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 Breast cancer is the most common cancer among US women, excluding skin 

cancer, and much effort has been directed toward the development of prevention and 

treatment strategies. Calorie restriction (CR) is a dietary intervention that has potent 

anticancer effects in preclinical animal models of breast cancer. The mechanisms behind 

the protective effects of CR are under investigation, although the influence of CR on the 

regulation of microRNAs (miRNAs), small RNA species that ubiquitously act as post-

transcriptional regulators of gene expression, in the context of breast cancer has not been 

extensively explored. Due to the established inhibitory effects of CR on breast cancer 

progression and the recognized dysregulation of miRNAs as a result and contributing factor 

of tumorigenesis, I hypothesized that CR would alter miRNA expression, both at the 

individual and global levels, and that this modulation would contribute to the inhibition of 

mammary tumorigenesis observed with CR. Caloric restriction studies were conducted in 

rodent models of luminal and basal-like breast cancer and miRNA expression changes and 

resultant effects on tumorigenesis were analyzed. In the context of luminal cancer, CR 
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normalized the expression of miR-200a, a miRNA positively-associated with progression, 

in mammary tumors.  Inhibition of miR-200a function, mimicking CR’s effect on this 

miRNA, reduced mammary cancer cell proliferation. In basal-like cancer, CR was found 

to dually inhibit insulin-like growth factor-1 (IGF-1) signaling through the reduction of 

circulating substrate and the resultant upregulation of miR-15b, which targets IGF-1 

receptor (IGF-1R) and reduced its expression. Overexpression of miR-15b subsequently 

inhibited mammary cancer cell proliferation. Furthermore, CR was found to affect global  

miRNA expression, by broadly upregulating miRNA expression in luminal mammary 

tumors, where miRNAs are commonly downregulated. This broad upregulation was 

associated with an increase in Dicer expression. Due to the challenges associated with the 

wide application of CR over the course of a lifetime, increasing interest is developing for 

the use of CR mimetics.  The CR mimetics, metformin and rapamycin, were found to 

modulate the expression of distinct miRNAs in murine pancreatic tumors, suggesting that 

the protective effects of CR against tumorigenesis through miRNA regulation could be 

pharmacologically mimicked. 
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CHAPTER 1: INTRODUCTION 

1.1 Breast Cancer 

 Breast cancer is a serious problem in our world today, it is the most common type 

of cancer diagnosed among women, excluding skin cancer, and accounts for one in three 

cancers diagnosed in U.S. women.  In 2015, there were an estimated 231,840 newly 

diagnosed cases of invasive breast cancer (1, 2).  Although it is obvious that more needs to 

be done to reduce the impact of this disease, incidence rates have actually gone down or 

remained stable from 1999 to 2009 and death rates have been on the decline since 1989 

(2).  A lot of this improvement is due to advancements in understanding the biology, 

detection, and treatment of breast cancer.  Continued scientific studies will contribute even 

more knowledge to these fields and continue to reduce the burden of this disease. 

Although these statistics refer to breast cancer in the singular, this is actually a very 

heterogeneous disease that is currently subdivided into five distinct intrinsic subtypes: 

luminal A, luminal B, human epidermal growth factor receptor 2 (HER2)-enriched, basal-

like, and claudin-low (3, 4).  Due to the distinct molecular signatures of these tumor 

subtypes, they display varying indices of incidence, survival, and response to treatment (5-

8).  The luminal A subtype, which is characterized by gene expression associated with 

luminal epithelial cells (highly differentiated) and estrogen receptor (ER) and progesterone 

receptor (PR)-positive status, is the most common type of breast cancer and typically has 

the best survival prognosis (9).  Luminal B tumors share the majority of their molecular 

signature with luminal A tumors, although display increased proliferation-related gene 

expression, HER-2 positivity, and reduced ER positivity and survival compared to luminal 
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A cases (9).  HER-2 enriched and basal-like tumors have gene expression profiles 

associated with basal epithelial cells (less differentiated) and display loss of ER and PR 

expression (3).  These tumors are generally associated with the shortest relapse-free and 

overall survival time (7).  Finally, claudin-low tumors are characterized by ER, PR, and 

HER-2 negativity, and enriched mesenchymal and stem cell-associated gene expression 

(4).  This extensive variability in the molecular and prognostic characteristics of breast 

tumors highlights the need to study the effects of an intervention both within and across 

subtypes in order to fully understand possible clinical application. 

 

1.2 Calorie Restriction: Description, History, and Effects on Breast Caner 

 Calorie restriction is an experimental dietary regimen in which model organisms 

receive a low calorie diet, generally a 30% reduction, compared to ad libitum-fed control 

animals while receiving equal vitamins, minerals, fatty acids and amino acids in a 

controlled physical environment (10).  Calorie restriction has been extensively studied over 

the past 40 years and has been shown to inhibit tumorigenesis in many cancer types, reduce 

cardiovascular disease, prevent metabolic dysregulation and obesity, and extend life span 

in rodent and non-human primate models (10, 11).  One of the most notable of the studies 

done followed 76 rhesus macaque monkeys over a 20-year period, and found that the 

animals receiving a CR diet over that period of time had reduced incidence of cancer, 

cardiovascular disease, and brain atrophy, and a 30% increase in survival to study report 

compared to control monkeys (10, 11). 
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Despite decades of promising data coming from these studies, application of CR in 

humans has been slow to come for several reasons.  However, historical events and 

observational studies have given insights into the potential benefits of energy restriction in 

humans.  For example, a cohort of Norwegian was exposed to acute energy restriction, 

estimated at about a 50% reduction in caloric intake per capita during World War II, and 

displayed reduced risk of breast cancer later in life (12).  Residents of Okinawa, Japan, 

who historically consumed significantly fewer calories than inhabitants of mainland Japan, 

had lower death rates from a large array of chronic diseases, including many cancers (13).  

Furthermore, females who experienced periods of energy restriction due to suffering from 

early-onset anorexia nervosa have lower breast cancer risk (14).  In recent years, CR is 

slowly but increasingly being applied to human cancer as a preventive strategy or in cancer 

patients as a sensitizing strategy prior to chemotherapeutic or radiation therapy regimens 

(15-17).  Also, the longest and most stringent human study testing whether the same 

adaptive responses related to slower aging and protection against age-related diseases 

observed with CR in rodents are carried over to humans was recently completed (18).  The 

CALERIE Phase 2 study involved 218 health, non-obese individuals maintaining a 25% 

calorie restriction for two years.  While long-term effects remain to be measured, the study 

did show that sustained CR is feasible and safe for humans and that some potential 

modulators of longevity, cardiovascular health, and metabolic disease are affected.  

 Considering all the evidence from numerous pre-clinical studies, CR is arguably 

the most potent and broad acting dietary intervention for preventing or inhibiting cancer 

development and growth in experimental tumor models.  In relation to breast cancer 
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specifically, CR has been shown to be effective against progression in preclinical models 

of every mammary cancer subtype (19-21) (Dunlap S, et al., in preparation).  Due to its 

broad acting nature, many mechanisms have been found to be affected by CR; one event 

or pathway does not solely account for the protective effects observed.  However, several 

key molecular targets of CR have been identified including inhibition of the insulin-like 

growth factor 1 (IGF-1)/Akt/mammalian target of rapamycin (mTOR) signaling pathway, 

adipokine pathways, and inflammatory pathways (10).  My dissertation research focused 

on how the established mechanisms of CR function through and/or supplemented by the 

regulation of a relatively newly discovered class of regulatory RNAs known as microRNAs 

(miRNAs). 

1.3 Overview of MicroRNA 

MiRNAs are small (21-25 nucleotides), non-coding RNA species that function as 

post-transcriptional regulators.  In animals, they canonically target mRNA transcripts by 

binding sequences in the mRNA 3’ untranslated region (UTR) complementary to the 

miRNA seed sequence (nucleotides 2-7) through Watson-Crick base pairing, leading to 

mRNA degradation and/or translational repression (22).  The mode of regulation is often 

determined by the degree of complementarity between the full miRNA sequence and its 

target site: complete complementarity leads to mRNA cleavage, which is primarily 

observed in plants, while partial pairing, most common in animals, leads to reduced protein 

expression (22).   
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Canonical miRNA biogenesis within mammals occurs through several steps 

involving enzymatic RNA-binding proteins (RBP) and ranging across several cellular 

regions.  The majority of primary miRNA (pri-miRNA) are transcribed by RNA 

polymerase II to form a 5’ methylated and 3’ polyadenylated, double stranded stem-loop 

structure with single stranded RNA segments flanking the stem (23, 24).  This structure is 

recognized within the nucleus, possibly co-transcriptionally, by the microprocessor (pri-

miRNA processing complex), which at its core consists of the RNase III enzyme Drosha 

and the RBP DiGeorge syndrome critical region gene 8 (DGCR8) (25, 26).  The 

microprocessor cleaves the pri-miRNA, releasing the hairpin which is known as precursor 

miRNA (pre-miRNA).  The pre-miRNA is exported from the nucleus through the nuclear 

transport receptor, Exportin 5, in a Ran-GTP-dependent manner (27).   

Once in the cytoplasm, pre-miRNAs are further processed by a second RNase III 

enzyme, Dicer.  This enzyme is responsible for the excision of the 21-24-nucleotide, linear, 

double-stranded structure that contains the mature miRNA (28).  While Dicer has been 

shown to function by itself, its incorporation into the RISC loading complex (RLC) prior 

to pre-miRNA cleavage enhances its enzymatic efficiency (29, 30).  The RLC is composed 

of Dicer, its two cofactors TAR RNA-binding protein (TRBP) and protein activator of PKR 

(PACT), and Argonaute (Ago) proteins.  The presence of Ago proteins in the RLC is not 

required for the processing of most miRNAs, but does enable uptake of the mature miRNA 

into the ultimate effector complex, the RNA-induced silencing complex (RISC) (31).  Only 

one strand of the mature miRNA duplex, the guide strand, is selected based on its 5’ 

thermodynamic stability to load onto RISC, while the other, the passenger strand, is usually 
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degraded (32).  As a part of RISC, the miRNA guides the complex to target mRNA 

transcripts.  Once the RISC is associated with a target mRNA, Ago proteins mediate 

mRNA cleavage, destabilization, or translational inhibition, depending on the conditions 

of the miRNA-mRNA interaction (22, 33).   

MiRNA abundance can vary widely in varying tissues, from a few copies to 10,000 

copies per cells, with the average being around 500 copies per cell (34, 35).  All miRNAs 

within a cell represent only 0.01% of the total RNA by weight, but have large effects 

because one miRNA sequence can target hundreds of mRNAs (36).  It is currently 

estimated that over 60% of mammalian mRNAs are conserved targets of miRNAs, 

including effectors of every major cellular function including growth, differentiation, 

proliferation, and apoptosis (37).  As dysregulation of these processes has been established 

as hallmarks of disease and cancer development and progression, it is not surprising that 

altered miRNA expression has been linked with many human cancers, including breast 

cancer (38). 

1.4 MicroRNA: Calorie Restriction, Breast Cancer and Therapeutic Potential 

MicroRNAs and Calorie Restriction 

Little investigation has been done into the impact of CR on miRNA expression and 

regulation.  Most of the studies that have been done focus on miRNAs involved in CR’s 

effects on aging, identifying age-related miRNA signatures in blood and tissue and 

reporting the effect of CR on these miRNAs, as well as identifying some specific miRNAs 

differentially expressed between aged animals fed a control or CR diet (39-42).  A small 
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study compared miRNA expression in normal breast tissue from mice fed a 30% CR diet 

for six months and mice fed ad libitum, and found a handful of miRNAs, miR-29c, miR-

203, miR-150, and miR-30, to be overexpressed with CR (43).  There is very limited 

research investigating the effect of CR on miRNAs in the context of cancer.  One study 

found several miRNA differentially expressed with CR relative to control and obese diets 

in colon cancer (44).  Only one published study to date looked at miRNA in response to 

CR in the context of breast cancer, and found miR-17 and miR-20a were downregulated 

with CR in in vivo and in vitro models of triple negative breast cancer, and that these 

changes inhibit metastatic characteristics of cells (45). 

MicroRNAs in Breast Cancer 

The role of miRNAs in human cancers has been a focus of RNA research for several 

years.  Several miRNAs have been identified to have tumor-suppressive or oncogenic 

functions across multiple types of cancers, and large numbers of miRNAs have been linked 

to tumorigenesis within a certain tumor type.  There are several ways miRNAs are 

dysregulated, through alteration of expression by chromosomal amplification/deletion, 

promoter methylation, or transcription factor modulation, by changes to miRNA 

processing machinery, or due to variance in molecules that affect miRNA function, such 

as competing endogenous RNAs (ceRNAs) (46).  The importance of miRNA dysregulation 

in cancer is highlighted by the fact that about 50% of currently annotated human miRNAs 

are located in genomic fragile sites, which are frequently mutated in cancers (47). 
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Breast cancer has been a major focus in the investigation of the role miRNAs play 

in cancer development and progression.  Several specific miRNAs have emerged as key 

oncogenic (oncomiRs) and tumor suppressive players in breast tumorigenesis.  OncomiRs, 

such as miR-21, miR-155, miR-373, and miR-520c, are upregulated in cancers and have 

oncogenic effects by targeting and downregulating the protein expression of tumor-

suppressive genes (48).  MiR-21 has been found to have many oncogenic effects in breast 

cancer, including the regulation of epithelial-to-mesenchymal transition (EMT) and 

targeting of several tumor suppressive proteins like PTEN, TIMP3, and PCDC4 (49-51).  

MiR-155 is also linked to EMT, as well as invasion, by targeting RhoA and FOXO3 (52, 

53).  MiR-373 and miR-520c both target CD44 to enhance breast cancer metastasis, 

invasion, and migration (54). 

Tumor-suppressive miRNAs, which suppress oncogene function, are 

downregulated in cancer cells, an event which consequently contributes to tumorigenesis 

through loss of regulation.  Some of the most well established miRNAs involved in breast 

cancer include miR-125a/b, miR-206, miR-17, let-7, and miR-31.  MiR-206 is specifically 

linked to ERα-positive breast cancer in that it inhibits cell growth by targeting ESR1 (55, 

56).  Other miRNAs that has been linked to a specific subtype of breast cancer are miR-

125a/b, which target HER2 and HER3 expression to reduce growth and invasiveness in 

HER2-dependent cancers (57, 58).  MiR-17 inhibits proliferation by directly targeting 

cyclin D1 and the oncogene AIB1, which inhibits the function of E2F1 and ERα 

downstream (59, 60).  Both let-7 and miR-31 inhibit breast cancer metastatic potential (61, 

62).   
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Of course, because of the complex nature of miRNA regulatory networks, the 

actions of many miRNAs are dependent on the specific cellular environment they are 

working in.  Many miRNAs can display both tumor-suppressive and –promoting 

characteristics between different tissue types or even between different environmental 

contexts in the same tissue (63). 

The Therapeutic Potential of MicroRNAs 

Considering miRNAs play such an integral role in regulating cell homeostasis and, 

when dysregulated can the impact cancer and other diseases, much interest has developed 

in modulating miRNA expression as a therapeutic strategy for such diseases.  Currently, 

most research has been done toward inhibiting miRNAs that are aberrantly overexpressed 

in diseased states and three modalities have received the most attention for such therapeutic 

targeting of miRNAs (64).  First, vector-expressed mRNA transcripts with multiple, 

artificial mRNA-binding  sites, known as miRNA sponges, act as decoys that selectively 

sequester specific miRNAs, thus preventing the miRNA-associated regulation of target 

mRNAs (65).  The second major mode of therapeutic miRNA targeting is the use of small-

molecule inhibitors that can specifically inhibit miRNA expression, primarily through 

transcriptional regulation (66, 67).  Finally, the most developed and promising 

methodology involves miRNA-targeting antisense oligonucleotides that directly inhibit 

miRNA function by strongly binding to miRNAs incorporated into RISCs and effectively 

blocking their binding to endogenous mRNA targets (64).   



10 
 

Each approach presents its own limitations, and therapeutic targeting of miRNAs 

in general faces many challenges (64).  There is theoretical concern and hard evidence that 

off-target effects present major problems, such as unintentional targeting of similar 

miRNAs, overactive immune system stimulation, organ-specific toxicity, and interference 

with miRNA function in normal tissue.  Appropriate use of miRNA therapeutics would 

need to balance these concerns with necessary modifications to make the treatment stable 

in vivo, including the development of carriers that efficiently deliver the treatment to target 

tissues and achieving an effective dose within target tissues and cells.  Clearly, therapeutic 

targeting of miRNAs is a very complex issue that is far from being perfected. 

Despite the difficulties, there are many companies and researchers actively working 

toward harnessing the therapeutic potential of miRNAs.  Compounds targeting miRNAs 

such as miR-122, miR-21, and let-7 are currently in preclinical and clinical development 

for treatment of a variety of diseases, most of which are antisense inhibitors (64).  However, 

the first miRNA mimic to enter clinical trials, a mimic for the tumor suppressor miR-34a, 

will be advancing to Phase II trials by the end of 2016 (68).  With so much active focus on 

the development of these miRNA-related therapeutics, there increasing excitement about 

their effective use to combat some of the most devastating human diseases in the near 

future. 
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1.5 Dissertation Objectives 

The goals of my dissertation research centered around elucidating the effects of CR 

on miRNA regulation and how this level of regulation contributes to the anti-cancer 

properties of CR.  Due to the ubiquitous role of miRNA as post-transcriptional regulators 

and their proven functions in the maintenance of biological homeostasis through the 

regulation of many key cellular activities, research investigating miRNA regulation and 

dysregulation in the context of different diseases and their corresponding treatments has 

expanded greatly.  Although the protective effects of CR have been widely demonstrated 

among many different types of cancer and within the different subtypes of breast cancer 

specifically, the influence of miRNA regulation toward these properties has hardly been 

examined.  I hypothesized that CR would alter miRNA expression, both at the individual 

and global levels, and that this modulation would contribute to the inhibition of mammary 

tumorigenesis observed with CR. 

I planned several studies to address this central hypothesis, using preclinical models 

of two different breast cancer subtypes, luminal and basal-like.  Studying both of these 

subtypes was relevant because luminal breast cancers are the most commonly diagnosed 

and basal-like cancers are among the most aggressive and hardest to treat, therefore insights 

into CR’s protective mechanisms against each are valuable.  I aimed to define a 

progression-associated panel of miRNAs in luminal mammary cancer and hypothesized 

that CR would alter this panel to inhibit tumorigenesis.  Additionally, I investigated what 

miRNAs that had previously been associated with the IGF-1/mTOR signaling pathway, 
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which is a key system modulated by CR, were altered with CR in basal-like mammary 

cancer and how this modulation contributed to the outcomes of CR.  Beyond CR’s impacts 

on individual miRNAs, I also hypothesized that CR would alter global miRNA expression 

patterns in tumors, considering that miRNAs are known to be broadly downregulated in 

human breast cancers relative to normal breast tissue.  I further hypothesized that CR would 

impact global miRNA expression through the regulation of the miRNA biogenesis 

pathway. 

Ultimately, I aimed to explore how the expansive regulatory functions of miRNAs 

were alter with CR to contribute to the anti-cancer mechanisms.  Increasing our 

understanding of the mechanisms through which CR attains its protective properties could 

lead to improved breast cancer preventative and/or treatment strategies. 
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CHAPTER 2: CHARACTERIZATION OF PROGRESSION-ASSOCIATED 

MicroRNAS IN A MODEL OF LUMINAL BREAST CANCER 

 

2.1 INTRODUCTION 

 Advances in miRNA profiling have aided in the discovery of key cancer regulators 

and are facilitating the definition of miRNA expression patterns across different tissue 

types (63).  Profiling of human breast samples has identified differentially expressed 

miRNAs across many important comparisons, including between normal and cancerous 

tissue, during the progression stages leading up to invasive disease, between tumor 

subtypes, and between cases with varying clinical outcomes (63, 69-73).  However, no 

profiling to date has focused on the development and progression of breast cancer within 

an individual subtype, which would provide a more accurate assessment of miRNA 

signatures considering there are significant subtype-specific differences in miRNA 

expression (48, 71, 74).  One breast cancer subtype that would be of particular interest for 

such characterization would be luminal A, since it is the most common subtype diagnosed 

in U.S. women (75). 

 A well-established animal model with characteristics similar to human ER-positive 

luminal breast cancer is the Sprague Dawley rat 7,12-dimethylbenz(a)anthracene 

(DMBA)-induced mammary cancer model.  The carcinogen DMBA is a polycyclic 

aromatic hydrocarbon that induces tumorigenesis when it is metabolized to a mutagenic 

epoxide intermediate that is capable of forming DNA adducts (76).  It may also promote 

mammary tumorigenesis by upregulating oncogenic pathways within mammary tissue 

through aryl hydrocarbon receptor activation (77).  Exposure of the rats to DMBA results 
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in well-established, hormone receptor-responsive mammary tumors with several 

characteristics of human luminal breast cancer (78).  Both typical human and rat luminal 

mammary tumors initiate in terminal ductal-lobular units and progress through a 

histopathologically similar multi-stage course to invasive carcinoma (79-82).  The first 

stage of cancer progression in this model, intraductal proliferation (IDP), is characterized 

by hyperplastic thickening of the ductal wall with papillary outgrowths beginning to form 

within the luminal space.  Hyperplastic lesions in the rat model then progress to pre-

malignant carcinoma distinguished as mammary interaepithelial neoplasia (MIN), in which 

a cribriform pattern of thick, highly disorganized epithelial growth develops.  Although 

proliferation is still confined to the duct at this stage, many cells display nuclear atypia, 

characterized by abnormally sized or positioned nuclei.  The rat MIN lesions are 

histopathologically similar to ductal carcinoma in situ (DCIS) in humans (78).  Finally, the 

development of invasive ductal carcinoma (IDC) represents the transition to malignancy 

with invasion of ductal cells into the surrounding tissue and complete loss of ductal 

organization (79).  Here, I used the Sprgue Dawley rat DMBA-induced model and global 

miRNA expression array analysis to profile miRNA expression across multiple stages of 

luminal mammary tumor development and progression.   

 

2.2 MATERIALS AND METHODS 

 

2.2.1 Animal Study Design 

One-hundred and eight 5-week old female Sprague Dawley rats were housed three-

to-a-cage upon arrival. Rats were fed a modified AIN-76A diet (control, consumed ad 
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libitum; D12450B, Research Diets, Inc., New Brunswick, NJ) for the duration of the study.  

After an acclimation period of 2 weeks, rats were randomly assigned to receive a single 

dose via gavage of either a) the carcinogen dimethylbenz(a)anthracene (DMBA) (65mg/kg, 

dissolved in sesame oil (30mg/mL), n=95) or b) sesame oil alone (vehicle, equivalent 

volume, n=13).  Beginning six weeks after DMBA administration, and continuing until 

study endpoint (16 weeks post-DMBA administration), DMBA-treated rats were palpated 

every two weeks and killed when tumor was first discovered for mammary gland 

collection.  Rats administered vehicle were euthanized 16 weeks after DMBA treatment 

(study endpoint).  All rats were fasted for 12 hours prior to euthanization, anesthetized with 

CO2, and then killed by cervical dislocation.  All rats were housed in the Animal Resource 

Center at the University of Texas at Austin.  All animal studies and procedure were 

approved and monitored by the Institutional Animal Care and Use Committee at the 

University of Texas. 

2.2.2 Tissue Processing and Histopathologic Analysis 

Mammary fat pad and tumor tissue was excised, split longitudinally, and either 

snap-frozen in liquid nitrogen and stored at -80°C or fixed in 10% neutral-buffered 

formalin for 24 hours, transferred to 70% ethanol for 24 hours, and embedded in 

paraffin.  Formalin-fixed, paraffin-embedded (FFPE) mammary fat pads were cut into 

4-µm sections, placed on slides, deparaffinized in xylene, and rehydrated.  Slides were 

stained with hematoxylin and eosin (H&E) and histologically assessed (in a blinded 

manner) by a board-certified veterinary pathologist into one of four stages of cancer 
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progression: normal tissue, intraductal proliferation (IDP), mammary intraepithelial 

neoplasia (MIN), or invasive ductal carcinoma (IDC). 

2.2.3 MicroRNA Array 

FFPE tissue from the intermittent time-point study was microdissection in a 

progression stage-specific manner so that comparisons between different stages could be 

conducted.  Once tissue was microdissected, total RNA was isolated using RecoverAll™ 

Total Nucleic Acid Isolation Kit for FFPE (Ambion, Carlsbad, CA) following 

manufacturer’s protocols.  RNA quantity and quality was measured on a Nanodrop 2000 

spectrophotometer (Thermo Scientific, Waltham, MA) and a 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA). Total RNA samples from cancer stage-specific lesions 

(n=2/stage) from the intermittent time-point study were run on an Affymetrix GeneChip 

miRNA 2.0 array (Affymetrix, Santa Clara, CA) at Asuragen, Inc. (Austin, TX) as 

previously described (83).  The following criteria were used to select miRNAs of interest 

that were trending toward a relevant effect in this preliminary screen: an average 

fluorescence that was 50% above minimal acceptable limit, at least a two-fold change in 

expression between any two stages. 

2.2.3 MicroRNA Array Validation and qRT-PCR 

MicroRNAs that were selected in this manner were then extensively analyzed in 

several reverse transcription quantitative PCR-based (RT-qPCR) validation steps.  

Complementary DNA of miRNAs for PCR-based analyses was generated using the 

Universal cDNA Synthesis Kit (Exiqon, Vedbaek, Denmark).  Stage I validation included 

all array-identified miRNAs, in addition to some well-established breast cancer-associated 
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miRNAs (44 miRNAs in total).  Stage I validation was done using the same RNA samples 

run on the array (n=2/stage) with a custom Pick-&-Mix microRNA PCR Panel (each probe-

sample combination plated in duplicate) and SYBR® Green master mix (Exiqon) on a 

Mastercycler® ep gradient S (Eppendorf, Hamburg, Germany).  The miRNAs from stage 

I validation identified as trending toward a relevant effect (fold change between two stages 

of at least 2.0) were included in stage II validation (15 miRNAs total).  Stage II validation 

analyzed the expression of these 15 miRNAs in 6 freshly-extracted total-RNA samples per 

stage by RT-qPCR using microRNA LNA™ PCR primer sets (plated in triplicate) and 

SYBR® Green master mix (Exiqon) on a ViiA™ 7 Real-Time PCR system (Applied 

Biosystems, Carlsbad, CA).  MicroRNA-16 was used as the reference gene for PCR-based 

analyses and relative expression calculations were done using the ΔΔCt method. 

2.2.4 Statistical Analyses 

Analyses and statistics of array data were done as previously described (83).  

Statistical analysis of miRNAs was done after Stage II validation using the unpaired, two-

tailed Student’s t-test comparing the expression of each individual miRNA in each cancer 

development stage to expression in normal tissue and expression in previous lesion grade.  

Significance was determined at P<0.05. 

 

 

2.3 RESULTS 

2.3.1 DMBA treatment induces mammary cancer development and stage-specific 

progression. 
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To study miRNA profiles across progression stages in a model of luminal 

mammary carcinoma, rats were treated with the carcinogen DMBA and euthanized every 

two weeks between a period of 6-16 weeks post-DMBA administration, based on when 

tumor was palpable.  By 16-weeks post-DMBA administration, 90% of the DMBA-treated 

rats had developed palpable tumors in their abdominal mammary fat pads (MFPs), while 

no tumors developed in the vehicle-only control rats (Figure 2.1).  The median time to 

palpable tumor was 10 weeks post-DMBA administration.  These results illustrate the 

efficacy and specificity of DMBA treatment.   

 

 

Figure 2.1. DMBA treatment leads to highly efficient development of mammary 

tumors. Percentage of rats without palpable tumor in response to oral gavage of 65 mg/kg 

DMBA or vehicle-only treatment until study endpoint 16-weeks post administration. 

 

Tumor-bearing MFPs of DMBA-treated rats were scored to identify areas of tissue 

representing four distinct pathological characterizations, including normal mammary duct, 

intraductal proliferation (IDP), mammary intraepithelial neoplasia (MIN), or invasive 
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ductal carcinoma (IDC) (Figure 2.2).  Normal ducts were identified based on organized, 

single layer ductal epithelium while IDP was characterized by thickening of the ductal 

epithelium and the presence of nuclear atypia.  Mammary intraepithelial neoplasia lesions 

presented highly atypical cells filling, yet confined within, the duct and IDC consisted of 

highly atypical cells infiltrating past the basement membrane into surrounding mammary 

tissue. 

 

 

Figure 2.2. DMBA-induced tumor development allowed collection of mammary tissue 

throughout cancer progression. Representative H&E sections of normal mammary 

ductal tissue, intraductal proliferation (IDP) tissue, mammary intraepithelial neoplasia 

(MIN) tissue, and invasive ductal carcinoma (IDC) tissue. 

 

 

2.3.2 Global analysis of luminal mammary cancer stage-specific microRNA 

expression. 

 Tissue regions representing each of these four stages were microdissected for 

individual analysis.  Global miRNA expression analysis was done on each lesion grade by 

microarray as a screen to identify miRNAs of interest that may be differentially expressed 

between progression stages (Table 2.1). 
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Table 2.1. Fold change in microRNA expression between progressive stages of luminal mammary 

cancer development in a rodent DMBA-induced model. 

microRNA 

IDP vs 

Norm 

MIN 

vs 

IDP 

IDC 

vs 

MIN microRNA 

IDP vs 

Norm 

MIN 

vs 

IDP 

IDC 

vs 

MIN microRNA 

IDP vs 

Norm 

MIN 

vs 

IDP 

IDC 

vs 

MIN 

hsa-miR-1 78.85 0.017 11.87 hsa-miR-152 ― ― 0.438 hsa-miR-432 ― 2.757 ― 

hsa-miR-15a 0.351 3.417 ― hsa-miR-155 5.417 ― 2.681 hsa-miR-453 ― 3.356 0.429 

hsa-miR-17 0.332 2.761 2.896 hsa-miR158 ― 2.799 ― hsa-miR-483 ― 2.960 ― 

hsa-miR-20b ― ― 5.829 hsa-miR160 ― 2.404 ― hsa-miR-484 ― ― 2.021 

hsa-miR-21 0.459 ― ― hsa-miR-183 0.342 ― ― hsa-miR-492 ― ― 8.364 

hsa-miR-26b ― ― 2.205 hsa-miR-185 7.563 ― ― hsa-miR-501 2.992 ― ― 

hsa-miR-28 0.128 ― ― hsa-miR186 ― 0.429 0.492 hsa-miR-503 3.940 ― ― 

hsa-miR-29b 0.357 3.548 ― hsa-miR-187 0.444 0.221 3.763 hsa-miR-510 ― ― 2.583 

hsa-miR-29c 0.217 4.043 3.885 hsa-miR-188 ― ― 0.478 hsa-miR-518c 3.644 0.438 3.509 

hsa-miR30 ― ― 5.731 hsa-miR-193a ― 3.626 ― hsa-miR-519e ― ― 2.935 

hsa-miR-30a ― ― 5.096 hsa-miR-193b 0.236 3.484 ― hsa-miR-527 ― ― 2.004 

hsa-miR-30b ― 3.027 ― hsa-miR-194 ― 3.219 ― hsa-miR-552 0.191 ― ― 

hsa-miR-30c 0.354 4.523 ― hsa-miR-196a 9.077 ― 0.154 hsa-miR-566 ― 3.757 2.595 

hsa-miR-30e 0.156 ― ― hsa-miR-200a 0.129 4.444 6.503 hsa-miR-571 6.166 ― ― 

hsa-miR-31 0.383 ― ― hsa-miR-200b 0.447 ― ― hsa-miR-574 ― ― 0.356 

hsa-miR-34a 0.262 2.198 ― hsa-miR-206 21.439 0.067 5.582 hsa-miR-575 0.309 5.327 ― 

hsa-miR-92b 0.029 ― ― hsa-miR208 0.4837 ― ― hsa-miR-595 ― 2.260 ― 

hsa-miR-95 ― 3.338 0.414 hsa-miR-212 ― ― 0.442 hsa-miR-601 ― ― 2.599 

hsa-miR-98 ― ― 3.556 hsa-miR-213 0.074 ― ― hsa-miR-608 0.412 ― ― 

hsa-miR102 3.890 ― ― hsa-miR219 ― ― 2.629 hsa-miR-610 6.083 0.468 ― 

hsa-miR-106a 0.499 ― ― hsa-miR223 3.566 3.714 ― hsa-miR-611 0.008 ― ― 

hsa-miR-124a ― 6.951 0.345 hsa-miR246 4.717 ― ― hsa-miR-612 ― 3.034 0.381 

hsa-miR-126 ― ― 0.497 hsa-miR254 ― ― 2.170 hsa-miR-619 ― 0.401 ― 

hsa-miR128 ― ― 0.206 hsa-miR258 3.530 2.374 ― hsa-miR-622 ― ― 0.380 

hsa-miR-129 5.472 ― ― hsa-miR-324 0.111 16.22 ― hsa-miR-623 0.181 0.282 2.380 

hsa-miR-130b 5.764 ― 4.818 hsa-miR-328 ― ― 0.053 hsa-miR-628 ― 5.259 ― 

hsa-miR-133a 46.67 0.007 ― hsa-miR-342 ― ― 5.336 hsa-miR-630 3.469 0.240 ― 

hsa-miR-133b 122.1 0.040 9.901 hsa-miR-362 ― ― 2.820 hsa-miR-633 8.840 0.104 ― 

hsa-miR-134 ― ― 0.467 hsa-miR-373 6.130 0.406 ― hsa-miR-636 ― ― 0.172 

hsa-miR-138 ― 0.398 ― hsa-miR-375 ― 0.493 ― hsa-miR-648 ― 0.417 2.543 

hsa-miR-139 0.135 ― ― hsa-miR-378 ― ― 3.902 hsa-miR-650 10.095 ― 0.322 

hsa-miR141 3.098 ― 2.076 hsa-miR-382 3.147 7.132 ― hsa-miR-658 4.005 0.392 ― 

hsa-miR-142 ― ― 2.480 hsa-miR-421 0.439 2.380 ― hsa-miR-662 ― 6.114 3.248 

hsa-miR-146a ― ― 2.557 hsa-miR-425 ― 2.416 0.085         
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2.3.3 Eight microRNAs are associated with progression in the DMBA-induced model 

of luminal mammary cancer. 

MicroRNAs were identified from the global array readout to be of interest based 

on a change in expression of at least 2-fold, array readout of one group averaging above 

minimal acceptable limit, and all readouts within one group being above or below average 

readout of its comparison group.  Forty-four miRNAs were so selected and were tested by 

RT-qPCR using the same RNA samples used in the global array.  This initial test identified 

15 miRNAs that were trending toward differences in expression between any two stages.  

These 15 miRNAs were then subjected to more rigorous RT-qPCR testing and ultimately 

8 miRNAs were identified that are increasingly dysregulated from normal expression levels 

as the severity of mammary lesion increases (Figure 2.3).  These miRNAs are described as 

being associated with progression in that their dysregulation of expression away from 

normal expression values increases with increasing lesion grade.  The majority of these 

progression-associated miRNAs, including miR-10a, miR10b, miR-124, miR-125b, miR-

126, miR-145, were increasingly downregulated with increasing lesion severity, while 2 

miRNAs, miR-21 and miR-200a, were upregulated with advancing tumor progression. 
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Figure 2.3. Eight miRNAs are associated with progression in DMBA-induced model 

of luminal mammary cancer. Real-time PCR quantification of the eight miRNAs that 

showed increasing dysregulation away from normal expression as tumor progression 

advanced. Expression of each miRNA at each progression stage is represented as a fold 

change relative to expression level in normal tissue, which therefore is at one and is not 

shown on the graph. Error bars represent standard error of the mean. * - significant 

difference from normal tissue expression, Δ – significant difference from previous lesion 

grade expression, P<0.05. 

 

 

2.4 DISCUSSION 

 The investigation of miRNAs as powerful post-transcriptional regulators has 

proven useful in understanding, profiling, and treating breast cancers (84).  Different 
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subtypes of human breast cancer are known to display distinct gene expression profiles, 

although profiling of miRNAs associated with development or progression of ER-positive 

luminal cancers is lacking (3, 71).  Here, I present for the first time a miRNA expression 

profile across the tumorigenesis spectrum, from normal to preneoplastic (IDP to MIN) and 

ultimately to IDC, in a well-characterized rat model of luminal mammary carcinoma. 

 I identified 8 miRNAs, miR-10a, miR-10b, miR-21, miR-124, miR-125b, miR-126, 

miR-145, and miR-200a that showed progressive changes in expression with advancing 

lesion grade.  The majority of the identified miRNAs are progressively downregulated from 

normal expression levels, a finding that is consistent with the general understanding that 

miRNAs are globally lost in breast cancers (85).  However, the expression of miR-21 and 

miR-200a increased throughout progression, a pattern that suggests these miRNAs 

function as oncomiRs in this model.  It is not surprising that miR-21 was found to be 

upregulated in this way, as it is the most well-known and extensively identified oncomiR, 

given that it is the most consistently upregulated miRNA in a broad range of carcinomas 

(86-89).   

Several of the progression-associated miRNAs identified here mirror those found 

to be changed during progression in human normal, DCIS, and IDC breast cancer samples, 

including an upregulation of miR-21 and a downregulation of miR-10b, miR-125b, miR-

126, and miR-145 (72, 90, 91).  MiR-21 has also been found to be upregulated between 

normal and atypical ductal hyperplasia (equivalent with IDP) in human breast samples, in 

accordance with our findings here (73).  It is interesting to note in our data that the largest 
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proportional change in miRNA expression consistently occurred between IDP and MIN, 

suggesting this early transition is a critical window for pro-tumorigenic alterations and that 

miRNAs, or their dysregulation, play a significant role in the advancement of benign 

lesions.  Insights such as this are facilitated by looking at profiles across progression stages, 

deepening our understanding of the biology of cancer development and miRNA 

involvement beyond simply looking at what is altered between normal tissue and 

carcinoma. 

 It would be interesting to follow up this work with an investigation of whether any 

of these tumor-based progression-associated changes in miRNA expression are also 

observed in blood throughout the progression time points associated with tumorigenesis.  

MiRNAs as biomarkers for early detection of disease, including breast cancer, is an 

exciting emerging area of research and holds much potential for noninvasive clinical 

predictive and prognostic aims.   Several reports have identified both miRNAs that display 

matched dysregulation in tumor tissue and sera and circulating miRNA signatures that 

correlate with early cancer diagnosis, illustrating the relevance of measuring circulating 

miRNAs as easy and cost-effective biomarkers (92-94).  Given the potential, the 

identification of one the progression-associated miRNAs presented here as having a 

matched expression profile in sera would be very beneficial, especially being in an animal 

model which can be manipulated to see the response of the biomarker over time or to 

different interventions.  The identification of the first progression-associated miRNA 

profile in a model of luminal breast cancer presented here is the first step toward such 

insights and clinical advancements.  
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CHAPTER 3: THE EFFECTS OF CALORIE RESTRICTION ON 

PROGRESSION-ASSOCIATED MicroRNAS 

3.1 INTRODUCTION 

A question naturally extending from the definition of a profile of progression-

associated miRNAs in the rat model of luminal breast cancer is the investigation of the 

potential impact of dietary energy balance modulation, such as CR, on progression-related 

miRNAs. As discussed previously, a few studies have investigated the impact of CR on a 

handful of specific miRNAs, but an investigation to the level of CR’s effects on a cancer 

progression-related profile has not previously been done.   

Given the broad protective effects observed in breast cancer models while on a CR 

regimen, I hypothesized tumors from rats on a CR diet would display expression patterns 

of any of the eight progression-associated miRNAs opposite of the expression patterns 

found in control tumors.  Specifically, I hypothesized to find an increase in expression of 

any of the 6 miRNAs (miR-10a, miR-10b, miR-124, miR-125b, miR-126, miR-145) 

downregulated throughout progression and/or a decrease in expression of the 2 miRNAs, 

miR-21 and miR-200a, upregulated with advancing lesion grade.  Any such reversal would 

indicate a possible link between CR’s anti-tumor properties and miRNA regulation.  It is 

interesting that many of the miRNAs negatively associated with progression have been 

reported to have tumor suppressive functions in breast cancer and related models.  

MicroRNA-124 has been extensively shown to inhibit breast cancer proliferation, cell 

motility, and metastatic traits (95-97).  MicroRNA-125b was shown to similarly inhibit 
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proliferation, growth, and EMT (58, 98).  MicroRNA-126 has been primarily shown to 

reduce breast cancer metastatic potential by suppressing invasion, recruitment of 

mesenchymal stem cells, and angiogenesis (99-101).  MicroRNA-145 has been described 

as a potent tumor suppressor that inhibits breast cancer cell growth and migration (102-

104).  The picture for miR-10a/b are a little less clear with conflicting reports, but most 

recently miR-10a was reported to be downregulated in  breast cancer and to possess tumor-

suppressive properties (105).  MicroRNA-124, miR-125b, miR-126, miR-145 have all 

been reported to be downregulated in breast cancer tumors and cell lines (95, 104, 106). 

As for the miRNAs that are suggested to function as oncomiRs due to their 

upregulation throughout cancer progression, both have been previously reported to display 

such properties.  Of course, mR-21 is the most classic and pervasive oncomiR reported to 

date, as was previously discussed.  MicroRNA-200a presents a more complicated story 

however.  Most traditionally the miR-200a family, which includes miR-200a/b/c, miR-141, 

and miR-429, is known for suppressing EMT through direct targeting of EMT-promoting 

transcripts.  However, miR-200a specifically has been reported to be upregulated in many 

types of cancerous tissue including mammary cancer, and this upregulation has been shown 

to contribute to tumorigenesis by affecting proliferation, oxidative stress responses, and/or 

resistance to cell death (107-110).  Clearly, miRNAs do not always function in one capacity 

and the story of their effects can be complex.  

Following up the identification of these 8 progression-associated miRNAs, I 

investigated whether CR inhibits mammary tumor development and/or progression in 
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association with alterations in one or more key miRNAs identified in our profiling studies.  

I found that CR strongly suppresses DMBA-induced mammary tumor development, and 

that one of these progression-associated miRNAs, miR-200a, is highly responsive to CR 

and may be an important contributor to the anticancer effects of CR. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Animal Study Design and Diets 

Upon arrival, one hundred female 5-week old Sprague Dawley rats were housed 

three-to-a-cage and fed a modified AIN-76A diet (control, consumed ad libitum; D12450B, 

Research Diets, Inc., New Brunswick, NJ) for a 2-week acclimation period.  Rats were then 

randomly assigned to receive a single dose via gavage of either a) the carcinogen 

dimethylbenz(a)anthracene (DMBA) (65mg/kg, dissolved in sesame oil [30mg/mL], n=60) 

or b) sesame oil alone (vehicle, equivalent volume, n=40).  After diet acclimation, rats were 

singly housed and randomized to receive either a) control diet, (described above; DMBA, 

n=20; vehicle, n=20) or b) a 30% calorie restriction diet (CR; consumed as daily aliquot; 

DMBA, n=40; vehicle, n=20; catalog # D03020702, Research Diets, Inc).  The CR diet is 

a modified AIN-76A semi-purified diet that is calculated to provide 30% less total calories 

while maintaining 100% of all vitamins, minerals, fatty acids, and amino acids relative to 

the control group.  Mammary fat pads were palpated twice weekly, and rats were 

euthanized as previously described if one of two criteria were met: a tumor reached 1.2 cm 

in any direction or study endpoint was reached (12 weeks post-DMBA administration).  
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The number of rats in the CR diet group was higher than in the control diet group to ensure 

that, in the event CR inhibited tumor development, we would collect sufficient tumor 

material from rats on the CR diet for subsequent analyses. 

All rats were housed in the Animal Resource Center at the University of Texas at 

Austin.  All animal studies and procedures were approved and monitored by the 

Institutional Animal Care and Use Committee at the University of Texas.  Control rats were 

monitored at least once per week, while CR rats were monitored daily and given nestlets 

and huts to alleviate distress. 

3.2.2 Cell Lines and Culture 

 Rat LA7 (catalog #: CRL-2283) and human MCF7 (catalog #: HTB-22) cell lines 

were acquired from ATCC.  Both cell lines are characterized as in vitro models of luminal 

mammary cancer as they retain ER expression.  LA7 cells were clonally derived from a 

cell line isolated from a DMBA-induced mammary tumor in a female Sprague Dawley rat 

(111).  MCF7 cells were grown in Eagle’s Minimum Essential Medium (MEM, Thermo 

Fisher Scientific) supplemented with 0.01 mg/mL insulin (Thermo Fisher Scientific), 100 

mg/L sodium pyruvate (Thermo Fisher Scientific), 1% penicillin-streptomycin (Thermo 

Fisher Scientific), and 10% fetal bovine serum (FBS, Thermo Fisher Scientific).  LA7 cells 

were grown in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific) 

supplemented with 0.005 mg/mL insulin, 50 nM hydrocortisone (R&D Systems, 

Minneapolis, MN), 20 mM HEPES (Thermo Fisher Scientific), and 10% FBS.  All cells 

were maintained under 5% CO2 at 37°C. 
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3.2.3 Gene Expression Analysis 

Tumor tissue was collected upon euthanization and snap frozen in liquid nitrogen.  

Total RNA was isolated from flash-frozen tumors using TRI Reagent® according to 

manufacturer’s instructions.  RNA quantity and quality was measured on a Nanodrop 2000 

spectrophotometer and a 2100 Bioanalyzer.  RNA extracted from tumors from control and 

CR-fed rats was analyzed for expression of miRNAs identified in the time course study.  

Complementary DNA of miRNAs for these analyses was generated using the TaqMan® 

MicroRNA Reverse Transcription Kit (Applied Biosystems).  Individual miRNA assays 

were done using TaqMan® MicroRNA Assays and TaqMan® Universal PCR Master Mix 

on a ViiA™ 7 Real-Time PCR system (Applied Biosystems).  All steps of assays were 

done according to manufacturer’s protocols.  MiRNA-16 was used as the reference gene 

for all PCR-based analyses and relative expression calculations were done using the ΔΔCt 

method. 

3.2.4 MiR-200a Inhibition, Luciferase, and Proliferation Assays 

MicroRNA-200a inhibition was performed using 5nM miR-200a-targeting and 

non-targeting control power inhibitors (Exiqon), transfected in tandem with a synthetic 

miR-200a target RenSP luciferase reporter plasmid (Switchgear Genomics, Carlsbad, CA) 

at a ratio of 1:5 (ng:nL) with Dharmafect Duo transfection reagent (GE Healthcare, 

Pittsburgh, PA).  Twenty-four hours after transfection, cells were seeded into two separate 

96-well plates, one for luciferase readout to verify miRNA inhibition and one for 
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proliferation analysis.  Luciferase and proliferation analyses were done 24 hours after 

reseeding, for a total of 48 hours after miRNA inhibition.  RenSP luciferase signal was 

analyzed using LightSwitch Assay Reagent (Switchgear Genomics) according to 

manufacturer protocol.  Cellular proliferation was measured using a BrdU ELISA kit 

(Roche, Basel, Switzerland) following manufacturer protocol. 

3.2.5 Statistical Analysis 

Summarized data are reported as mean ± SEM, except body weight and tumor area 

data which are reported as mean ± SD.  Tumor area difference was tested using a Mann 

Whitney U test.  Survival curves were compared using the log-rank test, and body weight 

was analyzed at 9 weeks on diet using one-way ANOVA.  Differences in miRNA 

expression and luciferase signal were assessed using the unpaired, two-tailed Student’s t-

test. Cellular proliferation analysis was done using a one-sample t-test.  Significance was 

determined at P < 0.05. 

 

3.3 RESULTS 

3.3.1 Calorie restriction increases survival and decreases tumor burden relative to 

control diet. 

To investigate whether progression-associated miRNAs are modulated by CR, a 

follow-up animal study to the one described in Chapter 1 was conducted involving DMBA-

treated rats receiving either an ad libitum-fed control diet or a CR diet.  Rats on the CR 
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regimen maintained a steady body weight over the course of the study while control rats 

consistently gained weight, leading to a significant difference in body weight between CR 

rats and their Control counterparts at 9 weeks on diet, the latest point at which 50% of rats 

in any group remained tumor-free (P<0.001) (Figure 3.1A).  There was no difference in 

body weight between DMBA-treated and vehicle-treated rats within the same diet group.  

After 12 weeks on diet, 20% of Control rats had not developed tumor, while 43.6% of CR 

rats remained tumor-free (P=0.013) (Figure 3.1B).  Of the tumors that did form, those from 

CR rats (median=109.4mm2) were significantly smaller than those from the Control group 

(median=250.9, P=0.009) (Figure 3.1C).  Taken together these results indicate an increase 

in tumor-free survival and a reduction in tumor burden with the CR diet.  

 

Figure 3.1. Calorie restriction increases survival and decreases tumor burden relative 

to control diet. (A), average body weights of rats within study groups. (B), Percentage of 
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overall survival following DMBA treatment until study endpoint. (C), Average total ex 

vivo tumor area of rats treated with DMBA. Error bar indicate standard deviation, P<0.05. 

3.3.2 Calorie restriction downregulates miR-200a, a miRNA positively associated with 

cancer progression, expression in mammary tumors. 

The 8 miRNAs I identified to be progression-associated were assessed in tumor 

RNA samples from Control and CR mice, and only one, miR-200a, was found to be CR-

responsive (Figure 3.2).  Specifically, miR-200a was downregulated by 57% in CR tumors 

compared to Control tumors (P=0.002).  This finding is interesting given that miR-200a 

was increasingly upregulated throughout progression in the luminal rat model, suggesting 

that it functions as an oncomiR in this model.  The downregulation of miR-200a with CR 

therefore suggests that this effect could have some anti-cancer functions. 

Figure 3.2. Calorie Restriction downregulates miR-200a. Real-time PCR 

quantification of tumoral miR-200a expression. Error bar indicate standard error of the 

mean, *, P<0.05. 
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3.3.3 Inhibition of miR-200a in vitro inhibits mammary cancer cell proliferation. 

To test the theory that CR’s effect on miR-200a contributes to CR’s anti-cancer 

properties, miR-200a function was inhibited in vitro in both rat (LA7) and human (MCF7) 

luminal mammary cancer cell lines, mimicking the effect of CR on this miRNA. Effective 

inhibition of miR-200a function was seen through increased luciferase production from a 

reporter plasmid with a miR-200a target sequence downstream of the luciferase gene (LA7: 

P=0.0029, MCF7: P=0.0398) (Figure 3.3A).  When significant miR-200a inhibition was 

established, resultant cellular proliferation was measured and found to be significantly 

decreased compared to a non-targeting inhibitor control (LA7: P=0.012, MCF7: P=0.037) 

(Figure 3.3B).  This result indicates that miR-200a has a pro-proliferative function in 

mammary cancer cells and corresponds with the finding that its expression increases in 

vivo throughout progression of luminal mammary cancer. 
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Figure 3.3. Inhibition of progression-associated miR-200a inhibits mammary cancer 

cell proliferation. (A), Luminescence signal following miR-200a inhibition indicating 

efficiency of miR-200a targeting. (B), A370 following BrdU incorporation indicating 

cellular proliferation. Error bars indicate standard error of the mean, P<0.05. 

 

 

3.4 DISCUSSION 

 We and others have demonstrated the strong anticancer effects of CR in multiple 

rodent models of mammary cancer, although the effect of CR on luminal mammary tumors, 

the most common type of breast cancer in humans, has not been extensively characterized 

(19, 20, 112).  Here I found that 30% CR significantly increased tumor-free survival and 

decreased total size of the tumors that did develop.  These findings are in agreement with 
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the few other studies that have implemented CR in a luminal mammary tumor model, 

although the model was not characterized as such at the time (113-115).  This series of 

studies led by Kritchevsky and colleagues found that a range in degrees of CR in different 

dietary contexts significantly reduced tumor incidence, multiplicity, and weight, although 

the molecular mechanisms behind this protective effect remained largely undefined.  

Presently, I have shown that the regulation of miR-200a may be one such mechanism.  Of 

the eight progression-associated miRNAs I identified, miR-200a was the only one found 

to be CR-responsive.  While expression of this miRNA increased with advancing cancer 

progression in rats on the ad libitum Control diet, miR-200a expression was significantly 

downregulated in CR tumors compared to Control tumors, indicating that the CR diet 

maintains miR-200a expression at levels closer to those seen in normal tissue.  Considering 

the results to this point, I hypothesized that miR-200a was acting as an oncomiR in this 

model and that CR’s normalization of miR-200a could be contributing to the protective 

effect of this dietary regimen. 

 Although the miR-200 family of miRNAs are most traditionally thought of as 

tumor-suppressive miRNAs because of their ability to target epithelial-to-mesenchymal 

transition-promoting transcripts, it is clear that miRNAs have many different functions 

through the targeting of hundreds of mRNAs, and thus different functions can be dominant 

in different biological settings (63, 74, 116).  MiR-200a is upregulated in many types of 

cancerous tissue including mammary cancer, and this upregulation can contribute to 

tumorigenesis.  Specifically, miR-200a was found to promote metastasis and resistance to 

cell death in human breast cancer cells (107).  Also, overexpression of miR-200a enhanced 



36 
 

tumor growth in an ovarian cancer mouse model by modulated the oxidative stress response 

(110).  Considering our finding that tumors in CR mice were significantly smaller relative 

to those in Control mice, I investigated how CR’s regulation of miR-200a may affect 

cellular proliferation.  When miR-200a was inhibited in both rat and human luminal 

mammary cancer cell lines, mimicking CR’s effect on this miRNA, I found proliferation 

was significantly reduced.  This finding suggests that CR may reduce tumor burden by 

dampening cellular proliferation through the prevention of miR-200a upregulation.  These 

findings deepen our understanding of the dysregulation of miRNA throughout cancer 

progression and suggest that miR-200a may be a novel intervention target for mimicking 

the suppressive effects of CR on mammary tumor development and growth. 
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CHAPTER 4: CALORIE RESTRICTION REDUCES MAMMARY TUMOR 

DEVELOPMENT AND GROWTH THROUGH REGULATION OF IGF-1 

RESPONSIVE MiR-15b 

 

4.1 INTRODUCTION 

 Although the beneficial properties of CR have been extensively demonstrated, the 

systemic and molecular mechanisms responsible for the observed effects have not been 

fully explained due to the broad acting nature of such a dietary intervention.  It is clear, 

however, that alteration of hormonal and adipose-derived factors, such as insulin, insulin-

like growth factor (IGF)-1, and leptin plays a major role in the anti-cancer effects of CR 

(10).  IGF-1, in particular, has emerged as a key mitogen modulated by CR.  IGF-1 plays 

a central role in local and systemic growth and survival by activating the 

phosphatidylinositol-3 kinase (PI3K)/Akt pathway through binding with its receptor, IGF-

1 receptor (IGF-1R).  The PI3K/Akt pathway integrates intracellular and environmental 

cues regarding nutrient availability to regulate cellular proliferation, survival, and protein 

translation through several downstream mediators, including mammalian target of 

rapamycin (mTOR) (117).   

The IGF-1R is commonly expressed in human tumors leading to mitogenic 

response to physiological concentrations of IGF-1, and both the PI3K/Akt pathway and 

mTOR are commonly additionally activated in cancers (118, 119).  Strong evidence 

demonstrates the relevance IGF physiology has on neoplasia, including mammary 

tumorigenesis.  Preclinical studies using animal models with naturally low IGF-1 levels or 

genetic manipulations causing such showed that mammary tumor development and/or 
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growth was influenced by levels of circulating IGF-1 (120-123).  Furthermore, the 

transforming capabilities of many oncogenes require, or are facilitated by, IGF-1 signaling 

(124).  Evidence has emerged from epidemiological studies as well, several extensive 

prospective analyses have showed an association between circulating IGF-1 and breast 

cancer risk in ER+ tumors independent of menopausal status (125, 126).  Also, the gene 

expression pattern induced by IGF-1 predicts poor outcome in patients with breast cancer 

(124, 127). 

 Calorie restriction has been extensively reported to decrease circulating levels of 

IGF-1 in animal models relative to ad libitum-fed controls.  Most circulating IGF-1 is 

produced in the liver under the regulation of growth hormone (GH) signaling (118).  

Decreased IGF-1 in response to CR is partly due to reduced glucose levels, which reduce 

growth hormone receptor (GHR) and dampen GH signaling (128).  There is compelling 

evidence that this reduction of circulating IGF-1 is a major contributing mechanism to the 

protective effects of CR; restoration of IGF-1 levels in CR mice abolishes associated 

anticancer effects in several preclinical models (129-132).  Furthermore, tumor growth was 

dramatically blunted with both CR and control diets in liver-specific IGF1-deficient mice, 

while only with CR in littermate control mice, in a transplant model of ERαlow luminal 

mammary cancer, illustrating the large role IGF-1 regulation plays in CR’s effects (20).  

Despite this extensive evidence of the link between IGF-1 and CR, the latest report from 

the CALERIE study failed to find an effect of a two-year CR diet on serum IGF-1 in young 

and middle-aged non-obese humans, although bioavailable IGF-1 may have changed as 

there was a significant decrease in the IGF-1:IGFBP-1 ratio (133).  While this result is 
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surprising, studies looking at the effects of CR in humans are in their infancy and much 

more work needs to be done to get a clear picture of the translational potential of CR.  

 Like every other major cell growth signaling pathway, the IGF-1/PI3K/Akt/mTOR 

pathway is under miRNA regulation.  A large selection of miRNAs have been found to 

impact signaling through this pathway by targeting key components or upstream and 

downstream mediators, including IGF-1R (miR-15b, -16, -99a, -122, -486) , IRS-1 and -2 

(miR-7, -145, -148a, let-7), Akt (miR-100), mTOR (miR-99, -100, -101, -199), and PTEN 

(miR-21, -26, -19, -221)  (134, 135).  The functions of many of these miRNAs in relation 

to these targets were discovered due to their dysregulation in cancers.  Despite the clear 

evidence of CR’s effect on many of these signaling molecules, an investigation of these 

effects in the context of miRNAs has not been done. 

 In the present study, I analyzed the impact of CR on mammary tumor development, 

progression, and growth in relation to miRNA regulation in the C3(1)/SV40 T-antigen (C3-

TAg) transgenic mouse model of basal-like mammary cancer.  This mouse was engineered  

with the 5’ flanking region of the rat prostate steroid binding protein C3(1) component 

targeting the expression of the SV40 large T-antigen (Tag) to the epithelium of the prostate 

gland in male mice or mammary gland of female mice (136).  This model is recognized to 

closely mimic human mammary cancer development due to its progression through 

multiple stages that histologically resemble early human mammary intraepithelial 

neoplasion (MIN) and ductal carcinoma in situ (DCIS).  The earliest mammary lesion that 

develops in this model is atypical ductal hyperplasia (ADH), which is observed beginning 
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at 8 weeks of age.  These lesions then progress to mammary intraepithelial neoplasia (MIN) 

confined within the basement membrane of the duct, which are histologically similar to 

human DCIS, within 12 weeks of age.  Finally, invasive ductal carcinoma (IDC) develops, 

often multifocally within several MFPs, around 16 weeks of age.  C3-TAg tumors model 

human basal-like triple negative tumors due to their lack of ER1, PR, and HER-2 

expression (136, 137).  The mechanism by which Tag causes transformation and 

tumorigenesis is through the binding and inactivation of the key tumor suppressor proteins 

p53 and Rb, which are also prevalently mutated in human basal-like breast cancers (138-

140).  The oncogene KRAS is also greatly upregulated in the mammary tissue of this model 

and functionally contributes to tumor progression (136). 

 

4.2 MATERIALS AND METHODS 

4.2.1 Animal Study Design 

 All animal study experiments were performed with the approval of the University 

of North Carolina at Chapel Hill Institutional Animal Care and Use Committee.  All mice 

were bred in-house in collaboration with UNC Lineberger Comprehensive Cancer Center’s 

Mouse Phase I Unit.  All mice were monitored daily and were given nestlets and huts to 

alleviate distress.  All mice were euthanized humanely, by anesthetization with CO2 

followed by cervical dislocation.  Blood was collected following CO2 anesthetization by 

cardiac puncture and allowed to coagulate for 45 minutes at room temperature.  Serum was 
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obtained following a centrifugation at 1,500 x g for 15 minutes, collected into a new tube, 

centrifuged again at 10,000 x g for 10 minutes, and stored at -80°C. 

 Mice entered study in batches as breeding allowed, and were fed and monitored for 

tumor development in experimental blocks according to their individual age.  All mice 

were weaned at three weeks of age and fed chow diet for one week.  At four weeks of age, 

140 female C3-TAg mice were randomized to receive either a modified AIN-76A diet 

(Control, consumed ad libitum, n=70; catalog # D12450B, Research Diets, Inc., New 

Brunswick, NJ) or a 30% calorie restriction diet (CR; consumed as daily aliquot, n=70; 

catalog # D03020702, Research Diets, Inc).  They were further randomized into one of two 

substudies: a) a time course study (Control, n=40; CR, n=48) or b) a survival study 

(Control, n=26; CR, n=26).  Sixteen littermate control mice (n=8/diet) were included in the 

time course study.  Throughout the duration of both studies, CR mice were fed a daily 

aliquot of food that contained 70% of the average calories consumed in one day by Control 

mice of the same age. 

Time Course Study.  Upon entry into the time course study, mice were assigned to 

one of five (for Control) or six (for CR) time point sacrifice groups (n=8/diet/time point), 

set at 8, 11, 14, 17, 20, and 23 (for CR mice only) weeks of age.  A 23-week group was 

included for CR mice to increase the likelihood that all lesion grades would be collectable, 

as I hypothesized that CR would slow lesion progression.  Starting with diet initiation at 

four weeks of age, all mice were singly housed.  Mice were weighed and control food was 

measured and replenished once per week.  Mice were euthanized according to their 
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assigned time point and mammary fat pads (MFP) 2, 4, 7, and 9 were excised and 

processed.  Littermate control mice were treated equally as C3-TAg mice throughout the 

course of the study and were euthanized at 20 weeks of age. 

Survival Study.  All mice were singly housed upon entry into the survival study.  

Mice were weighed and control food was measured and replenished once per week.  Three 

mice from each diet group were sacrificed at 5 weeks of age and at 8 weeks of age for 

mammary fat pad whole mount preparation.  The remaining mice (n=20/diet) were palpated 

twice weekly for the remainder of study or until a tumor reached 1.2 cm in any direction, 

at which point the mouse was euthanized and tissues were collected.  Two Control mice 

and one CR mouse were censored from data before tumor detection and one Control mouse 

and four CR mice were censored from data after tumor detection but before maximum 

tumor size was reached, all due to health issues or death from non-mammary tumor-related 

causes.   

4.2.2 Tissue Processing and Histopathology 

Whole MFPs harvested from the time course study were fixed overnight in 

methacarn fixative (chosen to help preserve nucleic acid integrity) and stored in 100% 

ethanol until paraffin embedding.  Primary tumors from the survival study were split 

longitudinally, one half being snap-frozen in liquid nitrogen and stored at -80°C and one 

half being fixed in 10% neutral-buffered formalin for 48 hours, transferred to 70% ethanol 

for at least 24 hours, and embedded in paraffin.  All secondary tumors from the survival 

study were snap-frozen only.   
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Fixed time course MFPs were cut into 4-µm sections, placed on slides, 

deparaffinized in xylene, and rehydrated.  Slides were stained with hematoxylin and eosin 

(H&E) and histologically assessed (in a blinded manner) by a board-certified veterinary 

pathologist into one of three pre-malignant stages of cancer progression: normal tissue, 

atypical hyperplasia (AH), or mammary intraepithelial neoplasia (MIN). 

4.2.3 Serum Hormone Analysis 

 Serum insulin and leptin concentrations were measured using the Bio-Plex Pro 

mouse diabetes 8-plex immunoassay (BioRad) and serum IGF-1 was measured using the 

IGF-1 Mouse Magnetic Luminex Screening Assay (R&D Systems), each conducted 

according to respective manufacturer’s protocols.  Assays were run on a Bio-Plex 

MAGPIX system (BioRad).  

4.2.4 Cell Culture 

 The C3-Tag progression series of cell lines, M28, M6, and M6C, were a kind gift 

from Dr. Jeffery Green.  M28 cells are weakly tumorigenic (formed tumor in one out of 

three mice), M6 cells form carcinomas in vivo when subcutaneously injected, and M6C 

cells are metastatic (141).  MDA-MB-231 (HTB-26) were originally acquired from ATCC.  

C3-Tag cell lines were grown in DMEM and MDA-MB-231 cells were grown in RPMI, 

each supplemented with 10% FBS and 1% penicillin-streptomycin.  Cells were maintained 

under 5% CO2 at 37°C. 
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IGF-1 treatments for miRNA expression and proliferation analyses were conducted 

by exposing cells for 24 hrs. to 30 ng/mL or 10 ng/mL doses of recombinant mouse IGF-1 

(R&D Systems) in appropriate culture media (with a 4 hr serum starvation prior to 

treatment included in proliferation experiments).  

4.2.5 Gene Expression Analysis 

Total RNA from tumor tissue and cells was isolated using TRI Reagent® according 

to manufacturer’s instructions.  RNA quantity was measured on a Nanodrop 2000 

spectrophotometer.  Complementary DNA of miRNAs was generated using the Universal 

cDNA Synthesis Kit II (Exiqon).  Individual miRNA assays were done using LNA PCR 

primer sets (Exiqon) and ExiLENT SYBR Green master mix (Exiqon) on a ViiA™ 7 Real-

Time PCR system (Applied Biosystems).  All steps of assays were done according to 

manufacturer’s protocols.  U6 small nuclear RNA was used as the reference gene for all 

miRNA PCR-based analyses and relative expression calculations were done using the 

ΔΔCt method. 

4.2.6 Western Blot Analysis 

Tumor protein lysates were prepared using RIPA buffer (Sigma-Aldrich) 

supplemented with Mini Protease Inhibitor Cocktail tablets (Sigma-Aldrich), Phosphatase 

Inhibitor Cocktail 2 (Sigma-Aldrich), and Phosphatase Inhibitor Cocktail 3 (Sigma-

Aldrich).  Total protein concentration of lysates was measured using Bio-Rad Protein 

Assay Dye Reagent (Bio-Rad) with bovine serum albumin as standards.  Proteins samples 

were resolved by SDS-PAGE on 12% acrylamide gels (BioRad) and transferred to PVDF 
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membranes (Bio-Rad).  After blocking in 5% w/v fat-free milk in TBST, membranes were 

probed with antibodies specific to the following: IGF-1R (#9750, Cell Signaling, Danvers, 

MA), Tubulin (ab6046, Abcam).  Membranes were then probed with appropriate HRP-

conjugated secondary antibodies (GE Healthcare Life Sciences, Pittsburgh, PA), developed 

with Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Life 

Sciences), and signal was visualized on a ChemiDoc MP (BioRad).  Relative protein 

express was determined by comparing the ratio of total protein-of-interest between 

appropriate samples after normalization to tubulin.   

4.2.7 MiR-15b Overexpression, Luciferase, and Proliferation Assays 

MicroRNA-15b overexpression was performed using 10 nM miR-15b mimic and 

control mimic (Exiqon), transfected in tandem with a synthetic miR-15b target RenSP 

luciferase reporter plasmid (Switchgear Genomics, Carlsbad, CA) at a ratio of 1:5 (ng:nL) 

with Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific).  Twenty-four 

hours after transfection, cells were seeded into two separate 96-well plates, one for 

luciferase readout to verify miRNA overexpression and one for proliferation analysis.  

Luciferase and proliferation analyses were done 48 hours after reseeding, for a total of 72 

hours after miRNA transfection.  RenSP luciferase signal was analyzed using LightSwitch 

Assay Reagent (Switchgear Genomics) according to manufacturer protocol.  Cellular 

proliferation was measured following a 2 hr. BrdU exposure using a BrdU ELISA kit 

(Roche) and a BrdU Cell Proliferation ELISA kit (Abcam) following manufacturer 
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protocols.  Proliferation measurement following IGF-1 treatment was conducted using the 

Roche BrdU ELISA kit. 

4.2.8 Statistical Analyses 

 Summarized data is presented as mean ± standard error of the mean, except on 

graphs displaying animal study outcomes, which report mean ± standard deviation.  Body 

weight and survival data were analyzed using Wilcoxon signed rank test.  Tumor 

multiplicity, secondary tumor weight, tumor miRNA expression, and tumor IGF-1R 

protein expression were analyzed using the unpaired, two-tailed Student’s t-test.  MiRNA 

expression following IGF-1 treatment, cellular proliferation following IGF-1 treatment, 

and cellular proliferation and protein expression following miR-15b overexpression were 

analyzed using one sample t-tests due to inter-experiment variation of raw data.  All in 

vitro experiments were conducted at least three times and all tumor analyses included at 

least three biological replicates.  Significance was determined at α<0.05. 

    

 

4.3 RESULTS 

4.3.1 Calorie restriction protects against tumor development and progression in a 

model of basal-like mammary cancer. 

 In accordance with previous studies, the CR regimen resulted in initial loss of body 

weight followed by maintenance of a lower body weight relative to Control mice (Survival 

Study, P<0.0001; Time Course Study, P=0.0004), which continuously gained weight until 
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the end of the respective studies (Figure 4.1A).  Reduced caloric intake led to significantly 

reduced serum levels of IGF-1 (P<0.0001), insulin (P=0.0347), and leptin (P<0.0001) 

relative to Control levels throughout a time course from eight to twenty weeks of age 

(Figure 4.1B). 
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Figure 4.1 Calorie restriction leads to maintenance of lower body weight over 

duration of study and reduces circulating levels of pro-growth hormones. (A), 

Average body weights of mice in survival and time course studies, by week and group. 

Body weights from the survival study were graphed until the week of age at which only 

one mouse remained in either group. (B), Serum hormone concentrations (ng/mL) in mice 

sacrifice at corresponding weeks of age as part of time course study (n=3-7/group). Insulin 

graph does not include 8 week time point because no CR samples at this time point were 

above detectible range. 
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 In relation to tumor outcomes in the survival study, CR, compared to Control, 

significantly delayed tumor development (tumor-free survival) by 30% in C3-TAg mice 

(median time to palpable tumor 23 weeks vs. 15 weeks, P=0.0002) (Figure 4.2a).  Lifespan 

(overall survival) was increased 50% by CR (median survival of 30 weeks) relative to 

Control (median survival of 20 weeks, P<0.0001) (Figure 4.2b).  Mice who died of causes 

unrelated to mammary tumor (CR, n=5; Control n=1) were censored at time of death.  Four 

CR mice (34- and 30-weeks of age) and two Control (33- and 30- weeks of age) mouse 

remained tumor free up until study end on 10/27/2016.  CR reduced tumor burden by 

significantly decreasing tumor multiplicity (P=0.025) (Figure 4.2c) and secondary tumor 

weight (P=0.050) (Figure 4.2d) compared to Control.  Secondary tumors were defined as 

any tumor that was not the sacrifice-defining tumor (primary tumor) based on size.  There 

were no differences between primary tumors between the two diets because, by definition, 

they were allowed to grow to pre-determined maximum size (data not shown). 
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Figure 4.2 Calorie restriction increases survival and decreases tumor burden in a 

model of basal-like mammary cancer. (A), Time to palpable tumor graphed as tumor-

free survival in CR (n=19) and Control (n=18) C3-TAg mice. Two control and one CR 

mice were censored before tumor development due to non-mammary tumor death. (B), 

Time to death graphed as overall survival in CR (n=15) and Control (n=17) C3-TAg mice.  

Three Control and five CR mice were censored before terminal sacrifice. (C) Tumor 

multiplicity graphed as total tumor count in CR and Control mice at time of terminal 

sacrifice. (D), Secondary tumor weight in CR and Control mice at time of terminal 

sacrifice. Values plotted represent means ± SD; *, P<0.05; **, P<0.001; ***, P<0.0001. 

 

 

 I also assessed the effect of CR on tumor progression throughout a time course 

from eight to twenty weeks of age.  Calorie restriction greatly slowed lesion development 

and progression (Table 4.1).  The majority of ductal structures remained normal across all 

time points in CR mice, while the majority of lesions progressed to MIN by 14 weeks of 

age.  Only a modest amount of MIN was ever observed in CR glands.  While only one 
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sample developed IDC across the majority the gland, this sample was from Control diet.  

Calorie restriction also lead to the maintenance of low ductal density with the mammary 

gland, while Control diet promoted ductal development toward high density. 

 

Table 4.1. Calorie restriction dramatically slows lesion progression in mammary 

ductal epithelium in a model of basal-like breast cancer. 

 
Axillary mammary glands from Control and CR mice were histopathologically assessed 

ever three week from eight to twenty weeks of age and ductal density and major lesion 

grade representative of the whole mammary gland were estimated.  AH, atypical 

hyperplasia; MIN, mammary intraepithelial neoplasia; IDC, invasive ductal carcinoma. 

 

 

4.3.2 Calorie restriction modulates miRNAs associated with IGF-1/mTOR signaling. 

 In order to assess the influence of miRNA regulation on CR’s effects on tumor 

development and tumor burden through altered IGF-1 and/or mTOR signaling, I assessed 

the expression of a selection of miRNAs previously reported to target components of these 

Ductal Density

Week Con CR Con CR Con CR

8 - 1 (14.3%) 5 (62.5%) 6 (85.7%) 3 (37.5%) -

11 - 5 (62.5%) 5 (62.5%) 3 (37.5%) 3 (37.5%) -

14 1 (12.5%) 2 (28.6%) 4 (50%) 5 (71.4%) 3 (37.5%) -

17 1 (12.5%) 5 (62.5%) 2 (25%) 3 (37.5%) 5 (62.5%) -

20 - 5 (62.5%) 1 (12.5%) 3 (37.5%) 7 (87.5%) -

Major Lesion Grade

Week Con CR Con CR Con CR Con CR

8 5 (62.5%) 6 (85.7%) 3 (37.5%) - - 1 (14.3%) - -

11 1 (12.5%) 7 (87.5%) 4 (50%) 1 (12.5%) 3 (37.5%) - -

14 1 (12.5%) 3 (42.9%) 1 (12.5%) 3 (42.9%) 6 (75%) 1 (14.9%) - -

17 1 (14.9%) 7 (87.5%) 1 (14.9%) 1 (12.5%) 5 (71.4%) - -

20 - 5 (62.5%) - - 7 (87.5%) 3 (37.5%) 1 (12.5%) -

Normal AH MIN IDC

Low Medium High
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pathways in C3-TAg secondary tumors.  Out of ten miRNAs analyzed, miR-15b (2.19-

fold, P=0.018), miR-199a-3p (2.07-fold, P=0.021), miR-199a-5p (1.65-fold, P=0.036), and 

miR-486 (6.26-fold, P=0.046) were found to be significantly upregulated in CR tumors 

relative to Control tumors (Figure 4.3).  MiR-451 displayed the same pattern of expression 

but did not reach significance (2.11-fold, P=0.084).  Interestingly, miR-15b and miR-486 

expression decreased with increasing tumorigenicity in a progression series of cell lines 

derived from tissue of varying stages of tumor progression (M28, weakly tumorigenic; M6, 

carcinoma; M6C, metastasis) in C3-TAg mice (Figure 4.4).  MiR-199a-3p, miR-199a-5p, 

and miR-451a were not expressed in any of these cell lines (data not shown), suggesting 

these miRNAs are not expressed in mammary epithelial cells and that the expression 

measured in tumor must represent a different cell population in the heterogeneous tumoral 

environment.  These miRNAs were therefore not included in further analysis. 
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Figure 4.3. Calorie restriction modulates expression of miRNAs associated with IGF-

1/mTOR signaling. Gene expression analysis by qRT-PCR of individual miRNAs in CR 

and Control tumors (n = 5-7/group). Values graphed are mean ± SEM; *, P<0.05. 
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Figure 4.4. MiR-15b and miR-486 expression trend down throughout progression 

series of basal-like mammary cancer cell lines. Gene expression analysis by qRT-PCR 

of individual miRNAs in C3-TAg derived M28 (weakly tumorigenic), M6 (invasive 

carcinoma), and M6C (metastatic) cell lines. 

 

 

4.3.3 Expression of miR-15b expression is increased by IGF-1 and targets IGF-1R to 

inhibit mammary cancer cell proliferation. 

 To parse out what component of the calorie restricted condition may be modulating 

the expression of miR-15b and miR-486, M6 cells were treated with biologically relevant 

concentrations of IGF-1 and insulin and resultant miRNA expression was analyzed.  Low 

levels of IGF-1 (10 ng/mL) that approximated the levels found in CR serum significantly 

upregulated miR-15b expression compared to a moderate level (30 ng/mL), which 

approximated those found in Control serum (P=0.041) (Figure 4.5A).  Insulin treatment 

had no effect on miR-15b expression (Figure 4.5B), and the expression of miR-486 showed 

no pattern in response to different IGF-1, insulin, or leptin dose treatments (data not 

shown).  The IGF-1 treatment levels associated with CR and Control diets also led to 
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differential cellular proliferation rates, with low IGF-1 significantly reducing proliferation 

relative to moderate IGF-1 (P=0.013) (Figure 4.5C). 

 

Figure 4.5. Low IGF-1 induces miR-15b expression and inhibits proliferation in M6 

cells. Gene expression analysis by qRT-PCR of miR-15b following (A) IGF-1 treatment 

and (B) insulin treatment in M6 cells. (C), Cellular proliferation analysis by BrdU ELISA 

of M6 cells following IGF-1 treatment. Raw data from each experiment were set relative 

to comparison group within each experiment replicate. Values graphed are mean ± SEM; 

*, P<0.05. 

  

Since miR-15b is predicted to target the IGF-1R transcript to reduce translation, 

IGF-1R gene and protein expression levels were analyzed in secondary tumors from CR 

and Control C3-TAg mice.  IGF-1R was significantly downregulated by 34% at the mRNA 

level in CR tumors relative to Control (P=0.030) (Figure 4.6A).  A slight decrease in IGF-
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1R protein expression was observed in CR tumors compared to Control tumors, although 

intra-group variability was high and significance was not reached (Figure 4.6B).  

Importantly, when miR-15b was exogenously overexpressed in a controlled and 

homogenous in vitro setting, using M6 cells, IGF-1R protein expression was significantly 

reduced by 35% relative to a miRNA mimic control (P=0.015) (Figure 4.6C). 
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Figure 4.6. MiR-15b targets IGF-1R, leading to reduced gene and protein expression. 
(A), Gene expression analysis by qRT-PCR of IGF-1R expression in CR and Control 

secondary tumors. (B), Protein expression quantification by western blot and densitometry 

of IGF-1R in CR and Control secondary tumors (n=4). (C), Protein expression 

quantification by western blot and densitometry of IGF-1R in M6 cells 72 hours after 

transfection with miR-15b mimic + reporter plasmid (15b M), control mimic + reporter 

plasmid (Con M), or reporter plasmid alone (Plas). Values plotted represent mean ± SEM; 

*, P<0.05.  



58 
 

 To test the biological relevance of miR-15b’s inhibition of IGF-1R expression in 

the anti-tumor effects of CR, cellular proliferation in mouse (M6) and human (MDA-MB-

231) basal mammary cancer cell lines was tested after exogenous overexpression of miR-

15b.  Increased miR-15b function was observed in both cell lines following overexpression 

as assessed through decreased luciferase signal from a reporter plasmid with synthetic miR-

15b target sites in the 3’ UTR of the luciferase gene (M6, P=0.001; MDA-MB-231, 

P=0.453) (Figure 4.7A).  Both cell lines exhibited reduced proliferation in response to miR-

15b overexpression (M6, 36% reduction, P=0.004; MDA-MB-231, 35% reduction, 

P=0.002), relative to a miRNA mimic control (Figure 4.7B). 
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Figure 4.7. MiR-15b overexpression inhibits mouse and human basal-like mammary 

cancer cell proliferation. (A), Relative miR-15b activity assessed by reporter plasmid 

luciferase signal 72 hours after miR-15b or control mimic transfection in M6 and MDA-

MB-231 cells. (B), Relative proliferation assessed by BrdU ELISA 72 hours after miR-15b 

or control mimic. Raw data from each experiment were set relative to comparison group 

within each experiment replicate. Values graphed are mean ± SEM; *, P<0.05. 

 

 

4.4 DISCUSSION 

 Here, I have demonstrated a novel component of CR’s regulation of IGF-1 

signaling that may contribute to the anti-cancer properties of this dietary intervention.  The 

low levels of circulating IGF-1 associated with the calorie restricted state induce expression 
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of miR-15b in mammary tissue, which further downregulates IGF-1 signaling by inhibiting 

the protein expression of IGF-1R, ultimately leading to a reduction in the proliferative 

capacity of the cancer cells.  These findings suggest an additional level of regulation 

paralleling the traditional connection between CR and reduced IGF-1 signaling through 

decreased substrate and further demonstrate that miRNA modulation is an important, 

biologically-relevant effect of CR that needs to be further explored. 

 Although the protective effects of CR against breast cancer development and 

progression in preclinical models have been widely demonstrated, and to a large degree by 

the Hursting lab, the results presented here are still significant considering the aggressive 

nature of triple-negative/basal-like breast cancer and that CR has not previously been 

studied in the C3-TAg model, which has emerged as a highly relevant model of human 

basal-like breast cancer.  Basal-like and triple negative breast cancers are characterized as 

highly aggressive and are frequently associated with poorer clinical outcomes compared to 

other breast cancer subtypes (142-144).  The aggressive nature of human basal-like tumors 

is reflected by C3-TAg mice, as 100% of female mice were originally characterized to 

develop invasive carcinoma by 16 weeks of age and to require euthanization by seven 

months of age due to rapid tumor growth (136).  Our findings were consistent with the 

published reports as our longest-living Control mouse with tumor had to be euthanized at 

seven months of age.  Therefore, the strong protective effects CR had against tumor 

development, specifically increasing time to palpable tumor, decreasing tumor multiplicity 

and tumor growth, extending overall survival, and decreasing secondary tumor weight, in 

such an aggressive model emphasize the diet’s potency.   
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The importance of these results is highlighted by the anti-cancer effects achieved 

by other treatments in C3-TAg mice.  The strong cytotoxic chemotherapy drugs carboplatin 

and paclitaxel and small molecular kinase inhibitors erlotinib and lapatinib were unable to 

significantly extend lifespan in mice, although this study focused on treatment rather than 

prevention so mice already had established tumor before treatment began (145).  Another 

investigation using the chemotherapy drug polyethylene glycol tagged liposomal 

doxorubicin in the treatment of established C3-TAg tumors found a large increase in 

survival but only a slight reduction in tumor growth and final tumor volume (146). 

Similarly, as small molecule inhibitor of cMET, the hepatocyte growth factor receptor 

whose overexpression is associated with poor survival in breast cancer patients (147), 

administered prophylactically had no effect on tumor latency and tumor burden in C3-TAg 

mice, and actually increased the progression of primary tumor (148).  A moderate dose of 

the flavonol quercetin fed to mice as a preventive did have a large, significant inhibitory 

effect on C3-TAg tumor volume but had no effect on tumor latency, tumor weight, and 

only a small reduction of tumor number (149).  It is clear that none of these interventions 

and treatments resulted in anti-cancer outcomes equivalent to CR in degree and totality of 

effect.  One study did show a very dramatic regression in C3-TAg mice following treatment 

of mice with established tumors with the drugs AZD6244 (selumetinib) and BEZ235 

(dactolisib), resulting in dual inhibition of PI3K/mTOR and MEK signaling (150).  Mice 

treated with AZD/BEZ showed a 94% response rate with almost half exhibiting complete 

response, contributing to a 115% increase in survival compared to untreated animals.  The 
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authors do note the potential toxic effects of such strong treatment regimen, though, 

pointing out that some mice had to stop treatment due to weight loss. 

Calorie restriction also had a large effect on tumor progression, measured through 

the characterization of mammary lesion grade throughout a time course that began at eight 

weeks of age, when the first observable lesions begins to develop, through 20 weeks of 

age, which is after most mice have progressed to invasive carcinoma when on baseline diet 

(136).  To our knowledge, no other study has characterized the progression-associated 

effects of CR to this level.  Calorie restriction largely inhibited development and 

progression of mammary lesions relative to Control diet, as the majority of glands in CR 

mice throughout all time points maintained mostly normal ducts.  Progression to advanced 

lesions was swift in Control mice, with the majority of mice having a MIN major lesion 

grade by 14 weeks of age.  Only a modest amount of MIN was observed at any time point 

in CR mice.  These striking results add an additional level of explanation to the anti-cancer 

effects of CR and illustrate that growth and transformation are inhibited by CR along the 

entire course of tumorigenesis. 

I found miRNAs miR-199a-3p, miR-199a-5p, and miR-486 to be significantly 

upregulated in CR tumors relative to Control tumors.  The miR-199a’s were of particular 

interest because miR-199a-3p directly targets mTOR, one of the key regulation targets of 

CR, and miR-199a-5p has been reported to target negative regulators of mTOR signaling 

(151, 152).  Reduced expression of miR-199a-3p was found in an aggressive grade of 

human breast cancer samples and overexpression in MDA-MB-231 cells inhibited 
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proliferation and the potential to migrate and invade (153).  Expression of miR-199a-5p, 

on the other hand was found to be reduced by IGF-1 exposure in vitro, and overexpression 

of miR-199a-5p in MCF7 and MDA-MB-231 cells reduced the activation of AKT in 

response to IGF-1 and inhibited cellular proliferation and invasion (154), highlighting the 

potential involvement of this miRNA in the outcomes of CR.  However, although I found 

these miRNAs to be highly expressed in tumors, I did not find the C3-TAg progression 

series of cell lines to expression miR-199a-3p or miR-199a-5p at all.  This result suggests 

one of two possible situations, that miR-199a expression is lost in mammary tissue during 

tumorigenesis and CR is able to prevent this loss, or that these miRNAs are not expressed 

in mammary epithelial cells and the expression found in tumor was associated with a 

different cellular compartment within the heterogeneous environment.  There is evidence 

to support both hypotheses, first miR-199a, and miR-486 as well, were found to be 

primarily expressed only in normal epithelium, as no expression was found in a wide array 

of tumors from mammary cancer models, suggesting that these miRNAs function as tumor 

suppressors that are lost during tumorigenesis  (155).  Another study found miR-199a was 

expressed in normal breast tissue but not expressed at all in many proliferating normal and 

cancerous cell lines, including the transformed normal breast cell line MCF10A, except for 

in fibroblasts (156).  Corroborating the fibroblast-specific expression of miR-199a, both 

miR-199a-3p and miR-199a-5p were further reported to be highly expressed in human 

mammary fibroblasts but to have no expression in human mammary epithelial cells in three 

matched breast samples (157).  These findings suggests that miR-199a expression is 

confined to fibroblast-rich stromal compartment in mammary tissue, and that the 
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expression found in mammary tissue, both normal and tumor, is actually representative of 

stromal fibroblasts.  Based on this hypothesis, I did not further explore CR’s effect on miR-

199a expression, as I was primarily interested in events CR induced in the epithelial 

population of tumor origin.  It would be interesting, however, to further investigate the 

relationship between CR, miR-199a, and the effect of tumor microenvironment on 

progression, as the influence of the microenvironment on mammary tumorigenesis is well 

recognized (158). 

The central miRNA findings presented here, however, revolve around miR-15b’s 

functions as a tumor suppressor through its regulation of IGF-1R.  The finding that miR-

15b is upregulated in CR tumors relative to Control tumors is interesting considering 

expression of this miRNA has been found to be downregulated in several triple-negative 

breast cancer cell lines and in breast cancer stem cells (159, 160).  This miRNA has not 

been extensively analyzed in human breast cancer samples, however reduced miR-15b 

expression is associated with poor survival in patients with tongue squamous cell 

carcinoma (161).  Importantly in the connection between this miRNA and the calorie 

restricted state, I found that low levels of IGF-1 induce expression of miR-15b, suggesting 

that the significantly lower levels of this growth factor in circulation with CR compared to 

Control are responsible for the upregulation of tumoral miR-15b.  This same CR-associated 

dose of IGF-1 inhibited cellular proliferation of M6 cells.  Another report found miR-15b 

to be responsive to IGF-1 treatment in MCF7 cells, possibly through post-transcriptional 

mechanisms (162). 
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Furthermore, IGF-1R is predicted to be a direct target of miR-15b and was presently 

found to be significantly repressed at the protein level by miR-15b overexpression.  These 

results suggest that CR dampens IGF-1 signaling in two ways, by causing reduced 

circulating ligand, which in turn leads to repression of receptor expression in a miRNA-

dependent manner.  This dual repression is significant because IGF-1R is often 

overexpressed in breast cancers (163, 164).  For example, IGF-1R was found to be highly 

expressed in 87% of over 700 human breast cancer tumors assessed and patients with high 

expression of IGF-1R in breast epithelial cells in terminal duct lobular units have up to 15-

times increase in risk of developing breast cancer (165, 166).   Therefore, the dual 

repression of IGF-1 signaling imparted by CR is significant as reduction in ligand alone 

may not always lead to meaningful pathway suppression and downstream inhibition of 

tumor growth and progression.  Importantly, overexpression of miR-15b, mimicking CR’s 

effects on this miRNA, inhibits basal-like mammary cancer cell proliferation, indicating 

that reduced IGF-1R, and possibly the reduction of other miR-15b targets, contributes to 

the anti-cancer effects obtained with CR in the C3-TAg model.  Ultimately, these results 

suggest miR-15b functions as a tumor suppressor in basal-like breast cancers, which is in 

accordance with other reports illustrating the tumor suppressive, anti-proliferative 

functions of miR-15b in ovarian cancer and breast cancer stem cells (160, 167). 

It would be interesting to build upon these studies to further characterize the effects 

of CR on miRNA regulation in the C3-TAg model by doing a global analysis of miRNAs 

in the secondary tumors, which were significantly smaller with CR.  This type of analysis 

would possibly uncover unexpected, but important, miRNA mediators of CR’s protective 
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effects.  Also, we are planning on conducting a global analysis of miRNAs throughout 

cancer progression, in microdissected grade specific lesions, from CR and control mice, 

which will greatly increase our understanding of the role of miRNAs in this model and 

basal-like mammary cancer. Only a few studies have previously assessed miRNA 

expression in the C3-TAg model.  C3-TAg tumors were found to express a distinct basal-

like miRNA signature, along with tumors from the p53 fl/fl;MMTV-cre and BRCA1fl/fl;p53+/-

;MMTV-cre models, compared to luminal-type tumors (155).  Also, miR-206 was reported 

to be upregulated in C3-TAg tumors compared to normal mammary tissue (168).  The 

findings presented here greatly contribute to our understanding of the involvement of 

miRNA regulation in the protective properties of CR and illustrate a novel, miR-15b-based 

level of IGF-1 signaling regulation involved in these anti-cancer effects. 
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CHAPTER 5: THE EFFECT OF CALORIE RESTRICTION ON GLOBAL 

MICRORNA EXPRESSION AND MicroRNA BIOGENESIS  

 

5.1 INTRODUCTION 

With the development of powerful genome-wide “-omics” analyses, investigation 

of global trends or profiles of miRNAs, rather than just individual miRNAs, has become 

popular.  Genome-wide analysis of transcripts, especially when matched for both miRNA 

and mRNA, also allows broad and inclusive insight into the overall regulatory environment 

of a condition or treatment and highlights key pathways that may not have been expected.  

Employing global approaches to screen miRNA-target interactions helps evolve the 

science beyond focusing on cherry-picked targets that may not represent the most 

physiologically relevant targeting events (46).  

As mentioned previously, miRNAs are globally downregulated in human cancers, 

which aligns with the trend of cancers to evade regulation.  There are several levels/stages 

of the miRNA life cycle that could be dysregulated to affect global miRNA expression, 

one of the primary ones being biogenesis.  With the function of enzymatic RBPs in the 

maturation of miRNAs being so important, dysregulation of one of these key enzymes 

would globally affect miRNA function, and subsequently, have large effects on cellular 

homeostasis.  In fact, the global downregulation of miRNAs observed in many human 

cancers has been linked to downregulation of Dicer and/or Drosha in tumors compared to 

normal tissue.  The literature has not yet reached a conclusion regarding the prevalence of 

Drosha downregulation in human tumors, as studies report Drosha downregulation in 
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anywhere between 18% and 54% of invasive ductal carcinomas (169-171).  These studies 

also present conflicting reports about whether Drosha downregulation is associated with a 

worse prognosis, but it has been shown that Drosha knockdown induces tumorigenic 

characteristics in breast cancer cells in vitro (172). 

Dicer, on the other hand, has been found to be consistently downregulated in about 

50% of human mammary tumors compared to normal tissue (169, 171, 173).  The 

characteristics of downregulation, however, varies between breast cancer subtype, with 

luminal A tumors showing the lowest incidence and degree of Dicer downregulation, and 

basal-like tumors showing the highest (71, 169, 173, 174).  The degree of Dicer 

downregulation also varies between cancer stages, with decreasing protein levels present 

with advancing progression, although very few tumors show total loss (173).  These studies 

found Dicer alteration to be associated with high tumor aggressiveness and shorter disease-

free interval.  Furthermore, Dicer knockdown in vitro leads to increased invasive potential 

(175).  All of these observations, along with the contribution of germline Dicer1 mutations 

to several types of familial malignancies, are in accordance with the description of Dicer1 

as a haploinsufficient tumor suppressor (176-178).   

To date, no investigation into the effects of CR on Dicer or Drosha in the context 

of cancer has been done.  Here, I studied the effects of CR on global miRNA expression 

and the expression of miRNA biogenesis enzymes in tumors from luminal and basal-like 

breast cancer models. 
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5.2 MATERIALS AND METHODS 

5.2.1 Biological Samples and Cell Culture 

 Tumors from the CR and Control Sprague Dawley rats, described in Chapter 3, 

were used in this study.  Rat LA7 cells and human MCF7 cells were used and cultured as 

previously described. 

5.2.2 RNA Sequencing 

Total RNA was extracted using TRI-Reagent according to manufacturer’s 

instructions. Samples were quantified with the Qubit (Life Technologies) and assessed for 

quality using the Agilent 2100 Bioanalyzer.  Three biological replicates were prepared for 

each condition. 

mRNA Sequencing 

Messenger RNA libraries were prepared using the Illumina TruSeq Stranded Total 

RNA Sample Preparation kit according to manufacturer’s instructions.  The libraries were 

sequenced using a 2x76 bases paired end protocol on the Illumina HiSeq 2000 instrument.  

The libraries were sequenced in two lanes (3 samples/lane), generating 13-57 million pairs 

of reads per sample. Each pair of reads represents a cDNA fragment from the library. The 

reads were mapped to rat genome (Ensembl RGSC3.4) by TopHat (version 2.1.0) (Pertea).  

Differential expression of transcripts was analyzed using Cuffdiff/Cufflinks 2.2.1. 

Normalized fragments per kilobase of exon per million fragments mapped (FPKM) were 

generated from the cufflinks genes.fpkm_tracking.  Differentially expressed mRNAs 
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among experimental groups were selected for hierarchical clustering and viewed by Java 

Treeview. 

miRNA Sequencing 

MicroRNA libraries were prepared using the Illumina TruSeq Small RNAseq 

Library Prep Kit according to manufacturer’s instructions.  The libraries were sequences 

using a 36 bases single read protocol on the Illumina HiSeq 2000 instrument in one lane. 

For miRNA sequencing analyses, the adapters were first trimmed from raw sequences and 

the trimmed sequences were then aligned to known rat miRNAs using miRExpress. Read 

abundances were counted by miRExpress (179) and normalized to the total library miRNA 

counts.  Differentially expressed miRNAs among experimental groups were selected for 

hierarchical clustering and viewed by Java Treeview. 

mRNA/miRNA Alignment 

Putative target genes of select miRNAs were predicted using miRDB (180) with 

target scores above 50. A miRNA-mRNA interaction analysis was performed when the 

expression levels of each miRNA and of its mRNA targets were negatively correlated. 

Statistics analysis was done using student t test with two-tail distribution by R. 

5.2.3 Gene Expression Analysis 

Total RNA was isolated from flash-frozen tumors using TRI Reagent® according 

to manufacturer’s instructions.  RNA quantity and quality was measured on a Nanodrop 
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2000 spectrophotometer and a 2100 Bioanalyzer.  Messenger RNA analysis was done using 

the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) for cDNA 

synthesis and TaqMan Assays (Applied Biosystems) and Taqman Universal Master Mix II 

for qPCR.  Matched precursor and mature miRNA analysis was completed using miScript 

II RT Kit (Qiagen, Valencia, CA), miScript Precursor Assays or miScript miRNA Assays 

(Qiagen), and miScript SYBR Green PCR Kit (Qiagen), all according to manufacturer’s 

directions.  Mature miRNA analysis matched to miRNA precursor analysis was done using   

All qPCR reactions were run on a ViiA™ 7 Real-Time PCR system.  All steps of assays 

were done according to manufacturer’s protocols.  HPRT1 was used as the reference gene 

for all mRNA-based analyses while miR-16 was used as the reference gene for miRNA-

based analyses and all relative expression calculations were done using the ΔΔCt method. 

5.2.4 Western Blot Analysis 

 Tumor protein lysates were prepared using RIPA buffer (Sigma-Aldrich) 

supplemented with Mini Proteasee Inhibitor Cocktail tablets (Sigma-Aldrich), Phosphatase 

Inhibitor Cocktail 2 (Sigma-Aldrich), and Phosphatase Inhibitor Cocktail 3 (Sigma-

Aldrich).  Total protein concentration of lysates was measured using Bio-Rad Protein 

Assay Dye Reagent (Bio-Rad) with bovine serum albumin as standards.  Proteins samples 

were resolved by SDS-PAGE on 7% acrylamide gels and transferred to PVDF membranes 

(Bio-Rad).  After blocking in 5% w/v fat-free milk in TBST, membranes were probed with 

antibodies specific to the following: Dicer (ab14601, Abcam, Cambridge, England), 

Tubulin (ab6046, Abcam).  Membranes were then probed with appropriate HRP-



72 
 

conjugated secondary antibodies (GE Healthcare Life Sciences), developed with 

Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare Life 

Sciences), and signal was visualized by exposure on CL-XPosure Film (Thermo 

Scientific).  Relative protein express was determined by comparing the ratio of total 

protein-of-interest between appropriate samples after normalization to tubulin.  All western 

blots were repeated a minimum of three times. 

5.2.5 Transient Dicer Overexpression 

One-hundred and fifty thousand LA7 and MCF7 cells were seeded into 6-well 

plates and allowed to grow for 24 hrs.  Cells were then transfected with 5 µg DNA, 

pCAGGS-Flag-hsDicer (Addgene plasmid # 41584, gift from Phil Sharp) or pCaggs-

mCherry (Addgene plasmid #41583, gift from Phil Sharp), with a ratio of 1.33 µg DNA: 

µL Lipofectamine 2000 (Thermo Fisher Scientific) according to transfection reagent 

manufacturer’s instructions (181).  The transfection was allowed to proceed for 24 hrs., 

after which cells were treated with 0.25% trypsin-EDTA (Thermo Fisher Scientific) and 

reseeded into 6-well plates (120,000 LA7 cells, 200,000 MCF7 cells) and 96-well plates 

(2,000 LA 7 cells, 8,000 MCF7 cells).  Cellular proliferation was measured 48 hrs. later in 

the 96-well plates using the Roche BrdU ELISA kit, with 2 hr. BrdU incubation, according 

to manufacturer’s protocol.  Transfection efficiency was estimated at the same time as 

proliferation by visualizing mCherry fluorescence in 6-well plates on Cytation 3 Cell 

Imaging Multi-Mode Reader (BioTek, Winooski, VT). 
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5.2.6 Statistical Analyses 

Gene and protein expression differences were analyzed using the unpaired, two-

tailed Student’s t-test.  Differences in expression between groups from mRNAseq and 

miRNAseq data were statistically assessed using DEseq (182) and edgeR (183).  Genes 

with false discovery rate ≤0.05 were called significant.  Difference in cellular proliferation 

were tested using a one-sample t-test.  All in vitro experiments were conducted at least 

three times and all tumor analyses included at least three biological replicates.  Significance 

was determined at α<0.05. 

 

5.3 RESULTS 

5.3.1 Calorie restriction broadly upregulates miRNAs. 

 In order to investigate CR’s effects on global miRNA expression and to obtain an 

unbiased picture of the miRNA-mRNA regulatory environment with CR, miRNA and 

mRNA sequencing was done.  These global analyses revealed an environment of increased 

regulation in CR tumors compared to Control tumors.  Of the miRNAs that were found to 

be differentially expressed by 1.5-fold in either direction in CR tumors relative to Control 

tumors, 75% were upregulated with CR (Figure 5.1).  This finding is interesting on several 

levels; first, such a large majority of miRNAs being differentially expressed in one 

direction highlights the possibility that CR affects a miRNA master-regulator such as Dicer 

or Drosha.  Also, knowing that miRNA expression is broadly downregulated in cancer, the 
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result that CR is able to broadly upregulate miRNAs in tumors indicates that CR may be 

protecting against global miRNA dysregulation. 

 

 

Figure 5.1. Calorie restriction broadly upregulates miRNAs. Heat map visualization of 

log2ratio of miRNA expression in CR tumors relative to Control tumors measured by 

miRNA sequencing. MiRNAs included in graph had at least a two-fold change in 

expression in either direction. 
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 Matched mRNA sequencing and alignment with miRNA sequencing results 

revealed a selection of mRNAs that may be direct and relevant targets of modulated 

miRNAs in this model (Table 5.1).  The full readout of mRNA sequencing was searched 

for the predicted targets of the miRNAs that were upregulated with CR. The miRNA-

mRNA pairs presented here showed upregulation of the miRNA and coordinated 

downregulation of the mRNA transcript in CR tumors. 
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Table 5.1. Upregulated miRNAs align with downregulated mRNA transcripts in CR 

tumors. 

 
MiRNAs that were upregulated in CR tumors were matched with predicted targets that 

were correspondingly downregulated. Log2ratio, P value, and FDR (false discovery rate) 

correspond to mRNA expression in CR tumors relative to Control tumors. 

  

MicroRNA Gene Gene Description log2ratio P Value FDR

miR-10b-5p Sgcd sarcoglycan, delta -2.2582 0.00001 0.0019

miR-10b-5p Slc24a4 solute carrier family 24, member 4 -1.2707 0.1356 0.6942

miR-10b-5p Has3 hyaluronan synthase 3 -1.1597 0.0161 0.2264

miR-133a-3p Nfs1 NFS1 cysteine desulfurase -1.8613 0.0643 0.4855

miR-133a-3p Pcdhga2 protocadherin gamma subfamily A, 2 -1.0696 0.0412 0.3835

miR-133a-3p Pcdhga5 protocadherin gamma subfamily A, 5 -1.0382 0.0693 0.5049

miR-154-5p Pcdh15 protocadherin-related 15 -5.4600 0.0098 0.1750

miR-154-5p Aqp9 aquaporin 9 -1.6722 0.0277 0.3061

miR-196b-5p Vsnl1 visinin-like 1 -1.6144 0.0066 0.1401

miR-212-3p Kcnk2 potassium channel, subfamily K, member 2 -1.2151 0.0554 0.4491

miR-212-5p Otop3 otopetrin 3 -2.9663 0.0711 0.5111

miR-212-5p Cbln2 cerebellin 2 precursor -2.8726 0.0071 0.1438

miR-212-5p Pthlh parathyroid hormone-like hormone -1.7849 0.0017 0.0592

miR-212-5p Tub tubby bipartite transcription factor -1.4949 0.2207 0.8445

miR-212-5p Sorcs1 sortilin-related VPS10 domain containing receptor 1 -1.1344 0.0588 0.4647

miR-212-5p Mfsd2a major facilitator superfamily domain containing 2A -1.0201 0.0574 0.4586

miR-296-5p Wscd1 WSC domain containing 1 -1.2725 0.0320 0.3334

miR-296-5p Slc38a3 solute carrier family 38, member 3 -1.1123 0.0274 0.3036

miR-379-5p Dpp6 dipeptidyl-peptidase 6 -3.6610 0.0001 0.0080

miR-410-3p Cyp19a1 cytochrome P450, family 19, subfamily A, polypeptide 1 -3.2410 0.0259 0.2941

miR-410-3p Lrrc7 leucine rich repeat containing 7 -3.2410 0.0262 0.2969

miR-410-3p Cldn10 claudin 10 -1.8725 0.0083 0.1579

miR-410-3p Clca2 chloride channel accessory 2 -1.1935 0.0025 0.0768

miR-410-3p Plcl1 phospholipase C-like 1 -1.0216 0.0270 0.3021

miR-411-3p Calcr calcitonin receptor -1.4317 0.3738 0.9680

miR-411-3p Spo11 SPO11 meiotic protein covalently bound to DSB -1.4122 0.0213 0.2646

miR-411-3p Cdh2 cadherin 2, type 1, N-cadherin (neuronal) -1.1524 0.0834 0.5525

miR-411-3p Sdr16c5 short chain dehydrogenase/reductase family 16C, member 5 -1.1104 0.2225 0.8468

miR-541-5p Baalc brain and acute leukemia, cytoplasmic -3.0928 0.0009 0.0387

miR-541-5p Prkg2 protein kinase, cGMP-dependent, type II -1.3700 0.0998 0.6021

miR-541-5p Slc1a2 solute carrier family 1, member 2 -1.0516 0.2841 0.9121

miR-542-3p F2rl3 coagulation factor II (thrombin) receptor-like 3 -1.7471 0.2056 0.8250

miR-542-3p Gdnf glial cell derived neurotrophic factor -1.5896 0.3670 0.9656

miR-542-3p Il33 interleukin 33 -1.3693 0.0009 0.0387

miR-542-3p Rasgef1c RasGEF domain family, member 1C -1.3315 0.0842 0.5559

miR-542-3p Lppr4 lipid phosphate phosphatase-related protein type 4 -1.3107 0.0233 0.2791

miR-542-3p Gnb5 guanine nucleotide binding protein (G protein), beta 5 -1.0898 0.0635 0.4816

miR-708-5p Mdga1 MAM domain containing glycosylphosphatidylinositol anchor 1 -2.5798 0.0001 0.0105

miR-708-5p Wnt5b wingless-type MMTV integration site family, member 5B -1.9815 0.0018 0.0622

miR-708-5p Chrnb2 cholinergic receptor, nicotinic, beta 2 (neuronal) -1.6624 0.1012 0.6066

miR-708-5p Gpr64 G protein-coupled receptor 64 -1.1353 0.0055 0.1245
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5.3.2 Calorie restriction protects against the loss of Dicer expression during luminal 

mammary tumorigenesis, but may not lead to increased Dicer functionality.  

 To further investigate the directional effect of CR on miRNAs, the expression of 

Dicer and Drosha in normal non-DMBA treated mammary tissue and DMBA-treated tumor 

tissue from CR and Control rats was measured.  Dicer expression was found to be 

downregulated by 58% in rat tumor tissue relative to normal tissue (P=0.0008) (Figure 

5.2A) and CR seems to be able to prevent this loss, as Dicer expression was significantly 

upregulated 110% in CR tumors relative to Control tumors (P=0.0037) (Figure 5.2B).  

Drosha expression did not change between normal and tumor tissue, and was not altered 

by CR (Figure 5.2C,D).  Dicer protein expression in CR tumors also was significantly 

higher relative to Control (P=0.025) (Figure 5.2E).  
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Figure 5.2. Calorie restriction prevents the loss of Dicer expression associated with 

tumorigenesis. Gene expression analysis by qRT-PCR of (A) Dicer expression in rat 

normal mammary and tumor tissue (n=6), (B) Dicer expression in Control and CR rat 

DMBA-induced tumor tissue (n=6), (C) Drosha expression in normal mammary and tumor 

tissue (n=3,6), (D) Drosha expression in Control and CR tumor tissue (n=3,6). (E), Relative 

protein quantification of by western blot and densitometry of Dicer expression in Con and 

CR (n=6) rat tumors. Values graphed are mean ± SEM; *, P<0.05. 
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 Another method employed to measure Dicer function was the quantification of 

precursor miRNA expression relative to mature miRNA expression.  In the miRNA 

biogenesis cascade, Dicer acts upon pre-miRNA by cleaving off the hairpin loop, leading 

to the release of a mature miRNA structure.  If more functional Dicer was present in a 

tissue relative to another, a higher proportion of mature to precursor miRNA would be 

present due to a higher and/or more efficient processing rate.  Conversely, if Dicer function 

was minimized in one tissue relative to another, a lower proportion of mature to precursor 

miRNA would be observed due to a buildup of unprocessed pre-miRNA.  In order to assess 

Dicer functionality in this way in the rat tumors, a selection of nine miRNAs that were 

highly expressed in this tissue, as determined from the sequencing data, were assayed at 

the precursor and mature levels.  A comparison of the expression of mature relative to pre-

miRNA in CR and Control tumors revealed a high degree of variability between different 

miRNAs, with most showing no significant change between the two diets (Figure 5.3).  The 

miRNAs miR-15b (P=0.008) and miR-351 (P=0.024) had a significantly lower ratio of 

mature to pre-miRNA in CR tumors, suggesting that the processing of these miRNA is 

actually less efficient with CR.  On the other hand, miR-10a (P=0.011) showed a 

significantly higher ratio in the same comparison, signifying that this miRNA is more 

efficiently processed with CR relative to Control diet.  However, the variability observed 

within this selection of highly expressed miRNAs and the fact that most showed no change 

in the ratio of mature to precursor expression suggest Dicer functionality within luminal 

mammary tumors may not be different between CR and Control, despite the differences in 

Dicer expression.  
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Figure 5.3. Calorie restriction fails to enhance Dicer function in luminal mammary 

tumors relative to Control diet. Gene expression analysis by qRT-PCR of mature and 

precursor miRNA expression. Plotted for each diet is the expression of the specified mature 

miRNA relative to its precursor expression in tumors (n=4,5). A t-test was used to test the 

relative expressions between diets. Values graphed are mean ± SEM; *, P<0.05. 

 

5.3.3 Transient overexpression of Dicer in luminal mammary cancer cells has no 

effect on proliferation. 

 In order to assess the functional relevance of CR’s upregulation of Dicer 

expression, Dicer was transiently overexpressed in rat LA7 and human MCF7 cells, 

mimicking CR’s effect on Dicer in vitro.  A high transfection efficiency, above 60%, was 
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confirmed through mCherry expression (Figure 5.4A).  I assessed whether Dicer 

overexpression in rat and human mammary cancer cells would lead to a decrease in cellular 

proliferation, considering the protective effects of CR against tumor growth in the rat 

model.  However, Dicer overexpression in LA7 and MCF7 cells failed to have any effect 

on proliferation (Figure 5.4B).  Together these results indicate that increased Dicer 

expression, particularly in the DMBA-induced rat model of luminal breast cancer, does not 

have a significant functional effect and/or does not play a major role in the anti-cancer 

properties of CR. 
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Figure 5.4. Transient Dicer overexpression has no effect on luminal mammary cancer 

cell proliferation. (A), Brightfield and fluorescent images of LA7 and MCF7 cells after 

transfection with pCaggs-mCherry control plasmid. (B), Relative proliferation assessed 

through BrdU ELISA in LA7 and MCF7 cells 48 hours after transfection with pCaggs-

mCherry or pCaggs-Dicer. Raw data from each experiment were set relative to comparison 

group within each experiment replicate. Values graphed are mean ± SEM. 

 

5.3.4 Calorie restriction has no effect on Dicer expression during basal mammary 

tumorigenesis, but does prevent upregulation of Dicer in advanced tumors. 

 Considering the largest degree of Dicer downregulation is observed in the triple-

negative or basal-like subtype of human breast tumors, I investigated the effects of CR on 

Dicer expression in tumors from the mouse basal-like model described in Chapter 4.  No 

effect of CR on Dicer expression relative to Control diet in early-stage (1-2 weeks after 

first palpation) tumors or secondary tumors was found (Figure 5.5A,B).  Calorie restriction 
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did lead to a downward trend in Dicer expression in late-stage tumors (primary tumors, 

tumors that defined sacrifice by reaching terminal size), although the effect was not 

significant (P=0.184) (Figure 5.5C).  The relevance of this trend is expanded when Dicer 

expression was compared between late-stage and early-stage tumors within each diet 

group, where a significant 3.2-fold upregulation (P=0.05) was found in Control tumors and 

no change was found in CR tumors (Figure 5.5D).  These data were unexpected but suggest 

that Dicer expression increases with advancing aggressiveness in this model and that CR 

prevents this upregulation. 
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Figure 5.5. Calorie restriction prevents the upregulation of Dicer expression with 

advancing tumor aggressiveness in a model of basal-like mammary cancer. Gene 

expression analysis by qRT-PCR of Dicer expression in (A) early (1-2 week) CR and 

Control tumors (n=5), (B) secondary CR and Control tumors (n=5), (C) primary CR and 

Control tumors (n=4), and (D) primary tumors (n=4) relative to early tumors from both 

diets. Values graphed are mean ± SEM; *, P<0.05. 
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5.4 DISCUSSION 

 Global miRNA downregulation has been identified as a common event in breast 

tumors and has been linked to the tumor-promoting properties of the dysregulation of key 

miRNA biogenesis enzymes (169, 171, 173, 175).  To date, no investigation into the effects 

of CR, a dietary regimen with potent anti-cancer properties, on this trend of global miRNA 

loss in the context of cancer has been done.  Here I report, for the first time, that CR leads 

to broad upregulation of diet-modulated miRNA relative to a Control diet in mammary 

tumors from a rat model of luminal cancer.  This finding suggests CR prevents or reverses 

the events that cause the global miRNA trend, and specifically that CR modulates a miRNA 

master-regulating enzyme since the diet had a nearly unidirectional effect on these 

miRNAs.  Furthermore, several of the miRNAs upregulated by CR aligned with a 

downregulation of mRNAs predicted to be direct targets of these miRNAs.  A few of the 

identified miRNA-mRNA pairs are of particular interest for further analysis based on 

previous literature.  For example, Wnt5b was found to be a downregulated target of miR-

708.  This gene is elevated in breast tumor samples and high expression is associated with 

decreased disease-free survival and enhanced metastasis (184).  Suppression of Wnt5b, as 

was found in CR tumors, resulted in inhibition of breast cancer cell growth, migration, and 

mammosphere formation.  Also, the mesenchymal-associated cadherin 2, positively linked 

to EMT (185), was found to be downregulated in CR tumors likely due to the upregulation 

of miR-411.  This analysis also revealed miRNAs miR-212 and miR-542 as possible key 

regulators of CR’s effects, as the expression of both of these miRNAs was inversely 
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correlated with the expression of over five mRNA transcripts.  It would be interesting to 

further explore the involvement of these miRNAs.  

 The broad upregulation of miRNAs seen with CR in the luminal tumors suggested 

that CR may affect the expression and/or activity of a miRNA master regulator such as the 

biogenesis enzymes Drosha and Dicer.  I found that CR tumors had significantly higher 

Dicer expression compared with Control tumors, while Dicer was significantly 

downregulated in Control tumors compared with normal mammary tissue.  The 

downregulation of Dicer expression following tumorigenesis is in accordance with reports 

of Dicer loss in human breast tumors relative to normal tissue (169, 171), illustrating that 

this model suitable for studying the effects of tumorigenesis on miRNA biogenesis.  The 

fact that CR was able to upregulate Dicer expression in tumor tissue has great implications 

for the potential of CR in the maintenance of global, or at least expansive, miRNA 

expression in a range of diseases.  The upregulation of Dicer in CR tumors relative to 

Control tumors could occur by two different mechanisms, that Dicer expression is lost 

during some stage of cancer progression and that CR then induces Dicer expression at a 

later stage, or, more likely, that CR prevents the downregulation of Dicer that occurs during 

tumorigenesis under baseline diet conditions.  Further understanding of these possible 

explanations would be achieved by looking at Dicer expression in Control and CR 

mammary tissue throughout tumor progression.  Some insight is given by the only other 

study that has reported that CR impacts Dicer expression, in this case within adipose tissue 

in the context of aging, where miRNAs are broadly downregulated and Dicer expression 

is decreased with age (186).  Similar to our findings, CR greatly prevented this broad 



87 
 

downregulation by upregulating many miRNAs and maintained Dicer expression 

throughout age.  Interestingly, these researchers also found no effect of CR on Drosha 

expression.   

However, when I analyzed Dicer expression in tumors from the C3-TAg model of 

basal-like breast cancer, the subtype in which Dicer expression is most severely and 

frequently downregulated in human cancers, I found no effect of CR in early-stage and 

secondary tumors and a non-significant trend toward downregulation in late-stage tumors.  

These findings were surprising in that either a null or opposite effect was found on Dicer 

expression with CR than what was expected considering the literature on human tumors 

and our result of CR upregulating Dicer expression in the DMBA-induced luminal model.  

When expression of Dicer was compared between late-stage and early-stage tumors from 

the two diets, I found a significant upregulation in Dicer expression in the more advanced 

tumors under Control diet conditions, while CR prevented this upregulation.  These results 

indicate that increased Dicer expression may be linked with characteristics of aggressive 

tumor growth in this model, and perhaps metastatic potential.  Cancer cells in the C3-TAg 

model are known to metastasize, primarily to the lung, with a 10-15% incidence in the 

FVB/N background (136).  Although metastasis was not measured in this study, CR has 

been found to decrease metastatic burden by significantly increase time to metastasis and 

reduce the number and volume of lung metastases in other models of triple-negative breast 

cancer (187, 188).  Interestingly, several studies have identified a pattern of decreased 

Dicer expression in tumor relative to normal human breast tissue, but increased Dicer 
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expression in metastases compared to primary tumor tissue, suggesting a role for Dicer 

induction in tumor aggressiveness and metastatic potential  (189, 190).   

Based on the data presented here, it appears that Dicer may be playing varying roles 

in tumorigenesis between breast cancer subtypes.  Moreover, CR may regulate Dicer in a 

subtype- or stage-specific manner, but perhaps in a consistently protective manner by 

maintaining Dicer expression near more “normal” levels.  More insight into what appears 

to be a complex relationship between CR, Dicer expression, and cancer growth and 

metastasis in the C3-TAg model will be attained with future analysis of Dicer expression 

in normal-like tissue and throughout the progression stages.  However more studies would 

have to be done verifying that the effects of CR on Dicer have functional relevance, as the 

preliminary results presented here indicate that overexpression of Dicer in luminal 

mammary cancer cells has no effect on proliferation.  It is possible that CR’s retention of 

Dicer expression has the most negative influence on tumorigenic potential early in 

progression, while cells are undergoing alterations to become more aggressive, and that 

high Dicer expression no longer induces inhibitory effects in fully transformed cancer cells.  

In any case, the data presented here suggest CR modulates Dicer expression in the context 

of breast cancer; further analysis of expanded tumorigenic indices in more cell lines, and 

manipulation of Dicer with histopathologic analysis of pre-tumor lesions in an animal 

model, would expand our understanding of the resultant implications. 
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CHAPTER 6: PHARMACEDUTICAL CALORIE RESTRICTION MIMETICS, 

METFORMIN AND RAPAMYCIN, REGULATE DISTINCT MicroRNAS IN 

PANCREATIC TUMORS 

6.1 INTRODUCTION 

 Despite the overwhelming evidence of CR’s beneficial effects in prolonging 

lifespan, preventing development and growth of cancers, and fighting against many other 

age-related diseases, it is hard to foresee the majority of the US population complying with 

what would be considered in our society today, a very rigorous dietary program.  

Maintaining a CR diet, particularly long-term as our studies find CR to be most effective, 

would have substantial physiological, social, and economic implications, although the 

CALERIE study has stated that extended CR does not have major heath repercussions (18).  

Due to the unrealistic nature of the expectation of the general public maintaining a CR diet, 

a lot of interest has developed for organic or inorganic compounds that display similar 

beneficial properties as CR, by activating the same metabolic and stress responses, without 

the need to restrict diet.  Research into such compounds, known as CR mimetics, has been 

steadily gaining momentum.  Along with independent researchers, the National Institute of 

Health and the National Institute of Aging are jointly running the Interventions Testing 

Program, a multi-institutional study investigating treatments with potential to extend 

lifespan and delay disease.  Some of the compounds studied under these trails to date 

include aspirin, rapamycin, simvastatin, resveratrol, green tea extract, curcumin, acarbose, 
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17-α-estradiol, and metformin, among others, with the most resultant publications 

reporting rapamycin’s extension of lifespan in mice (191-194). 

 Rapamycin, which was originally identified as a macrolide antibiotic isolated from 

soil on the island of Rapa Nui, inhibits mTOR by binding FKBP12 and complexing within 

mTORC1, thus impeding downstream phosphorylation events that would normally 

promote protein synthesis and cell growth (195, 196).  Most research into rapamycin’s 

function as a CR mimetic has focused on increasing lifespan through its inhibitory effects 

on mTOR, S6K, and its promotion of autophagy, all mechanisms mirroring those 

associated with CR, although it has been reported that rapamycin leads to markedly 

different metabolic changes than seen in diet-restricted mice (193, 197).  In relation to 

cancer, rapamycin has shown anti-proliferative and anti-cancer properties in a variety of 

tumor types, including renal cell carcinoma, esophageal squamous cell carcinoma, prostate 

cancer, and lung cancer (198-201).  Similar to CR, rapamycin delays spontaneous cancer 

development in normal, p53+/-, and HER-2/neu transgenic mice (202-204).  Few studies 

have investigated rapamycin’s effect on pancreatic cancer,  although rapamycin and its 

analogs have shown anti-proliferative functions in vitro and improved outcomes in the 

clinic regarding a certain type of pancreatic cancer, including increased progression-free 

survival (205, 206). 

 Another pharmaceutical that has been receiving a lot of attention lately is 

metformin, which is characterized as a CR mimetic in that it leads to reduced circulating 

insulin and glucose, two key characteristic effects of CR.  Metformin is a biguanide 
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compound that reduces hepatic gluconeogenesis and increases insulin sensitivity and 

glucose uptake, as well as directly targeting tumor cell signaling through inhibition of ATP 

production, increased AMP kinase activity, and inhibition of mTOR signaling  (207-209).  

Epidemiological studies suggest metformin is associated with reduced incidence of 

pancreatic cancer and improved prognosis among patients with diabetes, and metformin 

has been shown to reduce pancreatic cancer growth in preclinical models (210-212). 

 As with other cancers, several miRNAs have been associated with pancreatic 

cancer.  MiRNA-21, miR-29, and miR-143 have been found to be upregulated in pancreatic 

cancer relative to normal pancreatic tissue and cells, while miR-34a, miR-375, and the let7 

family are downregulated (213-215).  Many of these miRNA have also been associated 

with metabolic qualities linked with CR and obesity, such as alterations in glucose-

stimulated insulin secretion (216, 217).  The effects of CR mimetics, such as rapamycin 

and metformin, on these miRNAs in the context of pancreatic cancer, however, has not be 

investigated. 

 To this end, we conducted a direct comparison between the effects of metformin 

and rapamycin on pancreatic cancer outcomes and miRNA regulation in a syngeneic 

murine pancreatic cancer (Panc02) transplant model in pre-diabetic mice (218).  In this 

study both metformin and rapamycin inhibit pancreatic tumor growth compared with 

vehicle, although rapamycin had a greater inhibitory effect.  Metformin-treated mice 

exhibited improved glucose clearance and increased insulin sensitivity relative to vehicle 

while rapamycin lead to worsened glucose sensitivity but had no effect on insulin 
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sensitivity.  Both interventions significantly decreased tumoral mTOR activity.  The 

resultant effects of these interventions on miRNA expression are presented here. 

 

6.2 MATERIALS AND METHODS 

6.2.1 Biological Samples and Cell Culture 

 Pancreatic tumors used in these analyses were collected during the study described 

in Cifarelli, V., et. al., 2015 (218).  Mouse pancreatic cancer cells, Panc02 (acquired from 

Drs. Ken Hance and Jefferey Schlom), were used for in vitro studies.  Cells were cultured 

in McCoy’s media (HyClone) supplemented with 100 mg/L sodium pyruvate (Thermo 

Fisher Scientific), 1% glutamine (Thermo Fisher Scientific), 1% penicillin-Streptomycin 

(Thermo Fisher Scientific), and 10% fetal bovine serum (FBS, Thermo Fisher Scientific).  

Cells were maintained under an atmosphere of 5% CO2 at 37°C. 

6.2.2 Gene Expression Analysis 

RNA was extracted from tumor tissue (n=6/group) using TRI Reagent® (Sigma-

Aldrich, St. Louis, MO) according to manufacturer’s instructions.  Complimentary DNA 

was synthesized from extracted RNA using the high capacity cDNA reverse transcription 

kit (Applied Biosystems, Foster City, CA) according to manufacturer’s directions.  For 

miR analysis, cDNA was synthesized using TaqMan® MicroRNA Reverse Transcription 

Kit (Applied Biosystems).  Gene expression for EMT and miRs were measured by 

quantitative real-time polymerase chain reaction (qRT-PCR) using the Taqman gene 
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expression assay with TaqMan® Universal PCR Master Mix (Applied Biosystems) on an 

Applied Biosystems ViiA 7™ Real-Time PCR System. Expression data for mRNA were 

normalized to the housekeeping gene, β-actin, whereas miR expression levels were 

normalized to miR-16 expression.  Relative quantitation (RQ) was calculated using the 

ΔΔCt method. 

6.2.3 Notch1 Luciferase Assay 

 Luciferase assays were performed to assess whether miR-34a targets the Notch 

3’UTR in Panc02 cells using LightSwitch 3’UTR Reporter GoClones, LightSwitch 

microRNA mimics, LightSwitch Assay reagents, and associated protocols (SwitchGear 

Genomics, Menlo Park, CA).  The miR-34a or non-targeting mimic, along with Notch or 

mutated luciferase plasmids, was transfected into Panc02 cells using DharmaFECT Duo 

Transfection Reagent (GE Dharmacon, Lafayette, CO) according to mimic manufacturer’s 

protocol and 48 hrs. later luciferase expression was read on a Synergy 2 Multi-Mode plate 

reader (BioTek).  The experiment was repeated three independent times and statistics were 

done on relative values averaged across replicates.  

The mutant Notch1 3’UTR vector was generated from LightSwitch Notch1 3’UTR 

GoClone vector DNA (SwitchGear Genomics) using the QuikChange Lightning Multi 

Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) following 

manufacturer’s instructions. Briefly, QuikChange reagents, Notch1 vector (100ng), and 

mutagenic primers (Notch 201, 380ng; Notch 930, 200ng) were combined and cycled 

through the thermal cycling program indicated in the manufacturer’s protocol.  Mutagenic 



94 
 

primers were designed to alter the sequence of the Notch1 3’UTR at the two sites 

complimentary to the miR-34a seed sequence (target sites) as specified by miRDB, 

TargetScan, and PicTar. Resultant DNA was digested with Dpn I and used to transform 

XL10-Gold ultracompetent cells.  Transformed cells were grown in NZY+ broth and plated 

on LB-ampicillin agar plates with 80ug/mL X-gal and 20mM IPTG for transformation 

selection. Selected positive colonies were grown in LB-ampicillin broth and plasmid DNA 

was isolated using QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA) per manufacturer’s 

instructions.  Plasmids were sequenced at the University of Texas at Austin DNA Core 

Facility using the following primers: Forward- GGGAAGTACATCAAGAGCTTCGT, 

Reverse- CCCCCTGAACCTGAAACATAAA. 

 

6.3 RESULTS 

6.3.1 Metformin increases expression of miR-34a in pancreatic tumors, contributing 

to a reduced EMT signature. 

Since several miRNAs have been linked to pancreatic cancer, we screened the 

expression of a selection of miRNAs associated with pancreatic cancer during obesity and 

diabetes to see if any were modulated by metformin and/or rapamycin.  Metformin 

significantly increased miR-34a expression (P=0.046) (Figure 6.1A) and downregulated 

Notch, an EMT-associated target of miR-34a (219-222), in tumors relative to vehicle (RQ 

= 0.61 ± 0.07 vs 1.50 ± 0.15, P=0.041) (Figure 6.1B). When Panc02 cells were transfected 

with Notch reporter plasmid and a miR-34a mimic, luciferase signal was significantly 
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decreased relative to control (P=0.007) (Figure 6.1C), confirming that Notch is regulated 

by miR-34a in Panc02 cells. Moreover, after mutating the two miR-34a target sites within 

the Notch 3' UTR in the reporter plasmid, no effect of miR-34a on luciferase signal was 

observed (Figure 6.1D), indicating that the inhibition of luciferase activity seen in the 

Notch + miR-34a condition is due to direct binding of miR-34a to Notch in Panc02 cells. 

 

 

Figure 6.1. Metformin upregulates miR-34a, which directly targets Notch to 

downregulate it. Gene expression analysis by qRT-PCR of (A) miR-34a and (B) Notch 

expression in Panc02 tumors from Metformin- and Vehicle-treated mice (n=6/group). (C), 

Relative luciferase signal from Notch reporter plasmid co-transfected with miR-34a or non-

targeting (NT) mimic into Panc02 cells. (D), Relative luciferase signal from mutated Notch 

reporter plasmid (Mut) co-transfected with miR-34a or non-targeting (NT) mimic into 

Panc02 cells. Values graphed are mean ± SEM; * or different letters, P<0.05. 
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Besides Notch, additional EMT markers were found regulated by metformin in 

tumors, as mRNA expression levels of Snail (P=0.049), Vimentin (P=0.049) and Slug 

(trending but not significant, P=0.059) were decreased in the metformin group relative to 

vehicle (Figure 6.2). 

 

 

Figure 6.2. Metformin inhibits expression of EMT markers in pancreatic tumors. 
Gene expression analysis by qRT-PCR of EMT markers in Panc02 tumors from 

Metformin- or Vehicle-treated mice (n=6). Values graphed are mean ± SEM; *, P<0.05. 

 

6.3.2 Rapamycin induces expression of let-7b in pancreatic tumors. 

Let-7b expression in Panc02 tumors was significantly increased in the rapamycin group 

relative to vehicle controls (RQ= 1.49 ± 0.22 vs. 1.05 ± 0.37; P=0.044) (Figure 6.3).  In 

contrast, metformin had no effect on let-7b expression (data not shown). 
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Figure 6.3. Rapamycin induces expression of let-7b in pancreatic tumors. Gene 

expression analysis by qRT-PCR of let-7b expression in Panc02 tumors from Rapamycin- 

and Vehicle-treated mice (n=6/group). Values graphed are mean ± SEM; *, P<0.05. 

 

 

6.4 DISCUSSION 

 Great interest has developed for the identification and characterization of 

compounds that can mimic the beneficial effects of CR against cancer development and 

progression.  Elucidation of such compounds as novel preventives and/or treatments is 

especially relevant for pancreatic cancer considering the high lethality and difficulty of 

treatment associated with this particular type of malignancy.  Strides have been made in 

recent years toward the understanding of the potential of CR mimetics against cancer and 

their mechanisms of action, but much remains to be explored. The findings presented here 
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suggest that two CR mimetics, metformin and rapamycin, inhibit pancreatic cancer growth 

through distinct miRNA-based mechanisms.  We found that rapamycin upregulates let-7b 

relative to vehicle, while metformin upregulates miR-34a and accordingly downregulates 

its target, Notch.  Metformin also downregulated several other EMT markers. 

 Rapamycin’s upregulation of let-7b in tumors suggests that the regulation of this 

miRNA is a potential mechanism contributing to the inhibitory effects rapamycin had on 

tumor growth.  This implication aligns with previous reports as let-7b has been reported to 

be involved in the inhibition of cell proliferation and differentiation by the regulation of 

cell cycle regulatory proteins (223, 224).  In fact, my colleagues also found in this study 

that rapamycin treatment lead to reduced tumoral expression of the cell cycle promoting-

transcripts, cdk4 and cyclin D1, and that rapamycin treatment in vitro lead to an 

accumulation of Panc02 cells in G0/G1 phase (218).  Although not directly tested here, 

regulation of the let-7 family members may be a key mechanism essential to rapamycin’s 

growth-inhibitory effects because when let-7a and let-7c antagonists were transfected into 

rapamycin-sensitive mouse brain cancer cells, in which rapamycin treatment significantly 

reduced proliferation, the cells exhibited no change in proliferation in response to 

rapamycin, while the antagonists had no effect in rapamycin-resistant cells (225).  It would 

be interesting to build upon the results presented here in a similar fashion by inhibiting the 

function of endogenous let-7b in Panc02 cells and analyzing the resultant response to 

rapamycin exposure. 
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 The other CR mimetic studied here, metformin, also significantly reduced 

pancreatic cancer growth but did so through a different miRNA-based mechanism, the 

regulation of miR-34a.  MiR-34a is one of the most widely studied tumor-suppressive 

miRNAs that targets a wide array of transcripts involved in cell cycle, differentiation, and 

apoptosis (226).  Here, we found metformin, but not rapamycin, significantly upregulated 

miR-34a in mouse pancreatic tumors relative to vehicle.  Reduction of cancer cell stemness 

and metastatic potential has emerged as a key function of this miRNA; related to pancreatic 

cancer, it has been shown to strongly inhibit proliferation, self-renewal, EMT, and invasion 

in human pancreatic cancer stem cells (CSC) (226, 227).  MiR-34a negatively regulates 

stemness by targeting multiple EMT- and CSC-related transcripts such as Notch, CCL22, 

MDM4, Src, c-MET, and CD44 (226).  In accordance with the extensive literature base 

illustrating miR-34a’s effect on Notch regulation, we showed Notch1 is a direct target of 

miR-34a in Panc02 cells, and furthermore that metformin treatment reduces Notch 

expression in pancreatic tumors, most likely due to the drug’s regulation of miR-34a.  

Dysregulation of Notch signaling enhances hypoxia-induced cell invasion and migration, 

as well as self-renewal of CSCs (228-230).  Furthermore, metformin also reduced 

expression of other key EMT regulators, Snail, Vimentin, and Slug (although the effect on 

Slug did not reach significance), an effect that may be linked with regulation of Notch, as 

Notch dysregulation has been seen to influence expression of Snail and Slug (228, 229).  

My colleagues further illustrated the effect of metformin on CSC function by finding that 

metformin reduced the CD24+/CD44+ cell population and decreased tumor sphere-forming 
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capacity of Panc02 cells, in corroboration of other reports that metformin reduces CSC 

enrichment in pancreatic tumors (218, 231).  

 Overall these investigations demonstrate that the potential CR mimetics, rapamycin 

and metformin, modulate the expression of key tumor-suppressive miRNAs to contribute 

to their protective effects against pancreatic tumor growth.  It would be interesting to 

investigate whether CR has the same effects on miR-34a and let-7b in pancreatic tumors 

and breast tumors, as CR has been found to regulate miR-34a and/or let-7 expression in 

liver and colon cancer tissue (44, 232). 
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CHAPTER 7: CONCLUDING REMARKS 

7.1 CONCLUSIONS 

 Breast cancer remains one of the most common diseases diagnosed among U.S. 

women, although the rate of death from breast cancer has been decreasing for the last 15 

years due to improved detection and treatment options.  However, recently there has been 

a major shift in how researchers and health professionals view breast cancer as a disease, 

with it now being understood as a heterogeneous disease encompassing distinct subtypes 

that display varying biological characteristics, patient outcomes, and responses to 

treatments.  Due to this variability, great efforts have been applied to developing subtype-

specific treatments and identifying preventative interventions that are potent enough to 

affect the range of malignancies associated with the breast cancer disease.   

Importantly, as discussed here, calorie restriction is an experimental dietary 

intervention that has been shown to inhibit the development and/or progression of cancer 

in preclinical models of every subtype of breast cancer.  Although the powerful anti-cancer 

properties of CR have been extensively demonstrated and the first human trial of extended 

CR has been successfully conducted, it is hard to imagine, for many reasons, a large portion 

of society today maintaining a restrictive diet such as CR over the course of a lifetime.  

Therefore, interest has grown for the identification and characterization of compounds that 

extoll similar beneficial effects as CR, therefore functioning as CR mimetics without the 

need to greatly alter lifestyle.  Several such mimetics have shown promise, although much 

more work toward identifying compounds with maximal beneficial effects and 
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understanding their long-term impacts on health and breast cancer outcomes.  Therefore, 

further elucidation of the mechanisms through which CR attains its protective properties is 

needed, both to facilitate the understanding of currently recognized CR mimetics and to 

identify novel potential targets for mirroring CR’s effects.  To this end, I have investigated 

the effects of CR on miRNAs, a broad regulatory system that has previously been studied 

very little in the context of this dietary intervention, and how their modulation contributes 

to CR’s inhibition of breast cancer development and progression. 

 Throughout my research, I have focused on studying the modulation of miRNAs 

by CR in two subtypes of breast cancer, luminal and basal-like.  These two subtypes present 

vastly different biological characteristics and were found to be linked to different miRNA-

based mechanisms in the context of CR.  First of all, I identified a selection of miRNAs 

that are associated with progression in the Sprague Dawley rat DMBA-induced model of 

luminal mammary cancer.  This was the first characterization of this kind in a preclinical 

model of luminal cancer that is amenable to dietary interventions such as CR.  I found that 

the increase in expression of miR-21 and miR-200a, and the decrease in expression of the 

miRNAs miR-10a, miR-10b, miR-124, miR-125b, miR-126, and miR-145, are associated 

with advancing lesion grade, suggesting that some act as oncomiRs while others act at 

tumor suppressors in luminal cancers.  Importantly, I found that CR, which greatly reduced 

tumor burden, downregulated the expression of miR-200a, bringing the expression of this 

miRNA closer to normal levels.  This regulation of miR-200a is functionally important, as 

I showed inhibition of miR-200a function in both rat and human luminal mammary cancer 

cells lead to reduced proliferative potential.  These findings further implicate miR-200a as 
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an oncomiR in luminal breast cancers and suggest that the regulation of this miRNA is one 

mechanism through which CR protects against luminal cancer growth. 

 In relation to basal-like breast cancer, I investigated the effects of CR on miRNAs 

particularly in the context of IGF-1 modulation.  Significantly, CR presented one of the 

most potent protective responses ever seen in the aggressive C3-TAg model of basal-like 

cancer.  Not only did CR greatly reduce tumor burden, it also largely halted development 

and early stage progression, a characteristic of CR that has not been greatly demonstrated 

previously.  I found that an IGF-1-miRNA regulatory system contributed to these anti-

cancer effects.  Specifically, the low circulating IGF-1 environment established by CR 

leads to the upregulation of miR-15b, which correspondingly targets and downregulates 

IGF-1R, both at the mRNA and protein levels.  This dual inhibition, through reduced 

substrate and receptor, of IGF-1 signaling inhibits the proliferation of both mouse and 

human mammary cancer cells, linking back to the inhibition of tumor growth observed 

with CR.  Therefore it appears that CR regulates distinct miRNAs in different subtypes of 

breast cancer to contribute to anti-proliferative mechanisms, although it would be 

interesting to further investigate whether miR-15b is also modulated in other subtypes, or 

even other cancer types, as the reduction of circulating IGF-1 levels is one of CR’s most 

well understood and broadly recognized effects. 

 Beyond the regulation of individual miRNAs, I also demonstrated that CR has a 

general effect on miRNA, namely by broadly upregulating a majority of miRNAs in rat 

luminal tumors.  This finding is especially interesting considering that miRNAs are broadly 
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downregulated in many human breast tumors relative to normal tissue, suggesting that CR 

retains an environment of increased regulation even in a tumor setting.  This broad 

upregulation of miRNAs could be due to retention of Dicer expression in tumor tissue, a 

gene which is also frequently lost in human tumors.  Although increased expression of 

Dicer was found in CR tumors relative to control tumors, the functional significance of this 

upregulation remains unclear, as miRNA processing in CR tumors was not found to be 

more efficient than in Control tumors and cellular proliferation was not altered upon 

exogenous upregulation of Dicer expression in vitro.  Furthermore, Dicer expression was 

not altered in a comparison of CR and Control tumors in the C3-TAg basal-like model 

equivalent to that done in the luminal model.  However, Dicer expression was found to be 

significantly higher in aggressive, late-stage tumors relative to early tumors in the Control 

diet, an upregulation that was not found in CR tumors.  These findings suggest that 

increased Dicer expression may be associated with an aggressive, metastatic phenotype in 

the C3-TAg model, and illustrate that CR may regulate Dicer differently or that Dicer itself 

is altered by different mechanisms in different settings.  More investigation needs to be 

done to expand our understanding of CR’s effects on global miRNA expression through 

modulation of biogenesis enzymes such as Dicer. 

 Finally, I contributed to an investigation of the effects of the CR mimetics, 

metformin and rapamycin, on pancreatic cancer growth by studying miRNA-mediated 

mechanisms.  These two CR mimetics reduced pancreatic tumor burden through the 

modulation of distinct miRNAs.  I found that metformin treatment lead to the upregulation 

of miR-34a, which in turn downregulated the EMT regulator Notch.  Rapamycin, on the 
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other hand, upregulated let-7b, a miRNA associated with cell cycle control and 

proliferation.  It would be interesting to study the effects of CR on these miRNAs to 

validate that this regulation is a mechanism by which these pharmaceuticals mimic the 

effects of CR, especially since a miR-34a mimic is one of the furthest developed and 

promising miRNA-based therapeutics to date. 

Overall, this research importantly highlights CR’s modulation of miRNAs as an 

expansive level of regulation contributing to the potent protective effects of CR that has 

remained relatively unexplored.  More investigation needs to be done into this exciting area 

of nutrition and cancer prevention.  The discoveries presented here of the effects of CR on 

miRNAs not only further our understanding of the mechanisms behind the beneficial 

effects of CR, but also uncover new potential avenues for CR mimetic and miRNA-based 

therapies. 

 

7.2 FUTURE DIRECTIONS 

 The research presented here uncovers several further questions and potential 

research avenues to expand upon these findings.  One further analysis that is currently 

under way will answer several lingering questions regarding the development and 

progression of basal-like cancer in the C3-TAg model.  We are currently working on 

microdissecting tissue from the different progression lesion grades from CR and Control 

mice and will be doing extensive analysis on them, which will greatly add to our 

understanding of what molecular alterations occur early in progression and how CR affects 



106 
 

these in this model of basal-like mammary cancer.  We have optimizing the 

microdissection and RNA extraction procedures and have successfully amplified mRNAs 

and miRNAs from the fixed, microdissected tissue.  Once we have completed isolation 

from all lesion grades from both diets, we will be able to expand upon many of the C3-

TAg findings presented.  First of all, we will analyze miR-15b expression throughout the 

progression stage in both diets to determine if this miRNA is downregulated in tumor 

compared to normal tissue under baseline diet conditions and when this downregulation 

occurs.  If downregulation is found in Control tumors, this would suggest that the low IGF-

1 conditions of CR maintain miR-15b expression throughout progression.  It is also 

possible that CR induces expression of miR-15b beyond that seen in normal tissue, which 

would be interesting for normal mammary gland biology as well.  We will also gain more 

insight into CR’s effect on global miRNA expression in basal-like cancer after this portion 

of the study is complete.  We will do global miRNA analysis throughout the progression 

stages in CR and Control mice, and will analyze Dicer expression in normal and early 

lesion grades.  Considering we found varying effects of CR on Dicer expression in different 

mammary cancer subtype settings, a broader analysis throughout progression will further 

enlighten the findings presented here.  We also plan on conducting global gene expression 

analysis on the lesion grades from the two diets, which will identify the gene alterations 

and signaling pathways modulations that are key players in CR’s inhibitory effects on 

basal-like mammary cancer progression. 

 Another interesting opportunity for expanding the research presented here is the 

investigation of the effects of CR mimetics on miRNA expression in breast cancer.  There 
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has been great interest in recent years about the use of pharmaceutical mimetics to harness 

the cancer preventative potential of CR without requiring significant changes in lifestyle.  

My work looking at the effects of metformin and rapamycin on miRNA expression 

illustrates that such mimetics can regulate miRNAs toward a more tumor-suppressive 

expression pattern.  Further investigation would help answer whether these and/or other 

CR mimetics have similar effects in breast cancer and possibly see if regulation of miR-

200a and/or miR-15b, which I have identified as involved in CR’s anti-cancer effects, is a 

contributing mechanism. 
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