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ABSTRACT 

 
MicroRNA-140 Regulation of the Mammary Microenvironment 
Benjamin Wolfson, Doctor of Philosophy, 2018 
 
Dissertation Directed By: 
 
Qun Zhou, M.D., Ph.D. 
Department of Molecular Biology and Biochemistry 
School of Medicine Greenebaum Cancer Center 
 
 
The heterogeneous cell population found within the mammary microenvironment is essential for 

both normal mammary gland health and disease development. Despite the importance of the 

mammary microenvironment, surprisingly little is known concerning the processes regulating 

mammary microenvironment homeostasis, and how dysregulation of stromal cell signaling 

pathways promotes mammary gland pathologies, including obesity, fibrosis, and breast cancer. 

There are over 40 million obese women in the U.S., and 60,000 new cases of obesity-related breast 

cancer diagnosed every year. Therefore, it is crucial that researchers fully characterize the 

mechanisms governing obesity, as well as the relationship between obesity and breast cancer 

initiation and progression. miR-140 was first identified as a regulator of chondrocyte 

differentiation, and we have shown that miR-140 is a tumor suppressor miRNA that inhibits cancer 

stem cell signaling in breast cancer. However, the roles of miR-140 in the stromal cells surrounding 

the mammary gland remain undefined. We recently found that miR-140 was highly expressed in 

preadipocyte cells, leading us to predict that miR-140 may play a role in adipocyte differentiation 

and the mammary microenvironment. Based on these preliminary data, we hypothesized that miR-

140 is a primary regulator of mammary microenvironmental homeostasis, and that dysregulation 

of miR-140 in mammary gland stromal cells may promote breast cancer development and 



 

progression. Through the experiments detailed in this dissertation, we came to three distinct 

conclusions: 1. That miR-140 is an essential regulator of adipogenesis, 2. That mammary gland 

stromal cell expression of miR-140 is downregulated by a high-fat diet, and 3. That loss of miR-

140 expression promotes the differentiation of the pathologic myofibroblast cell type. These data 

demonstrate that miR-140 is a key regulator of stromal cell homeostasis in the mammary 

microenvironment and implicate re-expression of miR-140 in the obese microenvironment as a 

potential therapeutic strategy for both the prevention and treatment of breast cancer. 
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Chapter 1: INTRODUCTION 
 
1.1 BREAST CANCER 

 
1.1.1 Overview 

 
Breast cancer is the most commonly diagnosed female cancer and the second most 

common cause of cancer-related deaths in women 1. It is a highly heterogeneous disease, 

comprised of multiple histological and molecular subtypes 2. Initiation of breast cancer 

occurs due to the accumulation of multiple genetic and epigenetic insults, arising from 

spontaneous mutation, environmental effects, and/or abnormal levels of hormonal 

signaling3. Breast cancer patients are generally treated with a combination of molecularly 

targeted therapeutics, surgical lumpectomy, chemotherapy, and radiation. While early 

stage breast cancer is readily treatable, once it has progressed to the invasive or metastatic 

stages the disease is highly aggressive, difficult to treat, and has high rates of patient 

mortality. The availability of molecularly targeted therapeutics varies depending on the 

breast cancer subtype and expression of targeted molecules. Hormone receptor positive 

breast cancers are the most treatable, however there is a complete lack of targeted 

therapeutics for basal-like, triple negative, breast cancers4. In the search for novel 

molecular targets, the cancer microenvironment has increasingly been recognized as 

playing an important role in tumor genesis and growth. Stephen Paget first recognized the 

importance of the tumor microenvironment over a century ago with his Seed and Soil 

theory of metastasis5. However only recently has the transdifferentiation of normal stromal 
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cells into activated stromal cells and their contribution to tumor initiation and progression 

come under investigation6. These findings may lead to exciting new therapeutic strategies 

that target not just a malignant tumor, but also the tumor-supporting microenvironment. 

Moreover, with the advent of high-throughput sequencing and genomics technologies, 

cancer research and treatment is being rapidly brought into a new era of personalized 

therapy through the identification of novel targets for molecularly targeted therapeutics7. 

For these investigations to be successful, we must better characterize the mechanisms 

supporting tumor initiation and growth, including the role of the tumor microenvironment. 

By interrogating the tumor suppressive and tumor promoting roles of the 

microenvironment, a new ideal of preventive therapy may be identified, wherein tumors 

are prevented from occurring through targeted maintenance of microenvironment 

homeostasis in at-risk patient groups.  

   
1.1.2 Architecture of the Mammary Gland 

 
 
The mammary gland is an organ unique to mammals that produces milk for infant 

nourishment. It is made up of glandular tissues surrounded by various cell types embedded 

within adipose tissue (also referred to as the stromal microenvironment) and supported by 

connective tissue called Cooper’s ligaments 8,9. The glandular tissue is composed of 16 

discrete lobes, each containing lobules made of 10-100 alveoli 10. This lobular architecture 

comprises the milk producing tissues of the breast. The lobules are connected to the ductal 

system, made up of numerous small branching ducts and attached to the nipple, which 

facilitates external milk secretion (Figure 1)9,11. 
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The ductal epithelial tissue is composed of two distinct cell layers surrounding the 

ductal lumen. An inner layer contains luminal epithelial cells, which is then tightly 

surrounded by a basal/outer layer made up of myoepithelial cells. These resemble smooth 

muscle cells, and are capable of contracting to promote milk secretion9. The myoepithelial 

cell layer is enclosed by the basement membrane, a structural layer of fibrous connective 

tissues made up of dense proteins including collagens, fibronectin, and laminin12. 

 

 

FIGURE 1.1 HUMAN MAMMARY GLAND AND WHITE ADIPOSE TISSUE 

(Created using Servier medical art http://smart.servier.com) 
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1.1.3 Breast Cancer Risk Factors 

There are numerous risk factors that increase the chance of an individual 

developing breast cancer (Table 1.1). These generally fall into three categories: 1. 

Hormone related risk factors, 2. Genetic risk factors, and 3. Behavioral/environmental risk 

factors. For breast cancer in women, hormonal risk factors are those that result in exposure 

to increased levels of estrogen and progesterone, potentially resulting in constitutive 

activation of the estrogen and progesterone receptor activated pathways. These involve 

early age of menarche (relative risk 1.3)13, late age of menopause (relative risk 1.22-

1.3)13,14, late first pregnancy (relative risk 1.9-2.23)13,14, and hormone replacement therapy 

(relative risk 1.35)15 (Table 1.1).  

The greatest risk factor of breast cancer is genetic, with between 50-65% of women 

who carry mutated BRCA1 and BRCA2 genes developing breast cancer by age 70 

(compared to 12% in the normal population) 1,16,17. BRCA1 and BRCA2 mutations are 

relatively rare, and BRCA1/2 mutations are only detected in approximately 12% of breast 

cancer patients18 and 0.25%-0.5% of the general population (although the mutation is 

significantly more prevalent in Ashkenazi Jewish populations, presenting in 2.5% of 

women) 19. BRCA1/2 are DNA repair proteins, involved in the homologous recombination 

process20. When they are mutated, the DNA repair process is impaired, leading to an 

increased chance of additional mutations. Individuals with BRCA1 mutations frequently 

develop basal-like breast cancers, but the mechanisms behind this link remain unknown. 

The high chance of developing breast cancer for individuals with BRCA1/2 mutations has 

led to the popularization of prophylactic mastectomy or tamoxifen use in mutation carriers, 

however the utility of these measures remains under debate 21. 
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Additional risk factors include environmental and behavioral risk factors such as 

alcohol consumption (relative risk of 1.4 for having 3 or more drinks a day)22, and thoracic 

radiation (relative risk of 1.61 for women exposed to 1Gy of radiation and a median relative 

risk of 5.2 for those treated for Hodgkin’s lymphoma with radiation) 23,24. While these are 

well-defined epidemiologic risk factors, the molecular mechanisms are not always clear. 

Alcohol consumption may dysregulate breast tissue estrogen sensitivity, leading to 

increased luminal breast cancer, and production of reactive oxygen species leading to DNA 

damage 23. Radiation exposure also produces reactive oxygen species that induce DNA 

damage, resulting in increased rates of pro-tumorigenic mutations and the initiation of 

estrogen receptor (ER) and progesterone receptor (PR) negative breast tumors 24. Finally, 

pregnancy after 30 years results in increased risk of luminal breast cancers largely due to 

dysregulation of pregnancy related hormonal mechanisms 25. 

 Another potential risk factor for breast cancer is obesity. There are over forty 

million obese women in the United States26. Obesity has been shown to result in a relative 

breast cancer risk of 1.39 in post-menopausal women, and a hazard ratio of 1.7 in pre-

menopausal women27,28. In addition to obesity itself, a high-fat diet has been shown to have 

a significant impact on breast cancer. High total fat in the diet leads to a relative risk of 

1.15-3.47, high saturated fat a relative risk of 1.13-1.47, monounsaturated fat 1.72-2.01 

and high polyunsaturated fat a relative risk of 1.49-3.02 29. The underlying mechanisms of 

the link between obesity and breast cancer remain largely undefined, and will be further 

discussed in later sections as well as being a major point of investigation in this dissertation. 
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Risk Factor Relative Risk Reference 
BRCA1/2 Mutation 11-33 (age/mutation 

dependent) 
Antoniou et al. 2003 

Alcohol consumption (<3 daily 
drinks) 

1.27-2.45 Vachon et al. 2001 

Hormone replacement therapy  1.35  Beral et al. 2002 
1Gy Radiation Exposure 1.61 Boice et al. 1991 
Early menarche 1.3 Brinton et al. 1998 
Late menopause 1.22-1.3 Brinton et al. 1998 

Trichopolous et al. 1972 
Late first pregnancy (>30 years 
of age) 

1.9-2.23 Brinton et al. 1998 
Trichopolous et al. 1972 

No pregnancy 1.67-1.9 Brinton et al. 1998 
Trichopolous et al. 1972 

Obesity (premenopausal) 1.7 (Hazard Ratio) Cecchini et al. 2012 
Obesity (receptor positive, 
postmenopausal) 

1.39 Munsell et al. 2014 

High fat diet 1.15-3.47 Binukumar et al. 2005  
High dietary saturated fat 1.13-1.47 Binukumar et al. 2005  
High dietary monounsaturated 
fat 

1.72-2.01 Binukumar et al. 2005  

High dietary polyunsaturated fat 1.49-3.02 Binukumar et al. 2005  

TABLE 1.1 BREAST CANCER RISK FACTORS 
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1.1.1 Molecular Subtypes of breast cancer 

 

Microarray and gene expression profiling have been used to identify the molecular 

profiles of breast cancer with different prognosis and treatment responses, and to cluster 

them into subtypes30. These data were used to create 5 distinct tumor classes: luminal A, 

luminal B, basal-like/triple-negative, HER2+, and normal-like (Table 1.2).  

 

Luminal A and B 

Luminal A tumors comprise 60% of all breast cancers, and are characterized by 

their expression of the estrogen receptor alpha (ER⍺) and activation of genes in the ER⍺ 

pathway. Luminal A tumors generally exhibit a low proliferative rate and histological 

grade, and express progesterone receptor (PR), B-cell lymphoma 2 (Bcl-2), and cytokeratin 

CK8/18 31. Luminal B tumors represent 10-20% of breast cancers, and while they have 

similar receptor and molecular expression profiles to Luminal A tumors, they are 

significantly more aggressive with a higher histological grade and increased proliferation. 

Luminal B tumors also exhibit high expression of genes regulating proliferation, including 

Ki67, cyclin B1, epidermal growth factor (EGFR), and HER231. Both Luminal A and 

Luminal B tumors originate from cells in the luminal epithelium of the mammary duct. 

Due to their expression of ER⍺, both Luminal A and Luminal B tumors are effectively 

treated using selective estrogen receptor modulators (SERMs) such as tamoxifen which 

inhibit ER⍺ signaling and will be discussed in later sections31,32.  
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Basal-like 

As opposed to the luminal cell origin of the Luminal A and Luminal B subtypes, 

the Basal-like subtype resembles the cells of the mammary gland myoepithelial cell layer. 

They make up 10-20% of breast cancers, and express basal cytokeratins CK5 and CK17 as 

well as P-cadherin, caveolin 1/2, nestin, CD44, EGFR, and P53 mutations32. Basal-like 

tumors frequently lack expression of ER⍺, progesterone receptor, and HER-2, leading to 

frequent use of the name “Triple-Negative” for basal-like cancers. While these terms are 

often used interchangeably, there is a 30% disparity between basal-like and triple-negative 

cancers, demonstrating the presence of sub-groups within this tumor type 35,36. Basal-like 

tumors are highly aggressive, and have a significantly worse prognosis than luminal 

tumors. They are highly invasive, and often have a large tumor size at presentation and 

high histological grade. In addition to their high-tumor grade and aggression, Basal-like 

tumors are significantly more difficult to treat than Luminal. This is in part due to their 

triple-negative status, as they lack the hormonal receptors that are frequently the target of 

molecular therapeutics31,32.  

 

HER2 Positive 

The HER-2 subtype makes up 15-20% of breast cancers, which are characterized 

by amplified expression of HER2, resulting in constitutive activation of HER2 and 

associated pathways. The HER2 receptor activates pathways involved in proliferation 

including MAPK, PI3K/Akt, PKC, and STAT. In addition to their high proliferative ability, 

HER2+ tumors exhibit high histological grade, and 40% have P53 mutations. The reliance 

of HER2+ tumors on the HER2 receptor means that HER2 is an effective therapeutic target. 
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Multiple targeted drugs that inhibit HER2 function have become clinically available in 

recent years, including trastuzumab, pertuzumab, and lapatinib31,32 33.  

 

Normal Like 

The final breast cancer subtype is the Normal-Like subtype, consisting of 5-10% of 

breast cancers. The tumors within the Normal-Like subtype remain poorly characterized. 

They share some molecular characteristics of both luminal and basal lineages, and while 

they are often triple-negative they are not fully Basal-like. No molecular targets have yet 

been defined for this subtype, and its existence remains contentious. One hypothesis 

regarding Normal-Like tumors postulates that samples in this subtype are the 

contamination of breast cancer samples with normal breast cells. 

 

Claudin-low 

After the initial classification of the 5 breast cancer subtypes, a new subtype was 

defined based on the expression of tight-junction and cellular adhesion related genes. This 

subtype is characterized by low expression of claudin genes and therefore called Claudin-

low. The molecular profile of Claudin-low tumors resemble Basal-like, but they have been 

shown to exhibit high levels of immune cell infiltration and low proliferative levels. 

Claudin-low tumors make up approximately 12-14% of breast carcinomas, and patients 

with Claudin-low tumors generally have a relatively poor long term prognosis31.   
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TABLE 1.2: BREAST CANCER SUBTYPES  

Molecular 
Subtype 

Frequency Molecula
r Profile 

Prognosis P53 
Mutation
s 

Treatment 

Luminal A 50-60% ER+ PR+ 
HER2- 

Good 17% Endocrine 
Therapy 

Luminal B 10-20% ER+ PR+ 
HER2+/- 

Intermediate 41% Endocrine 
Therapy/Chem
-otherapy 

Basal-like 10-20% ER- PR- 
HER2- 

Poor 88% Chemotherapy 

HER-2 
Positive 

10-15% ER- PR- 
HER2+ 

Poor 50% Chemotherapy
/Trastuzumab 

Normal 
breast like 

5-10% ER-/+ 
HER2- 

Intermediate n/a Chemotherapy 

Claudin-
low 

12-14% ER- PR- 
HER2- 

Poor n/a Chemotherapy 

Adapted from Eroles et al. 2012 and Bertheau et al. 2013 
  

1.1.4 Molecular Genesis of Breast Cancer 

 

The majority of breast cancers are believed to originate from mammary epithelial 

cells residing in the terminal ductal-lobular unit (TDLU). Ninety-percent of breast cancers 

arise in the ductal epithelium (resulting in ductal carcinoma), with lobular breast cancers 

making up only 10% of breast cancers34. Therefore, I will focus on ductal breast cancers 

throughout this thesis. The earliest steps in breast cancer initiation begin with non-

malignant mutations to the ductal lumen resulting in atypical ductal hyperplasia (ADH). 

The resulting proliferation produces a benign cell mass, which while non-malignant, 

increases the chance of developing ductal carcinoma in situ (DCIS) and invasive ductal 

carcinoma (IDC). Breast cancer is hypothesized to occur in a stepwise model of non-

obligate precursors, meaning that while it is likely ADH directly progresses to DCIS, and 
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likewise that DCIS progresses to IDC, aggressive cancers may also arise de novo2,35.The 

exact etiology of breast cancer is highly varied, and no single mechanism dominates breast 

cancer initiation. Cancer initiation occurs due to the accumulation of a combination of 

genetic, epigenetic, and environmental insults, resulting in genomic instability and the 

upregulation of oncogenic genes (which drive tumorigenesis) and downregulation of tumor 

suppressor genes (which inhibit tumorigenesis) 3. The golden standard model for this 

process is the “Vogelgram”, which was developed by Bert Vogelstein in the seminal paper 

A genetic model for colorectal tumorigenesis in 1990 36. Vogelstein identified a deliberate, 

step-by-step model for colon cancer in which initiating mutations led to the accumulation 

of specific additional mutations, and eventually tumor formation. While most cancers do 

not follow such an explicit, sequential mutational series, cancers from the same tissue often 

are the result of a distinct panel of somatic mutations and constitutive activation of select 

pathways. 

 

Germ-line mutations 

In addition to germline mutations to BRCA1/2, breast cancer is also associated with 

additional gene mutations, including ATM, PTEN, RAD51, P53 and others, however they 

are incredibly rare and have thus been studied much less than BRCA1/237. Most germ-line 

mutations implicated in breast cancer, including BRCA1/2, ATM, RAD51, and P53 are 

involved in various DNA repair processes. ATM is recruited to DNA double-strand break 

sties, where it phosphorylates a variety of proteins to initiate cell-cycle arrest and DNA 

repair or apoptosis38. One of the primary downstream effectors of ATM is P53, which is 

stabilized when ATM phosphorylates MDM2, resulting in further activation of DNA repair 
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proteins, cell cycle arrest, apoptosis or senescence39. ATM has also been shown to recruit 

and activate BRCA1 to DNA damage sites, where it assists in double-strand break repair 

and is an essential mediator of homologous recombination40. RAD51 is also necessary for 

homologous recombination, and has been shown to interact with BRCA1/2 during the 

DNA repair process41.  

 

Estrogen 

Constitutive activation of estrogen receptor alpha (ER⍺) is one of the most common 

mechanisms leading to breast cancer development, and is a major factor in luminal A and 

luminal B breast cancer initiation. ER⍺ is overexpressed in approximately 70% of breast 

cancers, and contributes to breast cancer tumorigenesis through at least two mechanisms 

42. The canonical mechanism of estrogen action occurs when estrogen binds to ER⍺	in the 

nucleus, prompting it to bind both directly and indirectly to estrogen response elements 

(ERE) in the promoter region of ER⍺ targeted genes. ER⍺ targeted gene expression results 

in increased cell proliferation, leading to high risk of mutations due to replication errors 42. 

Estrogen has also been shown to result in the generation of genotoxic metabolites that can 

directly damage DNA, promoting the accumulation of mutations that leads to 

tumorigenesis. Genotoxic metabolite generation occurs through activation either of ER⍺ 

located near the plasma membrane or alternative estrogen receptors, and results in estrogen 

metabolism and the generation of free radicals 42,43.  
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Somatic mutations 

Recent genomic analysis has identified a panel of 10 genes which were the most 

frequent somatic mutations in breast cancer, accounting for 62% of driver mutations: P53, 

PIK3CA, MYC, CCND1, PTEN, ERBB2 (HER2), ZNF703/FGFR1, GATA1, RB1, and 

MAP3K1 44. Of these genes, P53, PTEN, and RB1 are tumor suppressors, while the rest 

have been demonstrated to function as oncogenes. P53 is a transcription factor that was the 

first tumor suppressor to be identified, and is mutated in approximately 20% of breast 

cancers 45. P53 inhibits tumorigenesis through inhibiting the proliferation and inducing 

apoptosis of abnormal cells. P53 mediates these functions through activating the 

transcription of a variety of downstream effectors, including cell cycle inhibitors, pro-

apoptotic proteins, DNA repair proteins, and inhibitors of angiogenesis and metastasis 46.  

Germline mutations of P53 are incredibly rare, but underlie the cancer syndrome Li-

Faumeni syndrome (LFS). 49% of women with LFS develop breast cancer by age 6047. 

Somatic loss of heterozygosity in the P53 gene is a common event in primary breast 

cancers, and while this sometimes leads to full loss of P53, P53 has also been shown to act 

as a dominant negative, wherein mutant p53 forms inactive tetramers with wild-type p5348. 

Several of the highly prevalent driver mutations are members of the same signaling 

axis, the PI3K signaling pathway. This signaling cascade occurs when PI3K binds to 

activated transmembrane receptor kinases (such as ERBB2). PI3K then phosphorylates 

phosphatidyl-inositol-3,4,-biphosphate (PIP2) to form phosphatidyl-inositol-3,4,5-

triphophate (PIP3), which activates AKT signaling resulting in increased proliferation and 

migration and inhibition of apoptosis. This signaling pathway is inhibited by the tumor 

suppressor PTEN, which converts PIP3 back to PIP2, and prevents AKT activation. 
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PIK3CA, a subunit of PI3K, is commonly upregulated in breast cancer, while PTEN is 

commonly downregulated. Driver mutations of the PI3K pathway result in constitutive 

proliferation, and are common oncogenic changes leading to malignant transformation49,50. 

 

1.1.5 Cancer stem cells 

 
 Cancer stem cells are believed to play a significant role in tumor initiation, 

progression, and metastasis. Cancer stem cells (CSCs) are a small subpopulation of tumor 

cells that have the ability to self-renew, and through asymmetrical reproduction 

simultaneously replenish their own population while contributing to tumor growth through 

generation of terminally differentiated, non-stem cancer cells. CSCs were first discovered 

in hematopoietic malignancies in John Dick’s laboratory51, and have since been identified 

in a multitude of solid tumors including breast. Breast cancer stem cells make up 

approximately 1-5% of tumor cells. They were identified in breast tumors by Al-Hajj et al. 

as a CD44+/CD24- lineage by limiting-dilution tumor formation in NOD/SCID mice. A 

small number of cells from this lineage are able to initiate xenografts and differentiate into 

heterogeneous tumors. This population also shares the extensive proliferative capacity and 

ability to self-renew identified in hematopoietic cancer stem cell populations, and are 

highly invasive 52. Further study of breast CSCs has identified a high level of cancer stem 

cell heterogeneity in different breast cancer subtypes, and investigations have defined a 

new panel of markers for cancer stem cells in basal-like/triple-negative breast cancer, 

CD49f+/CD44+/CD24- as observed using fluorescence-activated cell sorting (FACS)53,54.  

The gold standard among numerous assays used to isolate and characterize cancer stem 

cells is the ability of a small number of cells obtained by serial dilution to initiate a tumor 
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in NOD/SCID mice. Aldehyde Dehydrogenase 1 (ALDH1) activity, detectable by the 

Aldefluor assay, is necessary for xenobiotic metabolism and resistance and is a 

characteristic of some tissue stem cells 55. The presence of a “side-population” in FACs, 

detected by Hoechst 33342 dye is an indicator of increased ABC transporters, which expel 

Hoechst 33342 and are an underlying mechanism of chemotherapy resistance56.  

 While accepted by many, the cancer stem cell hypothesis is contentious, and 

contrasted with the clonal evolution model of tumor growth57. This model postulates that 

tumors originate due to the accumulation of somatic mutations, and that no single cell 

population drives tumorigenesis. Newer theories of tumor initiation present the existence 

of a population of stem-like cells that initiate tumor growth, but also acknowledges that 

this stem-like cell population becomes malignant through the accumulation of genetic 

insults, and continues to evolve as originally described in the clonal evolution model58. 

 
1.1.6 Progression from early stage breast cancer to invasive breast cancer 

 

Early stage ductal carcinoma in situ (DCIS) makes up between 20% and 25% of all 

diagnosed breast cancers 1. Profiling data have demonstrated that early stage breast cancers 

such as DCIS exhibit similar patterns of gene and protein expression to invasive ductal 

carcinoma (IDC). These data suggest that breast cancer progression occurs through a model 

of stepwise, non-obligate precursors, wherein early stage breast cancers are predisposed to 

progress to a more advanced stage2. Clinical data show that 40% of patients presenting 

early stage DCIS later develop invasive breast cancer59, and DCIS lesions are found in the 

majority of patients diagnosed with IDC60,61. While molecular signatures for breast cancer 

progression remain ill-defined, classification systems based on histological features and 
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proliferation rate have proved to be useful in patient management. High-grade DCIS is 

much more likely to progress to IDC, and has been demonstrated to have an increased 

likelihood of recurrence2. However, there is still no method of predicting whether a DCIS 

lesion will progress to IDC. There are two categories of study concerning the necessary 

mechanisms for invasive progression: The role of the tumor microenvironment, and the 

driver mutations gained by tumors themselves.  

 

The tumor microenvironment in breast cancer progression 

The first category of mechanisms involved in tumor invasion involves the roles of 

the tumor microenvironment62. Recent studies have demonstrated that increased collagen 

in the extracellular matrix (resulting in tissue stiffness) is necessary for the invasive 

phenotype63. In the mammary microenvironment, these modifications are known as 

desmoplasia and closely resemble a fibrotic microenvironment. This is a common 

pathologic signature of non-cancerous disease states such as obesity. Increased tissue 

stiffness activates mechanotransduction pathways through the Rho/ROCK/ERK signaling 

pathway, resulting in increased tumor proliferation, disruption of polarity, and the 

epithelial to mesenchymal transition, all essential steps in tumor invasion64. 

Another mechanism through which stromal fibroblasts appear to promote DCIS 

progression is through upregulation of COX-2 in tumor cells. COX-2 has been shown to 

be highly expressed in a high percentage of breast tumors, and upregulation of COX-2 in 

early stage breast cancers promotes expression of both VEGF and MMP13 , resulting in 

increased invasion and metastasis65. COX-2 has also been demonstrated to have wide 

ranging effects promoting breast cancer stem cells66 and therapeutic resistance67,68, 
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implicating COX-2 as a potentially critical mediator of tumor progression. Tissue stiffness 

mediated mechanotransduction has been shown to be dependent on COX-2 expression, 

indicating that COX-2 may play a critical role in the microenvironmental promotion of 

breast cancer progression69.  

In addition to the potential roles of stromal fibroblasts and the extracellular matrix, 

significant data have indicated that myoepithelial cells may play a role in inhibiting tumor 

growth and progression70. The mammary ducts have an outer layer consisting of 

myoepithelial cells, which is lost following tumor growth and invasion. It is believed that 

the myoepithelial cell layer serves as a gatekeeper of tumor growth, both through acting as 

a physical barrier to invasion and through the production of ECM components and protease 

inhibitors that prevent invasion61,70. Recent studies have indicated that tumors may be able 

to “re-educate” myoepithelial cells, and that tumor-associated myoepithelial cells promote 

the invasive progression through TGFβ signaling71. These data indicate that there are likely 

numerous “back-and-forth” signaling mechanisms between tumor cells and the stromal 

microenvironment, resulting in the loss of tumor inhibition and potentially the creation of 

a pro-tumor microenvironmental niche.  

 

Genetic drivers of progression 

The second mechanism by which tumors gain invasive ability involves the 

accumulation of genetic and epigenetic insults that drive the progression of DCIS to 

invasive breast cancer. Certain driver mutations have been identified to be more common 

and highly amplified in IDC compared to DCIS, including MYC, FGFR1, and CCND1. 

However these mutations have not been shown to be necessary for the invasive 



 18 

progression, nor is one mutation alone sufficient to induce progression61. It is further 

hypothesized that a subpopulation of DCIS cancer stem cells serves to drive progression to 

the invasive phenotype. This subpopulation has been identified using the molecular 

signature CD44+/CD49f+/CD24-53, and alternatively by the markers CD44+/ESA+/CD24- 

72. These cells have been shown to have enhanced migratory ability53 in addition to their 

tumorigenic abilities73, indicating a potential role in progression. 

Despite the lack of details concerning the process of progression, the molecular 

mechanisms governing invasion have begun to be deciphered. Recent evidence 

demonstrated that early stage breast cancers invade through “collective invasion”, wherein 

cells invade as a multicellular unit74. This invasive front is characterized by the expression 

of the basal cytokeratin K14 and P63, which is a marker of the myoepithelial/basal 

lineage74. It is likely that continued study of these mechanisms will further inform our 

knowledge of the invasive progression, and identify new targets for the prevention and 

specific treatment of invasive breast cancers.  

 

1.1.7 Progression from primary tumor to metastasis 

 
  
Approximately 90% of breast cancer deaths occur in patients whose disease has 

progressed to the invasive or metastatic stage 75. The progression from invasive lesions to 

metastasis occurs through the metastatic cascade, a process of sequential steps following 

invasion out of the initial lesion site. These include blood vessel intravasation, the 

dissemination of circulating tumors cells throughout the body, extravasation, and finally 

the formation of metastatic lesions, most commonly in the bone, lungs, and liver 76.  
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The first step of the metastatic cascade is angiogenesis, or new blood vessel growth. 

This serves both to deliver nutrients to the tumor and to provide an avenue for tumor escape 

through blood vessel intravasation. The most well-studied mechanism of angiogenesis is 

through production and secretion of the vascular endothelial growth factor (VEGF) family 

of proteins. VEGF is secreted both by breast cancer epithelial cells77 and by tumor 

associated (activated) stromal cells 78. VEGF recruits endothelial cells and blood vessel 

formation, leading to the production of dense networks of microvessels. Moreover, plasma 

expression of VEGF is highly expressed in patients with metastatic breast cancer compared 

to benign or localized disease, indicating its potential utility as a biomarker79. VEGF 

neutralizing drugs such as bevacizumab have been shown to effectively inhibit VEGF 

signaling, and are approved for use in several cancers including lung, colon, renal, and 

brain80. While bevacizumab was originally approved for use in breast cancer, this status 

was revoked in 2011 following further data demonstrating little to no efficacy 80.  

Following angiogenesis, tumor cells must undergo the phenotypic changes 

necessary to travel throughout the circulatory system. The most important cellular changes 

necessary for metastasis to occur are summed up within the epithelial-to-mesenchymal 

transition (EMT). The EMT is a highly conserved program in which polarized epithelial 

cells are converted into basal cells with enhanced invasive and migratory capabilities. The 

hallmarks of EMT are loss of the critical epithelia cell molecule E-cadherin, which 

regulates cell-cell adhesion, in conjunction with the gain of expression of mesenchymal 

cell regulators including N-cadherin, fibronectin, and vimentin 81. In healthy tissue, the 

EMT is a developmental process that occurs during embryogenesis, necessary for the 

differentiation of a variety of tissues and organs. EMT is also induced during the wound 
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healing process, during which cells at the border of a lesion undergo EMT, allowing them 

to quickly migrate and accelerate wound healing. When dysregulated, EMT is a primary 

regulator of the pathologic process of fibrosis, leading to excessive deposition of 

extracellular matrix proteins 82. In addition to becoming more motile and invasive, post-

EMT cancer cells are capable of surviving in attachment free conditions, a necessary 

characteristic for circulation through the bloodstream by cancer cells pre-metastasis. Cells 

that have undergone EMT have been shown to exhibit similarities to cancer stem cells, 

leading some to hypothesize that EMT may promotes cancer stem cell subpopulations and 

characteristics, and that preexisting cancer stem cell populations are necessary for driving 

the invasive progression of breast tumors 83. Following the EMT, cells undergo 

intravasation, entering the blood stream, and circulate throughout the body until exiting the 

blood stream through extravasation. Upon extravasation at a metastatic site, cancer cells 

go through the reverse process, the mesenchymal-to-epithelial transition (MET), allowing 

them to form metastatic lesions 84. Both EMT and MET are highly influenced by 

microenvironmental signaling pathways, including by extracellular matrix proteins such as 

collagen, and by circulating factors secreted by stromal cells including TGFβ, Wnt, and 

TNF⍺ 85. Cells in the inflamed microenvironment secrete transforming growth factor-β 

(TGF-β), stimulating Snail and Slug which transcriptionally repress E-cadherin86. Hypoxia 

in the microenvironment activates HIF-1, stimulating transcription of EMT activating 

protein Twist. In ER+ breast cancer cells, Twist is activated by locally produced IL-6 

through signal transducer and activator of transcription 3 (STAT3) signaling87. The 

importance of these signaling pathways in inducing EMT and MET is indicative of the 
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critical effects of the normal, pathologic, and tumor-associated microenvironments in 

either promoting or suppressing breast cancer progression.  

 

1.1.8 Breast Cancer Treatment 

 
Surgery 

The earliest form of breast cancer treatment was radical mastectomy, in which the 

breast, pectoral muscle, and axillary lymph nodes were surgically removed. In the 1950s 

as surgical techniques improved, the modified radical mastectomy was introduced, in 

which surgeons removed the breast but not the muscle. While studies found no difference 

in survival rates between patients treated with radical mastectomy and modified radical 

mastectomy, the modified radical mastectomy provided significantly improved cosmetic 

results, leading to its use through the 1980s 88. In 1990, the National Institutes of Health 

shifted their recommended treated to breast conservation therapy for patients with early 

stage breast disease 89. Breast conservation therapy involves excision of the tumor, with 

resection of as little normal breast tissue as possible, and optionally followed by radiation 

therapy. Under these guidelines, breast conservation therapy seeks to produce as 

aesthetically pleasing a result as possible, without negatively impacting tumor treatment. 

Due to the strict optimal results of breast conservation therapy, the requirements are more 

involved than alternative surgical procedures, and include consideration of past procedures, 

size of the breast, size and location of the tumor, and the goals of the patient in receiving 

therapy 90. While breast conservation therapy remains the standard of care for surgical 

resection, recent years have witnessed an increase in prophylactic total mastectomy. This 
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is influenced by a variety of factors, including advances in both mastectomy and breast 

reconstruction techniques, improved understanding of breast cancer risk factors and side 

effects of treatments and increased patient knowledge. Prophylactic mastectomy has also 

been influenced by the increased incidence of high-profile celebrity prophylactic 

mastectomies, known as the “Angelina Jolie” effect” 91 92. Prophylactic mastectomy 

appears to have a beneficial effect in BRCA1/2 mutation carriers93, however these effects 

remain under debate, as few data are currently available21. 

 

Radiation therapy 

Radiotherapy is an essential component of many therapeutic strategies, including 

breast conservation therapy. Meta-analysis has demonstrated that the use of radiotherapy 

following surgery reduces the rate of disease recurrence by 50%, and the rate of cancer 

death by 16% 94. Ionizing radiation therapy functions through damaging the DNA of 

targeted cells, resulting in cell death. However, radiation effects all cells in its path, 

resulting in the potential for severe side effects including secondary cancers. There are a 

variety of radiotherapy techniques designed to shape the beam and target tumor tissue 

specifically, including 3-dimensional conformal radiation therapy, field-in-field, intensity 

modulated radiation therapy, volumetric modulated therapy, hybrid technique, and helical 

tomotherapy95. Each technique represents a balance between avoiding radiation-induced 

damage to non-diseased organs and tissues and effectively targeting the entire tumor mass. 

The selected strategy depends on tumor size, location, and patient morbidity, and is the 

result of intensive patient selection by radiotherapy clinicians 95.  
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Chemotherapy 

Prior to resection, patients are often provided neoadjuvant chemotherapy to 

decrease tumor size. Similarly, adjuvant chemotherapies are given after surgery to prevent 

relapse and metastasis. The most common chemotherapies for breast cancers are 

anthracyclines such as doxorubicin, and taxanes such as paclitaxel, 5-fluorouracil, 

cyclophosphamide, and carboplatin. These drugs are often used in combination, popular 

cocktails include CMF (cyclophosphamide, doxorubicin, and 5-fluorouracil) and TAC 

(docetaxel, doxorubicin, and cyclophosphamide)96. Chemotherapies are non-specific 

systemic therapies, and generally function through interfering with cell division and 

inducing apoptosis in dividing cells. As most tumor cells are characterized by rapid 

proliferation and division, chemotherapy damages these cells at a higher prevalence than 

normal. However, the systemic effects lead to significant morbidities including death of 

normal, rapidly dividing cells such as hair follicles, cells in the bone marrow and cells in 

the digestive tract.  

 

Targeted molecular therapeutics 

The development of molecularly targeted therapeutics for breast cancer is a major 

area of research. Breast cancers that express hormone receptors (Luminal A and Luminal 

B) are often effectively treated using small molecules as adjuvant therapy for antagonizing 

the estrogen receptor (Selective estrogen receptor modulators SERMS) 97 or inhibiting the 

conversion of testosterone in peripheral tissues (Aromatase inhibitors) 98. SERMS are 

mixed agonists/antagonists, meaning that their function varies in different tissues. SERMS 

inhibit estrogen signaling in the breast and uterus, largely through recruitment of 
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corepressors, and regulation of coactivator activity. Common SERMS include Tamoxifen, 

Raloxifene, and Toremifene. Due to their antagonism of the estrogen receptor, they are 

most commonly prescribed to women with premenopausal breast cancer that are hormone 

receptor positive 97. Aromatase inhibitors are a hormonal therapy that are predominantly 

given to postmenopausal women with hormone receptor positive tumors. After menopause, 

the main source of estrogen is from the enzyme aromatase, which converts testosterone to 

estradiol in adipose tissue 99,100. There are multiple types of aromatase inhibitors, including 

those such as Exemestane that form irreversible bonds with the aromatase enzyme to inhibit 

it, as well as Anastrozole and Letrozole which function through reversible competitive 

binding to the aromatase enzyme 101.  

For patients whose tumors lack expression of hormone receptors, fewer 

molecularly targeted therapeutics are available. The most successful of these is 

Trastuzumab, which is a monoclonal antibody that targets HER2. Trastuzumab inhibits 

HER2 dimerization and downstream signaling, leading to the abrogation of one of the most 

tumorigenic pathways in the HER2+ breast cancer subtype 102. Basal-like breast cancers 

lack expression of both HER2 and hormonal receptors, and an effective molecularly 

targeted therapeutic for this breast cancer subtype remains yet to be created.  

A major disadvantage of all current breast cancer treatment strategies is their 

inability to target the cancer stem cell population. The current cancer treatments described 

above are largely focused on “debulking” strategies, wherein the tumor mass is removed, 

or the tumor is treated using non-targeted therapies that result in the death of the majority 

of tumor cells103. However, CSC populations are often resistant to these therapies, and can 

easily be missed during tumor resection. Cancer stem cells are often quiescent, meaning 



 25 

that therapies targeting proliferating cells such as radiotherapy and chemotherapy are 

ineffective against them. Moreover, CSCs have been demonstrated to express drug efflux 

pumps such as multidrug resistance transporter 1 and breast cancer resistance protein at 

higher levels than normal cells, meaning they more efficiently expel chemotherapeutic 

drugs104. Additionally, CSC populations outside of the primary tumor, such as in metastatic 

lesions, may remain undetected. Without directly targeting CSC populations, it is difficult 

to effectively treat breast cancer while preventing eventual resistance, recurrence, or 

metastasis. While there are many labs currently investigating mechanisms of targeting 

CSCs, most studies involving CSC therapeutics remain preclinical. Certain strategies 

propose combining existing drugs with CSC targeted antibodies or immunotherapy. 

Additionally, research is ongoing exploring mechanisms of targeting important CSC 

signaling pathways such as Notch and Wnt 105. 

It is important to note that the cancer stem cell hypothesis remains a subject of 

debate. However, while the nomenclature of “cancer stem cell” and the full defined 

mechanisms of CSC action are contentious, it is clear that many of the molecular and 

mechanistic targets identified through CSC research remain ideal avenues for therapeutic 

research. While the cell population treated through CSC targeting may not, in fact, be a 

tumor-initiating cancer stem cell population, nonetheless they exhibit activation of 

pathways characteristic of tumor initiation and aggression that may represent molecular 

targets.  
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Immunotherapy 

One of the most exciting areas of innovation in cancer therapeutics is 

immunotherapies. These can range from basic, passive immunotherapies such as the anti-

HER2 antibody Trastuzumab, to active immunotherapies that coopt or activate the patient’s 

immune system to assist in cancer treatment. One strategy for active chemotherapies is to 

block the processes by which cytotoxic-T cells are inhibited. Cytotoxic T-cells are one of 

the primary mechanisms of defense against tumor cells, however they can be inhibited 

through modulators of immunity including T-regulatory cells and immune checkpoint 

pathways. By targeting the mechanisms by which cytotoxic T-cells are shut down, 

clinicians may be able to reactivate the process by which the body naturally targets and 

destroys tumor cells. Several promising strategies have been described, including using 

CTLA-4 targeting monoclonal antibodies to inhibit T regulatory cells as well as antibodies 

inhibiting PD-1. However, these treatments remain under development. Similarly, cancer 

vaccines are being developed to target cancer-related antigens, stimulating the body’s 

immune system to specifically destroy cancer cells. While cancer vaccines have been 

developed and FDA-approved for other cancers, no cancer vaccine has been approved for 

breast cancer at this time 106
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1.2 THE MAMMARY STROMAL MICROENVIRONMENT 

 

1.2.1 Overview 

 
The human mammary stromal microenvironment makes up approximately 80% of 

the volume of the adult breast and is composed of white adipose tissue (WAT). While WAT 

is predominantly made up of (and named after) white adipocytes, it is in actuality a highly 

heterogeneous cell population that consists of mature white adipocytes, adipocyte 

precursors called preadipocytes, fibroblasts, endothelial cells, myoepithelial cells, a diverse 

population of immune cells, and multipotent mesenchymal stem cells (Figure 1.1). WAT 

was originally believed to primarily function as energy storage, however it is in fact a 

highly active endocrine organ. Each cell type contributes to a complicated signaling 

network that is necessary to maintain the homeostasis of the mammary stromal 

microenvironment, and if disrupted can lead to multiple diseases and disorders107. Despite 

the importance of the mammary microenvironment, surprisingly little is known concerning 

the mechanisms of normal tissue homeostasis. In part, this is due to the difficulty of 

studying a complicated cellular network in vitro. While each individual cell type may be 

studied on its own, and cocktails of differentiation inducing agents can be utilized to 

investigate their differentiation process, highly involved co-culture experiments are 

necessary for complete in vitro examination. The heterogeneous cell population found 

within the mammary stromal tissue is also essential for extracellular matrix deposition and 

remodeling. The extracellular matrix provides physical support to the cells of the mammary 

microenvironment, and is composed of large macromolecules and proteins including 
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collagens, fibronectins, and laminins, as well as polysaccharides that serve strictly as 

physical scaffolds for the maintenance of cell structure and order within the tissue 108.   

 

1.2.2 Mesenchymal Stem Cells 

 

Mesenchymal stem cells (MSCs) are capable of differentiating along the adipocyte, 

chondrocyte, or osteoblast lineage, as well as serving as the cell of origin for fibroblasts109. 

They exhibit the canonical characteristics of stem cells, including self-renewal ability, 

multipotency, and the ability to remain quiescent for long periods of time. Human MSCs 

(hMSC) are found throughout the body, including the bone marrow, peripheral blood, skin, 

and adipose tissue109. While bone marrow is generally considered the richest source of 

hMSCs, MSC isolation from the adipose tissue has become increasingly common due to 

their prevalence and the easy accessibility of adipose tissues from surgical procedures such 

as liposuction and resected fat 110. In the healthy mammary microenvironment MSCs 

primarily serve as a source for the replenishing of stromal cell populations, but they appear 

to be dysregulated during cancer and may serve significant pro-tumorigenic roles in breast 

cancer 111. 

 

1.2.3 Adipocytes 

 

There are two forms of mature adipocyte, brown and white112. White adipocytes 

are characterized by their unilocular cell structure, meaning they contain one large lipid 

droplet. Brown adipocytes are multilocular, and contain multiple, smaller lipid droplets. 
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Brown adipocytes are recognized by their large number of mitochondrion, giving them a 

distinct brown color and supporting their thermogenic abilities. Brown adipocytes are rare 

throughout the body, located in the paravertebral, supraclavicular, and periadrenal regions 

113. In contrast to brown adipocytes, white adipocytes are very common, and are found 

throughout the body. There are two predominant types of white adipose tissue, 

subcutaneous WAT which is primarily found in the abdominal and gluteal-femoral depots, 

and visceral WAT, which is found cushioning the internal organs within the rib cage and 

peritoneum114. The cellular and physical properties of white adipocytes have been 

demonstrated to differ based on their geographic location within the body. This is likely 

due to location specific differentiation programs resulting from different expression of 

developmental transcription factors in different depots 114. While the complete mechanistic 

differences between adipocytes of different depots have yet to be interrogated, it leads to 

the functional complication of having to directly control for the location of any primary 

white adipocytes harvested and cultured, as opposed to culturing white adipocytes from 

mixed locations in the animal115.  

Mature white adipocytes are formed when mesenchymal stem cells are stimulated 

along the adipogenic lineage in a process called adipogenesis. Adipogenesis is divided into 

two stages, commitment and terminal differentiation112. During commitment, 

mesenchymal stem cells enter the adipogenic lineage, forming preadipocytes, an immature 

but committed cell which is phenotypically between a fibroblast and a mature adipocyte. 

Preadipocytes are committed to the adipogenic lineage, however they do not fully 

differentiate to mature adipocytes without further stimulation112. While numerous factors 

and cellular conditions have been demonstrated to play a role in adipogenesis, it is 
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primarily driven by two transcription factors, PPARγ and CEBP/⍺116,117. In addition to 

being critical for adipogenic differentiation, PPARγ and CEBP/⍺ are the most common 

markers for cells in the adipogenic lineage, and are often examined using western blot, 

immunohistochemistry, and qRT-PCR to identify preadipocytes in the heterogeneous 

stromal microenvironment118.  

 
1.2.4 Fibroblasts 

 
Fibroblasts are the most common cell type in connective tissues, and primarily 

function through the production and maintenance of the extracellular matrix. Fibroblasts 

also aid in the regulation of the differentiation and morphogenic status of the nearby 

mammary epithelium119,120. This is accomplished through the production of soluble factors 

as well as ECM remodeling via secretion of ECM proteins such as fibronectin and collagen 

and ECM degrading enzymes including matrix metalloproteinases. Despite the 

predominance of the fibroblast cell type and their importance in multiple physiological 

processes in both healthy and diseased tissues, little is known concerning the molecular 

mechanisms of fibroblast differentiation and heterogeneity. Like adipocytes, fibroblast 

differentiation begins with a parent mesenchymal stem cell, and when resting fibroblasts 

appear to maintain many of the phenotypic features of their mesenchymal stem cell 

progenitors. Fibroblasts are largely quiescent, only becoming activated in two disparate 

states: 1. ECM remodeling during normal tissue processes, often surrounding development, 

and 2. Activation of ECM remodeling in response to injury or disease121.  
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In the mammary gland, fibroblast mediated developmental ECM remodeling occurs 

at 4 stages: embryonic and neonatal development122, pubertal differentiation of the 

mammary gland123,124, pregnancy/lactation125, and mammary gland involution following 

the cessation of lactation126. Each of these are highly complex processes, which involve 

large amounts of restructuring of both the ductal/luminal breast architecture and the 

surrounding stromal microenvironment and extracellular matrix. Fibroblast activity during 

these developmental processes often involves the “wound-healing” process, which is also 

activated during response to injury or disease.  

The wound-healing response occurs through three stages: inflammation, 

proliferation, and regeneration. During inflammation, chemokines recruit fibroblasts, 

immune cells, and endothelial cells. In proliferation, the increased accumulation of 

endothelial cells drive angiogenesis, recruiting blood vessels and providing nutrients to the 

area. Immune cells secrete additional inflammatory cytokines, which activate fibroblasts, 

resulting in their differentiation to the myofibroblast cell type. Following the synthesis and 

deposition of extracellular matrix proteins by myofibroblasts, the regeneration phase 

occurs, resulting in cell maturation, scar formation, and the re-epithelialization of the 

wound area127,128. When this process is dysregulated, it leads to the development of fibrosis. 

Dysregulation of the normal wound healing process occurs due to constitutive fibroblast 

activation by high circulating levels of cytokines. Fibroblast activation is primarily induced 

by transforming growth factor beta-1 (TGFb1) signaling, however other signaling 

pathways including fibroblast growth factor (FGF) 129, platelet-derived growth factor 

(PDGF) 130, stromal-derived factor 1 (SDF1)131, FIZZ1 132, and focal adhesion kinase 

/integrin signaling in response to ECM stiffness also contribute 133,134. 
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When TGFb1 binds its receptor, it recruits and phosphorylates SMAD proteins, 

including SMAD3, which then enter the nucleus and act as transcription factors and 

cofactors to activate the expression of target genes131,135. Myofibroblasts are characterized 

by their expression of the smooth-muscle protein ⍺-Smooth Muscle Actin (⍺SMA), as well 

as their high production of TGFb1 and ECM proteins such as fibronectin and collagen. 

Myofibroblasts are also highly contractile, proliferative, and motile, and can be identified 

through functional assays in vitro131,135.  

 
1.2.5 Immune Cells 

 

The mammary microenvironment plays host to a diverse population of immune 

cells. The most common immune cell type is the macrophage family, although neutrophils, 

mast cells, natural killer T cells (NKT), T cells and B cells are also present in varying 

number and dependent on the homeostatic state of the adipose tissue 136. Each type of 

immune cell plays important roles in the immune processes within adipose tissue, and most 

have also been shown to be critical for the homeostasis of the extracellular matrix and 

initiation of fibrosis. 

 

Innate immune cells 

Macrophages are phagocytic white blood cells that are necessary for the innate 

immune system, but also contribute to the adaptive immune system through recruitment of 

additional immune cells. The origins of adipose tissue macrophages have yet to be fully 

understood. It was initially believed that adipose tissue macrophage populations were 

renewed through the recruitment and differentiation of bone-marrow derived monocytes, 
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with no macrophages differentiating within the tissue itself137. However, recent data have 

demonstrated that mature macrophage populations arise during fetal development, and are 

supported by continuous self-renewal within the adipose tissue itself138,139. Macrophages 

are highly plastic, and are able to differentiate into two general lineages depending on 

cytokine stimuli. These groups are the classically activated M1 macrophages, and the 

alternatively activated M2140. M1 macrophages are inflammatory, antigen presenting cells 

that are activated by stimulation with interferon-γ (IFNγ), toll-like receptor (TLR) ligands 

and microbial products such as lipopolysaccharide (LPS) 141. There are three sub-groups 

of M2 macrophages. M2a are induced by IL4 and IL13, M2b by antigen-antibody immune 

complexes and LPS, and M2c by IL-10 and TGFb. M2a and M2c macrophages secrete low 

levels of inflammatory cytokines, while M2b produce inflammatory cytokines. Th2 

cytokines IL-4 and IL-13 preferentially stimulate arginase-1 activity in pro-fibrotic M2 

macrophages142. Expression of mannose receptor-1 (CD206), the lectin-binding protein 

Ym1, the resistin-like protein Fizz1, and the chemokine CCL18 are also associated with 

M2 macrophages. All M2 macrophages promote angiogenesis and tissue remodeling, and 

regulate inflammation and immune responses143. M2 macrophages also secrete pro-fibrotic 

growth factors including TGFb, FGF, and PDGFa, stimulating myofibroblast 

differentiation. 

While macrophages are the most common immune cell type within the adipose 

tissue, most members of the innate immune response have been demonstrated to be present 

in varying numbers including mast cells, dendritic cells, neutrophils, and eosinophils. Mast 

cells are formed from the differentiation of committed mast cell progenitors in the bone 

marrow144. They contribute to inflammatory disease, allergies, and were recently shown to 
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contribute to mammary gland pubertal development 145. Moreover, secretion of 

inflammatory factors by mast cells has been shown to play a role in the initiation of fibrosis 

146. Dendritic cells are antigen-presenting cells that are closely related to macrophages. 

While studies have shown that dendritic cells likely play a role in promoting adipose tissue 

inflammation, their function in the adipose tissue immune environment remains poorly 

studied 147,148. Neutrophils are relatively rare within the adipose tissue, making up <1% of 

the total immune cells. They have been shown to recruit other immune cell types including 

macrophages, dendritic cells and lymphocytes, and may contribute to the regulation of 

metabolic signaling 136. Finally, eosinophils, which are associated with allergies and 

immunity to helminths, have been shown to expres IL-4, a major cytokine in the adipose 

tissue, and to recruit type 2 macrophages to the adipose tissue 149. 

 

Adaptive immune cells 

The adipose tissue hosts resident populations of T cells, B cells, and NKT cells. All 

three cell types influence the inflammatory microenvironment of adipose tissue, and if 

dysregulated may help promote pathologic inflammation and fibrosis136. 

 T cells are the most common immune cell in the adipose tissue after macrophages. They 

are lymphocytes that mature in the thymus, and are characterized by the presence of a T-

cell receptor on the cell surface. T cells differentiate into 2 primary subsets, CD8+ cytotoxic 

T cells and CD4+ T cells, which include Helper T cells (further designated based on 

cytokine secretion profile as Th1, Th2, Th9, Th17, or Th22), memory T cells, and T 

regulatory cells. In the normal adipose tissue, both T cell populations are present, however 

at lower levels than in obesity, as discussed later136. Lean/healthy adipose tissue is enriched 
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in T regulatory cells, which are anti-inflammatory and help maintain normal adipose 

homeostasis150.  

 

1.2.6 The Extracellular Matrix 

 

The extracellular matrix constitutes the non-cell molecules within all tissue and 

organs. It is split into two subgroups, the basement membrane, and the interstitial stromal 

ECM. The basement membrane is usually directly adjacent to epithelial, myoepithelial, or 

endothelial cells, offering them physical support, while the interstitial ECM makes up all 

areas between cells. The basement membrane is produced by the myoepithelial cell layer 

surrounding the mammary ducts, and forms a physical scaffold that both supports the 

myoepithelial/epithelial cell layers and acts as a barrier between the epithelial and stromal 

cells 151. Additionally, the basement membrane is essential to maintaining to the polarity 

of mammary epithelial cells, which helps maintain their homeostasis and mammary gland 

structure 152. The basement membrane is composed primarily of collagen IV fibrils, as well 

as collagen VII, fibrillin, and integrins 153. 

The interstitial ECM is made up of a combination of fibrous proteins and 

proteoglycans. While the fibrous proteins form the primary structural elements of the 

interstitial ECM, proteoglycans, which are made of glycosaminoglycan chains linked to a 

protein core, form a gel-like structure with a variety of passive functions. The interstitial 

ECM contains a variety of fibrous proteins, including collagens I, II, and III, fibronectin, 

vitronectin, and elastin 154. Collagens are the most common fibrous protein within the 

interstitial ECM, and are the primary structural element. Elastins bind to collagens, 

providing elastic ability to the collagen structures and enabling stretching of the 
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extracellular matrix. Fibronectin provides both structural and elastic support, and contains 

numerous integrin binding sites which allow cell binding and mechanotransduction, 

leading to enhanced migration in both development and tumorigenesis 155.  

 

1.2.7 Differences between mouse and human mammary architecture 

 
The most common animal model for breast cancer research is the mouse. It is 

therefore important to consider the significant observable morphological differences 

between the architecture of the mouse mammary gland and the human mammary gland. 

The human mammary gland is characterized by branching ducts ending in terminal ductal 

lobular units, which are also the most common location for cancer initiation. In contrast, 

the structure of the mouse mammary gland varies depending on maturity and reproduction. 

The mature mouse mammary gland lacks terminal ductal lobular units, and lobules only 

form during pregnancy156. During puberty, growth of the mouse mammary gland is 

orchestrated by terminal end buds, which exhibit functional capabilities including 

angiogenesis, rapid proliferation, and invasion that are similar to malignant cells, and have 

therefore been utilized as model systems for breast cancer development 157. Despite the 

architectural differences, both mouse and human mammary glands are composed of similar 

luminal epithelial and basal myoepithelial cells 158. In addition to the differences in the 

structure of the mammary gland, the mammary microenvironment differs between mice 

and humans. Mouse adipose stromal tissue is host to significantly more adipocytes than the 

human mammary gland, while the human breast has more abundant fibrous connective 

tissues159. Significantly, these differences mean that while in the human mammary gland 

the epithelial ductal and lobular units are separated from adipocytes by layers of connective 
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tissue and fibroblasts, mouse mammary gland epithelial cells are often directly adjacent to 

adipocytes160. The pathologic significance of this has yet to be defined, but it would not be 

surprising if one observed enhanced reaction to fibrosis in the human mammary gland due 

to the proximity of human mammary epithelial cells to fibroblasts and the connective 

tissue. Conversely, mouse mammary epithelial cells may react more strongly to obesity 

mediated changes to adipocytes themselves and all factors involved therein, including 

cytokine secretin, free fatty acids, hypoxia, and inflammation, as detailed in the following 

section. These differences may also make mouse mammary glands a better model for 

certain aspects of breast cancer. Cancerous mammary cells are often found juxtaposed to 

adipocytes, as in the context of an invasive tumor, and adipocytes have been demonstrated 

to support tumor growth and drug resistance when in direct contact with cancer cells161. 

The mouse mammary gland may therefore reflect the microenvironmental context of 

invasive, tumor-resistant cancers, and could be highly beneficial to the development of 

therapeutic strategies in these cases.  

 

1.3 OBESITY 

1.3.1 Overview 

Obesity is defined as an excess 

accumulation of body fat, and has 

rapidly become one of the predominant 

health issues of the 21st century. Over 

one-third of U.S. adults are obese, with 

older adults experiencing higher rates of 

Race Obesity Rate (women, 
% of population) 

Non-Hispanic White 35.5 
Non-Hispanic 
African American 

56.9 

Non-Hispanic Asian 11.9 
Hispanic 45.7 
TABLE 1.3 OBESITY RATES               
Adapted from Ogden et al. 2014  
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obesity than younger. Obesity is the result of a combination of factors including genetic, 

environmental, and behavioral. It is likely that genetics influence the risk of developing 

obesity, but are not essential for obesity to develop itself. Identical-twin studies have 

demonstrated that patterns of weight gain are highly similar within pairs of identical twins, 

however the exact genes involved in obesity susceptibility remain unknown162. The most 

dominant factor in obesity development is the balance between energy intake and energy 

expenditure. Levels of physical activity have declined sharply in developed countries, and 

there is a direct relationship between individuals with lower activity levels and increased 

risk of obesity 163. In addition to the decreased physical activity prevalent in developed 

countries, there has been a marked increase in energy intake due to the development of the 

high-fat western diet. The combination of increased calorific intake and decreased calorie 

expenditure has contributed greatly to the development of the obesity epidemic, and the 

dominance of these behaviors in our environment and culture make them difficult to 

change. 

 The prevalence of obesity in women 40-59 years of age is 42.1%, with the highest 

rate of obesity found in non-Hispanic African American women, at an overall rate of 56.9% 

(Table 1.3)164. Moreover, an additional one-third of 

adults are found to be overweight, and may be at 

risk for developing obesity.  

Obesity is defined using a combination of 

measurement methods, including the body-mass-

index (BMI) (a function of weight divided by height 

squared), waist circumference, skinfold thickness, and bioimpedance165. Each of these 

BMI 
(Kg/m^2) 

Status 

<18.5 Underweight 
18.5-24.9 Normal 
35.0-29.9 Overweight 
30.0-39.9 Obese 
>40 Morbidly Obese 

TABLE 1.4 BMI SCALE 
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methods has advantages and disadvantages. Most important is the ability to distinguish 

between increased overall weight and increased adiposity, which is the primary 

disadvantage of BMI measurements. Moreover, it has been shown that the location of the 

fat in obese people leads to variation in the overall metabolic health of the individual, 

leading to a model which includes both metabolically healthy and metabolically unhealthy 

obese individuals 166,167. Despite the disadvantages, BMI is the most common method of 

measuring obesity, with a BMI of 18.5-24.9 considered “normal”, 35.0-29.9 “overweight”, 

and over 30.0 obese (Table 1.4).  

While obesity clearly has negative impacts on health outcomes, the roles of high-

fat diet remain under debate. Recent epidemiologic data have brought into question 

previous work identifying high levels of dietary fat as a risk factor for negative health 

outcomes and cardiovascular disease. By examining subjects from 18 countries with a wide 

array of dietary makeups, including higher levels of carbohydrate and lower levels of fat 

intake then previous investigations, Dehghan et al. found that while increased carbohydrate 

intake was correlated with high risk or mortality, high fat intake was actually associated 

with lower mortality, and was not correlated with cardiovascular disease. The authors 

decline to speculate on the mechanisms governing these relationships, and acknowledge 

the presence of several flaws common to large scale cohort studies, however it is clear that 

further research is necessary to define the true role of fats versus carbohydrates in the 

diet168. It is possible that these findings reflect the mechanisms of ketogenesis, which have 

been a recent topic of research due to the growing popularity of ketogenic diets as a weight-

loss strategy. These diets are characterized by high levels of fat with significantly 

decreased, or completely absent, levels of carbohydrate intake. This stimulates the 
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metabolism of ketone bodies from adipose tissue fatty acids, potentially promoting weight 

loss 169. The effects of ketogenesis in some ways appear to mimic the protective effects of 

calorie restrictive diets, however further investigation is necessary to identify the 

mechanisms and effects of a ketogenic diet 170. The protective effects of ketogenesis are 

contingent on the prevention of obesity in high-fat diet subjects, and recent data have 

demonstrated that even a small amount of carbohydrates in the diet negate the beneficial 

effects171. While it appears likely that a high level of dietary fat may protect cardiovascular 

disease, it is significant that these findings do not negate the negative health-impacts of 

obesity. Metabolic signaling is highly complicated, and therapeutic co-opting of these 

pathways is difficult-to-impossible at the present.   

 

1.3.2 Impact of Obesity on stromal cells  

 
Obesity leads to the transdifferentiation of existing cell populations and recruitment 

of new ones that support the creation of an inflammatory microenvironment. The 

accumulation of these cells results in significant adipose tissue remodeling, and the changes 

both to the physical makeup of the microenvironment and extracellular matrix, and to the 

circulating cytokine milieu promotes the formation of a pathologic microenvironment, 

leading to the metabolic syndrome and increased risk of diseases such as cancer. 

 

Adipocytes 

The initial changes to the obese mammary adipose tissue involve the expansion of 

the adipocyte cell population itself as a result of increased lipid storage and size of the 

unilocular lipid droplet contained within adipocytes. This is first seen in the hypertrophy 
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of adipocytes, increasing their size, followed by increased adipocyte hyperplasia as the cell 

number grows. The dynamics of adipocyte proliferation and hyperplasia remain 

contentious. Some postulate that the number of adipocyte cells is set at birth 172, while other 

data demonstrate mechanisms governing adipocyte hyperplasia that may be involved in 

increasing adipocyte cell number173 174. It is possible that obese adipose results in increased 

adipocyte turnover as opposed to cell number, and the issue of adipocyte proliferation, 

turnover and their contribution to the obese adipose microenvironment remains under 

investigation 175. 

The increased adipocyte mass in the obese adipose tissue has severe effects on the 

homeostasis of the adipose tissue microenvironment, starting with hypoxia. The max 

diffusion rate of oxygen is approximately 100µM, meaning that the hypertrophy of existing 

adipocytes is often enough to restrict oxygen diffusion, resulting in a hypoxic core within 

adipose tissue176,177. This results in adipocyte secretion of hypoxia-inducible factor 1 

(HIF1), and aberrant upregulation of HIF1 downstream proteins including lysyl oxidase 

(LOX), elastin, collagen I/III, and tissue inhibitor of metalloproteinase I. Obese adipocytes 

are also characterized by their increased release of free fatty acids during lipolysis and 

adipocyte turnover. These fatty acids often act as signaling ligands in addition to their 

energy storage roles, and contribute to the inflammatory microenvironment through 

activation of TLR-4 complex signaling 178.  

 

Innate immune cells 

The dysregulation of adipocytes in the adipose tissue leads to recruitment of 

infiltrating macrophages, which along with adipocyte growth and the resulting increase in 
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adipose fat mass are the most important effectors of adipose tissue remodeling. 

Macrophages are recruited by hypoxic signals, chemokine secretion, fatty acid 

dysregulation, and the increased adipocyte cell death present in diseased adipose tissue and 

resulting from high-levels of adipocyte turnover177. While macrophages comprise 

approximately 5% of non-adipocyte cells in the adipose tissue of lean mice, they have been 

shown to be incredibly prevalent in obese adipose tissue, making-up up to 50% of non-

adipocyte cells136. In the healthy adipose tissue, anti-inflammatory M2 macrophages are 

the most common, whereas obesity causes the activation of pro-inflammatory M1 

macrophages. These M1 macrophages produce cytokines including IL-6, TNF-⍺, IL-1β, 

IL-12, and IL-23, activating adipose tissue inflammatory signaling and recruiting 

additional immune cells 179. Despite this polarization switch occurring, M2 macrophages 

are still present in obese tissue. In addition to their anti-inflammatory effects, M2 

macrophages are pro-fibrotic, and serve as a primary source for fibrosis activating 

cytokines such as TGFβ. It is likely that macrophages in obesity undergo several polarized 

conditions. While early obesity may be characterized by pro-inflammatory M1 

macrophages and their contributions to the inflammatory milieu, after the acute-

inflammatory phase M2 macrophages may be recruited to reduce inflammation and 

promote wound healing. However, in the case of obesity there is no discrete “wound”, and 

the diseased adipose tissue is persistent. This therefore leads to constitutive M2 activation 

and their contributions to the fibrotic microenvironment 180. Constitutive macrophage 

activation and infiltration is observable through detection of the characteristic “crown-like 

structure” that occurs when macrophages surround an apoptotic adipocyte181. High 

numbers of crown-like structures are indicative of an inflammatory microenvironment, and 
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their presence is being investigated as a potential histologic biomarker for breast cancer 

risk and initiation in both obese182 and normal-weight patients183. 

 

Adaptive immune cells 

In addition to macrophages, several helper T cell subsets have been shown to be 

prevalent in obese adipose tissue compared to lean, primarily Th1 cells and Th17 184,185 186. 

Th1 cells in the obese adipose tissue secrete IFN-γ, which contributes to the inflammatory 

microenvironment and induces macrophage M1 polarization, as well as T-bet, which has 

been shown to be involved in insulin sensitivity186. While the role of Th1 T cells in obese 

adipose tissue has been well defined, the role of Th17 T cells remains largely unclear. Th17 

T cells are characterized by their high expression of IL-17, and IL-17 has been shown to 

be highly expressed in obese mice, humans, and humans with type 2 diabetes185,187. 

However, IL-17 has been demonstrated to inhibit adipogenesis and IL-17 knockout 

increases diet induced obesity. Therefore, additional research is necessary to fully define 

the roles of IL-17, and Th17 T cells, in obesity188.  

CD8+ T cells have also been demonstrated to be increased in adipose tissue. While 

their normal function is to target and destroy infected cells and tumor cells, in the obese 

adipose tissue infiltrating CD8+ T cells secrete high levels of IL-6 and TNF-⍺, promoting 

inflammation and insulin resistance. CD8+ T cell accumulation has been found to occur in 

obese adipose tissue prior to the appearance of macrophages, and is a primary mechanism 

leading to macrophage recruitment to the obese adipose tissue 186,189.  

While both helper T cells and cytotoxic T cells are recruited in obesity, the number 

of T regulatory cells (Tregs) has been demonstrated to be decreased in obese individuals. 
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Tregs are immunosuppressive cells that inhibit the immune system to prevent self-reaction 

through the production of anti-inflammatory cytokines including IL-35 and IL-10. Tregs 

are inhibited in obese adipose tissue 190, which is likely one mechanism of increased 

inflammation in obese adipose. Moreover, it was recently demonstrated that Treg cells 

express the insulin receptor, allowing insulin signaling to activate the AKT/mTOR 

signaling pathway and induce a switch from IL-10 production to IFN-γ. Through this 

pathway, the increased insulin signaling in obesity regulates Treg anti-inflammatory 

signaling and promotes the production of inflammatory factors by Treg cells191.  

While T cells are the most prevalent mediators of the adaptive immune system in 

obese adipose tissue, other adaptive immune cells are also present. B cells are a 

lymphocytic antigen presenting cell that functions through antibody production, and have 

been demonstrated to accumulate in obese adipose tissue 192. While their role in obese 

adipose remains under investigation, B cell knockout mice had decreased inflammatory 

cytokines and increased anti-inflammatory cytokines in obesity 193, demonstrating a 

potential role for B cells in promoting inflammatory signaling in the obese 

microenvironment.  

Natural killer (NK) cells have also been found to have a role in obese adipose tissue 

inflammation. When obesity occurs, NCF1 ligands are upregulated in adipocytes, which 

activate adipose tissue resident NK cells. This results in proliferation, and NK cell 

production of IFN-γ, and TNF⍺, increasing adipose tissue inflammation and promoting M1 

macrophage polarization194,195.  

Recent findings have demonstrated that NKT may also have a role in the obese 

adipose microenvironment. Invariant NKT cells (iNKT) are the best known NKT cell type, 
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and have been shown to activate numerous other cells of the immune system, including 

NK cells, T cells, B cells, dendritic cells, and macrophages through production of numerous 

cytokines including IL-4, IFN-γ, and TNF-⍺. iNKT cells are rare, but have been shown to 

be enriched in adipose tissue. However, iNKT cell populations are downregulated in obese 

adipose. The loss of iNKT cells in obesity has been shown to promote weight gain and 

insulin resistance, and may lead to increased recruitment of pro-inflammatory M1 

macrophages196. 

 

Fibroblasts, myofibroblasts, and the extracellular matrix 

The cumulative effects of adipose tissue hypoxia, increased immune cell 

recruitment and secretion of inflammatory mediators, and loss of anti-inflammatory 

signaling mechanisms is the constitutive differentiation of fibroblasts into myofibroblasts. 

This results in the dysregulation of the wound healing process and the development of 

fibrosis, a pathogenic accumulation of scar tissue due to increased deposition of 

extracellular membrane components including collagen, fibronectin, and elastin. While 

fibrosis has been well characterized through the study of many tissue specific fibrotic 

diseases including in the lung, (pulmonary fibrosis197, radiation induced lung fibrosis198,199, 

cystic fibrosis200), heart (endomyocardial fibrosis201,202), and liver (cirrhosis203), the 

mechanisms and clinical relevance of white adipose tissue fibrosis have been poorly 

described 204. Most relevant to our investigations, fibrosis was recently demonstrated to 

occur in the obese mammary gland205, where it promotes breast cancer initiation and 

progression. Interestingly, mammary gland fibrosis results in a highly similar phenotype to 
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desmoplasia, a characteristic stiffening of the ECM in breast cancer, and may share 

desmoplasia’s pro-tumor mechanisms 121 206.  

 

1.3.3 Obesity and fatty acids 

 
 

Free fatty acids are made up of carboxylic acid attached to an aliphatic chain. They 

are categorized based on the presence of carbon-carbon double bonds within the aliphatic 

chain. If there are no double bonds, they are considered saturated whereas the presence of 

one of more double bonds makes them monounsaturated or polyunsaturated, respectively. 

When the energy stored by adipocytes in the form of lipid droplets must be recovered for 

use by other cells, adipocytes undergo lipolysis. Lipid droplets are broken down, and free 

fatty acids are released into circulation. Under normal conditions, this is a highly regulated 

mechanism. However, in the obese adipose tissue, lipolysis appears to be dysregulated. In 

obese individuals, lipolysis is increased approximately 60% over lean individuals207. 

Moreover, obese individuals demonstrate plasma concentrations of free fatty acids that are 

up to 40% higher than lean individuals207. There are numerous free fatty acids in 

circulation, and further studies and free fatty acid profiling must be conducted to fully 

define the differences in free fatty acid circulation in obese and lean individuals. However, 

the most upregulated free fatty acids in obese individuals include oleic acid, palmitic acid, 

linoleic acid, stearic acid, and palmitoleic acid208,209.  

In addition to their roles as energy storage, free fatty acids have been demonstrated 

to act as ligands for diverse signaling pathways in a variety of tissues, largely resulting in 

changes to metabolic processes. The PPAR family (PPAR ⍺, δ, and γ) is the best 
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characterized group of fatty acid responsive proteins. All three isoforms have been 

demonstrated to bind primarily long-chain polyunsaturated fatty acids which leads to 

increased fatty acid oxidation and triglyceride hydrolysis in the liver, heart, and skeletal 

muscle. The role of PPARs in fatty acid mediated gene expression in adipose tissue remains 

under investigation, and while PPARs bind fatty acids in adipose tissue, gene effects have 

yet to be identified 210. Polyunsaturated fatty acids have also been shown to bind sterol 

regulatory element binding proteins SREBP-1c and SREBP-2, suppressing the expression 

of genes that promote fatty acid synthesis in the liver 211. A number of fatty acids, both 

saturated and unsaturated, bind to multiple G protein-coupled receptors (GPR) including 

GPR40, GPR41, GPR43, GPR84, and GPR120. However, the impact of fatty acid on GPR 

gene signaling remains largely undefined. Activation of GPR40 by both saturated and 

unsaturated fatty acids has been shown to mediate expression of insulin secretion from 

pancreatic β cells 212, and FFA activation of both GPR41 and GPR43 in adipocytes 

stimulates leptin production 213,214. Numerous GPRs have been demonstrated to be 

activated by free-fatty acids, and comprehensive reviews can be found elsewhere 215.   

Saturated fats such as palmitic acid have also been shown to be ligands for Toll-like 

receptor 4 (TLR-4), which activates AKT, and ERK signaling pathways through 

phosphorylation of NFκB216,217. Through TLR-4 signaling palmitic acid regulates 

proliferation and glucose uptake. It is also likely that palmitic acid signaling regulates 

macrophage polarization, as TLR-4 is a key enzyme in M1 macrophage polarization and 

the development of a pro-inflammatory microenvironment 218. Moreover, palmitic acid has 

recently been shown to promote tumor invasion and metastasis through both TLR-4 and 
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CD36 mediated mechanisms219,220, indicating the potential and necessity for further studies 

characterizing the roles of fatty acid signaling in both normal tissue and cancers. 

 
1.3.4 Obesity and the metabolic syndrome 

 
In addition to the structural changes to the adipose tissue, obesity has systemic 

effects on metabolic signaling throughout the body. This can result in the metabolic 

syndrome, which is defined by the combined diagnosis of connected biological, clinical, 

and metabolic factors. These factors lead to increased risk of atherogenic dyslipidemia, 

hypertension, glucose intolerance, a proinflammatory state, and a prothrombotic state, 

largely resulting in a 5-fold increase in the risk of type 2 diabetes and a 2-fold increase in 

the risk of developing cardiovascular disease in the next 10 years. Approximately 25% of 

American adults suffer from the metabolic syndrome, however development of the 

metabolic syndrome is not concurrent with obesity and can depend on additional factors 

including location of increased adiposity and behavioral patterns that maintain 

cardiovascular health166,221. 

The metabolic syndrome occurs due to the complex interplay of endocrine 

secretions from the adipose tissue, including free fatty acids, TNF⍺, leptin, IL-6, PAI-1, 

and adiponectin. Free fatty acids, TNF⍺, and IL-6 are upregulated in obese adipose tissue 

and have been shown to promote inflammation in the microenvironment. One of the most 

important factors in the metabolic syndrome is insulin resistance. As GLUT4, the primary 

enzyme for cellular import, is activated by insulin, this results in a significant decrease in 

glucose uptake, decreasing the cellular reliance on glycolysis and increasing fatty acid 

oxidation 222. 
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Multiple factors upregulated in obesity and the metabolic syndrome have been 

demonstrated to promote insulin resistance. In addition to being a pro-inflammatory factor, 

TNF⍺ promotes insulin resistance through inhibition of insulin receptor substrate 1 

signaling223 . CRP is upregulated in obesity, and while it is believed to induce insulin 

resistance, the mechanisms remain unknown224. In addition to upregulation of pro-

inflammatory and pro-insulin resistance factors, obesity results in the dysregulation of two 

of the predominant adipocyte secreted factors. Leptin an adipokine that regulates satiety, 

is highly upregulated in obesity, while adiponectin, an insulin-sensitizing adipokine is 

downregulated. The combined dysregulation of these factors results in insulin resistance, 

and promotes the development of type 2 diabetes and the metabolic syndrome 221. The 

metabolic syndrome is also affected by dysregulation of free fatty acid signaling. Increased 

levels of circulating free fatty acids has been shown to induce insulin resistance in healthy 

subjects 225. In addition to their roles in proinflammatory signaling, free fatty acids inhibit 

GLUT4 activity, as well as activating PKCδ translocation, which inhibits insulin receptor 

activity, and increase expression of gluconeogenic enzymes through PPAR recruitment and 

signaling226. 

 
1.1.2 Animal models of obesity 

 
There are numerous mouse models that have been used to study obesity. Because 

obesity is associated with increased food intake and high-fat diets, the two primary types 

of mouse models are those that induce obesity through providing mice with a high-fat diet 

resulting in diet-induced obesity (DIO), and transgenic mouse lines involving knockout of 

genes regulating satiety or nutrient uptake227.  
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When undertaking a diet-induced mouse model, there are a multitude of 

commercially available high-fat diets. Many of these are matched with control diets, which 

contain low-levels of fat but are matched on all other nutritional levels (Table 1.5).  

 High Fat Diet (Research 
Diets D12492) 

Lean Fat Diet 
(Research Diets 
D12450J) 

Normal Chow Diet  

Kcal from fat (%) 60 10 18 
Kcal from protein (%) 20 20 24 
Kcal from carbohydrates 
(%) 

30 70 58 

Saturated fat (%) 32 22.7 0.9 
Monounsaturated fat (%) 35.9 29.9 1.3 
Polyunsaturated fat (%) 32 47.4 3.4 
Palmitic Acid (%) 19.6 14.8 0.7 
Stearic Acid (%) 10.5 7 0.2 
Oleic Acid (%) 34 28.8 1.2 
Linoleic n-6 Acid (%) 28.7 41.8 3.1 
TABLE 1.5: COMPOSITION OF ANIMAL DIETS  

(HTTP://WWW.RESEARCHDIETS.COM/OPENSOURCE-DIETS/FORMULAS) 

 

The complexity of the diet means that there are many confounding factors, for 

instance if the calories in a low-fat diet are replaced with sugar, it would be difficult to 

determine whether the results identified in a study were due to high levels of fat or high 

levels of sugar. While DIO models are generally easy to use, the sensitivity to diet-induced 

obesity varies based on mouse strain, and therefore the animal model chosen for a specific 

study must be validated to be susceptible to the development of obesity.  

The most common genetic models of obesity are the ob/ob and the db/db strains. 

Ob/ob mice have mutated expression of leptin, an important adipokine that regulates 

satiety. Leptin secretion is proportional to triglyceride storage, and in the absence of leptin 

expression mice rapidly develop obesity. Conversely, the db/db mouse has mutated 
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expression of the leptin receptor. While the mechanisms governing their obesity are similar 

to the ob/ob mouse, db/db mice exhibit significantly raised expression of leptin, and are 

characteristically insulin resistant, leading to diabetes227. 

 

1.4 ADIPOSE TISSUE AND BREAST CANCER 

1.4.1 Healthy adipose 

 
Healthy adipose tissue plays dueling roles in breast cancer development. 

Adipocytes produce adipokines and cytokines which have been demonstrated to have 

significant pro-tumorigenic effects, however the burden of these secreted factors is most 

apparent when their expression is increased due to obesity. Conversely, normal fibroblasts 

have been shown to inhibit breast cancer growth and initiation, revert cancer transformation 

228, and inhibit or slow the growth and transformation of early stage breast cancers 229 230.  

It has become clear that while the normal adipose tissue and breast cancer 

microenvironment may have effects in both the promotion and inhibition of breast cancers, 

breast cancers induce a “re-education” process in the nearby microenvironment, inducing 

the transdifferentiation of stromal cells to create a pro-tumorigenic microenvironment. This 

results in the accumulation of cancer-associated adipocytes and cancer-associated 

fibroblasts, which interestingly share a high level of phenotypic similarity to activated 

fibroblasts and myofibroblasts in breast cancer. Detailed discussion of cancer-activated 

stromal cells is beyond the scope of this dissertation, but has been reviewed in detail 

elsewhere231-234.  
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1.4.2 Epidemiologic support for obesity and breast cancer 

 
Obesity has a significant impact on the initiation of breast cancer as well as the 

progression to more aggressive disease states. There are 60,000 new cases of obesity-

related breast cancer diagnosed every year, and obese patients have a strikingly poor 

prognosis, with a 50% increased rate of cancer recurrence and a 33% increased rate of 

cancer mortality164,235,236. Obesity is most prevalent amongst both older women and 

African-American women164. Importantly, these populations are also the most at risk for 

developing breast cancers1. Epidemiologic data have consistently reported that obesity 

increases rates of postmenopausal breast cancer by 30-50%, depending on the level of 

obesity237. It is likely that this is a result of the estrogen production by adipose tissue, as 

obesity is more strongly correlated to breast cancer in women who have not used hormone-

replacement therapy 238. Recent data have identified increased risk of triple-negative breast 

cancers in young obese African-American women, indicating that the estrogenic effects of 

adipose tissue are not the sole mediators of obesity mediated breast cancer239. These 

observations are not limited to African-American populations, and patients with triple-

negative breast cancer across all races were demonstrated to be more likely to be 

overweight or obese240. Moreover, overweight and obese populations are significantly 

more likely to present with invasive breast cancers, with a hazard ratio of 1.59 and 1.7 

respectively241. Regardless of menopausal status, obesity is related to increased tumor 

proliferation, size, recurrence, and metastasis239.  
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1.4.3 Obese Adipokine and Cytokine promotion of breast cancer 

 

Leptin is one of the primary adipokines produced by adipocytes. The classical 

function of leptin is appetite control. When fat stores reach a certain level, leptin is secreted, 

and activates receptors (OB-R) in the brain to indicate satiety. While OB-R is found at 

highest concentrations in the hypothalamus, it has been identified in almost all tissues. 

Levels of circulating leptin directly correlate with total fat mass, as larger fat cells produce 

more, and leptin is highly upregulated in obese adipose tissue 242. Leptin signaling enhances 

tumor formation, proliferation and invasion by activation of cancer stem cell signaling 

pathways Notch and Wnt, and by activating numerous oncogenic pathways, including 

HER2, AKT, STAT3 and NFkB. Both leptin and leptin receptor OB-R are significantly 

upregulated in breast cancer stem cells, which exhibit increased sensitivity to leptin 

signaling due to higher OB-R expression243. In addition to leptin, the other most common 

adipokine is adiponectin. Adiponectin regulates glucose levels, as well as promoting fatty 

acid metabolism. It is more highly expressed in lean individuals compared to obese, and 

has been shown to inhibit breast cancer. Decreased adiponectin circulation may be one 

mechanism for increased beast cancer development associated with obesity 244,245. 

Adipocytes are also a primary source of IL-6, an inflammatory mediator which has also 

been shown to induce cancer stem cell signaling and breast cancer invasion through 

JAK2/STAT3 and activation of OCT487,233.  
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1.4.4 The Obese ECM and breast cancer 

 

 One of the characteristics changes to the mammary adipose tissue in obesity is the 

development of fibrosis. Fibrosis is a result of the constant state of low-grade inflammation 

that occurs in the obese adipose tissue, leading to the constitutive activation of fibroblasts 

and increased numbers of myofibroblasts in the adipose tissue. Myofibroblasts deposit high 

levels of ECM proteins including collagen and fibronectin, leading to a rigid extracellular 

matrix and microenvironment. The mechanisms leading to the fibrotic microenvironment 

remain ill-defined, as do the ways in which fibrosis promotes breast cancer development 

and progression246. While increased cytokine secretion in fibrosis plays a role, it is also 

likely that the increased EMC rigidity activates mechanotransduction signaling pathways 

in breast epithelial cells247. One of the structural characteristics of epithelial cells is the 

presence of focal adhesions, clusters of integrin that link the actin cytoskeleton to the 

extracellular matrix 248. When the cell is attached to a rigid matrix, integrin activation 

results in a conformational change to an enzyme called focal adhesion kinase (FAK), 

allowing it to autophosphorylate as well as allow Src family kinases to phosphorylate an 

additional site. FAK then activates multiple signaling pathways, including PI3K, 

Rho/ROCK/ERK, and Grb7249. Pathways downstream of FAK have been demonstrated to 

stimulate proliferation and invasion, as well as disrupting epithelial cell development 

resulting in increased levels of breast cancer stem cells 250 251,252. It is clear that matrix 

rigidity regulates multiple pathways involved in breast cancer initiation and progression, 

however whether this is a potential mechanism for obesity mediated-breast cancer remains 

largely undefined. Recent data have demonstrated that obesity mediated fibrosis is capable 
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of promoting breast cancer205, but further studies will be necessary to identify potential 

targets for the prevention and treatment of these oncogenic pathways.  

 

1.4.5 Obesity and Therapeutic Outcomes 

In addition to the effect that obesity has on promoting breast cancer initiation and 

aggression, obese women also experience different treatment outcomes compared to those 

with healthy weight. Obesity impacts nearly all therapeutic strategies for breast cancer. 

Obese patients experience more significant complications in all surgeries, as obesity is a 

risk factor for greater wound infection, blood loss, and longer operation time 253. However, 

the surgical techniques used in breast cancer have improved significantly in the past several 

decades, meaning these risks are likely not as significant in breast cancer surgery as other, 

more invasive surgeries.  

Obese patients experience both resistance to chemotherapy and inappropriate 

treatment by clinicians. A recent study demonstrated that 40% of obese patients receive 

improper doses of chemotherapy that are not based on actual body weight, and are therefore 

less effective than if the full dose was provided 254. While the problems identified in this 

study were based on clinicians not following treatment guidelines, pharmacokinetic studies 

of chemotherapy drugs in obese patients are limited, meaning that treatment guidelines 

may be incorrect. The volume of distribution for a chemotherapeutic compound is based 

on drug structure, body composition and blood flow. Obese individuals often exhibit 

decreased blood vein perfusion, leading to an inhibited ability of drugs to spread 

throughout obese tissues. Additionally, obese patients have higher drug clearance 

compared to non-obese individuals, meaning that the drug leaves the patient bloodstream 
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earlier 255. These variations in drug metabolism and circulation in obese patients indicate 

that chemotherapeutic compounds should be studied in obese patients as well as those with 

normal weight. While the majority of compounds remain under-studied, the clearance of 

cisplatin, paclitaxel, and troxacitabine have been shown to be increased in obese patients, 

whereas doxorubicin clearance was reduced 256.  

The adipose tissue is an endocrine organ that expresses the enzyme aromatase, 

resulting in increased estrogen production. It is therefore likely that hormonal therapies 

have decreased efficacy in obese individuals. A recent clinical trial demonstrated that 

overweight and obese women who were treated with anastrozole (an aromatase inhibitor) 

had a greater risk of breast cancer recurrence. Conversely, they observed no increase in 

risk in women receiving the SERM tamoxifen, indicating that these effects may be 

aromatase dependent257. Systematic review of additional studies examining aromatase 

inhibitors in obese women found a negative trend towards the effect of obesity on 

aromatase inhibitors, however the authors indicated that further studies were necessary to 

identify the size of the impact258.  

 
 
1.5 Non-coding RNAs 

1.5.1 Overview 

 

When the human genome project was completed in 2004, it became clear that the 

vast majority of the human genome is not protein coding259. These areas were initially 

believed to be the result of tens of thousands of years of mutations and evolution, and to 

largely consist of “junk DNA”. Recent data have demonstrated that at least 76% of the 
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genome is actively transcribed 260, however the functions of most genes remains 

undefined261. Noncoding RNAs have been separated into numerous classes based on size, 

structure, and function including transfer RNAs, ribosomal RNAs, piwi-interacting RNAs, 

small nucleolar RNAs, extracellular RNAs, microRNAs (miRNA) and long non-coding 

RNAs (lncRNA). Currently, the most commonly studied non-coding RNA species are 

miRNAs and lncRNAs. Both miRNAs and lncRNAs have been demonstrated to have 

functions throughout essentially every biological process and signaling pathway, indicating 

that they are highly prevalent and important mechanisms for modulating cell signaling. 

Moreover, dysregulation of non-coding RNA expression has been found to be widespread 

throughout many diseases, including obesity and cancer. These revelations indicate that 

non-coding RNAs might be effective targets in disease treatment and prevention. 

Moreover, the development of synthetic therapeutic RNAs is a novel strategy for disease 

treatment that is currently being explored. 

 
1.5.2 miRNA biogenesis 

 

miRNAs are short noncoding RNA molecules, approximately 20-24 nucleotides in 

length, that bind primarily to the 3’ untranslated region (UTR) of messenger RNAs. 

Through binding to a semi-complementary seed sequence (6-9 nucleotides), miRNAs 

target mRNA for degradation or translational inhibition. Each seed sequence potentially 

matches hundreds of mRNA molecules, giving the miRNA many potential targets 262. Most 

mammalian miRNA genes are found in well-defined transcriptional units, and can be in 

either intronic or exonic regions in non-coding transcriptional regions, or as intronic 

miRNAs in coding regions263. 
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 The primary miRNA transcript (pri-miRNA) genes are transcribed predominantly 

by RNA polymerase II, although other isoforms may be involved. Pri-miRNA is cleaved 

at the 5’ and 3’ ends by the microprocessor complex, comprised of ribonuclease III Drosha 

and RNA-binding protein DGCR8, forming the pre-miRNA. The ~70 nucleotide stem-loop 

pre-miRNA is transported out of the nucleus by exportin-5 and Ran-GTP. In the cytosol 

the RISC loading complex, composed of RNase III DICER, Argonaute-2, and double-

stranded RNA-binding domain proteins Tar RNA binding protein (TRBP) and protein 

activator of PKR (PACT), facilitates pre-miRNA processing and RISC assembly 264. Dicer 

cleaves the pre-miRNA near the hairpin loop, forming a 20-23 nucleotide long miRNA 

duplex. The miRNA duplex incorporates into the RNA induced silencing complex (RISC), 

where it is unwound, isolating the guide strand while the complimentary strand (miRNA*) 

is degraded by the RISC264,265. 

 
1.5.3 lncRNA biogenesis 

 

Long noncoding RNAs (lncRNA) are classified as any non-coding RNA (ncRNA) 

over 200 nucleotides in size. The lncRNA family is highly heterogeneous, involving 

numerous lncRNAs with widespread functions. These include epigenetic regulating and 

imprinting, acting as structural scaffolds, competitive endogenous binding of miRNAs, and 

more. While many of these actions are mediated through functional association with 

additional non-coding RNAs or proteins, lncRNA molecules themselves have also been 

demonstrated to have diverse active abilities beyond recruiting external functional 

molecules266. The latest annotation of the human genome by the GENCODE consortium 

has identified 15,512 lncRNA transcripts originating from 9640 gene loci267, however the 
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exact number of lncRNAs remains contentious amongst different annotating groups 268. 

While the majority of lncRNAs are intergenic, meaning that they are found in between 

defined genes, lncRNA transcripts have been identified in a variety of different locus 

biotypes. These include antisense lncRNA, overlapping sense transcripts, intronic 

transcripts, and processed transcripts lacking an open reading frame (ORF) which do not 

fit other biotyptes267. lncRNAs are predominantly transcribed by RNA Polymerase II, with 

a smaller subset being transcribed by RNA Polymerase III 269. Following transcription, 

lncRNAs undergo posttranscriptional processing. Many lncRNAs are capped and 

polyadenylated 270, and nearly all undergo post-transcriptional splicing, leading to multiple 

transcript isoforms267. The secondary structure of lncRNAs is often as essential or more 

essential to their function as their primary sequence. Stable structures including helices, 

hairpin loops, and bulges enable binding to proteins and mRNAs, allowing lncRNAs to 

function as macromolecular scaffolds269,271.  

 
1.5.4 ncRNAs in breast cancer 

 

Noncoding RNAs (ncRNA) have been frequently shown to regulate differentiation 

and embryogenesis. These ncRNA are of particular interest in the study of breast cancer, 

as when they become abnormally overexpressed or downregulated they can activate 

developmental signaling pathways that support the prevalence of cancer stem cell signaling 

in the mature breast, promoting breast cancer initiation, progression, and metastasis. As 

these developmental pathways are often highly conserved amongst the different tissues in 

the body, similar ncRNA dysregulation patterns are often found in cancers from different 

tissues of origin.  
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ncRNA dysregulation occurs through the same mechanisms as any other gene, the 

accumulation of genetic insults resulting in overexpression, constitutive activation, or loss 

of expression 272. As each individual ncRNA may have multiple functions, targeting a 

variety of mRNAs or acting as a scaffolding factor for multiple proteins, the mutation of 

one ncRNA can have exponential effects on numerous pathways throughout the cell, 

making ncRNA dysregulation an especially dangerous prospect for disease development.  

Many miRNAs have been found to be dysregulated in breast cancer, both serving as tumor 

suppressors and as oncogenes. Deep-sequencing analysis has identified a panel of 66 

miRNAs that are differentially expressed in DCIS breast cancer as compared to normal 

breast, the majority of which are also dysregulated in IDC273. These miRNAs target a 

diverse set of mRNA transcripts involved in every hallmark of breast cancer initiation, 

progression, and metastasis274. Fewer lncRNAs have been identified in breast cancer, in 

part due to the newness of lncRNAs as an area of research and in part due to the innate 

complexity of lncRNAs signaling pathways. Recent sequencing data identified 215 

aberrantly expressed lncRNAs, however the function of the majority of these lncRNAs has 

yet to be defined275. The most commonly studied lncRNAs in breast cancer to date are 

lncRNAs HOTAIR, XIST, MALAT, and H19, all four of which have been demonstrated 

to regulate cancer stem cell signaling and plasticity276.  

 

1.5.5 ncRNAs in the tumor microenvironment. 

 
It has become apparent that the crosstalk between tumors and the stromal 

microenvironment plays a critical role in tumor initiation and progression. Moreover, 

tumor cells have been shown to educate the stromal cells in their microenvironments, 



 61 

creating a niche which better supports their growth277. These interactions are mediated by 

a diverse set of factors, including secreted cytokines, hormones, and ncRNAs contained in 

exosomes. Exosomes derived from cancer associated stromal cells have been demonstrated 

to transfer miR-10b, promoting migration and metastasis278, while breast cancer secreted 

exosomes were shown to transfer miR-122, which targets pyruvate kinase and dysregulates 

nutrient metabolism279,280. The reverse mechanism has also been demonstrated, as breast 

cancer-derived exosomes have been shown to contain miR-9, which promotes the 

acquisition of cancer-associated fibroblast phenotypes in normal-fibroblasts in vitro281. 

Most of the mechanisms of ncRNA-dependent signaling in the tumor microenvironment 

involve ncRNA-mediated regulation of secreted signaling factors that are necessary for 

microenvironmental regulation. For instance, miR-9 is upregulated in breast cancer, and 

promotes the expression and secretion of pro-angiogenic factor VEGF-A282. miRs-17-5p, 

-20, and -145 regulate expression of IL-6, which in addition to being a pro-invasion and 

metastasis factor is a potent inflammatory cytokine in the microenvironment 283 284. Many 

other miRNAs have been demonstrated to have roles in the microenvironment, and while 

comprehensive review is beyond the scope of this dissertation, more information can be 

found elsewhere 285. Roles for lncRNAs in the breast tumor microenvironment remain 

largely undefined. Exosomes are capable of transferring lncRNAs between cells, but 

exosomal transfer between cancer cells and the microenvironment has not been 

demonstrated286,287. Moreover, while lncRNA function in the breast tumor 

microenvironment has not been shown, expression of lncRNA HOTAIR has been shown 

to be promoted in non-small cell lung cancer by type I collagen, demonstrating a 

mechanism by which the microenvironment and ECM may regulate tumor function288.  
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1.5.6 Obesity and non-coding RNAs 

 
Noncoding RNAs have been demonstrated to regulate numerous developmental 

and signaling processes at every level. Whole genome sequencing studies have identified 

differential expression of numerous noncoding RNAs during the adipogenesis process, 

suggesting that they may be involved in regulation of adipocyte maturation289 290 291.  

Recent data have demonstrated that the microRNAs which promote adipogenesis do not 

necessarily promote obesity as well. microRNAs -422b, 148a, 103, 107, 30c, 30a-5p, and 

143 are highly expressed in adipogenesis, but significantly downregulated in adipocytes 

taken from obese mouse models 292. These data indicate that noncoding RNAs involved in 

accelerating adipocyte development and growth are differentially regulated in obese 

tissues. Additional microRNAs that regulate obesity characteristics such as hypoxia, 

inflammation, metabolism, and insulin have also been demonstrated to be differentially 

expressed in obese adipose tissue291. While there are data concerning expression of 

microRNAs in obesity, long noncoding RNA regulation of obesity remains largely 

undefined. It has been shown that knockdown of certain lncRNA involved in adipogenesis 

make transgenic mice resistant to DIO, however these results are indicative of the need for 

further study rather than the development of potential therapeutic strategies 293. While study 

concerning the roles of microRNAs and lncRNAs in mediating obesity adipose tissue 

dysregulation is necessary, the widespread regulation enacted by both miRNAs and 

lncRNAs throughout a multitude of pathways regulating both physiological and disease 

states indicates that these may be potential novel targets for maintaining healthy tissue 

homeostasis and the treatment of obesity. 
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1.5.7 microRNA-140: Past and Present 

 

miR-140 was first identified as a regulator of chondrogenesis, the process of 

cartilage development 294. The primary transcript of miR-140 is found in intron 16 of the 

E3 ubiquitin protein ligase WWP2 gene on chromosome 16, and mature miR-140 is co-

expressed with Wwp2-c. During chondrogenesis miR-140 expression is induced by SOX9 

binding to intron 10 of the WWP2 gene, after which miR-140 promotes chondrocyte 

proliferation through targeting transcription factor Sp1, leading to cell cycle inhibition295. 

miR-140 has also been demonstrated to promote cartilage differentiation through 

suppression of HDAC4, and to inhibit cartilage destruction through regulation of protease 

Adamts-5294,296. miR-140 has also been shown to target TGFb1 signaling through SMAD3 

and TGFBR1 mRNA degradation297. We recently identified miR-140 as an important 

tumor suppressor miRNA in breast cancer. Through targeted degradation of SOX2, SOX9, 

and ALDH1, miR-140 inhibits the breast cancer stem cell population. miR-140 is 

downregulated in breast cancer tissue compared to normal tissue, which likely contributes 

to the growth and progression of breast cancers53,73,298. 

 
1.5.8 lncRNA NEAT1 

 
The lncRNA NEAT1 was first identified as a scaffolding factor in the formation of 

the nuclear paraspeckle protein complex271. Through paraspeckle formation, NEAT1 

sequesters hyperedited mRNA transcripts and mediates post-transcriptional splicing299. 

NEAT1 also regulates active chromatin configurations, associating with histone H3 and 

recruiting proteins necessary for histone modifications. NEAT1 occupied loci present 
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higher levels of H3K4me3 and H3K9ac active chromatin modifications300,301. NEAT1 

expression is significantly upregulated in mature adipocytes289, and overexpression of 

NEAT1 has been observed in obese adipocyte precursors compared to those from lean 

subjects302. NEAT1 is also a target gene for Hypoxia Inducible Factor-2 alpha (HIF2α), 

and is significantly upregulated during hypoxia301,303. NEAT1 has been shown to control 

expression of IL-8 in HeLa cells304, SOX9 in chondrocytes305 and VEGF in adipocyte 

precursors306. As IL-8 and SOX9 are important regulators of breast cancer stem cell 

signaling and VEGF is a critical pro-angiogenic factor, these may be mechanisms for 

NEAT1-promotion of breast cancer tumorigenesis and progression.  

 

 
1.6 SCOPE OF WORK 

 
1.6.1 Significance 

 
The current treatment paradigm for breast cancer is to directly target the tumor 

itself, either through general means such as chemotherapy, radiation, and surgical 

resection, or specifically using molecularly targeted drugs and small molecules. While 

these strategies are effective, and patient survival has improved in recent years, there are 

still a significant number of patients who suffer from disease metastasis, recurrence, or 

drug resistance, leading to increased morbidity and mortality. Clinicians are increasingly 

aware of the impact of the tumor microenvironment on breast cancer initiation and 

progression, however the mechanisms underlying these phenomena remain undefined, and 

treatments targeting the pathologic microenvironment have yet to be discovered. One of 
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the most common environmental factors disrupting the homeostasis of the mammary 

microenvironment is the increased prevalence of fat in the western diet, resulting in the 

metabolic syndrome and obesity. Obesity is a significant risk factor for the development of 

breast cancer, and obese patients commonly present more aggressive tumors that are harder 

to treat, recur and metastasize more frequently, and result in an increased burden on the 

patient. While this is well supported by epidemiologic data, the molecular mechanisms 

governing obesity’s relationship to breast cancer remain largely undefined. Both 

preadipocytes and mature adipocytes have been demonstrated to produce signaling factors 

that promote breast cancer, some of which are enhanced and upregulated during obesity307. 

Moreover, recent data have demonstrated that obesity promotes breast cancer in part 

through the development of a fibrotic microenvironment205. However, the mechanisms by 

which obesity-mediated fibrosis occurs remain largely undefined.  

The major goals of this research are to understand how noncoding RNAs regulate 

differentiation of white adipocytes, and the role that noncoding RNAs play in obesity-

mediated disruption of mammary microenvironment homeostasis. Through better defining 

the signaling networks at work, we hope to identify mechanisms that could be targeted to 

maintain homeostasis of the healthy mammary microenvironment in both patients at risk 

for breast cancer development and those who have already been diagnosed. By preventing 

or reversing the pathological aspects of the obese microenvironment, patients will develop 

less aggressive cancers and experience improved clinical outcomes. We hypothesize that 

miR-140 is a primary regulator of mammary microenvironment homeostasis, that 

dysregulation of miR-140 in mammary gland stromal cells may promote breast cancer 

development and progression. 
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1.7 Specific Aims 

Specific Aim 1: We hypothesize that miR-140 regulates white adipogenesis in the 

mammary gland. We will examine adipogenesis in vitro using primary cells isolated from 

mammary gland white adipose tissue from wild-type and miR-140 knockout mice 

(Chapter 2). 

 
Specific Aim 2: We hypothesize that obesity dysregulates miR-140 expression in the 

stromal cells of the mammary adipose tissue, and that dysregulation of miR-140 is a key 

step in the development of a tumor-supportive mammary microenvironment in obesity. We 

will characterize primary cells isolated from the mammary gland white adipose tissue of 

regular diet and high-fat diet wild-type mice. We will identify novel pathways through 

which miR-140 regulates the obese mammary microenvironment, and how miR-140 loss 

promotes the formation of a tumor niche (Chapter 3).  
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Chapter 2: MIR-140 PROMOTES EXPRESSION OF 
LONG NON-CODING RNA NEAT1 IN 
ADIPOPGENESIS1 

 

2.1 INTRODUCTION 

More than 40% of American adults 

are overweight or obese, and there are over 

40 million obese women in America164. 

Obese and overweight women are at greater 

risk for post-menopausal breast cancer and 

have dramatically higher rates of cancer 

recurrence and mortality235,236. Obesity is 

characterized by metabolic imbalance 

leading to adipocyte hypertrophy and 

hyperplasia, and the excess accumulation of 

adipose tissue. During adipogenesis 

mesenchymal stem cells (MSC) commit to 

the adipogenic lineage forming proliferative, 

MSC-like cells called preadipocytes. By differentiating into mature adipocytes, 

                                                
1Gernapudi, R., Wolfson, B., Zhang, Y., Yao, Y., Yang, P., Asahara, H., & Zhou, Q. 
(2015). miR-140 Promotes Expression of long non-coding RNA NEAT1 in 
Adipogenesis. Molecular and Cellular Biology, 36(1), MCB.00702–15–9. 
http://doi.org/10.1128/MCB.00702-15 
 

FIGURE 2.1 BASIC ADIPOGENESIS 
SIGNALING PATHWAY 

(Created using Servier medical art 
http://smart.servier.com) 
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preadipocytes replenish the non-proliferative mature adipocytes that are the bulk of white 

adipose tissue (Figure 2.1)118. Mature adipocytes secrete hormones and adipokines that in 

addition to their metabolic function promote breast tumor aggressiveness and invasion233. 

Deciphering the mechanisms of preadipocyte differentiation and adipocyte-breast cancer 

cell interaction will greatly further our understanding of and our ability to treat breast 

cancers.  

microRNAs (miRNAs) are essential regulators of cellular function and gene 

expression. After nuclear processing, miRNA precursors are exported to the cytoplasm 

where the mature miRNA is formed. miRNAs associate with the RNA Induced Silencing 

Complex (RISC), and base pair to seed sequences in the 3’- Untranslated Region (UTR) of 

target mRNAs. This guides the RISC to the mRNA, causing degradation or inhibition of 

translation. miRNAs primarily function in the cytoplasm, however some have been shown 

to translocate back into the nucleus and degrade nuclear RNA molecules308. Nuclear 

miRNAs have also been shown to mediate mRNA upregulation by RNA activation 

(RNAa). This occurs through the direct binding of a miRNA to the gene promoter, and 

recruitment of Argonaute proteins. The miRNA-Argonaute complex recruits histone 

methyltransferase proteins, leading to epigenetically active chromatin and increased 

transcriptional activity309. Alternatively, miRNAs targeting the 3’ terminal region have 

been shown to activation transcription, potentially through the formation of a loop that 

brings the 3’ terminus close to the promoter and recruits activating proteins. miRNAs that 

target enhancer sequences within the gene may have similar transcription activating effects 

310. miRNAs have also been shown to increase mRNA expression by competitively binding 

AU-rich regions in the 3’UTR, preventing degradation by RNA-binding proteins 311. 
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miRNAs have been extensively studied in cancer, and regulate various physiological 

processes at the posttranscriptional level312. Several miRNAs have been identified to play 

important regulatory roles in either promoting (miR-140, miR-26a/b, miR-455) 313,314 or 

suppressing (miR-27, miR-133) adipogenesis 289,315. miR-140 is an important regulator of 

developmental pathways and stem cell differentiation, and is a tumor suppressor in breast 

cancer53,73,294. Through targeted degradation of stem cell factors SOX2, SOX9 and 

ALDH1, miR-140 prevents breast cancer initiation and progression. Expression of miR-

140 is downregulated in estrogen-receptor positive breast cancers due to estrogen mediated 

transcriptional inhibition, while epigenetic mechanisms of inhibition have been 

demonstrated in basal-like breast cancers53,298. Decreased miR-140 expression releases 

suppression of breast cancer stem cells, leading to higher tumorgenicity. Recent work has 

identified a role of miR-140 in adipogenesis. In pluripotent stem cells, miR-140 is activated 

by bone morphogenic protein-4 (BMP4) and induces commitment to the adipogenic 

lineage by targeting adipogenesis inhibitor osteopetrosis associated transmembrane protein 

1 (OSTM1) for degradation316.  

Long noncoding RNAs (>200 base pairs) are one of the most abundant types of 

noncoding RNA and have vital roles in differentiation and tissue homeostasis. Sun et al. 

identified several lncRNAs that are dramatically upregulated during adipogenesis, 

including NEAT1289. NEAT1 is a nuclear lncRNA that is a necessary scaffolding factor for 

the formation of nuclear paraspeckles. Paraspeckles are nuclear bodies comprised of a 

NEAT1 backbone that interacts with core paraspeckle proteins including polypyrimidine 

tract-binding protein associated splicing factor (PSF), 54 KDa nuclear RNA binding 

protein (p54nrb) and polymerase suppressor protein 1 (PSP1)317. These and other 
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paraspeckle proteins sequester certain mRNA transcripts at the paraspeckle and mediate 

post-transcriptional splicing. While NEAT1 paraspeckles are necessary for myeloid 

differentiation, and play a key role in mammary gland development and lactation318, the 

functions of paraspeckles are still largely unknown319.  

Paraspeckle independent functions of NEAT1 are mostly uncharacterized. However 

NEAT1 has been shown to localize to epigenetically active chromatin and may be an 

important activator of gene transcription300,301.  

Interaction between non-coding RNA molecules is a novel and likely crucial 

regulatory mechanism within the cell. The best-characterized mechanism of lncRNA-

miRNA interaction is by competitive-endogenous lncRNAs. One example of this is 

lncRNA-Regulator of Reprogramming (RoR), which contains several miR-145 binding 

sites. lncRNA-RoR acts as a competitive sponge for miR-145, increasing expression of 

other miR-145 targets. This is a mechanism for maintaining self-renewal signaling in 

human embryonic stem cells, triple negative breast cancer, and endometrial 

tumorspheres320-322. miRNAs can also regulate lncRNAs by targeting them for degradation 

via the RNA Induced Silencing Complex323. While miRNA-mediated degradation was 

previously believed to be restricted to the cytoplasm, miRNAs and RISC proteins were 

recently found to be present in the nucleus, and are able to degrade lncRNAs that are 

restricted to the nucleus308.  

In this dissertation chapter, we demonstrate the critical role of miR-140 in 

preadipocyte differentiation, and identify NEAT1 as a novel downstream target of miR-

140 in adipogenesis. We report the first instance of nuclear localization of miR-140, where 

it physically interacts with NEAT1 and enhances expression of NEAT1. Through the use 
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of wild-type and miR-140 knock-out primary mouse preadipocytes, we show that miR-140 

knock-out results in downregulation of NEAT1, abrogating the preadipocyte adipogenic 

ability. Re-expression of NEAT1 in miR-140 knock-out mouse primary preadipocytes 

restores the adipogenic phenotype, showing regulation of NEAT1 expression is a primary 

function of miR-140 in adipogenesis.  

 

2.2 Materials and Methods 

 
 Cell Culture, Reagents, Transfection and Actinomycin D MCF10DCIS (DCIS) 

obtained from Asterand (Detroit, MI), and murine 3T3-L1 preadipocytes and human lung 

fibroblasts obtained from ATCC were cultured as previously described73,324.  Human 

mammary preadipocytes (mammary adipocyte precursor cells) were purchased from 

ZenBio (Research Triangle Park, NC) and were maintained and differentiated as described 

previously325.  Cells were incubated in 5% CO2 at 37°C. Sulforaphane (SFN) purchased 

from LKT laboratories (St. Paul, MN) was used at 5-µm and 10-µm concentrations for all 

assays. Sulforaphane was dissolved in EtOH. All transfection assays were performed as 

described previously by Q Li et al.53. For Actinomycin D RNA stability, cells were grown 

to ~50% confluency and treated with 10µg/mL Actinomycin D (Sigma) in DMSO. Control 

cells were treated with DMSO.  

Adipose Tissue Stromal Vascular Fraction and Differentiation Assays Adipose tissue 

stromal vascular fraction was isolated from the fat tissue of 10-12 week old WT and miR-

140 KO mice as previously described 294,326. 1.5-2.0g of fat tissue was cut up and digested 

with collagenase at 37 °C for 1 hour spinning once every 15 minutes. After digestion, the 

solution was filtered through 250- µm tissue strainers (Thermo Scientific, Rockford, IL) 
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and collected in a sterile tube. After centrifugation at 200xg, the filtrate comprised of 

mature adipocytes (top layer) and SVF (bottom layer). The pellet (SVF) was washed twice 

with PBS re-suspended in culture medium (DMEM+10 % FBS+1% pen-strep). The cell 

solution was filtered through a 40- µm cell strainer and transferred to a 10-cm tissue 

culture dish. For in vitro differentiation assays, the cells were treated with an adipogenic 

cocktail containing 0.5mM 3-isobutyl-1-methylxanthine (IBMX), 1 µm dexamethasone, 

8µg/ml Biotin, 1 µg/ml bovine insulin and 10 % fetal bovine serum. The differentiated 

adipocytes were maintained in medium containing 10% FBS supplemented with 1 µg/ml 

insulin and 8µg/ml biotin.  

Oil-Red-O Staining Adipocytes were washed twice with PBS and fixed in 10% formalin 

at room temperature for 30 min. Oil-Red-O working solution was prepared and filtered 

fresh prior to the staining. After fixation, cells were exposed to 60% Isopropylalcohol and 

allowed to dry completely at room temperature. The cells were stained with Oil-Red-O 

for 30 min at room temperature. Stained intracellular lipid droplets were washed twice 

with distilled water and visualized by Nikon Eclipse Ti-U microscope. Quantification was 

performed using ImageJ analysis. 

Sphere Formation Assay Cells were separated using cell dissociation buffer (Millipore) 

and 40-µm strainers (Fisher Scientific, Pittsburgh, PA, USA). A total of 20,000 cells/ml 

were seeded in six-well plates coated with 2% polyhema (Sigma). After 7 days, spheres 

>100µm were quantified. 

NEAT1 Cloning Mouse Neat1 was amplified by PCR using the genomic DNA of NIH 

3T3-L1 cells as templates with primers 5'- 

ACTGATGCCGGCAGGAGTTAGTGACAAGGAGGG-3' and 5'-ACTGATGTCGAC 
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GAAGCTTCAATCTCAAACCTTTA-3', and cloned into NgoMIV and SalI sites of 

pBABE-puro vector. The pZw1-sno vector was digested by HindIII, treated by T4 DNA 

polymerase, and then digested by SalI. The pBABE-mNeat1 vector was digested by 

NgoMIV, treated by T4 DNA polymerase and digested by SalI. Neat1 was then recovered 

and cloned into the pZw1-sno vector327.  

Biotinylated Probe Pull-Down Pull down of miR-140 targets was performed as described 

previously328. Binding of miR-140 to NEAT1 was tested using biotin-labeled miR-140. 

Briefly, 3T3-L1 cells were transiently transfected by a miR-140 duplex in which biotin 

was attached to the 3’-end of the sense strand. After 24 h, whole cell lysates were prepared 

and mixed with streptavidin magnetic beads (New England Biolab), and incubated with 

rotation at 4 °C for 16 h.  The beads were then collected and washed thoroughly. The bead-

bound RNA was extracted, treated with DNase and purified for further analysis. The levels 

of specific RNAs were measured by qRT-PCR. As a control, input RNA was also 

prepared. 

Quantitative Real-time PCR (qRT-PCR) qRT-PCR analysis of 

mRNA/miRNA/lncRNA expression was performed as described previously with 

normalization to either GAPDH or β-actin for mRNAs and to U6 small nuclear RNA for 

miRNAs   

Immunofluorescence Cells were fixed with 4 % paraformaldehyde for 10 minutes, 

washed twice with PBS and blocked with 10 % goat serum in PBS at room temperature 

for one hour followed by primary antibody (1:250) incubation overnight at 4°C. After 

incubation with secondary antibody for 1 hour followed by washes in PBS and 

counterstained with DAPI in PBS for 10 minutes at room temperature, samples were 
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mounted using mounting medium (KPL, Gaithersburg, MD, USA) and visualized with 

Olympus IX81 spinning disk confocal microscope. Quantification was performed using 

ImageJ analysis. 

Immunohistochemistry (IHC) Paraffin embedded tissue sections were deparaffinized in 

xylene and rehydrated in ethanol and washed twice with dH2O. Antigen retrieval was 

performed using 10mM sodium citrate pH 6.0 at 95 °C for 10 minutes and allowed to cool 

for 30 minutes at room temperature. Samples were quenched using 3 % hydrogen peroxide 

followed by washing and blocking with 10 % goat serum in PBS. Samples were incubated 

with the primary antibody overnight at 4 °C in antibody diluent, washed, and incubated 

with secondary antibody for 1 hour at room temperature. The substrate reaction was 

performed using the DAB HRP substrate (Vector Labs, CA, USA) for peroxidase. 

Sections were mounted using D.P.X (Sigma, USA) and visualized using Nikon Eclipse 

Ti-U microscope. 

Fluorescence in situ hybridization (FISH) miRNA and lncRNAs were studied using the 

methodology previously described with necessary modifications 321,329. FITC-labeled lnc-

NEAT1 probe was obtained from Affymetrix. Briefly, cells are fixed with 4 % 

paraformaldehyde and treated with proteinase K that helps to expose the cellular RNA to 

probe. After 5 min. incubation in permeabilization buffer (0.5% triton-x-100 in 1xPBS), 

samples are blocked in pre-hybridization buffer (3 %BSA in 4x SSC) for 30 min at 55 °C 

and incubated in hybridization buffer (4X SSC+ 10% dextran sulfate) with probe diluted 

at 1:5000 for 2 hours at 55 °C. After brief washing in different grades of wash buffers (I, 

II, III) and peroxidase treatments, samples were blocked (4 % BSA in 1x PBS) for 1 hour 

at room temperature followed by primary antibody incubation overnight at 4°C. Samples 
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were washed in PBS and incubated in secondary antibody for 1 hour followed by DAPI 

for 10 minutes in  the dark at room temperature. Slides were mounted using Mounting 

medium (KPL, Gaithersburg, MD, USA) and visualized with Olympus IX81 spinning disk 

confocal microscope. All the buffers in the above experiments were prepared fresh on the 

day of the experiment. 

Plasmid Constructs and Luciferase Assay The miR-140 targeting sites within the mouse 

Neat1 sequence were established using RNAhybrid 2.2. The first Neat1 fragment 

containing a putative miR-1403p targeting site was amplified by PCR using a pair of 

primers 5′- ACGTTTGCTAGCTTCCGTGCTTCCTCTTCTGT-3′(forward) and 5′- 

ACGTTTCTCGAGTTCACTGTGTAGGCGTCAAC-3′ (reverse) and cloned into the 

NheI and XhoI sites of the pSGG vector. This constructed reporter is named pSGG-

miR140-BS1. The second Neat1 fragment that contained a putative miR-140 targeting site 

was amplified by PCR using the primers 5'-

ACGTTTGCTAGCACCGTGGGTTGATGGGAATA -3' (forward) and 5'-  

ACGTTTCTCGAGGAAGGCATGGCTCACACATT -3' (reverse), and cloned into the 

pSGG vector. The second constructed reporter is named pSGG-miR140-BS2. To 

construct the mutant reporter plasmid, we used the Generate site-directed mutagenesis 

system (Invitrogen) to introduce mutations into the putative miR-140 targeting sites of the 

pSGG-miR140-BS1 vector. The primers used for the mutant reporter construction include 

5′-gtgaccggaaacatcgatgtgagccctcgcaaggctccacactcacgtc-3′ and 5′-

gacgtgagtgtggagccttgcgagggctcacatcgatgtttccggtcac-3′. The constructed mutant reporter 

plasmid contains six point mutations, TGGA(C to G)CCT(G to T)G(G to C)G(T to 
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A)GGGCTCACA(G to T)C(C to G)ATGT, was confirmed by sequencing. Luciferase 

reporter transfection and dual luciferase assay were performed as described previously 330.          

Statistical Analysis  Statistical analysis was performed by Student's t test. p values of < 

0.05 (*) were considered significant. Data are presented as mean ± S.E. Data were 

analyzed using GraphPad Prism software (version 6.0). 

 

2.3 RESULTS 

 
2.3.1 miR-140 is Required for Adipogenesis  

 
The adipose tissue Stromal Vascular Fraction (SVF) is largely composed of 

preadipocytes, fibroblasts, and SVF cells that are capable of proliferating and 

differentiating into several lineages, including adipocytes. These cells have been used to 

characterize signaling pathways that are required for adipogenesis in both mice and 

humans112. To determine if miR-140 is necessary for adipogenic commitment, we isolated 

adipose tissue SVF from wild-type (WT) and miR-140 knock-out (KO) mice. We 

incubated the SVF of WT and miR-140 KO adipose tissue for 10 days in adipocyte 

differentiation media, and quantified the number of mature adipocytes using Oil-Red-O 

lipid droplet staining. As seen in Figures 1A and 1B, differentiation of miR-140 KO SVF 

was dramatically reduced compared to WT SVF. By western blotting for PPARg and 

C/EBPa, two key transcription factors that are the primary drivers of adipogenesis and 

common markers of mature adipocytes, revealed less protein expression in miR-140 KO 

adipocytes, confirming a decrease in their adipogenic ability (Figure 2.2D). Adipose tissue 

SVF is composed of multiple cell types including white adipocyte progenitor cells or 
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preadipocytes118. To verify the physiological similarity of the mammary gland white 

adipose SVF to the 3T3-L1 cell model, we treated both WT and miR-140 KO SVF with 

Sulforaphane (SFN), a compound previously shown to inhibit adipogenesis in mouse 3T3-

L1 preadipocytes 325. As previously reported, preadipocyte differentiation was decreased 

in a dose dependent manner (Figure 2.2A and 2.2B) in both WT and miR-140 KO cells, 

verifying our successful isolation of primary mouse SVF cells. Using immunofluorescence 

staining for PPARg and C/EBPa, we confirmed that SFN decreases PPARg and C/EBPa 

expression in miR-140 KO cells (Figure 2.2E and 2.2F). Because mature adipocytes are 

the primary component of adipose tissue and the mammary gland, and have been shown to 

enhance breast cancer cell invasion and aggressiveness233, we investigated the effect of 

miR-140 KO on in vivo mammary adipose tissue. Using IHC we examined expression of 

mature adipocyte markers C/EBPa, PPARg and Adiponectin in the adipose tissue from 

WT and miR-140 KO mammary glands, and found that all three mature adipocyte markers 

were considerably downregulated in adipocytes within miR-140 KO mammary tissue. This 

demonstrates that miR-140 deficiency leads to an inhibitory effect on adipogenesis within 

the mammary gland. (Figure 2.2C).  
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FIGURE 2.2 SULFORAPHANE (SFN) TREATMENT INHIBITS 
PREADIPOCYTE DIFFERENTIATION IN PRIMARY SVF 

 

A. Sulforaphane treatment (5 or 10 µM) resulted in a dramatic decrease in 
differentiation as evidenced by decrease in lipid droplet accumulation. Primary SVF 
following differentiation (9th day after stimulation with D-biotin, dexamethasone, 
insulin, and IBMX cocktail) were stained with Oil-Red-O. B. Primary SVF obtained 
from miR-140 KO mice showed a decrease in the differentiation both in the presence 
and absence of SFN (5 or 10 µM). Oil-Red-O staining indicated that the knock-out of 
miR-140 resulted in decrease in the differentiation and SFN treatment (5 or 10 µM) 
blocked adipocyte differentiation. Experiments performed by Benjamin Wolfson and 
Dr. Ramkishore Gernapudi. 
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Figure 2.2 Continued. C. Protein analysis of differentiated WT and miR-140 KO adipocytes for 
adipocyte markers, CEBP/α, PPARγ and IHC imaging of mammary tissue sections from WT and 
miR-140 KO for adipocyte markers, CEBP/α, PPARγ and Adiponectin. Brown precipitate was 
developed using avidin-biotin peroxidase substrate kit (Vector Laboratories, CA, USA). Nuclei 
were counterstained with hematoxylin. Images were captured using Nikon-Ti microscope. D&E. 
Immunofluorescence imaging of the Differentiated Adipocytes. The SVF from miR-140 KO was 
allowed to differentiate in an adipogenic cocktail with or without SFN (5 or 10 µM) for 10 days. 
After differentiation, cells were fixed in 4 %PFA and analyzed for the expression levels of mature 
adipocyte markers (CEBP/α & PPARγ). Cells were stained with anti-rabbit Alexa 488 or 555-
conjugated secondary antibody and counterstained nuclei with DAPI.  Data are representative 
images of experiments done in triplicate. Scale bar signifies 100µm. Experiments performed by 
Benjamin Wolfson and Dr. Ramkishore Gernapudi. 
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2.3.2 NEAT1 is upregulated in Mature Adipocytes 

 

As we found that miR-140 is required for adipogenesis, we 

next wanted to examine the molecular mechanism of miR-

140 action and identify miR-140 targets important for 

adipogenesis. Recent work by Sun et al. profiled the 

transcriptomes of mouse preadipocytes and differentiated 

adipocytes, and found several lncRNAs that are strongly and 

specifically regulated during adipogenesis289. Because miR-

140 knock-down prevents adipogenesis, we hypothesized that 

one mechanism of miR-140 action during adipogenesis is to 

regulate lncRNA expression. First, we profiled the alterations 

in lncRNA expression during human preadipocyte 

adipogenesis. Using a non-coding RNA qPCR array (System 

Biosciences), we compared the expression of 90 lncRNAs 

with well-known roles in transcriptional control and 

epigenetic regulation in primary human adipocyte-derived 

stem cells to expression in differentiated adipocytes (Table 

TABLE 2.1 CHANGE IN 
LNCRNA EXPRESSION IN 
MATURE ADIPOCYTES 
VS PREADIPOCYTES 



 81 

2.1). Analysis of the array revealed that 41 out of the 90 lncRNAs profiled had at least a 

1.5-fold change in expression in mature adipocytes compared to adipocyte derived stem 

cells (three downregulated and 38 upregulated). As seen in Figure 2.3A, of the lncRNA 

A. A 96 well based Human Lnc profiler qPCR array consisting of 90 different 
lncRNAs along with 5 housekeeping genes and one negative control was used to 
screen adipocytes. Results of the genes that are either upregulated (Black)/down 
regulated (Bolded/Italicized) by at least 1.5 fold are listed in Table 1. B. 
Expression levels of NEAT1 in preadipocytes (PA) and differentiated adipocytes 
(DA) compared to ATCC (human lung fibroblasts) and DCIS (MCF10 DCIS). C. 
Comparative analysis of lncRNA identified by NCBI reference number (NR). 
Data represent the mean ± SE (n = 3). Experiments performed by Dr. Yongshu 
Zhang and Dr. Ramkishore Gernapudi.  
 

FIGURE 2.3 DIFFERENTIAL EXPRESSIONS OF LNCRNAS IN ADIPOCYTES 
COMPARED TO PREADIPOCYTES 
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examined, seven were increased at least 4-fold, including NEAT1. This shows that NEAT1 

is upregulated in human adipocyte-derived stem cells during adipogenesis, confirming the 

previously reported findings in mouse preadipocytes289 (Figure 2.3A). NEAT1 is highly 

conserved between humans and mice and while several studies have demonstrated NEAT1 

function in paraspeckle formation, little work has been done to define the physiological 

functions of NEAT1. Therefore, we chose to explore the role of NEAT1 in adipogenesis. 

To confirm our array data, we used real-time qRT-PCR to compare the level of NEAT1 

expression in primary human adipocyte-derived stem cells to differentiated adipocytes. We 

also examined NEAT1 expression in human lung fibroblasts and MCF10DCIS breast 

cancer cells to determine whether NEAT1 upregulation is specific to adipocytes. NEAT1 

was enriched in the adipose-derived SVF cells over other cell lines, and was increased 6.5-

fold in differentiated adipocytes compared to the SVF. This demonstrates that NEAT1 is 

expressed at higher levels in cells committed to the adipogenic lineage, and that NEAT1 is 

highly induced during adipogenesis (Figure 2.3B). Finally, we used qRT-PCR to compare 

the expression of NEAT1 and three other lncRNAs in primary human adipocyte-derived 

stem cells to differentiated adipocytes. While all lncRNAs analyzed were increased in 

mature adipocytes, NEAT1 expression was increased 7-fold in mature adipocytes, far 

above the increase we saw in other lncRNAs (Figure 2.3C). These data confirm the results 

of our non-coding RNA array, and demonstrate that NEAT1 is upregulated in human 

adipocytes during adipogenesis.  
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2.3.3 miR-140 Can Regulate lncRNA-NEAT1 

 

As miRNAs can shuttle back to the nucleus and regulate nuclear mRNAs and non-

coding RNAs323, we hypothesized that miR-140 is imported into the nucleus and regulates 

the nuclear NEAT1. Using the RNAhybrid algorithm, we identified two putative miR-140 

binding sites in NEAT1 at 974-998bp and 2370-2403bp (Figure 2.4A). To determine 

whether these predicted miR-140 binding sites were involved in NEAT1 regulation, we 

constructed pGL3 luciferase reporter vectors containing the potential miR-140 binding 

sites found within the NEAT1, and performed a luciferase reporter assay. HEK293T cells 

were co-transfected with miR-140 overexpression vector, the pGL3 NEAT1 luciferase 

vector construct and pRL-TK Renilla luciferase vector. As shown in Figures 3B and 3C, 

there was increased luciferase activity in cells transfected with the reporter containing miR-

140-Binding Site 1 (724-998bp), but not Binding Site 2 (2370-2403bp). To further confirm 

that Binding Site 1 is necessary for miR-140 to regulate NEAT1 activity, we constructed a 

pGL3 luciferase reporter containing a mutated version of Binding Site 1. Cells transfected 

with the mutated Binding Site 1 vector had abrogated luciferase activity compared to cells 

transfected with the WT Binding Site 1 vector (Figure 2.4D). To verify that miR-140 

directly binds to NEAT1 we employed direct affinity purification. We designed a 

biotinylated miR-140 construct which binds to Streptavidin beads, allowing for the 

purification of the RNA that physically interact with miR-140. After transfecting the 

biotinylated miR-140 construct into 3T3-L1 mouse preadipocytes, we lysed the transfected 

cells and incubated the whole cell lysates with biotin-binding streptavidin magnetic beads 

to isolate the biotinylated miR-140 complex. Using qRT-PCR, we determined the 

enrichment of specific RNA bound by the biotinylated miR-140 construct, normalized to 
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to b-Actin RNA. NEAT1 RNA was significantly enriched by pull-down with biotin-miR-

140 compared to cells transfected with control scrambled RNA (Figure 2.4E). As a 

positive control, we analyzed enrichment of HDAC4, a known target of miR-140296. As 

expected, hdac4 mRNA was highly enriched by biotin-miR-140. In contrast, PPIA mRNA, 

which is not a target for miR-140, was not enriched by biotin miR-140 (Figure 2.4E), 

suggesting the specificity of the interaction of miR-140 and NEAT1. 

 

FIGURE 2.4 MIR-140 BINDS THE MNEAT1 GENE 

 

  

A. Target binding sites of miR-140 (BS1/BS2) within NEAT1. B. Luciferase reporter 
assays were performed and confirmed that ectopic expression of miR-140 increased 
the activity of BS1 reporter. C. Ectopic expression of miR-140 has no impact on 
BS2.  D. Mutation of BS1 inhibited miR-140 induction of luciferase activity. E. 
Biotin labeled miR-140 pull-down demonstrated binding of miR-140 to 
NEAT1. Data represent the mean ± SE (n = 3). *p<0.05. Experiments performed by 
Dr. Yongshu Zhang and Dr. Ramkishore Gernapudi with assistance from Benjamin 
Wolfson. 
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2.3.4 miR-140 Binding Leads to Enhanced NEAT1 Expression 

 

As we identified direct binding of miR-140 to NEAT1, we next wanted to examine 

whether miR-140 binding impacts NEAT1 expression. The most common miRNA 

function is targeting mRNA transcripts for degradation. Conversely, the best characterized 

role of lncRNA-miRNA binding is the inhibition of miRNA activity by competitive-

endogenous lncRNA321. While miRNAs are best known for their cytoplasmic functions, 

several studies have shown that miRNAs, as well as RISC proteins, are imported into the 

nucleus and able to degrade nuclear RNA molecules308. This is a mechanism by which 

miRNAs can decrease the expression of both mRNA and lncRNA. Some miRNAs have 

also been shown to bind to DNA and activate gene transcription 309, while others are able 

to stabilize mRNA by preventing binding of degradative proteins 311. As both miR-140 and 

NEAT1 are upregulated in adipogenesis, we predicted that miR-140 binding may 

positively regulate NEAT1 expression. We first examined NEAT1 expression levels in 

primary human adipocyte-derived stem cells as well as cells isolated from lung and 

mammary tissues of WT and miR-140 KO mice. Using qRT-PCR, we found that NEAT1 

expression was dramatically decreased in all miR-140 KO primary cells examined (Figure 

2.5A). We then overexpressed miR-140 in 3T3-L1 preadipocytes and human lung 

fibroblasts, and observed an increase of NEAT1 expression in both cell lines (Figure 

2.5B).  
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FIGURE 2.5: EXPRESSION OF NEAT1 IS REGULATED BY MIR-140 

 

Because NEAT1 expression is restricted to the nucleus, we used 

immunofluorescence staining for miR-140 and NEAT1 to study their cellular localization 

and determine if they co-localize in the nucleus. In WT primary SVF cells and 3T3-L1 

A. Comparison of NEAT1 expression levels in WT and miR-140 KO SVF cells, lung 
and mammary tissues. B. NEAT1 expression is increased by overexpression of miR-
140 in ATCC (human lung fibroblasts) and 3T3-L1 (preadipocytes) cells. Data 
represent the mean ± SE (n = 3)*p<0.05, **p<0.01. Experiments performed by Dr. 
Yongshu Zhang and Dr. Ramkishore Gernapudi with assistance from Benjamin 
Wolfson 
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preadipocytes, miR-140 was expressed in both the cytoplasm and nucleus, with NEAT1 

restricted to the nucleus (Figures 2.5C and 2.5D). Immunofluorescence staining in 

primary miR-140 KO SVF cells demonstrated the complete abrogation of miR-140 

expression in KO mice compared to WT SVF cells, which corresponded with a decrease 

in NEAT1 expression.  (Figure 2.5C). When we overexpressed miR-140 in 3T3-L1 

preadipocytes we also saw an increase in NEAT1 staining (Figure 2.5D).  
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To investigate if miR-140 may 

impact NEAT1 stability, we performed 

an Actinomycin D RNA stability 

assay. Previous reports have 

demonstrated that mouse NEAT1 has a 

half-life between 15-30 minutes331. 

Using these previously reported time 

points, we observed degradation of 

NEAT1 in control cells, while 

overexpression of miR-140 increased 

NEAT1 stability, with no degradation seen within the studied time (Figure 2.4E).  Overall, 

these data indicate that miR-140 binds to NEAT1 in the nucleus and enhances NEAT1 

stability.  

2.3.5 miR-140 Activation of NEAT1 is Required for Adipogenesis 

 

Finally, we investigated the functional role of the miR-140/NEAT1 signaling 

pathway in adipogenesis. SVF cells are able to proliferate and self-renew, maintaining a 

pool of committed mature adipocyte progenitor cells. We previously found that miR-140 

Figure 2.5: Continued. C. SVF cells obtained from WT and miR-140 KO mice were 
stained with NEAT1 probe and anti-DIG antibodies (for miR-140) and visualized by 
fluorescence.  D. 3T3-L1 cells were transfected with either pCAG-GFP (control 
vector) or miR-140 over-expression vector. Transfected cells were fixed and analyzed 
for changes in the expression levels of NEAT1 through in situ hybridization of NEAT1 
and miR-140 probes. In situ hybridization of miR-140 (5′-digoxigenin (DIG)-tagged, 
identified using anti-DIG CY-3 conjugated antibody) and NEAT1 probes (FITC- 
conjugated). 

Figure 2.5: Continued E. Demonstration of neat1 
stability in mir-140 overexpressed 3T3-L1 cells. 
Data represent the mean ± SE (n = 3).  
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regulates breast cancer stem cell self-renewal through degradation of stem cell factors 

SOX2 and SOX9 73. Therefore, we used a sphere formation assay to investigate whether 

miR-140 regulates self-renewal in SVF cells as well. We plated primary WT and miR-140 

KO SVF cells on polyhema coated, non-adherent plates. Under these conditions, cells 

capable of self-renewal form spheroids while other die from anoikis. The number of 

spheres formed is used to determine the self-renewal ability of the cells. miR-140 KO SVF 

cells formed twice the number of spheres as WT SVF cells, consistent with our previous 

functional studies of miR-14053,73. Moreover, the spheres formed by KO cells were larger 

and more robust, indicating the higher proliferative capabilities of the KO cells (Figures 

2.6A and 2.6B). Using qRT-PCR, we examined the expression change of key stem cell 

regulatory factors Octamer-binding transcription factor-4 (OCT-4), SRY (sex determining 

region Y)-box 2 (SOX2), and SRY (sex determining region Y)-box 9 (SOX9). We found 

that OCT4 was more highly expressed in miR-140 KO spheres compared to WT (Figure 

2.6C), while SOX2 and SOX9 levels were unchanged (data not shown). This indicates that 

OCT-4 is an important self-renewal regulator in miR-140 KO cells. We next wanted to 

determine if the lack of miR-140 activation of NEAT1 inhibits adipogenesis in miR-140 

KO cells (Figure 2.2). We overexpressed NEAT1 in miR-140 KO primary SVF cells 

(Figure 2.6E), and found significant upregulation of both CEBPa and PPARg (Figure 

2.6G and 2.6H). Oil-Red-O staining revealed a remarkable increase in the number of 

mature adipocytes when NEAT1 was overexpressed in miR-140 KO SVF cells (Figures 

2.6D and 2.6F). These data show that the inhibition of self-renewal by miR-140 previously 

reported in breast cancer stem cells also occurs in SVF cells and that activation of NEAT1 

is a critical role of miR-140 in adipogenesis.  
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A. Demonstration of number and size of spheres with SVF cells of WT & miR-140 KO mice. B. 
Quantification of the number of spheres measuring more than 100 µm. C. Fold change of OCT4 
levels in the spheres of WT & miR-140 KO by RT-PCR. D. NEAT1 overexpression in miR-140 KO 
SVF cells resulted in increase of differentiation E. Confirmation of NEAT1 overexpression by RT-
PCR. F. Representation of the amount of oil red dye in the lipid droplets by Image J analysis. G&H. 
Expression levels of CEBP/α, PPARγ in vector (control) and neat1 overexpressed miR-140 KO SVF 
cells. Data represent the mean ± SE (n = 3). *p<0.05, **p<0.01. Experiments performed by Dr. 
Ramkishore Gernapudi and Benjamin Wolfson.  
 

FIGURE 2.6 EFFECTS OF NEAT1 OVEREXPRESSION ON ADIPOGENESIS 
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2.4 DISCUSSION 

 
Previous studies have shown that cytoplasmic miR-140 targets SOX2 and SOX9 for 

degradation, two factors important in both chondrogenesis and stemness 53,294. miR-140 

was recently demonstrated to be activated by BMP-4, and induce commitment to the 

adipogenic lineage through the targeted degradation of OSTM1316. Profiling of the global 

mouse adipocyte non-coding transcriptome by Sun et al. found that lncRNA NEAT1 is one 

of the most upregulated long-noncoding RNAs in adipogenesis289. Here we find that miR-

140 localizes to the nucleus, and increases NEAT1 expression. Moreover, we find that this 

relationship is critical for adipogenesis, defining new functions of both miR-140 and 

NEAT1.  

Through the use of primary SVF cells isolated from miR-140 KO mice, we observed 

that miR-140 KO SVF cells have abrogated adipogenic ability compared to WT, as shown 

through decreased oil-red-o staining and PPARg and C/EBPa expression. Profiling of 

mouse mature adipocytes confirmed that NEAT1 is upregulated in mouse mature 

adipocytes 289, and also increased in human mature adipocytes. 

NEAT1 expression is significantly decreased in miR-140 KO SVF, and was rescued upon 

overexpression of miR-140. We observed that miR-140 localizes to the nucleus and using 

a biotinylated miR-140 probe, demonstrated a physical interaction between miR-140 and 

NEAT1 that increases NEAT1 stability and expression. These data demonstrate a positive 

signaling relationship between miR-140 and NEAT1. 

Finally, we demonstrated that positive regulation of NEAT1 by miR-140 is 

necessary for adipogenesis. Re-expression of NEAT1 in miR-140 KO SVF cells was 
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sufficient to rescue the adipogenic phenotype, showing that lower expression of NEAT1 in 

miR-140 KO SVF inhibits their adipogenic abilities. 

 While the structural role of NEAT1 in paraspeckles has been well characterized, 

little is known about the regulation of NEAT1 or its roles outside of paraspeckle formation. 

The novel relationship between miR-140 and NEAT1 we have identified is critical for 

adipogenesis, and is an exciting discovery that defines a new role for miR-140 in the 

regulation and function of NEAT1. 
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Chapter 3: A HIGH-FAT DIET PROMOTES 
MAMMARY GLAND MYOFIBROBLAST 
DIFFERENTIATION THROUGH MICRORNA 140 
DOWNREGULATION1 

 

3.1 INTRODUCTION 

The heterogeneous cell population found within the mammary stromal vascular 

fraction (SVF) is essential for extracellular matrix (ECM) remodeling and disease 

development. Despite the importance of the mammary adipose tissue, surprisingly little is 

known about normal tissue homeostasis. The SVF consists of multipotent mesenchymal 

stem cells, committed progenitor cells, fibroblasts, endothelial cells and immune cells. 

Under the influence of a variety of hormones, growth factors, and external factors, 

mesenchymal stem cells (MSC) in the stromal vascular fraction are able to differentiate 

into a multitude of cell types, including adipocytes, chondrocytes, osteoblasts, fibroblasts 

and myofibroblasts. For example, to commit MSCs into the adipogenic lineage in vitro, the 

master regulators PPARγ and C/EBPa are induced using a combination of dexamethasone, 

indomethacin, insulin, and methylisobutylxanthine, whereas in osteoblast differentiation 

RUNX2 is activated using a mixture of ascorbate, bone morphogenetic protein, 

dexamethasone, and 1,25 dihydroxy vitamin D3332. While these cocktails can be used to 

                                                
1 Wolfson, B., Zhang, Y., Gernapudi, R., Duru, N., Yao, Y., Lo, P.-K., & Zhou, Q. 
(2017). A High-Fat Diet Promotes Mammary Gland Myofibroblast Differentiation 
through MicroRNA 140 Downregulation. Molecular and Cellular Biology, 37(4), 
e00461–16–16. http://doi.org/10.1128/MCB.00461-16 
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induce differentiation, the complex signaling pathways regulating adipose MSCs are not 

fully elucidated. 

Fibroblasts are critical for the 

production and maintenance of the 

extracellular matrix through secretion of 

ECM proteins including fibronectin and 

collagen as well as ECM degrading matrix 

metalloproteinases. In addition to their role 

in remodeling the normal ECM, fibroblasts 

and their activated form, myofibroblasts, 

are prominent members of the wound 

healing response333. This process is 

dictated by transforming growth factor 

beta-1 (TGFb1) signaling. When TGFb1 

binds its receptor, it recruits and 

phosphorylates SMAD proteins, including SMAD3, which then enter the nucleus and act 

as transcription factors and cofactors to activate the expression of target genes. In 

fibroblasts and adipose stem cells, TGFb1 signaling stimulates differentiation into 

myofibroblasts, a highly contractile and proliferative cell type that produces elevated levels 

of ECM proteins (Figure 3.1) 131,135.  

Dysregulation of myofibroblasts and wound healing results in the development of fibrosis, 

a pathogenic accumulation of scar tissue. Fibrosis has been well characterized through the 

study of many tissue specific fibrotic diseases including in the lung, (pulmonary fibrosis197, 

FIGURE 3.1: TGFΒ STIMULATION OF 
MYOFIBROBLAST DIFFERENTIATION 

(Created using Servier medical art 
http://smart.servier.com) 
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radiation induced lung fibrosis198,199, cystic fibrosis200), heart (endomyocardial 

fibrosis201,202), and liver (cirrhosis203).  

Obesity increases myofibroblast differentiation within mammary adipose tissue, 

promoting fibrotic remodeling of the microenvironment and breast cancer progression205. 

However, the mechanisms of obesity induced mammary adipose myofibroblast 

differentiation remain poorly understood. 

Mammary adipose tissue is very sensitive to stimulation by environmental and 

dietary factors. When obesity occurs, increased fat storage triggers adipocytes to undergo 

hyperplasia and hypertrophy. This promotes adipose tissue hypoxia and 

inflammation334,335, leading to myofibroblast differentiation. Although the mechanisms are 

not fully known, fibrotic changes to the adipose tissue have been associated with increased 

breast cancer initiation and growth205,336. Fibrosis results in increased ECM stiffness, which 

has been shown to activate mechanosignaling through the Rho/ROCK signaling pathways. 

Rho/ROCK phosphorylate focal adhesion kinase, and the nuclear translocation of 

oncogenic transcription factors YAP/TAZ promotes uncontrolled proliferation337. Diet-

induced obesity has also been shown to directly affect the structure of the mammary gland. 

Mammary glands from high-fat diet mice exhibited dysregulated mammary duct 

development, reduced branching, incomplete myoepithelial lining and increased ductal 

collagen deposition338. 

MicroRNAs (miRNA) are approximately 22-nucleotide long single stranded RNAs 

which are key regulators of virtually all aspects of cellular function through the RNA-

interference pathway. miRNAs associate with the RNA-induced silencing complex (RISC) 

in the cytoplasm, and through specific binding to the 3’untranslated region (UTR) guide 
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the RISC to target mRNAs. The RISC degrades the mRNA before it can be translated, 

therefore post-transcriptionally regulating gene expression. miRNA-140 was first 

identified as a regulator of embryonic cartilage development296,339, and is also a tumor 

suppressor in breast cancer. We have shown that miR-140 inhibits expression of stem cell 

factors SOX2, SOX9 and ALDH1, suppressing breast cancer stem cells and preventing 

breast cancer initiation and progression. In estrogen-receptor-positive breast cancer, miR-

140 is downregulated due to estrogen mediated transcriptional inhibition, whereas in basal-

like breast cancers epigenetic mechanisms of inhibition have been demonstrated53,73,298. 

We showed that miR-140 is highly expressed in preadipocytes324 and is necessary for 

adipose derived stem cell adipogenesis under normal physiological conditions340. Several 

studies have observed that miR-140 targets TGFb1 signaling through SMAD3 and 

TGFBR1 mRNA degradation via binding to their 3’UTRs and upregulation of miR-140 

inhibits TGFb1 signaling in lung tissue 297. The mechanism for the loss of the miR-140 

protection pathway in obesity and fibrosis is unknown. 

In this chapter, we address the critical question of how high-fat diet dysregulates 

miR-140 and TGFb1 signaling in the mammary adipose stromal vascular fraction. Using 

in vivo high-fat diet induced obesity mouse models, we find that miR-140 is downregulated 

in SVF cells by high-fat diet. We identify a new SMAD3 binding site that inhibits miR-

140 expression, and a TGFb1/SMAD3/miR-140 negative feedback loop that is critical for 

myofibroblast differentiation in the obese mammary gland. Finally, through co-culture 

models we show that high-fat diet dysregulation of miR-140 impacts both normal and 

malignant ductal epithelial cells. 
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3.2 MATERIALS AND METHODS 

Cell culture, reagents, transfection MCF10A and MCF10DCIS (DCIS) (Asterand; 

Detroit, MI) were grown in Dulbecco’s modified Eagle medium/F12 supplemented with 

10µg/ml insulin, 100ng/ml cholera toxin, 0.5µg/ml hydrocortisone (Sigma, St Louis, MO, 

USA), 20ng/ml EGF and 5% horse serum (Invitrogen, Carlsbad, CA). 3T3-L1 (L1) and 

mBAT mouse preadipocytes were grown in DMEM supplemented with 5% FBS 

(HyClone, Rockford, IL) and 1% L-glutamine (Invitrogen, Carlsbad, CA). mBAT cells 

were obtained from the laboratory of Dr. Da-Wei Gong (Department of Medicine at 

University of Maryland School of Medicine, Baltimore, MD. Cells were incubated in 5% 

CO2 at 37°C. Human normal lung fibroblast cells (CCD-19Lu) were purchased from 

American Type Culture Collection (ATCC). They were cultured in Eagle’s Minimum 

Essential Medium (EMEM) (ATCC, Manassas, VA) supplemented with 10% fetal bovine 

serum (FBS) (HyClone, Rockford, IL). SMAD3 overexpression plasmid pQCXIH-Flag 

Smad3 WT was a gift from Joan Massague (Addgene plasmid # 27025) 341. All transfection 

assays were performed as described previously by Q Li et al.53.  

Animal models and Adipose tissue stromal vascular fraction isolation Wild-type 

C57BL/6 mice were obtained from University of Maryland Baltimore Veterinary 

Resources. miR-140 knock-out mice on a C57BL/6 background were a generous gift from 

Hiroshi Asahara, who developed the knockout model294. 4-week old female C57BL/6 

mice were randomized and fed a regular Chow diet (WT-RD) or high-fat diet (WT-HFD) 

(Research Diets: D12450Bi, 60 kcal% from fat) ad libitum for 16 weeks. Body weight 

was reported as a percent change relative to baseline. Adipose tissue stromal vascular 
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fraction was isolated from the mammary fat pad of 20-week old wild type regular diet, 

wild type high-fat diet and miR-140 knockout regular diet mice as previously described340. 

Mammary fat pads were formalin fixed for immunohistochemistry evaluation or were 

processed for cell isolation. Tissues for cell isolation were cut up and digested with 

collagenase at 37 °C for 1-2 hours with gentle vortexing every 15 minutes. After digestion, 

the solution was filtered through 250-µm tissue strainers (Thermo Scientific, Rockford, 

IL) and collected in a sterile tube. After centrifugation at 200xg 10 minutes, the filtrate 

comprised of mature adipocytes (top layer) and SVF cells (bottom layer). The pellet (SVF 

cells) was washed twice with PBS and re-suspended in culture medium (DMEM+10 % 

FBS+1% pen-strep). The cell solution was filtered through a 40- µm cell strainer and 

transferred to a 10-cm tissue culture dish. All studies were done in accordance with federal 

guidelines and institutional policies of University of Maryland Animal Care and Use 

Committee. 

Cellular Immunofluorescence Cells were fixed with 4 % paraformaldehyde for 10 

minutes, washed twice with PBS and blocked with 10 % goat serum in PBS at room 

temperature for one hour followed by primary antibody incubation overnight at 4°C. After 

washes in PBS, cells were incubated with secondary antibody for 1 hour followed by 

washes in PBS. Cells were then counterstained with Hoechst 33342 in PBS for 10 minutes 

at room temperature, mounted using mounting medium (KPL, Gaithersburg, MD, USA), 

and visualized with an Olympus IX81 spinning disk confocal microscope. Quantification 

was performed using ImageJ (NIH) analysis 342. 

Tissue Immunofluorescence Paraffin embedded tissue sections were deparaffinized in 

xylene, rehydrated in ethanol, and washed twice with dH2O. Antigen retrieval was 
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performed using 10mM sodium citrate pH 6.0 at 95 °C for 10 minutes, after which slides 

were allowed to cool for 30 minutes at room temperature. Samples were quenched using 3 

% hydrogen peroxide followed by washing and blocking with 10 % goat serum in PBS for 

one hour. Primary antibody was applied and slides incubated overnight at 4°C. Samples 

were washed in PBS, and then incubated with secondary antibody for 1 hour followed by 

washes in PBS and counterstaining with Hoechst 33342 in PBS for 10 minutes at room 

temperature. Samples were mounted using mounting medium (KPL, Gaithersburg, MD, 

USA) and visualized with Olympus IX81 spinning disk confocal microscope. 

Quantification was performed using ImageJ (NIH) analysis.  

Immunohistochemistry Paraffin embedded tissue sections were deparaffinized in xylene 

and rehydrated in ethanol and washed twice with dH2O. Antigen retrieval was performed 

using 10mM sodium citrate pH 6.0 at 95 °C for 10 minutes and allowed to cool for 30 

minutes at room temperature. Samples were quenched using 3 % hydrogen peroxide 

followed by washing and blocking with 10 % goat serum in PBS. Samples were incubated 

with the primary antibody overnight at 4 °C in antibody diluent, washed, and incubated 

with secondary antibody for 1 hour at room temperature. The substrate reaction was 

performed using the DAB HRP substrate (Vector Labs, CA, USA) for peroxidase. Sections 

were mounted using D.P.X (Sigma, USA) and visualized using Nikon Eclipse Ti-U 

microscope. Quantification was performed using ImageJ (NIH) thresholding analysis343. 

RNA in situ hybridization In situ hybridization for miR-140 was performed as previously 

described using 5′-digoxigenin-tagged probe73,344. Paraffin embedded tissue sections were 

deparaffinized in xylene and rehydrated in ethanol and washed twice with dH2O 

Colorimetric detection reaction was performed using NBT/BCIP (Roche; Indianapolis, IN, 
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USA) for 48 h. The slides were stained with Nuclear Fast Red (Sigma; St Louis, MO, USA) 

and images were captured using Nikon Eclipse Ti (Nikon Instruments Inc.; Melville, NY, 

USA). 

Masson’s Trichrome Stain To determine the collagen deposition in mammary adipose 

tissue, we performed a Modified Masson’s stain according to manufacturers’ instructions 

(ScyTek Laboratories, West Logan, Utah; cat#TRM-1). Briefly, after tissue rehydration 

sections were fixed in Bouin’s fluid, stained with Weigert’s hematoxylin, and incubated in 

Biebrich Scarlet-Acid Fuschin. They were then washed in Phosphomolybdic-

phophotungstic acid solution and counterstained in Aniline Blue and acetic acid. Sections 

were then dehydrated and visualized using a Nikon Eclipse Ti microscope (Nikon 

Instruments Inc.; Melville, NY.). 

Contraction Assay Collagen gel contraction assay was set up according to manufacturer’s 

instructions (Cell Biolabs; CBA-201; San Diego, CA) and as previously described344. In 

brief, a cell suspension of 2.0 × 106 cells/mL was obtained. 100 µL of the cell suspension 

was mixed with 400 µL of neutralized collagen solution and added to one well of a 24-well 

cell culture plate and allowed to solidify for one hour at 37 °C. After polymerization, 1 mL 

of complete media was added to each well and the cells were incubated for 48 h. The stress 

was released by running a sterile pipette tip along the sides of the well. The culture dish 

was then scanned immediately after the stress was released (time 0) and at the other time 

points that were determined. The area of the collagen gel was then measured using ImageJ 

software (NIH). 

TGFb1 ELISA The protein level of TGFb1 in 48 hour conditioned media from WT-RD, 

WT-HFD and miR-140 KO stromal vascular fraction cells was assayed using the enzyme-
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linked immunosorbent assay (ELISA) kit (eBioscience, San Diego, CA; cat#EBS-88-8350-

22) following the manufacturer’ protocol. 

Fluorescence activated cell sorting (FACS) Cells were blocked with anti-mouse FcR 

antibody (CD16/CD32) (BD Biosciences, San Jose, CA; cat#553131) for 15 minutes at 

4°C in PBS with 2%FBS and 1mM EDTA. Cells were then stained with SCA1/Alexa Fluor 

647 (Biolegend San Diego CA cat# 108118) and CD49e/Alexa Fluor 488 (Biolegend San 

Diego CA cat# 103810) for 20 minutes on ice. After antibody incubation they were washed 

twice in PBS with 2%FBS and 1mM EDTA, resuspended and analyzed using a FACSAria 

II cell sorter (Beckman Coulter, Fullerton, CA, USA). 

Western blotting Total cell lysates were separated by SDS- PAGE and blotted onto 

polyvinylidene difluoride membrane. The membrane was incubated with specific primary 

antibody overnight at 4 °C, followed by the horseradish peroxidase (HRP)-conjugated 

secondary antibody, and visualized by the ECL Western blotting detection system (Thermo 

Scientific; Rockford, IL). Vinculin (Sigma; St Louis, MO, USA) was used as loading 

control with a 1:15000 dilution. Fibronectin (Millipore; Billerica, MA), aSMA (Santa Cruz 

Biotechnology; Dallas, TX), SMAD3 (Santa Cruz Biotechnology; Dallas, TX) were used 

with 1:500, 1:250, and 1:100 dilutions, respectively. 

qRT-PCR qRT-PCR analysis of miRNA expression was performed as described 

previously with normalization to U6 small nuclear RNA330.  

Co-culture, Conditioned-media treatment, Invasion, and Migration assays Co-culture 

assays were performed using transwell chambers with 0.4µm pore size (Costar; Cambridge 

MA). 0.5 x 105 cells/ml SVF cells were seeded in the top well in SVF media, and 0.5 x 
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105 cells/ml plated in the bottom well. Cells were incubated for 48hrs before DCIS were 

resuspended for replating in functional assays.  

48hour conditioned media was removed from cell plates and used to treat MCF10A cells 

plated in chamber well slides. MCF10A were treated with conditioned media for 48 hours, 

after which immunofluorescence staining was performed.  

Transwell invasion assays were performed using transwell migration chambers with 8µm 

pore size (Costar; Cambridge, MA). The top well was coated with 1 mg/mL Matrigel (BD 

Biosciences) in cell culture media and incubated for 30 minutes at 37°C . MCF10DCIS 

cells (0.5 x 105 cells/ml) were seeded in the upper chamber (1.5 ml). To facilitate invasion, 

the lower chamber contained 1.5 ml DMEM with 10 % FBS. The cells were allowed to 

migrate toward the 10 % FBS gradient overnight. The migrated cells were stained with 1 

% crystal violet in methanol/PBS and counted using light microscopy.  

Transwell migration assays were performed using transwell migration chambers with 8µm 

pore size (Costar; Cambridge, MA). MCF10DCIS cells (0.5 x 105 cells/ml) were seeded 

in the upper chamber (1.5 ml). To facilitate migration, the lower chamber contained 1.5 ml 

DMEM with 10 % FBS. The cells were allowed to migrate toward the 10 % FBS gradient 

overnight. The migrated cells were stained with 1 % crystal violet in methanol/PBS and 

counted using light microscopy.  

Mammosphere formation MCF10A or MCF10DCIS single cells were obtained using 

40µm cell strainers (Fisher Scientific; Pittsburgh, PA) and counted. 10,000 cells/ml were 

seeded in six-well plates coated with 2 % polyhema (Sigma; St Louis, MO) in DMEM/F12 
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containing 2 % B27, 20 ng/ml EGF, 4 µg/ml insulin, and 0.4 % BSA. After 7 days of 

culture, spheres larger than 100 µm were quantified by light microscopy. 

Chromatin Immunoprecipitation The transcription factor binding site was identified 

through sequence alignment. ChIP was performed as described previously (24). To induce 

SMAD3 pathway activation, cells were treated for 48 hours with 10ng/ml TGFb1. Cells 

were cross-linked with 1% formaldehyde and sonicated. Chromatin was incubated with 

antibodies against SMAD3 (H300, Santa Cruz Biotechnology, Santa Cruz, CA)) at 4 °C 

for immunoprecipitation. Rabbit IgG was used as the negative control. Immunoprecipitated 

chromatin was analyzed by real-time qPCR. The following primers were used: 5’- 

cccctggctttccttctatg -3’ and 5’- acaggacatgcagcaggagt -3’. 

DCIS Organoid formation and 3D Invasion DCIS organoid 3D invasion was performed 

as previously described54. 96 well plates were coated with 0.75% Agarose and incubated 

for 30 minutes at 37 °C. DCIS cells were stained with green fluorescent linker PKH67 

(cat#MINI67-1KT, Sigma, St. Louis, MO) according to manufacturer’s instructions. 

10,000 DCIS cells/well were plated in a total volume of 100µl culture medium. The cells 

were allowed to aggregate overnight in cell incubators at 5% CO2 37 °C. Stromal Vascular 

Fraction cells were stained with red fluorescent linker PKH26 (cat#MINI26-1KT, Sigma, 

St. Louis, MO) according to manufacturer’s instructions. ECM solution was prepared by 

mixing 100µl matrigel (4.5-6mg/ml) with 20,000 SVF cells resuspended in 100µl plain cell 

culture media. 3D invasion assay was performed in an 8 well chamber slide (Lab-Tek II 

cat#154534, Thermo Fischer; Waltham, MA). After pipetting 100µl ECM-Cell mixture 

into the well, 1 DCIS spheroid was gently embedded in the ECM mixture, followed by the 

addition of 100µl ECM-Cell mixture. After 30-minute incubation 100µl prewarmed 
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medium was added to the well. Plate was returned to the incubator and invasion monitored 

at desired time points. For Fluorescent staining, spheroids were fixed in 4% 

Paraformaldehyde for 20 minutes at room temperature. After 2 PBS washes, cells spheroids 

were permeabilized with 1xPBS 0.2% Triton-x for 15 minutes at room temperature, 

followed by 2 washes with PBST. Spheroids were then blocked in 1xPBS with 10% Goat 

Serum for 1 hour at room temperature. Primary antibody was diluted in 1xPBS 1% Goat 

Serum overnight at 4°C. Spheroids were washed twice, and fluorochrome-conjugated 

secondary antibody (Life Technologies) added in 1xPBS 1% Goat Serum for 1 hour at 

room temperature. After washing in PBST three times, Hoechst 33342 was added for 10 

minutes. Slides were mounted and visualized with an Olympus IX81 spinning disk 

confocal microscope.  

Statistical Analysis Statistical analysis was performed by Student's t test. p values of < 

0.05 were considered significant. Data are presented as mean ± S.E. Data were analyzed 

using GraphPad Prism software (version 6.0). 

 

3.3 RESULTS 

 

3.3.1 High-fat diet downregulates miR-140 in mammary stromal cells 

 
Our previous study340 demonstrated that miR-140 expression in SVF cells is 

necessary to maintain normal adipogenesis in regular-diet conditions. In this study, we 

wanted to investigate the impact of high-fat diet on miR-140 expression. We predicted that 

long term high-fat diet and obesity would dysregulate miR-140, and that miR-140 has a 

role in obese adipocyte hypertrophy and hyperplasia. Starting at 4 weeks of age, we fed 
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female C57BL/6 mice a high fat diet (WT-HFD, 60% kcal from fat) and compared this to 

age-matched control female mice fed a normal chow diet (WT-RD) (Figure 3.2A). After 

16 weeks of high-fat diet, we observed that WT-RD mice had a percent weight gain of 

52.55±3.3% and WT-HFD mice of 102.8±8.04% (Figure 3.2B). The mice were sacrificed 

and the mammary fat pads were resected for examination. Histological assessment of 

hematoxylin and eosin stained mammary fat pad sections showed global increases in 

adipocyte size in the WT-HFD mammary fat pad, one of the characteristics of obesity345 

(Figure 3.2C, D).  
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FIGURE 3.2 HIGH-FAT DIET DOWNREGULATES MIR-140 IN STROMAL 
CELLS 

 
  

A. Female wild-type C57BL/6 mice were fed a regular Chow diet (WT-RD) or high-fat 
diet (WT-HFD) ad libitum for 16 weeks. B. Percent weight gained after 16 weeks regular 
or high-fat diet.  C. H&E staining of stromal areas of the mammary fat pad isolated from 
WT-RD, WT-HFD and miR-140-KO mice demonstrates increased adipocyte size in high-
fat diet mammary gland. D. Quantification of adipocyte size using imageJ. *,p<0.05. 
**,p<0.005. ***,p<0.0001. H&E staining performed by Dr. Ramkishore Gernapudi.  
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To determine whether miR-140 was dysregulated in the obese adipose we assessed 

miR-140 levels by qRT-PCR. We found that miR-140 was significantly downregulated in 

mammary adipose SVF cells from WT-HFD mice (Figure 3.2E). As the SVF is a 

heterogeneous population, we performed RNA in situ staining to examine the expression 

of miR-140 within the context of the mammary fat pad. We used 5’digoxigenin labeled 

miR-140 RNA probes to stain paraffin embedded tissue, and found significant 

downregulation of miR-140 specific to the stromal cells of the mammary fat pad (Figure 

3.2F). Obesity has been shown to be associated with an increase in tissue fibrosis. Using 

immunofluorescence analysis of stromal cells 10 days after adipogenic induction, we 

observed a significant increase in staining for the myofibroblast marker aSMA in the obese 

stromal cells (Figure 3.2G), suggesting an increase in myofibroblast differentiation in 

obese SVF cells. To investigate whether the downregulation of miR-140 seen in obese SVF 

cells was promoting myofibroblast differentiation, we isolated SVF cells from the 

mammary adipose tissue of age-matched chow-fed miR-140 knockout mice (miR-140 

KO)294. miR-140 KO SVF cells exhibited high expression of aSMA after adipogenic 

differentiation, similar to obese SVF cells (Figure 3.2G). Interestingly, we also observed 

a significant percent weight gain (122.0±6.92%) in regular diet fed miR-140 KO mice 

compared to WT-RD, similar to our observations of WT-HFD mice (Figure 3.2B). These 

data show that miR-140 is downregulated in obese stromal cells, and that both obese and 

miR-140 KO stromal cells have increased expression of aSMA, suggesting that obesity 

and downregulation of miR-140 may promote myofibroblast differentiation. 
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Figure 3.2: continued. E. qPCR of stromal vascular fraction cells isolated from 
regular diet and high-fat diet mammary gland tissue demonstrates downregulated 
expression of miR-140 in high-fat diet stromal cells. F. RNA in situ staining for mir-
140 expression in the mammary gland exhibits downregulation of miR-140 in the 
stromal cells of the mammary gland. G. Immunofluorescence detection of 
myofibroblast marker α-SMA showed upregulation in obese and miR-140 KO stromal 
vascular fraction cells isolated from the mammary fat pad. *,p<0.05. **,p<0.005. 
***,p<0.0001. Experiments performed by Benjamin Wolfson and Dr. Ramkishore 
Gernapudi. 
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3.3.2 High-fat diet induced miRNA-140 downregulation is associated with increased 
ECM deposition  

 
To assess the impact of high-fat diet on mammary adipose tissue myofibroblast 

differentiation and ECM deposition, we examined mammary adipose tissue for 

myofibroblast accumulation and ECM changes related to fibrosis. Using 

immunohistochemistry analysis, we showed that obese mammary adipose tissue is 

enriched for aSMA (Figure 3.3A). One of the key pathologies of fibrosis is increased 

production of ECM proteins such as collagen and fibronectin, resulting in excessive scar 

tissue accumulation346. Therefore, we tested expression of these two proteins in the 

mammary fat pad, focusing both on the stromal areas surrounding mammary ducts and on 

non-duct associated stromal cells. We observed that fibronectin expression was increased 

in WT-HFD mammary adipose tissue, especially in the stromal areas directly surrounding 

the mammary ducts (Figure 3.3B). Finally, using a modified Masson’s Trichrome stain, 

we found that there was increased collagen deposition in the ductal microenvironment of 

WT-HFD mice compared to WT-RD mice, consistent with the excessive ECM production 

of the fibrotic phenotype (Figure 3.3C). Mammary adipose tissue isolated from miR-140 

KO mice similarly exhibited enhanced myofibroblast differentiation and fibrotic ECM 

deposition (Figure 3.3A-C). These results show that obesity causes fibrosis of the 

mammary gland, and suggest that loss of miR-140 alone is sufficient to induce 

myofibroblast differentiation resulting in fibrosis. 
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FIGURE 3.3: HIGH-FAT DIET INDUCED MIRNA-140 DOWNREGULATION IS 
ASSOCIATED WITH INCREASED ECM DEPOSITION 

  

Staining for markers of fibrosis in mammary fat pad tissue sections isolated from WT-
RD, WT-HFD and miR-140-KO mice. A. Immunohistochemistry staining for α-SMA 
shows increased α-SMA expression in the stromal cells and surrounding the mammary 
ducts of WT-HFD and miR-140-KO mammary fat pads. B. Immunohistochemistry 
staining for fibronectin shows increased fibronectin expression in the stromal cells and 
surrounding the mammary ducts of WT-HFD and miR-140-KO mammary adipose tissue. 
C. Modified Masson’s Trichrome stain shows increased collagen deposition (blue) in 
WT-HFD and miR-140-KO mammary adipose tissue. **,p<0.005 ***. p<0.0005. ****, 
p<0.0001. Immunohistochemistry staining performed by Dr. Ramkishore Gernapudi, 
Massons staining performed by Benjamin Wolfson and Dr. Ramkishore Gernapudi.  
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3.3.3 miR-140 deficiency contributes to myofibroblast differentiation 

 
As we observed increased fibrosis in the WT-HFD and miR-140 KO mammary 

glands, we next investigated the cellular and molecular effects of high-fat diet induced 

miR-140 downregulation. We isolated stromal vascular cells from WT-RD, WT-HFD, and 

miR-140 KO mammary adipose tissue, and through transient transfection rescued miR-140 

in WT-HFD SVF cells (Figure 3.4A). Western blotting demonstrated that myofibroblast 

marker aSMA was slightly increased in WT-HFD and miR-140 KO SVF cells, and that 

ECM protein fibronectin was significantly upregulated in both obese and miR-140 KO 

SVF cells (Figure 3.4B). miR-140 rescue resulted in nearly complete downregulation of 

fibronectin, consistent with our previous findings that fibronectin is a miR-140 target347. 

miR-140 overexpression also reduced the protein level of aSMA, indicating that miR-140 

overexpression causes an abrogation of the myofibroblast phenotype. While we observed 

a positive trend in SMA expression in WT-HFD and miR-140 KO cells, primary SVF 

expression of SMA was not a conclusive indicator of myofibroblast differentiation. Studies 

from our and other laboratories have established that murine myofibroblasts can be 

identified using fluorescence-activated cell sorting (FACS) for SCA1lowCD49ehigh 348. 

Using these markers, we found that 23.73% of WT-RD SVF cells were myofibroblasts, 

with an increase to 31.7% in the obese SVF cell population and 48.94% in the miR-140 

KO SVF cells (Figure 3.4C). When miR-140 was transiently overexpressed in WT-HFD 

cells, there was a 33% decrease in the myofibroblast population compared to the WT-HFD 

population (Figure 3.4D). These data indicate an increase in the myofibroblast population 

due to long-term high fat diet and miR-140 deficiency, and that miR-140 downregulation 

is necessary for the myofibroblast phenotype.  
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FIGURE 3.4: MIR-140 DEFICIENCY CONTRIBUTES TO MYOFIBROBLAST 
DIFFERENTIATION 

Protein, cellular and functional markers of myofibroblast differentiation were examined in stromal 
vascular fraction cells isolated from the mammary fat pad of WT-RD, WT-HFD and miR-140-KO 
mice. A. Transient transfection was performed to rescue miR-140 expression in WT-HFD SVF cells. 
B. Expression level of proteins associated with fibrosis and myofibroblast differentiation was 
analyzed using western blot. obese and miR-140-KO SVF had higher expression of fibronectin and 
⍺SMA. Transient overexpression of miR-140 in obese SVF resulted in decreased expression of all 
markers examined. C. Myofibroblast formation was assessed using Sca-1 and CD49e markers using 
FACS analysis. obese and miR-140-KO stromal vascular fraction cells demonstrated increased 
myofibroblast populations (SCA-1 low/CD49e high). D. FACS sorting for myofibroblasts in WT-
HFD SVF and WT-HFD SVF overexpressing miR-140. Data represent the mean ± S.D. (n = 3). 
*,P<0.05 **p<0.005. Panels C and D generated by Benjamin Wolfson with assistance from Dr. 
Nadire Duru. 
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We next examined the key functional abilities of myofibroblasts: proliferation, 

contraction, and ECM deposition. We first examined the proliferative ability of mammary 

fat pad stromal cells through Ki-67 staining. Using tissue slides isolated from our animal 

models, we performed immunofluorescence staining for Ki-67. We found that the obese 

mammary adipose tissue had increased expression of Ki67, with the miR-140 KO 

mammary adipose tissue demonstrating more intense staining (Figure 3.4D). To determine 

the contractile ability of the primary SVF cells, we conducted a 24-hour collagen gel 

contraction assay. SVF cells isolated from both obese and miR-140 KO mammary adipose 

tissue exhibited significantly higher contractile ability than regular diet control SVF cells 

(Figure 3.4C), consistent with their increased myofibroblast populations. Consistent with 

the FACS results, abrogation of miR-140 in WT-HFD cells almost completely abrogated 

the contractile ability of the WT-HFD cells. Finally, to examine ECM deposition we plated 

SVF cells on coverslips and allowed them to grow in culture for 72 hours. We then 

performed immunofluorescence staining for fibronectin. Obese and miR-140 KO SVF 

cells produced an ECM enriched in fibronectin, and dense fibronectin deposition is seen 

especially around obese cells (Figure 3.4E). Similar to what we observed through western 

blotting, when miR-140 was overexpressed, fibronectin expression was dramatically 

decreased. 

Our results have shown that miR-140 is downregulated in obese SVF cells, and that 

miR-140 knockout alone increases myofibroblast differentiation and fibrosis without 

external factors such as high fat diet. To investigate whether miR-140 prevents 

myofibroblast differentiation and fibrosis development, we transiently overexpressed miR-

140 in obese SVF cells. These results suggest that miR-140 loss is critical for myofibroblast 
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differentiation in obese SVF cells, and that miR-140 expression inhibits myofibroblast 

differentiation and protects against the development of fibrosis (Figure 3.4A).  

 

 

Figure 3.4: Continued. E. Ki-67 expression was examined in mammary fat pad 
tissue sections. Ki-67 was found to be upregulated in WT-HFD and miR-140-KO-RD 
mammary adipose tissue. F. Evaluation of myofibroblast differentiation using a 
collagen gel contraction assay. obese and miR-140-KO cells exhibited higher 
contractile ability than WT-RD. Overexpression of miR-140 almost completely 
ablated contractile ability. The contraction capacity was calculated by measuring the 
gel area with ImageJ 24 h after the stress was lifted. G. The amount of fibronectin 
secreted by stromal vascular fraction cells was examined by immunofluorescence. 
Data represent the mean ± S.D. (n = 3). *,P<0.05 **p<0.005. ELISA performed by 
Benjamin Wolfson and Dr. Ramkishore Gernapudi.  
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3.3.4 TGFb1 signaling and miR-140 form a negative feedback loop 

 

Having identified a functional relationship between miR-140 and myofibroblast 

differentiation, we next sought to understand how miR-140 is downregulated in obese 

mammary adipose tissue. To this end, we first examined the activation of the TGFb1 

pathway. We investigated the expression of TGFb1, a primary driver of myofibroblast 

differentiation, in 48-hour conditioned media from WT-RD, obese and miR-140 KO SVF 

cells using a TGFb1 ELISA assay. Myofibroblasts have been shown to produce and secrete 

higher levels of TGFb1 than normal fibroblasts, activating a positive feedback loop for 

myofibroblast differentiation 131. Therefore, as WT-HFD and miR-140 KO mammary fat 

pads had increased myofibroblast differentiation, we expected that the primary SVF cells 

isolated from them would secrete higher levels of TGFb1. As predicted, conditioned media 

from WT-HFD and miR-140 KO SVF cells had high levels of TGFb1 compared to WT-

RD. When miR-140 was transiently overexpressed (Figure 3.4A), we observed a decrease 

of TGFb1 in the conditioned media (Figure 3.5A). These data further confirm that miR-

140 downregulation promotes myofibroblast differentiation and demonstrate that miR-140 

regulates TGFb1 signaling in stromal cells. We next investigated whether TGFb1 mediates 

miR-140 downregulation. We treated mouse preadipocyte cell lines 3T3-L1 and mBAT 

with TGFb1 for 24hrs and 48hrs, and found that miR-140 was downregulated by TGFb1 

treatment in a dose dependent manner (Figure 3.5B). To identify the mechanism of miR-

140 downregulation, we first examined epigenetic means. TGFb1 has been shown to 

induce DNA methylation 349, and we have previously found that miR-140 is epigenetically 

regulated in breast cancer73. However, when we examined the CpG islands in the miR-140 
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locus that we previously identified73 we found no evidence that TGFb1 regulates miR-140 

expression through aberrant methylation (data not shown).  

As TGFb1 did not inhibit miR-140 through epigenetic mechanisms, we next 

wondered if TGFb1 activated transcription factors directly inhibited miR-140 expression. 

We examined the expression of SMAD3, a common TGFb1 activated transcription factor 

that was shown to bind to the miR-140 locus in human osteoarthritis 350. Western blotting 

demonstrated that SMAD3 protein level was increased in both obese and miR-140 KO 

SVF cells compared to WT-RD (Figure 3.5C). When the TGFb1 pathway is active, 

SMAD3 is phosphorylated before translocating to the nucleus where it acts as a 

transcription factor. Therefore, we investigated whether the activated form of SMAD3, 

phospho-SMAD3, was also increased in WT-HFD and miR-140 KO SVF cells. We 

observed an increase in pSMAD3 expression through western blotting, indicating pathway 

activation. SMAD3 has previously been shown to bind and inhibit miR-140 in embryonic 

cell lines350, however researchers were unable to replicate these findings in mature 

chondrocytes295. We were unable to identify the previously reported binding site350, 

potentially due to the different tissues and model systems examined. miR-140 is located in 

an introninc region of WWP2, an E3 ubiquitin ligase295. Therefore, to determine whether 

SMAD3 binds the WWP2/miR-140 locus, we performed sequence alignment analysis for 

the SMAD3 binding site GTCTAAGC and found a previously unidentified SMAD3 

binding site (chr8:107550811 - 107550818) in the upstream region of miR-140 (Figure 

3.5D upper panel). To interrogate the potential binding site, we treated mBAT mouse 

preadipocyte cells with 10ng/ml TGFb1 for 48 hours to induce SMAD3 pathway 

activation. We then conducted chromatin immunoprecipitation using a SMAD3 antibody 
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followed by qRT-PCR, and found that TGFb1 treatment resulted in a 2-fold increase in 

SMAD3 binding to the putative binding site (Figure 3.5D lower panel). As we found that 

SMAD3 binds to miR-140, we next verified that SMAD3 is necessary for TGFb1 mediated 

miR-140 downregulation. We transiently knocked down SMAD3 in fibroblasts before 

treating them with TGFb1 for 48 hours, as performed in figure 4B. SMAD3 knockdown 

prevented TGFb1 mediated miR-140 downregulation, confirming that SMAD3 mediates 

TGFb1 inhibition of miR-140. 

These data demonstrate that TGFb1 signaling downregulates miR-140 through a 

SMAD3 dependent manner. As obese and miR-140 KO SVF cells had increased SMAD3 

protein expression compared to WT-RD, we next wanted to determine if miR-140 targets 

SMAD3 for degradation as previously shown in lung tissue297. When we overexpressed 

miR-140 in obese SVF cells, we observed the complete downregulation of SMAD3 and 

pSMAD3 (Figure 3.5C). Taken together, these data demonstrate the existence of a novel 

TGFb1/SMAD3/miR-140 negative feedback loop in the obese mammary 

microenvironment. Increased TGFb1 production by obese SVF cells activates SMAD3 

downregulation of miR-140, which removes the inhibition of SMAD3 by miR-140 

resulting in higher protein expression of SMAD3. 
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FIGURE 3.5: TGFB1 SIGNALING AND MIR-140 FORM A NEGATIVE 
FEEDBACK LOOP 

 

TGFβ1 downregulates miR-140 through SMAD3 binding to the miR-140 upstream 
sequence. A. High levels of TGFβ1 are secreted by obese and miR-140 KO SVF. B. 
TGFβ1 decreases miR-140 expression in a dose dependent manner in 3T3-L1 and 
mBAT mouse preadipocytes. C. SMAD3 and phospho-SMAD3 protein expression is 
upregulated in obese and miR-140 KO SVF, indicating increased pathway activity. 
miR-140 overexpression in WT-HFD cells completely downregulated 
SMAD3/pSMAD3 expression D. Putative SMAD3 binding site in the upstream 
sequence of miR-140. ChIP demonstrates increased SMAD3 binding to miR-140 
when mBAT cells are treated with 10ng/ml of TGFβ1. E. SMAD3 knock-down 
prevented TGFβ mediated miR-140 downregulation in CCD-19lu human lung 
fibroblasts. *p<0.05. **p<0.01. Panel B performed by Dr. Rongze Yang, Panels D 
and E performed by Dr. Yongshu Zhang. 
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3.3.5 Effect of long-term high-fat diet on mammary epithelial cells  

 

To determine whether the increased myofibroblast differentiation and fibrotic ECM 

seen in WT-HFD and miR-140 KO mouse mammary adipose tissue impact mammary 

ductal epithelial cells, we assayed the mammary ducts for molecular markers of 

premalignancy. We first examined the proliferation of ductal cells using 

immunohistochemistry staining for Ki67 and found that ductal epithelial cells in both obese 

and miR-140 KO mammary adipose tissue exhibited highly positive staining for Ki67 

(Figure 3.6A). We next stained for cytokeratin 14 (CK14), a marker for the basal epithelial 

lineage that is required for breast cancer invasion74. Using immunofluorescence, we found 

that ductal expression of CK14 was upregulated in ducts of both WT-HFD and miR-140 

KO mice (Figure 3.6B). Finally, we examined expression of ADLH1, a marker for both 

normal and malignant breast stem cells351. ALDH1 expression was very low in WT-RD 

mammary adipose tissue, with increases seen in both WT-HFD and miR-140 KO ducts 

(Figure 3.6C).  

Because we observed the changes to epithelial cells in a whole-animal knock-out 

or high-fat diet model, the impact seen may be due to the direct effect of high-fat diet or 

miR-140 knockout on mammary epithelial cells. To precisely examine the effect of obese 

and miR-140 KO SVF cells on mammary epithelial cells, we treated the non-malignant 

immortalized mammary epithelial cell line MCF10A with conditioned media from WT-

RD, obese and miR-140 KO SVF cells for 48 hours, after which we repeated the staining 

shown in Figure 3.6A-C in our cell based model. CK14 was significantly increased in both 

MCF10A cells co-cultured with obese or miR-140 KO SVF cells, consistent with our in 

vivo results (Figure 3.6D). While Ki67 was highly increased in MFC10A cell treated with 
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conditioned media from miR-140 KO SVF cells, it was only slightly increased in MCF10A 

treated with obese conditioned media  compared to untreated MCF10A cells (Figure 3.6E). 

Finally, ALDH1 staining was negative in MCF10A cells from all conditions (Data not 

shown). To determine the functional self-renewal ability of these cells, we performed a 

mammosphere assay and found that MCF10A treated with conditioned media from both 

obese and miR-140 KO SVF cells formed significantly more mammospheres than 

MCF10A treated with WT-RD conditioned media or by themselves, indicating increased 

self-renewal and stemness (Figure 3.6F). 
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FIGURE 3.6: EFFECTS OF HIGH-FAT DIET ON MAMMARY EPITHELIAL 
CELLS 

To investigate the effect of mammary fat pad fibrosis and high fat diet on mammary 
epithelial cells, markers of proliferation, basal cell lineage and stemness were examined 
in ductal epithelial tissues sections isolated from WT-RD, WT-HFD and miR-140-KO 
mice and immortalized epithelial cell line MCF10A was treated with SVF conditioned 
media before being examined for the same markers. A. Immunofluorescence and 
immunohistochemistry staining for Ki67 demonstrated an increase in obese and miR-
140-KO ductal epithelial cells. B. Immunofluorescence staining for basal-lineage 
marker CK14 found increased expression in obese and miR-140-KO ductal epithelial 
cells. C. Immunofluorescence staining showed that stem cell marker ALDH1 was 
upregulated in obese and miR-140-KO ductal epithelial cells. D-E MCF10A cells were 
treated with conditioned-media from SVF cells for 48hours before immunofluorescence 
staining. D. MCF10A cells treated with obese and miR-140-KO SVF conditioned-media 
had significantly increased CK14 expression. Data represent the mean ± S.D. (n = 3). *, 
P<0.05. **, P<0.005. 
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Figure 3.6: Continued. E. MCF10A cells treated with obese SVF conditioned 
media had a small increase in Ki67 expression. MCF10A cells treated with miR-
140-KO conditioned-media had significantly increased Ki67 expression. F. 
MCF10A cells treated with obese and miR-140-KO SVF conditioned-media 
demonstrated significantly increased mammosphere formation. Data represent the 
mean ± S.D. (n = 3). *, P<0.05. **, P<0.005. 
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3.3.6 High-fat diet and miR-140-KO mammary stromal cells promote breast cancer  

 
The progression of non-invasive DCIS tumors to IDC is thought to be driven by a 

population of self-renewing cancer stem cells73. To examine the impact of high-fat diet 

induced downregulation of miR-140 on DCIS stemness and progression, we co-cultured 

SVF cells with the early stage non-invasive breast cancer cell line MCF10DCIS (DCIS) 

and performed mammosphere and transwell invasion assays. After 48 hours of co-culture, 

DCIS cells that had been co-cultured with WT-HFD stromal cells demonstrated the highest 

mammosphere formation out of all groups (Figure 3.7A). The hallmark of DCIS 

progression is invasive ability. To determine the effect of obese and miR-140 KO SVF 

cells on DCIS invasion, we performed a transwell matrigel invasion assay. Similar to the 

results seen in the mammosphere formation assay, DCIS cells that had been co-cultured 

with obese SVF cells invaded the most, followed by those co-cultured with miR-140 KO 

SVF cells (Figure 3.7B). These data show that the obese SVF cells promote both self-

renewal and the invasive ability of DCIS cells. Increased self-renewal ability of the DCIS 

population indicates an increase in the proportion of cancer stem cells in the DCIS whole 

cell population, and matches the increased self-renewal seen both in vitro and in MCF10A 

epithelial cells (Figures 3.6C and 3.6F). While these experiments suggest that both obese 

and miR-140 KO SVF cell secreted factors promote DCIS stemness and invasion, the 

ability of myofibroblasts to contract and remodel the ECM likely also have a role. We next 

investigated the impact of ECM remodeling and contraction by WT-HFD and miR-140 

SVF cells on promotion of DCIS invasion. We implanted DCIS cell organoids in matrigel, 

a gel-like substrate that contains proteins and growth factors present in the basement 

membrane, in the presence of WT-RD, obese or miR-140 SVF cells. The addition of SVF 
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cells makes 3D matrigel culture a close mimic of the in vivo stromal microenvironment. 

Organoid size was measured at time of implantation and after 48 hours, and the invasive 

spread of the organoid was quantified to determine the invasive ability. When the DCIS 

organoid was in matrigel without the presence of SVF cells, we observed almost a complete 

absence of spheroid growth and invasion. The WT-RD SVF cells slightly increased DCIS 

organoid invasive ability, and when the organoid was plated in the presence of obese SVF 

cells there was a significant increase in organoid invasion. When the DCIS organoid was 

plated alongside miR-140 KO SVF cells, organoid invasion was increased, with almost 

complete disaggregation of the organoid (Figure 3.7C). Finally, organoids were stained 

for K14, which has been demonstrated to be highly enriched in the invasive fronts of DCIS 

cell organoid invasion74. K14 expression matched the invasive ability of organoids, with 

the DCIS organoid alone and in the presence of WT-RD SVF cells expressing very low 

K14. When the organoid was plated in matrigel culture with obese SVF cells, K14 was 

enriched, and when miR-140 KO stromal cells were present K14 was highly expressed in 

the DCIS organoid (Figure 3.7D). 
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FIGURE 3.7: HIGH-FAT DIET AND MIR-140-KO MAMMARY STROMAL 
CELLS PROMOTE BREAST CANCER 

 
 
 
 

DCIS cells were co-cultured with stromal vascular fraction cells and then replated for 
functional assays to examine the effect of fibrotic SVF on DCIS invasiveness and 
aggression. A. DCIS cells were co-cultured with SVF cells for 48 hours and then 
replated for mammosphere formation. DCIS co-cultured with obese and miR-140-KO 
SVF had significantly increased mammosphere formation. B. After co-culture, DCIS 
cells were plated for transwell matrigel invasion assay. Data represent the mean ± S.D. 
(n = 3). *,P<0.01. **,P<0.005. ***,P<0.001 
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Figure 3.7: Continued. C. DCIS organoids were plated in 3D matrigel culture with SVF 
cells. After 48 hours organoid invasion was measured using ImageJ. DCIS organoids in 3D 
culture with obese and miR-140-KO SVF had much higher 3D invasion than DCIS cultured 
with WT-RD SVF or alone. D. 48 hours after organoid implantation, DCIS organoids in 3D 
matrigel culture with SVF cells were stained for marker of basal lineage and tumor 
invasion/aggression CK14. DCIS organoids cultured with obese and miR-140-KO SVF had 
increased CK14 expression. Data represent the mean ± S.D. (n = 3). *,P<0.01. **,P<0.005. 
***,P<0.001 
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3.4 DISCUSSION  

 

miR-140 was first identified as a regulator of cartilage development296,339, and has 

been shown to target TGFb1 signaling through degradation of SMAD3 in embryonic cell 

lines 297. The ability of mesenchymal stem cells within the SVF to differentiate among a 

variety of lineages including adipogenic, chondrogenic, and osteogenic has been 

extensively studied, however the mechanisms regulating myofibroblast differentiation 

from stem cells and transdifferentiation of mature SVF cells are largely unknown. Obesity 

results in a high basal level of inflammation, and has recently been shown to promote 

myofibroblast differentiation within the mammary fat pad205. Our results demonstrate that 

obesity causes the downregulation of miR-140 in the mature mammary adipose tissue. 

While it has previously been shown that miR-140 is a tumor suppressor miRNA that is 

dysregulated in breast cancer73, these are the first data showing pathogenic dysregulation 

of miR-140 in the mammary microenvironment.  

In breast cancer we have identified two different mechanisms of miR-140 

downregulation. In basal-like breast cancers it is silenced via methylation73, whereas we 

identified estrogen mediated transcriptional inhibition in estrogen receptor-positive breast 

cancers298. We found that in mammary adipose tissue, miR-140 is downregulated through 

aberrant TGFb1 signaling and SMAD3 binding to the miR-140 locus. TGFb1 is known to 

be a potent stimulator of myofibroblast differentiation, but its role in mammary adipose 
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tissue is unknown. Here we identified a novel 

TGFb1/SMAD3/miR-140 negative feedback 

loop, wherein obesity mediated increases in 

TGFb1 signaling activate SMAD3, which 

binds to and inhibits miR-140. As miR-140 

targets SMAD3 for degradation, the 

downregulation of miR-140 results in 

dysregulated expression of SMAD3, which 

promotes myofibroblast differentiation. 

The ECM remodeling and microenvironmental 

changes enacted by miR-140 deficient obese 

stromal vascular fraction cells impacts both 

normal mammary ductal epithelial cells and early stage breast cancer cells. We observed 

that obese and miR-140 KO adipose tissue induce high expression of premalignancy 

markers in non-tumorigenic epithelial cells. Importantly, we also observed that co-culture 

with obese or miR-140 KO SVF cells increased the stemness and invasive abilities of early 

stage breast cancer cells, suggesting that obese SVF cells may promote breast cancer 

progression. 

miR-140 may be a novel target for prevention of fibrosis in the high-fat mammary 

microenvironment. Obese adipocytes actively shed miRNA containing exosomes352 which 

may affect signaling in nearby cells. We have previously shown that exosomes secreted by 

preadipocytes contain high levels of miR-140, and that treatment with shikonin can induce 

high levels of miR-140 in preadipocyte exosomes324. The use of miR-140 promoting drugs 

FIGURE 3.8 A TGFB1/SMAD3/MIR-
140 NEGATIVE FEEDBACK LOOP 
PROMOTES MYOFIBROBLAST 
DIFFERENTIATION 

(Created using Servier medical art 
http://smart.servier.com) 
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such as shikonin or paclitaxel may be a novel therapeutic microenvironmental targeting 

strategy for the prevention of fibrosis and its associated diseases. In future studies, we will 

use high-fat diet induced obesity in athymic nude mice to perform mammary gland 

xenografts, and use these models to characterize the impact of miR-140 upregulating drugs 

and therapies on inhibition of myofibroblast differentiation, prevention of fibrosis and 

fibrosis related diseases. 
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Chapter 4: IMPACT OF MIR-140 DEFICIENCY ON 
NON-ALCOHOLIC FATTY LIVER DISEASE1 

 
4.1 Introduction 

In the previous chapters of this dissertation, we demonstrated that loss of miR-140 

results in inhibition of adipogenesis as well as the high-fat diet-independent differentiation 

of mammary fibroblasts into myofibroblasts. In the following chapter, I discuss my 

continuing work concerning the roles of miR-140 in obesity mediated pathologies. 

Following our previous high-fat diet study, we performed an additional diet-induced 

obesity mouse study in which we included both wild-type and miR-140 knockout mice in 

the lean-fat diet and high-fat diet groups. To best characterize the effect of miR-140 loss 

on the physiological impacts of DIO, we opted to study the phenotypic changes to the liver 

and the initiation of non-alcoholic fatty liver disease.  

 

Liver anatomy 

The liver is an abdominal organ involved in the digestive system, and it is one of 

the primary regulators of lipid processing in the body. In addition to this digestive function, 

the liver also detoxifies metabolites, produces hormones such as insulin-like growth factor, 

glucagon, and adiponectin, and plays a role in red blood cell decomposition, metabolism, 

and glycogen storage. The liver is made up of functional units called hepatic lobules, 

consisting of epithelial hepatocytes surrounding a central vein in a roughly hexagonal 

                                                
1 Wolfson, B., Lo, P-K., Yao, Y., Linhao, L., Zhou, Q. In preparation for submission to Molecular 
Nutrition and Food Research, 2018.  
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organization. The hepatic lobule is interspersed with small capillaries called sinusoids, 

which are necessary for molecular transport between hepatocytes and the blood stream. In 

addition to the hepatocyte cell population, the hepatic lobule is made up of additional 

heterogenous cell types, most importantly kupffer cells, a liver specific macrophage 

lineage, and hepatic stellate cells, pericytes that are the primary drivers of liver fibrosis and 

other liver diseases (Figure 4.1) 353,354. One of the most common causes of liver disease is 

obesity, with over 80% of obese individuals presenting with non-alcoholic fatty liver 

disease (NAFLD) 355. The prevalence of NAFLD has increased dramatically in the past 50 

years, matching the obesity epidemic, and is believed to affect between 75 and 100 million 

people in the United States 356.  

 

FIGURE 4.1 STRUCTURE OF THE HEPATIC LOBULE 

This figure created using Servier Medical Art with color modifications. https://smart.servier.com/smart_image/ 
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Non-Alcoholic Fatty Liver Disease 

While the majority of fat is stored within white adipose tissue, fat is also stored 

within the liver as triglycerides 357. In obese individuals, the liver exhibits increased 

hepatocyte lipid accumulation, resulting in steatosis and non-alcoholic fatty liver disease. 

NAFLD is divided into two distinct categories, nonalcoholic fatty-liver, and nonalcoholic 

steatohepatitis. While nonalcoholic fatty liver (NAFL) is believed to be generally benign, 

with patients exhibiting mild inflammation and steatosis, nonalcoholic steatohepatitis 

(NASH) is characterized by significant 

inflammation and liver damage resulting from 

the build-up of fat within the liver. However, 

NASH occurs in only a small proportion of 

subjects with NAFLD, making up approximately 

20% of patients with NAFLD. It is likely that 

between 3 and 12% of United States adults have 

NASH 358, and while NAFL is though to 

progress to NASH, whether this occurs and the 

potential mechanisms of progression remain 

under investigation 359. Similarly, NASH may 

progress to hepatic fibrosis and cirrhosis 

(Figure 4.2). The morbidity of fibrosis is largely due to the fibrotic accumulation in the 

perisinusoidal space of Disse, preventing sinusoid-mediated molecule diffusion and the 

bidirectional metabolic exchange that normally occurs within the liver360. This leads to loss 

of liver function and cirrhosis, which results in 30,000 deaths every year in the United 

FIGURE 4.2 PROGRESSION OF 
NON-ALCOHOLIC FATTY LIVER 
DISEASE 
This figure created using Servier Medical Art with color 
modifications. https://smart.servier.com/smart_image/ 
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States. Additionally, cirrhosis is a dominant risk factor in the development of liver cancer, 

with 75-90% of liver cancers originate in a cirrhotic liver361, resulting in an additional 

10,000 deaths per year362. 

The exact etiology of NAFLD remains largely undefined. Several risk factors have 

been demonstrated to be involved with NAFLD development, including ethnicity, age, 

behavioral risk factors including smoking, and exercise rate, and certain genetic mutations 

354. However, the predominant factors leading to NAFLD are a diet high in fat and the 

resulting pathologies including obesity, the metabolic syndrome, and type II diabetes 363 

364. 80% of obese individuals have NAFLD 355, and the livers of patients with type 2 

diabetes have been demonstrated to have up to 80% higher fat contents compared to non-

diabetic patients363. The predominance of NAFLD in obese individuals has led to the 

development of a two-hit model for NAFLD development. The first hit involves hepatic 

lipid accumulation due to diet, obesity, and insulin resistance, while the second hit involves 

an acute inflammatory event resulting in increased fibrogenesis354. Recent findings have 

built upon this model, expanding it to the “multiple-hit” hypothesis involving the 

accumulation of multiple factors, including obesity, insulin resistance, genetic and 

epigenetic factors, adipose tissue hormones, nutritional factors, and the impact of the 

microbiome365.  

The hepatic fibrotic process in itself is highly similar to that of other tissues and is 

driven by the activation and differentiation of the mesenchymal hepatic stellate cells 

(HSCs) into myofibroblasts. HSCs are located within the space of Disse, and after 

activation become highly contractile, proliferative, and have increased secretion of 

proinflammatory, profibrotic, and pro-proliferative cytokines. Activation of HSCs occurs 
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through two discrete phases, the initiation phase, during which HSCs undergo early 

phenotypic changes into a myofibroblast cell type, followed by the perpetuation phase, 

during which the myofibroblastic cell type is maintained. Initiation is generally induced by 

paracrine signaling originating from parenchymal cells, including hepatocytes and kupffer 

cells, as well as cytokines and adipokines secreted by the obese adipose tissue366.  

Kupffer cells make up 15% of the cells within the liver, and once activated produce high 

levels of proinflammatory and fibrogenic signaling molecules. High-fat diet has been 

demonstrated to increase the number of kupffer cells in vivo, and in vitro treatment with 

free fatty acids palmitoleic acid and oleatic acid was sufficient to activate kupffer cells, 

resulting in increased antigen presentation and activation of NKT cells367. The adipokine 

leptin, which is upregulated in obesity, has been shown to activate TGFβ secretion by 

kupffer cells, promoting hepatic stellate cell differentiation and inducing expression of 

hedgehog and mTOR in hepatic stellate cells directly365.  

 

High-fat diet, Palmitic Acid, and TLR-4 

One of the mechanisms by which obesity affects cell signaling is through direct 

effects of the actual constituents of the obesity-causing high-fat diet. A high-fat diet results 

in increased intake of free-fatty acids and obesity has also been shown to cause an increase 

in free fatty acid flux, meaning high levels of endogenous free fatty acids are released from 

adipose tissue368. In addition to their metabolic and energy storage functions, these free 

fatty acids can directly impact cell signaling and cell phenotypes. One of the most common 

free fatty acids in the high-fat diet is palmitic acid 369, and it is the principle component of 

palm oil, the most frequently used vegetable oil worldwide370. Palmitic acid is a highly 
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prevalent lipid in the human body, and makes up 20-30% of human depot fat371. It is the 

second most abundant circulating free fatty acid and circulating levels of PA are increased 

in obese adults. Treatment of obesity through metabolic surgery significantly decreases 

circulating palmitic acid, indicating that increases in PA are directly related to patient 

obesity 208,209. While palmitic acid acts as a mode of energy storage, it has also been shown 

to be an active component of signaling pathways, and is a ligand for toll-like receptor 4 

(TLR-4) 217. Palmitic acid has been shown to promote NAFLD through several 

mechanisms, including upregulating inflammatory signaling, inhibiting insulin signaling, 

and activating apoptotic pathways in hepatocytes357,37213. 

TLR-4 is a member of the pattern recognition receptor family, which recognizes 

pathogen-associated molecular pathogens found on infection agents and induce 

inflammatory signaling to activate the innate immune system. The most common ligand 

for TLR-4 is LPS, a bacterial lipopolysaccharide. Following ligand binding, TLR-4 

activation results in phosphorylation of NFκB, as well as activation of the MAPK cascade, 

resulting in the production of cytokes including TNF⍺, IL-1β, IL-18, IL-6, IL-10, and 

TGFβ217,373-375. TLR-4 is expressed in a variety of cell types within the liver, including 

kupffer cells, hepatocytes, hepatic stellate cells, and sinusoidal endothelial cells376.  

In hepatocytes, treatment with palmitic acid is sufficient to induce hepatocyte 

steatosis 377, as well as increased hepatocyte production of the proinflammatory cytokine 

IL-8 378. Free saturated fatty acids including palmitic acid are incorporated into the 

membrane and can lead to ER stress. Moreover, palmitic acid results in JNK-dependent 

hepatocyte apoptosis, which is a common characteristic of NAFLD and can lead to 

increased inflammation as macrophages are recruited to clear the apoptotic cells 
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372,379(Figure 4.3). Palmitic acid treated hepatocytes have also been demonstrated to 

produce higher levels of exosomes compared to control hepatocytes, and exosomes 

secreted by palmitic acid-treated hepatocytes contain increased levels of hepatic fibrosis 

promoting miRNAs including miR-192, which increases expression of SMA, TGFβ, and 

Collagen. Treatment of hepatic stellate cells with PA-hepatocyte exosomes was 

demonstrated to promote hepatic stellate cell activation to a greater extent than non-treated 

exosomes380. Moreover, hepatocyte TLR-4 deficiency effectively prevents obesity induced 

inflammation and insulin resistance in vivo, indicating the crucial role that the PA/TLR-4 

hepatocyte pathway plays in 

NAFLD381.  

 

In addition to the 

pro-fibrotic 

microenvironmental 

signaling that results from 

treatment of hepatocytes 

with palmitic acid, palmitic acid also directly affects hepatic stellate cells themselves. A 

recent paper found that treatment of hepatic stellate cells with palmitic acid induces 

activation of inflammasome proteins including NLRP3, and promotes hepatic stellate cell 

activation through the hedgehog signaling pathway382(Figure 4.3). Based on these findings 

as well as other data showing PA/TLR-4 signaling in diverse cell types, it is likely that 

further investigations will identify additional mechanisms of PA action in promoting 

hepatic stellate cell activation.   

FIGURE 4.3 PALMITIC ACID ACTIVATION OF 
HEPATIC STELLATE CELLS 

This figure created using Servier Medical Art with color modifications. 
https://smart.servier.com/smart_image/ 
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As we previously demonstrated that high-fat diet resulted in miR-140 

downregulation, we next wanted to determine whether miR-140 loss is sufficient to serve 

as one of the necessary “hits” in the development of NAFLD. To this end, we performed a 

diet-induced obesity mouse model study using both wild-type and miR-140 knockout 

mice294. In this paper, we demonstrate that miR-140 knockout results in increased 

sensitization of mouse liver to NAFLD, and NASH, indicating that miR-140 loss may 

promote the development of NAFLD. Furthermore, we identify a potential mechanism for 

how miR-140 loss sensitizes the liver to NAFLD. We demonstrate that miR-140 targets 

and degrades TLR-4, preventing palmitic acid induced NFκB signaling. When miR-140 is 

lost, TLR-4 expression is increased, sensitizing the cell to the increased levels of palmitic 

acid seen in obesity. This results in an increased risk of NAFLD development. These 

findings, as well as the numerous and diverse roles of the TLR-4 pathway in modulating 

the development and progression of NAFLD described above, indicate that the PA/TLR-

4/miR-140 pathway may be a highly effective target for therapy the treatment of NAFLD. 

 

4.2 Materials and Methods 

Cell culture, reagents, transfection L929 (ATCC) were grown in Eagle's Minimum 

Essential Medium supplemented with 10% horse serum. Cells were incubated in 5% CO2 

at 37 degrees Celcius. Cells were infected with miR-140 expression vector or control 

vectors using lentiviral infections as previously described330. Human hepatocytes were 

generously provided by Dr. Hongbing Wang. Hepatocytes were isolated as described 

previously from human liver specimens obtained by University of Maryland Medical 

center, with approval by the Institutional Review Board at the University of Maryland 
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Baltimore 383 384. Hepatocytes were seeded at 0.75 x 106 cells/well in 12 well biocoat plates. 

Cells were cultured in DEMEM supplemented with 10% FBS and cultured in 37 degrees 

C in a humidified atmosphere of 5% CO2. 

Animal models Wild-type C57BL/6 mice were obtained from University of Maryland 

Baltimore Veterinary Resources. miR-140 knock-out mice on a C57BL/6 background were 

a generous gift from Hiroshi Asahara, who developed the knockout model294. 4-week old 

female C57BL/6 mice were randomized and fed a lean-fat diet (Research Diets: D12450J 

10% kcal from fat ) or high-fat diet (Research Diets: D12492, 60% kcal from fat) ad libitum 

for 16 weeks. Livers were resected and formalin fixed for followed by paraffin embedding 

for immunohistochemistry. All studies were done in accordance with federal guidelines 

and institutional policies of University of Maryland Animal Care and Use Committee. 

 

Immunohistochemistry Paraffin embedded tissue sections were deparaffinized in xylene 

and rehydrated in ethanol and washed twice with dH2O. Antigen retrieval was performed 

using 10mM sodium citrate pH 6.0 at 95 °C for 10 minutes and allowed to cool for 30 

minutes at room temperature. Samples were quenched using 3 % hydrogen peroxide 

followed by washing and blocking with 10 % goat serum in PBS. Samples were incubated 

with the primary antibody overnight at 4 °C in antibody diluent, washed, and incubated 

with secondary antibody for 1 hour at room temperature. The substrate reaction was 

performed using the DAB HRP substrate (Vector Labs, CA, USA) for peroxidase. Sections 

were mounted using D.P.X (Sigma, USA) and visualized using Nikon Eclipse Ti-U 

microscope. 
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Hematoxylin and Eosin Staining Paraffin embedded tissue slideswere deparaffinized in 

2 changes of xylence for 3 minutes each, 100% ethanol for 3 minutes, 95% ethanol for 3 

minutes, and running tap water for 3 minutes. Slides were stained in hematoxylin for 5 

minutes, followed by washing in running tap water for 3 minutes. Slides were dipped in 

acid alcohol for 10 ½ second dips, followed by washing in running tap water for 5 minutes. 

Slides were placed in 80% ethanol for 3 minutes. Slides were stained using eosin for 2 

minutes, followed by immersion in 2 changes of 95% ethanol for 2 minutes each. Slides 

were then placed in 2 changes of 100% ethanol for 2 minutes each, followed by 3 changes 

of xylene for 2 minutes each. Slides were mounted and coverslipped using D. P. X. and 

visualized using Nikon Eclipse Ti-U microscope. 

 

Dual Luciferase Assay The TLR-4 3’-UTR was amplified by PCR using the primers 5’- 

ACTGATGCTAGC AAGACGTGCTTCAAATATCCA – 3’ and 5’-

AGCAGTGAAGAAGGGTTCCACTCGAG ATCAGT -3’ and cloned into the Nhe1 and 

Xho1 sites of pSGG vector. HEK293T cells were seeded in 6-well plates and transfected 

with the TLR4-pGL3 Luciferase vector using Lipofectamine 2000 (Invitrogen, Carlsbad, 

CA). Cells were co-transfected with miR-140 overexpression plasmid. After 48 hours, 

luciferase activity was determined using the Dual-Luciferase assay system (Promega, 

Madison, WI). Activity was normalized to Renilla luciferase activity. 

 

Masson Trichrome Stain To determine the collagen deposition in mammary adipose 

tissue, we performed a Modified Masson’s stain according to manufacturers’ instructions 

(ScyTek Laboratories, West Logan, Utah; cat#TRM-1). Briefly, after tissue rehydration 
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sections were fixed in Bouin’s fluid, stained with Weigert’s hematoxylin, incubated in 

Biebrich Scarlet-Acid Fuschin. They were then washed in Phosphomolybdic-

phophotungstic acid solution and counterstained in Aniline Blue and acetic acid. Sections 

were then dehydrated and visualized using a Nikon Eclipse Ti microscope (Nikon 

Instruments Inc.; Melville, NY.). 

  
Western blotting Total cell lysates were separated by SDS- PAGE and blotted onto 

polyvinylidene difluoride membrane. The membrane was incubated with specific primary 

antibody overnight at 4 °C, followed by the horseradish peroxidase (HRP)-conjugated 

secondary antibody, and visualized by the ECL Western blotting detection system (Thermo 

Scientific; Rockford, IL).  

 

qRT-PCR qRT-PCR analysis of miRNA expression was performed as described 

previously with normalization to U6 small nuclear RNA330. The following primers were 

used for examination of PD-L1 expression: Forward primer: 5'-

GCCTGCAGGGCATTCCAGA-3', Reverse primer: 5'-

GTCCTTGGGAACCGTGACAG-3' 

 

Statistical Analysis Statistical analysis was performed by Student's t test or Ordinary one-

way ANOVA with Tukey’s multiple comparison test. p values of < 0.05 were considered 

significant. Data are presented as mean ± S.E. Data were analyzed using GraphPad Prism 

software (version 6.0). 
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4.3 Results 

4.3.1 mir-140 knockout decreases hepatic steatosis  

 
In our previous study (Chapter 3)385we demonstrated that a high-fat diet resulted in 

downregulation of miR-140 in the mouse mammary microenvironment. Moreover, we 

showed that loss of miR-140 expression alone was sufficient to induce fibrosis in the 

mammary gland of regular-diet mice. In this study, we next wanted to investigate the 

impact of a high-fat diet in combination with miR-140 loss on fibrosis development. While 

we previously showed that miR-140 loss alone is sufficient to induce fibrosis in a regular 

diet mouse model, herein we performed a high-fat diet induced obesity mouse model to 

determine whether the combination of steatosis resulting from a high-fat diet and miR-140 

knockout was sufficient to fulfill the “multiple-hits” model of NAFLD development. 

Starting at 4 weeks of age, we fed female mice (C57BL/6 (WT) and miR-140 knockout on 

a C57BL/6 background (KO)) a lean-fat (10% kcal from fat) or high-fat (60% kcal from 

fat) diet for 16 weeks ad libitum (Figure 4.4A). Mice were weighed weekly, and we 

observed that both WT-HFD and KO-HFD mice had a significant weight gain compared 

to LFD mice of both groups (Figure 4.4B). While the final weights of the KO-HFD mice 

were approximately 5 grams lower than WT-HFD, we observed a non-significant increase 

in the percent weight gained of KO-HFD mice compared to WT-HFD. Interestingly, the 

final weight of KO-LFD was higher than WT-LFD, and KO-LFD exhibited a significant 

increase in percent weight gained over WT-LFD (Figure 4.4C). The increased percent 

weight gained seen in KO mice is indicative of the small size of immature miR-140-KO 

mice, however the increased final weight of KO-LFD mice may indicate a metabolic effect 

of miR-140 knockout. One of the predominant characteristics of non-alcoholic fatty liver 
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disease is the accumulation of triglycerides within hepatocytes, resulting in steatosis357. To 

examine the development of hepatic steatosis, we sacrificed the mice involved in our diet-

induced obesity study and isolated liver tissues, followed by paraffin embedding and 

sectioning. We performed Hematoxylin & Eosin staining and imaged the liver tissue slides 

to examine them for steatotic cells. We found that while both WT-HFD and KO-HFD liver 

slides exhibited significantly increased numbers of steatotic cells compared to their LFD 

counterparts, the KO-HFD liver was significantly less steatotic than the WT-HFD liver 

(Figure 4.4D). These data are consistent with our findings that miR-140 KO HFD mice 

had a decreased final weight. It is possible that this observation is related to our previous 

findings demonstrating that miR-140 expression is necessary for the adipogenic process, 

and that preadipocytes isolated from miR-140 knockout mice exhibited inhibited 

adipogenic capabilities340, however further examination of the role of miR-140 in hepatic 

lipid metabolism is beyond the scope of this project. 
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FIGURE 4.4 MIR-140 KNOCKOUT DECREASES HEPATIC STEATOSIS 

 

 

 

 

4.3.2 mir-140 knockout promotes Collagen deposition in the hepatic 
microenvironment 

 

While we observed decreased levels of steatosis in miR-140 knockout mice 

compared to WT, we wanted to further examine miR-140 knockout and WT livers for signs 

of NAFLD and fibrosis. The fibrotic microenvironment thus contains high levels of 

extracellular matrix components such as collagen and fibronectin, which are created by 

myofibroblasts, as well as inflammatory mediators and immune cells such as kupffer cells. 

Early stages of NASH often exhibit perisinusoidal/pericellular fibrosis, meaning that 

A. Female wild-type C57BL/6 and miR-140 knockout on a C57BL/6 background 
mice were fed a lean-fat diet (10% kCal from Fat, WT-LFD/KO-LFD) or high-fat diet 
(60% kCal from Fat, WT-HFD/KO-HFD) ad libitum for 16 weeks. B. Average weight 
at each week. C. Percent weight gained after 16 weeks lean-fat or high-fat diet 
(p<0.005). D. H&E staining of liver tissue sections and quantification of the number 
of steatotic cells (p<0.0001). *, comparison with WTLFD. ^, comparison with 
WTHFD. #, comparison with KOLFD. +, comparison with KOHFD. 
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collagen deposition is limited to within/around sinusoids and hepatocytes 386. This can 

result in significant morbidities of liver disease, as collagen deposition blocks the sinusoid-

mediated molecular diffusion and metabolic exchange essential for liver function360. 

Therefore, we next performed a modified Masson’s Trichrome stain to examine collagen 

deposition in the liver sections isolated from our diet-induced obesity study. We observed 

an almost complete absence of collagen deposition in both WT-LFD and WT-HFD mice. 

While no collagen was seen surrounding the portal veins in either treatment group, a small 

amount of collagen is seen around the portal vein (Figure 4.5A and 4.5B). However, these 

data indicate a likely complete lack of NASH development in the wild-type mice. In 

contrast, both KO-LFD and KO-HFD liver exhibited significant collagen deposition. While 

we observed high levels of both portal/periportal and bridging fibrosis in mice under both 

diets, KO-HFD mice demonstrated an increased amount of collagen in comparison to KO-

LFD mice (Figure 5A). Similarly, both KO-LFD and KO-HFD livers exhibited central 

vein collagen deposition, albeit at a decreased level compared to portal vein collagen. 

Central vein collagen deposition was seen in both groups, and small amounts of 

sinusoidal/pericellular collagen was only found in KO-HFD mice, with KO-LFD collagen 

deposition limited to the areas surrounding the portal and central vein (Figure 4.5B and 

4.5C). While portal fibrosis is less common than sinusoidal fibrosis in cases of NASH, the 

former typically occurs in cases where fatty deposition and other additional characteristics 

of liver disease are missing. Indeed, hepatic diseases in which portal fibrosis predominate 

can be difficult to detect, as biopsies often focus on lobular characteristics, making “silent 

NAFLD” difficult to treat. Moreover, it has been suggested that hepatic diseases that 
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primarily exhibit portal fibrosis may be due to an alternative pathogenic mechanism than 

the more common fatty liver disease387.  

 

 

 

       

FIGURE 4.5 MIR-140 KNOCKOUT PROMOTES COLLAGEN DEPOSITION IN 
THE HEPATIC MICROENVIRONMENT 

 

 

 

 

 

 

Modified Massons’ staining was performed to detect collagen deposition. A. Collagen 
deposition around the hepatic portal vein (10x). B. Collagen Deposition around the central vein 
(20x). C. Digital zoom demonstrating sinusoidal collagen.  
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4.3.3 mir-140 knockout results in phenotypic characteristics of non-alcoholic fatty 
liver disease 

 
As we observed increased collagen in the miR-140 knockout liver, we next sought 

to characterize additional features of NAFLD. To further examine extracellular matrix 

deposition, we performed IHC staining for fibronectin, a primary component of the 

basement membrane. We recently identified fibronectin as a direct target of miR-140 in 

the lung347, and found that regular diet miR-140 knockout mice had upregulated expression 

of fibronectin compared to WT 385. As demonstrated in figure 3A, we found that there was 

a small but statistically insignificant increase in central vein fibronectin expression in WT-

HFD mice compared to WT-LFD. KO-LFD mice exhibited similar expression of 

fibronectin to WT-HFD, again with a small yet insignificant increase in expression. Despite 

this mild increase in expression in the KO-LFD mice, KO-HFD mice had significantly 

increased fibronectin expression (Figure 4.6A). These data demonstrate that while 

knockout of miR-140 promotes fibronectin expression, activation of signaling pathways 

that result in increased transcription of fibronectin is also necessary to induce fibronectin 

expression, consistent with the fact that microRNA regulation is predominantly through 

degradation of mRNA transcripts. This implies that miR-140 knockout not only lifts 

fibronectin inhibition in specific cells, but also sensitizes the tissue to the creation of a 

microenvironment that contains high levels of the factors that promote fibronectin 

transcription. While this microenvironment was not present in the livers of lean-fat mice, 

the presence of a high-fat diet in conjunction with miR-140 knockout was sufficient to 

drastically increase expression of fibronectin and create a fibrotic environment. Fibronectin 

is primarily deposited by the myofibroblast cell type, which is formed through signaling 
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instigated by multiple inflammatory mediators and cytokines. These factors often originate 

from immune cells that have been recruited and have infiltrated the microenvironment. 

Therefore, we next sought to examine the impact of miR-140 knockout on immune cell 

infiltration, specifically the presence of the liver specific macrophage cell type kupffer 

cells.  

To identify kupffer cell infiltration, we performed IHC staining with the pan-

macrophage cell marker F4/80, which is a commonly used marker of kupffer cells 388. We 

found that levels of kupffer cell infiltration were highly consistent with our previously 

examined markers of fibrosis. We observed a very low number of kupffer cells in WT-LFD 

tissues, indicating a low level of inflammation. Kupffer cell infiltration was significantly 

increased in WT-HFD tissues compared to WT-LFD, demonstrating the formation of an 

inflammatory liver microenvironment as a result of a high-fat diet, as is commonly seen in 

NAFLD. Interestingly, we observed that kupffer cell infiltration in KO-LFD tissue was 

very close to that seen in WT-HFD tissues, demonstrating a similar level of inflammation 

from miR-140 knockout alone as is caused by a high-fat diet. Finally, similarly to what we 

observed in ECM staining, the KO-HFD tissue exhibited highly increased kupffer cell 

infiltration compared to all other conditions. This indicates the highly synergistic effects 

of a high-fat diet and miR-140 knockout in promoting an inflammatory microenvironment, 

which in turn promotes the increased collagen and fibronectin deposition previously 

observed (Figure 4.6B).  

Finally, we examined expression of the endothelial lipase LIPG. LIPG is an enzyme 

that aids in the cellular import and catabolism of lipoproteins. It is expressed in hepatic 

endothelial cells {Yu:2004jx}, kupffer cells 389, and hepatocytes (human protein atlas, 
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www.proteinatlas.org) 390. In addition to its metabolic functions, LIPG has been shown to 

promote inflammation through aiding in macrophage infiltration 391, downregulating anti-

inflammatory cytokines such as IL-10 and the upregulation of IL-12, IL-1β, IL-6, MCP-1, 

and TNF-⍺	in	macrophages 392 389.	Moreover,	LIPG	transcription	has	been	shown	to	

be	activated	through	the	NFκB	pathway,	potentially	indicating	a	relationship	to	TLR-

4	 signaling 393.	 Moreover,	 LIPG	 expression	 was	 previously	 demonstrated	 to	 be	

upregulated	by	a	high-fat	diet 394,	potential	indicating	a	role	in	obesity.	While	LIPG	

has	 been	 relatively	 well	 characterized	 in	 endothelial	 cells	 and	 macrophages,	 few	

groups	 have	 studied	 its	 functions	 in	 hepatocytes,	 and	 the	 roles	 of	 LIPG’s	 pro-

inflammatory	signaling	in	NAFLD	remain	to	be	defined.	To	examine	LIPG	expression,	

we	performed	immunohistochemistry	staining	utilizing	our	previously	collected	liver	

samples	(Figure 4.6C). We	found	that,	as	previously	described,	LIPG	expression	was	

induced	 by	 high-fat	 diet	 in	 both	 the	 wild-type,	 and	 miR-140	 knockout	 livers.	

Interestingly,	 we	 found	 that	 miR-140	 knockout	 resulted	 in	 a	 significant	

downregulation	 of	 LIPG	 expression	 in	 the	 KO-LFD	 tissue,	 and	 a	 non-significant	

decrease	 in	 expression	 in	 the	 KO-HFD	 liver,	 however	 the	 mechanism	 of	 this	

downregulation	 remains	 to	be	defined.	 In	preliminary	data	utilizing	an	alternative	

model	 system	 (data	 not	 shown)	 we	 found	 that	 LIPG	 knockdown	 significantly	

diminished	intracellular	lipid	accumulation,	while	overexpression	increased	cellular	

lipid	intake.	It	is	therefore	possible	that	LIPG	downregulation	found	in	miR-140	KO	

tissues	plays	a	role	in	the	decreased	hepatocyte	lipid	uptake	and	resulting	abrogation	

of	steatosis	observed	in	the	KO-HFD	liver.		
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FIGURE 4.6 MIR-140 KNOCKOUT RESULTS IN PHENOTYPIC 
CHARACTERISTICS OF NON-ALCOHOLIC FATTY LIVER DISEASE 

A. Immunohistochemistry staining of fibronectin. Quantification performed in ImageJ, 
average amount of positive staining per field, P<0.001. B. Immunohistochemistry staining 
for pan-macrophage marker F4/80. Quantification performed in ImageJ, average number 
of macrophage kupffer cells per field. P<0.0001. C. Immunohistochemistry staining of 
LIPG. *comparison with WTLFD. ^, comparison with WTHFD. #, comparison with 
KOLFD. +, comparison with KOHFD. 
 
 

4.3.4 A miR-140/TLR-4/Palmitic Acid molecular mechanism promotes NAFLD 

 
While we demonstrated that miR-140 knockout promoted the formation of an 

inflammatory microenvironment, we next sought to explore the mechanisms of this action. 

The toll-like receptor family (TLRs) are key transmembrane pattern recognition receptors 

with roles in both innate and adaptive immunity. Toll-like receptor 4 (TLR-4) is one of the 

most frequently studied TLRs and recognizes the bacterial cell wall component 

lipopolysaccharide (LPS). Once bound by LPS or other ligands, TLR-4 activates multiple 

signaling pathways, including the NFκB and AP-1 pathways, to induce pro-inflammatory 

signaling. In addition to its roles in promoting immune activities, TLR-4 signaling has been 
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demonstrated to have a pro-fibrogenic effect in the liver, as it is a key component of 

macrophage recruitment and inflammatory pathways373. Moreover, TLR-4 deficiency was 

recently shown to protect against hepatic fibrosis in pre-clinical mouse models of chronic 

liver disease395. TLR-4 is expressed and active in most cell types of the liver, including 

both hepatocytes and non-parenchymal cells such as sinusoidal endothelial cells, kupffer 

cells, and hepatic stellate cells376.  

While the most commonly studied ligand for TLR-4 signaling is LPS, recent papers 

have demonstrated that palmitic acid (PA) is also a potent ligand for TLR-4. Palmitic acid 

is a highly prevalent fatty acid in western high fat diets369. It is the second most abundant 

circulating free fatty acid, and circulating levels of PA are increased in obese adults. 

Treatment of obesity through metabolic surgery significantly decreases circulating palmitic 

acid, indicating that increases in PA are directly related to patient obesity188,189,197.  

Through in silico analysis using targetscan (www.targetscan.org), we found that TLR-4 

was a putative target for miR-140 (Figure 4.8A). Based on this, we hypothesized that miR-

140 knockout results in increased expression of TLR-4, resulting in an inflammatory 

microenvironment in both lean-fat and high-fat diet mice, and that increased palmitic acid 

in the HFD mice results in the formation of the highly inflammatory microenvironment 

demonstrated in Figures 2 and 3. To identify whether miR-140 targets TLR-4, we created 

a stable miR-140 overexpression mouse fibroblast cell line (Figure 4.8B), and performed 

western blotting for both TLR-4 and known miR-140 target protein fibronectin (Figure 

4.8C). We found that both fibronectin and TLR-4 were highly downregulated, 

demonstrating that the miR-140 transfection was effective and that it likely targets TLR-4 

for degradation. Finally, we performed a luciferase assay to verify that miR-140 actively 
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targets TLR-4. We generated a TLR-4-luciferase construct and co-transfected it and our 

miR-140 overexpression vector or an empty vector into HEK-2937 cells (in addition to 

phGR-TK Renilla luciferase vectors for normalization). We found that co-transfection with 

the miR-140 overexpression vector was sufficient to decrease luciferase expression by 

approximately 40% (Figure 4.8D). As we found that miR-140 targets TLR-4 for 

degradation, we next wanted to identify whether miR-140 regulates the cellular response 

to palmitic acid. Using our wild-type and miR-140 overexpressing mouse fibroblast cell 

line, we treated them with 100uM PA for 24 hours, followed by western blotting for the 

NFκB subunits p50 and p65 as well as their phosphorylated and activated forms phospho-

p50 and phospho-p65. As shown in figure 4E, we when wild-type cells were treated with 

100uM PA we observed no change in p65, but saw a significant increase in the expression 

of phospho-p65. Interestingly, we found that PA treatment increased the expression of p50 

in general, while also increasing the expression of phosphorylated p50 (Figure 4.8E). 

These data demonstrate that miR-140 overexpression (and the subsequent downregulation 

of TLR-4 demonstrated in figure 4.8C) inhibit palmitic acid mediated activation of the 

NFκB pathway. 

We next wanted to examine how palmitic acid may influence the inflammatory 

hepatic microenvironment. Recent research has demonstrated that obesity-induced lipid 

accumulation in the liver results in loss of CD4+ T cells, and that this loss may correspond 

to the increased risk of hepatocellular carcinoma in patients with NAFLD and NASH396. 

One mechanism for this effect may be the increased production of programmed death 

ligand 1 (PD-L1), which has been shown to inhibit T cell proliferation and induce 

apoptosis. PD-L1 and other immunosuppressive proteins have been demonstrated to be 
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upregulated in kupffer cells, leukocytes, and hepatocytes isolated from chronically 

inflammed livers, and may serve as a mechanism to protect the liver in the event of high 

levels of inflammation397. To examine the effect of palmitic acid on the immunological and 

inflammatory liver microenvironment, we examined the effect of palmitic acid treatment 

on primary human hepatocyte cells. We found that PA treatment significantly increased 

both RNA and protein PD-L1 expression (Figure 4.8F and 4.8G). It is possible that this 

is indicative of a novel pathway in which the increased concentration of palmitic acid in 

the obese liver promotes immunosuppressive pathways in parallel with increasing the 

inflammatory signaling found in the microenvironment and may be a key factor in the 

progression from NASH to hepatocarcinoma.  
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FIGURE 4.7 A MIR-140/TLR-4/PALMITIC ACID MOLECULAR MECHANISMS 
PROMOTES NAFLD IN THE ABSENCE OF MIR-140 
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4.3.5 Discussion and ongoing work 

 
While miR-140 has been shown to be a regulator of differentiation as well as a 

tumor suppressive microRNA in breast cancer, in this chapter we have identified an 

important role of miR-140 in the development of an inflammatory microenvironment and 

response to high-fat diet73,295,398. We previously demonstrated that  high-fat diet mediated 

TGFβ signaling resulted in downregulation of miR-140 in the mammary gland, and that 

loss of miR-140 expression resulted in increased myofibroblast differentiation385. This led 

us to next examine the impact of a high-fat diet in miR-140 knockout mice, and to question 

whether absence of miR-140 resulted in an exaggerated pathologic response to high-fat 

diet compared to wild-type mice. In order to examine the impact on a tissue that would be 

in close contact with the free-fatty acid components of a high-fat diet, we chose to focus 

on the development and progression of non-alcoholic fatty liver disease. More than 80% 

of obese people present with NAFLD355. 

  NAFLD in itself is a relatively minor disease however NAFLD patients have a high 

likelihood of progressing to non-alcoholic steatohepatitis, liver fibrosis (cirrhosis), and 

liver cancer338,339. There are over 30,000 deaths in the United States resulting from 

cirrhosis-mediated loss of liver function, and an additional 10,000 deaths occur due to liver 

cancer, for which cirrhosis is a dominant risk factor362. It is believed that NAFLD and 

A. The putative binding site of miR-140 in the TLR-4 3’UTR was identified using 
targetscan.org. B. Expression of miR-140 after generation of a stable overexpression cell 
line using lentiviral vector. ***, P<.005 C. Western blotting demonstrating miR-140 
degradation of known miR-140 target fibronectin and TLR-4. D. Dual luciferase assay 
verifying the targeting of TLR-4 by miR-140. E. Western blotting demonstrating that miR-
140 overexpression inhibits palmitic acid mediated NFκB signaling activation. F. qRT-
PCR of PD-L1 expression in primary hepatocytes following treatment with 100uM 
palmitic acid for 24 hours. G. Western blotting demonstrating protein expression of PD-L1 
in primary human hepatocytes following treatment with 100uM palmitic acid for 24 hours. 
 *, P<.05  
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NASH develop due to “multiple-hits”, a combination of lipid accumulation and 

inflammation as well as other factors including hormonal signaling, nutritional factors and 

the microbiome365. 

  In the data presented above, we demonstrate that miR-140 loss is sufficient to the 

development of a highly inflammatory hepatic microenvironment, resulting in increased 

deposition of ECM molecules such as collagen and fibronectin and the potential 

development of fibrosis. In the studied model, this occurred absent significant steatosis, 

and in fact was seen in the low-fat diet liver as well as high-fat diet liver samples. We 

demonstrate that TLR-4, which promotes inflammatory signaling and is expressed by most 

cells in the liver, is a target of miR-140. It is likely that this is a key mechanism for the 

inflammatory microenvironment observed in both KO-LFD and KO-HFD livers. 

Moreover, the highly prevalent free fatty acid Palmitic acid is a ligand for TLR-4. Loss of 

miR-140 inhibition of TLR-4 may sensitize the liver to circulating palmitic acid and is a 

likely method by which a high-fat diet induces significantly increased inflammation and 

ECM deposition in the KO-HFD liver. Moreover, we found that treatment of hepatocytes 

with palmitic acid, one of the most highly prevalent free fatty acids in obese individuals, 

resulted in significantly upregulated expression of PD-L1, a key immunosuppressive factor 

in the development of hepatocarcinoma.  

As this project continues, we will focus on further characterizing the synergistic effects 

of DIO and miR-140 knockout on the inflammatory and immunological 

microenvironment. Utilizing our liver tissue samples, we will examine the expression of 

several markers of kupffer cell polarization, as well as investigating the formation of the 

inflammasome. It is believed that this multi-protein complex is a regulator of the innate 
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immune system, and that inflammasome dysregulation has a critical role in promoting the 

progression from normal liver to NAFLD, and from NAFLD to NASH 399. In addition, we 

will continue to examine the distinct effects of specific fatty acids on hepatocyte function 

and determine the roles that palmitic acid signaling has on promoting inflammation in the 

obese liver. Our preliminary results concerning palmitic acid induction of PD-L1 

expression are highly intriguing and may indicate a role of free fatty acids in the creation 

of pro-tumorigenic immunosuppressive microenvironments. This is an essential step in 

tumor cell escape from the immune response, and the use of PD-L1 inhibitors is an exciting 

current strategy in immunotherapy. Therefore, further investigation into these mechanisms 

may lead to highly exciting findings concerning the roles of obesity and free fatty acids in 

tumor cell immune evasion 400. 
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Chapter 5: DISCUSSION, AND FUTURE 
DIRECTIONS 

 
5.1 Summary 

The stromal microenvironment is increasingly being recognized as an important 

player in tumor initiation and progression401. The dynamic ability of the microenvironment 

to either suppress or promote tumorigenesis is dependent on numerous factors, including 

stromal differentiation, expression and secretion of signaling factors, and remodeling of 

the physical structure of the foundational layers that support cell growth. However, there 

remain large gaps in our knowledge of how the stromal cells making up the 

microenvironment are regulated, and how disruption of homeostasis dysregulates stromal 

cells and supports cancer initiation and growth. Through characterization of these 

mechanisms, researchers and clinicians hope to identify novel targets and strategies that 

can be utilized to prevent tumorigenesis and inhibit the ability of the tumor supportive 

microenvironment to promote tumor growth.  

Noncoding RNA molecules have been demonstrated to regulate nearly all cellular 

signaling pathways, and to be especially enriched in developmental signaling 

mechanisms402. Despite the importance of noncoding RNAs in cell signaling, they remain 

woefully understudied in stromal cell signaling, development, and disruption. Therefore, 

in my studies we chose to focus on the roles of noncoding RNAs in both stromal cell 

development and dysregulation. miRNA-140 was first recognized as a regulator of 

cartilage differentiation, and subsequently as an important tumor suppressor miRNA in 

breast cancer. In the studies detailed in my dissertation we examined how miR-140 effects 
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white adipocyte differentiation, and further built off of this work to identify the roles of 

miR-140 in the obese mammary microenvironment.  

 

5.1.1 The role of miR-140 in Adipogenesis 

 
Adipocytes are one of the most common cell types in the body, and adipocyte 

dysfunction is an initiating factor in several disease states, including obesity and the 

metabolic syndrome. These are very common diseases in American adults, and both lack 

effective molecular treatment strategies 177 221. Full characterization of the signaling 

pathways regulating adipocyte differentiation and maturation is an essential step in 

deciphering the mechanisms governing both adipocyte homeostasis and dysregulation and 

will lead to the identification of potential targets to prevent and treat these significant 

diseases. 

Chapter 2 investigated the impact of miR-140 on adipogenesis. Utilizing expression 

analysis of molecular markers of adipogenesis as well as functional demonstration of lipid 

droplet formation, we found that adipogenesis is significantly inhibited in cells isolated 

from the mammary gland of miR-140 knockout mice. We demonstrated that lncRNA 

NEAT1 is highly upregulated in differentiated adipocytes, and that miR-140 binds to 

lncRNA NEAT1, promoting its stability and increasing lncRNA NEAT1 expression levels. 

While miR-140 has previously only been shown to function through targeting mRNA 

species for degradation in the cytosol, we demonstrated two novel aspects of miR-140 

function: 1. The mature form of miR-140 is present in the nucleus as well as the cytosol, 

and 2. miR-140 is capable of stabilizing transcripts that it binds to, resulting in increased 

transcript expression. Finally, through overexpression of NEAT1 in miR-140 knockout 
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cells, we demonstrated that NEAT1 was sufficient to rescue the adipogenic process in miR-

140 knockout mouse mammary gland stroma cells. These findings demonstrate a new axis 

of adipogenic regulation and identify a novel physical interaction between miR-140 and 

NEAT1, a signaling relationship that may be a new paradigm for miR-140 function in 

multiple signaling mechanisms and tissues.  

 

5.1.2 High-fat dysregulation of stromal miR-140 

 
One of the most common pathologies associated with white adipocytes is obesity. 

Obesity is highly prevalent in the United States and is a significant risk factor for the 

initiation of post-menopausal breast cancer and likely for pre-menopausal as well. 

Moreover, breast cancers in obese women are highly aggressive, and more likely to 

progress to invasive and metastatic tumors, resulting in cancer-related deaths. The 

formation of a tumorigenic microenvironment in the obese mammary gland is in part due 

to increased prevalence of the myofibroblast cell type. Myofibroblasts promote the 

development of fibrosis, resulting in increased rigidity of the mammary gland extracellular 

matrix and high secretion of pro-tumor cytokines. Therefore, in Chapter 3 we investigated 

how obesity affects the mammary microenvironment, focusing on dysregulation of miR-

140 and the promotion of myofibroblast differentiation. Using a diet-induced obesity 

animal model, we demonstrated that obesity downregulates mammary gland stromal 

expression of miR-140 and found that loss of miR-140 expression is sufficient to induce 

myofibroblast differentiation. Moreover, both mammary gland stromal cells isolated from 

wild-type high-fat diet mice and from regular diet miR-140 knockout mice significantly 

functional phenotypes associated with pre-malignancy and breast cancer progression, 
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including proliferation, presence of cancer stem cells, migration, and invasion. We 

demonstrated that this occurs due to obesity induced TGFβ-mediated downregulation of 

miR-140 expression in the stromal microenvironment. Obesity has previously been 

demonstrated to promote fibrosis403, and a recent paper identified obesity-induced 

mammary gland fibrosis as a pro-tumorigenic factor in breast cancer205. However, the 

mechanisms of obesity-mediated mammary fibrosis remain largely undefined. Further 

characterization of these mechanisms is essential to identify molecular targets for novel 

therapeutic strategies. The identification of miR-140 as a primary regulator of 

myofibroblast differentiation in the mammary gland represents some of the first results 

identifying a potential target for the prevention of mammary gland fibrosis.   

Collectively, the data described in this dissertation embody an important 

contribution to the field of noncoding RNA biology, and specifically to the understanding 

of how miR-140 regulates stromal cell differentiation and dysregulation in the mammary 

gland. Briefly, miR-140 binding to lncRNA NEAT1 stabilizes NEAT1, promoting its 

expression in an interaction that is required for adipogenesis. When obesity occurs, the 

increased inflammatory signaling and TGFβ expression promote SMAD3 phosphorylation 

and translocation, resulting in SMAD3 binding to the miR-140 gene and inhibiting its 

expression in a TGFβ dependent manner. This results in lifting of miR-140 mediated 

degradation of SMAD3, and a feedback loop promoting myofibroblast differentiation and 

the development of a fibrotic, pro-tumorigenic microenvironment (Figure 5.1).  

Finally, in our ongoing work described in Chapter 4 we have identified a key role of 

miR-140 in regulating palmitic-acid mediated signaling in the liver. This direct regulation 

of free fatty acid mediated signaling is an exciting addendum to the previously defined 
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roles of miR-140 and indicates that miR-140 regulates obesity and reaction to high-fat diet 

at multiple levels (Chapter 4). We propose that these data, in conjunction with previous 

findings governing the role of miR-140 in chondrogenesis and stem cell self-renewal, 

indicate that miR-140 is likely a primary regulator of differentiation and developmental 

signaling in diverse stromal cell populations. 

 

5.2 Future directions 

 
5.2.1 The roles of miR-140 in adipogenesis and obesity 

 
While we identified a novel functional role of miR-140 in adipogenesis, we have 

yet to fully characterize the mechanisms underlying the promotion of adipogenesis by the 

miR-140/lncRNA NEAT1 signaling axis. Further experiments are ongoing in our research 

group, utilizing both our miR-140 knockout mouse model and a lncRNA NEAT1 knockout 

mouse model we have recently acquired404. In addition to identifying the complete 

mechanism for these noncoding RNAs in adipogenesis, their relationship to obesity must 

also be further interrogated. Obesity itself remains a misunderstood disorder, and the 

regulation of adipocytes in obesity is largely undefined. The balance between adipocyte 

hyperplasia and adipocyte hypertrophy in obesity remains contentious, and it is unknown 

whether the increased adiposity of obese individuals is due to proliferation of adipocytes 

or increased cell size 405. Moreover, the role of adipogenesis itself in obesity is unknown. 

Many factors that are necessary for adipogenesis and have been shown to be upregulated 

in mature adipocytes are in fact downregulated in obese adipose tissue, a pattern we 

observed in the high-fat diet induced downregulation of stromal miR-140 expression292,406. 
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To further interrogate the role of miR-140 in obesity, additional diet-induced obesity 

studies are ongoing in our laboratory utilizing miR-140 knockout mice. Through these 

current and future studies, we hope to continue to contribute to understanding role of 

noncoding RNAs in adipogenesis and obesity. 

 

5.2.2 Re-expression of miR-140 as a therapeutic strategy  

 
Our findings demonstrate that miR-140 governs the development of a fibrotic and 

pro-tumorigenic mammary microenvironment. Through the miR-140 rescue experiments 

performed in high-fat diet stromal cell populations, we indicate the potential utility of miR-

140 as a therapeutic target to prevent obesity-mediated mammary fibrosis. We have 

previously performed intensive examination of the role of miR-140 in early stage breast 

cancer, identifying miR-140 as one of the most downregulated microRNAs in breast cancer 

compared to normal tissue, and demonstrating that miR-140 inhibits cancer stem cell 

signaling through targeting SOX2, SOX9, and ALDH173,407,298,53.  

Given these data, it is clear that inducing miR-140 expression in breast tumors is a 

potential therapeutic strategy for breast cancers. Combined with the data presented in this 

dissertation, we believe that global rescue of miR-140 expression in the mammary gland 

may be an ideal therapeutic strategy. While many therapies are in development that target 

breast cancers themselves, and research is under way to identify therapeutic targets in the 

microenvironment, the best therapeutic strategy would be one with beneficial effects in 

both the mammary microenvironment and the breast tumor concurrently. As loss of miR-

140 leads to development of a pro-tumorigenic mammary microenvironment as well as 

promotes tumor initiation and growth, therapeutic miR-140 re-expression may be capable 
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of targeting both the microenvironment and the tumor and is a potential strategy that must 

be investigated. Several existing drugs have already been demonstrated to upregulate miR-

140. The FDA approved chemotherapeutic Paclitaxel has been shown to upregulate miR-

140 in lung fibroblasts 297, and we demonstrated that treatment of preadipocytes with the 

compound shikonin results in miR-140 upregulation 324. Shikonin is a compound isolated 

from the Chinese herb Lithospermum erythrorhizon, and has been shown to effectively 

target cancer cells in a variety of tumor models 408. Recent data from our lab show that 

when preadipocytes are treated with shikonin, miR-140 expression is increased not only in 

the preadipocytes themselves, but also in the exosomes derived from the preadipocyte-

treated media 324. This indicates that treatment strategies that target miR-140 in the 

mammary microenvironment may have beneficial bystander effects resulting in the 

reintroduction of an important tumor suppressor into nearby cancer cells. Further studies 

of the utility of shikonin in targeting both the pathologic mammary microenvironment and 

breast cancer cells themselves are essential and ongoing. 
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