might be required for HC11 mammary epithelial cell 

differentiation. This was achieved by pharmacological inhibition of Stat3 with CPA7. 

Interestingly, HC11 cells failed to express the differentiation marker, β-casein, when treated with 

the inhibitor for just 24 hours prior to inducing differentiation at the reported concentration (1µM, 

which inhibits Stat3 activity by only 15% (84)). However, treating HC11 cells with CPA7 for 24 

hours starting at day 5 of differentiation induction had a far less profound effect, as the induced 

cells still had detectable levels of β-casein. This result raises two important points. First, that 

Stat3 activity is vital for promoting the early stages of HC11 mammary epithelial cell 

differentiation. After this point, its activity appears to be less important. Second, that Stat3 may 

promote differentiation through a unique mechanism in this system. Stat3 is documented as a 

potent pro-survival molecule, and while not extensively studied in the context of lactogenic 

differentiation, it was assumed that its main role in this system was to act as an anti-apoptotic 

factor so that differentiation could occur. However, because HC11 differentiation is sensitive to 

the timing of CPA7 treatment, it is likely that Stat3 contributes more than pro-survival signals. A 

possible mechanism of action may involve another STAT family member, Stat5. Stat5 is a well-

documented regulator of lactogenic differentiation and positively regulates the β-casein promoter 

(92). As Stat3 and Stat5 have been shown to form heterodimers (18), and are concurrently active 

in this system, this could suggest a way in which Stat3, through its interaction with Stat5, might 

transcriptionally upregulate the β-casein promoter and therefore contribute to β-casein expression.  
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Expression of constitutively active, Stat3C reduces mammary epithelial cell 

differentiation  

            Although Stat3 activity is required for HC11 cell differentiation, my results indicated that 

expression of mutationally overactive Stat3C was unable drive expression of the differentiation 

marker, β-casein, in uninduced cells, or to potentiate the differentiation signal in HIP-induced 

HC11 cells. On the contrary, all HC11-Stat3C clones display either markedly reduced expression 

of β-casein or fail to differentiate altogether. Since Stat3C can act as an oncogene, we examined 

whether this inhibition is attributable to activation of oncogenic signaling pathways that may be 

dominant over the pro-differentiation signals. However, the results revealed the absence of 

measurable growth in agarose. This could be because the clones isolated express relatively low 

levels of Stat3C, below the threshold of measurable transformation. This is further supported by 

the fact that differentiation is not completely blocked in many of the HC11-Stat3C clones. The 

fact that these cells do not grow in agar suggests that the block of differentiation is not 

immediately attributable to transformation. Still, the fact that no increase in β-casein expression 

was observed at these low levels signifies differences in the effectors of Stat3C vs. RacV12 that 

promote differentiation vs. transformation. Overall, clones expressing very high and very low 

levels of Stat3C will be needed to further understand the role of Stat3C in this system. 

 

Rac1 is an important determinant of HC11 mammary epithelial cell differentiation  

Since both E-cadherin and Stat3 are required for HC11 mammary epithelial cell 

differentiation, we assessed whether Rac1 signals in this process as well. Indeed, HC11 cells 

induced to differentiate revealed greater cRac1 protein levels compared to the un-induced control. 

In addition, blocking Rac activity by pharmacological inhibition reduced expression of the 

differentiation marker, β-casein (Fig 3.5B,C). Previously, our group demonstrated that E-cadherin 
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engagement increases not only cRac1 levels, but levels of a closely related Rho GTPase, Cdc42 

(4). Although Rac1 and Cdc42 signal to many of the same downstream effectors, the list is not 

identical (93). Whether Cdc42 controls differentiation in a similar manner as Rac1 in this model 

is still under investigation; however, it is a distinct possibility as Cdc42 and Rac1 signal to Stat3 

in a similar manner (Fig. 4.1a). If this is the case, the residual β-casein observed upon cRac1 

inhibition could be the result of Cdc42’s control over β-casein production (Fig. 3.5B, lane 8 vs 3). 

Indeed, another group reported that both Rac1 and Cdc42 control lactogenic differentiation in 

mammary epithelial cells, in part confirming this hypothesis (52). Future studies from our group 

will continue to assess the role of Cdc42 in HC11 mammary epithelial cell differentiation.  

 

Low levels of RacV12 expression enhance HC11 mammary epithelial cell 

differentiation, dependent on Stat3 activity 

HC11 cells that express relatively low levels of RacV12 reveal greater amounts of the 

differentiation marker, β-casein, when induced to differentiate against the parental HC11 cells. 

This is perhaps due to RacV12 reinforcing or potentiating the E-cadherin signal to Stat3 (Fig. 4.1a). 

The HC11 RacV12-low clones served as an ideal cell line to study this signaling cascade, and, 

indeed, RacV12-low clones fail to express the differentiation marker, β-casein, when treated with 

CPA7 or SH-4-054 Stat3 inhibitors. Therefore, despite the greater signal strength, the 

differentiation signal of RacV12-low is dependent on the activity of Stat3, which further suggests a 

pro-differentiation cascade as described in Fig. 4.1a.  

Besides confluence, Akhtar et al reported that differentiation of mammary epithelial cells 

requires β1-integrin engagement with the basement membrane (52). Laminins in the basement 

membrane activate Rac1, which mediates phosphorylation of the prolactin receptor to upregulate 

expression of the β-casein gene by the action of Stat5 (Fig. 4.1b). Interestingly, these 
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investigators reported that activated RacV12 could replace the integrin signal in integrin-deficient 

cells, or cells plated on collagen instead of laminin. However, the levels of RacV12 expression 

were not examined in this study, and it is likely that it was low levels of RacV12 that were 

activating the prolactin receptor to promote differentiation. Whether high RacV12 levels might 

block prolactin receptor activity in this model was not discussed. Either way, the results of this 

study suggest it may be worth assessing if low levels of RacV12 are able to rescue β-casein 

expression in the E-cadherin shRNA knockdown cells used in Fig. 3.1B. 
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Figure 4.1: Model representing the pathways affecting HC11 differentiation vs. 
transformation 
 
E-cadherin (a) signals through its effectors Rac/Cdc42 and Stat3 to positively regulate 
differentiation, together with signals from the extracellular matrix (integrins) and prolactin/Stat5 
(b). Low levels of mutationally activated RacV12 (c) reinforce the pro-differentiation signals from 
E-cadherin and the prolactin receptor, with an increase in differentiation as a result. High RacV12 
may block differentiation by activation of transforming targets (d); which block differentiation by 
activating pro-oncogenic pathways and inhibiting expression of E-cadherin.  
 
Not shown: the RacV12 signal could also be disrupting E-cadherin through its effector, PAK1, 
which has been shown to trigger endocytosis of E-cadherin, leading to cytoplasmic accumulation 
of β-catenin, and subsequent repression of epithelial cell characteristics by β-catenin 
transcriptional control (63)(56). 
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High levels of RacV12 downregulate E-cadherin, eliminate differentiation, and 

promote anchorage-independent growth 

 Despite the increase in differentiative capacity observed upon low RacV12 expression, our 

results demonstrate that high RacV12 levels eliminate expression of the differentiation marker (β-

casein), reduce expression of E-cadherin, and display attributes possessed by transformed cell 

lines. There are several possible interpretations for these findings: 

    Rho family proteins operate through a multitude of effectors. The best characterized Rac1 

and Cdc42 effectors are the p21-activated kinases (PAKs (94)). In fact, prior studies reported that 

PAK1 activity is required for RacV12 to disrupt cell-cell contact in a number of different models 

(95–97). In accordance with these studies, our own results indicated that PAK inhibition in 

RacV12-high cells was able to partially restore differentiative capacity, as assessed by expression 

of β-casein (not shown). Therefore, in HC11 cells expressing high levels of RacV12, PAK1 is 

likely contributing to de-stabilization of cell-cell contacts required for mammary epithelial cell 

differentiation (Fig. 4.1d). The destabilization of cell-cell contact, in turn, leads to dissociation of 

β-catenin from adherens junctions. As we show in Fig 3.11B, HC11 cells expressing high levels 

of RacV12 reveal cytoplasmic accumulation of β-catenin. Although cells that express high levels of 

RacV12 do not reveal nuclear localization of β-catenin, extensive cytoplasmic accumulation is 

sufficient for nuclear translocation of β-catenin (56), and it is possible that β-catenin is entering 

the nucleus in RacV12high cells, but in smaller quantities. Once in the nucleus, β-catenin can 

influence the expression of genes that would repress epithelial characteristics and promote 

transformation (e.g. myc, cyclin D1, MMP2, 7, 9) (63)(56). This offers a possible explanation as 

to why HC11 cells expressing high amounts of RacV12 fail to respond to differentiation induction.  

HC11 cells expressing high levels of RacV12 are transformed to anchorage independence. 

As growth arrest is an integral part of differentiation (reviewed in (98)), the stimulation of 
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proliferation pathways by high levels of RacV12 may be interfering with the differentiation 

program in HC11 cells. RacV12 mediated proliferation may be stimulated by downstream action of 

PAK1 (54), or through the action of Stat3; which controls cell cycle progression through 

transcription of targets genes such as cyclin D1 and myc (99). In any event, HC11 cells that 

express high levels of RacV12 display many attributes of transformed cells that are not present in 

HC11 cells expressing low levels of RacV12. We propose that there exists a threshold only above 

which RacV12 is able to overcome anti-proliferative signals and activate transforming targets, 

which block differentiation and repress expression of E-cadherin (Fig. 4.1d).  
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Chapter 5  

Summary and Conclusions 

Stat3 activity in HC11 mammary epithelial cell differentiation 

Mammary epithelial cell differentiation is dependent on coordination of a complex array 

of extra- and intracellular signaling molecules. This work examined the E-cadherin/Rac/Stat3 axis 

in HC11 mammary epithelial cell differentiation, and uncovered the potential consequences of 

dysregulation of this pathway on controlling cell fate. We show that Stat3-pTyr705 increases with 

differentiation induction, and that inhibition of Stat3 activity with low levels of a Stat3 inhibitor 

eliminate HC11 differentiation. The activity of Stat3 in the context of lactogenic differentiation is 

not widely studied, as it is often overshadowed by another STAT family member, Stat5, which 

signals to produce milk proteins in response to prolactin (92). However, Stat3 is reportedly also a 

transducer of the prolactin receptor (91), and groups besides our own are beginning to study the 

broader role of Stat3 in lactogenic differentiation (36).  

 

Activity of Rac in HC11 mammary epithelial cell differentiation vs. transformation 

Most notably, we demonstrate that levels of the Rac signal greatly influences the outcome 

of HC11 cell differentiation. We show that cRac1 is required for differentiation and, when 

expressed to low levels, activated RacV12 enhances differentiation. However, when expressed to 

high levels, RacV12 blocks differentiation potentially by promoting pro-oncogenic signaling 

pathways. That is, RacV12 may behave in an “amphibolous” manner, ie “hitting in opposite 

directions” depending upon its level of expression. Level of expression adds an additional layer 

of complexity to an already complex network of protein-protein interactions, suggesting that a 

signal transducer has different targets, and therefore mediates different cellular processes, 
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depending on its activity/expression level. In our model, the amphibolous behaviour of RacV12 

suggests that enhanced Rac activity is not immediately associated with oncogenic processes, 

despite contributing to a number of cellular processes that underlie malignant transformation 

(53)(50). This is vital information for identifying viable targets for cancer therapies, and offers 

one explanation as to why the majority of inhibitors fail to reduce tumor burden in late stage 

clinical trials (100).  

 

E-cadherin expression is integral for HC11 mammary epithelial cell differentiation, 

and in resisting transformation 

This study was able to identify E-cadherin as a main component underlying the 

requirement of confluence for HC11 mammary epithelial cell differentiation. Interestingly, as was 

determined when assaying HC11 cells expressing various levels of RacV12, the requirement of E-

cadherin for HC11 mammary epithelial cell differentiation was far more essential than we had 

originally hypothesized. Despite significant decreases in E-cadherin expression (Fig 3.14), HC11 

cells that expressed low and medium levels of RacV12 still expressed detectable levels of the 

differentiation marker, β-casein, when treated with HIP medium Fig. 3.6A). Only when HC11 

cells express high levels of RacV12 did we see a complete lack of E-cadherin expression (Fig 3.14) 

and a lack of differentiation (Fig 3.6A), concomitant with neoplastic characteristics: cytoplasmic 

expression of β-catenin (Fig 3.13) and significant anchorage-free growth (Fig 3.11). Therefore, 

these data justify the importance of E-cadherin expression in the maintenance of cell identity and 

cell fate. Further, despite the fact that signaling pathways controlling differentiation are 

presumably cell context dependant, confluence is a requirement for models that study 

differentiation of kidney epithelial cells (33), adipocytes (101), myotubes (102), among others. 

Therefore, the cadherin signaling dynamic may be a common promoter of differentiation in all. 
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5.1 Future Directions 

 

Effectors required for differentiation vs. transformation 

The fact that of RacV12 expression controls differentiation and transformation depending 

on its level of expression, suggests that different effectors are being activated in low vs. high 

expressing cells. In order to identify genes that are upregulated in RacV12 -expressing cells, at high 

vs. low levels, we would employ a comprehensive transcriptome analysis. polyA+ mRNA will be 

isolated from these cell lines, reverse transcribed, and sequenced. The resulting transcriptome 

fastq files will be analyzed with the WT pipeline for Ion Torrent workflow to determine 

differentially expressed genes.  

We plan to compare expression levels of mRNA’s from low-RacV12 or high-RacV12 cells 

with the parental HC11, to identify genes that may be contributing to differentiation vs. 

transformation, respectively. The identification of genes that reveal increased expression 

specifically in low-RacV12 cells compared to the parental HC11 may be positively regulating 

differentiation, which can be further studied by repressing their expression through CRISPR/cas9 

knockout. On the other hand, high-RacV12 cells should reveal increased expression of genes in 

differentiation suppression and transformation. This study would identify the genes / pathways 

that may be contributing to inhibition of differentiation, and may reveal new factors contributing 

to mammary epithelial cell differentiation.  
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Appendix A  

Plasmid vector maps 

 

 

 

 

 

 

 

 

   Figure 5.1: GIPZ Cdh1 shRNA plasmid vector map from Dharmacon 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Retroviral MSCV plasmid vector map (76) 
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Figure 5.3: EF.Stat3C.Ubc.GFP plasmid vector map (77) 

(Addgene Cat. #24983)  

 

 

 

 

 

 

 

 

 

 

Figure 5.4: pBabe-puro plasmid vector map (78) 
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Figure 5.5: retroviral pMX plasmid vector map (79) 

 


