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ABSTRACT 

The risk of breast cancer transiently increases immediately following pregnancy. 

Hispanic women have one of the highest rates of postpartum breast cancers of all 

racial/ethnic minority groups in the US. The biology that underlies this risk window and 

the effect on the natural history of the disease is unknown. MicroRNAs (miRNAs) are 

small non-coding RNAs that have been shown to be dysregulated in breast cancer. In this 

study, we measured the miRNA expression of 56 tumors from a case series of 

multiparous Hispanic women and assessed the pattern of expression by time since last 

full-term pregnancy. A data-driven splitting analysis on the pattern of 355 miRNAs 

separated the case series into two groups: a) an early group representing women 

diagnosed with breast cancer ≤ 5.2 years postpartum (n=12), and b) a late group 

representing women diagnosed with breast cancer ≥ 5.3 years postpartum (n=44). We 

identified 15 miRNAs that are differentially expressed between the early and late 

postpartum groups; 60% of these miRNAs are encoded on the X chromosome. Ten 

miRNAs had a two-fold or higher difference in expression; miR-138, miR-660, miR-31, 

miR-135b, miR-17, miR-454, and miR-934 were overexpressed in the early versus the 

late group; while miR-892a, miR-199a-5p, and miR-542-5p were under expressed in the 

early versus the late postpartum group. The DNA methylation of three out of five tested 

miRNAs (miR-31, miR-135b, and miR-138) was lower in the early versus late 

postpartum group, and negatively correlated with miRNA expression. Taken together, the 

results of this study show that miRNAs are differentially expressed and differentially 

methylated between tumors of the early versus late postpartum, suggesting that potential 

differences in epigenetic dysfunction may be operative in postpartum breast cancers. 
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CHAPTER ONE: INTRODUCTION 

Breast cancer incidence and risk factors 

Breast cancer is the most commonly diagnosed cancer and second leading cause 

of cancer-related deaths among women in the United States (US) [1]. According to the 

American Cancer Society, over 231,840 new cases of breast cancer will be diagnosed, 

and more than 40,290 women will die from breast cancer in the US in 2015 [2]. 

Several risk factors are associated with breast cancer. A positive family history, 

for example, has been shown to increase a woman’s risk of developing breast cancer. The 

likelihood that a woman will be diagnosed with breast cancer doubles if a first degree 

relative develops the disease before the age of 50 [3]. The risk increases six-fold if two 

first degree relatives were previously diagnosed with breast cancer [3]. These types of 

cancers are caused by heritable traits and are commonly referred to as hereditary breast 

cancers. They account for approximately 10% of the breast cancers diagnosed in the US 

[4]. They follow an autosomal dominant pattern of transmission and tend to occur in 

younger women [4]. Additionally, many are attributed to defects in the breast cancer 1, 

early onset (BRCA1) and breast cancer 2, early onset (BRCA2) tumor suppressor genes.  

BRCA gene mutations increase the likelihood that a woman will develop breast 

cancer in their lifetime. Approximately 12% of women in the general population will 

develop breast cancer sometime during their lives [2]. However, a woman with a BRCA1 

mutation has a 57% lifetime risk of developing breast cancer, and a woman with a 

BRCA2 mutation has a 49% risk [5, 6]. BRCA1 and BRCA2 encode for the breast cancer 

type 1 susceptibility and breast cancer type 2 susceptibility proteins, respectively. These 



15 

are normally expressed in cells, where they help repair damaged DNA and ensure the 

stability of the cell’s genetic material. If BRCA1 or BRCA2 are mutated, damaged DNA is 

not repaired properly. As a result, cells are more likely to develop additional genetic 

alterations that can lead to breast cancer. 

Mutations in other DNA repair proteins have been linked to breast cancer. 

Mutations in the PALB2 tumor suppressor gene, for example, were shown to increase 

breast cancer incidence [7, 8]. The PALB2 gene encodes for PALB2, a protein that works 

in conjunction with BRCA2 protein to repair damaged DNA; thus having the potential of 

stopping tumor growth. More recently, a study published in 2015, demonstrated that 

mutations in RECQL, a gene that encodes for a RecQ helicase also involved in DNA 

repair, were associated with an increased incidence of breast cancer in two populations of 

Polish and French-Canadian women [9]. 

Epidemiological studies have shown that some ethnic and geographic populations 

have higher incidence rates of breast cancer. One of the widely studied groups is the 

Ashkenazi Jews, who have a higher prevalence of BRCA1 and BRCA2 mutations than 

people in the general US population [10, 11]. Norwegian, Dutch and Icelandic peoples 

also have a higher prevalence of BRCA gene mutations [12, 13]. These groups have 

higher rates of breast cancer compared to the general population. Other groups, such as 

African American and Hispanics in the US, have a lower risk of getting breast cancer; 

however, their risk of dying from breast cancer is higher. In 2011, African American 

women had a 44% higher rate of breast cancer mortality than white women [14]. 

Similarly, Hispanic women are also approximately 20% more likely to die of breast 

cancer than non-Hispanic white women diagnosed at a similar age and stage [15, 16]. 
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Non-genetic factors, such as prolonged and elevated estrogen levels, have also 

been associated with an increased risk of developing breast cancer. High fat diets, which 

indirectly increase serum estrogen levels, are known to increase a woman’s risk for breast 

cancer [17, 18]. Similarly, obesity, which chronically elevates estrogen levels in the 

body, augments a woman’s likelihood of developing breast cancer [19, 20]. Reproductive 

factors that increase estrogen levels, such as early age at menarche, nulliparity, and late 

onset of menopause are also associated with an increased risk of developing breast cancer 

[21-23]. Studies conducted by several groups have shown that women who have never 

had a full term pregnancy, or had their first full term pregnancy after the age of 30, are 

more likely to develop breast cancer [24-27]. Interestingly, they also found that all 

women, regardless of their age at the time of childbirth, experience a transient increase in 

their risk for developing breast cancer that ranges from 3-7 years after giving birth [24-

27]. 

In some regions of the country where there is an unusually high incidence of 

breast cancer, environmental factors are thought to be a major culprit. The US National 

Toxicology Program and other research organizations have studied the carcinogenic 

potential of more than 500 chemicals in cells and animal models. Of these chemicals, 

over 40 caused mammary tumors in in vivo models [28, 29]. These chemicals include 

organochlorine pesticides, such as DDT and its metabolite DDE; polychlorinated 

biphenyls; and polycyclic aromatic hydrocarbons (PAH). Population based studies have 

only investigated a few of these compounds. The most recent report is from the Long 

Island Breast Cancer Study Project which measured PAH-DNA adducts, DDT, and DDE 

levels in blood samples from women recently diagnosed with breast cancer [30-32]. The 



17 

studies showed no significantly elevated risk associated with the levels of DDT or DDE. 

However, they did report a 49% higher risk for the highest versus lowest quantile of 

women with PAH-DNA adducts. Further research is needed to better understand the 

effects of environmental pollutants in breast cancer. Dr. Martha Stampfer’s group has 

generated immortally transformed human mammary epithelial cells (HMEC) by exposing 

parental HMECs to benzo(a)pyrene, a chemical carcinogen, and exposing them to one or 

two oncogenes [33]. These cells can be used to screen for potential breast cancer 

carcinogens. 

Breast cancer is a heterogeneous disease  

Breast cancer is a heterogeneous group of diseases. There are many subtypes of 

breast cancer with distinct biological features, response patterns to therapy, and clinical 

outcomes. Clinical and pathological factors, such as patient age, lymph node 

involvement, tumor size, estrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth factor receptor 2 (HER2) statuses have traditionally been used to 

determine patient prognosis and guide therapy [34, 35]. The advent of gene expression 

profiling, however, has refined our ability to classify breast cancer, assess prognosis and 

determine appropriate therapy. Gene expression profiling studies have classified breast 

cancers in a variety of ways. One of the most recent and comprehensive classification 

systems provides evidence for classifying breast cancer into five major breast cancer 

subtypes [36-39]. The five groups include luminal A, luminal B, HER2 overexpressing, 

basal-like, and unclassifiable tumors. 
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Luminal A tumors are the most common subtype, making up approximately 50-

60% of all breast cancers [35, 40]. Gene expression and immunohistochemistry analyses 

suggest that this subtype expresses ER and/or PR, but not HER2 [35, 40]. They are also 

characterized by the expression of luminal epithelial cytokeratins (CK) 8 and 19; luminal 

associated markers including ER1; genes associated with ER function such hepatocyte 

nuclear factor 3 alpha (FOXA1); X-box binding protein 1 (XBP1); GATA binding protein 

3 (GATA3); B cell lymphoma 2 (BCL2); erbB3 and erbB4 [35]. Luminal A tumors show 

the most favorable prognostic clinical features among the five subtypes. Patients 

diagnosed with this subtype are typically treated with endocrine therapy, such as selective 

estrogen-receptor modulators and aromatase inhibitors. Patients have a good prognosis 

and the relapse rate is significantly lower than the other subtypes [41]. 

Luminal B tumors make up 15-20% of breast cancers diagnosed in the US [35, 

40, 42]. Luminal B tumors typically are ER and/or PR positive, HER2 positive, and 

express high levels of Ki67, a proliferating cell nuclear antigen [35, 40, 42]. The main 

difference between luminal A and B subgroups is the increased expression of 

proliferation related genes such as avian myeloblastosis viral oncogene homolog (v-

MYB), gamma glutamyl hydrolase (GGH), lysosome-associated transmembrane protein 

4-beta (LAPTMB4), nuclease sensitive element binding protein (NSEP1) and cyclin E1 

(CCNE1) in luminal B breast cancers [35]. Consequently, this subtype has a more 

aggressive phenotype compared to luminal A tumors [43]. Women diagnosed with 

luminal B tumors are often diagnosed at younger ages, and present with larger tumors 

that affect the surrounding lymph nodes. They are also relatively insensitive to endocrine 

therapy. Recent evidence suggests that amplification of the fibroblast growth factor 
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receptor 1 (FGFR) gene, which is enriched in 10% of luminal B tumors, may promote 

resistance to therapy and thereby contribute to the poor prognosis observed in this type of 

breast cancer [44, 45]. Several antibodies and small molecules of FGFR, therefore, are 

currently under clinical study [45]. Other potential clinical targets that are actively being 

studied include phosphoinositide 3 kinase (PI3K) and the sarcoma proto-oncogene (Src) 

[44, 46]. 

HER2, a cell membrane tyrosine kinase receptor and member of the epidermal 

growth factor receptor (EGFR) family, is overexpressed in approximately 15-20% of 

breast cancers [35, 40]. HER2 regulates the expression of genes involved in cell 

proliferation, survival, differentiation, angiogenesis and metastasis. Seventy five percent 

of HER2 tumors also contain mutations in the tumor protein 53 (TP53) gene [47]. 

Consequently, HER2 positive tumors are highly proliferative, they tend to be aggressive, 

and have poor clinical outcomes [48]. Women diagnosed with the HER2 subtype are 

diagnosed at a younger age than those with luminal A or B tumors [48]. They are also 

prone to early and frequent recurrence and metastasis [48]. HER2 positive breast cancers 

are typically treated with trastuzumab (Herceptin
®
), a humanized monoclonal antibody, 

which binds to an extracellular segment of the HER2 receptor and inhibits the 

proliferation of human tumor cells that overexpress HER2 [49, 50]. Several other agents, 

including pertuzumab (Perjeta
®
), another monoclonal antibody, and Lapatinib (Tykerb

®
), 

a small molecule tyrosine kinase inhibitor are in various stages of development for HER2 

positive breast cancers [51, 52]. 

Basal-like breast cancers are ER, PR and HER2 negative by gene expression 

analysis [35, 40]. They represent anywhere from 8% to 37% of all breast cancers in the 
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US; a range indicative of the proportion of poorly differentiated cases, as well as based 

on the population studied. They express high levels of CK 5, 14, and 17, as well as 

laminin, P-cadherin, fascin, caveolins 1 and 2, alpha-beta crystallin and EGFR [35, 40]. 

Most basal tumors also contain TP53 mutations [35, 40]. These tumors occur more 

frequently in younger women and in racial/ethnic minority groups such as African 

American and Hispanic women [53-55]. Unfortunately, patients with basal-like breast 

cancer have more limited treatment options and carry a worse prognosis than those who 

are hormone receptor positive. They are usually treated with a combination of surgery, 

radiation and chemotherapy. Pre-clinical trials to identify treatment options for basal 

tumors are currently underway. Recent studies suggest that poly-ADP ribose polymerase 

(PARP) enzyme inhibitors may have significant anti-tumor effects in individuals 

diagnosed with this type of breast cancer [56]. It is postulated that PARP inhibitors have 

the capacity to sensitize cells deficient in BRCA1 and BRCA2 leading to cell death [24, 

56-58]. 

Unclassifiable or normal breast-like tumors account for 5-10% of breast cancers 

[35, 40]. Gene expression studies have shown that they do not express ER, PR, and 

HER2 [35, 40]. They are also negative for the basal markers CK5 and CK7 as well as 

negative for other molecular makers such as EGFR and Ki67 [35, 40]. Normal breast-like 

tumors are also difficult to treat and patients diagnosed with this subtype also have a poor 

prognosis. 

Gene expression profiling studies have increased our understanding of breast 

cancer. Classification of breast cancers based on these studies has helped clinicians select 

appropriate therapies for their patients and ultimately improve patient outcome [38]. 
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Indeed, the incidence and mortality rates for breast cancer have declined in the last two 

decades [2]. Improved screening for earlier detection, increased awareness, and better 

treatment for breast cancer patients, guided by gene expression analyses, are thought to 

be a major cause of these improvements. 

Early onset breast cancer: breast cancer affecting younger women 

The reduced incidence and mortality rates for breast cancer, however, are mostly 

attributable to women over age 50. Unfortunately, the frequency of breast cancers 

diagnosed in young women is increasing [59, 60]. Approximately 20% of women 

diagnosed with breast cancer in the US are below the age of 40 and approximately one in 

every 250 women in their thirties will develop breast cancer in the next ten years [59, 60]. 

Moreover, breast cancer is the leading cause of cancer death in US women aged 15-29 

[59, 60]. In 2014, 11,110 breast cancer cases were diagnosed in women under 40 with a 

concomitant 1,110 deaths [2]. 

Breast cancers in younger women are more likely to be diagnosed at advanced 

stages. They tend to be fast growing, have a higher tumor grade, and are more likely to 

recur. Gene expression studies have also revealed that younger women are more likely to 

develop breast cancer subtypes associated with poor prognosis and fewer treatment 

options, such as basal-like, HER2 overexpressing, and luminal B tumors [55]. 

Postpartum breast cancer: a unique subset of early onset breast cancer 

A unique type of breast cancer that predominantly affects younger women is 

postpartum breast cancer (PPBC). PPBCs are typically defined as breast cancers 

diagnosed after pregnancy and within five years of childbirth [61]. They represent 40-
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50% of all breast cancer cases diagnosed in women under age 40 [2]. Conservative 

estimates suggest that as many as 12,000 women in the US will be diagnosed with PPBC 

in 2015 [2]. In the US, Hispanic women have one of the highest incidence rates of PPBC 

[22, 62, 63]. 

Mounting evidence suggests that PPBCs tend to be more aggressive compared to 

other types of breast cancer [64-67]. The most common histologic type of PPBC, for 

example, is advanced stage invasive ductal carcinoma [68], an indication of higher grade, 

HER2 positive tumors, or basal-like cancers. Additionally, more than 70% of PPBCs are 

ER and PR negative [68]. Both of these characteristics are indicative of highly aggressive 

tumors. As a result, women with PPBCs have a poor prognosis. A meta-analysis of 30 

PPBC studies suggest mothers diagnosed postpartum have a significantly worse overall 

survival compared to non-PPBC cases [69]. The study also found women diagnosed with 

PPBC face up to a threefold increased risk of breast cancer metastasis and death than 

those who are not classified as postpartum [69]. 

Several explanations have been proposed for the worse prognosis observed among 

patients diagnosed with breast cancer during the postpartum period. Some groups suggest 

that exposure to elevated levels of sex hormones and growth factors, such as estrogen, 

progesterone, and insulin growth factor 1 (IGF-1), during pregnancy may promote the 

growth and aggressiveness of latent tumors [70-72]. Changes in the breast tissue that 

occur during lactation have also been implicated [73]. Following weaning, the breast 

undergoes involution, an inflammatory-like process that affects the breast’s 

microenvironment and promotes the malignant potential of tumors. Several reports have 

also emphasized the patients’ young age [74] or the advanced state of the disease at 
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detection [75]. Treatment may also be delayed because a woman may not realize that 

they have breast cancer; she may attribute the changes to her breasts to the pregnancy 

and/or breastfeeding [66]. Another hypothesis is that women experience a transient 

immunosuppressive state during pregnancy and childbirth that allows the tumor to grow 

rapidly [76].  

Despite the progress made to try to understand the causes or key players in 

PPBCs, there is still a lot that remains unknown. Understanding the genetics and 

mechanisms of tumor promotion that occur in the postpartum window is critical and 

could lead to the development of treatment and prevention strategies specific to this 

patient population. 

Non-coding RNAs in cancer 

Cancers have traditionally been viewed as diseases driven by the accumulation of 

genetic mutations [77]. One of the hallmarks of cancer is the deregulation of gene 

expression profiles, which may result in the disruption of protein and molecular networks 

[77]. As a result, the regions of the genome that code for proteins have been extensively 

investigated in cancer biology. This paradigm, however, has been expanded by genome 

wide studies that have shown that there are regions in the genome that do not code for 

proteins (non-coding regions) and that still modulate gene expression. 

A key to understanding the complex genetics of PPBC, therefore, may be to not 

only focus on looking exclusively at the protein-coding components of the genome, but to 

also appreciate the diversity of the non-coding regions of the genome. The ENCODE 

(Encyclopedia of DNA Elements) project revealed that at least 75% of the human 
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genome is transcribed into RNAs, while protein-coding genes comprise only 3% of the 

human genome [78, 79]. Initially, these non-coding RNAs (ncRNA) were viewed as 

“junk” and the associated transcription as transcriptional “noise” lacking biological 

meaning. In the last decade, the understanding of the biological function and clinical 

significance of ncRNAs has increased dramatically [80]. ncRNAs have been shown to 

play a role in heterochromatin formation, histone modification, DNA methylation and 

gene silencing [80]. ncRNAs are grouped into two major classes based on transcript size. 

Long noncoding RNAs range from 200bp to 100kbp, and small noncoding RNAs are less 

than 200bp long [78, 79]. 

Long non-coding RNAs 

Long noncoding RNAs (lncRNAs) are defined as RNA genes that do not code for 

proteins and that are larger than 200 base-pairs. They are subdivided into three major 

groups, including: long intergenic non-coding RNA (lincRNAs); transcribed 

ultraconserved regions (T-UCRs); and other lncRNAs. lncRNAs are typically located 

within the cell’s nucleus, where they are transcribed by RNA polymerase II and their 

biogenesis resembles that of mRNAs [81]. 

One of the major functions of lncRNAs is regulation of gene expression. A well-

studied mechanism by which lncRNAs have been shown to regulate gene expression is 

via transcriptional interference, which refers to when the transcription of a lncRNA 

interferes with transcription initiation, elongation, or termination of another gene [82]. 

lncRNAs can also affect gene transcription by binding to transcription factors and 

shuttling them to the cytoplasm to keep them away from their nuclear targets [82]. Other 
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lncRNAs have been shown to contain sequences that mimic transcription factor binding 

sites to deter these factors away from their primary targets and thereby inhibit their 

function [82]. lncRNAs can also act as co-activators by binding to transcription factors 

and enhancing their transcriptional activity [82]. Recent evidence also suggests that some 

lncRNAs may have enhancer-like functions and that they are able to activate the 

expression of nearby genes by an unknown mechanism [82]. 

Accumulating evidence suggests that the expression of lncRNAs is altered in 

human cancers [83-85]). The lncRNA HOTAIR, for example, is highly induced in 

approximately one quarter of human breast cancers, and its expression is strongly 

predictive of metastasis and death [86]. HOTAIR overexpression drives breast cancer 

metastasis in vivo [86]. Elevated HOTAIR level is also predictive of metastasis or 

progression in colon and liver cancers, suggesting that deregulation of lncRNA 

expression may contribute to cancer progression [87, 88]. 

microRNAs: a subset of small non-coding RNAs 

There are several types of small non-coding RNAs, including: microRNAs 

(miRNAs), PIWI-interacting RNAs (piRNAs), and small nucleolar RNAs (snoRNAs). 

The most widely studied class of small ncRNAs are microRNAs (miRNA). miRNAs are 

highly conserved small (18-25 nucleotide) non-protein coding RNAs that make up 

approximately 1% of the total coding genes in the human genome [89]. Nearly half of 

miRNA genes are located in the introns of protein coding or long non-coding RNA 

transcripts and share promoters with their host genes [90]. The remaining miRNAs are 

independent transcription units with specific core promoter elements and polyadenylation 



26 

signals [91]. Additionally, the majority of human miRNAs are situated in clusters in the 

genome [92]. These clusters represent regions of the genome with one transcription start 

site, but multiple miRNAs. As reported in the literature, miRNAs found in gene clusters 

display a coordinated expression [93]. Clustered miRNAs are typically transcribed from 

their own promoters as polycistronic messages [94]. The biogenesis of miRNAs is similar 

to that of protein coding genes within the genome. The same general rules of 

transcriptional control that apply to protein coding genes also apply to miRNAs. The cell 

must receive a coordinated signal at the right time, from the right transcriptional 

regulators to induce expression of the gene. 

Mature miRNAs are made via a multistep process. miRNA biogenesis begins in 

the nucleus with the synthesis of long primary (pri-) miRNAs, which are transcribed by 

RNA polymerase II. They contain a cap (
7
MGpppG) and are polyadenylated (AAAAA). 

These pri-miRNAs are processed into 70-100 nucleotide precursor (pre-) miRNAs by 

Drosha, an RNase III enzyme, and its cofactor DiGeorge syndrome critical region gene 8 

(DGCR8) [95-97]. Subsets of pre-miRNAs are produced by an alternative pathway in 

which pre-miRNA-like introns, termed mitrons, are spliced out of mRNA precursors [98-

100]. The nuclear export protein, exportin-5 (XPO5), then transports the pre-miRNAs to 

the cytoplasm [101, 102]. In the cytoplasm, pre-miRNAs are cleaved into smaller double 

stranded miRNA duplexes by another RNase III enzyme, Dicer, in combination with 

trans-activating response RNA-binding protein (TRBP) [103-105] or adenosine 

deaminase acting on RNA 1 (ADAR1) [106]. One of the two miRNA strands in the 

duplex is selected as the mature miRNA and is integrated into a protein complex (RISC, 

RNA Induced Silencing Complex) that includes a member of the argonaute (Ago) family 
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of proteins [103]. The complementary strand, on the other hand, is usually degraded. The 

mature miRNA guides the RISC to its target mRNA. When the miRNA and its target 

mRNA sequence complement each other perfectly, the RISC complex induces mRNA 

degradation [107]. However, if the miRNA-mRNA pairing is imperfect, mRNA 

translation is blocked. Thus, miRNAs are major regulators of gene expression [107]; 

some estimates indicate miRNAs are involved in the regulation of one third of human 

genes [108, 109]. 

microRNAs regulate gene expression 

A number of mechanisms have been proposed by which miRNAs regulate gene 

expression. Mature miRNAs have been shown to interact with partially complementary 

sequences in the 3’ untranslated regions (UTRs) of target genes, leading to mRNA 

degradation or translation inhibition [107, 110, 111]. The first miRNA discovered (lin-4), 

for example, was shown to negatively regulate the lin-14 gene by inhibiting translation of 

its transcript through base pairing with its 3’ UTR [110]. miRNAs can also bind to the 5’ 

UTR or open reading frame of target mRNAs resulting in cleavage and degradation of the 

target mRNA by Ago2 [112-114] Conrad et al., recently demonstrated that the Ago2 

protein binds to the hepatitis C virus (HCV) 5’ UTR in a miR-122 dependent manner 

[115]. miRNAs can also inhibit translation initiation through binding of Ago proteins to 

the G cap of mRNA, thus preventing it from binding to the eukaryotic initiation factor 4E 

(eIF4E) [116]. 

miRNAs are often referred to as master regulators of gene expression because 

most miRNAs only partially complement their corresponding target sites on mRNA; 
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therefore, one miRNA may target as many as 100 different mRNAs [117-121]. 

Moreover, individual mRNAs may contain multiple binding sites for different miRNAs 

[122], resulting in a complex regulatory network. miRNAs are also capable of targeting 

DNA, as exemplified by miR-373, which was found to target DNA promoter sequences 

and induce gene expression in prostate cancer cells [123]. Additionally, Eiring et al. 

recently reported yet another miRNA target; they found that miRNAs bind proteins 

[124]. Specifically, they showed that miR-328 associates with heterogeneous 

ribonucleoprotein, hnRNP-E2, and prevents it from blocking the translation of mRNAs.  

The ability of miRNAs to regulate multiple genes suggests that they may be 

involved in regulating distinct biological cell processes, including those implicated in 

cancer. Consequently, in the last two decades, the expression pattern of miRNAs in 

cancer cells and tissue has been extensively measured and compared to normal tissue in 

order to obtain a miRNA snapshot map that could elucidate: 1) key miRNAs involved in 

tumorigenesis; and 2) critical pathways that could be targeted therapeutically.  

microRNAs in human cancer 

The first evidence of the involvement of miRNAs in human cancer derived from 

molecular studies characterizing the 13q14 deletion in human chronic lymphocytic 

leukemia (CLL), the most common leukemia in the US [125]. In patients with CLL, the 

tumor suppressor locus on chromosome 13q14 is altered in more than 50% of CLL cases 

and is thought to be a major cause of disease [126-128]. This landmark study found that 

this locus contains two miRNA genes, miR-15a and miR-16-1, that are often deleted or 

downregulated in CLL [125]. Subsequent studies demonstrated that loss of miR-15a and 
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miR-16-1 are sufficient to cause CLL-like disease in mice, suggesting that loss of these 

miRNAs are involved in the pathogenesis of CLL [125]. 

Since this initial discovery, more miRNAs have been shown to be aberrantly 

expressed in a variety of cancers. miRNAs for which their expression is increased in 

tumors are often referred to as “oncomiRs,” because of their ability to act as oncogenes 

and promote tumor development by inhibiting tumor suppressor genes and/or genes that 

control cell differentiation or apoptosis [129-131]. On the other hand, miRNAs whose 

expression is decreased are considered tumor suppressor genes [131, 132]. Tumor 

suppressor miRNAs usually prevent tumor development by inhibiting oncogenes and/or 

genes that control cell differentiation or apoptosis. Some miRNAs can have dual 

oncogenic and tumor-suppressive roles in cancer depending on the cell type and pattern 

of gene expression [133]. In general, however, most miRNAs are repressed in cancer 

relative to their normal tissue counterparts. 

Accumulating evidence suggests that miRNAs are involved in a variety of 

biological processes that modulate malignant transformation of cells. In this section, I 

will discuss general mechanisms by which miRNAs contribute to the function of the cell 

cycle, apoptosis, invasion and metastasis, and the impact of these on cancer biology. 

miRNAs and cell cycle regulation 

Aberrant expression of miRNAs that target cell cycle proteins could lead to the 

progression of human tumors. p27 (Kip1) is a tumor suppressor that binds to Cdk2-cyclin 

E and prevents cells from transitioning from the G1 to S phase in the cell cycle [134]. 

Thus, when p27 is mutated it predisposes cells to tumorigenesis. p27 mRNA is a direct 
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target of miR-221 and -222 in glioblastoma and prostate cancer cells [135-137]. In these 

cancers, p27 expression is inversely correlated with miR-221 and -222 expression. Other 

cell cycle proteins including: Cdk6, Cdc25a, Ccnd2 (cyclin D2), and Cdk4, have been 

shown to be regulated by miRNAs [138, 139]. miR-34, for example, decreases Cdk4 and 

cyclin E protein levels and promotes cell cycle arrest [138]. 

miRNAs and apoptosis 

miRNAs may promote tumorigenesis by directly targeting anti-apoptotic genes, 

such as Bcl2, Bcl-xL, and Mcl-1. miR-133a, for instance, was shown to be down 

regulated in osteosarcoma cells and primary human osteosarcoma tissues, and its 

expression pattern strongly correlated with tumor progression and poor prognosis [140]. 

The restoration of miR-133a in these cells, however, inhibited cell proliferation, induced 

apoptosis, and suppressed tumorigenicity [140]. More importantly, this study also 

demonstrated that the tumor suppressive activity of miR-133a is due to the targeted 

suppression of Bcl-xL and Mcl-1 [140]. Another example is miR-204; downregulation of 

miR-204 correlates with increased Bcl2 staining in human gastric cancer specimens 

[141]. Ectopic expression of miR-204, more importantly, inhibits colony formation, cell 

migration, and increases the sensitivity of gastric carcinoma cells, all while increasing 

Bcl2 expression [141]. 

miRNAs and invasion and metastasis 

Mounting evidence also suggests a role for miRNAs in migration and metastasis. 

Some miRNAs known to induce metastasis include: miR-10b, miR-21, miR-127, miR-

199a, miR-210, miR-313, and miR-520c [122]. In the case of miR-10b, a recent study 
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documented that it is upregulated in more than 50% of metastatic breast cancers [142]. 

Ectopic expression of miR-10b was also shown to promote invasion and metastasis in 

otherwise non-invasive and non-metastatic breast cancer cell lines [143]. Functional 

studies revealed that miR-10b directly targets homeobox D10 (HOXD10). Decreased 

HOXD10 levels induce the expression of RhoC, a well-characterized pro-metastatic gene 

[143]. 

Collectively, these studies suggest that many miRNAs are involved in a wide 

variety of cancer related pathways and deregulated in cancer. Therefore, it is likely that 

tumorigenesis and/or cancer progression occurs from changes in multiple miRNAs rather 

than from a single miRNA that regulates an oncogenic or tumor suppressive target gene. 

microRNAs in breast cancer 

Breast cancer was one of the first solid tumors profiled for miRNA expression. In 

2005, Iorio et al. described a miRNA signature consisting of 13 miRNAs that could 

differentiate breast tumor and normal tissues with a high level of accuracy [142]. Within 

the list of miRNAs, miR-21 was among the most differentially expressed [142]. miR-21 

is overexpressed in breast carcinoma and is associated with advanced clinical stage and 

poor patient prognosis [144]. In fact, miR-21 was the first miRNA to be coined an 

oncomiR because it is frequently overexpressed in cancer [145] and because knocking 

down its expression leads to functional effects linked with cancer initiation and 

progression. Knockdown of miR-21 in breast cancer MCF7 cells, for example, was 

shown to suppress cell growth in vitro and tumor growth in a xenograft mouse model 

[146]. The cell growth suppression observed in this study was linked to the down 
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regulation of the anti-apoptotic protein BCL2 [146], suggesting that miR-21 can act as an 

anti-apoptotic factor. In another breast cancer cell line (MDA-MB-231 metastatic breast 

cancer cells), miR-21 knockdown also reduced the cells’ ability to invade and metastasize 

to the lung [147]. Additionally, in fresh tumor samples collected from patients diagnosed 

with primary breast cancer, miR-21 expression was associated with aggressiveness of the 

disease, high tumor grade, negative hormone receptor status, and poor disease-free 

survival [148]. 

The study also identified miRNAs differentially expressed according to specific 

features, such as grade, stage, proliferation index, and expression of hormone receptors. 

miR-191 and miR-26 were the most significantly overexpressed miRNAs in ER positive 

versus ER negative breast cancer tissues, whereas miR-206 was the most significantly 

downregulated [142]. More recent studies have identified other miRNAs significantly 

associated with an ER positive luminal signature, such as miR-221 and miR-222, which 

were shown to negatively regulate the ER alpha receptor [149]. 

The miRNA profile of specific epithelial subpopulations in breast cancer has also 

been investigated. Studies have found that miR-145 and miR-205 are expressed in the 

myoepithelial/basal cells of normal mammary ducts and lobules, but remarkably reduced 

or completely eliminated in matching tumor specimens [150]. Previous studies have 

shown that miR-205 targets vascular endothelial growth factor A (VEGF-A), a factor 

which plays a role in the process of invasion and metastasis [151]. Similarly, miR-205 

appears to play an important role in the epithelial to mesenchymal transition (EMT) and 

acquisition of stem cell-like properties.  
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microRNAs as biomarkers or therapeutic tools for cancer 

Many more miRNA expression studies have been performed in breast cancer cells 

and tissue; these studies have identified a plethora of miRNAs that are differentially 

expressed in breast cancer versus normal cells or tissue. These studies have demonstrated 

how miRNAs may represent valid diagnostic, prognostic and predictive markers in 

cancer [152]. Moreover, several groups have attempted to use miRNAs as targets and 

tools to improve patient therapy [153].  

Chemically modified antimiR oligonucleotides (antagomirs) for specific miRNAs 

have been developed to decrease the expression of target miRNAs. Antagomirs are 

designed so that they are complementary to the mature miRNA sequence and are 

conjugated to cholesterol to facilitate cellular uptake. After reporting that miR-10b 

promotes metastasis in breast cancer cells, Ma et al., showed that treatment with a miR-

10b antagomir, suppresses breast cancer metastasis in vivo [143]. The first clinical trial 

targeting a miRNA in humans is currently in Phase II clinical trials. SPC3649, an 

antagomir targeting miR-122, is being developed by Santaris as an antiviral therapy 

[153]. miR-122 is overexpressed in the liver and is critical to replication of the hepatitis C 

virus (HCV). Sequestering miR-122 with SPC3649 significantly reduces the replication 

of HCV RNA. Preliminary reports also indicate that the safety profile of SPC3649 is 

similar to other drugs in this class [153]. Effective delivery into target tissues, however, 

remains a major hurdle for miRNA-based therapy.  

The possibility to modulate miRNA expression with antagomirs has provided a 

powerful tool to better understand the molecular mechanisms regulated by these 
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molecules. Although many miRNAs are aberrantly expressed in breast cancer and play 

important biological roles, more studies are needed to determine: 1) miRNA targets; 2) 

whether these miRNAs are simply differentially modulated in tumors, or have a direct 

function in tumor growth; and 3) whether altered miRNA expression is a cause or 

consequence of pathological processes in breast cancer. These tools will help us clarify 

many of these unanswered questions.  

Mechanisms for microRNA deregulation in cancers 

Another highly studied area in the miRNA field is why and how miRNAs become 

deregulated. Aberrant expression of miRNAs can occur both at the genetic and epigenetic 

levels through a number of different mechanisms, including genomic abnormalities, 

transcriptional regulation, mutations in the miRNA biogenesis pathway, and by 

methylation and histone modifications.  

Genomic abnormalities 

Chromosomal aberrations such as deletions, amplifications, and translocations 

occur in a number of cancers and have been shown to cause changes in miRNA 

expression. The earliest examples are miR-15a and miR-16-1, which were mapped to the 

tumor suppressor loci on chromosome 13q14 that is often deleted in CLL [125, 154, 

155]. This discovery prompted the mapping of miRNAs to the genome. The findings 

suggested that approximately 50% of miRNAs are located at fragile sites and cancer 

susceptibility loci [125]. Since then, many more miRNAs have been identified and more 

complete mapping of human miRNA genes recently demonstrated that miRNAs are 

indeed located in regions that are associated with deletions, amplifications, or 
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translocations implicated in tumorigenesis [155]. These studies also found that 

chromosomal regions containing oncogenic miRNAs typically are amplified, resulting in 

increased expression of the miRNA; whereas, tumor suppressive miRNAs often reside in 

areas characterized by deletions or mutations, leading to reduced levels of these miRNAs. 

One example is miR-142s, found on chromosome 17q23, which may undergo a t(8,17) 

translocation with the MYC oncogene. MYC is repositioned close to the 

promoter/regulatory region of miR-142s, which downregulates the miRNA’s activity 

[156] and increases MYC expression. Ultimately, this translocation leads to an aggressive 

form of B cell leukemia [156-158]. Using comparative genomic hybridization, a 

technique used to analyze chromosomal imbalances, and miRNA expression data from 

human cancer samples, researchers have also demonstrated that miRNA levels often 

correlate with changes in gene copy number [154]. 

Regulation of miRNA processing steps 

Another factor that can significantly influence miRNA expression patterns is 

miRNA biogenesis. Deregulation of enzymes and cofactors involved in the pathway can 

affect the levels of mature miRNAs and have important biological ramifications. 

Downregulation of Drosha and Dicer, for example, has been shown to accelerate tumor 

growth in vitro and in vivo [159, 160] and is associated with a poor clinical outcome in 

ovarian cancer [161]. Mutations in TARBP2 (TAR RNA-binding protein 2), an integral 

component of the Dicer complex, which impairs miRNA processing, as well as mutations 

in XPO5, which trap miRNA transcripts in the nucleus have also been associated with 

certain carcinomas [162, 163]. Single nucleotide polymorphisms (SNPs) found in 

miRNA genes were also recently shown to affect the miRNA biogenesis pathway [164]. 
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For example, a C to T SNP in the first C of the CNNC motif in the pri-miR-15a, and 

miR-16-1 reduces Drosha-mediated processing and thereby lowers miR-15a, and miR-

16-1 production [165]. Furthermore, there are indications that miRNA processing can 

also be regulated by other miRNAs. The miR-103/107 family, for instance, directly 

targets Dicer thereby reducing global miRNA levels [166]. Elevated miR-103/107 levels 

have also been associated with aggressive breast cancers and with increased metastatic 

potential [166]. 

Transcriptional regulation  

Deregulation of miRNA expression can also result from aberrant transcription 

factor activity in cancer cells. Numerous transcription factors, including cMYC, KRAS, 

p53, and ZEB1 are involved in the transcriptional control of miRNA genes [167-172]. 

The oncogenic transcription factor, cMYC, has been shown to downregulate anti-

proliferative, pro-apoptotic, and tumor suppressor miRNAs, such as let-7, miR-15a, miR-

16-1, miR-26a, and miR-17-92 [168]. cMYC is reported to regulate the expression of the 

miR-17-92 cluster by binding to E boxes located on the promoter of the miRNA gene 

[170]. Constitutively active KRAS, another oncogenic transcription factor, is also capable 

of modulating miRNA expression and promoting tumorigenesis. KRAS activation in 

pancreatic cancer cells causes the Ras-responsive element binding protein (RREB1) to 

bind to the miR-143/145 promoter and inhibit the transcription of these miRNAs [169]. 

The transcription factor p53 upregulates the expression of miR-34 family members, 

which target the mRNAs of genes involved in promoting cell proliferation (e.g. cyclins D 

and E2), and inhibiting cell cycle arrest (e.g. cyclin dependent kinases 4 and 6) and 

apoptosis (e.g. BCL2) [171, 172]. Lastly, the transcriptional repressor ZEB1 directly 
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inhibits the transcription of miR-200 family members, miR-141 and miR-200c [167], 

which are found in a cluster on chromosome 12. Our laboratory also found that miR-141 

and miR-200c are dysregulated in carcinoma cells due to epigenetic changes such as 

aberrant DNA methylation and histone modifications [173]. 

Epigenetic factors 

Our laboratory, among others, has shown that epigenetic mechanisms play 

important roles in the regulation of miRNA expression [122, 174]. Epigenetics is the 

study of external or environmental factors that turn genes on and off without affecting the 

DNA sequence of that gene. Although genetic and epigenetic information is heritable, 

only epigenetic mechanisms are considered reversible. Epigenetic mechanisms have been 

shown to play a major role in many normal biological processes, including: development, 

differentiation, X chromosome inactivation, transcriptional regulation, and silencing of 

endogenous retroviral elements [175-178]. Several epigenetic mechanisms have been 

described, including DNA methylation, post-translational histone modifications, 

nucleosome remodeling, RNA interference, and nuclear localization. Two of the best -

studied epigenetic mechanisms are DNA methylation and histone modifications. In most 

cases, both modifications work together to inhibit gene transcription.  

DNA methylation is the covalent addition of a methyl group to the 5-carbon of a 

cytosine ring in DNA, which forms 5-methylcytosine (5-mC) [179, 180]. 5-mCs are 

found in approximately 1.5% of human genomic DNA and occur almost exclusively at 

CpG sites, in which a cytosine nucleotide is located 5’ to a guanine nucleotide [179, 180]. 

In normal, somatic cells, the CpG site (also known as CpG dinucleotide) is methylated at 
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the cytosine residue in 70-90% of cases [181, 182]. These methyl groups project into the 

major groove of DNA and inhibit transcription. Therefore, when a CpG island in the 

promoter region of a gene is methylated, expression of the gene is repressed.  

Cytosine methylation directly or indirectly interferes with the binding of 

transcription factors to DNA [183]. Direct repression occurs when the methylation 

directly blocks the transcriptional machinery from binding to the DNA, thus blocking the 

expression of the gene. In the case of indirect repression, methylation recruits proteins 

that specifically bind to the methylated DNA. These proteins prevent the transcriptional 

machinery from binding to the modified DNA. Supporting this hypothesis, is the recent 

identification of several proteins containing a methylated-DNA binding domain (MBD) 

that have also been implicated in transcriptional repression [183]. These MBDs exist in 

complexes containing histone deacetylases, suggesting that methylated CpGs suppress 

transcription by creating a repressive chromatin environment. In agreement with this 

model, other studies have shown that histones assembled on methylated DNA are less 

likely to be acetylated than histones formed on unmethylated DNA [183].  

The addition of methyl groups is carried out by a family of enzymes called DNA 

methyltransferases (DNMTs) [179, 180]. DNMTs enhance the transfer of a methyl group 

from S-adenosylmethionine (SAM) to the 5’ position of the cytosine residue being 

methylated. Three DNMTs (DNTM1, DNMT3a and DNMT3b) are required for 

establishing and maintaining DNA methylation patterns. DNMT1 is responsible for the 

maintenance of established patterns of DNA methylation, which is important during 

mitotic cell division. DNMT3a and 3b, on the other hand, appear to mediate 
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establishment of new or de novo DNA methylation patterns, which is important during 

early embryonic development [179, 180]. 

Extensive analyses of the genomic sequences of miRNA genes have shown that 

approximately half of the known miRNAs are associated with CpG islands [184-186]. 

Consequently, their expression can be modulated by cytosine methylation. In 2008, 

Lehmann et al. screened all the known human miRNAs for their association with CpG 

islands [187]. They showed that miR-9-1, miR-124a3, miR-148, miR-152 and miR-663 

are aberrantly hypermethylated in up to 86% of cases in 71 primary breast cancer 

specimens [187]. Using the same strategy, other groups have shown that the miR-125b 

promoter is hypermethylated in invasive breast cancers and predicts poor survival by 

activating ETS1, a proto-oncogene [188]. Similarly, the miR-335 locus has been found to 

undergo promoter hypermethylation in breast cancer cell lines and tumor samples, 

interfering with its role as suppressor of invasion and metastatic colonization [189]. 

Taken together, these studies suggest that miRNA genes are often epigenetically 

inactivated with subsequent transcriptional suppression in human breast cancers. 

Another strategy that has helped identify epigenetically regulated miRNAs has 

been the use of DNMT inhibitors, such as 5-aza-2’-deoxycytidine and histone deacetylase 

(HDAC) inhibitors: trichostatin A or 4-phenylbutyrate. miRNA expression profiles of 

cancer cell lines treated with these agents have identified several miRNAs regulated by 

CpG hypermethylation and histone modifications, including miR-127 in bladder cancer 

cells [190], and miR-21, miR-203, and miR-205 in ovarian cancer cells [191, 192]. 

Bandres et al. also found that miR-9-1, miR-129-2 and miR-137 are methylated in 

colorectal cancer using this approach [193]. 
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Our laboratory has performed comprehensive analyses of DNA methylation of 

miRNA genes in normal breast cell lines, breast cancer cell lines, and breast cancer 

tissues [173, 193-195]. We have identified concordance between miRNA expression and 

epigenetic states, with approximately ten percent of expressed miRNAs demonstrating a 

cell type-specific pattern of expression [194]. miRNA promoters within non-expressing 

cells demonstrate repression of the miRNA gene based on DNA methylation and histone 

H3 lysine 27 trimethylation (H3K27me3). miRNA promoters were identified based on 

chromatin immunoprecipitation microarray (ChIP-chip) data on the histone H3 lysine 4 

trimethylation (H3K4me3), a mark that is exclusively present at the promoters [196]. 

Additionally, we found that nearly one third of miRNA promoters were aberrantly 

methylated in breast cancer cell lines and tissues [195]. Many of these miRNAs have 

reported tumor suppressor functions. Increased promoter methylation correlated with 

decreased expression in a subset of the miRNAs queried [195], highlighting the 

importance of DNA methylation in miRNA deregulation in cancer. 

Statement of the problem 

Breast cancer is the most commonly diagnosed cancer among women in the US. 

The risk of breast cancer has been shown to increase immediately following pregnancy. 

Studies show that breast cancers that occur in the postpartum period (PPBC) are more 

aggressive, more likely to metastasize and are associated with worse patient outcomes. 

They also tend to affect younger women and racial/ethnic minority groups, such as 

Hispanics. 
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Breast cancer is the most commonly diagnosed cancer among Hispanic women. 

Latinas have lower breast cancer rates than white women; however, they are 22% more 

likely to die of this disease. Published data indicate that Hispanic women present with 

breast cancer at an earlier age and are more likely to be diagnosed at a later stage, when 

the cancer is more advanced and more difficult to treat. Yet, even when the breast cancer 

is diagnosed early, Hispanic women are more likely to have tumors that are larger and 

harder to treat than white women. The molecular mechanisms contributing to these 

differences is not yet fully understood. 

The objective of my research project was to examine miRNA and epigenetic 

profiles of breast cancers diagnosed among Hispanic women in the transient high-risk 

postpartum period versus those diagnosed outside of this period. The overall hypothesis 

of this study is that miRNA genes are more likely to be epigenetically altered in tumors 

diagnosed in the high-risk postpartum period. My first specific aim was to identify 

differentially expressed miRNAs in breast tumor tissues from Hispanic women with 

PPBC versus those occurring outside this transient high risk period. Using qRT-PCR 

(quantitative real-time polymerase chain reaction), the expression of 355 miRNAs was 

compared between the two groups. My second specific aim focused on determining 

whether the differentially expressed miRNAs are epigentically altered. The Sequenom 

MassARRAY platform was employed to detect DNA methylation across the miRNA 

genes. Results of these studies may help elucidate possible mechanisms that play a role in 

PPBC, particularly among Hispanic women. 
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CHAPTER TWO: METHODS 

Text and Figures in this section are derived from Muñoz-Rodríguez JL, Vrba L, Futscher 

BW, Hu C, Komenaka IK, Meza-Montenegro MM, Gutierrez-Millan LE, Daneri-Navarro 

A, Thompson PA, Martinez ME. 2015 PLoS ONE 10(4): e0124340. 

Ella Binational Breast Cancer Study 

The Ella study began in 2006 and concluded in 2011; it was a program designed 

to compare risk factor patterns, disease phenotypes, and clinical characteristics between 

breast cancer populations in the United States and Mexico [197]. Participants were 

recruited across three sites in Mexico and two in the United States. The three sites in 

Mexico were 1) Universidad de Guadalajara in Guadalajara, Jalisco, 2) Universidad de 

Sonora in Hermosillo, Sonora, and 3) Instituto Tecnológico de Sonora in Ciudad 

Obregón, Sonora. The two sites in the United States were: 1) The University of Arizona 

Cancer Center in Tucson, AZ, and 2) The University of Texas M.D. Anderson Cancer 

Center in Houston, TX [197]. Eligible study participants included women 18 years of age 

or older, diagnosed with invasive breast cancer at least 12 months after their last full-term 

pregnancy, and who self-identified as Mexican or Mexican-American. Participants were 

administered a risk factor questionnaire, and a medical record abstraction was performed 

to obtain clinical and histopathological information about the specimens. All study 

participants provided written informed consent, and the Human Studies Committee of the 

University of Arizona and all other Institutional Review Boards (IRB) at participating 

sites of the Ella Study: 1) University of Sonora Research Bioethics Committee on 

Investigations; 2) Commission on Ethics, Investigation and Biosafety, University of 

Guadalajara; 3) Committee on Ethics, Instituto Jaliscience de Cancerología; 4) National 
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Commission on Scientific Research of the Instituto Nacional del Seguro Social; and 5) 

Bioethics Institutional Committee for the Instituto Tecnológico de Sonora approved the 

protocol and consent form used for this study. 

Tumor Specimens 

Sixty seven breast tumor tissues, collected and preserved as formalin-fixed 

paraffin embedded (FFPE) tissue blocks were obtained from the Ella Binational Breast 

Cancer study [197]. Twenty one samples are from Hispanic women in the US; whereas 

the remaining 46 are from Hispanic women in Mexico. Fourteen of the 67 samples are 

from women who were diagnosed with breast cancer less than 5 years since giving birth; 

23 samples were obtained from women diagnosed with breast cancer 5-10 years after 

giving birth; and 28 tissue blocks are from women diagnosed with breast cancer more 

than 10 years postpartum. Two tissues were excluded because the tissue slices we 

received did not have detectable tumor, as scored by a pathologist. 

Eleven 5 micron (µm) tissue slices from each sample were cut using a microtome 

HM315 Microm (Thermo Fisher Scientific, Wilmington, DE, USA) and placed onto glass 

microscope slides. A tissue slice was stained with Hematoxylin and Eosin (H&E) as 

described in Nielsen et al. [198]. A pathologist identified and marked the location of the 

tumor in the tissue slice and determined the percentage of tumor cells present. Only 

specimens containing greater than 80% tumor cells were analyzed. The subsequent FFPE 

slides were overlaid onto the H&E slide and the tumor boundaries were marked on the 

FFPE slides. 

Nucleic Acid Extraction 
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Tumor tissues were scraped off the microscope slides containing the marked 

FFPE tumor tissue and placed into a 1.5 mL microfuge tube. Excess and unwanted 

paraffin was removed by a series of xylene/ethanol washes. The sample was air dried 

prior to nucleic acid isolation. 

Total RNA, including the miRNA, was extracted from five 5 µm FFPE breast 

tumor tissue slices using the Qiagen miRNeasy FFPE Kit according to the manufacturer’s 

protocol (Qiagen, Valencia, CA, USA). Genomic DNA was also extracted from five 5 

µm FFPE breast tumor tissue slices using the QIAamp DNA FFPE Tissue Kit (Qiagen) 

according to the manufacturer’s protocol. Quantification of the extracted nucleic acids 

was performed using the NanoDrop-1000 (Thermo Fisher Scientific). The quality of 

some of the miRNA samples was queried using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA). 

Real-time PCR Analysis of microRNA Expression 

The expression of 355 miRNAs was measured using the EXIQON miRCURY 

LNA™ Universal RT kit and EXIQON miRCURY LNA™ Universal RT microRNA 

PCR, Pick & Mix, Ready-to-use Panels (EXIQON, Woburn, MA, USA). These miRNAs 

were previously shown to be expressed in human mammary epithelial cells and 

fibroblasts [194] from primary cultures of three individuals that had undergone a 

reduction mammoplasty [199]. The real-time qRT-PCR was carried out as a set of four 

96-well plates. Each plate contained 90 unique miRNA primer pairs, three inter-plate 

calibrators (IPCs; made up of a pre-aliquoted primer and a DNA template) and three 

reference small RNAs (SNORD38B, SNORD49A, and U6snRNA) (Figure 2.1). The 

miRNA primers were designed by EXIQON utilizing their locked-nucleic acid (LNA™) 
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technology, which allows numerous miRNAs to be queried in a single reverse 

transcriptase reaction in a sensitive and specific manner. 

The cDNA was prepared using 120 ng of total RNA according to the 

manufacturer’s instructions (EXIQON), with the exception of the reaction being scaled 

up three times what is originally specified in the protocol. The cDNA was then diluted 

(40x) with nuclease-free water (Amresco, Solon, OH, USA). For the real-time PCR, 

diluted cDNA was combined with PerfeCTA SYBR Green SuperMix, Low ROX (Quanta 

Biosciences, Gaithersburg, MD, USA) at a 1:1 ratio, and then 10 µL was aliquoted into 

each well of the set of four real-time PCR plates. Real-time PCR was run on an ABI 

Prism 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) with a 

95ºC denaturation for 3 minutes followed by 40 cycles of 95ºC for 15 seconds and 60ºC 

for 45 seconds. A dissociation protocol was run after the quantitative RT-PCR, at 95ºC 

for 15 seconds, 60ºC for 1 minute and 95ºC for 15 seconds.  
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Figure 2.1. Plate schematic of the miRNA transcriptome designed for the quantitative 

real-time RT-PCR encompassing 355 miRNAs. Red rectangles identify the three inter-

plate calibrators (IPC). Green rectangles identify the three reference RNAs (SNORD38B, 

SNORD49A, U6snRNA). 
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miRNA Expression Analysis 

The expression levels of individual miRNAs were determined as the cycle 

threshold (Ct) values using the same manual threshold across all the amplicons and 

samples. The data were imported into R environment [200] and normalized between the 

plates using the median of IPCs. To adjust for the differences in RNA load and level of 

degradation between the samples, the data were further normalized between the samples 

using loess normalization. Ct values were converted into variables, increasing with the 

expression level, using the formula (45 - Ct). Differences in miRNA expression between 

the sample groups were analyzed using the limma package [201]. Enrichment of X 

chromosome encoded miRNAs was tested using hypergeometric test as described in Fury 

et al. [202]. 

DNA Methylation Analysis by MassARRAY 

MassARRAY amplicons, 150 to 250 bp in length, were targeted to the predicted 

miRNA transcription start site (TSS) [194] or to miRNA genes. Oligonucleotides used 

for MassARRAY analysis were designed using EpiDesigner (http://www.epidesigner 

.com/) with standard settings (Sequenom, San Diego, CA, USA) and manufactured by 

Integrated DNA Technologies (Coralville, IA, USA). Primer sequences are listed in 

Table 2.1. 
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Chromosome Start End 

Amplicon 

Name 

10F Primer 

Sequence 

T7R Primer 

Sequence 

chr9 21,560,136 21,560,334 mir-31 

aggaagagagG

AGAGGGAG

TTTATTTGT

AAGAGTTA

GAG 

Cagtaatacgactcacta

tagggagaaggctAA

ACCACTCCAAA

TAAAAAAACAC

C 

ChrX 133,307,701 133,307,836 mir-106a 

aggaagagagG

GTTGTAAG

GTTTGTTGT

ATGAAAA 

Cagtaatacgactcacta

tagggagaaggctAA

AAAATCCAACC

TAAACTACCAA

C 

chr1 205,425,371 205,425,523 

mir-

135b_upTSS 

aggaagagagT

TGAATTTTT

GGGAATTG

GTATTT 

Cagtaatacgactcacta

tagggagaaggctACT

ACAAAAACCCC

CTAAAACCC 

chr1 205,418,961 205,419,140 mir-135b_TSS 

aggaagagagG

GAGGGAGG

AGGTTTGT

TTT 

Cagtaatacgactcacta

tagggagaaggctTA

AACCAAAAACT

AAAAATCCCAA

A 

chr16 56,881,571 56,881,768 mir-138-2 

aggaagagagT

TGTTTTTAA

GAGGTTTT

AATTAGAT

TG 

Cagtaatacgactcacta

tagggagaaggctCTT

TAACTCCCCAA

CTTCAAAAAA 

ChrX 133,678,663 133,678,845 mir-542 

aggaagagagG

GTTTTTTTT

GGAGTTAG

AAGGAAG 

Cagtaatacgactcacta

tagggagaaggctCC

CCAAATCAAAA

TCCCTTAC 

Table 2.1. List of genomic locations of MassARRAY amplicons (hg19 

coordinates) and primer sequences for each amplicon obtained from the 

Sequenom EpiDesigner software. 
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Genomic DNA (250 ng) from each FFPE breast tumor tissue sample was sodium 

bisulfite-treated and processed according to the manufacturer’s instructions for the EZ 

DNA Methylation-Gold™ Kit (Zymo Research Corporation, Irvine, CA, USA). Sodium 

bisulfite-treated DNA was seeded into a region-specific PCR as described by the 

manufacturer (Sequenom) and previously reported [203]. Each sodium bisulfite-treated 

DNA sample was processed as four technical replicates per experiment. The raw data 

were processed using the EpiTyper software (Sequenom) and further analyzed in the R 

environment [200]. The data was first filtered by removing data from CpG units having a 

standard error more than 0.15. Additionally, another filtering was done by discarding 

samples that had left less than half the CpG units. Differential methylation between the 

groups was tested using the Wilcoxon test. A Spearman correlation coefficient rho, 

between the level of DNA methylation and miRNA expression, was calculated using the 

function cor.test in R. 

Expression Analysis of Protein-Coding Genes 

Affymetrix
®
 HTA 2.0 arrays (Affymetrix

®
 Inc., Santa Clara, CA, USA) were 

used to measure the expression of protein-coding genes across 24 representative samples. 

Six of the 24 samples were from women diagnosed with breast cancer in the high-risk 

early postpartum group (< 5 years since last full term pregnancy); the remaining 18 

samples were from women diagnosed more than five years since last full term pregnancy. 

The samples were randomized into four batches of six samples each to be run on the 

Affymetrix
®
 HTA 2.0 arrays (Affymetrix

®
). Sample preparation was performed using the 

SensationPlus™ FFPE Amplification and WT Labeling Kit (Affymetrix
®
) according to 

the manufacturer’s instructions. Briefly, 100 ng of RNA was used on the first strand 
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cDNA synthesis reaction, followed by the use of 25 ug of in vitro transcribed product in 

the WT labeling procedure of double-stranded cDNA. The reaction proceeded to use 6 ug 

of purified double-stranded cDNA for the terminal labeling and subsequent hybridization 

into the 49-format, Affymetrix
®
 HTA 2.0 arrays (Affymetrix

®
). Processing of the 

Affymetrix
®
 HTA 2.0 arrays took place in approved Affymetrix

®
 microarray equipment 

following the manufacturer’s instructions. The hybridization was carried out in a 

GeneChip
®
 Hybridization Oven 640, followed by staining and washing of the arrays on a 

GeneChip
®
 Fluidics Station 450 (Affymetrix

®
). Imaging of the arrays was done on a 

GeneChip
®
 Scanner with the 7G upgrade (Affymetrix

®
). 

Mammalian Cell Culturing 

Human mammary epithelial cells (MS-184D) obtained from the primary cultures 

of individuals that had undergone a reduction mammoplasty [199] were maintained in 

M87A medium supplemented with oxytocin and cholera toxin at 0.5 ng/mL and grown to 

confluency at 37ºC and 5% CO2. Harvesting of cells was performed by removing 

medium and rinsing cells briefly with 1 mL of warmed 0.05% Trypsin, EDTA, 1X 

(Corning, Manassas, VA, USA). The trypsin was quickly aspirated and another 2 mL of 

warmed 0.05% Trypsin, EDTA, 1X was added onto the cells and incubated at 37ºC and 

5% CO2 for up to 6 minutes, checking cells every 2 minutes. Once cells detached from 

the flask, the trypsinization was neutralized with the addition of 5 – 10 mL of M87A 

medium. A cell pellet was collected by spinning cells at 200 x g for 5 minutes at room 

temperature in an Allegra 21R centrifuge (Beckman Coulter, Indianapolis, IN, USA). The 

supernatant was aspirated off, and the cells were resuspended with 5 – 10 mL of M87A 

medium. To count cells, 20 uL of resuspended cells were combined with 20 uL of Trypan 
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Blue dye (Sigma-Aldrich, St. Louis, MO, USA), of which 20 uL were placed onto an 

SD100 cellometer cell counting chamber (Nexcelom Bioscience, Lawrence, MA, USA). 

Cells were counted using a Cellometer Auto T4 cell counter (Nexcelom Bioscience). 

Cell Fractionation 

Approximately 10 x 10
6
 MS-184D cells were placed into a 15 mL conical tube 

(VWR, Visalia, CA, USA) and spun at 200 x g for 5 minutes at room temperature in an 

Allegra 21R centrifuge (Beckman Coulter) to pellet the cells. The liquid was aspirated off 

and the cells were resuspended in 3 – 4 mL of Buffer A (150mM KCl, 25mM Tris, pH 

7.4, 5mM EDTA, 0.5mM DTT, 0.5% Igepal CA-630, 1mM PMSF, 1x Roche cOmplete 

Protease Inhibitor cocktail, 0.1U/uL RNase OUT) and incubated on ice for 10 minutes, 

with gentle mixing every few minutes. At the completion of the 10 minute incubation, the 

cells were visualized and counted on the Cellometer Auto T4 cell counter (Nexcelom 

Bioscience), then transferred into a 7 mL capacity dounce homogenizer (Sigma Aldrich). 

Cells were dounced 75 times in 25 stroke intervals, and checked visually on the 

Cellometer Auto T4 cell counter after every dounce interval. Dounced cells were 

transferred into a 15 mL conical tube (VWR) and spun at 100 x g for 2 minutes at 4ºC in 

an Allegra 21R centrifuge (Beckman Coulter) for pre-clearing the solution. The 

supernatant was decanted into another 15 mL conical tube (VWR) and placed on ice.  

Protein Lysate Quantitation 

The Pierce
®
 BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA) was 

used to quantitate the amount of protein collected. Two dilutions of the protein were 

generated, one at a ratio of 1 to 5 (0.2), and one at a ratio of 1 to 15 (0.0667) in nuclease-

free water (Amresco) and placed on ice. The nine BSA standards were prepared 
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according to the manufacturer’s instructions. Additionally, the BCA working reagent was 

prepared using BCA Reagent A and BCA Reagent B according to the manufacturer’s 

instructions at the desired volume depending on the number of samples to be processed. 

The BSA standards and the diluted protein samples were transferred into a 96-well F-

bottom cell culture plate (Greiner Bio-One, Frickenhausen, Germany), and incubated at 

37ºC for 30 minutes in a VWR Incubating Mini Shaker (VWR). Once the incubation was 

complete, the plate was allowed to cool to room temperature and then the 562 nm 

absorbance was read using the Gene5 software in a BioTek plate reader (BioTek 

Instruments, Inc., Winooski, VT, USA). 

Long non-coding RNA-Protein Pulldown 

BcMag
™

 Monomer Avidin Magnetic Bead Preparation 

A BcMag
™

 Monomer Avidin Kit (cat#MMI-101) was purchased from Bioclone 

Inc. (Bioclone, Inc., San Diego, CA, USA), which contains: 1) 10x PBS Buffer (0.1M 

sodium phosphate, 0.15M sodium chloride pH7); 2) 1x Regeneration Buffer (0.1M 

glycine/HCl pH 2.8); 3) 1x Blocking/Elution Buffer (2mM D-biotin in PBS); and 4) 2mL 

BcMag
™

 Monomer Avidin Magnetic Beads. The desired volume of BcMag
™

 Monomer 

Avidin Magnetic beads (Bioclone, Inc.) was transferred into an RNase-free/Lo-Bind 1.5 

mL tube (VWR) and then placed on a magnetic stand (Life Technologies, Grand Island, 

NY, USA) for 1 minute at room temperature, after which the liquid was aspirated. The 

tube containing the BcMag
™

 beads was removed from the magnetic stand and placed in a 

rack were 4 bead volumes of nuclease-free water (Amresco) were added. The tube was 

placed back on the magnetic stand for 1 minute at room temperature. The liquid was then 

removed and the tube was placed in a rack. The beads were then washed with 4 bead 
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volumes of 1x PBS Buffer and then placed on the magnetic stand for 1 minute at room 

temperature. After removing the liquid, the tube was placed in a rack were 3 bead 

volumes of 1x Blocking/Elution Buffer were added. The bead/solution was vortexed 

briefly, and then placed in a rack at room temperature for 5 minutes. Afterwards, the 

bead/solution was placed on a magnetic stand for 1 minute at room temperature. The 

liquid was removed, and the tube was placed in a rack, were 6 bead volumes of 1x 

Regeneration Buffer were added and mixed briefly in a vortex. The tube was placed back 

on a magnetic stand for 1 minute at room temperature, then the liquid was removed and 

the tube was placed back in a rack. Lastly, 4 bead volumes of 1x PBS Buffer were added 

to the tube which was then placed on the magnetic stand for 1 minute at room 

temperature. The liquid was removed and the BcMag
™

 beads were prepared for use in the 

reaction by resuspending in the desired volume of RNA capture buffer (20mM Tris-HCl 

pH 7.5, 1M NaCl, 1mM EDTA), noting to use BcMag
™

 beads immediately so as to 

prevent the reduction of the binding capacity. 

Incubation of BcMag
™

 beads with biotinylated RNA transcript 

The prepared biotinylated RNA transcripts (3pmols) were aliquoted into RNase-

free/Lo-Bind 1.5 mL tubes (VWR). The respective volume of prepared BcMag
™

 beads 

were then added into the tubes and mixed by pipetting. The BcMag
™

 beads and RNA 

transcript were incubated on a BD Clay Adams
™

 nutator mixer (Becton Dickinson and 

Company, Franklin Lakes, NJ, USA) at room temperature for 45 minutes with gentle 

agitation. After the incubation was completed, the tubes were placed on a magnetic stand 

for 1 minute at room temperature to collect beads on the side of the tubes. The liquid was 

removed and the tube placed in a rack, were 50 uL of NT2 buffer (50mM Tris-HCl pH 
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7.4, 150mM NaCl, 1mM MgCl2, 0.5% Igepal CA-630) was added to wash the BcMag
™

 

beads and RNA transcript. The tube was placed back on a magnetic stand for 1 minute at 

room temperature to collect beads on the side of the tube. The liquid was removed and 

now the BcMag
™

 beads and RNA transcript were ready for incubation with protein 

lysate.  

Incubation of BcMag
™

 beads and RNA transcript with protein lysate 

Five hundred micrograms of protein lysate was combined with the BcMag
™

 beads 

and RNA transcript. The solution was incubated on a BD Clay Adams
™

 nutator mixer at 

4ºC for 2 hours with gentle agitation. After the incubation was completed, the tube was 

placed on a magnetic stand for 2 minutes at room temperature to collect the beads on the 

side of the tube. The liquid was removed and the tube was placed in a rack to begin a 

series of stringent washes. The washes were as follows: 1) once with NT2 Buffer; 2) 

twice with NT2 Buffer containing 500mM NaCl; 3) once with NT2 Buffer containing 1M 

NaCl; 4) twice with NT2 Buffer containing 750mM KSCN; 5) once with 1x PBS Buffer; 

6) once with 1x Blocking/Elution Buffer. All washes were done as follows with the 

exception of the last wash with the 1x Blocking/Elution Buffer; the buffer was added and 

mixed by pipetting up and down ten times. The tube was incubated on a BD Clay 

Adams
™

 nutator mixer at 4ºC for 5 minutes with gentle agitation, then placed on a 

magnetic stand for 2 minutes at room temperature to let the BcMag
™

 beads accumulate 

on the side of the tube. The liquid was removed and the next wash was carried out. On 

the last wash using the 1x Blocking/Elution Buffer, once the buffer was added, the tube 

was incubated at room temperature for 5-10 minutes to elute the bound biotinylated 

molecule from the BcMag
™

 beads. Once the incubation step was completed, the tube was 
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placed on a magnetic stand for 2 minutes at room temperature and then the liquid 

(molecules of interest) was transferred into a new labeled RNase-free/Lo-Bind 1.5 mL 

tube (VWR). 

Visualization of RNA-Protein Pulldown 

At the conclusion of the washing steps for the RNA-Protein pulldown with the 

BcMag
™

 beads, the samples were resuspended with 6X SDS loading buffer. Samples 

were heated at 90ºC for 5 minutes in a heat block and then loaded into a 4-20%, 10 comb 

Mini-PROTEAN TGX, pre-cast gel (Bio-Rad, Hercules, CA, USA) following the 

manufacturer’s instructions. The gel separation was carried out at 100 Volts for 15 

minutes, then 150 Volts for 1 hour. Once completed, the gel was removed from the gel 

caster, according to the manufacturer’s instructions and the gel was placed into a 145 x 

20 mm cell culture dish (Greiner Bio-One), where it was stained using the SilverQuest 

Silver Staining Kit (Life Technologies, Grand Island, NY, USA) according to the 

manufacturer’s instructions. An image of the silver-stained TGX gel was acquired using a 

ScanJet 6200C scanner (Hewlett-Packard, Palo Alto, CA, USA) at a resolution of 600 

dpi. 
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CHAPTER THREE: DIFFERENTIALLY EXPRESSED MIRNAS IN 

POSTPARTUM ASSOCIATED BREAST CANCER TISSUES 

Text and Figures in this section are derived from Muñoz-Rodríguez JL, Vrba L, Futscher 

BW, Hu C, Komenaka IK, Meza-Montenegro MM, Gutierrez-Millan LE, Daneri-Navarro 

A, Thompson PA, Martinez ME. 2015 PLoS ONE 10(4): e0124340. 

INTRODUCTION 

MicroRNAs (miRNAs) are short single-stranded, non-coding RNAs that act as 

key post-transcriptional regulators of gene expression by promoting the degradation of 

their target mRNAs or by inhibiting translation [204]. Based on their targets, certain 

miRNAs can be categorized into oncogenic miRNAs (oncomirs), while others are 

considered tumor suppressor miRNAs [205, 206]. Tumor suppressor miRNAs act to 

suppress oncogenes, whereas oncomirs inhibit genes coding for tumor suppressors. Thus, 

the pattern of expression of tumor suppressor miRNAs and/or the expression of 

oncogenic miRNAs are thought to be critical regulators of genome integrity and may play 

an important role in carcinogenesis. 

Indeed, accumulating evidence suggests that miRNA expression is altered in 

cancer, including breast cancer. Breast cancer is the second most common cancer 

diagnosed among women worldwide [207], and the leading cancer diagnosed among 

women in the US [2]. Several risk factors are associated with breast cancer, including 

family history, age at first full-term birth, and the number of full-term pregnancies [208]. 

Results of large prospective studies show that risk of breast cancer also increases in the 

period immediately following pregnancy [24-27, 209, 210], with the highest transient risk 
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between 3–7 years postpartum [27], and lasting 10 or more years [24, 27, 209-211]. 

Postpartum breast cancers are associated with more aggressive histopathological features, 

metastasis, and worse outcomes [210]. On average, the postpartum cancers affect 

younger women and represent a substantial proportion of early onset breast cancers, a 

phenomenon that disproportionately affects racial/ethnic minority populations, such as 

African American and Hispanic women [212-214]. 

Unfortunately, the biology and molecular mechanisms associated with high risk 

postpartum breast cancers are not well defined, and the miRNA profile of postpartum 

breast cancers has not been thoroughly investigated. Additionally, relative to other 

racial/ethnic groups, few studies that focus on breast cancer in Hispanic women have 

been conducted to date. The studies that have been published provide epidemiological 

evidence that reproductive factors, body size and obesity, physical activity, contraceptive 

use, and family history are associated with breast cancer risk in Hispanic women in the 

US [197].  

Specific aim one of my dissertation project, therefore, was to measure the 

expression of more than 300 miRNA genes in breast tumor tissues from Hispanic women 

with postpartum breast cancer, versus those occurring outside this transient high-risk 

period. The miRNAs had been previously identified in our laboratory to be expressed in 

human mammary epithelial cells and fibroblast cells [194], obtained from the primary 

cultures of three individuals that had undergone reduction mammoplasty [199]. Analysis 

of the miRNA expression identified miRNAs that are differentially expressed between 

the postpartum groups. Moreover, we found several of the analyzed differentially 
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expressed miRNAs situated in genomic clusters, with 48 miRNAs being encoded on the 

X chromosome. Overall, these findings demonstrate the importance that miRNAs play in 

cancer progression, specifically the potential to target genes classified as tumor 

suppressors or oncogenes. Additionally, miRNAs belonging to certain clusters, may play 

a role in the co-regulation of the miRNAs and the functional similarities they may 

exhibit. 
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RESULTS 

Correlation between postpartum time and age at diagnosis 

Sixty seven human FFPE breast tumor tissues were obtained through the Ella 

Binational Breast Cancer Study. The tissues originated from Hispanic women diagnosed 

with breast cancer at varying times since last full term pregnancy (TSLFTP). RNA 

(including miRNA) from 56/67 of these specimens was run on a miRNA transcriptome 

containing 355 miRNAs established as a quantitative RT real-time PCR (RT-PCR) 

platform (Figure 2.1). Nine breast tumor tissues (13.4%) were excluded because they 

belonged to subjects that had undergone neoadjuvant chemotherapy prior to the 

collection of the breast tumor. Two additional tissues (3%) were excluded because the 

tissue slices we received did not have detectable tumor. The 56 tissues processed (83.6%) 

ranged in TSLFTP from 1.6 years to 30.1 years. Additionally, the age at diagnosis 

(AgeDx) ranged from 24.1 years to 51.5 years (Figure 3.1). As shown in Figure 3.1, 

both TSLFTP and AgeDx were found to be highly correlated (rho = 0.7, p-value – 1.3e-

9).  
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Figure 3.1. Distribution of the time since last full-term pregnancy (TSLFTP), and the age 

at diagnosis (AgeDx) of the Ella tumor sample case series utilized in the study. The x-

axis represents TSLFTP, in years. The y-axis represents AgeDx, in years. Red diamonds 

represent Ella FFPE samples ≤ 5.2 years postpartum. Green squares represent Ella FFPE 

samples ≥ 5.3 years postpartum. 
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microRNA expression leads to natural split between Ella postpartum samples 

The risk of developing breast cancer has been shown to increase shortly after 

pregnancy. Most studies suggest that the risk is highest up to 5 years since giving birth 

[24-27, 209, 210]. However, other studies have reported that the risk may last up to 10 or 

more years [24, 27, 209-211]. The exact peak to distinguish the high risk period for 

PPBC is unknown. Therefore, we used miRNA expression data from the quantitative RT 

real-time PCR to identify the time-point since last full-term pregnancy where miRNA 

expression differences in the case series were maximal. Since our data demonstrates that 

a positive correlation between TSLFTP and AgeDx exists (Figure 3.1), we also analyzed 

the confounding effect of age in the association between TSLFTP and miRNA 

expression.  

The 56 breast tumor tissue samples were ordered independently based on a) 

TSLFTP; b) AgeDx; or c) 100 times in a randomized order (Figure 3.2). For each of the 

categories, the miRNA expression was exhaustively split into two groups, such that the 

miRNA expression of the first sample was compared with the miRNA expression of the 

other 55 samples, then, the miRNA expression of the first two samples was compared to 

the miRNA expression of the remaining 54 samples. This pattern was carried out for the 

56 samples and the sum of the difference of all miRNAs was calculated to determine the 

level of difference between the tumor samples.  

The exhaustive splitting and differential expression analysis revealed that 

ordering the breast tumor samples based on TSLFTP gave the highest difference in 

miRNA expression. A maximum was reached between 5.2 and 5.3 years postpartum 

(Figure 3.2). Additionally, the exhaustive splitting demonstrated no effect when samples 
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were ordered based on AgeDx, as seen by the square data points in Figure 3.2, which 

never reach the levels of maximum significance that are obtained by ordering based on 

TSLFTP; indicated by the triangle data points. This ultimately illustrates that TSLFTP is 

a factor with much higher impact on miRNA expression than AgeDx.  

Moreover, carrying out 100 independent randomizations illustrated that the 

maximum difference of ordering by TSLFTP is significant (as indicated by a false 

discovery rate < 1%), were as ordering by AgeDx is not significant. Taken together, these 

results suggest TSLFTP has a significant effect on miRNA expression level, with a 

natural boundary at 5.25 years postpartum, while the AgeDx lies within the random 

events. The natural split based on miRNA expression allowed the identification of two 

pregnancy interval groups: a) early group, consisting of 12 samples representing women 

diagnosed with breast cancer ≤ 5.2 years postpartum; and b) late group, consisting of 44 

samples representing women diagnosed with breast cancer ≥ 5.3 years postpartum. The 

5.25 years determined by the exhaustive splitting as the natural boundary for miRNA 

expression is consistent with literature demonstrating a similar time point; representing 

the cut-point to empirically determine clinical outcomes in other populations [209, 210, 

212].  
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Figure 3.2. Exhaustive splitting of the Ella samples leading to the natural separation of 

the samples into two groups based on the time since last full-term pregnancy (TSLFTP). 

Exhaustive splitting of the Ella case series was based either on TSLFTP, on age at 

diagnosis (AgeDX), or on randomized order. The x-axis represents individual splits based 

on each ordering factor. The y-axis represents the level of difference between the groups 

(sum of the negative log base 10 of the adjusted p-value) for each split. The red diamonds 

represent the differences after ordering based on TSLFTP. The TSLFTP for individual 

samples for this ordering is displayed at the bottom. The blue squares represent ordering 

based on AgeDX. Grey dots represent 100 randomized orderings. Blue and red horizontal 

dashed lines show the 95
th

 and 99
th

 percentile of the randomized data. The green vertical 

line indicates the split point with the largest difference between the groups based on 

TSLFTP. 
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Ella case series: clinical and histopathological factors 

The Ella study also collected information on factors relating to hormone receptor 

status, HER2 status and tumor subtype for all the samples used in this study (Table 3.1). 

Samples representing the early postpartum group were generally, ER negative, PR 

negative, and HER2 negative. The samples representing the late postpartum group were 

generally the opposite, ER positive, PR positive and HER2 negative. The tumor subtype 

also varied among the groups; the samples in the early postpartum group were typically 

triple negative breast cancers (TNBC), while samples in the late postpartum group were 

typically hormone receptor positive (either ER or PR positive). 

Information about reproductive factors associated with these samples was also 

collected. Overall, the Ella samples processed were largely from premenopausal women 

(55/56 or 98.2%), with 7/12 women in the early group having 3 or more children 

(58.3%), compared to 20/44 (45.5%) for the late group. Around 89.3% of the women 

breastfed their offspring and the percentage of duration was similar for ≤ 12 months and 

> 12 months. Moreover, 6/12 (50%) of the women belonging to the early postpartum 

group had their first full-term pregnancy < 21 years old, while 17/44 (38.6%) of the 

women belonging to the late postpartum group had their first full-term pregnancy < 21 

years old. On the other hand, 4/12 (33.3%) of the early postpartum compared to 17/44 

(38.6%) of the late postpartum women had their first full-term pregnancy ≥ 25 years old.  

To ascertain that the pattern of miRNA expression in the patient samples differed 

by TSLFTP and not by other confounding variables, a t-test or Fisher’s exact test was 

performed to determine whether; 1) age at diagnosis (AgeDx); 2) hormone receptor 

status; 3) HER2 status; 4) tumor subtype; 5) parity; 6) age at first full-term pregnancy, 
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among other reproductive variables were different in the early versus late postpartum 

groups. As shown in Table 3.1 the pattern of miRNA expression in the patient samples 

differed by TSLFTP independent of AgeDx, hormone receptor status, HER2 status, 

tumor subtype, and various other reproductive variables. 
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Characteristic, n (%) Time since last full-term 

pregnancy 

Total 

n = 56 

P 

(t-test or 

Fisher’s 

exact test) 
≤ 5.2 y 

(Early) 

n = 12 

> 5.2 y 

(Late) 

n = 44 

Age at diagnosis, mean ± SD 36.4 ± 5.4 43.6 ± 5.4 42.0 ± 6.1 < 0.001 

< 50 y 12 (100.) 41 (93.2) 53 (94.6)  

≥ 50 y 0 (0.00) 3 (6.82) 3 (5.36)  

Stage    1.000 

I 2 (28.6) 8 (21.6) 10 (22.7)  

II 4 (57.1) 20 (54.1) 24 (54.6)  

III 1 (14.3) 9 (24.3) 10 (22.7)  

Unknown 5 7 12  

ER status    0.325 

Negative 7 (58.3) 17 (38.6) 24 (42.9)  

Positive 5 (41.7) 27 (61.4) 32 (57.1)  

PR status    0.108 

Negative 7 (58.3) 14 (31.8) 21 (37.5)  

Positive 5 (41.7) 30 (68.2) 35 (62.5)  

HER2 status    1.000 

Negative 10 (83.3) 34 (77.3) 44 (78.6)  

Positive 2 (16.7) 10 (22.7) 12 (21.4)  

Tumor subtype    0.236 

HR+ 5 (41.7) 27 (61.4) 32 (57.1)  

HER2+ 2 (16.7) 9 (24.3) 11 (19.6)  

TNBC 5 (41.7) 8 (18.2) 13 (23.2)  

Family history in 1
st
 degree relative    0.639 

No 10 (83.3) 38 (88.4) 48 (87.3)  

Yes 2 (16.7) 5 (11.6) 7 (12.7)  

Unknown 0 1 1  

Menopausal status    1.000 

Premenopausal 12 (100.) 43 (97.7) 55 (98.2)  

Postmenopausal 0 (0.00) 1 (2.27) 1 (1.79)  

Age at menarche    0.748 

< 13 y 7 (58.3) 22 (50.0) 29 (51.8)  

≥ 13 y 5 (41.7) 22 (50.0) 27 (48.2)  

Parity    0.523 

1–2 children 5 (41.7) 24 (54.6) 29 (51.8)  

3+ children 7 (58.3) 20 (45.5) 27 (48.2)  

Age at first full-term pregnancy    0.840 

< 21 y 6 (50.0) 17 (38.6) 23 (41.1)  

21–24 y 2 (16.7) 10 (22.7) 14 (21.5)  

≥ 25 y 4 (33.3) 17 (38.6) 21 (37.5)  

Breastfeeding    0.599 

Never 2 (16.7) 4 (9.09) 6 (10.7)  

Ever 10 (83.3) 40 (90.9) 50 (89.3)  

Lifetime breastfeeding duration    0.591 
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Table 3.1. Ella case series participant characteristics based on the separation of the 

samples by time since last full-term pregnancy. The sample case series totals (n = 56), 

and is restricted to non-neoadjuvant therapy patients. It does include 4 participants who 

had neoadjuvant therapy (1010098, 1010101, 1010145, 1010136), but their samples 

(biopsy) were taken before neoadjuvant therapy was performed. 

 

 

 

Never 2 (16.7) 4 (9.09) 6 (10.7)  

≤ 12 mo 6 (50.0) 19 (43.2) 25 (44.6)  

> 12 mo 4 (33.3) 21 (47.7) 25 (44.6)  

Hormone replacement therapy use    0.522 

Never 11 (91.7) 42 (95.5) 53 (94.6)  

Ever 1 (8.33) 2 (4.55) 3 (5.36)  

Hormone contraception use    1.000 

Never 3 (25.0) 11 (25.0) 14 (25.0)  

Ever 9 (75.0) 33 (75.0) 42 (75.0)  
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Differentially expressed miRNAs 

Next I compared the miRNA expression between the early and late postpartum 

groups, in order to determine whether there are any differentially expressed miRNAs. Of 

the 355 miRNAs analyzed, 15 (4.2%) miRNAs were differentially expressed between the 

two groups (Figure 3.3). Twelve miRNAs (80%) were overexpressed in the early 

postpartum group, while three miRNAs (20%) were under expressed in the early 

postpartum group. Of the twelve miRNAs overexpressed in the early postpartum group, 

seven met the stringency cut-off (miR-892, miR-199-5p, miR-542-5p, miR-17, miR-660, 

miR-31, miR-454, miR-138, miR-135b, and miR-934). These miRNAs have a miRNA 

expression ratio greater than 2-fold, and an adjusted p-value less than 0.05. The five 

miRNAs that did not meet the stringency cut-off (miR-19b, miR-106a, miR-362-3p, miR-

500a, miR-502-5p), at minimum, had an adjusted p-value less than 0.05. All three 

miRNAs under expressed in the early postpartum group met the stringency cut-off. A list 

of the differentially expressed miRNAs is found in Table 3.2. 
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Figure 3.3. Volcano plot of differentially expressed miRNAs comparing miRNAs 

expressed in Ella FFPE case series; early (diagnosed ≤ 5.2 years postpartum) and late 

(diagnosed ≥ 5.3 years postpartum). The x-axis represents the log base 2 of the miRNA 

expression ratio. The y-axis represents the negative log base 10 of the adjusted p-value. 

Red diamonds represent miRNAs meeting stringency cut-off (expression ratio ≥ 2-fold 

and an adjusted p-value < 0.05). Blue squares represent additional miRNAs with an 

adjusted p-value < 0.05. Grey dots represent the remaining miRNAs tested.  
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Table 3.2. miRNAs differentially expressed between the two postpartum interval groups 

identified. Fifty six samples were processed, with early group (≤ 5.2 years postpartum), 

representing 12 samples, and late group (≥ 5.3 years postpartum), representing 44 

samples. MiRNAs identified based on their expression from a quantitative RT-PCR. The 

listed miRNAs are ordered based on their adjusted p-values. The last column 

(Chromosomes) indicates on which chromosomes miRNAs are encoded. 

 

 

 

miRNA ID Log2 Fold 

Change 

Log2 mean 

Expression 

Adjusted  

p-value 

Chromosomes 

miRNAs overexpressed in early group (≤ 5.2 years postpartum) 

hsa-miR-138 2.331 13.837 0.0046 Chr 3, 16 

hsa-miR-660 1.137 15.849 0.0264 Chr X 

hsa-miR-31 1.333 18.447 0.0264 Chr 9 

hsa-miR-135b 2.813 15.552 0.0264 Chr 1 

hsa-miR-500a 0.999 13.462 0.0264 Chr X 

hsa-miR-19b 0.672 22.512 0.0264 Chr 13, X 

hsa-miR-17 1.085 15.314 0.0264 Chr 13 

hsa-miR-362-3p 0.948 5.668 0.0335 Chr X 

hsa-miR-106a 0.874 21.138 0.0389 Chr X 

hsa-miR-454 1.378 8.447 0.0395 Chr 17 

hsa-miR-502-5p 0.816 14.491 0.0417 Chr X 

hsa-miR-934 2.621 12.172 0.0477 Chr X 

miRNAs under expressed in early group (≤ 5.2 years postpartum) 

hsa-miR-892a -2.671 8.959 0.0264 Chr X 

hsa-miR-199a-5p -1.236 21.199 0.0264 Chr 1, 19 

hsa-miR-542-5p -1.082 14.069 0.0264 Chr X 
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Differentially expressed miRNAs on X chromosomes and gene clusters 

Our analysis also indicates that a large portion of differentially expressed 

miRNAs are encoded within the X chromosome and belong to gene clusters. miRNA 

gene clusters are characterized by a region in the genome with one transcription start site, 

but containing multiple miRNAs. The miRNAs analyzed in this study are potentially 

encoded by 417 genomic locations, since some miRNAs arise from multiple genes. As 

shown in Figure 3.4, of the 355 miRNAs analyzed, 48 (13.5%) are found on the X 

chromosome. Additionally, 9 of 15 (60%) differentially expressed miRNAs are encoded 

on the X chromosome (Table 3.2 and Figure 3.4). The number of differentially 

expressed miRNAs encoded within the X chromosome illustrates a highly significant 

enrichment (p-value – 1.98e-5, hypergeometric test). 
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Figure 3.4. Density of miRNAs across human chromosomes. Blue bars represent the 

density of all miRNAs analyzed within the miRNA transcriptome. Red bars represent the 

density of miRNAs differentially expressed within postpartum breast tumor samples. 
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Four miRNAs overexpressed within the early postpartum group (miR-362-3p, 

miR-500a, miR-502-5p, and miR-660) are part of a cluster mir-

532/188/500a/362/501/500b/660/502) which is encoded on the X chromosome. 

Additionally, two miRNAs overexpressed in the early postpartum group (miR-19b, and 

miR-106a) are part of an X chromosome-encoded cluster mir-106a/18b/20b/19b-2/92a-

2/363. Analyzed members of this cluster (miR-18b, amd miR-92a) show a similar fold 

change in expression towards the same direction as miR-19b, and miR-106a, although not 

significant (Appendix A). miRNA-542, a member of the mir-424/503/542/450a-2/450a-

1/450b cluster, which is also encoded on the X chromosome, and some of the additional 

members encoded by this cluster are also co-expressed (Appendix A). Two miRNAs, 

miR-892a, and miR-934 are also found within the X chromosome. miRNA 892a is the 

only analyzed member of its X chromosome-encoded miRNA cluster, while miR-934 is 

encoded as a single gene. 

Two more miRNA clusters, in addition to the X chromosome cluster are 

represented in the differentially expressed miRNAs. miRNA 17 and miR-19b are part of 

the chromosome 13 cluster mir-17/18a/19a/20a/19b-1/92a-1; members of this cluster are 

also co-regulated (Appendix A). Both miRNAs of the mir-301a/454 cluster on 

chromosome 17 are expressed at higher levels in the early compared to the late 

postpartum breast cancer group. These observations mirror published data suggesting 

miRNAs found in gene clusters often display coordinated expression [93]. Taken 

together, these results demonstrate the X chromosome is significantly enriched for 

miRNAs differentially expressed between early and late postpartum breast cancers. 
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Expression of protein coding genes from Ella postpartum samples 

For completion, we also measured the expression of protein coding regions in 24 

breast cancer samples using the Affymetrix
®
 GeneChip

®
 Human Transcriptome Array 

2.0. These arrays were comprised of 25-mer oligonucleotide probes covering 245,349 

coding transcripts, and 40,914 non-coding transcripts. Each exon on the array was 

covered by ten probes, while each exon-exon splice junction was covered by four probes. 

Figure 3.5 shows the relative similarity in human transcript expression across the 24 

samples. The distances between the samples correlates with the degree of difference 

between the human transcript expression profile of the samples. Further analysis indicates 

that based on human transcript expression (MA plot), the Ella samples queried exhibit 

similar expression (Figure 3.6). An analysis based on the batches run also exhibited a 

similar expression profile (data not shown).  
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Figure 3.5. Multidimensional Scaling (MDS) of pairwise distances illustrating the 

relative similarity in human transcript expression across Ella samples investigated on the 

Affymetrix
®
 HTA 2.0 array. The distances between the samples seen in the MDS plot 

represent the degree of difference between the human transcript expression profiles of the 

samples. Red dots indicate samples representing the early postpartum group (≤ 5.2 years 

postpartum). The green dots indicate samples representing the late postpartum group (≥ 

5.3 years postpartum).  
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Figure 3.6. MA plot illustrating human transcript expression bias. The x-axis (A 

coordinate) represents the log2 transformed expression of the human transcripts. The y-

axis (M coordinate) represents the log2 transformed fold change. 

 

 

 



77 

DISCUSSION 

We found highly significant enrichment of the X chromosome-encoded miRNAs 

within the differentially expressed miRNAs in the early and late postpartum groups. 

These 9 differentially expressed miRNAs are encoded by five independent transcriptional 

units located on the X chromosome. Three of the transcriptional units were overexpressed 

and two under expressed in the early postpartum group. This observation indicates that 

these miRNAs might be functionally linked to either postpartum group, or their 

deregulated expression might be an indication of a fundamental deregulation of gene 

expression of the X chromosome coded genes. One of the X chromosomes in females is 

epigenetically inactivated throughout their whole life, and the mechanisms that keep one 

of the X chromosome in active and the other in inactive epigenetic form are tightly 

regulated. The disruption of this tight regulation in certain tumors may lead to the 

deregulation of gene expression at the chromosomal level. 

X chromosome inactivation (XCI) is a complex epigenetic process responsible for 

chromosome gene silencing [215, 216]. Nevertheless, approximately 15% of X-linked 

genes are able to escape X inactivation [216-218]. Genes that escape the inactivation are 

often clustered within large domains between 100 kbp and 7 Mbp [218], and these 

domains may help explain the high number of differentially expressed, X-linked miRNA 

genes found in our study (Table 3.1). The cluster of mir-

532/188/500a/362/501/500b/660/502 lies approximately 4 Mbp from the RIBC1 gene, an 

XCI gene [217]. Likewise, the clusters of mir-106a/18b/20b/19b-2/92a-2/363 and mir-

424/503/542/450a-2/450a-1/450b lie within 1.5 Mbp from another XCI gene, GPC4 

[217]. The Barr body is frequently absent in breast cancer cells [216, 219], and may 
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reflect the duplication of the active X chromosome resulting in the overexpression of X-

linked genes [216]. Since we found the differential expression of certain X-linked 

miRNAs associated with breast cancer in the postpartum period, further investigation of 

the epigenetic status of the X chromosomes and the gene expression levels of the X 

chromosome encoded genes might increase our knowledge about the differences between 

breast tumors from various postpartum periods. 

Three miRNAs (miR-31, miR-135b, and miR-138) were identified to have a high 

fold change and were overexpressed in the early versus late postpartum group. The highly 

studied miR-31, which was expressed at significantly higher levels in the early 

postpartum group, has been suggested to act as both a tumor suppressor [220, 221] and as 

an oncogene [221, 222]. In a study by Valastyan et al., miR-31 expression was found to 

be inversely associated with metastasis in human breast cancer patients; findings that are 

inconsistent with reports of more aggressive behavior in the early postpartum group 

[223]. However, in lung cancer cells, miR-31 has been shown to have oncogenic potential 

[222]. miRNA 31 inhibits tumor suppressors, large tumor suppressor, homolog 2 

(LATS2) and protein phosphatase 2, regulatory subunit B, alpha (PPP2R2A) in lung 

cancer cells [222]. Additionally, in a previous study, our laboratory found that miR-31 

gene expression correlated with its methylation status, which supports an epigenetic 

regulation of miR-31 [195].  

Like miR-31, the levels of miR-135b were significantly higher in the early 

postpartum group when compared to the late group. Targets of miR-135b include 

integrin-binding sialoprotein (IBSP) and Sp7 transcription factor (SP7) [224]. miRNA 

135b has previously been reported to be up-regulated in basal human breast cancers and 
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correlated with worse patient survival and metastasis, [225] and separately, to be a 

member of a set of miRNAs that are predictive of a negative estrogen receptor status 

[226]. Within our cohort, we observed a negative correlation between miR-135b level 

and ER or PR status.  

miRNA-138 has been shown to be up-regulated in invasive breast cancer cell 

lines [227], and may act as a tumor suppressor in breast, endometrial and pancreatic 

carcinomas via regulation of neutrophil gelatinase-associated lipocalin (NGAL); a gene 

up-regulated in some cancers [228]. Liu et al., investigated the role of miR-138 in 

epithelial-mesenchymal transition (EMT) and cell migration and invasion in squamous 

cell carcinoma cell lines [229]. Their study points to the interaction of miR-138 with 

several target genes involved in EMT; including vimentin (VIM), zinc finger E-box-

binding homeobox 2 (ZEB2), and enhancer of zeste homologue 2 (EZH2). They also 

identified several target genes involved in cell migration and invasion; including Rho-

related GTP-binding protein C (RhoC), and Rho-associated, coiled-coil-containing 

protein kinase 2 (ROCK2) [229]. Identification of differentially expressed miRNAs 

between the early and the late postpartum groups, such as, miR-31, miR-135b, and miR-

138 and their interacting gene partners provide possible ways in which miRNAs may be 

manipulated in the study of postpartum breast cancers. 
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CHAPTER FOUR: DNA METHYLATION OF DIFFERENTIALLY EXPRESSED 

MICRORNAS FROM ELLA POSTPARTUM BREAST TUMOR TISSUES 

Text and Figures in this section are derived from Muñoz-Rodríguez JL, Vrba L, Futscher 

BW, Hu C, Komenaka IK, Meza-Montenegro MM, Gutierrez-Millan LE, Daneri-Navarro 

A, Thompson PA, Martinez ME. 2015 PLoS ONE 10(4): e0124340. 

INTRODUCTION 

Epigenetics is defined as “the study of mitotically and/or meitically heritable 

changes in gene function that cannot be explained by changes in DNA sequence” [230, 

231]. Two of the most commonly studied epigenetic regulatory mechanisms are DNA 

methylation and histone modifications. DNA methylation is characterized by the transfer 

of a methyl group from S-adenosyl methionine (SAM) to the 5’ position of a cytosine 

residue within CpG dinucleotides, and is the most widely studied mechanism of 

epigenetic regulation. Methyl groups are added onto DNA by DNA methyltransferase 

(DNMT) enzymes. The DNMT enzymes are involved in placing the initial methyl group 

(de novo DNMTs: DNMT3A and DNMT3B) onto DNA [232-234], or maintaining the 

existing DNA methylation on the DNA strand after replication (maintenance DNMT: 

DNMT1) [235-237].  

DNA methylation plays a role in regulation of genes. When gene promoter 

regions are unmethylated, transcriptional regulators and modulators can bind to DNA 

leading to active transcription of the gene. Conversely, in tumor tissues with methylated 

promoter regions, the transcriptional machinery cannot bind, thus preventing active 

transcription of the gene. Consequently, DNA methylation is a mechanism used by 
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eukaryotic cells to control numerous cellular processes such as, embryonic development, 

genomic imprinting, X-chromosome inactivation (XCI), and the preservation of 

chromosome stability [238]. In cancer, the methylation of genomic sequences within 

gene promoter regions may lead to gene silencing of inappropriate genes, such as tumor 

suppressor genes. 

The second specific aim of my dissertation project focused on characterizing the 

DNA methylation profile of the differentially expressed miRNAs identified between the 

early and late postpartum groups (Chapter III). Our laboratory has shown that epigenetic 

mechanisms, such as DNA methylation regulate miRNA expression in breast cancers 

[173, 239-241]. However, we have not specifically looked at postpartum associated 

breast cancers or cancers specifically affecting Hispanic women. Measuring the DNA 

methylation levels of the miRNA genes may elucidate whether the differentially 

expressed miRNAs are indeed epigenetically regulated in postpartum breast cancers in 

Hispanics. The findings from these studies may highlight the importance of DNA 

methylation in miRNA deregulation in postpartum breast cancer. Furthermore, they may 

inform researchers as to some of the driving forces involved in the cancer progression 

from Hispanic women with postpartum breast cancer, versus those occurring outside this 

transient high-risk period.  
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RESULTS 

DNA methylation of differentially expressed miRNAs 

Previously, our laboratory showed that epigenetic mechanisms, such as DNA 

methylation regulate miRNA expression and may contribute to their deregulation in 

cancer [173, 195]. In specific aim one I found 15 differentially expressed miRNAs across 

postpartum breast cancer tissues. In this aim, I determined the DNA methylation profile 

of a select group of the differentially expressed miRNAs across the postpartum breast 

cancers. I focused on miRNAs meeting a stringency cut-off (exhibiting ≥ 2-fold 

expression ratio and having an adjusted p-value < 0.05). Additionally, a number of 

miRNAs were excluded from the DNA methylation analysis because previous analyses 

across breast tumor samples showed that the regions where these miRNA genes are 

located did not exhibit large differences in DNA methylation [195]. On the other hand, 

mir-31, mir-106a, mir-135b_TSS, mir-135b_upTSS, mir-138-2, and mir-542 were 

located in areas were large differences in DNA methylation were previously reported 

[195]. The DNA methylation status of miRNAs was analyzed by MassARRAY in this 

study, and is reported in Figure 4.1 and Figure 4.2. Two MassARRAY amplicons were 

designed for mir-135b, covering two regions; one within the transcription start site (TSS), 

and one upstream of the transcription start site (upTSS). These two regions were chosen 

because they were observed in our laboratory to be differentially methylated across breast 

tumor samples [195]. All miRNAs in this study processed by MassARRAY, except for 

miR-31 were analyzed across 24 samples. miR-31 was analyzed across 35 samples. miR-

31 was one of the first miRNAs whose methylation pattern was tested. Later on in the 
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study, we became more selective and specific with our usage of Ella samples for the 

MassARRAY. 
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Figure 4.1. Sequenom MassARRAY analysis of DNA methylation status across 

miRNA genes. miRNAs investigated across 24 Ella FFPE breast tumor tissue 

samples. Rows represent individual samples (identified with the letter “E”), 

ordered based on time since last full-term pregnancy, from early to late 

(numerical values in years on the right-hand side of heatmaps). Columns represent 

CpG units (labeled at the bottom). Yellow indicates zero to low methylation. Blue 

indicates high to complete methylation. Dashed boxes indicate no data for that 

CpG unit, for that specific sample. Filtering of raw methylation data took into 

account a standard error more than 0.15, and if less than half of the CpG units 

were left, then that CpG unit was discarded. Dashed horizontal lines divide the 

early from the late postpartum group. MB231 are breast cancer cells, while, 

HMEC240LB are human mammary epithelial cells. Both were used as controls 

for the Sequenom MassARRAY. 
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Figure 4.2. Sequenom MassARRAY analysis of DNA methylation status across 

miRNA genes. miRNAs investigated across 24 Ella FFPE breast tumor tissue 

samples, with the exception of mir-31, which was investigated across 35 samples. 

Rows represent individual samples (identified with the letter “E”), ordered based 

on time since last full-term pregnancy, from early to late (numerical values in 

years on the right-hand side of heatmaps). Columns represent CpG units (labeled 

at the bottom). Yellow indicates zero to low methylation. Blue indicates high to 

complete methylation. Dashed boxes indicate no data for that CpG unit, for that 

specific sample. Filtering of raw methylation data took into account a standard 

error more than 0.15, and if less than half of the CpG units were left, then that 

CpG unit was discarded. Dashed horizontal lines divide the early from the late 

postpartum group. MB231 are breast cancer cells, while, HMEC240LB are 

human mammary epithelial cells. Both were used as controls for the Sequenom 

MassARRAY. MB231 data for mir-31 is missing (dashed boxes) due to a 
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homozygous deletion present in this cell line within the location of the mir-31 

gene. 
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DNA methylation within Ella postpartum groups 

Overall, DNA methylation levels of the miRNA genes were interpreted as low 

mean methylation (5% - 30%), moderate mean methylation (31% - 60%) or high mean 

methylation (>60%). miRNA 31 and mir-135b_upTSS were detected as having low mean 

methylation. On the other hand, mir-106a, mir-135b_TSS, mir-138-2, and mir-542 were 

detected as having moderate DNA mean methylation (Figure 4.3). Expanding the 

comparison of DNA methylation status and taking into account the postpartum groups 

based on TSLFTP provided additional information into the relationship of miRNAs and 

postpartum breast cancer. The DNA methylation analysis of the miRNAs demonstrated 

that mir-31, mir-135b_TSS, mir-135b_upTSS, and mir-138-2 are less methylated in 

samples representing the early postpartum group compared to the late postpartum group 

(Figure 4.3). Both regions of mir-135b and the lone region of mir-138-2 were 

statistically significant (p < 0.05, Wilcoxon test) for DNA methylation. miRNA 106a 

displayed a higher mean methylation in the early postpartum samples compared to the 

late postpartum group; although not statistically significant. The DNA methylation 

pattern for mir-542, between the early and late postpartum groups, was also not 

statistically different (Figure 4.3).  
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Figure 4.3. Box plots illustrating the DNA methylation of the miRNA genes 

investigated. The x-axis is divided into two interval groups; early, representing 

Ella FFPE samples ≤ 5.2 years postpartum, and late, representing Ella FFPE 

samples ≥ 5.3 years postpartum. The y-axis represents the mean DNA 

methylation (%) of the amplicon. The names of the miRNA MassARRAY 

amplicons analyzed by Sequenom are displayed at the top of each plot. The p-

value (Wilcoxon test) for each amplicon analyzed is displayed on the second line 

from the top of the plot.  
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Correlation between miRNA DNA methylation and miRNA expression 

Furthermore, the DNA methylation of the prepared DNA MassARRAY 

amplicons was compared to the miRNA gene expression. Investigating the relationship 

between DNA methylation and miRNA expression was necessary to understand the 

correlation between these two variables. Figure 4.4 demonstrates that miRNA genes 

expressed in the early postpartum group (miR-31, miR-135b, and miR-138) displayed 

less DNA mean methylation than those from the late postpartum group. By drawing an 

imaginary diagonal line within each of the graphs, the correlation can be interpreted as a 

negative correlation, as indicated by a downward trend of miRNA expression to DNA 

methylation. In the case of miR-31, miR-135b, and miR-138, this negative correlation 

was statistically significant. On the other hand, miR-106a, which is under expressed in 

the early postpartum group, displayed higher DNA mean methylation than those from the 

late postpartum group (Figure 4.4). The correlation seen for miR-106a, which was 

statistically significant, is characterized as a positive correlation. It is a positive 

correlation since the imaginary diagonal line has an upward trend. This positive 

correlation can be characterized as an exception to the rule. In other words, if the DNA of 

a gene is methylated, the expression of that gene should be low or not present; however, 

for miR-106a we see that as the DNA methylation increases, miRNA expression also 

increases. Additionally, the correlation between DNA methylation and miRNA gene 

expression for miR-542 was not significant, as illustrated in Figure 4.4. The pattern for 

miR-542 lacks an identifiable shape if an imaginary line were to be drawn within the 

figure. 
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Figure 4.4. Linkage between miRNA expression and DNA methylation. The x-axis 

shows the mean DNA methylation (%) of the miRNA Sequenom MassARRAY 

amplicons. The y-axis shows the miRNA expression levels as determined by reverse 

transcriptase quantitative RT-PCR analysis. The names of the genes analyzed by 

MassARRAY and the names of the respective mature miRNA products detected are 

displayed at the top of each plot. 
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DISCUSSION 

The ability of miRNAs to be regulated by DNA methylation, an epigenetic 

mechanism has been shown in numerous studies [173, 239-241]. More specifically, 

aberrant hypermethylation has been reported to be associated with the silencing of tumor 

suppressor miRNAs in a number of cancers, including breast cancer [195, 242-245]. In 

this study we focused on miRNAs differentially expressed in postpartum breast cancers 

diagnosed in Hispanic women, a poorly studied subset of breast cancers. 

We chose to analyze the methylation status of miRNAs -31, -106a, -135b_TSS, -

135b_upTSS, -138-2 and -542. These miRNAs were selected because they are 

differentially expressed in postpartum breast cancers and because previous microarray 

studies in our lab have shown that these miRNAs are differentially methylated across 

breast tumor samples [195]. Our DNA methylation analysis demonstrates that some of 

the differentially expressed miRNAs (miR-31, miR-106a, miR-135b, and miR-138-2) are 

methylatled at differing levels across the early and late postpartum groups. miR-31, miR-

135b, and miR-138-2 contain less mean DNA methylation in the early compared to the 

late postpartum group. miR-106a, on the other hand, contains less mean DNA 

methylation in the late compared to the early postpartum group.  

Furthermore, correlation analyses between the miRNA DNA methylation and 

miRNA expression indicate that DNA methylation may affect miRNA expression. miR-

31, miR-135b, and miR-138-2, for example, have less miRNA DNA mean methylation, 

and are expressed higher in the early versus late postpartum groups. This pattern suggests 

that there is a negative correlation between DNA methylation and expression in these 
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samples, which has been frequently reported. Interestingly, our analysis demonstrated 

that the expression and methylation level of miR-106a are positively correlated, meaning 

that it exhibits high miRNA DNA mean methylation and high miRNA expression. 

miRNA 106a is a member of the cluster mir-106a/18b/20b/19b-2/92a-2/263 encoded on 

the X chromosome. This cluster is located within a polycomb domain occupied by 

histone H3 lysine 27 trimethylation (H3K27me3) [194]. The H3K27me3 is a repressive 

epigenetic mark that negatively correlates with expression. Reports have shown there is 

an antagonism between H3K27me3 and DNA methylation, like in the miRNA cluster 

mir-183/96/182 [194]. We speculate that the relationship between mir-106a and the 

polycomb domain explains the positive correlation observed in our study. 

Taken together, these findings suggest that epigenetic mechanisms, such as DNA 

methylation, regulate the expression of miRNAs and may play a role in the deregulation 

of miRNAs in postpartum breast cancers. Since epigenetic mechanisms frequently 

underlie miRNA dysregulation in breast cancer, this may provide a therapeutic window 

for restoring miRNA expression. Several epigenetic drugs, including DNMT inhibitors, 

have been developed. However, epigenetic therapy is very non-specific; thus miRNAs 

represent an opportunity as yet unfulfilled. 
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CHAPTER FIVE: CURRENT PERSPECTIVES AND FUTURE DIRECTIONS 

The study of breast cancer in minority populations has been a topic taking center-

stage as of late. Organizations like the American Association for Cancer Research 

(AACR) have even made it a priority to establish a conference that specifically focuses 

on disseminating results on research conducted in racial/ethnic minorities. The goal has 

not only been to eradicate the research social divide that exists, but to also make lasting 

scientific discoveries benefiting racial/ethnic minorities, as well as, combating the disease 

within the general population. 

Ella breast tumor tissues and their microRNA expression 

With this in mind, the collaboration between my advisor Dr. Bernard Futscher and 

Dr. Maria Elena Martinez, along with the Ella Binational Breast Cancer study afforded 

me the opportunity to pursue breast cancer research targeting a Hispanic population. I 

focused on characterizing postpartum breast cancer in Hispanic women diagnosed with 

the disease at various years since their last full-term pregnancy. Based on the expression 

of 355 miRNAs across 56 samples, a natural split was identified consisting of an early 

group (breast cancer diagnosed ≤ 5.2 years postpartum), and a late group (breast cancer 

diagnosed ≥ 5.3 years postpartum). This natural split coincided with published data 

demonstrating five years after pregnancy as a high-risk time period in postpartum breast 

cancer [209, 210, 246]. In this study, 15 differentially expressed miRNAs were identified 

between the two postpartum groups, with 12 miRNAs overexpressed and 3 under 

expressed in the early postpartum group. Another method of describing those miRNAs 

under expressed in the early group may be to think of them as being overexpressed in the 
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late compared to the early postpartum group. Taken together, differential expression of 

miRNAs between the two identified postpartum groups indicates that postpartum breast 

cancers have the potential to be differentiated based on miRNA expression. miRNA 

signatures have been pursued in the comparison between normal and diseased state for 

ovarian cancer [191], hepatocellular carcinoma [247], CLL [125], and breast cancer 

[142], just to comment on a few; with all illustrating the usefulness and capabilities 

miRNAs possess as research tools. 

DNA methylation explains microRNA expression levels 

miRNA expression provided one aspect of characterizing postpartum breast 

cancer from Hispanic women. Identifying DNA methylation levels from selected 

differentially expressed miRNAs was used as another variable in the characterization of 

postpartum breast cancer. Are differentially expressed miRNAs epigenetically regulated? 

That is an interesting question that provides important information for understanding the 

role miRNAs play within postpartum breast cancer. Five differentially expressed 

miRNAs were selected for DNA methylation analysis by Sequenom MassARRAY, and 

results indicate that mir-31, mir-135b, and mir-138-2 are less methylated in the early 

compared to the late postpartum group (Figure 4.3). Additionally, the DNA methylation 

status of these miRNAs explains the expression levels detected in this study, in which 

miR-31, miR-135b, and miR-138 had higher expression in the early compared to the late 

postpartum group (Figure 4.4). Grouping the DNA methylation levels along with the 

miRNA expression levels informs us as to the potential epigenetic regulation controlling 

a few differentially expressed miRNAs. 
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microRNA function: an important piece of the puzzle 

Further research will need to be conducted to identify the function of the miRNAs 

identified within this study. Learning what genes serve as mRNA targets for the 

differentially expressed miRNAs will provide information about the potential function(s) 

of the miRNAs. I have provided a few mRNA targets for the differentially expressed 

miRNAs (Chapter III) that have been identified in the literature; however, it is not all-

inclusive. Conducting additional research on the differentially expressed miRNAs will 

inform us about molecular pathways that may be pursued by these differentially 

expressed miRNAs. This will provide further knowledge as to how one may 

therapeutically target miRNAs in the treatment of the disease at hand. 

Balancing research strengths and limitations 

This study demonstrates that miRNAs are differentially expressed in PPBC 

among Hispanic women, and that methylation of some of the miRNA genes may 

contribute to the expression differences. However, a number of limitations may affect the 

interpretation of these conclusions. Firstly, I only investigated a case series of breast 

tumors, (e.g. tumors to tumors), which challenges the acquisition of risk data by either 

TSLFTP, AgeDx, hormone receptor status, HER2 status, tumor subtype, or any of the 

reproductive variables identified. Lacking breast tumor samples from nulliparous women 

in this study limits our understanding of the effect of pregnancy on miRNAs in PPBC 

initiation and progression. Additionally, studies will need to be conducted on samples 

from women without breast cancer to determine miRNA expression differences between 



96 

“normal” breast tissue and PPBCs. These findings would help researchers understand the 

role of miRNAs in PPBC and help guide treatment in the clinic. 

Secondly, although a large number of miRNAs were included in our 

transcriptome, it does not represent the total quantity of miRNAs identified to-date, since 

that number is upwards of 2,500 [248-251]. For example, miRNAs not normally 

expressed in healthy mammary cells, but active during breast tumorigenesis may not have 

been included. The miRNAs investigated have been shown to be expressed in human cell 

lines, such as mammary epithelial cells and fibroblast cells [194]. Likewise, studies 

conducted in our laboratory have demonstrated that some of these miRNAs are 

differentially expressed and methylated within breast tumor and normal tissues [195]. 

Therefore, the miRNAs investigated in this study represent a substantial number of 

miRNAs that may play a role in the involvement of postpartum breast cancer.  

Thirdly, the women whose samples we obtained self-identified as Hispanic (either 

being of Mexican descent living in the US, or being from Mexico). This may challenge 

the interpretations generated by this study. Are the differentially expressed miRNAs in 

our study the result of sample genetic make-up, or in fact due to postpartum status? One 

approach would require conducting admixture studies on the case series samples by 

performing microarray experiments to identify single-nucleotide-polymorphisms (SNPs) 

that may serve as ancestry-informative markers. Currently, the admixture mapping panel 

for Hispanic/Latino populations, such as those discovered for West African and European 

populations is lacking. However, Hispanic populations are characterized by either a two-

way admixture or a three-way admixture. The two-way admixture refers to 

Hispanic/Latino individuals carrying genetic marks from Native American and European 
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populations. The three-way admixture refers to Hispanic/Latino individuals carrying 

genetic marks from Native American, European and West African populations [252]. 

Attempts have been made at accurately identifying Hispanic/Latino individuals; the 

North American Association of Central Cancer Registries (NAACCR) Hispanic 

Identification Algorithm (NHIA), which when first released in 2003, helped cancer 

registries identify their participants for cancer surveillance [253, 254]. The NHIA has 

developed a modified version of the algorithm (NHIA v2), which was released in 2005 

[253]. Additionally, Tian et al. performed admixture mapping of Mexican Americans, 

focusing on segments of chromosomes for Amerindian (including Mayan and Pima) 

ancestry and European ancestry [255]. However, a more thorough and genetic-specific 

form of determining Hispanic/Latino genetics is needed, which will accurately identify 

research participants. Understanding the genetic composition of the population of interest 

may enhance how studies are conducted and what the results are informing us regarding 

the response acquired. 

Conclusions 

As the statement of purpose alluded to, breast cancer increasing immediately 

following pregnancy may be influenced by changes in the breast as a result of a 

pregnancy, and in preparation for lactation. The breast may undergo changes resembling 

inflammation leading to molecular responses by the mammary tissue. Additionally, 

pregnancy may induce oncogenic and growth promoting effects within the breast 

environment. Epidemiologic studies have demonstrated that in Hispanic women with 

postpartum breast cancer (PPBC), women are: 1) diagnosed with cancer at a younger age 

of onset, 2) have higher rates of estrogen receptor negative tumors, 3) have higher rates 
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of invasive medullary tumors, and 4) a higher prevalence of high grade tumors. Social 

and economic factors limiting screening and overall access of care have also been 

discussed as having an effect on the findings regarding postpartum breast cancer in 

racial/ethnic minorities. Most studies related to PPBC have focused on European women; 

however, there has been a shift to demonstrate PPBC’s effects on racial/ethnic minorities. 

Moreover, this study utilizes a molecular approach supported by epidemiological findings 

to elucidate the importance and complexities of PPBC in racial/ethnic minorities, 

specifically Hispanic women. Using the miRNA expression profiles identified in this 

study, along with the health history, reproductive history, tumor grade, and tumor 

markers categorized by the Ella Binational Breast Cancer Study, one may demonstrate 

the complexities associated with the study of PPBC in Hispanic women. PPBC has 

deeper-rooted influences than just a pregnancy. As mentioned above, there are biological 

changes occurring in response to the reproductive potential, there are changes influenced 

by the cell’s hormone receptor status or the Her2/neu status, and there are changes driven 

by the overexpression or under expression of miRNA genes. miRNAs have the potential 

to regulate numerous genes, therefore, it is imaginable that they may influence genes 

having a role in mammary gland changes due to pregnancy/parity, genes involved in 

hormone responses, and genes involved in cellular differentiation. 

Findings from this study support my hypothesis that miRNA genes are more 

likely to be epigenetically altered in tumors diagnosed in the high-risk postpartum period. 

I was able to identify differences in miRNA expression across breast tumor samples in 

the high-risk period versus those outside of this period, with more miRNAs 

overexpressed than under expressed in the early postpartum group. Three differentially 
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expressed miRNAs also displayed DNA methylation profiles suggestive of epigenetic 

regulation. These three miRNAs (miR-31, miR-135b, and miR-138) demonstrate a 

research potential that must be pursued further. These discoveries will need to be 

validated on an independent group of samples representative of PPBC, including 

nulliparous samples. 

Future directions: long non-coding RNAs and breast cancer 

Recently, our laboratory became interested in long non-coding RNAs (lncRNAs), 

which are RNA transcripts longer that 200 nucleotides with no coding potential [256-

258]. More than 4,600 lncRNAs have been identified in mice, and over 3,300 have been 

identified in humans. lncRNAs are important regulatory molecules in developmental, 

physiological, and pathological processes, including cancer. In the past couple of years, 

lncRNAs have moved into the forefront of ncRNA and cancer research. A study by 

Djerbali et al. has demonstrated lncRNAs being expressed at much lower levels than 

traditional protein-coding mRNAs, making them difficult to identify and study [259]. 

Several lncRNAs have been shown to be misregulated in cancer [84, 86, 260-262]. The 

precise mechanism and functions of most lncRNAs, however, remain largely unknown. 

Mounting evidence suggests that many lncRNAs carry out their functional roles 

by physically interacting with diverse regulatory proteins or RNA-binding proteins 

(RBPs) [82, 263, 264]. HOTAIR, a well-studied lncRNA, for example, acts as a scaffold 

molecule that bridges the Polycomb Repressive Complex 2 (PRC2) and the LSD1H3K4 

demethylase complex together and recruits them to the regulatory domains of target 

genes [265]. The HOTAIR lncRNA-protein complex has been shown to specifically 
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repress the transcription of genes that inhibit metastasis [86, 266]. In invasive breast 

cancer tumor samples, HOTAIR expression is a strong predictor of metastasis and poor 

survival [86]. 

Unlike HOTAIR, for the majority of lncRNAs, the RBPs they associate with and 

the mechanisms underlying their interaction remains largely unknown. Furthermore, 

understanding how lncRNAs function requires a detailed understanding of lncRNA-

protein complexes. It is now well accepted that proteins interact with RNA just as protein 

interacts with DNA. Consequently, we performed a protein microarray (ProtoArray
® 

Human Protein Microarray) to identify proteins that interact with ZNF667 (or MORT). 

MORT is a lncRNA that our laboratory recently found was both hypermethylated and 

downregulated in prostate cancer cells [267]. 

Using breast tissue from normal and cancer patients we also found that MORT 

expression was lower in breast cancer tissue versus normal breast tissue. Analysis of 

normal, tumorigenic, and metastatic breast tissues in The Cancer Genome Atlas (TCGA) 

dataset revealed that MORT expression was slightly increased in the normal tissues 

compared to tumorigenic and metastatic tissues. Additionally, the methylation pattern 

demonstrated that the normal tissues were less methylated than the tumorigenic and 

metastatic tissues, consistent with the profile of epigenetic regulation. Currently, I am 

performing RNA-protein pulldown experiments to validate the ProtoArray
®
 microarray 

results and possibly provide new protein binding partners for MORT. These experiments 

will enhance our understanding of MORT and its function within breast cancer. 
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER THREE 

miRNA ID 

Log2 Fold 

Change 

Log 2 Mean 

Expression adj.P.Val chromosomes 

hsa-miR-138 2.331385805 13.83714286 0.00456937 chr3, chr16 

hsa-miR-660 1.137021492 15.84875 0.026435755 chrX 

hsa-miR-31 1.333202749 18.44678571 0.026435755 chr9 

hsa-miR-

892a -2.670712302 8.959107143 0.026435755 chrX 

hsa-miR-

135b 2.812780063 15.55160714 0.026435755 chr1 

hsa-miR-

500a 0.999215287 13.46214286 0.026435755 chrX 

hsa-miR-19b 0.671504919 22.51178571 0.026435755 chr13, chrX 

hsa-miR-

199a-5p -1.235737974 21.19928571 0.026435755 chr1, chr19 

hsa-miR-17 1.085233518 15.31357143 0.026435755 chr13 

hsa-miR-

542-5p -1.081922385 14.06928571 0.026435755 chrX 

hsa-miR-

362-3p 0.947588317 5.667678571 0.033484408 chrX 

hsa-miR-

106a 0.874460867 21.13821429 0.0389082 chrX 

hsa-miR-454 1.378279129 8.447321429 0.039505774 chr17 

hsa-miR-

502-5p 0.816331915 14.49071429 0.041700227 chrX 

hsa-miR-934 2.621344197 12.17196429 0.047706589 chrX 

hsa-miR-136 -0.9917908 17.22303571 0.050830952 chr14 

hsa-miR-

487b -0.820506611 15.03857143 0.051567964 chr14 

hsa-miR-

876-5p 2.166351661 8.186785714 0.051567964 chr9 

hsa-miR-

876-3p 0.627499996 5.494107143 0.057709505 chr9 

hsa-miR-

302a -1.731785453 10.39803571 0.057709505 chr4 

hsa-miR-

199b-5p -0.96499562 20.13839286 0.057709505 chr9 

hsa-miR-539 -1.708022496 8.789642857 0.057709505 chr14 

hsa-miR-577 1.777513643 9.810357143 0.064114365 chr4 

hsa-miR-

337-5p -1.144369194 13.98946429 0.064399322 chr14 

hsa-miR-

146b-5p 0.665714037 18.87767857 0.068603764 chr10 
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hsa-miR-29b -0.612119882 21.67892857 0.070756817 chr7, chr1 

hsa-miR-

146a 0.860947336 20.38017857 0.070756817 chr5 

hsa-miR-

301a 2.05702763 11.52017857 0.079371754 chr17 

hsa-miR-

127-3p -0.856927692 17.04392857 0.083964491 chr14 

hsa-miR-18a 1.027353597 17.06821429 0.103697181 chr13 

hsa-miR-505 0.609537202 16.14928571 0.103697181 chrX 

hsa-miR-

449a -3.361114886 13.73142857 0.103697181 chr5 

hsa-miR-

502-3p 0.460655791 15.75517857 0.103697181 chrX 

hsa-miR-377 -0.97067314 15.14446429 0.110235818 chr14 

hsa-miR-

193b -0.73310577 20.56285714 0.110235818 chr16 

hsa-let-7e 0.963300093 17.04517857 0.115109206 chr19 

hsa-miR-

342-3p -0.85606545 21.34875 0.124795235 chr14 

hsa-miR-335 -1.35739715 13.68589286 0.124795235 chr7 

hsa-miR-429 1.130149328 14.89035714 0.124795235 chr1 

hsa-miR-

455-3p 0.650159709 18.33160714 0.124795235 chr9 

hsa-miR-16 1.406218599 7.246428571 0.124795235 chr13, chr3 

hsa-miR-495 -0.785506752 14.54125 0.124795235 chr14 

hsa-miR-

296-3p -1.664785947 9.978392857 0.124795235 chr20 

hsa-miR-375 -1.637036712 18.8475 0.124795235 chr2 

hsa-miR-

133b -1.03735071 13.71428571 0.124795235 chr20, chr18 

hsa-miR-432 -1.248906787 13.01589286 0.130825989 chr14 

hsa-miR-

513c 0.728865868 5.633928571 0.130825989 chrX 

hsa-miR-

485-3p -0.663065524 14.32892857 0.130825989 chr14 

hsa-miR-18b 0.840675452 17.36214286 0.139935756 chrX 

hsa-miR-205 1.069981901 22.005 0.140359727 chr1 

hsa-miR-99a -0.650927817 21.47089286 0.140359727 chr21 

hsa-let-7a 1.557851112 16.95607143 0.140946729 chr22, chr9, chr11 

hsa-miR-

142-3p 0.79070604 21.34678571 0.140946729 chr17 

hsa-miR-

376a -0.710815812 14.63928571 0.152788204 chr14 

hsa-miR-383 1.568913237 6.560357143 0.160344779 chr8 
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hsa-miR-589 -1.241539234 11.91089286 0.160344779 chr7 

hsa-miR-411 -1.016605192 14.14892857 0.160344779 chr14 

hsa-miR-

516a-5p 1.596793172 6.505357143 0.160344779 chr19 

hsa-miR-223 0.598417331 19.64446429 0.160344779 chrX 

hsa-miR-

423-3p -0.368708263 19.68178571 0.168530947 chr17 

hsa-miR-

301b 1.004261474 12.46232143 0.173597671 chr22 

hsa-miR-

1296 -1.344529961 13.02196429 0.173597671 chr10 

hsa-miR-34a -0.422482387 20.57732143 0.192117422 chr1 

hsa-miR-598 0.721970114 14.18535714 0.192117422 chr8 

hsa-miR-19a 1.243869386 15.31642857 0.199990115 chr13 

hsa-miR-

487a -1.368711914 11.33982143 0.201011484 chr14 

hsa-miR-514 0.793438768 13.07178571 0.231181839 chrX 

hsa-miR-197 -1.066977925 17.43357143 0.232329297 chr1 

hsa-miR-

548l 0.625478873 5.91625 0.239287352 chr11 

hsa-miR-9 1.460245129 13.81178571 0.251810888 chr15, chr5, chr1 

hsa-miR-

296-5p -0.748188236 15.82214286 0.251810888 chr20 

hsa-miR-379 -0.79786384 12.28267857 0.251810888 chr14 

hsa-miR-

455-5p 1.130694926 16.27089286 0.251810888 chr9 

hsa-miR-

409-5p -1.066590125 12.05482143 0.251810888 chr14 

hsa-miR-370 -1.207355886 12.66857143 0.251810888 chr14 

hsa-miR-152 -0.408501811 18.94732143 0.251810888 chr17 

hsa-miR-100 -0.83894433 16.66303571 0.251810888 chr11 

hsa-miR-

769-5p -0.425056372 15.62232143 0.251810888 chr19 

hsa-miR-877 0.582429959 12.49964286 0.251810888 chr6 

hsa-miR-126 -0.376717555 22.26017857 0.251810888 chr9 

hsa-miR-194 0.436430418 17.19892857 0.256209167 chr1, chr11 

hsa-miR-215 0.443519019 16.45607143 0.257871196 chr1 

hsa-miR-1 -1.016573131 13.17285714 0.257871196 chr18, chr20 

hsa-miR-30e 1.05566844 13.68767857 0.257871196 chr1 

hsa-miR-

374a 0.326040331 18.83071429 0.257871196 chrX 

hsa-miR-

188-5p 0.529846379 14.29303571 0.264051405 chrX 

hsa-miR- 1.235316857 6.668928571 0.264051405 chr8 
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548a-5p 

hsa-miR-149 -1.161696806 17.08660714 0.264051405 chr2 

hsa-miR-544 -1.281994738 7.0275 0.282574287 chr14 

hsa-miR-202 -0.979804479 6.876785714 0.290492364 chr10 

hsa-miR-

129-3p -0.929367024 8.679821429 0.302753499 chr11 

hsa-miR-

519a 1.966937541 10.25035714 0.307798881 chr19 

hsa-miR-

1185 -1.108954796 10.70607143 0.309237171 chr14 

hsa-miR-

190b -1.978630515 13.50857143 0.309237171 chr1 

hsa-miR-190 0.409758337 14.61767857 0.309237171 chr15 

hsa-miR-887 -0.664456081 14.37875 0.314960383 chr5 

hsa-miR-

590-5p 1.191125736 16.08267857 0.315091754 chr7 

hsa-miR-22 -1.728860422 21.13125 0.315099063 chr17 

hsa-miR-451 -2.313496594 19.82267857 0.315099063 chr17 

hsa-miR-433 -0.465854714 14.17178571 0.315099063 chr14 

hsa-miR-

199a-3p -0.604544795 22.63714286 0.322453404 chr9, chr19, chr1 

hsa-miR-

148a 1.139060629 18.2425 0.322453404 chr7 

hsa-miR-28-

5p -0.960527325 18.74678571 0.322453404 chr3 

hsa-let-7d 0.255814311 20.76160714 0.322453404 chr9 

hsa-miR-10a -0.588572085 15.27482143 0.322453404 chr17 

hsa-miR-

769-3p -0.831764722 12.4075 0.322453404 chr19 

hsa-miR-

486-3p 1.194737992 10.39803571 0.322453404 chr8 

hsa-miR-33a 1.159664577 11.86875 0.322453404 chr22 

hsa-miR-145 -0.506709762 22.85910714 0.322453404 chr5 

hsa-miR-155 0.476871873 18.76071429 0.325286584 chr21 

hsa-miR-

331-5p -0.815361479 10.73410714 0.32790283 chr12 

hsa-miR-27a 0.470618903 19.68767857 0.32790283 chr19 

hsa-miR-

106b 0.357548736 18.5225 0.32790283 chr7 

hsa-miR-452 0.825761983 14.85303571 0.32790283 chrX 

hsa-miR-

548h -0.982970115 6.918928571 0.341505968 

chr8, chr17, chr14, 

chr16 

hsa-miR-

450b-5p -0.704599387 6.336428571 0.341505968 chrX 
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hsa-miR-592 -1.147070058 10.32339286 0.358082868 chr7 

hsa-miR-195 0.924052967 14.92410714 0.367663401 chr17 

hsa-miR-203 0.777848309 17.75589286 0.386008441 chr14 

hsa-miR-629 -0.349155064 14.9325 0.392204919 chr15 

hsa-miR-

135a 0.92117005 16.265 0.396518386 chr12, chr3 

hsa-miR-92a 1.198957538 20.55053571 0.40978026 chr13, chrX 

hsa-miR-

532-3p 0.726553566 16.89660714 0.417642482 chrX 

hsa-miR-

628-5p 0.672398769 11.02303571 0.422026305 chr15 

hsa-miR-

127-5p -0.773407947 12.9725 0.422026305 chr14 

hsa-miR-224 0.995739933 15.06803571 0.422026305 chrX 

hsa-miR-328 -0.293470462 16.64410714 0.422026305 chr16 

hsa-miR-137 1.267790227 9.489642857 0.422026305 chr1 

hsa-miR-

181b -1.481426075 18.11428571 0.422026305 chr9, chr1 

hsa-miR-191 -0.355112409 21.57732143 0.422026305 chr3 

hsa-miR-

548k 1.113847942 9.810178571 0.422026305 chr11 

hsa-miR-

642a -0.600599376 14.16892857 0.425748951 chr19 

hsa-miR-

299-3p -0.998333018 9.794642857 0.426090743 chr14 

hsa-miR-29c -1.431636698 21.74125 0.426090743 chr1 

hsa-miR-

338-3p -0.913723303 16.19642857 0.427713759 chr17 

hsa-miR-

361-5p -0.718897321 8.815178571 0.441038431 chrX 

hsa-miR-204 0.707375785 7.116785714 0.443509658 chr9 

hsa-miR-132 -0.973537488 17.085 0.443509658 chr17 

hsa-miR-

501-5p 0.303447378 14.6075 0.443509658 chrX 

hsa-miR-

140-5p 0.238025009 18.26214286 0.443509658 chr16 

hsa-miR-

576-3p 0.790381754 10.63285714 0.443509658 chr4 

hsa-miR-664 0.367157145 20.15321429 0.443509658 chr1 

hsa-miR-222 0.881435768 19.765 0.443509658 chrX 

hsa-miR-26a -0.34188838 22.11946429 0.443509658 chr3, chr12 

hsa-miR-32 0.334858196 17.59839286 0.443509658 chr9 

hsa-miR-

342-5p -0.518061945 15.845 0.449990631 chr14 



106 

hsa-miR-186 0.284611555 18.06553571 0.449990631 chr1 

hsa-miR-

196a -0.962540846 18.08035714 0.451609228 chr12, chr17 

hsa-let-7b -0.332405436 23.39660714 0.451609228 chr22 

hsa-miR-

1249 -0.831452099 14.56125 0.451609228 chr22 

hsa-miR-150 0.583861589 21.39517857 0.45179103 chr19 

hsa-miR-665 0.514704346 14.72375 0.46391774 chr14 

hsa-miR-329 -0.923960998 11.97625 0.466709109 chr14 

hsa-miR-488 1.003186097 9.011428571 0.466709109 chr1 

hsa-miR-

532-5p 0.914586588 16.76857143 0.466709109 chrX 

hsa-miR-493 -0.383114457 13.37392857 0.485455463 chr14 

hsa-miR-30d 0.268815945 18.10482143 0.485623565 chr8 

hsa-miR-

330-5p 0.814221728 12.50035714 0.485623565 chr19 

hsa-miR-

490-3p 0.677695781 11.24839286 0.485623565 chr7 

hsa-miR-651 -0.597011875 9.326071429 0.485623565 chrX 

hsa-miR-

219-5p 0.331714143 14.57357143 0.485623565 chr9, chr6 

hsa-miR-381 -0.299610355 12.8425 0.485623565 chr14 

hsa-miR-298 -0.726873929 6.998214286 0.485623565 chr20 

hsa-miR-

323-3p -0.758136093 12.14767857 0.485623565 chr14 

hsa-miR-10b -0.838753009 15.93821429 0.485623565 chr2 

hsa-miR-494 -0.696544132 10.01303571 0.485623565 chr14 

hsa-miR-766 -0.238379553 15.00767857 0.485623565 chrX 

hsa-miR-

146b-3p 0.307301441 13.355 0.485623565 chr10 

hsa-miR-212 -0.602893571 12.18339286 0.498890903 chr17 

hsa-miR-

615-3p -0.758492101 15.62982143 0.508920304 chr12 

hsa-miR-

200a -0.323103573 19.98803571 0.508920304 chr1 

hsa-miR-

193a-3p -0.312000021 15.26625 0.508920304 chr17 

hsa-miR-942 0.720977816 11.09714286 0.508920304 chr1 

hsa-miR-758 0.56467652 11.65035714 0.523889524 chr14 

hsa-miR-33b -0.680970955 14.33535714 0.530555988 chr17 

hsa-miR-

181d 0.583828106 14.58 0.530601094 chr19 

hsa-miR-210 0.359683661 18.63517857 0.532257565 chr11 

hsa-miR-153 -0.376215532 13.87196429 0.532257565 chr7, chr2 
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hsa-miR-24 0.164361449 23.35982143 0.532257565 chr19, chr9 

hsa-miR-545 -0.557003355 11.89446429 0.532257565 chrX 

hsa-miR-

331-3p 0.871940964 15.71142857 0.532257565 chr12 

hsa-miR-

490-5p 0.495370621 6.123392857 0.534424789 chr7 

hsa-let-7f -0.590430734 20.85464286 0.542041559 chr9, chrX 

hsa-miR-641 0.746966789 7.923035714 0.543078999 chr19 

hsa-miR-

520a-3p 0.681433547 7.118214286 0.543246132 chr19 

hsa-miR-

499-5p 0.68957147 10.22089286 0.552262648 chr20 

hsa-miR-503 -0.418445561 15.55526786 0.556308235 chrX 

hsa-miR-760 -0.398502564 12.23482143 0.561878136 chr1 

hsa-miR-

324-5p -0.204922024 18.08607143 0.563194886 chr17 

hsa-miR-

409-3p -0.540703882 15.40910714 0.565407037 chr14 

hsa-miR-549 -0.302170514 5.444821429 0.565932913 chr15 

hsa-miR-425 -0.286710136 19.93875 0.565932913 chr3 

hsa-miR-

376b -0.626770483 13.35553571 0.568201224 chr14 

hsa-miR-105 1.087206856 8.725178571 0.568201224 chrX 

hsa-miR-

208a -0.193892087 5.450357143 0.575131717 chr14 

hsa-miR-28-

3p 0.161056409 18.25767857 0.577704422 chr3 

hsa-miR-

200b 0.735355456 20.87017857 0.578954748 chr1 

hsa-miR-

1179 -0.404735195 11.68589286 0.580640661 chr15 

hsa-miR-720 -1.490363645 28.82821429 0.583782212 chr3 

hsa-let-7c -0.177192372 22.60928571 0.605798024 chr21 

hsa-miR-

520a-5p -0.672812047 6.813928571 0.611366543 chr19 

hsa-miR-124 -0.76860241 10.67017857 0.62088691 chr8, chr20 

hsa-miR-30b 0.175493598 22.09625 0.62088691 chr8 

hsa-miR-365 -0.584875018 20.06125 0.622719714 chr16, chr17 

hsa-miR-496 0.618526563 9.919285714 0.623373734 chr14 

hsa-miR-

130b 0.223388634 16.67821429 0.627491605 chr22 

hsa-miR-

582-3p 0.598558175 10.00446429 0.627586784 chr5 

hsa-miR- 0.328279527 13.55017857 0.640060052 chr4 
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576-5p 

hsa-miR-873 0.761084167 9.295178571 0.640060052 chr9 

hsa-miR-

615-5p -0.479246818 10.02375 0.640060052 chr12 

hsa-miR-

548c-5p -0.296095925 12.93321429 0.640060052 chr12 

hsa-miR-

125a-3p 0.454653284 14.22214286 0.642897543 chr19 

hsa-miR-421 -0.188749957 15.84553571 0.649504177 chrX 

hsa-miR-

1271 0.40036091 14.86821429 0.649504177 chr5 

hsa-miR-

376c -0.455383086 17.10892857 0.649504177 chr14 

hsa-miR-

216b -0.475217188 9.624285714 0.666500682 chr2 

hsa-miR-20a -0.612228969 21.40071429 0.677482144 chr13 

hsa-miR-573 0.313690468 6.359642857 0.681301109 chr4 

hsa-miR-941 0.324417949 13.6975 0.707180151 chr20 

hsa-miR-

302b -0.331125147 5.746607143 0.707180151 chr4 

hsa-miR-

337-3p 0.570226541 16.18803571 0.707180151 chr14 

hsa-miR-

548j -0.611921268 8.734464286 0.707180151 chr22 

hsa-miR-

1247 -0.451148015 13.28267857 0.707403915 chr14 

hsa-miR-187 0.785749517 12.61946429 0.707403915 chr18 

hsa-miR-154 -0.409106223 14.81392857 0.707403915 chr14 

hsa-miR-93 0.177889033 21.135 0.707403915 chr7 

hsa-miR-

501-3p 0.159993495 15.05946429 0.707403915 chrX 

hsa-miR-

148b -0.154243102 18.18178571 0.707403915 chr12 

hsa-miR-128 -0.383839726 16.55214286 0.710613277 chr3, chr2 

hsa-miR-643 -0.387012382 14.00357143 0.711509495 chr19 

hsa-miR-424 0.54619537 18.60357143 0.711612348 chrX 

hsa-miR-378 0.169639661 18.31821429 0.711612348 chr5 

hsa-miR-

188-3p 0.204043396 13.57642857 0.711612348 chrX 

hsa-miR-

361-3p 0.125853779 16.21839286 0.720515773 chrX 

hsa-miR-431 -0.211028331 13.35303571 0.726151292 chr14 

hsa-miR-340 0.425865469 12.16375 0.726151292 chr5 

hsa-miR-29a 0.11952531 21.90232143 0.726151292 chr7 
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hsa-miR-

130a -0.15273306 20.04017857 0.726151292 chr11 

hsa-miR-185 0.531200337 17.565 0.726151292 chr22 

hsa-miR-

486-5p -0.301389604 15.98714286 0.726151292 chr8 

hsa-miR-

548b-3p 0.499124944 11.25196429 0.726151292 chr6 

hsa-miR-7 0.51872932 13.37910714 0.726151292 chr9, chr15, chr19 

hsa-miR-122 -0.306119428 6.317142857 0.726151292 chr18 

hsa-miR-95 0.459102746 15.46285714 0.726151292 chr4 

hsa-miR-15a 0.518047039 21.41589286 0.726151292 chr13 

hsa-miR-26b 0.560781583 18.01821429 0.726151292 chr2 

hsa-miR-182 0.398489826 17.23017857 0.740424424 chr7 

hsa-miR-23a 0.527744816 23.17767857 0.740424424 chr19 

hsa-miR-

654-5p -0.426548629 9.798214286 0.740424424 chr14 

hsa-miR-

671-3p 0.332818308 13.15160714 0.740424424 chr7 

hsa-miR-497 -0.130207467 20.79517857 0.740424424 chr17 

hsa-miR-

34c-5p -0.358840264 14.29357143 0.743963016 chr11 

hsa-miR-92b 0.210193306 15.26214286 0.748417164 chr1 

hsa-let-7i 0.427971473 21.67446429 0.748417164 chr12 

hsa-miR-744 0.393888516 14.9825 0.749792739 chr17 

hsa-miR-602 0.351469655 10.50553571 0.754430312 chr9 

hsa-miR-652 0.707490319 18.09571429 0.754430312 chrX 

hsa-miR-

671-5p -0.285630709 14.13178571 0.760727229 chr7 

hsa-miR-192 -0.408398776 16.0375 0.764659668 chr11 

hsa-miR-

181c -0.158394993 15.935 0.764659668 chr19 

hsa-miR-27b -0.176924293 20.29571429 0.764659668 chr9 

hsa-miR-30c 0.099433129 21.86375 0.764659668 chr6, chr1 

hsa-miR-

582-5p 0.291391029 13.89428571 0.764659668 chr5 

hsa-miR-

140-3p 0.337070084 18.71928571 0.764659668 chr16 

hsa-miR-

1252 -0.105472852 5.318214286 0.764659668 chr12 

hsa-miR-214 -0.408376815 20.65232143 0.767348849 chr1 

hsa-miR-889 0.387232923 11.01071429 0.786847613 chr14 

hsa-miR-

628-3p 0.179811399 12.43946429 0.786847613 chr15 

hsa-miR- -0.299871802 7.145357143 0.786847613 chr1 
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556-5p 

hsa-miR-636 -0.185697876 11.64214286 0.786847613 chr17 

hsa-miR-217 0.421788893 7.676785714 0.792318898 chr2 

hsa-miR-96 -0.164753493 19.09535714 0.792318898 chr7 

hsa-miR-

208b -0.216441858 5.925892857 0.792318898 chr14 

hsa-miR-

548o 0.343177267 9.009642857 0.798338881 chr7 

hsa-miR-141 0.410182822 22.71928571 0.802813607 chr12 

hsa-miR-

513a-5p 0.079167965 5.436607143 0.806667581 chrX 

hsa-miR-

491-5p -0.342043053 15.05732143 0.813808025 chr9 

hsa-miR-103 0.464884914 21.59089286 0.821856747 chr20, chr5 

hsa-miR-221 0.320601874 18.95892857 0.821856747 chrX 

hsa-miR-410 -0.297596026 12.63321429 0.823939318 chr14 

hsa-miR-940 -0.25058299 18.03892857 0.823939318 chr16 

hsa-miR-

339-3p 0.087197243 15.82642857 0.823939318 chr7 

hsa-miR-543 -0.264706034 13.58464286 0.823939318 chr14 

hsa-miR-

34c-3p 0.108446153 13.84732143 0.823939318 chr11 

hsa-miR-

556-3p 0.108964652 5.486428571 0.826536427 chr1 

hsa-miR-412 -0.166147033 6.11375 0.827952391 chr14 

hsa-miR-

330-3p -0.111949411 12.66803571 0.827952391 chr19 

hsa-miR-

151-3p 0.069513515 17.44946429 0.827952391 chr8 

hsa-miR-

320b -0.117921034 19.85071429 0.827952391 chr8 

hsa-miR-

181a 0.306718917 20.76732143 0.827952391 chr1, chr9 

hsa-miR-372 -0.296801091 6.329285714 0.827952391 chr19 

hsa-miR-936 -0.239089875 8.679821429 0.827952391 chr10 

hsa-miR-143 0.412257293 21.55517857 0.827952391 chr5 

hsa-miR-144 -0.197205737 15.33892857 0.827952391 chr17 

hsa-miR-668 -0.251189863 7.290892857 0.827952391 chr14 

hsa-miR-

302c -0.126238994 5.533035714 0.827952391 chr4 

hsa-miR-579 0.253524512 9.852142857 0.829989212 chr5 

hsa-miR-345 -0.111684405 15.33392857 0.83266721 chr14 

hsa-miR-

200c 0.283743742 23.15428571 0.83266721 chr12 
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hsa-miR-

125a-5p 0.265918437 21.80821429 0.83266721 chr19 

hsa-miR-

320a -0.072067607 20.54875 0.83266721 chr8 

hsa-miR-584 0.170761301 11.36107143 0.83266721 chr5 

hsa-miR-15b 0.317160513 16.87125 0.83266721 chr3 

hsa-miR-484 0.193669347 18.81892857 0.834747324 chr16 

hsa-miR-

2110 0.173204554 15.44017857 0.834747324 chr10 

hsa-miR-

574-3p 0.227287178 18.72982143 0.834747324 chr4 

hsa-miR-

142-5p 0.101201075 19.17482143 0.834747324 chr17 

hsa-miR-937 0.198936624 11.38107143 0.843794016 chr8 

hsa-miR-

196b 0.207547634 16.3975 0.843794016 chr7 

hsa-miR-380 -0.265846469 9.035 0.848027325 chr14 

hsa-miR-134 0.248520123 13.67517857 0.850225804 chr14 

hsa-miR-

369-5p 0.164987303 11.60535714 0.850225804 chr14 

hsa-miR-382 -0.225893383 14.70625 0.850225804 chr14 

hsa-miR-

299-5p 0.233883181 13.41535714 0.855172209 chr14 

hsa-miR-570 0.147427802 12.4425 0.855172209 chr3 

hsa-miR-99b 0.219806545 20.17678571 0.855172209 chr19 

hsa-miR-

450a 0.084846741 11.96660714 0.856276872 chrX 

hsa-miR-489 -0.195965642 12.29357143 0.856815974 chr7 

hsa-miR-101 0.059457404 19.78321429 0.857635736 chr1, chr9 

hsa-miR-

324-3p 0.164379911 17.35214286 0.865578866 chr17 

hsa-miR-

129-5p -0.209665782 7.598928571 0.865578866 chr7, chr11 

hsa-miR-23b 0.042473235 22.72714286 0.869185642 chr19 

hsa-miR-580 0.150798897 6.889285714 0.869185642 chr5 

hsa-miR-

339-5p -0.053179464 16.71125 0.869185642 chr7 

hsa-miR-107 0.190369559 20.94375 0.873305624 chr20, chr5 

hsa-miR-183 0.085307606 16.89339286 0.880771817 chr7 

hsa-miR-

216a -0.096140962 12.37267857 0.882885232 chr2 

hsa-miR-25 0.041898526 21.46642857 0.893764132 chr7 

hsa-miR-

147b -0.133681335 12.92803571 0.893764132 chr15 
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hsa-miR-

509-3p -0.113682049 11.68035714 0.893764132 chrX 

hsa-miR-

151-5p 0.02987949 20.58339286 0.897947994 chr8 

hsa-miR-147 0.124175457 9.656785714 0.901895997 chr9 

hsa-miR-

374b 0.026051164 19.28482143 0.923649315 chrX 

hsa-miR-511 0.064316421 12.47964286 0.92822544 chr10 

hsa-miR-

450b-3p 0.095962911 8.943928571 0.92822544 chrX 

hsa-miR-

491-3p 0.075091773 9.912857143 0.950831244 chr9 

hsa-miR-

125b -0.058506224 20.5475 0.951243042 chr21, chr11 

hsa-miR-

1270 -0.09970111 9.452142857 0.9552747 chr19 

hsa-miR-

139-5p -0.047786611 15.29803571 0.9552747 chr11 

hsa-miR-561 -0.030178354 5.549107143 0.956296796 chr2 

hsa-miR-

362-5p -0.047855302 15.70107143 0.959496161 chrX 

hsa-miR-21 -0.015262591 26.30080357 0.96657655 chr17 

hsa-miR-

193a-5p -0.043663184 18.70267857 0.976683046 chr17 

hsa-miR-627 0.037796399 10.16857143 0.976683046 chr15 

hsa-miR-

1908 -0.038706051 10.52089286 0.976683046 chr11 

hsa-miR-98 0.011246551 18.72339286 0.976683046 chrX 

hsa-miR-

508-3p -0.034858264 7.836428571 0.976683046 chrX 

hsa-let-7g 0.006396684 22.06017857 0.976683046 chr3 

hsa-miR-34b 0.020489229 11.925 0.976683046 chr11 

hsa-miR-

654-3p -0.008347787 13.62017857 0.98340596 chr14 

hsa-miR-

1468 -0.022944765 8.369642857 0.98711786 chrX 

hsa-miR-30a -0.008961195 16.33285714 0.98956428 chr6 

hsa-miR-

423-5p -0.009859205 16.93785714 0.990496099 chr17 

hsa-miR-708 -0.002283102 17.73553571 0.992311997 chr11 

hsa-miR-218 0.005466869 16.20107143 0.992311997 chr4, chr5 

Table 1. List of all analyzed miRNAs for all 56 Ella FFPE breast tumor samples 

processed. List illustrates the expression data from a quantitative RT-PCR after analysis 

on the R environment using the limma package. A positive log 2 fold change represents a 

miRNA overexpressed in the early postpartum group. A negative log 2 fold change 
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represents a miRNA under expressed in the early postpartum group. Results are sorted 

based on the adjusted p-value. The last column (Chromosomes) indicates on which 

chromosomes the miRNA are encoded.  
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